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absorption, i.e., —0.1V, in the ethanol solution was consistent
with that in the methanol solution. In the case of 2% H,0, the
corrosion potential gradually shifted to the noble direction and
reached 0.3 V. As shown in Fig. 9(a) and (b), slight corrosion
was observed on the surface of the specimen immersedin ethanol
solution with 2% H, O after 120 h, although mass loss and incre-
ment in the amount of desorbed hydrogen were rarely detected.
In a separate experiment, we have confirmed that when the spec-
imen is immersed in 0.07% HCl-containing ethanol solution
with 0.6% H, O for 120 h, hydrogen absorption always occurs:
the amount of absorbed hydrogen does not scatter (98 == 7 mass
ppm, n=5). These results suggest that the minimum critical H,O
concentration in 0.1% HCl-containing ethanol solution needed
to inhibit hydrogen absorption is approximately 0.8%. It is likely
that the hydrogen absorption of the Ni-Ti superelastic alloy
immersed in the ethanol solution is more susceptible to the H,O
concentration in comparison with that in the methanol solution.
Furthermore, the HoO concentration in the ethanol solution is
probably one origin of the scattering of hydrogen absorption
reported previously [2].

3.4. Effects of dissolved oxygen in ethanol solution

As shown in Fig. 10, the corrosion potential of the Ni-Ti
superelastic alloy was stabilized at approximately —0.38 V with-
out scattering in the 0.1% HCl-containing ethanol solution with
0.8% H, 0O under the deaerated condition. The side surfaces of
the specimens immersed in the ethanol solution for 24 h under
aerated and deaerated conditions are shown in Fig. 11. Under the
aerated condition, very slight corrosion was observed (Fig. 11(a)
and (b)), whereas under the deaerated condition, general corro-
sion was observed (Fig. 11(c) and (d)). The corrosion of titanium
and its alloys does not always occur in the low-dissolved-oxygen
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Fig. 10. Changes in corrosion potentials of specimens in ethanol solution under
aerated and deaerated conditions.

conditions in solutions. Forinstance, in ethanol solution contain-
ing NaCl [5] or in artificial saliva [27], the corrosion resistance
of titanium and its alloys does not differ much between aerated
and deaerated conditions. Nonetheless, the present results show
that the absence of dissolved oxygen markedly reduces the cor-
rosion resistance of the Ni—Ti superelastic alloy in the ethanol
solution.

Hydrogen thermal desorption curves from specimens
immersed in the 0.1% HCl-containing ethanol solution with
0.8% H,O after 24 h under aerated and deaerated conditions

Fig. 11. SEM images of typical side surface: (a) general and (b) magnified views of specimen immersed in ethanol solution 24 h under aerated condition; and (c)
general and (d) magnified views of specimen immersed in ethanol solution for 24 h under deaerated condition.
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Fig. 12. Hydrogen thermal desorption curves obtained from specimens
immersed in ethanol solution for 24 h under aerated and deaerated conditions.

are shown in Fig. 12. Under the deaerated condition, hydro-
gen absorption always occurred and hydrogen desorption peak
appeared at approximately 380 °C. Under the aerated condition,
hydrogen desorption peak appeared at approximately 420 °C;
however, as the amount of absorbed hydrogen increased, the
hydrogen desorption was observed as two peaks at approxi-
mately 150 and 350°C [2]. That is, for the same amount of
absorbed hydrogen, the hydrogen desorption behavior differs
between aerated and deaerated conditions.

The amount of desorbed hydrogen under the deaerated
condition (383 mass ppm) was one order of magnitude larger
that under the aerated condition (29 mass ppm). The hydrogen
absorption rate, i.e., the amount of absorbed hydrogen per unit
time, was extremely enhanced by the absence of dissolved oxy-
gen. The hydrogen absorption rate might affect the hydrogen
desorption behavior. Thus, it seems that the absence of dissolved
oxygen leads to the increment in the hydrogen absorption rate,
thereby changing the hydrogen desorption behavior. However,
even if the hydrogen absorption rate is the same, the hydrogen
desorption behavior is not necessarily the same [1,2,25,28-30].

Accordingly, the change of the hydrogen desorption behavior
may be ascribed to effects of dissolved oxygen itself. In any case,
dissolved oxygen changes the hydrogen desorption behavior,
namely, the state of hydrogen or trap sites in the Ni~Ti supere-
lastic alloy.

In the ethanol solutions both under aerated and deaerated con-
ditions, hydride formation was not confirmed by XRD measure-
ments. Moreover, from desorbing hydrogen at high temperature,
most of the hydrogen absorbed under the deaerated condition is
perhaps trapped strongly. The state of hydrogen or trap sites is
still being analyzed.

In the present study, it became clear that as causes of changes
of the hydrogen absorption and desorption behaviors of the
Ni-Ti superelastic alloy immersed in methanol and ethanol solu-
tions containing 0.1% HCI, there are effects of the H,O concen-
tration and dissolved oxygen. Haruna et al. [31] demonstrated
that initiation of environment-assisted cracking of titanium in
methanol solution containing CaCl, is dominated by the con-
centration of dissociated chloride ion. Usually, HCl is easily
dissociated into hydrogen and chloride ions in methanol solu-
tion, compared with ethanol solution. This difference of the
dissociation behavior of HCI also may affect hydrogen absorp-
tion and desorption behaviors.

4. Conclusions

We have demonstrated that H,O concentration and dissolved
oxygen in methanol and ethanol solutions containing 0.1% HCI
affect hydrogen absorption and desorption behaviors of the
Ni-Ti superelastic alloy. In the methanol solution, for 5% H,O,
the thermal desorption peak shifts to the low-temperature region.
Upon adding 10% H,O to the solution, hydrogen absorption is
suppressed. The absence of dissolved oxygen results in the dis-
solution of the specimen being faster than hydrogen entry into
the specimen. In the ethanol solution, the H2O concentration
for the inhibition of hydrogen absorption is above 0.8%. The
absence of dissolved oxygen enhances extremely the hydrogen
absorption rate and changes the hydrogen thermal desorption to
a single peak at approximately 380 °C.
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Abstract. The biological properties of a titanium (Ti) implant depend on its surface oxide film. The aims of the present study
were to increase the specific surface oxide area on Ti using a porous structure and to study the relationship between the amount
of apatite coating in simulated body fluid (SBF) and the actual surface area on titanium powders. Ti powders of 110 um
average diameter were sintered by spark plasma sintering. The sintered compacts had a porosity of 28%, a compressive elastic
modulus of 7.9 GPa and an ultimate strength of 112 MPa. The compressive strength of the compacts was increased to 588 MPa
by subsequent annealing in a vacuum furnace at 1000°C for 24 h. The sintered compacts were treated with aqueous NaOH
solution and subsequently heated at 600°C. The pretreated compacts showed apatite crystal precipitation in SBF. The amounts
of precipitates through the compacts were compared with those of the Ti plate substrates subjected to the same chemical
pretreatment. It was confirmed that the amounts of precipitates through the compacts were more than one hundred times higher
than those on the Ti plates. It was concluded that the metal porous compacts developed may be used as functional materials for
immobilizing functional proteins and/or drugs, because the precipitated apatite can adsorbed these substances.

Keywords: Titanium, porosity, mechanical properties, metal surface treatment, SBF (simulated body fluids)

1. Introduction

Medical devices such as artificial bones, joints, bone plates and nails in orthopedics, and dental im-
plants need to have the following excellent properties, that is, biocompatibility and bio-adhesion, and
mechanical properties similar to those of a metal. For these artificial biomaterials, titanium (Ti) and its
alloys have been developed and used in modern clinics [1]. The mechanical properties of Ti strongly
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depend on its heating and machining process [2]. The effective use of passive surface TiO, films de-
pends on their chemical and electrochemical properties, which directly affect the biocompatibility of
such alloys [3]. The microstructure and passive films related to the composition and metal process have
been studied from the viewpoint of the biocompatibility.

Biocompatibility, which is defined as the ability of a biomaterial to demonstrate host and material
response appropriate to its intended application, are basically classified into biological compatibility and
mechanical compatibility [4]. In terms of biological compatibility, some types of calcium phosphate are
superior in bone conduction to Ti and its alloys. From this, coatings of hydroxyapatite (apatite) on Ti
substrates have been used as bone substitute biomaterials. Physical processes such as plasma spray coat-
ing, micro-arc oxidation and YAG laser deposition, electrochemical treatments such as anode oxidation,
and the sol-gel method have been used in apatite coating [5—11]. However, chemical treatment using
simulated body fluid (SBF) is an easy process for modification [12-15], and can be used to immobilize
proteins/drugs onto a Ti substrate with an apatite layer [16,17].

Mechanical biocompatibility have been studied from the following view points, that is, improvement
in mechanical properties such as strength, and elongation by Ti alloying, and development of low-elastic-
modulus materials by Ti alloying [18] and use of porous compacts [19,20], because strain mismatch at
the tissue—material interface under loading is related to elastic modulus. Bone growth into pores of ma-
terials is expected [21], when porous surface materials are used as implants. Many types of porous/foam
Ti compacts have been developed [22]. Spark plasma sintering (SPS), which is an advanced sintering
process using electric current, is expected to be feasible for developing porous Ti biomaterials [23-25].

When porous Ti compacts with excellent mechanical properties are developed, medical devices with
biological and mechanical biocompatibility might concurrently be realized. A wide specific area of TiO,
on Ti powders introduces many apatite crystals, if proper chemical pretreatment is performed. Such
compacts can control their elastic modulus by their porosity, and then a low elastic modulus close to
that of human cortical bone can be easily realized. In this study, Ti powders were sintered by SPS,
and tested of their mechanical properties. The compacts were treated with aqueous NaOH solution and
subsequently heat-treated. The chemically pretreated compacts were immersed in SBF, and measured of
their mass changes due to precipitated apatite crystals on Ti powders. The amount of precipitates was
compared with that of the Ti substrate, which had been treated by the same chemical pretreatment and
immersion test.

2. Materials and methods
2.1. Specimen preparation

Spherical chemical pure Ti powders with diameter of less than 150 ym (Sumitomo Titanium Co.
Amagasaki, Japan) were sieved using a 100-pm screen, and used as starting materials. The average
diameter of the powders was 110 um. The impurity atoms of the pure Ti powders was O, 0.099%; Fe,
0.033%: N, 0.029%: H, 0.009%; and C, 0.008% according to the manufacture and had been determined
by chemical analysis. The powders were weighed to 0.01 g accuracy, and packed in a carbon die to
cylindrical shape (5 mm @ x 10 mm). The compressed powders were sintered using the SPS system
(SPS-511S, Sumitomo Heavy Industries Ltd., Niihama, Japan), and 10 specimens were sintered by the
same firing using a carbon die with 10 holes of the same diameter. The sintering conditions used are listed
in Table 1. To evaluate the degree of sintering by SPS, part of the compacts were annealed at 1000°C for
24 h in a furnace (HIT-2300SG: Tokyo Vacuum Co., Kanagawa, Japan) evacuated of 1073 Pa.
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Table 1
Firing conditions of Ti powders by SPS. The compacts were 5 mm in diameter and 10 mm thickness
Sintering Sintering Sintering Current Current Vacuum
temperature time pressure density voltage
570°C 10 min 25 MPa 750 A 2-3V 3-4Pa

2.2. Mechanical testing

The weights (0.1 mg in accuracy) and external forms of the compacts after sintering were measured,
and the apparent porosity was calculated from Ti density (4.53 g/cm®) and the apparent volume. The
compressive elastic modulus, proof strength and ultimate strength of the compacts were measured using
a universal testing machine (DDS-5000, Shimadzu, Kyoto, Japan). A strain rate of 8.3 X 10~*/s (cross
head speed of 0.5 mm/min) was used.

2.3. Chemical treatments and immersion in SBF [12—-14]

Half of the compacts were subjected to chemical treatment with an aqueous alkaline solution with and
without subsequent annealing. The compacts were ultrasonically washed in acetone and ethyl alcohol
for 15 min and dried in a desiccator under reduced pressure for 24 h. The specimens were soaked in a
5 M aqueous NaOH solution at 60°C for 24 h. After the alkaline treatment, the specimens were washed
with distilled water, and dried in a desiccator for 24 h. The alkali-treated compacts were then heated to
600°C in an electric furnace in ambient air for 1 h, and cooled to room temperature.

Commercially available pure (99.5%) Ti disks were used as reference, that is, the disks were polished
with #800 SiC papers. The disks were also ultrasonically washed in acetone and ethyl alcohol for 15 min
and dried in a desiccator under reduced pressure. The dimensions of the disks were 1.0 mm in thickness
and 33 mm in diameter. Their weights prior to surface modification and after the chemical process were
measured. The effects of chemical treatment on apatite precipitation through the specimens were evalu-
ated. The specimens with and without chemical treatment were immersed in Hanks’ solution without or-
ganic species at 37°C in a Teflon-sealed bottle for 2 and 4 weeks with the solutions changed every 3 days
to maintain the concentration of the solutions after the chemical reactions between Ti and the solutions.
The volume of the solution was 50 ml per bottle and each sample was immersed in the solution. The pH
of the solution was adjusted to 7.4 immediately after precipitation using NaHCOj solution. The ion con-
centrations of the solution are as follows: Nat, 1.42x 10~1; K+, 5.81 x 1073; Mg?*, 8.11 x 10~%; Ca?*,
1.26 x 1073, C1~, 1.45 x 107!, HPO2 ™, 7.78 x 1074, SO3 ™, 8.11 x 10™*; and CO3 ™, 4.17 x 10~ mol/l.
The electrolytic concentration and pH of this solution are close to those of blood or extra-cellular fluid.
No precipitate was formed in the solution. After immersion for 2 and 4 weeks, the compacts were rinsed
in distilled water, dried in a vacuum desiccator and weighed using a microbalance to 0.1 mg accuracy.
Mass change per initial weight was calculated for the compacts. For the disks, mass change per unit
surface area was determined. For the estimation of the amount of elution in the SBF, an immersion test
on the samples in distilled water was performed under the same experimental conditions as those used
for SBE. The morphology of the precipitates was observed by scanning electron microscopy (SEM).

3. Results

The porosity and compressive strength of the sintered specimens are shown in Table 2. All the spec-
imens in each batch had almost equal porosities. The compressive strength of the specimens sintered
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by SPS was almost 110 MPa, and slightly lower than that of human cortical bone (110-170 MPa) [26].
However, the sintered specimens with annealing had a sufficiently high strength as biomaterials for hard-
tissue replacement. This result suggests that SPS did not induce complete formation of bonding layers
between powders. The elastic modulus, which determines the mechanical biocompatibility between the
tissue and implant material, was 7-9 GPa, and close to that of cortical bone (17-20 GPa) [26]; bere, that
of pure Ti is 105-110 GPa. The annealing used in this study did not directly affect the elastic modulus of
the specimens, because porosity affects elastic modulus and is not markedly affected by heat treatment.

The mass changes of the sintered specimens after immersion in SBF for 2 and 4 weeks are shown in
Table 3. Here, the values are the mass gain ratio of the specimen after immersion in SBF to the specimen
before pre-chemical treatment and immersion test. A significant increase in mass was not detected for
the samples without chemical pretreatment. The surface morphologies of the precipitated crystals on the
sintered compacts with and without chemical pretreatment are shown in Fig. 1. It was clear that the mass
change induced by immersion in SBF due to precipitates on the Ti powders. From previous works [13,14]
using thin-film X-ray diffractometry (TF-XRD) and X-ray photoelectron spectroscopy (XPS), the parti-
cles of the precipitate were identified as calcium phosphate, viz., bone-like apatite. Other particles such
as NaCl might have been precipitated on the surface of the Ti powders upon chemical pretreatment,
but were not identified in this study. The recrystallization and grain growth of the Ti powders were ob-
served as shown in Figs 1c and 1d. The constitution and thickness of the oxide films on the powders
for both compacts with and without subsequent annealing were not examined in this study, but were
clearly different from the powders appearance. Table 4 shows the mass changes of the surface modified
Ti before and after immersion in SBF solution compared with those of the discs. The mass changes of
the compacts were about one hundred times higher than those of the discs. The ratio of mass increase
for the actual surface area is discussed below. Elusion from the compacts with chemical pretreatment
in SBF was detected. The compacts with the same pretreatment were then immersed in distilled water,
and mass change was measured as shown in Table 5. The amounts of mass change were detected to be
about 0.3-0.4% and a significant difference in mass were not observed between the compacts with and

Table 2

Elastic moduli, proof strengths and ultimate strengths of compacts with
and without annealing determined by compressive test

Compact by SPS  Compact with annealing

Porosity (%) 28 +1 25+2
Elastic modulus (GPa) 7.9+0.7 107+ 1.2
Proof strength (MPa) 112£9 350+ 19
Ultimate strength (MPa) 112+9 588 4 169

Mean £ s.d. (n = 3).

Table 3

Mass changes of compacts after immersion in SBE. Data is calculated from the
mass increments after immersion in SBF divided the mass after sintering

2 Weeks (%) 4 Weeks (%)

Compact by SPS Non-treated 0.06 +£0.02 —0.05%+0.03
Chemical treatment  2.69 £ 0.03 2.56 +0.01
Compact with annealing  Non-treated 0.03 £ 0.01 0.04 £ 0.09

Chemical treatment  1.40 4 0.05 1.38 £ 0.07

Mean #+ s.d. (n = 3).
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Fig. 1. Surface morphologies of precipitated apatite crystals on sintered compacts of Ti powders: (a-1) and (a-2) are sintered Ti
compacts, that had been immersed in SBF for 2 and 4 weeks, respectively; (b-1) and (b-2) are the Ti compacts with chemical
pretreatment, that had been immersed in SBF for 2 and 4 weeks respectively; (c-1) and (c-2) are the anncaled Ti compacts,
that had been immersed in SBF for 2 and 4 weeks, tespectively; (d-1) and (d-2) are the annealed compacts with chemical
pretreatment, which had been immersed in SBF for 2 and 4 weeks, respectively.
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Table 4

Mass changes (mg) and mass change ratio per apparent surface area (mg/mmz) of compacts. Here, the diameter and thickness
of the disks and cylindrical compacts were 33 and 1.0 mm, and 5.0 and 9.7 mm (average), respectively

Mass change (mg) Mass change per apparent
2 Weeks 4 Weeks surface area (m g/mmz)

2 Weeks 4 Weeks
Ti disc 0.7+£0.0 1.440.1 4x107* 7% 107*
Compact by SPS 16.6 0.2 15.8+ 0.0 9 x 1072 8 x 1072
Compact with annealing 8.8+03 8.6+0.4 5x 1072 5x 1072
Mean = s.d. (n = 3).

Table 5

Mass changes of compacts with and without annealing induced by chemical treatment and immersion in distilled water for 2
and 4 weeks under the same conditions for immersion test in SBF

Chemical Immersion in SBF (%) Immersion in distilled water (%)
pretreatment (%) 2 Weeks 4 Weeks 2 Weeks 4 Weeks
Compact by SPS 1.95£0.22 2.69 £ 0.03 2.56 +0.01 —0.32+£0.02 —0.36 £ 0.07
Compact with annealing 1.60 £0.03 1.40 £ 0.05 1.38 £ 0.07 -0.27 £ 0.00 —0.32£0.01

Mean =+ s.d. (n = 3).

without annealing. However, the chemical substances in the compacts were not identified in this study.
Nonetheless, the mass change induced by pretreatment is not a negligible factor in the estimation of the
amount of the precipitated apatite crystals.

4. Discussion

Increases in specific surface area, passive film thickness and crystal structure, chemical or electro-
chemical pretreatment of Ti oxides, and SBF composition are the factors for surface modification of Ti
with calcium phosphates [27,28]. In this study, the effect of the specific area of a Ti specimen on the
amount precipitated apatite crystals is confirmed. The relationship between the actual surface area of
a Ti compact and diameter of a spherical particle is calculated as follows, if the junction area of the
particles is not considered.

The specific ratio of the actual surface area to the apparent area, C, is represented as

_ PN

©="5

Here, p is the surface area of each particle, i.e. p = 47w(m/ 2)? = mm?, where m is the diameter of a
particle. N is number of particles in the compact. S is the apparent surface area of the compact. The
relationship between porosity, k, and the apparent volume of the compact, V, is

1 —k= ",
%

Here, w is the volume of a spherical particle, i.e. w = 47(m/2)* /3 = 7m?/6.
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Fig. 2. Calculation results of relationship between diameter of powders and ratio of actual surface area to apparent surface area
of cylindrical compact with diameter of 5 mm and height of 10 mm.

If the shape function is defined as the ratio of surface area to its volume, that for the spherical particle,
f,is f = p/w = 6/m. The shape function, F, for a cylindrical compact can be represented as F' =
2(d + 2h)/hd, where h and d are the height and diameter of a cylindrical compact. The specific ratio,
C, is then

f  3hd ~
F”_k”'mu+2ma k).

pV

C = " S(l k)=
The relationship between the diameter of the particles and the specific ratio, C, for the porosity of 30%
and 50% is graphically shown in Fig. 2. Here, the compact was 5 mm diameter and 10 mm height. As
shown in this figure, diameter of the particle is effective factor in determining the specific ratio of C.
Especially, C value is rapidly increased when the diameter of the powders is less than 100 pm. This
result indicated that surface function of Ti is effectively reflected if the powders with the diameter of less
than 100 pm are used for the compact.

The average diameter of the powders and the porosity of the compacts sintered in this study were
110 pm and 25-28%, respectively. The actual surface area of the specimen is then 40 times larger than
that of the dense cylinder, that is, about 8000 mm? for the compact used. The mass changes (mg) per unit
area (mm?) for the immersion of 2 and 4 weeks were calculated to be 2.1 x 1073 and 2.0 x 1073, and
1.1 x 1073 and 1.1 x 1073 mg/mm? for the compacts with and without annealing, respectlvely These
values for the specimens by SPS are about 3 times larger than that of the Ti discs (7 x 10~ 4 mg/mm?),
-which was immersed in SBF for 4 weeks. Figure 3 shows a high-magnification image of the specimen
with chemical pretreatment and subsequent immersion in SBF. The bridging of the precipitated particles
between the Ti powders was clearly identified. This may be the reason for the large mass changes, which
led to the precipitation of apatite crystals not only on the surface of Ti but also in the pores. If functional
proteins or drugs are immobilized on metal implants, porous material modified by apatite crystals is
helpful because many apatite particles with protein/drugs can be immobilized.

The heat treatment of the compacts affected the activity of the reaction in NaOH solutions. Different
mass changes in SBF immersion were also detected, as shown in Tables 3—-5. Low sintering temperatures
550-600°C used in SPS allows the deposition of passive surface films to rutile TiO,. This rutile crystal
can increase the surface energy and percentages of surface hydroxyl groups on Ti when it is immersed
in a supersaturated calcium phosphate solution. Thus, it confers bioactivity on Ti [27]. However, sub-
sequent annealing in a high-vacuum environment at 1000°C generates thin surface films on sintered Ti
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Fig. 3. Bridging feature of precipitated apatite crystals at bonding area of powders for sample, which had been chemically
treated and subsequently immersed in SBF for 4 weeks.

powders. This may be the reason the mass changes showed different values between the compacts with
and without annealing in a high-vacuum environment. It was concluded that control of crystal structure
and the thickness of passive films are dominant factors governing surface modification with apatite by
SBF immersion.

5. Conclusions

Because surface modification of a Ti depends on its surface oxide films, the increase of specific sur-
face area on Ti using a porous structure was stimulated of precipitation of apatite in SBE. From the
theoretical calculations, specific surface area is rapidly increased when the powders with less than 100
pm is used. Porous compacts with both biological and biomechanical compatibilities and high strength
were developed since spherical powders of pure Ti with 110 um diameter were sintered by SPS. Be-
cause apatite could adsorb proteins and/or drugs such as antibiotics, it is expected that a large amount of
proteins and/or drugs could be impregnated when the porous compacts developed here are used.
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Abstract. Thermal desorption spectroscopy (TDS) was applied to measure the hydrogen in titanium
(T1). Because fracture by hydrogen embrittlement for medical/dental devices of Ti and Ti alloys
was reported, dependence of surface oxidation film on hydrogen absorption and desorption
behaviors of cp-T1 was carried out. To form the surface oxide film (rutile), the T1 wire samples were
annealed in an ambient air at 800°C for 2 hours. Half of the specimens were immersed in a mixed
solution of NaF and H;PO4 (APF). The part of the specimens were removed the surface films by
abrasion after the heat and the immersion in the APF solution. TDS analysis was applied to detect
released ions/molecules during heating from room temperature to 1200°C in a high vacuum vessel
for the TiH, powders, the Ti samples with and without the above treatments. High ion intensity was
detected for hydrogen (m/z = 2), and 1on intensities of the other ions/molecules were almost the
background level in measurements. The concentration of hydrogen in the samples related with heat
and chemical process was determined quantitatively, and was not significantly increased by the
annealing and the immersion in APF solution if the sample had the tough surface film. However,
the sample, which had been removed the surface films before the immersion in APF, showed
typical chemical degradation after the immersion in APF for 7 days, that is, high ion intensities of
hydrogen, fluoride, water and hydroxyl ions were detected. It was concluded that the control of the
surface oxide film on the medical/dental Ti devices is important in determining its longevity.

Introduction

Titanium (T1) is an active metal. However, surface oxide film (T10,) provides corrosion resistance
and biocompatibility to the metal. The surface of Ti, which had been working and/or
polishing/grinding, has non-crystal thin oxide film, and corrosion resistance of the Ti is not
sufficient. When the Ti is annealed in an ambient air, the metal is covered with the crystalline oxide
films such as anatase and rutile, and is improved its corrosion resistance. However, thickness of the
oxide film becomes rapidly increase at high temperature than 1000°C, and flakes fall down as a
scale. It 1s recognized that the control of the surface film on Ti is essentially important for use as
corrosion-resistant alloy [1]. Mechanism of bio-compatibility of T1 for bone tissue is recognized as
follows: When the Ti immerse in body fluid, a fine hydroxyapatite (calcium phosphate) crystals are
formed to coalesce into the oxide film. The precipitated crystals are connected with bone cells
directly, because apatite is a main component of the bone structure. The amount and the rate of the
precipitation reaction of apatite on the Ti substrate are depended on the crystal structure of the oxide
film of the Ti [2]. From an electro-chemical study, corrosion mechanism of metal is carried out
using corrosion diagrams by Pourbaix [3]. In thermodynamically stable region in water at 1 atm (1
x 10° Pa), Ti is passive state. However, it is known that the Ti is deteriorated in solutions containing
fluoride 1ons.

All rights reserved. No part of contents of this paper may be reproduced or fransmitted in any form or by any means without the
written permission of the publisher: Trans Tech Publications Ltd, Switzerland, www.ttp.net. (ID: 150.59.88.229-26/12/06,08:13:10)
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Thermal desorption spectroscopy (TDS) is a method to analyze released ions by quadrupole mass
spectrometer (QMS) during heating sample in a high vacuum vessel. This is a helpful method to
take information for the adsorbed and/or uptake ions to the specimen. In this research, release
ijons/molecules from the Ti hydride (TiH,) powders, cp-Ti wires, the annealed cp-Ti wires and the
cp-Ti wires, which had been immersed in APF solution, were analyzed by TDS. Effects of the
annealing and the immersion treatment in APF solution on uptake and/or absorbed ions/ molecules
were determined. Relationship between the surface oxide films and degradation of the Ti substrate
were discussed.

Materials and Method

Ti-hydride (TiH,) powders with grain size of 150 pm under (Sumitomo Titanium Co., Amagasaki,
Japan), commercial available pure (> 99.5%) titanium wires with a diameter of 0.6 mm (T1-451414:
Nilaco Co., Tokyo, Japan) were used as materials for experiment. As-received wires were polished
with #800 SiC papers. The wires were then ultrasonically washed in acetone and distilled water for
15 min. The specimens were annealed at 800°C for 2 h in an ambient air by an electrical furnace. A
part of the annealed specimens were immersed in aqueous solution of 2.0% acidulated phosphate
fluoride (APF; 2.0% NaF +1.7% H3PO4) with pH 5.0 at 37°C. The specimens, which had been
removed the surface oxide films by abrasive papers, were ultrasonically washed. The surface
morphology of each specimen was observed by scannmg electro microscope (SEM). Released ions
from the TiH, powders and the Ti wire samples in a high vacuum chamber (1.3 x 107 Pa) were
measured by TDS (EMD-WA1000S/W: ESCO, Tokyo) during heating of 0.17°C/s and 0.5°C/s,
respectively. Time interval of detection of the released ions by QMS was 4 s and 5 s for the TiH,
powders and the Ti wire specimens, respectively. Table 1 shows list of the heat and the immersion
treatments of the Ti wire samples measured in this study with symbol codes.

Table 1 Ti wire samples analyzed by TDS
Code | Treatments
A | No treatment: reference sample

B-1 | Heated at 800°C for 2 h

B-2 | Removed surface films by abrasion for B-1
C-1 | Immersed in APF solution for 30 days for B-1
C-2 | Removed surface films by abrasion for C-1
C-3 | Immersed in APF solution for 7 days for B-2

Quantitative analysis of hydrogen

Silicon (Si) plate, in which hydrogen ions had been implanted, is used for a standard matenal to
quantitative analysis of hydrogen because hydrogen in the Si plate is stable at room temperature
and most of hydrogen in it is released during heating process in high vacuum vessel. Ion intensity
data of hydrogen for the Si plate (10 x 10 x 0.62 mm %), which had been implanted 1 x 10° hydrogen
ions, is measured by TDS. Then, number of released hydrogen molecules (Hs) from the standard
material should be 5 x 10"°. Integrated value of the ion intensity curve for hydrogen on temperature
can be a reference data for the samples for quantitative analysis of hydrogen in the samples.
Amount of released hydrogen from the sample is calculated from integrated value of the ion
intensity curve during heating under the same experimental conditions as that of the reference data.
The concentration of hydrogen in the sample, C (mass %) can be calculated using an equation of
C = MINAy/W, when all of the hydrogen in the material is released during heating. Here, M is the
atomic mass unit of hydrogen molecule (2 g), A¢is Avogadro’s number (6.02 x 10% amu/g), W is
the mass of the sample. N is the number of the released hydrogen molecules from the sample. Here,
the ion intensity for m/z = 2 (m/z is a ratio of mass to electronic charge) is a typical index for the
detection of hydrogen.
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Results

Titanium hydride powders

The TDS fragments of each m/z for the released ions/molecules from the TiH, powders during
heating are shown in Figure 1. Here, vertical axis is represented ion-intensity (A) for each m/z
fragment. Figure 2 shows fragments of 2nd run of the same sample, that is, after heating of the 1st
run to 1200°C, the sample was cooled down to room temperature in a high vacuum vessel, and the
sample was reheated under the same experimental conditions for the TDS analysis. A peak of high
ion intensity for m/z = 2 was clearly identified at ca. 600°C. Low peak of the fragment for m/z=18,
that is the fragment related with water, was detected. However, the other ion intensities were low
and almost background level in the detection. For the 2nd run, each of the ion intensities was low
and within background level. It was suggested that any molecules/ions were not released from the
powders during the 2nd run. Hydrogen in the powders had been fully released during the 1st run.
For quantitative analysis of hydrogen, the ion intensity for m/z = 2 in Fig. 1 1s modified and drawn
in Figure 3. The amount of released hydrogen during 1st run was calculated to be 2.94 mass% (59.0
at%) from the quantitative analysis. The data was well agreed with amount of hydrogen in Ti
hydride (TiH;). These results suggested that Ti hydride was decomposed to Ti and hydrogen during
heating of the 1st run.
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Figure 1 Ion intensity curves of the released Figure 2 Ion intensity curves for the TiH;
ions/molecules from the TiH,; powders by powders, which had been fired once in a
TDS analysis. high vacuum vessel (2nd run).
As-received Ti sample (A) 8.0E-07 .
Zz=
The surface morphology of the sample A 7.0E-07
(as-received cp-T1  wire) could observe 6.0E.07
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scratches, which might be caused by drawing

through die, along longitudinal direction. From %5'0507
high magnification photographs, tear cracks §4.0E-O7
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sample A. From this value, concentration of hydrogen in the sample A was calculated to be 37 mass
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Annealed sample (B-1 and B-2)

The surface morphology of the annealed sample
B-1 was similar to that of the sample A from the
SEM photos. However, surface thick oxide films
were confirmed from visual inspection. By
annealing at 800°C, the oxide films might be
formed rutile and a few pum in thickness.
Designation of B-2 1s the sample, which have
been removed its oxide films from the sample
B-1 by abrasion. Figure 5 shows the ion
intensity for m/z = 2 for the specimens B-1 and
B-2 compared with the reference sample A. For
the sample B-1, TDS measurements were
repeated 4 times in the evacuated chamber,
because the oxide films protect release of
hydrogen in the Ti. Detected ion intensity of
hydrogen (m/z = 2) was decreased according to
the heating cycles. On the contrary, curve with
peak intensity was detected for the sample B-2,
which was the similar curve with the sample A.
Onset temperatures at release of hydrogen were
almost same for the samples measured. These
results indicated that diffusion rate of hydrogen
through the surface the oxide films is low, that
is, the oxide film play an important role on
protect of occlusion and dislodgement of
hydrogen. The amount of hydrogen was
calculated to be 33 ppm and 40 ppm (total of 4
times heating) for the B-1 and B-2, respectively,
and almost equal to the amount of that of the
reference sample A. It was concluded that the T1
did not uptake the hydrogen significantly during
the annealing.

Immersed in APF solution (C-1, C-2, and
C-3)

Surface of the specimen C-1, which was
annealed and immersed in APF, was almost the
same feature as that of the specimen B-1, that is,
traces of typical chemical attack was not
observed. Figure 6 shows results of the TDS
analysis, that is, the curves of m/z = 2 for the
samples of C-1 and C-2 are shown in comparing
with that of the sample A. The curve of the
sample C-1, which was covered with the oxide
films, was the curve with increasing the ion
intensity as the increasing temperature.
Decreasing of the ion intensity was observed for
the 2nd run. The m/z = 2 curve of the sample
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immersed in APF solution, after anneal heat
treatment in an ambient air. C-1 and C-2 are
the samples with and without surface oxide at
TDS analysis.

C-2, which was removed the oxide films after the immersion i APF solution, shows peak similar to
tht of the samples A and B-2. However, the peak temperature 1s higher than that of the other
specimens. Amount of hydrogen, which was released from the sample of 10 mg, was calculated to
be 26 and 47 ppm for the specimen C-1 and C-2, respectively. This results show the significant
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increase of hydrogen intake for the T1 specimens 1.06-07
with the oxide films, which had been formed by

the annealing, was not detected by the immersion 3 808708

in APF solution. Surface of the specimen C-3,  Zeoe-08

which had been removed the surface films after H

the annealing and the immersed in APF for 7 days é #0808

was drastically attacked by the solution, and pores ~ 206-08

were observed on the surface. Figure 7 shows the

. . C 0.0E+00 - * . x

ion intensities curves by the TDS for the o 200 400 600 800 1000 1200
specimens of C-3. SEM photos and the results of Temperature (C)

ion intensity curves by the TDS showed that the

specimen C-3 had a severe chemical attack from  Figure 7 Ion intensity curves of the m/z = 2
the solution. Not only hydrogen and water but for the cp-Ti wire samples, which had been
also fluoride and sodium ions, which were the removed the surface oxide films and
components of APF solution, were detected in  immersed in APF solution, after anneal heat
high intensities. The m/z = 17 and 18, which were  treatment in an ambient air.

related with ions of water molecules, were high at

lower temperature than 400°C, and at the higher

temperature than 400°C, that of hydrogen (m/z =  Table 2 Hydrogen concentrations in the Ti

2) was extremely high. Amount of hydrogen was  samples with various treatments.
calculated to be 864 ppm, and the value was

twenty times higher than the specimens with the Number of [ppm]
oxide films by the annealing. Peak of ion intensity Symbol Hydrogen/10 [mg]
related with fluorine (m/z = 20 (HF) and 19 (F)) A 11x10" 37
were detected in the range of 10° A order B-1 98 x 100 33
intensity. The amount of detected hydrogen for B2 12 %107 10
the Ti specimens was summarized and listed in C-1 79x 10° 26
Table 2. C2 14 x 10" 47
C-3 2.6x 10" 864
Discussion

TDS fragment curves

According to phase diagram [4], Ti-H system is a eutectoid type. Maximum solubility of H in o-T1
is 7.9 at % at the eutectoid temperature and 40 - 50 ppm at room temperature. Dissolved hydrogen
as interstitial atoms and hydrogen in precipitate hydrides are the atoms to release from the o-Ti
substrate. When Ti was heated in a high vacuum vessel, desorption of hydrogen starts from ca.
200°C, and decomposition of hydride become active at higher temperature than that. This
experimental result wass agreed with the phase diagram, that is, onset of hydrogen detection 1s ca.
300°C. The amount of detected hydrogen is determined from diffusion rate of hydrogen in Ti and
decomposition rate of hydrides. Diffusion and phase decomposition rate are theoretically
represented by Arrhenius equation (D = D, exp(-Q/RT)). The equation suggested that the amount of
detected hydrogen increase with increasing temperature. If the diffusion rate is high, the ion
intensity curve of the hydrogen is increased abruptly. Thermal instability, distribution and size of
the precipitates (TiH,) affect directly to the ion intensity fragment curve. At higher temperature,
decomposition of hydrides is accelerated, and the size of hydride is decreased, that is, the released
hydrogen is decreased. This assumption is well agreed with the experimental data.

From comparison of the DTS curves for the as-received sample (A), the annealed sample
without the surface films (B-2), and the sample after the immersion in APF and removed the surface
films (C-2), amount of the hydrogen and onset temperature are almost the same to each other.
However, the peak temperature for the sample A is ca. 600°C. That of the sample B-2 and C-2 are
shifted to higher temperature. Because diffusion rate is high for the matrix with working structure
and fine distributed hydrides, low peak temperature showed for the sample A. Growth of
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precipitated hydrides and stabilization of the hydride during the annealing at 800°C, might be
resulted for the higher peak temperature of desorption. Peak was also shift to high temperature by
the immersion in APF solution. The intake hydrogen is low during the immersion in SBF solution,
because of shielding effects of hydrogen. However, results suggested that the intake hydrogen, that
is low but not negligible, affect to make thermally stable in o-T1.

Hydrogen embrittlement

Hydrogen, oxygen, nitrogen and carbon are known as interstitial impunty atoms in Ti, and they
increase strength of Ti by solid solution hardening, except for hydrogen. Titanium, which contains
higher than 100-200 ppm hydrogen, 1s lost its ductility and increase notch sensitivity. This
phenomenon is known as hydrogen embrittlement. From this, solubility of hydrogen in cp-T1, which
is used for implant materials, is standardized as follows: the hydrogen contents is lower than 100,
125, and 150 ppm for small billet, bar and billet, and flat products, respectively. Titanium oxide
layer, which is a few nano meter in thickness, are automatically generated when the metal surface is
exposed to an ambient air by cutting and/or grinding. This oxide layer exerts a protective action,
and Ti posses a high corrosion resistance. However, this corrosion resistance is not adequate to use
in a severe corrosive environment such as in vivo. From the TDS curves for hydrogen of the
specimen with oxide films, diffusion rate of hydrogen through the titanium oxides 1s extremely low.
The surface film traps the release of hydrogen. Titanium oxide (rutile) plays an important role to
protect the hydrogen uptake in vivo and an ambient environment. The results of the immersion in
the APF solution of the specimen C-3 shows that amount of hydrogen uptake is 20 times compare
with initial concentration during 7 day’s immersion. Because Ti is an active metal, water, fluoride
and sodium ions were detected from the specimen C-3. Hydrogen content, which is absorbed during
working and cleaning, 1s most serious problem for use of Ti. However, hydrogen content in Tt is
increased in biological structures using for medical device. For example, hydrogen embrittlement of
super-elastic Ni-T1 orthodontic wire and titanium dental implant were reported [5]. Reason of the
fracture is inferred that insufficient thickness of the oxide film allows the hydrogen uptake in the
mouse. Thus, it is important that the formation of the oxide films such as rutile and anatase, is
elongate the longevity of the medical and dental devices.

Conclusion

Ti hydride powders, as-received cp-Ti samples, the annealed cp-Ti samples and the annealed
samples with the immersion in APF solution were analyzed by TDS, and measured effect of the
oxide films on degradation of Ti. From these experimental results, hydrogen was the main released
ions/molecules from the samples. Water and hydroxyl 1on were also detected. The concentration of
hydrogen in the Ti sample was not increased significantly by the annealing at 800°C and the
immersion in SBF solution. However, degradation of the T1 sample was measured for the samples
without the surface films (removed the oxide film by abrading), and hydrogen, fluoride, water and
hydroxyl ions were detected. It was concluded that the control of the surface oxide film is important
to use T1 devices.
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