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Abstract: Fine particle peening (FPP) using hydroxyapatite (HAp) shot particles was performed to
improve the fatigue strength and form a HAp transfer layer on a beta titanium alloy (Ti–22V–4Al).
The surface microstructures of the FPP-treated specimen were characterized using scanning electron
microscopy, micro-Vickers hardness testing, energy dispersive X-ray spectrometry, X-ray diffraction,
and electron backscattered diffraction. A HAp transfer layer with a thickness of 5.5 µm was formed
on the surface of the Ti–22V–4Al specimen by FPP. In addition, the surface hardness of the Ti–22V–4Al
was increased, and high compressive residual stress was generated on the specimen surface by FPP.
Rotating bending fatigue tests were performed at room temperature in laboratory air over a wide
cycle-life region (103–109 cycles). In the long cycle-life regime, the fatigue strength at 107 cycles of the
FPP-treated specimen became higher than that of the untreated specimen. This result is attributed
to the formation of a work-hardened layer with high compressive residual stress by FPP. However,
the fatigue strength was not improved by FPP in the short cycle-life regime, because fatigue cracks
were initiated at surface defects formed during the FPP process. The fatigue fracture mode of the
FPP-treated specimens shifted from surface-initiated fracture to subsurface-initiated fracture at a
stress amplitude level of 600 MPa.

Keywords: fine particle peening; hydroxyapatite; beta titanium alloy; rotating bending; very high
cycle fatigue

1. Introduction

Titanium alloys are used for implant components [1] because of their high corrosion
resistance, high specific strength, lower Young’s modulus than ferrous materials, and
so on. In recent years, requirements for the safety of implant components have become
increasingly stringent; therefore, the fatigue behavior of titanium alloys has become a
priority in fatigue research. In particular, research clarifying the fatigue properties in
the very high cycle regime, such as 108–1010 cycles, is very important to secure the long-
term reliability of implant components. However, research on the very high cycle fatigue
behavior of titanium alloys is relatively scarce, compared with that on ferrous metals. Some
researchers have reported that fatigue failure occurred even in the very high cycle regime
for titanium alloys, such as Ti–6Al–4V [2–4], Ti–8Al–1Mo–1V [5], Ti–5Al–2Sn–2Zr [6], and
VT3-1 [7].

The β-type titanium alloy used in this study possesses better cold workability than
other titanium alloys. Thus, it is easier to machine into complicated shapes than other
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titanium alloys. Furthermore, heat treatment gives β-type titanium alloys high static
strength. These material properties enable β-type titanium alloys to be used to make
individualized implant components with high strength.

Surface modification processes have been introduced to provide good biological
compatibility and strong bonding between bone structures and titanium alloys using
hydroxyapatite (HAp) coatings. One modification of the HAp coating process has been
introduced for the α + β titanium alloy Ti–6Al–4V [8,9] and commercially pure titanium
(CP titanium) [10,11]. However, it has been reported that fatigue fracture often occurs at
the interface between the HAp coating layer and the substrate under cyclic loading [11].
Furthermore, thermal energy induced by high-temperature processes, such as plasma
spraying, changes the crystalline structure of HAp [12] or the titanium substrate, [13] and
this phenomenon has a negative effect on HAp-coated bio-implants.

Based on this background, it is important to create a HAp coating layer without
changing the crystalline structure of HAp. In recent years, it has been reported that
FPP treatment can form a surface-modified layer enriched with the colliding particles
of carbon steel [14], titanium [15], chromium [16], and carbon-black/steel [17] at room
temperature. In our previous studies [18–20], a HAp transfer layer was formed by FPP
using HAp particles on CP titanium, Ti–6Al–4V alloy, and Ti–29Nb–13Ta–4.6Zr alloy
without any change in the crystalline structure of HAp. Furthermore, FPP can modify the
microstructure and the fatigue strength of metallic materials [21–24]; the fatigue strength
of CP titanium and the fatigue life of Ti–6Al–4V were improved by FPP.

In the present study, FPP using HAp particles was used to form a HAp transfer layer
and improve the fatigue strength of a beta titanium alloy (Ti–22V–4Al). The purpose of this
study was to characterize the FPP transfer layer and to experimentally examine the effect of
FPP using HAp particles on the fatigue properties of the Ti–22V–4Al alloy under rotating
bending. Furthermore, fatigue fracture mechanisms were identified by fractography using
SEM. The effect of FPP using HAp particles on fatigue behavior was discussed in light of
the fractography results.

2. Experimental Procedures
2.1. Material and Specimens

The material used in this study was a beta titanium alloy (Ti–22V–4Al) provided by a
research subcommittee on very high cycle fatigue in the Society of Materials Science, Japan
(JSMS). The chemical composition (mass%) of the material is Al: 4.15, V: 21.17, Fe: 0.15,
C: 0.013, O: 0.14, N: 0.012, H: 0.0124, Ti: bal. This material was given a solution treatment
(1023 K, 3.6 ks, water quenching) and aging treatment (823 K, 14.4 ks, air cooling). The
mechanical properties of the material after heat treatment are listed in Table 1. Figure 1
shows the microstructure of the material as analyzed by electron backscattered diffraction
(EBSD). The acicular alpha phase was produced by the aging process at the grain boundaries
of the beta phase. After the heat treatments, the material was machined to hourglass-shaped
fatigue specimens, whose configuration is shown in Figure 2, and the surface on the center
notch of the specimens was finished by buffing to a mirror finish after polishing with
#400–#4000 emery papers in the axial direction of the specimen.

Table 1. Mechanical properties of Ti–22V–4Al alloy.

Young’s
Modulus
E (GPa)

Yield
Stress

σY (MPa)

Tensile
Strength

σUT (MPa)

Elongation
δ (%)

Reduction of
Area
ϕ (%)

Vickers
Hardness

HV

97 1154 1235 9.3 21.9 261
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Figure 1. EBSD analysis of microstructure: (a) inverse pole figure (IPF) map; (b) phase map.
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Figure 2. Specimen configuration.

FPP treatment was conducted at room temperature in ambient air with a peening
pressure of 0.6 MPa and a peening time of 30 s on the polished specimen surface. The
distance between the specimen surface and the tip of the nozzle was 50 mm. The shot
particles, with a diameter of 50 µm, were produced by pulverizing HAp (Ca10(PO4)6(OH)2)
fabricated by Eccera Co., Ltd.

Before the fatigue test, the FPP-treated specimens were placed in acetone in an ultra-
sonic bath to remove the free HAp particles on the specimen surface.

2.2. Characterization of FPP-Treated Surface

The surface microstructure of the specimens was characterized using scanning electron
microscopy (SEM). An FPP-treated specimen was also analyzed using energy dispersive
X-ray spectroscopy (EDS). The cross section perpendicular to the axial direction of the
FPP-treated specimen was analyzed by EBSD. The hardness distributions were measured
along the longitudinal section of the FPP-treated specimen using a micro-Vickers hardness
tester with an indentation force of 0.098 N and a load holding time of 10 s. The residual
stress and the full width at half maximum (FWHM) were also measured at given depths
for the transverse section of the specimen by X-ray diffraction (XRD) with CuKα radiation.
The conditions for the residual stress measurement are shown in Table 2.
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Table 2. Residual stress measurement conditions.

Tube voltage, kV 40

Tube current, mA 30

Diffraction angle 2θ, deg 128

Diffraction plane (321)

Incident angle, deg 0, 15, 22, 28, 33, 37, 41, 45

Beam diameter, mm 1.0

Stress constant, MPa/deg −361.62

2.3. Fatigue Tests and Fracture Surface Observation

Fatigue tests were performed using a cantilever-type rotary bending fatigue testing
machine. The machine has two spindles driven by an electric motor via a flat belt, and each
spindle has specimen grips at both ends [25]. Thus, it can perform fatigue tests on four
specimens simultaneously. The eccentricity of the specimens mounted to the specimen
grips was kept within ±20 µm at the tip of each specimen. The rotation speed of the
spindle was 3150 rpm. All the fatigue tests were conducted at room temperature and in a
laboratory environment. After fatigue tests, fracture surfaces of the failed specimens were
examined by means of SEM.

3. Results and Discussion
3.1. Characterization of HAp Layer Formed by FPP

Figure 3 shows SEM micrographs and EDS maps of each specimen surface. EDS
analysis was conducted with a working distance of 10 mm, an accelerating voltage of
20 kV, and a magnification of 100 for all specimens. As can be seen in the SEM micrograph
of the FPP-treated specimen surface, a rough surface was formed by plastic deformation
due to the collision of HAp particles with the specimen surface. As a result of measuring
the surface roughness (arithmetic mean roughness, Ra, and maximum height, Rz), it was
found that Ra = 0.02 µm and Rz = 0.16 µm for the untreated specimen, while Ra = 0.45 µm
and Rz = 2.96 µm for the FPP-treated specimen. As a result of EDS analysis, only titanium
(Ti) was detected in the untreated specimen. In contrast, calcium (Ca), oxygen (O), and
phosphorus (P), which were contained in the HAp particles, were also detected over the
whole surface of the FPP-treated specimen. These results suggest that a HAp transfer layer
was formed on the surface of the Ti–22V–4Al alloy.
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Figure 4 shows the elemental composition of each specimen surface analyzed by EDS.
Ca, P, and O were detected and accounted for 84% of the composition of the FPP-treated
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specimen surface. Therefore, the HAp was definitely transferred on the surface of the
titanium alloy, because the amount of HAp constituent elements clearly increased.
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Figure 4. Elemental composition of untreated and FPP-treated specimen surface determined by
EDS analysis.

To investigate the thickness of the HAp layer, we observed the cross section of an
FPP-treated specimen. Figure 5 shows the cross-sectional SEM micrograph and EDS
maps of the FPP-treated specimen. Ca, O, and P, which are contained in the HAp shot
particles, were detected on the Ti alloy substrate. Thus, it was again confirmed that the
HAp layer was formed on the Ti–22V–4Al alloy. Figure 5 also reveals that the HAp layer
was inhomogeneously formed at the FPP-treated surface. The equivalent thickness of the
HAp layer was calculated from Equation (1), assuming that the HAp layer, which consisted
of HAp shot particles transferred onto the surface, was uniformly formed over the entire
surface [23]:

teq = areaCa/b (1)

where teq is the equivalent thickness of the HAp layer (µm), areaCa is the area where calcium
was detected (µm2), and b is the width of the specimen in the analyzed area (42.3 µm). The
areaCa and the b were calculated using image processing in the cross-sectional image of
the FPP-treated specimen. As a result of the calculation, teq was 5.5 µm. In our previous
study, a HAp layer was formed by FPP on an α + β Ti–6Al–4Al alloy having a Vickers
hardness of 340 HV [23], and the thickness was 7.0 µm. There was no noticeable difference
in the thickness of the HAp layer formed in the present study. This result indicates that the
thickness of the HAp layer has no dependence on the Vickers hardness of the substrate in
the range from 261 to 340.
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3.2. Effect of FPP on the Microstructure of the Ti–22V–4Al Alloy

Figure 6 shows the image quality (IQ), inverse pole figure (IPF), and phase maps
for the cross section of the FPP-treated specimen analyzed by EBSD. In Figure 6b,c, there
was no noticeable difference in microstructure as compared with the microstructure of the
substrate (Figure 1) even beneath the surface. Thus, no change in microstructure, such as
crystal grain refinement, occurred as a result of FPP using HAp particles.
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3.3. Hardness and Residual Stress Measurements on the FPP-Treated Ti–22V–4Al Alloy

Figure 7 shows the distribution of Vickers hardness at various cross-sectional depths
for the FPP-treated specimen. The hardness on the surface of the FPP-treated specimen
was 453 HV. Compared with the substrate (261 ± 2.9 HV), the surface became 73% harder.
The interior hardness of the FPP-treated specimen decreased with increasing depth and
corresponded to that of the untreated specimen at a depth of 30 µm. In other words, the
thickness of the work-hardened layer formed by FPP was approximately 30 µm.
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Figure 7. Distribution of Vickers hardness at various cross-sectional depths for FPP-treated specimen.

Figure 8 shows the distribution of the residual stress and the XRD FWHM at various
cross-sectional depths for the FPP-treated specimen. As shown in Figure 8a, the compres-
sive residual stress on the surface of the untreated specimen was 306 MPa. This residual
stress was caused by buff finishing. The thickness of the surface layer, at which compressive
residual stress was generated, was approximately 50 µm. As a result of the comparison of
the FWHM profile (Figure 8b) and the Vickers hardness profile (Figure 7), it is clear that
both profiles show a very similar behavior. It is well known that FWHM values are useful
means to characterize the degree of work hardening, since they usually correlate well
with the hardness in soft and medium-hard mechanically surface-treated materials [26].
Therefore, it is confirmed that the depth of work hardening was approximately 50 µm.
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3.4. Fatigue Properties of the FPP-Treated Ti–22V–4Al Alloy

Figure 9 shows the results of the rotating fatigue tests for the untreated and the FPP-
treated specimens. In this figure, data points with an arrow indicate the run-out of the
specimen, which was not failed until the number of stress cycles was 109. In each specimen,
a fatigue limit was not clearly observed so that the S–N curve was determined based on
the curve of the S–N model in the JSMS standard regression models [27]. Regression S–N
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curves for the untreated and FPP-treated specimens are respectively expressed by the
following formulae:

Untreated : σa = 10(−0.80825 log (N)+5.7133) + 505.30 (2)

FPP-treated : σa = 10(−0.50499 log (N)+4.1259) + 591.95 (3)

where σa is the stress amplitude applied to the specimen surface (MPa), and N is the
number of cycles.
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Figure 9. S–N diagram for untreated and FPP-treated specimens.

At high stress levels greater than 700 MPa, there is no improvement in fatigue life
by FPP; nevertheless, a work-hardened layer and high compressive residual stress were
generated at the specimen surface. As shown in Figure 3, SEM observation of the FPP-
treated specimen surface indicated the rough surface formed by FPP. It is suggested that
the asperity formed on the specimen surface can be a crack starter and deteriorate the
fatigue life. On the other hand, at low stress levels lower than 700 MPa, the fatigue life
of the FPP-treated specimen was longer than that of the untreated specimen. The FPP-
treated specimen failed at σa = 600 MPa, the fatigue life was Nf = 1.0 × 109 cycles, and the
subsurface fracture mode was observed. In shot-peened specimens, fatigue crack initiated
from the surface of the specimen at a high stress level, while at a low stress level, fatigue
crack initiated from the subsurface [28,29]. The same phenomenon is assumed to have
occurred in the FPP-treated specimen. Furthermore, if more fatigue tests are performed for
the FPP-treated specimen, the duplex S–N characteristics [30] may appear.

The fracture surfaces of all failed specimens were examined using SEM to determine
the fatigue fracture mechanism. Figure 10 shows the SEM micrographs of the crack
initiation site in each specimen failing at high and low stress levels. At a high stress level
(σa = 800 MPa), a fatigue crack was initiated at the specimen surface in the untreated
specimen. No defect was found at the crack initiation site, and the fatigue crack was
caused by crystal grain slip. On the other hand, in the case of the FPP-treated specimen,
a defect was found at the crack initiation site, and it was formed by the collision of HAp
shot particles with the specimen surface during the process of FPP. Therefore, the reason
the fatigue strength was not improved was that even though a work-hardened layer was
generated, the high compressive residual stress caused the formation of defects during
the FPP process, and they became crack starters. At a low stress level (σa = 600 MPa), in
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the untreated specimen, a fatigue crack was initiated at the specimen surface, the same as
when the specimen failed at a high stress level. In the case of the FPP-treated specimen that
failed at a low stress level of 600 MPa, it seems that the crack initiated below the specimen
surface. Thus, the subsurface-initiated fracture mode occurred in this case. However, no
defect (inclusion or defect) was found at the crack initiation site.
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As can be seen in Figure 10, the FPP-treated specimens showed different failure modes
at high and low stress levels. Figure 11 shows a schematic illustration of the fracture
mechanism for the FPP-treated specimen. Figure 11a indicates a crack initiated at the
surface of the substrate (surface-initiated fracture), and Figure 11b indicates a crack initiated
below the surface of the substrate (subsurface-initiated fracture). As shown in Figures 7 and
8, based on the results of Vickers hardness and residual stress measurements, the thickness
of the work-hardened layer and the depth of compressive residual stress generation were
approximately 30 µm. Therefore, the resistance to crack initiation became high near the
specimen surface, and the crack initiated below the specimen surface. Consequently, the
fatigue crack was initiated below the surface of the substrate at a low stress level.
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4. Conclusions

Fine particle peening (FPP) using hydroxyapatite (HAp) shot particles was performed
to improve the fatigue strength and form a HAp transfer layer on a beta titanium alloy
(Ti–22V–4Al). Rotating bending fatigue tests were performed to investigate the effect of
FPP on the fatigue properties. The results obtained are summarized as follows:

1. FPP using HAp shot particles can form a HAp layer on the surface of the Ti–22V–
4Al alloy.

2. FPP using HAp shot particles increases the fatigue strength at 107 cycles and the
fatigue life of the Ti–22V–4Al alloy due to the formation of a work-hardened layer with
compressive residual stress on the surface of the Ti–22V–4Al alloy.

3. There is no improvement of fatigue life by FPP at high stress levels greater than
700 MPa, whereas at low stress levels lower than 700 MPa, the fatigue life of FPP-treated
specimens was improved by FPP. This is due to work hardening and generation of high
compressive residual stress by FPP.

4. The fracture mode of FPP-treated specimens shifted from surface-initiated fracture
to subsurface-initiated fracture at a stress level of 600 MPa. FPP-treated specimens showed
different failure modes at high and low stress levels.
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