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Preservation of the passivity under reducing environmental conditions for extended periods of time and
the behavior of hydrogen evolution as the results of the preservation of the passivity of several candidate
commercial grade pure titanium related to the small amount of palladium addition, such as Ti–Gr.17 for
metallic containers to be buried under deep ground for disposing of transuranic (TRU) waste is investi-
gated. The present investigation has revealed the following corrosion paths for the titanium alloys inves-
tigated. The passivity of the alloys is preserved as the result of repeated destruction and recovery of the
surface films on the alloys. The long-term corrosion rate under the preserved passivity is of the order of
10�6–10�8 my�1 with evolution of hydrogen. The substrate alloys absorb parts of the hydrogen generated
to form lath-type hydride phase before forming hydride layers at the final stage.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Compacted hulls and end pieces are generated in the waste
treatment of spent nuclear fuels, and the compacts contain trans-
uranic (TRU) waste with the major constituent element of C-14
with the half-life period of 5730 years. The canisters for TRU waste
disposal are designed to consist of corrosion-resistant layers made
of commercial grade pure titanium related to the small amount of
palladium addition, such as Ti–Gr.17 (Ti–0.06Pd), or titanium al-
loys, and the stress-bearing layers made of steel to be disposed
of under the deep underground station as deep as 300 m from
the ground level [1–3]. The disposal site mine galleries are con-
structed with concrete, and thus, the galleries are designed to be
utilized at temperatures below 80 �C. Relevant analysis results
indicate that although the gallery is heated to the maximum tem-
perature of 80 �C at the initial stage of the disposal for the period
less than 100 years, the temperature may converge to the ambient
underground temperature of about 30 �C [1] at the disposal depth
of 500 m.

The previous report [4] indicated that the target confinement
period of 60,000 years for TRU waste by metal container made of
Ti–0.01Pd is through to be feasible. The present investigation indi-
cates long time behaviors of passivation and hydride layer of tita-
nium alloy in underground water environment.
ll rights reserved.

: +81 45 759 2205.
ama).
2. Long-term behavior of passivation

2.1. Evaluation of the long-term corrosion resistance

Fig. 2.1 shows the temperature dependence [5–11] of the corro-
sion rate of the commercial grade pure titanium when being
immersed in a neutral water environment for the duration ranging
from 1 to 10 months with the data of immersion tests with open
circles, and those obtained by electrochemical tests with closed
circles. The corrosion rates in the range of 10�8–10�6 my�1, and
the rates tend to increase with increasing the test temperature.
However, corrosion tests based on electrochemical procedures
have the advantages to extract corrosion paths at any instant with
respect to corrosion factors like the corrosion current for evaluat-
ing the corrosion rate like the current passed in titanium samples
as 1 Am�1 = 0.86 mmy�1, and the commercial grade pure titanium
is found to be passivated in a wide range of the electrode potential
of �0.6 to +1.0 V vs. SHE in neutral sodium water environment
[12]).

2.2. The evaluation based on the destruction and recovery of the
passive films

2.2.1. Time dependences of the passive current density at
potentiostatic corrosion tests

Fig. 2.2(a) shows the time dependences of the passive current
density of commercial grade pure titanium related to the small
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Fig. 2.1. Average corrosion rate measured by immersion tests [5–11], and by
electrochemical method [12] vs. temperature of titanium alloys in neutral water
environment.
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amount of palladium, Ti–Gr.17 (Ti–0.06Pd) in potentiostatic tests
with +0.5 V vs. SHE in concrete-permeated seawater originated
water of 0.223 mol L�1 [OH�]all +0.6 mol L�1 [Cl�] at 80 �C. The cur-
rent density at the initial stage of the tests is of the order of
10�2 Am�2, and it gradually decreases to the stable value of the or-
der of 10�3 Am�2 after the test time reaches about 500 h. Further-
more, as shown in the expanded figure on the right side, the
current density recovers to a steady value with some arbitrary
spikes in the current density when and after loaded. These spikes
of the current density are believed to be caused by the electro-
chemical noise signals [13] associated with the destruction and
recovery of the passive surface films. The preservation of the pas-
sivity during the process of the destruction and recovery of the
passive films is planned to be confirmed.

2.2.2. Dynamic destruction of passive films by loaded, scratch,
indentation, tensile and pulsed laser abrasion method
2.2.2.1. Spike loaded method. The current were measured by the
addition of spike loaded of 30 MPa, or 100 MPa under +0.5 V vs.
SHE potentiostatic tests after the current density settled down of
10�3 Am�2 order. Fig. 2.2(b) shows the time dependences of the
current. The current increases during spike loaded of 30 MPa, the
current rapidly attenuates. On the other hand, the peak current is
shown after unloading, even the current increase is generated un-
der load addition. This electric charge after the unloading was con-
sumed except for re-passivation.
10-4

10-3

10-2

10-1

100

101

102

0 2 106 4 106 6 106 8 106 1 107

0 500 1000 1500 2000 2500

C
ur

re
nt

 d
en

si
ty

 i 
/ A

m
-2

Time, t / sec

Time, t / h

Constant Potential Test
Ti-Gr.17
+0.5V vs. SHE
0.223m olL-1[OH-]all+0.6molL-1[Cl-]
80˚C

(a) No loading 

Fig. 2.2. Time dependence of passive current density of Ti–Gr.17 specimen held at +0
+0.6 mol L�1 [Cl�] at 80 �C, and spike loaded effects.
2.2.2.2. Scratch method. Commercial grade pure titanium, Ti–Gr.1
test specimens are mounted with a slide stage and a corrosion cell
filled with the test solution of 0.6 mol L�1 [NaCl] to expose the
solution to the test specimens. The sliding stage is translated with
a constant speed of 0.8 mm s�1, and an indentation diamond piece
of the Vickers hardness tester is pressed with the maximum load of
5 N while the short-circuit current between the platinum counter
electrode is measured.

The changes of the shirt-circuit current at the tests are shown in
Fig. 2.3. The current density corresponding to the passive state of
8 � 10�6 Am�1 to increase slightly with the indentation to start
for 53 s in equilibrium with the ambient atmosphere, or 7 ppm dis-
solved oxygen, DO. The position of the scratch trace and the in-
crease of the current are observed, and a rapid recovery occurs,
or the re-passivation is induced. The total amount of the electricity
at this state is about 40 lC. At the tests under the DO of 0.5 ppm, or
deaerated conditions, the similar tendency is observed. However,
the remaining task is to yield identical scratch at every indentation.

2.2.2.3. Indentation. Changes of the fluctuation of the electrode po-
tential are measured when the test specimens are pressed with a
diamond indenter by the load of the maximum of 100 N. The po-
tential shifts by 13 mV in the negative direction when the load is
removed, and the potential recovers gradually. The local anodic
current that is computed based on the reversed potential setting
method [14] for the fluctuations of the potential is 600 nA, and
the electricity induced by the reaction is computed to be 290 nC.

2.2.2.4. Tensile test method. Tensile specimens are immersed in the
test solution, and tensile tested with the constant crossheaded
speed of 0.1 mm min�1, a small fluctuation of the potential is ob-
served when the tensile load reaches 150 MPa, and the potential
gradually shifts to the less-noble direction by 23 mV. The fluctua-
tion of the potential as observed at the fracture strain of the pas-
sive films is 0.14% based on the stress–strain curve of the alloy.
The tensile load of 150 MPa that corresponds to the fracture of
the passive films is quite small when compared to the yield
strength of the alloy, which is 242 MPa.

2.2.2.5. Pulsed laser abrasion method. When metallic surfaces are
irradiated by focused high-power laser beams, the abrasion is in-
duced to the surfaces resulting large impacting forces. The expand-
ing shock waves that travel on the metal surfaces induce plastic
deformation on the counter metal substrate surfaces, or on the sur-
faces on the opposite, causing the destruction of the passive films
on the opposite surfaces. The anodic current of 7 lA is detected at
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Fig. 2.3. Changes of anodic current of Ti–Gr.1 coupled with Pt during scratch tests with a Vickers indenter and a slide stage of 0.8 ms�1 speed in 0.6 mol L�1[NaCl] solution.
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the irradiation of the Q-switched YAG laser about 200 mJ, and the
current rapidly decreases to the original value. The current returns
to the original value before the laser irradiation or to the passivity
preservation current density after the time of 460 s. The quantity of
the electricity during this period is 51 lC, and the potential fluctu-
ation is 70 lV.

2.2.2.6. Evaluation based on the destruction and recovery of passive
films. Table 2.1 summarizes the relations between the destruction
methods of passive films and the destruction and recovery pro-
cesses of the passive films. Although the destruction methods of
the passive films have some differences in the sensitivity, the de-
stroyed films regain the passivity. The same tendency is confirmed
to exist for the regaining the passivity under the deaerated condi-
tions. That is to say, the titanium maintains passivity under the
TRU waste disposal environment.
3. Formation of hydride layers and crack

3.1. Formation of hydride layers

Surfaces of commercial grade pure titanium preserve passive
states that are induced by the presence of TiO2 even in reducing
environments. Cathodic reactions that are needed for preserving
the passive states evolve a very small amount of hydrogen. A part
of the atomic hydrogen in the atomic state thus produced is ad-
sorbed and absorbed in the commercial grade pure titanium, and
the remaining hydrogen recombines to form hydrogen gas, and
the gas is ejected to the environmental aqueous solution. The sol-
ubility limit of hydrogen in the a-Ti alloys is as low as 20–150 ppm
[15], and thus, excess hydrogen that is adsorbed and absorbed in
the commercial grade pure titanium above the solubility limits
forms hydride phases precipitated in the alloys. When hydrogen
is absorbed at higher temperatures such as over 80 �C, hydride
phases are formed uniformly in the alloys, the mechanical proper-
ties of the commercial grade pure titanium deteriorate and cause
Table 2.1
Effects of various destruction methods of passive films on destruction and recovery proce

Test method Destruction of passive film

Immersion No destruction/potentiostatic test of +0.5 V vs. SHE*

Spike loaded Spike loaded (30 MPa)/potentiostatic test of +0.5 V vs. SHE*

Scratch Slide with pressed indenter (5 N, 0.8mm s�1)
Indentation Pressed with a diamond indenter (100 N)
Tensile Constant crosshead speed tensile (0.1 mm min�1)
Pulsed laser Shock wave by YAG laser (200 mJ)

* 0.6 mol L�1 [NaCl] +0.223 mol L�1 [OH�]all, 80 �C.
the so-called hydrogen embrittlement at the level of the hydride
content above some hundreds ppm. However, the general under-
standing [16] is that layers of titanium hydride are formed when
hydrogen is charged to the substrate alloy rapidly by the cathodic
reactions at lower temperatures as under 80 �C. The absorption
characteristics of hydrogen in commercial grade pure titanium,
namely, the ratio of hydrogen to be absorbed to the materials,
the behavior of the hydrogen, and the formation morphologies of
hydrides depends on many factors including the potential, current
density or hydrogen evolution rate, and temperatures.

The hydride layers thus formed and the crack formation in the
layers are shown in Fig. 3.1. At the initial state, lath-type hydrides
start to be formed randomly, and at a point, the layer may starts to
form globular hydride phase, or hydride colony with increasing the
growth of the hydride layer. The hydride layers then gradually in-
crease the thickness, and finally, cracks are initiated in the layers.

Although the length of the initially formed individual lath-type
hydride compounds is as short as a few lm. The acicular hydrides
of 10–20 lm long start to grow from the alloy surfaces with
increasing number of the lath-type hydride particles. The growth
of the titanium hydrides is governed the diffusion of hydrogen in
the hydride layers, although the diffusion rate is quite low than that
in titanium. The former rate, D0

H , in d-TiH1.6 is 1.33 � 10�8 m2 s�1

[17] and that for the a-Ti, D0
H ¼ 5:82� 10�6 m2 s�1 [18]. Therefore,

the growth rate of the hydride particles is slower than that of newly
precipitated lath-type hydride particles, and the lath-type hydride
particles are enriched on the surfaces. Then, finally, the hydride lay-
ers are formed on the surfaces. The formation of the hydride layers
are not restricted to the surface areas, but some hydride particles
are formed as dispersed inside the alloy thickness. The acicular hy-
dride particles that are formed at the initial stage tend to grow
along deformation twins, existing [19] as shown in Fig. 3.2. Plastic
deformation generates dislocations and deformation twins, and
the deformation accelerates the formation of titanium hydride
phases, and the formed hydride phases induce stresses in the metal
matrices and thus, nuclei for hydride precipitation are generated
[20]).
sses of passive films

0.6 mol L�1[NaCl], ambient, room temp.

DE (ffiV) Di (lA) Q (lC) Dt (s)

– 5.8 2.9 <600
– 81.6 56.7 2340
– 120 40 <1
1000 0.6 0.3 0.4
23000 – – �100
70 7.2 51.4 460



Fig. 3.1. Growth of titanium hydride phase and crack for constant load, constant current density cathodic electric charge test of 200 MPa, 0.7–30 Am�2, 3–30 MCm�2 in
0.6 mol L�1[NaCl] at 80 �C.

Fig. 3.2. Plate hydride produced along deformation twins in Ti–Gr.1 at hydrogen charge [19].

Fig. 3.3. Hydrogen charging and AE monitoring method for and from plate specimens, and AE source location estimation with AE signals detected during hydrogen charging
[25].
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The numbers of the hydride nuclei increases with time, and
massive hydride particles are formed locally, and the density of
the massive hydride precipitates increases. Thus, finally, surface
hydride layers are formed, and the growth of the hydride layers to-
ward the inside of the depth is observed [4,21–24]. Namely, the
thickness of the hydride layers increases. After the thickness of
the hydride layers exceeds a critical value, cracks are generated
in the hydride layers. At this instant, the alloy matrices are free
from diffusing hydrogen, and therefore, the microstructure is
sound. Thus, the titanium matrices are not embrittled in this type
of hydrogen absorption process [16].

The formation process of acicular titanium hydrides as de-
scribed above can be observed by means of acoustic emission
(AE). A three-point bending test specimen is corrosion tested with
a corrosion cell installed on the upper surface, and a constant cur-
rent electrolytic method is employed for the test. Any AE signals to
be emitted from the test specimen is detected by eight AE sensors
that are installed on the surface of the test specimen for monitor-
ing the sources of the AE signals [25]). The results shown in Fig. 3.3
under the constant current with a current density of 10 Am�2 in an
aqueous solution of 0.6 mol L�1 [NaCl] at 70 �C on a 2% pre-strained
test specimen are explained. The AE signals observed gradually in-
crease when the charge density exceeds 2 MC m�2, and it rapidly
increases at the density larger than 6 MC m�2. The location of the
signal sources is evaluated based on the travel time of the sound
wave concerned and the sound speed in the test specimen
(5990 ms�1) for AE signals of larger initial frequencies. All AE sig-
nals are found to be emitted from different locations in the corro-
sion cell. Position of the AE signal generation is concentrated in not
random position but specific position. That is to say, new acicular
hydride is easy to arise in the neighborhood with pre-existing hy-
drides, therefore, the hydrides tend to form the colony.

3.2. Effects of environmental conditions on the formation rate of
hydride phases

The cathodic current density under the aerated conditions, iC, is
due to the cathodic hydrogen evolution and that of the cathodic
reduction reaction of dissolved oxygen. Thus, when the cathodic
current density is sufficiently larger than the dissolved oxygen dif-
fusion critical current density, iLO

2 , then, iC represents the hydrogen
evolution rate itself. iLO

2 is in proportion to the dissolved oxygen
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concentration, CO2, and then, corrosion tests with controlled low
values of the hydrogen evolution rate, or low current density gal-
vanostatic test can be conducted if CO2 is kept at reduced value
by applying a deaerating treatment. The experimental electrode
potential for the current densities of galvanostatic tests from 0.1
to 45 Am�2 ranges from�1.0 to �1.3 V vs. SHE. The potential range
is in the stable range for titanium hydride (TiH2) phases on the po-
tential – pH diagram [26], and the titanium surfaces can absorb
hydrogen freely without any disturbing actions of oxide films
(TiO2) present. On the other hand, the hydrogen evolution rate
for preserving passivity in ground water environments falls in
the range of 10�3–10�6 Am�2. Thus, the range is the complete re-
gion for preserving passivity of TiO2 that is near to the standard
electrode potential of hydrogen gas evolution of �0.5 to �0.6 V
vs. SHE.

Therefore, due to the fact that the experimental conditions are
different from actual corrosion conditions, further experimental
verification under extremely lower current density range, or under
the conditions where the surface is completely covered by TiO2

needs to be implemented.
Fig. 3.4 shows the relationship between the thickness of the hy-

dride layers formed, dH, and the crack depth at the current density,
iC, under a constant charging of electricity [27]. As indicated in the
linear by the linear relationship in the figure, the thickness of the
hydride layer increases with decreasing current density. The
long-term model for the hydride layer thickness [4] utilizes the
relationship for the thickness of the hydride layers in terms of
the current density under the current density levels for the preser-
vation of the passive state. Under the conditions of larger current
densities, for example, of the order of 40 Am�2, thin hydride layers
as a few lm, or thicker layers as 40 lm are formed. The majority of
the data on the thick hydride layers and cracking of the layers pre-
sented in the present investigation are collected under the condi-
tions of the large current density level.

The relationship between the formation morphology of the hy-
dride, namely, the hydride to be formed as layers or the lath-type
with the cathodic current density and the amount of electricity
charged is shown in Fig. 3.5. The electricity required for the forma-
tion of hydride layers is of the order of 2 MCm�2, and therefore, no
hydride layer is found to be formed before a large amount of elec-
tricity is charged in the low current density region. Also involved in
the figure is the relationship of the constant current tests with the
charged electricity in one-year of tests, and the figure shows that
one-year is required for forming hydride layers with the current
density of 0.2 Am�2 to charge 2 MCm�2. When the current density
is reduced to 1/10 of the value, the time required for the formation,
or the test time is extended by 10 times. Thus, plausible evaluation
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needs ultra-long duration of tests. However, under the existence of
the surface oxide films, the hydrogen absorption is retarded, and
the estimation model for the hydrogen absorption constructed
based on the tests conducted in stable regions of TiH2 is too
conservative.

Based on the results presented above, tests conducted longer
than dozens of years are needed for evaluating the behavior of
hydride phases exposed to natural immersion conditions and
simulating low accelerating corrosion environments, and tests con-
ducted within the duration of some years would yield unsatisfac-
tory estimation although the tests would bring self-satisfaction.
Therefore, a plausible modeling is essential in presenting satisfac-
tory estimation, and systematic studies need to be conducted.

3.3. Material characteristics of hydride layers

The crack initiation strain is investigated by conducting FEM
analyses [19] with producing micro cracks in hydride phases in mi-
cro indentation tests. The two-indenter method [28] was applied
with two kinds of pyramid-shaped indenters, i.e., one with the
apex angle of 115� and the other with 100� are indented with
the load of 100 mN to the test specimens. The elastic–plastic char-
acteristics of the hydride layers were measured based on the load
and indentation distance, and the yield strength, the Young’s mod-
ulus, and the work-hardening indices are determined. Further-
more, the indenters were pushed using 20 N while the fracturing
of the hydride layers is detected by AE. The sign of the occurrence
of micro cracking was detected at the indentation load of 19.6 N,
Fig. 3.6. Stress and strain curves of Ti–Gr.1 and related hydrides estimated from
indentation tests [19,29].



Table 3.1
Material property of several titanium alloys and those hydride layers [19,29]

Sample 1 Sample 2 Sample 3 Sample 4

B.M Hydride B.M Hydride B.M Hydride B.M Hydride

Mechanical property Yy (MPa) 292 549 213 514 270 487 239 498
n 0.12 0.16 0.10 0.04 0.15 0.19 0.09 0.03
E (Gpa) 105 122 125 99 94 106 107 91
Ymax (MPa) 849 555 718 526
Yf (%) 38 8.1 33 4.5 54 4.3 33 16

Material Hydride material TiH1.971 (07-0370) – TiH2 (03-0859) –
Ti–Gr.1 Commercial Ti–Gr.1 Commercial Ti–Gr.17 Special order Ti–Gr.7 Labo Melt

Cathodic charge condition Electrolysis 70 C, 0.6 mol L�1[NaCl] 70 C, 0.6 mol L�1[NaCl] 70 C, 0.6 mol L�1[NaCl] 80 C, 0.6 mol L�1[NaCl]
10 Am�2, 10 MCm�2 4Am�2, 3MCm�2 10 Am�2, 10 MCm�2 4 Am�2, 3 MCm�2

Stress/strain 3 PB 2% strain UCL 100 MPa 3 PB 2% strain UCL 200 MPa
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and the indentation depth is 26.4 lm. The stress value is employed
in the FEM analyses.

Fig. 3.6 shows the load-deformation curves of Ti–Gr.1 matrix
and that of the hydride phase [19]. The yield stress of the hydride
phases is as high as twice of that of the matrix, and the fracture
strain is as low as about 8.1% of the matrix, and the fracture is brit-
tle. The material characteristics of several titanium alloy sub-
strates, and relevant hydride phases are listed in Table 3.1
[19,29]. The yield strength of the hydride is about twice of that
of the substrate alloys, and the fracture strain is extremely small.
As shown in Section 2.2.2, the fracture stress of TiO2 oxide films
is of the order of 150 MPa. The alloys tested are commercially
available plates of Ti–Gr.1, Gr.17 and Gr.7 with those of especially
order-melted plates, and of laboratory melted and rolled plates.
The alloys have different Pd contents, different controls of impuri-
ties like O and F, and different rolling and heat-treatment se-
quences. The formation conditions of the hydride phases are not
identical as well.

Under the conditions that the yield strength of those commer-
cial grade pure titanium not related to the small amount of palla-
dium addition is of the order of 200 MPa (0.2% endurance strength
is 167–294 MPa), and the stress imposed on metal vessels from
residual stresses is assumed to be of the same order, the tensile
stress applied on hydride layers is only one half of the endurance
strength. Therefore, most of the fracturing of the hydride layers
is induced by the internal stress to be generated by the formation
of the hydride phases accompanying some degrees of volume
expansion.

SIMS analyses [30] were conducted on specimens containing
hydride phases by constant load and constant current tests in neu-
tral salt aqueous solutions for analyzing the hydrogen concentra-
tion profiles in the cross-sections of the galvanostatically charged
titanium alloy test specimens with hydrogen. The data obtained
[31] show that the surface oxide films contain a large amount of
hydrogen, and that a definite concentrations profile of hydrogen
is observed to exist in the specimen thickness direction in the hy-
dride layers. The results indicate that the hydride phases have dif-
ferent hydrogen concentration with respect to the thickness as
1.54 < n < 2.0, and n = 2 on the surface for TiHn, and the value of
n becomes smaller with increasing depth in the thickness direction
[30]. The decrease of the value of n of the hydride phases indicates
the decrease of the hydrogen content in the hydride layers, accom-
panying with changes of dynamic characteristics of the hydride
layers. The higher hydrogen content induces brittle nature, and
complicated crack morphologies including the spalling or flaking
of surface hydride layers may be induced.

3.4. Formation of hydride layers and cracking behavior of the layers

The hydrogen absorbed at relatively lower temperatures below
80 �C forms a lath-type hydride phase. The lath-type hydride par-
ticles are formed preferentially at high strain fields like twins,
and the strain fields are induced by pre-existing hydride particles
that precipitated beforehand, and thus, hydride phases tend to be
formed at sites adjacent to pre-existing hydride particles. The
diffusion rate of hydrogen is higher in metallic titanium than in
hydrides, and thus, the formation of hydride phases is preferred
than the growth of the existing hydride phases. Thus, globular
hydride phases are often formed, and the globular hydrides tend
to change the morphology to the layered form. Even in a layer of
the hydride, there exists a concentration gradient of hydrogen,
and in the layer in the thickness direction. The outer part of the
layer tends to be TiH2, that is the highest in hydrogen, and is brittle
than the inner part of the layer. This is the most exciting nature of
the formation of the hydride layers, and therefore, the estimation
of the embrittlement of the layers based on the mean hydrogen
concentration of the layer would be problematic.
4. Conclusions

The long-duration preservation of the passive state of commer-
cial grade pure titanium in aqueous environments of concrete-per-
meated deep level groundwater, and the behavior of hydrogen
evolution during the preservation are investigated in details. The
following conclusions are obtained.

(1) Ti–Gr.1 and Ti–Gr.17 (Ti–0.06Pd) are passivated in the neu-
tral water environments. The corrosion rates of the metals
induced by the preserving the passivity is on the order of
10�8–10�6 my�1, and the amounts of corrosion can be com-
puted based on the time integrals of the values. With
increasing environmental temperature and [OH]all, the cor-
rosion rate tends to increase. The metal and the alloys are
found to be passivated even in reducing environments.

(2) The titanium maintains passivity under the TRU waste dis-
posal environment, even dynamic destruction of passive
films were done by loaded, scratch, indentation, tensile
and pulsed laser abrasion method.

(3) The hydrogen absorbed at relatively lower temperatures
below 80 �C forms a lath-type hydride phase. The lath-type
hydride particles are formed preferentially at high strain
fields like twins, and the strain fields are induced by pre-
existing hydride particles that precipitated beforehand, and
thus, hydride phases tend to be formed at sites adjacent to
pre-existing hydride particles. Thus, globular hydride phases
are often formed, and the globular hydrides tend to change
the morphology to the layered form.

(4) The strain need for generating cracks was investigated by
forming cracks with micro indentation tests for understand-
ing the material characteristics of the hydride layers with
the help of the FEM analyses. The yield strength of the
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hydride phases is as high as twice of that of the substrate
alloys, and the fracture strain is as low as about 8.1% with
a brittle manner. The brittle nature of the hydride layers
induces the brittle crack formation in the hydride layers.
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