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bstract

Hydrogen evolution behaviors for pure titanium plate samples, in which hydrogen has been thermally charged with gas phase hydrogen at a
ressure of 0.1 MPa, were investigated by means of thermal desorption spectroscopy (TDS). Hydrogen concentration in the samples were varied
rom an extremely low level to a high one, as to form the hydride, by changing the charging times (up to 20 h) and temperatures (398–773 K).
fter hydrogen dissolution of low concentration level at the initial stage of the dissolution, four kinds of hydrogen evolution peaks were found

t 850, 900–950, 1050 and 1150 K in TDS spectra. The hydride formation occurred abruptly at charging temperatures more than 680 K and at

he hydrogen concentration level of more than 15–16 at.%, leading final hydrogen concentration of more than 47 at.% hydrogen. For the sample
ith high hydrogen concentration level as to form the hydride, another TDS peak at 750 K was observed in addition to that at 850 K. The sample
ydrogenated evolved a large amount of hydrogen accompanying with a TDS peak from 550 to 900 K. The composition of the hydride was
stimated to be TiHx (x:1.1).

2007 Elsevier B.V. All rights reserved.
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. Introduction

Titanium and its alloys are attractive structural materials
ecause of their high strength-to-weight ratio and their high
hemical stability. Because titanium exhibits very strong interac-
ion with hydrogen as well known, it is used as one of hydrogen
torage elements [1]. It has been reported that the presence
f hydrogen and titanium hydride enhanced the fracture by
ocalized plastic deformation and brittle fracture, respectively
2].

There have been many reports on hydrogen diffusion and
ydride formation in �-titanium [3–8], and it has been known
hat three kinds of titanium hydride (�, �, �) are formed. The �-

ydride, which is an equilibrium hydride phase, transforms into
-hydride at high hydrogen concentrations, and the metastable
-hydride forms at low hydrogen concentrations (1–3 at.% H)
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1,9,10]. However, the formation process of the hydride has not
et been clear [11]. There are some reports on the hydrogen evo-
ution characteristics for the titanium sample hydrogenated with
cidic solutions at room temperature [12,13]. In these reports,
he hydrogenation of titanium has only occurred in the vicin-
ty of the surface of sample because of the hydrogen charging
t low temperature. Therefore, in order to understand the for-
ation process of hydride at high temperature, it seems to be

mportant to investigate the building-up process of hydrogen
oncentration in titanium, under a charging condition accompa-
ying with thermal diffusion of hydrogen to the central part of
ample.

In this study, hydrogen evolution behaviors for the titanium
amples, which were thermally charged with gas phase hydro-
en, were investigated in detail. The hydrogen concentration
evel varied from an extremely low level to a high one, so as

o form the hydride. The variation of hydrogen evolution peaks
bserved in thermal desorption spectra (TDS) were also dis-
ussed in connection with the hydrogen concentration levels
nd the charging conditions.

mailto:yfuruya@nagasaki-u.ac.jp
dx.doi.org/10.1016/j.jallcom.2007.04.304
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Fig. 1. A modified TG–DTA system for hydrogen charging under 0.1 MPa
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The amount of hydrogen dissolved into sample generally
ydrogen gas flow.

. Experimental procedure

The material used in this study was a commercially pure (nominally
9.99%, Mitsubishi Material Co. Ltd.) titanium ingot which was electron
eam melted in a vacuum. The ingot was cold rolled and then samples (about
0 mm × 5 mm × (0.4–0.8t) mm) were mechanically cut. Their surfaces were
olished by an emery paper of #3000 and rinsed with acetone in an ultrasonic
ath. Before hydrogen charging, the samples were heat-treated at a temperature
f 1123 K for 1 h under an ultra-high vacuum of 10−6 Pa, in order to adjust the

nitial condition for the microstructure of the titanium sample and to remove
he intrinsic hydrogen already dissolved in the samples during the preparatory
rocess.

i
s
c

Fig. 2. A set-up for the measurement for therma
ig. 3. TDS spectra of hydrogen for the samples charged for 2 and 4 h at a
emperature of 573 K.

Hydrogen charging was performed with gas phase hydrogen by using a
odified TG–DTA (ULVAC Co. Ltd., Japan) system, as shown in Fig. 1. The

ample was inserted in an aluminum cell and heated from a temperature of 398
o 773 K under 0.1 MPa hydrogen gas flow (heating rate: 10 K/min). During
he charging, the thermal gravimetric analysis (TG) and the thermal differential
nalysis (DTA) were performed. The hydrogen charging time was in the range
rom 5 min to 20 h in this study. Samples were removed from the cell and exposed
o the atmosphere after cooling to room temperature.

Charged sample was set on an alumina boat and placed inside a quartz tube of
n infrared gold image furnace. The quartz tube was, then, evacuated to 10−6 Pa.
hermal desorption spectrum (TDS) of the hydrogen evolution was measured
s a function of the sample temperatures from 303 to 1273 K (heating rate:
0 K/min) by using a quadrupole mass analyzer (ULVAC Co. Ltd., MSQ-400,
apan) attached with an ultra-high vacuum system, as shown in Fig. 2.

. Results and discussion
ncreases with hydrogen charging time and temperature. Fig. 3
hows typical TDS spectra of hydrogen from the samples
harged for 2 and 4 h at 573 K. In each spectrum, three TDS

l desorption spectrum (TDS) of hydrogen.
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eaks are observed at about 850 (shoulder), 920 and 1150 K. The
eak at 1150 K is considered to be caused by a sudden decrease
n the hydrogen evolution rate due to the phase transition of the
itanium (� → � at 1155 K) because the �-Ti dissolves much
ydrogen than the �-Ti. The evolution curve for the 2nd-run
as obtained from the sample after keeping it in air at room

emperature for 2 days after 1st-run measurement. Most of the
ydrogen dissolved in sample have desorbed in the 1st-run. The
pparent hydrogen concentrations in these samples, estimated
rom the TDS spectra, were in the range from 0.01 to 0.02 at.%.

Such a multi peaked structure was indistinct in the TDS spec-
ra from the sample charged for long time (12 and 20 h) at 573 K,
ecause of a large TDS peak at 850 K. The samples only with
ower hydrogen concentration, in other words, being in the initial
tage of hydrogen dissolution, exhibit such multi peaked TDS
tructure. This would suggest that there are two kinds of existing
ites of hydrogen in the �-Ti.

Fig. 4 (a and b) shows the TDS spectra of hydrogen for
he samples charged for 2 h at several temperatures ranging
rom 520 to 673 K, as indicated in the figure. For the sample
ith extremely low hydrogen concentration (about 0.002 at.%),
broad evolution peak is observed at about 1050 K. With

ncreasing the charging temperature, it becomes obvious that
he dominant TDS peak in each spectrum shifts to lower tem-

erature. And, at charging temperatures of more than 623 K, two
eaks, at about 850 K (at the charging temperature of 673 K) and
00–950 K (at that of 623 K), become more clear as shown in

ig. 4. TDS spectra of hydrogen for the samples charged for 2 h at several
emperatures ranging from 520 to 673 K, (a) Enlarged spectra (vertical axis
bout 100 times larger than that of (b)). (b) whole spectra.
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ig. 5. Characteristic four evolution peaks of hydrogen observed after an initial
tage of hydrogen dissolution.

ig. 4(b). After the initial stage of hydrogen dissolution into
itanium, four hydrogen evolution peaks (a–d) are character-
zed, as shown in Fig. 5. Here, the peak marked with d is due
o the phase transformation of titanium, as is mentioned above.
he peak b is a dominant evolution peak observed only for the
amples with low hydrogen concentration, generally charged for
ess than 4 h and at temperatures less than 590 K. On the other
and, the peak marked with a dominates in the samples with high
ydrogen concentration. Therefore, a is a dominant peak in high
ydrogen concentration, b is a dominant peak in low hydrogen
oncentration, c is in the lowest hydrogen concentration and d
s due to the phase transition of titanium sample. These results
ould suggest that there are three kinds of the existing states of
ydrogen in titanium.

It has been suggested that, in the hydrogen desorption, the
hift of TDS peak to higher temperatures is occurred by the cor-
osion product on surfaces of sample [13]. While, in the present
xperiment, the sample surfaces have been exposed to a reduced
tmosphere during hydrogen charging and have still kept their
riginal metallic reflection even after hydrogen charging, except
he samples charged for longer time so as to form the hydride.
he present results, therefore, show that the shifts of TDS peak

re corresponding to the trapping states of hydrogen in titanium,
hough these states have not yet been able to be clarified.

ig. 6. A typical TG–DTA result after hydrogen charging at a temperature of
73 K. The �-hydride formation has occurred.
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Fig. 7. Hydrogen evolution for the titanium samples charged for several charging
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imes (7–120 min) at the temperature of 773 K. The evolution for the sample
ydrogenated is marked with (*), in order to distinguish from that for the no
ydrogenating sample charged for almost same charging time of 40 min.

The hydride formation of titanium, in this study, has occurred
t higher charging temperatures more than 690 K, which has
epended on the thickness of sample under a given heating con-
ition. Fig. 6 shows a typical TG–DTA result for hydrogenation
rocess to form the hydride at the charging temperature of 773 K.
t is observed that a rapid hydrogenation of titanium sample is
ccurred exothermally (in DTA) and that the mass of sample
tarts increasing (in TG).

Hydrogen evolution spectra for the titanium samples charged
or several charging times (7–120 min) at 773 K are shown in
ig. 7. Here, the sample hydrogenated is marked with (*), in

rder to distinguish from another sample, no hydrogenating, for
he almost same charging time of 40 min. The hydrogenation
as occurred abruptly at the hydrogen concentration more than
5.1 at.%. A large amount of hydrogen (47.5 at.%) has disso-

ig. 8. Results of the X-ray diffraction (XRD) analysis for the samples after
ydrogen charged for several charging times.
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iated from the sample hydrogenated, which is seen in TDS
pectra for the sample charged for 40 min*, as shown in Fig. 7.
he hydrogen evolution peak at 750 K, as well as the peak at
50 K, clearly exists when hydrogen concentration in the sample
eaches so high as to form the hydride. After the hydrogenation,
he amount of evolved hydrogen, which shows a large and broad
DS peak between 550 and 900 K, has not increased, remark-
bly, in spite of the charging for long time of 120 min as shown
n Fig. 7. Results of the X-ray diffraction (XRD) analysis for
he samples after several charging times at 773 K are shown in
ig. 8. The hydride formed in this study is confirmed to be the
-type.

. Conclusions

Hydrogen evolution behaviors and hydrogenation process for
ure titanium plate samples with various concentration level
f hydrogen were investigated by means of thermal desorp-
ion spectroscopy. The concluding remarks are summarized as
ollows:

1) At the initial stage of dissolution of hydrogen into titanium,
a characteristic TDS evolution pattern was observed. The
TDS peaks were observed at about 850, 920, 1050 and
1150 K. With increasing the hydrogen concentration, the
main evolution peak shifted to lower temperatures.

2) A rapid hydrogenation of titanium has occurred at hydrogen
concentration more than 15.1 at.% at the charging temper-
ature of 773 K. In this case, the TDS peak of hydrogen
desorption at 750 K became to be dominant.

3) After hydrogenation, titanium samples formed the �-
hydride, which desorbed more than 47.5 at.% hydrogen.
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