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Abstract

:

Laser peening introduces compressive residual stresses on the surfaces of various materials and is effective in enhancing fatigue strength. Using a small microchip laser, with energies of 5, 10, and 15 mJ, the authors applied laser peening to the base material of an HT780 high-strength steel, and confirmed compressive residual stresses in the near-surface layer. Laser peening with a pulse energy of 15 mJ was then applied to fatigue samples of an HT780 butt-welded joint. It was confirmed that laser peening with the microchip laser prolonged the fatigue life of the welded joint samples to the same level as in previous studies with a conventional laser.
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1. Introduction


Steel structures as used in industry and in social infrastructure, such as bridges, buildings, power plants, energy storage, and transportation, are important social capital stock in Japan. Much of this social capital stock was constructed during Japan’s rapid growth in the 20th century, and is approaching the end of its design life. Its renovation and maintenance have become an urgent matter. In particular, with the increases in traffic volume and weight in recent years, cracks have been found in highway bridges that far exceed the expected number and length. The importance of improving fatigue strength by replacement, repair or reinforcement of steel bridges is widely recognized.



Of the various methods (shot peening [1,2,3,4,5], hammer peening [6,7], ultrasonic impact treatment [8,9], laser peening [5,10], cavitation peening [3,4,5], water jet peening [5], etc.) employed for improving the fatigue strength, the authors have focused on laser peening. Laser peening has been identified as a technique for preventing fatigue cracks. Laser peening generates high-pressure plasma by irradiating a material covered with a transparent medium, such as water. It employs a laser with a pulse width of several nano-seconds, and increases the strength of the material surface using its impact force [10]. A photograph of this irradiation is shown in Figure 1.



It is known that laser peening is effective in preventing SCC (stress corrosion cracking) because high compressive residual stress is generated on the surface of materials. It is used as a preventive maintenance measure for SCC of core shrouds of BWRs (boiling water reactors) [11], and on the inner and outer surfaces of bottom mounted instrumentation nozzles of PWRs (pressurized water reactors) [12]. The treatment can be carried out with high reliability in the laser peening, because the irradiation condition of every pulse can be controlled exactly. Since the irradiation position can be automatically and strictly controlled by a computer, there is no chance of leaving untreated area, and since it is continuously processed with a small irradiation laser spot, the adaptability to complicated objects and local regions is also high. In addition, it is reported that the effect of laser peening is deeper than that of shot peening [13].



Fatigue tests have been carried out on austenitic stainless steel [14,15,16], aluminum alloy [17,18,19], titanium alloy [19], and marine steel [20] with a view to improving fatigue strength by generating compressive residual stress. However, no such research other than our work had been carried out on structural steel, which is frequently used for large structures such as bridges and buildings, or on the applicability of the technique to the weld zone. In the welded part of the structure, fatigue cracks are generated mainly by stress concentration at the toe, etc. This stress concentration is known to significantly depend on shape but not on the strength of the base metal. This indicates that although the tensile strength of high-strength steel is higher than that of mild steel, the fatigue strength of a welded structure employing high-strength steel does not differ greatly from that of a welded structure of mild steel. Thus, the fatigue strength at the welded part substantially reduces the advantage of using high-strength steel.



As a matter of basic research, to examine whether laser peening is applicable to welds in large structures such as bridges, the authors previously examined the laser peening conditions for structural steels by residual stress measurement and hardness testing. The authors established the change of surface residual stress, depth direction distribution of residual stress, hardness distribution, and surface roughness of four structural steels of varying strengths. As a result, in the case of structural steel of 400 N/mm2 grade or higher, it was shown that a sufficiently large compressive residual stress was generated at a pulse energy of 200 mJ, a spot diameter of 0.8 mm, and an irradiation density of 36 pulses/mm2. At the weld zone, the change of residual stress due to laser peening was examined by using a test specimen, to which laser peening was applied to the toe, where the rib was boxing welded. The residual stress at the weld zone changed greatly under laser peening, from tension to compression. Further, the closer the weld zone was to the toe, the greater the change [21].



In addition, fatigue strength was examined by fatigue tests on butt-welded joint specimens, and it was shown that the improvement in fatigue strength due to laser peening was large. The main factor in this improvement was the generation of compressive residual stress [22]. In the fatigue tests of the test specimens in which the rib was boxing welded, it was confirmed that improvements in fatigue strength due to laser peening took place not only in ordinary steel but also in HT780 high-strength steel [23].



In this way, the generation of large compressive residual stress and the improvement in fatigue strength by laser peening have already been demonstrated. In order to apply this laser peening easily to large structures, it is necessary to develop a compact and portable laser peening system. In order to do this, laser peening must be conducted at a lower pulse energy than before.



In the Impulsing Paradigm Change through Disruptive Technologies Program (ImPACT), “Ubiquitous Power Laser for Achieving a Safe, Secure, and Longevity Society” [24], led by the Japanese government’s Cabinet Office, a high-power advanced microchip laser was developed. The objective was a pulse energy of 20 mJ, as shown. At present, the technology transfer is being carried out for its commercialization, and demonstration lasers have been produced. A portable laser peening device, adaptable in the field, can be realized by using such a microchip laser. Once field laser peening becomes possible, it can be used not only for new construction but also for the reinforcement of existing structures. The effect of tensile stress due to the deadweight generated after the construction of structures can be eliminated, and improvements in fatigue strength can be expected.



The authors examined how the generated residual stress and fatigue strength changed when the pulse energy was reduced to 20 mJ, 10 mJ, and 6 mJ, using a conventional laser, and selected the optimum laser peening conditions. Then, a fatigue test was conducted to confirm whether the fatigue strength improved under the selected conditions [25], and moreover, fatigue tests on large specimens were carried out to ascertain whether low-power laser peening is effective in actual structures [26]. Based on these results, this paper sets out the laser peening conditions under which compressive residual stress is generated, even when it is performed using a microchip laser. In addition, this paper aims to establish whether fatigue strength is improved by generated compressive residual stress by fatigue tests.




2. Laser Peening Process


The mechanism of residual stress generation by laser peening used in this study is schematically shown in Figure 2 [10]. When a material placed in water is irradiated with an intense laser pulse exceeding the ablation threshold, the surface layer of the material becomes a plasma and a high-pressure plasma is generated on the surface. The inertia of the water prevents the expansion of the plasma, and the laser energy is concentrated in a narrow region. As a result, the pressure of the plasma is multiplied 10–100 times compared with that in air and reaches several GPa. A shock wave is generated by this pressure, and it propagates in the material. Plastic deformation is generated by the dynamic stress of the shock wave, and a compressive residual stress is generated on the surface of the material by the constraint from the surrounding undeformed part. By continuously irradiating the object with the laser pulse while moving either the laser or the specimen, compressive residual stress can be uniformly generated on the surface.



The test specimens were usually submerged in water in our experiments, but the submerging real structures such as bridges is difficult. In such cases, the use of a nozzle-type laser peening is considered, in which laser irradiation is conducted while injecting water from a nozzle to form a water film covering the surface of the targeted position. The usefulness of this method has been confirmed elsewhere [21].




3. Confirmation of Compressive Residual Stress Generation


3.1. Experiment Overview


Laser peening was applied to HT780 specimens (σu = 812 MPa, σy = 745 MPa) using a microchip laser to generate compressive residual stresses. Table 1 lists the mechanical properties and chemical compositions of the steel. The irradiated pulse energies were fixed at 38 mJ, 15 mJ, 10 mJ, and 5 mJ. The wavelength of the microchip laser was 1064 nm in the near infrared, therefore, the absorption loss of laser pulse energies was taken into consideration. Laser peening was performed by changing the irradiation spot diameter as shown in Table 2. Figure 3 schematically shows the irradiation setup. The laser pulse is irradiated at a 0.1 mm pitch while the stage on which the test specimen is mounted is moved. The line under 0.1 mm is irradiated by folding back after a total movement of 8 mm. By repeating this procedure, an area of 8 mm × 8 mm was processed. The irradiation frequency was 10 Hz, and the duration of processing was about 10 min.



The surface residual stress was measured by the X-ray diffraction method (XRD, the cos α method, collimator diameter: 1 mm), using Cr-Kα (17 kV, 2.0 mA) as an X-ray source. The cosα method utilizes the whole Debye–Scherrer ring recorded on a detector taken by single exposure of X-rays, and shear stresses are determined simultaneously [26]. Figure 4 shows a photograph of an X-ray Residual Stress Analyzer. The distribution of residual stress in the thickness direction was estimated by repeating residual stress measurements using XRD and electrolytic polishing. In this estimation, the stress is measured at the concave bottom surface after local polishing (about φ6 mm) of the surface to be measured, and it is regarded as the approximate stress at the depth position in the unpolished state. The exact residual stress distribution is not obtained because the residual stress is redistributed by polishing. However, when the electrolytic polishing is shallow, the error due to the polishing is small, as shown by comparison with residual stress measured nondestructively by synchrotron radiation [27].



Figure 5 shows a photograph of the test specimen. It is known that the residual stress generated by laser peening differs between the direction parallel and perpendicular to the moving direction of the laser (the moving direction of the stage in irradiating the laser). Residual stress was measured in two directions: σξ is the residual stress component in the moving direction of the stage when irradiating the laser, and ση is the residual stress component in the perpendicular direction.




3.2. Surface Residual Stress Measurement Results


Table 2 shows the measurement results of surface residual stress. For reference, Table 2 also shows the laser peening conditions in the previous studies using a conventional large laser (with pulse energies of 20 mJ, 10 mJ, and 6 mJ) and the surface residual stress measurement result. Note that the previous studies used a laser wavelength of 532 nm.



3.2.1. Pulse Energy of 38 mJ


At a spot diameter of 0.36 mm, σξ and ση were −271 MPa and −364 MPa, respectively, which were the largest compressive residual stresses in each case.




3.2.2. Pulse Energy of 15 mJ


At a spot diameter of 0.22 mm, σξ was −62 MPa, and the largest compressive residual stress was generated for σξ. At a spot diameter of 0.37 mm, ση was −187 MPa, and the largest compressive residual stress was generated for ση.




3.2.3. Pulse Energy of 10 mJ


At a spot diameter of 0.67 mm, the compressive residual stress was −65 MPa for σξ. The largest compressive residual stress was generated for σξ, and almost no compressive residual stress was generated for ση. At a spot diameter of 0.19 mm, ση was −62 MPa and the largest compressive residual stress was generated in ση.




3.2.4. Pulse Energy of 5 mJ


Compressive residual stress was generated at spot diameters of 0.17 mm and 0.34 mm. At the latter diameter, ση was −92 MPa and a larger compressive residual stress was generated than a pulse energy of 10 mJ.





3.3. Residual Stress Depth Distribution


Figure 6, Figure 7, Figure 8 and Figure 9 compare the distributions of residual stress in the thickness direction under pulse energies of 38 mJ, 15 mJ, 10 mJ, and 5 mJ. In the figures, the result (NP) of the test specimen without laser peening is also shown. These are residual stress components in the ση direction, but the tendency is similar in the σξ direction.



3.3.1. Pulse Energy of 38 mJ


At a spot diameter of 0.36 mm, the peak was observed at around 40–100 μm depth, the compressive residual stress was generated to around 300 μm depth, and the value of the maximum residual stress was the largest. At a spot diameter of 0.46 mm, compressive residual stress was generated up to 300 μm, and the generation depth of residual stress was the deepest.




3.3.2. Pulse Energy of 15 mJ


At a spot diameter of 0.37 mm, the peak was around 50–100 μm depth, the compressive residual stress was generated to around 300 μm depth, the value of the maximum residual stress was the largest, and the generation depth of the residual stress was the deepest. The maximum residual stress values were larger at spot diameters of 0.50 and 1.09 mm, and the generation depths of the residual stress were deeper. Hardly any compressive residual stress was generated at the spot diameter of 0.22 mm.




3.3.3. Pulse Energy of 10 mJ


At a spot diameter of 0.67 mm, the peak was around 25 μm, the compressive residual stress was generated to around 240 μm, the value of the maximum residual stress was the largest, and the generation depth of the residual stress was the deepest. The maximum residual stress values were larger at spot diameters of 0.36 mm and 1.09 mm, and the generation depths of the residual stress were deeper. Hardly any compressive residual stress was generated at the spot diameter of 0.19 mm.




3.3.4. Pulse Energy of 5 mJ


At a spot diameter of 0.34 mm, the peak was around 30 μm, the compressive residual stress was generated to around 160 μm, the value of the maximum residual stress was the largest, and the generation depth of the residual stress was the deepest. Hardly any compressive residual stress was generated at spot diameters of 0.17 mm, 0.68 mm, and 1.11 mm.





3.4. Spot Diameter and Residual Stress


In laser peening, it is known that the plasma pressure when a material is irradiated with a laser is approximately proportional to the half-power of the irradiation density (W/m2) of laser pulse [10]. Therefore, at constant pulse energy, the smaller the spot diameter is, the more high-pressure plasma is produced, which is advantageous in inducing plastic deformation. On the other hand, water breakdown tends to occur as the spot diameter decreases. In this event the energy of the laser is absorbed, and the effect becomes small. Therefore, when the pulse energy is fixed, the spot diameter has some effective range. When the pulse energy was in the range of 5–15 mJ, the effective spot diameter range was approximately 0.2–1.2 mm, so the experiment was conducted in that range.



Figure 10 compares the surface residual stresses at each spot diameter with pulse energies of 38 mJ, 15 mJ, 10 mJ, and 5 mJ, and Figure 11 compares the maximum compressive residual stresses. As shown in Table 2, since the spot diameter differs slightly for each pulse energy, the approximate values of 0.2 mm, 0.4 mm, 0.6 mm, and 1.1 mm are shown in Figure 10 and Figure 11. Only at pulse energy of 38 mJ, the spot diameters of 0.36 mm and 0.60 mm are shown. At pulse energies of 38 mJ, 15 mJ, and 5 mJ, the surface residual stress and the maximum compressive residual stress were at their largest at a spot diameter of 0.35 mm. At a pulse energy of 10 mJ, the surface residual stress was at its largest at a spot diameter of 0.2 mm, and the maximum compressive residual stress was at its largest at a spot diameter of 0.6 mm. However, even when the spot diameter is 0.35 mm, the maximum compressive residual stress is large. The range of suitable spot diameters is considered to be 0.35–0.6 mm.




3.5. Comparison with Previous Studies


From the results in the previous section, for the pulse energy of 38 mJ, a spot diameter of 0.36 mm was chosen; for a pulse energy of 15 mJ, a spot diameter of 0.37 mm; for a pulse energy of 10 mJ, a spot diameter of 0.67 mm; and for a pulse energy of 5 mJ, a spot diameter of 0.34 mm. Figure 12 compares the distribution of residual stress in the thickness direction under each condition with the results of pulse energies of 20 mJ, 10 mJ, and 6 mJ obtained in the previous study. In the figure, the present result is shown as mLP (38 mJ, 15 mJ, 10 mJ, 5 mJ), and the result of the previous studies is shown as LP (20 mJ, 10 mJ, 6 mJ). There is a large difference in the surface residual stress. This might be due to the influence of mill scale on the surface of the specimen, but further investigation is required.



The maximum residual stress and the generation depth of residual stress are smaller than those in the previous studies. In this paper, only the spot diameter was examined, and not the irradiation density. The irradiation density of the laser (the energy of the laser irradiated per unit area) is as little as approximately one-half of that in the previous studies. Therefore, it is necessary to examine in future the laser irradiation conditions in terms of the irradiation density which will be equivalent to or greater than that of the previous studies.





4. Fatigue Test


4.1. Experiment Overview


The fatigue tests were carried out in order to examine whether fatigue strength is improved by the generated compressive residual stress. The laser pulse energy of 15 mJ chosen in the previous chapter was adopted for laser peening. The test specimen was a steel plate of 9 mm thickness, which was welded by V-groove butt welding, sawn into a 30 mm width and finished to a prescribed size by machining. HT780 (σu = 833 MPa, σy = 764 MPa) was used for the plate. The welding method was gas-shielded arc welding using carbon dioxide. Solid wire of 780 MPa grade steel was used as welding material, with two layers on the front and one layer on the back. The welding conditions on the front side were a welding current of 200–210 A, a welding voltage of 23–25 V, and a welding speed of 2 mm/s. The welding conditions on the back side were a welding current of 240 A, a welding voltage of 25 V, and a welding speed of 2 mm/s. The rise of excess metals was around 2 mm. Figure 13 shows the shape and dimensions of the test specimen.



Laser peening was applied for four specimens around 9 mm in width and 20 mm in length, including the weld toe of both sides of the test specimens. For comparison, three specimens without laser peening (NP) were also tested. Figure 14 shows the fatigue test. The testing machine is a 100 kN uniaxial fatigue testing machine. The stress range was in two levels of Δσ = 250 MPa and 300 MPa, and stress ratio was 0.1. The censored limit was set at 107 cycles, for comparison with the previous studies.



Table 3 shows the measurement results of surface residual stress at the weld toe of the test specimen with the confidence intervals after the ± symbols. With laser peening, the surface residual stress was around −450 MPa. Compared with the case without laser peening, a large compressive residual stress was generated at the weld toe.




4.2. Experiment Results


A plot of the test results is shown in Figure 15. The present result is shown as mLP (15 mJ), and the result of the test specimen without laser peening is displayed as NP. The result of the previous studies is also shown as LP (10 mJ) and LP (20 mJ). The number of repetition cycles for the NPs were about 2.6 × 105 cycles for Δσ = 250 MPa and about 9 × 104 cycles for Δσ = 300 MPa. Both fractured from the weld toe on the front side. In the case of mLP with Δσ = 250 MPa, the two specimens did not break and reached the censored limit. In the case of Δσ = 300 MPa, one specimen was fractured at about 5.0 × 105 cycles from the boundary between the area where laser peening was applied and the unapplied part on the front side, as shown in Figure 16. Another specimen reached the censored limit. In Figure 15, it is shown that these values are exceeded by adding arrow marks to those that reached the censored limit and those that were broken outside the laser peening area. For reference, the specimens in previous studies broke at the weld toe.



These results on mLP are equivalent to the previous studies results with a conventional large laser, and it can be said that there is a large improvement in fatigue strength. As a result, it was found that laser peening using a microchip laser was effective in improving fatigue strength.





5. Conclusions


The authors carried out laser peening with a microchip laser at pulse energies of 15 mJ, 10 mJ, and 5 mJ on an HT780, and evaluated the distribution of generated residual stress in the plate thickness direction and the fatigue life of a butt-welded joint with and without laser peening. The following conclusions were drawn.



	
The laser peening conditions were identified in which compressive residual stress is generated at pulse energies of 15 mJ, 10 mJ, and 5 mJ.



	
The fatigue life of a butt-welded joint subjected to laser peening at a pulse energy of 15 mJ was prolonged, becoming equivalent to the fatigue life at pulse energies of 20 mJ and 10 mJ applied by a large conventional laser in the previous studies.






Since the test specimen used in this study was small, it may not lead to improved fatigue strength by the dimensional effect in real structures. It is necessary to assess the fatigue strength improvement effect on a large test specimen, considering the application to real structures in future. In addition, the laser peening conditions in which large and deep compressive residual stress is generated will be selected, and the effect will be confirmed in various joints, including large test specimens.
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Figure 1. Underwater laser peening. 
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Figure 2. Mechanism of residual stress improvement by laser irradiation. 






Figure 2. Mechanism of residual stress improvement by laser irradiation.



[image: Applmech 02 00051 g002]







[image: Applmech 02 00051 g003 550] 





Figure 3. Schematic diagram of laser peening. 
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Figure 4. Photograph of residual stress measurement. 
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Figure 5. Specimen for residual stress measurement. 
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Figure 6. Residual stress depth distribution (38 mJ). 
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Figure 7. Residual stress depth distribution (15 mJ). 
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Figure 8. Residual stress depth distribution (10 mJ). 
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Figure 9. Residual stress depth distribution (5 mJ). 
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Figure 10. Comparison of surface residual stress. 
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Figure 11. Comparison of maximum residual stress. 
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Figure 12. Comparison of residual stress depth distribution. 
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Figure 13. Butt-welded specimen for fatigue test. 
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Figure 14. Photo of fatigue test. 
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Figure 15. Results of fatigue test. 






Figure 15. Results of fatigue test.
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Figure 16. Photo of specimen after fatigue test. 






Figure 16. Photo of specimen after fatigue test.
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Table 1. Mechanical property and chemical composition.






Table 1. Mechanical property and chemical composition.





	

	
Mechanical Properties

	
Chemical Compositions (%)

	
Ceq




	
σY

	
σU

	
δ

	
YR

	
C

	
Si

	
Mn

	
P

	
S

	
Ni

	
Cr

	
Mo

	
V

	
B

	




	
(MPa)

	
(MPa)

	
(%)

	
(%)

	
×10−2

	
×10−3

	
×10−2

	
×10−3

	
×10−2






	
HT780

	
764

	
833

	
21

	
92

	
22

	
29

	
149

	
9

	
2

	
2

	
16

	
1

	
0

	
11

	
51




	
Welding wire *

	
710

	
830

	
24

	
-

	
8

	
38

	
125

	
9

	
11

	
222

	
-

	
63

	
-

	
-

	
-








Ceq = C + Si/64 + Mn/6 + Ni/40 + Cr/5 + Mo/4 + V/14. *: catalogue value.
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Table 2. Laser peening conditions and results of residual stress measurements.






Table 2. Laser peening conditions and results of residual stress measurements.





	
Laser Peening Condition

	
Surface Residual Stress

	
Laser Type




	
Pulse Energy

	
Spot Diameter

	
Irradiation Density

	
Pulse Width

	
FreQUENCY

	
σξ

	
ση




	
(mJ)

	
(mm)

	
(Pulse/mm2)

	
(ns)

	
(Hz)

	
(MPa)

	
(MPa)






	
38

	
0.30

	
100

	
1.5

	
10

	
−238

	
−283

	
Microchip

laser

(MOPA)




	
0.36

	
−271

	
−364




	
0.46

	
−205

	
−304




	
0.59

	
−125

	
−154




	
15

	
0.22

	
100

	
0.7

	
10

	
−62

	
−40

	
Microchip

laser

(MOPA)




	
0.37

	
−45

	
−187




	
0.50

	
−10

	
−54




	
1.09

	
5

	
−47




	
10

	
0.19

	
100

	
0.7

	
10

	
−17

	
−62

	
Microchip

laser

(MOPA)




	
0.36

	
−41

	
−45




	
0.67

	
−65

	
−10




	
1.09

	
−21

	
5




	
5

	
0.17

	
100

	
0.7

	
10

	
−28

	
−19

	
Microchip

laser

(MOPA)




	
0.34

	
−34

	
−92




	
0.68

	
−55

	
8




	
1.11

	
−91

	
28




	
20

	
0.40

	
180

	
8

	
60

	
−302

	
−662

	
Conventional

Nd:YAG

laser




	
10

	
0.25

	
216

	
−411

	
−765




	
6

	
0.26

	
144

	
−320

	
−597
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Table 3. Result of residual stress measurement.






Table 3. Result of residual stress measurement.





	
Surface Residual Stress (MPa)






	
Without laser peening

	
With laser peening




	
25 ± 10

	
−455 ± 6

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Distance from surface (um)
0 100 200 300 400 500

<NP
#15-022-100
#15-037-100
415-050-100
+15-109-100






media/file4.png
During irradiation

E———
Compression

After irradiation





media/file30.png
< 350 ;
o \ \D C \B \
2300 \ N\ LN \ \ o%i L__- o
5 INBIA \ ‘ ¢
< \\ \ \ \ \
z NEMINENEN 5
g 250 \\ \ \ \ \ N
2 N \ \ | N \
Eaool N N NININ 6
o LP(20m]) \ NTNITH
o LP(10m]) \ [\
& mLP(15m]) \ \ \\
00 103 105 107

Number of repetition N (cycles)





media/file18.png
Residual stress o, (MPa)

100

-100
-200
-300
-400
-500
-600
-700
-800

100

200

Distance from surface (um)
300

400

500

<NP
5-017-100
=5-034-100
+5-068-100
+5-111-100






media/file21.jpg
Residual stress (MPa)

-100

)
S &9
S 33

-500
-600
-700
-800

0.2

0.4

Spot diameter (mm)

0.6

11

d

W 38m]
0 15m]
@ 10m]
5m]






media/file26.png





media/file27.jpg





media/file3.jpg
During irradiation

—]

[P

Compression

After irradiation






media/file22.png
Spot diameter (mm)

0.2 0.4 0.6 1.1
0
-100
200
£ 300
%-4[}0 i
£ -500 — W 38m]
= -600 0 15m]
rg =700 @ 10m]
2 800 N Sm)






media/file19.jpg
Residual stress (MPa)

N
254
SIESIS

(AR
S oo
s33

-350
-400

0.2

0.4

Spot diameter (mm)

0.6

11

38m)
015m]
10m]
5m]






media/file7.jpg





media/file28.png





media/file10.png





media/file32.png
10 120





media/file14.png
Residual stress o, (MPa)

100

-100
-200
-300
-400
-500
-600
-700
-800

200

Distance from surface (um)

300

400

500

€15-022-100
=15-037-100
415-050-100
+15-109-100






media/file11.jpg
Distance from surface (1um)
0 100 200 300 400 500

&

2

< -300 NP

é -400 #38-030-100
= -500 =38-036-100
_g -600 438-046-100

+38-059-100






media/file6.png
Mirror

Laser
(Micro-MOPA system) -

XYZ stage Water nozzle

Lens





media/file15.jpg
Distance from surface (um)

0 00 200 300 400 500
100
0
= -100
S 200
=-300 oNP
2 -400 ©10-019-100
£ 500 #10-036-100
g -600 *10-067-100
-700 +10-109-100

-800






nav.xhtml


  applmech-02-00051


  
    		
      applmech-02-00051
    


  




  





media/file16.png
Residual stress o, (MPa)

100

-100
-200
-300
-400
-500
-600
-700
-800

Distance tfrom surface (um)
0 100 200 300 400 500

A |

<NP
+10-019-100
=10-036-100
+10-067-100
+10-109-100






media/file2.png





media/file20.png
Spot diameter (mm)

0.2 0.4 0.6 1.1
50
0
-50
& 100
2 -150
é zgg W 38m)
= [015m]
é ggg @ 10m]
& 5m]
o -400






media/file23.jpg
Distance from surface (um)

0 100 200 300 400 500
100
0
= -100
S 200
b:'-300
5 -400
£ -500 ®mLP(38m]) OLP(20m])
= -600 #mLP(15m]) CLP(10m])
2 700 AmLP(10m]) ~LP(6m])
+mLP(5m]) <NP

-800






media/file5.jpg
Mirror

Laser

(Micro-MOPA system) :

XYZ stage

Water nozzle

Lens





media/file24.png
Distance from surface (um)
100 200 300 400 500
100

- -100
-200
-300
-400
-500

&mLP(38m]) OLP(20m])

Residual stress o, (MPa)

600 MmLP(15m]) CLP(10m])
700 AmLP(10mJ) 2LP(6m])
800 +mLP(5m]) <NP






media/file29.jpg
<350
5] C B
S o
5 300 * O% ) =]
<
&%
£250 \ Z]
g
2
& * NP
200 1 5 Lp(20m]) 8
0 LP(10m])
© mLP(15m])
150 \'——mrrm
104 105 y

10° 1
Number of repetition N (cycles)





media/file1.jpg





media/file31.jpg
| e |
1o 120





media/file25.jpg
45
96) 1

Laser peened area

R=120
43 48 38 48 43

220






media/file12.png
Residual stress o, (MPa)

100

-100
-200
-300
-400
-500
-600
-700
-800

200

Distance from surface (um)

300

400

500

#38-030-100
®38-036-100
4+ 38-046-100
+38-059-100






media/file9.jpg





media/file0.png





media/file8.png
Safety Cabinet

Monitor






media/file17.jpg
Residual stress o, (MPa)

100

=)

o4
==
s

-300
-400
-500
-600
-700
-800

100

200

Distance from surface (um)

300

400

500

<©NP
#5-017-100
#5-034-100
*5-068-100
+5-111-100






