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The basic mechanism of the hydrogen embrittlement (HE) of stainless steels under fatigue
loading is revealed as microscopic ductile fracture, resulting from hydrogen concentration at
crack tips leading to hydrogen-enhanced slip. Fatigue crack growth rates in the presence of
hydrogen are strongly frequency dependent. Nondiffusible hydrogen, at a level of 2 to
approximately 3 wppm, is contained in ordinarily heat-treated austenitic stainless steels, but,
over the last 40 years, it has been ignored as the cause of HE. However, it has been made clear in
this study that, with decreasing loading frequency down to the level of 0.0015 Hz, the nondif-
fusible hydrogen definitely increases fatigue crack growth rates. If the nondiffusible hydrogen at
O-sites of the lattice is reduced to the level of 0.4 wppm by a special heat treatment, then the
damaging influence of the loading frequency disappears and fatigue crack growth rates are
significantly decreased.
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I. INTRODUCTION

THE objective of this article is to elucidate the basic
principles of hydrogen embrittlement (HE) in the fatigue
of austenitic stainless steels. These steels are considered
to be the most important candidate materials for
infrastructure, from the standpoint of the safe future
of the hydrogen society (or hydrogen economy), as well
as for components of fuel cell vehicles (FCVs) and
stationary fuel cell (SFC) systems.

The materials used for the components of FCVs and
SFCs and for the equipment for hydrogen stations,
hydrogen pipelines, and transport systems are directly
exposed to high-pressure hydrogen. Among these tech-
nologies, there has been a particularly difficult scientific
problem termed ‘‘HE’’ in the presence of hydrogen.

During the past 40 years, many articles have been
published on HE. Although the term HE has been
widely used to describe the phenomenon, no unifying
theory has been established. The mechanism of HE is
still a mystery. The decohesion model[1,2] is based on the
theoretical calculation of the weakening of the lattice

strength by hydrogen, although no direct observation of
lattice decohesion has been made.
The hydrogen-enhanced localized plasticity (HELP)

model is based on the in-situ observation by transmis-
sion electron microscopy (TEM)[3–5] of the dislocation
movement enhanced by hydrogen. However, no direct
observation of the fracture phenomenon caused by the
HELP model has been made.
Most research on HE over the past 40 years[1–31] has

paid insufficient attention to two points that are
crucially important in the elucidation of the true
mechanism. One is that, in most studies, the hydrogen
content of specimens was not identified. Only about ten
references (for example, References 6, 7, 15, and 20) of
the more than several hundred articles recently surveyed
by the authors include data on the measurement of
hydrogen content.
The other point is that studies that have revealed the

influence of hydrogen on fatigue crack growth behavior,
based on microscopic observations, are very rare; most
studies have examined the influence of hydrogen on
tensile properties.[1–20]

The present authors have investigated microscopically
the effect of hydrogen on fatigue crack growth behavior,
including the measurement of the exact hydrogen
content, in various materials such as low-carbon,
Cr-Mo, and stainless steels. For example, particularly
important phenomena found by the authors’ fatigue
studies (Murakami et al.,[32,33] Uyama et al.,[34,35] Kane-
zaki et al.,[36] and Tanaka et al.[37]) are the localization
of fatigue slip bands, strain-induced martensitic trans-
formation in types 304, 316, and even 316L, and also
strong frequency effects on fatigue crack growth rates.
These unique phenomena observed in fatigue experi-
ments are presumed to have an important correlation
with the basic process of the HELP model proposed by
Birnbaum et al.[3–5]
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In this study, the load frequency effect of hydrogen on
fatigue crack growth rates has been revealed to be a
coupled phenomenon between fatigue crack growth
rates and hydrogen diffusion rates to fatigue crack tips,
i.e., the competition between the crack growth rate and
the hydrogen diffusion rate.[22,34,37] This viewpoint is
especially important in elucidating the mechanism of
HE. If both the crack growth rate and the load
frequency are low, there is sufficient time for the
hydrogen to move through dislocations, or strain-
induced martensite, to the crack tip, where there is a
high hydrostatic tension field, which enhances slip at the
crack tip. However, if the crack growth rate becomes
high, under a high stress intensity factor range, DK,
there is insufficient time for the hydrogen to move to the
crack tip, even at low load frequencies. This is because
the crack tip does not remain in one place: it advances so
quickly that the hydrogen cannot reach the moving
crack tip.

Thus, from the viewpoint of the hydrogen movement
and the concentration of hydrogen at fatigue crack tips,
the following factors must be considered, with particular
emphasis on HE studies:

(a) the hydrogen content of materials,
(b) the hydrogen diffusion rate,
(c) the cyclic load frequency, and
(d) the stress fields in the vicinity of crack tips (espe-

cially the value of DK).

The present study elucidates the basic mechanism of
the phenomenon of HE, from the four viewpoints
identified here, by investigating the fatigue crack growth
behavior of type 304 and 316L stainless steels.

A. Hydrogen Content in Materials

The level of hydrogen content in ordinary heat-treated
bcc metals is on the order of 0.01 wppm[34,35] and, in
ordinary solution-treated austenitic stainless steels,[36] it
is on the order of 2 to approximately 3 wppm. This level
of hydrogen content in austenitic stainless steels has been

considered to be normal, and is the amount of nondif-
fusible (irreversible) hydrogen. Because this hydrogen is
nondiffusible (irreversible), it has not previously been
considered as a possible influence on HE properties. On
the other hand, it is well known that the hydrogen levels
of 2 to approximately 3 wppm drastically degrade the
fatigue strength properties of bcc metals.[33] It is also well
known that, in air, the hydrogen content decreases with
time, even if several weight ppm of hydrogen is charged
into a material. This is due to the high hydrogen diffusion
rate in bcc metals.
Typical examples of measurements of the decrease in

the hydrogen content of bcc metals with time are shown
in References 34, 35, and 37. On the other hand, since the
hydrogen diffusion rates in austenitic stainless steels are
on the order of 10-4 those of bcc metals,[36,38,39] both
diffusible and nondiffusible hydrogen remain in a mate-
rial for a long time. However, here we have a mystery:
why does a hydrogen level of 2 to approximately 3 wppm
in solution-treated austenitic stainless steels not influence
HE? In austenitic stainless steels, is it correct to regard
nondiffusible (irreversible) hydrogen at a level of 2 to
approximately 3 wppm as not influencing HE? The
present study gives the solution of this mystery.

B. Hydrogen Diffusion Rate

Table I shows hydrogen diffusion rates for some bcc
metals: type 405 stainless steel and austenitic stainless steels
(types 304, 316, and 316L), which were measured during
the authors’ previous studies. The hydrogen diffusion rate
of type 405 stainless steel is on the order of 10-12 (m2/s) and
the diffusion rates of fcc metals are on the order of 10-15 to
approximately 10-16 (m2/s) (Table I(a)).
Table I(b) shows that hydrogen diffusion rates

increase with prestraining. This implies that the hydro-
gen diffuses and concentrates at crack tips because strain
concentrations are much higher there than elsewhere.
This hydrogen concentration enhances slip in grains at
crack tips by a coupled mechanism between hydrogen
diffusion and deformation.

Table I. Hydrogen Diffusion Coefficients in Specimens: (a) Hydrogen Diffusion Coefficient at 323 K in Solution-Treated Austenitic

Stainless Steels and an Annealed Ferritic Stainless Steel (Type 405) and (b) Hydrogen Diffusion Coefficient at 353 K in Prestrained
Specimens of Types 304 and 316L and a Solution-Treated Specimen of Type 304

(a)

Type Hydrogen diffusion coefficient at 323 K (m2/s)

304 1.1 · 10-15

316 2.0 · 10-15

316L 2.4 · 10-16

405 2.8 · 10-12

(b)

Type Hydrogen diffusion coefficient at 353 K (m2/s)

Solution-treated 304 (a¢: to approximately 3 pct) 5.5 · 10-15

304 prestrained at 29 �C (ep = 0.29, a¢: 1 to approximately 3 pct) 5.5 · 10-15

304 prestrained at -70 �C (ep = 0.28, a¢: 65 to approximately 69 pct) 2.4 · 10-13

316L prestrained at -70 �C (ep = 0.30, a¢: 26 to approximately 28 pct) 5.4 · 10-14

ep: plastic prestrain, and a¢: martensite content.
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C. Cyclic Load Frequency

At low load frequency, there is sufficient time for
hydrogen to move to a crack tip during the one crack
advance during one stress cycle. If hydrogen does
influence the localization of slip, i.e., the plastic defor-
mation at a crack tip, the crack tip opening and closing
behavior must also be strongly influenced. This is
because the mechanism of crack tip opening displace-
ment (CTOD) is based on the slip-off mechanism.[40–43]

As shown in Section III–D, the effect of hydrogen on the
CTOD results in a change in the striation morphology.
It will be shown that this change in striation shape can
be attributed to hydrogen-induced increases in crack
growth rates.

D. Stress Field at a Crack Tip (Especially the Value
of Stress Intensity Factor Range DK)

The stress field, namely, the value of the stress
intensity factor range DK at a crack tip, naturally
influences the hydrogen concentration at the crack tip.
A typical example, for a Cr-Mo steel (JIS SCM435), was
given in Reference 37.

In this article, it will be shown that a similar
phenomenon does occurs in austenitic stainless steels,
even though these steels have the fcc lattice structure,
and the degree of frequency influence is very different
from that of bcc metals, such as Cr-Mo steels.

II. MATERIALS AND EXPERIMENTAL
METHODS

A. Materials and Specimens

The materials used in this study are round bars of
two kinds of austenitic stainless steels (types 304 and

316L stainless steel). Table II shows the chemical
compositions and the Vickers hardnesses (load:
9.8 N) of these materials. The round bars of types
304 and 316L were solution heat treated. The solution
heat treatment was performed by water quenching,
after keeping the temperature at 1050 �C for 2 minutes
for type 304 and 10 minutes for type 316L. The
nondiffusible hydrogen content of the solution-treated
specimen is 2.2 wppm for type 304 and 2.6 wppm for
type 316L. The hydrogen content were measured by
thermal desorption spectrometry (TDS) using a qua-
druple mass spectrometer. The measurement accuracy
of the TDS is 0.01 wppm. However, nondiffusible
hydrogen has not previously been suspected as the
cause of HE. Figures 1(a) and (b) show the fatigue
specimen dimensions and the dimensions of the small
hole that was introduced into the specimen surface.
After polishing with #2000 emery paper, the specimen
surface was finished by buffing, using colloidal SiO2

(0.04-lm) solution. A small artificial hole, 100 lm in
diameter and 100-lm deep, was drilled into the
specimen surface as a fatigue crack growth starter. In
the hydrogen-charged specimens, the specimen surface
was buffed after hydrogen charging, and the hole was
then introduced immediately.
The amount of martensite at the specimen surface and

at the fracture surfaces of the austenitic steel specimens
was measured by the X-ray diffraction (XRD) method,
using monochromatic Cr Ka radiation. The martensite
content was evaluated by the ratio of the integrated
intensity of the {220}austenite peaks and the {211}martensite

peaks. The amount of martensite before fatigue testing
in the type 304 and 316L specimens was approximately
3 pct, at most. It should be noted that the amount of
martensite measured by the XRD method also includes
the amount of d-ferrite.

Table II. Chemical Composition (Weight Percent, *wppm) and Vickers Hardness HV

C Si Mn P S Ni Cr Mo H* HV

304 0.06 0.36 1.09 0.030 0.023 8.19 18.66 — 2.2 176
316L 0.019 0.78 1.40 0.037 0.010 12.08 17.00 2.04 2.6 157

Fig. 1—Dimensions of the fatigue test specimen and drilled hole.
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B. Method of Hydrogen Charging

Hydrogen was charged into specimens either by
cathodic charging[36] or by exposure to high-pressure
hydrogen gas. The high-pressure hydrogen gas exposure
was carried out in 63 MPa hydrogen gas at 110 �C for
91 hours. The high-pressure hydrogen gas was produced
by the method developed by Mine et al.,[44] using the
hydrogen absorption and desorption process of a metal
hydride.

C. Method of Fatigue Testing

Fatigue tests of the hydrogen-charged and uncharged
specimens were carried out at room temperature in
laboratory air. The fatigue tests were conducted at a
stress ratio R = -1 and at a testing frequency of 1.5 Hz
by tension-compression cyclic loading (sine wave).
Fatigue tests at very low frequency were carried out to
investigate the effects of hydrogen and test frequency on
fatigue crack growth. In the very-low-frequency fatigue
tests, the fatigue tests were first carried out at 1.5 Hz,
until the fatigue crack length 2a reached 200 lm,
followed by testing at 0.0015 Hz (11 min/cycle). The
replica method was used for the measurements of crack
length and for the observation of crack growth behav-
ior. Following the fatigue tests, in order to measure the
hydrogen content remaining in specimens, 0.8-mm-thick
disks were immediately cut from each specimen, under
water cooling. The hydrogen content of disks was then
measured by TDS, using a quadruple mass spectrome-
ter. The measurement accuracy of the TDS is
0.01 wppm. Measurements were carried out up to
800 �C at a heating rate of 0.5 �C/s. It was confirmed
that cutting disks from a specimen did not affect the
hydrogen content of the disk sample.[36]

III. RESULTS AND DISCUSSION

A. Hydrogen Entry into Austenitic Stainless Steels

Figure 2 shows the hydrogen desorption spectra for
an uncharged type 316L specimen (curve A) and for a
hydrogen-charged specimen (curve B). The height of the
peak at around 300 �C, which indicates diffusible
hydrogen, shows an increase due to hydrogen charging.
On the other hand, the height of the peak at around
400 �C, which indicates nondiffusible hydrogen, shows
that there is no significant difference between the
hydrogen-charged and uncharged specimens. It should
be noted that 2.6 wppm nondiffusible hydrogen is
contained, even in the uncharged type 316L. Although
the data are not shown in the figure, the hydrogen
desorption spectra for type 304 were similar to those for
type 316L. The uncharged type 304 specimen contained
2.2-wppm nondiffusible hydrogen.

The hydrogen content distributions from the surface
to below the surface were measured by the method
developed by Kanezaki et al.[36] Under cathodic charg-
ing, hydrogen diffused only into a very thin surface
layer (100- to approximately 200-lm deep) in the
austenitic stainless steels. A very high hydrogen content

(10 to approximately 60 wppm) is contained within the
thin (100-lm deep) surface layer.[36]

B. Effects of Hydrogen and Test Frequency on Fatigue
Crack Growth

Figures 3(a) and (b) show the relationship between
the crack length, 2a, and the number of cycles, N, for
specimens of types 304 and 316L. The hydrogen content
of the hydrogen-charged specimens, which was mea-
sured immediately after fatigue tests, is also included in
the figure. The crack length is defined by adding the
initial hole diameter. Figure 3(c) shows the relationship
between the fatigue crack growth rate, da/dN, and the
stress intensity factor range, DK, for type 316L. In type
316L tested at a frequency of 1.5 Hz, there was no
pronounced difference between the hydrogen-charged
and uncharged specimens. The fatigue crack growth
rates of the hydrogen-charged type 316L, tested at the
frequency f = 0.0015 Hz, were 2 to 3 times higher than
those of type 316L, tested at f = 1.5 Hz. In particular,
in the DK range from 8 to 10 MPaÆm1/2, the increase in
the crack growth rate was remarkable. Surprisingly, the
uncharged specimen also exhibited an obviously definite
crack growth rate increase as the test frequency
decreased from 1.5 to 0.0015 Hz.
The crack growth rates of both the hydrogen-charged

and uncharged specimens of type 316L, tested at a
frequency of 1.5 Hz, are expressed by

da=dN ¼ 1:36� 10�11ðDKÞ3:27

for 7 MPa�m1=2<DK<25 MPa�m1=2
½1�

On the other hand, the crack growth rates of the
hydrogen-charged and uncharged specimens of type
316L, tested at a frequency of 0.0015 Hz, are expressed by

da=dN ¼ 1:78� 10�11ðDKÞ3:52

for 7 MPa�m1=2<DK<9 MPa�m1=2
½2�

Fig. 2—Hydrogen thermal desorption spectrum of type 316L.

1330—VOLUME 39A, JUNE 2008 METALLURGICAL AND MATERIALS TRANSACTIONS A



and

da=dN ¼ 6:26� 10�11ðDKÞ2:91

for 9 MPa�m1=2 � DK<25 MPa�m1=2
½3�

In the range of DK < 9 MPaÆm1/2, the crack growth
rate is slow and it is presumed that there is sufficient
time for hydrogen to concentrate in the vicinity of crack
tip during one cycle at a frequency of 0.0015 Hz. Hence,
the values of both exponent and constant in Eq. [2] are
larger than those in Eq. [1]. On the other hand, in the
range of DK > 9 MPaÆm1/2, the fatigue crack growth
rates of the hydrogen-charged and uncharged speci-
mens, tested at a frequency of 0.0015 Hz, gradually
increased and approached to those tested at a frequency
of 1.5 Hz, though the value of constant in Eq. [3] is
larger than that in Eq. [1] and the value of exponent in
Eq. [3] is smaller than that in Eq. [1].
In both type 304 and type 316L, the uncharged

specimen exhibited a definite frequency effect. As the
test frequency decreased from 1.2 to 0.0015 Hz, fatigue
crack growth rates increased (Figure 3(a)).
Figure 4 shows the micrographs of the fatigue cracks

taken by the replica method for the type 304 specimens.
For type 304 tested at a frequency of 1.2 Hz, the fatigue
crack in the hydrogen-charged specimen grew straighter
than did that in the uncharged specimen. Slip bands in the
hydrogen-charged specimen were more localized, in
the vicinity of the crack tips, compared to those in the
uncharged specimen, which was tested at the same stress
level, as shown in Figures 4(a) and (c). Even for the
uncharged type 304 specimen, localization of the slip bands
in the crack tip vicinity was observed in the low-frequency
test (f = 0.0015 Hz), although the extent of the slip
localization was less pronounced than for the hydrogen-
charged type 304 specimen (f = 1.2 Hz, Figure 4(c)).
Although the fatigue test for the hydrogen-charged type
304 at a frequency of 0.0015 Hz was not carried out, the
result can be easily predicted from the data of the type 316L
shown in Figure 3. The slip bands in the hydrogen-charged
type 304 tested at a frequency of 0.0015 Hz will be at least
similar to that tested at a frequency of 1.2 Hz, or will be
more localized than that tested at a frequency of 1.2 Hz,
because, in the fatigue test at a frequency of 0.0015 Hz,
there is sufficient time for thehydrogen to concentrate in the
vicinity of the crack tip during one cycle.
Figure 5 shows the micrographs of fatigue cracks for

type 316L. Slip bands in the hydrogen-charged specimen
of type 316L were more localized compared to those in
the uncharged specimen at the same test frequency.
However, the hydrogen effect on slip band formation
was less pronounced in type 316L than in type 304
(compare Figures 5(a) and (b) and also Figures 5(c) and
(d)). The slip band density in the uncharged specimen at
a frequency of 0.0015 Hz is higher than that at 1.5 Hz
(compare Figures 5(a) and (c)). This is also the case for
the hydrogen-charged specimens (compare Figures 5(b)
and (d)). Therefore, the difference in slip band density
between Figures 5(a) and (c) and also Figures 5(b) and
(d) is presumed to be caused by the frequency effect on

Fig. 3—Influence of hydrogen and test frequency on crack growth
from 2a = 200 lm, of (a) type 304 (r = 280 MPa), (b) type 316L
(r = 280 MPa), and (c) effect of hydrogen and test frequency on
crack growth rate of type 316L.
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the plastic deformation in type 316L tested at the stress
slightly higher than the static yield stress.

The authors’ previous research work[36] has indicated
that strain-induced martensitic transformation at the
crack tip could be considered to be one of the main
causes of the crack growth rate increase due to hydro-
gen. Martensitic transformation must be considered as a
crucial factor in the enhancement of hydrogen-induced
fatigue crack growth rate increases. In this regard, the
authors measured the volume fraction of martensite
on the fracture surfaces of type 304 and 316L specimens
tested at a frequency of 0.0015 Hz. Figure 6 shows
the volume fractions of martensite for the fatigue
fracture surface. The volume fraction of martensite
was determined by the microscopic XRD technique.
The collimator size of the X-ray beam was 0.5 mm.
Ambient temperatures during fatigue tests are included
in Figure 6. This is because the amount of the martens-
itic transformation depends strongly on temperature.[45]

Strain-induced martensitic transformation occurred on
fracture surfaces at both test frequencies, f ~ 1.5 Hz and

0.0015 Hz. It should be noted that even in type 316L,
which had previously been thought extremely difficult to
transform to martensite at ambient temperature, mar-
tensitic transformation took place at fatigue crack tips.
It should be also noted that martensitic transformation
was detected only at the fatigue fracture surface and not
at other places, such as the specimen surface, even in
type 304.
The authors have reported that hydrogen decreased

the area fraction of fatigue striations on the fatigue
fracture surface in type 304, and also that the ratio of
the striation height, H, to striation spacing s, H/s, was
reduced for a hydrogen-charged specimen.[36] Taking
these facts into consideration, striations observed on
the fracture surfaces of types 316L and 304 tested
at the low frequency were, therefore, investigated.
Figure 7 shows the topography of the striations
observed in the hydrogen-charged and uncharged type
304 specimens tested under the same conditions. These
topographies were obtained by constructing the three-
dimensional shape of striations by analysis of a pair of

Fig. 4—Difference in crack growth behavior between hydrogen-charged specimens and uncharged specimens of type 304 (r = 280 MPa): (a)
uncharged (f = 1.2 Hz, 2a = 782 lm, 2.2 wppm), (b) uncharged (f = 0.0015 Hz, 2a = 778 lm, 2.2 wppm), and (c) H-charged (f = 1.2 Hz,
2a = 801 lm, 3.7 wppm).
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stereographic scanning electron microscopy (SEM)
images. In the uncharged specimen, each striation was
regularly formed and roughly triangular in shape. In the

hydrogen-charged specimen, on the other hand, stria-
tions were irregularly shaped, and the striation height
was lower compared to that of the uncharged specimen.
Figure 8 shows histograms of the striation height to the
spacing H/s obtained at the stress ratio, R = -1. In
previous work, Furukawa and Murakami et al.[46]

obtained the topography of striations by cutting the
fatigue fracture surfaces of type 304 specimens with a
microtome. They found a good correlation between the
ratio H/s and the R ratio. Figure 9 shows the H/s data
for type 304 in the present study, together with the data
of Furukawa and Murakami et al. The figure indicates
that the H/s data obtained from the stereographic SEM
images in this study, for the uncharged specimen tested
at f = 1.5 Hz, had a good correlation with the data of
Furukawa and Murakami et al. It can be seen from
Figure 8(a) that the value of H/s at the peak of the
histogram for the uncharged specimen tested at
f = 0.0015 Hz (Figure 8(a-2)), as well as that of the
hydrogen-charged specimen (Figure 8(a-3), f = 1.5 Hz,
6.7 wppm), were shifted to lower values compared to

Fig. 5—Difference in crack growth behavior between hydrogen-charged specimens and uncharged specimens of type 316L (r = 280 MPa):
(a) uncharged (f = 1.5 Hz, 2a = 743 lm, 2.6 wppm), (b) H-charged (f = 1.5 Hz, 2a = 678 lm, 5.1 wppm), (c) uncharged (f = 0.0015 Hz,
2a = 841 lm, 2.6 wppm), and (d) H-charged (f = 0.0015 Hz, 2a = 684 lm, 3.9 wppm).

Fig. 6—Amount of martensitic transformation on fatigue fracture
surface.
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that of the uncharged specimen tested at f = 1.5 Hz.
It should be noted that, even in type 316L, as seen from
Figures 8(b-1) through (b-4), the coupled effect of
hydrogen and test frequency is similar to that in type
304.

Considering that the features of striation shape for the
uncharged specimen, tested at the frequency of
0.0015 Hz (Figure 8(a-2)), are very similar to those for
the hydrogen-charged specimen (Figure 7(b)), it follows

that testing at the low frequency (f = 0.0015 Hz)
enhances the hydrogen effect, even in the uncharged
specimens that contain nondiffusible hydrogen at a level
of 2 to approximately 3 wppm.

C. What Happens When Nondiffusible Hydrogen
Is Removed by Special Heat Treatment?

Even in the uncharged specimens, the fatigue crack
growth rate is increased by decreasing the test fre-
quency down to 0.0015 Hz. The only suspected cause
of this surprising phenomenon is the effect of nondif-
fusible hydrogen, of the level of 2 to approximately
3 wppm, which is unavoidably trapped in the material
during the production process. The nondiffusible
hydrogen unavoidably contained in solution-treated
austenitic stainless steels is different from the diffusible
(or reversible) hydrogen, which is charged into a
material by a hydrogen gas environment, or by
electrochemical methods. This nondiffusible hydrogen
has not been suspected, in previous HE studies, as a
possible cause of HE.
However, if this nondiffusible hydrogen can cause

HE, it means that the HE of austenitic stainless steels
can occur even in the absence of an external hydrogen
environment.
In order to investigate the influence of so-called

nondiffusible hydrogen on fatigue crack growth, a
special heat treatment was applied. This treatment
involves soaking type 316L at 450 �C for 450 hours,
and type 304 at 300 �C for 600 hours, in a vacuum of
6.0 · 10-3 Pa. In practice, this heat treatment was
carried out by enclosing specimens, or samples, in an
evacuated silica glass tube. During the heat treatment
process, the partial pressure of the hydrogen in the glass
tube increases, and this prevents the removal of hydro-
gen in the specimen to below the equilibrium hydrogen
content for the increased partial pressure. Therefore, in
order to avoid unwanted increases in the hydrogen
partial pressure, the specimen was removed from the
glass tube after heat treatment for 150 hours, and the
same vacuum heat treatment process was then repeated
in 150-hour increments. Fatigue testing was carried out
using specimens that were prepared using the special
heat treatment. The specification for this special heat
treatment was determined by considering the tempera-
ture and time needed to avoid sensitization, and also to
ensure the hydrogen diffusion out of the specimens. This
heat treatment is completely different from the so-called
‘‘baking,’’ which is conventionally applied to remove
hydrogen introduced by processes such as welding and
plating. Nondiffusible hydrogen at the level of 2 to
approximately 3 wppm cannot be removed by means of
the so-called baking.
In this article, we call this special heat treatment the

nondiffusible hydrogen desorption– heat treatment
(NDH-HT). The effect of NDH-HT is clearly shown
in Figure 1, in which the hydrogen content in a type
316L subject to ordinary heat treatment is 2.6 wppm
and in the sample subjected to NDH-HT is 0.4 wppm.
Thus, the NDH-HT removes the hydrogen, which is
strongly trapped at the center (O-site) of an octahedron

Fig. 7—Difference in striation morphology between a hydrogen-
charged specimen and an uncharged specimen of type 304: (a) un-
charged (r = 260 MPa, f = 1.5 Hz, 2.2 wppm) and (b) H-charged
(r = 260 MPa, f = 1.5 Hz, 6.7 wppm). The arrows in the figures
indicate the crack growth direction.
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of the fcc lattice, where the potential energy is much
lower than that for hydrogen trapped in the quadratic
lattice of a bcc material (T-site).[47]

The hydrogen content after NDH-HT was measured
by TDS. In order to check that the material structure
had not been sensitized by NDH-HT, the microstructure
was etched; this confirmed that chromium carbides did
not segregate at the grain boundaries. As further
evidence of the avoidance of sensitizing, the Vickers
hardness before and after NDH-HT was found to be
largely unchanged (for type 304, HV = 176 before and
172 after NDH-HT; for type 316L, HV = 157 before
and 163 after NDH-HT).

Figure 2 shows the hydrogen emission intensity pro-
file (curve C), measured using TDS, for a specimen after
NDH-HT. As can be seen in the figure, NDH-HT
substantially decreases the peak value of the hydrogen
emission intensity profile, and the total emission is also
decreased from 2.6 to 0.4 wppm.
Figure 3 shows the fatigue crack growth behavior of

the NDH-HT specimens. Fatigue tests were carried out
at a frequency of 1.5 Hz, until a crack had grown to
200 lm in length, including the hole diameter
(100 lm), and the test frequency was then changed to
0.0015 Hz. Surprisingly, the fatigue crack growth rate
of an NDH-HT specimen was substantially decreased

Fig. 8—Histograms of ratio of striation height H to spacing s, H/s: (a-1) uncharged type 304 (r = 260 MPa, f = 1.5 Hz, 2.2 wppm), (a-2)
uncharged type 304 (r = 280 MPa, f = 0.0015 Hz, 2.2 wppm), (a-3) H-charged type 304 (r = 260 MPa, f = 1.5 Hz, 6.7 wppm), (b-1)
uncharged type 316L (r = 280 MPa, f = 1.5 Hz, 2.6 wppm), (b-2) H-charged type 316L (r = 280 MPa, f = 1.5 Hz, 5.1 wppm), (b-3)
uncharged type 316L (r = 280 MPa, f = 0.0015 Hz, 2.6 wppm), (b-4) H-charged type 316L (r = 280 MPa, f = 0.0015 Hz, 3.9 wppm), and
(b-5) NDH-HT type 316L (r = 280 MPa, f = 0.0015 Hz, 0.47 wppm).
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in comparison to a hydrogen-charged specimen and
even in comparison to an uncharged specimen. Further
evidence of the effect of NDH-HT can be seen in
Figure 8(b-5), in which the striation height-spacing
ratios (H/s) are shifted to higher values. These facts are
definite proof that even the nondiffusible hydrogen
contained in ordinary solution-treated austenitic stain-
less steels influences fatigue crack growth rates. From
the results of this experiment, we can identify two
reasons for the increase in fatigue crack rates, at the
very low test frequency of 0.0015 Hz, in solution-
treated uncharged specimens, which naturally contain
hydrogen at the level of 2 to approximately 3 wppm.
These reasons are as follows.

(a) At a very low test frequency, on the order of
0.0015 Hz, there is sufficient time for hydrogen to
be transported to fatigue crack tips through lattice
defects such as edge dislocations. In this case, it is
presumed that the probability of the movement of
the hydrogen out of O-sites is increased by the
fluctuation of the potential energy, due to lattice
deformation under very low stress frequencies.

(b) As austenite at fatigue crack tips partially trans-
forms to strain-induced martensites, the binding
energy between hydrogen and a trapping site is de-
creased, and, at the same time, the locally trans-
formed martensites at the fatigue crack tip
enhances the diffusion and concentration of hydro-
gen trapped in austenites to fatigue cracks.[36,48]

For example, at 0.0015 Hz, with DK = 10 MPaÆm1/2,
for which the plastic zone size under plane strain is
approximately 20 lm, based on a simple application of
the Dugdale model, during one fatigue cycle (11 min-
utes), hydrogen can move approximately 0.4 lm in
plastically deformed austenites having a slightly higher
diffusion rate than that for an undeformed structure

(Table I), whereas it can move approximately 3.5 lm
through transformed martensites.*

Thus, it is vitally important to take the effect of
loading frequency into consideration for the prediction
of fatigue lives and the safety of infrastructures and
components, which, in actual service, are used in
hydrogen environments. Current fatigue data obtained
by conventional accelerated tests should therefore not be
used for design to ensure the long term safety of
hydrogen energy systems. Therefore, fatigue test meth-
ods must be reviewed from the viewpoints both of test
frequency and of hydrogen content.

D. Hydrogen-Induced Striation Formation Mechanism

Based on the data for the striation shape, which
involves information on the crack growth mechanism,
we will discuss the mechanisms of crack tip opening,
crack growth, and decrease in H/s induced by hydrogen.
We will also discuss the mechanisms related not only to
the mechanism of HE in fatigue but also to the basic
mechanism of HE in static fracture.
The distributions of the maximum shear stress and the

hydrostatic tensile stress, ahead of the crack tip, under
plane strain, can be easily calculated by the elastic
solution of the crack. In the case in which there is no
hydrogen, slip from the crack tip occurs in the 75.8-deg
direction, where the shear stress has its maximum under
plane strain. The slip in the 75.8-deg direction causes
both crack tip blunting and crack growth at the initial
stage of loading. Under a given load level, crack tip
blunting occurs as a crack grows and, finally, at the
maximum load, the crack growth is saturated. This
mechanism has been well known in previous studies on
metal fatigue.[40–43] On the other hand, for the case in
which hydrogen is present, Sofronis et al.[49] showed by
the numerical analysis of the hydrogen diffusion near
the crack tip that hydrogen diffuses to, and concentrates
at, the region in which the hydrostatic tensile stress has
its maximum. Tabata, Birmbaum et al.[3] suggested,
through TEM observation of the interaction between
dislocations and hydrogen, that yield stress decreases as
a function of hydrogen pressure. Considering their
experimental result, it is therefore presumed that yield
stress decreases at a region in which hydrogen concen-
trates. As a result, crack tip blunting and crack growth
both occur during the entire load cycle. Specifically,
even if crack tip blunting occurs at a given load level
that is below the maximum load, further slip takes place

Fig. 9—Relationship between ratio of striation height H to spacing
s, H/s, and stress ratio (1–R).

*We estimated hydrogen diffusion distance by (Dt)1/2. The term D
denotes the hydrogen diffusion coefficient shown in Table I and t is the
time during a fatigue cycle. The term (Dt)1/2 represents the position at
which the hydrogen content is half of the surface value if hydrogen
diffuses into a semi-infinite body from the surface only by concentra-
tion gradient. Approximately, (Dt)1/2 can be considered to be the
hydrogen diffusion distance from the fatigue crack tip, if the fatigue
test is carried out in a hydrogen gas. Although (Dt)1/2 does not strictly
represent the hydrogen diffusion distance in the vicinity of the crack
tip, we regarded that the relative difference in the hydrogen diffusion
speed between martensite and austenite can be compared with the
value of (Dt)1/2.
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at the growing crack tip at which hydrogen repeatedly
concentrates. This further slip reduces crack tip blunting
in the 75.8-deg direction; both crack tip blunting and
crack growth occur in a coupled manner during the
entire load cycle. Sofronis et al. proposed a new
constitutive equation that includes a parameter for the
decrease in yield stress due to the presence of hydro-
gen,[50,51] and that also simulated the growth and
coalescence of voids due to the presence of hydrogen

in a material.[52] Their simulation indicated that, if the
hydrostatic stress is larger than the maximum shear
stress, the growth of shallow voids is accelerated by the
presence of hydrogen. As shown in Figure 10, the
fatigue crack growth mechanism of ductile materials is
based on striations formed by slip at a crack tip. This
differs from the static fracture mechanism of bcc metals.
However, the diffusion and concentration behavior of
hydrogen near a crack tip, or near a notch root, is

Fig. 10—Crack tip opening and striation formation mechanism in fatigue: (a) no hydrogen effect, (b) hydrogen effect, (c) schematic image of
thick plastic zone wake produced at a crack under no hydrogen, and (d) schematic image of shallow plastic zone wake produced at a crack un-
der hydrogen effect.
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similar in both fcc and bcc metals. Furthermore, with
decreasing fatigue test frequency, there is sufficient time
for hydrogen to diffuse toward crack tips, and a large
amount of hydrogen concentrates near crack tips. As a
result, a crack continues to grow before the crack tip
becomes fully blunt.

It is well known that there are three types of crack
closure that control fatigue crack growth.[23,53–55] From
the viewpoint of plasticity-induced crack closure,[53] it
follows from this discussion that the amount of plastic
deformation (plastic zone size) at the maximum load,
Pmax, is smaller in the presence of hydrogen than in its
absence. Figures 10(a) and (b) illustrate the effect of
hydrogen on the crack closure mechanism during one
load cycle. Figure 10(a-2) shows the crack opening
behavior on the way to the maximum load in the
absence of hydrogen. The CTOD reaches its saturated
value at a given load level, and crack growth ceases. As
shown in Figure 10(b-2), however, hydrogen concen-
trates near the crack tip in the presence of hydrogen.
Hydrogen concentration enhances further crack opening
by slip, and crack growth continues. Since the corre-
sponding plastic zone at the crack tip does not become
large, the plastic zone wake that remains on the fracture
surface is shallow. Figures 10(c) and (d) are schematic
illustrations of plastic zone wakes with and without
hydrogen. Ritchie et al.[24,26] pointed out that the reason
for the increase in the crack growth rates of a Cr-Mo
steel in a hydrogen gas environment is the increase in
DKeff due to the absence of oxide-induced crack closure.
However, as shown in Figure 10, hydrogen influences all
three types of crack closure mechanisms. In particular,
the effect of hydrogen on plasticity-induced crack
closure is crucially important for all three types of crack
closure mechanisms. This phenomenon results both in a
decrease in the height of the striation and in a decrease
in the crack opening load (decrease in DKop and increase
in DKeff).

As has been described here, a crack grows continu-
ously during loading, in the presence of hydrogen, even
before the crack opening displacement reaches its
maximum value. Consequently, the crack tip shape at
the maximum load is sharper in the presence of
hydrogen than in its absence. The effect of hydrogen
on plastic deformation at a crack tip may be reduced
during unloading. This is because the stress field at the
crack tip becomes compressive. Nevertheless, it is
presumed that the vertical distance between the peak
and the valley of a striation becomes small. This is
because the crack opening displacement at the maxi-
mum load is small in the presence of hydrogen, even
though the amount of reverse slip is the same as that in
air. This is the possible mechanism for the small ratio of
the striation height, H, to the spacing, s, H/s, in the
presence of hydrogen.

IV. CONCLUSIONS

The basic mechanism of HE in the fatigue of
austenitic stainless steels of types 304 and 316L has
been made clear on the basis of the effects of hydrogen

and load frequency on the fatigue crack growth rates.
The conclusions can be summarized as follows.

1. Although one of the primary models assumed to
explain HE has been the hydrogen decohesion
hypothesis, the basic phenomenon of HE during
fatigue loading is not caused by lattice decohesion.
The basic mechanism is the diffusion of hydrogen
to, and concentration of hydrogen at, crack tips.
This leads to the activation of hydrogen-induced
slip deformation.

2. Fatigue crack growth rates are increased in the
presence of hydrogen, and are strongly dependent
on cyclic load frequency. The dependency on load
frequency is a consequence of the very low hydro-
gen diffusion rate in austenitic stainless steels, which
have the fcc structure. The local and partial strain-
induced martensitic transformation at crack tips,
which provides the hydrogen diffusion high-
way,[36,48] also contributes to the concentration of
hydrogen.

3. The nondiffusible (irreversible) hydrogen at a level
of 2 to approximately 3 wppm, trapped at O-sites
in the lattice of ordinarily heat-treated austenitic
stainless steels, has been ignored for the last
40 years as an important factor causing HE. How-
ever, it has been found in the present study that the
nondiffusible hydrogen definitely increases fatigue
crack growth rates, when the loading frequency is
reduced to 0.0015 Hz.

4. If the nondiffusible hydrogen is removed down to
the level of 0.4 wppm by a special heat treatment,
the damaging influence of the loading frequency
disappears, and fatigue crack growth rates are sig-
nificantly decreased. The special heat treatment
(NDH-HT) is a new method of heat treatment that
is essentially different from conventional heat treat-
ments such as baking. The new heat treatment
method will be useful in improving the material’s
resistance to HE.

5. The hydrogen-enhanced localized and discrete slip
at fatigue crack tips changes the mechanism of
crack-opening and closing behavior; as a result, it
particularly increases fatigue crack growth rates at
a low loading frequency. This mechanism also pro-
duces a unique striation morphology in the presence
of hydrogen.
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APPENDIX

The effect of cutting thin disks from a sample under
water cooling on hydrogen release from the specimen
was investigated by measuring the hydrogen content in
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disk samples with different cutting thickness (0.4, 0.8,
and 1.6 mm). A type 304 steel was used in this
investigation. The temperature of water was not con-
trolled (approximately room temperature). If hydrogen
releases from a specimen by cutting, the hydrogen
content of the 0.4-mm-thick disk should have the least
value among the three samples. Table AI shows the
relationship between the hydrogen content of samples
and the sample thickness. There is no evident difference
in the three hydrogen contents. Thus, it may be
concluded that the present method of determining
hydrogen content distribution in a specimen by cutting
thin disks can be used with loss of accuracy.
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Table AI. Relationship between Hydrogen Content and Disk

Thickness for Measurement: Effect of Cutting Disks on
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Disk Thickness (mm) Hydrogen Content (wppm)

0.4 4.57
0.8 4.60
1.6 4.42
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