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Abstract

The hydrogen absorption properties of Ti—0.2 mass% Pd (Ti—~0.2Pd) alloy in 2.0% and 0.2% acidulated phosphate fluoride (APF) and neutral
2.0% NaF solutions (25 °C) has been evaluated by hydrogen thermal desorption analysis. During the early stage of immersion (120h) in the
2.0% APF solution, the amount of absorbed hydrogen was lower than 500 mass ppm. A thermal desorption of hydrogen primary appearing
with a peak at 500-600°C and a broad desorption ranging from 100 to 400 °C were observed. In the 0.2% APF solution, the amount of
absorbed hydrogen saturated at 100~200 mass ppm; the thermal desorption of hydrogen appeared with a single peak at 550 °C. In the 2.0%
NaF solution, hydrogen absorption was negligible even after 1000 h of immersion, although corrosion pits were observed. The results of the
present study suggest that the hydrogen absorption of Ti—0.2Pd alloy, as compared with commercial pure titanium, is suppressed in fluoride

solutions.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Titanium and its alloys are widely used as materials in
dental devices such as dental implants, because of its su-
perior corrosion resistance and biocompatibility. However,
titanium is considerably subjected to corrosion in the pres-
ence of fluoride in oral environments [1-9]. Fluoride such as
NaF protects against dental caries. NaF ranging from 2.0%
to 0.2% is generally added to prophylactic agents and tooth-
pastes from pH 3.5 to neutral.

We have recently reported that hydrogen absorption
through corrosion in fluoride solutions results in a pro-
nounced degradation of the mechanical properties and frac-
ture of titanium and its alloys, that is, hydrogen embritte-
ment [10~14]. The mechanisms of hydrogen embrittlement
and the amount of hydrogen absorbed during immersion in

* Corresponding author. Tel.: +81 88 633 7334; fax: +81 88 633 9125.
E-mail address: yokken@dent.tokushima-u.acjp (K. Yokoyama).

0925-8388/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/ jallcom.2005.03.048

fluoride solutions appear to depend strongly on the crys-
talline structure of titanium alloys. In general, for alpha tita-
nium and alpha titanium alloys, hydrogen absorption leads
to the formation of titanium hydride, which plays impor-
tant roles in mechanical properties [15-17]. Upon immersion
in 0.2% acidulated phosphate fluoride (APF) solution, the
amount of absorbed hydrogen in alpha titanium (commercial
pure titanium) [18] is approximately 300 mass ppm, whereas
those in alpha—beta titanium (Ti~6A1-4V) [19] and beta tita-
nium (Ti-11.3Mo—6.6Zr—4.3Sn) alloys [20] are 30-50 and
2000-3500 mass ppm, respectively. It is desirable to sup-
press hydrogen absorption as much as possible, although the
amount of absorbed hydrogen is not necessarily the sole cri-
terion for hydrogen embrittlement.

Adding a small quantity of palladium to titanium has been
considered to be one of the methods of suppressing hydrogen
absorption of titanium {21]. Ti~Pd alloy is an alpha titanium
alloy and has a high corrosion resistance in various solutions
[22-28]. Nakagawa et al. [29-31] demonstrated by electro-
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chemical methods that the corrosion resistance of Ti--Pd alloy
is higher than that of pure titanium in fluoride solutions. Ti-Pd
alloy is anticipated to be useful as a new alpha titanium alloy
in dental implants. However, few studies have been carried
out on hydrogen absorption. Therefore, the hydrogen absorp-
tion properties of Ti—Pd alloy in fluoride solutions must be
investigated.

The objective of the present study is to evaluate the hydro-
gen absorption properties of Ti—Pd alloy in acidic and neutral
fluoride solutions by hydrogen thermal desorption analysis
(TDA). In this article, we focus on comparing the hydrogen
absorption properties of this alloy with those of commercial
pure titanium reported previously [18].

2. Experimental procedures

A Ti-0.2 mass% Pd alloy (Ti—0.2Pd alloy; Daido Steel Co.
Ltd., Nagoya, Japan) wire of 0.50 mm diameter was cut into
specimens of 50 mm length. The chemical composition of the
wire is given in Table 1. Percent in this paper means mass per-
cent, unless otherwise stated. For the comparison, the experi-
mental conditions of the present study were the same as those
of our previous study [18]. The specimens were carefully pol-
ished with 600-grit SiC paper and ultrasonically washed in
acetone for 5 min. The specimens were immersed separately
in 50 ml aqueous solutions of 2.0% and 0.2% APF (0.48 mol/l
NaF +0.18 mol/l H3PO4 and 0.048 mol/l NaF +0.018 mol/l
H3PO4) without applied stress at pH 5.0 at room tempera-
ture (25 4= 2 °C). For the evaluation of the effects of pH on
corrosion and hydrogen absorption, a neutral 2.0% NaF so-
lution (pH 6.5) was prepared. The NaF contents in the 2.0%
and 0.2% APF solutions correspond to those in commercial
prophylactic agents and toothpastes, respectively.

The corrosion potentials of the specimens in test solutions
were measured at room temperature under aerated conditions.
The counter and reference electrodes used were a platinum
electrode and a saturated calomel electrode (SCE), respec-
tively. Measurements were started 10s after immersion in
the test solutions.

The side surface of the immersed specimens was observed
by scanning electron microscopy (SEM). The corrosion prod-
ucts on the surface of the immersed specimens were examined
using an X-ray diffractometer with Cu Ko radiation at a wave-
length 1 =1.54056 A in 26 angles ranging from 10° to 90°
operatedat 40kV and 30 mA. The mass and diameter changes

Table 1

Chemical composition of Ti~0.2Pd alloy tested (mass%)

C 0.01

H 0.0010
O 0.06

N 0.005
Fe 0.03

Pd 0.21

Ti Balance

of the specimens were measured using a microbalance and
a micrometer caliper, respectively. Standard deviations were
calculated from the results obtained from five specimens.

The amount of desorbed hydrogen was measured by TDA
for the immersed specimens. The immersed specimens were
cut at both ends and subjected to ultrasonic cleaning with
acetone for 2 min. Subsequently, the specimens were dried
in ambient air and then subjected to TDA, which was started
30min after the removal of specimens from the test solu-
tions. A quadrupole mass spectrometer (ULVAC, Kanagawa,
Japan) was used for hydrogen detection. Sampling was con-
ducted at 30 s intervals at a heating rate of 100 °C/h.

3. Results and discussion

The shifts of the corrosion potentials of Ti—0.2Pd al-
loy specimens in test solutions under aerated conditions are
shown in Fig. 1. The corrosion potentials of the specimens
in 2.0%, 0.2% APF and 2.0% NaF solutions reached —0.75,
—0.65 and —0.30 V (versus SCE), respectively. The corro-
sion potentials of the Ti—0.2Pd alloy, compared with those of
commercial pure titanium [ 18], located in the noble direction
under the same conditions. These results agree with those ob-
tained by Nakagawa et al. [29-31]. Stern and Wissenberg [22]
demonstrated that Ti—Pd alloys markedly improve corrosion
resistance to H>SO4, HC1 and other reducing-type solutions,
since the mixed potentials of Ti—Pd alloys are more noble than
the critical potential for passivity of pure titanium. Armstrong
etal. [25] proved that when Ti—Pd alloys undergo corrosion in
H, S04 solution, palladium enrichment at the surface occurs,
thereby improving corrosion resistance. Similarly, in fluo-
ride solutions, palladium enrichment at the surface has been
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Fig. 1. Changes in corrosion potentials of Ti~0.2Pd alloy specimens in 2.0%,
0.2% APF and 2.0% NaF solutions.
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Fig. 2. XRD patterns for the surface of Ti~0.2Pd alloy specimens; (a) nonim-
mersed, (b) immersed in 2.0% APF solution for 24 h, (¢) immersed in 0.2%
APF solution for 24 h and (d) immersed in 2.0% NaF solution for 1000 h.

observed [29]. The improvement in the corrosion resistance
of Ti~Pd alloys in fluoride solutions has been discussed pre-
viously [29-31]; hence, further discussion is omitted in the
present report.

Fig. 2(a) shows the results of X-ray diffraction (XRD)
measurements of the side surface of the nonimmersed
Ti~0.2Pd alloy specimen; alpha titanium peaks were ob-
served. The XRD pattern of the surface of the specimen
immersed in the 2.0% APF solution for 24h is shown in
Fig. 2(b); sodium titanium fluoride (Na3TiFs) and titanium
hydride (TiH, ) were identified. This result is consistent with
that of commercial pure titanium immersed in the 2.0% APF
solution {18]. For the surface of the Ti-0.2Pd alloy specimens
immersed in the 0.2% APF solution for 24 h (Fig. 2(c)), TiHh
was identified, but corrosion products were not detected even

after 240h of immersion. In the case of commercial pure
titanium immersed in the 0.2% APF solution for 24 h, not
only TiH, but also titanium fluoride (TiF;) was identified in
our previous study [18]. For the surface of the Ti-0.2Pd al-
loy specimen immersed in the 2.0% NaF solution even for
1000 h, neither corrosion products nor titanium hydrides were
detected, as shown in Fig. 2(d).

On the side surface of the nonimmersed Ti—0.2Pd alloy
specimen, scratches due to SiC paper polishing during spec-
imen preparation were observed, as shown in Fig. 3(a) and
(b). After the 24 h immersion in the 2.0% APF solution, crys-
talline corrosion products deposited on the surface of the
specimen, as shown in Fig. 3(c). The corrosion products were
5-10 pm in diameter, as shown in Fig. 3(d); they very readily
peeled off from the surface. The topography of the surface
of the Ti—0.2Pd alloy specimen subjected to corrosion was
different from that of commercial pure titanium reported pre-
viously [18], although the type of corrosion product was the
same. As shown in Fig. 3(e), general corrosion was observed
on the surface of the Ti—0.2Pd alloy specimen immersed in the
0.2% APF solution for 24 h. The surface showed corrosion,
the scratches due to SiC paper polishing disappeared and the
surface became smooth. Corrosion pits were observed at a
high magnification (Fig. 3(f)). On the basis of surface ob-
servation, the Ti—0.2Pd alloy in the 0.2% APF solution is
presumably less susceptible to corrosion than commercial
pure titanium {18]. Fig. 3(g) and (h) shows the surface of the
Ti—0.2Pd alloy specimen immersed in the 2.0% NaF solution
for 1000 h. Innamerable corrosion pits were revealed on the
entire surface, although scratches due to SiC paper polishing
remained. For the 24 h immersion in the 2.0% NaF solution,
corrosion pits were rarely observed.

The mass and diameter changes of Ti—0.2Pd alloy spec-
imens immersed in the test solutions as functions of im-
mersion time are shown in Figs. 4 and 5, respectively. The
mass of the specimen immersed in the 2.0% APF solution
decreased linearly with immersion time, although the data
points were scattered widely. One reason for the scatter was
the peeling of corrosion products. For more than 120 h, the
mass loss of the Ti—0.2Pd alloy specimen was larger than
that of commercial pure titanium specimen (approximately
0.10 mg/mm?) {18]. The diameter of the Ti-0.2Pd alloy spec-
imen immersed in the 2.0% APF solution decreased with
immersion time, although it sometimes increased during the
early stage of the immersion. The diameter increase due to
corroston products deposited on the surface of the specimen
appears to be larger than the diameter loss arising from dis-
solution and/or peeling. It is noteworthy that the diameter
loss of the Ti—0.2Pd alloy specimen was larger than that of
commercial pure titanium specimen [18] for all immersion
times, because the corrosion products of the Ti—0.2Pd al-
loy specimen easily peeled off the surface. This peeling may
be related to TiH; formation. The diameter loss will result
in fracture due to the reduction in the cross-section of the
specimen, if immersion tests under applied stress are con-
ducted.
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Fig. 3. SEM images of a typical side surface: (a) low-magnification and (b) high-magnification views of 2 nonimmersed specimen; (¢) low-magnification and
(d) high-magnification views of a specimen immersed in 2.0% APF solution for 24 h; (¢) low-magnification and () high-magnification views of a specimen
immersed in 0.2% APF solution for 24 h; and (g) low-magnification and (h) high-magnification views of a specimen immersed in 2.0% NaF solution for 1000 h.

After the immersion in the 0.2% APF solution, the mass
and diameter decreased gradually, and then mass and diame-
ter losses saturated. The mass loss of the Ti—0.2Pd alloy speci-
men was one-half that of commercial pure titanium specimen
[18], whereas the diameter loss of the Ti—0.2Pd alloy speci-
men was slightly large. The reason for this is likely that corro-
sion products rarely deposited on the surface of the Ti-0.2Pd
alloy in the 0.2% APF solution. In the 2.0% NaF solution,
the mass and diameter changes of the Ti—0.2Pd alloy speci-

mens were negligible even after 1000 h immersion, although
corrosion pits were observed.

The representative hydrogen-thermal-desorption curves
of the Ti—0.2Pd alloy specimens immersed in the 2.0% and
0.2% APF solutions for various periods are shown in Fig. 6(a)
and (b), respectively. In the figures, the desorption curve ofthe
nonimmersed specimen is also included. For the specimens
immersed in the 2.0% APF solution, a primary desorption ap-
peared at 400-700 °C, and a broad desorption was observed
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Fig. 4. Mass changes of Ti-0.2Pd alloy specimens immersed in 2.0% and
0.2% APF solutions. Standard deviation was calculated from the results of
five specimens.

ranging from 100 to 400°C. The desorption at the high-
temperature region increased with immersion time, while
that at the low-temperature region hardly changed. When the
desorption behavior of commercial pure titanium reported
previously {18,32] is compared, the desorption at the low-
temperature region is clearly noticed for that of the Ti-0.2Pd
alloy. In particular, the desorption-start temperature of the
Ti-0.2Pd alloy was 100 °C lower than that of commercial
pure titanium. For commercial pure titanium with a large
amount of titanium hydride in the surface layer, the desorp-

Hydrogen desorption rate (mass ppav/min)

Immersion time (h)

Fig. 5. Diameter changes of Ti-0.2Pd alloy specimens immersed in 2.0%
and 0.2% APF solutions. Standard deviation was calculated from the results
of five specimens.

tion at the low-temperature region (200-300 °C) often results
from the dissociation of the hydride [32]. The temperature of
the dissociation of the hydride of the Ti~0.2Pd alloy might
be lower than that of commercial pure titanium. The primary
desorption of immersed Ti-0.2Pd alloy specimens shifted to
the high-temperature region, compared with that of the non-
immersed Ti—0.2Pd alloy specimen. The origin of this shift is
probably analogous to that of commercial pure titanium im-
mersed in the 2.0% APF solution. Details have been reported
in our previous article [32].
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In the case of the Ti—0.2Pd alloy specimens immersed in
the 0.2% APF solution, a single desorption peak was observed
at 600 °C. Similarly to commercial pure titanium [18,32], it
appears that the amount of the hydride was small, thereby the
desorption did not occur at the low-temperature region.

The amount of desorbed hydrogen was calculated by inte-
grating desorption peak intensity up to 800 °C. The amount of
desorbed hydrogen is shown in Fig. 7 for the Ti~0.2Pd alloy
specimens immersed in 2.0% and 0.2% APF solutions. The
amount of desorbed hydrogen for the nonimmersed specimen
obtained from TDA, that is, predissolved hydrogen content,
was 34 mass ppm. Thus, the amount of hydrogeén absorbed
during the immersion test can be calculated by subtracting
predissolved hydrogen content from the amount of desorbed
hydrogen. The behavior of hydrogen absorption was consis-
tent with that of mass (Fig. 4) and diameter (Fig. ) changes.
In the 2.0% APF solution, the amount of absorbed hydrogen
increased with immersion time, although the data points were
scattered. For commercial pure titanium reported previously
{18], the amount of hydrogen absorbed during immersion in
the 2.0% APF solution saturated to 800-900 mass ppm after
72h. Up to 120h, the amount of absorbed hydrogen of the
Ti-0.2Pd alloy specimens was lower than 500 mass ppm, sug-
gesting the suppression of hydrogen absorption. However, it
should be noticed that the amount of absorbed hydrogen of
the Ti—0.2Pd alloy was larger than that of commercial pure
titanium after more than 120 h of immersion.

Upon the immersion in the 0.2% APF solution, the amount
of absorbed hydrogen of the Ti—0.2Pd alloy specimens satu-
rated to approximately 100-200 mass ppm. For commercial
pure titanium under the same conditions, hydrogen absorp-
tion saturated up to approximately 300 mass ppm for 48h
of immersion [18]. In the 0.2% APF solution, hydrogen ab-

_._11...

sorption of the Ti—0.2Pd alloy was certainly suppressed in
comparison with commercial pure titanium. The hydrogen
absorption of commercial pure titanium generally saturates
in association with the hydride formation at the surface layer
[33]. For the Ti~0.2Pd alloy, the saturation of hydrogen ab-
sorption is perhaps attributable to a high corrosion resistance
as well as the hydride formation.

When the amount of absorbed hydrogen exceeds a few
hundred mass ppm, the mechanical properties of alpha ti-
tanium degrades [34]. In the present study, the amounts of
absorbed hydrogen of Ti—-0.2Pd alloy specimens immersed
in 2.0% and 0.2% APF solutions exceed 100 mass ppm even
for 24 h immersion. The hydrogen concentration near the sur-
face of the immersed Ti—0.2Pd alloy specimens appears to be
considerably high due to the hydride formation, similar to the
case of commercial pure titanium reported previously [32].
Moreover, in the early stage of the immersion, the amounts of
absorbed hydrogen of Ti—0.2Pd alloy specimens immersed in
2.0% and 0.2% APF solutions were almost the same. These
findings suggest that the time to fracture is not significantly
different between a specimen in 2.0% APF solution and that
in 0.2% APF solution under a sustained tensile-loading test.

After the immersion in the 2.0% NaF solution, the incre-
ment in hydrogen desorption was scarcely confirmed irre-
spective of immersion time within 1000h. However, since
the amount of absorbed hydrogen generally increases with
immersion temperature {35], the Ti—0.2Pd alloy may absorb
hydrogen at 37 °C. For commercial pure titanium, the amount
of absorbed hydrogen was 10—30mass ppm in the 2.0% NaF
solution at 37 °C for 1000 h [36]. Furthermore, the applied
stress occasionally enhances the hydrogen absorption and/or
corrosion [20]. Under the sustained tensile-loading test in
the 2.0% NaF solution, commercial pure titanium fractures
within 1000 h even at 25 °C [12], whereas the alpha-beta ti-
tanium {19] and beta titanium alloys [11] do not fracture. It is
therefore necessary to confirm in future studies whether the
mechanical properties of Ti—Pd alloys degrades under applied
stress in neutral fluoride solutions.

4. Conclusions

In this study, we have evaluated the hydrogen absorp-
tion properties of Ti~0.2Pd alloy immersed in fluoride so-
lutions using TDA. During the early stage of the immersion
in the 2.0% APF solution, the amount of absorbed hydro-
gen is lower than 500 massppm, which is lower than that
of commercial pure titanium. In the 0.2% APF solution,
the amount of absorbed hydrogen of the Ti~0.2Pd alloy is
100-200 mass ppm and one-half or two-thirds of that of com-
mercial pure titanium. In neutral 2.0% NaF solution, hydro-
gen absorption is negligible. Immersion tests under an ap-
plied stress, for example, a sustained tensile-loading test, are
necessary to conclude whether the degradation of mechani-
cal properties is caused by a marked diameter loss associated
with hydrogen absorption and/or corrosion.
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Abstract

The distribution and thermal desorption behavior of hydrogen in alpha titanium (commercial pure titanium) and beta titanium alloy
(Ti—11.3Mo~6.6Zr—4.38n) immersed in acidic fluoride solutions (pH 5.0, 25 & 2 °C) have been investigated. For alpha titanium, most of the
hydrogen absorbed in the fluoride solution existed as titanium hydride within approximately 50 pum from the surface of the specimen. The
local hydrogen concentration in the vicinity of the surface was evaluated above 5000 mass ppm. Hydrogen thermal desorption was observed
in the temperature range from 200 to 700 °C. It is likely that the desorption at a low temperature resulted from the dissociation of the hydride,
whereas that at a high temperature was caused by hydrogen strongly trapped in matrix defects induced by hydride formation. For the beta
titaniumn alloy, the absorbed hydrogen diffused toward the center of the specimen without hydride forming. Hydrogen was almost uniformly
distributed over the whole cross-section of the specimen, although hydrogen content was high at the surface layer of the specimen. Hydrogen
desorption appeared in the range from 400 to 600 °C, implying that the absorbed hydrogen was mostly hydrogen in solution. The corrosion
product (TiF3) on the surface of the specimen caused the desorption temperature to rise more than 100 °C, suggesting the origin of the scatter

of desorption behavior.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Titanium; Corrosion; Hydrogen embrittlement; Thermal desorption analysis; Fluoride

1. Introduction

Hydrogen thermal desorption analysis (TDA)is one of the
few means of characterizing hydrogen in various materials
[1-8]. The desorption behavior such as desorption temper-
ature and the amount of desorption provide information on
the state of hydrogen in materials. The state of hydrogen,
e.g., hydride, weakly or strongly trapped at defects and
in solution, as well as the hydrogen content greatly affect
mechanical properties. Hydrogen desorbed at around room
temperature is associated with diffusive hydrogen resulting
in the pronounced degradation of mechanical properties
of high-strength steel [7,9]. Hydride formation often leads
to ductility loss of titanium and its alloys [10,11]. The

* Corresponding author. Tel.: +81 88 633 7334; fax: +81 88 633 9125.
E-mail address: yokken@dent tokushima-u.ac jp (K. Yokoyama).

0925-8388/8 — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j jallcom.2004.12.041

thermal dissociation behavior of titanium hydride formed
in commercial pore titanium by cathodic hydrogen charging
was investigated by Takasaki et al. [3] using TDA, high-
temperature X-ray diffractometry and differential thermal
analysis (DTA). On the other hand, no hydride forms in many
beta titanium alloys, since quite a large amount of hydrogen
can be achieved in solid solution prior to hydride formation.
In this case, hydrogen embrittlement is considered to be due
to hydrogen-induced decohesion [12]. Correlations between
hydrogen states and the hydrogen desorption behavior of beta
titanium alloys have not been well known, and are important
in understanding the influence of hydrogen on mechanical
behavior.

Alpha titanium (pure titanium) and beta titanium alloys
are widely used as dental applications such as implants and
orthodontic wires, but they are subjected considerably to cor-
rosion in the presence of fluoride contained in prophylactic
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agents and toothpastes [13—18]. We have recently demon-
strated using TDA that hydrogen absorption of alpha titanium
[19,20] and beta titanium alloy [21,22] occurs in acidulated
phosphate fluoride (APF) solutions, thereby causing the
pronounced degradation of mechanical properties. For alpha
titanium [20], the thermal desorption behavior of hydrogen
absorbed in APF solutions was not always in agreement with
that of cathodic~charged hydrogen. In the case of Ni~Ti su-
perelastic alloy, the desorption behavior strongly depends on
hydrogen absorbing conditions such as the type of immersing
solution [23-25]. Furthermore, the desorption behavior of al-
pha titanium changes with fluoride concentration and immer-
sion time {20], even though the amount of absorbed hydrogen
was the same. The cause of the desorption behavior changes
of not only alpha titanium but also that of the beta titanium
alloy are not understood. The desorption behavior of titanium
and its alloys immersed in APF solutions must be charac-
terized. Moreover, since the amount of hydrogen obtained
from TDA is the average value over the entire specimen, it
is necessary to evaluate local hydrogen concentration in the
specimen. )

The purpose of the present study is to evaluate hydrogen
distribution and to analyze the hydrogen thermal desorption
behavior of alpha titanium and beta titanium alloy immersed
in APF solutions.

2. Experimental

Alpha titanium, i.e., commercial pure titanium, wire (Nip-
pon Mining & Metals Co., Ltd., Japan) with a diameter of
0.50mm and the beta titanium wire (TMA; Ormco Cor-
poration, Glendora, CA) with a diameter of 0.45 mm were
cut into specimens of 50 mm length, the chemical compo-
sitions of which are given in Table 1. After polishing the
surface of the specimens with 600-grit SiC paper, they were
ultrasonically washed in acetone for 5 min. The specimens
were immersed separately in 50ml of aqueous solutions of
2.0% or 0.2% APF (0.48M NaF +0.18 M H3POy4 or 0.048 M
NaF +0.018 M H3PO4) with pH 5.0 at room temperature
(25 +2°C). To evaluate hydrogen distribution in immersed
specimens, the surfaces of the immersed specimens were
ground every 25 pm. The surface grinding was carefully con-
ducted with 180-grit SiC paper by measuring a micrometer
caliper.

The surfaces of nonground and ground specimens im-
mersed in test solutions were examined using X-ray diffrac-
tion (XRD) analysis with Co Ka radiation of wavelength

1=1.78897 A in the 26 angle range from 10° to 90° operated
at40kV and 20mA.

TDA was performed in a vacuum at 107%Pa with a
quadrupole mass spectrometer (ULVAC, Kanagawa, Japan).
Sampling time was at 30-s intervals at a heating rate of
100 °C/h. Immersed specimens were subjected to ultrasonic
cleaning with acetone for 2min immediately before mea-
surement. TDA was started 60 min after the removal of the
specimens from test solutions.

3. Results and discussion
3.1. Alpha titanium

Fig. 1(a) shows the results of the XRD measurement for the
side surface of the nonground alpha titanium specimen im-
mersed in the 2.0% APF solution for 120 h. Sodium titanium
fluoride (Na3TiF¢) and titanium hydride (TiH,) were iden-
tified. The diameter of the nonground specimen increased
from 0.50 to 0.52mm, since corrosion products (NasTiFg)
deposited on the surface of the specimen [20]. The XRD pat-
terns of the specimen ground up to 0.50, 0.45 and 0.40 mm
diameters are shown in Fig. 1(b)-(d), respectively. The hy-
dride was identified in the 0.50- and 0.45-mm diameter spec-
imens, whereas it was not detected in the 0.40-mm diameter
specimen. Thus, the thickness of the hydride layer was ap-
proximately 50 pum for the specimen immersed in the 2.0%
APF solution for 120 h. It was reported that the electrochem-
ically formed hydride at several tens of micrometers from
the surface of alpha titanium prevents hydrogen diffusion to
the center of the specimen at room temperature [26,27]. This
hydride also serves as a barrier to further enhance hydrogen
absorption.

In our previous result obtained by TDA [20], the amounts
of absorbed hydrogen in nonground specimens immersed in
2.0 and 0.2% APF solutions for 120 h were approximately
900 and 300 mass ppm, respectively. However, these amounts
of hydrogen obtained from TDA were average value over the
entire specimen. In the present study, hence, the hydrogen
concentration corresponding to the distance from the sur-
face was evaluated from the immersed specimens ground
surface. Fig. 2 shows the hydrogen distribution of the speci-
men immersed in 2.0 and 0.2% APF solutions for 120 h. The
major portion of absorbed hydrogen existed within approx-
imately 50 pm from the surface. Hydrogen hardly diffused
toward the center of the specimen. The hydrogen contents
within 20 pum from the surface of specimens immersed in 2.0

Table 1
Chemical compositions of tested alpha titanium and beta titanjum alloy (mass%)

Ti C H N Fe Mo Zr Sn
Alpha titanium Balance 0.003 0.0010 0.107 0.003 0.026 - - -
Beta titanium alloy 77.8 - - - - 113 6.6 43
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and 0.2% APF solutions were evaluated at approximately
5000 and 2000 mass ppm, respectively. The hydrogen distri-
bution obtaimed by TDA is in accord with that obtained by
the above-mentioned XRD measurement. It is likely that ab-
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Fig. 1. XRD patterns of (a) nonground surface and surfaces ground to (b)
0.50mm, (c) 0.45mm and (d) 0.40 mm for alpha titanium specimens im-
mersed in 2.0% APF solution for 120h.
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Fig. 2. Hydrogen concentration evaluated from TDA as function of distance
from surface of alpha titanium specimens immersed in 2.0 and 0.2% APF
solutions for 120 h.

sorbed hydrogen mostly existed in alpha titanium as titanium
hydride.

Hydrogen thermal desorption curves from nonground and
ground specimens immersed in 2.0% APF solution for 120 h
is shown in Fig. 3(a). For nonground specimen, a primary
desorption was observed ranging from 400 to 700°C, and a
secondary desorption also appeared at around 300°C. The
amount of primary desorption decreased with decreasing
specimen diameter. Note that the peak temperature of the
primary desorption shifted from 500 to 600 °C in the spec-
imen diameter range 0.52 (nonground) to 0.45mm and the
secondary desorption disappeared for the diameter of less
than 0.45 mm.

Although a wide temperature range of hydrogen thermal
desorption suggests that there are different states of hydrogen
in alpha titanium, we wish to focus on the effects of the hy-
dride on the desorption behavior in the present study. On the
basis of the titanium-hydrogen phase diagram [28], titanium
hydride in alpha titanium dissociates at 300 °C. The hydride
dissociation ranging from 100 to 300 °C was microscopi-
cally observed by McKinsey et al. [29], who reported that
although the hydride dissociated partially after 1 hat 300°C,
the hydride dissociation occurred completely after 24h at
300°C or after 1 h at 400 °C. Takasaki et al. [3] also showed
that from the results of high-temperature XRD analysis and
DTA, the electrochemically formed titanium hydride dissoci-
ated up to 300 °C; however, hydrogen thermal desorption ap-
peared ranging from 380 to 650 °C at a heating rate 3060 °C/h.
The reason for no hydrogen desorption during the dissocia-
tion process is considered to be that hydrogen atom diffused
and/or dissolved into the specimen after hydride dissocia-
tion. In the present study, the thermal desorption behavior of
0.45 mm diameter specimen immersed in the 2.0% APF so-
lution for 120 h almost agreed with that reported by Takasaki
et al. [3]. Nevertheless, it should be noted that hydrogen des-
orption of nonground and 0.50-mm diameter specimens ap-
peared at around 300 °C. Because hydrogen or hydride con-
tent of the surface layer of these specimens was very high as
shown in Fig. 2, it appears that hydride dissociation did not
finish completely at 300 °C at a heating rate of 100 °C/h. The
remaining hydride probably inhibited hydrogen to diffuse to-
ward the center of the specimen. Therefore, some hydrogen
in the vicinity of the surface of the specimen desorbed from
the specimen at around 300 °C. On the other hand, since the
hydride layer of 0.45 mm diameter specimen was thin, it is
likely that the hydride easily dissociated and hydrogen dif-
fused to the center of the specimen after hydride dissociation;
the desorption at around 300 °C was not observed.

Upon hydride formation, the matrix around the hydride is
subjected to a large stress because of the large specific volume
of the hydride; the stress appears to be accommodated either
elastically or plastically [30]. That is, the hydride formation
leads to defect nucleation in the matrix. For specimens
containing hydride, i.e., nonground, 0.50- and 0.45-mm
diameter specimens, hydrogen desorption at 600-700°C
is perhaps interpreted as hydrogen trapped strongly in
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Fig. 3. Hydrogen thermal desorption curves from nonground or ground alpha titanium specimens immersed in (a) 2.0% and (b) 0.2% APF solutions for 120 h.

matrix defects. When hydrogen traps strongly in defects,
hydrogen desorption often shifts to higher temperature [6].
In contrast, for specimens without hydride, i.e., as-received
(nonimmersed) and 0.40-mm diameter specimens, the reason
for no hydrogen desorption at 600700 °C is probably due
to the absence of such defects. The analysis of hydrogen
desorption behavior at a high-temperature region may be
essential for detecting defects in alpha titanium.

For the immersion in the 0.2% APF solution for 120h
(Fig. 3(b)), hydrogen desorption appeared with a single peak
at approximately 450 °C irrespective of the specimen diame-
ter. The diameter of the nonground specimen was 0.48 mm as
a result of dissolution by corrosion or peeling of the surface
layer [20]. For specimen containing hydride, i.e., nonground
specimen, the desorption at a high temperature was observed,
whereas for specimens without hydride, i.e., 0.45- and 0.40-
mm diameter specimens, desorption at above 500°C was
bardly observed. These results are analogous to the case of
that of specimens immersed in the 2.0% APF solution.

3.2. Beta titanium alloy

The diffusion constant of hydrogen in beta titanium at
room temperature is of the order of 101! m?/s [31], which is
sufficient that hydrogen diffuses from the surface to the cen-
ter of the specimen, without taking into account the effects
of hydrogen trapping. Our previous results [21] of Vickers
microhardness measurements from the surface to the center
of the specimen and fractography indicate that hydrogen dif-
fuses toward the center of the beta titanium alloy immersed
in APF solutions at room temperature. No hydride forma-
tion was detected on the surface of the beta titanium alloy
mmmersed in APF solutions by XRD measurements.

Table 2
Diameter of beta titanium alloy specimens immersed in 2.0 and 0.2% APF
solutions for various periods

Immersion  Diameter of specimen Diameter of specimen

time (h) immersed in 2.0% APF mmersed in 0.2% APF
solution (mm) solution (mm)

0 0.450£0.0022 0.450-£0.0022

6 0.433 4:0.0027 -

12 0.414 4 0.0055 -

24 0.348:£0.0084 0.452+0.0027

60 - 0.455 +0.0061

120 - 0.415 £ 0.0050

240 - 0.407 £0.0067

Standard deviation was calculated from five specimens.

Table 2 gives the diameters of specimens immersed in
2.0 and 0.2% APF solutions as functions of immersion time.
The decrease in diameter is due to the peeling of the surface
and dissolution by corrosion. The diameter of specimens im-
mersed in the 0.2% APF solution up to 60 h slightly increased
with the deposition of corrosion products on the surface of the
specimen. The corrosion products on the surface of the spec-
men immersed in the 2.0% APF solution were NasTisF 4
and Na3 TiF¢, while that in the 0.2% APF solution was TiF3
[22].

Fig. 4 shows the evaluated distribution of hydrogen ob-
tained by TDA of ground specimens immersed in the 2.0%
APF solution for 24 h and the 0.2% APF solution for 60 h.
The average contents of hydrogen in both specimens were
approximately 4000 and 2500 mass ppm, respectively. In the
immersion in the 2.0% APF solution for 24 h, hydrogen con-
tent at the surface of the specimen was much higher than that
at the center of the specimen. The original surface in the range
of 0—50 wm peeled and dissolved by corrosion in the 2.0%
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Fig. 4. Hydrogen concentration evaluated from TDA as function of distance
from surface of beta titanium alloy specimens immersed in 2.0% APF solu-
tion for 24 h and 0.2% APF solution for 60 h.

APF solution. In the 0.2% APF solution for 60 h, hydrogen
distributed uniformly in the center of the specimen. Because
hydrogen absorption saturated due to the formation of cor-
rosion products in the 0.2% APF solution after 48h [22], it
appears that hydrogen at the surface adequately diffused to
the center of the specimen.

The hydrogen thermal desorption curves of nonground
and ground specimens immersed in the 2.0% APF solution
for 24h are shown in Fig. 5(a). The desorption peak
temperature slightly shifted to the lower side with decreasing
specimen diameter. Fig. 5(b) shows the desorption curves
from nonground and ground specimens immersed in the 0.2%
APF solution for 60h. The desorption behavior of ground
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Fig. 6. Hydrogen thermal desorption curves for nonground beta titaniom
alloy specimens immersed in 0.2% APF solution for up to 240 h.

specimens hardly differed from the diameter. The desorption
temperature range of the nonground specimen was higher
than that of ground specimens. On carefully removing the
corrosion product (TiF3) from the surface of the nonground
specimen, the desorption behavior became almost the same
as that of the ground specimens. For Mg-Ni-H alloys [32],
the oxide film on the surface of the specimen results in a peak
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Fig. 5. Hydrogen thermal desorption curves for nonground or ground beta titanium alloy specimens immersed in 2.0% APF solution for 24 h and 0.2% APF

solution for 60 h.
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shift of hydrogen desorption to a higher temperature of more
than 100 °C. Thus, it seems that this corrosion product on
the surface of the specimen obstructed hydrogen desorption.

Changes in the desorption behavior of the nonground spec-
imen immersed in the 0.2% APF solution for various periods
(Fig. 6) are perhaps due to this corrosion product, since the
product partially peeled off during not only the immersion
test but also ultrasonic cleaning before TDA. In the case of
the specimen immersed in the 2.0% APF solution, such ef-
fects of the corrosion products on the desorption behavior
were small as shown in our previous article {22]. These re-
sults suggest that corrosion product conditions including type
and distribution sometimes influence thermal desorption be-
havior. Consequently, it is likely that absorbed hydrogen in
the beta titanium alloy distributed uniformly as in solution
trrespective of hydrogen content.

In a separate experiment, we observed that the desorp-
tion behavior of alpha titanium and beta titanium alloy did
not change when immersed specimens were maintained at
room temperature for 1 month, suggesting that the absorbed
hydrogen was mostly nondiffusive in nature. The effects of
other states of hydrogen on the desorption behavior should
be investigated in future studies.

4. Conclusions

Distribution and thermal desorption behavior of hydro-
gen in alpha titanium and beta titanium alloy immersed in
2.0 and 0.2% APF solutions have been examined. For alpha
titanium, local hydrogen content in the vicinity of the sur-
face of specimen is evaluated above 5000 mass ppm. Most
of the absorbed hydrogen exists as titanium hydride within
approximately 50 m from the surface of the specimen. Hy-
drogen desorption at the lower temperature (200-300 °C) is
attributable to the dissociation of the hydride. For the beta
titanium alloy, hydrogen distribution is almost uniform over
the whole of the specimen without hydride forming, although
hydrogen content is high at the surface layer of the specimen.
Hydrogen concentration and distribution influence the des-
orption behavior of alpha titanium, while it hardly influence
that of beta titanium alloy. Corrosion products on the surface
of the specimen sometimes strongly affect the desorption be-
havior.
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Abstract

The susceptibility to delayed fracture of the alpha-beta titanium alloy Ti-6A1-4V has been
investigated in acidic and neutral fluoride solutions at room temperature. The time to fracture
decreased with increasing applied stress in 2.0% and 0.2% acidulated phosphate fluoride (APF)
solutions at pH 5.0. The time to fracture in the 2.0% APF solution was shorter than that in the
0.2% APF solution, although at an applied stress higher than 1000 MPa, the times to fracture
were almost the same in both the solutions. For immerston in the 0.2% APF solution, when
the applied stress was lower than 700 MPa, delayed fracture did not occur within 1000 h.
The fracture surface of specimens immersed in the 2.0% APF solution exhibited brittleness
associated with hydrogen absorption, while that in the 0.2% APF solution was ductile and
characterized macroscopically as having a cup—cone morphology. The amounts of hydrogen
absorbed in 2.0% and 0.2% APF solutions for 24 h were approximately 200 and 30 mass
ppm, respectively. As the immersion time increased, the amount of hydrogen absorbed in
the 2.0% APF solution increased, whereas that in the 0.2% APF solution hardly increased.
In neutral 2.0% and 0.2% NaF solutions, the delayed fracture did not occur within 1000 h,
although general corrosion was observed. These results indicate that the susceptibility to
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delayed fracture of alpha-beta titanium alloy, compared with those of the alpha titanium and
beta titanium alloy reported previously, is low in acidic and neutral fluoride solutions.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Alpha-beta titanium alloys such as Ti-6A1-4V and Ti-6Al-7Nb are used increas-
ingly in biomedical applications because their mechanical properties are much better
than those of pure titanium. Moreover, the alloys have a high corrosion resistance
equivalent to pure titanium and good biocompatibility [1-6]. In the oral environ-
ment, however, the corrosion resistance of titanium and its alloys is not satisfactory
[7]. In the presence of fluoride such as NaF, the corrosion resistances of titantum and
its alloys are markedly reduced [8-25]. A concentration of 0.2-2.0% NaF is present
in commercial toothpastes and prophylactic agents for caries prevention. It has been
reported that discoloration of titanium occurs even when a small amount of fluoride
is released from glass ionomer cements [26].

In addition, titanium devices sometimes fracture in the oral cavity after a long
period of use [27-31]. The mechanism of the fracture of titanium devices has several
complicated causes. The authors of this paper have recently insisted that one of the
causes of fracture is the degradation of the mechanical properties associated with
hydrogen absorbed in a biological environment [32-41]. Hydrogen absorption may
result from the breakdown of a passive film on the surface of titanium and its alloys.
Commercial pure titanium, ie., alpha titanium [38,39], and beta titanium alloy
[40,41] absorb substantial amounts of hydrogen from acidic fluoride solutions, there-
by causing pronounced degradation of their mechanical properties. Because hydro-
gen embrittlement of alpha-beta titanium alloys is an important issue from the
industrial point of view, it has been extensively investigated by cathodic hydrogen
charging or exposure to gaseous hydrogen [42-49]. When the hydrogen content
exceeds a few hundreds mass ppm, the mechanical properties of the alloys degrade.
However, no data exist for the hydrogen embrittlement of alpha—beta titanium alloys
in fluoride solutions. Furthermore, the hydrogen embrittlement characteristic of
alpha-beta titanium alloys does not always agree with those of alpha titanium
and beta titanium alloys. It is therefore necessary to confirm experimentally whether
hydrogen embrittlement of the alloys occurs in fluoride solutions. The understanding
of hydrogen absorption behavior is necessary for the prevention and control of frac-
ture in titanium devices.

The objective of this study is to examine the hydrogen embrittlement of alpha—beta
titanium alloy in fluoride solutions by hydrogen thermal desorption analysis (TDA).
For the evaluation of the susceptibility to hydrogen embrittlement, a delayed-fracture
test was conducted. This article focuses on comparing the delayed fracture properties
in the fluoride solutions of the alpha—beta titanium alloy with those of the alpha tita-
nium [38,39] and beta titanium alloy [40,41] reported previously.
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2. Experimental procedures
2.1. Materials

Commercial Ti-6A1-4V alloy wire with a diameter of 0.50 mm was cut into spec-
imens 150 mm in length. The nominal chemical composition is given in Table 1. The
specimens were polished with 600-grit SiC paper and ultrasonically cleaned in ace-
tone for 5 min. To measure mechanical properties, tensile tests were performed at
room temperature (25* 2 °C) using an Instron-type machine (Autograph AG-
100A, Shimadzu) at a strain rate of 8.33 x 10™* s™!. The vyield strength, i.e., 0.2%
proof strength, and tensile strength were 993 and 1356 MPa, respectively. Hardness
tests were carried out on the transverse cross-section using a Vickers microhardness
tester under an applied load of 0.98 N for 15 s. The mechanical properties of the
specimens are summarized in Table 2. The standard deviation was calculated from
the results for more than five specimens.

2.2. Delayed fracture test

The delayed fracture test, i.e., a sustained tensile-loading test in solution, was car-
ried out at room temperature. The applied stress was calculated as the ratio of the
applied load to the initial cross-sectional area and was varied to determine the frac-
ture life characteristics. The immersion length of each specimen in a solution was 50
mm and the time to fracture of the specimens was determined. The test was termi-
nated when no delayed fracture occurred after more than 1000 h. The test solutions
used were 50 ml each of aqueous solutions of 2.0% or 0.2% acidulated phosphate flu-
oride (APF; 2.0% NaF + 1.7% HsPO4 or 0.2% NaF + 0.17% H3PO,) at pH 5.0, and
2.0% or 0.2% NaF at pH 6.5. Percent in this paper means mass percent unless oth-
erwise stated. Immediately after fracture, the specimens were taken from the solu-
tion, cleaned with acetone and dried in ambient air. The fracture surface and side
surface of the delayed-fracture-tested specimens were examined by scanning electron
microscopy (SEM). The corrosion products on the surface of the immersed speci-
mens and the surfaces after removal of the corrosion products were examined using
an X-ray diffractometer with Cu K, radiation of wavelength A = 1.54056 A in the 26

Table 1

Chemical composition of the Ti-6Al1-4V alloy (mass %)

Ti Al \% Fe C N 6] H
Balance 6.22 4.1 0.22 0.01 0.01 0.18 0.0011
Table 2

Mechanical properties of the Ti-6A14V alloy

Yield strength (MPa) Tensile strength (MPa) Reduction in area (%) Vickers microhardness (Hv)
993 + 38 1356 + 10 21.9+47 33716
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angle range from 10 to 90° with a 2°/min sweep rate operated at 40 kV and 30 mA.
The corrosion products were carefully removed from the surface of the immersed
specimens using 600-grit SiC paper.

2.3. Thermal desorption analysis

The amount of desorbed hydrogen was measured by TDA for specimens sub-
jected to the delayed-fracture test without loading for various periods. Specimens
(50 mm in length) immersed in the solution were cut into 20-mm-long segments
and subjected to ultrasonic cleaning with acetone for 2 min. Each segment was dried
in ambient air and measured. TDA was started 30 min after the removal of a spec-
imen from a solution. A quadrupole mass spectrometer (ULVAC, Kanagawa,
Japan) was used to detect hydrogen. Sampling was conducted at 30-s intervals at
a heating rate of 100 °C/h.

3. Experimental results

The delayed-fracture test results are shown in Fig. 1 in terms of the time to
fracture as a function of applied stress. The arrows in the figure denote a non-
fractured specimen at the elapsed time indicated. The time to fracture decreased
with increasing applied stress in APF solutions. In the applied stress range higher
than 1000 MPa, the time to fracture in the 0.2% APF solution was almost the
same as that in the 2.0% APF solution, although the data points were scattered
widely in the 0.2% APF solution. In the 0.2% APF solution, no delayed fracture
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2 400+
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® 0.2% APF
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Time to fracture (h)

Fig. 1. Plot of time to fracture versus initial applied stress for alpha-beta titanium alloy immersed in APF
and NaF solutions. ~
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occurred within 1000 h when the applied stress was lower than 700 MPa. In this
experiment, crevice corroston appeared neither at the contact point of the specimen
with the vessel nor in the vicinity of the water plane in both solutions. In the neutral
2.0% and 0.2% NaF solutions, no delayed fracture occurred within the stress range
tested, although the surface of each specimen became discolored or corroded after
the test.

The fractographs of the specimen fractured by a tensile test in air are shown in
Fig. 2. The reduction in area was 21.9%. The fracture surface was relatively duc-
tile and was characterized macroscopically as having a cup-cone morphology
(Fig. 2(a)) and microscopically as having small dimples in the central part of
the surface (Fig. 2(b)) and shear dimples in the peripheral part of the surface
(Fig. 2(c)). On the other hand, Figs. 3(a)~(c) show the fractographs of the spec-
mmen in the 2.0% APF solution under an applied stress of 1000 MPa for 72 h.
The fracture surface was classified into two areas, namely, a fracture initiation
area (Fig. 3(b)) and a crack propagation area in the central part of the surface
(Fig. 3(c)). The fracture initiation point could be identified by tracing back the
riverlike flows, and the topography of the fracture initiation area was fairly flat.
The fracture initiation point was always in the vicinity of the surface followed by
radial crack propagation. The feature of the initiation area became clearer with
immersion time. For instance, the initiation area fractured in the 2.0% APF solu-
tion under an applied stress of 400 MPa for 428 h is shown in Fig. 3(d). The
crack propagation area in the central part of the surface appeared as a rough
profile, but it hardly exhibited any features of a ductile fracture mode such as dim-
ple morphology. Figs. 4(a)—(c) show the fractographs of the specimen in the 0.2%
APF solution under an applied stress of 1000 MPa for 68 h. The fracture surface
was characterized macroscopically as having a cup-cone morphology and micro-
scopically as having small dimples and shear dimples. These features of fracture
surface in the 0.2% APF solution were observed for all applied stresses and were
similar to those observed in tensile tests in air rather than those in the 2.0% APF
solution.

On the side surface of specimens before the delayed fracture test, scratches due to
SiC paper polishing were observed, as shown in the SEM images in Figs. 5(a) and
(b). The side surface of the specimen fractured in the 2.0% APF solution under
the applied stress of 1000 MPa for 72 h is shown in Figs. 5(c) and (d). General cor-
rosion and the formation of corrosion products were observed on the surface of the
specimens immersed in the 2.0% APF solution, regardless of the time to fracture.
Figs. 5(e) and (f) show the side surface of a specimen fractured in the 0.2% APF solu-
tion under the applied stress of 1000 MPa for 68 h; the fractured specimens exhibit a
microscopically relatively smooth surface, but macroscopically a significantly rough-
er surface. The scratches on the surface disappeared due to general corrosion, and
peeling of the corrosion products was revealed in both APF solutions. The topogra-
phy of the side surface immersed in the 0.2% APF solution was different from that in
the 2.0% APF solution. In the 2.0% NaF solution, the side surface of the delayed-
fracture-tested specimen under an applied stress of 1100 MPa, which did not fracture
until 1000 h, is shown in Figs. 5(g) and (h). For the specimens tested in NaF
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Fig. 2. SEM images of a typical fracture surface after the tensile test in air: (a) general view, (b) dimple
area in the center of the specimen, and (c) shear dimple area in the peripheral part of the specimen.

solutions, the scratches from SiC paper polishing disappeared as a result of the gen-
eral corrosion.

The X-ray diffraction (XRD) pattern of the side surface of the nonimmersed
specimen is shown in Fig. 6(a). Similarly, the XRD patterns of specimens
immersed in 2.0% and 0.2% APF solutions for 24 h are shown in Figs. 6(b) and
(c), respectively. Sodium titanium fluoride, Na3TiF¢ (monoclinic; a = 0.5543 nm,
b =0.5748 nm, ¢ = 0.8002 nm, B =90.29°), was confirmed on the surface of the
specimen immersed in the 2.0% APF solutions. For the specimen immersed in
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Fig. 3. SEM images of the delayed fracture surface under an applied stress of 1000 MPa in 2.0% APF
solution: (a) general view, (b) fracture initiation site, and (c) crack propagation area. (d) Fracture initiation
site of the delayed fracture surface under an applied stress of 400 MPa in 2.0% APF solution.

the 0.2% APF solution, sodium aluminum fluoride, Naz;AlFs (monoclinic;
a=0.7769 nm, b=0.5593 nm, ¢=0.5404 nm, S =90.18°) was detected. Figs.
6(d) and (e) show the XRD patterns of the specimens immersed in the 2.0% APF
solution for 480 h before and after the removal of their surface layers, respectively;
titanium hydride, gamma-TiH (tetragonal; a = 0.4199 nm, ¢ = 0.4576 nm), was iden-
tified. The hydride was detected on the specimen immersed in the 2.0% APF solution
for more than 480 h.

Fig. 7 shows typical hydrogen thermal-desorption curves for the nonimmersed
specimen and specimens immersed in the 2.0% APF solution for various periods
without applied stress. After immersion in the 2.0% APF solution, the desorption
curves exhibited a single desorption peak at approximately 550 °C; the desorp-
tion temperature ranged from 400 to 700 °C. The progress of hydrogen entry
into the alloy was indicated by increased peak intensity relative to immersion
time. The total amounts of hydrogen desorbed up to 800 °C for the specimens
mmersed in 2.0% and 0.2% APF solutions are shown as functions of immersion
time in Fig. 8. For the nonimmersed specimen, the amount of desorbed hydro-
gen, i.e., the concentration of predissolved hydrogen, was 96 mass ppm. Thus,
the amount of hydrogen absorbed during the immersion test was calculated by
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Fig. 4. SEM images of the delayed-fracture surface under an applied stress of 1000 MPa in 0.2% APF
solution: (a) general view, (b) small dimple area in the center of the specimen, and (¢) shear dimple area in
the peripheral part of the specimen. ‘

subtracting the predissolved hydrogen content from the amount of desorbed
hydrogen. For specimens immersed in the 2.0% APF solution, the amount of
absorbed hydrogen increased with immersion time, and particularly at the later
stage of immersion, the hydrogen absorption was enhanced. The amounts of
absorbed hydrogen for 24 and 600 h were approximately 200 and 9000 mass
ppm, respectively. In contrast, the amount of hydrogen absorbed in the 0.2%
APF solution barely increased with immersion time. The amounts of hydrogen
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surface

fracture surfa

Fig. 5. SEM images of a typical side surface before delayed-fracture test: (a) general and (b) magnified
views; after delayed-fracture test under an applied stress of 1000 MPa in 2.0% APF solution for 72 h: (¢)
general and (d) magnified views; under an applied stress of 1000 MPa in 0.2% APF solution for 68 h: (¢)
general and (f) magnified views; and under an applied stress of 1100 MPa in 2.0% NaF solution for 1000 h:
(g) general and (h) magnified views.
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Fig. 6. XRD patterns for the surface of (a) a nonimmersed specimen, (b) a specimen immersed in 2.0%
APF solution for 24 h, (c) a specimen immersed in 0.2% APF solution for 24 h, (d) before and (e) after
removal of corrosion products from the surface of specimens immersed in 2.0% APF solution for 480 h.

absorbed for 24 and 600 h were approximately 30 and 50 mass ppm, respectively; they
were considerably less than those in the 2.0% APF solution. In the case of the spec-
imens immersed in the NaF solutions, the increment in hydrogen desorption was
negligible.
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Fig. 7. Hydrogen thermal desorption curves from specimens immersed in 2.0% APF solution without
applied stress for various periods.

4. Discussion

One noteworthy finding in this study is that the delayed fracture of alpha-beta
titanium alloy occurs in association with hydrogen absorption in APF solutions,
which is similar to that of our previous studies of alpha titanium, i.e., commercial
pure titanium [38,39], and beta titanium alloy [40,41]. Hence, we mainly compare
these results with others in the literature.

The time to fracture of the alpha—beta titanium alloy was longer than those of the
previously tested alpha titanium [38] and beta titanium alloy [40] under the same
applied stress in the 2.0% APF solution. For instance, in the case of an applied stress
of 600 MPa, the times to fracture of alpha titanium [38], and the beta titanium [40]
and alpha-beta titanium alloys were approximately 16, 35 and 240 h, respectively.
The time to fracture of the alpha-beta titanium alloy was 60-70 h even under an
applied stress greater than the yield strength. It is likely that the susceptibility to
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Fig. 8. Amounts of desorbed hydrogen from thermal desorption analysis of specimens immersed in 2.0%
and 0.2% APF solutions as a function of immersion time.

delayed fracture in the 2.0% APF solution of the alpha-beta titanium alloy is lower
than those of alpha titanium and the beta titanium alloy.

The amounts of absorbed hydrogen in alpha titanium [39], and the beta titanium
[41] and alpha-beta titanium alloys were approximately 200, 3800 and 200 mass
ppm, respectively, in the 2.0% APF solution for 24 h without applied stress. The
mechanical properties of alpha-beta titanium alloys begin to degrade when the
amount of absorbed hydrogen exceeds a few hundreds mass ppm [42-49]. Further-
more, the mechanical properties are markedly weakened due to hydrogen absorption
of a few thousands mass ppm. In this experiment, the amount of hydrogen absorbed
from the 2.0% APF solution at longer immersion times was sufficient to lead to the
pronounced degradation of mechanical properties. In fact, the ductility loss of spec-
imens tested in the 2.0% APF solution was revealed from the results of fractography
shown in Fig. 3. Since applied stress generally enhances hydrogen absorption [41],
the amount of hydrogen absorbed under applied stress is probably larger than that
observed in this study. Consequently, the delayed fracture in the 2.0% APF solution
of the alpha-beta titanium alloy is attributed to hydrogen embrittlement.

Various mechanisms have been proposed for hydrogen embrittlement of alpha-
beta titanium alloys [50-53]. One of the mechanisms is that a brittle hydride forms
and cracks. The formation of the hydride results in the compression of the surround-
ing titanium lattice and is considered to play an important role in the fracture of tita-
nium alloys [54-59]. The hydride precipitates at boundaries between the alpha and
beta phases and inside the alpha phase, when alpha—beta titanium alloys absorb
hydrogen at a level greater than 650 mass ppm [42]. At low hydrogen levels, hydro-
gen is concentrated primarily in the beta phase [42]. However, no conclusive evidence
has been given that supports the occurrence of hydrogen embrittlement due to
hydride formation. For beta titanium alloys, the hydride is not formed by hydrogen
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absorption, because the alloys have a high solubility limit. When the amount of
absorbed hydrogen exceeds several thousands mass ppm, the tensile strength of beta
titanium alloy decreases abruptly below the initial yield strength [60-66]. This phe-
nomenon is often explained by hydrogen-enhanced dislocation mobility [53] or
hydrogen-induced decohesion [51]. In addition, hydrogen absorption causes the
ductile-to-brittle transition temperature of beta titanium alloys to rise above room
temperature [66]. As shown in Fig. 6(e), the hydride was detected by XRD measure-
ments for the alpha—beta titanium alloy immersed in the 2.0% APF solution, when
the immersion time exceeded 480 h, which corresponded to the rapid increase in
hydrogen absorption. It appears that the hydride did not form to any appreciable
extent during the early stage of immersion. Therefore, the effects of the hydride on
hydrogen embrittlement of alpha—beta titanium alloy are perhaps small in this de-
layed fracture test. At room temperature, hydrogen readily diffuses in beta titanium
alloys, while hydrogen diffusion is prevented in alpha titanium because of hydride
formation [57]. As shown in Fig. 3(c), the fracture mode of the alpha—beta titanium
alloy changed over the entire fracture surface, indicating that the absorbed hydrogen
diffused to the central parts of the specimen. Since hydrogen is preferentially
absorbed in the beta phase of the alpha-beta titanium alloy [42], hydrogen might
be able to diffuse to the central parts of the specimen. Thus, the mechanism of hydro-
gen embrittlement of alpha-beta titanium alloys involves those of alpha titanium
and beta titanium alloys in a complicated manner. The operating mechanism may
differ in accordance with the microstructures of alloys, environmental conditions
and testing methods, but a detailed discussion is beyond the scope of this study.

The thermal desorption of hydrogen from alpha titanium immersed in 2.0% APF
solution [38,39] takes place with the primary desorption at 400-700 °C and the sec-
ondary desorption at 150-400 °C. As the immersion time increases, the amount of
absorbed hydrogen in alpha titanium increases linearly and saturates at approxi-
mately 800-900 mass ppm. For the beta titanium alloy immersed in 2.0% APF solu-
tion [41], a single desorption peak appears at 400-700 °C; the amount of absorbed
hydrogen linearly increased above 10000 mass ppm with immersion time. The hydro-
gen desorption from the alpha-beta titanium alloy immersed in the 2.0% APF solu-
tion appeared in the range from 400 to 700 °C as shown in Fig. 7, implying that
hydrogen is trapped strongly or is occluded. The desorption temperature and the
amount of desorption give important clues to the states of hydrogen in materials,
such as the relative strength of the forces trapping it in defects, or its presence in
atomic/molecular form or as a hydride [67-71]. Concerning hydrogen desorption
from titanium alloys immersed in the APF solutions, our results will be reported sep-
arately. With regard to hydrogen absorption, it is notable that hydrogen absorption
of the alpha-beta titanium alloy accelerates at the later stage of immersion.

In the 0.2% APF solution for 24 h, the amounts of absorbed hydrogen in alpha
titanium [39], and the beta titanium [41] and alpha-beta titanium alloys were
approximately 200, 500 and 30 mass ppm, respectively. For the alpha—beta titanium
alloy immersed in 0.2% APF solution, the amount of absorbed hydrogen was an
order of magnitude smaller than those for alpha titanium and the beta titanium alloy
and increased minimally with immersion time. This result suggests that the amount
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of absorbed hydrogen is not sufficient to lead to the pronounced degradation of the
mechanical properties of the alpha-beta titanium alloy. As shown in Fig. 5, the
decrease in the diameter of immersed specimens resulted from the peeling of the sur-
face layers and dissolution in APF solutions. The peeling of the surface layers is due
to the formation of corrosion products. The passive film on titanium and its alloys
undergoes a reaction in fluoride solutions, resulting in the formation of titanium flu-
oride, titanium oxide fluoride, or sodium titanium fluoride on the surface of the
alloys [8-26]. Huang [24] detected sodium titanium fluoride, i.e., Na,TiFs, on the
Ti—6Al-4V alloy surface after applying a potential of 0 V versus a saturated calomel
electrode, which is a passive region in the 0.1% NaF-containing media for X-ray
photoelectron spectrometry. In this study, on the basis of XRD measurements
and the observation of side surfaces, the corrosion products on the surfaces of the
specimens differed between 2.0% and 0.2% APF solutions in both type and morphol-
ogy. The differences in the type and morphology of the corrosion products related to
the concentration of the APF solution are also observed for alpha titanium [39] and
the beta titanium alloy [41]. Relationships between the APF solution content and the
corrosion products, and the effects of the corrosion products on the peeling of the
surface layers should be investigated. In addition to the peeling of the surface layers,
the fracture surface in the 0.2% APF solution exhibited a cup—cone morphology sim-
ilar to that in the tensile test in air. Accordingly, the primary cause of the delayed
fracture in the 0.2% APF solution is probably the reduction in cross-sectional area,
although the degradation of mechanical properties associated with hydrogen absorp-
tion 18 not excluded.

Under the delayed fracture test in neutral 2.0% NaF solution in our previous stud-
les, the alpha titanium fractured [38], whereas the beta titanium alloy did not fracture
within 1000 h [40]. In this experiment, the alpha-beta titanium alloy did not fracture
in neutral NaF solutions within 1000 h. However, it should be noted that general
corrosion was observed on the surface of specimens tested in neutral NaF solutions
as shown in Figs. 5(g) and (h). This result suggests that the delayed fracture of the
alpha-beta titanium alloy possibly occurs in neutral NaF solutions after longer
immersion times.

5. Conclusions

The fracture of alpha-beta titanium alloy has been examined in a sustained ten-
sile-loaded test in acid and neutral fluoride solutions from the viewpoint of hydrogen
embrittlement. Delayed fracture occurs in 2.0% and 0.2% APF solutions, whereas it
does not occur within 1000 h in neutral NaF solutions, in which general corrosion is
observed. In the 2.0% APF solution, the alloy absorbs sufficient amounts of hydro-
gen, leading to a pronounced degradation in mechanical properties. In the 0.2% APF
solution, the amount of absorbed hydrogen is 30-50 mass ppm; delayed fracture is
mainly caused by the reduction in cross-sectional area due to peeling of the corrosion
products. The time to fracture of alpha-beta titanium alloy is much longer than
those of the alpha titanium and beta titanium alloy tested previously under the same
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applied stress in 2.0% APF solution. We conclude that the susceptibility to delayed
fracture of alpha-beta titanium alloy is lower than that of alpha titanium and beta
titanium alloy in acid and neutral fluoride solutions.
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Abstract

The hydrogen embrittlement of the Ni-Ti superelastic alloy in ethanol solution containing 0.1 mass% hydrochloric acid (HCI) has been
investigated using a tensile test (after immersion) and hydrogen thermal desorption analysis (TDA). Upon immersion, the alloy absorbed
substantial amounts of hydrogen associated with localized corrosion. The maximum amounts of absorbed hydrogen after immersion for 120
and 600 h were 260 and 1200 mass ppm, respectively. The hydrogen thermal desorption of the immersed specimens appeared as two peaks at
approximately 150 and 350 °C. As immersion time increased, the amount of desorbed hydrogen at the lower temperatures increased markedly.
When the amount of absorbed hydrogen exceeded 200—400 mass ppm, a marked reduction in tensile strength occurred. The fracture mode
of specimens that absorbed hydrogen changed from ductile behavior to brittle behavior; the peripheral parts of the fracture surface exhibited
a quasi-cleavage-like topography. The hydrogen embrittlement characteristic of the Ni-Ti superelastic alloy in ethanol solution containing
0.1% HCI was not always in accordance with those of the same alloy in other solutions such as the methanol solution containing 0.1% HCl

reported previously.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Ni-Ti; Hydrogen embrittlement; Thermal desorption analysis; Corrosion; Ethanol solution

1. Introduction

The mechanical properties of the Ni-Ti superelastic alloy
are susceptible to hydrogen. The effects of hydrogen on the
mechanical properties of this alloy have been investigated
after cathodic hydrogen-charging in various electrolytic so-
lutions [1-9]. The authors have reported that critical stress
for martensite transformation increases slightly and frac-
ture is associated with martensite transformation when the
amount of absorbed hydrogen is higher than 50-200 mass
ppm [10,11}. Simultaneously, we have emphasized that not
only total hydrogen content but also the state of hydrogen,
¢.g., hydride, weakly trapped at defects and in solution, in

* Corresponding author. Tel.: +81 88 633 7334; fax: +81 88 633 9125.
E-mail address: yokken@dent.tokushima-u.ac,jp (K. Yokoyama).

0921-5093/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/i.msea.2004.10.020

the alloy is an important factor controlling hydrogen embrit-
tlement [9-11].

The hydrogen embrittlement of the Ni-Ti superelastic al-
loy is an important issue in the practical application of this al-
loy. In dentistry, Ni—Ti superelastic orthodontic wires absorb
substantial amounts of hydrogen in the presence of fluorides
such as NaF, which is contained in toothpastes and prophy-
lactic agents owing to its cariostatic effect, thereby causing
the degradation of the mechanical properties or fracture of the
wires in the oral cavity [10,12]. The hydrogen embrittlement
ofthe afloy must be investigated under various environmental
conditions, because the alloy has a wide range of applications.
Recently, we have found that the Ni—Ti superelastic alloy ab-
sorbs substantial amounts of hydrogen in methanol solution
containing 0.1% hydrochloric acid (HCI) [11]. In this case,
the thermal desorption of hydrogen appears as a single peak
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at approximately 400 °C. With prolonged immersion, a small
second peak appears at approximately 200 °C. The desorp-
tion behavior provides information on the state of hydrogen
or hydrogen trap sites in materials. However, the association
between the desorption behavior and the hydrogen embrittle-
ment of Ni—Ti superelastic alloy is not yet elucidated.

Inregard to the environmental effects of methanol solution
containing HCI, the stress corrosion cracking of commercial
pure titanium was first reported by Mori et al. {13]. Subse-
quently, it was revealed that titanium absorbs hydrogen in
methanol solution containing HC1 {14~17]. In ethanol solu-
tion containing HCl, Mori et al. [13] also demonstrated that
the stress corrosion cracking of commercial pure titanium
does not occur. In the larger the molecular weight of alco-
hol such as ethanol and n-butanol, the cracking of titanium
is not observed [13]. However, since the corrosion resistance
of Ni-Ti alloys is generally lower than that of pure titanium
in environments such as NaCl solution [18-20], corrosion
and hydrogen absorption possibly occur in ethanol solution.
If Ni-Ti alloys absorb substantial amounts of hydrogen in
ethanol solution, it is the first observation for alloys with
titanium oxides film. Therefore, it is necessary to confirm
experimentally whether hydrogen embrittlement takes place
in ethanol solution.

The objective of the present study is to examine the hydro-
gen embrittlement of the Ni—Ti superelastic alloy in ethanol
solution containing 0.1% HCI by hydrogen thermal desorp-
tion analysis (TDA). For evaluating the degradation of the
mechanical properties of the alloy, a tensile test was con-
ducted.

2. Experimental procedures

A commercial Ni-T1 (Ni: 55 mass%, Ti: balance) supere-
lastic wire alloy with a diameter of 0.50 mm was cut into
50 mm long specimens. Percent in this paper means mass per-
cent, unless otherwise stated. The phase transformation tem-
peratures and mechanical properties of the alloy are listed in
Table 1, in which M; and Mrare the starting and final temper-
atures, respectively, for martensite transformation on cooling.
Similarly, As and Ar indicate the starting and final temper-
atures, respectively, for the reverse transformation on heat-
ing. The phase transformation temperatures of the specimen
were determined by differential scanning calorimetry (DSC)
at a scan rate of 10 °C/min. The critical stress for martensite
transformation and the tensile strength at room temperature

Table 1
Mechanical properties and transformation temperatures of tested Ni-Ti su-
perelastic alloy

Critical ~ Tensile Reduction  Transformation

stress strength in area (%) temperature
(MPa) (MPa) °C)

A As M; Mg
535+14 1425+£12.6 546 7.5 -260 25 -385
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(25 £2°C) were 535 and 1425 MPa, respectively. The spec-
1mens were polished with #600-grit SiC papers and ultrason-
ically washed in acetone for 5 min.

The specimens were separately immersed in 10 ml of
ethanol solution with 0.1% HCI at 37°C for various. peri-
ods. This immersion test was performed more than five times
under the same conditions. Mass loss in the immersed spec-
imens with immersion time was measured using a microbal-
ance. The amount of desorbed hydrogen was measured by
TDA with the specimens subjected to the immersion test.
Both ends of each specimen (50 mm in length) immersed in
the solution, were cut into 20 mm long segment and subjected
to ultrasonic cleaning with acetone for 2min. The segment
was dried in ambient air and used for measurement. TDA was
carried out 30 min after the removal of the specimen from the
solution. A quadrupole mass spectrometer (ULVAC, Kana-
gawa, Japan) was used for hydrogen detection. Data sampling
was conducted at 30 s intervals at a heating rate of 100 °C/h.

The side surfaces of the nonimmersed and immersed spec-
imens were observed using scanning electron microscopy
(SEM) and examined using X-ray diffraction (XRD) anal-
ysis with Cu Ka radiation of wavelength A =1.54056 A in
the 26 angle range from 30 to 90° operated at 40kV and
30mA.

Tensile tests on the nonimmersed and immersed speci-
mens were carried out at room temperature at a strain rate
of 8.33 x 10™*s™! within a few min after the removal of the
specimens from the test solution. The gauge length of each
specimen was 10mm. The fracture surface of the tensile-
tested specimens was observed by SEM.

Vickers microhardness tests were carried out at room tem-
perature on the immersed specimens from the surface to the
center of the cross section of the wire at 0.05 mm intervals.
The specimens were embedded in epoxy resin and polished,
and then subjected to hardness tests 24 h after their removal
from the solution. These tests were performed under an ap-
plied load of 0.98 N with an applied time of 15 s.

3. Experimental results

Fig. 1 shows the mass loss of the specimens subjected
to the immersion test as a function of immersion time. The
mass loss had a tendency to increase with immersion time,
although the data points were scattered widely. The maximum
mass losses after immersion for 120 and 600 h were 0.014 and
0.035 mg/mm?, respectively. However, the mass-unchanged
specimens, i.e., a mass loss of less than 0.001 mg/mmz, were
sometimes observed irrespective of immersion time.

The representative TDA curves for the mass-changed
specimens immersed for up to 600 h is shown in Fig. 2. The
thermal desorption of hydrogen appeared as two peaks at
approximately 150 and 350°C. As the total amount of des-
orbed hydrogen increased, i.e., as immersion time increased,
the amount of desorbed hydrogen at the lower temperature
increased remarkably, whereas that at the higher temperature
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hardly changed. Fig. 3(a) shows the total amount of desorbed
hydrogen up to 600 °C as a function of immersion time. The
amount of desorbed hydrogen, i.e., the amount of hydro-
gen absorbed during the immersion test, tended to increase
with immersion time, although it varied widely. The maxi-
mum amounts of absorbed hydrogen after immersion for 120
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as function of (2) immersion time and (b) mass loss.

and 600 h were 260 and 1200 mass ppm, respectively. The
amount of absorbed hydrogen increased linearly with mass
loss, as shown in Fig. 3(b). The amounts of absorbed hy-
drogen were approximately 200-400 and 1100-1300 mass
ppm at the mass losses of 0.010 and 0.035 mg/mm?. For the
mass-unchanged specimens, an increment in the amount of
desorbed hydrogen was hardly observed.

On the side surface of the nonmimmersed specimen,
scratches due to SiC paper polishing were observed as shown
in the SEM micrographs in Fig. 4(a and b). The side surfaces
of the mass-changed specimens (0.010 and 0.025 mg/mm?
immersed for 120 and 480h, respectively) are shown in
Fig. 4(c—f). Localized corrosion was revealed; the area sub-
jected to corrosion increased with immersion time. Very
slight corrosion was observed on the side surface of the mass-
unchanged specimens immersed for various periods.

The XRD analysis results for the side surfaces of the
nonimmersed specimen and the mass-changed specimen
(0.035 mg/mm?) immersed for 600 h are shown in Fig. 5(a
and b), respectively. The diffraction peaks of both specimens
correspond to the B2 structare of the Ni-Ti alloy. No diffrac-
tion peaks corresponding to corrosion products or hydrides
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Fig. 4. SEM micrographs of typical side surfaces of (a) nonimmersed specimen, (b) magnified view of (a), (¢) mass-changed specimen (0.010mg/mm?)
immersed for 120h, (d) magnified view of corrosion area in (c), (¢) mass-changed specimen (0.025 mg/mm?) immersed for 480 h, and (f) magnified view of

corrosion area in (e).
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Fig. 5. XRD patterns of the surfaces of (a) nonimmersed specimen and (b)
mass-changed specimen (0.035 mg/mm?) immersed for 600 h.
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were detected on the surface of the immersed specimens re-
gardless of mass loss.

Fig. 6 shows representative tensile stress—strain curves for
the nonimmersed specimen and the mass-changed specimens
immersed for 120 and 600 h. The mass-changed specimens
fractured before yielding or the stress-induced martensite
transformation. The critical stress for the martensite trans-
formation of the immersed specimens hardly changed. The
tensile strengths of all the tested specimens as functions of
immersion time and mass loss are shown in Fig. 7(a and b),
respectively. The tensile strength tended to decrease with im-
mersion time, although the data points were scattered widely.
The tensile strength abruptly decreased when the mass loss
exceeded 0.010 mg/mm?, corresponding to a hydrogen con-
tent of 200400 mass ppm. The immersed specimens with
a mass loss of 0.010 mg/mm? fractured without necking, al-
though the tensile strength hardly decreased. At a mass loss
below 0.010 mg/mm?, the tensile properties of the immersed
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specimens did not change with only one exceptional speci-
men.

The fracture surface of the nonimmersed specimen sub-
jected to the tensile test is shown in Fig. 8(a—c). The surface
was ductile and was characterized macroscopically with a
cup-cone morphology and was composed of microscopic pri-
mary and secondary dimples. For the mass-changed specimen
(0.010 mg/mm?) immersed for 120 h, the fracture surface ex-
hibited no reduction in area, as shown in Fig, 8(d). The periph-
eral parts (Fig. 8(e)) of the fracture surface showed a quasi-
cleavage-like topography, whereas the central parts (Fig. 8(f))
of the fracture surface showed both a quasi-cleavage-like
topography and shallow dimples. The quasi-cleavage area
spread toward the center with increases in mass loss, i.e., hy-
drogen content, and immersion time. In the mass loss range
lower than 0.010 mg/mm?, the fracture surfaces of the spec-
imens immersed for various periods were similar to that of
the nonimmersed specimen.

Fig. 9 shows the Vickers microhardnesses along the di-
ameter of the cross section of the nonimmersed specimen
and the mass-changed specimens (0.015 and 0.035 mg/mm?)
immersed for 240 and 600 h, respectively. The increment in
hardness was confirmed at the peripheral parts of the cross-
sectional area of the mass-changed specimens.

4. Discussion

Noteworthy findings in the present study are as follows:
(1) the Ni~Ti superelastic alloy absorbs substantial amounts
of hydrogen in ethanol solution containing 0.1% HCI, thereby
causing hydrogen embrittlement and (2) the association be-
tween the reduction in tensile strength and hydrogen desorp-
tion behavior differs from those obtained in previous stud-
ies such as those involving immersion in 0.2% acidulated
phosphate fluoride (APF) solution [10] and methanol solu-
tion containing 0.1% HCI {11]. We previously demonstrated
that the Ni—Ti superelastic alloy absorbs substantial amounts
of hydrogen associated with the occurrence of localized cor-
rosion in methanol solution containing 0.1% HCI [11]. In
such methanol solution, hydrogen absorption always occurs
and the scattering of hydrogen content is relatively small. In
contrast, in ethanol solution containing 0.1% HC], the alloy
sometimes undergoes localized corrosion, suggesting that the
conditions used in the present experiment are critical for the
occurrence of corrosion and hydrogen absorption. Haruna et
al. {21] pointed out that the strict control of moisture content
and/or dissolved oxygen concentration in methanol solution
for the evaluation of the environment-assisted cracking of
titanium is necessary. One reason for the scattering of the
present results may be the moisture content in ethanol solu-
tion.

The hydrogen absorption rate of the alloy in ethanol solu-
tion containing 0.1% HC1 was slower than that in methanol
solution containing 0.1% HC1{11]. For instance, the amounts
of absorbed hydrogen in ethanol and methanol solutions were
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Fig. 8. SEM micrographs of typical fracture surfaces: (a) general view of nonimmersed specimen, (b) magnified view of shear dimple area in the peripheral part
of (a), (c) magnified view of primary and secondary dimples area in the center of (2), (d) general view of mass-changed specimen (0.010 mg/mm?) immersed
for 120h, (¢) magnified view of peripheral part int (d), and (f) magnified view of central part in (d).

260 maximum and 500 mass ppm after immersion for 120 h,
respectively. Ethanol solution, compared with methanol so-
Iution, is considered to be less corrosive to the Ni-Ti supere-
lastic alloy.

In our recent findings [10,11], when the amount of ab-
sorbed hydrogen exceeds 50-200 mass ppm, a pronounced
reduction in the tensile strength of the Ni—Ti superelastic
alloy takes place. Total hydrogen content often has been
used as a criterion for the occurrence of embrittlement.
In the present study, however, the reduction in the tensile
strength did not necessarily occur despite the absorption of
50-200 mass ppm hydrogen, corresponding to a mass loss
of 0.003-0.010 mg/mm?, as indicated in Figs. 3(b) and 7(b).
Moreover, the increment in critical stress for martensite trans-
formation was hardly recognized. The increment in critical
stress for martensite transformation is interpreted to be the
result of the suppressed martensite transformation due to ab-

_..40._

sorbed hydrogen [22]. These findings imply that the hydrogen
embrittlement characteristic of the Ni—Ti superelastic alloy
is closely related to not only total hydrogen content but also
the state of hydrogen.

The state of hydrogen in materials can be estimated from
the hydrogen thermal desorption behavior [23-26]. In gen-
eral, hydrogen desorption results from the decomposition of
hydride or dissociation of hydrogen from trapping sites. For
the Ni~Ti superelastic alloy immersed in methanol solution
containing 0.1% HCI, the thermal desorption of hydrogen ap-
peared as a single desorption peak at approximately 400 °C
[11]; when the amount of absorbed hydrogen exceeded 400
mass ppm, an other smaller desorption peak appeared at
200°C. In the case of the alloy immersed in 0.2% APF
solution, the desorption appeared as a single peak at 400
to 500°C irrespective of hydrogen content [10,12]. On the
other hand, the desorption of the alloy immersed in ethanol
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Fig. 9. Vickers microhardnesses of nonimmersed and immersed specimens.
Hardness was measured at 0.05 mm intervals and standard deviation was
calculated from eight indentations.

solution appeared as two distinct peaks at approximately 150
and 350 °C, as shown in Fig. 2. This result clearly shows that
there are different trap sites of hydrogen in the Ni-Ti supere-
lastic alloy immersed in ethanol solution. Moreover, it should
be noted that the state of hydrogen in the alloy is changed by
the type of solution used in the immersion test. The desorp-
tion at higher temperatures is probably ascribed to strongly
trapped hydrogen, because hydride formation was not ob-
served by SEM or XRD analysis on the surface of the speci-
mens immersed in ethanol solution. When immersion time in-
creased, the increment in the amount of desorbed hydrogen at
highertemperatures was small, whereas that at lower temper-
atures was remarkable. This implies that hydrogen desorption
atlower temperatures reduces the tensile strength of the Ni—Ti
superelastic alloy. For steel, the desorption of weakly trapped
hydrogen at lower temperatures significantly influences their
mechanical properties [27]. The effects of hydrogen desorp-
tion at lower temperatures on the mechanical properties of
the Ni—Ti superelastic alloy is an important issue for further
clarification.

The amount of absorbed hydrogen obtained from TDA is
the average amount of absorbed hydrogen for an immersed
specimen; the distribution of hydrogen in a given specimen
is not known. The amount of absorbed hydrogen depended
on mass loss as shown in Fig. 1(b). This indicates that hy-
drogen absorption results from localized corrosion, and the
hydrogen content at the area subjected to corrosion is higher
than that obtained by TDA. The distribution and/or state of
hydrogen in a given specimen can be determined by fractog-
raphy, because the fracture surface reflects fracture processes
influenced by hydrogen including crack initiation and prop-
agation. As shown in Fig. 8(e), the fracture always initiated
at the peripheral parts of the specimens immersed in ethanol
solution; the fracture initiation point could be identified by
tracing back the chevron-like flows. In addition, the harden-

ing induced by hydrogen absorption was observed at the pe-
ripheral parts of the specimen, as shown in Fig. 9. Therefore,
it is essential to investigate the brittle area at the peripheral
parts of the fracture surface. In our previous studies, the pe-
ripheral parts of the fracture surface of specimens immersed
in APF solution [10] or cathodic hydrogen-charged with a
high current density [6] were fairly flat. No fracture initiation
associated with the cracking of brittle hydride was observed.
The flat surface implies that the type of crack propagation is
independent of the presence of microstructures such as grain
boundaries. Cohesive strength or ductility might be reduced
by hydrogen atoms in the lattice [28]. In contrast, the periph-
eral parts of the fracture surface of the specimens immersed in
ethanol solution exhibited a quasi-cleavage-like topography
as well as those of the specimens immersed in methanol solu-
tion containing 0.1% HC1[ 11} or cathodic hydrogen-charged
with a Jow current density {6]; however, not all details of
the topography were identical. That is, when hydrogen ab-
sorption occurred slowly, the peripheral parts of the fracture
surface tended to show a quasi-cleavage-like topography. In
the present study, as immersion time increased, the brittle
area at the peripheral parts of the fracture surface extended
to the center parts associated with hydrogen diffusion, sim-
ilar to those observed in previous studies [6,10,29]. Since
hydrogen diffusion in the Ni—Ti alloy with the B2 structure
is not adequately fast for a limited period at around room
temperature {30}, it is likely that hydrogen content at the pe-
ripheral parts of the cross section of the specimen is much
higher than that at the central parts, particularly for rapid hy-
drogen absorption. When rapid hydrogen absorption occurs,
the thermal desorption of hydrogen sometimes shifts at lower
temperatures [31], suggesting the change in hydrogen state.
1t 1s possible that the hydrogen enrichment at the peripheral
parts of the cross section of the specimen induces the change
in hydrogen state, resulting in the different fracture surfaces
in various solutions.

5. Conclusions

We have demonstrated that the hydrogen absorption of the
Ni—Ti superelastic alloy occurs in ethanol solution contain-
ing 0.1% HCI, thereby causing hydrogen embrittlement. The
relationship between the amount of absorbed hydrogen and
tensile strength for the alloy immersed in ethanol solution is
not in agreement with those for the alloys immersed in other
solutions such as methanol solution containing 0.1% HCl and
APF solution. The hydrogen absorption rate in ethanol solu-
tion, at most, is one-half that in methanol solution for the
same HCI concentration. The thermal desorption of hydro-
gen appears as two peaks at approximately 150 and 350°C
for the alloy immersed in ethanol solution. The present results
indicate that the hydrogen trapping in the Ni-Ti superelastic
alloy depends on the conditions of hydrogen absorption, and
that total hydrogen content is not necessarily the sole criterion
for hydrogen embrittlement.
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Abstract

Hydrogen embrittlement of work-hardened Ni~Ti alloy has been examined in acidulated plosphate fluoride (APF) solutions.
Upon immersion in a 2.0% APF solution with a pH of 5.0, tensile strength decreased markedly with immersion time. Moreover, the
fracture mode changed from ductile to brittle due to brittle layer formation at the peripheral part of the cross section of the
specimen. The amount of absorbed hydrogen increased linearly with immersion time, and it reached above 5000 mass ppm after
24h. The hydrogen desorption temperature of the immersed specimens shifted from 450°C to a lower temperature with immersion
time. As the amount of absorbed hydrogen was larger than 500 mass ppm, the degradation of mechanical properties was recognized.
Although the tensile properties and fracture mode scarcely change in a 0.2% APF solution, the slight reduction in hardness and
hydrogen absorption of several hundreds mass ppm were observed. The results of the present study imply that work-hardened Ni-Ti

alloy is less sensitive to hydrogen embrittlement compared with Ni-Ti superelastic alloy.

© 2004 Elsevier Ltd. All rights reserved.

Keywords: Ni~Ti; Hydrogen embrittlement; Corrosion; Fluoride

1. Introduction

Ni-Tt alloy was first introduced as a material for
orthodontic wire by Andreasen and Hilleman in the
early 1970s [1]. This Ni~Ti orthodontic wire is of the
work-hardened type and has an excellent springback
property. The wire is now marketed under the brand
name of Nitinol Classic (3M Unitek, Monrovia, CA,
USA). On the other hand, another Ni-Ti orthodontic
wire, namely, Ni—Ti superelastic alloy, was subsequently
applied in the mid-1980s [2,3]. The superelasticity of this
wire is induced through reversible-stress-induced mar-
tensite transformation by loading and unloading [4,5].
The superelastic orthodontic wire allows the teeth to
move under almost constant force over a long treatment
pertod. Furthermore, since the work-hardened and
superelastic types of Ni—Ti alloys exhibit good corrosion

*Corresponding author. Tel.: +81-88-633-7334; fax: +81-88-633-
9125.
E-mail address. yokken@dent.tokushima-u.ac.jp (K. Yokoyama).

0142-9612/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.biomaterials.2004.02.009

resistance, mechanical properties and biocompatibility
{6-11], they are used widely in orthodontic wires
currently.

However, the corrosion resistance of the above Ni-Ti
orthodontic wires is not always adequate in the oral
environment. The corrosion and discoloration in the
oral cavity of these wires have been reported by several
researchers [12-14]. In addition, the degradation of the
performance and the fracture of these wires during
clinical use have been recognized [15-18]. In several
recent articles [18~22], we have insisted that the primary
reason for the degradation of Ni-Ti superelastic alloy is
hydrogen absorption in the oral cavity. In particular, in
the presence of fluoride-containing prophylactic agents
or toothpastes, the hydrogen absorption of Ni-Ti
superelastic alloys as well as titanium and its alloys
[23-25] often occurs. The mechanical properties of Ni~
Ti superelastic or shape memory alloys are affected
considerably by the absorbed hydrogen [26--30]. When
the amount of absorbed hydrogen exceeds 50-200 mass
ppm, the tensile strength decreases abruptly and brittle
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fracture occurs associated with stress-induced marten-
site transformation [20,31]. On the other hand, the
hydrogen embrittlement of work-hardened Ni-Ti alloy
has not yet been revealed. The degradation of the
mechanical properties due to hydrogen absorption leads
to a reduction in appropriate orthodontic force, thereby
causing delayed straightening of irregular teeth. It is
therefore necessary to investigate whether the hydrogen
embrittlement of work-hardened Ni-Ti alloy takes place
in the presence of fluoride.

The objective of the present study is to examine the
hydrogen embrittlement of work-hardened Ni-Ti alloy
in fluoride solutions. For the evaluation of the hydrogen
embrittlement susceptibility, a tensile test and hydrogen
thermal desorption analysis (TDA) were performed
after immersion tests.

2. Materials and methods

Work-hardened Ni-Ti wires (Nitinol Classic; Unitek/
3M Corp., Monrovia, CA) with a diameter of 0.50 mm
were cut as specimens of 50 mm length and ultrasoni-
cally cleaned in acetone for 5Smin. The mechanical
properties of the specimens are given in Table 1. The
tensile strength was 1700 MPa at room temperature
(2542°C).

The specimens were immersed individually in 10ml of
2.0% or 0.2% acidulated phosphate fluoride (APF; 2.0
mass % NaF+ 1.7 mass % H;PO, or 0.2 mass %
NaF +0.17 mass % H3PO,) aqueous solution with a pH
5.0 at 37°C for various periods. The concentrations of
the fluoride were 9000 and 900 mass ppm, correspond-
ing to those in prophylactic agents and toothpastes,
respectively. Tensile tests on the immersed specimens
were carried out using a Shimadzu Autograph AG-100A
machine at a strain rate of 8.33 x 10™%/s within a few
minutes after removal of the specimens from the
solution. The gauge length of the specimens was
10mm. The mass loss of the immersed specimens after
the immersion tests was measured, and the standard
deviation was calculated from the results obtained from
five specimens. To perform hardness tests, the immersed
wires were embedded in epoxy resin and polished. After
24h from the removal of the specimens from the
solution, Vickers microhardness tests were carried out
on the transverse cross section from the periphery to the
center of the wire at 0.05-mm intervals. Measurements

Table 1
Mechanical properties of the tested work-hardened Ni—Ti alloy

Yield stress Tensile strength Reduction in area
(MPa) (MPa) (%)
1487434 1701 +12 51.4+17

were performed under an applied load of 0.98 N for 155s.
The side surface and fracture surface of the tensile-tested
specimens were observed by scanning electron micro-
scopy (SEM). The side surfaces of the immersed
specimens were examined to identify the corrosion
products using an X-ray diffractometer with Cu K,
radiation with a wavelength 2 =1.54056 A at a 2°/min
sweep rate operated at 40kV and 30mA.

The amount of desorbed hydrogen was measured
using TDA by immersing the specimens for various
periods. After the immersion test, the specimens (50 mm
in length) were cut into 20-mm long segments and
subjected to ultrasonic cleaning with acetone for 2 min.
The segments were dried in ambient air and subjected to
TDA. The waiting time for TDA after the removal of 2
specimen from the solution was 30min. A quadrupole
mass spectrometer (ULVAC, Kanagawa, Japan) was
employed for the hydrogen detection. Data sampling
was conducted at a 30-s interval at a heating rate of
100°C/h.

3. Experimental results

Tensile strength of the specimens immersed in the
2.0% APF solution as a function of immersion time is
shown in Fig. 1. The tensile strength of the specimens
immersed in the 2.0% APF solution decreased with
increasing immersion time, when the immersion time
was longer than 4 h. The nonimmersed specimen always
fractured after necking. In contrast, the 2-h immersed
specimen often fractured before necking. The 4-h
immersed specimen always fractured without necking.
The specimens immersed for more than 6h always
fractured before general yielding. For all the specimens
immersed in the 0.2% APF solution up to 480 h, their
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Fig. 1. Tensile strength of immersed specimens in 2.0% APF solution
as a function of immersion time. Standard deviation was calculated
from the results obtained from five specimens.
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tensile properties hardly changed; tensile strength is
summarized as a function of immersion time in Table 2.

Figs. 2(a) and (b) show the fractographs of the
nonimmersed specimen after the tensile test. The
reduction in area was 51%. The fracture surface was
characterized macroscopically with a cup-cone mor-
phology and was composed microscopically of primary
and secondary dimples. On the other hand, the fracture
surface of the specimen immersed in the 2.0% APF
solution for 4h hardly exhibited a reduction in area, as
shown in Figs. 2(cj and (d). The peripheral part of the
fracture surface was fairly flat while the central part was
composed of shallow dimples. Same fractographic
features were observed when the immersion times were
longer than 2h. The fraction of the flat area on the
fracture surface, namely, the brittle layer, increased with
immersion time. As an exception, the shear mode
fracture was rarely observed in the specimens immersed
in the 2.0% APF solution below 6 h. For the specimens
mmmersed in the 0.2% APF solution, the fracture surface
was almost the same as that of the nonimmersed
specimen irrespective of immersion time.

The Vickers microhardness values of the specimens
subjected to the immersion test in the 2.0% APF

Table 2
Teusile strength of specimens immersed in 0.2% APF solution for
various periods

Immersion time (h) Tensile strength (MPa)

0 1701412
24 1719+30
60 1686+ 14
240 1704113
480 1694+7

Fig. 2. SEM micrographs of a typical fracture surface: (a) non-
immersed specimen; (b) magnified view of dimples in (a); (c) immersed
in 2.0% APF solution for 4h; and (d) magnified view of peripheral
part in (c).
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Fig. 3. Vickers microhardness of nonimmersed specimen and speci-
mens immersed for various periods in (a) 2.0% APF solution and
(b) 0.2% APF solution. Standard deviation was calculated from eight
indentations.

solution for various periods are shown in Fig. 3(a).
The hardness of the nonimmersed specimen was
approximately 450 throughout the specimen whereas
that of the immersed specimens increased near the
surface, i.e., at the peripheral part of the cross section.
At 6-h immersion, the hardness value at the peripheral
part of the cross section was as high as 540. Although
accurate measurement was difficult, even for the speci-
men immersed for 2h, hardening was estimated at the
immediate vicinity of the surface. The hardness of the
specimens immersed in the 0.2% APF solution slightly
decreased from the surface to the center of the specimen
as shown in Fig. 3(b). The hardness decreased in the
center of the specimen with immersion time.

The typical SEM micrographs of the side surface of
the nonimmersed specimen indicate that surface defects
are associated with the wire drawing, electropolishing or
pickling procedures performed during the manufactur-
ing process, as shown in Figs. 4{a) and (b). For the
surface of the specimen immersed in the 2.0% APF
solution for 2h, as shown in Figs. 4(c) and (d), general
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necking -

Fig. 4. SEM micrographs of a typical side surface at fracture area:
(a) general and (b) magnified views of a nonimmersed specimen,
(c) general and (d) magnified views of a specimen immersed in 2.0%
APF solution for 2h, and (e) general and (f) smagnified views of a
specimen immersed in 0.2% APF solution for 24 h.

corrosion and numerous corrosion pits were observed;
macroscopic surface roughness was smaller than that of
the nonimmersed specimen. The number of corrosion
pits increased with increasing immersion time. The
surface feature of the specimen immersed in the 0.2%
APF solution for 24h, as shown in Figs. 4(¢) and (),
was similar to that of the specimen immersed in the
2.0% APF solution. As seen from the cross-section of
the fracture surface, the fracture mode of the specimen
immersed in the 0.2% APF solution was similar to that
of the nonimmersed specimen.

The X-ray diffraction (XRD) peaks of work-hardened
Ni-Ti alloy correspond to the B2 structure of Ni-Ti
alloy, however, diffraction peaks related to corrosion
products or hydrides were not detected on the surface of
specimens immersed for various periods.

The corrosion rates in terms of the mass loss of the
specimens immersed in 2.0% and 0.2% APF solutions
are shown in Figs. 5(a} and (b), respectively. Mass loss
increased linearly with immersion time in the case of the
2.0% APF solution while it saturated in the case of the
0.2% APF solution. The mass loss of the specimens
immersed in the 0.2% APF solution was less than half
that in the 2.0% APF solution.

Figs. 6(a) and (b) show the thermal desorption curves
for the specimens immersed in 2.0% and 0.2% APF

&

ot

&
T

<

o

i
T

Mass loss (mg/mm?)

<
[
1)

T
AN

0.00 : . : :
0 5 10 15 20 25

(a) Immersion time (h)

0.05

0.04 +

g

<

W
T

&

@

et
T

Mass loss (mg/mmz)

001

0.00 £ i 5 i
0 100 200 300 400 500

(b) Immersion time (h)

Fig. 5. Mass loss as a function of immersion time of immersed
specimen in (a) 2.0% APF solution and (b) 0.2% APF solution.
Standard deviation was calculated from the results of five specimens.

solutions for various immersion periods, respectively. In
the 2.0% APF solution for 2-h immersion, the thermal
desorption of hydrogen appeared with a single deso-
rption peak at approximately 450°C. When the immer-
sion time was longer than 4 h, an other peak appeared at
lower temperatures. For more than 12h of immersion,
the peak at 450°C disappeared and a broad peak located
from room temperature to 350°C appeared. In contrast,
a single peak at approximately 450°C appeared for the
specimens immersed in the 0.2% APF solution irrespec-
tive of immersion time. The progress of hydrogen entry
into the specimen was denoted by the increase in total
desorbed hydrogen, defined as the integrated peak
intensity, relative to immersion time. The total amounts
of hydrogen desorbed at up to 600°C for the specimens
immersed in 2.0% and 0.2% APF solutions are shown
as functions of immersion time in Figs. 7(a) and (b),
respectively. The amount of desorbed hydrogen, i.e.,
hydrogen absorbed during the immersion test, increased
linearly with immersion time for the 2.0% APF solution.
The amounts of hydrogen absorbed for 2 and 24h were
approximately 500 and 5300 mass ppm, respectively. On
the other hand, the amount of hydrogen absorbed in the
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Fig. 6. Hydrogen thermal desorption curves for specimens immersed for various periods in (a) 2.0% APF solution and (b) 0.2% APF solution.

6000

™2 L) o W
@ <> = <
[ > > (=3
< (=) < (=]
T T T 1

st
[l
(=3
<

S
=¥e. ;
’\O

Desorbed hydrogen (mass ppm)

s L

5 10 15 20 25
Immersion time (h)

—
o
Rty

800

R

@

<D
T

Desorbed hydrogen (mass ppm)
B
)
S
T T
[ ]
[
®
[

b

[l

<

¥ T
\

0 [ 1 1 ' i 3
0 100 200 300 400 500

() Trmersion time (h)

Fig. 7. Amount of desorbed hydrogen from thermal desorption
analysis as a function of immersion time of specimens immersed in
(a) 2.0% APF solution and (b} 0.2% APF solution.

0.2% APF solution increased with immersion time up to
60 h, above which it saturated at approximately 300-500
mass ppm. The amount of hydrogen absorbed in the
0.2% APF solution was one order in magnitude smaller
than that in the 2.0% APF solution.

4. Discussion

One noteworthy finding in the present study is that
the degradation of mechanical properties due to
hydrogen absorption in work-hardened Ni-Ti alloy
occurs in the 2.0% APF solution, similar to that in
Ni~Ti superelastic alloy in our previous studies [20,21].
After the immersion in the 2.0% APF solution for 2h,
the work-hardened Ni-Ti alloy often fractured without
necking, suggesting that the amount of hydrogen
absorbed for 2h, ie., approximately 500 mass ppm,
was the critical value for the ductility loss. However, it
should be noted that hydrogen content does not always
give an indication of occurrence of hydrogen embrittle-
ment, although the presence of hydrogen is a premise for
the degradation. The distribution and states of hydro-
gen, e.g., hydride, weakly trapped at defects or occluded
interstitially, m the materials are essential issues for
hydrogen embrittlement [32]. When Ni~Ti superelastic
or shape memory alloys absorb hydrogen beyond the
solubility limit, hydride forms, which can be confirmed
by XRD measurements [22,26.27]. In the present
study, however, hydride was not identified from the
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hydrogen-absorbed work-hardened Ni-Ti alloy by
XRD measurements. It is likely that hydride hardly
formed for the work-hardened Ni~Ti alloy immersed in
the 2.0% APF solution.

Absorbed hydrogen diffuses towards the center of the
specimen with time. The diffusion coefficient of hydro-
gen in Ni-Ti alloy with a B2 structure at 37°C reported
by Schmidt et al. [33], i.e., D=7.3 x 107" m?/s, is not
sufficiently fast to diffuse from the surface to the center
of the specimen during a limited time. Using this
diffusion coefficient, the diffusion distance of hydrogen
in Ni-Ti alloy is calculated to be 15pm in 2h. As a
consequence, at the peripheral part of the cross section
of the specimen immersed in the 2.0% APF solution, the
hydrogen concentration is probably much higher than
that at the center of the specimen. At the peripheral part
of the cross section corresponding to the hydrogen
diffusion distance, the brittle fracture mode was
observed as shown in Fig. 2(d) and the increase in
hardness was revealed for the specimens immersed in the
2.0% APF solution. These findings indicate that the
fracture was initiated at the hardened peripheral part of
the cross section. The hardening at the peripheral part
might be due to the supersaturated solid solution of
hydrogen. Therefore, one of the reasons for the ductility
loss and the reduction in the tensile strength of the
work-hardened Ni-Ti alloy immersed in the 2.0% APF
solution is the brittle layer formation at the peripheral
part of the cross section associated with rapid hydrogen
absorption.

The fact that hydrogen thermal desorption shifted to
lower temperatures with immersion time and the
desorption peak broadened for the specimens immersed
in the 2.0% APF solution, as shown in Fig. 6(a),
suggests the existence of several different states of
hydrogen. Generally, hydrogen desorption at a high
temperature is associated with hydride decomposition.
On the basis of our previous studies [20,31,34], the
temperature of hydride decomposition is around 300-
500°C for the Ni-Ti superelastic alloy. Strongly trapped
hydrogen also desorbs in these temperature regions. In
the present study, hydrogen desorption at approxi-
mately 450°C is interpreted as hydrogen strongly
trapped or irreversible to solid solution. The relation-
ship between desorption behavior and hydrogen states
must be investigated in detail in the future. The
desorption at around 200°C often appears for Ni-Ti
superelastic alloy with cathodic hydrogen charging [34]
and with immersion in methanol solution containing
hydrochloric acid [31]. The origins of hydrogen deso-
rption at lower temperatures are probably diffusive
hydrogen, i.e., hydrogen weakly trapped and reversible
to solid solution. For steel, hydrogen desorbed at lower
temperatures greatly affects their mechanical properties
compared with that at higher temperatures [35]. In the
present study, the pronounced degradation of tensile

properties was consistent with the appearance of
desorption at lower temperatures. However, applying
the concept proposed for steel to Ni—Ti alloy should be
discussed carefully. The effects of hydrogen desorbed at
lower temperatures on the degradation of the mechan-
ical properties will be reported in a later paper.

In our previous study of Ni-Ti superelastic alloy
immersed in the 0.2% APF solution [20], when the
immersion time exceeded 3h, the amount of absorbed
hydrogen was more than 100 mass ppm and the tensile
strength decreased markedly. When the immersion time
exceeded 6 h, the tensile strength decreased to the critical
stress level for martensite transformation. The amount
of hydrogen absorbed in the 0.2% APF solution for 24 h
was more than 900 mass ppm. In addition, the critical
stress for martensite transformation was increased from
530 to 600 MPa by hydrogen absorption. For the Ni-Ti
superelastic alloy, even a small amount of absorbed
hydrogen is considered to prevent the transformation
from parent to martensite phases [29,30], thereby
causing a reduction in tensile strength and increment
in critical stress for martensite transformation.

The amount of absorbed hydrogen in the work-
hardened Ni~Ti alloy was smaller than that in the Ni-Ti
superelastic alloy [20] in the 0.2% APF solution. The
amount of mass loss of work-hardened Ni-Ti alloy was
approximately equal to that of the Ni-Ti superelastic
alloy [20], although the rate of mass loss of the work-
hardened Ni-Ti alloy was lower than that of the Ni-Ti
superelastic alloy. As shown in Figs. 5 and 7, the
increment in the amount of hydrogen coincided with the
increment in the mass loss. The hydrogen absorption
process in the APF solutions of work-hardened Ni-Ti
alloy is probably common in those of Ni-Ti superelastic
alloy {20] as well as titanium and its alloys, as reported
elsewhere [23,25]. That is, the breakdown of protective
film on the surface readily takes place in fluoride
solutions [36-41] leading to the dissolution of the alloy
and hydrogen absorption because of the high affinity of
titanium. However, the hydrogen absorption behavior
differs from material factors including alloying ele-
ments, microstructure, grain size, the second phase,
defects and dislocation density. It is necessary to
investigate the effects of these material factors on
hydrogen absorption behavior.

For the work-hardened Ni-Ti alloy immersed in the
0.2% APF solution, even though the amount of
absorbed hydrogen exceeded several hundreds mass
ppm, the degradation of tensile properties hardly
occurred. The reason for this is the lack of brittle-layer
formation at the peripheral part of the cross section of
the specimen because hydrogen is slowly absorbed from
the surface and diffuses inwards in the 0.2% APF
solution. As evidence of hydrogen diffusion to the center
of specimen, there is a slight reduction in hardness at the
center of the specimens immersed in the 0.2% APF
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solution, as shown in Fig. 3(b). This reduction in
hardness is ascribed to the hydrogen-enhanced disloca-
tion mobility or hydrogen-induced decohesion [42-44].
A similar reduction in hardness caused by hydrogen
absorption was observed for beta-titanium alloy [23].
These results indicate that the susceptibility of work-
hardened Ni-Ti alloy to hydrogen embrittlement is
lower than that of Ni~Ti superelastic alloy in the 0.2%
APF solution. However, since hydrogen absorption is
enhanced by applied stress [24], plastic deformation {45]
and electrochemical potential {46-48], the reduction in
tensile strength or the ductility loss of the work-
hardened Ni-Ti alloy may occur in practice.

5. Conclusions

In the present study, we have demonstrated that the
hydrogen embrittlement of work-hardened Ni-Ti alloy
occurs in acid fluoride solutions, similar to that of Ni-Ti
superelastic alloy reported previously. The amount of
absorbed hydrogen in the embrittlement of work-
hardened Ni—Ti alloy is several times larger than that
of Ni-Ti superelastic alloy. The degradation of the
mechanical properties of work-hardened Ni-Ti alloy in
the 2.0% APF solution is caused by brittle-layer
formation associated with rapid hydrogen absorption.
Upon immersion in the 0.2% APF solution, reduction in
the tensile strength or ductility loss hardly occurs,
although a slight reduction in hardness and a hydrogen
absorption of 300-500 mass ppm are observed. Con-
sidering the degradation of mechanical properties,
work-hardened Ni~Ti alloy, compared with Ni~Ti
superelastic alloy, is less sensitive to hydrogen embrit-
tlement.
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Abstract

Hydrogen absorption of commercial pure titanium in acidulated phosphate fluoride (APF) solutions of various concentrations has been
examined by hydrogen thermal-desorption analysis. Inimmersion in the 2.0% APF solution of pH 5.0 at 25 °C, the amount of absorbed hydrogen
increased with immersion time and then saturated at approximately 800-900 mass ppm. During the early stage of the 24 h immersion, the
amount of hydrogen absorbed in the 0.2% APF solution was almost the same as that in the 2.0% APF solution, i.e., 200 mass ppm, whereas it
saturated at 300 mass ppm with longer immersion time. For the specimen immersed in the 2.0% APF solution for 24 h, hydrogen desorption
was observed with a peak at approximately 550 °C. As the immersion time increased, the second desorption appeared in the range from 150 to
400 °C. In contrast, for the specimens immersed in the 0.2% APF solution, the desorption peak temperature tended to shift from 550 to 450 °C
with immersion time. Hydrogen absorption was hardly observed in the specimen immersed in the 0.02% APF solution. The concentration
of the APF solutions also affected the type of corrosion product and the surface topography of the immersed specimens. The results of the
present study clearly indicate that the degradation of the mechanical properties or fracture of titanium caused by hydrogen absorption occurs

in acidic fluoride solutions.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Titanium is widely used in dental implants or devices be-
cause of its high biocompatibility and corrosion resistance.
The high corrosion resistance of titanium is due to a thin pas-
sive film, mainly TiO», on the surface. However, it is consid-
ered that the corrosion resistance of titanium is not always
satisfactory in the oral environment. It has been reported
[1~16] that there is pronounced reduction in the corrosion re-
sistance of titanium in the presence of fluorides such as NaF,
which is added to prophylactic agents and toothpastes, ow-
ing to the cariostatic effect. Generally, the caries-preventing
prophylactics contain 0.02-2.0% NaF with a pH value be-
tween 3.5 and neutral. According to these results, the break-
down of the passive film occurs readily in fluoride solutions.
Furthermore, we have recently found that the degradation
of the mechanical properties and fracture of titanium and its
alloys are associated with hydrogen absorption in acidulated

* Corresponding author. Tel.: +81 88 633 7334; fax: +81 88 633 9125.
E-mail address: yokken@dent.tokushima-u.acjp (K. Yokoyama).

0921-5093/% — see front matter © 2004 Elsevier B.V. All rights reserved.
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phosphate fluoride (APF) solutions [17-22]. Since titanium
has closer affinity with hydrogen, the breakdown of the pas-
sive film possibly leads to hydrogen absorption.

The susceptibility of titanium to hydrogen embrittlement
has been investigated extensively under suitable labora-
tory testing conditions such as cathodic hydrogen charging
[23-26], immersion in methanol solution containing hy-
drochloric acid [27-30] and exposure to gaseous hydrogen
[31,32]. The solubility limit of hydrogen in alpha titanium
is at most a few tens mass ppm at room temperature. When
the arount of absorbed hydrogen exceeds a few hundreds
mass ppm, the mechanical properties of titanium markedly
degrade in relation to brittle hydride formation [33,34].
However, how much hydrogen is absorbed in fluoride so-
lutions and the hydrogen absorption behavior have not yet
been clarified. If titanium absorbs substantial amounts of
hydrogen in fluoride solutions for a short term, hydrogen
embrittlement will be a serious issue regarding the use of
titanium in the dental field.

The purpose of the present study is to evaluate the hydro-
gen absorption of titanium in APF solutions of various con-
centrations by hydrogen thermal-desorption analysis (TDA),
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Table 1

Chemical composition of the commercial pure titanium tested (mass%)
C 0.003
H 0.0010
0 0.107
N 0.003
Fe 0.026
Ti . Balance

which is a powerful tool for analyzing the content and states
of hydrogen in various materials.

2. Materials and methods

Commercial pure titanium wire of 0.50 mm diameter was
cut into specimens of 50 mm length. The nominal chemi-
cal composition of the wire is given in Table 1. Percent in
this paper means mass percent, unless otherwise stated. The
specimens were carefully polished with 600-grit SiC paper
and ultrasonically washed in acetone for 5min. The speci-
mens were immersed separately in 50 ml of an aqueous so-
lution of 2.0% APF (2.0% NaF + 1.7% H3zPO4) with pH 5.0
at room temperature (25 4 2 °C). For evaluation of solution
concentration, 0.2 and 0.02% APF solutions were prepared
by dilution of the 2.0% APF solution. The NaF contents
in the 2.0, 0.2 and 0.02% APF solutions correspond to that
in commercial prophylactic agents, toothpastes and dental
rinses, respectively.

10

(@)

Hydrogen desorption rate (mass ppm/min)

nonimmersed

0 200 400 600 800
Temperature ("C)

The amount of desorbed hydrogen was measured by TDA
for the immersed specimens. The immersed specimens were
cut at both ends and subjected to ultrasonic cleaning with
acetone for 2 min. Subsequently, the specimens were dried
in ambient air and then subjected to measurement. TDA was
started 30 min after the removal of specimens from the test
solutions. A quadrupole mass spectrometer (ULVAC, Kana-
gawa, Japan) was used for hydrogen detection. Sampling
was conducted at 30 s intervals at a heating rate of 100 °C/h.

The side surface of the immersed specimens was ob-
served by scanning electron microscopy (SEM). The corro-
sion products on the surface of the immersed specimens and
the surfaces after removal of the corrosion products were
examined using an X-ray diffractometer with Cu Ka radi-
ation of wavelength A = 1.54056 A in the 26 angle range
from 30 to 80° operated at 40kV and 30mA. To remove
the corrosion products from the surfaces, 600-grit SiC paper
was employed. The mass change and diameter of the speci-
mens were measured using a microbalance and a microme-
ter caliper, respectively. Standard deviations were calculated
from the results obtained for five specimens.

3. Experimental results
The representative hydrogen thermal-desorption curves of
the specimens immersed in the 2.0 and 0.2% APF solutions

for various periods are shown in Figs. 1 (a) and (b), respec-
tively. For the specimen immersed in the 2.0% APF solution

10

®
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0 ;
0 200 400 600 800
Temperature ("C)

Fig. 1. Hydrogen thermal-desorption curves for specimens immersed for various periods in (a) 2.0% and (b) 0.2% APF solutions.
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for 24h, a single desorption peak was observed at around
550°C. As the immersion time increased, other desorptions
appeared at lower temperatures. In the case of the specimen
immersed in the 0.2% APF solution, the desorption peak at
550 °C tended to shift to that at 450 °C with longer immer-
sion time. The amount of desorbed hydrogen was calculated
by integrating desorption peak intensity up to 800°C. The
amount of desorbed hydrogen, i.e., the amount of hydro-
gen absorbed during the immersion test, is shown in Fig. 2
for the specimens immersed in the 2.0, 0.2 or 0.02% APF
solutions. The figure clearly shows that titanium absorbed
substantial amounts of hydrogen in the 2.0 and 0.2% APF
solutions. The hydrogen content of the non-immersed spec-
imen obtained from TDA, that is, pre-dissolved hydrogen
content, was 42 mass ppm. Hence, the amount of hydrogen
absorbed during the immersion test was calculated by sub-
tracting the pre-dissolved hydrogen content from the amount
of desorbed hydrogen. The amount of absorbed hydrogen
increased with immersion time during the early stage of im-
mersion in the 2.0% APF solution, and then saturated to ap-
proximately 800—900 mass ppm after 72 h. In the later stage
of the immersion, the surface layer tended to peel off the
specimen. The reduction in the hydrogen content of spec-
imens immersed longer than 150h is probably due to this
peeling off of the surface layer. In immersion in the 0.2%
APF solution for more than 48h, the amount of absorbed
hydrogen saturated up to approximately 300 mass ppm. It
should be emphasized that the amount of hydrogen absorbed
for 24 h, i.e., 200 mass ppm, was almost the same in both
the 2.0 and 0.2% APF solutions. After the immersion in the
0.02% APF solution, the increment in hydrogen content was
scarcely confirmed.

1200
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Fig. 2. Amounts ot desorbed hydrogen obtained from thermal-desorption
analysis of specimens immersed in 2.0, 0.2 and 0.02% APF solutions as
functions of immersion time.

On the side surface of the non-immersed specimen,
scratches due to SiC paper polishing were observed, as
shown in the SEM micrographs in Figs. 3 (a) and (b). The
small white spots were SiC particles embedded in the sur-
face. Upon the 24 h immersion in the 2.0% APF solution,
corrosion products uniformly deposited on the surface of the
specimen, as observed on a macroscopic scale in Fig. 3 (c).
The corrosion products were granular and approximately
10 wm in diameter, as shown in Fig. 3 (d); they readily
peeled off the surface. On the other hand, general corrosion
was observed on the surface of the specimen immersed in
the 0.2% APF solution for 24h, as shown in Figs. 3 (e)
and (f). The surface was shown microscopically to have a
number of shallow depressions. Figs. 3 (g) and (h) show
the surface of the specimen immersed in the 0.02% APF
solution for 24 h. The white spots observed in Figs. 3 (a)
and (b) disappeared and very slight corrosion was observed,
although scratches due to SiC paper polishing remained.
The observed topographic features on the surface of speci-
mens immersed in all the test solutions hardly changed with
longer immersion time.

Fig. 4 (a) shows the results of X-ray diffraction (XRD)
measurements of the side surface of the non-immersed
specimen, i.e., alpha titanium. The XRD patterns of the
specimen immersed in the 2.0% APF solution for 24 h be-
fore and after removal of corrosion products are shown in
Figs. 4 (b) and (c), respectively. Sodium titanium fluoride,
i.e., Na3TiFg (monoclinic; ¢ = 0.5543 nm, b = 0.5748 nm,
¢ =0.8002nm, and B = 90.29°), was revealed on the
surface of the immersed specimen before removal of the
surface layer. On the surface of the immersed specimen
after removal of the corrosion products, titanium hydride,
i.e., TiH, (tetragonal; g = 0.312nm, ¢ = 0.418 nm), was
confirmed. For the surface of the specimen immersed in the
0.2% APF solution for 24 h before and after removal of the
surface layer, the formation of titanium fluoride, i.e., TiF,
(cubic; a = 0.51555nm), and the hydride were confirmed,
respectively, as indicated in Figs. 4 (d) and (e). Note that the
type of corrosion product depended on the concentration of
the APF solution. On the surface of the specimen immersed
in the 0.02% APF solution, only the alpha titanium peak
was detected.

The results of the mass change of specimens immersed in
each APF solution are shown in Fig. 5. The mass of specimen
increased during the early stage of the immersion in the 2.0%
APF solution, and then it decreased after more than 72 h.
The mass increase resulting from the corrosion products
deposited on the surface of specimen seems to be larger than
the mass loss arising from dissolution. After the immersion
in the 0.2% APF solution, the mass decreased gradually, and
then the mass loss saturated. For the specimens immersed
in the 0.02% APF solution, mass change was not detected.

Fig. 6 shows the ratio of diameter change of the specimens
immersed in the APF solutions as functions of immersion
time. The diameter increased during the early stage of the
immersion in the 2.0% APF solution, and then it decreased
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100 pm

Fig. 3. SEM micrographs of a typical side surface: (a) general and (b) magnified views of a non-immersed specimen; (c) general and (d) magnified
views of a specimen immersed in 2.0% APF solution for 24h; (e) general and (f) magnified views of a specimen immersed in 0.2% APF solution for
24 h; and (g) general and (h) magnified views of a specimen immersed in 0.02% APF solution for 24 h.

after more than 72h. In the immersion in the 0.2% APF 4. Discussion

solution, the diameter decreased gradually, and then the de-

crease in diameter saturated. The diameter change was not The above results clearly demonstrate that commercial
observed in the specimens immersed in the 0.02% APF so- pure titanium absorbs substantial amounts of hydrogen,
lution. The behavior of diameter change was consistent with which leads to the degradation of the mechanical prop-
that of mass change. erties of titanium in 2.0 and 0.2% APF solutions. When
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Fig. 4. XRD patterns for the surface of (a) non-immersed specimen, (b)
before and (c) after removal of corrosion products from the surface of
specimens immersed in 2.0% APF solution for 24h, and (d) before and
(e) after removal of corrosion products from the surface of specimens
immersed in 0.2% APF solution for 24 h.

the amount of absorbed hydrogen exceeds a few hundred
mass ppm, the pronounced degradation of mechanical prop-
erties generally occurs for alpha titanium {23-34]. The
authors previously proved that the hydrogen-related failure
of commercial pure titanium takes place under a sustained
tensile-loading test in a 2.0% APF solution [21]. The time
to fracture decreased with increasing applied stress and
was in the range from 15 to 220h. From the present re-
sults of TDA as shown in Fig. 2, the amount of hydrogen
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Fig. 5. Mass change of specimens immersed in 2.0, 0.2 and 0.02%
APF solutions. Standard deviation was calculated from the results of five
specimens.

absorbed in the 2.0% APF solution for 24 h was 200 mass
ppm. Thus, the hydrogen content required to initiate the
degradation of mechanical properties is estimated to be
roughly 100-200mass ppm, although the enhancement of
hydrogen absorption due to applied stress is not reflected.
This estimation is in good agreement with that obtained by
cathodic hydrogen charging [23-26] or exposure to gaseous
hydrogen [31,32].

Hydrogen absorption arises from the breakdown of
the thin passive film on the titanium surface in corrosive
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Fig. 6. Diameter change of specimens immersed in 2.0, 0.2 and 0.02%
APF solutions. Standard deviation was calculated from the results of five
specimens.
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environments. Upon the immersion in the APF solutions,
film breakdown occurred and corrosion products deposited
on the surface of titanium, as shown in Fig. 3. Hydrogen
absorption behavior was almost consistent with the progress
of corrosion, as indicated in Figs. 2, 5 and 6. Since the cor-
roston products often prevent the progress of corrosion, it is
possible that hydrogen absorption saturated during the later
stage of the immersion. For the beta titanium alloy reported
previously [22], however, the corrosion products hardly
prevent the progress of corrosion and hydrogen absorption.
Moreover, the corrosion products tended to peel off, par-
ticularly under applied stress [21], causing the reduction in
the diameter of the specimen. Therefore, taking into con-
sideration the effect of corrosion prevention by corrosion
products and reduction in diameter on the hydrogen-related
failure is needed for a detailed discussion.

Various mechanisms of hydrogen embrittlement have
been proposed [35-38]. In the case of alpha titanium, the
theory of brittle hydride formation and cracking is widely
accepted, although there is no direct evidence of fracture
associated with hydrides. Because hydrides differ in elas-
tic properties from alpha titanium, cracking of hydrides
provides sites for void nucleation even with a low hydride
density. In the present study, from the results of XRD mea-
surements in Fig. 4, hydride formation was revealed on
the surface of the specimens mmmersed in 2.0 and 0.2%
APF solutions. As shown in Fig. 1, it appears that the
higher-temperature desorption of hydrogen is connected
with hydride decomposition [39]. However, we must be cau-
tious in applying the embrittlement mechanism of hydride
formation and cracking because the mechanical properties
are more affected by a lower-temperature desorption of hy-
drogen, such as hydrogen weakly trapped in defects [40,41].
The present results of TDA indicate that there were differ-
ent states of hydrogen in titanium immersed in the APF
solutions. The states of absorbed hydrogen in titanium will
be the key point in elucidating the mechanism of hydrogen
embrittlement.

Moreover, the distribution of hydrogen in a specimen
plays an important role in the degradation of the mechanical
properties of materials. The diffusion coefficient of hydrogen
in alpha titanium has been presented by several researchers
[42-45]. Using the reported diffusion coefficient at room
temperature, e.g., D =2 x 107" m?/s [45], hydrogen is
considered to diffuse to the center of a specimen. In addition,
hydrogen is transported by dislocation motion. Conversely,
hydride formation at several tens of microns from the sur-
face of the specimen possibly prevents hydrogen diffusion
to the center of the specimen at room temperature {23-26].
This hydride also serves as a barrier to further enhance hy-
drogen absorption. In this case, hydrogen concentration near
the surface of a specimen is much higher than that at the
center of the specimen. Actually, in our previous study [21],
ductility loss was observed at the peripheral part of the frac-
ture surface of commercial pure titanium under the sustained
tensile-loading test in the 2.0% APF solution. In the present
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study, the amount of hydrogen obtained from TDA was av-
erage value over the entire specimen. The distribution of
hydrogen in titanium will be reported in detail elsewhere.

As the temperature is raised, hydrogen diffuses to the
center of the specimen and the solubility limit of hydrogen
increases. For a cathodic hydrogen-charging test, when the
solution temperature was increased from 25 to 40°C, hy-
drogen absorption was enhanced and the thickness of the
hydride layer became almost two times larger [24]. In the
present study, immersion tests were performed at 25°C.
If immersion tests are conducted at the test temperature
of 37°C, the amount of absorbed hydrogen will increase
markedly.

The amount of absorbed hydrogen was approximately
300 mass ppm in the 0.2% APF solution, as shown in Fig. 2,
indicating that the degradation of the mechanical properties
of titanium occurs. The hydrogen desorption behavior var-
ied between the 2.0 and 0.2% APF solutions, implying that
hydrogen absorption behavior and the states of hydrogen
in titanium depend on the concentration of the APF solu-
tion. On the basis of the surface analysis, it was found that
the type of corrosion product and surface topography of the
specimen immersed in the 0.2% APF solution were differ-
ent from those of the specimen immersed in the 2.0% APF
solution. The corrosion products of the specimen immersed
in the 0.2% APF solution were hard to peel off the surface
compared with those of the specimen immersed in the 2.0%
APF solution. The mass and diameter losses are caused by
the dissolution of titanium in the 0.2% APF solution. Since
there is a possibility that corrosion products slightly affect
hydrogen desorption behavior, this effect must be investi-
gated. During the early stage of the immersion, i.e., immer-
sion up to 24h, the amount of hydrogen absorbed in the
0.2% APF solution was almost the same as that in the 2.0%
APF solution. This result implies that the time to fracture
does not differ significantly between the 2.0 and 0.2% APF
solutions under the sustained tensile-loading test.

In the immersion in 0.02% APF solution, hydrogen ab-
sorption and corrosion were hardly observed, suggesting
that the critical concentration of APF solution for hydrogen
absorption is between 0.2 and 0.02%. However, hydrogen
absorption is generally enhanced by environmental condi-
tions including applied stress [22], electrochemical poten-
tial [23,25,26], test temperature and pH [24]. It is necessary
to examine hydrogen absorption under these conditions in a
0.02% APF solution.

5. Conclusions

Hydrogen absorption of commercially pure titanium has
been evaluated in APF solutions of various concentrations
at room temperature by TDA. The amount of absorbed hy-
drogen increases with immersion time and saturates with
longer immersion time. The amount of hydrogen absorbed
in the 2.0% APF solution (800-900 mass ppm) is three times
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larger than that in the 0.2% APF solution (300 mass ppm),
although 1t is the same in both solutions during the early
stage of immersion. The hydrogen desorption behavior of
the specimens immersed in the 2.0% APF solution is differ-
ent from that of the specimens immersed in the 0.2% APF
solutions. Upon immersion in the 0.02% APF solution, hy-
drogen absorption and corrosion are scarcely observed. The
concentration of the APF solutions affects not only hydro-
gen absorption, but also the type of corrosion product and
the surface topography of the specimens. It is concluded that
titanium absorbs sufficient amounts of hydrogen required
for the degradation of the mechanical properties or fracture
in 2.0 and 0.2% APF solutions.
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Abstract

Hydrogen absorption behavior of a beta titanium alloy in acid fluoride solutions has been analyzed by hydrogen thermal
desorption. The amount of absorbed hydrogen increased with immersion time in a 2.0% acidulated phosphate fluoride (APF)
solution. In the case of an immersion time of 60h, the amount of absorbed hydrogen exceeded 10000 mass ppm. In contrast, the
amount of hydrogen absorbed in the 0.2% APF solution was several times smaller than that in the 2.0% APF solution for the same
immersion time. For immersion in a 0.2% APF solution, hydrogen absorption saturated after 48 h. The surface topography and
corrosion products on the surface of the specimen immersed in the 2.0% APF solution were different from those in the 0.2% APF
solution. During the later stage of immersion, the amount of absorbed hydrogen markedly increased under higher applied stress,
although the applied stress did not enhanee hydrogen absorption during the early stage of immersion. These results of hydrogen

absorption behavior are consistent with the delayed fracture characteristics of the beta titanium alloy.

© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Among biomedical materials, beta titanium alloys
show not only excellent specific strength and toughness,
but also high corrosion resistance and biocompatibility
[1-5]. One problem, however, is that these properties of
beta titanium alloys as well as other titanium alloys are
adversely affected by hydrogen ([6-17]. Hydrogen
absorption from the surrounding environments leads
to degradation of the mechanical properties of materi-
als. This phenomenon has been referred to as hydrogen
embrittlement over the past years. Hydrogen absorption
often becomes a problem for high-strength steels even in
air [18-20], and it also occurs for titanium in methanol
solutions containing hydrochloric acid {21-23]. Conse-
quently, it is necessary to investigate hydrogen absorp-
tion under various environmental conditions, because
beta titanium alloys may be widely used in the future.

Recently, the authors have revealed that titanium
alloys absorb hydrogen in fluoride solutions such as
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prophylactic agents [24,25]. For a beta titanium
orthodontic wire, a large amount of absorbed hydrogen
results in delayed fracture [26]. Upon immersion in a
2.0% acidulated phosphate fluoride (APF) solution, the
fracture mode changed from ductile to brittle when the
applied stress was lower than 500 MPa, in other words,
when the immersion time was longer than 50h. On the
other hand, in the 0.2% APF solution, the alloys did not
fracture within 1000 h in the applied stress range below
500 MPa. More details of the delayed fracture behavior
of beta titanium alloys have been presented elsewhere
[26]. However, hydrogen absorption behavior of beta
titanium alloys in acid fluoride solutions is poorly
understood. Understanding the connection between
hydrogen absorption behavior and delayed fracture is
important so that service life can be predicted and
controlled.

The purpose of this study is to analyze the delayed
fracture of beta titanium alloy in acid fluoride solutions
from the viewpoint of hydrogen absorption behavior by
hydrogen thermal desorption analysis (TDA). This
article focuses on the effects of immersion time and
applied stress on hydrogen absorption in 2.0% and
0.2% APF solutions.
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2. Experimental procedures
2.1. Materials

The beta titanium wire (TMA; Ormco Corporation,
Glendora, CA) used in this study, which was the same as
that used in a previous study {26}, had a diameter of
0.45mm and was cut into 150-mm-long specimens. The
specimens were polished with 600-grit SiC paper and
ultrasonically washed in acetone for 5 min. The chemical
composition and mechanical properties of the specimens
are given in Table 1. Tensile tests were carried out at
room temperature using an Autograph (Shimadzu) at a
strain rate of 8.33 x 10™*s ™!, Standard deviation was
calculated from the results obtained from more than five
specimens. Hardness tests were performed on the
transverse cross section using a Vickers microhardness
tester under an applied load of 0.98 N for 15s. Standard
deviation was calculated from the results obtained from
more than eight indentations.

2.2. Immersion test

Immersion tests were performed under a sustained-
tensile load for various periods at room temperature.
The applied stress was in the range of 0-900 MPa and
was calculated as the ratio of the applied load to the
initial cross-sectional area. The length of each specimen
immersed in a solution was 50 mm. The test solutions
used were 50 ml each of aqueous solutions of 2.0% and
0.2% APF (2.0% NaF+1.7% H3;PO; and 0.2%
NaF+0.17% H3POy) of pH 5.0. Percent in this article
means mass percent, unless otherwise stated. The
concentrations of fluoride ions in the 2.0% and 0.2 %
APF solutions were 9000 and 900 mass ppm, respec-
tively. The side surface of the immersed specimens was
observed with a scanning electron microscope (SEM).
The corrosion products on the surface of the immersed
specimens and the surfaces after removal of the
corrosion products were examined using an X-ray
diffractometer (XRD) with Cu K, radiation of wave-
length 4 = 1.54056 A in the 20 angle range from 10° to
90° operated at 40kV and 30mA. To remove corrosion
products from the surfaces, 600-grit SiC paper was
employed.

2.3. Thermal desorption analysis

The amount of desorbed hydrogen was measured by
TDA for each immersed specimen. The specimens

Table 1
Chemical composition (mass %) and mechanical properties

(50mm in length) immersed in the solution were cut
into 20-mm-long segments and subjected to ultrasonic
cleaning with acetone for 2min. Each segment was dried
in ambient air and then measured. TDA was started
30min after the removal of a specimen from the test
solution. A quadrupole mass spectrometer (ULVAC,
Kanagawa, Japan) was used for hydrogen detection.
Sampling was conducted at 30-s intervals at a heating
rate of 100°C/h.

3. Results and discussion
3.1. Effect of immersion time

The hydrogen thermal desorption curves of specimens
immersed in the 2.0% APF solution without applied
stress for various periods are shown in Fig. 1. A single
desorption peak was observed at around 450-500°C,
and thermal desorption appeared in the temperature
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Fig. 1. Hydrogen thermal desorption curves from specimens immersed
in 2.0% APF solution for different periods without loading.
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range from 300°C to 800°C. The desorption tempera-
ture gives information on the state of hydrogen in the
alloy, but a detailed analysis will be separately reported.
The progress of hydrogen entry into the specimen was
denoted by an increase in the total amount of desorbed

14000
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O °
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12000 L ®0.2% AP

10000 +
8000 |
6000

4000 +

Desorbed hydrogen (1nass ppm)

2000 + PY ®

0 G i t 1 L
9 50 100 150 200 250

Immersion time (h)
Fig. 2. Amounts of desorbed hydrogen from thermal desorption

analysis of specimens immersed in 2.0% and 0.2% APF solutions as
functions of immersion time.

hydrogen, defined as the integrated peak intensity. The
total amounts of desorbed hydrogen up to 800°C in the
2.0% and 0.2% APF solutions without applied stress
are shown as functions of immersion time in Fig. 2. The
amount of desorbed hydrogen from the nonimmersed
specimens, i.e., the concentration of predissolved hydro-
gen, was 140 mass ppm. Thus, the amount of hydrogen
absorbed during an immersion test was calculated by
subtracting the predissolved hydrogen content from the
amount of desorbed hydrogen. In the 2.0% APF
solution, the amount of desorbed hydrogen increased
rapidly with increasing immersion time, although it
increased gradually during the early stage of immersion
until 18 h. Upon immersion in the 2.0% APF solution
for 60h, the amount of absorbed hydrogen was more
than 12000 mass ppm.

In general, beta titanium alloys can absorb a large
amount of hydrogen. When the amount of absorbed
hydrogen exceeds several thousand mass ppm, the
fracture stress decreases due to hydrogen-induced
decohesion, and/or the ductile-brittle transition tem-
perature rises in beta titanium alloys {11-17]. In our
previous study, the fracture mode of the beta titanium
alloy changed from ductile to brittle in the case in which
the immersion time was longer than 50h in the 2.0%
APF solution [26]. Hence, the critical amount of
absorbed hydrogen for the ductile-brittle transition at

Fig. 3. SEM micrographs of a typical side surface: (a) general and (b) magnified views of a nonimmersed specimen, (c) general and (d) magnified
views of a specimen immersed in 2.0% APF solution for 24h, and (¢) general and (f) magnified views of a specimen immersed in 0.2% APF solution

for 120h.
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room temperature is estimated to be roughly 10000
mass ppm in the beta titanium alloy tested.

The amount of desorbed hydrogen in the 0.2% APF
solution was several times smaller than that in the 2.0%
APF solution for the same immersion time. In the 0.2%
APF solution, the amount of absorbed hydrogen
saturated up to 2000-3500 mass ppm after 48 h. In our
previous study {26], delayed fracture did not occur in the
applied stress range below 500 MPa in the 0.2% APF
solution. This characteristic of the delayed fracture
corresponds to the saturation of hydrogen absorption in
the solution.

On the side surface of the specimens before immer-
sion, scratches due to SiC paper polishing were
observed, as shown in the SEM micrographs in Figs.
3(a) and (b). After immersion in the 2.0% APF solution
for 24h, as shown in Figs. 3(c) and (d), the specimen
exhibited smooth surfaces due to corrosion and peeling
of surface layers composed of corrosion products. The
immersion time of 24h in the 2.0% APF solution
corresponded to that of 120h in the 0.2% APF solution
in terms of the amount of hydrogen absorbed. Figs. 3(e)
and {f} show the side surface after immersion in the
0.2% APF solution for 120h. Microscopic roughness
associated with general corrosion was observed. Note-
worthy is that the surface topography of the specimen
immersed in the 0.2% APF solution was different from
that of the specimen immersed in the 2.0% APF
solution.

Fig. 4(a) shows the results of XRD measurements for
the side surfaces of the nonimmersed specimen. In
contrast, the XRD patterns of the specimen immersed in
the 2.0% APF solution for 24 h before and after removal
of a surface layer are shown in Figs. 4(b) and (c),
respectively. The formation of sodium titanium fluor-
ides, namely, NasTi3F,; (tetragonal; a = 0.748 nm,
¢ = 1.03nm) and Na;TiFg (monoclinic; a = 0.5543 nm,
b = 0.5748 nm, ¢ = 0.8002nm, f = 90.29°), were con-
firmed on the surface of the immersed specimen before
removal of the surface layer.

The corrosion resistance of titanium alloys depends
on the thin passive film on their surface. The passive film
undergoes a reaction in fluoride solutions, resulting in
the formation of titanium fluoride, titanium oxide
fluoride, or sodium titanium fluoride on the surface of
the alloys [27-37]. As a consequence, the corrosion
resistance of those alloys decreases markedly in the
solutions. In this study, the passive film on the surface of
the beta titanium alloy is most likely destroyed in the
2.0% APF solution in the same manner as reported in
previous studies [27-37]. Therefore, hydrogen absorp-
tion in the solutions is interpreted as the breakdown of
the passive film, because of the high affinity of titanium
to hydrogen.

Hydrides are expected to be formed, if titanium alloys
absorb hydrogen at their solubility limits. In addition,
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Fig. 4. XRD patterns for the surface of (a) nonimmersed specimen, (b)
before and (c) after removal of corrosion products from the surface of
specimens immersed for 24 h in 2.0% APF solution, and (d) before and
(e) after removal of corrosion products from the surface of specimens
immersed for 120h in 0.2% APF solution.

hydrogen desorbed at high temperatures as shown in
Fig. 1, suggesting that the absorbed hydrogen either is
strongly trapped by defects, i1s occluded or formed
hydrides. However, the XRD patterns of hydrides were
not confirmed on the surface before or after removal of
corrosion products. The hydride is hardly formed in
beta titanium alloys, although it is formed in alpha
titanium alloys [38-40] and in some specific beta
titanium alloys such as Ti-30Mo alloy and Ti-13V-
11Cr-3A1 alloy at high temperatures {41,42]. In this

_61_



T. Ogawa et al. | Biomaterials 25 (2004) 2419-2425

experiment, the hydride was probably not formed by
hydrogen absorption. It is considered that most of the
absorbed hydrogen is occluded interstitially and trapped
by dislocations, grain boundaries and microvoids. The
state of the absorbed hydrogen in the alloy is considered
to be in the form of an atom and/or molecule, but a
detailed discussion on this is beyond the scope of the
present study.

The XRD patterns of the specimens immersed in the
0.2% APF solution for 120h before and after removal
of a surface layer are shown in Figs. 4(d) and (e},
respectively. After immersion in the 0.2% APF solution
for 120 h, the corrosion product was identified as TiF3,
similar to the findings in the other report [43]. Note that
the corrosion product formed in the 0.2% APF solution
was different from that formed in the 2.0% APF
solution. This finding and the results of surface
observations (Fig. 3) indicate that the corrosion

2423

behavior is different between both solutions. This
difference may influence hydrogen absorption, although
the correlation between corrosion and the saturation of
hydrogen absorption in the 0.2% APF solution is still
uncertain. A detailed study of the correlation should be
carried out. After immersion in the 0.2% APF solution
for 24 h, diffraction peaks were not detected, with the
exception of those for beta titanium, because of the
small amount of corrosion products, although the
formation of corrosion products was observed by SEM.

3.2. Effect of applied stress

The effect of applied stress on the amount of desorbed
hydrogen is shown in Figs. 5(a)-{c). After immersion for
6h in the 2.0% APF solution (Fig. 5(a)), the amount of
desorbed hydrogen was approximately 400 mass ppm,
regardless of the applied stress. On the other hand, after
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Fig. 5. Amounts of desorbed hydrogen from thermal desorption analysis of specimens immersed in 2.0% and 0.2% APF solutions as functions of
applied stress: immersion times of (a) 6h, (b) 24h and (¢) 60h.

.._62_.



2424 T. Ogawa et al. | Biomaterials 25 (2004) 2419-2425

immersion for 24 h in the 2.0% APF solution as shown
in Fig. 5(b), the amount of desorbed hydrogen increased
in comparison with that in the case of nonapplied stress.
In particular, under an applied stress of 600 MPa, the
amount of desorbed hydrogen was approximately 1.7
times larger. In the applied stress range from 500 to
300 MPa, the effect of applied stress on hydrogen
absorption was the same. From the results of Figs.
5(a) and (b), the effect of applied stress on hydrogen
absorption probably appears when the immersion time
becomes longer and/or the applied stress becomes
higher. Under the applied stress of 200 MPa, the effect
of applied stress on hydrogen absorption might appear
with a longer immersion time. In our previous study
[26], the time to delayed fracture in the range below
500 MPa in the 2.0% APF solution was 50-60h and
was independent of the applied stress. Thus, this result
of hydrogen absorption behavior is almost consistent
with the previous result of delayed-fracture character-
istics. The amount of desorbed hydrogen from the
specimens immersed under an applied stress above
700 MPa could not be measured, because delayed
fracture occurred before 24 h in the 2.0% APF solution.
From our previous study [26], fracture under an applied
stress above 600 MPa, in other words, an immersion
time of less than 50h, is probably explained by the
decrease in fracture stress due to hydrogen-induced
decohesion.

After immersion in the 0.2% APF solution for 6 h, the
increase in the amount of desorbed hydrogen was hardly
confirmed to be close to the detectable limit. Upon
immersion in the 0.2% APF solution for 24h, the
amount of desorbed hydrogen under the applied stress
was slightly larger than that without the applied stress
(Fig. 5(b)). However, the amount of desorbed hydrogen
was considered to be independent of the applied stress.
After immersion for 60h in the 0.2% APF solution (Fig.
5(c}), the amount of desorbed hydrogen increased with
increasing applied stress. Under an applied stress of
700 MPa, the amount of desorbed hydrogen was 1.5
times larger than that without applied stress.

These results indicate that applied stress significantly
enhances hydrogen absorption at the later stage of
immersion in both solutions, although it hardly en-
hances hydrogen absorption at the early stage of
immersion. At the later stage of immersion immediately
before fracture, plastic deformation is presumably
induced by the reduction in tenmsile strength due to
hydrogen-induced decohesion and enhances hydrogen
absorption.

4. Conclusions

In this study, we examine hydrogen absorption
behavior of a beta titanium alloy in 2.0% and 0.2%

APF solutions using TDA. The amount of absorbed
hydrogen increased with immersion time in the 2.0%
APF solution, while it saturated by immersion in the
0.2% APF solution. For the same immersion time, the
amount of hydrogen absorbed in the 2.0% APF solution
was several times larger than that in the 0.2% APF
solution. At the later stage of immersion, the amount of
absorbed hydrogen markedly increased under an ap-
plied stress. The hydrogen absorption behavior was in
accord with the delayed fracture characteristics of the
beta titanium alloy.
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Abstract: Hydrogen-related degradation of the mechanical
properties of a Ni-Ti superelastic alloy has been examined
by means of delayed fracture tests in acidic and neutral
fluoride solutions and hydrogen thermal desorption analy-
sis. Delayed fracture took place in both solutions; the time to
fracture was shorter in the acidic solutions than in the neu-
tral solutions with the same fluoride concentration. The time
to fracture was reduced in both solutions when applied
stress exceeded the critical stress for martensite transforma-
tion. In the acidic solutions, Ni-Ti superelastic alloy under-
went general corrosion and absorbed substantial amounts of
hydrogen. Fractographic features suggested that the delayed
fracture in the acidic solutions was attributable to hydrogen
embrittlement, whereas in the neutral solutions, a different

fracture mode appeared associated with localized corrosion
only in the vicinity of the fracture initiation area. In the
neutral solutions, the amount of absorbed hydrogen was
much less than that in the acidic solutions, and the delayed
fracture was likely to be induced by active path corrosion
accompanying hydrogen absorption. The results of the
present study imply that the hydrogen-related degradation
of performance of Ni-Ti superelastic alloys occurs in the
presence of fluoride. © 2004 Wiley Periodicals, Inc. } Biomed
Mater Res 69A: 105-113, 2004

Key words: Ni-Ti; delayed fracture; hydrogen embrittle-
ment; corrosion; fluoride

INTRODUCTION

Corrosion of Nitinol and Ni-Ti superelastic alloys
used as orthodontic wires has been widely observed in
the oral cavity, eventually resulting in fracture of the
wire.) ¢ Moreover, dentists consider on the basis of
intuition that the flexibility of the wires is lost after
clinical use, implying some degradation of mechanical
properties. The mechanism might be the product of
several events in the oral cavity. One is the embrittle-
ment of the alloys due to the introduction of hydrogen
from the surrounding environment.”'® Hydrogen em-
brittlement is often represented as a reduction in ten-
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sile stress, strain, and reduction in area associated
with a change in the fracture mode.

The effect of hydrogen on the mechanical properties
of Ni-Ti superelastic alloys has been studied in ca-
thodic hydrogen charging”®'""*® and immersion in
solutions such as acidulated phosphate fluoride (APF)
solution.'® As the alloys absorb hydrogen, the tensile
strength and reduction in area decrease considerably,
and fracture takes place before stress-induced marten-
site transformation when the amount of absorbed hy-
drogen is substantially increased. Furthermore, the
effects of a corrosive environment on mechanical
properties become remarkably distinct when the ap-
plied stress exceeds the critical stress for martensite
transformation.™ Therefore, for evaluation of the deg-
radation of mechanical properties of Ni-Ti superelastic
alloys in various solutions, it is necessary to take into
consideration the effect of applied stress (e.g., by using
a sustained load, delayed fracture testing).

The delayed fracture test is particularly important
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Figure 1. SEM micrographs of the side surface of a speci-
men:polished with SiC paper. (a) General and (b) magnified
views of the surface.

for characterizing the susceptibility of high-strength
steels to hydrogen.'®?? Although delayed fracture life
is one of the important properties of Ni-Ti alloys used
in biomedical applications, their susceptibility to en-
vironmental conditions has rarely been studied. In
acidic fluoride solutions including prophylactic
agents, the corrosion resistance of titanium and its
alloys is remarkably reduced.*>® The breakdown of
the oxide film on the surface of the alloy is expected to
lead to hydrogen absorption in various solutions. In
actuality, Ni-Ti superelastic alloys absorb a consider-
able amount of hydrogen in a 0.2% APF solution,'
causing delayed fracture in the solution. In a milder
environment, such as neutral fluoride solutions, the
alloys are barely affected by corrosion. However, the
delayed fracture may occur even in neutral solutions
because of an accelerated corrosion of the alloys due to
applied stress.™

The purpose of the present study is to examine the
delayed fracture of a Ni-Ti superelastic alloy in acidic
and neutral fluoride solutions. On the basis of hydro-
gen thermal desorption analysis (TDA) and fracto-
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graphic examination, the characteristics of delayed
fracture are discussed.

EXPERIMENTAL PROCEDURES

Materials

Commercial Ni-Ti superelastic alloy wires with a diame-
ter of 0.50 mm were cut into 150-mm-long specimens. The
specimens were polished with 600-grit SiC paper and ultra-
sonically cleaned with acetone for 5 min; the scanning elec-
tron microscope (SEM) micrographs of the surfaces are
shown in Figure 1(a,b). The martensite to austenite transfor-
mation temperatures and the mechanical properties of the
specimens are given in Table I. The phase transformation
temperatures of the specimens were determined by an elec-
tric resistance method. Here, M, and M indicate the start
and finish temperatures for the martensite transformation,
respectively, on cooling. Similarly, A, and A, indicate the
start and finish temperatures, respectively, for the reverse
transformation on heating. The critical stress for the marten-
site transformation and the tensile strength were 530 and
1250 MPa, respectively. The tensile test data were measured
at room temperature (25 = 2°C) on an Instron-type machine
(Autograph AG-100A, Shimadzu) at a strain rate of 8.33 X
107*/s. The standard deviation was calculated from the
results for more than five specimens. The microstructure of
the specimen on a cross-sectional area was observed by
means of optical microscopic examination using an etching
solution consisting of hydroftuoric, nitric, and acetic acids
(7:7:10 volume ratio), as shown in Figure 2. The microstruc-
ture of the specimen exhibits a typical lathlike structure.

Delayed fracture test

The delayed fracture test (i.e., a sustained tensile-loading
test in solution) was conducted at room temperature with
specimens 50 mm in length immersed in 50 mL of solution.
Applied stress was varied to determine the delayed fracture
life characteristics. The test solutions used were aqueous
solutions of 0.2 or 2.0% acidulated phosphate fluoride (APF;
0.2% NaF + 0.17% H,PO, or 2.0% NaF + 1.7% H,PO,) with
pH 5.0 and 0.2 or 2.0% NaF with pH 65. The fluoride
concentrations in the 0.2 and 2.0% solutions were 900 and
9000 ppm, respectively. Percent in this article indicates mass
percent, unless otherwise stated. Immediately after fracture,
the specimens were taken from the solutions, cleaned with

TABLE |
Mechanical Properties and Transformation Temperatures
of the Ni-Ti Superelastic Alloy

Transformation

Critical Tensile Temperature (°C)

Stress Strength  Reduction

(MPa) (MPa) in Area (%) Ay A, M, M
530 + 16.7 1250 £ 7.2 54.7 -4 =26 -3 =27
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Figure 2. Optical micrograph of Ni-Ti superelastic alloy.

acetone, and dried in ambient air. The test was terminated
when no delayed fracture occurred after >1000 h. The side
surface and fracture surface of the tested specimens were
examined with SEM. The corrosion products on the surface
were examined by using an X-ray diffractometer (XRD)
operated at 40 kV and 30 mA, using Cu K, radiation of
wavelength A = 1.54056 A for 20 angles ranging from 30 to
80°.

Thermal desorption analysis

The amount of absorbed hydrogen was measured before
fracture for specimens subjected to the delayed fracture test.
Specimens (50 mm in length) immersed in the solution were
cut into 20-mm-long segments and subjected to ultrasonic
cleaning with acetone for 2 min. The segments were dried in
ambient air and measured. The starting time of TDA after
the removal from the solution was 30 min. A quadrupole
mass spectrometer (ULVAC) was used for the detection of
hydrogen. Sampling was conducted at 30-s intervals at a
heating rate of 100°C/h.

RESULTS AND DISCUSSION

Delayed fracture test in APF solutions

The delayed fracture test results are plotted in Fig-
ure 3 in terms of the time to fracture as a function of
the applied stress, in 0.2 and 2.0% APF solutions. The
arrows in the figure indicate nonfractured specimens
at the indicated elapsed time. The time to fracture
decreased with increasing applied stress. The slope of
the linear dependence changed at the critical stress for
martensite transformation in the 0.2% APF solution. In
the 2.0% APF solution, the line defining the relation-
ship of the applied stress versus time to fracture broke
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at the critical stress. This result suggests that the
strength of the Ni-Ti superelastic alloys is very sus-
ceptible to the environment when the applied stress
exceeds the critical stress for martensite transforma-
tion. This result agrees with that of a delayed fracture
test using cathodic charging in a 0.9% NaCl solution,
as reported previously.* For the same applied stress,
the time to fracture in the 2.0% APF solution was
shorter than that in the 0.2% APF solution, implying
an effect of fluoride concentration.

SEM micrographs of the side surface of a specimen
subjected to the delayed fracture test in the 0.2% APF
solution under the applied stress of 600 MPa are
shown in Figure 4(a,b). General corrosion took place
over the immersed area, and scratches due to paper
polishing disappeared. The corrosion was observed
regardless of the concentration of the solution and the
applied stress level.

Figure 5 shows TDA curves of specimens immersed
in the 0.2% APF solution for 24 h under applied
stresses of 300, 450, 600, and 750 MPa. The thermal
desorption of hydrogen appeared with a desorption
peak at ~400°C. The progress of hydrogen entry into
the alloy was shown as an increase in the total de-
sorbed hydrogen, defined as the integrated peak in-
tensity. In the as-received specimen, the amount of
desorbed hydrogen (i.e., the initial concentration of
hydrogen) was 7 ppm. The amount of hydrogen ab-
sorbed under an applied stress > 600 MPa was ~600
ppm, whereas that absorbed <450 MPa was ~400
ppm. This result suggests that the hydrogen absorp-
tion accelerates when the applied stress exceeds the
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Figure 3. Delayed fracture diagrams of Ni-Ti superelastic
alloy in 0.2 and 2.0% APF solutions. Arrows indicate speci-
mens that did not fracture.
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Figure 4. SEM micrographs of the side surface of a speci-
men subjected to delayed fracture test under the applied
stress of 600 MPa in the 0.2% APF solution. (a) General and
(b) magnified views.

critical stress of 530 MPa for martensite transforma-
tion. Because Figure 5 is for an immersion time of 24 h,
the amount of absorbed hydrogen may further in-
crease until the time of fracture at 50-80 h and 80-110
h under applied stresses of 450 and 600 MPa, respec-
tively, as shown in Figure 3.

Figure 6 shows XRD patterns from the side surface
of (a) a nonimmersed specimen and (b) before and (c)
after the removal of surface corrosion products on
specimens immersed in the 0.2% APF solution without
loading. The formation of sodium titanium fluoride,
Na,TiFg4 (hexagonal; a = 0.91974 nm, c = 0.51317 nm),
during immersion was evident. The thin passive film
on the Ni-Ti alloy surface, mainly TiO,, which gener-
ally exhibits good corrosion resistance similar to tita-
nium,*® 4% has been shown to dissolve or react to form
titanium fluoride, titanium oxide fluoride, or sodium
titanium fluoride in acidic fluoride solutions®*%; this
is in agreement with the present results. The break-
down of the film may lead to hydrogen absorption
because of a high affinity of the alloy for hydrogen.

YOKOYAMA ET AL.

Figure 6(b,c) confirms the formation of nickel titanium
hydride, TiNiH (tetragonal; a = 0.6221 nm, ¢ = 1.2363
nm), both before and after removal of corrosion prod-
ucts from the surface, and again, this is coincident
with the case of cathodically hydrogen-charged Ni-Ti
superelastic alloys.*?*? The hydride formed in the APF
solution was identical with that formed by cathodic
charging.

Figure 7(a) shows fractographic features of a speci-
men fractured in the 0.2% APF solution under an
applied stress of 600 MPa for 82 h. The fracture pattern
was roughly classified into two areas; one was a fairly
flat area in the peripheral part of the fracture surface
as shown in Figure 7(b), and the other was an area of
shallow dimples in the central part as shown in Figure
7(c). Both types were observed regardless of the fluo-
ride concentration and the level of the applied stress.
These characteristics of the fracture surface were very

16
583 mass ppm
14 750 MPa e
= 584 mass ppm
- 600 MPa
ERVES -
=
=
e
] 10
z B
E
S’
@ 424 mass ppm
@ 300 MPa
T
s 87T
2 401 mass ppm
B 450 MPa
2
g 6 r
g~
=
Q
&0
£
o 4 F
>
=)
2+ 7 mass ppm
as-received
0 : :

0 100 200 300 400
Temperature (C)

500 600

Figure 5. Hydrogen thermal desorption curves from spec-
imens subjected to the delayed fracture test under applied
stresses of 300, 450, 600, and 750 MPa in the 0.2% APF
solution for 24 h.
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Figure 6. XRD patterns from the surface of (a) a nonim-
mersed specimen, (b) before, and (c) after removal of corro-
sion products on the surface of specimens immersed in the
0.2% APF solution without loading.

similar to those on specimens tensile tested after im-
mersion in the 0.2% APF solution'® or cathodic hydro-
gen charging.”'* The flat area might be due to hydride
formation acting as the fracture initiation site, because
the hydride is hard and brittle and ready to provide
microcrack nucleation. Fractured specimens hardly
exhibited any reduction in area in either the 0.2 or
2.0% APF solution.

The fraction of the flat area increased with increas-
ing immersion time as shown in Figure 8. The rate of
increase was almost the same in 0.2 and 2.0% APF
solutions. The increase is attributable to the diffusion
of absorbed hydrogen from the surface. The diffusion
coefficient D is described by the Arrhenius relation,

(1)

where E is the activation energy, D, is the preexpo-
nential factor, kg is the Boltzmann constant, and T is
absolute temperature. Using the reported diffusion

D = Dgexp (_E/kBT),

109

coefficient of hydrogen in Ni-Ti alloy with a B2 struc-

ture at room temperature,*?
D =3.6 X105 m?/s, (2)

the diffusion distance of hydrogen in the alloy is cal-
culated to be 65 pm in 80 h, without taking into

Figure 7. SEM micrographs of the delayed fracture surface
under an applied stress of (a) 600 MPa in the 0.2% APF
solution, (b) the flat area in a peripheral part, and (c) a
shallow dimple area in the central part.
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Figure 8. Fraction of flat area on the delayed fracture sur-
face in 0.2 and 2.0% APF solutions as a function of time to
fracture.

account the diffusion coefficient in monoclinic marten-
site with a B19’ structure or the effects of applied
stress. This calculated value approximates the thick-
ness of the peripheral part (i.e,, the flat area) on the
fracture surface. Moreover, the increment of the flat
area with immersion time agrees with that obtained in
the tensile test after immersion in the 0.2% APF solu-
tion'” or cathodic hydrogen charging as reported pre-
viously.”**

Delayed fracture test in neutral NaF solutions

The delayed fracture test results in 0.2 and 2.0% NaF
solutions are shown in Figure 9. It is noteworthy that
the delayed fracture of Ni-Ti superelastic alloy took
place readily even in the neutral NaF solutions. Al-
though the time to fracture was longer than that in
APF solutions of the same fluoride concentration, the
dependence on fluoride concentration and the change
in the slope of the line defining the relationship of
applied stress versus time to fracture at the critical
stress for martensite transformation were similar to
those in APF solutions. Several specimens subjected to
the lower range of applied stresses fractured after
>1000 h, and the lower limit stress was not discernible
in either APF or NaF solutions.

The appearance of the side surface on a specimen
subjected to the delayed fracture test under an applied
stress of 600 MPa in the 2.0% NaF solution is shown in
Figure 10(a,b). In contrast to APF solutions, corrosion
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associated with arrested cracks perpendicular to the
loading direction was local only near the fracture ini-
tiation point in both 0.2 and 2.0% NaF solutions, re-
gardless of the applied stress. In the present experi-
ment, crevice corrosion appeared neither at the contact
point of a specimen with the vessel nor in the vicinity
of the water plane in NaF solutions or in APF solu-
tions.

Hydrogen absorption in the 2.0% NaF solution was
examined by means of TDA. Figure 11 shows TDA
curves of hydrogen absorbed in a nonloaded specimen
immersed in 10 mL of 2.0% NaF solution at 37°C for a
long period. It is apparent that substantial hydrogen
absorption occurred, but the desorption temperature
range was lower than that in APF solutions, and the
desorption peak temperature was ~250°C. The low
desorption temperature suggests that absorbed hydro-
gen is weakly trapped in the alloy. The absorption of
hydrogen increased with immersion time, but the
amount of desorption was much less than that in APF
solutions. An increase in absorption by loading was
not confirmed in the 2.0% NaF solution.

Fractographic features in NaF solutions are shown
in Figure 12(a) for a specimen fractured in 2.0% NaF
solution under an applied stress of 600 MPa. In NaF
solutions, the reduction in area was negligible, com-
pared to 54% on tensile testing in air. The fracture
mode was different between APF and NaF solutions,
For the delayed fracture in NaF solutions, the fracture
always initiated in the vicinity of the surface followed
by radial crack propagation. The fracture initiation
area, as shown in Figure 12(b), could be identified by
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Figure 9. Delayed fracture diagrams of Ni-Ti superelastic
alloy in 0.2 and 2.0% NaF solutions. Arrows indicate speci-
mens that did not fracture.
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Figure 10.. SEM micrographs of the side surface of a spec-
imen subjected to delayed fracture test under an applied
stress of 600 MPa in a 2.0% NaF solution. (a) General view
near the fracture surface and (b) magnified view near the
fracture initiation point.

tracing back the river-like flows. The morphology of

the fracture initiation area was fairly flat with a large

number of corrosion pits. The corrosion pits possibly
affected the fracture initiation. In view of the existence
of corrosion pits and the side surface features shown
in Figure 10, the flat area is likely the surface of an
arrested crack before it extends to the final fracture. In
addition, it appears that the flat area exhibits the char-
acteristics of brittle fracture associated with hydrogen
absorption, whereas the main crack propagation area
was composed of shallow dimples, as shown in Figure
12(c). The fraction of the flat area increased with the
time to fracture (i.e., the immersion time or decreased
applied stress) prominently in the 2.0% NaF solution
as shown in Figure 13.

The present study has revealed that a Ni-Ti super-
elastic alloy is susceptible to delayed fracture in both
APF and neutral NaF solutions. The susceptibility was
more prominent in the former solution, accompanied
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by a higher hydrogen absorption and general corro-
sion. In APF solutions, the formation of a hydride on
the surface of a specimen and a flat area in the periph-
ery of the fracture surface suggests that hydride for-
mation is a possible cause of embrittlement. However,
a stepwise increase in the susceptibility at an applied
stress level above the critical stress for martensite
transformation (Fig. 3) implies a more complicated
function for hydrogen. Further studies will be pre-
sented elsewhere.

In neutral NaF solutions, the amount of absorbed
hydrogen was much less than that in APF solutions,
but the amount was close to 50-200 ppm that affects
mechanical properties of Ni-Ti superelastic alloys.!%4*
The amount of hydrogen in TDA is-a mean value over
the specimen, and the localized corrosion near the
fracture initiation site (Fig. 10) suggests that the hy-
drogen concentration concerned with fracture is

1.6
14 +
o~
£
E12 ¢
5] 143 mass ppm
g: 2000 h
7 /
s 1.0
E
A d
]
g
- 08
2
R—d
o,
S
)
g 0.6 |
o 38 mass ppm
5 1000 h
8o
)
S 0.4 + 20 mass ppm
>
= 600 h
02 - 7 mass ppm
: as-received
0 !

0 100 200 300 400 500 600
Temperature (°C)
Figure11. Hydrogen thermal desorption curves from spec-

imens immersed in 2.0% NaF solutions without loading for
up to 2000 h at 37°C.
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higher. Nonetheless, the fractographic features

showed slow crack growth, suggesting active path
corrosion as the dominant fracture mode in which an

extremely small amount of hydrogen in the vicinity of
4546

a crack sometimes plays an important role.

Figure 12. SEM micrographs of the delayed fracture sur-
face under an applied stress of 600 MPa in a 2.0% NaF
solution. (a) General view, (b) flat area in fracture initiation
site, and (c) shallow dimple in crack propagation area.
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Figure 13. Fraction of flat area in the fracture surface of

specimens subjected to the delayed fracture test in 0.2 and
2.0% NaF solutions as a function of time to fracture.

CONCLUSIONS

A Ni-Ti superelastic alloy is susceptible to delayed
fracture in both APF and neutral NaF solutions. The
susceptibility was more prominent in the former so-
lution accompanied by a higher hydrogen absorption
and general corrosion. In APF solutions, the delayed
fracture is likely to be caused by hydrogen embrittle-
ment, whereas in NaF solutions, active path corrosion
accompanied by hydrogen absorption is thought to be
dominant.
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Original Article

Degradation in Performance of Orthodontic Wires Caused by
Hydrogen Absorption During Short-Term Immersion in 2.0%

Acidulated Phosphate Fluoride Solution

Kazuyuki Kaneko, DDS#*; Ken’ichi Yokoyama, PhD®; Keiji Moriyama, DDS, PhDs;
Kenzo Asaoka, PhD4; Jun’ichi Sakai, PhDe

Abstract: The purpose of this study was to investigate the degradation in performance of four major
alloys of orthodontic wires, namely nickel-titanium, beta titanium, stainless steel, and cobalt-chromium-
nickel, caused by hydrogen absorption during short-term immersion in an acid fluoride solutions. The
hydrogen-related degradation of orthodontic wires after immersion in 2.0% acidulated phosphate fluoride
solution at 37°C for 60 minutes was evaluated by a tensile test, scanning electron microscope observation,
and hydrogen thermal desorption analysis. Upon immersion, the tensile strengths of the nickel-titanium
and beta titanium wires decreased: Particularly, the nickel-titanium wire fractured before yielding, and the
fracture mode changed from ductile to brittle. The amounts of absorbed hydrogen in the nickel-titanium
and beta titanium wires were 200 and 100 mass ppm, respectively. On the other hand, the tensile strengths
of the stainless steel and cobalt-chromium-nickel wires were only slightly affected by immersion. The
results of this study suggest that degradation in performance of orthodontic wires of titanium alloys occurs
because of hydrogen absorption even after a short-term immersion in fluoride solutions. (4ngle Orthod

2004;74:487-495.)

Key Words: Orthodontic wire; Hydrogen embrittlement; Fluoride; Corrosion

INTRODUCTION

Four major orthodontic alloy wires, namely, nickel-tita-
nium, beta titanium, stainless steel, and cobalt-chromium-
nickel wires, exhibit good corrosion resistance, owing to
thin protective films on their surface. Films of nickel-tita-
nium or beta titanium alloy are mainly composed of tita-
nium oxide, whereas those of stainless steel or cobalt-chro-
mium-nickel alloy are mainly composed of chromium ox-
ide. These orthodontic wires shows high corrosion resis-
tance in various solutions'-® such as Ringer’s solution,!S
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artificial saliva,® and NaCl solution.s In these solutions, the
corrosion resistance of titanium alloys is higher than that
of stainless steels or cobalt-based alloys from the viewpoint
of film breakdown. In the oral cavity, however, even tita-
nium alloys do not always exhibit high corrosion resistance.
Actually, corrosion of orthodontic wires in the oral cavity
has been observed.>** One reason for this is that the cor-
rosion resistance of titanium alloys decreases in solutions
that contain fluoride.’*?® In acid fluoride solutions such as
prophylactic agents, the titanium protective film reacts with
hydrofluoric acid to form sodium titanium fluoride.252¢ The
breakdown of the film leads to a decrease in corrosion re-
sistance’*-?* because titanium shows intrinsically high ac-
tivities.

As another serious effect of fluoride on titanium alloys,
significant degradation of the mechanical properties of Ni-
Ti superelastic and beta titanium alloys caused by hydrogen
absorption, ie, hydrogen embrittlement, occurs in fluoride
solutions.?**® On the other hand, stress corrosion cracking
of stainless steel has been reported in fluoride solutions.?-3
Stress corrosion cracking and hydrogen embrittlement are
closely related. Hydrogen embrittlement of stainless steel’s*
and cobalt-chromium alloys*! were investigated by cathodic
hydrogen charging. However, the correlation between hy-
drogen absorption and degradation of stainless steel in fluo-
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TABLE 1. Orthodontic Wires Used in the Study
Alioy Abbreviation Brand Name Manufacturer

Nickel-titanium NiTi NITI Ormeco
Beta titanium Beta Ti TMA Ormco
Stainless steel Stainless Stainless steel Ormco
Cobalt-chromium-nickel CoCrNi Elgiloy blue Rocky Mountain Orthodontics

2500

Inonimmersed
B immersed

2000
I !
4.
=

1500
£
o
€ L
g
-t
@
o 1000 +
@
H N
f

500

NiTi BetaTi Stainless Co

FIGURE 1. Tensile strengths of nonimmersed wires and wires im-
mersed in 2.0% APF solution for 60 minutes. Standard deviation was
calculated from the results obtained from five specimens.

ride solutions has not yet been clarified. In addition, it is
necessary to confirm whether degradation in performance
of orthodontic wires occurs during short-term contact with
fluoride solution. The degradation of such wires in the oral
cavity leads to a decrease in orthodontic force.

The purpose of the present study was to examine the
degradation in performance of four major orthodontic wires
after short-term immersion in acid fluoride solution from
the viewpoint of hydrogen embrittlement. For the evalua-
tion of the degradation in performance, tensile tests, surface
observation by scanning electron microscope, and hydrogen
thermal desorption analysis (TDA) were conducted.

MATERIALS AND METHODS

Four major orthodontic wires, namely, nickel-titanium,
beta titanium, stainless steel, and cobalt-chromium-nickel
wires, were tested in this study. The wire abbreviations,
brand names, and manufacturers are listed in Table 1. These
0.40-mm (0.016-inch)-diameter wires were cut as 50-mm-
long specimens. The specimens were immersed separately
in 10 mL of an aqueous solution of 2.0% acidulated phos-
phate fluoride (APF; 2.0% NaF + 1.7% H,PO,) with pH
5.0 at 37°C for 60 minutes. Percent in solution means mass
percent unless otherwise stated.

Angle Orthodontist, Vol 74, No 4, 2004
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FIGURE 2. SEM micrographs of typical fracture surface of (a) non-
immersed and (b) immersed nickel-itanium wires.

Tensile tests on the nonimmersed and immersed speci-
mens were carried out at room temperature (25 * 2°C)
using a Shimadzu Autograph AG-100A machine at a strain
rate of 8.33 X 10~%second. The gauge length of the spec-
imens was 10 mm. All the immersed specimens were tested
within a few minutes after being taken out of the solution.
The mass change of the immersed specimens was mea-~
sured. The standard deviation of tensile strengths and mass
changes was calculated from the results obtained from more
than five specimens. The fracture surface and side surface
of the specimens were examined using a scanning electron
microscope (SEM).

The amount of desorbed hydrogen was measured by hy-
drogen TDA for the nonimmersed and immersed speci-
mens. TDA was started 30 minutes after removal of spec-
imens from the solution. A quadrupole mass spectrometer
(ULVAC, Kanagawa, Japan) was used for hydrogen detec-
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FIGURE 3. SEM micrographs of side surface of nickel-titanium wire: (a) general and (b) magnified views of nonimmersed wire; (c) general

and (d) magnified views of immersed wire.

tion. Sampling was conducted at 30-second intervals, and
the heating rate was 100°C/hour up to a terminal tempera-
ture of 800°C.

RESULTS

The tensile test results for the nonimmersed and im-
mersed specimens are shown in Figure 1. The tensile
strength of the immersed nickel-titanium wire decreased
from 1380 to 1160 MPa. The reduction in tensile strength
was 16.2%. It should be noted that the immersed nickel-
titanium wire fractured before yielding. The critical stress
for the stress-induced martensite transformation of the im-
mersed nickel-titanium wire increased from 430 to 480
MPa compared with that of the nonimmersed wire. For the
beta titanium wire, the tensile strength slightly decreased
after immersion, and the reduction in tensile strength was
5.6%. On the other hand, the tensile strength of the im-
mersed stainless steel wire only slightly decreased (reduc-
tion in tensile strength, 2.6%), and that of the immersed
cobalt-chromium-nickel wire hardly decreased (reduction in
tensile strength, 0.9%).

Figure 2 shows the fractographs of the nonimmersed
(Figure 2a) and immersed nickel-titanium wires (Figure
2b). The fracture surface of the nonimmersed wire was duc-

tile and was characterized macroscopically with a cup-cone
morphology. In contrast, the fracture surface of the im-
mersed wire was fairly flat and exhibited no reduction in
area. For the other wires, the fracture surface was not sig-
nificantly different for the nonimmersed and immersed
wires and was characterized macroscopically with a cup-
cone morphology.

The SEM micrographs of the side surface of the non-
immersed and immersed nickel-titanium wires are shown
in Figure 3. The side surface of the nonimmersed wires
indicates that surface defects related to the wire drawing,
pickling, or electropolishing procedures performed during
the manufacturing process contribute to corrosion. The sur-
face of the immersed nickel-titanium wire became rough
because of corrosion, as shown in Figure 3c,d. The side
surface of the nonimmersed beta titanium wire is shown in
Figure 4a,b. Surface defects and corrosion pits produced by
the manufacturing process were observed on the entire sur-
face. For the immersed beta titanium wire, corrosion prod-
ucts uniformly formed on its surface, as shown in Figure
4c¢,d. The side surface of the nonimmersed stainless steel
wire exhibited scratches and pits on its surface, as shown
in Figure 5a,b. Upon immersion, corrosion products were
distributed inhomogeneously on its surface (Figure 5c,d).

Angle Orthodontist, Vol 74, No 4, 2004
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FIGURE 4. SEM micrographs of side surface of beta titanium wire: (a) general and (b) magnified views of nonimmersed wire; (c) general and

(d) magnified views of immersed wire.

The side surface wire was not significantly different for the
nonimmersed and immersed cobalt-chromium-nickel wires,
as shown in Figure 6a through d.

The results of the mass change after immersion are
shown in Figure 7. The mass of the nickel-titanium wire
decreased, whereas that of the beta titanium wire increased.
The mass loss of the nickel-titanium wire is attributable to
corrosion during immersion in the solution. For the beta
titanium wire, the mass increase resulting from the corro-
sion products deposited on its surface seems to be larger
than the mass loss arising from dissolution. The mass of
the stainless steel wire increased slightly because of the
deposition of corrosion products on its surface. On the other
hand, the mass change of the cobalt-chromium-nickel wire
was hardly confirmed.

Figure 8a through d shows the TDA curves for the non-
immersed and immersed wires. The progress of hydrogen
entry into the wires was denoted by an increase in the total
desorbed hydrogen, defined as the integrated peak intensity.
The amount of hydrogen that desorbed from the nonim-
mersed wires gives the concentration of predissolved hy-
drogen. For the immersed nickel-titanium and beta titanium
wires, thermal hydrogen desorption appeared with a de-
sorption peak at approximately 400°C and 650°C, respec-
tively. This TDA result clearly indicates that the nickel-
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titanium and beta titanium wires absorbed a large amount
of hydrogen in the solution even with a 60-minute immer-
sion. The amounts of absorbed hydrogen during the im-
mersion of the nickel-titanium and beta titanium wires were
calculated by subtracting the predissolved hydrogen content
in each wire and were found to be 227 and 94 mass ppm,
respectively. On the other hand, for the immersed stainless
steel and cobalt-chromium-nickel wires, no increase in the
amount of desorbed hydrogen was confirmed.

DISCUSSION

Orthodontic wires with a titanium protective film degen-
erated by immersion in 2.0% APF solution for 60 minutes.
The nickel-titanium wire absorbed a substantial amount of
hydrogen and the fracture mode changed from ductile to
brittle, as shown in Figure 2. Furthermore, the increase in
critical stress for martensite transformation by immersion
might obstruct the generation of an appropriate orthodontic
force. The increase in critical stress for martensite trans-
formation is likely ascribable to the effect of hydrogen of
preventing martensite transformation because martensite
transformation is sensitive to the presence of interstitial at-
oms.*? These results are in good agreement with that ob-
tained by immersion in 0.2% APF solution in our previous
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FIGURE 6. SEM micrographs of side surface of stainless steel wire: (a) general and (b) magnified views of nonimmersed wire; (c) general

and (d) magnified views of immersed wire.

study.® In acid fluoride solutions, the breakdown of a ti-
tanium protective film occurs readily, and a nickel-titanium
alloy absorbs hydrogen because of the high affinity of ti-
tanium to hydrogen. When the amount of absorbed hydro-
gen exceeds 50-200 mass ppm, a pronounced degradation
in the performance of nickel-titanium superelastic alloys
occurs.®* As with the findings of previous studies, fracture
stress presumably decreases to critical stress for martensite
transformation, and a wire fractures before martensite trans-
formation with longer immersion time.

Fracture of nickel-titanium orthodontic wires is often ex-
perienced during clinical use in the oral cavity.*** Its main
“cause has been considered to be surface defects generated
during wire manufacture, fatigue, or corrosion-related phe-
nomena.’#¢ However, our results clearly indicate that one
of the reasons for the fracture is degradation in performance
caused by hydrogen absorption in the presence of fluoride
in the oral cavity. Various mechanisms have been proposed
for hydrogen embrittlement, eg, the stress-induced hydride
formation and cleavage mechanism,” hydrogen-induced
decohesion theory,* and hydrogen-enhanced localized plas-
ticity model,*® but a detailed discussion is beyond the
scope of the present study.

The beta titanium wire absorbed substantial amounts of

hydrogen like the nickel-titanium wire, although its tensile
strength was slightly decreased by immersion in 2.0% APF
solution for 60 minutes. In general, the tensile strength of
beta titanium alloys decreases considerably with increasing
hydrogen content.**” When hydrogen content is larger than
several thousand mass ppm, pronounced degradation, such
as ductile-to-brittle transition, occurs. Moreover, the de-
layed fracture of beta titanium alloys takes place because
of hydrogen absorption in APF solutions.®® Therefore, a
marked degradation in performance of beta titanium ortho-
dontic wires will occur with longer immersion times.

The absorbed hydrogen in titanium alloys diffuses from
the surface inward even at room temperature, and diffusion
distance depends on the coefficient of hydrogen diffusion
in materials. Hence, for thinner nickel-titanium and beta
titanium wires, degradation in performance caused by hy-
drogen absorption probably occurs for a short immersion
time in comparison with the results of the present study.

In the current study, hydrogen contents in the nonim-
mersed nickel-titanium and beta titanium wires were rela-
tively large, as shown in Figure 8a,b, suggesting that hy-
drogen was introduced by manufacturing processes such as
electropolishing. Wu and Wayman® have reported that
nickel-titanium alloys absorb hydrogen during electropol-

Angle Orthodontist, Vol 74, No 4, 2004
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FIGURE 6. SEM micrographs of side surface of cobalt-chromium-nickel wire: (a) general and (b) magnified views of nonimmersed wire; (c)

general and (d) magnified views of immersed wire.
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FIGURE 7. Mass change after immersing wires. Standard deviation
was calculated from the results of more than five measurements.
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ishing in the preparation of transmission electron micros-
copy specimens. Diminution of the hydrogen content by the
manufacturer will help improve the clinical performance of
wires.

The tensile strength of the orthodontic wire with a chro-
mium protective film was only slightly reduced by immer-
sion in 2.0% APF solution for 60 minutes. For the stainless
steel wire, the effect of immersion was recognized on the
basis of the results of SEM observation and mass change
measurement. However, the increase in the amount of de-
sorbed hydrogen was not confirmed. It should be noted that
local hydrogen density was not measured in the present
experiment of TDA because the amount of absorbed hy-
drogen was taken as the mean value over the immersed
wire.

Hydrogen embrittlement of stainless steels*** and co-
balt-based alloys*' has been examined by cathodic hydro-
gen charging. When stainless steels and cobalt-based alloys
absorb hydrogen, a degradation of their mechanical prop-
erties results, ie, there is reduced tensile strength and duc-
tility. The stress corrosion cracking of stainless steels in the
presence of fluoride has been reported by several authors,?~
35 although the involvement of hydrogen absorption has not
been mentioned. In the case of stress corrosion cracking in
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acid solutions, crack growth is accompanied by anodic dis-
solution and cathodic hydrogen generation at the crack tip.
The breakdown of the protective film at the crack tip often
leads to hydrogen absorption. Even an extremely small
amount of hydrogen in the vicinity of the crack can some-
times play an important role in stress corrosion cracking.
Therefore, that the slight degradation of stainless steel is
attributable to a small amount of hydrogen should not be
excluded, although hydrogen desorption was not detected
in the present study. Nonetheless, for a short immersion
time without loading, we provisionally consider that the
serious degradation of orthodontic wires with a chromium
protective film caused by hydrogen absorption does not oc~
cur in a 2.0% APF solution. Local hydrogen absorption and
long-term immersion tests should be investigated in the fu-
ture.

CONCLUSIONS

The degradation in performance of four major orthodon-
tic wires caused by hydrogen absorption was investigated

by immersion in a 2.0% APF solution for 60 minutes. Upon
immersion, the nickel-titanium and beta titanium wires ab-
sorbed substantial amounts of hydrogen and degenerated,
whereas the performance of the stainless steel and cobalt-
chromium-nickel wires was only slightly affected. In APF
solutions, the degradation resistance of wires with a tita-
nium protective film is considered to be lower than that of
wires with a chromium protective film. Clinically, the pre-
sent results suggest that orthodontists should, as much as
possible, avoid placing wires with a titanium protective film
in contact with prophylactic agents, toothpastes, or dental
rinses that contain fluoride.
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Abstract

Fracture of the Ni—Ti superelastic alloy for endodontic instruments such as files was investigated with a sustained tensile-loading test in
sodium hypochlorite (NaOCl) solution of various concentrations. It was found that the time to fracture was reduced when the applied stress
exceeded the critical stress for martensite transformation. When the applied stress was higher than the critical stress, the 0.3 mm diameter wires
of the Ni-Ti superelastic alloy sometimes fractured within 60 min. From the results of observations of the fracture surface using a scanning
electron microscope, it was revealed that the fracture of the Ni-Ti superelastic alloy is significantly influenced by corrosion when the applied
stress was higher than the critical stress for martensite transformation. The results of the present study suggest that one of the causes of the
fracture of Ni-Ti files during clinical use is corrosion under the applied stress above the critical stress for martensite transformation in NaOCl

solution.
© 2003 Elsevier B.V. All rights reserved.

Keywords: Ni-Ti; Superelastic alloy; Fracture; Corrosion; Sodium hypochlorite

1. Introduction

The biomedical applications of the Ni-Ti superelastic al-
loy are increasing. In the dental field, the superelastic effect
of this alloy is mainly used in orthodontic wires and en-
dodontic instruments. Endodontic instruments such as files
made of the alloy were first introduced by Walia et al. in
1988 [1], because the alloy has excellent mechanical prop-
erties including flexibility and high torsion strength [2-6].
In addition, the Ni—Ti superelastic alloy exhibits good cor-
rosion resistance in saliva and saline solutions {7-10]. How-
ever, the corrosion of endodontic instruments made of Ni~Ti
superelastic alloy in sodium hypochlorite (NaOCl) solutions
has been reported by Haikel et al. [11] and Busslinger et al.
12}

NaOCl solution is irrigated into root canals as disinfecting
and/or complexing agent during chemomechanical shaping
and cleaning. Ni-Ti endodontic instruments are often used
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in contact with the solution. It is therefore important to in-
vestigate the corrosion behavior and degradation of the me-
chanical properties of the Ni-Ti superelastic alloy in NaOCl
solution. Haikel et al. [11] and Busslinger et al. [12] also
suggested that NaOCl solution has no effect on the mechan-
ical properties of Ni~Ti files such as flexibility and torsion
strength at a short immersion time. However, the effect of
the applied stress on the corrosion behavior of the Ni-Ti
alloy has not been investigated in NaOC! solution.
Actually, Ni-Ti files frequently fracture inside the root
canal during clinical use. This unexpected fracture and high
cost are the weak points of Ni~Ti endodontic instruments.
Bonetti Filho et al. [13] strongly recommended that small
Ni-Ti instruments should be discarded after five uses. Sev-
eral workers reported that the major cause of the fracture
of Ni-Ti files is overload operation, because the torsional
properties of Ni—Ti files are lower than those of traditional
stainless steel files [2,3]. Kuhn et al. {14] also indicated that
the manufacture of Ni~Ti alloys by machining in files pro-
motes work hardening, which contributes to the degrada-
tion of their mechanical properties. On the other hand, we
have demonstrated that the Ni—Ti superelastic alloy is more
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susceptible to environmental conditions when the applied
stress is higher than the critical stress for martensite transfor-
mation [15]. The effects of environmental conditions such
as chemical species in solutions like NaOC]1 solution on the
fracture of the alloy under an applied stress cannot be disre-
garded. It is therefore necessary to confirm experimentally
whether or not the fracture of the Ni-Ti superelastic alloy
under an applied stress occurs in NaOCl solution.

The objective of the present study is to examine the frac-
ture of the Ni—Ti superelastic alloy in NaOCI solution of var-
ious concentrations during a sustained tensile-loading test.
The mechanism of fracture was investigated by characteriz-
ing fractographic features and measuring corrosion potential.

2. Experimental procedures
2.1. Materials

A commercial Ni—Ti (Ni: 55 mass%, Ti: balance) supere-
lastic wire of 0.5mm diameter was used. Percent in this
paper means mass percent, unless otherwise stated. In order
to investigate the effect of the diameter of the wire on the
time to fracture, a 0.3 mm diameter wire was also used.
The surfaces of the specimens were carefully polished us-
ing #600-grid SiC paper to eliminate accretions, followed
by cléaning with acetone and drying in ambient air. The
transformation temperatures and the mechanical properties
of the Ni—Ti superelastic alloy are given in Table 1. The
transformation temperatures were measured by an electri-
cal resistance method. Here, M, and M; indicate the start
and finish temperatures for martensite transformation, re-
spectively, during cooling. Similarly, 4 and Ar indicate the
start and finish temperatures, respectively, for reverse trans-
formation. The critical stress for martensite transformation
and the tensile strength at room temperature (25 + 2 °C) are
530 and 1250 MPa, respectively.

2.2. Sustained tensile-loading test

A sustained tensile-loading test in solutions of 0.1, 1.0
and 5.0% NaOC] was carried out at room temperature. The

Table 1
Transformation temperatures and mechanical properties of the tested Ni-Ti
superelastic alloy

Parameter Value

Transformation temperature (°C)

Ar —4

Ag —26

M -3

My —27
Critical stress (MPa) 530 + 16.7
Tensile strength (MPa) 1250 + 7.2
Reduction in area (%) 54.7
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applied stress was calculated as the ratio of the applied
load to the initial cross-sectional area and was varied to
determine the fracture life characteristics. The pH values
of these solutions were 10.9, 11.9 and 12.4, respectively.
The immersed length of the specimen in each solution
was 50 mm and the volume of the test solution was 50 ml.
Immediately after fracture, the specimens were taken out
from the solution, followed by cleaning with acetone and
drying in ambient air. The fracture surface of the speci-
mens was observed using a scanning electron microscope
(SEM).
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Fig. 1. Effect of the applied stress on time to fracture of the Ni-Ti

superelastic alloy in 0.1, 1.0 and 5.0% NaOCI solutions. The specimens
of 0.5mm (a) and 0.3 mm (b) diameter.
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2.3. Analysis of corrosion products

Corrosion products, which precipitated in the NaOCl
solutions, were filtered, dried, and washed with distilled
water several times in order to remove any impurities. For
comparison with the corrosion products of the Ni-Ti su-
perelastic alloy, pure nickel (99.9%) and commercial pure
titanium (99.8%) were individually immersed in the NaOCl
solutions in additional experiments. The corrosion products
were examined using a SEM and an X-ray diffractometer
(XRD; RIGAKU RINT-TTR) with Cu Ka radiation of

= 1.54056 A wavelength for the 26 angle range from 10
to 80° at 50kV and 200 mA. The mass ratio of the principal
component in corrosion products was analyzed by energy
dispersive spectroscopy (EDS).

2.4. Corrosion test

Corrosion potentials of the alloy without the applied
stress were measured at room temperature in the NaOCl

S e

solutions under opén-air conditions. The counter and refer-
ence electrodes were a platinum electrode and a saturated
calomel electrode (SCE), respectively. The measurements
were started 10 s after immersion in the test solution.

3. Experimental results

The sustained tensile-loading test results are presented
in Fig. 1 m terms of the time to fracture as a function
of the initial applied stress. Figs. 1(a) and (b) show speci-
mens of 0.5 and 0.3 mm diameter, respectively. In general,
NaOCl concentration is used clinically during root canal
therapy between 0.5 and 5.5%. In the present study, it is
found that the alloys fractured even at a low concentra-
tion of 0.1%. Although the measurement conditions varied
widely, the time to fracture tended to increase with decreas-
ing NaOCI concentration. The time to fracture also increased
with decreasing applied stress. The slope of the linear de-
pendence changed around the critical stress for martensite

Fig. 2. SEM micrographs of the macroscopic fracture surface of the 0.5 mm diameter specimen in 5.0% NaOCI solution under applied stresses of 750 MPa
(a) and 150 MPa (b). Magnified views of the corrosion area under applied stresses of 750 MPa (c) and 150 MPa (d), and the shallow-dimple pattern area

under applied stresses of 750 MPa (e) and 150 MPa (f).
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transformation. Moreover, the time to fracture decreased
with decreasing diameter of specimen. It should be noted that
the 0.3 mm diameter specimen under the applied stress above
530 MPa sometimes fractured within 60 min. The shortest
time to fracture was only 30 min in this experiment.

The fracture surfaces of the 0.5 mm diameter specimens
in 5.0% NaOCl solution for applied stresses of 750 and
150 MPa are shown in Figs. 2(a) and (b), respectively. On the
basis of SEM observations, fracture surface patterns can be
classified into two areas: the corrosion area (Figs. 2(c) and
(d)) and the shallow-dimple pattern area (Figs. 2(e) and (f)).
Regardless of the concentration of NaOC] solution, the frac-
ture surface patterns were similar to those mentioned above.
Fig. 3 shows a fraction of the shallow-dimple pattern area,
i.e., the non-corrosion area, in a cross-section as a function
of the applied stress in 0.5 mm-diameter specimens. At an
applied stress higher than the critical stress for martensite
transformation, the shallow-dimple pattern area decreased
gradually with decreasing applied stress. On the other hand,
in the applied stress range lower than the critical stress,
the shallow-dimple pattern area decreased abruptly. Thus,
when the applied stress was higher than the critical stress for
martensite transformation, the Ni-Ti superelastic alloy frac-
tured by slight corrosion. This result indicates that the frac-
ture of Ni—Ti superelastic alloy is accelerated at an applied
stress higher than the stress for stress-induced martensite
transformation. In addition, the dimple pattern area tends to
decrease with increasing concentration of NaOCI solution.

The side surfaces of the fractured samples with 0.5 mm
diameter in 5.0% NaOCI solution under applied stresses of
750 and 150 MPa are shown in Figs. 4(a) and (b), respec-
tively. A marked corrosion was observed in the periphery
of the fracture surface, but not in other immersed areas. No
crevice corrosion occurred at the point of contact with the

100

0 0.1% NaOCl
4 1.0% NaOCl
0 5.0% NaOCl

0 200 400 600 800 1000 1200
Applied stress (MPa)

Fraction of dimple pattern area (%)

L Critical stress

Fig. 3. Fraction of dimple pattern area in the fracture surface as a function
of applied stress in 0.1, 1.0 and 5.0% NaOCl solutions.

_86,..

Fig. 4. SEM micrographs of the surface in 5.0% NaOC! solution under
applied stresses of 750 MPa (a) and 150 MPa (b).

vessel and in the vicinity of the water plane in this experi-
ment.

The features of the corrosion products, which precipi-
tated in 5.0% NaOCl solution, are shown in Fig. 5. The
sizes of the corrosion products of the Ni-Ti superelastic
alloy (Figs. 5(a) and (b)) and pure nickel (Figs. 5(c) and
(d)) were approximately 50-200 wm. Both corrosion prod-
ucts were black, as observed by the naked eye. In the case
of commercial pure titanium, no corrosion products precip-
itated in the NaOCI solutions. The XRD profiles of the cor-
rosion products are shown in Fig. 6. The corrosion products
of the Ni~Ti superelastic alloy were identified as those of
B-NiOOH (hexagonal; a = 0.281nm, ¢ = 0.484nm) and
NiTi (cubic; a = 0.2998 nm), as shown in Fig. 6(a). Nickel
and titanium, which were contained in the corrosion prod-
ucts of the Ni—Ti superelastic alloy, were in the mass ra-
tio of 65 and 35 (atomic ratio of 60 and 40) from results
of EDS analysis. For the corrosion products of pure nickel
(Fig. 6(b)), all the major peaks were identified as those of
Ni(OH), (hexagonal; a = 0.3114nm, ¢ = 0.4617 nm).

Fig. 7 shows the changes in the corrosion potentials of
the Ni—Ti superelastic alloy in the NaOC] solutions under
open-air conditions. The corrosion potential shifted in the
noble direction up to +0.5V during the early stage of im-
mersion and rapidly dropped to £0 V approximately 10 min
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Fig. 5. SEM micrographs of corrosion products which precipitated in 5.0% NaOC! solution of: (a) Ni-Ti superelastic alloy; (b) magnified view of (a);

(¢) pure nickel; (d) magnified view of (c).

after immersion. The time to the potential drop reduced with
increasing concentration of NaOC] solution. The fluctuation
behavior of the potential was observed after the potential
drop. In 5.0% NaOC] solution, the potential again increased
up to +0.5V and dropped to 0 V.

4. Discussion

One important finding in the present study is that the
fracture of the Ni~T1 superelastic alloy occurs in a very short
time under an applied stress in NaOCI solution. Titanium

@ g o B-NiOOH

Intensity (arbitrary units)

2 Theta (degree)

Fig. 6. XRD patterns of corrosion products which precipitated in 5.0%
NaOCl solution of: (a) Ni-Ti superelastic alloy; (b) pure nickel.

surface is covered with a thin passive film such as TiO;
of uniform thickness. This oxide film is chemically stable
in alkaline solutions such as NaOC] solution. On the other
hand, nickel forms nickel hydroxide including Ni(OH); in
alkaline solutions [16,17]. In the present case of pure nickel,
Ni(OH); precipitated in NaOCI solution, as shown in Fig. 6.
The reaction is presumably:

Oy + 2Hy0 + 4e™ — 40H™ 1)

2Ni — 2Ni*T +4e” )

2Ni + O3 + 2H,0 — 2Ni(OH), (3)
0.8

0.1% NaOCl
-~ 1.0% NaOCl
—5.0% NaOCl

g
2N
T

@
kN

<

Corrosion potential (V vs. SCE)
@
N

&
o
7

0 20 40 60 80 100 120
Immersion time (min)

Fig. 7. Changes in the corrosion potential of Ni-Ti superelastic alloy in
0.1, 1.0 and 5.0% NaOCI solutions.
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C1™ ion in solution accelerates the breakdown of nickel hy-
droxide. Chan et al. [18] proved by means of XPS, SEM
and Auger electron spectroscopy that the surface film of the
Ni-Ti alloy is composed of TiOz, TiO,, NiO and nickel
which remained metallic. In the present study, corrosion
products of the Ni-Ti superelastic alloy were identified as
those of B-NiOOH and NiTi, making it clearer that nickel
preferentially dissolves in NaOCI solution based on results
of EDS analysis. For the Ni-Ti superelastic alloy in the
NaOC] solutions, therefore, the breakdown of the surface
film seems to result in selective dissolution of nickel.

The time to fracture of the Ni-Ti superelastic alloy and
the time to breakdown of the surface film decreased with
increasing concentration of NaOCI solution, as shown in
Figs. 1 and 7. This result suggests that the local breakdown
of the surface film decreases the time to fracture. The time
to breakdown of the film was only 10min in 5.0% NaOCl
solution even in the case of without the applied stress. The
applied stress generally accelerates the breakdown of the
surface film in various solutions. The corrosion behavior of
the Ni—Ti superelastic alloy is not known for a large strain
such as in the present experiment, although Rondelli and
Vicentini {10] reported that the presence of stress-induced
martensite does not appreciably modify the localized cor-
rosion resistance of the Ni-Ti alloy under 4% strain. The
effects of the applied stress on the corrosion potential in
NaOC] solution will be revealed in future research.

In the present study, the fracture of the Ni—Ti superelastic
alloy was caused by a decrease in the cross-sectional area
due to corrosion under an applied stress in NaOCI solution,
as shown in Fig. 2. The corrosion area in the fracture sur-
face, as shown in Figs. 2(c) and (d), is probably due to the
above-mentioned selective dissolution of nickel. Under the
same corrosion conditions, the fracture of 0.3 mm diameter
specimen seems to be more affected by the decrease of the
cross-sectional area than that of 0.5 mm diameter specimen.
Hence, it follows that the time to fracture decreases with
decreasing diameter of specimen.

Formerly, the service life of Ni~Ti superelastic files was
expected from the results of immersion tests without an
applied stress. Busslinger et al. {12] reported that no sig-
nificant corrosion was found even after an immersion time
of 60 min in 1% NaOCl solution. Certainly, when the ap-
plied stress was lower than the critical stress for martensite
transformation, it took a fairly long time before the Ni~Ti
superelastic alloy fractured in the present experiment. How-
ever, for higher applied stress, the fracture of the alloy
occurred in a shorter time than expected. Our recent finding
[15] that Ni—Ti superelastic alloy was more affected by cor-
rosive environments, when the applied stress exceeded the
critical stress for martensite transformation. This tendency
of the alloy was clearly exhibited in 0.1% NaOC] solution
in the present study, as shown in Fig. 1. Therefore, taking
into consideration the effect of the applied stress, the service
life of Ni—Ti superelastic files should be evaluated under
corrosive environments, particularly under mildly corrosive
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environments. For higher concentrations of NaOCI solution
in the applied stress range lower than the critical stress, the
main cause of early fracture is presumed to be that the alloy
is greatly influenced by corrosion.

Furthermore, one should note that in the present study, the
time to fracture of the Ni—T1 superelastic alloy was evaluated
by a sustained tensile-loading test in NaOCl solutions. Ni-Ti
endodontic instruments are subjected to load fluctuation and
concentration change of solutions during clinical use. The
load and potential fluctuations accelerate the fracture in the
case of high-strength steel [19-22]. Therefore, the service
life of Ni—Ti endodontic instruments in practice probably
becomes shorter than that in this experiment.

5. Conclusions

The fracture of Ni-Ti superelastic alloy in 0.1, 1.0 and
5.0% NaOClI solutions has been examined by a sustained
tensile-loading test. The time to fracture was reduced when
the applied stress exceeded the critical stress for martensite
transformation. The fracture of the alloy occurred in a short
time even when the concentration of the solution was low.
It was revealed that the fracture was mainly caused by the
preferential dissolution of nickel in the solution. One of the
reasons for the fracture of Ni-Ti instruments during clinical
use is corrosion under the applied stress above the critical
stress for martensite transformation in NaOCI solutions.
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Abstract: The fraclure of commercial pure titanium in acid
and neutral flueride solutions has been examiined by a sus-
tained tensile-loading test and hydrogen thermal desorption
analysis. It was found that the fracture of titanium occurred
in neutral 2.0% NaF solution as well as in 2.0% acidulated
phosphate {luoride (APF) solution. The time to fracture de-
creased with increasing applied stress in both 2.0% APF and
2.0% NaF solutions. In the case of the same applied stress,
the time to fracture in the 2.0% APF solution was shorter
than that in the 2.04% NaF solution. General corrosion was
exhibited on the side surface of the tested specimens. The
formation of sodium titanium fluoride was observed on the

surface of the immersed specimens in the 2.0% APF solution.
Hydrogen desorption of the tested specimen in the 2.0%
APF solution was observed with a peak at approximately
600°C. The amount of absorbed hydrogen was >300 mass
ppm in the 2.0% APF solution under an applied stress for
24 h. The results of the present study imply that applying
stress to titanium by immersing in fluoride solutions Jeads to
the degradation of its mechanical properties. © 2003 Wiley
Periodicals, Inc. J Biormed Mater Res 68A: 150~158, 2004

Key words: titaniwmn; fracture; hydrogen embrittlement; cor-
rosion; fluoride

INTRODUCTION

Titanium has been widely used as a material in
dentat devices including dental implants because of its
high biocompatibility and corrosion resistance. The
high corrosion resistance is attributed to a thin oxide
film, mainly TiO,, on the surface. In fluoride solutions,
however, the breakdown of the oxide film has been
reported in several articles.'™'? According to these re-
sults, the corrosion resistance of titanium is reduced
markedly in acid fluoride solutions, whereas it re-
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mains unchanged in neutral fluoride solutions. Fluo-
rides such as NaF, Na,PO,F, and SnF, are added in
toothpaste, prophylactic agents, and dental rinse, and
exert a cariostatic effect. Caries-preventing prophylac-
tics generally contain 100-10,000 ppm F and have pHs
between about 3.5 and neutral.

Maoreover, titanium implants sometimes fracture in

* the oral cavity after a long period of use.*~? The

mechanism of such fracture can hardly be identified
because it involves several factors such as fatigue,
fretting corrosion, biomechanical overload, and de-
fects in implant design in a complicated way.
Kénonen et al*! have suggested that the stress corro-
sion cracking of titanium in fluoride solution with a
pH of 5.5 is onie cause of implant failure. However, we
have insisted that one reason for the degradation of
the mechanical properties and fracture of titanium and
its alloys is hydrogen absorption in a biological envi-
ronment. ™ For example, a Ni-Ti superelastic alloy
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FRACTURE OF SUSTAINED TENSILE-LOADED TITANIUM

absorbs substantial anounts of hydrogen in 0.2% acid-
alated phosphate fluoride (APF) solution.”® Hydrogen
embrittlement of pure titanium, an important matter
from the industrial point of view, has been investi-
gated with cathodically hydrogen charging,n‘z“ expo-
sure to gaseous hydrogen,” and immersion in meth-
anol selution containing HCL¥*"*? However, it has not
vet been confirmed whether or not hydrogen absorp-
tion of titanium occurs in fluoride solutions. If the
hydrogen absorption takes place in fluoride solutions,
ixydrogen embrittlernent of Htanium will be a serious
problem for its use in the derutal field. Furthermore,
the effect of applied stress on the fracture of titanium
in fluoride solutions should be examined.

The purpose of the present study was to examine
the fracture of sustained tensile-loaded titanium in
acid and neutral fluoride solutions and the associated
behavior of hydrogen absorption by means of hydro-
pen thermal desorption analysis (TDA).

EXPERITMENTAL PROCEDURES
Materials

Work-hardened commercial pure titanium wire
with a diameter of 0.50 mra was cut into specimens of
150-mm length. The chemical composition is given in
Table 1. Percent in this article means mass percent,
unless otherwise stated. The specimens were polished
with 600-grit 5iC paper and ultrasonically washed in
acetone for 5 min. Tensile tests were performed at
room temperature on an lnstron-type machine {Auto-
graph AG-1004A; Shimadzu) at a strain rate of .33 =
107*/s. The microstructure of the specimens in a
cross-sectional area was examined by optical micros-
copy, after etching using a solution of hydrofluoric,
ttric, and acetic acids. To clavify grain boundaries, the
hard etching was performed.

Sustained tensile-loading test

A sustained tensile-loading test in fluoride solutions
was performed at room temperature. Figure 1 shows
thi: scheme of the apparatus. The applied stress was
calculated s the ratio of the applied load to the initial
cross-sectional area and was varied to determine the

TABLE I
Chemical Compasition of the Tested Commercial Pure
Titanium (Mass %

C H QO N Fe Ti

.l (.41 0.06 0004 0.03 Balance

Specimen
&7 § 0ADwan

S

test sofnilan
58wl

P

\

Figure 1. Schematic of sustained tensile-loading test appa-
ralus,

fracture life characteristics. The immersed length of
the specimens in the solution was 50 mm. The time to
fracture of the specimens was measured, and the test
was terminated when no fracture occurred afier
21000 h of irnmersion. The test solutions used were 50)
mL of 2.0% aqueous APF (2.0% NaF + 1.7% H,PO))
solution with pH 5.0 or 2.0% aqueous NaF solution
with pH 6.5. The fluoride concentration in the solu-
tions was 9000 ppm. The fracture surface and the side
surface were examined with a scanning electron mi-
croscope (SEM). The corrosion products on the surface
were examined using an X-ray diffractometer (XR[)
operated at 30 kV and 15 mA with Cu K radiation of
wavelength A = 154056 A for 2 8 angles ranging from
10 to 80°.

Corrosion test

The corrosion potentials of the specimens without
the applied stress were measured at room temperature
in 2.0% APF and 2.0% NaF solutions under open-air
conditions. The counter and reference electrodes used
were a platinum electrode and a saturated calomel
electrode (SCE), respectively. The measurements were
started 10 s after immersion in the test solutions.
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TABLE 1T
Mechanical Properties of Tested Titanium

Yield Stress Tensile Strength Reduction in Area

{MP3) {MPa) (%)
7022223 777 = WS 692+ 17
TDA

The amount of desorbed hydrogen was measured
using TDA by subjecting the specimens to the sus-
tained tensile-loading test for 24 h. Both ends of a
specimen (58 mrn in length) immersed in the solution
were cut into 20-mm-long segments and subjected to
ultrasonic cleaning with acetone for 2 min. The seg-
ments were dried in ambient and subjected to TDA.
The starting time of TDA after the removal of a spec-
imen from the solution was 30 min. A quadrupole
mass spectrometer (ULVAC, Kanagawa, Japan) was
used for hydrogen delection. Data sampling was con-
ducted at 30-s intervals at a heating rate of 100°C/h.

EXPERIMENTAL RESULTS

The mechanical properties of the specitmen are
given in Table 1. The standard deviation was calcu-
lated from the results obtained from more than five
specimens. Yield stress, tensile strength, and reduction
in area of the specimen were 702 MPa, 777 MPa, and
69%, respectively. The microstructure of a representa-
tive specimen is shown in Figure 2. The grains were
approximately 20 wm in size. These grains were equi-
axial in shape. The sustained tensile-loading test result
i plotted in Figure 3 in terms of the tme to fracture as

Figure 2. _Light optical metallography of titanium showing
neneral microstructure.
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Figure 3. Plot of time to fracture versus initial applied
stress for titanjum immersed in 2.0% APF and 2.0% NaF
solutions. :

a function of the initial applied stress. Note that frac-
ture occurred in both the neutral 2.0% NaF and 2.0%
APE solutions. The time to fracture decreased with
increasing applied stress in both solutions. For the
same applied stress, the time to fracture in the 2.0%
APF solution was shorter than that in the 2.0% NaF
solution, in which fracture did not occur within 1000 h
when the applied stress was lower than 320 MPa. The
arrow in the figure denotes the nonfractured specimen
at the indicated elapsed time. In this experiment, crev-
ice corrosion appeared rieither at the contact point of
the specimen with the vessel nor in the vicinity of the
water plane in both solutions.

The fractographs of the specimen fractured by a
tensile test in air are shown in Figure 4(a,b). The
fracture surface was ductile and was characterized
macroscopically with a double cup morphology and
microscopically with small shallow dimples. The frac-
ture surface in the 2.0% APF solution under the ap-
plied stress of 470 MPa for 82 h and 11 min is shown
in Figure 4(c,d). The microscopic characteristic of the
fracture surface consisted mainly of small shallow
dimples similar to that in air. Nonmetallics or inclu-
sions were not observed in the bottom of the dimples.
In the 2.0% NaF solution under the applied stress of
470 MPa for 209 h and 19 min, the fracture surface was
sirnilar to that in 2.0% APF solution, as shown in
Figure 4(e,f). However, the macroscopic characteris-
tics of the fracture surface in both solutions were
different frorn that in air. In particular, the decrease in
the extent of plastic deformation was observed at the
periphery of the fracture surface in both solutions.

On the side surface of the specimen tensile-frac-
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(a)

100 o

b
ol
W

Figure 4. 5EM micrographs of a typical fracture surface: after tensile test in air, (a) general and (b) magnified views; after
sustained tensile-loading test under the applied stress of 470 MPa in 2.0% APF solution, (c) general and (d) magnified views;
and ander the applied stress of 470 MPa in 2.0% NaF solution, {(e) geneval and (f) magnified views.

tured in ait, scratches due to SiC paper polishing were
abserved, as shown in the SEM micrographs of Figure
Sta,b). The side surface after fracture in the 2.0% APF
solution under the applied stress of 470 MPa is shown
in Figure 5{cd). In the 2.0% APF solution, the
scratches on the surface disappeared due to general
corrosion and the peeling off of surface tayers such as
corresian products, regardless of the applied stress.
The side surface after fracture in the 2.0% NaF solution
under the applied stress of 470 MPa is shown in Figure
S{e, Ny where the fractured specimens exhibited a mi-
croscopically  smooth, but macroscopically signifi-
cantly rough surface.

Figure 6(a) shows the reduction in area including
peeled-otf surface tayers as a function of the applied
stress in both solutions. The dashed line in the figure
denotes the reduction in area for the tensile test in air.

The percentage reduction in area increased with de-
creasing applied stress. In the case of low applied
stress, that is, in the case of long immersion time, the
reduction in area mainly resulted from the peeling off
of the surface layers as well as corrosion. Note that the
percentage reduction in area at high applied stress
became lower than that in the case of the tensile-
fractured specimen in air. Figure 6(b) shows an exam-
ple of the decrease in the percentage reduction in area
in the fracture surface under the applied stress of 630
MPa in the 2.0% APF solution.

Figure 7 shows the XRD results for the side surfaces
of the nonimmersed and 24-h-immersed specimens
without loading. The formation of sodium titanium
fluoride, NagTiF, (monoclinic; ¢ = 05543 nm, b =
0.5748 nm, ¢ = 0.8002 nm, and B == 90.28%), was con-
firmed on the surface of the specimen immersed in the
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Figure 5. SEM micrographs of a typical side surface: after tensile test in air, (a) general and (b) magnified views; alter
sustained tensite-loading test under the applied stress of 470 MPa in 2.0% APF solution, (0) general and (d) magnified views;
and under the applied stress of 470 MPa in 2.0% NaF solution, () general and (f) magnified views.

2.6 APF sclution, whereas no formation of corrosion
products was confirmed in the 2.0% NaF solution.

The changes in the corrosion potentials in the 2.0%
APF and 2.0% NaF solutions under the open-air condi-
tions without loading are shown in Figure 8. The corro-
ston potential decreased in the early stage of immersion
in the 2.0% NaF solution and the final value was —0.6 V.
However, in the 2.0% APF solution, the final value of
corrosion potential was approximately —1.0 V.

Figure 9 shows the TDA curves for the specimens
after the sustained tensile-loading test under the ap-
plied stress of 470 MPa in the 2.0% APF and 2.0% NaF
solutions for 24 h. In the figure, the TDA curve of the
original specimen is also included. In the original as-
received specimen, the amount of desorbed hydrogen,
that is, the concentration of predissolved hydrogen,

was 38 mass ppm. The desorption temperature ranged
from 400 to 800°C. However, after the sustained ten-
sile-loading test in the 2.0% APF solution for 24 h, the
desorption curves exhibited a single desorption peak
at approximately 600°C. The total amount of desorbed
hydrogen up to 800°C was 360 mass ppm. Thus, the
amount of absorbed hydrogen during the sustained
tensile-loading test was 322 mass ppm. In immersion
in the 2.0% NaF solution for 24 h, no increase in the
hydrogen desorption was confirmed.

DISCUSSION

Important findings in the present study are that
titanium fractures under a sustained tensile-loading
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Figure 6. (a) Reduction in area of specimen as a function of
applied stress for titanium immersed in 2.0% APF and 2.0%
Nal' solutions. (b} SEM micrographs of the fracture surface

wnder the applied stress of 630 MPa in 2.0% APF solution.

test even in a nieutral NaF solution and that the frac-
ture 15 associated with hydrogen absorption in an APF
solution. Previously, the effects of fluoride solutions
on the fracture of titanium and its alloys have been
investigated from the viewpoint of corrosion or dis-
coloration.' ™" The corrosion behavior of titanium de-
pends on an exide film on its surface composed of
miainly TiQ,, which spontanecusly covers the surface
in the presence of oxygen. In acid fluoride solutions,
the oxide film undergoes a reaction, forming titanium
fluoride, titanium oxide fluoride, or sodmm titanium
fluoride,” and the loss of the oxide film leads to the
reduction of the corrosion resistance of titanium in
Huaride solutions. In the present study, the formation
of sodium titanium fluoride on the surface and the
reduction in corrosion potential were confirmed in the

ARE OF SUSTAINED TENSILE-LOADED TITANIUM

W
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« NayTiF,
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Figure 7. XRD pattems for the surace of nonimmersed
and 24-h-immersed ;p«-mmun in 207 APF and 2.0 Nal
solutions.

2.0% APF solution, as shown in Fipures 7 and 8. {thas
also been reported that the corrosion behavior of tita-

nium is markedly affected by the pH and concentra-

tion of fluoride solutions,” ' and no titanium corro-
sion has been observed in neutral fuaride solution. In
the present study, no corrosion wvas observed in the
neutral 2.0% NaF solution without loading, as shawn
in Figures 7 and 8. However, when siress was applied,
corrosion and fracture of titaniurn occurred readily in
the 2.0% NaF solution, indicating a strong effect of the
applied stress on corrosion. Thereiore, {clkmg inta con-

-0.2

-0.4 |
2.0% NaF

\/‘\W N S
-ﬂ ‘6 \ W

20% APF

-10 )/MWW

[ 20 40 60 80 100 120 140 160

Time  (min)

Corrosion potential (V vs. SCE)

Figure 8. Changes in corrosion potential of titanium under
open-air conditions without loading in 2070 APF and 2.0%
NaF solutions.
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sideration the effect of the applied stress, the corrosion
resistance and service life of titanium should be eval-
aated under mildly corrosive environrnents.

In the present study, the fracture of titanium might
be attributed to the reduction of the cross-sectional
area due to the peeling off of the surface layers and
corrosion. However, closer analysis reveals that the
cffects of hydrogen absorption are another factor for
the degradation of the mechanical properties of tita-
niwm, Titanium is a highly active metal with a high
atfinity for hydrogen. The breakdown of the oxide film
on its surface may lead to hydrogen absorption in
various solutions. For example, hydrogen absorption
occurs readily in fitanium in 3 methanel solution con-
taining  HCI. W32 Phe absnrbed hydrogen diffuses
from the surface inwards. sing the reported diffu-
ston constant of hydr();_;en in btanium at roors tern-
pcmturc,a?‘

D=2x 107" m/s (1)

YOROYAMA BT AL.

diffusion of hydrogen to the center of a specimen s
approximately enough in 82 h, which is the time re-
quired for titanium to fracture under the applied
stress of 470 MPa in the 2.0% AP solution. Because
the amount of absorbed hvdrogen in the 2.0% APF
solution was >300 mass ppm under the applied stress
of 470 MPa for 24 h, the amount of absorbed hydrogen
may further increase until fracture. In general, when
the amount of absorbed hydrogen exceeds 200 mass
ppm, the ductility of titanium is marked! Y re-
duced > In the present study, the Hme to fmctme
was reduced in the 2.0% APF solution compared with
that in the 2.0% NaF solution, as shown in Figure 3.
The decrease in the percentage reduction in area as-
sociated with the increase in the applied stress, shown
in Figure 6(a), is primarily due to the peeling off and
corrosion of the surface layer, but the dependences
were almost similar between the two solutions. Flow-
ever, the high hydrogen absorption in the 2.0% APF
solution revealed in Figure 9 is in accordance with the
effect of hydrogen absorption on the prominent reduc-
tion in the time to fracture. /\Hlnu:,.g_n the effect of the
peeling off and corrasion of the surface laver could not
be ruled out, the fracture is likely to be associated with
hydrogen absorption in the 2.0% APF solution.

As a mechanism of hydrogen embrittlernent of tita-
nium, hydride formation has been propnse‘d.‘”“37
Three types of hydrides can form i titanium roatrix;
8, ¢, and v hydrides.®® * The & hydride has an fcc unit
cell of CaF, type with the hyd rogen atoms occupying
the tetrahedral sites randon aly Al higher hydrogen
concentrations, the & hydride transforms into ¢ hy
dride which has an fct structure {¢/a <1) at low tem-
peratures. However, at low hydrogen concentrations,
the metastable v hydride, which has an fet structure
{c/a >1) with an ordered arrangement of hydrogen,
forms. Because these hydrides are brittle and have
different elastic properties from titanium, cracking of
hydrides provides sites of void aucleation even with a
low density of hydrides. The thermal desorption be-
havior gives information about hydrogen trapping
sites and hydride decomposition based on the ternper-
ature profile and the amount of desorption®’ The
decornposition behavior of -;*I(Artmc“wmica!ly formed
titanium hydrides has been investigated using TDA,
XRD, and differential thermal analysis® In the
present study, the thermal desorplion behavior agrees
with that abtained by Takasaki ot tal,*? suggesting the
formation of hydrides in 2.0% AFF solution, although
hydride formation was not confirmed by XRD. The
dimple morphology of the fractographic features
shown in Figure 4 is rather contrary (o the cracking of
hydrides being the domin: iting mechanism of fracture.
Details on the effect of hydmgcn should be further
studied.

Conversely, in immersion in the 2.0% NaF solution
for 24 h, hydrogen absorption was hardly confirmed
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under the applied stress of 470 MPa, despite the de-
crease in the percentage reduction in area similar to
that obscrved in the 2.0% APF solution, as shown in
Figure 6. This finding suggests that hydrogen is not
related to the failure. However, it is noticed that an
extremely small amount of hydrogen at the vicinity of
a crack can sometimes have an important role in stress
corrosion cracking.™ In the present study, the local
density of hydrogen could not be measured because
the amount of absorbed hydrogen was taken as the
mean value over the immersed area of a specimern.
Details of the fracture morphologies as well as the
examination of the local hydrogen concentration in the
NaF solution should also be further studied.

CONCLUSIONS

Fracture of titanium in acid and neutral fluoride
solutions has been examined by a sustained tensile-
loading test from the viewpaoint of hydrogen em-
britflement. The time to fracture decreased with in-
creasing applied stress in both 2.0% APF and 2.0%
NaF solutions. In the case of the same applied stress,
the lime to fracture in the 2.0% APF solution was
shorter than that in the 2.0% NaF solution associated
with a similar decrease io the percentage reduction in
area in both solutions. In the 2.0% APF sclution, tita-
nium absorbed a substantial amount of hydrogen. One
of the causes of the fracture of titanium devices in the
cral cavity is possibly hydrogen embrittlement in the
presence of fluoride.
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Abstract

Degradation of tensile strength of a Ni-Ti superelastic alloy due to hydrogen absorption has been studied in methano! solution
containing 0.1 mass % hydrochloric acid (HCI). The amount of absorbed hydrogen from the solution was measured by thermal
desorption analysis (TDA). Hydrogen desorption of immersed specimens appeared in the temperature range from 100 to 600 °C.
‘The amounts of absorbed hydrogen of immersed specimens were in the range of 50-500 mass ppm when immersed in the solution
for 8-120 h. Tensile strength of immersed specimens decreased abruptly up to immersion time of 24 h. In the immersion time range
from 24 10 120 h, the tensile strength was coincident with the critical stress for martensite transformation. It was concluded that the
degradation of tensile strength of a Ni-Ti superelastic alloy is caused by hydrogen absorption in methanol solution containing HCL

w2003 Elsevier BV, All rights reserved.
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1. Introduction

There have been increasing numbers of industrial and
medical applications of Ni~Ti alloys due to their unique
shape memory as well as their superelastic effect,
excellent ductility and good fatigue life. Moreover, the
alloys exhibit good corrosion resistance and biocompat-
ibility [1--5]. However, it has been reported that Ni-Ti
superelastic alloys deteriorate in corrosive environ-
ments, such as the oral cavity {6-8]. Ni-Ti orthodontic
arch wires often fracture in the oral cavity after a few
months [rom setting {9-11]. Recently, we have proved
that the primary cause of the fracture is hydrogen
embrittlement in the oral cavity |[11-14). These are
good examples of the immersed Ni~Ti superelastic alloy
in fluoride solution resulting in the degradation of its
mechanical properties due to hydrogen embrittlement

* Corresponding author. Tel.: +81-88-633-7334; fax: -+ 81-88-633-
4]23.
E-mail address: yokken(@dent.tokushima-u.ac jp (K. Yokoyama).
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[15]. Fluoride is contained in toothpaste, prophylactic
agents and dental rinse, since fluoride exhibits a cario-
static effect,

The degradation of the mechanical properties of Ni-
Ti alloys due to hydrogen absorption is an important
problem when these alloys are used under corrosive
environmental conditions. The effects of hydrogen on
the mechanical properties of Ni~Ti alloys have been
evaluated with cathodically charged [16~18] or gaseous
hydrogen [19]. However, little is known about the
degradation of Ni-Ti superelastic alloys due to hydro-
gen absorption by immersion in various solutions. Ni~
Ti alloys possibly absorb hydrogen in other solutions.
Titanium and its alloys absorb considerable amounts of
hydrogen under corrosive environments. It is known
that stress-corrosion cracking of titanium and its alloys
occurs by hydrogen absorption in methanol solutions
containing hydrochloric acid (HCl) [20-23]. It is neces-
sary to investigate hydrogen absorption of Ni-Ti alloys
under various environmental conditions because these
alloys may become widely used in the future.
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The purpose of the present study is to examine the
eflect of hydrogen absorption in methanol solutions
containing HCl on the degradation of the tensile
strength of Ni-Ti superelastic alloys by thermal deso-
rption analysis (TDA).

2. Experimental procedures

A commercial Ni-Ti (Ni: 55 mass %, Ti: balance)
superelastic alloy wire with a diameter of 0.50 mm was
cut into specimens of 50 mm length, which were polished
with No. 600-grit SiC papers and ultrasonically washed
in acetone for 5 min. Percent in this paper means mass
percent, unless otherwise stated. The specimens were
immersed separately in 10 ml of methanol solution with
0.1% 11CHat 37 °C.

The amount of desorbed hydrogen was measured by
TIDA with the specimens immersed in methanol solu-
tions for various periods. Both ends of each specimen
(30 mm i length) immersed in the solution, were cut
into 20-mm long pieces and subjected to ultrasonic
cleuning with acetone for 2 min. The specimen was dried
in ambient and used for measurement. TDA was carried
out 30 min after removal of the specimen from the
solution. A quadrupole mass spectrometer (ULVAC,
Kanagawa, Japan) was used for the detection of
hydrogen. Data sampling was conducted at 30-s inter-
vals at a heating rate of 100 °C h™"',

The side surface of the immersed specimens was
observed using a scanning electron microscope (SEM).
Weight loss of the immersed specimens with time was
meusured and S.D. was calculated from the results
obtained for five specimens.

Hardness tests were carried out at room temperature
{2542 °C) for the immersed specimens from the surface
to the center of the wire at intervals of 0.05 mm. The
specimens were embedded in epoxy resin and polished,
followed by testing 24 h after removal from the solution.
Meusurements were performed under an applied load of
(198 N and an applied time of 15 s. Tensile tests of the
immersed specimens were carried out at room tempera-
ture using a Shimadzu Autograph AG-100A machine at
a strain rate of 833 x 107* s within a few minutes
alter removal of the specimens from the solution. The
gauge length of each specimen was 10 mm. The fracture
surface of the tensile-tested specimens was observed with
SEM.

3. Results and discussion

3.1 Hydrogen thermal desorption analysis

IFig. 1 shows TDA curves for the specimens immersed
for up to 120 h. The results reveal that the Ni-Ti

120 h

w & [

~

Hydrogen desorption rate (mass ppm/min)

0 100 200 300 400 500 600
Temperature ('C)

Fig. 1. Hydrogen thermal desorption curves for specimens immersed
in methanol solution containing 0.1% HCl for up to 120 h at 37 °C.

superelastic alloy absorbed a large amount of hydrogen
in the methanol solution containing 0.1% HCI. The
thermal desorption of hydrogen appeared with the
desorption peak at approximately 400 °C. For immer-
sion time longer than 72 h, the second peak appeared at
approximately 200 °C. The progress of hydrogen entry
into the specimen was denoted by the increase in the
total desorbed hydrogen, defined as the integrated peak
intensity, with immersion time. The total amount of
hydrogen desorbed up to 600 °C is shown in Fig. 2 as a
function of immersion time. The amount of desorbed
hydrogen, i.e. the amount of absorbed hydrogen during
the immersion test, increased with increasing immersion
time. The thermal desorption behavior gives informa-
tion on the hydrogen trapping sites and the decomposi-
tion of hydrides from the temperature profile and the
amount of desorption. The main desorption peak
appeared at approximately 400 °C in the present
experiment. On the other hand, the desorption peak of
the sample immersed in 0.2% acidulated phosphate
fluoride (0.2% APF; 0.2% NaF +0.17% H;3POy) solution
appeared at approximately 500 °C in our previous study
[15]. Moreover, in the case of cathodically hydrogen
charging in 0.9% NaCl solution, two desorption peaks
appeared at approximately 200 and 300 °C [13,14]. The
TDA behavior implies that the states of hydrogen in the
alloy are different between the hydrogen-charging con-
ditions. The desorption in the low-temperature range
from 100 to 200 °C may be that of diffusive hydrogen,

_99...



K. Yokoypama et al. | Materials Science and Engineering A360 (2003) 153-159 155

800

700 r

60

S0+

400

Desorbed hydrogen  (mass ppm)

e +FO 8

[} 50 160 158

Immersion time  (h)

Fig. 2. Amount of desorbed hydrogen as a function of immersion
lime.

ie. hydrogen weakly trapped and reversible to solid
solution. The temperatures of hydrogen desorption of
approximately 500 °C are close to the decomposition
temperature of hydrides, suggesting the formation of
hydrides at the time of immersion in the methanol
solution. In general, it is recognized that hydrides form
m titantum alloys when the hydrogen concentration
reaches the solubility limits, e.g. in cathodically hydro-
gen-charged Ni-Ti alloys [16,24.25].

3.2 Weight loss rest

SEM micrographs of the side surface of the non-
immersed and 24-h immersed specimens are shown in
Fig. 3(a-d, respectively). A large amount of localized
corrosian was observed on the surface of the immersed
specimen, as indicated by arrows in Fig. 3(c). Fig. 4
shows a plot of the weight loss data. The weight loss of
the specimens increased linearly with immersion time.
The weight loss of the specimens is attributable to
locatized corrosion during immersion in the solution. A
thin passive film of the Ni-Ti alloy mainly consists of
ttanium oxide. The oxide film is expected to confer on
the Ni-Ti alloy good corrosion behavior similar to that
of titanium alloys. However, in some severe corrosive
environments, such as highly acidified chloride solu-
tions, breakdown of this passive film can occur, then
repassivation becomes a difficult and relatively slow
process [26). The loss of the passive {ilm probably leads
to the absorption of hydrogen from various solutions
because of the high affinity of titanium with hydrogen.

2

3.3. Degradation of tensile strength

Iig. 5 gives the Vickers microhardness values along a
ditmeter of a cross section of the nonimmersed and the

specimens immersed for 24 h. For the nonimmersed
specimen, the hardness was fairly uniform at approxi-
mately 360. On the other hand, the hardness of the
specimen immersed for 24 h was slightly higher than
that of the nonimmersed specimen. The hardness of 380
for the 24-h immersed specimen agrees with that of the
cathodically charged specimen in our previous study
[14]. The result of the hardening at the inner parts of the
specimen indicates that hydrogen entered inside the
specimen as well as adsorbed on to the surface of
specimen, The original of the hardening might be due to
solution hardening by hydrogen or to the formation of
hydride f16]. In the present experiment, the size of
indentations was approximately 30 um square under the
applied load of 0.98 N, giving roughly 900-1200 MPa
that sufficiently exceeds the critical stress for martensite
transformation. Then, measured hardness values are
considered hardly affected by superelasticity.

The mechanical properties of the nonimmersed speci-
men are given in Table |. The critical stress for
martensite transformation and tensile strength of the
specimen were 530 and 1250 MPa, respectively, at room
temperature. Fig. 6 shows typical tensile stress—stain
curves of the nonimmersed and immersed specimens
tested. The tensile test results after immersion are shown
in Fig. 7 in terms of the critical stress for martensite
transformation and the tensile strength as functions of
immersion time. The tensile strength of the 8-h im-
mersed specimen was slightly higher than that of the
nonimmersed specimen. The result is likely to be due to
solid-solution hardening by hydrogen absorption. The
amount of hydrogen absorbed by the 8-h immersed
specimen was approximately 50-100 mass ppm, as
shown in Fig. 2, which is similar to the previously
observed value [15] during immersion in 0.2% APF
solution for 2 h. In the case of the specimen immersed in
0.2% APF solution for 2 h, the tensile strength became
slightly higher than that of the nonimmersed specimen,
similar to the present case. ‘

In the immersion in methanol solution with 0.1% HCl
for 1216 h, the tensile strengths rapidly decreased and
became lower than that of the nonimmersed specimen.
The fracture of specimens occurred after stress-induced
martensite transformation. In the case of the immersion
for 16 h, the fracture sometimes occurred during
martensite transformation. The critical stress for mar-
tensite transformation increased up to approximately
560 MPa with immersion for 16 h. It was noted that for
immersion time exceeding 24 h, the fracture of the
immersed specimens occurred at a stress level close, but
slightly lower than the extension of the critical stress.
This result is consistent with that obtained using
hydrogen-precharged specimens under different condi-
tions, such as immersion in 0.2% APF solution [15] or
cathodically charging in 0.9% NaCl solution [11,12},
although the hydrogen thermal desorption behavior was
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Fig. 3. SEM micrographs of the typical side surface of (a, b) nonimmersed and (c, d) 24-h-immersed specimens; arrows mark corrosion pits.

different from that obtained under different hydrogen- a constant value 1dentical to the critical stress for
charging conditions. With further extension of the martensile transformation. This result suggests that the
immersion period, the tensile strength was reduced to degree of the degradation cannot be ascribed to the
0.20 450
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Fig. 4. Weight loss of specimens immersed in methanol solution Fig. 5. Vickers microhardness values of nonimmersed and immersed
contatning HCL $.D. was calculated from the results of five measure- specimens. Hardness was measured at intervals of 0.05 mm and S.D.
ments, was calculated from eight indentations.
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Fig. 6. Typical stress—strain curves of nonimmersed and immersed
specimens. Strain was calculated from elongation (displacement of
crosshead) and the initial gage length.

amount of absorbed hydrogen. The increase in the
critical stress for martensite transformation is most
likely attributed to the hydrogen effect of preventing
martensite transformation. Martensite transformation is
sensitive to the presence of interstitial atoms, such as
hydrogen {27]. In the short immersion period, the
decrease of tensile strength probably results from the
hydrogen-related degradation of martensite. On the
other hand, in the long immersion period, some
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O Tensile strength
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" i i
] a0 100 150

Initmersion tine ()

Fig. 7. Tensile strength of immersed specimens in solution as a
fuoction of immersion time. S.D. was calculited from results obtained
from five 1o eight specimens.

Table 1
Mechanical properties of the tested Ni-Ti superelastic alloy

Critical stress (MPa) Tensile strength (MPa) Reduction of area (%)

530+16.7 125047.2 54.7

dynamical effect of hydrogen in martensite transforma-
tion is to be considered as well as the formation of
hydride. The hydrogen-desorption at around 200 °C
observed in Fig. I might be associated with the failure
with a high hydrogen concentration. Detailed discussion
on the effect of the hydrogen in the fracture is for
further studies.

Fig. 8 show SEM micrographs of the fracture surface
of the immersed specimens. The 8-h immersed specimen
was ductile and characterized by cup-cone morpholo-
gies, as shown in Fig. §(a); it consists of deep dimples as
shown in the magnified view in Fig. §(b). The fracture
surface of the 8-h immersed specimen was very similar to
that of the nonimmersed specimen. On the other hand,
on macroscopic scale, the reduction of the area was not
observed for an immersion time longer than 12 h. Fig.
8(c) shows the fracture surface of the 24-h immersed
specimen, which was characterized by shallow dimples
as shown in the magnified view in Fig. 8(d). The
characteristics of the fracture surface correspond ap-
proximately to those of specimens cathodically hydro-
gen-precharged in 0.9% NaCl solution [12] and
immersed in 0.2% APF solution [I5]. The shallow-
dimple pattern suggests reduced ductility of the im-
mersed specimen. The area of corrosion pits was
observed in the periphery of the fracture surface as
indicated by arrows in Fig. 8(c). The diameter of the
corrosion pit increased with increasing immersion time.
In the 24-h immersed specimen, the diameter of the
corrosion pit exceeded 100 pm. A fracture initiation
point existed at the vicinity of the corrosion pit edge, as
shown in Fig. 8(e). If the formation of corrosion pits was
the cause of the decrease in tensile strength, tensile
strength should decrease further for immersion time
exceeding 24 h. However, the tensile strength of the
immersed specimens was independent of the diameter
and the number of corrosion pits. The result suggests
that a decrease in tensile strength is mainly responsible
for interference in the stress-induced martensite trans-
formation by hydrogen absorption as in the case of
cathodical hydrogen charging.

4. Conclusions

It has been demonstrated in this study that a
reduction of the tensile strength of a Ni-Ti superelastic
alloy occurs in methanol solution containing 0.1% HCl
due 1o hydrogen absorption. The total amount of
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100 pm

10 pm

e 8. SEM micrographs of a typical fracture surface: (a) immersed in solution for § h; (b) magnified view of dimples in (a); (¢) immersed in solution
for 24 by arrows mark corrosion pits; (d) magnified view of shallow dimples in (¢); and (¢) magnified view of initiation point in (c).

absorbed hydrogen increased with increasing immersion behavior and mechanical properties of the Ni—Ti super-
tme. When the amount of absorbed hydrogen exceeded elastic alloy will be studied in the future.

H00-200 mass ppm, the tensile strength of the immersed
specimen was reduced to and maintained at the critical
stress for martensite transformation while hydrogen
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Abstract

Iydrogen embrittlement of a beta titanium orthodontic wire has been examined hy means ot a delayed-fracture test in acid and
neutral fluoride aqueous solutions and hydrogen thermal desorption analysis. The time to fracture increased with decreasing applied
stress in 2.0% and 0.2% acidulated phosphate Auoride (APF) solutions. The fracture mode changed from ductile to brittle when the
applied stress was lower than 500 MPa in 2.0% APF solution. On the other hand, the delayed fracture did not oceur within 1000 h in
neutral Nab solutions, although general corrosion was also observed similar to that in APF solutions. Hydrogen desorption of the
delayed-fracture-tested specimens was observed with a peak at approximately 500°C. The amount of absorbed hydrogen was 5000~
6500 mass ppm under an applied stress in 2.0% APF solution for 24 h. 1t is concluded that the immersion in Huoride solutions leads
to the degradation of the mechanical properties and fracture of beta titanium alloy associated with hydrogen absorption,

@ 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

A beta titanium alloy for orthodontic wire was first
introduced by Goldberg and Burstone in 1979 [1]. The
alloy is now marketed under the brand name TMA
(Ormeo Corporation, Glendora, CA), which stands for
Ttitanium-molybdenum alloy”. The beta titanium alloy
exhibits excellent properties, including low elastic

modulus, high springback, high formability and high .

weldability compared to conventional stainless steel and
cabalti—hromium-nickel orthodontic wires [2-9]. More-
over, the advantage of this alloy over other orthodontic
wires iIs that it does not contain nickel. However, the
alloy has a known tendency to [racture during clinical
use. If this tendency is eliminated, the alloy will be used
more widely in the future.

*Corresponding author. Tel: + 81-88-633-7334; fax: +81-88-633-
9125,

E-mail address: yokken@dent.tokushima-u.acjp (K. Yokoyama).

We have proposed that one of the reasons for the
fracture of titanium and its alloys is hydrogen embrit-
tlement in the oral cavity (10-15]. The fracture or
degradation of mechanical properties caused by hydro-
gen is generally termed hydrogen embrittlement. This
hydrogen embrittlement is often represented as a
reduction in both fracture strain and area, and is
accompanied by a change in the (raclure mode.
Hydrogen embrittlement of titanium alloys such as
Ni-Ti superelastic alloy in the oral cavily sometimes
occurs in the presence of fluoride [15]. Fluoride is added
in toothpaste, prophylactic agents, and dental rinse,
because of its cariostatic effect. Caries-preventing
prophylactics generally contain 100-10000 ppm F, with
pH between about 3.5 and neutral. The effects of
fluoride on titanium and its alloys have been investi-
gated from the viewpoint of corrosion or discoloration
by several workers [16-291. 1t was clarified that the
corrosion resistance of titanium and its alloys markedly
decreases in fluoride solutions. However, the hydrogen
embrittlement of the beta titanium alloy in fluoride

GI42-9612/03,% - see front matier 3 2003 Flsevier Science Lid. All rights reserved.
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solutions has not been reported previously. It is there-
fore necessary to confirm experimentally whether or not
hydrogen embrittlement of the alloy occurs in fluoride
solutions.

The purpose of the present study is to examine the
hydrogen embrittlement of a beta titanium orthodontic
wire in {luoride solutions and the associated behavior of
hydrogen absorption by means of hydrogen thermal
desarption analysis (TDA). For the evaluation of
hydrogen embrittlement susceptibility, the delayed-
fracture test was conducted.

2. Expcerimental procedurcs
2.1, Materials

Heta titanium wire (TMA; Ormco Corporation,
Glendora, CA) with a diameter of 0.45mm was cut
into specimens ol 150 mm length. The specimens were
polished with #600-grit SiC paper and ultrasonically
wished 1n acetone for Smin. Tensile tests were carried
oul at room temperature using an Instron-type machine
(Autogruph AG-100A, Shimadzu) at a strain rate of
8.33 x 107*s7 ", The chemical composition and mechan-
ical properties of the specimens are given in Table |.
Standard deviation was calculated from the results
obtained from more than five specimens.

2.2, Delayed-fracture test

The delayed-fracture test, i.e., a sustained tensile-
loading test in a solution, was carried out at room
temperature. Applied stress was varied to determine the
delayed-lracture life characteristics. The length of each
specimen immersed in a solution was S0 mm and the
time to Iracture of the specimens was determined. The
test was lerminated when no delayed {racture occurred
alter more than 1000h. The test solutions used were
S0ml each of the aqueous solutions of 0.2% and 2.0%
acidulated phosphate  fluoride  (APF;  0.2%
Nal 1 0.17% H;PO, and 2.0% NaF+1.7% H5PO,)
with pH 5.0, and 0.2% and 2.0% NaF with pH 6.5. The
concentrations of fluoride in 0.2% and 2.0% NaF
solutions were 900 and 9000 ppm, respectively. The
fracture surface of the delayed-[racture-tested specimens
was examined with a scanning electron microscope
(SEM). Hardness tests were performed on the transverse
cross section from the periphery to the center of the wire

Table 1
Chemical compuosition (mass%) and mechanical properties

Ti Mo Zr Sn

Tensile strength Reduction in area

778 11.3 6.6 4.3 1154+ 18.5MPa 87.3%

at intervals ol 0.05mm using a Vickers microhardness
tester. Measurements were carried out under an applied
load of 098N for 15s. Standard deviation was
calculated from the results obtained from eight indenta-
tions. The corrosion products on the surface were
examined using an X-ray diffractometer (XRD) with
Cu K, radiation of wavelength 1 = 1.54056 A in the 26
angle range {rom 10 to 90° operated at 30kV and
15mA.

2.3. Thermal desorption analysis

The amount of desorbed hydrogen was measured by
TDA for all the specimens, which were subjected to the
delayed-fracture test for 24h. Both sides of each
specimen, immersed in a solution (50mm in length)
were cut into 20-mm-long pieces and subjected to
ultrasonic cleaning with acetone for 2 min. Fach speci-
men was dried in ambient and used for measurement.
TDA was started 30 min alter the removal of a specimen
from a solution. A quadrupole mass spectrometer
(ULVAC, Kanagawa, Japan) was used for hydrogen
detection. Sampling was conducted at 30-s intervals al a
heating rate of 100°C/h.

3. Experimental results

The delayed-fracture test result is shown in Fig. I in
terms of the time to fracture as a function of the applied
stress. The arrow in the figure denotes the non-fractured
specimen at the indicated elapsed time. The time to
[racture tended to increase with decreasing applied stress
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£ 800 |
2
4
E 600 b
B , -
=
S a00
L [32.0% APF
= 0.2% ADPF
200 |-
O 2.0% NaF
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Fig. 1. Delayed-fracture dingrams of beta titanium alloy in APF and
NaF solutions.
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in APF solutions. For the same applied stress, the time
to fracture in 2.0% APF solution was shorter than that
in 0.2% APF solution. Note that when the applied stress
was lower than 500 MPa, the time to fracture was not
affected by the applied stress in 2.0% APF solution, and
no delayed fracture occurred within 10001 in 0.2% APF
solution. In this experiment, no crevice corrosion
resulted at the point of contact with the vessel in both
2.0% and 0.2% APF solutions. In 2.0% and 0.2% NaF
solutions, the surface of each specimen became dis-
colored after immersion, but no delayed fracture
occurred within the stress range tested.

Figs. 2{a) and (b) show the I[ractographs of the
specimen in 2.0% APF solution under the applied stress
of 600MPa for 35h and Smin. When the applied stress
was higher than 600 MPa, the {ractures of the specimens
in both 2.0% and 0.2% APF solutions were character-
ized macroscopically based on cup-cone morphologies.
The reduction in area was approximately 80% regard-
tess of the applied stress. The fracture surface was
composed microscopically of primary and secondary
dimples. In contrast, under an applied stress of 500 MPa
lor 56 h and 17 min, the [racture surface of the specimen
in 2.0% APF solution was fairly flat and exhibited no
reduction in area, as shown in Figs. 2(c) and {d). The
fractures were characterized microscopically based on
quasi-cleavage. Noteworthy is that the [racture mode
changed to brittle when the applied stress was lower

than 500 MPa for the specimen in 2.0% APF solution.
The diameters of the delayed-fracture-tested specimens
decreased from 0.45 1o 0.35mm due to the peeling of
their peripheral layer in the solutions. Fig. 3 shows the
fracture surface of the specimen in 0.2% APF solution
under the applied stress of 600MPa for 121h and
48 min, The fracture surface consisted of three areas,
namely, shear dimple area (Fig. 3(b)), mixed area of
primary and secondary dimples (Fig. 3(c)), and quasi-
cleavage area (Fig, 3(d)). When the applied stress was
higher than 700 MPa in 0.2% APF solution, brittle
fractured area was not observed, i.e., the fracture
surface consisted of a shear dimple area and a mixed
area of primary and secondary dimples.

On the side surface of specimen before the delayed-
fracture test, scratches due to SiC paper polishing were
observed, as shown in the SEM micrographs of
Figs. 4(a) and (b). On the other hand, after the test in
2.0% APF solution under the applied stresses of 600
(Figs. 4(¢) and () and 500 MPa (Figs. 4(e) and (1)), the
specimens exhibited smooth surfaces due to the peeling
off of surface layers composed of corrosion products.
Figs. 4(g) and (h) show the side surface after the test in
0.2% APF solution under the applied stress of 600 MPa.
From the cross section of the fracture surface, the
fracture mode was characterized macroscopically based
on shearing due to slip deformation. Moreover, the
surface became rough due to general corrosion.

condary dimple

primary dimple

Fig. 2. SEM micrographs of delayed-fracture surface under applied stresses of (a), (b) 600 and (c). (d) 500 MPa in 2.0% API solution.
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Fig. 3. SEM micrographs of the delayed-fracture surface at applied stress of’ (a) 600 MPa in 0.2% APF solution: (b) shear dimple area; (c) mixed
area of primary and secondary dimples; and (d) quasi-cleavage area on the fracture surface.

Corrosion was observed on the surface of the specimen,
which did not fracture within 1000 h in the applied stress
range below 500 MPa. In neutral 2.0% NaF solution,
the side surface of a delayed-[racture-tested specimen,
which did not . [racture until 1000h, is shown in
Figs. S(a) and (b). In the case of the specimens in NaF
solutions, delayed fracture did not occur, but corrosion
pits and loss of scratches appeared similar to those in
APF solutions.

Fig. 6 shows the XRD results for the surfaces of the
non-immersed and immersed specimens in 2.0% APF
solation for 24 h. The formation of sodium titanium
fluoride,  NagTiyFy, (tetragonal; a=0.748nm, ¢=
103 am), was conlirmed on the surface of the immersed
specimen.

The Vickers microhardness values of the non-im-
mersed and immersed specimens in 2.0% APF solulion
for 24 or 48 h without loading are shown in Fig. 7. The
hardness of the non-immersed specimen was approxi-
mately 290 at any part. On the other hand, the hardness
of the immersed specimen was slightly reduced com-
pured with that of the non-immersed specimen.

g, 8 shows TDA curves for the specimens before
and after the delayed-fracture test under the applied
stress of 600 or 500 MPa in 2.0% APF solution for 24 h.
The progress of hydrogen entry into the specimen was
denoled by the increase in the total desorbed hydrogen,
defined as the integrated peak intensity, with immersion
time. Belore the delayed-fracture test, the amount of

desorbed hydrogen, i.e., concentration of predissolved
hydrogen, was 140 mass ppm. The desorption occurred
in the temperature range from 400°C to 800°C. On the
other hand, after the delayed-fracture test for 24 . the
desorption curves exhibited a single desorption peak at
approximately 500°C. The total amounts of desorbed
hydrogen up to 800°C under the applied stresses of 600
and 500MPa were 6709 and 5306 mass ppm, namely,
the amounts of absorbed hydrogen during the delayed-
fracture test were 6569 and 5166 mass ppm, respectively.

4. Discussion

A noteworthy finding in the present study is that the
delayed fracture of the beta titanium alloy occurs in
association with hydrogen absorption in APF solutions.
The corrosion behavior of beta titanium alloy depends
on an oxide film composed of mainly TiO, on the
surface, which spontaneously covers the surface of
titanium and its alloys in the presence of oxygen. The
effects of fluoride on the corrosion behavior of titanium
and its alloys have been presented by several authors
[16-29]. According to their results, the oxide flm
undergoes a reaction in fluoride solutions, resulting in
the formation of titanium fuoride, titanium oxide
fluoride, or sodium titanium fluoride on the surface of
the alloys. Hence, the corrosion resistance of those
alloys decreases markedly in the solutions. In the present
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corrosion products

100 um

20 um

Fig. 4. SEM micrographs of a typical side surface: before delayed-fracture test. (2) General and (b) magnified views; after defayed-fracture test under
applicd stress of 600 MPa in 2.0% APF solution, (c) general and (d) magnified views; under applied stress of S00MPa in 2.0% APF solution,
(e) general and (1) magaified views; and under applied stress of 600 MPa in 0.2% APF solution, (g) gencral and () magnified views,

study, the oxide film on the surface of the beta titanium
alloy is likely destroyed in APF solutions in the same
manner as that reported in previous works, as shown in
Figs. 4 and 6. The loss of the oxide film may lead to the
absorption of hydrogen from various solutions because

of the high affinity of titanium to hydrogen. ln NaF
solutions, the delayed (racture did not occur within
1000 h, but corrosion pits and the disappearance of
scratches were observed on the surfuce of the tested
specimen similar to that in APF solutions. as shown in
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Iig. 5. SEM micrographs of the typical side surface after delayed-fracture-tested specimen in 2.0% NaF solution for 1000h. (a) General and

(b) magnified views of the surface.

o beta titanium

2.0% APF 24 h o NasTizFy,

Intensity (a.u.)

non-tnunersed

10 20 30 40 50 60 70 80 90
2 Theta (degree)

Fig. 6. XRD patterns for the surface of non-immersed specimen and
24-h-immersed specimen in 2.0% APF solution.

Fig. 5. This result indicates that the oxide film is
destroyed and the delayed fracture of the beta titanium
alloy might take place in neutral NaF solutions.
Various mechanisms have been proposed for the
hydrogen embrittlement of beta titanium alloys [30-37).
Hydride is formed in certain beta titanium alloys such as
Ti-30Mo and Ti-13V-11Cr-3Al alloys at high tempera-
tures {30-31}. No direct evidence of the association of
hydrides with the brittle fracture of beta titanium alloys
has been reported, although the brittle fracture of alpha
titanium is caused by hydride formation [38-40]. In a
Ti-15% Mo-3% Nb-3% Al alloy, no hydride is formed
by hydrogen charging {32-35.37]. In this study, hydride
formation was not observed by means of XRD.
Furthermore, the hardness of the immersed specimen
was reduced, despite the lact that hydride formation

400
O non-immersed
®24h
350 . . 48 ll
=
22 .
% 300
8 Q
8
<
g 250 | ®
3 ]
>
200
150 1. i 1 1
0 50 100 150 200 250

Distance from surface ({m)

Fig. 7. Vickers microhardness values of non-immersed, 24- and 48-h-
immersed specimens. The hardness was measured at intervals of
0.05mm, and the standard deviation was calculated from eight
indentations.

generally leads to hardening of matrix. Hence, it can be
considered that hydride formation is not responsible for
the delayed fracture observed in the present study. The
lattice decohesion theory has also been proposed for
beta titanium alloys [37]. In the case of a Ti=15% Mo-
3% Nb-3% Al alloy, tensile strength decreases abruptly
below the initial yield strength when the amount of
absorbed hydrogen exceeds 1000-3000 mass ppm [33-
35,37]. Moreover, the rise of the ductile to brittle
transition temperature with electrochemical hydrogen
precharging and exposure to gaseous hydrogen has been
reported {33,36-39). According to the results, the brittle
fracture of hydrogen-charged beta titanium alloys could
be expected even at room temperature.

In the present study, the amounts of absarbed
hydrogen were 6569 and 5166 mass ppm under the
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Fig. 8. Hydrogen thermal desorption curves for specimens before and

whter delayed-fracture test under applied stresses of 600 and 500 MPa
n 2.0% AP solution for 24 .

applied stresses of 600 and 500 MPa in 2.0% APF
solution for 241, respectively. The times to fracture
under these conditions are approximately 35 and 55h, as
shown in Fig. . The amount of absorbed hydrogen may
further increase before the delayed fracture takes place.
It we assume the critical hydrogen concentration is
responsible for the failure, the observed hydrogen
contents well coincide with the values reported in the
literature. However, the amount of absorbed hydrogen
in the delayed fracture under the applied stress of
500 MPa probably exceeds that under 600 MPa because
ol the longer immersion time. This is in contrast to the
fact that the time to fracture is almost constant under an
applied stress lower than 500 MPa. This implies that
hydrogen concentration is not the sole criterion for the
failure. The applied stress may affect the stress and
strain states in front of incipient cracks as well as the
sharpness of a crack. Interactions between hydrogen

and stress/strain states may operate in the failure in a
complicated manner. Further studies are needed to
clarify their interactions in the studied alloy.

In 0.2% APF solution on the basis of fractographic
features, the mechanism of delayed fracture seems to be
almost the same as that in 2.0% APF solution. 1t is,
however, presumed that the amount of absorbed
hydrogen in 0.2% APF solution is less than that in
2.0% APF solution in the case of the same immersion
time. In this case, factors for accelerating hydrogen
absorption, such as applied stress, play an important
role in 0.2% APF solution. The effect of applied stress is
shown clearly as the difference in the slope in the
delayed-fracture diagrams shown in Fig. I between
2.0% and 0.2% APF solutions in the applied stress
range above 600 MPa. Under an applied stress lower
than 500MPa in 0.2% APF solution, factors for
accelerating hydrogen absorption are small in compar-
ison with that under an applied stress higher than
600 MPa, and hydrogen absorption may be reduced.
From the result of quasi-cleavage on the fracture
surface, as shown in Fig. 3(d), delayed fracture will
oceur in the applied stress range below 500 MPa, if the
delayed-fracture test is performed for a long period. The
effect of applied stress on hydrogen absorption will be
reported elsewhere,

5. Conclusions

Fracture of a beta titanium orthodontic wire in acid
and neutral fluoride aqueous solutions has  been
examined from the viewpoint of hydrogen embrittle-
ment. The delayed fracture occurred in 2.0% and 0.2%
APF solutions. The fracture mode changed from ductile
to brittle in 2.0% APF solution when the applied stress
was lower than 500 MPa, in other words, when the
immersion time was longer than 50h. In 0.2% APF
solution, the delayed fracture did not occur within
1000 h in the applied stress range below 500 MPa. The
amount of absorbed hydrogen was approximately 5000~
6500 mass ppm under an applied stress in 2.0% APF
solution for 24 h. On the other hand, the existence o} a
delayed fracture in neutral NaF solutions is necessary to
investigate what under various conditions. It is con-
cluded that one of the reasons for the fracture of the
beta titanium alloy during clinical use is hydrogen
embrittlement. in fluoride solutions.
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Abstract: Hydrogen embrittlement of Ni-Ti superelastic
alloy in a fluoride solution (0.2% APF) has been investigated
by means of a tensile test (after immersion) and hydrogen
thermal desorption analysis. Upon immersion, the tensile
strength of the alloy decreased to the critical stress level of
martensite transformation. Hydrogen desorption of the im-
mersed specimens appeared with a peak at around 500°C.
The amount of absorbed hydrogen in the alloy ranged from
100 to 1000 mass ppm when immersed in the fluoride solu-
tion for 2 to 24 h. The immersion in the fluoride solution led

to the degradation of mechanical properties due to hydro-
gen embrittlement. The results of the present study imply
that one reason that Ti and its alloys fracture in the oral
cavity is the fact that hydrogen is absorbed in a fluoride
solution, such as prophylactic agents. © 2003 Wiley Period-
icals, Inc. § Biomed Mater Res 65A: 182-187, 2003

Key words: Ni-Ti; hydrogen embrittlement; fluoride; corro-
sion

INTRODUCTION

Ni-Ti superelastic alloys are used widely in ortho-
dontic wires because of their unique superelastic
property, excellent ductility, good fatigue life, good
corrosion resistance, and good biocompatibility.'™*
However, from a practical point of view, the corrosion
and fracture of the alloys in the oral cavity remain
important problems.>”

The corrosion resistance of Ni-Ti superelastic alloys
has been investigated mostly by means of electro-
chemical polarization techniques. The alloys show
good corrosion resistance in various test solutions,
such as artificial saliva, Ringer’s solution, and NaCl
solution.?-10 However, discoloration or corrosion of
the alloy has been widely observed in practice. 5112
One reason for this that has been reported is that the
corrosion resistance of Ti is lost in solutions that con-
tain fluoride."**! Fluoride is contained in toothpastes,

Correspondence to: K. Yokoyama; e-mail: yokken@dent.
tokushima-u.ac.jp

© 2003 Wiley Periodicals, Inc.

prophylactic agents, and dental rinses because fluo-
ride has a cariostatic effect. In general, the caries-
preventing prophylactics contain 100 to 10,000 ppm of
F, with a pH value between about 3.5 and neutral. In
addition, foods and drinks such as tea contain fluoride
although in very small amounts.

Environmental degradation and fracture should be
considered when the alloys are used under severe
environmental conditions, such as those in the oral
cavity. However, the environmental effects on the de-
formation and fracture behaviors of the alloys have
been the subject of very few studies. In our previous
articles, we demonstrated the degradation and frac-
ture of Ni-Ti alloy and Ti caused by hydrogen absorp-
tion in the oral cavity or in the human body, both of
which provide a saline solution.?*?5 Stress corrosion
cracking of Ti in a topical fluoride solution also was
reported.*® However, few studies have been carried
out on the hydrogen embrittlement of Ti and its alloys
in fluoride solutions. )

The purpose of the present study was to examine
the degradation and fracture of a Ni-Ti superelastic
alloy in a fluoride solution and the associated behav-
iors of hydrogen absorption. This was done by means
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TABLE 1
Mechanical Properties and Transformation Temperatures of the Tested Ni-Ti Superelastic Alloy
Transformation Temperature (°C)
Critical Stress Tensile Strength Reduction of Area
(MPa) (MPa) (%) Ay A, M, M,
530 = 16.7 1250 £ 7.2 54.7 —4 ~26 -3 ~27

of hydrogen thermal desorption analysis (TDA) or
hydrogen thermal desorption spectroscopy (TDS) ap-
plied extensively for the study of hydrogen embrittle-
ment in steel.”%

MATERIALS AND METHODS

Commercial Ni-Ti superelastic alloy wires with a diame-
ter of 0.50 mm were cut as specimens of 50 mm in length.
The martensite to austenite transformation temperatures
and the mechanical properties of the alloy are given in Table
L. The phase transformation temperatures of the alloy were
determined by an electrical resistance method. The critical
stress of martensite transformation and the tensile strength
at room temperature were 530 and 1250 MPa, respectively.
The specimens were polished with #600-grit SiC paper and
ultrasonically washed in acetone for 5 min. The specimens
were immersed separately in 10 mL of a 0.2% acidulated
phosphate fluoride (APF; 0.2 mass % NaF + 0.17 mass %
H3PO,) aqueous solution with pH 5.0 at 37°C for 2 to 24 h.
The concentration of the fluoride was 900 ppm F and was
similar to that used in toothpastes.

Tensile tests of the immersed alloys were carried out at
room temperature on a Shimadzu Autograph AG-100A ma-
chine at a strain rate of 8.33 X 107*/s within a few minutes
after removal from the solution. The gauge length of the
specimens was 10 mm. Weight loss of the immersed alloys
with time was measured, and the standard deviation was
calculated from the results obtained from five specimens.
The immersed wires were embedded in an epoxy resin and
polished. After 24 h from removal from the solution, hard-
ness tests were carried out on the transverse cross section
from the periphery to the center of the wire at intervals of
0.05 mm. Measurements were performed under an applied
load of 0.98N for 15 s. The fracture surface of tensile-tested
specimens was examined with a scanning electron micro-
scope (SEM).

TDA was conducted with a gas chromatograph at a heat-
ing rate of 100°C/h using Ar as the carrier gas at a flow rate
of 0.33 mL/s. Measurement of hydrogen concentration at
300-s intervals was started 600 s after removal of the speci-
men from the solution.

RESULTS

The tensile test results in terms of the critical stress
and the tensile strength as a function of the immersion
time are shown in Figure 1. The tensile strength

slightly increased with immersion time up to 3 h, then
decreased rapidly. The decrease was from 1250 to 600
MPa, after which the tensile strength remained un--
changed even after immersion for more than 6 h. The
critical stress of martensite transformation gradually
increased from 530 to 600 MPa as the immersion time
increased up to 5 h. It was observed that the fracture
of the immersed alloy took place before martensite
transformation when the immersion time was longer
than 6 h; that is, the tensile strength agrees with the
critical stress at immersion times longer than 6 h.

Figure 2 shows fractographs of a specimen im-
mersed for 24 h. The outer part [Fig. 2(b)] of the
fracture surface was fairly flat whereas the central part
[Fig. 2(c)] was composed of primary shallow dimples.
This suggests that failure was initiated at the outer
part of the specimen. In addition, the fracture surfaces
did not show reduction in area even when the immer-
sion time was longer than 3 h.

Figure 3 shows the fraction of the dimple pattern
area in the fracture surface as a function of the immer-
sion time. The dimple pattern area decreased initially
with increasing immersion time, then reached a steady
value. In other words, the brittle outer part became up
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Figure 1. Tensile strength and critical stress of specimens
immersed in 0.2% APF solution as a function of immersion
time. The standard deviation was calculated from the results
obtained from five specimens.
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Figure 2. SEM micrographs of typical fracture surface of a
specimen immersed in the solution for (a) 24 h. (b) Outer
and (c) central parts of the fracture surface.

to 50-100 pm thick when the immersion time ex-
ceeded 10 h. The Vickers microhardness of the alloy
subjected to the immersion test is shown in Figure 4.
The hardness of the as-received alloy was about 350 at
any part. It was noted that the hardness number in the
outer part had a high value of 400 in the specimen
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Figure 3. Fraction of dimple pattern area in the fracture
surface as a function of immersion time.

immersed for 24 h. Typical SEM micrographs of the
outer surface of an as-received and a 24-h immersed
specimen are shown in Figure 5(a,b), respectively. The
surface after immersion showed general corrosion.
The progress of corrosion relative to weight loss,
which increased with increasing immersion time, is
shown in Figure 6.

The thermal desorption of hydrogen appeared with
a desorption-rate peak at around 500°C. Figure 7

500
O as-received
®24h
= 400 *
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£ 300 |
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0 50 160 150 200 250 300

Distance from surface (uzm)

Figure 4. Vickers microhardness of as-received and 24-h
immersed specimens. The hardness was measured at inter-
vals of 0.05 mm, and the standard deviation was calculated
from eight indentations.
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Figure 5. SEM micrographs of the typical surface of (a)
as-received and (b) 24-h imiersed specimens.

shows TDA curves of specimens immersed for up to
24 h. The progress of hydrogen entry into the alloy
was denoted by the increase in the total desorbed
hydrogen, defined as the integrated peak intensity,
relative to the immersion time. The total amount of
hydrogen desorbed up to 600°C is shown as a function
of immersion time in Figure 8. The amount of the
desorbed hydrogen, that is, hydrogen absorbed dur-
ing immersion, increased with increasing immersion
time.

DISCUSSION

One important finding in the present study is the
hydrogen embrittlement of Ni-Ti superelastic alloy in
0.2% APF (0.2 mass % NaF + 0.17 mass % H,PO,)
aqueous solution. The effects of fluoride ion on the
corrosion resistance of Ti and its alloys have been
reported by several authors."*?' It was considered
that hydrofluoric acid (HF), which is produced ac-
cording to the reaction shown in Equation (1), dis-

185

solves the protective oxide film on the surface of Ti
and its alloys, according to Equations (2-4).1%%2!

H,PO, + 3NaF — Na,PO, + 3HF. (1)
Ti,0; + 6HF — 2TiF, + 3H,0, (2)
TiO, + 4HF — TiF, + 2H,0, (3)
TiO, + 2HF — TiOF, + H,0. (4)

In the present case, the oxide film on the surface of
Ni-Ti superelastic alloy most likely is destroyed in the
same manner as the above reactions. The loss of the
oxide film may lead to the absorption of hydrogen
from various solutions because of the high affinity of
Ti with hydrogen.

In previous studies, hydrogen embrittlement of
Ni-Ti superelastic alloy was observed under cathodic
hydrogen precharging in 0.9% NaCl aqueous solu-
tion.”>* In the tensile test of the alloy that was hy-
drogen-precharged for various periods, fracture took
place before martensite transformation, and the in-
crease in charging time and current density acceler-
ated the failure. The formation of brittle hydrides and
the presence of diffusible hydrogen were thought to
be the causes. The formation of titanium hydride with
a body-centered tetragonal structure by electrochemi-
cal charging was reported >

In the present study, the results obtained by immer-
sion in a 0.2% APF solution for various periods are
similar to those of the previous study of cathodic
hydrogen precharging. The high hardness observed in
the outer part of the specimen immersed for 24 h, as
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Figure 6. Weight loss of specimens immersed in 10 mL of
0.2% APF solution. The standard deviation was calculated
from the results of five measurements.
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Figure 7. Hydrogen thermal desorption curves from spec-
imens immersed in 0.2% APF solution for up to 24 h at 37°C.

shown in Figure 4, also is similar to the previous
result, ** suggesting the formation of hydride.

The thermal desorption behavior gives information
relative to the hydrogen trapping sites and the decom-
position of hydrides from the temperature profile and
the amount of desorption.”” In the present case, a
single desorption peak appeared at around 500°C, as
shown in Figure 7, in contrast to the case of cathodic
hydrogen precharging that gave rise to two desorp-
tion peaks at around 200 and 300°C.>** The peak
temperature of 500°C is close to the decomposition
temperature of TiH,, suggesting the formation of hy-
drides at the time of immersion in APF solution. The
TDA behaviors imply that the states of hydrogen in
the alloy are different between the two hydrogen-
charging conditions. The details of the desorption be-
havior of Ni-Ti superelastic alloy will be reported
later.

In the present case, hydrogen concentration contin-
uously increased during immersion, as shown in Fig-

YOKOYAMA ET AL.

ure 8. The total amount of desorbed hydrogen was as
much as 1000 mass ppm at 24-h of immersion, which
is much higher than 1 mass ppm, the value normally
observed in steels. Hydrogen concentration often has
been used as a measure of the occurrence of embrittle-
ment, but it is not generally the case. For example, in
a sustained-load fracture test of a high-strength mar-
tensitic steel, it has been demonstrated that an alter-
nating hydrogen-charging potential accelerated fail-
ure with a smaller amount of hydrogen than that in
the condition of constant hydrogen-charging poten-
tial.*> The dominant role of strain-induced vacancies
in the embrittlement coupled with hydrogen was con-
sistent.””*? The mechanism of hydrogen embrittle-
ment may differ depending on the material and the
environment. In Ni-Ti superelastic alloys used in en-
vironments that contain fluoride ion, the effect of hy-
dride operating in the mechanism of hydrogen em-
brittlement is not ruled out, and further work is
needed to identify hydride formation and its relation-
ship to embrittlement.

CONCLUSIONS

The degradation and fracture of Ni-Ti superelastic
alloy in fluoride solution have been investigated from
the viewpoint of hydrogen embrittlement. The alloy
absorbs substantial amounts of hydrogen in 0.2% APF
aqueous solution. Hydrogen TDA showed that a sin-
gle desorption-rate peak appeared at around 500°C.
The amount of total absorbed hydrogen increased
with the immersion time. When the amount of ab-
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Figure 8. Amount of desorbed hydrogen from thermal
desorption analysis as a function of immersion time.
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sorbed hydrogen exceeded 200 mass ppm, the tensile
strength of immersed alloy was reduced to the critical
stress level of martensite transformation. It is con-
cluded that one of the reasons for the fracture of Ti
and its alloys in the oral cavity is hydrogen embrittle-
ment in fluoride solution.
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Abstract

The susceptibility of Ni~Ti superelastic alloys to hydrogen embrittlement has been examined by means of a delayed-fracture test
and hydrogen thermal desorption analysis. It was found that the time to fracture was drastically reduced when the applied stress
exceeded the critical stress for martensite transformation. In the applied stress range lower than the critical stress, the time to
fracture lessened in the order of instability of the alloys to undergo reversible martensite transformation, Hydrogen thermal
desorption of specimens subjected to delayed-fracture test is classified into two types according to the applied stress level. The
amount of desorbed hydrogen was markedly increased when the applied stress was higher than the critical stress, It was concluded
that Ni-Ti superelastic alloys transformed to martensite are semsitive to environmental conditions accompanying accelerated

hydrogen embrittlement.
© 2002 Elsevier Scienice B.V. All rights reserved.

Keywords: Ni-Ti; Hydrogen embrittlement; Delayed fracture; Thermal desorption analysis

1. dntroduction

Ni-Ti alloys are widely used in industrial and medical
devices because of their unique shape memory and/or
superelastic elfect, excellent ductility, and good fatigue
life. In addition, Ni~Ti alloys exhibit good corrosion
resistance and biocompatibility [§~5]. The shape mem-
ory and/or superelastic effect of Ni—Tj alloys results
from martensitic transformation that takes place {from a
B2 10 a B19’ structure [6-9]. On loading, superelasticity
appears at a critical stress, being associated with
reversible martensite transformation. The transforma-
tion pseudoelasticity and deformation behavior of the
alloys have been investigated [10,11}. However, the
environmental effects on deformation and fracture
behavior of the alloys remain to be examined. Environ-
mental degradation is a very important consideration
when the alloys are used under severe environmental
conditions. In the human body, discoloration or corro-

* Corresponding author. Tel.: +81-88-633-7334; fax: +81-88-633-
9125.
E-matl address: yokken@dent.tok ushima-u.ac jp (K. Yokoyama).

sion of medical devices is widely observed, and their
fracture occurs even though Ti and its alloys show high
corrosion resistance [12-15]. For example, Ni-Ti
orthodontic arch wires often exhibit failure in the oral
cavity a few months after setting [16,17]. Therefore, it is
important to investigate the environmental factors and
their effects on the fracture behavior of Ni—Tij super-
elastic alloys. Particularly in the biomedical field, Ni~Ti
alloys are expected to become more widely applicable in
the future if such problems are solved.

One of the environmental factors is hydrogen. The
influence of hydrogen on the shape memory and super-
elastic properties of Ni~Ti alloys has been reported [18-
21}. We have also presented several papers on the
degradation of the mechanical properties of non-loaded
Ni-Ti superelastic alloys charged with hydrogen for
various periods [17,22,23]). However, understanding the
degradation of orthodontic arch wires in the oral cavity
requires an evaluation of the effects of loading stress
during hydrogen charging, namely, delayed-fracture
tests.

In general, the delayed-fracture test is important for
characterizing the hydrogen susceptibility of high-

(921-5093/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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strength steel products such as fasteners and prestressed
concrete bars [24-26]. In these materials, the suscept-
ibility to hydrogen embrittlement is enhanced with
increasing strength. Ni-Ti superelastic alloys show
strength levels higher than 1200 MPa. However, no
study of the delayed-fracture test of the alloys has been
published thus far. The time to delayed fracture is one of
the important properties of Ni-Ti alloys to be used in
biomedical applications.

The purpose of the present study is to examine the
delayed fracture of Ni-Ti superelastic alloys and the
associated behavior of hydrogen absorption by means of
hydrogen thermal desorption analysis (TDA). Hydrogen
TDA has been employed as a means of detecting defects
that act as hydrogen traps [27-29]. In high-strength
steels, the desorption-rate peak appears at around 100—
200 °C. On the other hand, in Ni—-Ti superelastic alloys,
two peaks appear at around 200 and 300 °C [23]. The
amount of absorbed hydrogen i.e. the integrated deso-
rplion-rate peak intensity, and the desorption curve
profile, are required to understand the delayed-fracture
characteristics.

2. Experimental procedure

A commercial Ni~Ti (Ni: 55 mass%, Ti: balance)
superelastic alloy of 0.50 mm diameter was used. The as-
received superelastic alloy (specimen A) was heated to
500 °C (specimen B) or 550 °C (specimen C) for 30 min
in an evacuated quartz tube (10! Pa), and then
quenched in ice water. Temperatures of 500 and 550
°C were chosen to vary the martensite transformation
stress of the as-received alloy. The surface of the
specimens was finished using a #600 SiC paper to
eliminate accretions. The transformation temperatures
in the non-loaded state were measured for each speci-
men by means of an electrical resistance method. Tensile
lests were carried out at room temperature on an
Instron-type machine (Autograph AG-100A, Shimadzu)
al a strain rate of 8.33 x 10™* s, The total length of
the specimen was 50 mm and a gage length of 10 mm
was used. lardness tests were carried out from the
periphery to the center of the alloy specimen at intervals
of 0.05 mm using a Vickers microhardness tester under
an applied load of 0.98 N for a period of 15 s. For
specimen A, measurements were conducted both before
and after delayed fracture under applied stresses of 450
and 600 MPa for 5 h. Fig. | shows the scheme of the
apparatus used for the delayed-fracture test under a
sustained load at room temperature. A direct-current
© generator was used for hydrogen charging. Platinum
and the specimen were immersed in 0.9 mass% NaCl
aqueous solution as the anode and the cathode,
respectively. The immersed length in the solution was
50 mm for all specimens. The fracture surface of the

'f‘
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DC power supply

[© — Cathode
+ Anode

= | ma
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Pt wire

S———

0.9 mass% NaCl

% \ aqueous solution

Fig. 1. Schematic diagram of delayed-fracture test apparatus.

specimens was examined using a scanning electron
microscope (SEM).

The amount of desorbed hydrogen was measured for
specimens A and C, which were subjected to delayed-
fracture test for 5 h with a current density of 10 A m~2.
The starting time of TDA after the removal from the
electrolyte solution was less than 10 min. Both sides of a
specimen, immersed in the solution (50 mm in length)
were cut into 30-mm-long pieces and subjected to
ultrasonic cleaning with acetone for 2 min. The speci-
men was dried in ambient and used for measurement. A
gas chromatograph was used for the detection of
hydrogen with argon at a flow rate of 20 ml min~" as
the carrier gas. Sampling was conducted at 5-min
intervals at a heating rate of 100 °C h~".

3. Experimental results

The three kinds of alloys prepared by heat treatment
have different transformation temperatures, implying
different defect structures. Fig. 2 shows the stress—strain
curves of specimens A, B and C. The ultimate tensile
strengths of specimens A and C were almost the same,
while that of specimen B was slightly higher. The
mechanical properties and transformation temperatures
of the specimens are given in Table 1. Here, M, and M,
indicate the start and finish temperatures for martensite
transformation, respectively, during cooling. Similarly,
As and A4y indicate the start and finish temperatures,
respectively, for the reverse transformation. In specimen
A, the critical stress for martensite transformation was
530 MPa at room temperature, while it was approxi-
mately 380 MPa in specimens B and C. The heat
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Fig. 2. Stress-strain curves of the Ni-Ti superelastic alloys: (a)
specimen A, (b) specimen B, and (c) specimen C are as-received, 500
“C x 30 min WQ, and 550 °C x 30 min WQ, respectively. Strain is
calculated from elongation (displacement of cross head) and the initial
gauge length.

treatment of specimens B and C increased the transfor-
mation temperatures of the as-received specimen A. The
decrease in the critical stress was associated with the
increase in the transformation temperatures. Fig. 3
shows the Vickers microhardness of the alloys. In
specimen A, the hardness number was approximately
360, while those of specimens B and C were approxi-
mately 330, being lower than that of specimen A. The
hardness distribution was fairly uniform within a speci-
men.

The delayed-fracture test results are shown in Fig. 4m
terms of the time to fracture as a function of the applied
stress. The current densities were 10 A m ~2 (Fig. 4(a))
and 100 Am~? (Fig. 4(b)). The time to fracture
increased with decreasing applied stress, but it is noted
that the slope of the linear dependence changed at the
critical stress for martensite transformation in each
specimen. Also, when Fig. 4(a) and (b) are compared,
the increased current density reduced the time to
fracture. The susceptibility to delayed fracture expressed

Table 1
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Fig. 3." Vickers microhardness values for specimens A, B, and C. The
hardness was measured at intervalg of 50 mm, and the standard
deviation was calculated from eight indentations.

in terms of the time to fracture in the stress range lower
than the critical stress was in the order of specimens A,
C, and B.

Fig. 5 shows the fractographs of specimen A, which
was hydrogen-charged with a current density of 10
A m~? under an applied stress of 450 or 600 MPa. The
fractographic features corresponded to those shown in
our previous paper [22]. The specimen exhibited negli-
gible reduction in area. The outer part of the fracture
surface was fairly flat, whereas the central part was
composed of primary shallow dimples. It suggests that
the failure was initiated at the outer part of the speci-
men. In Fig. 5(b) for the case of 600 MPa, crack
propagation associated with river patterns was observed
in the outer part, but the magnified view (Fig. 5(d))
showed flaky steps with quasi-cleavage patterns. The
Vickers microhardness of specimen A subjected to
delayed-fracture test is shown in Fig. 6. While the
hardness of the non-charged specimen A was approxi-
mately 360, that of the charged specimens A was slightly
higher, approximately 370-390. It was noted that the
hardness in the outer part of specimen A charged with
10 Am™2 for 5 h under an applied stress of 600 MPa
had a high value of 420.

Mechanical properties and transformation temperatures of the tested Ni-Ti superelastic alloys

Specimen Critical stress (MPa) Tensile strength (MPa) Reduction of area (%) Transformation temperature ¢C)
Ar As M, M,

. 530+16.7 1250472 54.7 -4 —~26 -3 -27

B 373427 13484178 54.0 26 19 24 1%

C WT+9.7 1215+ 14.8 54.6 7 0 6 -1
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Iig. 4. Delayed-fracture diagrams of the Ni-Ti superelastic alloys
charged with () 10 A m™? and (b) 100 A m™2.

Fig. 7 shows TDA curves of hydrogen charged to
specimen A under various applied stresses with the
current density of 10 Am™2 for 5 h. The desorption
curves exhibited two peaks at around 200 and 300 °C.
The total peak area was divided into two levels
sccording to the applied stress, namely, whether it was
higher or lower than the critical stress of 530 MPa. The
total amount of desorbed hydrogen up to 400 °C is
shown in Fig. § as a function of applied stress. When the
applied stress is higher than the critical stress, hydrogen
desorption i.e. hydrogen absorption, was considerably
enhanced. The amount of the desorbed hydrogen
increased [vom approximately 600 to 1000-1200 mass
ppm when the applied stress exceeded the critical stress.
Similar TDA curves of specimen C are shown in Fig. 9.

The charging time was 5 h with a current density of 10
A m~? under the applied stress higher (450 MPa) or
lower (300 MPa) than the critical stress (380 MPa). The
amounts of desorbed hydrogen were 1490 and 650 mass
ppm for the applied stresses of 450 and 300 MPa,
respectively. It is noted that the TDA was for the
specimens after unloading. The desorption was thus
from the phases that remained after irreversible trans-
formation took place.

4. Discussion

In our previous studies [22,23], we reported the
tensile-test results for Ni-Ti superelastic alloy hydro-
gen-precharged for various periods. In that case, [rac-
ture took place before martensite transformation, and
increasing charging time and current density accelerated
the failure. The formation of brittle hydrides was
thought to be the cause. In the present study, the
delayed-fracture test under concurrent hydrogen char-
ging and loading with various applied stresses indicated
that the delayed-fracture susceptibility of Ni—Ti super-
elastic alloys, even if they had the same strength level,
varied with the critical stress for martensite transforma-
tion. A noteworthy result shown in Fig. 4 is that the time
to fracture is drastically reduced at applied stresses
above the critical stress i.e. when irreversible martensite
transformation took place on loading.

The associated hydrogen TDA results shown in Figs.
7-9 indicate a discontinuous increase in the amount of
absorbed hydrogen at applied stresses above the critical
stress. The double peaks in the TDA curves in Fig. 7 and
Fig. 9 imply that at least two sources are present for the
desorption, although they are difficult to distinguish.
Two reasons can be considered for the increased
absorption at high applied stress. One is due to the
difference in the lattice constant between the parent and
martensite phases. The crystal structure of the parent
phase is the B2 type with a unit cell of g =0.3015 nm,
while that of the martensite phase is the B9 type with a
unit cell of a=0.2898 nm, b =04108 nm, ¢ =0.4646
nm, and f=97.78° [9]. On the other hand, the
transformation to B19’ by applying stress above the
critical stress is an irreversible process. It implies that the
martensite involves a high density of defects. The
increase in interatomic distance may increase the
solubility of hydrogen, while a high density of defects
may act as hydrogen traps. '

The other reason is ascribed to hydride formation. A
hydride formed by electrochemical charging has a body-
centered tetragonal lattice with lattice parameters « =
0.6221 nm and ¢ = 1.2363 nm [30,31]. The orientation
relationship between the parent and the hydride
lattice is [1 0 0]u//[1 00lp, (00 Dy/© O Dp, with
three orientation variants of the hydride. The crystal
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IITITINe

10 um

Fig. 5. SEM micrographs of the delayed-fracture surface in specimen A at applied stresses of (a) 450 and (b) 600 MPa. External () and internal (e)
parts of the fracture surface at an applied stress of 450 MPa. External (d) and internal (f) parts of the fracture surface at an applied stress of 600 MPa.

structure and morphology are similar regardless of
whether hydride lormation takes place in the parent
phase or the martensite phase. On the other hand,
Adachi et al. reported [19] another type of hydride by
charging at a current density of 1000 A m™2. In the
present case, the high hardness in the outer part of a
specimen under the applied stress of 600 MPa, as shown
in Fig. 6, might suggest the formation of such a type of
hydride.

IUis not certain which martensite structure for hydride
formation is responsible for the increase in the amount
ol hydrogen absorption. The most essential issue is the
mechanism of enhanced susceptibility when irreversible
transformation takes place. It has been revealed [26,32]

with high-strength martensitic steels that hydrogen
concentration is not the decisive factor for the delayed
fracture. Instead, a model that the hydrogen-assisted
increase in the deformation-induced vacancies plays a
primary role in the failure has been proposed. In the
present case, the formation of irreversible martensite
produces a high density of defects, favoring the occur-
rence of the proposed mechanism. However, in Ni-Ti
alloys, the amount of absorbed hydrogen is much higher
than in the case of steels, and the possibility of hydride
being the initiation site of brittle fracture cannot be
eliminated. The fracture surface of the outer part of a
specimen shown in Fig. 5(b) supports the brittle fracture
model, but the magnified view in Fig. 5(d) suggests some
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Fig. 6. Vickers microhardness values for specimen A, non-charged and
with applied stresses of 450 and 600 MPa. The specimens were charged
with 10 A m~? for 5 h. The standard deviation was calculated from
vight indentations.

contribution of plastic deformation to crack propaga-
tion. The results of further studies will be published
elsewhere,

In Fig. 4(a) and (b), the time to fracture was reduced
with increasing hydrogen-charging current density. This
15 in accord with the previous result [22,23] that showed
the increase in hydrogen concentration with increasing
current density. It should be noted that the stress levels
at which the slope of the stress dependence of the time to
fracture changes are immune to the current density. It
implies that the critical stress for martensite transforma-
tion is not aftected by hydrogen,

The effects of microstructure of the present Ni-Ti
alloy on the susceptibility to delayed fracture appeared
as the time to fracture varied with the three kinds of
specimens in the applied stress range lower than the
critical stress. In Fig. 4, the time to fracture at a given
applied stress was in the order of specimens A, C and B,
which also coincided with the order of the critical stress
and the transformation temperature shown in Table 1.
A higher transformation temperature is an indication of
the lower stability of the B2 structure under stress, and a
lower critical stress implies that the allowance of the
applied stress to the critical stress is smaller. Therefore,
even though the applied stress is lower than the critical
stress, reversible transformation by sustained loading
and/or by hydrogen entry may occur. At present, we
lack direct evidence of the reversible transformation in
the concerned stress range, and this aspect requires
further examination for the proper use of this kind of
alloy. The critical stress and delayed-fracture character-
istics of the B and C specimens were similar as shown in
Figs. 2 and 4. Effects of transformation temperatures in
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Fig. 7. Thermal desorption curves of hydrogen charged at various
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time was 5 h with the current density of 10 A m™ 2.
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Fig. 9. Thermal desorption curves of hydrogen charged at applied
stresses of 300 and 430 MPain specimen C. The charging time was 5 h
with the current density of 10 A m™ 2,

Tabte | on hydrogen embrittlement is to be examined in
luture studies.

5. Conclusions

The susceptibility to hydrogen embrittlement of Ni—
Ti superelastic alloys has been evaluated in terms of the
time Lo {racture by a delayed-fracture test. The time to
fracture was drastically reduced when the applied stress
exceeded the critical stress for martensite transforma-
tton. In the applied stress range lower than the critical
stress, the time to fracture lessened in the order of
mnstability of the alloys to undergo reversible martensite
transformation. The amount of hydrogen desorption i.e.
hydrogen absorption, was markedly increased when the
applied stress exceeded the critical stress. Irreversible
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martensite transformation in Ni-Ti alloys increases the
susceptibility of the alloys to hydrogen embrittlement,
but the stability of the alloys to reversible transforma-
tion also affects the susceptibility even when the applied
stress is lower than the critical stress.

References

{1] K. Otsuka, K. Shimizu, Int. Met. Rev. 31 (1986) 93.
{2} S.A. Shabalovskaya, Bio-Med. Mater. Eng. 6 (1996) 267.
{31 K.N. Meiton, O. Mercier, Acta Metall. 27 (1979) 137.
[4] Y. Oshida, R. Sachdeva, S. Miyazaki, S. Fukuyo, Mater. Sci.
Forum 5638 (1990) 705.
[5} T. Duerig, A. Pelton, D. Stéckel, Mater, Sci. Eng. A 273-273
(1999) 149.
[6] K. Otsuka, T. Sawamura, K. Shimizu, Phys. Stat. Sol. 5(a) (1971)
457.
[7] R.F. Henemann, G.D. Sandrock, Scripta Metall. 5 (1971) 801.
{8] G.M. Michal, R. Sinclair, Acta Cryst. B37 (1981) 1803.
[9] Y. Kudoh, M. Tokonami, S. Miyazaki, K. Otsuka, Acta Metall.
33 (1985) 2049.
{10] S. Miyazaki, K. Otsuka, Phil. Mag. A 50 (1984) 393.
[11} S. Miyazaki, K. Otsuka, Y. Suzuki, Scripta Metall. 15 (1981) 287.
{i2] A. Piattelli, A. Scarano, M. Piattelli, E. Vaia, S. Matarasso, J.
Periodontol. 69 (1998) 185.
[13] M.J. Morgan, D.F. James, R.M. Pilliar, Int. I. Oral Maxillofuc.
Implants 8 (1993) 409,
{14] D.W. Klotch, J. Prein, Am. J. Surg. 154 (1987) 384.
[15] K. Yokoyama, T. Ichikawa, 1. Murakami, Y. Miyamoto, K.
Asaoka, Biomaterials 23 (2002) 2459.
{16] E.F. Harris, S.M. Newman, J.A. Nicholson, Am. 1. Orthod. 93
(1988) 508.
{17] K. Yokoyama, K. Hamada, K. Moriyama, K. Asaoka, Bioma-
terials 22 (2001) 2257.
(18] M.Kh. Shorshorov, I.A. Stepanov, YuM. Flomenblit. V.V,
Travkin, Phys. Met. Metall. 60 (1985) 109.
[19] Y. Adachi, N. Wade, Y. Hosoi, J. Jpn. Inst. Metals 54 (1990) 525.
[20] T. Hoshiya, S. Den, H. Katsuta, H. Ando, J. Jpn. Inst. Mctals 56
(1992) 747.
[21] T. Asaoka, H. Yamashita, H. Saito, Y. Ishida, J. Jpn. Inst. Metals
57 (1993) 1123.
{22} K. Yokoyama, K. Hamada, K. Asaoka, Mater. Trans. 42 (2001)
141.
[23] K. Asacka, K. Yokoyama, M. Nagumo, Metall. Mater. Trans. A
33A (2002) 495.
[24] J.P. Hirth, Metall. Trans. A 11A (1980) 861.
[25] S. Matsuyama, Tetsu-to-Hagané 80 (1994) 679.
{26} M. Nagumo, M. Nakamura, K. Takai, Metall. Mater, Trans. A
32A (2001) 339,
[27] W.Y. Choo, LY. Lee, Metall. Trans. A 13A (1982) 133.
(28] K. Kusakai, T. Kubo, T. Ooka, M. Matsubara, K. Watanabe, J.
Jpn. Inst. Met. 51 (1987) 174.
{291 K. Ono, M. Meshii, Acta Metall. Mater. 40 (1992) 1357.
[30] S.K. Wu, C.M. Wayman, Acta Metall. 36 (1988) 1005,
[31] T.H. Nam, K. Shimizu, T. Saburi, S. Nenno, Mater. Trans. JIM
30 (1989) 539.
[32) M. Nagumo, H. Uyama, M. Yoshizawa, Scripta Mater. 44 (2001)
947.



HFERLR DHEE

RFEIZIR D Z DT RT3,

1) KBRS & K FE L 2E)

1-1 7 o{bF b U U AKBERFICBIT 5R—FF & 54 DOKERIIEE

1-2 EEEA ST VI — LRI TIZRIT D Ni-Ti BRIMEES 4 DK E a5t

1=3 7 ofbF b U AKEBERF TTi AEPNRIN LI AZEOFEBESITICE S
LSEE:ChEb

1-4 @BERILKEZ SR Lo ABRAEAKRICRBIT 5 Ni-Ti BB & OmE

1-5 B2t NaF IR HIZE1T D Ti-6A1-4V &4 DK BRI & B A 2%E)

1-6 REEHEREET Y U LAKBERPICBIT 5 Ni-Ti BEES S OER%E)

=7 7 o7 b U U LKERFIZEIT B Ni-Ti @S 4 O KER I INE]
~FEERIR IR X B R m -

2) AEEEMEED L ODORERE

3) WEMMREBEHEELL, TV T (v 7 - FRESHE

UTIZNnENOM R EEZ =T,

- 126 -



1) ARFEWINFRE & KR L2

1-1 7ok F b U U AKBERFIZBT BRN—FF F AL DOKBRINENE

- XBE : Ti-11Mo-TZr-4Sn &4 (B -Ti)

cRETEE  KBRINE, KFEHRHEE (FRSW) . MEELEE, HESS. XREERK
BefEtT, EHEERT. BREMAE, SBElE. L

- BRE

AERTTF Z ROFF oGP T2ERO—o L LT, BBk OE. HEE
WRRETEEND 7 M OEEBI L HKBHRD DD, BxIZEOMEICBNT, B
M7 b T MU T AKETE (LLF APF: Acidulated Phosphate Fluoride) TIZ3i1T 3B _—
ZF I BEOBIVEERELAOMNI L, L LR s, BRET 5BRICKERIX
THZELSMNI, 1L A DD TWRY, %2 TR Cid, APF IR A ~—
ZF 2 E@OKRBRINFEES, BERRH & ARG NOEEBIZ OV TR, BNt
EOBEEER Lz, REHITHIROER 0. 45 mm, 513EHREE 1100 MPa D RHEIEH ~—#
FHZUA F— (IMA; Ormco) % FHV /=, YIRIZ pH=5. 0, 78 50 ml O 2. 0% TR 0. 2% APF
VSR (2.0% NaF + 1. 7% HPO, Bz TR 0. 2% NaF + 0. 17% HPO,) % RV iz, 1BERBRILIEES
DFE 50 mn TEEI TR 70, KBRS RS & 0 <7, 2.0% APF
RSP TIE, 12 BRRTRELIE, SBICKRRIN LA, 24 B CARERINEIX 4000 ppm,
48 IR C 7000 ppm LA EIZ B E L7z, Z OFRBHI 50—60 BEERE O 2. 0% APF IAEEIZ L 0 |
SEME— Mt BB A T, RERDDZOREOKERINEITER LZ 10000 ppn THDHZ &
Bohrolc, —F, 0.2% APF R CIIRE 48 RRRILARRIIKERIX LIZ< <72 v, 100
Ref &z 2 L. AKFERILE 3000 ppm BTHE CHIFI L7z, ZORERIE. 0.2% APF KD
RIS CTEIVRE L R 25 Z LI—8T 5, £7-. BEVH 68 KB\ Ta#
G DEBIIR ONRH, 24 BRI CIXEEK & b ARSI &> TKERIUIEES
7o RFIZ 2. 0% APF IFWH DA TGS 600 MPa LI ETld, EAM L BT 5 & 2 {FHVASE
IR BTz,
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toA B ) —VIREF TARERLT 22 B3N TV5, BELIX, TOEBEEHAS /) —
JVESHE T NI-Ti BEMEE &N AERIL T 2 2®RE L Y, FiC, MiTi TIIkEML L2
WEEZ LN TWAEBE ST / —/VERF T, Ni-Ti BEESEPKERILTLI L%
BHLEY,

Ni-Ti #BEMEESSOKEBRILEEL, Y — FF ¥ VIl Lo TKEEZRINEE D HETH

RENTERE, LALARRE, BIKRE CHRIN L2 KESEBROHE ICRITTEEIC OV TT
RS TIERV, 2 CAETI, Ni-Ti BBEE&NEREZT DAY ) — VRS ) —
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R - 12.7 ml/en?, RBRIBE: 37°C) ICRE L=, BEKTRIZEDICHEKFERES T (F
JEHEE £ 100°C/h) REER/DEIE R OSIERER L & 21TV, TRIN L 72 KE A EREI MR I RIE
TEELREERAN, £, RABREROWEE % SEM TEEZE LT,

Tabel 1 Ni-Ti @S & OMBAIEE

v VT oA VERBIS S BIIRWME MPa)  BrEMAE (%) oy — RS (Hv)

(MPa)
530 + 16.7 1250 + 7.2 54.7 356 = 10
b3 + 1.4 1425 +12.6 54.6 362 + 14
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AB )= VEERB LR & ) — VIERRE LR OEERD L BERMOESRL Fig. 2
(@), (b) IZFT, ELLOBEEFICRBWTS, BIERM & RICEEITHED L TR, =5/
— VAP TR E A CEERD LB b RO/, 120 h BB T, A ¥/ —/ERICE
JAEERDBRIITY ) —LREOIRIT I0FOE L ko7,
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Fig. 1 % SEM #8142 (a) as-received, (b) A ¥/ —/L 24 h Bi&, (c) =% /—/1 120 h Bi&
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. 600" COE—2IIKBMPONREET S LELZOND, $-. BEZORE =R
(2600 h A& L2 FrDKFBER OKERHBRIT, BEAERTE E_CHEIZR LA
o, —J, REZWHIED - -Ti 8413, REEHEIT281& L5 LERAICE— 2 3
ZhLIEZEND, REOERERDPKERHOBEEL 2-oTVWHE WS ZLREZ LR
Do

E=pE N
1) Yokoyama K, Ogawa T, Asaoka K, Sakai J., Mater. Sci. Eng. A in press.

2) Ogawa T, Yokoyama K, Asaoka K, Sakai J., Biomaterials 2004;25:2419-2425.
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1-4 B KEEZEF L AR KTIZBIT 5 Ni-Ti Bt a4 O

CREAEL CNI-TI (FBREEAE S, BEMEES)
- REIEE  KBERINE, KFHILES (BRSO . MElE e, MEgE. REERK
BRfRAT. BT, BREMAE, SBEE, 2L

B AN TRATIEEBREO—ETHHBELKZEN, FXUOBREPREIES
ZEBBDH, LIFER. BHNCREES. TORBRT X U AEOERIEE ICRE
HEEEZD LD TIEARY, LALARRL, Ni-Ti BEEE4IIAH ST OB
REOZEBZZ TR0, BBABEOFEET THESLT S REENH S, F 2 TRH
FETIE. BERKFREER LI ABAE/KFITIIT S Ni-Ti BEES S OEICHOVWTEH
Nz, PBHIER 0. 50 mn @ Ni-Ti BHEMEAS SR (/T YA FEREBAR S 530 MPa,
5I5RFEEL: 1483 MPa) % 600 F D SiC B CRE A EX, TR FodELELOZ AN
72o 0.15M NaCl + 0.3M H,0, KA (RIKE 50 ml, 25° C) T, —FEDOHELEAR L.
W 5 £ ORI ZEIE L7z, 1000 BEREILA_EFGE U T HERET L2V ES 1T, RBs ik
U7z, il L7 OBEE R OVBIEIE SEM Z W TBIE L, -, BEHEVERNEA
M TR T L2EEEBMBELSTT o7, BRHIEANR<ALT oA NEEBRGE I EIc 5
L. BAMSIORE XICE 5 100 BRRILINICREE L7-, R L OMIEEE»S . B
BEFEEEZERE LT, ERPEHRICEE T LI THIT L= E2 b5, —
T, RNT YA NEBRMGE DU T OARIS AT CIRBE Liz< <729 . 300 MPa LT
DEMIEHATTIE, ZHEOBEY Y FBABEINS L OO, 1000 BERLINICHNT L2 ds-
7o, BAFICBTABEENIT0.2-0.3V (vs. SCE) fHETEET A, ENEARTIZ
BT, FHBREBECLIEMOBEBETRAONZ, LN T, AFENS,
EENIZEBIT BB OEETNI-TI BEESENHIT T3 2 LBARB IS,
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1-5 B NaF IEIEHIZEIT D Ti-6A1-4V 54 DK EBERIN & B A %8

[(HE] TiEa&lE. SBTFBHICAVLNE 7 v LHOBEET CEE L, AEWRILTZZ L0835
b MHEEEFEOLIX, BT v{bF MY DA (APF: Acidulated Phosphate Fluoride) K¥AHEH
BT 2 Ti-6A1-4V 5@ OBNEESER, MiTi 0FN L ER Y BREBECRXEEIN
HTEERMLEY, 2 CABZE T, APF KESIKIEE D Ti-6A1-4V &4 DKBRIN & B4
EENTEZ DB OWTHAT,

[EBI7iE] TAROER 0. 50 mm @ Ti-6A1-4V &% 600 F D SiC IR THE 2 iR
e LT, BEEBAIX. 2.0 mass%h APF (0.48M NaF + 0. 18M H,PO,; pH 5.0) K¥EHK% 2. 0% 7>
5 0.1% FTHRLIZBKRT (256 £ 2° C) TR, BESKORBIFREIT SEM, EPMA, XRD
72 ETHAN WP ORI L7 KRR EIRFRREOTEC XL > THIE LT,

[(RERBIUEE] 0.2%, 0.3% APF KK CTIX, BEEZBICEREEMNS-1.0 V (vs. SCE) T
BT 50, BEER%IZIZ-0.3 235-0.4 V ~MRAICEL UEE L, —F. 0.1%& 0. 4% 5
2. 0% APF KIS Tk, BRBEICIOTEAENMII-1.0 VTEE L, (Fig. 1)

0.2%, 0.3%APF /KIFHE Tid, BBIREIIHTEY NaAlFy) MHETD & & bz, BEEMLN
BibLiz, (Fig.2) WEWEREL 0.4hELEIT/R D &\ NaAlF, DI RLRY (Na,TiF,) A3HER
S, BIRBENEL 2D L ZOBERERMOEIGHNEM LT, HEETET, BIREBECL
STHBRADBEFEBRRE Bzt Thb, (Fig.3d)

ARFBRINEX, BREBE 0. 3% F CIHHBEREIC X &8+ nass ppmn BE - 7223, 0.4%
UAETIIIEIRE S & < 72 D22 OKFBRINEDSBEM L, 2. 0% APF KESHE Tl 24 BEE T 200
mass ppm WL L7z, (Fig.4) T DI & ITEERIRE 0. 4%L4 L Cid, BREN & KBTIV E|CREE
W< BEBEOB NP KEBRIUCEEZ RIFT I E2TB LTS, Fig. 5128WT, 24h
WZBIT DB L ARFBERINEDOREFRE T,

ZZTO0.2, 0.3%APF {ZFUN T, NaAlF 3K RN & i3 2 FTREMEIRIB S =720, K
R B1T DK BRINEZRIE LR AKERINES —EIT R - B & Na,ALF AR % B
SEM L —B L7, (Fig.6) %2 C, BIROBEERM &, BT L LT, 0.2% APF |2 24 h BB &
. 2EIC NaAlF AT X 8725306 2 % 2. 0% APF 12 120 h B S ¥ CAZERNEZHE L.
AT 1359 800 ppm AKFEEWIL L7zDizxt L, %134 180 ppm (23 X7z,

FEE] APFEIERFICHW T, Ti-6A1-4V B&ICBITABEEI L KAFBRINEICIZBEER 2 <,
JERTEREDB DI KBRIPUEE L RITTEITRRINT,

Na AlF BEEICHTH L7 5HE . KBRIEHHT 5,

0.4% APF 22 OAKRFERINAHEM LGS, WRBENSE L 251 oh, BRENEET DT,
KRBERIE B LT,

(& k]
1. Ml BE— @EKRK-# BAEBFASEFTARESHEBEWMEGE 134E - 15D P.126 (32) 1
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0.2% APF

o

Corrosion Potential (V vs SCE)

2.0% APF 0.1% APF
_1.2 1 ] 13 i
0 5 10 15 20 25
Time (h)

(a) , (b) 0.2% APF, (c), (d),(e) 0.4% APF
Fig.2 0.2, 0.4% APF24 hi2IE{% D SEM BB
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Desorbed Hydrogen (ppm)

(a), (b) 1.0% APF, (¢), (d) 2.0% APF
Fig.3 1.0, 2.0% APF24 hi@&#% D SEM BH

10000
~@- 0.1% APF
9000 | -@-~0.2% APF
8000 | ~A~0.4% APF
——2.0% APF
7000 |
6000
5000
4000
3000
2000
1000
0 R
0 200 400 600

Immersion Time (h)

Fig. 4 £ APF IRHEIREICE T 5 KBWRINE O REFEL
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350

300 | We—20%24h
- 0.4%24h
E 250
2 1.0%24 h
g 200 0.2% 24 h
z 0.3%24 h
)
= o1s0 | He— 15%24n
2 (]
E —0.5%24h L
& 100 |
gre—0.1%24h
50
0 i i A 1
1.2 -1 -0.8 -0.6 04 02

Ec (V vs SCE)

Fig.5 4% APF IAVRIEEEIZ BT 5 24 h BIEHR OEN & KBRINEOBGZ

140

120 +

100 +

>
<
T

40 -

Desorbed Hydrogen (ppm)

0 i ! 1 1
0 5 10 15 20 25
Time (h)

Fig. 6 0.2% APF YERIBEE BT B KERINEDOREEEAL
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1-6 WRHEFREET U 7 AKEETICEIT A Ni-Ti S S OER3EE)

(RS INI-Ti BREESSIT, BB, MAER CICENRS Z b, BRIERIIBWT, 5
ERVA Y —RREBRAZ 7 AV E LTRIHENR TV S, L, RENOIBEDIINI-TI 7
7 A NOIRERCEBER L HN D, TORRO—D2E LT, REDIEELHEEDOHEEDOEIZAVS
NOWREFFEIET R U UL NaOC) KBRIZE DEROEERDH D EEZ NS P, L LNa0Cl
KIEHE T TONI-Ti BEMEEEOFEMLEEEINC OV TIRHSICBH SR TR, £ 2 T
ATFE TIL NaOCl KBFIRBREIZIT ANi-Ti BEESEOBREIMICIOVWTHLNITHZ L%
HR9E L7z,

[EBRGIE] RAEHIERC. 5 mONi-TiEEAE () KFEBHRHEE, <15 %1 NEES
F2IEAI: 530 MPa, 5I3E3HE: 1350 MPa) 2 600F DBIRAMEMR THIE L, 7% b THREEEE
LiebDEFEM L7z, R L LCPt, #iNi, CP-TiV A ¥ —% Az, REREKIZ0. 1, 1.0,
5. 0% NaOCI/KEHE 268 L. WIKIEEE 237 = 1°CICHIE L=, EOpHIZ #2110, 9. 11.9.
12.4TH D, E72CI0-AF v OEBEZFRD 00, BREK S L CRBREK L F CpHIc Tl L
TNa2S04KE I Z AV Tz, BRALFREITIINT v a 24 v b (B LSBT, HZ-3000) %
A, B2 B8R LR CEREZT o7, SREMICTIISCEE AV Iz, SRBHERIEZ. 20
mV/min®DEE T, -1. 57 1. 5 VO TRB5| L7z, REEIERITIISEM (HAEF (BF) 8, JSM-5310) .
ETBEERHOREIL, SHIXRD ((BR) BEEMER. RINT-TTR, target Cu, 50 kV, 200 mA)
PER L,

[FEREEBE] NaOCLIEEF COPtOBEREBMIZ. BEEZMSEL, 0.5V70.6 V (vs. SCE)
DRI TEE Lic, T DEMDOEN D, NaOCIKFEFITE OB LHERETH S L VWA 5, Ni-Ti
DIFEBN OREREE(EFig 1R T, BRBMITBEESR2 OB L, 0.4570.55 VAHEIZ
BETDHE, BEMIZB L, F0#%070.5 VORI TR/, 288 ER LT, F7-. 5. 0%
Tid, BALRACRICHEE? 5 VAHEE Tk, TOBLE LZEEEZR L, ZiINaOCLKER
DEWEBREED 7= DI TEREREORE, BASBIARVIBESND Z 22k, A V2%
AR EZOND N THZOW T HREIEORBREIT o 1=, ZOREE F N FNFig 1(b) .
()T d, NilE, Ni-Ti & FHRICEREBA DA A 7 EB LR LT, FRREEANRRAD L.
BEERYPFHESR SN, T EESBMIC, TIOBEEMIT, BEBESHICEILL, 5. 0%
KRB WTII24R R IZ0. 55 VETEIL LEE LT, THEEBRA LRO LN o7, ULk
BN, Ni-TIOBREIZBWT, NIBAKESEEL TV Z LR SN, F7-Na2S04KETR
(BT HNI-TIiOSBHEHREZRE Lz, ZOR. -0.570.5 VOFEBIZB O TE 108 1 A/cm2
DFRBEERFERBELT L, $RERRE, EERVIGED LN, REERIIEECEY
REL TV, ZOZEnbC0-2EERWET /LN Y BE T, Ni-TiIREVREE =T 2
& DFERR STz, Fig. 2(a) ICBIERIONI-TiERE % Fig. 2(b) 5. 0% NaOCI A AR 12 3FR 12 & 1%
ONi-TIREOEER S 27T, BERR%L., REEEICRTERNRBOLN., FOHSNLE
BOBRERERYNDREEL Tz, TOMOEY TIIFEX X3 ->TEY | BERED L
27z, ET-XRDT, BRERY & LT BE-NIOOHENI-TIBRE ST,

[(FE] Ni-TiEEMEE &L, NaOCUKER T CREERZ TR L, -8V B EMBED =D, B
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BENDANSA 7 ZEPHER SNz, TOERE LTI NIEHICLAHEHDOETIZL LD
EEZBND,

[(2& k]
2. Busslinger A, Sener B, Barbakow F: Int. Fndo. J. 31, 290-294 (1998)

8.8
S o6 |
o
&
> B4
£ 02
2
£
g
£ 02
» — 1.0% MaOC1
) — 5.0% NaOC}
.g'd l * L ' L
o 30 &0 96 126 150 0
Time (min)
0.8
= o6 |
@
5:
= f.4
£ g2
kS
2
g 6 -
£-02 | —
) % %% Nal (1
_@A . * . L 1
2 30 &0 50 120 o -
Time (min)
0.8
& {c)
a6 |
> 8.4
::: — /,/"“u
3 -
02 o ]
g '.‘/_—w/ e — et
FILE et -
: - + 0.1% NaOCl
fo2 i
[ — e Nald (1
0.4 . ‘ . ‘ |
o 36 &0 90 120 150 180

Time (min)
Fig 1 Shifis of corrosion potential in 0.1~5.0%
NaCCl solutions of  (a) Ni-Ti, (b)Ni, and {2}
Ti
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20 pm

Fig.2. SEM micrographs of the surface of
Ni-Ti superelastic alloy: (a) as
polished and (b) immersed in
5.0% NaOCl solutions for 3 hours.
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1-7 7ok F b U U AKEEEFIZET ANi-TiB M & & DK BRI
-TEERIZIRIC L D RiENE-
- XIS NI-TL (FBIREREG S, BEMEES)
- BEITEE  KFRRINE., KEHRHZEE (FESW) . SR LS, MERE, FEAERK
FEfRyT. PEHZEEMENT. BREMAER L

- BE  BAIILAEL. SEFHOBRICAVWSGND 7 vk MU U AKERFIZEWT, W
FMELE LTIRK W HRTWA Ni-Ti BEEE S KERIN LHELLT S L 2HmEL
7z Vo AR TIE, MBEECE IRERBLIICL > T, 7 vk MU o AKERTICE
i % Ni-Ti S SO KBRINOME 23 A 72, HROER0.50m, £ X 50 m O Ni-Ti
RS SBRORE % 600 FO SiC B TEB W -b0EREE L, 35massh, 60°C FEEEIC
%1, 6, 12, 24h BIESH TREEELEZ M L7, RERELEIC X 25 K ZRILNHIZh R
3. FBHRHAKZESHTZ AV T, 0. 2%acidulated phosphate fluoride (APF) BWEHIZ 24h
BEIETEICRINT 5 KRR TIM L7, £/, SEM, XPS 72 & & H CRYBRIZ BRI OF
RS 21T T2,

FEBHEDHTIC L D KBRINB ORI ERS
RE Fig 1 IWIRT, AFEER. 0. 2%APF &
BT 24h BIE SR OKERINE
X8 L% 950mass ppm & 7o, ZOER
B2 RAEM LT, RAHEM & BT
D e, 6 KRUN12 h AR T BV TRER

1200

1000
[

)

&

= 800

%‘) IR R HERE I 47, 2 6 h ALE

E‘ 600 | - M3 X% 750mass ppm & WO fEAER L.

< 20%LL_E DK BRIMAMAHNZ LI L7z, 72,

'§ 400 | FEF BRI X > T, 0. 2%APF i

2 COMRIC LB EEMD LI SR,

200 L . ) ' I LMK RIZ, WHBREEICLAER
0 5 10 15 20 25 @ EB{EEOB(ICERTSEEZLR
HNO;treatment time (h) 5, LEDRER G, HMEBREIC L 5K

ERBELEIZ L > T, Zy{bkF FY oL
KEHETIZIRT 5 Ni-Ti BRSSO KBTI EZMFEI HED = &R E Tz,

[&E ]

1) Yokoyama K, Kaneko K, Moriyama K, Asaoka K, Sakai J, Nagumo M, J. Biomed. Mater. Res.
2003; 6bHA: 182-187.
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2) ABEAHEEDIEOORERE

- REREE  CP-Ti ()

- BRETTEE - RE AR IEMENT (SEM, EPMA) | FEHIZEENAENT (ICP)

- B BHFER T 150~200V OFBETOBEEL AT Z & C. TORETIT un A
—F—DFE, B, BEEFoSILBERREPERIND, 20X 5L A 2B
BEZ, BEEA LEBICRBEICHEA TR0, A V772 M~0OBBRRE 2 b, EBRIC
FRINTWS, £, FEOEKSBELELOBEOEERRFLEILN TS, Ti0IZ
BELIEREEL LT, 7THE2—FPHREHOLO L, VFARDEDORHAHDIEN, 1EROHE
TiE, ZONTFAED Ti0, BFETHZ LT, BLOBEENM ETHZ EBRINTND,
UbkozZ &Ly, REOHBHREROHIEEROEEEEOHEEL S > T, KEXE LT 5,
AHFFETIZLLT DG CHRBLEBR 21T 7=,
B CP-Ti(6r.-1) &M  30mmX 15mm X 0. 6mm

(9 HF 10mm X 15mm & 31278, BEABEL(L)
TR B - VY B FY YA 0.0lmol/l
+ BEEE L7 A 0. 15mol/1

RIREAREBIE 250V, 300V, 350V
BMEE #0.20/ cn’ ,
¥ ERFIE EEREBEMCLROBEE CRIELLR, EBEEMRIIBITL b HRRR

200V 250V 300V
BEHE 1 SEMBIEH

ERO—F%Z EOBREIORYT, 20X 512, BEFEECENLERDITONTHOYA X
RELL 2o TV THEY, £2, ZOKEBEINVFAEE T F 2 —EBEO Ti0, BREL T
DHD~ERBITL TN 0T, Ko T, BROHRETCIET F4 —EBROANERL TV IZRE
BIEOREEEEIL, BEO LA TT T E —ERRVFABANEENTHLEZLND,

FEEREEICE L TR L 2B WO FEBRBET 2 LA TE D, XMiCLD &, 7
T —BHTI0, LWV bDOIEIBIBIZRBW VT ARTIONNIELT 5 LW D T ERpho TN D,
¥, ZORBNERFTHBR G DT, RO LD EWVo TAFNEINT F 4 —BRIZ BT
HEWD T LITEY, DTS, BEEELRIE (BMEEE 260V) 2R L7, 600°C KT ELE
EHITRI%O Ti Mo X BEPTERE2ET 5,
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T s -
i ’
T [aR - T
&)t R j )
A Ry

A H A

Y A ) K A
‘ VN, A JUA _ ‘ Mt & ) AL
.02 2 8. &0.92 22.08 2.9 40.0¢ EX

. 420 a2 .88
11276 o2 * M7 U *
LFAETIOR [ ] ’ : [ AFAETIOR 1 ! [ I |
j ! ! I
7-}&_.&‘& ] ‘ 2122 ww + 77.9__13‘@ i mz2 ez T
Tio® ] | Ll Tio® L 4 L
T ‘

o 1 }smrzn

Ti{H (

600°C KR EVLHERTO Ti O X BREFTHE R 600°C KRG EULEB D T1 O X BEFTHRE R
K1 EEEED XRD EFER

ZOESIT, REFEWEIZ L - THBBERLEBETR O Ti0, 122\ T, fEmEE ok X 2281k
DREELTZZERDND, Z0Z b, Ti MOAEEEHELED HFEE LT, EEpan
BEWI DI HHH/FTEL ENZ D,

EEFEEHELZEDDIHEL LTCUEORSICEVYE % T MBREICITHIES L0 D Lo
HD, O, BIGELWVHELE LT, " Faxi 7% 4 FUUTH) EWOMERH B, =
NEFRY—REHEICHTHIEL 2L T, —BOBEVREEZHOREHRBEIZLL> LnH 2
EThH B,

HA ZATHH S 2RI E LT, ZOo0MBENRFET NS, —DIIAREROETH 5 BiEEE L
BETHH, bHI—OBTAH VLB ETHD,

BiER LA T &, TNE TR TEAE@EY . REANLSILE CRY—RFHE LN H 3k Ea3
D, Flo. SEHOEBRTHOWOLNTWAERBO LI, BOERS THD Ca P 2E AL
B L > THBBEB L ENTZ TI M E VD b0k, HA 22 0RE EICHERT 288 E LT 5,

=5, AR VNBERE LI5S, TOREZFVIROBERSHR LB S, 265 6 FEREIC
HAMTHgE DS m B4 5 L nbivTn g,

TAVORIAEREHE L 7o, B LUAR (Simulated body fluid) iz Ti #1% 7 BIZ S BET 3
Z T, TORELIITHA BTHET 2, UTICBREARK A, 4 BEERT,

& BUBEROCANELERNOA 4 &2 DRE

Concentration (mmol/dm®)

fon Simulated body fluid (SBF) Human blood plasma
Na* 1420 142.0

K 5.0 5.0

Mg?~ 1.5 1.5

Ca?™ 2.5 2.5

CI- 147.8 103.0

HCO, 4.2 27.0
HPO,* 1o 1.0

S0, 0.5 0.5
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3) MEMMREBEIEELL, 7VyT 47, BRI

KEREE : CP-Ti ()

- BREIEE SN, BREN, THER, AEEE. N Fuaxv T2 b HY—

RF v —, RMEE

ETDHER  BAIXAEBRNEEE L-RET COBREFHBERO T VT 4 V7B E
BEHBEEICOWTOMELZED T, EENBREAERE L-BREL U TR, Bk

150

O Finair
| O Fin SBF
140 @ FF in air
FF in SBF

=130 F O\ O e
§
~ 120 | O
d
E
10}
Qo
£
o 100 |
g e \@
w 90 -

80 |

70

L.E+05 1.E+06 LE+07

Fatigue Cycles (N)

Fig. 11 KR F R OHEEUAR BT 28 Ti ©
S-N gh#

BO 1 D& LTHEDLITWS SBF (Simulate
Body Fluid ) RZFEAL, ZOBRETTO
BRI ML LT S-N#% Fig 1 1277,
DT EMBEFROIT VT 4 T EF
o, BUPEERRET CEFEMIBL LT,

ZIVUTIERDIIE E — B LT, F2T VYT
« VT TEEEES T, B CEEICEY
FHBO T EREB S NS, FIT,

ZOBUBETICRI DT vy T 4 T TRE
EHERERIT AT VT 4 VTG
BEFRBICBIT I IRIEDOES 2 £MH4T
DB EEMZEE LT, TORmHEL Fig. 2 1T
Y, oa=110MPa TIXAEBTETIZAR 2 IZEALD
T BT B & BB ST,

F72. 0a=95MPa TIXEMNN TR > THHEILD

BN (T Ly T4 TR EZFETORIOEN) 126 &5 ETITERALP>TWD I &H

5. BRALEEDO BRI

BB oTnd Z &N
THWEND, SBF BT T

-50
-100

ERAMICE T Ly | G
FA T EREBOEY | F g0
BHBMST LV H D w0
ik, R&EFTOT LT 4 Z$&

VTR & R LT, fREE 0
WWEAETOTrE R

10

— ¢'a=110MPa

— 0 a=95MPa

20 30 40 50 60
time / hour

BWhBEWHZ LnE
2 bbb, &I T HIRE.,

Fig2:7 L w7 4 V7 EEEFRET COBREN

FEEZ L THEZE2T—E L LARAFROBEERPIZBT 57 Vo T 4 Y TBRIRF D
fiE - WEBELB -7z, WEBEORKRL Fig. 3. NEBEOKERE Fig 4 1IFR7T,
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WEBZE,HIL, RRFPROBEUAEFONFICEERZIR LT, SERKEINET)
SHEBRIACE L. TOBREHT 5 L0 9 —RREY L RZ0RMME 27, L LA
Bo, FIEBIENLIIRE COMREIGE ) ZEHBHERSNE, Z0OIEAT (100MPa) T
ITEFFEMIREF T 35 FHA 71T
&Y BRI F TITR 30 T A 2 v Th D,
L2 L EHBAITIRKT T 30 5942
v EREETERTTH 5 DT~ T, #ElkKS
TIER 10 YA 7 0 LR BRIBERME T
MRS, KEFTIZ 10 FH A4 27 VKR
20 FHA 7N TILEZIMBCE o=,
FEHRBITEEPREE L, ZOBER Uikl
T 5, E RHBEND b X AERER (R
T 2) ITFEZETENINE Z A0
b, BEERTICE T 7 VT 4 v IEY
DHBPERERFEE LBV OTEE NS Z L

500pm

Fig.3:7 Vv 7 ¢ v 551 ORI
(@ K& H )L ik

DIRBR I, HROBE LILEIRENEON
Tz, HMRBEESOXFHERIT, 2 ROME
TR, ®FA T OMKGHIZE S pH KT
KU, XHAHANRT ) —F, BB — R
Ry, ERMEESNDAREMR D B —F T,
BRI LD 2HOe R Ok, BEERD D
OIES 2DV LH D BEE A LI0H<
BET D, MiTF & U ITBEERENE VDI,
EREN R DIER CERENIZBA L, FDEH ;
TEL RO EBZLNBNB, ZRABIZON Figd:7 Ly 5 ¢ v P ESc 51 2
TIRAHROBEL 25, RIEBLE (@) RKH 30 HHA 7
Rie, TV T4 W TREDAN=ZLOME (1) $5BlAIT 10 THA 2 0

D1 O0RAE L TIRBEEICER L,

T TRMGEAKBEPFET DL EERAL. BEBEMRT v—JIC L0 KB2EM L, FiEMK
HARESIIC LV AKREE FL—H—L LERMBOBHEBZ o, %, FXERT
HLHILIFHMBNTWZRNWA, Fig. 5 IURT X I ITEMELEFIC L 0 REaSBEM L -k 7 o
(RRH SRR TR L7230k ICRBEMT v — 2 LI-BED/KEEIL, as-polished #1112
REBEMT v — VRO L DIZHTHEML TS, 202D, #HF ¥ ioB0Th R
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DI LV AKRELHMT 5 Z L3RS,

wesn Tensile test
e gyithoart loading
— 25 Tecieved

121 mass ppm

97 mags ppin

30 mass ppm

Fig.5:5 BB A ER T v
— T L7=8E L as-received BT DKEE
& KT H AR

FT VT 4 TR R CHE L
mREDAFEE (Fig. 6) 1%, FF in SBF
(144 mass ppm) » FF in air (133 mass ppm)
> Tensile test (121 mass ppm) TH V.
—FHMBIEVRBRE L THTF & D7
LT 4 o TEFRBRICIIKELZHES S
SORMa RFES Z ERHEEIND, &5
{2 SBF iR CITRRFHEF R &
THEWT A 7 VR DI B B B3
LVEZDKFEZRIRL TS, Zhid,
FIZERLIZERBY  SBFBEHRFT 7 vy T
4 Y 7S TIEE S 8 BERE
(N=100, 000) TEHEMNBRHET DI LMD,
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