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A B S T R A C T   

This study demonstrates the improvement in the fatigue strength of additive manufacturing (AM) metals such as 
laser-based powder bed fusion of metals by post-processing. Titanium alloy samples manufactured by powder 
bed fused (PBF) Ti6Al4V produced through laser sintering (LS), treated by submerged laser peening (SLP), 
cavitation peening (CP), and shot peening accelerated via a water jet (SPwj), were subjected to torsional fatigue 
testing and compared with the as-built specimen. At SLP, the samples were treated by laser ablation (LA) and 
laser cavitation (LC) which was developed following LA. A cavitating jet was used for CP. For comparison, 
conventional post-processing using SPwj was also performed. To characterize the microstructural modification 
caused by the three post-processing methods, the cross-section of the treated surface was observed by electron 
backscatter diffraction. The fatigue strengths at 107 cycles were found to be 217, 361, 313, and 285 MPa for the 
as-built, SLP, CP, and SPwj specimens, respectively. The primary factors contributing to fatigue strength 
improvement by post-processing were surface smoothing and the introduction of compressive residual stress. The 
experimental observations were used to derive correlation formulas to estimate the fatigue life improvement due 
to post-processing as the function of the surface roughness and surface residual stress.   

1. Introduction 

Powder bed fused Ti6Al4V produced through electron beam (EB) or 
laser sintering (LS), PBF-EB/Ti6Al4V or PBF-LS/Ti6Al4V, are attractive 
metals because topologically optimized shapes can be formed directly 
from computer-aided design/computer-aided manufacturing (CAD/ 
CAM) data. Thus, PBF/Ti6Al4V can be used for medical implants [1–3] 
and aviation components [4–8]. However, the fatigue strength of as- 
built PBF/Ti6Al4V is considerably weaker than that of wrought metals 
because of their large surface roughness [4,9–12]. Thus, post-processing 
of PBF/Ti6Al4V is required to improve the fatigue strength. 

It has been reported that the building direction during the PBF affects 
fatigue strength [13,14], and mechanical surface treatments such as shot 
peening (SP) improve the fatigue strength of PBF metals [13,14]. Hot 
isostatic pressing (HIP) can reduce the crack propagation rate [15,16] 
and improve fatigue properties [17–23]. However, HIP cannot reduce or 
remove surface defects [24]. Thus, it is necessary to remove surface 
defects and/or reduce surface roughness using other methods such as 

machining [25]. It has been reported that the fatigue life of PBF/ 
Ti6Al4V decreases with an increase in the maximum surface roughness 
[26], and the surface roughness affects the fatigue strength of PBF/ 
Ti6Al4V [27–31], thus a reduction in the surface roughness of PBF/ 
Ti6Al4V is required to improve the fatigue properties. To reduce surface 
roughness of PBF metals, mechanical surface finishing [32], ultrasonic 
cavitation abrasive finishing [33], chemical etching [34], ultrasonic 
shot peening [35], cavitation abrasive surface finishing [36,37], hy
drodynamic cavitation abrasive finishing [38,39], barreling [40], and 
linishing [40] have been proposed, and the improvement of fatigue 
strength of PBF/Ti6Al4V was demonstrated [32,36,37,40]. From the 
perspective of residual stress, it has been reported that mechanical 
surface treatments such as SP and laser peening (LP) improve the fatigue 
strength of Ti6Al4V by introducing compressive residual stress [41,42]. 
Further, tailoring the residual stress profile of PBF/Ti6Al4V using LP has 
been proposed [43]. Because the fatigue strength of PBF/Ti6Al4V is 
affected by surface roughness and residual stress [28,29,44], the 
improvement in the fatigue strength of PBF/Ti6Al4V by mechanical 
surface treatment has been investigated in terms of the surface 
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roughness and compressive residual stress. Microstructural changes 
owing to mechanical surface modifications have also been considered. 

A typical mechanical surface treatment is SP, wherein spherical shot 
particles are impinged on the target materials. As SP introduces work 
hardening, compressive residual stress, and grain refinement, it im
proves the fatigue properties of PBF/Ti6Al4V [4,44–50]. It is an effec
tive method for reducing fatigue crack initiation and propagation [51]; 
however, sparks and dust are produced owing to solid collisions between 
the solid shot and the surface of the metals, which could cause dust 
explosions [52]. To avoid the risk of explosions and health hazards 
owing to dust, an SP technique using a recirculating shot accelerated via 
a water jet was established [53]. The shot diameter in this process was 
similar to that used for ultrasonic SP [54]. The shots in ultrasonic SP 
were accelerated by ultrasonic vibration, whereas those in the proposed 
post processing were accelerated via a water jet. It was demonstrated 
that SP with a water jet introduced a compressive residual stress, whose 
depth distribution was very similar to that typical of SP, and improved 
the fatigue strength of metallic materials [55]. Thus, the peening 
method of SP accelerated via a water jet, i.e., SPwj, was used in this 
study. 

A peening method using a pulsed laser, that is laser peening (LP) or 
laser shock peening, has been developed. LP improved the fatigue 
strength of PBF/Ti6Al4V [44,47–50,56,57]. There are two types of LP. 
The first is performed using a relatively high-energy pulsed laser, such as 
delivering energies of several J per pulse, and a water film is formed on 
the target materials [58–60]. In the second method, the target is placed 
in a water-filled chamber and a pulsed laser of several hundred micro
joules irradiates the target [61,62]. In the present study, this submerged 
type LP is referred to as submerged laser peening (SLP). In both the LP 
methods, that is, LP with a water film and SLP, it is believed that plastic 

deformation is produced by laser ablation (LA) [63]. In case of SLP, a 
bubble is initiated due to LA and develops; subsequently, it collapses in a 
way similar to cavitation bubbles, resulting in the process called laser 
cavitation (LC). When the pressure wave in the water was measured, the 
amplitude of the pressure wave due to LA was greater than that due to 
the collapse of the LC [64,65]. However, when the impact passing 
through the target metal was measured using a sensor developed to 
measure cavitation impact [66], the amplitude of the impact due to the 
bubble collapse in the LC process was larger than that due to the LA [67]. 
Thus, for SLP, both the impacts of the LA and collapse of the LC were 
used, so that both mechanisms of impact were used to conduct the SLP. 
In conventional SLP, the second harmonic of a Nd:YAG laser with a 
wavelength of 532 nm is used to avoid absorption in water. However, 
from the perspective of the generation of cavitation bubbles, the 
fundamental harmonic at 1064 nm was more suitable as the heat was 
more concentrated. As SLP using a 1064 nm wave length laser improved 
the fatigue strength of metallic materials [55], this was employed in the 
present experiment. It has been reported that SLP increased the fatigue 
strength of magnesium alloys by 56 %, which was better than SP or 
cavitation peening (CP) [68]. As the surface polishing of PBF/Ti6Al4V 
using a nanosecond pulse laser has been reported [69], the SLP used in 
the experiment conducted in this study was a combination of laser 
polishing and LP. 

In the case of CP, the impact of the cavitation collapse is used for 
peening. In conventional CP, cavitation is generated by injecting a high- 
speed water jet into water, that is, a cavitating jet [55]. A high-speed 
water jet has been used for peening; however, CP is different from 
water jet peening (WJP), wherein the water column impacts in the jet 
center are used for peening [55]. It has been reported that the 
improvement in the fatigue strength of stainless steel using CP was 

Nomenclature 

Abbreviation 
AM Additive manufacturing 
CAD Computer-aided design 
CAM Computer-aided manufacturing 
CP Cavitation peening 
DC Direct-current 
DED Directed energy deposition 
LB Laser-based 
LS Laser sintering 
EBSD Electron backscatter diffraction 
HIP Hot isostatic pressing 
JIS Japanese industrial standards 
KAM Kernel average misorientation 
LA Laser ablation 
LC Laser cavitation 
LP Laser peening 
PBF Powder bed fusion 
SEM Scanning electron microscope 
SLP Submerged laser peening 
SP Shot peening 
SPwj Shot peening accelerated via a water jet 
WJP Water jet peening 

Symbol Unit 
cR constant for residual stress [cycle] 
cS constant for surface roughness [cycle] 
cSK constant for skewness [cycle] 
d nozzle throat diameter [mm] 
Dc determination coefficient 
dH horizontal interval [mm] 

dmax maximum diameter of laser cavitation [mm] 
dmin minimum diameter of test section [mm] 
dV vertical interval [mm] 
Mt applied torque [N•m] 
n number of scanning [–] 
Nf number of cycles to failure [cycle] 
Nf AB number of cycles to failure of as-built specimen [cycles] 
Nf est estimated number of cycles to failure [cycle] 
nR exponent for residual stress [–] 
nS exponent for surface roughness [–] 
p1 injection pressure [MPa] 
p2 downstream pressure of the nozzle [MPa] 
pv vapor pressure of water [MPa] 
R stress ratio [–] 
r correlation coefficient [–] 
Ra arithmetical mean roughness [μm] 
RaAB arithmetical mean roughness of as-built specimen [μm] 
Rz maximum height of roughness [μm] 
RzAB maximum height of roughness of as-built specimen [μm] 
s standoff distance [mm] 
sa standoff distance in air [mm] 
sw standoff distance in water [mm] 
tD developing time of laser cavitation [μs] 
tp processing time per unit length [s/mm] 
va speed in axial direction [mm/s] 
ρL laser pulse density [pulse/mm2] 
σ cavitation number [–] 
σR surface residual stress [MPa] 
σR AB surface residual stress of the as-built specimen [MPa] 
τa applied shear stress [MPa]  
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greater than that using WJP, SPwj, and SLP [65]. As cavitation impact is 
used in CP, a high injection pressure pump, for example, hundreds of 
MPa plunger pump, is not required [55]. In addition, CP can be applied 
to workpieces with complex shapes, as cavitation is shed and collapsed 
on the surface of the workpieces, where a peening effect is required [55]. 
In summary, this study presents an all-round investigation of the effects 
of SPwj, SLP, and CP on the improvement in the fatigue strength of PBF- 
LS/Ti6Al4V. 

A fatigue test can be employed to investigate the peening effect on 
the fatigue properties of the surface-modified layer of PBF-EB or PBF-LS 
metals. However, a conventional tension–tension fatigue test is not 
suitable because the fatigue properties determined by the ten
sion–tension fatigue test are affected by the base metals. Moreover, a 
conventional rotational bending fatigue test requires high-precision 
centering (variance ≤ 50 μm), which necessitates appropriate 
machining of the specimens. Consequently, it cannot evaluate the effect 
of the as-built surface. A plane bending fatigue test has been used to 
investigate the fatigue strength of PBF-EB/Ti6Al4V and PBF-LS/Ti6Al4V 
in previous studies [36,37]. The corners of the specimens were polished 
manually using rubber whetstones to reduce roughness-induced crack 
initiation [36,37]. Therefore, the effect of peening on the curved ge
ometry was not investigated. The maximum thickness of the specimen 
for the conventional plane-bending fatigue tester was approximately 
2–3 mm for Ti6Al4V because the maximum bending load of the tester 
was limited. In other words, it is difficult to evaluate the geometric ef
fects of the corners or roundness of the specimen. In practical applica
tions for implants, torsional fatigue properties are particularly important 
for the shaft and the threaded portion of dental implant [26,70,71], 
stents [72], vascular implants [73,74] and bone substitutes [75,76]. 
However, most reports in the literature are devoted to reversed tensile 
fatigue testing. The authors therefore chose to fill this gap by conducting 
an experimental campaign using torsional fatigue. Thus, a torsional fa
tigue test was conducted using a plane-bending fatigue testing machine 
with an attachment that applied a torsional load to a round bar spec
imen. The torsional fatigue behavior of directed energy deposition 
(DED) Ti6Al4V, i.e., DED/Ti6Al4V, provides useful information in un
derstanding the mechanical behavior of DED/Ti6Al4V, as reported in 
previous studies [77,78]. 

In the present study, to determine the most suitable post-processing 
technique for improving the fatigue strength of PBF-LS/Ti6Al4V, the 
effect of the geometry of various peening methods on the fatigue 
strength of PBF-LS/Ti6Al4V was examined, as the fatigue strength of as- 
built PBF-LS/Ti6Al4V was larger than that of PBF-EB/Ti6Al4V [36,37]. 
For this purpose, a round bar specimen of PBF-LS/Ti6Al4V was treated 
with SLP, CP, and SPwj, and the variation in the fatigue life at a constant 
maximum applied shear stress with the laser pulse density ρL or pro
cessing time per unit length tp was investigated using a load-controlled 
torsional fatigue tester to determine the optimum ρL or tp. Subse
quently, the S-N curves for the as-built, SLP, CP, and SPwj specimens 
were obtained using an angle-controlled torsional fatigue tester. The 
surface roughness of the specimens was evaluated using a confocal laser 
microscope, the surface residual stress was measured using X-ray 
diffraction, and the surfaces of the specimens were observed using an 
optical microscope and a scanning electron microscope (SEM). The fa
tigue life of PBF-LS/Ti6Al4V treated using post-processing was investi
gated during the development of the torsional fatigue tester [50]; 
however, the fatigue strengths of PBF-LS/Ti6Al4V were unknown. This 
is the first report to compare the torsional fatigue strength of PBF-LS/ 
Ti6Al4V treated with SLP, CP, and SPwj with that of the as-built spec
imen. To the best of our knowledge, this is the first report on the ex
amination of the cross-section of PBF-LS/Ti6Al4V treated with SLP and 
CP using electron backscatter diffraction (EBSD). Further, an estimation 
method was proposed for the improvement of fatigue life by post- 
processing in terms of the surface roughness and residual stress that 
can be measured nondestructively. 

2. Material and experimental methods 

2.1. Material and test specimens 

Fig. 1 shows (a) a photograph of the oblique view and (b) the ge
ometry of the as-built round bar specimen additively manufactured via 
LS. The Ti6Al4V powder particle diameter was approximately 30 μm. 
The LS conditions were as per the EOS M290 standard, namely, the laser 
power, laser spot diameter, and layer thickness were 400 W, 100 μm, 
and 60 μm, respectively. The building direction is shown in Fig. 1a, and 
is similar to that in a previous report [50]. The geometry of as-built 
specimen was as follows: the minimum diameter of the test section, 
dmin, and the diameter of the grip section were 4.6 ± 0.05 and 10.2 ±
0.1 mm, respectively. The specimens were annealed at 923 K for 3 h to 
release any residual stress, subjected to solution heat treatment at 1208 
K for 105 min, and cooled under argon gas. Following the residual stress 
relief, the specimens were aged at 978 K for 2 h and cooled with argon 
gas. After the heat treatment, the diameter of the grip section was 
reduced to 9.995 ± 0.005 mm using a lathe to hold the specimen with 
the attachment tightly. 

2.2. Post-processing 

2.2.1. Submerged laser peening SLP 
To investigate the effects of post-processing on the fatigue properties 

of PBF-LS/Ti6Al4V, the specimens were treated with SLP. Fig. 2 shows a 
schematic diagram of the test section of the SLP system. Pulsed excita
tion was generated using an Nd:YAG laser with a Q-switch. The funda
mental wavelength of the Nd:YAG laser of 1064 nm was used, as 
mentioned in Section 1. The maximum energy, beam diameter, pulse 
width, and repetition frequency were, 0.35 J, 6 mm, 6 ns, and 10 Hz, 
respectively. The specimens were placed in a water-filled chamber 
composed of a hard glass with a thickness of 3 mm. The diameter of the 
pulsed laser was expanded by a concave lens to avoid damage to the 
glass chamber, and then focused via a convex lens on the specimen 
surface. The focal distance of the convex lens was 100 mm. In the present 
experiment, the standoff distances in air sa, and in water sw, were set as 
67 and 34 mm, respectively, as previously reported [50]. The diameter 
of the LA spot on the surface of the specimen under these conditions was 
approximately 0.8 mm. To eliminate LA contamination, 5 L of degassed 
water was fed into the chamber per minute. 

The specimen was fixed to a specimen holder, which was moved 
spirally by upward translation with rotation using two stepping motors. 

Fig. 1. Fatigue specimen: (a) Photograph of the as-built specimen before post- 
processing. (b) Dimensions of the as-built specimen (unit: mm). 
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The laser pulse density ρL, which was defined at dmin, i.e., 4.6 mm, was 
controlled by the horizontal interval dH and vertical interval dV (see 
Fig. 2; it illustrated at ρL ≈ 1 pulse/mm2) according to: 

ρL =
1

dHdV
(1) 

As the angular speed of the stepping motor was constant, the hori
zontal interval at maximum diameter of test section, i.e., 10 mm, was 
about 2.17 times (=10 mm / 4.6 mm) larger than dH at dmin. For 
example, when the coverage, which is defined by SAE International 
[79], was considered, the coverage at ρL = 40 pulse/mm2 was about 
2,000 % at dmin and about 900 % at the maximum diameter of test 
section, respectively. Note that the applied stress was inversely pro
portional to the cube of the diameter and the laser cavitation was 
collapsed on the target surface, even though the surface was inclined. 
The maximum pulse density of the system was 80 pulse/mm2 owing to 
the minimum step of the stepping motors used. 

To estimate the size of the LC, a hydrophone was placed in the 
chamber to monitor the LC development time, tD. This parameter was 
defined as the time from the start of LA to the first LC collapse. The 
maximum response frequency of the hydrophone was approximately 
100 kHz. The maximum diameter of an LC, dmax [mm], is proportional to 
tD [μs] as expressed in Eq. (2) [80]: 

dmax = 0.0103tD (2) 

Under the present conditions, tD was 633 ± 29 μs, thus, the 
maximum diameter of LC was 6.52 ± 0.29 mm. In Appendix A, LA and 
LC observations using a high-speed video camera are presented. 

2.2.2. Cavitation peening CP 
In the second post-processing method in the present study, the 

specimen was treated with CP. Fig. 3 shows a schematic diagram of the 
test section of the CP system. For CP, cavitation was produced using the 
cavitating jet. The cavitating jet pressurized by a plunger pump 
(maximum working pressure of 30 MPa and maximum flow rate of 3 ×
10-2 m3/min), was injected into a water-filled test chamber through a 
nozzle. The nozzle throat diameter d was 2 mm and the injection pres
sure p1 was 30 MPa. The standoff distance s, defined as the distance from 
the upstream corner of the nozzle to the specimen surface, was 80 mm, 
as previously reported [50]. The pressure in the chamber (i.e., the 
downstream pressure of nozzle p2) was controlled using a downstream 
valve. The aggressive intensity of the cavitating jet, which is normally 

correlated with the erosion rate of the material or the arc height of the 
peened plate, strongly depends on the cavitation number σ, which is 
defined by the pressure ratio according to Eq. (3) [81]: 

σ =
p2 − pv

p1 − p2
≈

p2

p1
(3)  

where pv is the vapor pressure of water and all pressures were taken as 
absolute values. Under the present conditions, σ can be approximated as 
shown in Eq. (3) because p1 » p2 » pv [82]. The aggressive intensity of the 
cavitating jet had a maximum at σ ≈ 0.014. Hence, σ = 0.014 and p2 =

0.42 MPa were chosen for the present cavitating condition, according to 
the previous report [50]. Each specimen was fixed in a specimen holder 
which was moved in the axial direction simultaneously with rotation. 
The rotational pitch was set at 2 mm. The speed in the axial direction va 
was controlled using a direct-current (DC) servomotor. The processing 
time per unit length is defined using Eq. (4), wherein n denotes the 
number of scans. 

tp =
n
va

(4) 

In Appendix B, CP observation using a high-speed video camera is 
presented. 

2.2.3. Shot peening accelerated via a water jet SPwj 
To compare the post-processing using SLP and CP with conventional 

peening (SP), the specimens were treated with SPwj. As mentioned in 
Section 1, an SPwj system with a water jet was used in this study. Fig. 4 
shows a schematic diagram of the test section of shot peening acceler
ated via a water jet SPwj system. Shots made of Japanese Industrial 
Standard JIS SUS440C stainless-steel were installed in a stainless-steel 

Fig. 2. Schematic diagram of the test section of submerged laser peening (SLP) 
chamber and laser spot arrangement on the sample surface (ρL ≈ 1 pulse/mm2). 

Fig. 3. Schematic diagram of test section of cavitation peening CP system.  

Fig. 4. Schematic diagram of the test section of shot peening accelerated via a 
water jet SPwj system. 
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chamber with an inner diameter of 60 mm. The number and diameter of 
the shots were 500 and 3.2 mm, respectively. Pressurized water at 15 
MPa was injected into the chamber to accelerate and recirculate shots 
through three holes of 0.8 mm in diameter with 16 mm of pitch circle 
diameter. The standoff distance was 52.5 mm. No compressive residual 
stress was introduced into the stainless steel using the water jet alone 
under the same conditions. The specimen was fixed to specimen holders, 
which were moved in the axial direction simultaneously with rotation. 
The rotational pitch was set at 2 mm. The speed in the axial direction va 
was controlled by a DC motor, and the processing time per unit length tp 
is expressed by Eq. (4), which is the same as that of the CP. 

2.3. Fatigue test and evaluation of surface characteristics 

To investigate the fatigue properties of the post-processed samples 
subjected to SLP, CP, and SPwj, the fatigue life at constant applied shear 
stress was evaluated using a load-controlled torsional fatigue tester (see 
Fig. 5a), and S-N curves were obtained using an angle-controlled fatigue 
tester (see Fig. 5b). Here, the maximum frequency of the fatigue cycle of 
the load-controlled torsional fatigue tester was limited to 2 Hz. In the 
present study, the maximum applied shear stress τa, obtained using Eq. 
(5), was used to determine the fatigue properties, 

τa =
Mt

πdmin
3

16

(5)  

where Mt was the applied torque monitored during the fatigue tests. In 
the load-controlled torsional fatigue test, the specimen was fixed to an 
attachment, and the attachment was fixed to a load-controlled plane- 
bending fatigue tester. The misalignment caused by the LS and peening 
treatments was corrected using the angle of the servomotor. The details 
of the test are provided in [50]. Based on the previous report [50], τa =

460 MPa was selected as the constant applied stress varying with ρL or tp. 
The stress ratio R was –1, and the fatigue cycle frequency was 2 Hz. After 
determining the optimum ρL or tp, at which the fatigue life reached a 
maximum, the specimen was treated with SLP, CP, and SPwj at the 
optimum ρL or tp, and then tested using an angle-controlled torsional 
fatigue tester to evaluate the fatigue strength. For the angle-controlled 
torsional fatigue test, the stress ratio R was also –1, and the fatigue 
cycle was approximately 25 Hz. In the angle-controlled torsional fatigue 
tester, the specimen was fixed to an attachment for the torsion test, and 
the attachment was fixed to a displacement-controlled plane-bending 
fatigue tester. The misalignment caused by the LS and peening treat
ments was corrected according to the position of the motor. 

The surface of the specimen was observed using a confocal laser 
microscope to measure the arithmetic mean roughness Ra and maximum 
height of roughness Rz. These parameters were obtained by measuring 
an area of 500 μm × 700 μm three times. The surfaces of the specimens 
were observed using an SEM and digital microscope. The EBSD data was 

processed using MATLAB MTEX 5.8.1 toolbox [83]. 
The surface residual stress σR in the axial direction was determined 

using an X-ray diffraction system with a two-dimensional position sen
sitive proportional counter [84]. X-ray diffraction patterns were ob
tained using Cu Kα X-rays from a tube operated at 40 kV and 40 mA 
through a 0.8 mm diameter collimator. The lattice planes (h k l) used for 
the measurements were the Ti (213) planes of the majority α-phase that 
has hexagonal close-packed (h c p) lattice, and the diffraction angle 
without strain was 139.5◦. The suitability of using the majority phase for 
overall residual stress evaluation has been reported in the literature 
previously [85,86]. Twenty diffraction patterns were obtained by 
varying the X-ray incidence angle for each measurement. The exposure 
time per frame to locate the diffraction ring at each position was 10 min. 
In the residual stress analysis, Young’s modulus and Poisson’s ratio were 
set to 113 GPa and 0.32, respectively. 

3. Experimental results 

3.1. Effect of laser pulse density / processing time per unit length 

To reveal the surface properties following post-processing, Figs. 6 
and 7 show the variation in the arithmetic mean roughness Ra and the 
maximum height of roughness Rz with the laser pulse density ρL or the 
processing time per unit length tp, respectively. In the case of SLP, Ra and 
Rz decreased with an increase in ρL until ρL ≈ 40–50 pulse/mm2. 
Thereafter, they slightly increased, as shown in Fig. 6a and Fig. 7a, 
respectively. In the case of CP and SPwj, Ra and Rz exhibited a minimum 
at tp ≈ 10 and 2–4 s/mm, respectively. Further, from the perspective of 
smoothing the surface of PBF-LS/Ti6Al4V, all three post-processing 
methods exhibited an optimum ρL or tp at ρL ≈ 40–50 pulse/mm2 for 
SLP, tp ≈ 10 s/mm for CP, and tp ≈ 2–4 s/mm for SPwj. Under the present 
condition, the as-built specimen yielded Ra and Rz of 6.6 ± 1.2 and 60 
± 10 μm, respectively. Post-processing smoothed the surface to Ra and 
Rz of 4.18 ± 0.02 and 32 ± 3 μm, respectively, for SLP at 40 pulse/mm2, 
5.4 ± 0.8 and 44 ± 11 μm, respectively, for CP at 10 s/mm, and 3.2 ±
1.2 and 40 ± 9 μm, respectively for SPwj at 3 s/mm. Thus, Ra was 
reduced 63 %, 82 %, and 48 % using SLP, CP, and SPwj, respectively. 
The decrease in Rz was 53 %, 73 %, 67 % using SLP, CP, and SPwj, 
respectively. Thus, it can be concluded that all three post-processing 
methods smoothened the PBF-LS/Ti6Al4V surface. In terms of the 
decrease in Ra, SPwj was the most effective, followed by SLP and CP. 
However, in terms of decrease in Rz, SLP was the best, followed by SPwj 
and CP. 

To show the introduction of the compressive residual stress by the 
post-processing, Fig. 8 shows the variation in the surface residual stress 
in the axial direction σR, with ρL or tp. The σR of as-built specimens was 
23 ± 8 MPa. All three post-processing methods introduced compressive 
residual stress into PBF-LS/Ti6Al4V. The compressive residual stress 
increased with ρL or tp and then became saturated. In the case of SPwj, 

Fig. 5. Schematic diagrams of torsional fatigue testers.  
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the compressive residual stress had a maximum of 170 ± 24 MPa at tp =

3 s/mm, and then slightly decreased in magnitude due to the effect 
known as “over shot peening”. It has been reported that this may be 
associated with the onset of a damage mechanism in which micro cracks 
were produced [87]. The maximum introduced compressive residual 
stresses by SLP and CP were 102 ± 9 MPa at ρL = 10 pulse/mm2 and 189 
± 16 MPa CP at tp = 16 s/mm, respectively. With respect to the intro
duction of compressive residual stress by post processing, CP yielded the 
highest, followed by SPwj and SLP. 

To determine the optimum ρL or tp for the improvement in fatigue 
properties, Fig. 9 shows the number of cycles to failure Nf at τa = 460 
MPa as a function of ρL or tp. The Nf of the as-built specimen was 
examined three times and obtained as 19,791, 20,963 and 23,842, 
resulting in an average of 21,532 ± 2,085. Thus, the standard deviation 
was less than 10 % of the average value. Although it was reported that 
the standard deviation of Nf at constant applied stress of PBF-LS/ 
Ti6Al4V was 29–57 % [13], the repeatability of Nf at constant applied 
stress of the tested as-built specimens was better than that previously 
reported. The Nf was improved by all three post-processing methods. It 
can be roughly said that Nf had a maximum at a certain ρL or tp, although 
the data showed some scatter. In the present experiment, the optimum ρL 
or tp was chosen as ρL = 40 pulse/mm2 for SLP, tp = 10 s/mm for CP, and 
tp = 3 s/mm for SPwj. The specimens were treated under these condi
tions and observed using a digital microscope (Fig. 10), SEM (Fig. 11), 
and EBSD (Figs. 12 and 13). The fatigue strength was then evaluated 
using the angle-controlled fatigue test. 

As shown in Fig. 10a and Fig. 11a, partially melted particles 

(partially unmelted particles) are observed at the surface of as-built 
specimen. The partially melted particles are also shown on the surface 
of as-built specimen in the cross-sectional view by EBSD (see Fig. 12a 
and Fig. 13a). The grain size in the specimen was estimated from Figs. 12 
and 13 and found to be approximately 100 μm or slightly more. This 
result suggested that the grain was growing during LS process at the 
present condition. 

In the case of SLP, as shown in Fig. 10b and Fig. 11b, the surface was 
ablated using LA. This was the main reason why Ra and Rz decreased in 
the case of SLP. The SLP also introduced compressive residual stress into 
PBF-LS/Ti6Al4V. It was reported that the stiffness of the specimen 
treated by SLP decreased with ρL > 40 pulse/mm2 owing to the heat 
effect of the pulsed laser [50]; this may be one of the reasons why Nf was 
not increased at ρL > 40 pulse/mm2. Regarding the results of EBSD 
analysis (Fig. 12b and Fig. 13b), the introduction of plastic deformation 
by SLP was less than that by CP and SPwj. As shown in Fig. 12b, the 
cross-section of the surface exhibited a cyclic pattern on the surface, 
which was caused by LA. This assisted in the improvement of Nf by SLP 
because the bottom of the pattern was rounded. As shown in Fig. 10 b, 
the color of the surface was black, corresponding to an oxidized layer of 
Ti4O5, as observed in the X-ray diffraction analysis. Thus, SLP modified 
the surface but did not penetrate sufficiently deep, thus creating a lower 
compressive residual stress. 

In the case of the CP, the number of observed unmelted particles was 
less than that of the as-built specimen, as shown in Fig. 10c and 11c. The 
impact of cavitation collapse removed certain unmelted particles; the 

Fig. 6. The variation in the arithmetical mean roughness Ra with laser pulse 
density ρL or the processing time per unit length tp. 

Fig. 7. The variation in the maximum height of roughness Rz with the laser 
pulse density ρL or the processing time per unit length tp. 
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fractured surfaces of the unmelted particles are shown in Fig. 11c. This is 
why Ra and Rz decreased with an increase in tp. This fact and the results 
of the EBSD analysis (Fig. 12c and Fig. 13c) suggest that the impacts 
introduced compressive residual stress. The Kernel Average Misorien
tation (KAM) parameter that indicates the amount of plastic deforma
tion was found to be increased by CP. It has been reported that cavitation 
impacts may widen the valley of the building layer of the LS and produce 
cracks [50]. Thus, it may cause a decrease in Nf at tp ≈ 2 s/mm. At tp > 2 
s/mm, the effect of the introduction of compressive residual stress likely 
outweighed the negative effect of the CP. The CP created a balanced 
situation; that is, certain significant deformation that did not cause 
significant distortion, but resulted in an almost equivalent residual stress 
condition. 

In the case of SPwj, the top of the unmelted particles was flattened by 
shot collisions, as shown in Fig. 10d and Fig. 11d. This plastic defor
mation caused a decrease in Ra and Rz, and introduced compressive 
residual stress. These effects improved the Nf. However, shot collisions 
could not reach the bottom of the valleys caused by LS because spherical 
particles were observed in the valleys. Consequently, Rz of SPwj did not 
decrease as well as that of Ra of SPwj. In addition, as shown in Fig. 11e, 
the surfaces of the unmelted particles cracked. This is why the surface of 
the EBSD cross-section was dispersed (Fig. 12e). This is one of the rea
sons why the compressive residual stress introduced by SPwj decreased 
at tp > 3 s/mm, and Nf also decreased at tp > 3 s/mm. Thus, SPwj “bashed 
up” the microstructure, that is, it caused severe plastic deformation and 
resulted in the large compressive residual stress. 

3.2. Improvement of fatigue strength by post-processing 

The improvement in the torsional fatigue strength of PBF-LS/ 
Ti6Al4V by the post-processing is illustrated in Fig. 14 that shows the 
S-N curves of the as-built, SLP, CP, and SPwj samples obtained by the 
angle-controlled torsional fatigue tester. As mentioned above, the SLP 
was conducted at ρL = 40 pulse/mm2, CP at tp = 10 s/mm, and SPwj at tp 
= 3 s/mm. For all the specimens in Fig. 14, the orientation of the 
macroscopic cracks formed during the torsional fatigue test was at 45◦

with the specimen axis, as shown in Fig. 15. Figs. 15–17 show the 
fracture pattern, fracture surface observed by SEM, and a magnified 
view of the fractured surface from SEM photographs. In Figs. 15–17, 
specimens fractured at 105 < Nf < 106 were chosen to show a typical 
fracture pattern. As shown in Fig. 14, the fatigue life and strength were 
improved by SLP, CP, and SPwj compared with those of the as-built 
specimens. When the fatigue strength at Nf = 107 was calculated using 
Little’s method [88], it was 217 ± 7 MPa for as-built, 361 ± 8 MPa for 
SLP, 313 ± 11 MPa for CP and 285 ± 10 MPa for SPwj specimens. Thus, 
it was improved by 66 % using SLP. The fatigue life at τa = 460 MPa of 
SPwj was the longest; however, the fatigue strength of SLP was the 
highest, followed by that of CP and SPwj. As shown in Figs. 16 and 17, 
the fatigue crack initiation point was the surface defect, which was an 
incompletely melted area during AM, because unmelted particles were 
observed in the subsurface. It was revealed that surface roughness effect 
on the fatigue strength of additive manufactured Ti-6Al-4 V was eval
uated by using fully reversed uniaxial tension/compression tests and the 
fatigue strength at 106 of SLM machined was 512.5 MPa and that of as- 
built was 222.5 MPa [89]. As the proposed post-processing not only 

Fig. 8. The variation in the surface residual stress σR with the laser pulse 
density ρL or the processing time per unit length tp. 

Fig. 9. The variation in the number of cycles to failure Nf at τa = 460 MPa with 
the laser pulse density ρL or the processing time per unit length tp. 
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reduces surface roughness but also introduces compressive residual 
stress, the fatigue strength of tensile fatigue properties can be improved. 

As shown in Fig. 15, although the building direction was in the axial 
direction, which is normally weak, the fracture surface was at an angle 
of 45◦ to the axial direction. This indicated that the specimen was 
fractured by tensile normal stress rather than by shear stress. In a pre
vious study [50], three of the six as-built specimens were fractured by 
shear stress, and the other three were fractured by tensile normal stress. 
Moreover, all peened specimens treated by SLP, CP and SPwj were 
fractured by the shear stress [50]. Although the PBF-LS/Ti6Al4V spec
imens were manufactured by LS at that time, the LS conditions and heat 
treatment were slightly different from those in a previous study [50]. 

Fig. 16 shows the fractured surfaces of the specimens fractured at 
105 < Nf < 106, as in Fig. 15, as observed via SEM. Fig. 17 shows a 
magnified view of Fig. 16. In Figs. 16 and 17, the crack initiation points 
are indicated by arrows. In all cases, fatigue cracks were initiated at the 
surface defects because unmelted particles were observed near the crack 
initiation points. The depth of the surface defects was approximately 

100 μm. These observations revealed that SLP, CP, and SPwj improved 
the fatigue properties of PBF-LS/Ti6Al4V wherein cracks were initiated 
by surface defects. 

4. Discussions 

To estimate the improvement in the fatigue properties due to post- 
processing, experimental correlation formulas were proposed using 
surface roughness and residual stress, i.e. sample parameters that can be 
measured nondestructively. As mentioned above, the fracture surface 
was found to lie at an angle of 45◦ to the axial direction as shown in 
Fig. 15. This indicates that the specimen was fractured by the action of 
the tensile normal stress that reaches maximum at 45◦ orientation rather 
than by shear stress. Then, the normal residual stress must be considered 
as a principal factor determining the fatigue properties even in the 
torsional tests considered in the present study. The experimental cor
relation formulas are expressed in Eqs. (6)–(11) that estimate the fatigue 
life of post-processed samples Nf est from the fatigue life of the as-built 

Fig. 10. Surface observed via digital microscope.  Fig. 11. Surface observed via scanning electron microscope (SEM).  
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Fig. 12. Electron backscatter diffraction (EBSD) of cross-section.  Fig. 13. Kernel average misorientation (KAM) of cross-section.  
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specimen Nf AB using the values of surface roughness and the residual 
stress. 

Nfest = NfAB

⎧
⎪⎪⎨

⎪⎪⎩

1+ cScSK
1
Ra

RaAB

+ cR

(

1 +
σRAB − σR

τa

)

⎫
⎪⎪⎬

⎪⎪⎭

(6)  

Fig. 14. The improvement in torsional fatigue strength of PBF-LS/Ti6Al4V in 
SLP, CP and SPwj specimens compared with as-built specimen. 

Fig. 15. The fracture patterns in the as-built and post-processed PBF-LS/ 
Ti6Al4V samples. 

Fig. 16. The fracture surfaces observed by SEM.  
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Nfest = NfAB
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Nfest = NfAB
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1
Rz
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⎞

⎟
⎟
⎠

nS

(

1 +
σRAB − σR

τa

)nR

(11) 

In Eqs. (6)–(11), the effects of the surface roughness and residual 
stress were normalized by the surface roughness, that is, RaAB, RzAB, and 
the residual stress, σR AB, of the as-built specimen, respectively. 
Considering the results of previous studies [37,50], the surface rough
ness had a negative effect, and the compressive residual stress had a 
positive effect on the improvement of the fatigue life. In Eqs. (6)–(11), cs 
and cR are sensitivity constants representing the effects of the surface 
roughness and residual stress, respectively. The fatigue properties were 
found to depend on the notch radius and shape [90,91], and the stress 
concentration that was affected by the shape of the surface roughness 
pattern [92]. The surface roughness pattern, including skewness, also 
depended on the peening method, and was found to be changed with the 
laser pulse density ρL or the processing time per unit length tp [50]. The 
skewness of the surface roughness after SLP, CP, and SPwj treatments 
was found to be approximately equal to 0, 0.2, and − 0.7, respectively 
[50]. Therefore, the conclusion was drawn that the surface roughness 
strongly depended on the post processing conditions. Thus, the notation 
was introduced for the constant cSK describing skewness for each post- 
processing, that is, cSK SLP for SLP, cSK CP for CP, cSK SPwj for SPwj. In 
the previous papers about the experimental correlation formulas to es
timate the fatigue life improved by mechanical surface treatments, the 
relationship between each main factor was expressed either by additive 
[37,50,93], multiplicative [65], or exponential rules [26]. Thus, Eqs. (6) 
and (7), (8) and (9), and (10) and (11) were proposed to represent the 
additive, multiplicative, and exponential rules, respectively. The ns and 
nR are the exponents of the effects of the surface roughness and residual 
stress, respectively. In Eqs. (6), (8), and (10), the arithmetic mean 
roughness Ra was considered as the surface roughness, and the 
maximum height of the roughness Rz was used as the surface roughness 
in Eqs. (7), (9) and (11). The constants cs, cR, cSK SLP, cSK CP, cSK SP, ns, and 
nR were obtained via the least squares method from the experimental 
values (Table 1), assuming Eq. (12), 

Nfest = (abest + σa)Nfexp (12)  

where abest and σa are the best evaluation values and slope error, which 
were obtained by error analysis [94], respectively. The obtained abest, σa, 
and the constants are listed in Table 2, with the correlation coefficient r 
and determination coefficient Dc. The relationship between Nf exp and Nf 

est is shown in Fig. 18. For all six cases, the correlation coefficient was 
greater than 0.72. Because the number of the datasets was 28 in the 
present study, the probability of a non-correlation was less than 0.003 
%. When the probability of a non-correlation is less than 1 %, it can be 
concluded that the relationship is highly significant. Thus, it can be 
concluded that the relationship between the experimental and estimated 
fatigue lives was highly significant. Thus, the improved fatigue life 

Fig. 17. The magnified view of the fractured surfaces observed by SEM.  
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treated by the present post-processing can be estimated using the surface 
roughness and surface residual stress. Considering the correlation co
efficient r, Eq. (10) or Eq. (11) were suitable to estimate the fatigue life 
based on the surface roughness and residual stress. The obtained con
stant nS = 0.29 in Eq. (10) was roughly close to 0.34 in the reference 
[26]. By comparing the sensitivity constants of surface roughness and 

residual stress, it can be concluded that the effect of the residual stress 
was larger than that of the surface roughness. Regardless, the fatigue life 
improved by the post-processing can be estimated using the surface 
roughness and the surface residual stress. 

5. Conclusions 

The purpose of the present study was to determine the most suitable 
post-processing method for the improvement in the fatigue strength of 
Ti6Al4V by the experimental consideration of round bar specimens 
manufactured by PBF-LS that were treated with SLP, CP, and SPwj, and 
then tested by torsional fatigue tests. First, the fatigue life at a constant 
maximum applied shear stress τa was examined by varying the laser 
pulse density ρL or the processing time per unit length tp to find the 
optimum ρL or tp values using a torsion-controlled fatigue tester. In the 
next step, the specimens were treated with SLP, CP, and SPwj at the 
optimum ρL or tp, and then tested to evaluate the fatigue strength using 
the angle-controlled torsional fatigue tester. The surface roughness and 
surface residual stress of the treated surface were measured to extract 
non-destructively determinable parameters for predictive correlation. 
The mechanisms of fatigue properties improvement of PBF-LS/Ti6Al4V 
by post-processing were revealed by examining the sample surfaces and 
cross-sections using SEM and EBSD. The results are summarized as 
follows.  

(1) Under the present conditions, suitable ρL or tp values obtained at 
τa = 460 MPa were ρL = 40 pulse/mm2 for SLP, tp = 10 s/mm for 
CP, and tp = 3 s/mm for SPwj.  

(2) SLP, CP, and SPwj improved the fatigue strength of PBF-LS/ 
Ti6Al4V compared to that of the as-built specimen. The fatigue 
strength at Nf = 107 for the as-built specimen was 217 ± 7 MPa, 
whereas it was 361 ± 8 MPa for SLP at ρL = 40 pulse/mm2, 313 
± 11 MPa for CP at tp = 10 s/mm, and 285 ± 10 MPa for SPwj at 

Table 1 
Measured value of number of cycles to failure, surface roughness, and surface residual stress.  

Post-processing Laser pulse density 
ρL [pulse/mm2] or 
Processing time per unit 
length tp [s/mm] 

Number of cycles to 
failure Nf [cycle] 

Arithmetical mean roughness 
Ra [μm] 

Maximum height of 
roughness Rz [μm] 

Surface residual stress σR 

[MPa] 

Average 
value 

Standard 
deviation 

Average 
value 

Standard 
deviation 

Average 
value 

Standard 
deviation 

As-built – 21,532  6.64  1.15  60.5  10.1 23 8 
SLP 

Submerged 
laser 
peening 

10 30,385  4.50  0.37  34.5  2.9 − 102 9 
20 33,083  4.62  0.34  40.7  4.0 − 60 10 
30 35,972  3.88  0.37  36.1  5.4 − 80 9 
40 50,842  4.18  0.02  32.2  3.0 − 75 11 
50 36,524  3.70  0.30  33.6  2.5 − 71 10 
60 46,631  4.39  0.31  38.6  6.2 − 84 11 
80 36,288  4.18  0.33  37.3  1.7 − 85 9 
80 48,532  4.18  0.33  37.3  1.7 − 85 9 

CP 
Cavitation 
peening 

1 17,795  6.24  1.00  58.4  15.4 − 31 8 
2 17,031  5.46  0.56  60.7  9.5 − 81 11 
3 19,182  5.30  0.38  47.0  5.0 − 18 9 
4 22,967  5.52  0.26  48.2  3.2 − 51 11 
5 23,000  5.55  0.55  49.3  6.1 − 86 9 
6 25,388  4.76  0.12  46.0  0.8 − 125 11 
7 30,536  5.17  0.65  55.8  19.9 − 133 15 
8 27,616  4.83  0.47  41.7  7.6 − 131 12 
10 35,130  5.40  0.78  44.3  10.7 − 154 10 
12 31,823  5.00  0.94  45.2  8.8 − 118 13 
14 30,549  4.88  0.38  43.6  5.9 − 145 16 
16 45,507  5.29  0.51  49.8  4.5 − 188 16 
16 44,984  5.29  0.51  41.6  5.3 − 188 16 
18 31,288  5.19  0.45  41.6  5.3 − 167 13 
20 29,739  5.40  0.24  52.2  8.4 − 180 19 

SPwj 
Shot 
peening 
accelerated via a 
water jet 

1 38,238  4.40  0.56  45.1  15.8 − 143 16 
2 43,705  2.71  0.60  25.1  6.1 − 170 21 
3 59,840  3.17  1.22  39.1  8.9 − 170 24 
4 39,558  2.57  0.49  37.1  12.0 − 144 30 
5 36,914  2.87  0.31  38.8  10.1 − 115 31  

Table 2 
Constants for experimental formula to estimate fatigue life by surface roughness 
and surface residual stress.   

Symbol Eq.  
(6) 

Eq.  
(7) 

Eq.  
(8) 

Eq.  
(9) 

Eq.  
(10) 

Eq.  
(11) 

Slope abest 0.98 0.98 0.96 0.94 0.97 0.97 
Error of slope σa 0.19 0.19 0.19 0.19 0.19 0.19 
Correlation 

coefficient 
r 0.78 0.78 0.76 0.72 0.80 0.80 

Determination 
coefficient 

Dc − 0.22 − 0.21 0.55 0.51 0.45 0.43 

Constant for 
surface 
roughness 

cS 0.15 0.16 0.63 0.26 – – 

Constant for 
skewness of 
SLP 

cSK SLP 2.24 1.99 2.40 3.92 75 441 

Constant for 
skewness of CP 

cSK CP 0.00 0.00 1.51 2.56 20 72 

Constant for 
skewness of 
SPwj 

cSK SPwj 1.52 1.79 1.13 2.40 33 232 

Constant for 
residual stress 

cR 1.35 1.35 3.36 4.70 – – 

Exponent for 
surface 
roughness 

nS – – – – 0.29 0.21 

Exponent for 
residuals stress 

nR – – – – 0.53 0.51  
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Fig. 18. Relation between Nf exp and Nf est obtained by surface roughness and residual surface stress using Eqs. (6)–(11).  
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tp = 3 s/mm. The fatigue strength at Nf = 107 was improved by 66 
% using SLP.  

(3) Although the fatigue life at τa = 460 MPa for SPwj was greater 
than that for SLP and CP, the fatigue strengths at Nf = 107 for SLP 
and CP were larger than that at SPwj.  

(4) The key factors for improving the fatigue strength by SLP, CP, and 
SPwj were the smoothing of the surface roughness and the 
introduction of compressive residual stress. SLP at ρL = 40 pulse/ 
mm2 reduced the arithmetical mean roughness Ra by 63 % and 
the maximum height of roughness Rz by 53 % compared with as 
built specimen. The introduced compressive residual stress at 
sample surface was 75 ± 11 MPa for SLP at ρL = 40 pulse/mm2, 
154 ± 10 MPa for CP at tp = 10 s/mm, and 170 ± 24 MPa for 
SPwj at tp = 3 s/mm, respectively.  

(5) The SPwj produced severe plastic deformation, resulting in the 
large compressive residual stress. The CP created large de
formations but did not distort as much, and produced moderate 
compressive residual stresses. The SLP changed the surface 
topography but did not cause sufficient deformation, resulting in 
lower compressive residual stresses.  

(6) The improved fatigue lives of the SLP, CP, and SPwj specimens 
can be estimated using correlation formulas as a function of the 
surface roughness and surface residual stress, which were 
measured nondestructively. 
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Appendix A 

Figure A1 shows an image of laser cavitation (LC) during submerged laser peening (SLP) captured by a high-speed video camera. Videos of laser 
ablation (LA) and laser cavitation (LC) are available online in the electronic version.

Fig. A1. Laser cavitation (LC) generated by pulsed laser during submerged laser peening (SLP).  

Appendix B 

Figure B1 shows an image of the cavitating jet during cavitation peening (CP) captured by a high-speed video camera. The video is available online 
in electronic version. 
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Fig. B1. Cavitating jet during cavitation peening (CP).  
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