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The well-known term ‘‘hydrogen embrittlement’’ (HE) expresses undesirable effects due to
hydrogen such as loss of ductility, decreased fracture toughness, and degradation of fatigue
properties of metals. However, this article shows, surprisingly, that hydrogen can have an effect
against HE. A dramatic phenomenon was found in which charging a supersaturated level of
hydrogen into specimens of austenitic stainless steels of types 304 and 316L drastically improved
the fatigue crack growth resistance, rather than accelerating fatigue crack growth rates.
Although this mysterious phenomenon has not previously been observed in the history of HE
research, its mechanism can be understood as an interaction between hydrogen and dislocations.
Hydrogen can play two roles in terms of dislocation mobility: pinning (or dragging) and
enhancement of mobility. Competition between these two roles determines whether the resulting
phenomenon is damaging or, unexpectedly, desirable. This finding will, not only be the crucial
key factor to elucidate the mechanism of HE, but also be a trigger to review all existing theories
on HE in which hydrogen is regarded as a dangerous culprit.
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I. INTRODUCTION

DURING the past 40 to 50 years, many articles[1–7]

on hydrogen embrittlement (HE) have been published,
and several hypotheses have been proposed. From a
macroscopic viewpoint, most research showed undesir-
able effects in the deterioration in strength properties
caused by hydrogen. Among deleterious effects of
hydrogen, ductility loss[8–10] is a well-known phenome-
non. Hydrogen-induced degradation in fracture tough-
ness,[11–13] fatigue strength, and fatigue crack growth
properties[14–20] has also caused concern in various
industrial sectors. With respect to the relationship
between hydrogen and microstructure, localized plasticity
due to hydrogen-enhanced dislocation mobility[3–5,21–26]

and crystallographic slip localization by hydrogen[27–29]

have also attracted considerable attention in the field of
materials science. It is pertinent to regard the interaction
between hydrogen and dislocations as being strongly
correlated with microscopic plastic deformation behav-
ior in almost all metallic materials, and also with strain-
induced martensitic transformation in austenitic
steels.[30–32] Birnbaum and co-workers[22–24] found that
hydrogen decreased the microscopic yield stress; this

finding was based on in-situ transmission electron
microscopy (TEM) observation of increased dislocation
movement caused by hydrogen. However, hydrogen
effects are not necessarily limited to the enhancement of
dislocation mobility, namely, to assisting crystallo-
graphic glide. There are more articles that report
increased macroscopic yield strength of austenitic
stainless steels due to hydrogen[27,33–35] than those that
report decreased yield strength. The precise studies by
Kirchheim and co-workers[36,37] showed that hydro-
gen has two contradictory effects, i.e., both resisting
and enhancing dislocation motion. Gavriljuk and
co-workers[38,39] report hydrogen-induced softening of
austenitic steels, as revealed by internal friction mea-
surement, whereas tensile tests showed hardening in
hydrogen-charged specimens. Birnbaum and Sofronis[5]

attempted to resolve the contradictory hydrogen effects,
especially the decrease in ‘‘microscopic’’ flow stress
(softening) vs the increase in ‘‘macroscopic’’ flow stress
(hardening); they used a combination of TEM experi-
ments and theoretical analysis of hydrogen-dislocation
interaction. An increase in macroscopic flow stress, i.e.,
hardening, due to hydrogen charging has been observed
by many researchers, while there are fewer reports of
decreased macroscopic flow stress, i.e., softening, due to
hydrogen.[40,41]

Internal friction measurements to characterize the
deformation resistance of materials have been used by
many researchers in order to investigate the interac-
tion between hydrogen and dislocation movement in
hydrogen-charged specimens. On the other hand,
observing the effect of hydrogen on fatigue crack
growth behavior enables one to elucidate the slip band
formation morphology in the vicinity of a crack tip (e.g.,
Murakami,[42] Uyama et al.,[43] Murakami et al.,[44] and
Kanezaki et al.[45]), and also to reveal evidence of
dislocation movement in plastically deformed grains.
Unlike the traditional methods, e.g., tensile testing,
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observing the microscopic aspects of fatigue crack
growth behavior is expected to provide a possibility of
resolving the HE mechanism problem from a fresh point
of view. However, precise experimental techniques are
needed.

Uyama et al.[43] studied statistical aspects of slip band
morphology in ferrite grains in both hydrogen-charged
and uncharged specimens of medium carbon steels,
tested by fatigue loading, and quantitatively identi-
fied the effect of hydrogen on crystallographic slip.
Uncharged specimens containing ~0 wt ppm hydrogen
had slip bands that totally covered each ferrite grain,
with either cross-slip or parallel slip. On the other hand,
in hydrogen-charged specimens containing 0.2 to
0.8 wt ppm hydrogen, 50 pct of the ferrite grains were
covered with discrete slip bands in a zebra pattern. Most
fatigue cracks were nucleated along grain boundaries in
uncharged specimens, while in hydrogen-charged spec-
imens, the proportion of cracks generated along slip
bands reached approximately 20 pct, and the total
density of crack initiation was higher than in uncharged
specimens. Another interesting phenomenon to be noted
is the difference in cyclic stress-strain hysteresis loops
between hydrogen-charged specimens and uncharged
specimens. Stress-strain hysteresis loops obtained in
stress-controlled cyclic tensile-compression tests exhib-
ited a narrower strain range, De, in hydrogen-charged
specimens than in uncharged specimens. This indicates
that macroscopic hardening (increase of flow stress)
occurred in the presence of hydrogen, and that this can
be correlated with the zebra pattern of slip bands in
deformed ferrite grains. Consequently, the phenomenon
indicated by Uyama et al.[43] implies that at least some
strength properties, such as the cyclic stress-strain
hysteresis loop, may be improved by hydrogen charging.

Murakami et al.[44] and Kanezaki et al.[45] investi-
gated the fatigue crack behavior of hydrogen-charged
and uncharged specimens of types 304 and 316L
austenitic stainless steels. They found a strange phe-
nomenon in the relationship between slip morphology
and fatigue crack growth rate. In the uncharged
specimens, many grains were covered with slip bands
around a fatigue crack, while in the hydrogen-charged
specimens, slip bands appeared only in the vicinity of a
crack, but under the same stress, fewer slip bands were
observed in grains away from the crack. This phenom-
enon shows that hydrogen increased the resistance
against crystallographic glide, i.e., hydrogen hindered
dislocation motion, eventually leading to hardening.
Nevertheless, fatigue crack growth rates for the hydro-
gen-charged specimens were significantly increased com-
pared with those for uncharged specimens.

What does this contradiction in the results of optical
microscopic observations mean? Hydrogen increases
macroscopic strength by slip localization, resulting in a
discrete slip band arrangement, so why are fatigue crack
growth rates accelerated in the presence of hydrogen?
One possible interpretation is that the phenomenon that
occurs at the fatigue crack tip differs from slip behavior
in grains away from the crack. However, as shown in
the detailed observations by Murakami et al.[44] and
Kanezaki et al.,[45] it is evident that the deformation

process at a fatigue crack tip in austenitic stainless steels
is based on crystallographic slip, and the fatigue crack
growth is not based on a decohesion mechanism. It was
shown[20,44] that the fracture mechanism at a fatigue
crack tip is essentially a ductile microfracture, since clear
striations were observed on the fracture surfaces of
hydrogen-charged specimens. The lattice decohesion
model[1,2] cannot be related to this phenomenon. The
basic mechanism of the fracture process at a fatigue
crack tip is slip originated by dislocation motion in
crystals. Therefore, we need to recognize that the source
of the mystery exists in the interaction between hydro-
gen and dislocations. A similar phenomenon has also
been observed in a bcc metal.[19] The objective of the
present article is to resolve the mystery of HE through a
detailed observation of the slip band morphologies, and
the fatigue crack growth behavior, of hydrogen-charged
types 304 and 316L.
In order to achieve this objective, we paid particular

attention to the quantitative effects of hydrogen content,
ranging from an uncharged level to supersaturated levels
in the material. From the term ‘‘hydrogen embrittle-
ment,’’ we presume that the higher the hydrogen content
in a material, the lower the strength properties of the
material. Indeed, Murakami et al.[44] showed that when
2 to 3 wt ppm nondiffusible hydrogen in uncharged
solution-treated austenitic stainless steels was removed
by a special heat treatment, the fatigue crack growth
properties were remarkably improved.
In this study, a uniform high hydrogen content

distribution throughout fatigue specimens was obtained
by exposing types 304 and 316L specimens to gaseous
hydrogen at a pressure up to approximately 100 MPa
and at a temperature of 553 K (280 �C). It must be
noted that the hydrogen content of specimens obtained
by this hydrogen charging method is much higher than
the thermal equilibrium hydrogen content for the
atmospheric pressure and ambient temperature, under
which fatigue testing was carried out. The effect of
hydrogen content on crystallographic slip, i.e., the
interaction between hydrogen and dislocations, can be
visualized by room-temperature fatigue tests on speci-
mens with different hydrogen contents. In tests on
specimens containing supersaturated hydrogen, the
authors anticipated the appearance of strong HE, but
what actually happened was surprising and dramatic.
The unexpected experimental results obtained will be
presented in this article, and thereby the microscopic
mechanism of HE will be revealed.
Before discussing the main subject, we briefly review

suitable methods for investigating the effect of hydrogen
on mechanical properties of materials. The results
obtained by conventional experimental methods and their
advantages and disadvantages are summarized as follows.

(1) Internal friction measurement on hydrogen-pre-
charged specimens: Measurement of internal friction,
i.e., the interaction between hydrogen and disloca-
tions. The results cannot be linked directly to frac-
ture phenomena.

(2) Tensile testing of hydrogen-precharged speci-
mens: Measurement of macroscopic ductility loss
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(reduction of area) in the presence of hydrogen
and the effect of hydrogen on stress-strain curve
(softening or hardening). The hydrogen content in
a specimen can be quantified.

(3) Tensile testing during electrochemical hydrogen
charging: Measurement of the effect of hydrogen
on stress-strain curves (softening or hardening).
Difficult to identify the effect of the hydrogen con-
tent gradient from a specimen surface to the sub-
surface. Difficult to avoid surface effects.[40,41]

(4) Tensile testing in a hydrogen gas environment: Mea-
surement of the macroscopic ductility loss caused
by environmental gaseous hydrogen. Difficult to
identify the effect of the hydrogen content gradient
from the surface to the subsurface in a specimen.
Difficult to avoid surface effects.[40,41] Difficult to
identify the hydrogen content in a specimen.

(5) Fatigue testing of hydrogen-precharged specimens:
Possible to identify the effects of hydrogen on slip
band formation and on fatigue crack initiation and
growth. Fracture surface features, e.g., striations
(failure mechanism), can be examined. The hydro-
gen content in a specimen can be quantified. There
are three types of hydrogen charging method.
To avoid damage and cracking on the specimen
surface, hydrogen charging under high-pressure
gaseous hydrogen is desirable.

(6) Fatigue testing in hydrogen gas environment: Possi-
ble to identify the effects of hydrogen on slip band
formation and on fatigue crack initiation and
growth. Difficult to quantify the hydrogen content
in a specimen.

(7) Fracture toughness testing in hydrogen gas environ-
ment: Possible to identify the effect of hydrogen on
static unstable crack growth processes. Difficult to
quantify the hydrogen content in a specimen.

(8) Fracture toughness testing during electrochemical
hydrogen charging: Possible to identify the effect of
hydrogen on static unstable crack growth processes.
Difficult to quantify the hydrogen content in a spec-
imen. Difficult to separate the effect of corrosion
(chemical reaction) from a pure hydrogen effect.

II. MATERIALS AND EXPERIMENTAL
METHODS

A. Materials and Specimens

The materials used in this study are round bars of two
types of austenitic stainless steel (type 304 stainless steel
and type 316L stainless steel). Table I shows the
chemical compositions. Table II shows the tensile prop-
erties and Vickers hardness (load: 9.8 N) of these
materials. Round bars of types 304 and 316L were
solution heat treated. Solution heat treatment was
carried out by water quenching after soaking at
1323 K (1050 �C) for 2 minutes for type 304 and for
10 minutes for type 316L. The hydrogen contents of the
solution-treated specimens are 2.2 wt ppm for type 304
and 2.6 wt ppm for type 316L. Hydrogen contents were
measured by thermal desorption spectrometry (TDS)
using a quadruple mass spectrometer. The measure-
ment accuracy of the TDS is 0.01 wt ppm. Measure-
ments were carried out up to 1073 K (800 �C) at a
heating rate of 0.5 K/s.
Figures 1(a) and (b) show the fatigue specimen

dimensions and the small hole that was introduced
into each specimen surface. After polishing with #2000
emery paper, specimen surfaces were finished by
buffing using colloidal SiO2 (0.04 lm) solution. A
small artificial hole, 100-lm diameter and 100-lm
deep, was then drilled into each specimen surface as a
fatigue crack growth starter. In the hydrogen-charged
specimens, the hole was introduced immediately after
hydrogen charging.
The amount of martensite at the specimen surfaces of

austenitic steel specimens was measured by the X-ray
diffraction method, using monochromatic Cr Ka radia-
tion. The martensite content was evaluated by the ratio
of the integrated intensity of the {220} austenite peak
and the {211} martensite peak. The amount of mar-
tensite before fatigue testing in the types 304 and 316L
specimens was, at most, approximately 3 pct. It should
be noted that the amount of martensite measured by the
X-ray diffraction method also includes the amount of
d-ferrite.

Table I. Chemical Compositions (Weight Percent, *Weight Parts per Million)

Type C Si Mn P S Ni Cr Mo H*

304 0.06 0.36 1.09 0.030 0.023 8.19 18.66 — 2.2
316L 0.019 0.78 1.40 0.037 0.010 12.08 17.00 2.04 2.6
316L� 0.010 0.53 0.77 0.023 0.001 12.13 17.16 2.86 1.5

H* is equivalent to the notation CH used in the text.

Table II. Tensile Properties and Vickers Hardness HV

Type

Tensile Properties
Vickers

Hardness HV0.2 Pct Proof Stress r0.2 (MPa) Tensile Strength rB (MPa) Elongation ef Reduction of Area u

304 309 713 0.74 0.82 176
316L 319 627 0.74 0.78 157
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B. Hydrogen Charging Method and Hydrogen Entry
Property

Hydrogen was charged into fatigue specimens by
exposure to high-pressure hydrogen gas. The charging
time was determined by estimating the condition for
saturation of hydrogen in a 7-mm-diameter round bar
fatigue specimen. Table III shows the relationship
between the hydrogen charging conditions and the
hydrogen content. The content of hydrogen charged at
high pressure is denoted ‘‘supersaturated’’ in ambient
temperature fatigue tests. The hydrogen content of a
specimen was measured by TDS after each fatigue test; a
0.8-mm-thick disk for TDS measurement was cut from
the specimen, under water cooling, immediately after the
test. It has been confirmed that the process of cutting
disks from a specimen does not affect the hydrogen
content of a disk sample.[45] Hydrogen release from
specimens during fatigue tests (<600 hours) is consid-
ered to be negligibly small because hydrogen diffusion
in austenitic stainless steels is very slow at room

temperature. Therefore, the saturated hydrogen content
may be evaluated by the hydrogen content after a
fatigue test.
San Marchi et al.[46] present the following equations,

which express the content of hydrogen that is dissolved
in the metal lattice and is in equilibrium with the
hydrogen gas.

CHS ¼ a
ffiffiffi

F
p

exp
�DH
RT

� �

½1�

F ¼ p exp
pb

RT

� �

½2�

where a is a constant, F is fugacity (MPa), R is the
gas constant (8.314 J/molÆK), (DH is the enthalpy of
formation of H atoms in the metal (2330 J/molÆK for
type 304 and 2670 J/molÆK for type 316L[47]), T is
the absolute temperature of the hydrogen gas (K),
p is the hydrogen gas pressure, and b is a constant

Fig. 1—Dimensions of (a) fatigue test specimen and (b) drilled hole.

Table III. Relationship between Hydrogen Content and Hydrogen Charge Condition

Hydrogen Charge Condition

F1/2 Exp (–DH/RT)**
Hydrogen Content CHS

in Specimen (wt ppm)�

Thermal Equilibrium
Hydrogen Content at

298 K (25 �C) (wt ppm)�
Pressure
p (MPa)

Temperature
T (K (�C))

Fugacity
F (MPa)*

Charging
time t (h)

Type 304
100 358 (85) 170.2 400 5.97 97.0§ 84
93.5 553 (280) 129.0 400 6.84 109.3 80
73.5 553 (280) 94.7 414 5.86 89.2 66
48.0 553 (280) 56.6 400 4.53 70.4 43
25.0 518 (245) 27.4 416 3.05 47.2 33
10.0 548 (275) 10.4 374 1.93 23.9 20
Type 316L
25.0 518 (245) 27.4 416 2.82 46.5 29
10.0 547 (274) 10.4 400 1.79 22.1 17

*F = p exp (pb/RT), where F is fugacity (MPa), R is the gas constant (8.314 J/molÆK�1), T is the absolute temperature of hydrogen gas (K), p is
the hydrogen gas pressure, and b is a constant (15.84 cm3Æmol�1).[46]

**DH is the enthalpy of formation of H atoms in the metal (2330 J/mol for type 304 and 2670 J/mol for type 316L[47]), R is the gas constant
(8.314 J/molÆK�1), and T is the absolute temperature of hydrogen gas (K).

�Hydrogen content of the specimen was measured by TDS after fatigue testing at a frequency of 1 Hz.
�Hydrogen contents in thermal equilibrium with the hydrogen gas were estimated by Eq. [3]; i.e., CHS = 15.69 F1/2 exp (–DH/RT).
§Hydrogen content of a 0.27-mm-thick disk was measured by TDS after hydrogen charging.
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(15.84 cm3/mol[46]). Sieverts’ law is a special case of
chemical equilibrium for reaction in the limit of ideal
gas behavior (fugacity F fi pressure p). Figure 2
shows the experimental relationship between the
hydrogen charge condition and the hydrogen con-
tent. From the figure, the saturated hydrogen content
in equilibrium with the hydrogen gas is given by the
following equation:

CHS ¼ 15:69
ffiffiffi

F
p

exp
�DH
RT

� �

½3�

The values of saturated hydrogen contents evaluated
by Eq. [3] for room temperature (298 K (25 �C)) are
shown in Table III.

C. Relationship between Vickers Hardness
and Hydrogen Content

Figure 3 shows the relationship between Vickers
hardness ratio and hydrogen content. The measurement
load is 9.8 N, and the holding time is 30 seconds. The
Vickers hardness ratio, F, is defined as the ratio of
Vickers hardness for a hydrogen-charged specimen
HVH-charged to the Vickers hardness for an uncharged
specimen HVUncharged. Figure 3 includes the data of
ultimate tensile stress together with Vickers hardness for
another type 316L stainless steel, having a slightly
different chemical composition. The chemical composi-
tion is listed in Table I (type 316L�). The Vickers
hardness is increased by the presence of hydrogen. For
example, the Vickers hardness, HV = 176 for an
uncharged specimen with CH = 2.2 wt ppm and
HV = 193 for a supersaturated specimen with CH =
109.3 wt ppm. The increase in F is almost linearly
related to hydrogen content regardless of the type of
austenitic stainless steel; the relationship between F and
CH can be expressed as F = 1+9.67 9 10�4 CH,
where CH is in wt ppm.

D. Method of Fatigue Testing

In the components of the fuel cell vehicle system, the
problem of the small fatigue cracks has been regarded as
particularly important. For this reason, the fatigue test
of the present study was performed by the use of round
bar specimens containing a small artificial defect, the
hole (Figure 1). Fatigue tests of the hydrogen-charged
and uncharged specimens were carried out at room
temperature either in laboratory air or in a hydrogen gas
environment. The fatigue tests were conducted at a
stress ratio, R = �1, by tension-compression cyclic
loading (sine wave). The replica method[42] was used for
the measurements of crack length and for the observa-
tion of crack growth behavior. Following the fatigue
tests, in order to measure the hydrogen content remain-
ing in specimens, 0.8-mm-thick disks were cut from each
specimen, under water cooling, immediately after
fatigue testing. The hydrogen contents of disks were
then measured by TDS.
In this study, the basic mechanism for the effect of

hydrogen on slip deformation properties is elucidated by
fatigue testing of hydrogen-charged austenitic stainless
steels with various hydrogen contents. The important
points that are definitely different from the approaches
used in previous studies are listed as follows.

(1) Investigation of the effect of hydrogen content on
fatigue crack growth properties by changing
hydrogen content from an uncharged level to a
supersaturated level.

(2) Investigation of the effect of differences in hydro-
gen content on slip deformation behavior in the
vicinity of a fatigue crack tip. Slip localization and
planarity are investigated microscopically.

(3) Investigation of the effect of differences in hydrogen
content on slip deformation behavior far from a
fatigue crack. The relationship between the hydro-
gen pinning of dislocations and slip band morphol-
ogy is investigated. The effect of supersaturated

Fig. 2—Relationship between hydrogen content and hydrogen
charge condition.

Fig. 3—Relationship between Vickers hardness and hydrogen
content.

2552—VOLUME 41A, OCTOBER 2010 METALLURGICAL AND MATERIALS TRANSACTIONS A



hydrogen on slip deformation behavior is investi-
gated microscopically.

(4) The relationship between hydrogen diffusion rate
and strain rate (dislocation mobility) is investigated
by focusing on the effects of test frequency and of
hydrogen on fatigue crack growth.

As mentioned in Section I, there are several experi-
mental methods for investigating HE mechanisms. It
will be seen in the following section that the observation
of fatigue crack growth behavior, by using the replica
method, is most pertinent to visualization of the
mechanism of the interaction between hydrogen and
dislocations.

III. RESULTS AND DISCUSSION

A. Effects of Hydrogen Content and Cyclic Loading
Frequency, f, on Fatigue Crack Growth Properties

It is well known that, as a generalization, hydrogen
degrades mechanical properties of metals, such as ductil-
ity, fracture toughness, fatigue crack growth, etc. This
phenomenon is termed ‘‘hydrogen embrittlement.’’ How-
ever, the results shown in Figure 4 contradict the gener-
alization. The figure shows the surprising effect of
hydrogen on fatigue crack growth curves (crack length,
2a; and the number of cycles, N) for type 304. Curve A
denotes results for the uncharged specimen, i.e., a
solution-treated material; its hydrogen content, CH, is
2.2 wt ppm. Curves B, C, and D show the results for
hydrogen-charged specimens. The hydrogen content was
measured after fatigue testing: CH = 23.9 wt ppm for
curve B, CH = 70.4 wt ppm for curve C, and CH =
89.2 wt ppm for curveD.All the tests, shown in Figure 4,
were conducted at a cyclic loading frequency, f, of 1 Hz.

In curve C, when the crack length, 2a, reached
500 lm, the test environment was changed from air to
hydrogen gas (at a pressure of 0.7 MPa). Nevertheless, it
appears that there was no corresponding acceleration in
crack growth rates.

Crack growth rates for the specimen with CH =
23.9 wt ppm (curve B) were higher than those for the
uncharged specimen (curve A), while in the case of the
specimens with CH = 70.4 wt ppm (curve C) and
CH = 89.2 wt ppm (curve D), the crack growth rates
decreased compared with those of the uncharged spec-
imen, and also with those of the specimen with CH =
23.9 wt ppm. These results are contrary to the prediction
based on the well-known generalization on HE in that
supersaturated hydrogen, above a critical content,
strongly improves, rather than degrades, fatigue crack
growth resistance. The critical hydrogen content over
which hydrogen improves fatigue crack growth resis-
tance cannot be precisely determined from Figure 4.
However, it is worth noticing that the hydrogen contents,
CH = 70.4 wt ppm for curve C and CH = 89.2 wt ppm
for curve D, are much higher than the saturated hydrogen
content, which is in equilibrium for a fatigue test carried
out at atmospheric pressure and ambient temperature,
i.e., CH � 0 wt ppm (0.1 MPa, 298 K (25 �C)).
All these data were obtained under a stress amplitude

r = 280 MPa with round bar specimens having a small
hole. Studying the problem of small fatigue cracks
behavior has been recognized as more important for the
components of a fuel cell vehicle system than the
problem of long cracks such as CT specimen. Since
substantially the same phenomena were observed under
different stress amplitudes, the discussion in this article
will be based only on the data for r = 280 MPa.
Figure 5 compares fatigue crack growth curves for

hydrogen-supersaturated specimens and uncharged
specimens of type 304 between in terms of cyclic loading
frequency. Murakami et al.[44] found that a very small
amount of hydrogen (~2.2 wt ppm), which was initially
contained in uncharged types 304 and 316L stainless
steels, increased the fatigue crack growth rate as the
test frequency, f, was reduced to 0.0015 Hz. In the
figure, curves A-1 and A-2 show a similar frequency
effect. Hydrogen-supersaturated specimens, with CH =
70.4 wt ppm, exhibited an increased fatigue crack
growth rate as the test frequency decreased from 1 Hz

Fig. 4—Effect of hydrogen content on fatigue crack growth.
Fig. 5—Effect of test frequency on the fatigue crack growth of a
highly hydrogen-charged specimen.
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(curve B-1) to 0.0015 Hz (curve B-2). It is interesting to
note that curve B-2, with CH = 60.8 wt ppm and
frequency of 0.0015Hz, is very similar to curve A-1,
which was obtained by testing uncharged specimens
with CH = 2.2 wt ppm at a frequency of 1 Hz. Thus,
fatigue crack growth resistance can be improved by
charging abundant hydrogen into austenitic stainless
steels.

Figure 6(a) shows that the increase in hydrogen
content increased the fatigue life for crack initiation
from a small hole of 100-lm diameter. Figure 6(b)
shows the extension of the total fatigue life Nf (crack
initiation life, Nc+ crack propagation life, Np) as a
function of hydrogen content, CH. Figure 7 represents
the effects of the stress intensity factor, DK (Figure 7(a)),

and the hydrogen content, CH (Figure 7(b)), on fatigue
crack growth rate da/dN. It can be seen in Figure 7 that
specimens having hydrogen content CH ‡ 70.4 wt ppm
have much slower fatigue crack growth rates, over a
wide range of crack lengths, than those of the nondif-
fusible hydrogen desorption heat treated specimen
(NDH-HT) specimen (note that the increase in DK
corresponds to an increase in crack length, a, under
constant stress amplitude). The crack growth behavior
of small cracks cannot always be characterized by a
single parameter such as DK. Here, DK is appropriate as
a reference parameter, because all the data used in
comparisons were obtained under the same stress
amplitude, r = 280 MPa.

B. Slip Morphology at Fatigue Crack Tips

Figure 8 shows laser microscopic observations, using
the replica method, of slip morphology at crack tips in

Fig. 6—(a) Relationship between fatigue crack initiation life ratio
(Nc,Uncharged and H-charged/Nc,NDH-HT) and hydrogen content, CH. (The
fatigue crack initiation life, Nc, of NDH-HT specimen for type 304
is 4000 cycles. Nc of NDH-HT specimen for type 316L is 11,000
cycles.) (b) Relationship between the fatigue life ratio (Nf,Uncharged

and H-charged/Nf,NDH-HT) and hydrogen content, CH. (The fatigue
life, Nf, of NDH-HT specimen for type 304 is 12,400 cycles. Nf of
NDH-HT specimen for type 316L is 113,000 cycles.) NDH-HT indi-
cates heat treatment for removing nondiffusible hydrogen.

Fig. 7—(a) Relationship between crack growth acceleration rate and
stress intensity factor range DK for type 304 and (b) relationship
between crack growth acceleration rate and hydrogen content CH for
types 304 and 316L. NDH-HT indicates heat treatment for removing
nondiffusible hydrogen.
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type 304 austenitic stainless steel. These reveal the basic
mechanism for the effect of hydrogen on fatigue crack
growthbehavior.All the images, Figures 8(a) through (c),
were taken at crack length 2a = ~3 mm. The uncharged
specimen withCH = 2.2 wt ppm (Figure 8(a)) has wide-
spread and dense slip bands, including cross-slip around
the crack tip, while the hydrogen-supersaturated speci-
men, with CH = 89.2 wt ppm (Figure 8(c)), exhibits
pronounced planar slip localization at the crack tip.

A hydrogen-charged specimen with ~5 wt ppm
<CH < ~25 wt ppm (not shown) also had a smaller

slip region at a crack tip, as compared with the
uncharged specimen. In this case, however, the fatigue
crack growth rates of the hydrogen-charged specimen
were much higher than those of the uncharged specimen;
this is typical of HE. The reason and mechanism for this
hydrogen-induced fatigue crack growth acceleration was
explained by Murakami et al.[44]

Figure 9 shows that, in hydrogen-charged specimens,
there are very few slip bands remote from a fatigue
crack. This is more clearly demonstrated in Figure 10,
which is at a lower magnification. Thus, slip band
morphology and slip band density are essentially the
same in hydrogen-supersaturated specimens, with CH >
~47 wt ppm, and in specimens with ~5 wt ppm<CH

Fig. 8—Slip deformation behavior near fatigue crack in type 304:
(a) uncharged type 304 at 1.0 Hz (CH = 2.2 wt ppm, r = 280 MPa,
N = 13,200, and 2a = 3.019 mm), (b) H-charged type 304 at
1.0 Hz (CH = 47.2 wt ppm, r = 280 MPa, N = 18,400, and 2a =
2.871 mm), and (c) H-charged type 304 at 1.0 Hz (CH =
89.2 wt ppm, r = 280 MPa, N = 96,200, and 2a = 2.926 mm).

Fig. 9—Slip deformation behavior remote from fatigue crack in type
304. (a) Uncharged type 304 at 1.0 Hz (CH = 2.2 wt ppm, r =
280 MPa, N = 13200, and 2a = 3.019 mm), (b) H-charged type
304 at 1.0 Hz (CH = 47.2 wt ppm, r = 280 MPa, N = 18,400, and
2a = 2.871 mm), and (c) H-charged type 304 at 1.0 Hz (CH =
89.2 wt ppm, r = 280 MPa, N = 96200, and 2a = 2.926 mm).
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< ~47 wt ppm, in which fatigue crack growth rates are
accelerated by hydrogen.

The preceding experimental facts can be summarized
as follows.

(1) Hydrogen accelerates fatigue crack growth rates
when the hydrogen content is ~5 wt ppm<CH

< ~47 wt ppm for type 304 and ~2 wt ppm<CH

< ~15 wt ppm for type 316L (Figure 7).
(2) Supersaturated hydrogen with CH > ~25 wt ppm

significantly prolongs fatigue life (Figure 6).
(3) Slip localization morphology at a crack tip and

slip band density are essentially the same, regard-
less of hydrogen content, for specimens with CH

~5 wt ppm<CH < ~47 wt ppm and for specimens
with CH > ~ 47 wt ppm.

The preceding experimental facts, (1), (2), and (3),
appear to be contradictory. Therefore, to resolve the
mystery of HE, it is crucially important to investigate
the relationship between hydrogen content and slip
behavior, i.e., the interaction between hydrogen and
dislocations.

C. Two Aspects of Hydrogen-Dislocation Interaction:
the Hardening Effect and the Softening Effect

Extensive research has been done on the interaction
between hydrogen and dislocations.[5,22–24,26,36–41,48]

Reviewing these articles, it seems that there is a general
consensus that the basic process of HE should be related
to the effect of hydrogen on dislocation motion.

This consensus among existing researchers is, in turn,
based on another consensus: that hydrogen always
degrades the mechanical properties of metallic materials,
particularly fatigue resistance and fracture toughness.
However, there are two, puzzling, contradictory aspects
of hydrogen-dislocation interaction: first, there are more
reports of hydrogen-enhanced hardening than softening;
and, second, the increased mobility of dislocations,
i.e., the decreased line energy or line tension.[36–39] There

are also contradictory arguments on slip planarity due
to the decrease in stacking fault energy (SFE).[49,50]

Sofronis et al.[5] and Chateau et al.[48] suggested that the
decrease in interaction energy between dislocations is
the reason for microscopic softening.
Gavriljuk et al.[38,39] considered that the increased

density of free electrons around the dislocations, due to
hydrogen, decreases the shear modulus and eventually
brings about a decreased critical shear stress for
dislocation movement, and also decreased dislocation
line tension, i.e., the interaction distance in dislocation
pileups.
Kirchheim et al.[36,37] pointed out two aspects of

hydrogen effects: on one hand, hydrogen-enhanced
dislocation mobility is caused by decreased line energy
due to the presence of hydrogen; while, on the other
hand, hydrogen has a dragging effect on dislocations.
Sofronis[51] showed analytically that the interaction

between two edge dislocations is reduced when the
hydrogen in solution reaches equilibrium with the local
stress. In terms of hydrogen content, Sofronis and
Birnbaum[52] found the trend increases with increasing
nominal hydrogen content. The group of Birnbaum[5,51,53]

stated that screening stresses from obstacles by hydro-
gen is the physical basis of the hydrogen-enhanced
localized plasticity (HELP) model for HE.
Previous studies have not been able to fully explain

hydrogen effects of HE. This is because hydrogen-
dislocation interaction effects have been investigated
and discussed only on the basis of either simple tensile
tests or internal friction tests. This article resolves the
mystery of the two contradictory aspects of hydrogen-
dislocation interactions through microscopic observa-
tion of fatigue crack growth behavior and of cyclic slip
behavior.
Both the peculiar fatigue crack growth behaviors and

varying crystallographic slip morphologies, over a wide
range of hydrogen content, CH, can be explained
without any contradiction, by considering the two
opposing effects of hydrogen on dislocation motion.

Fig. 10—Macroscopic observation of slip deformation behavior around fatigue crack. (a) Uncharged type 304 at 1.0 Hz (CH = 2.2 wt ppm,
r = 280 MPa, N = 11,000, and 2a = 0.782 mm), and (b) H-charged type 304 at 1.0 Hz (CH = 89.2 wt ppm, r = 280 MPa, N = 92,000, and
2a = 1.028 mm).
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Figure 11(a) illustrates the pinning effect of hydrogen
on a dislocation. The hydrogen trapped by a dislocation
increases the critical shear stress for dislocation glide.
Hydrogen trapped at a dislocation core, in a dilatational
stress field, pins an edge dislocation.[41] The higher the
hydrogen concentration, the stronger the pinning effect.
It follows that if the hydrogen concentration at dislo-
cation is supersaturated, then the pinning effect should
be particularly strong.

This pinning effect contributes to increasing the
strength of materials. The effect explains why there are
fewer grains with slip bands in the case of specimens
with high hydrogen content, CH, as shown in Figures 8
and 9. Sofronis[51] showed analytically that hydrogen
decreases the interaction energy between dislocations.
The analytical model can work both for slip localization
(local softening) and for hardening in the region larger
than a grain. Figure 12 shows variations in the cyclic
yield stress, r0.2,cyclic, and Vickers hardness, HV, as a
function of the hydrogen content for type 316L.[54] It
has been reported that hydrogen charging increases
static flow stress.[27,33–35] Figure 12 shows also the
increase in Vickers hardness measured at a 9.8-N load
with increasing hydrogen content. However, the effect of
hydrogen on the cyclic yield stress in terms of hydrogen

content is not simple, particularly at low hydrogen
content as for the case of fatigue life (Figures 6 and 7).
Moriya et al.[41] reported that hydrogen, which is

cathodically charged at a certain strain during a tensile
test, resulted in softening. However, it must be noted
that cathodic charging always creates a hydrogen
concentration gradient from a specimen surface to the
subsurface, and also that subsurface dislocations do not
trap hydrogen before hydrogen charging. Thus, if we
employ cathodic charging, we cannot avoid the trigger
effect of surface hydrogen on the start of slip, and also
on the subsequent complicated stress-strain curve.
On the other hand, Murakami et al.[44] and Kanezaki

et al.[45] showed that the fatigue crack growth rates of
hydrogen-charged types 304, 316, and 316L austenitic
stainless steels are higher than those of uncharged
specimens and, more importantly, testing at decreased
frequency, f, down to f = 0.0015 Hz, enhances the
hydrogen effect. Murakami et al.[44] found that even the
small amount of hydrogen, of the order of 2 to
3 wt ppm, contained in uncharged specimens of austen-
itic stainless steels has a damaging effect on fatigue
crack growth at the very low load frequency of f =
0.0015 Hz. A model has been proposed by Murakami
et al.[44] to explain this peculiar frequency effect.
In the present study, expecting a stronger hydrogen

effect, supersaturated hydrogen was charged at high
temperature and high pressure into types 304 and 316L
stainless steels, and fatigue tests were carried out at
room temperature and 1 Hz. However, surprisingly,
fatigue crack growth rates for these specimens were
dramatically decreased, as shown in Figure 4.
Summarizing the experimental results of the present

study, the following two phenomena require attention.

(1) Fatigue crack growth rates are decreased both at
extremely low hydrogen content[44] and at high,
supersaturated, hydrogen content, CHS. Thus,
damaging hydrogen effects appear for a hydrogen
content, CH, above that of the solution-treated
state (2 to 3 wt ppm), but below the supersatu-
rated value, CHS. In other words, undesirable effects
of hydrogen appear over a certain range of CH.

(2) Although we do not have precise information on
dislocation pinning due to hydrogen in fcc metals,
it is presumed from the experimental results of the
present study that dislocation pinning due to
hydrogen occurs when hydrogen atoms are trapped
in a dislocation core within a dilatational stress
field. We may need to plan more different experi-
ments to reveal the detailed mechanism. If the
applied shear stress is above a critical value, then
dislocations are unpinned, and dislocation mobility
is increased. Reconsideration of the experiments of
Birnbaum et al. (References 22 through 24) pro-
vides another example of the same interaction
effect between hydrogen and dislocations. In their
experiments, hydrogen was supplied to thin speci-
mens under a tensile stress within a TEM cell; we
must note that at the beginning of a test in the
TEM cell, the dislocations in a thin specimen are
not initially pinned by hydrogen. The observation

Fig. 11—Schematic illustration of the interaction between hydrogen
and dislocation.

Fig. 12—Relationships of the cyclic yield stress and the Vickers
hardness with hydrogen content for type 316L. r0.2,cyclic: 0.2 pct
proof stress in cyclic stress-strain curve.
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of increased dislocation mobility in the internal
friction tests of Gavriljuk et al.[38,39] also indicates
a softening effect, not by the initially stationary
dislocations, but by interaction between hydrogen
atoms and mobile dislocations that have been
released from pinning by hydrogen. It follows that
the basic mechanism of the phenomenon observed
by Birnbaum et al. is essentially the same as that
observed by Gavriljuk et al.

Figure 11(b) illustrates hydrogen atoms left behind an
edge dislocation core after it is released from pinning
and moves (Figure 11(a)). Although these hydrogen
atoms move with time toward another dislocation core
within a dilatational stress field (molecular dynamic
analysis by Kakimoto[55]), the dislocation mobility is
enhanced as long as these dislocations are located apart
from the latter dislocation (molecular dynamics analysis
by Taketomi et al.[56]).

Under this condition, a dislocation continues to move
at a lower stress than the critical shear stress necessary to
release a dislocation that has been pinned by hydrogen.
Such a dislocation movement activates Frank–Read
sources and generates additional new dislocations; slip is
confined to planes and, in the presence of solute
hydrogen, cross-slip is prevented. By contrast, in the
same specimen, further slip does not originate at
dislocations that have not been released from pinning
by hydrogen. The chain reaction of hydrogen-dislocation
interaction is presumed to be the cause of slip localiza-
tion at fatigue crack tips. Sofronis[51] and Sofronis and
Birnbaum[52] analyzed the problems of the interaction
between dislocations and hydrogen atoms distributed at
the dilatation area of edge dislocations. In a similar
analysis, Chateau et al.[48] also reported a decrease in
interaction energy between co-planar dislocations. The
HELP model, which emphasizes screening stress from
obstacles by hydrogen atmospheres, may be the most
important basic model to explain the interaction between
hydrogen and mobile dislocations. However, the fatigue
crack growth rate dramatically changes depending on
hydrogen content, e.g., much decreased crack growth
rate for the cases of almost zero H content and
supersaturated H content and increased crack growth
rate for the case of a few ppm H content (Figure 7). In
order to explain, without contradiction, the experimental
results of the present study (supersaturated hydrogen),
and also the results of the previous experiments[44]

(almost no hydrogen), it is necessary to consider the
way of application of the HELP model to fatigue
phenomena in relation to hydrogen content and fatigue
crack growth mechanism. If we interpret that the HELP
model acts inside the fatigue process zone at crack tip
and the zone outside the process zone does not satisfy the
critical condition of slip, the phenomena can be under-
stood without contradiction.

The supersaturated hydrogen in the aforementioned
mechanism influences the size of the plastic zone at a
fatigue crack tip, as shown in Figure 13. Murakami
et al.[44] presented a model for fatigue crack growth in
the presence of hydrogen. Their model showed that, in
the presence of hydrogen, a growing fatigue crack has a

smaller plastic zone size and a smaller crack tip opening
displacement than in the absence of a hydrogen effect.
In the supersaturated hydrogen condition, it is natural

to presume that the plastic zone size at a fatigue crack
tip is strongly limited by additional constraint produced
by the increased yield stress, outside the plastic zone,
due to dislocation pinning by hydrogen. Consequently,
slip displacement at a crack tip is limited by a zone that
encircles the plastic zone. Cross-slip at the crack tip is
also restricted for the same reason. Hence, planarity of
slip is maintained regardless of variations in SFE. It
must be noted that these mechanisms, i.e., slip localiza-
tion inside the plastic zone at a fatigue crack tip, are
consistent with the HELP model.
With respect to the hydrogen-dislocation interaction,

the effect of the frequency, f, of fatigue loading is also
important. Although the degree of the frequency effect
naturally depends on the hydrogen content, CH, a
general tendency is for an increase in fatigue crack
growth rate with decreasing f, but there is an upper limit
to the effect of hydrogen on fatigue crack growth
acceleration (Figure 14 and References 19 and 57). The
reason for the existence of an upper limit is as follows.
With decreasing f, hydrogen diffuses into, and concen-
trates within, the zone of the hydrostatic tensile stress
field at a crack tip. In this diffusion process, in which
hydrogen travels before being trapped by dislocations,
hydrogen atoms enhance dislocation mobility, produc-
ing both slip concentration and localization. If f is
decreased to very low values, hydrogen atoms are likely
to be trapped at dislocation cores and, hence, hinder
dislocation motion by a pinning effect. Thus, the
decrease in f causes the phenomenon of slip blocking
and eventually retards fatigue crack growth rate accel-
eration. Although essentially same phenomenon occurs
in bcc metals,[19] the diffusion rate of hydrogen in bcc
metals is four orders higher and, accordingly, the lower
content of stable hydrogen in bcc metals, compared with
fcc metals, results in a very different frequency effect.

Fig. 13—Schematic illustration of plastic deformation in the vicinity
of fatigue crack tip of (a) uncharged specimen, (b) a H-charged spec-
imen, (c) a specimen with supersaturated hydrogen, and (d) image of
slip localization and slip-blocking effects by surrounding hardened
grains near a crack tip.
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D. Influence of External Hydrogen

The different effects of external hydrogen and of
internal hydrogen are of scientific interest and are also
of practical importance. Here, external hydrogen is
defined as the hydrogen that diffuses into a material,
through a specimen surface, from H2 gas outside the
specimen, during a fatigue test. Internal hydrogen is
defined as the hydrogen that is charged into a specimen
before mechanical testing. It is known that, in general,
external hydrogen diffuses into a material following
Sieverts’ law. It can be seen from Figure 5 that when a
specimen contains supersaturated internal hydrogen,
external hydrogen due to 0.7 MPa hydrogen gas has
little influence. There are two possible reasons for this
result. One is that supersaturated internal hydrogen has
a stronger effect of blocking the extension of the plastic
zone at the crack tip than does the hydrogen-enhanced
slip localization effect caused by the external hydrogen.
The other, more probable reason is that the hydrogen
content in the material is already supersaturated before
fatigue testing in H2 gas at 0.7 MPa and room temper-
ature (CHS = 5.1 wt ppm), and it is therefore thermo-
physically very difficult for external hydrogen to diffuse
into the material.

On the other hand, fatigue crack growth rates for an
uncharged specimen tested in 0.7 MPa H2 gas, at
f = 0.01 Hz, are much higher than those for an
uncharged specimen tested in air. This is because the
hydrogen content, CH, of the uncharged specimen is
much lower than the hydrogen content for the super-
saturated condition, and external hydrogen can enter
through the new, fresh surfaces of a crack as hydrogen
atoms, H.

Figure 15 shows the EBSD observations of the
strain-induced martensite produced in the vicinity of a
fatigue crack, where there is severe cyclic deformation as
fatigue crack growth proceeds. Figure 15(a) shows

strain-induced martensite in an uncharged specimens
(CH = 2.2 wt ppm) tested in air at f = 1 Hz. With little
hydrogen effect, martensite was produced extensively,
reflecting severe cyclic plastic deformation, including
cross-slip.
Figure 15(b) shows the small amount of strain-

induced martensite in an uncharged specimen (CH of
the internal hydrogen = 2.2 wt ppm) tested in 0.7 MPa
H2 gas at f = 0.01 Hz. This condition definitely
brought about slip localization due to a hydrogen effect.
Although in this case the martensitic transformation is
limited to a small area in the vicinity of the crack, the
fatigue crack growth rates are higher than those of an
uncharged specimen tested in air at f = 1 Hz.
Figure 15 (c) shows martensitic transformation lim-

ited to an extremely small area due to the effect of the
supersaturated hydrogen (CH = 109.3 wt ppm). This
increased the flow stress outside the plastic zone and
blocked the extension of the slip zone, resulting in very
low fatigue crack growth rates. All these observations
are consistent with slip morphologies in the vicinity of
cracks, as shown in Figure 8.
Figure 16 shows typical fatigue fracture surfaces of

the specimens supersaturated with a hydrogen content
of 47.2 and 89.2 wt ppm for type 304 stainless steel.
The fracture surfaces of the hydrogen-supersaturated
specimens are less covered with clear striations than
those of the specimen with a low hydrogen content.[45]

This implies that an increase in the hydrogen con-
tent confines the plasticity in a smaller zone at the
crack tip so that the formation of striation becomes
difficult.
The data presented in this article verify the possi-

bility of increasing fatigue strength by precharging
hydrogen to a supersaturated level. Thus, the hydrogen

Fig. 14—Relationship between crack growth acceleration rate and
test frequency. (Uncharged type 304 tested in 0.7 MPa hydrogen gas.
The initial value of CH = 2.2 wt ppm).

Fig. 15—Martensitic transformation near fatigue crack in type 304.
(a) Uncharged specimen tested in air at 1.0 Hz (CH = 2.2 wt ppm,
r = 280 MPa, 2a = 3.019 mm, and N = 8200 from 2a = 0.2 mm).
(b) Uncharged specimen tested in 0.7 MPa H2 at 0.01 Hz (CH =
2.4 wt ppm, r = 280 MPa, 2a = 3.093 mm, and N = 2450 from
2a = 0.2 mm). (c) H-charged specimen tested in air at 1.0 Hz
(CH = 109.3 wt ppm, r = 280 MPa, 2a = 3.019 mm, and N =
32,600 from 2a = 0.2 mm).
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effect is not always damaging and we can term a
nondamaging hydrogen effect as ‘‘hydrogen effect
against hydrogen embrittlement.’’ This phenomenon
is unique to fcc austenitic stainless steels with the
supersaturated hydrogen tested under cyclic loading. In
bcc metals, it is difficult to keep the supersaturated
hydrogen within the lattice, since the hydrogen diffu-
sivity is high and hydrogen escapes from the material
quickly. It is also difficult to perform a fatigue test
using such a hydrogen-supersaturated specimen for bcc
metals. Actually, the supersaturated hydrogen would
not be generated in the service conditions used for
components of bcc metals. Although the lattice of the
austenitic stainless steels would not be supersaturated
with hydrogen in service, it is possible to achieve the
hydrogen supersaturation by artificial high-pressure
hydrogen gas charging at a temperature higher than
in service. Even after taking specimens out of an
autoclave at a high pressure and at a medium
temperature, the supersaturated hydrogen hardly dif-
fuses from the austenitic stainless steels for a long
period. This is due to the difference in the lattice
structure between fcc and bcc and lower diffusivity in
fcc than bcc by four orders of magnitude.

IV. CONCLUSIONS

In order to investigate the basic mechanism of HE,
fatigue tests were carried out on type 304 and type 316L
austenitic stainless steels that contained hydrogen from
low to supersaturated levels. The hydrogen was charged
in a high-pressure H2 gas autoclave at high temperature
in order to avoid the surface effects of cathodic
charging. In particular, the attention was focused on
the effects of hydrogen on fatigue crack growth behav-
ior, and on microscopic slip localization at crack tips
and also in grains remote from crack tips. The results
obtained were completely different from those expected
from the well-known generalization that hydrogen
degrades mechanical properties of metals.
Surprisingly, a supersaturated hydrogen content

remarkably increased the fatigue strength. The conclu-
sions can be summarized as follows.

1. The Vickers hardness increased with increasing
the hydrogen content, CH, i.e., HV = 176 for an
uncharged specimen with CH = 2.2 wt ppm and
HV = 193 for a supersaturated specimen with
CH = 109.3 wt ppm. The relationship between F
(F = HVH-charged/HVUncharged) and CH can be

Fig. 16—Fatigue fracture surfaces of hydrogen-supersaturated specimens for type 304 stainless steel: (a) CH = 47.2 wt ppm,
DK = 21.4 MPaÆm1/2, and da/dN @ 0.7 lm; (b) magnification of (a); (c) CH = 89.2 wt ppm, DK = 29.1 MPaÆm1/2, and da/dN @ 0.6 lm.
(d) Magnification of (c). Arrows indicate the crack propagation direction.
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expressed as F = 1+9.67 9 10�4 CH. This rela-
tionship is consistent with the results of many other
results in the literature that report a hardening
effect due to hydrogen, rather than a softening
effect. The cause of the increase in HV is presumed
to be a dislocation pinning effect.

2. Cyclic slip appeared in many grains of an
uncharged specimen (CH = 2.2 wt ppm), but under
the same stress amplitude, very few slip bands were
observed in a charged specimen. This phenomenon
for the case of hydrogen content higher than a criti-
cal value is also due to the hardening effect of
hydrogen.

3. Many slip bands, including cross-slip, were observed
adjacent to the fatigue crack in an uncharged speci-
men, together with much strain-induced martensite,
while the slip bands in a hydrogen-charged specimen
were localized, with less cross-slip and less strain-
induced martensite at the crack tip.

4. Up to a certain critical value of CH, fatigue crack
growth rates increased compared with those for an
uncharged specimen. However, above the critical
value of CH, fatigue crack growth was retarded,
and the fatigue strength was markedly improved.
This phenomenon should be denoted as ‘‘hydrogen
effect against HE.’’

5. The mysterious phenomena of (1) through (4) can
be explained as an interaction between hydrogen
and dislocations, without contradicting hardening
and softening effects reported in the existing litera-
ture. Hydrogen trapped at a dislocation core
hinders dislocation motion. Once a dislocation is re-
leased from pinning by hydrogen at its core, then
the dislocation mobility is increased. However, as
the value of CH increases, the extension of the plas-
tic zone at a crack tip is blocked by the surrounding
material, which has a higher flow stress. This phe-
nomenon retards the fatigue crack growth rate
regardless of the slip localization at a crack tip.
Moreover, with decreasing test frequency, f, the
fatigue crack growth rate increases but gradually
approaches an upper limit of growth rate accelera-
tion. The existence of this upper limit can be
explained as the result of competition between the
hydrogen diffusion rate and the dislocation velocity,
which, depending on the strain rate, determines the
trapping of hydrogen atoms at a dislocation core.
All these conclusions are supported by microscopic
observation, made by using the replica method, and
by EBSD observations on the strain-induced mar-
tensitic transformation.
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