
Fundamental Study on Addition of Osteoconductivity to
Titanium Alloy Surface by EDM

Paper:

Fundamental Study on Addition of Osteoconductivity to
Titanium Alloy Surface by EDM

Togo Shinonaga†, Yuta Iida, Ryota Toshimitsu, and Akira Okada
Graduate School of Natural Science and Technology, Okayama University

3-1-1 Tsushima-naka, Kita-ku, Okayama 700-8530, Japan
†Corresponding author, E-mail: shinonaga@okayama-u.ac.jp

[Received January 17, 2017; accepted April 18, 2017]

In recent years, one common cure for losses in
joint function caused by osteoarthritis or rheumatoid
arthritis is replacement with an artificial joint. For
this reason, it is necessary to add osteoconductivity
to artificial joint component surfaces that make con-
tact with bone, thereby reducing the period of time
necessary to fixate the bone tissue and the artificial
joint component. With the intent of efficiently machin-
ing the joint shape by electrical discharge machining
(EDM) and simultaneously formation of a surface with
osteoconductivity, this study discusses the possibility
of adding osteoconductivity to a titanium EDMed sur-
face.

Keywords: electrical discharge machining (EDM), os-
teoconductivity, artificial joint component

1. Introduction

In recent years, a common cure for losses in joint func-
tion caused by osteoarthritis or rheumatoid arthritis is re-
placement with an artificial joint [1, 2]. Currently, two
main procedure types are in clinical use to fixate an ar-
tificial joint component to a bone. One uses bone ce-
ment, while the other (cementless) does not. In the ce-
ment fixation procedure, an artificial joint component and
bone are adhered with bone cement, which contains poly
methyl methacrylate as a main component. The proce-
dure requires a short period of time before fixation is
achieved. However, cement deterioration reduces the ce-
menting strength over time. In addition, reports have been
made of the necrosis of bone tissue caused by excessive
compression and fever at the time the bone cement is
filled [3], as well as of reductions in blood pressure and
shock symptoms caused by the cement monomer compo-
nents [4]. For this reason, cementless fixation procedures
are typically used in current clinical practice. Examples
of cementless fixation procedures include a method by
which a porous material is provided on the artificial joint
surface and fixated in the pore by the anchor effect associ-
ated with a new bone intrusion. This method has high bio-
compatibility and safety because it does not use bone ce-
ment. However, a long period of time is necessary before
fixation occurs, lasting several months before complete

Fig. 1. Generation of gap between two titanium plates [13].

fixation of bone tissue to the artificial joint is achieved [3].
For this reason, social rehabilitation may be significantly
delayed because of the muscle weakness caused by long
hospital stays.

Materials which have high biocompatibility with bone,
such as hydroxyapatite, can be coated on the bone junc-
tion surface of an artificial joint component to add os-
teoconductivity [5], which is the ability to facilitate the
growth of the new bone using the coated material as a
scaffold, to the artificial joint component material surface.
As a currently practiced method, osteoconductive hydrox-
yapatite can be directly coated onto the bone junction of
the artificial joint using plasma spraying [6–9]. How-
ever, a clear interface exists between the base material
and the coating layer, so the delamination of the coating
layer is seen as a problem. In addition, the hydroxyapatite
is exposed to high temperatures during plasma spraying;
hence, its composition and crystalline properties cannot
be maintained and its composition changes.

Meanwhile, a rutile titanium oxide (TiO2) layer can
be obtained by providing an oxidation treatment to the
surface of titanium-series materials [10–12]. This sur-
face layer can spontaneously deposit apatite in body
fluid [11, 12]. Methods to form a titanium oxide layer on
a titanium-series metal surface include thermal treatment.
Even for thermally oxidized metal titanium immersed in
simulated body fluid (SBF) for long periods, hydroxya-
patite does not spontaneously deposit. However, as pre-
sented in Fig. 1, Sugino et al. [13] reported that, when
two heat-treated titanium plates were placed with a cer-
tain gap distance, hydroxyapatite deposited on the inter-
nal surfaces. In other words, by machining a surface shape
with the appropriate gap space and adding a thermal oxi-
dation treatment, it is possible to add the ability of spon-
taneous bone-like apatite formation in a body-fluid envi-
ronment to an artificial joint, and this can develop into
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Fig. 2. Stem design for high osteoconductivity [13].

osteoconductivity. In addition, it is known that a designed
groove shape, as an example of an appropriate gap space,
of 0.8 mm or smaller in width shows significantly devel-
oped bone-like apatite formation ability [13].

As presented in Fig. 2, one method currently under de-
velopment for practical use exists in which osteoconduc-
tivity is added to an artificial hip joint stem surface by pro-
viding thermal oxidation treatment after a finely grooved
pattern of an appropriate scale is machined on the sur-
face. However, the required groove shape has a fineness
of submillimeter order, and the excellent mechanical char-
acteristics of titanium-series metals cause difficulties in
machining of the grooves by cutting workpiece in terms
of the machining efficiency and tool cost. The thermal
oxidation treatment also requires some hours. Therefore,
efficiency improvements are strongly demanded. In con-
trast to these methods, Mizutani et al. [14, 15] reported
that a microstructures and a titanium oxide layer could
be simultaneously formed on pure titanium by irradiating
with nanosecond pulsed laser.

This study proposes the machining of a fine groove
shape on a titanium-series metal surface by electrical dis-
charge machining (EDM) [16, 17], which is a thermal pro-
cessing method unaffected by the mechanical characteris-
tics of a workpiece and easily capable of fine shape ma-
chining. The machining surface is simultaneously oxi-
dized by using deionized water as the machining fluid.
This is intended to form an osteoconductive surface struc-
ture in a very efficient manner, with which fine groove
machining of the titanium series metal surface and the for-
mation of a thermally oxide layer are achieved simultane-
ously. The surface texture of a titanium alloy machined
surface produced by EDM was analyzed and basic exam-
ination on a possibility of addition of osteoconductivity
was carried out.

2. Experimental Method
2.1. Osteoconductivity Evaluation Method

For the purpose of the basic evaluation of the hydrox-
yapatite formation ability of an EDMed surface, a flat
EDMed surface was selected as the target in this study,
instead of a groove shape. An EDMed titanium-series
material surface was immersed for seven days in 30 mL
of 36.5◦C SBF with the surface facing downwards and
with appropriate gap spaces provided between the surface

(a) SEM image of CHT sample after soaking in SBF.

(b) Component analysis of CHT sample after soaking in SBF.

Fig. 3. SEM image and component analysis of CHT sample
after soaking in SBF.

and a polytetrafluoroethylene. The apatite formation abil-
ity of the EDMed surface was evaluated. This evaluation
method using SBF is effective as a method for evaluating
biocompatibility in vitro [18, 19] and is registered by the
International Standard Organization (ISO) [20]. Adopting
an evaluation using SBF, this study examined the possibil-
ity of the addition of osteoconductivity by EDM based on
the deposition of hydroxyapatite or its equivalent calcium
phosphate series on the machined surface.

In order to check the performance of the created SBF,
an evaluation of CHT (chemical treatment with H2O2 so-
lution and subsequent heat treatment) sample was firstly
performed. Pure titanium was left in 80◦C H2O2 solu-
tion with the mass concentration of 3% for 180 minutes
and then left in 400◦C atmosphere for 60 minutes, so that
a titanium oxide layer was formed on the substrate sur-
face. This CHT sample surface had a very high bone
formation ability, and the performance of SBF was con-
firmed by using it. Fig. 3 presents a scanning electron mi-
croscopy (SEM) image of the CHT sample surface after
immersion in SBF and a component analysis result from
energy-dispersive X-ray spectroscopy (EDX). In general,
the initial precipitation shape of hydroxyapatite is semi-
spherical. The semispherical portion observed using SEM
matches this characteristic geometry of hydroxyapatite.
In addition, the component analysis results from the semi-
spherical portion (I) and the non-semispherical portion
(II) of the surface indicate the detection of Ca and P from
the semispherical portion (I), which clearly indicates hy-
droxyapatite formation. This demonstrates that the SBF
has an appropriate performance for evaluating osteocon-
ductivity.
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Fig. 4. Experimental chart.

2.2. Experimental Procedure

The procedure of this study is presented in Fig. 4. First,
a machining surface is formed by using deionized water
as the machining fluid, copper as the electrode material
in die-sinking EDM of Section 3.1, brass as the electrode
material in wire EDM of Section 3.2, and brass as the
electrode material in the die-sinking and wire EDM of
Chapter 4 for a titanium alloy surface. Then, the com-
ponent is analyzed by EDX and the machining surface is
observed using SEM. Next, the specimen is immersed in
SBF for seven days, and white precipitates such as hy-
droxyapatite are formed on the machining surface. Af-
ter that, the machined surface is observed using SEM and
analyzed by EDX, X-ray diffraction (XRD), and Raman
spectroscopic analysis to confirm the formation of hy-
droxyapatite and a calcium phosphate compound.

3. Hydroxyapatite Formation Ability

3.1. Titanium Oxide Layer Formation by Die-
sinking EDM

At first, formation of a rutile TiO2 layer is examined
by die-sinking EDM in deionized water. A linear motor-
driven EDM apparatus (AP1L, Sodick) was used to per-
form machining under various conditions, such as dif-
ferent pulse duration and discharge currents. Table 1
presents the machining conditions used. In this experi-
ment, the whole workpiece surface was machined as a first
step before groove machining, and we observed whether
hydroxyapatite formation ability was developed on the
EDMed surface. The workpiece was a titanium alloy (Ti-
15Zr-4Nb-4Ta) of 10 × 10 × 6 mm, and the entire surface
of 10 × 10 mm was machined with a copper electrode.
The machining time was approximately 30 minutes for
each condition. The machining fluid used was deionized
water with the resistivity of 700 kΩ·cm.

An optical image of the EDMed surface is presented
in Fig. 5(a). The figure indicates that the hue of the ma-
chined surfaces varies depending on the machining con-
ditions. In other words, the oxidation state of the ma-
chined surface varies depending on the machining condi-
tions. The hue is not uniform on each EDMed surface,

Table 1. Discharge conditions for die sinking EDM with
copper electrode.

Discharge Pulse Pulse interval
ElectrodeConditions current duration time
polarityie (A) te (μs) to (μs)

I-1 3 50 100 -
I-2 9 25 50 -
I-3 9 50 100 -
I-4 9 100 200 -
I-5 15 50 100 -
I-6 9 50 100 +

indicating non-uniform thickness of the titanium oxide
layer. In addition, thin-film XRD patterns of the machin-
ing surfaces after SBF immersion for seven days are pre-
sented in Fig. 5(b). In the XRD patterns of the figure,
the white rhombi represent the peaks of Ti2O3, the black
rhombi represent the peaks of TiO, and the circles repre-
sent the peaks of Ti. As is clear from the figure, the peak
of TiO and Ti2O3 clearly appears on all of the EDMed
surfaces. However, it is indicated that the peaks of the tar-
geted rutile phase TiO2, do not appear; little TiO2 exists
on the EDMed surfaces. Since the titanium oxide layer
seen on the EDMed surfaces has low oxygen content, the
oxidization level is thought to be insufficient. Machin-
ing under conditions with larger discharge energies was
also attempted, but failed to form TiO2. In addition, ef-
fect of the electrode polarity on formation of a titanium
oxide layer the EDMed surface is discussed. Compar-
ing the XRD patterns of I-3 and I-6, many more peaks
of Ti are detected from I-6. In other words, it is indicated
that formation of titanium oxide layer is difficult when the
electrode polarity is positive.

3.2. Titanium Oxide Layer Formation by Wire
EDM

Next, formation of a rutile TiO2 layer was tried by us-
ing a wire EDM. At first, the wire EDMed surface was
evaluated by an alternating-current circuit intended to pre-
vent an electrochemical reaction, and the formation of
sufficient TiO2 was not confirmed on the machined sur-
faces.

For this reason, the machined surfaces were generated
by a direct-current discharge circuit that could be fol-
lowed by an electrochemical reaction. In this case, the
machined surface is created by the first-cut wire EDM un-
der the conditions recommended by the machine-maker,
performing the second-cut by a direct-current circuit with
an offset of 0.05 mm, and performing the third-cut with no
offset. By altering the average machining voltage condi-
tions, uniform machined surfaces of different hues can be
obtained. As presented in the optical microscope images
of Fig. 6, yellow, blue, and purple colors appear in the or-
der of ascending voltage conditions. The electrochemical
reaction by the leakage current increases with increasing
voltage, followed by generating uniform titanium oxide
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(a) EDMed surfaces with copper electrode under various ma-
chining conditions.

(b) XRD spectra of EDMed surfaces with copper electrode
under various machining conditions.

Fig. 5. EDMed surfaces and XRD patterns with copper elec-
trode under various machining conditions.

layers of different thicknesses on the surface.
In order to confirm the formation of the TiO2 layers,

Raman spectra of the machined surfaces was obtained, as
presented in Fig. 7. Although the EDMed surfaces are
very uneven and it is therefore difficult to detect steep
peaks, a few small peaks can be seen in the Raman spectra
obtained from the machining surfaces. These peaks pre-
cisely match the peak positions of the Raman spectrum
obtained from rutile TiO2 powder. In other words, it is
verified that rutile TiO2 exists on the wire EDMed sur-
faces.

Next, these workpieces were immersed into SBF and
the hydroxyapatite formation ability was evaluated. The
initial precipitation shape of precipitated hydroxyapatite
in SBF is semispherical, as mentioned above, and hence
component analysis was provided by EDX for the spher-
ically shaped portions on the machined surfaces. The re-
sults of SEM observation of the machined surfaces after
immersion and component analysis with EDX are pre-
sented in Fig. 8. According to the component analysis

Fig. 6. Difference in wire EDMed surface with average gap
voltage.

Fig. 7. Difference in Raman spectra of wire EDMed surface
under various average gap voltages and TiO2 powder.

results, Ca and P, which are components of hydroxyap-
atite, are not detected. Another spherically shaped por-
tions observed at other points were also analyzed, but nei-
ther component was detected. However, since it is possi-
ble to form a rutile TiO2 layer, which has been reported to
have hydroxyapatite formation ability, it should be pos-
sible to create an osteoconductive EDMed surface if all
factors obstructing hydroxyapatite formation can be suc-
cessfully eliminated by widely changing the surface tex-
ture through optimizing the machining conditions.

4. Precipitation of Calcium Phosphate Com-
pound

With the intent of precipitating hydroxyapatite on the
TiO2 layer, formation of a TiO2 layer on the titanium alloy
surface has been attempted by EDM. A white precipitate
was obtained by repeating the experiment of immersing
the EDMed surface in SBF. A detailed examination was
performed because this white precipitate was expected to
be a kind of osteoconductive calcium phosphate, similar
to hydroxyapatite.

An image at the area of white precipitation is presented
in Fig. 9. The original purpose was precipitation of hy-
droxyapatite. Therefore, the machined titanium was im-
mersed such that the EDMed surface of the specimen
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(a) SEM image of wire EDMed surface with high av-
erage gap voltage after soaking in SBF.

(b) EDX spectrum of wire EDMed surface with high
average gap voltage after soaking in SBF.

Fig. 8. SEM image and EDX spectrum of wire EDMed
surface with high average gap voltage after soaking in SBF.

(a) Precipitation area in SBF (b) White precipitate on surface

Fig. 9. Precipitation area and image of white precipitate on
surface.

faced downwards and an appropriate gap space was pro-
vided between the surface and the polytetrafluoroethy-
lene. A great amount of white precipitation was formed in
the upper area of the specimen, i.e., not on the gap space
side but on the upper face side. This area is a rough ma-
chined surface by the first-cut, where wire EDM was per-
formed with varying EDM conditions in order to cut the
specimen to an appropriate size.

This rough machined surface is not uniform, but shows
a slightly yellow hue at upper side of wire running (top
end of the specimen). For this reason, in order to obtain
a uniform machined surface, die-sinking EDM was per-

Table 2. Discharge conditions for die-sinking EDM.

Electrode Brass
Workpiece Ti-6Al-4V

Discharge current ie 15A
Discharge duration te 25 ms

Pulse interval t0 100 ms
Working fluid Deionized water

Electrode polarity +

Fig. 10. XRD patterns of EDMed surface and white deposits.

formed in deionized water using a brass electrode. Then,
under the machining conditions presented in Table 2, a
uniform machined surface was obtained on which white
material was precipitated during immersion in SBF.

4.1. Identification by XRD Analysis
An XRD analysis result of the die-sinking EDMed sur-

face before and after immersion in SBF is presented in
Fig. 10. The pattern before the immersion indicates peaks
from the base material component and the brass electrode
component used in machining. After the immersion, the
peaks from the machining surface component decrease in
intensity because of the precipitation of the white mate-
rial. However, the peaks that presents evidence of a cal-
cium phosphate-series component cannot be confirmed,
and the white precipitate cannot be identified from the
XRD pattern. Only the white material from the machin-
ing surface was collected to eliminate peaks from the base
material and an analysis was performed by the powder
XRD method. In this case, although the peaks of the
base material component are decreased, peaks of calcium
phosphate are still not confirmed. Since a clear peak from
the specific material does not appear in the XRD analysis,
the white precipitate is likely to have low crystallinity.

4.2. Identification by Raman Spectroscopic Analy-
sis

Next, the white precipitate was analyzed by Raman
spectroscopy, in which a microscale region of the most
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Fig. 11. Raman spectra from white deposit.

(a) Non-uniform nucleation (Hydrixyapatite)

(b) Uniform nucleation (TCP)

Fig. 12. Nucleation mechanism.

superficial surface can be analyzed. Fig. 11 presents the
Raman spectra. The peaks obtained by analyzing the three
different white materials on the machining surface are lo-
cated at approximately 971 cm−1 each. This peak does
not match the peak of hydroxyapatite, but matches the
peak of tricalcium phosphate (TCP) indicated by the light
solid line in the figure. This result indicates that the white
precipitate is highly likely to be TCP. Similar to hydroxya-
patite, TCP is a kind of osteoconductive materials. While
hydroxyapatite is not well absorbed in a living body, TCP
is gradually absorbed and replaced by natural bone [21].

4.3. Identification of White Material by Precipita-
tion Mechanism

It was made clear by Raman spectroscopic analysis that
the white material obtained on the die-sinking EDMed
surface was highly likely to be TCP. However, the peak
could differ slightly in Raman spectroscopic analysis, so
the material was also identified considering its formation
mechanism.

Figure 12 schematically presents the nucleation mech-
anism for a precipitated calcium phosphate-series mate-
rial. The nucleation mechanisms of calcium phosphate-
series materials are generally classified into two types;
non-uniform and uniform nucleation. In non-uniform nu-
cleation, a calcium ion and a phosphate ion in the SBF are
attracted to an OH group and an oxygen ion on the speci-

Fig. 13. Two immersion methods and optical images of
EDMed surface.

men surface; the primary nucleus first forms on the speci-
men surface. Then, the calcium ion and the phosphate ion
in the SBF are further bonded to the formed primary nu-
cleus, and a crystal grows at the specimen surface. Repeti-
tion causes the particles to grow more. Meanwhile, in uni-
form nucleation, the primary nucleus is formed not on the
specimen surface but in fluid near the surface by a speci-
men surface effect. After that, similar to the non-uniform
nucleation, a calcium ion and a phosphate ion in the SBF
are attracted and bonded to the formed primary nucleus,
and a crystal grows in the fluid near the specimen. When
it reaches a certain size, it makes contact with the speci-
men surface and is deposited. In general, hydroxyapatite
precipitates via non-uniform nucleation, while TCP pre-
cipitates via uniform nucleation.

In order to confirm the precipitation mechanism of the
white material, an immersion experiment was conducted
with the specimen placed in the SBF so that the ma-
chined surface faced upward in the horizontal direction
and sideways in the vertical direction. An outline of the
immersion experiment and optical images of the speci-
men’s machined surface after the immersion experiment
are presented in Fig. 13. In the immersion method with
the machining surface facing upwards in the horizontal
direction, a sufficient amount of white material was ex-
pected to precipitate uniformly on the machining surface
via either non-uniform nucleation or uniform nucleation.
However, for the machined surface facing sideways in the
vertical direction, a material precipitating via uniform nu-
cleation, could not be deposited on the vertical machining
surface, and hence amount of precipitate would decrease.
By comparing the amount of deposited white precipitate
on the machined surfaces by these immersion methods,
we confirmed by which mechanism, whether non-uniform
or uniform nucleation, the white material precipitated.

As demonstrated from the optical images of the spec-
imen machined surface after the immersion experiment,
the white precipitation amount is greater when the ma-
chined surface faces upwards in the horizontal direction
than when the machined surface faces sideways in the ver-
tical direction. In addition, a white floating substance is
present in the fluid in which the machining surface faces
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(a) EDMed surface for verification test.

(b) Component analysis of EDMed surface.

(c) SEM and Kα images of EDMed surface.

Fig. 14. EDMed surface images for verification test and
component analysis.

sideways in the vertical direction. In other words, the
white material precipitates via uniform nucleation, and
this clearly indicates that this precipitation formed by uni-
form nucleation on the EDMed surface is TCP.

These results indicate that the TCP formation ability, in
other words, osteoconductivity, can be added to the tita-
nium alloy surface by EDM under the appropriate electri-
cal conditions presented in Table 2.

4.4. Analysis Result of Precipitation Face by EDX
Having confirmed that the white precipitate obtained

on the EDMed surface is osteoconductive TCP, the tex-
ture of the EDMed surface was examined for developing
it. Fig. 14 presents an optical image of the wire EDMed
surface under the conditions for TCP to generate, com-
ponent analysis results for each machined surface area
by EDX, and element mapping images by Kα radiation
of the different components. This machined surface was
formed by EDM with the offset of 1 mm under the first-
cut condition, which is the recommended condition for a
steel material, and likely to be an unstable machining con-
dition with discharge concentration. In other words, the
surface is not a uniformly machined surface, and regions
A and B, corresponding to a rough machined surface at

upper side of wire running and a normal EDMed surface,
are clearly extant. As made clear from the optical image,
the hue varies within the machined surface. The variation
of the hue is not from the interference of light caused by
varied titanium oxide layer thicknesses. It is clearly con-
firmed that the material itself is adhered. As made clear
from the component analysis of regions A and B seen in
the optical image, while the contents of Cu and Zn are ap-
proximately 30% in total in area B of the normal EDMed
surface, the Cu and Zn contents exceed 70% in area A. It
is a well-known phenomenon that the brass wire adheres
to a machined surface under rough machining conditions
in wire EDM. Since area A is a rough machined surface,
much of the wire electrode components adhere to the ma-
chined surface. Since the formation of TCP is concen-
trated only in area A, it is considered that the reaction of
the region including brass wire components and SBF af-
fects TCP precipitation.

5. Conclusions

(1) A significant amount of TiO was ununiformly
formed on the die-sinking EDMed surface of tita-
nium generated using a copper electrode in deionized
water.

(2) Although a uniform TiO2 layer could be formed on
the machined surface by wire EDM processing, the
formation of hydroxyapatite was not confirmed after
SBF immersion.

(3) The white material precipitated on the titanium wire-
EDMed surface in SBF was low-crystallinity and
formed in uniformly nucleation. The white precip-
itate was determined to be osteoconductive TCP by
Raman spectroscopic analysis and by its precipita-
tion mechanism. Therefore, osteoconductivity can
be added to titanium surfaces by EDM in deionized
water.

(4) When a brass electrode was used in wire EDM,
the uniform formarion of TCP was enabled by the
uniform distribution of brass components on the
EDMed surface.

Acknowledgements
We would like to express special thanks to Mr. Mitsuomi Kimura
of Teijin Nakashima Medical Co., Ltd., for his cooperation in the
progress of this study.

References:
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