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Abstract: The locally occurring mechanisms of hydrogen embrittlement significantly influence
the fatigue behavior of a material, which was shown in previous research on two different AISI
300-series austenitic stainless steels with different austenite stabilities. In this preliminary work, an
enhanced fatigue crack growth as well as changes in crack initiation sites and morphology caused
by hydrogen were observed. To further analyze the results obtained in this previous research, in
the present work the local cyclic deformation behavior of the material volume was analyzed by
using cyclic indentation testing. Moreover, these results were correlated to the local dislocation
structures obtained with transmission electron microscopy (TEM) in the vicinity of fatigue cracks.
The cyclic indentation tests show a decreased cyclic hardening potential as well as an increased
dislocation mobility for the conditions precharged with hydrogen, which correlates to the TEM
analysis, revealing courser dislocation cells in the vicinity of the fatigue crack tip. Consequently,
the presented results indicate that the hydrogen enhanced localized plasticity (HELP) mechanism
leads to accelerated crack growth and change in crack morphology for the materials investigated. In
summary, the cyclic indentation tests show a high potential for an analysis of the effects of hydrogen
on the local cyclic deformation behavior.

Keywords: hydrogen embrittlement; cyclic indentation tests; nanoindentation; hydrogen enhanced
localized plasticity (HELP); dislocation arrangements

1. Introduction

As renewable energy and the sustainable conversion of energy become more impor-
tant, high conversion efficiency offers promising advantages for mobile and stationary
applications. In these areas stainless steels are often used, which show a tendency to hydro-
gen embrittlement, as exemplarily reported in the overview work of Lynch [1]. To ensure
safe dimensioning of components for these applications, it is necessary to characterize the
hydrogen-induced changes in the material properties, and especially, the fatigue behavior.
In the literature several mechanisms are presented, which explain hydrogen embrittlement
by different concepts, i.e., hydrogen enhanced localized plasticity (HELP), hydrogen en-
hanced decohesion (HEDE), and adsorption induced dislocation emission (AIDE). These
mechanisms are briefly explained below and shown schematically in Figure 1. They can
occur separately as well as combined during different stages of fatigue crack growth,
whereby the dominant damage mechanism can change [1].
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Figure 1. Schematic representation of the main mechanisms for hydrogen embrittlement.

The HELP mechanism was proposed by Beachem [2] and assumes that hydrogen
leads to an accelerated dislocation motion. Hydrogen behaves as a Cotrell cloud inside
the stress field of a dislocation, shielding the dislocation from the distorted lattice. This
effect causes a reduction of the interaction energy between the dislocation and obstacles [3],
resulting in a decreasing external stress level required for dislocation movement [4].

The HEDE mechanism is based on the weakening effect of the accumulated hydrogen
on interatomic metal bonds. Localized accumulations of hydrogen preferentially occur in
elastically strained areas, e.g., at grain and phase boundaries as well as near crack tips. As
the hydrogen results in a decreased binding energy, separation of single bonds can occur,
which is defined as decohesion [1]. This mechanism is responsible for the preferential
growth of hydrogen-induced cracks along grain boundaries, phase boundaries or other
areas of microstructural disorder.

The AIDE mechanism is much more complex than the previously mentioned mecha-
nisms and has been explained differently over time. The oldest work of Petch and Stables [5]
from 1952 explains this mechanism thermodynamically by the binding of hydrogen to free
surfaces, such as pores or cracks as well as the outer surface. Furthermore, in [6,7] it is
reported that hydrogen leads to a reduction of the surface energy yor. Lynch [8-11] has
been developing the AIDE mechanism since the 1970s and postulates that the hydrogen
at the crack tip facilitates the emission of dislocations. Lynch argues that the adsorption
of hydrogen at the crack tip, rather than the hydrogen in solution before the crack tip,
increases the dislocation emission and leads to local plasticity.

By analyzing the different hydrogen mechanisms, it has to be considered that they can
be active simultaneously [1]. As discussed by Lynch [1], the dominating mechanism can
change during the fatigue lifetime. Thereby, the material condition, the local microstructure,
the stress intensity, as well as the environmental conditions significantly influence which
mechanism dominates [1]. In correspondence to that, Wang et al. [12] observed at austenitic
stainless steel 304 L that deformation-induced austenite «’-martensite transformation,
which was introduced by pre-loading, promotes the activity of HEDE. In this work [12],
it is further assumed that the HELP mechanism locally leads to an enhanced plasticity,
which results in more pronounced phase transformation and accumulation of dislocations
at obstacles (e.g., grain boundaries), leading to a local increase of hydrogen content and
finally to crack initiation caused by decohesion (HEDE). In correspondence to Lynch [1],
Li et al. [13] reported for the same kind of steel a simultaneous activity of HELP and AIDE
at sufficient hydrogen contents. Moreover, in their overview work, Djukic et al. [14]
reported a combined activity of HEDE and HELP, whereby the change in the dominating
effect correlates with changes in the fracture surface.

As discussed in [14], the hydrogen content significantly influences which type of hy-
drogen mechanism is active, whereby at medium hydrogen contents the HELP mechanism
seems to be antecedent to the HEDE mechanism, while at higher amounts of hydrogen
the HEDE mechanism occurs solely. Thereby, also the type of hydrogen charging has to
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be considered, as for example, an electrochemical charging results in higher hydrogen
contents in relation to gaseous charging [15].

In addition to the shown mechanism, the presence of hydrogen leads to a decreased
stacking fault energy ysr, which is a crucial factor to describe the tendency to phase
transformation. Thus, the influence of hydrogen precharging on the transformation of y
(austenite) into «’-martensite has to be analyzed. Moreover, Weidner and Biermann [16]
demonstrated that the slip planarity is dependent on <ysr, whereby an increasing 7ysr
supports cross slip and lower ysr provides planary slip. The detailed transmission electron
microscope (TEM) examination reported by Robertson et al. [17] showed that hydrogen
facilitates dislocation motion and decreases ysr, impeding cross slip. In addition to that,
Gerberich et al. [18] showed a hydrogen-induced reduction of the stress, which is necessary
for dislocation formation and movement.

To analyze the influence of hydrogen on the mechanical properties at a smaller length
scale, several researchers used indentation testing [19-25], reporting higher hardness and
less pronounced plastic deformation for hydrogen precharged materials. In addition to
the conventional hardness measurement, instrumented indentation tests can be used to
characterize the elastic properties of a material [26,27]. Moreover, this testing method can
be carried out cyclically and therefore, can be utilized to investigate fatigue properties.
Xu et al. [28,29] were one of the first groups to present the possibility of analyzing the
fatigue behavior with cyclic indentation testing. They showed that the propagation of
indentation depth and resulting calculations of stress intensity are comparable to the results
obtained in fatigue tests. In addition, Saraswati et al. [30] described the cyclic deformation
behavior of 5 N pure Au and Ca-doped Au rods via cyclic nanoindentation testing. Fur-
thermore, Kramer et al. [31] developed a force controlled method based on instrumented
cyclic indentation, which is known as PhyBaLcyr and enables the characterization of the
cyclic properties of a material, i.e., the cyclic hardening potential. Based on this method,
Gorzen et al. [32] demonstrated that the cyclic hardening potential obtained in cyclic in-
dentation tests correlates well with the defect tolerance of a material. As shown by Nix
and Gao [33], Durst et al. [34], and Sadrabadi et al. [35], the plastically deformed zone
beneath the indenter, and therefore, the investigated volume, depends on the size of the
indentation diagonal. Consequently, a lower indentation force is needed to examine the
cyclic deformation behavior at smaller length scales, as shown by Blinn et al. [36] at differ-
ently heat-treated variants of 42CrMo4 and 18CrNiMo7-6 steel. With decreasing indent
diagonals (less than 5 um), an increasing influence of local microstructural inhomogeneities
and thus, a higher spatial resolution was observed in this work [36].

In previously published fatigue tests on AISI 300-series austenitic stainless steels the
presence of hydrogen led to an earlier crack initiation and a change of the crack initiation
site, as well as crack morphology [4]. Moreover, the hydrogen resulted in higher extruded
slip bands, showing a wider distance between each other in relation to the slip band
observed at the hydrogen-free reference condition. This could be explained by the HELP
mechanism in terms of a more localized and stronger plastic deformation [4]. Based
on these results, the experimental approaches used in the presented work focus on the
effects within the plastic zone in front of a fatigue crack, where the HELP mechanism is
assumed to be active. For this purpose, two kinds of indentation tests were applied at
two different variants of AISI 304-type austenitic stainless steel, being investigated in [4].
These indentation tests enable the characterization of the mechanical properties and cyclic
deformation behavior at the microscale (PhyBaLcyt) and nanoscale (nanoindentation
fatigue tests). Combined with the results from fatigue tests [4] as well as TEM analyses
conducted at the fatigue specimens, the influence of hydrogen on the mechanical properties
can be analyzed at different length scales. Moreover, this approach enables an evaluation
of the applicability of cyclic indentation testing for local analysis of hydrogen effects on the
cyclic deformation behavior.
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2. Materials and Methods
2.1. Materials

In the present work, two metastable austenitic stainless steels of type AISI 304 with
different Ni contents were investigated (see Table 1). According to the Ni content, the
Ni-lean (about 9 wt%) and the Ni-rich (about 12 wt%) alloy will be named X2-9 and X2-12
in the following. The different Ni contents lead to different austenite stabilities and hence,
differently pronounced transformation from y-austenite into «’-martensite [4], which
significantly influences the fatigue behavior [37,38]. The materials exhibit a homogeneous
microstructure with a grain size of approximately 150-200 um. Despite Ni contents of 9.07
and 12.36 wt%, both steels feature a metastable austenitic microstructure. The susceptibility
of the transformation from vy to «’-martensite can be characterized by M3y, which can be
calculated in °C according to Equation (1) [39]. M3 is the temperature at which 50% of
the initial austenitic phase is transformed into o’-martensite by a plastic deformation of
30%. Consequently, the higher the M3, the less stable the austenitic phase of the material.
Moreover, the austenite stability correlates to the ysr value, which is calculated in J/ m? by
Equation (2) [40].

Mz =413 — 462 (Wt% C + wt% N) — 9.2 wt% Si — 8.1 wt% Mn — 13.7 wt% Cr — 20 wt% Ni — 185 wt% Mo (1)

Ysr = —53 + 6.2 wt% Ni + 0.7 wt% Cr + 3.2 wt% Mn + 9.3 wt% Mo )

Table 1. Chemical composition of investigated metastable austenitic steels X2-9 and X2-12.

Elements in wt% C Si Mn Cr Mo Nb Ni N Ti
X2-9 0.014 0.53 1.71 18.05 0.02 0.01 9.07 0.016 0.005
X2-12 0.016 048 1.75 17.78 0.02 0.01 1236 0.017 0.005

The M3 of X2-9 and of X2-12 is —48.64 and —111.99 °C, respectively, and the ysr
values were calculated to be 21.52 J/m? for X2-9 and 41.86 J/m? for X2-12. The calculated
values as well as the Schaeffler diagram [4] indicate that X2-9 has a stronger tendency
towards phase transformation than X2-12. As documented in previous investigations [4],
X2-12 does not show any phase transformation at cyclic loading, whereas X2-9 exhibits a
significant formation of plastic deformation-induced «’-martensite in fatigue tests.

To analyze the influence of hydrogen on the mechanical properties, for each material
a hydrogen-free reference condition as well as a condition precharged with hydrogen were
investigated. Hydrogen-precharging, which was conducted at the Materialpriifungsanstalt
(MPA) Stuttgart (Germany), was done from the gas phase (473 K, 180 bar, H, gas of 99.9999%
purity, 28 days), resulting in a hydrogen content of about 40 wppm for X2-12 and 26 wppm
for X2-9. The given hydrogen contents were determined by melt extraction (LECO 836H).
Note that melt extraction only provides information of the hydrogen content in the whole
volume investigated and thus, does not enable a local analysis. However, in preliminary
work, after 28 days no further increase of hydrogen content was measured in the volume
and hence, a nearly homogenous distribution of hydrogen between the surface region
and the inner volume of the specimen is expected. Moreover, no effusion of hydrogen is
assumed during the mechanical testing, as a storage at laboratory air for 28 days did not
lead to a reduction of the measured hydrogen content, which is a significantly longer time
than test durations and time between charging and testing.

2.2. Fatigue Tests

The fatigue tests and their results presented here are taken from previous work
described in detail in [4]. For the convenience of the reader, the tests and the relevant
results obtained are summarized in this paper.
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The fatigue tests were performed in laboratory air at 20 °C with a servo-hydraulic
testing system and an electromechanical miniature testing machine mounted in a confocal
laser microscope. Fatigue loading was applied in stress control at a stress ratio of R = —1
using stress amplitudes of o,; = 365 MPa (X2-12, precharged (H;) and reference samples
(ref)), 0, = 430 MPa (X2-9, precharged samples (Hj)) and o,; = 460 MPa (X2-9, reference sam-
ples (ref)) in sinusoidal waveform with a frequency of f = 1 Hz. Using far field microscopy,
the initiation and growth of microstructurally short fatigue cracks were monitored in the
servo-hydraulic testing system. The experiments on the miniature testing machine were
carried out quasi in situ with a confocal laser microscope (Olympus LEXT3000). For this
purpose, images of the specimen surfaces were taken in fixed intervals (5000 cycles) and
later evaluated with regards to the reconstruction of the crack initiation site and crack
propagation. The investigations of fracture surfaces and microstructures were carried out
on a FEI Helios Dual Beam focused ion beam (FIB)/scanning electron microscope (SEM),
while the topographic surface measurements were carried out with the abovementioned
confocal laser microscope.

2.3. PhyBaLCHT

To characterize the cyclic deformation behavior of the different material conditions,
cyclic indentation tests were performed with a Fischerscope H100C and additionally with a
Hysitron Triboindenter, which offers a higher spatial resolution. Both testing devices enable
a continuous measurement of the indentation depth / and the indentation force F. In the
cyclic indentation tests carried out with the Fischerscope H100C, the material was cyclically
loaded by a Vickers indenter at a frequency of f = 1/12 Hz and a maximum indentation
force of Fyx = 1000 mN, while in experiments with Hysitron Triboindenter a frequency
of f =1 Hz, a Berkovich indenter, and a maximum load of Fy;; =5 mN were used.

For determination of the cyclic deformation behavior, 10 load cycles were applied at
each indentation point. From the 2nd cycle on, an F-h hysteresis loop can be observed [31,36].
In accordance with the plastic strain amplitude ¢;,, determined from stress-strain hysteresis
loops in uniaxial fatigue tests, the half width at mean loading is defined as plastic indenta-
tion depth amplitude £, ,, which is used to describe the cyclic deformation behavior [31,36].
Therefore, the ha,p values are plotted against the number of cycles and the resulting ha,p—N
curves are analyzed. Starting from the 5th cycle, the h; ,-N curve exhibits a change in slope,
indicating that macroplastic deformation processes become saturated and microplastic de-
formation dominates the cyclic deformation behavior [31,36]. Furthermore, the regime after
the 5th cycle can be described by a power law function h, ,, i (see Equation (3)), whereby
its exponent ey is called the cyclic hardening exponentcyr [31,36].

hap 1= ag - N1 3)

Note that a steeper slope of the h;,-N curve is caused by a more pronounced cyclic
hardening. Since the cyclic hardening exponentcyt describes the slope of ki, »-N curve after
the 5th cycle, a higher ley | represents a higher cyclic hardening potential.

In addition to the analysis of the cyclic deformation behavior, the indentation depth
observed in the first cycle was used to determine the Martens hardness (HM) of the material,
which serves as a reference value for the monotonic strength on the microscale.

In previously published work [31,36], this short-time procedure is explained in
more detail.

To obtain statistically reliable results, for each condition a minimum number of 20 in-
dentation points were used for the determination of mean values of HM, ejj, and ha,p. Note
that the deviations shown in Section 3.2 represent the confidence intervals of 90%.

2.4. Nanoindentation Fatigue Tests

More dynamic nanoindentation fatigue tests were performed up to a number of
loading cycles far in excess of the 10 cycles used in the PhyBaLcyt approach. Moreover,
significantly lower indentation forces were required to characterize the cyclic deformation
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behavior at nanoscale. Consequently, the indenter was subjected to a quasi-static load of
100 uN, which was superimposed by a sinusoidal amplitude of 80 uN at a frequency of
220 Hz for 8 x 10° cycles.

In these indentation tests, the measurement of the total indentation depth was not
possible. However, by determining the contact modulus at the beginning of the tests and
continuous monitoring of the stiffness, the displacement amplitude was obtained. Note
that in the presented work, no significant influence of thermal drift on the test results
was observed.

During the indentation fatigue tests abrupt changes in the displacement amplitude
(further called events) were observed and determined by means of the MATLAB function
“findchangepts”. These events were used in accordance with Faisal et al. [41] to charac-
terize the deformation processes at the nanoscale. To provide statistically reliable data,
these tests were made at 10 different positions for both, X2-9 as well as X2-12 samples
(reference (ref) and precharged (Hy) conditions), separated by at least 100 um to avoid
interaction phenomena.

2.5. TEM Investigations

Transmission electron microscopy (TEM) samples were prepared using the focused
Ga ion beam of a Dual Beam Microscope of type Helius Nanolab 600. Samples were cut
from the areas ahead of the crack tip of fatigue cracks (see Figure 2). Before the foils were
lifted out, they were polished with an ion beam energy of 2 kV.

Figure 2. TEM samples of (a) X2-12 ref and (b) X2-12 H2, prepared with FIB.

The TEM characterization of the microstructure was done with a FEI Talos F200X,
using an acceleration voltage of 200 kV. Bright field and dark field imaging were employed
to investigate the defect structure. Additionally, scanning TEM (STEM) overview images
were taken to illustrate the position of the crack tip.

3. Results
3.1. Previous Fatigue Tests

In this section, the results of fatigues tests already reported in detail in [4], and being
relevant for the presented work, are summarized compactly.

The fatigue tests reveal no clear influence of hydrogen on the crack growth rate
for X2-12 (see Figure 3a). However, after fatigue testing, significant differences between
precharged and reference conditions were revealed in the microstructure: Whereas the
reference specimens exhibit crack initiation at slip bands and grain boundaries, grain
boundary triple points served as crack initiation sites for precharged specimens (see
Figure 4). Moreover, the crack morphology of precharged specimens is characterized by
alternating slip in rather clearly defined slip systems as well as crack tip branching, which
leads to a ramified crack path. In contrast to that, short cracks in reference specimens
follow the slip band structure without alternating.



Metals 2021, 11, 923 7 of 19

a) b)
—— X2-12ref —— X29ref
A A -
00t X2-12H, 450 X2-9 H,
T 350} T 400t
£ 300 . 330
= = annl
£ 250} = 300
ES = 250
20 2001 %
3 3 200t
150} =
S 3 150
3 ) 3
100 1001
01 50
0 » 0 »
0 01 203 4 5 6 7

N in 10 —

Figure 3. Fatigue crack growth curves of (a) X2-12 and (b) X2-9 in reference and precharged conditions, tested at a stress
ratio of R = —1, f = 1 Hz, and a stress amplitude of 365 MPa (X2-12), 430 MPa (X2-9 H,), and 460 MPa (X2-9 ref) [4]
(reproduced from [4], MDPI, 2018).

a) precharged specimen b) reference specimen

\ crack initiation sites/

slip band morphology (blue dotted line):
A A
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Figure 4. Schematic representation of crack initiation location and slip band morphology in
(a) precharged and (b) reference specimen of X2-12 [4] (reproduced from [4], MDPI, 2018).

Additionally, the evaluation of the slip bands formed around the crack revealed clear
differences between the different conditions of X2-12. While the minimum height of the
slip bands is similar for both conditions, they protrude significantly higher from the surface
in precharged samples (see Figure 4). Moreover, the average distance of the slip bands in
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the precharged samples is about 4.7 pm, whereas in the reference samples the value is just
1.92 pm.

In the case of the X2-9 specimens, the influence of hydrogen is clearly detected in
the crack growth diagrams, as depicted in Figure 3b. Despite the lower stress ampli-
tude o, (430 MPa compared to 460 MPa) applied at the precharged specimens, crack
growth starts earlier and is faster. Furthermore, the crack initiation site changes from
grain boundaries and slip bands to grain boundary triple points, as already observed for
X2-12. The crack morphology in both, the precharged and reference specimens, show an
austenite-o’-martensite transformation along the crack path and in grains located close to
the crack. Note that no significant differences in austenite-«’-martensite transformation
were observed between the reference and the precharged specimens of X2-9.

3.2. Results Obtained with the PhyBaLcyr Method

As shown in [36] on differently heat treated 42CrMo4, the cyclic deformation behavior
obtained in cyclic indentation is comparable to the cyclic deformation curves observed in
uniaxial compressive fatigue tests. Thus, in this work, the cyclic deformation behavior of
the different materials was analyzed using CITs.

Comparing the reference and the precharged conditions, the results depicted in
Figure 5a, showing h;, »-N curves obtained with a Vickers indenter and F;x = 1000 mN,
demonstrate significant differences in the cyclic deformation behavior for both, X2-9 and
X2-12. For both steels, the precharged condition shows lower hﬂ,p values and hence, a lower
level of plastic deformation than the reference specimens. Comparing the two steels, the
X2-12 sample exhibits significantly smaller /,;, than the X2-9 sample in both, reference as
well as precharged condition.

b)
- X2-9 ref = X2-9 ref
L —- X2-12 ----H, _a-4 F—&-X2-12 ----H j%%}
I AT A =5l
" 0.003 A !
I y e e -E8 g AL
' Yy .-gy"g/ B,
- = 0.006 ]
¢ u - J=0=N=R=
- s
0.009 | "
F .= 1000 mN, Vickers 0.012 F F_.=5mN, Berkovich
1 1 1 1 1 1 | 0015 1 1 1 1 1 1 1 |
2 3 4 5 6 7 8910 2 3 4 5 6 7 8910
N —» N —»

Figure 5. The ha,p-N curves of X2-9 and X2-12 metastable austenitic stainless steel samples in reference (ref) as well as

hydrogen precharged (H;) condition, obtained in cyclic microindentation tests with (a) Fyx = 1000 mN and a Vickers

indenter, as well as (b) Fy;x =5 mN and a Berkovich indenter.

Similarly, the results illustrated in Figure 5b, which were obtained with a Berkovich
indenter and Fj,;x = 5 mN, demonstrate higher plasticity of X2-9. In contrast to the
results obtained with Fy5y = 1000 mN, X2-9 exhibits nearly identical h,,-N curves for
both, reference and precharged conditions, whereas for X2-12 lower h;; are shown by the
precharged condition (see Figure 5b), which is in accordance with the results obtained with
higher indentation force. Moreover, a significantly higher scatter of h,; values can be seen
at lower indentation forces, which is caused by the greater influence of microstructural
inhomogeneities resulting from the smaller indentation depth.
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The high scatter of h,;, disables a reliable determination of the cyclic hardening
exponentcyr and consequently, e;; was determined only from indentation tests performed
with Fjsc = 1000 mN (see Figure 6). Nevertheless, the rating of the microhardness, deter-
mined at Fj,qx = 5 mN, corresponds to the results obtained at Fj;; = 1000 mN, which is
caused by the less pronounced scatter in indentation depth achieved in the first indenta-
tion cycle.

m e ® M
0.5 2

04F g EE ; 1238 *
b g
. 03f 24 ©
S | 5

i S
5 i S
02 b s | . 2.0 -

| L L
& $ & G
9 %1 Y S
Vv >y
I L F

Figure 6. Comparison of the Martens hardness HM and the cyclic hardening exponentcyr ey of

precharged (Hj) and reference (ref) specimens of the metastable austenitic steels X2-9 and X2-12
determined at Fy;qy = 1000 mN by means of the PhyBaLcyt method.

It has to be considered that the indentation forces used lead in addition to the sig-
nificantly different indentation depth to different stress conditions as well as plastically
deformed volumes, being more extended for F; = 1000 mN, resulting in higher values
of ha,p. However, at an identical indentation force, the different conditions show similar
maximum indentation depths and thus, comparable stress states. Consequently, the de-
formation behavior of the different material conditions can only be compared using the
results obtained at an identical indentation force.

In Figure 6, the values of e;; and HM, which were obtained in cyclic microindentation
tests performed at Fy;;5y = 1000 mN, are shown for X2-9 and X2-12. Despite the significant
differences in austenite stability and chemical composition, both materials show compara-
ble values of HM and ej;. As expected, the hardness of precharged specimens is increased
for both materials, which was also observed with the Berkovich indenter and Fj;;;, =5 mN.
Furthermore, a significantly lower cyclic hardening potential of the precharged specimens
is shown for the X2-12 steel (see Figure 6). For the X2-9 variant, a trend towards lower
cyclic hardening potential can also be observed for the precharged specimens, which is
however, significantly less pronounced in comparison to the X2-12 steel. Note that e;; and
HM represent mechanical properties at different length scales. While HM is dominated
by macroplastic deformation processes, ey is a result of microplasticity at a significantly
smaller length scale.

3.3. Nanoindentation Fatigue Tests

For a higher resolution of the cyclic deformation processes down to nanoscale, nanoin-
dentation fatigue tests were conducted with a static load of 100 uN and a load amplitude
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of 80 uN, resulting in a significantly lower indentation depth and thus, a smaller plastically
deformed zone compared to the microindentation tests shown in Section 3.2. As this further
results in a higher influence of microstructural inhomogeneities, 10 indentations were per-
formed for each condition to determine a representative deformation behavior, respectively.
Note that the indentation depths observed at mean loading were at comparable length
scales for the different material conditions, leading to comparable stress conditions.

In the nanoindentation fatigue tests only the displacement amplitude was determined,
which is shown exemplarily in Figure 7. Comparing the reference and precharged spec-
imens, a trend towards a higher level of displacement amplitude can be observed for
precharged variants of both materials, caused by a more pronounced plastic deformation
beneath the indenter.
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Figure 7. Examples of displacement amplitude-N curves including the definition of events for (a) X2-9 Hy, (b) X2-9 ref, (c) X2-12

Hj; and (d) X2-12 ref.

Comparing the number of events in the course of the displacement amplitude, repre-
sented by the green dotted lines in Figure 7 and defined as abrupt changes in displacement
amplitude, significant differences can be observed. The precharged specimens show sig-
nificantly more events, which represent more pronounced plastic deformation [41]. In
Figure 8, for each steel the number of events is given in relation to the maximum number
of events measured in precharged conditions. Note that a high scatter was observed in
these experiments, leading to a relatively high standard deviation (see Figure 8). However,
the mean values indicate that the precharged specimens exhibit a significantly higher
number of events than the reference variants. As the events are assumed to be caused by the
movement of dislocations, this indicates a greater local plastic deformation of hydrogen
precharged specimens.
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Figure 8. Number of events observed in different material conditions of X2-9 and X2-12, in relation
to their respective hydrogen precharged variants.

3.4. TEM Analyzes

For an investigation of the dislocation arrangements formed close to the tip of fatigue
cracks of the tested fatigue specimens, and thus, in the plastically deformed volume, TEM
samples were prepared by the focused ion beam technique. The samples were taken at a
fatigue crack length of about 300 um, which corresponds to approximately 20,000 cycles for
precharged samples and 60,000 cycles for reference samples. Note that the TEM analyses
as well as indentation tests were used to investigate the differences in cyclic deformation
behavior and thus, crack propagation at microscale and nanoscale. Therefore, TEM lamellae
were taken from the vicinity of a fatigue crack rather than an indent.

In both, precharged and reference condition of X2-12, cellular dislocation structures
dominate the microstructure within the vicinity of the crack tip (see Figure 9). However,
the average cell diameter is significantly different between the hydrogen precharged and
reference condition. For the reference sample of X2-12, an average diameter of roughly
0.21 pm was measured within the first 2 pm around the crack tip, while the average cell
diameter for the precharged sample was found to be about 0.49 um and thus, being roughly
two times bigger. Expanding the region analyzed up to 5 um around the crack tip, the mean
value increases for both conditions of X2-12. While the mean diameter of the cell structures
of the reference sample rises to 0.58 um, the TEM lamella from the precharged sample
exhibits an average diameter of about 1.14 pm, which also means a factor of approximately
two between the reference and precharged condition. As shown in Figure 9, the crack
propagates along the sub-grain boundaries and due to the larger cells of the precharged
condition, the crack alternates are more pronounced compared to the reference sample. In
addition to the difference in cell diameter, the reference samples show a cell structure across
the whole lamella, whereas the cell structure of the precharged sample is limited to an area
of about 7 um around the crack tip and hence, is more localized (compare Figure 9a,b).
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Figure 9. TEM results of X2-12: (a) And (b) are overview STEM images showing the position of the
crack tip for (a) the reference and (b) the precharged condition; (c) and (d) are corresponding TEM
bright-field images at higher magnification documenting dislocation cells.

For the less stable X2-9, the fatigue behavior was dominated by deformation-induced
phase transformation for both, reference and precharged condition (see Figure 10). In the
TEM micrographs of the reference sample, typical rod-like structures are visible, which are
aligned along a preferred growth direction. In addition to the folding of small crystallo-
graphic areas, the formation of deformation twins is also observable. Moreover, dislocations
accumulate at the phase boundaries between the austenitic matrix and the newly formed
o’-martensite. The TEM lamellae from the precharged condition shows microstructural
features similar to the reference sample. Fatigue loading also results in the formation
of body centered cubic (BCC) «’-martensite and thus, pronounced phase boundaries are
visible between martensitic regions and the austenitic phase. Additionally, dislocations
accumulate along the phase boundaries in the precharged X2-9 sample, which correlates
to the observations at reference variant of X2-9. In summary, the differences between
the precharged and reference condition observed in TEM analyses are significantly less
pronounced for X2-9 compared to X2-12.
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Figure 10. TEM bright-field images of X2-9: (a,c) In the reference condition and (b,d) in the precharged
condition.

4. Discussion
4.1. Fatigue Crack Initiation and Propagation

As the conclusions drawn from the fatigue tests are the motivation of the cyclic
indentation testing and TEM analyses shown in the present work, they are given compactly
in the following and are discussed in more detail in the already published work [4]. The
fatigue tests on X2-12 specimens (see Figure 3a and [4]) showed no clear influence of
hydrogen on the crack growth rate, which is probably a consequence of the high scatter
observed. Nevertheless, an effect of hydrogen was found in the form of a change in the
crack initiation site and the crack path morphology. The crack initiation site changes from
commonly observed slip bands and grain boundaries to grain boundary triple points. As
microstructural defects and their tensile stress fields are generally known as hydrogen
traps [42], this is in accordance to the HEDE mechanism as boundary triple points represent
larger defects than single grain boundaries and, consequently, attract more hydrogen [4].

However, the HEDE mechanism cannot explain the difference observed in the slip
band height and distance caused by hydrogen, which is in accordance with the reports of
Robertson et al. [17] on AISI 310 s. The changes in the slip band morphology observed are
caused by a localization of plastic deformation [4]. The HELP mechanism could explain
these phenomena in terms of a hydrogen-induced reduction of the yield stress, enabling
both, easier and more localized dislocation movement [4].
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In contrast to X2-12, the crack growth curves of X2-9 revealed a clear influence of
hydrogen (see Figure 3b). The fact that the steel X2-9 is more susceptible to hydrogen than
X2-12 accords well with the literature, which states that the tendency to hydrogen embrit-
tlement increases with the reduced Ni content. The smaller Ni content leads to a lower
stacking fault energy, a higher hydrogen diffusion rate as well as a lower austenite stability
and thus, an increased content of deformation-induced «’-martensite [43]. However, this
alone does not provide information of the relevant hydrogen embrittlement mechanism.
The influence on the crack growth rate is more pronounced for X2-9, since it forms more
o/-martensite along and in front of the fatigue crack, allowing additional hydrogen to
quickly reach the crack tip due to the higher diffusion coefficient, which results in faster
crack growth [4]. Consequently, the amount of hydrogen in the vicinity of the crack tip
is assumed to be higher at X2-9 than at X2-12, leading to a more pronounced effect of
hydrogen embrittlement. However, the relevant mechanisms are expected to be on a small
scale, which has to be verified by using mechanical testing on a significantly smaller scale.

To investigate the effects of hydrogen on the cyclic deformation behavior on a small
scale, in the present work cyclic indentation tests have been performed. Moreover, this was
combined by TEM investigations in the vicinity of fatigue cracks observed for the different
materials and conditions to analyze the interrelation between hydrogen effects, dislocation
movement, and the local cyclic deformation behavior.

4.2. Local Cyclic Deformation Behavior in Indentation Tests

The results obtained with Fy;c = 1000 mN show significant differences in the cyclic
deformation behavior of precharged and reference condition for X2-9 as well as X2-12. The
generally lower level of plastic deformation and higher hardness observed for precharged
specimens (see Figures 5a and 6) are in accordance with many other research works [19-24].
However, in almost all of these studies stable austenitic stainless steels were examined,
for which the influence of hydrogen is considered without phase transformation, which
is locally enhanced due to hydrogen precharging [44]. In the present work, both effects,
phase transformation and hydrogen solid solution hardening, have to be considered.
Note that the determination of microhardness is related to massive plastic deformation
processes in a relatively large volume beneath the indenter (comp. [36]) and, therefore, the
localized influence of the HELP mechanism can be disregarded. However, the hardness
measurements are based on macroplastic deformation and represent the deformation
behavior of the material on a relatively big scale.

As the cyclic hardening exponentcyr ¢jy is based on the deformation behavior at
a higher number of cycles and thus, on microplastic deformation processes, this value
can be used for analyses on the microscale, which can be correlated to local effects. The
lower cyclic hardening potential of precharged specimens, represented by smaller |ej|
(see Figure 6), can also be explained by hydrogen effects. It is assumed that the HELP
mechanism leads to an increased dislocation mobility at microstructural obstacles in the
precharged samples and consequently, to a lower capability of the material to stop the
dislocation movement, thereby decreasing the local cyclic hardening potential. As the
influence of the HELP mechanism increases at more localized deformation, the cyclic
hardening potential of precharged specimens is decreased, while their hardness is slightly
higher in relation to the reference condition. The effect of decreased cyclic hardening
potential caused by hydrogen is less pronounced for X2-9, which might be caused by
superimposition of the enhanced phase transformation. As a more pronounced phase
transformation leads to a higher cyclic hardening potential, this is assumed to counteract
the effects of HELP mechanism, which cannot be clarified finally with the presented results.

In the additionally performed nanoindentation fatigue tests, which enable a sub-
stantially higher spatial resolution than the microindentation tests, for both materials
the precharged specimens exhibit a greater number of events as well as an increased dis-
placement amplitude in relation to the reference samples. Due to the very low maximum
indentation force of 180 uN, displacement amplitudes in the range of nanometers were
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achieved. This is referred to very localized deformation processes on the nanoscale, and
thus, the HELP mechanism is assumed to be the dominant hydrogen-induced effect. Con-
sequently, both steels show higher plastic deformability in the precharged condition. Note
that the abrupt changes of the displacement amplitude can be attributed to local dislocation
movements, which are enhanced by hydrogen according to the HELP mechanism.

The indentation tests reveal significantly higher plasticity of precharged specimens
at microscale and nanoscale, which correspond to the assumption of activity of HELP
mechanism at these length scales. These results can be correlated to the local deformation
processes occurring in the small plastically deformed volume in front of the crack tip,
showing also high stress intensities. Consequently, the results obtained in indentation
testing indicate the activity of HELP mechanism during fatigue crack propagation, which
is in accordance with the differences in slip band morphology observed. It is worth
mentioning that the cyclic indentation tests reveal the hydrogen effects clearly for both
steels, while fatigue crack propagation rates only show an influence for X2-9.

4.3. TEM Analyses

Since microindentation and nanoindentation tests revealed that the presence of hy-
drogen locally causes a significant increase in dislocation mobility, TEM lamellae were
extracted in front of the crack tips from reference and precharged specimens of both steels.
This enables an investigation of the dislocation arrangements in the plastically deformed
volume in front of the crack tip and thus, the analysis of dislocation mobility during fatigue
crack propagation.

The TEM analyses on steel X2-12 present qualitatively similar dislocation structures
near the crack tip for reference and precharged samples. Within areas of strong plastic
deformation, the formation of characteristic cell structures could be observed, which
corresponds to [45]. Towards the immediate vicinity of the crack tip, where the material
suffers maximum stresses, the cell diameter significantly decreases, which indicates an
increase in stress level with decreasing distance to the crack tip. Although internal hydrogen
does not suppress the formation of dislocation cells at the crack tip, the extent of cell
formation is reduced. The coarser cells found in precharged specimens can be attributed to
the increased dislocation mobility, resulting from the presence of solved hydrogen. Rather
than forming fine cell walls, the dislocations can travel longer distances per loading half-
cycle, which can be attributed to the HELP mechanism and leads to a larger cell diameter.
This coarser cell structure leads to an unsteady crack growth, since the fatigue crack
propagates along the cell boundaries [4] as schematically represented in Figure 11a. For the
uncharged reference samples, the lower dislocation mobility leads to the formation of small
cells and thus, to a more straight-lined crack growth. In addition to the difference in cell size,
the extent of the area that shows the dislocation cell arrangement is affected by hydrogen.
In comparison to the reference samples, the precharged samples exhibit a more localized
cellular area in front of the crack tip, resulting from more localized plastic deformation. The
enhanced local plastic deformation correlates well with the results obtained in indentation
tests. Consequently, the presented results demonstrate that the indentation approaches
used, i.e., PhyBaLcyr and nanoindentation fatigue tests, are powerful means to analyze
the hydrogen-induced effects on the cyclic deformation behavior on a local level.

For the crack initiation process in the hydrogen precharged condition, it is assumed
that antecedent to the crack initiation HELP provides an accumulation of dislocations at
the grain boundaries, resulting in a locally increased hydrogen content caused by more
pronounced distortion of the lattice. This is expected to lead to a high local concentration
of hydrogen at the grain boundary triple point, which results in crack initiation caused
by HEDE, as higher hydrogen contents provide decohesion [14]. After this, the HELP
mechanism is expected to be active in the plastically deformed volume in front of the
crack tip, which is supported by TEM analyses and cyclic indentation tests. This leads to
coarser dislocations cells, and thus, significantly changes the crack path morphology in
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relation to the reference condition, as the fatigue crack propagates along the dislocation
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Figure 11. Schematic representation of the formation of different dislocation cell structures and crack propagation paths in
reference specimens (red) and hydrogen precharged samples (blue) of (a) X2-12 and (b) X2-9.

In contrast to X2-12, the TEM analyses of reference and precharged X2-9 samples
provide no significant differences. As the lower Ni content of X2-9 results in a substantially
lower stacking fault energy [46], this alloy is prone to deformation-induced phase trans-
formation during fatigue loading, while in X2-12 plastic deformation takes place in the
single-phase austenitic condition [4]. The martensite plates formed in X2-9 show higher
hardness and strength than the austenitic matrix. Moreover, the phase transformation is
accompanied by a volume increase, leading to compressive stresses ahead of the crack
tip. Consequently, the fatigue crack growth is impeded or completely suppressed. During
crack growth, bypassing the martensitic particles seems to be more efficient for a crack
than passing through the martensite. Therefore, an alternating crack path prevails, which
is unaffected by the material conditions (compare Figure 11b).

Note that the transformation from the face centered cubic (FCC) to the BCC crystal
structure strongly affects the hydrogen diffusivity of the material by 4 to 5 orders of magni-
tude [43], and thus, significantly enhances the diffusion rate of hydrogen. Consequently,
the hydrogen is transported much faster to the crack tip at X2-9 compared to X2-12. This
could explain the more pronounced difference between the precharged and the reference
condition observed in the fatigue test for X2-9 in relation to X2-12. As the hydrogen concen-
tration necessary to locally promote the HELP mechanism can be established more easier
and faster in X2-9, it is assumed, that the HELP mechanism enhances the fatigue crack
propagation at X2-9. This is underlined by the results obtained in indentations tests, which
indicate a strong influence of the HELP mechanism. Thus, the presented results underline
the potential of indentation testing for the analysis of localized hydrogen-induced effects.
However, the TEM results do not indicate a modified dislocation structure as it was found
in X2-12, which is presumably caused by the effects of phase transformation, disabling a
thorough analysis of deformation-induced dislocation structures.
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5. Summary and Conclusions

Many studies in the literature deal with the question on the relevant mechanism
for the effect of hydrogen on the fatigue behavior of metallic materials. In the presented
investigations, this question was addressed for two metastable austenitic stainless steels
(X2-9 and X2-12) in the reference and hydrogen precharged condition, whereby hydrogen
precharging was performed from the gas phase, which led to hydrogen contents of 40 wppm
for X2-12 and 26 wppm for X2-9. Therefore, mechanical testing on different length scales
was performed, i.e., fatigue, cyclic indentation, and nanoindentation fatigue tests, which
was complemented by TEM analyses in the vicinity of the fatigue cracks. Note that
the two steels investigated differ in austenite stability due to the different Ni contents
(9'wt% (X2-9) and 12 wt% (X2-12)), whereby X2-9 exhibits lower austenite stability and
thus, pronounced austenite-«’-martensite transformation. From the presented results, the
following conclusions can be drawn:

e In accordance with the different crack morphology observed in fatigue tests, the
TEM analyses at X2-12 revealed coarser dislocation cell structures for the hydrogen
precharged condition, which indicate an enhanced local plasticity. The more pro-
nounced plasticity on a local level and thus, at small (micro and nano) length scale is
also shown by the cyclic indentation, as well as nanoindentation fatigue tests. The in-
creased plasticity at these length scales can be explained with the hydrogen enhanced
localized plasticity (HELP) mechanism, which is assumed to be active for X2-12 and
to cause the differences in fatigue crack morphology.

e For X2-9, the TEM analyses showed no differences between the reference and hy-
drogen precharged condition, which is caused by pronounced phase transformation,
disabling thorough analyses of deformation-induced dislocation structure. However,
the indentation tests also indicate higher local plasticity for the precharged condition
of X2-9. Consequently, also for X2-9 the HELP mechanism is assumed to be active
during fatigue crack propagation. Combined with the increased diffusion rate after
phase transformation, resulting in a higher amount of hydrogen in the vicinity of
the crack tip, the HELP mechanism is expected to lead to a significantly faster crack
propagation rate of precharged condition compared to the hydrogen-free material.

e The indentation tests performed in this work enabled a valid analysis of the influence
of hydrogen on the local cyclic deformation behavior and consequently, the presented
indentation testing approaches are powerful means for analyzing hydrogen-induced
effects on a local level.

As a summary, the results obtained at different length scales in the framework of
the presented study indicate that the HELP mechanism explains the hydrogen-induced
intrinsic fatigue crack propagation phenomena observed. However, considering the fatigue
tests performed in the preliminary work, the fatigue crack initiation seems to be domi-
nated by the hydrogen enhanced decohesion (HEDE) mechanism. Thus, the dominating
mechanism of hydrogen embrittlement is assumed to change during the fatigue lifetime of
the investigated materials, which is in accordance with research on other austenitic steels.
Due to the high complexity of the crack initiation process, more detailed research has to be
performed to verify this assumption.
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