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Metal components made by additive manufacturing have large inherent sur-
face roughness, and, as such, their strength and fatigue life can be reduced
significantly versus wrought products. In order to improve these properties, a
novel mechanical surface treatment that introduces compressive residual
stress while simultaneously reducing the surface roughness is proposed. The
proposed treatment uses cavitation peening combined with an abrasive slurry.
The impact of the kinetic energy-charged abrasive particles, induced by col-
lapsing water cavitation vapor bubbles, produces compressive residual stress,
while the abrasive reduces the surface roughness. Plane-bending fatigue tests
were carried out to determine the effectiveness of this treatment on the fatigue
life and strength of titanium alloy Ti6Al4V manufactured by electron beam
melting. It was demonstrated that the fatigue strength of an as-built specimen
was improved from 169 MPa to 280 MPa by the proposed treatment.

INTRODUCTION

Additive manufacturing (AM) such as electron
beam powder bed melting (EBPB) and laser beam
melting (LBM) are attractive processes for the
aerospace and biomedical industries, as complex
metal components can be produced directly using
computer-aided design systems, and ‘‘near-net-
shape’’ manufacturing with shorter lead times and
reduced material waste can be achieved.1,2 How-
ever, the fatigue life and strength of components
manufactured by AM can be very small and also
variable due to the surface roughness,1,3,4 One
method that has been reported to improve the
fatigue strength of titanium alloy Ti6Al4V manu-
factured by EBPB is shot peening, which introduces
compressive residual stress into the surface.1 How-
ever, to reduce the surface roughness of AM metal
components, further surface treatment is needed.

Chan et al. have reported that the fatigue life of
titanium alloy Ti6Al4V manufactured by EBPB and
LBM, including rolled and cast specimens, is propor-
tional to the maximum surface roughness.4 Rafi et al.

and Gong et al. studied the effect of defects on the
mechanical properties of Ti6Al4V fabricated by EBPB
and LBM 5,6; however, their specimens weremachined
or ground.Furthermore, Seifi et al. carried out a review
of the flaws found in metal specimens made by AM,
such as voids, layer defects and inclusions, and also the
porosity.7 The effects of surface roughness, however,
were not discussed. As is well known, AMmetals have
large inherent surface roughness due to powder.
Fousova et al. discussed the influence of the surface
roughness and internal defects on the fatigue proper-
ties of Ti6Al4V manufactured by EBPB and selective
laser melting (SLM), and concluded that the surface
roughness is the most critical property.8 Thus, inves-
tigations into the effect of surface roughness on the
fatigue performance of AM Ti6Al4V have been inves-
tigated by many research groups,9–14 and several
processes to be performed during and after AM have
been proposed.15

Edwards and Ramulu, et al. showed that the
fatigue strength of Ti6Al4V manufactured by EBPB
and SLM in various stacking directions could be
improved by machining and shot peening.1,9
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Improvements in the fatigue strength of Ti6Al4V
manufactured by AM by milling were confirmed by
Sato et al. and Bagehorn et al.11,16 Machining and
milling can reduce roughness of the surface; how-
ever, it is very difficult to apply these processes to
the inner walls of components or undercut struc-
tures. Other methods used to improve the quality of
the surface are chemical polishing17 and laser
polishing18,19; however, neither of these methods
introduce compressive residual stress into the sur-
face. One of key factors determining the fatigue
properties of AM Ti6Al4V is residual stress; 9 thus,
as well as polishing, the introduction of compressive
residual stress is very important. A typical method
used to introduce compressive residual stress is shot
peening. Unfortunately, this produces sparks and
dust, and it has been pointed out that these could
lead to dust explosions.20 Also, the contact made
between the shot and the metal being treated can
cause material to be transferred to the surface, and
there is a risk that this might become the source of
corrosion. In order to avoid this risk and to enhance
the peening intensity, shotless peening such as laser
peening21,22 and cavitation peening,23,24 have been
proposed. Compressive residual stress can be intro-
duced into the surface of AM Ti6Al4V by cavitation
peening and laser peening,16,25 and these processes
have been shown to improve the fatigue strength of
Ti6Al4V manufactured by EBM.26 The great advan-
tage of cavitation peening is that it can be used to
treat undercut parts and the internal walls of
holes,27,28 as the cavitation bubbles can get into
these regions before the bubbles collapse. In a
previous study, we demonstrated that the fatigue
strength of Ti6Al4V manufactured by EBPB was
improved by 84% by cavitation peening; however,
the surface roughness of the treated specimen was
similar to that of an as-built specimen.26 Thus, a
process that combines the introduction of compres-
sive residual stress by cavitation peening with a
process that reduces the surface roughness should
improve the fatigue properties.

In this paper, we propose a novel surface finishing
method that uses an abrasive cavitating jet, which
reduces the surface roughness by abrasion while
simultaneously introducing compressive residual
stress by cavitation peening. Zhang et al. have
reported that EBPB can produce components with
higher densities compared with SLM,29 and Chan
et al. examined the relationship between the fatigue
life and the surface roughness of AM Ti6Al4V
manufactured both by EBPB and LBM. Once
improvements in the fatigue properties of EBPB
metals have been demonstrated, these can be
applied to other AM metals. In the present exper-
iment, specimens made by EBPB were treated with
an abrasive cavitating jet, and the fatigue life and
strength were evaluated using plane-bending fati-
gue tests. The residual stress and the hardness of
the surface of the specimens were also measured as
well as the surface roughness.

EXPERIMENTAL FACILITIES AND PROCE-
DURES

The geometry of the specimens used for the plane-
bending fatigue tests was the same as in the
previous report.26 The thickness of the specimens
was 2 ± 0.2 mm and all were manufactured by
EBPB. The powder used in the EBPB process was
Ti6Al4V with an average diameter of about 75 lm.
The diameter of the spot size in the EBPB process
was 0.2 mm and the stacking pitch was 90 lm. The
stacking direction was in the width direction of the
specimen. The width of the specimen at the center
was 20 mm with a radius of curvature of 45 mm.
The specimens were heat-treated at 1208 K under
vacuum for 105 min, then cooled in argon gas. Then,
aging was carried out at 978 K under vacuum for
2 h before the specimens were cooled in argon gas.
After that, the edges of all the specimens were
polished by hand using rubber whetstones of #80
and #180, to reduce crack initiation from the edges,
as described in a previous report.26

Figure 1 shows a schematic diagram of the abra-
sive cavitating jet apparatus. Filtered tap water in
tank B is pressurized by a plunger pump with an
intensifier, and this is injected via a nozzle into the
water-filled tank A, where the abrasives are intro-
duced into the cloud of imploding cavitation bubbles
and become charged with kinetic energy. The
abrasive medium used was alumina particles with
a diameter of about 50 lm. The injection pressure of
the jet was set to 62 MPa (9000 psi). The length l
and diameter d of the nozzle were 2 mm and
0.64 mm, respectively. The nozzle has an outlet
bore downstream from the throat of the nozzle to
increase the aggressive intensity of the cavitation
jet. The diameter D and the length L of the outlet
bore were chosen to be in the ratio d:D:L = 1:8:8
following results obtained from a previous study.30

The specimen is fixed to the base in tank A using a
holder cut in the shape of the specimen in order to
make a flat surface so that cavitation develops on
the surface. The nozzle is actuated by a linear X–Y
stage at scanning speed v in the length direction of
the specimen. The x direction was the horizontal
direction, as shown in Fig. 1, and the y direction

Fig. 1. Schematic diagram of apparatus of abrasive cavitating jet.
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was the other horizontal direction which was the
orthogonal direction to x. The processing time per
unit length t is defined by Eq. 1:

t ¼
n

v
ð1Þ

where n is the number of scans. In this study, the
specimens were treated by the abrasive cavitating
jet at v = 18 mm/s with n set at 1, 2, 3 and 4. After
each set of n scans, the nozzle was moved 1.2 mm
sideways. As the length of the specimens was
90 mm, the processing time, tp, was 5 s, 10 s, 15 s
and 20 s for n = 1, 2, 3 and 4, respectively.

The standoff distance s is defined by the distance
from the nozzle to the specimen surface. In the case
of peening using a submerged high-speed water jet,
there are two mechanisms, one is cavitation peening
and the other is water jet peening. Note that
cavitation impact is used in cavitation peening and
water column impact is used in water jet peening.
These peening mechanisms are distinguished by the
relationship between the cavitation number r which
is defined by Eq. 2 and the standoff distance s, given
by Eq. 3.24

r ¼
pd � pv

pJ � pd

ð2Þ

s

d
¼ 1:8r�0:6 ð3Þ

Here, pJ is the injection pressure, and pd and pv are
the downstream pressure and vapor pressure,
respectively. For the experiments carried out in this
study, pd was approximately atmospheric pressure
and r was about 0.0016 at pJ = 62 MPa. If
s> 1.8 9 0.0016�0.6

9 0.64 = 54.8 mm, for which
the cavitation peening is carried out,24 then, for
treatment by the abrasive cavitating jet, swas chosen
to be 65 mm in order that the compressive residual
stress would be introduced by cavitation peening.

The fatigue strength of an untreated specimen
and a specimen treated with the abrasive cavitating
jet were evaluated using a conventional Schenk-
type displacement controlled plane-bending fatigue
tester at stress ratio R = � 1 which was defined by
the ratio of maximum and minimum stress. The
span length at the fixed point was 65 mm, and the
test frequency was 12 Hz. First, in order to find the
optimum processing time, we considered the results
of a previous report,28 where the number of cycles to
failure Nf at a constant bending stress ra = 330
MPa, Nf 330, was evaluated as a function of the
processing time tp. The following procedure was
used to determine the number of cycles to failure at
ra = 330 MPa. It is assumed that the S–N curve for
non-treated specimens, for which the number of
cycles to failure is low, is described by Eq. 4, and
that for treated specimens is described by Eq. 5,
where c1, c2 and c3 are constants. Thus, these S–N
curves are parallel to each other:

raNT ¼ �c1 logNfNT þ c2 ð4Þ

raT ¼ �c1 logNfT þ c3 ð5Þ

Here, subscripts NT and T are non-treated and
treated specimens, respectively. Thus, Nf 330 can be
calculated from:

ra330 ¼ �c1 logNf330 þ c3 ð6Þ

In this experiment, c1 and c2 were obtained from 3
experimental data points for the non-treated spec-
imens by the method of least squares. The c3 was
obtained from c1 and the experimental data points,
i.e., raT and NfT, for each specimen treated for the
different processing times using Eq. 5.

Rearranging Eq. 6, we get:

Nf330 ¼ 10
c3�ra330

c1 ð7Þ

From Eq. 7, we obtain Nf 330 for each processing
time. In order to investigate the fatigue strength,
fatigue tests were carried out for the optimum
processing time that maximizes the fatigue life. The
tests were terminated when 107 cycles were
exceeded.

The fatigue strength of the specimens is affected
primarily by both the surface roughness and the
compressive surface/sub-surface residual stress.
The arithmetic mean roughness Ra and the max-
imum height of the roughness Rz were measured
by a profilometer with stylus cutoff lengths, kc, of
0.25 mm, 0.8 mm and 2.5 mm. As the surfaces of
the specimens were very rough, the surface hard-
ness was measured using a Rockwell superficial
hardness tester. For the superficial hardness test,
both a 120� diamond spheroconical indenter and a
1/16-inch-diameter (1.588 mm) steel sphere were
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
mean and standard deviation were obtained from
all the values excluding the highest and lowest
values. The thickness of material removed by the
abrasive cavitating jet was measured by a caliper
with a measurement accuracy of 0.01 mm.

The residual stress rR of the specimen surface
was evaluated by a 2D method31 using x-ray
diffraction with a two-dimensional detector. The
x-ray diffraction patterns were obtained using Cu
Ka x-rays from a tube operated at 40 kV and
40 mA through a 0.8-mm-diameter collimator with
an incident monochromator. The lattice planes (h
k l) used for these measurements were the Ti (2 1
3) and (3 0 2) planes, and the diffraction angles
without strain were 139.5� and 148.4�, respec-
tively. Using the conditions established in a
previous study, 24 diffraction rings were mea-
sured at various angles.32 The exposure time per
frame for locating the diffraction ring at each
single position was 5 min.
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RESULTS

Figure 2 shows an image of a flat plate of Ti6Al4V
coated with blue paint that has been treated by the
abrasive cavitating jet. From this, we can identify
the areas treated by the abrasive and the areas
treated by cavitation impact. The 20-mm-wide
region where the blue paint has been removed
corresponds to the area treated by cavitation
impact.33 As shown in Fig. 2, there are some spots
outside the 20-mm band where the paint has been
removed, showing that some large cavitation impact
has occurred outside the band. The groove at the
center has a width of about 2 mm, showing the area
treated by the abrasive was about 2 mm. Thus, the
nozzle was moved laterally in steps of 1.2 mm after
each longitudinal scan.

In order to determine the optimum processing time
for improving the fatigue properties, Fig. 3 shows the
number of cycles to failure at ra = 330 MPa, i.e.,Nf 330

as a function of processing time tp. Nf 330 for each tp
was calculated using Eq. 7. In this study, c1 and c2
were found to be 199.58 and 1319.3, respectively.
These values were obtained from the data for the
untreated specimen at relatively high ra, i.e., Nf =
1.487 9 105 at ra = 293.7 MPa, Nf = 9.37 9 104 at
ra = 329.9 MPa, and Nf = 6.22 9 104 at ra = 362.2
MPa. These three data points are shown in Fig. 6,
which is described below. As shown in Fig. 3, Nf

330 = 9.36 9 104 for the untreated specimen, which is
almost the same as the value, Nf 330 = 9.24 9 104, for
the specimen with tp = 5 s. With tp = 10 s, Nf 330 has
increased to 15.27 9 104, and reaches its maximum
value with tp = 15 s, i.e., Nf 330 = 23.06 9 104. It then
decreases at tp = 20 s. Thus, Nf 330 at tp = 15 s is
about 2.5 times larger than that of the untreated one.
Note that the thickness removed was 0.15 ± 0.03 mm
at tp = 5 s, 0.23 ± 0.03 mm at tp = 10 s,
0.39 ± 0.03 mm at tp = 15 s and 0.42 ± 0.05 mm at
tp = 20 s, as the process removed the specimen sur-
face, showing that the fatigue life increases as
material is abraded from surface. In order to under-
stand the reason why Nf 330 has a peak at tp = 15 s,
images of the specimens were examined.

Figure 4 shows images of Ti6Al4V specimens
treated by the abrasive cavitating jet for various
processing times. In Fig. 4, the stacking direction of

EBPB is vertical. Many particles which have not
fully melted can be seen on the surface of the
untreated specimen. After treatment with tp = 5 s,
most of the partially fused particles have been
removed, but some still remain, and many deep
valleys can be seen. This is why Nf 330 at tp = 5 s is
nearly the same asNf 330 for the untreated specimen
in Fig. 3. With tp = 10 s, most of the deep valleys
have been removed, but some indents which might
be the remnants of the deep valleys are visible. With
tp = 15 s, the indents have disappeared, and a wavy
pattern is observed. With tp = 20 s, the wavy pat-
tern has become deeper. It is clear that there are
many particles on the surface before the treatment
and that the surface becomes smoothest after a
certain amount of processing time has been applied.

We carried out a quantitative evaluation of the
effect of the processing time. Figure 5 shows (1) the
arithmetical mean roughness, (2) the maximum
height of the roughness, (3) the surface hardness
and (4) the residual stress. Table I reveals data of
the arithmetical mean roughness Ra and the max-
imum height of the roughness Rz at each processing
time tp and the ratio between the roughness at
tp= 0 s and 15 s. As shown in Fig. 5a and b, both Ra
and Rz decrease for all cutoff lengths kc, reaching a
minimum at tp = 15 s and then increasing. This is
the main reason why Nf 330 has a maximum at
tp = 15 s. The Ra and Rz were reduced by factors of
approximately 8 with kc = 0.25 mm, 4 with kc = 0.8
mm and 2.5 with kc = 2.5 mm, after treatment. The
surface hardness as a function of processing time is
shown in Fig. 5c. Hardness measurements were
made using a 120� diamond spheroconical indenter,
HR15N, and a 1/16-inch-diameter (1.588 mm) steel
sphere indenter, HR15T. Both measurements satu-
rate after tp = 5 s with HR15T � 90 and HR15N � 75.
The two measured hardness values of the untreated
specimen were HR15T = 70 ± 3 and HR15N = 66 ± 7,
showing that the surface hardness has improved by
14–28% after treatment. As shown in Fig. 5d,
compressive residual stress is introduced by the
abrasive cavitating jet, and this increases with tp

Fig. 2. Aspect of treatment area.

Fig. 3. Fatigue life of Ti6Al4V treated by abrasive cavitating jet as a
function of processing time.
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and then saturates at tp � 15 s with values of
220 MPa. The introduction of compressive residual
stress is one reason why Nf 330 is improved by the
abrasive cavitating jet.

Taking the results plotted in Fig. 3 into account,
abrasive cavitating jet treatment for tp = 15 s was
carried out on specimens which were then used in
the plane-bending fatigue tester to obtain the
fatigue strengths with and without treatment.
Figure 6 shows the S–N curves of these specimens.
For ra> 285 MPa, the S–N curve of the treated
specimen has shifted to the right compared to the
untreated one. Thus, the water abrasive cavitating
jet and peening treatment has improved the fatigue
life of the Ti6Al4V specimen. Using Little’s
method,34 the fatigue strengths of the untreated
and treated specimens were calculated to be
169 ± 8 MPa and 280 ± 10 MPa, respectively. That
is, the abrasive cavitating jet and peening treat-
ment improved the fatigue strength of Ti6Al4V
manufactured by EBPB by 66%. Note that the
fatigue strength of the wrought bar was 556 MPa.35

DISCUSSION

In order to quantitatively evaluate the effect of
the surface roughness, surface hardness and resid-
ual stress on the improvements made to the fatigue
life after treatment with the abrasive cavitating jet,
we show in Fig. 7 the relationship between the
experimental data for the fatigue life Nf 330 exp and
the estimated fatigue life Nf 330 est obtained from the
surface roughness Rz¢ with kc = 2.5 mm, the surface
hardnessHR15T¢ and the compressive residual stress
rCR measured from the diffraction patterns
obtained using the (2 1 3) plane of Ti. The Rz¢ and
HR15T¢ are the value of Rz and HR15T normalized by
the untreated value. It is assumed that the com-
pressive residual stress reduces the actual bending
stress from ra to ra � a � rCRð Þ . Here, a is constant
with 0< a< 1. On taking rCR into consideration,
Eq. 7 becomes:

Nf330 ¼ 10
1319:3� ra330�a�rCRð Þ

199:58 ð8Þ

It has been reported that the fatigue life is
proportional to the surface hardness and the recip-
rocal of the surface roughness.36 Therefore, the
following equation can be used to describe the
relationship between each of the variables:

Nf330est ¼ b �
HR15T

Rz

� 10
1319:3� ra330�a�rCRð Þ

199:58 ð9Þ

bFig. 4. Aspect of Ti6Al4V treated by abrasive cavitating jet as a
function of processing time: (a) without treatment, (b) tp = 5 s, (c)
tp = 10 s, (d) tp = 15 s, (e) tp = 20 s.
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Here, b is constant with 0< b< 1. In Fig. 7, the 5
data points plotted in Figs. 3 and 5 were used to
obtain a and b by the method of least squares.
Namely, a and b were obtained from the relation-
ship between Nf330exp and Nf 330 est by the method of
least squares. In the present calculation, Rz was
used the value of kc = 2.5 mm, as the correlation
coefficient was better than that of the others. The

bFig. 5. Mechanical properties of Ti6Al4V treated by abrasive
cavitating jet as a function of processing time: (a) arithmetical
mean roughness, (b) maximum height of roughness, (c) surface
hardness, (d) residual stress.

Fig. 6. Improvement of fatigue strength of Ti6Al4V by abrasive
cavitating jet.

Fig. 7. Relationship between experimental Nf 300 and estimated
Nf 300.
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correlation coefficient for the 5 data points is 0.958,
and the probability of non-correlation is less than
1.0%. Note that, when 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 Nf 330 exp and Nf 330 est is
highly significant. That is, Nf 330 is closely related to
Rz¢ with kc = 2.5 mm, the surface hardness HR15T¢

and the compressive residual stress rCR, each of
which were used for the estimation. Note that the
values of a and b obtained were 0.081 and 0.660,
respectively. The results suggest that the contribu-
tion of the compressive residual stress to the
improvement made in the fatigue life is about 8%
of the total contribution, and that the effects of Rz
and HR15T are larger than that due to rCR at the
present condition.

CONCLUSION

In order to improve the fatigue properties of
titanium alloy Ti6Al4V manufactured by EBPB, we
have developed a novel method using an abrasive
cavitating jet and peening process that both
smooths and introduces compressive residual stress
into the surface. The injection pressure of the
abrasive cavitating jet was set to 62 MPa, and the
nozzle throat diameter was 0.64 mm. The distance
between the nozzle and the specimen was set such
that the conditions were optimized for cavitation
peening. The fatigue properties were evaluated
using a plane-bending fatigue test. The results
obtained can be summarized as follows:

(1) The abrasive cavitating jet and peening pro-
cess improved both the fatigue life and
strength. There was an optimum processing
time for the proposed treatment, at which the
fatigue strength of the treated specimen was
improved by 66%. The improvements in the
fatigue properties were obtained as a result of
the smoothing of the roughness, work-harden-
ing and the introduction of surface/sub-surface
compressive residual stress. Under the condi-
tions used here, the effects of smoothing and

work-hardening were greater than the effect
of introducing compressive residual stress.

(2) The abrasive cavitating jet and peening pro-
cess smoothed the inherent surface roughness
of the Ti6Al4V. There was an optimum pro-
cessing time for this. At the optimum process-
ing time, the surface roughness was reduced
by factors of approximately 8 with kc = 0.25
mm, 4 with kc = 0.8 mm and 2.5 with kc = 2.5
mm, where kc is the cutoff length of the stylus
in the profilometer.

(3) The abrasive cavitating jet introduced com-
pressive residual stress of 220 MPa into the
surface of the metal specimens. Under the
conditions used here, the contribution of the
compressive residual stress to the improve-
ment made in the fatigue life is about 8% of
the total contribution.

(4) The surfaces of the Ti6Al4V specimens were
work hardened by the abrasive cavitating jet.
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