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-ABSTRACT The initiation of fatigue cracks was studied in an austenitic stainless steel type
AISI 3041 which was cathodically hydrogenated, outgassed, and then tested. Tests were
conducted with R ratio equal to —1 at 30 Hz and stopped at different periods of the fatigue life to
permit a survey of the gauge surface of the samples with a scanning electron microscope.

Contrary to the non-hydrogenated fatigued material, slip marks were not evident on the
surface of the hydrogenated and outgassed samples. From the beginning of the fatigue life the
gauge surface exhibited a ‘peeling off’ of very thin layers in several regions which was always
associated with pre-existing hydrogen-induced cracks.

However, the main fatigue crack was found to initiate sub-superficially probably in the region
close to the interface between the hydrogen hardened outermost layer and the inside ductile
material. Since the hydrogen-induced surface cracks do not grow themselves, they are not likely
to be used as a tool to model the fatigue behaviour of short cracks in austenitic stainless steels.

Introduction

The introduction of hydrogen into the structure of austenitic steels may harm
their mechanical properties if they are not outgassed at a high enough tempera-
ture, or if mechanical work is applied while hydrogen is stiil in the material.
There is a broad variety of situations in which austenitic stainless steels are used
in hydrogen rich environments, especially in the chemical and nuclear indus-
tries. These steels are particularly affected by the presence of hydrogen if
outgassing takes place at around room temperature (1). The low diffusion
coefficient of hydrogen in austenite (as compared to the mobility it has in
ferrite) leads to an accumulation of a high content of hydrogen in a very
superficial layer of the material. As a result, high localized levels of strain are
developed (as was shown by the use of X-ray techniques (1)-(6)) and the
following surface effects might be observed, depending on the chemical
composition of the steel and the consequent level of austenite instability: (i)
during hydrogenation austenite may destabilize and transform partially into an
h.c.p. e martensitic phase; (ii) upon outgassing another martensitic transforma-
tion may take place (giving rise to an o' phase) as well as the appearance of very
small superficial cracks. Both nucleate and grow with time after hydrogenation,
i.e., with ageing time, and, in fact, the b.c.c. o’ martensitic phase will occur
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180 THE BEHAVIOUR OF SHORT FATIGUE CRACKS

Fig 1 Delayed features associated with the room temperature outgassing of a hydrogenated

austenitic stainless steel. Bulged grains, such as in (a), and the delayed appearance of cracks and a

martensitic phase, as in (b). Micrographs were made (a) 30 minutes, and (b) 20 hours after
hydrogenation. Unetched (7)

preferentially close to the delayed cracks due to the high concentration of
deformation at these regions (7). Figure 1 shows an example of the de_layed
appearance of cracks and phase transformation for an AISI type 304L stainless
steel degassed at room temperature. The same area was Photograph_ed .30
minutes (Fig. 1(a)) and 20 hours (Fig. 1(b)) after hydrc).genat'lon. The kmet.lcs
of phase and crack appearance varies from grain to grain. Itis also {nterestlr.lg
to take into account the fact that the hydrogenated samples show an increase in
dening (8).
Suflgﬁgeehfefgcte of }gl;dzogen contained in the material and that o.f tt.le surfgce
effects induced by hydrogen in austenite have been studied in uniaxial tension
(9)-(13). It was found that hydrogen may indeed cause a severe decr'ease in the
ductility of austenite, but the effect is more pronounced in very thin sa.rnples
due to the very low diffusion coefficient of hydrogen in austenite. That is, the
mechanical properties in tension depend on the geometry of the hydrogenated
sample, since higher values of surface to volume ratio increases the suscep-
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Table 1 Number of cracks (V) per square millimetre as a function of the current density (J) used
for a two-hour cathodic hydrogenation of 304 stainless steel at room temperature (14)

J (Amps/m?) 50 250 500 1000 2000 4000 10000

N(mm™%x 1073) 85.2 138.9 177.8 216.7 259.3 307.4 305.6

tibility to hydrogen embrittlement (12)(14). Tensile testing of outgassed
samples, which contain surface cracks and martensitic phases, showed that the
material recovers most of its ductility (12)(15). This indicated both the presence
of hydrogen in the structure to cause the embrittlement of the austenite, and
that the hydrogen-induced surface effects in this material are of secondary
importance when considering the mechanical properties'in uniaxial tension.
However, the question of how these hydrogen induced surface effects (specially
the delayed cracks) would influence the fatigue properties of austenitic steels,
which are influenced by surface conditions, should be addressed.

The first step towards answering this question involved the morphological
and quantitative characterization of these surface cracks (2)(6)(7)(14)(16)-
(19), which showed that the cracks are very small (having average length
smaller than one grain diameter) and very shallow due to the small depth of
penetration of hydrogen into the austenite. They appear in a crystallographic
fashion, with different orientations in different grains, and are numerous, as is
exemplified by the results shown in Table 1. As a summary of the results
obtained to date, it is widely accepted that: (a) the depth of the hydrogen-
induced cracks in austenitic stainless steel and of the hardened layer, measured
by metallographic sectioning, was found to be of the order of 6 to 15 um
(14)(17), 20 pm (5) or even 50 wm (2) depending on the current density, time,
and temperature of charging, as well as on the alloy’s chemical composition and
microstructure; (b) a compressive stress state was found to occur on the surface
of the sample during charging, which, coupled with tensile stress during
outgassing, lead to phase transformations, plastic deformation, and cracking
(4)-(7)(16); (c) the number of cracks differs widely from grain to grain
(2)(5)(6)-(8)(16), but may reach average densities of thousands of cracks per
square millimetre (Table 1 and references (14) and (18)).

The second step was to conduct fatigue tests of hydrogen charged and
outgassed samples. These showed (8) that the fatigue life of type AISI 304
stainless steel was reduced about 40 per cent by a hydrogenation~outgassing
cycle, due to the introducton of surface cracks. The effect was more significant
for high cycle fatigue conditions. It was also observed that the fatigue fracture
surface presented steps, whereas the non-hydrogenated specimens had a fairly
flat overall fracture surface. This was rationalized as a function of the simultane-
ous growth of different hydrogen-induced surface cracks during fatiguing. It
was then realized that these facts would be better understood by studying the
initiation phenomenon of the fatigue cracks on the hydrogenated and outgassed
samples. This is one of the objectives of the present paper. Another objective
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is to analyse the possibility of using hydrogen-induced surface cracks, which can
be introduced in a controlled way, to model the fatigue behaviour of short
cracks in an austenitic stainless steel.

Experimental procedures

A hot rolled sheet of an AISI type 304L stainless steel with a thickness of a»!)(.)ut
4.0 mm was used in this work, having the following chemical composition
(wt%): C0.024, Cr18.25,Ni9.50,Mn 1.37,5i0.51, P 0.037, S 0.00§, Mo 0.060,
N 0.0379, Fe balance. Flat hour-glass type fatigue specimens with a 20 mm
minimum gauge width and a 7 mm gauge radius of curvature were machmoed
parallel to the rolling direction and then heat treated for ?O minutes at 1100°C
and quenched in water. This yielded a mean grain size of 74.4 pum (Fig. 2(a))
and a hardness of 148 Vickers. All microhardness measurements were taken
with a load of 50 g. The static mechanical properties of this material were: yield
stress: 208.90 MPa, tensile strength: 678.80 MPa, elongation: 79.8 per cent.

100U

fosstresitibit ¢
Fig 2 Initial microstructure of the material. (a) Non-hydrogenated. Electrolytically etched

with 50 per cent H,O + 50 per cent HNO;, J = 4402 amps/m?®, t = 90 s at room temperature
(b) Hydrogenated and outgassed. Unetched
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Hydrogenation was performed cathodically at room temperature, using an
electrolyte of H,SO,4 1 N containing 100 mg/l of As,O;, for 4 hours and with a
current density of 1000 A/m?. After hydrogenation the samples were aged at
room temperature and atmospheric pressure for one week before testing,
which gave rise to surface cracks and to martensitic phases (Fig. 2(b)) as most
of the hydrogen introduced by the electrolitic charging was outgassed. The
hardness of the hydrogenated and outgassed sample was 192 Vickers.

Fatigue tests were conducted at room temperature, in a servo-hydraulic
machine in tension-compression, at a frequency of 30 Hz and R ratio of —1.

The initiation and growth of fatigue cracks was studied in constant stress
range tests, which were interrupted at several points during the fatigue life in

order to survey the lateral surfaces of the gauge section with a scanning electron
microscope.

Results

All the results selected to describe the fatigue behaviour in this paper

Fig 3 Detail of the gauge surface of a hydrogenated—outgassed sample fatigued to 15 per cent of
its fatigue life. (b) shows an enlargement of the area indicated in (a). Unetched



184 THE BEHAVIOUR OF SHORT FATIGUE CRACKS

Fig 4 Early indication of the fatigue sub-surface crack appearing on_the surface of the hydro-
genated and outgassed sample at 49 per cent of its fatigue life. Unetched

correspond to a constant maximum stress of 195 MPa. For this condition the
fatigue life of the non-hydrogenated specimens was found to be 317 000 cyclfas,
while that of the hydrogenated—outgassed samples was 101 000 cycles, which
corresponds to about 32 per cent of the former.

The first effect that could be observed on the surface of the hydrogenated and
outgassed fatigued samples was the ‘peeling off’ of very thin layers in several
small regions throughout the gauge section. This is depicted in Fig. 3(a) and (b)
and gives the impression of being due to the fracture of very fragile parts of the
outermost surface and associated with the pre-existent hydrogen-induced
microcracks. These fractured regions appear whiter in the micrographs because
they stand up above the plane of the surface. They show up immediately gfter
a few fatigue cycles and remain without much change throughout the fatigue
life. Some of these fractured zones, however, eventually fall off the surface.
The hydrogen induced microcracks were not observed to grow in length
throughout the fatigue life.

Fig 5 Growih of the feature associated with the sub-surface fatigue crack for the hy_dr.ogenated
and outgassed specimen at 63 per cent of its fatigue life. The area shown in Fig. 4 is included.
Unetched
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Fig 6 Fatigue crack on the gauge lateral surface at the termination of fatigue life of a hydro-
genated and outgassed sample. This micrograph corresponds to the area indicated by the white
circle in Fig. 5. Unetched

In all the specimens observed, the main fatigue crack developed in the way
represented in Figs 4, 5, and 6, which correspond to the same region of the
surface of a particular specimen. Some dark markings, such as the one shown
in Fig. 4, were found to appear on the gauge surface of the specimens and grow
in length with increasing number of fatigue cycles. One of the marks was always
found to be associated with the main fatigue crack responsible for fracture
(Fig. 6). In brief, the main crack developed sub-surface and was visible at first
as a dark marking on the surface. Only by the end of the fatigue life did the main
fatigue crack open to show a crack on the surface. The sub-surface crack
depicted in Fig. 4 was photographed after the sample was cycled 49 per cent of
its fatigue life. It is interesting to note that it spread transgranularly, crossing
without distinction grains with and without hydrogen-induced surface cracks,
and did not follow the direction of these cracks, so that it cannot be thought to
be formed mainly as a consequence of the in-depth growth of hydrogen-induced
cracks. The same sub-surface crack of Fig. 4 has grown much longer after
cycling the sample about 63 per cent of the fatigue life as shown in the
micrograph of Fig. 5. In both Fig. 4 and Fig. 5 the white markings (white lines)
represent the sites where there are intergranular and transgranular hydrogen-
induced surface cracks. In a few regions of Fig. 4 (which was taken with greater
magnification) the martensitic phase (marked M) can be noted. No relationship
between this phase and the sub-surface cracks was found. Finally, Fig. 6 shows
the crack at the end of the fatigue life in the same region circled in Fig. 5.

The fracture surface in the region appearing on the upper left side of Fig. 5is
shown in Fig. 7. It is interesting to observe that that hump in the sub-surface
crack appearing on the upper left hand side of Fig. 5 (to the left of the white
circle) corresponds exactly to the step found on the fracture surface shown in
Fig. 7. A detail of the top part of this step, closer to the surface of the sample
(on the left hand side of Fig. 7) is presented in Fig. 8. This micrograph shows



186 THE BEHAVIOUR OF SHORT FATIGUE CRACKS

Fig 7 Detail of a step on the fracture surface of a fatigued hydrogem‘lted‘—ou.tgassed sample. The
step corresponds to the hump on the upper left hand side in Fig. 5

the presence of secondary cracks, one of which appears to start from what may
be a hydrogen-induced surface crack (marked CinFig. 8). S.E.M. observations
included careful examination of the lateral and of the fracture surfaces of the
hydrogenated-outgassed samples. Despite this, no clear indication of initiation
sites for the main fatigue crack was found, probably due to the fact that the
fracture surfaces are very irregular.

It was not an objective of this paper to give a detailed analysis of the initiation
and propagation features of the fatigue crack in the non-hydrogenated
material. However, for the sake of comparison with the hydrogenated-
outgassed samples, Fig. 9 shows the features associated with the propagation qf
a fatigue crack in a non-hydrogenated specimen tested under the same condi-
tions of the former. A great number of slip marks can be observed.

Fig 8 Magnification of a region of Fig. 7 at the top of the step on the fracture mo_rphology, near
to the lateral surface of a fatigued hydrogenated—outgassed sample. A fatigue crack is marked at C
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Fig 9 A fatigue crack on the lateral gauge surface of a non-hydrogenated sample. The micro-
graph shows many slip marks due to accumulated fatigue strain. Unetched

Discussion

The initiation (20)—(22) and propagation (23) of fatigue cracks in austenitic
stainless steels and other f.c.c. materials have been studied recently. It was
found that deformation markings appear early in the fatigue life, together with
a certain level of surface roughness, and are followed by the nucleation of
superficial microcracks. These microcracks grow in number and length and
coalesce to form the main fatigue crack. The same behaviour is shown in Fig. 9,
relative to fatigued, non-hydrogenated samples.

The fatigue behaviour of the hydrogenated and outgassed specimens was
found to be quite different. To begin with, for the conditions used in the present
work, no slip markings were evident on the surface, even at fracture, so that
there is no evidence of plastic deformation on the surface layer. Also, no
nucleation of fatigue microcracks on the surface and/or growth of the pre-exist-
ing hydrogen-induced cracks was observed throughout the fatigue life.

Surprisingly, the fatigue cracks were found to initiate sub-surface and not as
a result of the growth and coalescence of the pre-existing hydrogen-induced
cracks, as was expected. Several factors may influence the initiation of the
fatigue cracks, such as the existence of a hardened surface layer, the presence
of hydrogen-induced surface cracks, and martensitic phases, as well as the role
played by the ‘peeled off’ areas. The hydrogen-induced hardened surface layer
may have an irregular depth due to the fact that the penetration of hydrogen
into the material varies greatly according to the local microstructure. The mean
depth can be estimated for the present hydrogenation condition as follows. The
diffusion coefficient (D) of hydrogen in austenite at 296K can be taken to have
the value of 1.38 x 107! m¥s (24). The solution of Fick’s law for the diffusion
in a semi-infinite solid is
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C_4_ _x
—C—o— 1 —erf {2\/(Dt)} M

where C, is the concentration of hydrogen in the surface, Cis the concentration
at a depth x, and ¢ is the time of hydrogenation (equal to 14 400 s for the present
case). Assuming that the hydrogen-affected region of the material extends toa
depth in which the hydrogen concentration is 0.1 per cent of that found in the
surface (i.e., C/C, = 0.001), and applying the present conditions in Equation
(1), one obtains an average depth of the order of 6 wm which is of the same
order of magnitude of the experimental determinations (2)(5)(14)(17) men-
tioned before. This reiterates the opinion that the effects induced by hydrogen
are indeed concentrated in a very thin hardened surface layer. The hydro-
genated-outgassed specimens behave, then, as a ‘composite material’, having
a hard and thin surface layer, which contains microcracks, surrounding a
ductile core. This layer cannot accommodate, plastically, the strains imposed
during the fatigue test and the layer fractures locally along the pre-existing
hydrogen-induced cracks. However, this effect is not found to be associated
with the initiation or growth of the main fatigue crack. This ‘peeling off” effect
produced a reduction in the effective cross-section of the sample, but this is too
small to explain the observed reduction of the fatigue life. This situation is
similar to what is observed in a shot-peened material, but with the difference
that in the latter the presence of a hardened surface layer usually improves the
fatigue life. In both cases the fatigue crack initiates sub-surface. The hydrogen-
induced hardened layer differs from the shot-peened one in at least two aspects.
One is the presence of delayed surface cracks and the other is the probable
irregularity of the depth profile of this layer, due to microstructural
inhomogeneities.

Differences in the microstructure of the steel (such as grain and twin
boundaries, second phase particles, slip bands, and localized constitutional
segregation) makes hydrogen penetration heterogeneous and gives rise, upon
outgassing, to a hardened surface layer with an irregular depth profile, as
mentioned earlier. This, in turn, could facilitate the nucleation of fatigue
sub-surface cracks in several sites close to the interface between the hardened
layer and the ductile material inside. For that reason the initiation of the fatigue
cracks would be faster in hydrogenated—outgassed samples than in the non-
hydrogenated ones. This may have led to the observed decrease in the fatigue
life.

On the other hand, even if the pre-existing hydrogen cracks are found not to
grow during the fatigue life, they could eventually be responsible for the
nucleation of secondary fatigue cracks, which may, in turn, grow and coalesce
to form the main crack. In effect, the crack marked C in Fig. 8 seems to have
been initiated in a hydrogen-induced surface crack. This effect may also explain
the observed reduction in fatigue life. Despite the fact that the initiation sites
for the main fatigue crack were not clearly defined, two possibilities are raised
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to account for this initiation: (1) the irregular depth profile of the hardened
layer, and (2) the stress concentration at the tip of the hydrogen-induced
surface cracks. Eventually, they may contribute separately or simultaneously
to the decrease in the fatigue life. The existence of multiple secondary fatigue
cracks alters the path of the main fatigue crack, which may become wavy, as the
one shown in Figs 4 and 5. That is probably why there are features such as the
hump on the left hand side of Fig. 5, which gives rise to the steps on the fracture
morpl.lology. Finally, due to the complexity of the initiation features in this
material, it would not be appropriate to use hydrogen-induced surface cracks

as altool to model the fatigue behaviour of short cracks in austenitic stainless
steels.

Conclusions

(1) The short fatigue cracks in the hydrogenated-outgassed material were
found to initiate sub-surface.

(2) The fact that the hydrogen-induced surface cracks do not grow themselves

eliminates the possibility of using them to model the fatigue behaviour of
short cracks in austenitic stainless steels.
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