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Abstract: As fatigue properties of as-built components of additively manufactured (AM) metals are 

considerably weaker than those of wrought metals because of rougher surface, post-processing is necessary to 

improve fatigue properties. To demonstrate improvement of fatigue properties of AM metals by post-

processing, powder bed fusion (PBF) using laser sintering (LS) AlSi10Mg, i.e., PBF-LS/AlSi10Mg was treated 

by “submerged laser peening (SLP)” using a fiber laser and/or a Nd:YAG laser, then evaluated by plane 

bending fatigue tests. At SLP, “laser ablation (LA)” is generated by a pulsed laser, and a bubble is generated 

after LA, which behaves like a cavitation bubble that is named as “laser cavitation (LC)”. In the present paper, 

LA-dominated SLP is called as “laser treatment (LT)”, while LC-collapse-dominated SLP is called as “laser 

cavitation peening (LCP)”, as impact at LC collapse is used for peening. It was revealed that SLP using the fiber 

laser was LT rather than LCP. It was demonstrated that the fatigue strength at N = 107 was 85 MPa for LCP, 

and 103 MPa for combined process of blasting (B) + LT + LCP, whereas the fatigue strength of as-built specimen 

was 54 MPa.  

Keywords: additive manufacturing; fatigue; post-processing; submerged laser peening; powder 

bed fusion (PBF); laser sintering (LS); AlSi10Mg; cavitation peening; fiber laser  

 

1. Introduction 

Additive manufacturing (AM) metals are attractive metals, as they are manufactured directly 

from computer-aided design CAD / computer-aided manufacturing CAM [1, 2] [3-6]. However, 

fatigue properties of as-built AM metals are considerably weaker than those of bulk metals [7-12], as 

surface roughness of as-built is very rough due to partially melted particles which are used at AM 

process. Thus, post-processing to improve fatigue properties of as-built AM metals is required by 

smoothing surface and introducing compressive residual stress [9, 13-17]. As it was reported that the 

improvement of fatigue strength of powder bed fusion (PBF) using laser sintering (LS) titanium alloy 

Ti6Al4V by submerged laser peening (SLP) was better than that of shot peening (SP) and cavitation 

peening (CP) [12], the effect of SLP on the fatigue properties of PBF-LS/AlSi10Mg should be 

investigated, as the fatigue properties of PBF-LS/AlSi10Mg was considerably weak [18-22], and 

fatigue behavior of PBF-LS/AlSi10Mg was enhanced by post processing [15, 16, 23-32].     

In case of laser peening (LP), in which a pulsed laser is used for peening, there are two major 

methods. One method is that the pulsed laser is irradiated to a target which is covered with a water 

film, i.e., LP with water film [33-41]. The other method is that the pulsed laser is irradiated to a target 

in water [42-47], it is called as “submerged laser peening (SLP)”. At both laser peening, i.e., LP with 

water film and SLP, it has been believed that plastic deformation is produced by “laser ablation (LA)” 

with confining medium, i.e., water [48]. Note that in the case of SLP, a bubble is generated and 

expanded after LA, shrunk, then collapsed as similar to cavitation bubble (see Figure 1). The high-

speed images in Figure 1 were cited from the reference [12] to show a typical SLP. In the present 

paper, the laser induced bubble is called as “laser cavitation (LC)”. At LA-stage, the pulsed laser 

generates LA and it also produces thermal effects such as melting the surface of the specimen. At LC-

collapse-stage, LC is collapsed and rebound, impact is produced at LC-collapse. When a pressure in 

water was measured by a submerged shock wave sensor, the amplitude of the pressure at LA was 
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larger than that of LC-collapse [49, 50]. On the other hand, an impact passing through target metal 

was measure by using a handmade polyvinylidene fluoride PVDF sensor [50], the impact at LC-

collapse is 1.3 times larger than that at LA. Namely, in the case of the impact which affects the target 

metals, LC-collapse is more effective than LA. Then, SLP can be distinguished by its mechanism into 

LA-stage and LC-collapse-stage. 

As mentioned later, the pulse width tw of the pulsed laser was changed in the present study, and 

the pulsed laser of longer tw produced heat effects such as melting the surface of the target at LA-

stage. It is a kind of “laser treatment (LT)”, in which melting and peening due LA are included. On 

the other hand, at LC-collapse-stage, the impact which can be utilized for peening was generated. As 

a peening method using cavitation impact is called as cavitation peening (CP) [51], a peening using 

LC-collapse is named as “laser cavitation peening (LCP)”. Thus, for the convenience in the present 

paper, depending on which mechanism is dominant, SLP was classified as LT or LCP as shown in 

Figure 1.  

 

Figure 1. Typical aspect of submerged laser peening (LCP). Definition of laser ablation (LA), laser 

cavitation (LC), laser treatment (LT) and laser cavitation peening (LCP). The high-speed images were 

reprinted from [12] with permission from Elsevier, License Number 5824671356429. 

As mentioned above, the fatigue properties of as-built PBF-LS/AlSi10Mg are considerably weak, 

and they can be enhanced by post-processing such as shot peening (SP) [23] [24, 26, 31], LP [26, 29, 

30], ultrasonic surface modification [29], tumble finishing [32]. As well know, hot isostatic pressing 

HIP is effective method to improve fatigue properties [8] [52-59], however, HIP cannot improve the 

fatigue properties due to surface defect [60]. It was reported that the improvement of fatigue strength 

of as-built PBF-LS/TiAl4V by SLP was better than SP and CP [12] and magnesium alloy [61], Thus, in 

the present paper, SLP was chosen for the mechanical surface treatment for as-built PBF-

LS/AlSi10Mg, as the surface smoothing and the introduction of compressive residual stress are key 

factors to improve the fatigue properties of as-built AM metals [11, 12, 62].   

At both LP with water film and SLP, a Nd:YAG laser with Q-switch, whose pulse width tw is 

several nanoseconds has been used, as LA is required at conventional LP. A typical repetition 

frequency of a conventional Nd:YAG laser is about dozens Hz, and several pulses/mm2 to dozens of 

pulses/mm2 is required for the improvement of the fatigue strength [12, 61]. On the other hand, a 

high-repetition portable pulse laser system, whose power and pulse width were 10 mJ and 1.3 ns, has 

been developed [46]; however, its repetition frequency is about 100 Hz, and 800–1600 pulses/mm2 are 

required for treatment. Namely, the slow processing speed due to the repetition frequency of the 

laser system is an obstacle to the practical application of LP.  

In order to increase a generation frequency of cavitation bubble, a cavitation generator using a 

piezo actuator has been developed [63], however, the bubble size was still too small, although vortex 

cavitation is key factor at CP [64]. In the view point of generation of LC at dental and medical 

applications, a pulsed laser with pulse width of several hundred microseconds has been used [65-68]. 

Of course, heat effect of the pulsed laser has been used at the surgery. It was proofed that a laser 

pulse of several hundreds microseconds was applicable for LCP [69]. Thus, to increase a repetition 

frequency of a laser system for LP, a fiber laser could be used instead of a Nd:YAG laser with Q-

switch, as a fiber laser can produce laser pulses of tens to hundreds of microseconds at kHz-order.  

In the present paper, in order to develop a novel post-processing using a fiber laser for the 

improvement of fatigue properties of as-built PBF-LS/AlSi10Mg comparing with conventional SLP, 

as-built PBF-LS/AlSi10Mg specimens were treated by SLP using a fiber laser and/or a Nd:YAG laser 
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with Q-switch, and tested by plane bending fatigue tests. The surface characteristics such as surface 

roughness, residual stress and hardness were evaluated. Then, an experimental formula to estimate 

the improved fatigue life by SLP using the fiber laser and/or the Nd:YAG laser was proposed 

considering the surface roughness and the residual stress.   

2. Materials and Methods 

2.1. Material and Test Specimens  

Figure 2 shows (a) a schematic and (b) a photograph of a specimen for the plane bending fatigue 

test manufactured by PBF-LS/AlSi10Mg. PBF-LS/AlSi10Mg conditions were standard condition of 

EOS M290 (EOS GmbH, Krailing, Germany) as follows; laser power was 400 W, laser spot diameter 

was 100 m, preheating temperature of a build platform was 473 K, layer thickness was 30 m. The 

used particle size was 38 – 53 m in diameter. The building direction was shown in Figure 1 (b). After 

PBF-LS, the specimens were annealed at 473 K for 4.5 hours to release residual stress and cooled in 

air. In order to avoid crack initiation at a corner of as-built specimen, the corner was rounded by a 

rubber whetstone of #180 (Tact Polisher Disk T1 #180, Tact Corporation, Kuwana, Japan) and a disc 

paper #400 (GP100DX-400, Trusco Nakayama Corporation, Tokyo, Japan), as same as previous report 

[9]. In order to investigate LCP intensity, arc height of stainless-steel plate was measured considering 

Society of Automotive Engineers SAE standard J442 [70] and J443 [71]. The used stainless-steel was 

Japanese Industrial Standard JIS SUS304 and the size was 20 mm × 50 mm, 1.5 mm in thickness. 

Almen strip of N-gauge was also used.      

 

 

 

(a) (b) 

Figure 2. Geometry of plane bending fatigue specimen manufactured by PBF-LS/AlSi10Mg: (a) 

Schematic of specimen (Thickness is 3 mm); (b) Photograph of as-built specimen. 

2.2. Post-processing  

In order to demonstrate improvement of fatigue properties by SLP using a fiber laser and/or a 

Nd:YAG laser with Q-switch, the specimen was treated by SLP. Figure 3 illustrates a schematic of 

test section of SLP system. The pulsed laser from the fiber laser or the Nd:YAG laser was irradiated 

to the specimen, which was placed in water filled chamber by focusing convex lens. The standoff 

distance in air sa and in water sw were defined as shown in Figure 3. The specimen was placed on a 

stage, which was moved by linear stepping motors in the vertical and horizontal directions. The laser 

pulse density L was controlled by the horizontal velocity vh and the stepwise movement in the vertical 

direction sv using the stepping motors. When the repetition frequency of the laser was fL [Hz], L was 

defined by Equation (1). 

�� =  
��  

�� ��
 (1)

In order to avoid cushion effect at LC-collapse, degassed water was fed into the chamber [72]. A 

hydrophone (Miniature Hydrophone Type 8103, Brüel & Kjær, HBK Company, Denmark) was set in 

the chamber to monitor the LC size, as the most important parameter at LCP is LC size. Because the 

energy of cavitation collapse is proportional to the volume of the cavitation bubble [73], and it was 

reported that the number of photons was proportional to the maximum diameter of the bubble [74]. 

Namely, a larger cavitation bubble produces a larger impact during cavitation bubble collapse [75, 

76]. The signal was connected to a pre-amplifier (Charge conditioning amplifier 2692, Brüel & Kjær, 
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HBK Company, Denmark), and recorded by a digital oscilloscope (DPO3054, Tektronix, Inc., 

Beaverton, OR, USA).  

The LC-size was monitored by the developing time tD of LC obtained from the signal from 

hydrophone as follows. Regarding Rayleigh [77], the collapse time, tc, for initial radius of bubble, R0, 

to collapse is given by Equation (2).  

��  =  0.91468 �� �
 � 

�
 (2)

When the values, i.e., pressure p = 0.1013 MPa and density of water ρ = 998 kg/m3, are 
substituted into Eq. (2), Eq. (3) is obtained. 

�� [mm] =  0.0111 �� [μs] (3)

Regarding previous report [72], when tD was defined by the time from LA to LC-collapse, dmax [mm] 

was proportional to tD [s] and the relation was described as Eq. (4).  

����[mm] =  � �� [μs]   (4)

Here k was proportional constant, and it was 0.0103 in the previous report, and it is reasonable by 

comparing with 0.0111 of Eq. (3), Thus, dmax of LC was monitored by tD.  

The aspect of LA and LC was observed by using a high-speed video camera (VW9000, Keyence 

Corporation, Osaka, Japan). The pixels of full frame size was 640 pixels × 640 pixels, and the 

maximum frame rate at full frame was 4,000 frame per second. The maximum frame rate was 230,000 

frame per second and the frame size was 160 pixels × 32 pixels.  

 

Figure 3. Schematics of test section of submerged laser peening (SLP) system and definition of 

standoff distance in air sa and water sw. . 

Figure 4 shows a diagonal view of SLP system using a fiber laser (High power laser system JL-

SP0272, Japan Laser Corporation, Tokyo, Japan). The maximum power was 500 W at CW mode, the 

wave length was 1080 ± 2 nm, the maximum repetition frequency was 50 kHz, the working minimum 

pulse width was 20 s, and the maximum divergence was 140 mrad. In Figure 4, the laser beam 

passage was drawn by a semi-transparent red line. Due to divergence of the fiber laser, a convex lens 

whose focus distance was 50 mm was placed near the laser head of the fiber laser. The laser beam 

was reflected by mirrors and then focused by the other convex lens, whose focus distance was 50 mm.  
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Figure 4. Diagonal view of submerged laser peening (SLP) system using a fiber laser. 

Figure 5 reveals a diagonal view of SLP system using a Nd:YAG laser (SureliteTM SL I-10, 

Continuum®, Amplitude Laser Inc., San Jose, CA, USA). Although the used laser Nd:YAG laser can 

generate both 532 nm and 1064nm, the used wavelength was 1064 nm considering the previous report 

[72]. The pulse width, the repetition frequency, the energy, the divergence were 6 ns, 10 Hz, 0.33 J, 

0.5 mrad respectively. The laser beam also indicated by the semi-transparent red line in Figure 5. The 

laser beam was reflected by the mirrors, and expanded by a concave lens whose focus distance was 

100 mm, and made parallel beam by a convex lens, then focused by a convex lens to avoid the damage 

of the chamber.  

 

Figure 5. Diagonal view of submerged laser peening system (SLP) using a Nd:YAG laser. 

2.3. Fatigue Test and Measurement of Surface Chractersitics  

Figure 6 illustrates schematics of plane bending fatigue test machines of (a) moment-controlled 

type (Advanced PBF, Tokyo Koki Testing Machine Co., Ltd., Sagamihara, Japan) and (b) 

displacement-controlled type (PBF-30, Tokyo Koki Testing Machine Co., Ltd., Sagamihara, Japan). 

The moment-controlled type was used to evaluate fatigue life at constant maximum amplitude of 

applied stress a, as a bending stiffness of the specimen was slightly changed by the post-processing. 

In order to obtain fatigue strength, the displacement-controlled type was used, as the maximum 

working frequency was 25 Hz for of the displacement-controlled type and 2 Hz for the moment-

controlled type. At both type, stress ratio R was set as 1 for all fatigue test. The applied stress a at 
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the test was calculated from the bending moment M, the width of the specimen b (i.e., 20 mm), and 

the thickness  measured by a micrometer, with an accuracy of 0.001 mm, as shown in Eq. (5).  

σ� =  
6 �

� ��
   (5)

At the moment-controlled type, the misalignment of a specimen resulting from the PBF-LS and 

the post-processing was corrected by the angle of the servomotor, which controlled the angle 

instantaneously by measuring the moment. Both the torsion angle and torque were monitored and 

recorded during the fatigue test; a specimen was considered to fail once the torsion angle reached 

+10° or −10°.  

At the displacement-controlled type, the misalignment was corrected by the initial position of 

the motor. The applied bending moment was monitored by a load cell, and when the bending 

moment became about 20% of applied bending moment, it was distinguished as failure. The fatigue 

strength was calculated by using Little’s method [78].  

 

 

 

(a) (b) 

Figure 6. Schematics of plane bending fatigue test machines: (a) Moment-controlled type; (b) 

Displacement-controlled type. 

In order to investigate effect of the post-processing on residual stress, the residual stress R on 

the surface was evaluated by 2D method [79] using an X-ray diffraction system with a two-

dimensional (2D) position sensitive proportional counter (PSPC) (D8 Discover, Bruker Japan K. K., 

Tokyo, Japan). The used X-ray was Cu-Kα rays (wavelength: 0.1540 Å) operated at 40 kV and 40 mA. 

The used lattice plane (h k l) was Si (5 3 3) plane, and the diffraction angle without strain was 136.9 

degrees. The diffracted X-rays were collected by scanning the specimen surface over an 8 mm × 8 mm 

area, using a 0.8 mm diameter collimator. The 24 diffraction rings from the specimen at various 

specimen angle and incident angle of X-ray were detected (see Figure 7) and the exposure time 

per frame at each single position was 1 min. Note that the initial position of ω was set at 116°, and it 

moved to 108° during 1 min to obtain better Debye ring. The residual stress was calculated by using 

the relevant software (Leptos version 7.9, Bruker Japan K. K., Tokyo, Japan). The used Young’s 

modulus and Poisson’s ratio were 167.2 GPa and 0.221, respectively. The analyzed area of the 

obtained X-ray diffraction as the range of the diffraction angle (2θ = 134° – 140°), and the analyzed 

area of the Debye ring direction (χ) is in the range of χ = 65° – 115°. The details of 2D method were 

shown in the reference [79]. As mentioned above, the bending stress was applied in the longitudinal 

direction of the specimen, and the residual stress in the longitudinal direction of the specimen, i.e., 

y in Figure 7, are discussed in the present paper.  
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Figure 7. Diagonal view of submerged laser peening system using a Nd:YAG laser. 

In order to make clear the effect of surface characteristics on the fatigue properties, surface 

roughness and hardness were also measured. The arithmetic mean roughness Ra was measured by a 

stylus-type profilometer (Surfcom Touch 50, Tokyo Seimitsu Co., Ltd., Hachioji, Japan) with a cutoff 

length of 8 mm and a measuring length of 40 mm. The Ra was measured in accordance with 

International Organization for Standardization ISO 21920 [80]. As the surfaces of the specimens were 

very rough, the surface hardness was measured using a Rockwell superficial hardness tester (ATK-

F1000, Akashi Corporation, Tokyo, Japan). For the Rockwell superficial hardness test, a 120° diamond 

circular cone indenter was used. The initial load was 3 kgf (29 N), and the applied load was 15 kgf 

(147 N). The hardness was measured seven times in each case, and the average value and standard 

deviation were obtained from all the values excluding the highest and lowest values. The surface of 

specimen was observed by a digital microscope (VHX-2000, Keyence Corporation, Osaka, Japan) and 

a scanning electron microscope (SEM) (JCM-7000, JEOL Ltd., Akishima, Japan).  

3. Results 

3.1. Laser Ablation (LA) and Laser Cavitation (LC) Generated by a Nd:YAG Laser and a Fiber Laser 

In order to reveal a typical aspect of SLP, i.e., LA and LC, aspect of the surface irradiated by the 

Nd:YAG laser observed by the high-speed video camera was shown in Figure 8 (a). Figure 8 (b) shows 

a signal detected by the hydrophone, which was recoded simultaneously with the high-speed video 

camera. At tL = 0 ms, LA was observed in Figure 8 (a) and peaks were observed in Figure 8 (b). As 

shown in Figure 8 (a), a hemispherical bubble, i.e., LC, was developed and it had a maximum 

diameter dmax at tL = 0.53 ms, and shrunk, then collapsed at tL = 1.05 ms. The dmax was 11.2 mm, and tD 

was 1,050 s. Thus, k in Eq. (4) was 0.0107 which was 104% of 0.0103 [72] and 96% of 0.0111 of Eq. (3). 

As shown in Figure 8 (b), the peaks were observed at tL = 1.05 ms. The peak – peak at tL = 1.05 ms was 

about 180 kPa and it was 12.5% larger than that of LA. As shown in Figure 8 (a), LC was developed 

again and it was secondly collapsed at tL = 1.67 ms.  
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 (a) 

 
(b)    

Figure 8. Aspect of laser ablation (LA) and laser cavitation (LC) and sound pressure changing with 

time after irradiated pulsed laser tL induced by Nd:YAG laser of wave length  = 1064 nm and pulse 

width tw = 6 ns: (a) Aspect of LA and LC; (b) Sound pressure ps. 

In order to investigate the possibility of SLP by using the fiber laser, Figure 9 shows the aspect 

and the noise generated by the fiber laser at tw = 20 s and 300 s. As sa = 55 mm and sw = 8 mm were 

chosen, the noise could not be recorded with the video simultaneously due to the size of the 

hydrophone, in order to avoid the hydrophone blocking the light. Namely, the video and the noise 

were recorded separately. As shown in Figure 9 (a) and (b), LA was observed at tL = 0 ms, and LC 

was generated after LA, it was developed then collapsed. As shown in Figure 9 (a), at tw = 20 s, the 

1st collapse of LC was tL = 0.25 ms and 2nd collapse was at tL = 0.41 ms. As shown in Figure 9 (b), the 

amplitude of 1st collapse of LC was about 3 times bigger than that of LA. Namely, SLP using the fiber 

laser produced LC-collapse impact, which was bigger than that of LA.  

In the case of tw = 300 s, the 1st collapse of LC was tL = 0.33 ms and 2nd collapse was at tL = 0.56 

ms, as shown in Figure 9 (c). When the noise was concerned, the amplitude had a peak at tL = 0 ms 

and tL ≈ 0.5 ms. As mentioned previously, the video and the noise were not recorded simultaneously 

to avoid the hydrophone blocking the light. From the video and the noise, the amplitude of the noise 

did not have a peak at the 1st collapse of LC, as the heat of the fiber laser was poured into LC for 0.3 

ms, as tw = 300 s was nearly equal to the time of the 1st collapse.  

When dmax of tw = 20 s and tw = 300 s was compared, it was 2.2 mm for tw = 20 s and 2.8 mm 

for tw = 300 s. The maximum amplitude of the noise was about 5 kPa for tw = 20 s and 0.9 kPa for tw 

= 300 s. Namely, the LC-collapse impact of tw = 20 s was 5.5 times larger than that of tw = 300 s, 

whereas dmax of tw = 300 s was 1.3 times larger than that of tw = 20 s. This result shows that larger LC 

of tw = 300 s generated weaker noise than smaller LC of tw = 20 s. It might be caused by cushion 

effect [72] due to too much heat of the pulsed laser energy at tw = 300 s. When k in Eq. (4) was 

calculated, it was 0.0088 for tw = 20 s and 0.0085 for tw = 300 s. Namely, k was smaller than that of 

the Nd:YAG laser. This means that collapsing of LC induced by the fiber laser was slower than that 

of Nd:YAG laser. And also, LC at tw = 300 s was slower than that of tw = 20 s. This suggested that 

LC induced by the longer tw had a larger cushion effect, and it produced weaker impact.  

Regarding previous study, LCP intensity was nearly proportional to the volume of LC 

considering the threshold of the target material, and it was also proportional to square of the pressure 

amplitude [72]. When it was assumed that LCP intensity of the fiber laser and the Nd:YAG laser was 

proportional to the volume of LC, LCP intensity of a single impact by the Nd:YAG laser, whose dmax 

was 11.2 mm, was 132 times larger than that of the fiber laser of tw = 20 s, whose dmax was 2.2 mm. In 

the case of the noise, the maximum amplitude of the Nd:YAG laser was about 80 kPa and that of the 

fiber laser of tw = 20 s was about 5 kPa, then (80/5)2 was 256. Namely, at the present condition, LCP 

by the Nd:YAG laser was 136 – 256 times stronger than LCP by the fiber laser. As mentioned above, 

as the maximum repetition frequency of the fiber laser was 50 kHz, which was 5,000 times larger than 

that of the Nd:YAG laser, the fiber laser might be used for LCP, if the parameters such as the tw, sw, sa, 

local distance of convex lens etc. were optimized. However, SLP by the fiber laser was examined to 

be used for as LT in the present paper.    
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(a) tw = 20 s 

 
(b) tw = 20 s 

 
(c) tw = 300 s 

 
(d) tw = 300 s 

Figure 9. Aspect of laser ablation (LA) and laser cavitation (LC) and sound pressure changing with 

time after irradiated pulsed laser tL induced by fiber laser of wave length  = 1080 nm at pulse width 

tw = 20 s and 300 s: (a) Aspect of LA and LC at tw = 20 s; (b) Sound pressure ps at tw = 20 s; (c) 

Aspect of LA and LC at tw = 300 s; (d) Sound pressure ps at tw = 300 s. 

3.2. Determination of Submerged Laser Peening (SLP) Conditions Using a Fiber Laser 

As this is the first report about SLP using the fiber laser, effect of parameters such as tw and sw 

on SLP were investigated. Figures 10 and 11 reveal the arc height h changing with tw and sw, 
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respectively. At both cases, sa was chosen as 55 mm. In order to obtain Figure 10, sw was 8 mm, and 

the repetition frequency was chosen as laser energy per unit time should be equivalent. At Figure 11, 

tw was chosen as 300 s and the repetition frequency 300 Hz, L = 50 pulse/mm2, considering the result 

of Figure 10. At the present conditions, all specimens were deformed with treated surface concave. 

At conventional SLP using the Nd:YAG laser, the specimens were deformed with treated surface 

convex, as the treated surface was plastically elongated. The present result of deformation of the 

treated surface into a concave surface clearly indicates that the treated surface was shrinking. As 

mentioned in Figure 1, SLP is classified to two stage, i.e., LA-stage and LC-collapse-stage. At LA-

stage, the surface is melted by the heat energy of the pulsed laser. Although LC-collapse noise 

produced by the fiber laser was detected as shown in Figure 9 (b), SLP by the fiber laser was governed 

by LA-stage rather than LC-collapse-stage. Then, as mentioned in Figure 1, SLP governed by LA-

stage was classified into laser treatment (LT) in the present paper. Thus, SLP by the fiber laser will 

henceforth be referred to as LT. Therefore, the condition of SLP by the fiber laser was chosen as the 

condition that deformed the most concave surface was selected, i.e., tw = 300 s and sw = 8 mm.  

 
Figure 10. Effect of pulse width tw on laser treatment (LT) using fiber laser. 

 
Figure 11. Effect of standoff distance in water sw on laser treatment (LT) using fiber laser. 

3.3. Aspect of Surface Treated by Post-Processing 

Aspect of treated surfaces observed by the digital microscope and SEM were shown in Figs. 12 

and 13, respectively. Each Figs. 12 and 13 reveals (a) As-built, (b) Laser Treatment (LT; SLP by the 

fiber laser), (c) Blasting (B), (d) Laser Cavitation Peening (LCP; SLP by the Nd:YAG laser), (e) Blasting 

+ Laser Treatment, (f) Laser Treatment + Laser Cavitation Peening, (g) Blasting + Laser Cavitation 

Peening and (h) Blasting + Laser Treatment + Laser Cavitation Peening. At laser treatment (LT), i.e., 
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SLP by the fiber laser, the repletion frequency, the pulse width tw and the pulse density L were 300 

Hz, 300 s and 50 pulse/mm2, respectively. The blasting (B) was carried out at air pressure 0.7 MPa 

using garnet #150, considering previous report [11]. At laser cavitation peening (LCP), i.e., SLP by the 

Nd:YAG laser, the repetition frequency was 10 Hz and L was 4 pulse/mm2, considering previous 

report [9, 50].  

On the as-built surface, partially melted particles were observed as shown in Figure 12 (a) and 

Figure 13 (a). The deep valleys, which lied perpendicularly to building direction, were also observed, 

and the bottom of the valley was very sharp as shown in Figure 13 (a). These surface defects might 

become crack sources during the fatigue.  

When the as-built surface was treated by LT, many columnar structures were observed as shown 

in Figure 12 (b) and Figure 13 (b). The pulsed laser ablated Al-phase, then Si-phase, which were 

shown as columnar structures, was remained.  

After blasting (B) of as-built surface, the sharp edges were roughened by the blasting as shown 

in Figure 13 (c). These roughed surfaces reduced the reflection of the pulsed laser, then the LA-effect 

was increased. Namely, blasting enhanced the effect of LT and/or LCP. 

In the case of LCP, the fine microstructures were observed as shown in Figure 12 (d) and Figure 

13 (d). These structures were produced by ns-seconds laser pulses.  

When the surface was treated by LT after blasting, the melted structures, which were larger than 

that of LCP were observed as shown in Figure 12 (e) and Figure 13 (e). At the present condition, the 

power was 45 W for LT, i.e., SLP by the fiber laser, and 3 W for LCP, i.e., SLP by the Nd:YAG laser. 

Namely, larger laser power melted the surface and it produced large structures.   

After LT and LCP, the microstructures, whose size was in between surface treated by LT and 

LCP, were observed as shown in Figure 12 (f) and Figure 13 (f). The surface was partially melted by 

LT, and the surface became similar aspect of Figure 12 (e) and Figure 13 (e), then ablated by LCP, i.e., 

short pulsed laser of 6 ns in pulse width. 

When the surface was treated by LCP after blasting (see Figure 12 (g) and Figure 13 (g)), the 

microstructures seems to be slightly larger than that of LCP only. As mentioned above, blasted 

surface was more likely to absorb laser energy, then the surface was considered to be more melted.  

As shown in Figure 12 (h) and Figure 13 (h), at B + LT + LCP, the surface was melted by the fiber 

laser and then ablated by the Nd:YAG laser. The microstructures were similar to that of Figure 12 (g) 

and Figure 13 (g), and the size of microstructures were slightly larger than that of B + LCP, as the 

surface was melted by LT.    
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

  
(g) (h) 

Figure 12. Aspect of specimen observed by digital microscope: (a) As-built; (b) Laser treatment (LT; 

SLP by fiber laser); (c) Blasting (B); (d) Laser cavitation peening (LCP; SLP by Nd:YAG laser); (e) B + 

LT; (f) LT + LCP; (g) B + LCP; (h) B + LT + LCP. 
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(a) (b) 

  
(c) (d) 

 

 

(e) (f) 

 

 

(g) (h) 

Figure 13. Aspect of specimen observed by scanning electron microscope (SEM): (a) As-built; (b) Laser 

treatment (LT; SLP by fiber laser); (c) Blasting (B); (d) Laser cavitation peening (LCP; SLP by Nd:YAG 

laser); (e) B + LT; (f) LT + LCP; (g) B + LCP; (h) B + LT + LCP. 

3.4. Effects of Post-Processing on Fatgiue Properties and Surface Properties  
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In order to reveal the effects of post-processing, i.e., blasting (B), laser treatment (LT), laser 

cavitation peening (LCP) and the combined processes of these post-processing, Figure 14 reveals (a) 

fatigue life at a = 110 MPa evaluated by the moment-control type plane bending fatigue tester, (b) 

surface roughness Ra, (c) residual stress R, (d) Rockwell hardness HR15T and (e) full width at half 

maximum of X-ray diffraction pattern FWHM. The post-processing conditions to obtain Figure 14 

were same condition of Figs. 12 and 13. 

In the case of fatigue life at a = 110 MPa, three time of as-built was evaluated, and it was 73,525, 

73,904 and 84,822. Then, average value was 77,417 and the standard deviation was 6,416, which was 

8.28 % of average value. In the case of post-processing, the fatigue life was tested at once, and the 

error bars in Figure 14 (a) was 8.28 % of each average value.  

At LT, as shown in Figure 14 (a), the fatigue life was shortened by LT, whereas the surface was 

smoothed by LT (see Figure 14 (b)). The reason would be that the residual stress after LT was tension 

as shown in Figure 14 (c). As shown in Figure 14 (e), FWHM of LT was increased drastically, and the 

surface was melted by LT (see Figure 12 (b) and Figure 13 (b)). Thus, LT melted the as-built surface 

and quenched the surface because of SLP.  

In the case of blasting (B), B reduced the surface roughness (see Figure 14 (b)), introducing the 

compressive residual stress (see Figure 14 (c)). These effects improved the fatigue life.  

At LCP, the surface was smoothed as same as B (see Figure 14 (b)), and the compressive residual 

stress was introduced (see Figure 14 (c)). Thus, the fatigue life was improved by LCP as shown in 

Figure 14 (a).   

In the case of combined process with B, such as B + LT and B + LCP, effect of LT and LCP was 

enhanced by B, as blasted surface absorbed the pulsed laser energy by decreasing the reflection. For 

example, the surface roughness of B + LT or B +LCP was smoother than that of LT or LCP (see Figure 

14 (b)). The residual stress of B + LT was more tension than that of LT, and the residual stress of B + 

LCP was more compression than that of LCP, as shown in Figure 14 (d). In the case of combined 

process of LT + LCP, the introduced residual stress was 480 ± 24 MPa, which was more compression 

than LCP only (135 ± 20 MPa), whereas LT introduced tensile residual stress (412 ± 31 MPa).  

As shown in Figure 14 (d), the Rockwell hardness HR15T was increased by LT + LCP and B + LT + 

LCP. It was also slightly increased by LT and B. On the other hand, HR15T was decreased by LCP and 

B + LCP. As the surface roughness of as-built surface was very rough, the scatter band of all cases 

were large. Namely, it was very difficult to evaluate hardness on the surface of as-built PBF-

LS/AlSi10Mg.  

As shown in Figure 14 (a), in the case of the fatigue life at a = 110 MPa, B + LT + LCP was best, 

LT + LCP was 2nd, B + LCP was 3rd, and B and LCP were 4th. Thus, B + LT + LCP was chosen as the 

post-processing for the evaluation of the fatigue strength. As previous report, LCP was best 

comparing with SP and CP by jet, the fatigue strength of LCP was also examined.   
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(a) 

 
(b) 

           
(c) 

 
(d) 

 
(e) 

Figure 14. Mechanical properties of as-built, laser treatment (LT), blasting (B), laser cavitation peening 

(LCP), B+LT, B+LCP, LT+LCP and B+LT+LCP: (a) Fatigue life at a = 110 MPa; (b) Surface roughness 

Ra; (c) Residual stress R; (d) Rockwell hardness HR15T; (e) Full width at half maximum of X-ray 

diffraction pattern FWHM. 
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In order to reveal the improvement of the fatigue strength of as-built PBF-LS/AlSi10Mg by post-

processing, Figure 15 illustrates S-N curve for as-built, LCP and B + LT + LCP obtained by the 

displacement-controlled type plane bending fatigue tester. The post-processing conditions which 

used to obtain Figure 15 were same condition of Figs. 12 – 14. Namely, the blasting (B) was carried 

out at air pressure 0.7 MPa using garnet #150 [11]. At LT by the fiber laser, the repletion frequency, 

the pulse width tw and the pulse density L were 300 Hz, 300 s and 50 pulse/mm2, respectively. LCP 

by the Nd:YAG laser was carried out at the repetition frequency 10 Hz and L = 4 pulse/mm2 [9, 50]. 

To compare the fatigue properties of as-built PBF-LS/AlSi10Mg with cast AlSi10Mg, S-N curve of 

smooth specimens evaluated by the cyclic bending multiple fatigue tester at R = 1 [81] was 

illustrated in Figure 15. As shown in Figure 15, the fatigue properties of as-built PBF-LS/AlSi10Mg 

were weak comparing with cast AlSi10Mg. When the fatigue strength at N = 107 was calculated by 

Little’s method [78], it was 54 ± 9 MPa for as-built, 85 ± 10 MPa for LCP and 103 ± 12 MPa for B + LT 

+ LCP. Namely, B + LT + LCP enhanced the fatigue strength of PBF-LS/AlSi10Mg by 1.91 times 

comparing with as-built one, and it was larger than that of LCP only.  

In order to compare the present result with the references [16, 24, 26], Table 1 shows the fatigue 

strength of as-built and post-processing PBF-LS/AlSi10Mg. The improvement ratio comparing with 

as-built and post-processing of B + LT + LCP was better than reported results except notched one, as 

the fatigue strength of notched as-built specimen was quite weak. Namely, the proposed post-

processing is worthwhile to use for practical applications.  

 

Figure 15. Improvement of fatigue strength of as-built PBF-LS/AlSi10Mg by blasting (B), laser 

treatment (LT) and laser cavitation peening (LCP). 

Table 1. Fatigue strength of as-built AlSi10Mg. 

Specimen As-built  Post-processing Improvement ratio 

Fatigue strength at 107 [present] 

(Plane bending, R = 1) 
54 MPa 

LCP  85 MPa 57 % 

B+LT+LCP 103 MPa 91 % 

Fatigue strength at 3×106 [16] 

(Rotating bending, R = 1 with notch) 
10 MPa 

SP1 72 MPa (720 %) 

SP2 92 MPa (920 %) 

Fatigue strength at 106 [26] 

(Plane bending, R = 0) 
56 MPa 

LP 90 MPa 61 % 

SP 89 MPa 59 % 

Fatigue strength at 107 [26] 

(Plane bending, R = 0) 
51 MPa 

LP 90 MPa 76 % 

SP 81 MPa 59 % 

Fatigue strength at 107 [24] 

(Rotating bending, R = 1) 
75 MPa 

Polished 100 MPa 33 % 

Polished + SP 110 MPa 47 % 

3.5. Estimation of Improved Fatgiue Life by Post-Processing Using Surface Roughness, Residual Stress and 

Hardness  

In order to find out key parameters in improvement of fatigue properties of PBF-LS/AlSi10Mg 

by post-processing, an estimation method of the improved fatigue life was discussed. Because the 
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fatigue properties should be estimated from the key parameters, if the key parameters on the 

improvement were identified.  

Considering the previous reports [12][14], experimental correlation formulas, which were 

described by Eqs. (6) and (7), were proposed to estimate improved fatigue life by using the surface 

roughness, residual stress and hardness. Here, Nf est and Nf AB are estimated number of cycles and 

number of cycles of as-built. The cs, cR and cH are sensitivity constants representing the effects of the 

surface roughness, residual stress and hardness, respectively. In Eqs. (6) and (7), the effects of the 

surface roughness, residual stress and hardness were normalized by the surface roughness RaAB, the 

residual stress R AB considering applied stress a, and the hardness HR15T AB of the as-built specimen, 

respectively.  
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1

   
 �� 
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 +  �� �
�� ��  −  �� 
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��                                          (6) 
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 +  �� �
�� ��  −  �� 
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 ����� 

 ������� 

�             (7) 

The cs, cR and cH were calculated by a least square method using measured values in Table 2. The 

obtained constants, i.e., cs, cR and cH are shown in Table 3. The relation between Nf exp and Nf est obtained 

by Eqs. (6) and (7) are shown in Figure 16 (a) and (b). The obtained slope abest of the relation between 

Nf exp and Nf est is also revealed in Table 3, with its standard deviation s (see Eq. (8)).  

�� ��� = (�����  ±  ��)  �� ���                                                                                                 (8) 

In Table 3, correlation coefficient r and determination coefficient Dc are also revealed. Probability of 

a non-correlation pnon of 7 data was calculated from r [82].  

Table 2. Measured value of number of cycles to failure, surface roughness, residual stress and hardness. 

Post-processing 
Number of cycles 

to failure  
Nf exp [cycles] 

Arithmetical mean 

roughness Ra [m] 

Residual stress  

R [MPa] 

Rockwell hardness 

HR15T AB  
Average 

value 
Standard 
deviation 

Average 
value 

Standard 
deviation 

Average 
value 

Standard 
deviation 

As-built 77,417 12.88 1.14 68 19 76.6 4.0 

LT 43,862 8.37 0.85 412 31 76.9 3.0 

B 211,922 10.74 0.24 165 26 77.2 1.1 

LCP 211,419 10.68 0.77 135 20 74.2 5.2 

B + LT 43,134 6.86 0.52 567 23 78.4 2.5 

B + LCP 234,637 10.03 0.88 256 20 74.8 1.5 

LT + LCP 404,759 9.40 0.27 480 24 80.3 1.5 

B + LT + LCP 1,865,502 8.44 0.35 489 20 79.0 2.4 

Table 3. Constants for experimental formula to estimate fatigue life by surface roughness, residual stress and 

hardness. 

 Symbol Eq. (6) Eq. (7) 

Constant for surface roughness cS 0.192 0.181 
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Constant for residual stress cR 0.162 0.160 

Constant for hardness cH – 0.023 

Slope  abest 1.082 1.075 

Standard deviation of slope s 0.028 0.035 

Correlation coefficient r 0.933 0.936 

Determination coefficient Dc 0.870 0.831 

Probability of a non-correlation pnon 0.22% 0.20% 

 

  

(a) (b) 

Figure 16. Estimated fatigue life Nf est from fatigue life obtained by experiment Nf exp at a = 110 MPa 

using mechanical properties of surface: (a) Eq. (6); Surface roughness Ra and residuals stress R; (b) 

Eq. (7); Surface roughness Ra, residuals stress R and Rockwell hardness HR 15T. 

As shown in Figure 16 (a) and (b), Nf est was proportional to Nf exp, and its slope was 1.082 ± 0.028 

and 1.075 ± 0.035. When pnon is smaller than 1 %, it can be said the relation is highly significant. As 

shown in Table 3, pnon of both Eqs. (6) and (7) is less than 1 %, thus it can be concluded that relation 

between Nf exp and Nf est was highly significant. Namely, improved fatigue life by post-processing can 

be estimated by surface roughness, residual stress and hardness.  

When cs, cR and cH in Table 3 were compared, cs > cR >> cH were obtained. This means that the 

contribution of surface smoothing is more effective than the introduction of compressive residual 

stress on the improvement of fatigue life by post-processing, and the effect of work hardening is less 

effective than surface smoothing and introduction of compressive residual stress. As r of Eq. (6) was 

nearly equal to that of Eq. (7), the improvement of fatigue life of as-built PBF-LS/AlSi10Mg by post-

processing can be estimated by surface roughness and residual stress on the surface. Namely, the 

main factors of the improvement of fatigue properties of as-built PBF-LS/AlSi10Mg by post-

processing were the surface roughness and the residual stress on the surface.  

4. Conclusions 

In order to demonstrate improvement of fatigue properties of AM metals by submerged laser 

peeing (SLP), powder bed fusion (PBF) using laser sintering (LS) AlSi10Mg, i.e., PBF-LS/AlSi10Mg 

was treated by SLP using a fiber laser whose maximum repetition frequency was 50 kHz and/or a 

Nd:YAG laser whose maximum repetition frequency was 10 Hz, and tested by plane bending fatigue 

tests. In the present paper, to distinguish effect of laser ablation (LA) and laser cavitation (LC) at SLP, 

post-processing governing by LA and LC were named as laser treatment (LT) and laser cavitation 

peening (LCP), respectively. The results obtained can be summarized as follows:  
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1. At SLP using the fiber laser, LC was observed. The amplitude of pressure wave generated by LC 

collapse was 3 times larger than that of LA. At the present condition, SLP using the fiber laser 

smoothen the surface of as-built PBF-LS/AlSi10Mg, and the surface residual stress was tensile 

after SLP using the fiber laser. Thus, SLP using the fiber laser was LT rather than LCP.  

2. Blasting (B) roughened the as-built surface of PBF-LS/AlSi10Mg, and enhanced the effect of 

following LT, as blasted surface absorbed the pulsed laser energy. LT, i.e., SLP by the fiber laser, 

melted the as-built surface, and quenched the surface, then introduced tensile residual stress. 

LCP, i.e., SLP by the Nd:YAG laser, introduced compressive residual stress into as-built surface. 

In the case of the fatigue life at a = 110 MPa, B + LT + LCP was best, LT + LCP was 2nd, B + LCP 

was 3rd, and B or LCP were 4th. 

3. In the case of fatigue strength of PBF-LS/AlSi10Mg at 107, B + LT + LCP was 103 ± 12 MPa, LCP 

was 85 ± 10 MPa, whereas as-built was 54 ± 9 MPa. Namely, B + LT + LCP improved the fatigue 

strength 1.9 times comparing with the as-built.   

4. LT + LCP introduced compressive residual stress (480 ± 24 MPa) which was larger than that of 

enhanced LCP only (135 ± 20 MPa), although LT introduced tensile residual stress (412 ± 31 

MPa).  

5. The improvement of fatigue strength of as-built PBF-LS/AlSi10Mg can be estimated by surface 

roughness and the surface residual stress. The work hardening also contributed the 

improvement of the fatigue strength, however, the contribution of work hardening in improving 

fatigue strength was relatively small, considering the difficulty in evaluating hardness of as-built 

PBF-LS/AlSi10Mg due to rough surface.  

6. Regarding SLP by the fiber laser, when the pulse width was shorter, the sound pressure of LC 

collapse became larger. At LC collapse using the larger pulse width, the sound pressure of 1st 

LC collapse became smaller, and that of 2nd LC collapse became larger, as heat energy was 

introduced into bubble during 1st shrinking of LC.  

Author Contributions: Hitoshi Soyama, conceptualization, experiment, writing—original draft, visualization, 

project administration, and funding acquisition.  

Funding: This research was partly supported by JSPS KAKENHI (grant numbers 22KK0050 23K25988), JST 

CREST (JPMJCR2335) and Suzuki Foundation (5-i19).  

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: The data presented in this study are available upon request from the author. 

Conflicts of Interest: The author declares no conflicts of interest. 

Abbreviations 

2D two-dimension 

AB as-built 

AM additive manufacturing  

B blasting 

CAD computer-aided design 

CAM computer-aided manufacturing 

CP cavitation peening 

HIP hot isostatic pressing 

ISO International Organization for Standardization 

JIS Japanese Industrial Standards 

LA laser ablation 

LC laser cavitation 

LCP laser cavitation peening  

LP laser peening 

LS laser sintering  
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LT laser treatment 

PBF powder bed fusion  

PSPC position sensitive proportional counter 

PVDF polyvinylidene fluoride 

SAE Society of Automotive Engineers  

SLP submerged laser peening  

SP shot peening 

XRD X-ray diffraction  

Symbol 

abest slope   

b width of specimen  

cH constant for surface hardness  

cR constant for surface residual stress  

cs constant for surface roughness  

Dc determination coefficient 

dmax maximum diameter of LC  

E Young’s modulus  

FWHM Full width at half maximum of X-ray diffraction  

fL repetition frequency of the laser  

HR15T Rockwell hardness  

h arc height 

k proportional constant  

M bending moment  

N number of cycles to failure  

Nf est estimated fatigue life  

Nf exp fatigue life obtained by experiment  

p pressure  

pnon probability of a non-correlation 

ps sound pressure detected by hydrophone 

R stress ratio 

R0 initial radius of bubble  

Ra surface roughness  

r correlation coefficient 

sa standoff distance in air 

sv vertical direction  

sw standoff distance in water  

tc collapse time of bubble 

tL time after irradiated pulsed laser 

tD developing time of LC 

tw laser pulse width  

vh horizontal velocity 

χ Debye ring direction  

 thickness of specimen  

 rotation angle of specimen 

 diffraction angle 

 density of water 

L laser pulse density 

 wave length 

 Poisson ratio 

a applied stress  

R residual stress  
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s standard deviation of slope  

 incidence angle 
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