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Abstract

Fatigue crack growth (FCG) test was done on a feked single-edge notched tensile
(SENT) specimen with oligocrystalline ferritic stture. Innovative in-situ hydrogen (H)-
charging by plasma inside an environmental scaneiegtron microscope (ESEM) was
adopted to directly observe the H influence onR& behavior of this material. Diverse
in-situ and post-mortem characterization methodtuding secondary electron imaging,
backscatter electron imaging, electron backscditiaction (EBSD) and scanning probe
microscopy (SPM) were used to investigate the nad®ibehavior. It was observed that
the crack growth rate was enhanced by about onenitndg when H was charged, in
comparison with the reference test in vacuum (Vahg FCG procedure was concluded
as strongly associated with the plasticity evolutia the vicinity of the crack-tip. A
simple model based on the restricted plasticity magposed for the H-enhanced FCG
behavior. A peculiar frequency dependency of thenHanced FCG behavior was
observed at low loading frequencies (0.015 Hz 5 (Hk): under the same in-situ H-
charging condition, a lower frequency gave a sloerack growth rate and vice versa.
This behavior was explained by the thermally at¢gsladislocation motion correlated
with the plasticity shielding effect during cractogth.

Keywords: fatigue crack growth (FCG); hydrogen eittlement; SENT specimen;
EBSD; SEM.

1. Introduction

Hydrogen embrittlement (HE) has been discussedsitely for more than a century
since the first document about the hydrogen (H)afgarin iron and steels by Johnson in
1875 [1]. Several different mechanisms regardingoua scales and aspects have been
proposed, such as hydrogen-enhanced localizedigithas(HELP) [2-7], hydrogen-
enhanced decohesion (HEDE) [8-11], adsorption-iadudecohesion (AIDE) [12-15],
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hydrogen-enhanced vacancy production [16, 17] angdirdgen-induced phase
transformation [18-21]. Among these mechanisms,HE¢ P and HEDE mechanisms
gained the most attention based on diverse expetahgroofs.

Another failure mechanism for engineering strucgutemes from cyclic loading which

could lead to fatigue failure. This type of engimeg failure was strongly linked to

economic loss. According to statistics in 1983, fdtgue failures costed $119 billion per
year from the US industry, and this number seeradgetmeaningfully increasing in the
recent years [22]. It is even worse when envirortaleconditions applied. For some
large industrial structures, such as oil platformsthe sea, a combined effect of
vibrational loading and extreme environmental ctods should be taken seriously. In
some cases, small cracks could be formed in thetates, which lead to premature
failure. As for engineers’ prospect, it is of greatportance to know how long the
structure could still serve in such conditions with further repairing, and in academic
point of view, the fatigue crack growth (FCG) beloashould be studied.

The combined effect from HE and cyclic loading bagn intensively studied by a group
of scientists from Kyushu University [23-28] usimggh pressure Hgas on various
metals. Most of the embrittled specimens showedlitoed deformation at the crack-tips,
and based on these investigations, a model caligdrégen-induced successive crack
growth (HISCG)” has been proposed [29]. This moaebpted the slip deformation
localization at the crack-tip, which was in accorca with the HELP mechanism,
yielding suppressed crack-tip blunting and a fastack propagation rate. Even though
this model could explain some cases, importantendds are still missing [24]. One
reason is that most of the investigation resulteeves materials with complex structures
such as mixed phases, different grain sizes, vanpoecipitates, etc. All the impurities in
the materials could make the H-effect more diffidol be interpreted. A clear setup on
clean and simple model material with least posstoimplexity should be proposed to
support this model.

In the present study, a single-edge notched te(SHENT) specimen was produced from
an oligocrystalline ferritic Fe-3wt%Si steel andtexl under low frequency cyclic loading
in an environmental scanning electron microscop8EM®) in both vacuum (Vac)
condition and H-plasma charging condition. Oligstays are coarse-grained materials
with only one grain existing through the thicknessection. By using oligocrystal, the
behavior of material could be localized in a singdain and some complicated influence
from crystal orientation or grain boundaries cobkl eliminated in certain extent. The
FCG behavior was observed by the ESEM and analyatd other scanning electron
microscopy (SEM) techniques. The testing resultgega convincing proof of the HE
effect from H-plasma charging and the possible raeigdms of H-enhanced FCG were
discussed.

2. Materials and Experimental



The material used in this study was a Fe-3wt%Sitieisteel. The chemical composition
by weight percent is shown in Tab. 1. The raw nmaemwere annealed at 1250 °C for
four weeks followed by furnace cooling to facilgathe grain growth. The resulting
material has pure ferritic structure and the fopain size is about 1~2 mm.

Tab. 1 Chemical composition of the investigatedamak

Elem. C Si Mn P S Cr Ni Mo

wt.% 0.018 3.000 0.055 0.008 0.003 0.010 0.006 0.003
Elem. Cu Al Ti Nb Vv B Zr Fe

wt.% 0.013 0.015 0.001 0.002 0.001 0.0002 0.0010 Bal.

SENT specimens were cut from the heat-treated ralteby electron discharge
machining (EDM). The shape of the specimens is shiowFig. 1. The specimen has the
dimension of thicknesB = 1 mm, widthW = 6 mm and the gauge lendth= 20 mm. A
pre-crack (PC) with 1 mm length was introduced Ysfic three-point bending. Since the
grain size is relatively large, only one grain é&xishrough the thickness direction
(oligocrystal). It should be noted that the testd eaharacterizations shown in the present
paper were from a single exemplary specimen forstidee of keeping the constraints
identical along the crack.
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Fig. 1 The SENT specimen geometry and notch dimensi

Before testing, the specimen was characterizeddayren backscatter diffraction (EBSD,
Nordif EBSD system) in a Quanta 650 ESEM (Thernsgh&i Scientific Inc., USA) with
an acceleration voltage of 20 kV at a working dista of about 10 mm. The normal
direction inverse pole figure (ND-IPF) maps, keraetérage misorientation (KAM) maps,
and grain reference orientation deviation (GRODpshavere plotted over the region of
interest (ROI). The results are shown in Fig. 2.



400 pm

Fig. 2 EBSD maps of the investigated SENT specirmeND-IPF map over the area near
the PC; b. ND-IPF map over the PC tip; c. KAM magmothe PC tip; d. GROD map
over the PC tip. IPF maps have the legend showhdrorientation triangle. The color
scale for a and b is the same.

The FCG test was done by a tensile/ compressiorulad&ammrath & Weiss GmbH,
Germany) inside the ESEM. The specimen was loatlkxhd ratioR = 0.5. The tensile/
compression module was operated in a load-contiolkeode with an intrinsic
displacement-control nature of the device. The l@edje was chosen such that the stress
intensity factor range4) was above the empirical threshold vald&) obtained from
preliminary tests and increased following the sthgecording to Paris’ law. The cyclic
loading frequencies were 0.15 Hz and 0.015 Hz, lwinere denoted as low frequency
(LF) and ultra-low frequency (ULF), respectively, the following text. After every 100
cycles, the specimen was unloaded to O N for intaginavoid possible elastic strain
influence on the image. The ESEM was operated ak\B@ccelerating voltage. Both
secondary electron (SE) images and backscattetrrate@SE) images were taken. The
SE images were used to check the crack length temdlopography near the crack, and
the BSE images were controlled to an optimum chiammeontrast to reveal the plastic
deformation near the crack-tip. The crack growtie kas calculated from the measured
crack length over the cycles interval (100 cycles).

For simplification, thedK during cyclic loading was calculated based on SeNT
specimen described in Ref.[30]. It was assumectthek in this test was a type | crack
(opening mode), and the stress intensity couldabmutated by Eq. 1:



P a
K=——f| 2 Eq. 1
T BUW (wj g

in whichf is a dimensionless function and reads as Eq. 2.
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whereW is the width of the specimeB,is the specimen thicknessjs the crack length
andP is the applied tensile load, as already indicatdeig. 1.

The 4K value is thus calculated by the following Eq. 3:

AK = Kmax - Kmin Eq 3
whereKmax andKnin are the maximum and minimulgy values, respectively, during one
loading cycle.

H-plasma charging technique was applied to stu@yHlk effect during FCG of the
studied material. An Evactron plasma source (XEEe&dic, Inc., USA) was used to
ignite and inject the plasma phase into the Vaentiea from a hydrogen gas source. The
source hydrogen gas was produced by a hydrogemagen@sing electrolysis principle
from pure water. The gas flow rate was 250 ml/nlihe H-charging method was the
same as described in Ref. [31]. According to thmrefrom XEI Scientific Inc. [32], the

H radicals created by the plasma source contaiodd lH atoms and excited hydrogen
gas molecules. During charging, the plasma phase neé injected directly on to the
specimen surface, but only the active particledccstill take part in the reaction. By this
means, the specimen surface would have least p@siEinage from exposure to plasma.
The charging conditions were kept constant during twhole test, and the loading
condition could be measured and controlled pregibgl the miniature testing module,
indicating a well-constrained setup for the H-uptakccording to a previous work from
the authors’ research group [31], the fugacity led tlissociated H atoms can reach a
value larger than 80 Pa in the vacuum chambercanceven reach several MPa locally
[33]. However, due to limited thermodynamics datdhe plasma phase and the missing
physics in the H uptake mechanism from plasma phasg indirect values of the H
concentration could be assumed.

Since the studied specimen has an oligocrystabinecture, the crack could grow a
relative long distance with well-defined loadingnddions. Furthermore, the relative
stress conditions with respect to the neighboriragng could be kept almost unaffected
during crack growth. Hence, we changed the envientrduring the test with keeping all
other parameters unbothered to reveal the “purgir@mmental influence. This means,
both the reference test and the control test were dn the same grain under the same
mechanical loading with only alteration in the enwiment.
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The “in-situ” tests were done with in-situ loadiagd in-situ H-charging. In-situ imaging
was partially possible when the H-plasma was swdaobff and the chamber was pumped
to high Vac again. This was due to the technicalitéitions of the SEM detector.
Normally about 10 s was required for the chambeeéxh the high Vac state. Hence, the
“in-situ imaging” here was limited to “in-situ inogition” but “ex-situ in environment”.

After loading, the specimen was taken out and dtaraed by SEM including
secondary electron imaging and EBSD to check thstipl deformation zone near the
crack. Scanning probe microscopy (SPM) in a Tl BBMoindentation system (Hysitron
Inc., USA) using a Berkovich tip was adopted toaththe topography of the region near
the propagated fatigue crack. The ROIs were in 8&8um squares and were from the
representative characteristic regions near the Madigue crack. The SPM images were
processed by the open source software Gwyddion.

3. Results
3.1Fatigue crack growth behavior

The crack length data were measured from the SEAMj@® taken between loading cycles,
and thedK values were calculated based on the SENT specassumption as described
in the experimental section. The fatigue crack ghorate (FCGR, denoted da/dN) vs.
4K results were plotted on a logarithmic scale andwshin Fig. 3 as different
comparisons. It is worth noting that the startiti§ value was controlled to a value that
was a little bit higher than the empiric#y, from preliminary tests for this material and
the FCG behavior in the Paris’ regime was expefrtad the present test. Fig. 3a shows
the comparison between the Vac and H cases underldéHding condition. The FCGR
was slightly enhanced by H, but the enhancementnetsery significant. While Fig. 3b
shows the comparison under LF loading conditiod, the FCGR was increased by about
one magnitude when H was charged into the chanilbercomparison in Fig. 3¢ shows
the frequency dependency of the H-enhanced FCGR.LFhloading condition gives a
more significant FCGR enhancement by H.
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Fig. 3 Fatigue crack growth data of the investidatpecimen: a. Vac and H cases under
ULF; b. Vac and H cases under LF; c. H cases uddérand LF.

3.2 Crack-tip characterization



The crack-tip during cyclic loading was charactedizoy SEM, including secondary
electron (SE) imaging and backscatter electron (B®B&ging. The results are shown in
Fig. 4. The crack length incrementa after the loading intervals of each 100 cycles wa
measured by comparing the present image with tlagénirom the last loading step (not
shown in the figures), which is shown by the yelldauble-arrow lines in the SE images
of Fig. 4. ThedK range was calculated for each status based oSHMNT specimen
approach. The images showed the microstructurkervicinity of the crack-tip resulted
from the samelK range but under different environmental conditidfer both ULF and
LF, the H-charged case had an accelerated FCGRooit 40 um per 100 cycles, while
the Vac case had the FCGR of only 3.3 um and 4.9@mni00 cycles, respectively. The
SE images mainly showed the topography near thek<ip, which revealed the
differences mainly in the deformation pile-ups. Tdrack grown in Vac was normally
associated with more severe pile-ups near the dnachknd the lines from deformation
were normally curves; while the crack grown in HiHass pile-ups and the lines were
straighter, when present. Moreover, the BSE imapesved a stark contrast as contour
lines in the vicinity of the crack-tip in Vac ca@ee the highlighted area in Fig. 4), but in
contrast, the H case did not show such contragt. BSE contrast is normally associated
with atomic number contrast and crystal orientattontrast. In this large single-phase
ferritic grain, atomic number contrast was almastarm over the whole grain, and only
orientation contrast should be considered from BIs& images. In the present study,
these images could be used to evaluate the ptgstiear the crack-tips.



a,. ULF Vac
SE

Fig. 4 Crack-tip characterization in different cdramhs as marked in each subfigure. The
double-arrow lines indicate the crack advance dutire loading segment of 100 cycles.
The corresponding crack growth an& level are marked in each subfigure. The left
column (a to dy) shows the SE images and the right columntdad,) shows the BSE
images. The global FCG direction is from top totdwt for all subfigures.
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3.3EBSD post-characterization

The area near the fatigue crack was characterige@BSD technique on the post-
mortem specimen after loading. The resulting GRO&psnwere plotted for both ULF
and LF loading conditions, respectively, and wemewm in Fig. 5a and b. Different
environmental conditions were separated by yellashdines. Magnified representative
featured areas on the left part of the crack wéotqa in Fig. 5@ & and Rk, b, with the
same coloring scale. Since the GROD values wemledéd based on the orientation
deviation with respect to a reference orientatitms map was commonly used to
evaluate the plasticity assuming the orientatioange came from plastic deformation
[24, 34, 35]. It is worth noting that the large ila field in the top left corner of Fig. 5a
came from the pre-cracking procedure, which wasngly associated with the crack
initiation procedure, and this was not an areatarest regarding the present study. From
Fig. 5, it was clearly shown that the fatigue ftaetwas associated with plasticity near
the crack. The magnified views in Fig. 5,(a&, b, ) were acquired with higher
resolution on the plastic zones and showed thapdltterns were periodic along the crack
growth path. The regular patterns were extendiaggtwo different <110> directions on
both sides of the crack, and the directions weeesdime for all conditions. When loaded
with ULF, the material had a plastic extensionlmda 18~20 um in Vac and 8~10 pm in
H, respectively, away from the crack. While wheaded with LF, the plastic extension
ranged from 22~25 pm in Vac and 4~8 um in H, respsy. Fig. 6 showed the
misorientation distribution versus the distance yaweom the crack in different
conditions. The distributions along the highlightetes in Fig. 6a (ULF) and k (LF)
were plotted in aand b, respectively. For both frequencies, one linedprah Vac and
two line-profiles in H were presented. The misowdion of the area loaded in Vac
(about 25~30°) was much larger than that in H @p%in LF and up to 15° in ULF).
The red triangle in Fig. @showed the peak misorientation in the H condiaéier ULF
loading, which read about 15° from Fig..6& the ROI of the LF case, no such strong
peaks were found in the misorientation profile, #mel maximum value was less than 5°
from the data. The size of the plastic zone (cagid high misorientation values) could
also be evaluated from the profiles, which corresieal to the results mentioned in the
above sentences.



b;. LF_Vac
~10.1 MPaVm

a,. ULF_H
~10.8 MPaVm ' ~10.8 MPaVm

{110} traces

{110} traces

Fig. 5 GROD maps near the fatigue crack after logavith a. ULF (magnified ROIs;a

in Vac and a in H) and b. LF conditions (magnified ROIg: lm Vac and b in H). The
4K range for a is from 10.4 to 11.6 M¥m, and that for b is from 10.0 to 13.1 M{Pa.
The global FCG direction is from top to bottom. Tdwor scale is the same for all sub-
plots.
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Fig. 6 GROD maps and misorientation distributioouging on a. ULF loading and b. LF
loading; a and b are the misorientation distribution profiles showithe highlighted
lines in @ and R, respectively. The red triangles in @and a are indicating the same
misorientation peak. The global FCG direction mnirtop to bottom. The color scale of
the EBSD maps is the same as in Fig. 5.

3.4Topography near the fatigue crack

The SPM technique was adopted to check the topbgrapthe area near the fatigue
crack. Fig. 7 showed the constructed 3D imageshef representative areas under
different loading conditions. The two areas wetetafrom the area next to both sides of
the fatigue crack. It is clear that the materiahmthe crack formed a topographical
roughness with different heights ranging from 10+88 in the ROIs from different

loading conditions. The roughness is the resulnftbe dislocation slipping, as noted by
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Vehoff and Neumann [36] in the similar Fe-Si systefhe slip lines resulted from
loading in Vac (Fig. 7a and b) were generally higian that resulted from loading in H
(Fig. 7c and d). The Vac conditions with both freqoies gave a final roughness in the
range of 30 nm while the H conditions gave a lessigunced roughness of about 10~20
nm. The slip lines were denser in LF conditionsitmULF conditions. Considering the
distance between the grooves of the roughnesseirVHt cases, the ULF case had a
larger value of about 3~4 um while the LF case dvalgt 1~2 pm between each slip line.
In the H cases, the slip lines were not extendivey the scanned area, and this parameter
could not be compared directly. However, the shed localized near the crack (Fig. 7c
and d) gave a value of about 1 pm for both ULF laRdases.

35nm

-28 nm

25nm

-16 nm

Fig. 7 SPM images on characteristic regions neamthin fatigue crack a. ULF Vac, b.
LF Vac, c. ULF H, d. LF H. The arrows represent tlebal FCG direction and the
relative position of the crack. The dash lineshie sub-plots denote the directions of the
slip lines.

3.5Fractography

After the specimen has been completely fractureel,ftacture surface was investigated
by SEM. The fracture features were in general tmaesalong the thickness direction of
the SENT specimen, which means the test could msidered as done on a two-
dimensional oligocrystal. Thus, some loading comifiles could be constrained. In the
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present results, the crack length data could beeleded to the fracture surface features
thanks to the accurate measurement at each loatépy Consequently, the loading
parameters as well as the environmental condittmustd also be correlated. It could be
seen from Fig. 8a that the overall fracture featdoeked differently regarding different
loading and environmental conditions. The wholeirgreas fractured transgranularly,
however, essential differences in the fracture amafthat was subjected to different
testing conditions could be clearly discerned,hasv in Fig. 8. The striations formed in
Vac were densely arranged perpendicular to the BEE&tion with the protuberances
smooth and round, as illustrated in Fig. 8b andMtile the striations formed in H
environment were sparsely distributed and form sbntde-like facets, as shown in Fig.
8d and e. Furthermore, the directions of the sbrigtin general were forming a roughly
45° to the global FCG direction, according to theasurement in the figures. The
protuberances look sharper than the Vac case,hendvierall surface looked flatter than
that of the Vac case. The spacing between the nsajations were measured from the
magnified fractographs in Fig. 8. Under ULF loadiag average spacing of 0.09 um and
0.74 pm were obtained for the Vac and H caseseotisply. While for LF loading, the
value of 0.10 um and 0.84 pm were obtained forMhe and H cases, respectively.
These values fit well with the data in Fig. 3 excéye ULF H case. However, one could
also see some denser striations in the ULF H cas&lds the characteristic “quasi-
cleavage” striations, as highlighted by a blacktamrgle in Fig. 8d with a magnified
subsection from it, which was not counted in theasueement. It is thus reasonable to
consider the striation spacing corresponds welth® globally measured FCGR. By
comparing the fracture features in different logdifrequencies, no significant
differences could be observed.
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from top to bottom. All the ROIs are in the samaigrand the representative unit cell
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4. Discussion
4.1 Plasticity-related fracture procedure

Based on the microstructure observation near ttiguta crack, it could be inferred that
the FCG procedure was a plasticity-related procethath in Vac and with H-charging.
Before FCG, the notched specimen was subjectegd doading to initiate the fatigue
pre-crack. A certain plastic deformation zone wesdpced during this procedure. This
plasticity could be observed in the upper left eorof Fig. 5. Due to text length concerns,
the crack initiation procedure would not be disedss this work and only the stable
crack growth stage was considered.

Depending on the material’s properties and loadiagditions, the externally applied
energy could be released either by crack growthv(serface opening) or by plastic
deformation (e.g. dislocation motion, mechanicahting or phase transformation), or in
most cases by mixed mode of both of them. The @éxge@tal observations of a relatively
larger plastic zone and a smaller crack advan&&amcase indicated that the energy was
largely released by plastic deformation mechanisénsce no phase transformation or
mechanical twinning was observed in the studiederradt it was inferred that the
outwards dislocation motion into the material mafrom the crack-tip gave a significant
contribution to the plastic energy release. Assalltefracture surface in Vac case showed
a large plastic zone (Fig. 5 and Fig. 6) and a keralck advance (smaller striation
distances as in Fig. 8b and c). According to Laind Smith [37], the fatigue striations
formed on the fracture surface are a result of thgnand sharpening of the crack tip
under cyclic loading via a plastic deformation mamkm. This can confirm that the FCG
in the current study is a plasticity-related praged

Based on the discrete-dislocation plasticity simataresults by Chakravarthy and Curtin
[38], noticeable dislocations slipping could be eved around the crack-tip during crack
growth, and the local strain field could extends&veral microns away. Conventional
large-scale investigations such as optical micrmpgcoould capture the fracture or
mechanical behavior at macro-scale but were diffico reveal the quantitative
measurement of the small-scale local strain. Therayscale characterizations in this
work, however, could successfully capture the pagtat this level. Combining with
EBSD technique, some quantitative crystallogragimd microstructural data could also
be obtained. In this test, the plasticity extensionld range to about 30 pm in Vac, with
a crystal rotation (misorientation) up to 30° basadthe measurements shown in Fig. 5
and Fig. 6, depending on the loading conditionss Tivestigation gave strong proof to
the simulation results in [38] that the FCG proacedwas associated with plasticity
evolution in the vicinity of the crack-tip.

When dislocations are introduced into the crackiesys there is an effect named
dislocation shielding, simply describing the pheeoon that dislocations are trying to
lower the stress of the crack-tip. As is generaltgepted, the vicinity of a crack-tip is
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often highly stressed. The shielding dislocatiorestaus emitted from the crack-tip and

move into the material matrix and in this way make crack blunt and thus lower the

stress state at the crack-tip. However, dislocati@iso interact with themselves if they
are emitted. A large amount of dislocations ahesd aso restrict the new dislocations
from emitting, therefore, the dislocations will acaulate in the nearby area close to the
crack path but not extend into the matrix infinteWWhen the shielding dislocations are
sufficient to prevent new dislocations from emiftinthe stress state will again be

elevated by the external loading and thus the crgiws after the critical stress

condition is reached. This mechanism could explelity we see discontinuous plastic

zones along the crack path.

4.2 The HE effect from H-plasma charging

In a previous study [31], the HE effect on the sdaretic alloy was observed by H-
plasma charging during slow strain rate tensilésté&/ith monotonic loading, the global
elongation (final elongation value in percentagaapomplete fracture) was reduced by
about 5% in comparison with the reference test &c.Vlhe reasons were given as the
combined effect from localized deformation and lzeal H-concentration. Following
this conclusion, a notch was introduced and a sfaigue crack was initiated from the
notch by cyclic loading, which could give a stressicentrated location and thus
controlling the crack path. From the FCG resulis, Hi-charging by the plasma phase did
take part in the FCG behavior, giving an incredsaout one in magnitude of the FCGR.
This result could be used as a confirmation to mevious proposal and a convincing
proof of the HE effect from H-plasma charging.

As a direct comparison, the resulting fatigue mgcaphy from H-charging in Fig. 8 was
comparable with that under monotonic tensile logdin Ref. [31], with the only

difference from fatigue striations. The characteris‘quasi-cleavage” facets were
observed in the H-charged case in both works Figf. 8 and Fig. 9. Previous literature
showed similar H-induced “quasi-cleavage” featuiressarious Fe-based BCC alloys
under different H-rich environments [24, 39-46]. i& thus considered that one
characteristics by H-charging in fractography es tQuasi-cleavage” fracture features.

16



Fig. 9 Fracture feature with monotonic tensile logdwith H-plasma charging on the
investigated material, from Rd81].

The “quasi-cleavage” feature after H-enhanced FEC& pure iron specimen was studied
in a recent work [47]. They observed the “quasacige” regions were parallel to the
{100} planes and concluded the H-enhanced FCG westd the contribution of local
cleavage fracture. However, this proposal conttadiour results. Based on our
investigations, the fatigue crack did not changedtion significantly during the whole
test, either in Vac or in H. From the EBSD scahsg, ECG direction was closer to {110}
traces rather than {100}, as marked in Fig. Sanftbe crystallographic analysis, the ND
of the fracture surface was approximately paraiéelthe crystallographic <1 3 5>
direction, which did not correspond to the cleavageture surface of this material.
Several reasons could attribute to this differefi¢es investigated material in [47] was a
polycrystalline pure iron, the cleavage fractureldde activated due to local stress state
and local crystal orientation accompanied by accodations between grains.
Furthermore, only selected grains were indexed4if] with the cleavage orientation
relationship, which did not contribute much to istats. Another important factor was the
stress state. The investigation area in [47] caroen fthe mid-thickness of the CT
specimen, which was experiencing more plane-stcamdition. While most of other
works including the present one focused on theaserfarea which was experiencing
more plane-stress condition. This could give soriiferdnces since the plane-strain
condition gave higher lattice dilatation. Under rn@sstrain condition, the material
experienced a higher hydrostatic stress, and tresssstate was a major reason for the
elastic volume expansion, which could lead to aallgc higher H-concentration.
Therefore, a stronger HE phenomenon (cleavageuiaftature) was expected.

The previously proposed models for the H-enhandc€® vere mainly based on the
HELP mechanism assumptions, which emphasize thas ldiding the deformation
processes by enhancing the mobility of dislocatiamsl consequently making the plastic
deformation zone smaller in size (e.qg. [2, 7]). ldoer, based on our investigations, there
is no clear proof of enhanced dislocation mobilliyt instead, a restricted mobility of
dislocations seems to be more evident. It is oleskthat both the size of the deformation
zone and the total amount of plasticity were smatiethe H cases comparing with the
Vac cases, as was also pointed out in [47]. Themeistation distribution in Fig. 6and
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b, showed this relation clearly. The maximum misaa#éon angle values were in
general much smaller in the H cases than that efcthrresponding Vac cases. If we
consider the plasticity was only ‘“localized”, a ostger plasticity, i.e. higher
misorientation angle than the maximum value in\fhe case, should be observed when
it gets closer to the crack. However, this wasthetcase based on the EBSD results. In
another way, the misorientation profile, i.e. plzdty deformed area, was strongly
suppressed by H in comparison with the Vac casks.skme story could be told from
the SPM results in Fig. 7 as well. The scannedsaweare directly from the region
connecting the primary fatigue crack, and no strpegks could be seen in the H cases.
This means the plasticity was impaired during t@&Hn H. The reduced plastic zone by
H was also confirmed by in-situ micro-cantilevenbtimg test in the case of monotonic
loading and step-wise loading in other BCC matsiié8-50].

Based on the investigation from both fractographg plastic zone characterization, a
model on the H-enhanced FCG was proposed. Figs B0 schematic of the proposed
mechanism. When a pre-crack is under cyclic loaditige loading would give
contribution to both crack growth and plasticitg@pendent of H influence. The cracking
is considered as atomic plane separation (fadtebdtacking) while the plastic response
results in deformation zones with higher misorigata (dislocation shielding and slow
ductile cracking). It has been calculated by attims&mulations that the strong trapping
sites of H are distributed around the dislocatiores [51]. As an interstitial solid solute
atom, H in general has a pinning effect on dislocaslipping, which will increase the
critical resolved shear stress of some specifig slistems [52, 53]. Consequently, by
impairing the mobility of the dislocation in hydreg enriched volume in vicinity of the
crack, the dislocation shielding effect on the strmtensity of the crack will be reduced
in comparison with the H-free case such that tlastity extension is smaller in H than
in Vac (see the middle illustration in Fig. 10).eTimvestigation results of the plastic zone
size in the early section give convincing proofties proposed mechanism. Another
feature is the distribution of the plastic zonee Hi-free case gives a more concentrated
deformation zone while the H case gives more ség@daastic zones (c.f. Fig. 5 and Fig.
6). This could be explained by the right-side ifaton in Fig. 10 that the dislocation
shielding effect is competing with the crack grow8ince the dislocation shielding is
restricted by H, the extended distance of the iglasine in the H case is shorter than that
in the H-free case. A locally higher stress intgnat the crack tip is expected when the
dislocation shielding on crack is restricted. There the critical stress state for crack
growth is more easily reached in H than in Vacthi@ assumptions, it is considered that
the crack growth is free of plastic behavior, ahdst a larger undeformed distance
between the plastic zones in H than in Vac couldd®n. Hence, as a short conclusion,
the mechanism of H-enhanced FCG is proposed ad-tlestricted dislocation shielding
and thus enhanced cracking.

Furthermore, as was also observed in Inconel 7§ §4], a secondary slip system
would get more easily activated when H is preseningd the FCG procedure. According
to our investigations, a secondary pile-up directicas observed in the H-charged case
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while no similar traces were found in the Vac cé&sé Fig. 7). In the Vac case, the
primary slip system was activated by the localsstrimtensityK, and the dislocations
could partly shield the locad by the dislocation motion along the activated slgtem.
However, when H was present, the dislocation migbivas impeded based on our
assumptions. Therefore, the lodélwas less shielded and this stress intensity could
further activated new slip systems. The influenwemf a secondary slip system would
also confine the motion of the primary slip systewhich gives a more restricted
dislocation shielding effect and thus less-extengledtic zone in the H case. This might
be another mechanism of the restricted plasticity.
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4.3Frequency effect

Typically, increasing the frequency of cyclic loagiaffects the kinetic of hydrogen
uptake at the crack tip and reduces the FCGR adlmet a wide range. Consequently, a
lower frequency leads to a higher FCGR. Howevergmwiit comes to a very low
frequency range, this relation can deviate. Matganat al.[28] did FCG tests on steels
under high pressure;Hjas with a wide range of loading frequency anchébthat when
the frequency is higher than 0.1 Hz, the FCG acadten in 0.7 MPa bl gas is
decreasing with increasing frequency; while whenftequency is in the range of 161z

to 0.1 Hz, this relation is reversed. This resgleas with the result in the present study.
In this work, two loading frequencies were adopasdJLF (~0.015 Hz) and LF (~0.15
Hz) that fall in the range of the peculiar frequemiependency range. As can be seen
from Fig. 3, when tested in Vac, the frequencyrd give strong influence of the FCGR,

19



but during H-charging, the FCGR was clearly acegéet and this increment was
depending on the frequency. The LF gave an act¢elerabout one magnitude in the
FCGR, but the ULF gave a less acceleration.

The mechanisms of this peculiar frequency effecHeenhanced FCGR in steels have
been discussed in several different works [2858%, This dependency was concluded to
be attributed to the distribution of H concentrafioe. local H-gradient, in the vicinity of
the crack-tip, which affects the HELP process ia thack-tip zone. The basic idea was
built on the assumption that a local steep gradiért-concentration will result in the
slip localization at the crack-tip. At ULF, the Hdrelatively more time to diffuse deeper
into the material’s matrix, which gives a smoothé&concentration profile. Assuming
that the same H-concentration in the environmemt #e same crack-tip is under a
higher loading frequency, the H diffuses less ithi® material, which means that in the
vicinity of the crack-tip, the H-concentration isateasing strongly as the distance to the
crack-tip increases and consequently giving a leteép gradient of H-concentration.
From the basic assumption, the local steep H-cdrat@om gradient will make the
dislocation slip behaviors more localized at thackrtip (basic HELP mechanism) and
thus leading to less crack blunting and faster kcradvancement. Based on the
assumptions, this model could explain the pecit@guency dependency to an extent,
but the detailed embrittlement mechanism seeme ta black box and remains unclear.
To understand the possible mechanisms, three sosman be presented regarding a) the
H concentration gradient, b) the H uptake and e) lthinfluence on the dislocation
motion.

a) H concentration gradient

Based on the analytical model presented by SoframisMcMeeking [57], the H profile
ahead of the crack-tip is not monotonic, but indfeae peak concentration would appear
some distance away from the tip, which was caledldb be 1.53 times of the crack
opening displacement. Kotake et al. [58] updatésl iiodel by including the case under
cyclic loading at load ratioR = 0.5, which is corresponding to the present stuayhe
updated model, the loading time effect was alsaiciemed: longer time (lower frequency)
gives higher peak concentration at full loading, &tuthe end of the unloading (to 0.5 of
the maximum load) the concentration is lower. Tikatio say, lower frequency gives a
larger amplitude of the H concentration value. Hoenario could be schematically
presented as Fig. 11. The Y-axis is the relativaceatration ratioC /C, (local H
concentrationC, over the constant initial concentrati@g). The X-axis is the relative
distance to the crack-tix/b (X is the absolute distance aibdis the crack opening
displacement as shown in the corner of Fig. 11)wéieer, the calculation results from
[57] and [58] do not give a significant differergtiveen the concentration resulting from
ULF and LF loading. Considering the loading timdeef on the H concentration
resulting from 100 s loading and 10 s loading (\whace in the similar magnitude as the
presented study), there is a difference of roudli§e in the peak H concentration. This
value, however, seems to be insufficient to cause magnitude different FCGR and
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such significant plasticity difference in the fra process zone. Furthermore, due to the
sharpness of the studied crack-tip, the crack oyedisplacement should be in the range
of less than 1 um. According to the above-mentiomediel, the peak H concentration
happens about 1~2 um away from the crack-tip. Vhlse does not necessarily agree
with the measured plastic zone size. As a shorhsany, the effect from stress-controlled
local H concentration could not satisfactorily eatplthe whole story.
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Fig. 11 Local H concentration profile at the crdigkarea during cyclic loading with the
loading time effect on the profile. Concentrationfpjes adopted from [58].

b) H uptake

The major factor controlled by the frequency is ltheding time difference. And the most
possible consequence from this difference seerhe the H diffusion and uptake into the
fracture process. If the surface H uptake is arodlimtg factor in this process, a higher H
concentration is expected at ULF and thus a mogeifgiant embrittlement effect.
However, this did not happen in our case nor in ghely in [28]. Furthermore, by
adopting the diffusion calculations, the time nekder H diffusion into the fracture
process zone of several tens of microns is in tagnitude of 0.001 s, which can be fully
covered by any single cycle in the current study.ti@® other hand, due to the relatively
low solubility limit of H in BCC ferrite (atomic dability of about 5*10°, according to
[59]), the fracture process zone was reasonablynass to be saturated with H during the
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test. Hence, it is concluded that the H uptakeasitn should be similar for both the ULF
and the LF cases, and is not the controlling factahe embrittlement dependency on
loading frequency.

c) Hinfluenced dislocation motion.

When the above-mentioned points are somehow rulgdvee try to think about the

fundamental theory of dislocation motion with th&luence from strain rate since
fundamentally we had a different displacement (atere physically a different strain

rate) during the test. From the classical theorgiodation motion is associated with a
thermally activated process that is dependent erstitain rate [60]. The higher the strain
rate is, the lower thermal activation energy cob&l provided, and namely a higher
external force is needed to move the dislocatid®snsequently, higher strain rate
hardens the material and lower strain rate softeasmaterial. This relation could be
expressed by the following empirical equation:

KT
where &, is a constant initial strain rate depending on mha&terial systemk is the

Boltzmann constant aris the temperature. The macroscopic plastic stataé could
then be directly linked to the thermal activatioreyy AG for dislocation motion. From
this relation, a higher strain rate leads to a Bnahermal activation energy and vice
versa, when all other parameters keep constanm Erperceptual aspect, a lower strain
rate means more time for dislocation jumping over barrier and easier dislocation
slipping and thus leading to a softened materi&lijeva higher strain rate means more
difficult dislocation motion and thus a harder nnetie Considering the testing conditions
in the present study, the ULF condition (lower istraate) gave a higher thermal
activation energy, which gave the dislocations madnance to overcome the energy
barrier for movement, compared to the LF condit@uoantitatively, there is a difference
of aboutkT [In10 in the thermal activation energy. When no H isspreed, this amount
of difference seems insufficient to cause suchffaereince (the plastic zone sizes in ULF
Vac and LF Vac cases are similar, c.f. Fig. 5.)clB@ the proposed model in the above
section, H has the effect of restricting dislocatinotion, which makes the energy barrier
larger. The ULF condition seems to lead to a highermal activation energy such that
dislocations overcame the H enhanced barrier, whilthe LF condition, a relatively
lower thermal activation made dislocation motiosslepossible and thus a restricted
plastic zone was observed. Based on the data widexr frequency range in Ref. [28], a
continuously weaker HE effect was observed whenfrigguency went lower from 0.1
Hz to 10% Hz. By ruling out the H diffusion as well as thedistribution in the system,
the thermal activation process of dislocation motio combination with the hydrogen
impaired mobility of the dislocation seems to be timost successful mechanism to
explain the peculiar frequency dependency of thenHanced FCGR at low frequency
range. Analytically, this relation is shown in Fig§2. At lower frequency range, the
dislocation kinetics becomes a controlling factoattinfluences the HE effect, while

£=§&, exp(—ﬁj Eq. 4
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when the frequency becomes higher, the H diffupimilem comes into play and the HE
effect is mainly dependent on the diffusion. At theersection range (about 0.1 Hz from
[28]), the H-enhanced FCGR gets its peak enhandeniem prove this proposal,
researchers in the numerical methodology fieldeammuraged to shed some light on it.
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Fig. 12 Schematic description of the frequency ddpacy and the influencing factors.
Solid line is the HE effect from the FCGR ratio[RB]. Red dash-line represents the
thermal activation process influence and blue daEh-represents the H diffusion

influence.

It should be noted that the form of H (diffusibledritrapped H) was not differentiated in
the current study. From the presented scenariesgffiect of the enhancement in FCGR
is more possibly coming from the trapped H becatlse diffusion and uptake
mechanisms can be ruled out. However, due to tirerdutechnical limitations, the exact
form of H in the vicinity of the crack-tip was netlidated and only the possible
assumptions are presented in the current study.

5. Conclusions

A SENT specimen with large grained ferritic struetwvas tested under low frequency
cyclic loading in an ESEM with in-situ H-plasma ohpiag and in Vac. The FCG
behavior was observed by SEM. Some conclusiongidmidrawn as follows:

* The plasticity evolution in the vicinity of the alatip plays a dominating role in
the FCG of the studied Fe-3wt%Si steel. The diglonashielding effect on the
crack could influence the FCGR.

* In H-plasma, the FCGR was enhanced by about onanitndg when compared
with the FCGR in Vac with the same loading paramsete

* A mechanism on the H-enhanced FCG process was ggdpbased on the
constrained dislocation shielding effect. The ptagbne near the crack-tip was
restricted by the H-charging.

* In the tested frequency range (0.015 ~ 0.15 Hh)gher frequency gave a higher
FCGR value in H and vice versa. While in Vac, thegliency did not play a
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significant role. The frequency dependency of tliedffect was explained by the
competition between thermally activated dislocanastion and the H diffusion.
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