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The research of hydrogen embrittlement has been progressed remarkably in resent year. However, the
mechanism of hydrogen embrittlement has not been clarified yet. This may be due to the difficulty of
experimental detection of hydrogen distribution since hydrogen is feasible to diffuse in metals.

Many of these researches are limited to the clarification in each case of embrittlement mechanism for
various materials and under various environmental conditions. Therefore, a unified theory of hydrogen
embrittlement mechanism has not been proposed, and many hypotheses of the mechanism of hydrogen
embrittlement have been proposed. If these theories are classified roughly, there are two approaches. One is the
concept of brittle fracture which a crack preferentially grows along the path where the atomic binding force
decreases. The other is that of ductile fracture dominated by plastic deformation. However, concerning hydrogen
embrittlement of which the fracture mechanism is different depending on the materials and the environmental
conditions, it will be difficult to explain its whole phenomena by one theory.

On the other hand, it is correct that hydrogen embrittlement is caused due to the increase in hydrogen
concentration, and it is induced by a small amount of hydrogen such as x p.p.m. to xx10 p.p.m.. If the mechanism
of hydrogen concentration behavior which is a dominant factor of hydrogen embrittlement is clarified and the
control of hydrogen diffusion becomes feasible, the prevention technique of hydrogen embrittlement can be
constructed. However, no research clarifies systematically the mechanism of hydrogen concentration for metals
with various mechanical properties and under various temperatures and loading conditions. Furthermore, no
research concerns the control method of hydrogen concentration behavior in materials. Therefore, the systematical
clarification of the mechanism of hydrogen concentration behavior and the mechanical control of the hydrogen
diffusion behavior are effective for prevention of hydrogen embrittlement and control of hydrogen transportation,
which is significant from the engineering view point.

However, experimental detection of hydrogen distribution is not feasible due to the high diffusivity of
hydrogen in materials. In fact, many methods of detection of hydrogen concentration measure the total amount of

hydrogen inflow and outflow from a specimen, and it has not been developed to detect macroscopic distribution of
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hydrogen and the time sequential characteristic of hydrogen concentration. Under these situations, to obtain the
distribution of hydrogen concentration, theoretical analyses have been proceeded. However, it is difficult to solve
exactly the equation of hydrogen diffusion and concentration behavior by analytical method. With the
improvement of the computer performance, several analyses have been conducted by using numerical methods to
obtain the distribution of hydrogen concentration. However, it was not feasible to realize the correct hydrogen
concentration behaviors. On the other hand, by using Finite Difference Method (FDM), the « multiplication
method proposed by Yokobori et al. enable us to realize stress induced hydrogen concentration by applying the
interaction factor, « to the stress induced term. However, when this analysis is applied to the actual structure and
various stress conditions, it is necessary to adopt the Finite Element Method (FEM) to conduct local stress
analysis which is coupled with FDM for diffusion analysis.

In this study, to prevent of hydrogen embrittlement and to control of hydrogen transport in steels, the
mechanisms of hydrogen concentration behavior were clarified and the mechanical control method of hydrogen
driving force was proposed. The clarifications of the mechanism on hydrogen concentration behavior under
various stress conditions and the fundamental study of the mechanical control method of hydrogen driving force
are conducted. The following results and conclusions were obtained in each chapter.

In Chapter 2, concerning the particle diffusion equation with the stress induced driving force, the physical
meaning and role of each term of the equation on the particle diffusion behavior were clarified. Since the diffusion
equation has been derived to describe physical phenomenon, essentially it is necessary to select &; and a, , which
are multiple parameters of hydrogen diffusion equation, as a reasonable value to adjust the actual natural
phenomenon. Therefore, when the effect of local stress gradient on particle diffusion is necessary to be noticed,
the second and the third terms are necessary to be multiplied by reasonable values of & and as. In the region
which is non conservative system such as plastic stress field, since the total amount of particle obtained by the
first and second terms decreases with increase in time, it will be necessary to add a little effect of the third term to
compensate the decrease in particle. The adding the weight coefficients of a; and a; to stress induced terms were
found to be important to conduct a realistic analysis.
Thus, it is important to determine reasonable values of
a(i=1,2) to relate to the actual phenomenon. Fig.1 % _pvic m%w-‘-%, -0, 22
shows the hydrogen concentration behavior around a
crack tip obtained from the numerical result using the a
multiplication method.

Furthermore, the effects of stress rate, stress
wave form, yield stress and temperature on hydrogen
concentration around a crack tip were systematically
analysed and the effect of C V?q,, on hydrogen
concentration was investigated. Under the constant
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site of elastic-plastic boundary appears remarkably with
The maximum region of hydrostatic stress

Fig.1 Hydrogen concentration behavior at the
stress rate. The dependence of stress rates on hydrogen maximum site of g, due to the second term of

increase in yield stress and decrease in temperature and

concentration appears remarkably under the condition diffusion equation
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of higher yield stress and lower temperature. Under the cyclic loading condition, the hydrogen concentration at the
site of elastic-plastic boundary appears remarkably with increase in yield stress and decrease in temperature.
Additionally, concerning the effect of the stress wave form on the hydrogen concentration at the site of
elastic-plastic boundary, Fast-Slow stress wave form condition was found to promote the hydrogen concentration
at the site of elastic-plastic boundary. The third term of the basic equation was found to improve quantitatively
hydrogen concentration and the analytical results are qualitatively in good agreement with the analytical results
without the term of C Vo,

In Chapter 3, a model of numerical analysis considering the effect of the crack growth rate on hydrogen
concentration was proposed. The effects of crack growth rate under the inert atmospheric condition on the
hydrogen diffusion and concentration behavior were clarified. Furthermore, the precision of the finite difference
method of the inert term was investigated. These analyses concern the hydrogen embrittlement mechanism of
corrosion fatigue crack growth rate (CFCGR). The hydrogen diffusion equation taking account for the crack
growth rate under atmospheric condition was developed based on the concept of diffusion equation under uniform
back wind conditions. These analyses were conducted using the center difference method and the up-wind
difference method for the inertia term, which is that of crack growth rate.

For the case of the fatigue crack growth rate which is less than a critical crack growth rate (U.= 10 mys),
the hydrogen concentration behavior around a crack tip are almost similar as that under a crack growth rate for a
statical crack. This results shows that the crack growth rate does not influence the hydrogen diffusion and
concentration behaviors under the condition of lower crack growth rate. In the higher yield stress (g,,= 1000
MPa), hydrogen concentration at the elastic-plastic boundary appears remarkably at the critical crack growth rate
(U= 10" m/s) and it decreases with increase in the crack growth rate. The effect of fatigue stress wave form on
hydrogen diffusion and concentration behavior appears at the lower crack growth rate. This effect is the same as
the case of a statical crack and its effect becomes smaller with increase in the crack growth rate. These results
obtained in this chapter were characterized as an effect of dynamics of crack on hydrogen concentration behavior
around a crack tip.

In Chapter 4, by using FEM and FDM coupled method, the analyses of hydrogen diffusion were conducted
under constant stress and cyclic loading conditions. On the basis of this analysis, the effect of the re-yielding
region on hydrogen concentration under cyclic loading

~
o

condition was clarified. Furthermore, the controllable
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feasibility of hydrogen concentration behavior due to the N 9cyele
stress induced driving force was proposed. Under the N
constant stress condition, results of hydrogen ;
concentration behaviors obtained by this method were
found to be similar as those obtained by the analyses

using analytical solutions of the elastic-plastic stress field

around a crack tip. Under cyclic loading condition, the

60 80 100
Distance from crack tip , r*

Fig.2 Numerical results of hydrogen concentration at
re-yielding region were conducted. Fig.2 shows the the initial yield and the re-yield region under

hydrogen concentration behavior around a crack tip cyclic loading

analyses of hydrogen diffusion and concentration

Hydrogen concentration C/C,

behavior considering the effects of yielding and the
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under cyclic loading condition. Due to the effect of the 102

re-yielding region on hydrogen concentration behavior under
cyclic loading condition, hydrogen was found to accumulate at
both of the elastic-plastic boundary in the first loading process
and of the real elastic-plastic boundary caused by re-yielding
under cyclic load condition. FEM-FDM coupling analyses

based on the a multiplication method enable us to obtain those

da/dN , mm/cycle
2
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characteristics of hydrogen concentration behaviors. The effects 105 | X |y 14  Hdrogmchaiged fs
of stress wave form on hydrogen flux were analyzed under i %[ 11 Hydrogen charged A

. . . . ) - % ¢ 1:5.6 Hydrogen charged /™~
cyclic loading condition by FEM-FDM coupling analysis. The x Without Hydrogen

= 100 . - N

hydrogen flux was found to be larger under Fast-Slow stress 10 20 20 60 80100
wave form condition and smaller under Slow-Fast stress wave AK , MPam'”2

form condition. The effects of stress wave form on the Fig.3 The experimental result of FCGR of a
hydrogen flux appear remarkably with increase in higher yield specimen with hydrogen charge under
stress. On the basis of the analytical result which show the amashiple; condition
difference in the stress induced hydrogen driving force due to the stress wave form, the controllable feasibility of
hydrogen flow under cyclic loading condition was proposed.

In Chapter 5, on the basis of the analyses of hydrogen diffusion and concentration behavior, the mechanical
controllability of hydrogen concentration or flowing out was proposed which is aimed to apply to the test method
of hydrogen embrittlement using a small specimen. There are two cases of hydrogen concentration in a specimen
and flowing out from a specimen due to the competitive effect of gradients of hydrogen concentration and stress
distribution. On the basis of this result, the test method which enables to conduct hydrogen embrittlement test
using a small specimen under atmospheric condition is proposed by mechanically accumulating hydrogen in a
specimen. In hydrogen embrittlement test using a small specimen under atmospheric condition, the acceleration of
fatigue crack growth rate (FCGR) of a specimen with hydrogen charge was realized and it was considered to be
caused by hydrogen embrittlement. Experimental result of FCGR is shown in Fig.3. This result shows that the
validity of using a small specimen under atmospheric condition by adopting the method of hydrogen charge under
sustained load for the notched specimen. Plateau regions of crack growth rate appeared under Fast-Slow stress
wave form condition. In these regions, intergranular fractures were observed. On the other hand, the plateau
region of crack growth rate was not obtained under Slow-Fast stress wave form condition. These results show that
the crack growth mechanism under Slow-Fast stress wave form condition is different from that under Fast-Slow
stress wave form condition. This will be due to the difference in hydrogen distribution around a crack tip between
under Fast-Slow and Slow-Fast stress wave form conditions. The latter show the higher hydrogen concentration
around a crack tip and it causes the mechanical interaction with dislocations which results in facet like fracture.

In Chapter 6, the concluding remarks were conducted.
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