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Abstract: Additive manufacturing (AM) of metals is one of the foremost methods used for making
medical implants and components for aviation. However, the fatigue strength of AM metals is
weaker than that of the bulk equivalent. Mechanically treating the surface, such as by shot peening,
can improve the fatigue strength, and novel peening methods without shot have also been proposed.
In this paper, in order to demonstrate the improvements made in AM metals by various peening
methods, specimens made of titanium alloy Ti6Al4V manufactured by electron beam melting (EBM)
were treated by shot peening, laser peening and cavitation peening, then assessed by a plate bending
fatigue test. In the case of shot peening, the shots were accelerated by a water jet to mitigate the
incidence of dust during the process. For laser peening, the specimen was placed in water, and the
effect of the impact produced at the target due to collapsing bubbles, which developed after laser
ablation of the surface, was greater than the effect due to the laser ablation itself. For cavitation
peening, the cavitation was generated by injecting a high speed water jet into water. In each case
improvements in the fatigue strength of the Ti6Al4V were made. Improvements of 104% by laser
peening, 84% by cavitation peening and 68% by shot peening compared with a non-peened specimen
were achieved.
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1. Introduction

Additive manufacturing (AM) of metals is an attractive process for manufacturing medical
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implants and aviation components, in the first case because it is easy to make implants that are an
order more porous [1] and in the second case because the weight of components can be reduced by
the increased design freedom without having to consider machining [2]. Unfortunately, the fatigue
strength of AM metals is significantly less than that of their bulk counterparts [2,3]. It has been
reported that mechanically treating the surface, such as by shot peening, can improve the fatigue
strength of AM metals [2,3]. However, a comparison between the improvements made to the fatigue
strength of AM metals by conventional shot peening and novel peening methods, such as laser
peening [4-6] and cavitation peening [7], has not been done. Therefore, we carried out an
experimental investigation of the use of shot peening, laser peening and cavitation peening to
improve the fatigue strength of Ti6Al4V manufactured by an electron beam melting method.

As is well known, additive manufacturing, which is also called direct manufacturing, such as by
electron beam melting and/or selective laser melting, is suitable for the manufacture of medical
implants, since porous implants can be produced and they can be made based on the needs of each
individual patient. However, the fatigue strength and/or fatigue life of AM metals is much smaller
than that of bulk materials because of the surface roughness. It has been reported that the fatigue life
of titanium alloy Ti6Al4V produced by additive manufacturing, rolling and casting decreased as the
maximum surface roughness increased [8].

Several methods, including electron beam melting (EBM), selective laser melting (SLM), laser
engineered net shaping (LENS) and a wire feed method have been proposed [9,10]. The advantage of
EBM is that the build rate is normally larger than that of SLM [9,11]. However, the fatigue strength
of EBM materials is smaller than that of SLM materials [9,10,12], as the roughness of the surface is
greater [10]. Thus, the main purpose of the present paper is to improve the fatigue strength of
titanium alloy Ti6Al4V manufactured by EBM.

It has been reported that the fatigue strength and/or fatigue life of titanium alloy Ti6AI4V
manufactured by EBM can be improved by shot peening and cavitation peening [2,3]. The
conventional method for mechanically treating a surface is shot peening. As mentioned above, shot
peening can improve the fatigue strength of AM metals [2,3]. However, shot peening produces dust
due to collisions between the shot, and the dust causes dust explosions [13] and a health hazard. In
order to avoid these risks, a shot peening technique using recirculating shot accelerated by a water jet
was established [14]. This technique was used in this study for shot peening.

In the case of laser peening, there are two major methods. One method is to use a powerful
pulsed laser, such as one with several J per pulse, to treat the surface, which is covered by a
sacrificial layer of tape or paint. In this method, a liquid film is formed on the surface [4,6]. The
other method is submerged laser peening which obviates the need for a sacrificial layer [5]. In either
case, it is considered that a laser induced shock wave in the liquid results in the material being treated.
As is well known, in the case of submerged laser peening, a bubble is generated after laser ablation,
and this bubble develops, then collapses, and as its collapse it erodes the surface, the same as
cavitation bubble [7]. Thus, in this paper, this process, which follows laser ablation, is called “laser
cavitation”. Using a submerged shock wave sensor to measure the pressure amplitude in the water
showed that the pressure induced by laser ablation was larger than that by laser cavitation [15].
However, when the force due to the impact was measured by a special homemade sensor developed
to evaluate cavitation impact [16,17], the amplitude of the impact induced by laser cavitation was 1.5
times larger than that due to laser ablation [7]. That is, when laser cavitation is considered and
optimized, we get two hits, i.e., from laser ablation and laser cavitation, with a single pulse. Thus, in
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the present experiment, the submerged laser peening system was used.

In the case of cavitation peening, shots are not required. Thus chemical cleaning to remove
material transferred to the surface from the shots is unnecessary. Moreover, since cavitation peening
can be used to treat the inner walls of a tube by placing it parallel to the jet axis [18], it can be used in
the manufacture of porous medical implants. It has been reported that the fatigue strength of spinal
implants made of titanium alloy was improved by cavitation peening [19]. Note that the mechanism
for cavitation peening is different to that of water jet peening, in which the impacts of water columns
are used to create plastic deformation [20]. Even though the water jet is submerged, the surface can
be treated by water jet peening. In the case of water jet peening, a powerful plunger pump with an
injection pressure of several hundreds of MPa is required. On the other hand, in the case of cavitation
peening, the injection pressure required for a cavitating jet is about one tenth of the pressure required
for water jet peening [21]. Thus, risk of surface damage to the implants by cavitation peening is
negligible compared to water jet peening, and also the initial and running costs of cavitation peening
are less than one tenth of those of water jet peening. Thus, in the present experiments, the effect of
cavitation peening using a submerged water jet was investigated.

As mentioned above, the impact mechanism to produce local plastic deformation is different for
each peening method [20]. The impact of shot with the surface is used in shot peening, whereas the
impact induced by laser ablation and laser cavitation are utilized for submerged laser peening, and
the impact induced by cavitation bubbles collapsing is used in cavitation peening. Thus, the strain
rate for each peening method is different. It has been reported that the plastic deformation in the
material and the surface roughness are different when the strain rate of the peening method is
different [22]. Thus it is worthwhile investigating the improvements made in the fatigue life and/or
fatigue strength of the AM metals used for medical implants by the different peening methods.

In this study, to compare the improvements made in the fatigue strength of an AM metal
manufactured by EBM by the various peening methods, we used fatigue test specimens made of
titanium alloy Ti6Al4V. These specimens were treated by shot peening, submerged laser peening and
cavitation peening, then assessed by a plate bending fatigue test. Note that all the test specimens
were heat-treated to improve the fatigue strength, as the fatigue strength of specimens without
heat-treatment was considerably smaller than that of heat-treated specimens.

2. Experimental apparatus and procedures
2.1. Titanium alloy Ti6Al4V manufacture by EBM

Figure 1 illustrates the geometry of the specimens used for the plate bending fatigue tests. All
the specimens were manufactured by EBM. The powder used in the EBM process was made of
Ti6Al4V and had an average diameter of about 75 um. The spot size of the electron beam for
selective melting was 0.2 mm in diameter, and the stacking pitch was 90 um. The specimens, as
shown in Figure 1, included 4 holes. The stacking was in the width direction. The width of the
specimens at the center was 20 mm with radius of curvature of 45 mm. The thickness of the
specimens was 2 £ 0.2 mm. The specimens were heat treated at 1208 K under vacuum for
105 minutes then cooled in argon. After that, aging was done at 978 K under vacuum for 2 hours,
followed by argon gas cooling. In addition, the edges of all the specimens were polished by hand
using rubber whetstones of #80 and #180, to reduce crack initiation from the edges.
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Figure 1. Dimensions of bending fatigue specimen (Thickness: 2 mm).
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2.2. Shot peening apparatus

Figure 2 shows a schematic diagram of the shot peening system, in which the shots are
accelerated by a water jet [14]. The shots were made of stainless steel Japanese Industrial Standards
JIS SUS440C. The number and diameter of the shot were 500 and 3.2 mm, respectively. The water
jet, with an injection pressure of 12 MPa, was injected into the chamber through three 0.58 mm
diameter holes. The standoff distance between the nozzle and the specimen was 50 mm, and the
diameter of the chamber was 54 mm. Without shot, no compressive residual stress was introduced
into stainless steel, so, without shot, the water jet has scarcely any effect on the titanium alloy. The
chamber was moved by a motor to uniformly treat the specimen surface. The processing time per
unit length, t,, is defined by the scanning speed, v, and the number of scans, n, as follows:

n
ty = — (1)
In the present experiment, t,, was set to 1 s/mm considering the results of previous reports [3,23].

Pressurized water jet

Discharged water

Drain hole

Standoff distance
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Figure 2. Schematic diagram of shot peening apparatus.
2.3. Laser peening apparatus
Figure 3 shows a schematic diagram of the submerged laser peening apparatus. A Q-switched
Nd:YAG laser was used for the laser peening. The wavelength, maximum energy, beam diameter,

pulse width and repetition frequency were 1064 nm, 0.35 J, 6 mm, 6 ns and 10 Hz, respectively.
Normally, the second harmonic of a Nd:YAG laser, i.e., wavelength of 532 nm, is used for
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submerged laser peening in order to mitigate absorption in the water [5]. As mentioned in the
introduction, it was found that the impact produced by laser cavitation was larger than that produced
by laser ablation [7]. From the point of view of the generation of laser cavitation, 1064 nm is better
than 532 nm as the heat is more concentrated. When the standoff distance in water, sy, is optimized,
the submerged laser can introduce compressive residual stress into hard metals such as alloy tool
steel [24]. On the other hand, 40% of the total power of the source is lost in obtaining the second
harmonic. Thus, the fundamental harmonic, i.e., at 1064 nm, was used in the present experiment. The
laser was focused on the specimen in the water filled hard glass chamber by a convex lens with a
focal length of 100 mm. The standoff distance in air, s, and in water, s,, were optimized by
evaluating the peening intensity by measuring the arc height of an Almen strip at various values of s,
and sy. In the present study, the values of s, and s, were chosen to be 84 mm and 19 mm,
respectively. The diameter of the laser spot under these conditions was about 0.8 mm. The thickness
of the glass of the chamber was 3 mm, and the length, width and height of the chamber were each
150 mm. The chamber was filled with deionized water, and deionized water was feed into the
chamber at 5 liters per minute to remove particles in the water produced by ablation.

Specimen Stage
Glass chamber

Water -
Laser cavitation\
Convex lens Ablation
Laser

Figure 3. Schematic diagram of submerged laser peening apparatus.

The specimen was placed on a stage which was moved by stepping motors in the vertical and
horizontal directions. The pulse density d. was controlled by the horizontal speed v, and stepwise
movement in the vertical direction s, was done by a stepping motor. As the repetition frequency of
the laser was 10 Hz, d, is given by the following equation:

10n

d;, = 2
L= @

In the present experiment, d., was set to 5 pulsessmm? considering the results of a previous
report [23]. Values of n = 1, v, = 4.46 mm/s, s, = 0.448 mm were chosen.

2.4. Cavitation peening apparatus
Figure 4 shows a schematic diagram of the cavitating jet apparatus used. In this apparatus, a

high speed water jet, pressurized by a plunger pump capable of producing a pressure of 30 MPa and
a flow rate of 3 <1072 m*/min, is forced into a water filled stainless steel tank through a nozzle.
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When a high speed water jet such as this is driven into water, cloud cavitation is generated inside the
nozzle and/or in the shear layer around the jet. A submerged water jet with cavitation is called a
cavitating jet [7]. The cloud cavitation becomes ring vortex cavitation at the surface being treated, so
that an annular ring is treated when the ring vortex collapses [25]. When the specimen is placed near
the nozzle, a cavitating jet with high injection pressure also peens metallic materials in a limited
region at the jet center due to the impact of the water column, the same as in water jet peening.
However, the area treated by water jet peening is very small, being about 5 mm in diameter
compared to 60 mm for cavitation peening, and water jet peening is less effective than cavitation
peening [26]. Cavitation peening and water jet peening can be classified according to the standoff
distance and the cavitation number o [7]. In this study, the peening was carried out under cavitation
peening conditions. The cavitation number o depends on the upstream pressure of the nozzle, i.e., the
injection pressure p1, the downstream pressure p, and the vapor pressure of water py, and is given by:

P2—DPv _ D2
g = = —
P1 — D2 P1

(3)

As p1 »p2 »py, o can be simplified, as shown in Eq 3. For the experiments carried out for this study,
the injection pressure p; was 30 MPa and the cavitation number o was 0.0033. The standoff distance,
s, is given by the distance between the upstream edge of the nozzle plate and the surface of the
specimen. At o= 0.0033 and with s greater than 111 mm, cavitation peening is obtained [7]. On the
other hand, with o= 0.0033 and s < 111 mm, water jet peening is obtained. For these experiments, s
was set to 222 mm. Thus, cavitation peening was done in the present case.

Stainless tank Pressurized water jet

Cavitator,
Nozzle plate /Water
: .7 -
Guide pipe ] | L
D Cloud
Si?tg?\gg / cavitation
Ring vortex
W avitation
I_MI

Figure 4. Schematic diagram of cavitation peening apparatus.

The nozzle throat diameter, d, was 2 mm and the thickness of the nozzle plate was 6 mm. In
order to increase the intensity of the cavitating jet, the outlet bore diameter D and length L were
optimized, with D = 16 mm and L = 16 mm [27], and a cavitator and a guide pipe [28] were installed
in the nozzle assembly. The diameter of the cavitator, d;, was 3 mm. The nozzle was set at about
0.3 m beneath the surface of the water to reduce the suction vortex. In these experiments, t,, which is
given by Eq 1, was set to 10 s/mm considering the results obtained in a previous study [23].
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2.5. Evaluation of fatigue strength and mechanical properties

The fatigue life and strength was examined by a Schenk-type displacement-controlled plate
bending fatigue tester at R = —1, as shown in Figure 5. The maximum bending moment of the tester
was #15 Nm and the span length at fixed point was 65 mm as shown in Figure 1. The test frequency
was 12 Hz. 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 applied
bending stress o, was calculated from the thickness of the specimen, 6, measured by a digital caliper
with an accuracy of 0.01 mm, and the applied moment M as follows.

M

— @
§ (662

Oq =

Here, b is the width at the center of the specimen where it fractured.

Specimen

Load cell .o i ) :
<", Connecting rod

Motor

Eccentric wheel
Figure 5. Schematic diagram of a Schenk-type displacement-controlled plate bending fatigue tester.

The profile of the specimen surface was evaluated using a stylus type profilometer in order to
measure the arithmetical mean roughness R,, the maximum height of the roughness profile R; and the
skewness Rg. The specimen was also examined using a laser microscope and an optical microscope.

In order to make a clear comparison between the effects of the various peening methods on
work hardening, the hardness was measured using a Rockwell superficial hardness tester, as the
surfaces of specimens manufactured by EBM are very rough. The Rockwell superficial hardness was
evaluated using a diamond indenter and a ball indenter with a diameter of 1/16” (1.59 mm) at an
applied load of 147 N. The hardness measured by each of these is identified by HR15N and HR15T,
respectively. In order to prevent the surface roughness from having an effect on the hardness test, the
Vickers hardness of the surface of a test specimen peened after grinding was measured with a load of
1.96 N.

3. Results
3.1. Appearance and roughness of the peened surfaces

Figure 6 shows the surfaces of (a) non-peened, (b) cavitation peened, (c) laser peened and (d)
shot peened specimens. As shown in Figure 6a, many partially melted particles can be seen on the

surface. In the case of shot peening, the surface has been deformed by collisions with the shot.
However, sharp valleys are still present on the shot peened surface. On the other hand, in the cases of
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laser peening and cavitation peening, the particles are still evident. The wrinkles on the laser peened
surface might be produced by partial melting by laser ablation. Furthermore, the laser peened surface
has become darker due to the oxidized layer. On the cavitation peened surface, the number of
particles seems to be less than the non-peened and laser peened specimens, which is due to
incompletely bonded particles being removed by cavitation impact. Note that this cavitation peening
has been reported as introducing compressive residual stress of 194 +34 MPa [3].

»
200 pum '

Y75

(c) Laser peened (dz = 5 pulse mm?) (d) Shot peened (7, = 1 s/mm)

Figure 6. Appearance of the surfaces of specimens viewed using a laser microscope.

Figure 7 shows the characteristics of the surfaces: (a) the arithmetical mean roughness R,, (b)
the maximum height of the roughness profile R, and (c) the skewness Rg. Standard deviations are
shown by the horizontal bars. In Figure 7c, schematic profiles of typical cases for Rg > 0 and Rg < 0
are shown for reference. The cavitation peened surface is scarcely any different to that of a
non-peened surface, as R, R; and Ry are nearly equal within the limits of the standard deviations.
However, as mentioned above, compressive residual stress has been introduced by the cavitation
peening [3]. In the case of laser peening, although R, for laser peening is close to that of the
non-peened specimen, R; is slightly larger compared with the non-peened one. Ry for laser peening
is somewhat larger than those of the other specimens. In the case of both cavitation and shot peening,
pits are randomly distributed. On the other hand, systematic peening by pulsed laser irradiation
produces deeper and deeper valleys giving rise to a series of higher and higher peaks. This is why R,
for laser peening is larger than that of the other specimens and why Ry for laser peening is positive.
In the case of shot peening, the convex parts of the particles on the surface were flattened as shown
in Figure 6d. Thus, R, and R; for shot peening decreased due to plastic deformation of the surface,
and Rg was much less than zero.

AIMS Materials Science Volume 5, Issue 5, 1000-1015.
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(c) Skewness of surface roughness
Figure 7. Surface roughness of the specimens.

The effect the various peening methods have on work hardening can be understood from Figure 8,
which shows the Rockwell superficial hardness HR15N and HR15T of non-peened, cavitation peened,
laser peened and shot peened specimens. In the case of HR15N the indenter is a circular cone, so the
results for the non-peened specimen are scattered, but it was concluded that the order of decreasing
hardness was by shot peening, cavitation peening, laser peening and without peening.

In the case of HR15T, the order of hardness was nearly the same as HR15N. As shown in
Figure 8, HR15T for shot peening is much larger than for cavitation peening and laser peening. This
tendency is caused by the differences in surface roughness. For the HR15T measurement, the initial
load was 29.4 N and the applied test load was 147 N. As shown in Figures 6 and 7, the surfaces after
cavitation peening and laser peening were very rough, whereas the shot peened surface was nearly
flat with some valleys. Since the 1.59 mm diameter indenter with a load of 29.4 N did not reach the
bottom surface of the cavitation and laser peened specimens, the movement of the indenter when the
test load was applied was larger than that on a smooth surface. This is why HR15T for the shot
peened specimen appears to be much larger than the other specimens.

In order to investigate work hardening by peening without the effect of surface roughness, the
Vickers hardness of ground specimens were measured. The results are shown in Figure 9. Firstly, the
surfaces of the as-manufactured specimens were mechanically finished by grinding. After grinding,
specimens were treated by cavitation peening at t, = 10 s/mm, laser peening at d. =5 pulse/mm? and
shot peening at t, = 1 s/mm, i.e., the same conditions as used previously. HV for the non-peened
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specimen was 344 £6, whereas it was 367 +17 for the cavitation peened specimen, 338 21 for the
laser peened specimen and 386 *26 for the shot peened specimen. The cavitation and shot peened
specimens were harder than the non-peened specimen, and the shot peened specimen was harder than
the cavitation peened specimen under the present conditions. Note that the difference in HV is not as
great as the difference in HR15T. That is, the values of HR15T were affected by the surface
roughness as mentioned above. On the other hand, HV after laser peening is slightly smaller than that
of the non-peened specimen. This might be caused by heat generated during laser ablation. It was
concluded that shot peening and cavitation peening caused work hardening, and laser peening
produced softening due to the heat.

Rockwell superficial hardness HRI5N, HRIST

7 > I 80 90 100
vorpeenea T
Cavitation peened Zg j} —
St panac 253 - )

Figure 8. Rockwell superficial hardness of as-built specimens.

Vickers hardness HV

200 300 400 500
Non-peened ' H '
Cavitation peened ——
Laser peened ——
Shot peened ——

Figure 9. Vickers hardness of ground specimens.
3.2. Improving the fatigue strength by various peening methods

In order to demonstrate the improvements in fatigue life and strength by the various peening
methods, Figure 10 shows the relationship between the amplitude of the bending stress and the
number of cycles to failure, i.e., the S-N curve, for non-peened, cavitation peened, laser peened and
shot peened specimens. The treatment conditions for each peening method are mentioned above.
Figure 11 shows cracks propagating on the specimen surfaces during fatigue tests at N ~ 3.2~5.1 x<10°,
and Figure 12 shows cross sectional views of the fractures. The white arrows in Figure 12 show
which surfaces are shown in Figure 11. For these experiments, the edges of the specimens were
rounded by hand using a rubber whetstone in order to mitigate crack initiation at the edges as
mentioned in Section 2. As shown on the left hand side of Figure 11a, the two cracks have clearly
started from the surface. The rounding method was applicable for these fatigue tests, as the datum
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point for the non-peened specimen was on the curved line. As mentioned above, the laser peened
surface was covered by an oxide layer so the surface is darker compared with the other specimens.

400

Shot peened

350
300 |

250 F

: Cavitation peened
200 F

150 F Non-peened

Amplitude of bending stress o, MPa

100

10° 10° 10° 107
Number of cycles to failure N Cycle

Figure 10. Comparison of the improvements made in the fatigue strength of Ti6AlI4V
manufactured by EBM by the various peening methods.

e SE e
(a) Non-peened (g, =224 MPa, N =510.300)

(c) Laser peened (o, = 320 MPa, N = 420,900)

.

(d) Shot peened (o, = 350 MPa, N = 505,700)

Figure 11. Crack propagation on the specimen surfaces.
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(d) Shot peened (g, = 350 MPa, N = 505,700)

Figure 12. Cross sectional views of the fractured surfaces. The white arrows in Figure 12
depict which surfaces are shown in Figure 11.

As shown in Figure 10, all the peening methods improved the fatigue life and the strength, as
the S—N curves of the peened specimens have shifted to the upper right. We calculated the fatigue
strength by Little’s method [29] and found it was 169 + 8 MPa for the non-peened specimen,
296 =8 MPa for the cavitation peened specimen, 317 +4 MPa for laser peened specimen and
335 =6 MPa for shot peened specimen. That is, the fatigue strength of Ti6Al4V manufactured by
EBM was improved by 75% by cavitation peening, 87% by laser peening and 98% by shot peening.
Note that the fatigue strength of Ti6Al4V manufactured by EBM is much smaller than that of the
bulk material, as previously reported [2,3]. Thus, it is worthwhile to treat Ti6Al4V by peening, as
this almost doubles the fatigue strength.

4. Discussion

As shown in Figures 6, 11 and 12, the surfaces without peening, and after cavitation peening
and laser peening are very rough because of the particles left by EBM. On the other hand, the shot
peened surface was deformed by the shot. Thus, the surface roughness after shot peening was much
smoother than that of the other surfaces. For these experiments, the amplitude of the bending stress
was calculated using Eq 4, using the thickness 6, measured by a digital caliper for 5in Eq 4. Thus, &
includes the thickness of the core part, &,, and the surface roughness, R;, as shown in Figure 13. The
relationship between &, 6, and R, is given by Eg5 below. During the fatigue test, the bending
moment M is applied to the core part only, so the actual amplitude of the bending stress oy’ was
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re-calculated using the thickness of the core part, &, for din Eq 4. This enables us to investigate the
actual fatigue strength.

62 = 51 - ZRZ (5)
) b ”~
ANAVAVAVAVAVAVAVA,V\ LR
N
S o
v
Rz v

Figure 13. Schematic diagram of a cross sectional view of a specimen for calculating the
bending stress.

550 |
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\

500 |

g,

450
400 |
350

300 |

250 f N

200 | Non-peened

Actual amplitude of bending stress

150 L . .
10* 10° 10° 10
Number of cycles to failure N Cycle

Figure 14. SN curves using the actual amplitude of the bending stress.

Although the notch effect also affects fatigue strength, it was assumed that this would be the
same for all the peening conditions. Figure 14 shows the relationship between the actual amplitude of
the bending stress o,” and the number of cycles to failure N. The data are the same as in Figure 10,
except the bending stress has been recalculated. Thus, since & < i, then oy’ > oa. The differences
between Figure 10 and Figure 14 are remarkable as they show that the fatigue strength after laser
peening and cavitation peening is greater than that after shot peening. This is because R; after laser
peening and cavitation peening are larger than that after shot peening. Using Little’s method [29] to
recalculate the fatigue strength gave 221 +11 MPa for the non-peened specimen, 406 =11 MPa after
cavitation peening, 450 =3 MPa after laser peening and 371 =7 MPa after shot peening. Thus, the
fatigue strength of Ti6Al4V manufactured by EBM was improved by 84% by cavitation peening,
104% by laser peening and 68% by shot peening. That is, when the actual bending stress was
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considered, the improvement by laser peening was greater than that by shot peening. Whichever of
these mechanical surface treatments is used, the fatigue strength of Ti6Al4V manufactured by EBM
is nearly doubled. Note that cavitation peening may be more suitable for improving the fatigue
strength of porous medical implants, since cavitation bubbles can pass thought the narrow pores and
impact with the surfaces of the pores. When the fatigue strength at 10’ of bulk material made of
Ti6Al4V with heat treatment was calculated using data of literature [30], the fatigue strength was
545 £10 MPa. Note that Vickers hardness of Ti6Al4V in the reference [30] was 326. Namely, the
fatigue strength of tested Ti6Al4V manufactured EBM was about 40% of the bulk Ti6AI4V, and it
was improved up to 80% of the bulk Ti6AI4V by proposed laser peening.

5. Conclusions

In order to demonstrate the improvement various peening methods have on the fatigue strength
of medical implants made by additive manufacturing, titanium alloy Ti6Al4V manufactured by EBM
was treated by shot peening, laser peening and cavitation peening. The fatigue strength of the peened
specimens and a non-peened specimen was investigated by a plate bending fatigue test. Shot peening
was carried out using a recirculating shot peening system, in which the shot were accelerated by a
water jet with an injection pressure of 12 MPa, in order to remove the dust generated during shot
peening. For laser peening, a submerged laser peening system with a laser energy of 0.35 J and
wavelength of 1064 nm was used. This utilizes the laser cavitation impact which develops after laser
ablation. A submerged water jet with an injection pressure of 30 MPa was used for the cavitation
peening. The results obtained can be summarized as follows:

(i) Shot peening, laser peening and cavitation peening all improved the fatigue strength and fatigue
life of Ti6AI4V manufactured by EBM.

(if) The fatigue strength of Ti6Al4V was doubled by shot peening, when the thickness including the
surface roughness was used to calculate the bending stress. Under the experimental conditions
used here, the fatigue strength was improved by 75% by cavitation peening, 87% by laser
peening and 98% by shot peening.

(iii) When the surface roughness was taken into account and the actual bending stress was used to
evaluate the fatigue strength, the improvement in fatigue strength by laser peening was greater
than that by shot peening. In this case, the fatigue strength of Ti6Al4V was improved by 84% by
cavitation peening, 104% by laser peening and 68% by shot peening. Since the surface
roughnesses of the AM metal specimens was quite large and different for each specimen, it is
more appropriate to use the actual stress applied to the specimens in calculating the fatigue
strength.

(iv) When Ti6Al4V manufactured by EBM is heat treated and aged, the fatigue strength is still very
small compared with the bulk material. Thus, it is worthwhile treating the surfaces of AM metals
by a mechanical surface treatment, as the fatigue strength can be doubled by peening.
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