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Abstract

Hydrogen-Affected Fatigue Crack Growth (HAFCG) in commercially pure iron has been characterized in
terms of hydrogen gas pressure, loading frequency and stress intensity factorAkangehigher
hydrogen gas pressure decreases the critical valk tiggering the HAFCG enhancement, and a lower
loading frequency increases the HAFCG enhancement. Intergranular FCG in the non-accelerated regime is
likely caused by the hydrogen-induced microvoid coalescence along the grain boundary, while a brittle
cyclic cleavage fracture in the accelerated regime can be explained in terms of a synergy of crack tip
sharpening and hydrogen-enhanced decohesion process.

1. Introduction

In coming years, due to a shortage of fossil fuels and air pollution problem, the development of
“fossil-fuel-free” society will be strongly required for sustainable development of society. One of the most
promising solutions to achieve this goal is a clean hydrogen-based society whose sustainable infrastructure
does not consume fossil fuels and does not emit greenhouse gases. For example, a fuel cell vehicle and a
hydrogen refueling station already have been developed in the industry [1]. However, a key issue related
to the development of such infrastructures is hydrogen compatibility of the materials used. Indeed it is
well known that metallic materials exposed to gaseous hydrogen may undergo a significant degradation of
mechanical properties recognized as “hydrogen embrittlement” [2—4]. In particular, a fatigue crack growth
resistance reduces remarkably [3,5], which is recognized as a serious problem in guaranteeing the long-
term reliability of the hydrogen-related equipment. Hence the elucidation of its mechanism is highly
demanded.

Since the hydrogen embrittlement of iron and steels was firstly found by Johnson [6] in 1874, many
types of research have been conducted for investigating an effect of hydrogen on the mechanical
properties of metallic materials. At the same time, numerous theories have been proposed to explain the
mechanism of hydrogen embrittlement. In particular, the following three theories are considered as the
most important ones: HEDE (Hydrogen-Enhanced DEcohesion) [7,8], HELP (Hydrogen-Enhanced
Localized Plasticity) [9], and AIDE (Adsorption-Induced Dislocation Emission) [10]. The HEDE
mechanism supposes that the hydrogen atoms adsorbed at a crack tip or segregated at the grain boundaries
weaken interatomic bonds and cause an atomic decohesion. This leads to a brittle fracture such as a
cleavage-like fracture and an intergranular decohesion. In the HELP mechanism, the solute hydrogen
atoms in front of the crack tip enhance and localize the dislocation activity. This may promote a
nucleation and coalescence of microvoids as crack embryos, resulting in a crack propagation with less
blunting and less macroscopic ductility of the material. The fracture surface often exhibits small, shallow
dimples [11,12]. The AIDE mechanism is based on the facilitation of dislocation emission due to adsorbed
hydrogen atoms. In this mechanism, the adsorbed hydrogen on the surface or the sub-surface weakens
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interatomic bonds and promotes the dislocationgatn at the crack tip which enhances the locatj
strain near the crack tip. The principle of Fatigirack Growth (FCG) enhancement by AIDE is similar
to the HELP mechanism. However, the main differeiscthat AIDE involves the adsorbed hydrogen in
sub-surface while the effect of HELP is causedhaydolute hydrogen in the material.

Over the last decades, most of the studies comaefimydrogen embrittiement have focused on a
framework of fracture under monotonic loading. tidigion to this, research on materials in the hgdro
charged state has been common due to its eask@sgver, from the viewpoint of practical applicatio
of hydrogen-related equipment, the material is esttied to a hydrogen gas environment and repeated
loading. Since hydrogen distribution in the mategigposed to the hydrogen atmosphere is diffenemn f
the charged case, this configuration has to beifggly addressed [11]. Therefore, it is practigal
important to consider a problem of fatigue in destef exposure to a hydrogen gas environment.

From this fact, in recent years, the influenceyafrbgen on fatigue life has been actively inveddda
A significant enhancement of Fatigue Crack Grow#teRFCGR) under the hydrogen-charged state and
gaseous hydrogen atmosphere have been revealédH8ecially, martensitic [13] and ferrite-pearlit
steels [3] exhibit a high susceptibility to hydrageffect mainly contributed by their high diffudiywiof
hydrogen.

Matsuoka et al. [14,15] noticed that the localizatiof plastic deformation near the crack tip is
associated with the FCGR enhancement in hydrogargel austenitic stainless steel and low carbon
steel, by observing the suppression of slip deftionanear the crack path and the presence ofédstikib
striation on the fracture surface. They proposedodel of hydrogen-assisted FCG called as “Hydrogen
Enhanced Successive Fatigue Crack Growth (HESF@®}iel. On the other hand, Nishikawa et al. [16]
proposed a FCG model associated with hydrogen-gdinccleation and coalescence of microvoid ahead
of the crack tip, namely a ductile fracture proc@ésmicro-scale. From these recent studies, the
modification of plasticity at the crack tip by hydiren has been recognized as a key factor of HAFCG
mechanism. The hydrogen effect on crack tip plagtibas been evidenced by various means of
observation techniques such as Electron Back Seaft®iffraction (EBSD) [17,18] and Transmission
Electron Microscopy (TEM) [17-20]. Especially, Rotsen et al. [12,21,22] have been leading an
advancement of fundamental understanding of therdntion between solute hydrogen and mobile
dislocations in the material by means of an in-$#M technique.

It also has been reported that the HAFCG rate dépem hydrogen gas pressure and loading
frequency: a higher hydrogen gas pressure or arldeading frequency lead to a higher FCG
enhancement [13,23]. The recent finding made bers¢vesearches [14,24-27] is the presence of an
upper limit of HAFCG rate increase by decreasirgging frequency down tb= 0.01 Hz in hydrogen-
charged low-carbon steel. Subsequently, Yoshikatal.g27,28] found out in low carbon steel under
hydrogen gas environment that, when one keepsagogethe loading frequency lower than the valdes a
which HAFCG rate reaches the upper limit, the FCSBRificantly decreases. This result was contrary t
the conventional understanding that the HAFCG tatgeases as the loading frequency decreases.
Yoshikawa et al. proposed that the gradient (aridonty the value) of hydrogen concentration ahefad o
the crack tip can be involved in a criterion toatstine the onset of hydrogen effect on FCGR. Even
though the dependence of HAFCG rate on hydrogenpgessure and loading frequency has been
examined as mentioned above, however how hydrogerpgessure and loading frequency influence the
HAFCG mechanism is not clarified yet.

Meanwhile, the numerical tool predicting the HAF®@sed on a cohesive zone model has been
developed [29,30]. It has been found to correctbdct HAFCG rate at low hydrogen gas pressure9(0.0



MPa), while it underestimated highly enhanced FCGRsigh hydrogen gas pressure (9 MPa) in
precipitation-hardened martensitic stainless st&ebPH. This result indicates that further underdiag

of the influence of hydrogen gas pressure and tapftequency on the HAFCG mechanism is required to
improve the capability of the numerical model.

In this point of view, the recent studies by Pprimgtitute [23,31,32] have put the emphasis on FCG
tests in a commercially pure iron, Armco iron, aigito investigate the fracture mechanism undeowuari
hydrogen gas pressures and loading frequenciescd\imon was selected as a sample material because i
allows us to analyze the interaction between hyeinognd its simple ferrite microstructure. From the
previous studies, it has been shown that the FCGRydrogen gas pressuRg, = 35 MPa is highly
enhanced in this material [23]. Besides, the diegendence of HAFCG rate on the loading frequeasy h
been observed in the range fof 0.2 - 20 Hz. It is nevertheless necessary testigate further the
influence of hydrogen gas pressure, as well asading frequency on the FCGRs and the fracture
mechanism.

The objective of this study is to understand a ddpacy of HAFCG on a hydrogen gas pressure and
a loading frequency and its mechanism. For thieaihje, additional fatigue crack propagation tésts
Armco iron under a fixed hydrogen gas presddie = 3.5 MPa have been conducted at two loading
frequenciesf = 2 and 20 Hz. A fracture mode, a crack tip ptéisti and a hydrogen distribution ahead of
the crack tip were analyzed for the tested specnm@nunderstanding a mechanism of hydrogen effiect
FCGR. Finally, on the basis of an obtained expemtalansight as well as previously obtained resafts
STEM observations [32], a mechanism of HAFCG asddgépendency on a hydrogen gas pressure, a
loading frequency, and a stress intensity factogeaK were discussed.

2. Material and testing method

The material used in this study is a commerciallyepiron, Armco iron (AK Steel Corp.). The
chemical composition of Armco iron is shown in Tafll An annealing heat treatment at 1073K (800 °C)
for 60 minutes was applied in order to relax reaidiiresses and homogenize the ferrite microstreictu
Fig. 1 shows the EBSD mapping of the heat-treatadcA iron. The average grain size after the heat
treatment is approximately 90 um. The mechanicapgrties determined after heat treatment are yield
strengths, = 170 MPa, maximum elongatign= 25 %, and tensile strengihs = 280 MPa.

Table 1 Chemical composition of Armco iron (mé&es

Element C Mn P S Cu N Al

Content | 0.001 0.050 0.003 0.003 0.009 0.004 0.005

Element Cr Mo Ni Sn Si Fe

Content 0.015 0.002 0.14 0.002 0.004 Balance
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Fig. 1 EBSD mapping of the microstructure of Amiron used in this study. The average grain size
is about 9Qum.

Specimen preparation and fatigue crack propagaésts were performed by following the ASTM
E647 standard. CT specimens with a width- 40 mm and a thickne&= 8 mm were machined in the
longitudinal-transversal plane against hot-rollidgection. The specimen surface was finished by
diamond abrasives with im diameter. Fatigue crack propagation tests werslwded by a loading
control at room temperature under gaseous hydragkeydrogen gas pressi?g, = 3.5 MPa. The amount
of impurities (water vapor and oxygen) of hydrogms was 18 and 10 ppm, respectively. The tests were
performed by using Hycomat test bench [13] develdpePprime institute. This test bench consistarof
autoclave assembled to a servo-hydraulic load-framinéech has a capacity to perform mechanical tests
under the maximum gas pressure of 40 MPa at tHeekigemperature of 150 (423 K). The various
loading frequencies of 2 and 20 Hz were appliethtestigate its influence on the FCGR. Crack length
was measured by optical microscopy and Direct @uff@tential Drop (DCPD) technique during the tests
The stress ratioK(in/Kmna) Was 0.1, wher&;, andK. ., are the minimum and maximum stress intensity
factors, respectively.

3. Result
3.1. Fatigue crack propagation rate

The results of FCGR &dN, wherea the crack length and the number of cycles) at hydrogen gas
pressurePy, = 3.5 MPa are presented in Fig. 2 as well asdhalts aPy, = 35 MPa previously obtained
[23,31]. In Fig. 2, one can see that the FCGRo#t hydrogen gas pressures are higher than theimnes
the inert environments: air, nitrogen, and vaculmmaddition, the FCGRs in hydrogen exhibit diffdren
trends depending oAK value. Three distinct regimes can be defined,cbipi by considering for
example the curve &, = 35 MPa and= 0.2 Hz:

a) A non-accelerated regimaK < 12 MPaxm{?): in the lowAK range, the FCGR in hydrogen is
similar to the FCGR in the air.

b) A transition regime (12 4K < 14 MPaxm?): the FCGR in hydrogen sharply increases up to 50
times higher than that in the air.

c) An accelerated regime (14 MPaXm AK): after the transition regime, the slope of theveuin
hydrogen is nearly similar to the one in the aitrthe FCGRs are significantly enhanced.

This type of FCGR trend with the presence of a attaristic “knee” also has been determined in
pipeline steels [5,24,33-36]. This fact that Armioan, i.e. a pure ferrite microstructure, exhibike
similar sensitivity to hydrogen as pipeline steslsggests that the overall behavior is mainly douted



by the interaction between hydrogen and ferriterositucture and that pearlite microstructure onéye
a minor role.

In terms of the influence of loading frequency, thgher magnitude of the acceleration of FCGR is
exhibited at a lower frequency. The differencehs FCGRs at 35 MPa hydrogen between 0.2 Hz and 2
Hz is smaller compared with that between 2 and 20 H

In terms of the influence of hydrogen gas pressuhen comparing the FCGR curved at2 Hz and
Py = 3.5 and 35 MPa, theK value at the beginning of the transition regimk,,, atPy, = 35 MPa is
lower (AKy = 11 MPaxnl?) than that aPy, = 3.5 MPa AK, ~ 15 MPaxnY?). The dependency @K, on
the hydrogen gas pressure has also been confirmadiecipitation-hardened martensitic stainlessl st
[37] and in a low carbon steel [28,38]. The FCGRves atPy, = 3.5 MPa ended in the transition regime,
and the accelerated regime was not confirmed witterinvestigated range oK.

The HAFCG rate in a commercially pure iron has ddeen investigated by Ogawa et al. [18,39,40].
They used a JIS-C2504 grade as a material. Theasop between the FCGRs in the present study and
the ones in hydrogen (&, = 0.2, 0.7, 20, 90 MPa arid= 1, 5 Hz) and in the aif € 1 Hz) from their
studies is presented in Fig. 3. Some of the FCGResuof JIS-C2504 in hydrogen exhibit similar
characteristic regimes (non-accelerated, transéimhaccelerated) to the ones observed in thiy siute
FCGR curves of JIS-C2504 clearly show the dependendhydrogen gas pressure, i.e. the shifAléf,
similar to this study. Note also that there is nfluence of hydrogen gas pressure on the magnitfide
FCGR acceleration in the accelerated regime.

These dependences of HAFCG rate on hydrogen gasyseeand loading frequency are schematically
summarized in Fig. 4. As illustrated in Fig. 4,0avér loading frequency results in a higher magmitafl
HAFCG enhancement in the accelerated regime, mabmvehhigher hydrogen gas pressure results in a
lower AK value triggering HAFCG acceleratioNKy).
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Fig. 2 FCGRs (=adN) vs AK in Armco iron at various hydrogen gas pressuresl@ading
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Fig. 3 Comparison between the FCGRs in Armco &oa the ones in commercially pure iron, JIS-
C2504, in hydrogen and in air obtained by Ogawa.d1.8,39,40].
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Fig. 4 Schematic diagram of the influence of hgeno gas pressure and loading frequency on FCGR
curve.

3.2.Fracture surface observation

In the previous section, the drastic acceleratioRG@GR due to hydrogen has been observed from the
intermediate to the higher value &K. To investigate the fracture mechanism of HAFQ&& fracture
surface was observed by means of SEM. The SEM imafehe fracture surface in air and gaseous
hydrogen atPy, = 35 and 3.5 MPa are shown in Fig. 5, Fig. 6 aigd ¥, respectively. The fracture
surfaces atK = 8 and 15 MPaxfffin the air (Fig. 5a and b, respectively) represemypical ductile
transgranular fracture. This fracture mode continuetil the unstable rupture at the end of the test

On the other hand, the fracture surface in hydragd®,, = 35 MPa,f = 20 Hz,AK = 8 MPaxn?
(Fig. 6a, in the non-accelerated regime) was fubvered by intergranular facets evidencing an
intergranular fracture. The observation of the rogenular facets at higher magnification (the area
indicated by the red box in Fig. 6a) is shown ig.Féb: the presence of regularly spaced stripe-like
markings is noticed on the surface of the intergl@nfacets. The orientation of these markingdabaly
perpendicular to the macroscopic crack propagatimection (from left to right in the images). Thanse
type of intergranular fracture was observed atotiher loading frequencie§ £ 0.2 and 20 Hz) and at the
hydrogen gas pressuf®;, = 3.5 MPa while not shown here. Fig. 6¢c-e and Figshow the fracture
surfaces atK = 18 MPax{? (in the accelerated regime) R, = 35 and 3.5 MPa, respectively. In the
transition regime, the intergranular facets in logdn have been gradually replaced by transgranular
fracture surface with the increase MK. Subsequently, in the accelerated regime, thauiracsurface
became fully transgranular fracture surface witmyntear ridges and some flat surface parts athall t
loading frequencies as shown in Fig. 6¢c-e and Fid¢n addition, coarse striations with small undola,

i.e. brittle-like striations, were observed on th& surface parts as shown in the image at higher
magnification (Fig. 6f). No clear difference in tfiacture surfaces at different hydrogen gas pressand
different loading frequencies was confirmed. Biseat al. [40,41] have observed that the transgaanul
crack propagation in hydrogen exhibiting the flaicture surface is along a {100}-type cleavage @lizn
the grains by means of EBSD analysis in pure ifbimey concluded that the fracture mode in the
accelerated regime is Quasi-Cleavage (QC) fraetittea formation of brittle-like striations.
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Fig. 5 SEM images of fracture surfaces under aif €220 Hz) atAK = 8 and 15 MPaxHf shown in
(a) and (b), respectively.
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(a) At AK 8 MPaxrﬁ’zandf =20 Hz. (b) Higher magnification image of the
intergranular facet indicated by the red box in
the image (a). The red line in this figure shows
an example of a gauge line (10 um) to
measure a spacing of the plastic markings.
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(c) At AK = 18 MPaxnif?andf = 0.2 Hz.
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Fig. 6 SEM images of fracture surfaces under@aséydrogen &, = 35 MPaf = 0.2, 2 and 20 Hz. A
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(f) ngher magnification image of brittle-like
striation atAK = 20 MPaxm{*andf = 2 Hz.

crack growth direction is from left to right in #eimages.
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(@) At AK = 18 MPaxri?andf = 2 Hz. (b) At AK = 18 MPaxm{?andf = 20 Hz.
Fig. 7 SEM images of fracture surfaces under gashgdrogen aPy, = 3.5 MPaf = 2 and 20 Hz. A
crack growth direction is from left to right in theimages.

3.3. Surface topography of side surface near the crack path

In order to investigate the influence of logen on the plastic deformation in vicinity of ttrack tip,
surface topography (height variation) of the siddace near the fatigue crack path has been mahsuare
the tested CT specimens by means of an interferammeetnfocal microscopy (Talysurf CCI6000, Taylor
Hobson). The in-plane and out-of-plane resolutiohghe measurement were 0.3, and 0.05 nm,
respectively (according to the manufacturer). Thiaioed surface topographic images of the specimaens
4K = 18 MPaxmi{? in nitrogen and hydrogen are shown in Fig. 8.Hese images, the surface height
variation is indicated by the color gradation fraaoe to red. The green color part corresponds ¢o th
original surface height without any displacemerite Dlue vertical part in the middle of the imageshie
crack path. In Fig. 8a showing the surface topdgrapear the crack path in nitrogen, an uneven serfa
was observed over a range of few hundredsofrom the crack path. According to Rice [42], thyelic
plastic zone size (diametefj, in a plane stress condition can be estimated édjallowing equation:

2

Ar, = l(ﬁ) (2)
T\ 2oy

The value of half cyclic plastic zone sidg/2 atAK = 18 MPaxm{® is calculated as 446m. Since the

surface unevenness in nitrogen (Fig. 8a) spreatiwithin a 200 - 30Qum distance from the crack path

which is in the same order of magnitude to thewated value ofAry/2, thus this surface unevenness is

likely produced by cyclic plastic deformation iretkicinity of the crack tip.

On the other hand, Fig. 8b-f show the surfapegraphies near the crack path in hydrogeneasaime
value ofAK, hydrogen gas pressurs, = 3.5 and 35 MPa, and loading frequen¢ie<.2, 2 and 20 Hz.
At f = 0.2 Hz andP, = 35 MPa (in Fig. 8b, only a half of the specinvesss available for measurement).
All the surface topographic images in hydrogen shmwnogeneous green color, meaning no evident
surface unevenness. This result indicates thatlaction of cyclic plastic deformation near the &raip
occurred in the accelerated regime.
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Fig. 8 Surface topography (height variation)idessurface near the crack path\&t = 18 MPaxm{?in
nitrogen and hydrogen at various hydrogen gas pressnd loading frequencies. The arrow shows the
crack propagation direction from top to bottomhiede images.

4. Discussion

The results presented in the previous section tdearly evidenced the influence of gaseous
hydrogen on the FCGR and the crack tip plastigityArmco iron. In addition, the dependencies of the
HAFCG rate on the\K value, the hydrogen gas press&g, and the loading frequendyhave been
identified. This section presents discussions an ftcture mechanisms prevailing in both the non-
accelerated regime and the accelerated regimehamdependency of HAFCG on the paramet&ks, Pyp,
andf).

4.1. Mechanism of hydrogen-induced intergranular fracturein the non-accelerated regime

Firstly, a mechanism of HAFCG in the non-accelatatgime is discussed in this section. Although
no FCGR acceleration in hydrogen was observedwat\l§ values, a significant change in fracture mode
occurred from a transgranular fracture in the@ar intergranular one in hydrogen. An interesfeajure
at micro-scale of this intergranular fracture is fhrmation of stripe-like markings on intergranutacets
(Fig. 6b). These stripe-like markings have alsonbegported in some other researches [12,18,43#47].
nature can be an important clue for understandiegnechanism of the hydrogen-induced intergranular
fracture. To investigate this point, the spacingnafrkings was measured at the different test ciomgit
and at the differenAK values by counting the number of markings crosaipgrpendicular gauge line of
length from 5 to 2@um in the SEM images of fracture surface in eactinggondition. An example of the
gauge line (1Qum) is shown by the red line in Fig. 6¢. The inclioa of the intergranular facet plane was
not considered in this measurement. 5 to 12 meamnts were performed for a given test conditiore Th
result is presented in Fig. 9. The plots and therdrars show the average value of the markingisgac
and the standard deviation in each condition, &smdy. The average values do not seem to depand o
the test conditionsAK, the hydrogen gas pressure, and the loading freglieThe average value is
approximately 0.6wm which is one or two orders higher than the cradpagation distance per cycle (in



the order of 18 - 10® m), indicating that the spacing of markings is catresponding to the macroscopic
FCGR. Hence, the stripe-like marking is unlikelgtaation.
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10° 1.8x10% 2.5x10° 6.1x10% 4.7x107 1.4x10% 4.2x10° 1.3x103

Fig. 9 Spacing of stripe-like markings obsereedhe surface of intergranular facets at varitkis
values, loading frequencies, and hydrogen gas ymess

On the other hand, TEM observation of the crostiemebeneath the intergranular facet in Armco iron
by Shinko et al. [32] has revealed the presencdigibcation cell structure as shown in Fig. 10. The
presence of dislocation cell structure is an ewiderf a certain degree of plastic strain introduiogéa the
grains ahead of the crack tip during the hydrogeluced intergranular fracture. The accumulation of
plastic strain ahead of the intergranular crack &la® been confirmed by an in-situ observation of
intergranular fatigue crack propagation in low carbsteel under gaseous hydrogen [43] and TEM
observations of dislocation structure beneath gngglar facets in pure iron [45] and pure nickel, £8].

Crackpropagation directic Crack propagation directi

Fracture surface (inter{{anular fau

-~

Fig. 10 TEM iages of cross-section beneath thedifferent locations of fracture surfacefat 2 Hz



andAK = 11 MPaxmi{? in gaseous hydrogen Bf;, = 35 MPa [32]. The cell structure of dislocatisn i
developed immediately beneath the fracture surface.

Based on this configuration of plastic strain rethto the intergranular cracking, a mechanism ef th
hydrogen-induced intergranular fracture may be a&rpld as follows. Hydrogen atoms diffused from the
crack tip are dragged by mobile dislocations alshig planes. Since the grain boundary may act as a
barrier for the dislocation mobility [49], the dislations carrying hydrogen atoms stop and piletupe
intersections of the slip plane and the grain bamdThe accumulated dislocations and hydrogen &itom
may promote the nucleation of microvoids, as ewvigenby Nagumo et al. [50,51]. The microvoids are
linearly arranged at the intersection of slip plame grain boundary and are possibly observedripe-st
like markings on the intergranular facets. Finalhg highly accumulated microvoids and hydrogemnato
at the grain boundaries weaken the bonding endrtfyeagrain boundary, triggering a separation afirgr
boundary. Molecular dynamics simulations by Wangglet[52] agree well with this grain boundary
decohesion process.

A similar explanation of intergranular fracture hmeen recently proposed by Ogawa et al. [53]. They
confirmed the presence of microvoids formed aldredrain boundary during the intergranular cracking
in a pure iron. Their model advocates that theodetions and hydrogen atoms accumulated at grain
boundaries cause a formation of microvoids andr tlveialescence results in intergranular crack
propagation, in similar manner to the present motieladdition to this, they argued that hydrogen
enhances the emission and mobility of dislocatimssde of the grains ahead of the crack, playing an
important role for a high amount of accumulatiordisiocation and hydrogen at the grain boundargoAl
Wang et al. [45] have proposed a similar model deplaining an intergranular fracture in hydrogen-
charged pure iron under monotonic loading. The sit&ty-mediated hydrogen-induced intergranular
fracture process” seems to hold true for both cabegclic and monotonic loadings.

One more question remains: despite such a drdstiecge in the fracture mode from transgranular to
intergranular due to the presence of hydrogenFtb&R was not changed. One possible explanation for
this is that the same level of strain energy mightrequired for triggering both types of crackifige
TEM observation of dislocation structure [32] haveaaled that the size of dislocation cells formed
beneath the fracture surface in air and hydrogeaini®st the same, indicating that the same dedree o
plastic strain was imparted to the material dutimg crack propagation. This suggests that the $aveé
of strain energy is consumed for plastic defornmatiaring the transgranular crack propagation iraad
the intergranular one in hydrogen. Thus, becausedmmaining available energy for crack advancensent
the same for both cases, so the crack growth etenies almost the same. On the other hand, Ogawa et
al. [53] explained this issue by a competition wbtdifferent effects of hydrogen, material softenin
(resulting in FCG deceleration) and material hamtgrfresulting in FCG acceleration), occurring e t
same time.

4.2. Mechanism of hydrogen-induced QC fracturein the acceler ated regime

According to the classification of environredly assisted fatigue crack growth behavior [S4E
HAFCG acceleration in Armco iron is considered astrass-dependent proceds, is similar to the
threshold value oK for the onset of stress-corrosion crackikgec, which does not depend on time (that
is, a loading frequency). This is consistent with present result: the value &K, does not change with
the loading frequency.

From the results of the surface topography measemerof the side surface near the crack tip
presented in Section 3.3, it has been shown thdriblyen reduces the cyclic plastic deformation atufad



the crack tip in the accelerated regime. The olesE@C fracture surface with cleavage-like facetthis
regime is another indicator of less plastic defdiomcumulated at the crack tip prior to failurenig
reduced plasticity is clearly associated with t@GR enhancement due to hydrogen. In addition, the
TEM observation of dislocation structure immedigtbkeneath the fracture surface in the accelerated
regime by Shinko et al. [32] has clarified that tHislocation structure in hydrogen is a random
distribution of dislocation tangles without a deymhent of cell structure, while a dislocation cell
structure is formed in air. This result has revédleat hydrogen has a reduction effect of the ctgrk
plasticity. This plasticity reduction effect by hpden may be understood by referring to the hydroge
effects suppressing dislocation emission [55] anability [56,57]. The suppression of dislocation
emission by hydrogen has been confirmed by molecdyamamics simulations by Song et al. [55]
demonstrating that in hydrogen-rich regions, diatmn emission is blocked on the crack surface, and
brittle cleavage occurs after increasing the agpl@ading. On the other hand, molecular dynamics
simulations by Taketomi et al. [56,57] have conBdnthat hydrogen induces the dislocation mobility
reduction resulting in a hardening effect. Thesalital results have been confirmed experimentajly
the tensile test of hydrogen-charged pure iron lgufa et al. [58—60] and microcantilever bendirgf te
hydrogen charged-Fe-3%Si alloy by Hajilou et all][6 These hydrogen effects suppressing dislocation
activity explain well the crack-tip plasticity rection by hydrogen observed in this study (Fig. 8).

Based on these hydrogen effects, a scenario obritiee QC fracture in the accelerated regime is
proposed as follows. Solute hydrogen atoms diffufedh the crack tip may accumulate in high
hydrostatic stress regions ahead of the crack68p during applied loading increases. The cracldops
not highly blunt because of the reduction of créipkplasticity by hydrogen. The sharp crack tip sezai
high stress intensity and high hydrogen concemwtnaith the vicinity of the crack tip. When both sise
intensity and hydrogen concentration reach a afitlevel, cleavage fracture occurs by the HEDE
mechanism [7] in which the hydrogen reduces bondingrgy of matrix atoms. The cleavage fracture
continues until the crack tip advances to the plaoataining insufficient amount of hydrogen
concentration to continue the cleavage fracture.

An idea of hydrogen-induced cyclic cleavage fraetmodel was originally proposed by Marrow et al.
[63]. Birenis et al. [40,41] have recently proposedsimilar model to the present one in this study,
involving a reduction of crack tip plasticity. Bims’'s model states that the hydrogen-induced clgava
fracture is mainly contributed by a reduction afese dislocation mobility rather than the bondingegy
reduction of matrix atoms. On the other hand, astioeed in Section 1, Matsuoka et al. [14,15] have
proposed the HESFCG model based on the HELP mesthahlishikawa et al. [16] proposed the model
based on a hydrogen-enhanced microvoid coalescetmeever, both of these models assume that the
hydrogen enhances local plasticity at the cracktifhe accelerated regime, which was not confirtmed
the TEM observations by Shinko et al. [32] and Biseet al. [40,41].

4.3. Influence of hydrogen gas pressure and loading frequency on HAFCG

From the results of the FCG tests at various hyelnagps pressures and loading frequencies, the clear
influence of testing condition has been confirm8gdecifically, in terms of the dependence of HAFCG
rate on hydrogen gas pressure, the valuakqf decreases by increasing the hydrogen gas predsure.
terms of the dependence of HAFCG rate on loadiaguency, the magnitude of FCGR enhancement in
the accelerated regime increases by decreasigatimg frequency.

In order to investigate a cause and effect relatignbetween the testing conditions and a diffused
hydrogen concentratio€y ahead of the crack tip, hydrogen diffusion frone ttrack tip during one



loading cycle has been calculated by the one-dimpeakFick's diffusion law in a semi-infinite plane
surface subjected to a hydrogen concentrafignvhich can be approximated by an error functiof] g
follows:

X
Culx,t) = 65{1— ( )} (2)
H(x ) erf zm

wherex is the distance from the surface of the semi-itdfiplanet the time,erf the error function, and

the diffusivity coefficient. The value d is 2.5 x 10° m%s which was determined by a permeation test
performed on the undeformed Armco iron [65]. ToaitCy for one loading cycle period, the timavas
given as 1f/[s]. The saturated hydrogen concentration at tinfaseC; was obtained by Sievert's law [66]:

Cs = So+/ Przexp (_ g) 3)

where,S is a constantPy, the hydrogen gas pressurdi the dissolution enthalpyR the gas constant,
andT the absolute temperature. Fig. 11 shows the caéxuilaydrogen concentration ahead of the crack
tip during one loading cycle. In this figure, hydem concentration is indicated as a raticCgfto the
saturated hydrogen contentRf, = 35 MPa,Csph2-35. Although these calculations neglect some factors
influencing hydrogen diffusion, such as the effesftsrack tip plasticity and microstructure, thapyde
reliable orders of magnitude of hydrogen conceiutnat

—— Py, =35MPa, f=20 Hz
== Pu=35MPa, f=2Hz
....... Py> =35 MPa, f=0.2 Hz
— Py,=3.5MPa,f=20 Hz
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Fig. 11 Comparison of hydrogen concentratioradhaf the crack tip during one loading cycle.

In terms of the influence of hydrogen gas pressHig, (3) expresses that the saturated hydrogen
contentCs depends on hydrogen gas pres®yeas shown in Fig. 11. Sina&; depends on hydrogen
gas pressure as observed in FigCJds considered as an influential factor acting lua ghift ofAK,.

This dependence oAK; on hydrogen gas pressure agrees well the aforemedt mechanism
assuming that certain levels of stress intensitylardrogen concentration at the crack tip are requio
trigger the hydrogen-induced QC fracture associatgtkd the FCGR enhancement. If the hydrogen gas
pressure is high, the hydrogen concentration acthek tip Cs) becomes also high, hence the hydrogen-
induced QC fracture may be easily activated atvem éow level of stress intensity at the crack @m the



contrary, if the hydrogen gas pressure is lowhyarogen concentration at the crack ) (becomes low,
hence a high level of stress intensity at the ctarknight be required to activate the hydrogendicet
QC fracture. This assumption explains the dependeficAK, on hydrogen gas pressure. A similar
mechanism has also been suggested by Ogawa &8Jal. [

In terms of the effect of loading frequency, thengteation depth 0j/f)*? which is defined as a

distance from the crack tip where the valueGpfCs becomes 0.5, increases with the decrease in
loading frequency (as shown in Fig. 11). This ischese, at lower loading frequency, a longer peoiod
one loading cycle allows hydrogen to diffuse deejpem the crack tip. According to the hydrogen-
induced cyclic cleavage model (mentioned in Sultisect.2), deeper hydrogen penetration ahead of the
crack tip may cause longer crack advancement dtieetoleavage fracture, resulting in higher FCGR.

Another noticed fact about the loading frequendgafon the HAFCG rate is that the difference of
the enhanced FCGR betwekn 0.2 and 2 Hz is smaller compared to the one éativ= 2 and 20 Hz.
This suggests that there is likely a presence afpper limit of the FCG enhancement by decreagiag t
loading frequency lower than 0.2 Hz. As mentionedection 1, the presence of an upper limit of the
FCGR enhancement when the loading frequency desedmswn to 18 Hz has been highlighted by
several researches [14,24-27]. The value of thi®ufimit and its condition of loading frequencypdad
on hydrogen gas pressure [27] (or pre-charged lggir@ontent [26]). If the upper limit also existsthe
present case of Armco iron, the loading frequerepyetidency of FCGR in hydrogen (described in Fig. 4)
is valid as long as the loading frequency is highan the value at which the FCGR reaches to tiperup
limit. To verify this point, it is necessary to istigate the FCGR at lower loading frequency.

Furthermore, as also mentioned in Section 1, teeareh group at Kyushu University [26—28,67,68]
has revealed that, at the loading frequency lowan the value at which HAFCG rate reaches the upper
limit, a significant decrease in HAFCG rate occatrgelatively low hydrogen gas pressupg,(< 10 MPa)
in several types of steels. The loading frequerarising this reduction of FCGR enhancement depemds o
the hydrogen gas pressure. Based on their expadhtesults, Yoshikawa et al. [27,28] have estalkelis
a criterion for this phenomenon involving the pagten Py, x f)*2 In their case of low carbon steel, the
drop of FCGR enhancement occurs wheg, (x f)*?is lower than 0.2 (MPa/%j. This parameterR, x
f)“2 represents the gradient of hydrogen concentratimac of the crack tip, more precisely the slope
betweenCsat the crack tip an€./Cs = 0.5 at the penetration deptB/{)*2 In the case of this study in
Armco iron, the FCGR enhancement was observed avére lowest value oP(, x f)?= 2.6 (MPa/sY?
at the two conditionsRy, = 35 MPa,f = 0.2 Hz andPy, = 3.5 MPa,f = 2 Hz). On the other hand,
Somerday et al. [24] suggested that the attenuatfotihe hydrogen effect may be controlled by the
amount of oxygen in the hydrogen gas.

However, P, x )2 does not seem to be able to capture all the codityplef the FCGR enhancement

drop because it does not take into account theevafldK at the onset of FCGR enhancemexi(). For
example, the two testing conditiois;, = 35 MPa,f = 0.2 Hz and aPy, = 3.5 MPa,f = 2 Hz are
characterized by the same value RBf,(x f)?= 2 (MPa/s}? but the values ofK, are different as shown
in Fig. 2. These values &K, should be consistent XK;, was also controlled byP(, x f)l/z. Therefore,
AK cannot be determined only by 6 x f)*2 This might be because the mechanism causingribet of
the FCGR enhancement according\tq, and Py, X f)l’2 are differentAKy is determined by the absolute
hydrogen concentration at the crack tip (€g.as mentioned above, whilB., x f)? is determined by a
gradient of hydrogen concentration ahead of thekctip. Despite this, it is very important in priget to
identify criteria controlling the onset of hydrogemluced FCGR enhancement. It would greatly
contribute to the improvement of safety design fatigue life prediction of hydrogen-related equiprne
Since these two criteria are only assumptions nbthiexperimentally so far, further experimentakdat



and theoretical considerations are necessary tdyctaeir physical meaning and rules. In this poirf
view, fatigue crack propagation tests undé& constant at lower loading frequency than 0.2 Hdeun
various hydrogen gas pressures are in progress, iis planned to examine the modification ofcéréip
plasticity by hydrogen in more detail by means BM'and EBSD observations.

5. Conclusions

The fatigue crack propagation in commelgialire iron, Armco iron, under gaseous hydrogeR.at
= 3.5, 35 MPa at= 0.2, 2, 20 Hz have been investigated aiminddafg the dependency of HAFCG on
the hydrogen gas pressure and the loading frequamyts mechanism. The influence of hydrogen en th
fracture mode and the plastic deformation in thoénity of the crack tip have been examined by mexns
the fracture surface observation and the surfgeegi@phy measurement of the side surface neardlk c
path, in order to interpret the observed hydrodésces on the fatigue crack growth resistance. ifiaén
conclusions are summarized below.

1) HAFCG rate exhibits three distinct regimes: a noocederated regime at lowK values, a transition
regime, and an accelerated regime at highvalues showing FCGR enhancement up to 50 times
higher than the FCGR in the air.

2) In the non-accelerated regime, the FCGR in hydragetmost the same compared to the one in the
air. Fracture mode in hydrogen is a brittle intargdar fracture, in contrast to transgranular e air
at the same\K value. Furthermore, stripe-like plastic marking lieeen observed on intergranular
facets. Based on these results and previouslyraatadnes from the TEM observation of dislocation
structure, a scenario of hydrogen-induced intengeanfracture might be: mobile dislocations
carrying hydrogen atoms accumulate at grain boyndhaead of the crack tip. Highly accumulated
dislocations and hydrogen atoms induce microvoiclgation which weakens the bonding energy of
grain boundary, resulting in a grain boundary desain.

3) In the transition regime, fracture mode gradualigriges from intergranular fracture to transgranular
QC one, at the same time HAFCG rate highly increasgdter the FCGR acceleration reaches a
certain magnitude, the slope of HAFCG rate curvae®back to the same level as in the air, i.e. the
accelerated regime. In the accelerated regimetuiesurface is fully covered by the QC fracture
surface with brittle-like striations. The surfac@dgraphy measurement of side surface near thk crac
path has revealed that hydrogen drastically redageléc plastic deformation in the vicinity of the
crack tip. A scenario of hydrogen-induced QC fraethas been proposed as follows: concentrated
hydrogen atoms reduce the crack tip plasticitypandg less blunting of the crack tip. Consequently,
when the stress intensity and the hydrogen coratentr at the crack tip reach a critical level,
cleavage fracture occurs by HEDE mechanism.

4) Higher hydrogen gas pressure decreases the vall§,oBesides, lower loading frequency increases
the FCGR enhancement in the accelerated regimeeTdependencies on the hydrogen gas pressure
and the loading frequency may be explained in teah€s and D/f)Y? respectively. Another
important feature regarding the dependences isttleat are likely two criteria of the onset of
hydrogen effects defined by certain valuesA#f (i.e. AKy) and the hydrogen gradient (i.€p§ x
f)¥3). Identification of these criteria is practically portant for improving safety design and fatigue
life prediction of hydrogen-related equipment.
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