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Abstract

Nickel-based alloys are widely used in the oil and gas industries as safety critical
components owing to its high strength and corrosion resistance properties. However,
they are susceptible to hydrogen embrittlement (HE), a phenomenon that weakens
metallic materials, leading to unexpected and catastrophic failures. The interac-
tion between hydrogen and material defects plays a crucial role in this degradation
process. This study investigates the effect of hydrogen on the plastic behavior of
nickel-based alloy, Alloy 625, at different length scales to gain insights into this
interactions. The study utilized in-situ Acoustic emission (AE) monitoring during
tensile tests to observe hydrogen influence on macroscale deformation and fracture
behavior in real-time. In-situ electrochemical nanoindentation (ECNI) was used to
probe local mechanical properties at the nanoscale.

The tensile test revealed progressive reduction in fracture elongation and increased
strength response with increase in hydrogen concentration. The AE signals from ten-
sile tests were characterized using spectral analysis based non-supervised clustering
procedure to separate the contribution of dislocation slip and microcracks into the
deformation and fracture processes. The results reveal that the relative mobile dislo-
cation density increases with increasing hydrogen concentration, as hydrogen reduces
the critical stress for Frank Reed source activation and loop expansion. Additionally,
hydrogen-charged samples show a reduction in average dislocation velocity, indicat-
ing hydrogen solute pinning the dislocations results in hardening behavior. The
study also unveils the conditions and details of the kinetics of the hydrogen-assisted
crack nucleation and propagation process in hydrogen-charged samples. Postmortem
characterization of crack propagation path reveals a transition from the transgran-
ular to the intergranular type, which is attributed to the hydrogen concentration
profile depending on the loading conditions.

To understand the hydrogen effect on the nanomechanical response of the annealed
nickel alloy, nanoindentation tests with in-situ charging and in-situ scanning probe
microscopy (SPM) imaging was carried out. The results show reduced pop-in load,
indicative of hydrogen-enhanced dislocation nucleation, resulting from reduction in
dislocation line energy or stacking fault energy. The study estimated the hydrogen
contribution to the lattice frictional stress using the Nix-Gao model and found that
the hydrogen-induced frictional stress had a linear dependence with solute concen-
tration, implying the solute drag effect. The study also reveal hydrogen-induced
surface slip line formation during severe charging; the hardness measured after sub-
sequent desorption exhibit softening behavior, which is attributed to non-equilibrium
vacancies generated during charging and the subsequent stabilization by hydrogen.

Finally, the study examines the effect of hydrogen on pre-strained nickel alloy using
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ECNI technique. The results show hydrogen-induced hardening during charging and
softening behavior during desorption. The hardening is due to the collective influ-
ence of pre-existing defects and hydrogen solutes impeding the dislocation motion.
Moreover, the enhanced hydrogen uptake reduces the SFE locally at the surface
and promotes mechanical twinning, resulting in increased hardness. On the other
hand, the pre-strained samples exhibit softening behavior during desorption, which
is attributed to irreversible microstructural changes caused by hydrogen-enhanced
vacancies. This study highlights the permanent modification of the microstructure
by hydrogen solute, which could lead to autocatalytic defect generation and ulti-
mately failure.
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Chapter 1

Introduction

Background and motivation

Materials used in subsea application have to with stand harsh environment; where
nickel-based alloys are commonly used because of their excellent corrosion resis-
tance and mechanical properties. Subsea components are usually protected from
aqueous corrosion by cathodic polarization technique [1], which inadvertently gen-
erates hydrogen on the surface. The continuous absorption of hydrogen atoms can
lead to a change in the fracture mode of these materials, from ductile transgranu-
lar to brittle intergranular. This phenomenon is known as hydrogen embrittlement
(HE) and can significantly reduce the lifetime of the component. Although the
fracture mechanism of ductile materials is well understood, the mechanisms behind
the hydrogen-induced ductile-to-brittle transition are still widely debated. Several
theories have been proposed to explain this transition [2-6], yet no consensus has
been reached.

The HE is a multifaceted problem, and it is heavily influenced by the microstructure,
environmental, and mechanical aspects. For instance, the microstructure plays a
critical role. Unique attention has been given to chemistry, microstructure and heat
treatment while selecting appropriate materials for subsea. Despite meeting the
stringent requirement set by standards, several service failures have been reported
[1, 7]. For example, the failure of alloy 725 seal used in subsea equipment has been
attributed to the formation of a brittle phase in grain boundaries [8]. Similar failure
are reported in Alloy 718, 716 and 625 [9, 10].

The current industrial approach for assessing a material’s susceptibility to hydro-
gen involves conducting macroscale tensile testing on electrochemically pre-charged
samples. However, this method only provides binary results - pass or fail - with-
out fully revealing the underlying damage mechanisms. While this methodology
accelerates the material screening process, it falls short in revealing the intricate
interactions between the hydrogen solute and different microstructural constituents.
Additionally, the loss of hydrogen between charging and testing makes it challenging
to establish a precise correlation between hydrogen content and the embrittlement
phenomena, which is crucial for determining the hydrogen degradation threshold.

To enhance the understanding of hydrogen-induced damage, a more comprehensive
approach is needed. Therefore, a new method that can discern hydrogen interactions
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4 CHAPTER 1. INTRODUCTION

with defects individually and collectively under controlled conditions is required. By
utilizing advanced techniques such as nanoindentation, scanning electron microscopy
(SEM), transmission electron microscopy (TEM), in-situ observations during small-
scale tensile test, the intricate behavior of hydrogen with the microstructure of the
material can be captured on different scales and the underlying damage mechanisms
can be better understood.

Objectives

The main objective of this thesis is to gain a comprehensive understanding of the
mechanisms related to hydrogen-assisted degradation in nickel-based alloy, Alloy
625. To realize this, experiments were performed at different length scales. The
hydrogen effect on dislocation kinetics and fracture behavior at the bulk scale was
investigated using tensile test instrumented with the Acoustic emission (AE) tech-
nique. The in-situ electrochemecial nanoindentation (ECNI) technique was used to
reveal the interaction between hydrogen and the microstructure at the nanoscale.
Additionally, advanced postmortem characterization techniques such as electron
backscattered diffraction (EBSD), electron channeling contrast imaging (ECCI),
and transmission kikuchi diffraction (TKD) were utilized during this PhD study
to unveil the HE behavior. The following objectives are pursued:

e Achieve a comprehensive understanding of macroscale mechanical degradation
of Alloy 625. Investigate the kinetics of damage evolution and analyze the
possible mechanisms for intergranular and transgranular cracking. In addition,
access the hydrogen effect on the collective dislocation behavior during tensile
test.

e Evaluate the hydrogen effect on nanomechanical properties of Alloy 625 us-
ing nanoindentation technique, focusing primarily on dislocation nucleation,
plastic deformation and microstructure integrity.

e Investigate the hydrogen-induced softening and hardening behavior of pre-
strained nickel alloy using in-situ ECNI.

e Correlate the results obtained from different length scales and compare it to
existing mechanism and contribute to HE studies.

Outline

The thesis consist of an introductory part and a collections of three paper, two of
which are published and one is submitted for peer-review. Part I consist of four
chapters. Chapter 1 gives background and objectives of this thesis. Chapter 2
focuses on the literature review on hydrogen embrittlement in nickel alloys. Chap-
ter 3 discusses the material and methodology utilized in this work and their theory.
Chapter 4 summarizes the results of the three peer-reviewed articles, provides a
concluding remark and a future direction for further research. Part IT comprises the
research articles that are published or in the process of being published in scientific
journals.
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Chapter 2

An overview on hydrogen
embrittlement

Hydrogen embrittlement (HE) is a result of complex interplay between material,
microstructure, and environment [2, 11-15]. Hydrogen being the smallest atom
in the universe makes it hard to detect its presence inside the material, hence, the
structure-properties relationship established so far is of phenomenological basis only.
The current chapter provides a brief overview of HE phenomena and its relevance
to the nickel alloys.

2.1 Hydrogen source, diffusion and trapping

There are several potential sources where hydrogen can enter the metal and trig-
ger embrittlement [15]. For instance during manufacturing process such as welding,
casting and heat treatment, hydrogen can be produced from the moisture present.
Surface treatment processes such as pickling and electroplating can results in gen-
eration of hydrogen at the surface.

In addition to the above suggested sources, hydrogen can enter the material during
service. It has been documented that the bearing housing of wind turbine absorb
approx. 3 wt.ppm of hydrogen over its life span, where lubricant contaminated with
water serves as hydrogen source [16]. Similarly, hydrogen produced during cathodic
protection or from a corrosion process, can also be absorbed in to the metals and
result in embrittlement, a critical issue in oil and gas industries [1, 7, 8, 10]. The
following relations explain the hydrogen uptake as a result of corrosion reaction [17].
During corrosion, oxidation of metal takes place (Eq. 2.1), in parallel either oxygen
(Eq. 2.2) or hydrogen (Eq. 2.3) reduction are the main reduction reactions:

M — M™ + ne” (2.1)

gOg +nHy0 + 2ne” — 2nOH™ (2.2)
_n

nH" +ne” — §H2 (2.3)



8 CHAPTER 2. AN OVERVIEW ON HYDROGEN EMBRITTLEMENT

Cathodic protection is generally employed to prevent the oxidation reaction, thereby
the corrosion process. This is done by connecting the metal either to less noble metal
(sacrificial anode) or by using impressed current system. The overall objective is
to apply the external current such that the entire system is kept lower than the
corrosion potential [17]. While this is effective in controlling the corrosion, it inad-
vertently introduces hydrogen (due to the dominant hydrogen reduction reaction)
into the metals as shown in Eq. 2.4.

HY+M+e — MH,g, (2.4)

When hydrogen is adsorbed on the surface, it can either be absorbed into the ma-
terial or recombine with other hydrogen atom and produce Hs(g) (Eq. 2.3).

The diffusion flux density is defined as number of particles passing though an unit
area per unit time. According to Fick’s law, the diffusion flux j is expressed as [18]:

DdC’

~D—- (2.5)

j=
Here, D is diffusion coefficient having unit of m?s~!, C' and z are concentration and
distance respectively. The negative sign implies that the flux direction is opposite
to the concentration gradient, i.e. from higher to lower concentration. Further, D
is expressed as:

Q
D = Dyexp —— 2.6
0 €Xp T (2.6)
where Dy is a pre-exponential factor, @) is the activation energy, k is the Boltz-
mann constant, and T is the temperature. The activation energy @) indicates the
elementary process of atomic motion depending on different elements and crystal
structures.

The diffusion rate of hydrogen in metals is larger than other interstitials and substi-
tutional elements [19]. Hydrogen tend to reside or move through the material via the
vacant sites in the metal lattice. For face-centered cubic metals (FCC), octahedral
voids are preferred interstitial site, whereas for body-centered cubic metals (BCC)
metals tetrahedral sites are favorable spot [19, 20]. In general sense, the diffusivity
of hydrogen tend to be slower in FCC metals when compared to BCC, while the
hydrogen intake/solubility is larger for FCC metals.

Traps influence the diffusion behavior. Some examples of trap sites include vacancies,
dislocations, precipitates, interfaces between matrix and precipitates, phase bound-
aries, grain boundaries, voids, microcracks, etc., [19, 21, 22]. Besides, depending on
activation energy, these traps can be categorized into reversible (ability of hydrogen
atom to jump out/move freely out of the potential valley and become mobile) and
irreversible trap (deep potential valley thus hydrogen atom cannot move out of this
spot) sites. It has to be emphasized here that there is no cut-off value to distinguish
the reversible and irreversible traps as they are intricately connected to microstruc-
ture and environmental conditions [19]. The traps effectively lowers the mobility of
hydrogen atoms and they enhance the hydrogen uptake, as a result these trapping
sites have higher probability of crack initiation during straining. Several advanced
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models have been developed accounting for trap density, binding energy, etc., start-
ing from seminal work of McNabb and Foster [23]. Oriani further developed this
by assuming equilibrium between lattice and trap sites [24]. While considerable
progress have been made in hydrogen diffusion modelling field, the role of traps in
influencing the HE susceptibility still remains unclear. For example, dislocations are
considered reversible trapping sites, which can reduce effective diffusivity. However,
during plastic deformation, these dislocation are mobile, act as transport medium
for hydrogen. Several experimental studies have shown that dislocations themselves
have varied influence under hydrogen atmosphere, i.e, formation of hydrogen cot-
trell cloud hindering their motion, on the other hand hydrogen is shown to enhance
mobility and pack the dislocations closer. This clearly highlights inherent com-
plexity in HE research, thus it is necessary to combine the actual microstructural
constituents with hydrogen trapping and diffusion information to thoroughly study
the HE mechanisms.

2.2 Damage mechanisms

To design a hydrogen-damage-tolerant material, it is pertinent to understand the
underlying degradation mechanisms. Over the years several mechanisms were pro-
posed based on various experimental observations and theoretical findings. The
widely accepted ones are discussed briefly in the following section.

Hydrogen enhanced decohesion (HEDE)

The mechanism built on the premise that hydrogen-caused weakening of interatomic
forces at the tip of an already existing crack as proposed by Pfeil [25]. HEDE was
later expanded by Troiano in 1960 [3], states that the weakening of interatomic bond
by hydrogen is due to the electron transfer from 1s orbital of hydrogen to unfilled d-
orbitals. The metallic bond strength is reduced during this process and during tensile
loading, decohesion (separation of atoms) is preferred over the slip. This theory
was subsequently quantitatively developed by Oriani in 1970 [26], McMahon [27],
and Gerberich [28]. The HEDE mechanism is generally used to explain the brittle
intergranular fracture in metals [24, 27, 28]. Though the density functional theory
results for nickel and iron systems support this mechanism [29], no experimental
evidence is available until now, due to limitations associated with characterizing the
microstructural features at the atomic scale.

Hydrogen enhanced localized plasticity (HELP)

The HELP mechanism was first proposed by Beachem and coworkers to explain
the reduced ductility and plasticity-altered fracture modes at crack tips in embrit-
tled steels [30]. Soon Robertson and coworkers performed the in-situ Transmission
Electron Microscopy (TEM) experiments, wherein, a thin aluminum foil was de-
formed inside the TEM in the hydrogen atmosphere. They observed that under the
hydrogen environment, the dislocation multiplication is enhanced and the distance
between the dislocations in the pile-up is reduced [2, 30]. Based on this observa-
tion they proposed that hydrogen can facilitate the dislocation activity by shielding
stress fields of dislocation from interacting with the elastic obstacles [2, 31, 32]. In
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addition, hydrogen tends to segregate to the high hydrostatic stress field of dislo-
cations, thereby enhance the plasticity. The segregation is limited to the localized
region and the fracture tends to propagate in a specific set of planes [33].

Adsorption induced dislocation emission (AIDE)

AIDE states that the dislocation nucleation and subsequent emission from the crack
tip are responsible for embrittlement. The nucleation stage is critical, since the
adsorbed hydrogen facilitates instantaneous dislocation core formation and surface
steps by breaking atomic bonds locally, with further application of stress, the dis-
location starts moving away from the crack tip (emission) [12, 34, 35]. During this
process, microvoids are reported to nucleate ahead of the crack tip which keeps the
crack tip sharp, therefore the fracture surface appears brittle.

Hydrogen enhanced strain induced vacancy formation (HESIV)

The mechanism states that hydrogen enhances the vacancy creation and clustering
during plastic deformation, subsequently promotes void nucleation and crack prop-
agation [4, 14]. The HESIV model shifts the focus of HE from hydrogen itself to the
hydrogen-related failure mechanism. Several density functional theory simulations
in Ni-based superalloys have reported that hydrogen reduces the activation energy
for vacancy formation and migration, furthermore, it tend to segregate to the va-
cancies, and prevent them from collapsing, experimental results also support this
observation [36-39].

Defactant concept

The theory proposed that the segregation of defectants, in this case hydrogen to
the defects, such as vacancies, dislocations, and stacking faults, can reduce the
defect formation energy and increase their respective concentration [6, 15]. This
mechanism is further supported by the in-situ nanoindentation experiments which
shows the reduced formation energy of dislocation loops in the presence of hydrogen
[11].

2.3 HE investigations in Ni-based alloys

Nickel is a ferromagnetic material with a FCC crystal structure and widely used
material in engineering applications. They are used in a wide operating temperature
range from -50 °C (e.g. arctic environment) to 800 °C (e.g. Jet engine turbine
blades), making them one of the most versatile engineering materials. The term
"superalloys" usually refers to the heat resistant metallic material, which offers good
toughness and resistance to oxidation and corrosion. Owing to this characteristic
behavior, nickel-based super alloys are preferred material of choice in oil and gas
industries [1], as the material is expected to withstand aggressive environment.

Ni-based superalloys are commonly classified into solid solution strengthened (e.g.
Inconel 625, 690) and precipitation-hardenable alloys (e.g. Inconel 718, 725) [40].

Various alloying elements with different concentrations are added to the Ni-alloys
to improve the material performance, yet these materials are susceptible to the HE.
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The first experimental investigation of HE in Ni-based superalloys was reported in
1970 [41], ever since significant research related to the topic has been carried out
due to their importance in oil and gas fields.

The mechanisms of embrittlement are shown to be related to hydrogen-dislocation
interaction irrespective of changes in chemical composition. For example, the deci-
sive role of the strain rate in HE in Alloy 718 was shown by Fournier et al. [42] and for
Alloy 600 by Lecoester et al. [43]. They showed that hydrogen transport by moving
dislocations controls the brittleness of both alloys. It is highest at strain rates al-
lowing hydrogen atoms to follow the dislocations during tensile tests and disappears
if the strain rate is sufficient for breaking away from hydrogen atmosphere. The
dependence of strain rate is consistent with the HELP phenomena. The occurrence
of the hydrogen-dislocation interactions is supported by TEM observations of pla-
nar slip bands along the (111) atomic planes, in addition, the evidence of nanoscale
voids nucleated at slip bands, particularly at the intersection of non-parallel slip
bands, and crack propagation along slip bands [44, 45|. In nickel alloys both in-
tergranular and transgranular cracks are reported and following sections provides a
brief overview.

Intergranular failure

Hydrogen prefers to segregate to the grain boundaries (GBs) as they are energetically
favorable sites and offer faster diffusive path [46, 47]. Segregated hydrogen solute
weakens the cohesive bond strength between grains and promote crack initiation
and propagation along GBs. An example of IG cracking in age hardened Inconel
718 is shown in Fig. 2.1.

Figure 2.1: Hydrogen-induced intergranular cracking in Inconel 718 (taken from
[48]).

Though the HEDE mechanism seems to fit with the observed results, several studies
have pointed out the role of critical grain boundary hydrogen concentration (HE?) in
determining the fracture behavior [21, 49]. The work of Martin et al. on pure Ni have
shown that even though the fracture surface of the hydrogen charged material exhibit
intergranular behavior, extensive plastic deformation was observed just beneath the
IG facets, suggesting hydrogen transport by dislocations to grain boundaries (HELP
mechanism) a dominant factor [50]. In contrast, Harris et al. have reported that
the intergranular fracture is observed even at 77K, where the interaction between
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hydrogen and dislocations is basically precluded [51]. These two contrasting studies
indicate the knowledge gap in understanding the mechanism and a need for more
robust testing methods.

Impurity segregation such as Sulfur and Phosphorus to grain boundaries is also
shown to increases the hydrogen uptake thereby promoting decohesion [52]. The
role of grain boundary misorientation has also been studied extensively, Low angle
GBs (5°—15°) and special GBs (£3—X29) are reported to show high resistance to GB
crack initiation, whereas high angle GBs (15°—50°) are most favorable sites for crack
nucleation in Ni alloys [44, 45]. Microstructural heterogeneities at grain boundaries
such as d-phase, carbides are also shown to promote intergranular cracking, but the
underlying mechanism remains unclear [48, 50, 53, 54].

Transgranular type

The transgranular fracture in Ni-based superalloys is seldom reported, although not
uncommon. The presence of precipitate in Ni-based superalloys promote planar slip
or slip localization in a close-packed planes, {111}, and hydrogen was reported to
increase the slip planarity even further due to the solute drag effect [45, 55]. Besides,
hydrogen tends to reduce the stacking fault energy thereby decreasing the probability
of cross-slip which results in slip bands formation (Fig. 2.2). Preferential segregation
of hydrogen at the stress concentrated areas like the crack tip, dislocation slip bands,
and at deformation twin boundaries [49, 56], increases the local stress, enhances
the vacancy formation thereby increasing microvoids which further develops into
transgranular fracture [4, 38].

Figure 2.2: Hydrogen assisted slip band formation in 316L austenitic stainless steel
(taken from [57]).



Chapter 3

Methods and material

One of the objectives of this doctoral work is to relate the experimental observation
at different length scales to explain the embrittlement behavior. Several advanced
characterization tools has been utilized, and this chapter discusses the theory behind
each of these techniques.

3.1 Material and sample preparation

The material used in this work, Alloy 625, was supplied by Voestalpine GmbH
(Austria). The nominal chemical composition as provided by the supplier is shown
in Table. 3.1. The alloy was initially hot rolled subsequently annealed at 885 °C for
an hour followed by water quenching.

Table 3.1: The nominal composition of Alloy 625 as provided by the supplier.

Element C Si Mn P S Cr Mo Ni
wt. % | 0.018 | 0.08 | 0.07 | <0.005 | <0.0003 | 21.31 8.3 | 62.8
Element | Cu Co Ti Al Nb Fe Ta,
wt. % 0.02 | 0.18 | 0.05 | 0.22 3.25 3.7 | <0.02
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Figure 3.1: Sample geometry used in this work (all dimensions shown are in mm).
(a) for tensile test. (b) for Nanoindentation test.

The geometry of the double dog bone shaped tensile sample for slow strain rate
tensile tests (SSRT) and the cylindrical sample for nanoindentation experiments are
shown in Figure. 3.1. All the samples were ground sequentially from 220 to 4000
grit silicon carbide papers followed by mechanical polishing up to 1 pm diamond
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paste. Final polishing was done using 200 nm colloidal silica suspension to get
deformation-free surface. Details regarding the experimental procedures employed
for the individual techniques are discussed comprehensively in the respective articles.

3.2 Acoustic emission

3.2.1 Fundamentals

The acoustic emission (AE) technique belongs to the family of non-destructive test-
ing techniques (NDT), used to monitor the health of structures, has been in practice
since 1960s [58]. Unlike other NDT techniques which make use of the "active" source
and detection methodology, the AE operates in the "passive" way, i.e, the signals
that are identified and characterized are generated by defect evolution under certain
load condition [59]. The AE is a naturally occurring phenomena, where transient
elastic waves are generated by rapid release of energy during irreversible change in
material’s structure [60].

The elastic waves propagate through the material in four principal wave modes:
longitudinal waves (compression), transversal (shear), surface (Rayleigh waves), and
plate waves (Lamb waves) and each of these propagate at different velocities [61].
During acoustic emission testing the wavefront undergoes multiple reflections, in-
terference and mode conversions before reaching the surface and cause surface dis-
placement [62, 63]. The piezoelectric sensor at the surface converts the mechanical
displacement into an electrical signal. Once the elastic wave leaves the source and
reaches the surface, it has to pass through another medium. Since, air have poor
transmitting properties, by using "wave-transparent" coupling medium like either
vacuum grease or machine oil the signal transfer can be improved. The strength of
the received signals are usually weak, therefore they are usually pre-amplified and
processed later.

The AE senors are divided based on their frequency response. The broad-brand sen-
sors has a flat response and can capture all frequencies, ideal for applications where
signal source or its evolution is of concern, as it provides more significant informa-
tion. The resonant type sensors usually operate at narrow range of frequencies, used
typically in system with noise is predominant and specific frequency of interest is
known. The sensitivity of resonant type senors are superior to their counterpart.
However, in the field of material science, broad-band type sensors are widely used,
since each source have different characteristic frequency range.

3.2.2 Relevance to material science

To predict the fracture using AE technique, it is pertinent to recognize the essential
features of an incoming signal which corresponds to the critical state preceding
imminent failure [59]. Thus, a laboratory testing is required to correlate the AE
characteristics with the microstructural evolution during loading, to define what the
critical state is. The use of acoustic emission for research purpose in the material
science have grown over the years and this section presents an overview of only those
specific to plasticity and fracture.

It has been well established that the plastic deformation is spatially heterogeneous
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and temporally intermittent in nature [64]. This is due to discrete character of
dislocations, which usually accompanies with local fluctuation in stress-strain. This
fluctuation, however, is not reflected upon conventional tensile test, due to the lower
resolution of the measuring setup, unless they manifest themselves as a macroscale
instabilities such as Liiders bands propagation, Portevin—Le Chatelier (PLC) effect
or fracture. The stress-strain data from tensile test is a result of averaged dislocation
reactions happening throughout the deforming volume. The AE, however, is capable
discriminating the load drop as individual burst of signal. The temporal resolution of
AE technique is in microseconds, ideal to study the plastic deformation. The source
of AE during plastic deformation include dislocation motion [65-68|, twinning |69,
70|, phase transformation [71], annihilation, breaking of inclusions, particles and
microcrack nucleation and propagation [58, 60, 62, 67, 72].

The collective movement of dislocations (eg. slip, twinning) are considered as the
major source, since the passing of dislocation relaxes the surrounding stress field,
which releases AE. Heiple and Carpenter have shown from their experiment that it
is not possible to discern the motion of single dislocation, even by the transducer
with highest resolution (107'* m) [60]. During tensile test only 1% of energy is
released as AE, rest as heat. Thus it is necessary to have thousands of dislocations
moving to get a reasonable signal. Another factor to be considered is the strain
rate employed during the test; the amplitude of the AE signal is proportional to the
dislocation velocity, which further related to applied strain rate using Orowan law:
é

U= ol (3.1)
where v is the average velocity of dislocations, ¢é is the applied strain rate, p,, is
the mobile dislocation density, b is the burger vector of dislocations. During SSRT,
AE is generally very weak and are associated with the continuous signal due to the
overlapping events. However, in polycrystalline material, there are grain boundaries,
inclusion, point defects, etc. The repeated pinning and de-pinning could release
energy in the form of AE as suggest by James and Carpenter [73].

Deformation twinning is another powerful source of AE [74]. The twinning process
consists of three stages: nucleation of the twin embryo followed by rapid growth
of the embryo, and thickening of the twin in the direction normal to the initial
growth direction. While the nucleation and growth of the twin embryo proceed at
the velocity of sound in the material, the thickening process is orders of magnitude
slower, even under impact conditions. Thus, AE can capture twin nucleation process
and not the lateral twin thickening [60].

The AE information related to crack initiation and propagation have been inves-
tigated extensively for decades; A common consensus is that the amplitude of the
signal is shown to depend on the specific mechanisms [72]. For instance brittle frac-
ture mechanism (intergranular fracture and cleavage/quasi-cleavage fracture) pro-
duces higher amplitude signals than ductile ones (micro void coalescence, tearing
and shearing). Pollock et. al attempted to explain this behavior by grouping the
released energy into three parts: plastic deformation, surface energy and event en-
ergy (AE wave) [75]. The plastic deformation term captures the energy expended in
creating the plastic zone through dislocation movement and slip; the surface energy
refers to the disbonding of atoms to create the new surfaces. For ductile fracture,
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due to a larger plastic zone and increased surface energy due to a rougher crack
surface, less fraction of the elastic energy is released when compared to a brittle
fracture of the same magnitude.

3.2.3 AE signal processing

Traditional AE research on material science involves characterizing the burst type
signal, wherein preset threshold controls the incoming signal for further processing.
The burst type AE signal are widely in use because of its simple equipment setup
and post processing methodology. This, however, limits some of the signal associ-
ated with dislocation slip as it usually have low energy/amplitude similar to that
of the laboratory noise. With the development of advanced acquisition tools and
computing resources, continuous signal processing can be realized.

In this work the AE signal processing is done using adaptive sequential K-means
clustering (ASKC) algorithm as proposed by Pomponi and Vinogradov [76]. The
software employed here returns two critical parameters, median frequency and AE
energy, as an output, both representing different properties of spectra [77, 78]. De-
tailed signal processing procedure employed in the present work has been included
in Article I. The following sections, however, provides brief background regarding
the tools for the AE signal processing.

For the analysis of AE process in the frequency domain, Fourier Transformation
(FT) is employed, more specifically Discrete Fourier Transform (DFT). The FT is
well suited for the characterization of periodic or pseudoperiodic signals and is simple
to interpret. It is a one-dimensional transformation, and no time information will
be available since it assumes stationarity. The digital AE data acquisition results
in discrete AE records that are evenly spaced in time. Thus, the AE time series
collected depending on the sampling rate results in sampling time interval At;,
which defines the maximum resolvable frequency - Nyquist frequency fy (or cut-off
frequency):

1
T 2At,

In (3.2)
An algorithm for efficient calculation of DFT is Fast Fourier Transform (FFT).
However, due to the discrete nature of the AE records, so-called leakage effect has
to be taken into account in energy (power) calculations.

Welch’s method is one way of estimating power spectra (Power Spectral Density -
PSD), which was used in this work [79]. While this method is quite reliable over non-
stationary noise when compared to full DFT, there is drawback with reduced spec-
tral precision. Welch’s method divides the time segment into smaller sub-segments,
which might overlap, depending on the particular approach. Tapering is done inten-
tionally to make the window overlapping, to reduce the data loss at the edges of the
segment (leakage effect). After that, the periodograms are calculated using FFT,
and averaged; this way, non-stationary noise is filtered out of the PSD. The PSD
function calculated by Welch’s method was further used to calculate AE properties
- AE power and median frequency. The PSD of the individual realization G(f) has
to be noise corrected. The power spectrum of electrical noise G™*¢(f) has to be
determined by recording laboratory/background noise prior to test:
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G () = 5 D0 DG (33)

Here N denotes the number of realization, at least 30 to 50 noise records have to be
calculated and averaged over all of N. This averaged noise spectrum is subtracted
from each G (f) to get noise corrected estimate of AE data:

G(f) = Gr(f) = G™(f) (3:4)

From the noise corrected AE power spectrum, the parameters such as AE energy, E
(area under the PSD) and median frequency, f,, can be determined. The normalized
PSD is calculated as follows:

(3.5)

It is important to note that each source has distinct power spectra, and this specific
property has been made use to distinguish different sources [80].

Parameters during AE signal processing

Figure. 3.2 shows the parameters used to process the AE signals. The significance
of each of these parameters on signal processing are discussed below.

74 ASKC Run = O X

Basic parameters
Qutput file: askc,resul(sL’

Sample rate: 2.0 MHz
Channel: 1
Frame size: 409
Skip signals: 9765 frames 20s
Num. signals: 19531 frames 40s
Noise frames: 10
Noise sigma: 2
Sign. thresh.: 70
Max. clusters: 5
Distance: KL —
FFT
nperseg: 64
nfft: 2048
noverlap: 32
Filter
" None
&+ Highpass
Cutoff: 100 kHz
" Bandpass
Low cutoff: 300.0 kHz
High cutoff: 500.0 kHz

Run

Figure 3.2: Parameters for AE signal processing.

Sample rate - the hardware (analogue-to-digital converter) sample rate set in the
data acquisition software should be used in ASKC settings.
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Frame size - the AE stream is divided into a set of segments of equal length; Frame
size is the number of points per data segment (also commonly termed realization); it
is usually set as a power of 2. The frame size can be set either by taking into account
of duration of the transient signal, in that case, the PSD calculation is dominated
by the properties of particular feature. Another approach is to select a relatively
large frame size, so that it represents an average of all the features in the signal.
This is particularly useful in continuous signals, where larger frames result in less
scatter.

Skip signal - The number of frames to be skipped for signal processing.

Num. signals - Specifies the number of frames to be processed. The frames after
this specified number will be automatically skipped by the software.

Noise frames - Before the start of the tensile test, the stationary signal/ laboratory
noise is recorded. The number of frames specified here is used to define the noise.
The basic assumption is that the noise does not change during the test. If there
is noise generated due to test machine, this assumption is not valid and it has
to be rectified during cluster analysis. The proposed algorithm [76] is capable of
distinguishing such deviations from the regular background noise and the AE events
during tensile test.

Noise sigma - a statistical variable to characterize the compactness of the noise
cluster and is typically set as 1, 2 or 3. This parameter is mathematically equal to
the multiplier to the standard deviation of background noise; the resultant product is
then used to define the distance, which serves as an initial measure of similarity /dis-
similarity between the clusters [76].

Sign. thresh. - The numerical integer specified here serves as "seed" to define a
cluster. In other words, a minimum number of data points required to define a cluster
as significant, and further merging of the cluster with other cluster is prohibited.
Once the set threshold is reached, this cluster can only evolve by merging the nearest
new event.

Max. clusters - While the ASKC does not require this number to be specified, as it
automatically determines the number of clusters, it is convenient to set this number
by 1 or 2 larger than the the expected number of possible source mechanisms.

Distance - refers to the type of statistical measure of similarity /dis-similarity be-
tween the normalized to unity AE PSD functions. In the present study, Kulback-
Leibler (KL) divergence in its symmetrical variant is used.

npserseg - This determines the size of the segment used for Welch’s method. Large
segment size may yield better frequency resolution but compromises on noise filter-
ing.

nfft - The number of points used by the FFT algorithm and should be at least as
big as the number of data points.

noverlap - The amount of points by which segments in Welch’s method overlap.
This setting is dependent on the type of tapering function used, for the present
study, a 50% overlap is reasonable.
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3.3 Nanoindentation

Nanoindentation (NI) is a powerful tool to probe the properties of the material in
extremely small volume (typically in hundreds of nanometers). Initially it was used
as hardness measurement tool especially for thin film material. The "instrumented
indentation" records the load-displacement quite reliably enabling the estimation of
various properties pertaining to the region of interest, which otherwise are difficult
to obtain. The force resolution is in the order of uN and for displacement, it is in nm.
The scanning probe microscopy (SPM) tool enables studying the material’s surface.
A sharp probe, which is connected to the sensitive spring system, scans back and
forth over the sample surface with a force on the order of pN. Based on the feedback
from the tip, a two-dimensional map of the surface is generated. The SPM tool is
quite useful in HE studies, since the first-hand information like charging-induced
dislocation slip is obtained readily. It also serves as surface quality check tool prior
to indentation.

3.3.1 Contact mechanics

The indentation technique is built on the premises of contact mechanics, which
describes the force acting on bodies in contact [81]. In Figure. 3.3a, a typical load-
displacement (LD) plot is presented. It shows a loading part until maximum load
(Praz) followed by unloading part. Figure. 3.3b&c shows the contact between the
material and the indenter. The displacement corresponds to maximum load is hpqz,
the contact depth h. and the final displacement is h,..

(a) (b) (c)
Load, P

/| dpP
71
//dh ) A

Loading

Unloading

-~ Displacement, h

'<— h, —e— b, —

bk

Figure 3.3: (a) Typical load-displacement data during nanoindentation. (b) indent
in contact with the sample. (c¢) projected contact area of the Berkovich tip. (taken
from [82]).

The Hertz theory of elasticity can be applied to the initial portion of a point contact
loading [83]. He demonstrated that the radius of contact, a, is related to the radius
of the indenter R, the load applied P, and the materials’ elastic properties E, in the
following manner [81]:

5 3PR
T 4E,

a (3.6)
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The term F, is the reduced modulus of the material, which relates the modulus of
tip F; and sample F5 along with their respective Poisson ratios v:

1_1—yf 1—1/22

E.—  E E,

(3.7)

The indenters are generally made of diamond, which has an elastic modulus of E;
= 1140 GPa and a Poisson’s ratio of v; = 0.07. According to the Hertz theory, the

indentation depth is given by:
3 \? P2
h= — 3.8
(i) 7 @)

The applied load can be described as a function of indentation depth as:

4
P = 3R VRIS (3.9)

Therefore, if the radius of indenter tip is known, the FE, value of the sample can be
obtained by fitting the elastic part of the load-displacement curve using Eq. 3.9.

Another methodology to estimate the reduced modulus is proposed by Sneddon.
Their model describes the indentation by a rigid conical indenter with an angle of
26 on an isotropic elastic half-space as a function of the applied force and indentation
depth [84]:

P= %acErac cot d (3.10)

h= gac cot § (3.11)

Here a, is the contact radius defined in Eq. 3.6. By combining Eq. 3.10 & Eq. 3.11,
and eliminating a., the applied load can be rewritten as a function of depth as:

Ta,

P=- E,h*tan @ (3.12)

The contact stiffness S can be calculated as the slope at the beginning of unloading:

dP A,
= =2F /== 1
5 dh "Vor (3.13)

where A, is the projected contact ares defined as wa?. The reduced modulus can be
rewritten as:

S [x
E.=—=,/— 3.14
2V A, (3.14)
While, the Sneddon model can estimate the reduced modulus from the stiffness, it
is only suitable for an indenter with perfect rigid cone shape. Oliver and Pharr,
further improved this model to be suited for different shaped indenters [85]. They



3.3. NANOINDENTATION 21

fitted the upper portion of unloading part of LD curve with a power-law equation.
The reduced modules E, is defined according to the Oliver and Pharr model as:

S /m
E. = 25\//: (3.15)

Here (8 is the geometric correction factor, which was proposed as 1.034 for Berkovich
indenter.

The projected contact area (A.) relates the indenter contact depth (h.) with the
indenter area function. The contact depth indicates the vertical distance along the
contact. According to Oliver and Pharr [85]:

P
he = Rupag — 6——=2 3.16
2 (3.16)
where hpq, and P, are the maximum indentation depth and maximum applied
load respectively. The € is a constant depend on the indenter geometry, for Berkovich
indenter it is 0.75. The area function relationship between the contact area A, and
contact depth h. can be described by sixth-order polynomial equation as:

A(he) = Coh? + Crhe 4+ CohY? 4 C3hl/* 4 CyhY/® 4 C5hl/16 (3.17)

where Cj is 24.5 for Berkovich indenters. C; to C5 are determined by performing a
series of indentation with various contact depth on fused quartz, whose reduced mod-
ulus and hardness are known. These indentation curves are fitted against Eq. 3.17 to
estimate the coefficient values. Finally, with a qualified area function, the reduced
modulus can be calculated precisely by using the Oliver-Pharr method as shown in
Eq. 3.15.

3.3.2 Nanomechanical properties
Hardness

The hardness is defined as the material’s resistance to indentation. The nanohard-
ness is computed by dividing the maximum load P,,,, with the contact area A(h..):

(3.18)

The value of P,,,, can be obtained from the load-displacement graph (see example
Figure. 3.3) and the contact area A(h.) can be obtained by following the relation in
Eq. 3.17.

Pop-in

For a well-annealed ductile materials, pop-in indicates the onset of plasticity. It
signifies the transition from elastic to elasto-plastic stage. Since the nucleation
event happens in defect-free area, it is often called as "homogeneous dislocation
nucleation" event. From isotropic continuum mechanics (Independent of crystal
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orientation), the maximum shear stress 7,4, and its corresponding position Z;(maz)
during nano indentation can be expressed as [11]:

6E2P\"?

Tmax — 0.31 (7_(_3%2 ) (319)
3PR\?

Z vmaz) = 0.48 ( e ) (3.20)

3.3.3 In-situ electrochemical indentation

The macro-scale mechanical test provides information about hydrogen influence on
global properties. Typically a microstructure constitutes various features such as dis-
locations, vacancies, phase boundaries, precipitates, grain boundaries, and hydrogen
interacts with each these constituents in varied manner. Understanding these inter-
actions is essential to get mechanistic insights into HE phenomena. Further it can
also aid modelling and development of failure prediction tools for industrial appli-
cations. One approach to study hydrogen interaction with different microstructural
features in detail is to perform micro or nanoscale mechanical tests in hydrogen
environment. Hydrogen being the smallest atom, poses several challenges in the
HE study. Because of its inherent fast diffusing nature, constant hydrogen source
is required for precise quantification of mechanical properties. The in-situ electro-
chemical nanoindentation tool (ECNI) serves this purpose quite reliably [86]. With
the high resolution recording of LD data, it is possible to evaluate the nanomechani-
cal properties such as elastic modulus, hardness, and discrete events such dislocation
nucleation event, and phase transformation in hydrogen environment. This can aid
faster screening of H-susceptible zones in the microstructure.

The nanoindentation test was carried out by using the Hysitron Triboindenter TI
950 equipped with a long-shaft Berkovich tip, which was used for both indenting and
SPM imaging. The schematics of the setup is shown in Figure. 3.4a. Here the sample
is cathode, platinum foil is used as counter electrode and Hg/Hg,SO, as reference
electrode. The electrolyte used in this work is Glycerol & Borax (sodium tetraborate
decahydrate) mixture (2:1 ratio). The samples were charged electrochemically prior
to indentation in hydrogen environment. The load function used in this work is
shown in Figure. 3.4b. The loading and unloading rate was set as 8000 uN/s, with
a maximum load of 2000 pN. Additionally, 0.25 s of holding time was added to
unloading part at 10% of peak load for thermal drift correction. Post indentation,
the SPM images were scanned to capture the changes in surface topography. The
scan force was set as 2 pN at the rate of 1.5 Hz. The open source Gwyddion
software was employed for post-processing of scanned images [87]. All the indents
were executed at the room temperature.
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Figure 3.4: (a) Schematics of Nanoindentation setup. (b) Load function used in

this work.






Chapter 4

Summary and further work

4.1 Summary of papers

The hydrogen degradation behavior of Alloy 625 is studied using multiscale in-
situ experiments. The objectives defined in Chapter 1 are pursued in this doctoral
work, and the main findings are published in three peer-reviewed articles, which are
summarized below. Article 1 addresses the effect of hydrogen on macroscale plastic
deformation and mechanical degradation. Article 2 investigates the hydrogen-
induced variation in the nanomechanical response of Alloy 625. Article 3 explores
the hydrogen-induced softening and hardening behavior of pre-strained nickel alloy.

Article 1: Hydrogen-induced degradation behavior of nickel
alloy studied using acoustic emission technique

The objective of this work is to investigate the effect of hydrogen on macroscale
plasticity and mechanical degradation. To realize that a slow strain rate tensile test
was performed on pre-charged samples, additionally in-situ acoustic emission (AE)
monitoring technique was used to investigate the deformation process.

By using spectral analysis based clustering procedure during post-processing of AE
signal, the information related to hydrogen-assisted cracks and deformation slip are
separated and obtained over larger time scale (Figure. 4.1a). From the slip related
information, the hydrogen effect on macroscale dislocation kinetics was studied. A
phenomenological relation between AE power and slip behavior was used to esti-
mate the relative mobile dislocation density, which was found to increase with the
hydrogen concentration (Figure. 4.1b). In addition, a reduction in average disloca-
tion velocity was observed for hydrogen-charged samples. This was attributed to
hydrogen solute pinning the mobile dislocation thereby exhibiting enhanced hard-
ening behavior. From the information related to the crack, three different stages of
crack propagation in the present alloy are observed, and the duration of each stage
varies with the severity of the charging. Additionally, advanced characterization
tools were used to investigate the root cause of hydrogen-assisted cracks. The study
reveals the crack transition from transgranular at the surface to intergranular in the
interior of the sample. This apparent conflict is explained by linking the hydrogen
diffusion profile with loading conditions. The graphical abstract which summarize
the main findings of Article 1 is shown in Figure. 4.1.
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Figure 4.1: Graphical abstract for Article I. (a) The kinetics of individual source
evolution represented by the cumulative AE power synchronized with the true
stress-strain data. The inset in (a) shows the IPF map of H-charged sample from
interrupted tensile test marked as EBSD. (b) Estimation of mobile dislocation
density from the slope of AE power and reduced strain hardening rate plot for
differently H-charged samples.

Article 2: Effect of hydrogen on nanomechanical properties of
Inconel 625 studied using in-situ electrochemical nanoinden-
tation technique

The study aimed to investigate how hydrogen affects the nanomechanical properties
of Inconel 625 using the in-situ ECNI technique. The study presents hydrogen
concentration-dependent changes in nanomechanical properties through the analysis
of various stages of load-displacement curves.

The study reveals that the pop-in load is reduced by hydrogen in harmony with the
"Defactant" mechanism. The reduction in dislocation line energy and stacking fault
energy by hydrogen facilitates homogeneous dislocation nucleation. Additionally,
the study also found that the duration of the secondary elastic post pop-in stage,
which can be interpreted as the force required to activate the secondary source is
reduced with the increase in hydrogen concentration. The hydrogen-induced fric-
tional stress, estimated using the Nix-Gao model based on Tabor’s relation, is found
to be linearly dependent on the solute concentration, indicating that the dislocation
motion is impeded by hydrogen atoms due to the solute drag effect. The result
also shows that high cathodic charging can result in the slip line formation. This
is due to sluggish diffusion and supersaturation of hydrogen at the surface, which
generates internal stress exceeding the yield strength, triggering defect generation
such as dislocations, vacancies, etc. The graphical abstract that summarizes the
main findings of Article 2 is shown in Figure. 4.2.
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Figure 4.2: Graphical abstract for Article II. Hydrogen concentration-dependent
nanomechanical properties of nickel alloy 625. Note that a linear relationship for
glide resistance stress and frictional stress with hydrogen concentration
(highlighted by dashed lines) suggests H-induced hardening. The homogenous
dislocation nucleation (HDN) stress reduces with hydrogen content implying
H-facilitated dislocation nucleation.

Article 3: Distinct evidence of hydrogen-enhanced defects for-
mation on pre-strained nickel alloy 625 during in-situ electro-
chemical nanoindentation test

This work explores the effect of hydrogen on pre-strained Alloy 625 using in-situ
electrochemical nanoindentation. The material was pre-strained to two different
strain levels and subjected to similar hydrogen charging-discharging sequence. The
graphical abstract that summarizes the main findings of Article 3 is shown in Fig-
ure. 4.3.

The findings indicate that after hydrogen charging, the hardness of the alloy in-
creases with the pre-strain value. The hydrogen solute accumulation at the pre-
existing lattice defect sites acts as an obstacle to mobile dislocations, i.e., it acts
as a constraint to dislocation loop expansion, resulting in hydrogen-induced hard-
ening. Additionally, increased hydrogen uptake reduces the stacking fault energy
(SFE) locally, promoting mechanical twinning (Red dashed lines in TEM image in
Fig. 4.3), which results in enhanced hardness in pre-strained material. The pre-
strained sample exhibits the softening behavior during desorption. This is because
the interaction of the hydrogen solute with pre-existing defects results in irreversible
microstructural changes, such as hydrogen-enhanced vacancies. Our study suggests
that during electrochemical charging, hydrogen solute interacts with pre-existing
defects and modifies the microstructure permanently, leading to the creation of new
crystal defects. This can promote hydrogen uptake and defect generation in an
auto-catalytic manner, ultimately leading to failure.
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Figure 4.3: Graphical abstract for Article III. (a) Hardness data for differently
pre-strained samples subjected to similar H-charging desorption cycle. The inset in
(a) shows the TEM micrograph of indent performed in hydrogen. The red dashed
lines highlight the deformation twins. (b) Summary of results from elastoplastic
modelling.

4.2 Conclusion

The effect of hydrogen on the mechanical degradation of Alloy 625 was thoroughly in-
vestigated using various techniques, including slow strain rate tensile testing equipped
with AE setup, in-situ electrochemical nanoindentation, and advanced characteriza-
tion tools. The study unveiled the interaction between hydrogen and plasticity on
the macroscale and nanoscale. The results obtained from different length scales are
compared, and the major conclusion can be summarized as follows:

e The study revealed that electrochemical charging alone can result in surface
deformation, including slip line formation and hydrogen-enhanced vacancy for-
mation. This phenomenon results from high internal stress generated at the
surface layers due to the combined effects of sluggish diffusion and hydrogen
supersaturation. Additionally, the study emphasized that pre-existing defects
in the material can accelerate this process. These pre-damages serve as prefer-
ential sites for crack initiation during mechanical loading, leading to premature
failure. Therefore, it is crucial to take this effect into consideration in future
HE studies.

e The AE-aided tensile test provided valuable insights into the hydrogen effect
on macroscale plastic deformation. By employing a phenomenological relation
between AE power and slip behavior, we estimated the relative mobile dislo-
cation density, which was found to increase with the hydrogen concentration.
At the bulk scale, the presence of atomic hydrogen in the Nickel lattice re-
sulted in an increased population of mobile dislocations due to the reduction
in critical stress required for Frank-Read source activation and loop expansion.
These results are consistent with the findings of the in-situ ECNI study, which
demonstrated that hydrogen facilitates dislocation nucleation and enhances
slip activity by lowering the activation barrier for general plastic deformation
to commence.
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e The AE-aided tensile test also revealed a reduction in the average dislocation
velocity for hydrogen-charged samples, suggesting the pinning of dislocations
by hydrogen as the dominant mechanism for hydrogen-related hardening. Sim-
ilarly, during the ECNI test, the hydrogen contribution to the lattice frictional
stress was estimated using the Nix-Gao model based on Tabor’s relation. The
analysis indicated a linear dependence of the hydrogen-induced frictional stress
on solute concentration, implying that dislocation motion is hindered by hy-
drogen atoms through the solute drag effect. Moreover, this effect becomes
more pronounced with an increase in the pre-existing defect density in the
material.

e The AE spectral-based cluster analysis reliably identifies the hydrogen-assisted
crack nucleation and propagation process. In the hydrogen-charged samples,
three stages of the damage evolution process are observed before macroscopic
strain localization sets in: incubation, "slow" accumulation of surface cracks,
and accelerated crack growth. The kinetic details of each stage have been
unveiled, and it has been shown that the duration of each stage varies with
the severity of charging.

e Postmortem characterization of crack propagation path reveals a transition
from the transgranular to the intergranular type. Near the surface, pre-damage
induced during charging and hydrogen accumulation at slip band intersections
enable easy transgranular cracking along dislocation slip bands. In the bulk
of the sample without any prior deformation, additional energy is needed to
generate a dislocation and promote hydrogen transport to the intersections.
With grain boundaries acting as strong trap sites for hydrogen, nucleating a
crack along grain boundaries by decohesion becomes easier than generating a
transgranular crack. Thus, the competition between hydrogen availability and
transport determines the crack mode in this alloy.

Understanding the role of hydrogen in modifying the mechanical properties of nickel
alloys under different conditions is crucial for developing reliable and durable mate-
rials for various engineering applications.

4.3 Further Work

Due to time limitations, some work could not be performed in the presented PhD
study. Following are some of the avenues which can be looked further in the HE
study:

e The current work manages to discriminate the hydrogen-assisted crack related
information from slip-related information. More effort is required to connect
these two stages to explain the embrittlement behavior. More systematic lab-
oratory tests are required to correlate the AE characteristics with the mi-
crostructural evolution during loading to define the critical state preceding
the failure.

e The study highlighted the AE’s ability to resolve a small change in material’s
structure, hence it can serve as a useful tool for understanding the mechanism
related to hydrogen-charging induced slip line formation in nickel alloys.

e The critical hydrogen concentration that trigger intergranular cracking of high
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angle grain boundaries should be explored further by using small-scale testing
methodologies.

Hydrogen-influenced nanomechanical properties of annealed ductile material is
well documented; further research must focus on the pre-strained/ strain hard-
ened material. The role of inhomogenous defect distribution, strain-induced
vacancies, dislocation density, etc, in influencing the HE behavior must be
studied comprehensively.

While this study managed to correlate the hydrogen-influenced dislocation be-
havior across different length scales, further studies should focus on establish-
ing the relationship between nanomechanical data with the macroscale fracture
behavior.
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Hydrogen embrittlement susceptibility of nickel alloy (Inconel 625) is examined by a conventional strain rate
tensile test (1072 s™1) equipped with an acoustic emission (AE) setup. From the spectral analysis of AE signals
coupled with the clustering procedure followed by the electron microscopic characterization, we have demon-
strated the capability of the AE technique in identifying the hydrogen-dislocation interactions, crack initiation
and propagation in various hydrogen-charged samples. The enhanced hardening behavior of hydrogen-charged
samples is investigated from the viewpoint on the elementary dislocation theory, using a phenomenological
relationship between the acoustic emission power and the experimentally measurable strain hardening param-
eters derived from the monotonic tensile test. In this way, we have shown that the mobile dislocation density
increases with hydrogen content. In addition, the average velocity of dislocations is assessed from the AE data,
and it is found to be reduced with the hydrogen concentration. The statistical crack analysis reveals the crack
transition from the transgranular to intergranular mode in the samples failed under the hydrogen environment.
The competition between these two fracture modes is explained by relating the hydrogen concentration profile

with loading conditions.

1. Introduction

Hydrogen embrittlement (HE) results from a complex interplay be-
tween the material, environment and the stress state, which makes it an
intricate problem, particularly in structural materials, as it may cause
drastic failure at service. The HE behavior in engineering materials is
often explained by the following mechanisms acting either individually
or in various combinations [1]: hydrogen-enhanced localized plasticity
(HELP) [2-5], hydrogen-enhanced decohesion (HEDE) [6,7], hydrogen
adsorption induced dislocation emission (AIDE) [8-10], hydrogen
enhanced strain induced vacancy formation (HESIV) [11-15], hydrogen
as a “Defactant” [16-18], and the brittle hydride formation [19,20].

It has been well established that HE in engineering materials is
intrinsically associated with dislocation behavior, which is spatially
inhomogeneous and temporarily intermittent by nature. Over the years,

* Corresponding author.

extensive research efforts have been dedicated to understanding the
underlying mechanisms through the development of various state-of-
the-art instruments, advanced characterization tools and computing
resources. For instance, in-situ electrochemical nanoindentation exper-
iments [16,21,22] provided direct experimental evidence for the
hydrogen-induced reduction of the activation energy for homogenous
dislocation nucleation in line with expectations from the ‘Defactant’
model [18]. Using in situ transmission electron microscopy, Ferreira
et al. have shown that the mobility of dislocation increases in a hydrogen
environment [23], underpinning the HELP mechanism [2]. In-situ me-
chanical testing in the scanning electron microscope (SEM) enabled
direct observation of the hydrogen-assisted crack path and the related
plastic behavior [4,24,25]. The thermal activation analysis using the
strain rate jump and stress relaxation testing at constant temperature
helped to assess the hydrogen-influenced activation volume and
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dislocation mobility [5]. In the case of Ni and Ni-C alloys, hydrogen was
shown to increase the dislocation velocity by reducing the activation
barrier [26]. Although these experimental tools provide detailed insight
into the hydrogen-dislocation interactions, the observed effects might
not represent the behavior of the entire volume being probed. The local
site-specific observations can not help to interrelate the dislocation ki-
netics and the hydrogen effects over the bulk scale, since the influence of
the solute atoms on the collective movement and storage of dislocations
at the macroscale is a complex problem. The use of the complementary
acoustic emission (AE) technique, which is extremely sensitive to local
stress relaxations occurring in solids under mechanical or/and chemical
stimulus, can address these issues, as the AE information aggregated
from multiple local sources is averaged over the entire volume.

Nickel alloys are used in many safety-critical components in oil and
gas industries owing to their outstanding combination of high strength
and corrosion resistance; however, HE is a pertinent, crucial issue in the
mentioned industries [27-29]. Hydrogen-assisted intergranular and
transgranular cracking have been reported in Nickel alloys [3,4,30,31].
Hydrogen accumulation at the dislocation slip band intersections pro-
motes void nucleation and crack propagation along the slip bands, and
this process is considered to be primarily responsible for the trans-
granular fracture. Intergranular cracks tend to initiate at the grain
boundaries containing deleterious precipitates, such as the delta phase
[3], sigma phase, and/or embrittling elements, such as Sulphur [32]. For
a pure polycrystalline material with a simple microstructure, the com-
bined effect of the applied stress and hydrogen transport by mobile
dislocations to grain boundaries weakens the boundary region, thereby
initiating and promoting intergranular cracks [33,34]. Nevertheless,
both intergranular and transgranular cracks in Nickel alloys are reported
to be a plasticity-mediated event as is evident from the strain localiza-
tion around the cracks and through the characterization of the fracture
surface [34-36]. Although the hydrogen-assisted crack formation
mechanisms are well accepted, the engineering community needs to
identify the safe load/stress conditions for the crack initiation in struc-
tural materials under the hydrogen-containing environment and service
temperature. Although modern in-situ microscopy tools enable precise
crack identification, these methods are only capable of observing the
surface cracks and their temporal resolution for the crack detection is
limited. Addressing both these issues, the in-situ AE technique can be a
valuable companion to microscopic studies.

Acoustic emission is a transient elastic wave generated by rapid en-
ergy release during plastic deformation. The most common sources of AE
waves during plastic deformation and fracture of metals include the
dislocation motion, mechanical twinning, breaking of inclusions, pre-
cipitates or second phase particles, and microcrack nucleation and
growth [37]. The microsecond temporal resolution of the AE technique
offers a distinct advantage in studying the kinetics of damage evolution
in the solids under load. Moreover, the information obtained is pertinent
to the entire deforming volume. The use of the AE technique for un-
derstanding the HE mechanisms is sparse but not new [38-44]. Most of
the early AE research was centered around characterizing the burst-type
signals to identify the hydrogen-induced (or affected) cracks. Often, the
information regarding the low-emission mechanisms, such as the
dislocation slip generating continuous low-amplitude waveforms, is lost
due to either the high pre-set threshold limit or the low sensitivity of the
transducer. The contemporary threshold-less acquisition mode is ad-
vantageous because it enables the streaming data to be recorded
continuously throughout the test. Besides, the modern post-processing
technique involving the multiparametric statistical analysis, and spec-
tral shape categorization of the AE waveforms combined with the
microscopic structural characterization, permits to identify the source
mechanism and relate to the loading conditions quite reliably. Plastic
deformation and hydrogen-assisted crack propagation often occur
concomitantly throughout the test, and the AE technique aims at
discriminating the underlying sources and following their evolution
individually.

41

Materials Science & Engineering A 865 (2023) 144635

In this work, we have employed the AE technique to study the
deformation and cracking behavior during the uniaxial monotonic ten-
sile testing of the hydrogen-precharged Inconel 625 alloy. Using a
spectral shape classifier in the post-processing signal analysis, the time-
resolved information is obtained regarding the evolution of the dislo-
cation slip and the microcracks. The crack initiation and propagation in
the hydrogen-charged samples are characterized using SEM after the
interrupted tensile tests. The hydrogen-assisted slip behavior is
compared for different hydrogen concentrations. Using a phenomeno-
logical relationship between the acoustic emission and dislocation ki-
netics, the mobility of dislocations is assessed, and the fine details of the
embrittlement mechanism are unveiled and discussed.

2. Experimental
2.1. Sample preparation and electrochemical charging

The Inconel 625 alloy was hot rolled and homogenized at 885 °C for
1 h. The chemical composition of the alloy is reported in Table 1. The
double dog-bone shaped tensile samples (see inset in Fig. 3a) were
fabricated using the electric discharge machine. Prior to electrochemical
charging, the samples were grounded and polished until 200 nm
colloidal silica suspension with the objective to examine the hydrogen
effects on the surface modifications directly and minimize any external
influence by the mechanical grinding. The samples were precharged
using a three-electrode electrochemical cell where a Platinum mesh was
used as a counter electrode (anode), the test specimen was a cathode,
and a saturated Ag/AgCl (3 M KCl) served as a reference electrode.
Glycerol and phosphoric acid mixture (2:1) was used as an electrolyte,
the temperature of which was set at 75 °C with the aim of promoting
hydrogen uptake. The samples were precharged at three different cur-
rent densities (—1 mA/cm?, -5 mA/cm?, and -10 mA/cm?) for 24 h to
study the influence of hydrogen concentration on the mechanical
properties.

2.2. Tensile test with acoustic emission and DIC setup

Prior to testing the precharged samples, the stochastic speckle
pattern for DIC measurement was created using black and white paint.
The wideband Pico (MISTRAS, USA) acoustic sensor was attached to the
shoulder of the sample (see inset in Fig. 3a) with Molykote 33 silicone-
based grease serving as a coupling medium. The AE streams were
recorded in the thresholdless mode triggered a few seconds before the
loading started. The AE signals were amplified by 60 dB by a low noise
2/4/6 pre-amplifier in the frequency range of 100-1000 kHz before they
were continuously recorded by the 16-bit PCI-2 board (MISTRAS, USA)
at a sampling rate of 2 Msamples/s. The dwell time from removing the
sample from the electrochemical cell and assembling it in a tensile setup
was controlled within 10 min; thus, the hydrogen desorption during this
time was negligible. Tensile tests were performed using a rigid screw-
driven Kammrath & Weiss tensile/compression module at a constant
displacement rate of 10 pm/s (equivalent nominal strain rate of 107>

s’l).
2.3. Microstructure characterization and hydrogen measurement

Electron microscopic characterization using electron backscattered
diffraction (EBSD), back-scattered imaging (BSE), and fracture analysis

Table 1
Chemical composition of Inconel 625.
Element Ni Cr Mo Fe Nb Al P
wt. % 62.8 21.3 8.3 3.7 3.25 0.22 <0.005
Element C Ti Mn Si Cu Co S
wt. % 0.018 0.05 0.07 0.08 0.02 0.18 0.0003
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in secondary electron contrast were carried out using the Quanta 650
FEG microscope (Thermo Fisher Inc.). The EBSD patterns were acquired
by a NORDIF camera, and the subsequent indexing and analysis were
conducted using the TSL OIM software. The total hydrogen content
(Table 2) was estimated by the hot extraction method using the Bruker
G4 Phoenix DH hydrogen analyzer. The X-ray diffraction (XRD) analysis
was carried out using the D8 Focus operated at 40 keV at the fixed slit
width of 0.2 mm using Cu radiation with the diffraction vector aligned
parallel to the tensile direction. The scan was performed from 40° to
100° at a step size of 0.013°. Nano hardness measurements were carried
out using the TI950 Triboindenter, the maximum load was set as 8000
uN, and the loading and unloading rate was 1000 pN/s.

2.4. Acoustic emission signal processing

Acoustic emission is a transient elastic wave generated during
deformation. The surface displacement caused by rapid energy release is
recorded by the transducer. The following steps of signal processing
were implemented using the adaptive sequential k-means (ASK) algo-
rithm [45].

o The continuous stream of data was sectioned into a set of individual
realizations with a frame size of 4096 samples with 50% overlap to
reduce the spectral leakage and the Fast Fourier transform algorithm
was applied.

For each realization, the power spectral density (PSD), G(f), function
is estimated using the Welch method. The PSD of the laboratory-
background noise, which had been recorded prior to the test, was
computed and subtracted from each realization.

From the noise-corrected power spectrum, a set of AE parameters
was obtained, of which the median frequency and acoustic emission
power were used as a couple of primary descriptive variables; these
variables were chosen on the basis of the statistical factor analysis
[46] and the physical arguments presented in Refs. [47-49]. The
average power per realization (referred to 1 Ohm nominal imped-
ance) is calculated as

Fmax

/ G(dr &)

Fmin

PAE:

o The median frequency, f,, is defined using the implicit relation

I fmax
[enar—[

Join Jm

G(f)df 2

where finin and fpax refer to the minimum and maximum frequency
detectable by the transducer, respectively. Since PSDs are the “finger-
prints” of the source mechanisms, the spectral shape categorization is
employed for grouping similar (and ungrouping dissimilar) data. The
adaptive sequential k-means clustering algorithm (ASK), which is a non-
supervised process with the a priori undefined number of clusters, uses
normalized to unity PSD as an input for pairwise comparison. The
mathematical details of the classifier can be found in Ref. [45]. Detailed
interpretation of AE signals in both the hydrogen-free and
hydrogen-charged conditions is provided in Section 3.3.

Table 2
Hydrogen content measurement.

Charging condition Total Hydrogen concentration (wt. ppm)

~1mA/cm®-24h 14.6 +1.37
~5mA/cm?-24 h 64 + 4.6
~10 mA/cm® - 24 h 183 + 8.7
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3. Results
3.1. Microstructure of H-free and H-charged samples

The initial microstructure of Inconel 625 is shown in Fig. 1. This
figure reveals the homogenous distribution of grains with an average
grain size of 10 pm. The fraction of the special >3 CSL boundaries (or
annealing twins) represented by white lines in the inverse pole figure
(IPF) map reaches 45%. The BSE map, Fig. 1b, highlights (in white) the
grain boundaries decorated with discontinuous carbides (<1% area
fraction) enriched by Nb and Mo, as is evidenced by the energy
dispersive X-ray spectrum in Fig. 1c. Detailed characterization of the
material has been reported in the earlier work focused on electro-
chemical permeation [50,51].

Electrochemical hydrogen charging-induced surface deformation
was observed on the samples charged at —5 mA/cm? and -10 mA/cm?
(Fig. 2a). The XRD is a powerful technique for the determination of
volume change, phase transformation and strain gradients produced by
the diffused hydrogen. The information provided by the XRD technique
is statistically relevant as the depth being probed is ~10 pm. Fig. 2
shows the XRD patterns measured before hydrogen charging, right after
charging (—10 mA/cm?) and 24 h after charging. The uncharged sample
exhibits characteristic FCC peaks with angular positions corresponding
to the lattice parameter of 0.35871 nm.

The pattern measured immediately after charging shows an asym-
metric peak shape, and the peak intensity reduces drastically when
compared to the uncharged state (Fig. 2b). In general, peak broadening
occurs when the crystal lattice is distorted and divided into smaller
incoherently diffracting domains due to randomly stored dislocations or
their ordered arrays (such as low-angle grain boundaries or pileups);
stacking faults, twins and/or other imperfections contribute to the peak
broadening too [52]. Hydrogen atoms occupy the octahedral sites in the
Nickel lattice, thus, causing lattice dilatation. The peak broadening in
the present case was most likely the result of the formation of a
non-uniform solid solution of hydrogen in the FCC Nickel lattice; in
other words, the hydrogen concentration gradient results in the
observed asymmetric peak shape. The retention of the peak position and
the intensity of the pattern measured after one day of charging suggest a
hydrogen-induced elastic mismatch. The lattice parameter measured
right after charging is 0.35901 nm. The XRD pattern for —1 mA/cm?
samples shows no evidence of the peak shape change, displacement, or
broadening; in addition, the SE image shows that the microstructure of
these samples remains intact after charging (see Supplementary Material
Fig. 1).

3.2. Tensile test and fracture

The flow stress-strain data for the hydrogen-free and hydrogen-
charged samples along with their mechanical properties, are shown in
Fig. 3. The flow curves of hydrogen-charged samples demonstrate a
hardening behavior. The increase in the conventional yield stress (0.2%
offset) with respect to the uncharged condition is observed for all the
hydrogen-charged samples (12% for —1 mA/cm?, 14% for —5 mA/cm?
and 7.7% for —10 mA/cm?, respectively). In addition, the drastic
reduction in the fracture elongation with the applied potential in the
samples failed under hydrogen occlusion is observed (2.5% for —1 mA/
cmz, 36.8% for —5 mAcm? and 54.6% for —10 mA/cmZ, respectively).

Fractographic images of the samples tested in air and hydrogen-
charged conditions are shown in Fig. 4. The uncharged sample shows
a typical dimpled surface characteristic of ductile fracture due to
microvoids coalescence. In the hydrogen-charged samples, the typical
embrittlement features are observed in the following order as they
appear from the sample’s edge: the brittle zone followed by the mixed
fracture zone and the ductile zone. The progressive increase in the brittle
and mixed fracture zone size is observed with the applied current den-
sity. Both intergranular and transgranular (extensive slip steps) features
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Fig. 1. Microstructure of the Inconel 625. (a) Inverse pole figure (IPF) map overlayed with image quality map. (b) BSE image depicts the precipitation at grain
boundaries. (c) Energy dispersive X-ray spectrum data for two spots marked on the BSE image.
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Fig. 2. The XRD pattern for the hydrogen charged sample (—10 mA/cm?). The patterns recorded before charging (Green), right after charging (Red) and after a day
(Blue) are overlayed for comparison. The inset (a) shows the charging induced deformation microstructure. (b) The enlarged region corresponds to the (111) peak.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)



44

C.K. Soundararajan et al.

(@)

1400 e

o . agd o
e Strain rate: 107 s
_|=—-5 mA/em? - 1 day

1200 | —— -10 mA/cm? - 1 day

1000
w
s
< 500
@
»
-
» 600
® AE Pico scnsor
=

400 12

0 ®
2 P ! & & |y 1.0:0.1
k 5 il
0 T T T T
0.0 0.1 02 0.3 04 0.5

True strain

Materials Science & Engineering A 865 (2023) 144635

(b)

B YS (02%)MPa) [ UTS (MPa) [ Fracture strain (%)

50

1400 - 1335 419

1305 43

Stress (MPa)
8

N
8
Fracture strain (%)

-1 mA/lem?® -5 mAicm?®
Charging condition

<10 ma/em?

Fig. 3. (a) Flow stress vs. logarithmic strain plot for different hydrogen charged samples. Inset shows the dimension (in mm) of the tensile specimen used in this work
along with the position of the AE sensor. (b) The corresponding mechanical properties data.
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Fig. 4. Fracture surfaces of different hydrogen charged samples along with the information about brittle fracture depth. (a) Air. (b) —1 mA/cm? (¢) —5 mA/cm? (d)
—10 mA/cm? (e, f) Fracture surfaces at the higher magnification for the regions highlighted in (d). (IG: Intergranular features; TG: Transgranular features).

are observed at the brittle zone (see Fig. 4e and f and Supplymentary
material — Fig. 2).

3.3. Acoustic emission results

AE results for the hydrogen-free and hydrogen-charged samples are
compared in this section. The detailed characterization of the AE signals
is structured into individual sub-sections in the following order:

o The raw AE signals results are presented in section 3.3.1

o The mathematical background for the signal processing and linking
the AE parameters to the strain hardening process is briefly presented
in section 3.3.2

o The significance of AE power and median frequency for character-
ization of the work hardening behavior at different charging condi-
tions is explained in section 3.3.3

e The methodology to identify different AE sources operating during
plastic deformation is discussed in section 3.3.4

o The kinetics of the evolution of individual sources with plastic strain
is presented in section 3.3.5

3.3.1. AE time history during tensile test

Representative raw acoustic emission streams acquired continuously
during tensile test for air and hydrogen-charged (—5 mA/cm?) samples
together with the load-elongation data are shown in Fig. 5. The labo-
ratory noise recorded prior to the test is characterized by the low-
amplitude stationary signal, which is visible on the lefthand side of
the diagrams prior to the beginning of loading. The sharp peak of the
acoustic emission activity is observed at the onset of plastic yielding,
which is typically observed in FCC metals and alloys, where plastic
deformation and strain hardening is governed by dislocation motion and
interactions, respectively. For both air and hydrogen-charged samples,
the profuse AE activity was observed in the form of random overlapping
burst signals, which is particularly pronounced close to the yield point
followed by the propagation of the Liiders front. Similar behavior has
been reported earlier for many materials exhibiting the yield point
phenomenon, e.g., for BCC o-Iron [53] and recently for Cu-Zn alloys
[54]. The average magnitude of AE events reduces gradually with strain
in the hydrogen-free sample, whereas relatively steady AE fluctuations
are observed during uniform elongation prior to fracture in the
hydrogen-charged sample.
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Fig. 5. AE streams collected during the tensile tests:

3.3.2. AE parameters and slip-related information

The local stress relaxation processes related to the dislocation mo-
tion, pinning and unpinning from obstacles, and annihilation are
considered to be primary sources of AE. Dislocation interactions with
arbitrarily distributed obstacles of varying strength result in fluctuating
local stress drops, giving rise to the random AE time series U(t). As has
been conceptually proposed in Refs. [47,48], the random AE process can
be expressed by the first-order auto-regressive relaxation process of the
Ornstein-Uhlenbeck type, which obeys the following stochastic equation

/T,+E

and which is entirely characterized by a single parameter — the char-
acteristic relaxation time 7,; ¢ in the righthand side of Eq. (3) denotes the
Gaussian noise acting as a stimulus. As a measure of temporal correla-
tion between individual events in the time series, the relaxation time 7,
uniquely defines the autocorrelation function and, consequently, the
power spectral density of the process (these quantities are inter-
connected by the Fourier transform according to the Wiener-Khintchine
theorem). For the random process U(t) governed by Eq. (3), the PSD
takes a familiar Lorentz form

au
- v

dr ®

- 2 fo
G(f)= 40UUW (©)]
where 6%;; denotes the square variance of the random process, which
serves as a measure of the power of U(t), and the characteristic fre-
quency fy = 1/7, is inversely related to the relaxation time in the system.
Using Eq. (2), one can easily show that f, is simply related to the AE
median frequency as fo = 2xfy. Thus, the increase in the median fre-
quency signifies the decrease in the correlation time in a set of AE events
and vice versa — the decrease in f,,, indicates the increase in the influence
of past events on the present and future. AE power and median fre-
quency are, in principle, mutually independent features characterizing
the properties of power spectra [48,49].

In a simplistic way, the characteristic relaxation time in the ensemble
of AE sources can be linked to the dislocation kinetics through the
following relation [47]

,=<L>/<v> 5)
where < L > is the dislocation mean free path and < v > is the mean
dislocation velocity. For virtually all conceivable dislocation configu-
rations emerging in the course of plastic deformation, the mean distance
that the dislocation segment travels before being anchored due to in-
teractions with other stored dislocations can be inversely related to the
total dislocation density p as [55,56]

Air
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Using Orowan’s expression for the mean dislocation velocity
< v >=Mé/bp, @)

where M is the texture-dependent Taylor factor, ¢ is the plastic strain
rate, b is the magnitude of the Burger’s vector of a dislocation, and p,, is
the density of mobile dislocations, the median frequency is expressed as
c.
—&
Pm

ﬁn~<v>\/ﬁ:l§;—£\/ﬁ: (8)

Thus, the model predicts that as long as plastic deformation is
macroscopically homogeneous, the linear relation between the AE me-
dian frequency and the true flow stress holds. The assumption on the
uniformity of deformation resides in two terms - ¢ and p,,. As soon as
strain localization of practically any kind occurs, local strain rate fluc-
tuates and deviates from the mean value (in principle, ¢ cannot be scalar
anymore and a tensorial notation should be used instead, see Ref. [57]
for details on how this is implemented in the AE data processing). This is
immediately reflected by the corresponding fluctuating behavior of the
AE median frequency as has been convincing demonstrated in Ref. [54].
Similarly, the local mobile dislocation density can vary significantly as
strain localization occurs.

3.3.3. AE activity during tensile test

Fig. 6 shows the AE spectral evolution (represented in terms of the
AE power and median frequency) synchronized with the true stress-
strain (logarithmic) data o(¢) and work hardening rate 6(e) for
hydrogen-free (air) and hydrogen-charged samples. From Fig. 6 it is
evident that deformation commences almost immediately after the onset
of loading for all samples. The occurrence of AE activity below the yield
point, i.e., in the micro-strain region, has been long recognized in many
materials. Typically, in a polycrystalline material, the coarse grains with
the favorable orientation tend to deform locally first before the entire
volume becomes involved in the plastic flow, resulting in the acoustic
emission signal at lower stresses.

3.3.3.1. AE time-history for hydrogen-free samples. For the hydrogen-free
sample (Fig. 6a), the AE power peaks at the yield point and decays
gradually with strain as deformation proceeds. The reduction in the AE
power with strain is generally attributed to the shortening of the dislo-
cation mean free path with the increasing dislocation density. The AE
power then rises sharply again at fracture. Overall, this behavior is
consistent with the results reported in abundant literature so far on a
wide range on polycrystalline materials [48,58-61]. As has been shown
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Fig. 6. AE time-history file. (a) Air. (b) —1 mA/cm? (¢) —5 mA/cm? (the grey
circle indicates the necking point according to the Considere criterion 6 = o).

above, the Inconel 625 alloy exhibits a yield point phenomenon char-
acteristic of the evolution of Liiders bands, where the collective move-
ment of spatially grouped and temporarily correlated dislocations gives
rise to the steep increase in the AE power and the concomitant fall in the
AE median frequency [53].

The drop in the median frequency at the beginning of plastic defor-
mation (Fig. 6a) is commonly observed in a wide range of FCC metals
and alloys (see Ref. [54] for example) due to rapid generation and
multiplication of mobile dislocations in conformity with the predictions
following from Eq. (8). Beyond the yield point, ie., in the uniform
elongation regime, the median frequency increases with strain. As has
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been discussed in the previous section, for material deforming pre-
dominantly by slip, the median frequency is inversely related to the
dislocation mean free path. With increasing strain, the mean free path
reduces since the density of forest dislocation increases, and thus, f;, can
be directly related to the strain hardening behavior. The shift of the
median frequency to the lower frequency domain can be indicative of
plastic instability at necking due to the increasing temporal correlation
[48] in the collective behavior of dislocations in the necked region. The
local increase in the flow stress facilitates dislocation activity. This, in
turn, stimulates dislocation storage and strain hardening escalating
further the strain localization followed, finally, by the initiation of
microcracks.

3.3.3.2. AE time-history for hydrogen-charged samples. For hydrogen-
charged samples (Fig. 6b and c), one can notice that at the macro-
scopic yield point, the AE energy increases with hydrogen concentra-
tion. Unlike the uncharged sample, the profuse AE activity is observed in
the uniform elongation regime of the hydrogen-charged samples, sug-
gesting the additional AE source activation associated with the hydrogen
influence. This result appears to be in fair agreement with several direct
observations of enhanced dislocation mobility due to hydrogen in BCC
(Iron) [62] and FCC (Nickel) [63] metals that is typically associated with
signatures of the HELP mechanism.

In hydrogen-charged samples close to the yield point (Fig. 6b and ¢),
the appreciable variation in the median frequency response is observed.
Solute hydrogen acts as an obstacle to mobile dislocations at this stage,
as is evident from the local increase in the median frequency in the
pseudo-elastic regime. Moreover, at the mature uniform hardening
stage, the median frequency for the hydrogen-charged samples exhibits
significant fluctuations again, occurring concurrently with the intensive
and highly fluctuative acoustic emission activity reflected in the AE
power. Furthermore, an inflection point is seen in the overall f;,, behavior
at approximately the same deformation (~20% strain for —1 mA/cm?
and ~12% for —5 mA/cm?), where the median frequency starts to
decrease with strain. Furthermore, such a behavior suggests that the
additional source comes into stage, which is highly likely indicative of a
crack. Besides, the shift in the median frequency to the lower range
suggests that these cracks are of a ductile type, i.e., their nucleation and
growth are mediated by cooperative dislocation-related plasticity.

3.3.4. AE source identification and discrimination

To identify and differentiate the AE sources during plastic defor-
mation, the signal classification with respect to the shape of the PSD is
performed using the hierarchical ASK algorithm proposed and described
in detail in Ref. [45]. PSD is a “fingerprint” of the random AE source, and
each mechanism differs by the dynamics of the local stress relaxation,
which in turn generates distinct elastic waveforms with the corre-
spondingly distinct PSD shape and amplitude at the sensor location, as
has been fundamentally shown by Scruby et al. in the elasto-dynamic
source modelling approach [64] (see also [60] for a practical example
the ASK implementation of AE source discrimination). Fig. 7a and b
shows the average power spectra (cluster centroid) for each specific AE
source for hydrogen-free and hydrogen-charged sample (—1 mA/cm?),
respectively.

For both cases, the ASK algorithm discriminates between the three
sources (excluding noise; note that the number of clusters/sources to be
derived is not set a priory and is data-driven) featured by the statistically
different shape of the normalized to unity PSD function G(f).

AE power vs median frequency distributions for the hydrogen-free
(air) and hydrogen-charged samples are shown in Fig. 7c¢ and d,
respectively. For the hydrogen-free sample, Fig. 7c illustrates two
distinct sources mechanisms different from the background electronic
noise according to the data distribution in the Par — fn space. We should
reiterate that the AE sources have been identified by the statistical
pairwise PSD comparison and Fig. 7c and d is used for illustrative
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Fig. 7. Normalized PSD: (a) hydrogen-free (air) and (b) hydrogen-charged at —1 mA/cm? Scatterplot of AE power vs median frequency: (c) hydrogen-free (air) and

(d) hydrogen-charged at —1 mA/cm?2.

purposes only.

The laboratory noise is characterized by the low energy and sta-
tionary wideband frequency distribution with a large fraction of high-
frequency components (marked in red). The dislocation slip clusters
evolve from the lower-frequency — higher-energy (power) domain at the
onset of yielding to the higher-frequency — lower energy (power) domain
as the strain hardening proceeds. Therefore, the dislocation slip-related
clusters commonly have a ‘banana-shape’ that is seen for the cluster
marked in blue. The collective dislocation behavior within a Liiders
band generates high-energy components in the narrow low-frequency
range at the lower end of the frequency spectrum (marked in green).
Evidently, the energy associated with the localized Liiders band is higher
than that for the uniform dislocation slip.

Fig. 7d shows a similar bivariant plot for the hydrogen-charged

sample (-1 mA/cmZ). The additional source could be identified and
associated with the cracks resulting from HE. These cracks are charac-
terized by relatively high AE power and are dominant at the lower fre-
quency domain. One can notice that the essential AE features attributed
to the crack resemble those observed at the Liiders stage: the energy
signatures of these two clusters are similar or overlapping with each
other.

3.3.5. Kinetics of source evolution

For each AE realization of 1 ms duration, a deformation source is
assigned based on the shape of the PSD, from which the behavior of
individual sources can be traced on a greater time scale. Fig. 8 displays
the kinetics of individual source mechanisms represented by the cu-
mulative AE power evolution synchronized with the true stress-
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Fig. 8. Evolution of AE clusters for different samples: (a) dislocation slip and (b) microcracking due to HE.

logarithmic strain diagram. In the present study, two dominant sources —
dislocation slip, and crack are compared. Let us notice that the AE signal
clusterization algorithm ASK [45] used in the present work has been
proven capable of distinguishing the twinning and dislocation slip
modes coexisting during plastic deformation of steels with low SFE steels
[59,60,65], Mg-based alloys [66,67], and near-y Ti-Al super-alloys [68].
However, in the present work, there is no evidence in the AE streams to
suggest an appreciable contribution from deformation twinning in either
uncharged or H-charged samples. The reason for this behavior is that the
SFE of the Nickel alloy is relatively large and hydrogen charging con-
ditions employed in the current study might not be enough to trigger
twinning. Fig. 8a displays the evolution of the slip cluster for both
hydrogen-free and hydrogen-charged samples. Note that the slip cluster
here encompasses the data points from both initial Liiders bands and
dislocation slip. As follows from Eq. (4) and will be shown explicitly in
what follows, the AE power serves as a direct measure of the dislocation
activity during plastic deformation and strain hardening. Fig. 8a unveils
that the accumulation of the AE power (or energy) occurs in parallel
with the flow stress. Besides, the same figure demonstrates the pro-
gressive increase in the cumulative AE power of slip clusters with
hydrogen concentration, which is again in harmony with the
above-cited observations by Birnbaum et al. [62,63]. This
hydrogen-influenced slip behavior is further discussed in section 4.2.
The microcrack evolution during the tensile test for the hydrogen-
charged sample is visualized in Fig. 8b. Note that no significant crack-
related AE activity has been observed in hydrogen-free specimens. For
the sample charged at —1 mA/cm? current density, the evidence of crack
initiation could be observed as early as at 5.4% true strain, and for —5
mA/cm?, it is 3.2%, thus indicating that the threshold, if exists, for H-
affected first crack nucleation is quite low. The kinetics of crack accu-
mulation revealed by the AE signal is substantially different from
dislocation slip, c. f. Fig. 8a and b. The evolution of the crack-related AE
cluster in hydrogen-charged samples exhibits three distinct stages: (i)
the incubation period characterized by the strain/stress required to
initiate the first crack, (ii) the nucleation stage is featured by the linear
(on time or strain) accumulation of small “non-propagating” cracks
along the gauge surface, (iii) the crack propagation stage is highlighted
by the rapid exponential-like growth of the cumulative crack length
reflected in the cumulative AE power. The occurrence of similar stages
of damage evolution was plausibly proposed earlier for the hydrogen-
charged dual phase steel [35] and Nickel alloy [31], where the crack
area was measured as a function of plastic strain. However, no quanti-
tative description of the damage propagation and the conditions for the
transitions between different stages of damage evolution have been re-
ported so far to the best of our knowledge. In this regard, the AE tech-
nique demonstrates high potential to promote the further in-depth

development of the topic as only a limited number of in situ techniques
can be used to this end. The AE clearly shows that the duration of each
stage varies with the applied charging potential. For instance, as it could
be reasonably expected, incubation stage (i) associated with the strain
required for crack initiation reduces with the increase in charging
severity. At stage (ii), the total AE power increase is sluggish and linear
in strain. It extends up to € = 23% at —1 mA/cm? and 12.5% at —5
mA/cm? charging current density, approximately, as can be derived
from Fig. 8b by the intersection of interpolated branches of the cumu-
lative AE power plots. The duration of stage (ii) is longer for —1 mA/cm?
when compared to —5 mA/cm?. The crack growth on stage (iii) occurs at
approximately the same rate for both charging conditions (the cumu-
lative P4g plots are parallel to each other in Fig. 8b).

3.4. Characterization of hydrogen-assisted cracks

The tensile test interrupted at an engineering strain of 7% was per-
formed to examine the early stage of crack initiation in the hydrogen-
charged sample (—5 mA/cm?). The microstructure at the side surface
is shown in Fig. 9. At the surface, most cracks are of the transgranular
type (Fig. 9a). From the BSE images shown in Fig. 9d, these cracks were
found to be initiated and propagating along the slip band intersections,
and the crack path follows the {111} plane trace (red dash line in the slip
traces in Fig. 9a). A small fraction of annealing twin boundaries par-
ticipates in the cracking process; more evidence is observed in Fig. 9a for
crack deflections [69]. The slip line intersections act as stress risers,
which attract hydrogen, thereby facilitating the nanovoids formation.
Furthermore, the reduction in SFE due to the presence of hydrogen
promotes slip planarity and enhances the stress concentration at the
intersections of {111} slip planes, resulting in hydrogen-induced
cracking along the dislocation slip bands [30].

The cross-sectional microstructure (Fig. 10) reveals the average
crack penetration depth of 130 pm with approximately equal fractions of
intergranular and transgranular cracks. To quantify the crack type as a
function of depth, the misorientation profile across the grain adjacent to
the crack was obtained for 10 typical cracks (The IPF map of few such
cracks are included in the Supplymentary material Fig. 4), and the bar
chart in Fig. 10c represents the crack type (transgranular or intergran-
ular) as a function of depth. At the shallow depth of 60 pm from the
surface, both intergranular and transgranular crack types are observed.
However, the number fraction of transgranular cracks prevails in this
region. Deeper inside, the cracks are predominately intergranular and
propagate along the general high-angle grain boundaries. This obser-
vation suggests that there is a transition from the transgranular crack
mode to the intergranular type. In the present study, there is no suffi-
cient evidence to suggest that the discrete grain boundary carbide
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Fig. 9. Surface secondary crack microstructure of the deformed sample from the interrupted tensile test (7% strain, —5 mA/cm2 charging): (a) IPF map. (b) Kernel
average misorientation (KAM) map. (c) Misorientation information of surface cracks. (d) BSE image. (TB: Twin boundary).
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Fig. 10. Cross-sectional microstructure of the deformed sample from the interrupted tensile test (7% strain, —5 mA/cm? charging): (a) IPF map, (b) KAM map and (c)

crack type as a function of depth.

precipitates play a significant role in HE. The kernel average misorien-
tation (KAM) map at the surface and the cross-section shows high strain
gradients along the crack path, indicating strain localization and dislo-
cation activity close to the crack. This strongly suggests that these cracks
are of a ductile type, i.e., they have been formed via a plasticity-
mediated mechanism.

4. Discussion
4.1. Hydrogen charging-induced deformation

In the present work, hydrogen charging-induced deformation was
observed (Fig. 2a). The slip line formation during charging has been
reported for different FCC alloys, e.g., for the CoCrFeMnNi high-entropy
alloy and Ni-based alloy 718 and 625 [4,16,21]. The inherent slow
diffusivity and high hydrogen solubility suggest that there is a steep
concentration gradient prevailing in the sample. The hydrogen distri-
bution profile C(, for the present work is estimated using a thick plate
diffusion model [70]

ot
C =1—erf i 0<x<l 9)
erf(u):%/exp(fuz)du (10)

where C; is the surface hydrogen concentration, D is the diffusion co-
efficient (5.56 x 10~'° m?/s [501), and t is the duration of charging (24
h). Fig. 12a shows that the hydrogen concentration profile decreases
exponentially with depth; so do the hydrogen-induced defects. The
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non-uniform defect distribution necessitates a technique like XRD,
which could characterize the near-surface damages. The asymmetric
shape of the XRD peak measured immediately after charging and the
recovery of the peak intensity after a day confirm the existence of high
elastic strains generated during charging (Fig. 2). The internal stress (o)
generated during charging was estimated using the following relation

AV A
0:37:3x3x—“:460MPa an

0 ao

where B is the bulk modulus of the material (B = 180 GPa) [4], ﬁ—n“ is the
relative lattice parameter change due to the dissolved hydrogen solute.
The volume expansion due to the lattice parameter change during
charging generates the internal stress which is larger than the yield
strength of the material (450 MPa), resulting in the slip line formation
after charging at zero external loads.

Hydrogen in the interstitial solid solution in Nickel produces a hy-
drostatic lattice distortion [71]. Once the stress level reaches the critical
resolved shear stress value (147 MPa, deduced from the polycrystalline
yield stress of the uncharged sample and accounting for the Taylor
orientation factor), the dislocations are generated to accommodate the
strain. Furthermore, within the Defactant model framework, the pres-
ence of hydrogen could accelerate the generation process by reducing
the dislocation line energy [18]. Increased hydrogen uptake (Table 2) at
high current density is due to the deformation microstructure promoting
more hydrogen ingress.

Hydrogen charging results in the peak shift and broadening of the
XRD spectra (Fig. 2). Similar behavior has been reported for austenitic
stainless steel and Nickel alloys. Charging at high hydrogen fugacity
results in the stress-induced phase transformation to martensite in
austenitic stainless steel [72,73], whereas in Nickel alloys, hydrides are
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reported to form [15,19,20]. Hydrogen atoms occupy the octahedral
sites in Nickel, which assumes the FCC -hydride (NiHy), when hydrogen
concentration is high (x > 0.6). In this work, the ratio of hydrogen atom
to metal atom for high current density sample (- 10 mA/cm?) is 0.07, in
addition, no distinct hydride XRD peaks were observed right after
charging, thus the hydride role on embrittlement behavior can be dis-
regarded. The broadening of peak after room temperature aging (24 h) is
due to hydrogen charging-induced defects such as dislocations and
abundant vacancies [15].

4.2. Hydrogen-enhanced hardening

In the current study, the overall hydrogen-enhanced hardening
response was observed. The hydrogen-induced hardening effect is
shown to dominate at high strain rate testing of pure Nickel and its alloy
variants [5,12,71]. The plastic flow behavior of FCC materials is gov-
erned by the collective movement of dislocations and their interactions,
with the total dislocation density serving as a chief internal variable
used to explain the strain hardening behavior [56,74]. These disloca-
tions can be subdivided into two populations: mobile dislocations,
which transmit plastic strains by moving across the crystal, and statis-
tically stored dislocations, which are immobile and act as obstacles to
moving dislocations (note that this subdivision is conventional since the
mobile dislocation can be blocked and get immobilized by many ob-
stacles such as point defects, other dislocations and grain boundaries,
whereas immobile dislocations, in turn, can be unpinned from their
anchors and take part in plastic deformation). In this section, the
hydrogen effect on both of these variables is discussed in detail.

During the uniform hardening stage, it is assumed that the mobile
dislocation density remains constant if the deformation is uniform
(during the constant strain rate test). From the elementary dislocation
theory assuming that the AE energy is dissipated as a result of the
dislocation motion under the action of Peach-Kohler force, Vinogradov
et al. [58] have proposed a phenomenological model for the AE power
Pyg in relation to the strain hardening parameters as

4 o
Pig = Kagp,— = Kapp,—¢ 12
AE Acﬂn,o_ AEpmo_ (12)
where Ky is the phenomenological factor incorporating the AE transfer
function coefficient, O is the strain hardening rate. This expression

predicts that a linear relationship exists between the AE power and the ¢
or % ratio, which has been verified for Cu in Ref. [58] and recently for
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Cu-Zn alloys with a wide range of stacking fault energies [54]. The slope
of the plot Pap vs € is simply proportional to the mobile dislocation
density p,, for a given constant strain rate. The plot in Fig. 11a clearly
indicates that the mobile dislocation density increases with the
hydrogen concentration (larger slope with higher hydrogen concentra-
tion). The result is consistent with the in-situ nanoindentation study of
the same alloy [16], where the activation energy for dislocation nucle-
ation is reduced in the hydrogen environment. In the bulk scale, the
presence of atomic hydrogen in the Nickel lattice would increase the
population of mobile dislocations by reducing the critical stress for the
Frank-Read source activation and loop expansion [5,12,75].

The average velocity of dislocations can be estimated from Orowan’s
expression (Eq. (7)). The ratio of the average velocity in hydrogen to that
in air for two different charging conditions is evaluated as vy(_1 ma/em?)/
Vair = 0.5 and Vy(_s ma/em?) /Vair = 0.3, respectively. Thus, with the in-
crease in the hydrogen concentration, the average velocity of disloca-
tions (it should not be confused with the instantaneous velocity) tends to
reduce. This observation supports the hypothesis that hydrogen causing
solute pinning of dislocations and increasing the friction stress is the
dominant mechanism, resulting in the enhanced hardening [76-78];
break away from solute pinning is reflected in the enhanced AE power
response (Figs. 6 and 8a).

The stored dislocation density can be regarded as a key indicator of
the dislocation/microstructure evolution over the course of plastic
deformation [74,79]. Fig. 11b shows the Kocks-Mecking plot for
hydrogen-free and hydrogen-charged Inconel 625. One can notice that
for a given stress, the stored dislocation density is increased with
hydrogen content; besides, there is a noticeable difference in the
different stages of the work hardening behavior in differently charged
samples. The hydrogen-affected plastic flow behavior has been reported
for many alloy systems, wherein the density of dislocation was shown to
increase in the deformed microstructure [5,35,36]. Similarly, the TEM
observation of the deformed Ni single crystal unveiled the equiaxed
dislocation cells, whereas the hydrogenated Ni sample at the same strain
displayed a distinct planar microstructure [5]. This was explained pri-
marily due to the effect of hydrogen increasing the work for partial
recombination and limiting the probability of cross-slip. Furthermore,
nanoindentation results on the same alloy exhibited an increased strain
hardening response during in-situ hydrogen charging [16].
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Fig. 11. (a) AE Power in relation to the reduced strain hardening rate ¢ ; note the good linear approximation of the data during the entire uniform elongation stage

(Linear regression fitting shown by pink line to highlight the linearity). (b) Kocks-Mecking plot showing normalized strain hardening rate vs normalized true stress.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)



C.K. Soundararajan et al.

(a) 10
a2
0.8
o [\
Q \
Q
o \ 4.1
2 \
5 0.6 \
£ N
a ~
= N
S }\ 4.0
- AN
© 0.4 \
€ Al s
g =
= & =
o \ . 3.9
O 0.2 4 X e
1
3.8
0.0 T T T T T T T T T
0 50 100 150 200 250 300 350 400 450 500

Penetration depth (um)

51

Materials Science & Engineering A 865 (2023) 144635

Nano hardness (GPa)

Fig. 12. (a) Hydrogen diffusion profile and nano hardness data. (b) Cross-section of hydrogen charged sample (—5 mA/cm?) without any mechanical loading (arrows

point to a free surface corresponding to hydrogen charging front).
4.3. Hydrogen-assisted cracks

The stacking fault energy of Inconel 625 is approximately 60 mJ/m?,
and the material deforms predominantly by wavy slip [80]. During
tensile testing of the uncharged sample, the AE energy rises and the
median frequency drops at the onset of yielding due to the dislocation
multiplication process. During the uniform strain hardening stage, the
mean free path for dislocations reduces, which is accompanied by the
increased median frequency response and the gradual decay in the AE
power (energy) with strain.

Thus, during tensile testing of hydrogen-charged samples, in addi-
tion to the growing average dislocation density governing the strain
hardening, another process takes place, which facilitates local structural
rearrangements reflected in the AE signal. According to the interpreta-
tion of the AE suggested above, the median frequency is fundamentally
linked to the correlation (relaxation) time between the successive events
in the random time series: while the increase in the f;,, value corresponds
to the shortening of the dislocation mean free path with increasing p, the
decrease in f, implies that there is an alternative process of structural
relaxation featured by the increasing correlation time [47,48]. In other
words, the longer relaxation time reflected in the AE - f;; behavior as-
sumes that a process of structural rearrangements occurring on a larger
scale comes into play, and it is plausible to associate this process with
hydrogen-assisted microcracks observed in the present work.

Though the crack initiation strain is about 5.4% for —1 mA/cm? and
3.2% for —5 mA/cm? charging conditions, the intense AE activity or
change in the median frequency response from the “ideal” model-
predicted behavior fi, ~ 0, Eq. (8), could only be observed after the
true strain of 23% for —1 mA/cm? and 12.5% for —5 mA/cm?, respec-
tively (Fig. 6b and c). As has been noticed in Section 3.3.5, the crack
cluster evolution for hydrogen-charged samples exhibits three stages,
and during the second stage (ii), the cracks randomly nucleate
throughout the gauge part. Correspondingly, the cumulative AE power
for this cluster shows a steady (nearly linear) yet only sluggish increase
at this stage. Once the crack is nucleated, it will dominate a stress dis-
tribution so that AE will predominantly be produced by the crack-
related processes, including the emission of dislocations from the
crack tip, crack growth, etc. Detailed microstructural characterization at
different stages of crack evolution will be published elsewhere. The AE
method is not capable of differentiating between intergranular and
transgranular cracks in the present settings because both type of cracks
are generated in a ductile manner through the dislocation-mediated
processes, as is evident from the KAM maps (Figs. 9b and 10b).

12

To investigate the depth-dependent crack transition from the trans-
granular to intergranular type (Fig. 10), the cross-section microstructure
of the sample charged at —5 mA/cm? is examined without any me-
chanical loading (Fig. 12). The BSE image unveils extensive plastic
deformation in the surface layer of down to 80 pm from the free surface.
Furthermore, the nanohardness measured through the thickness of the
material shows the increased hardness response at the surface, sug-
gesting that charging has induced irrecoverable plastic strains with a
strong gradient in the surface region. The depth-dependent crack tran-
sition can be attributed to the hydrogen concentration profile and prior
deformation. At a shallow depth of 60 pm from the surface, where the
extensive prior deformation had been induced during charging, the
transgranular cracks prevail over the intergranular ones. The charging-
induced deformation promotes preferential hydrogen segregation at the
highly stressed regions, for instance, at the slip band intersections.
During loading, the nanovoid nucleation along these bands generates a
micro-crack [3].

Intergranular cracks are dominant at the interior part of the sample.
At the region close to the free surface, the dislocations, which have been
produced during charging, store and transmit hydrogen, thus making
the cracking along the slip band intersection more favorable. However,
at the regions deep in the sample, plastic deformation becomes negli-
gible. To nucleate a crack inside the grain, the dislocations have to be
generated first, and hydrogen has to be transported to the slip band
intersection. Therefore, grain boundaries representing the hydrogen
trap sites in the absence of plastic strain become the preferred sites for
crack initiation and growth [31,81]. Thus, the competition between
hydrogen availability and transport determines the crack mode.

5. Conclusions

Hydrogen embrittlement susceptibility of the Nickel-based alloy
Inconel 625 was investigated using a tensile test instrumented with the
in-situ acoustic emission (AE) monitoring technique aiming at unveiling
fine temporal details of the evolution of the dislocation ensembles and
hydrogen-assisted microcracking in differently charged samples. Using
the spectral analysis of AE signals coupled with the non-supervised
clustering procedure, the contribution of the dislocation slip and
microcracks into the deformation and fracture processes has been
separated and followed individually as strain hardening proceeds.
Advanced characterization tools were used to study the charging-
induced deformation and hydrogen-assisted cracking. The major find-
ings can be summarized as follows.



52

C.K. Soundararajan et al.

o Electrochemical hydrogen charging-induced deformation was
quantified using the XRD technique. Hydrogen supersaturation and
sluggish diffusion generate internal stresses, which, if exceed the
critical resolved shear stress for dislocation initiation, is the root
cause of the slip lines observed on the free surface of charged
samples.

The hydrogen-enhanced slip behavior is evident from the AE anal-
ysis. The higher AE power in the hydrogen-charged samples is
related to the increased dislocation activity. Using the phenomeno-
logical relation between the AE power and the slip behavior, the
relative mobile dislocation density is estimated, and it is found to
increase with the hydrogen concentration. Concomitantly, the
average dislocation velocity in the hydrogen-charged samples is
reduced. This observation suggests that solute pinning of dislocations
by hydrogen is the dominant mechanism increasing the lattice fric-
tion and resulting in hydrogen-related hardening.

The hydrogen-assisted crack nucleation and propagation process can
be reliably identified from the AE spectral-based cluster analysis.
Three stages of the damage evolution process — incubation, “slow”
accumulation of surface cracks and accelerated crack growth - are
observed in the hydrogen-charged samples before macroscopic strain
localization sets in. The kinetic details of each stage been unveiled
and shown that the duration of each stage varies with the severity of
charging. The AE power spectral density attributed to hydrogen
cracks is featured by the dominant low-frequency components indi-
cating that these cracks are of a ductile type.

The statistical crack analysis of the surface morphology reveals the
transition from the transgranular to the intergranular fracture type.
The competition between these two modes is explained by the esti-
mated hydrogen concentration profile depending on the loading
conditions. At the shallow depth of 60 pm, the pre-damage induced
during charging and hydrogen accumulation at the slip band in-
tersections provides an easy path for the transgranular cracking
along dislocation slip bands. In the bulk of the sample without any
prior deformation, the additional energy is needed to generate a
dislocation and promote hydrogen transport to the intersections.
Since the grain boundaries are strong trap sites for hydrogen, it is
easier to nucleate a crack along grain boundaries by decohesion
rather than generating a transgranular crack.
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Hydrogen-induced degradation behavior of nickel alloy studied using
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Figure 1: The XRD pattern the hydrogen charged sample (-1 mA/cm? — 24 hrs.). From XRD data,
neither peak shift nor broadening observed. In addition, the microstructure shows no evidence of
charging induced slip.
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Figure 1: The XRD pattern for the hydrogen charged sample (-1 mA/cm?’). The patterns recorded
before charging (Black), right after charging (Red). The inset (a) shows the microstructure right after
charging.
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Figure 2: Fracture surface of -5 mA/cm? sample. Extensive slip lines are observed at the fracture surface
close to the surface also at a depth of 50 pm from the surface.

Figure 2: Fracture surface of -5 mA/cm2 sample. (a-b) Image captured close to the surface of the
sample. (c-d) image captured at the depth of 50 um from the surface of the sample.
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Figure 3: Normalized PSD for hydrogen-charged sample (-5 mA/cm? — 24 hrs.). The crack power
spectra show dominant low frequency components.
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Figure 3: Normalized PSD for hydrogen-charged sample (-5 mA/cm2).
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Figure 4: Cross-sectional microstructure of hydrogen-charged sample (-5 mA/cm? — 24 hrs) after
interrupted tensile test. The figure suggest a depth dependent clear crack transition from transgranular
to intergranular type.

Figure 4: Cross-sectional microstructure of hydrogen-charged sample (-5 mA/cm’ — 24 hrs.) after
interrupted tensile test.
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In-situ electrochemical nanoindentation (ECNI) experiment is performed to probe the nanomechanical
properties of Inconel 625 alloy under a hydrogen environment. The hydrogen effect on various stages of the
load-displacement (LD) plot is quantified. The pop-in load, which indicates the onset of a homogenous
dislocation nucleation event, is reduced with hydrogen charging, which augers well with the 'Defactant’
concept. The hydrogen solute hinders dislocation glide during pop-in (reduced pop-in width), and the re-
sultant glide resistance force is found to be linearly dependent on dissolved hydrogen concentration. We
have also quantified the hydrogen-reduced activation barrier for the secondary source by examining the
secondary elastic hardening stage from LD data. Hydrogen charging-induced slip line formation and na-
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behavior.
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1. Introduction

Nickel-based alloys are often the preferred materials of choice in
oil and gas industries owing to their mechanical strength and cor-
rosion resistance properties [1]. However, they are susceptible to
hydrogen embrittlement (HE) in hydrogen-evolving environments,
for example, during cathodic protection in seawater conditions. The
HE in structural material has been a topic of interest for scientific
and industrial communities for about a century, as hydrogen-in-
duced damage can be catastrophic and fatal. Over the years, multiple
mechanisms have been proposed to explain the embrittlement be-
havior, either acting individually or in various combinations: hy-
drogen-enhanced localized plasticity [2,3], hydrogen-enhanced
decohesion [4,5], hydrogen-enhanced strain-induced vacancy for-
mation [6,7], and the 'Defactant’ mechanism [8,9].

The fundamental bottleneck, which limits our understanding of
the problem, is the substantial number of intrinsic (microstructural
constituents) and extrinsic variables (stress state, environment) in-
volved. For instance, the HE behavior of the material is often re-
ported by performing macroscale tensile testing of precharged
samples. The inherent fast diffusing nature of hydrogen combined

* Corresponding author.
E-mail address: chandrahaasan.k.soundararajan@ntnu.no (C.K. Soundararajan).

https://doi.org/10.1016/j.jallcom.2023.169742

with a strong concentration gradient during pre-charging poses
several problems in quantifying the hydrogen effect on the disloca-
tion behavior and the mechanical properties. Unlike other interstitial
or substitutional alloying elements, hydrogen interacts with dis-
locations in a rather complex way. The development of miniaturized
material testing setups in a controlled hydrogen environment paved
the way for a better understanding of hydrogen-dislocation inter-
actions [3,10-13]. One such leap forward in technology has been the
development of the in-situ electrochemical nanoindentation tech-
nique (ECNI) [14,15].

The nanoindentation (NI) technique has enjoyed increasing re-
cognition for studying the local dislocation dynamics over the years
[16-21]. By probing the minimal material volume, microstructure-
specific mechanical properties and the strengthening mechanism at
the nanoscale can be inferred. The load-displacement (LD) data from
NI experiment helps to relate the local mechanical properties with
dislocation activities. When the sharp tip is engaged on defect-free
volume, it exhibits "pop-in' - a strain burst event, which signifies a
transition from the elastic to elastoplastic behavior. The shear stress
at this junction reaches a theoretical strength of the material and
results in a dislocation avalanche generated underneath the in-
denter. The dislocation velocity is estimated to be close to that of
sound at this stage [17,22,23]. The sharp rise in the load during the
post-pop-in stage is associated with the behavior of the indenter
catching up with the material that ran away during the displacement

0925-8388/© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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excursion. This secondary elastic hardening is related to the energy
required to glide the store dislocations and activate the secondary
sources to proceed into a continuum plasticity regime.

In-situ ECNI experiments on pure Ni and its alloy variants have
been reported earlier, wherein hydrogen reduced the pop-in load
and increased the hardness. These observations were related to the
reduced activation energy barrier for dislocation nucleation; con-
currently, hydrogen hinders the dislocation motion by the solute
drag effect. The microstructural evolution during the discrete event
(pop-in stage) and at the continuous hardening stage (plastic re-
gime) are discussed quite extensively in the abundant literature
[24-26]. However, the hydrogen effect on the transition stage, i.e.,
the secondary elastic hardening stage, has not been reported so far,
to the best of our knowledge.

In this work, we have employed the in-situ ECNI technique to
study the HE behavior of the Inconel 625 alloy. The individual stages
of LD data during NI were compared for uncharged and hydrogen-
charged samples. Furthermore, the hydrogen concentration-depen-
dent nanomechanical response is discussed in detail.

2. Methodology
2.1. Sample preparation and microstructure characterization

The discs of 12 mm in diameter were cut from the as-received
Inconel 625 alloy by the electrical discharge machine. The chemical
composition is shown in Table 1. The fabricated coupons were
ground and polished until 200 nm colloidal silica to get a de-
formation-free surface. The microstructure characterization was
performed by means of electron backscattered diffraction (EBSD)
and electron channeling contrast imaging (ECCI) using the Quanta
650 FEG microscope (Thermo Fisher Inc.). The EBSD patterns were
acquired by the NORDIF camera at an acceleration voltage of 20 kV
and a working distance of ~16 mm, and the subsequent indexing and
analysis were done using the TSL OIM software. The ECCI measure-
ments were performed at the same acceleration voltage and a
working distance of ~7 mm.

2.2. In-situ electrochemical nanoindentation

Indentations were performed using the TI 950 Triboindenter
under the load-controlled mode. The maximum load was set as 2000
pN, and the loading and unloading rate was 8000 pN/s, with addi-
tional 0.25 s at 10 % of peak load during unloading for the thermal
drift correction. In-situ hydrogen charging was performed using a
custom-designed three-electrode electrochemical cell; a platinum
plate was used as a counter electrode (anode), the test specimen
functioned as a cathode, and Hg/Hg,SO, served as a reference
electrode. A detailed description of the experimental setup can be
found elsewhere [14,15]. The electrolyte used in this work contained
a glycerol and borax mixture, and charging was done at room tem-
perature. Three different cathodic charging potentials (-1200 mV,
-1400 mV and -1700 mV) and one anodic potential (0 mV) were
selected from the polarization curve represented in Fig. 1.

The sequence of the indentation experiment was as follows: the
sample was first tested in air followed by a sequence of - 1200 mV
and - 1400 mV cathodic charging and 0 mV anodic discharging; then
the potential was changed to - 1700 mV and finally to 0 mV. Before

Table 1

Chemical composition of Inconel 625.
Element Ni Cr Mo Fe Nb Al P
wt% 62.8 213 83 3.7 3.25 0.22 <0.005
Element C Ti Mn Si Cu Co S

wt% 0.018 0.05 0.07 0.08 0.02 018 0.0003
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Fig. 1. Polarization plot for the current work.

the ECNI test at each cathodic potential, the sample was charged for
2 hours to allow sufficient hydrogen to be absorbed into the sample,
and the duration of anodic discharging was set to 1 hour to study the
time effect on the nanomechanical properties. At least 50 indenta-
tions were performed in each condition to ensure the reproducibility
of the results. During the in-situ ECNI test, scanning probe micro-
scopy (SPM) images were obtained after each charging/discharging
process to track the changes in surface topography.

2.3. Thermal desorption analysis and XRD measurement

The total hydrogen content is estimated using the Bruker G4
Phoenix DH hydrogen analyzer. The hydrogen content in Table 2 is
estimated by following the same sequence/charging history as that
of the indentation experiment. The grazing incidence X-ray diffrac-
tion (GIXRD, D8 DaVinci with LynxEye™ Superspeed detector) was
performed to characterize electrochemical charging-induced near-
surface damage. The GIXRD was operated by using Cu Ko radiation
(40kV) at the 1° incident angle at the step size of 0.02° and the
counting time of 3's per step.

3. Results and discussion
3.1. Microstructure

The grain size of the as-received Inconel 625 alloy was 10 pm.
Multiple annealing twins are present in the microstructure. Detailed
microstructural characterization of the same material has been re-
ported in the earlier work focused on the hydrogen diffusion pro-
cesses [27,28]. Navigating to the grain with indents and performing
adequate indentation in air as well as at different polarization con-
ditions to obtain statistically relevant data points is a challenging
task. Thus, several series of indentations were performed on ran-
domly chosen grains, and the results were compared. The orienta-
tion independence of the pop-in behavior has been reported for
various alloy classes [24,29,30]. Fig. 2a shows the IPF map of the
indents performed under different polarization sequences, and the
representative LD data for each condition is presented in Fig. 2c.
Around 50 indents, which cover 5 grains on average, were performed
for each condition. Furthermore, the indents close to (< 1pm range)
grain boundaries and twin boundaries are eliminated during data
processing to minimize the possible influence of grain boundaries on
the dislocation nucleation process.
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Table 2
Total hydrogen content for different charging conditions.

Journal of Alloys and Compounds 948 (2023) 169742

Sample ID Charging potential and duration Total hydrogen content (wt. ppm)
H1 -1200 mV/ 2h 0.18 £ 0.03

H2 -1200 mV/ 2 h (+) - 1400 mV/ 2 h 0.36 + 0.02

A2 -1200 mV/ 2 h (+) - 1400 mV/ 2h (+) 0mV/ 1h 0.2 +0.05

H3 -1200 mV/ 2 h (+) - 1400 mV/ 2 h (+) 0mV/ 1h (+) - 1700 mV/ 2h 1.16 + 0.02

A2 -1200 mV/ 2 h (+) - 1400 mV/ 2 h (+) 0mV/ 1h (+) -1700 mV/ 2h (+) 0mV/ 1h 0.11

3.2. Nanomechanical properties

Fig. 2b shows the typical LD plot during NI. Five loading stages
can be easily distinguished: (1) primary elastic region; (2) incipient
plastic region; (3) secondary elastic region; (4) elasto-plastic region;
and (5) unloading region. From each of these stages, different
properties can be derived. In the following sections, we shall quan-
tify the hydrogen influence on the nanomechanical properties and
the corresponding microstructural changes occurring during the
indentation process.

3.2.1. Hydrogen-induced surface slip steps

The sample surface is critical during nanomechanical testing.
Using scanning probe microscopy (SPM), the surface was con-
tinuously monitored during cathodic charging. Fig. 3a-d shows the
sample surface after each cathodic polarization sequence. During
charging at the low cathodic potentials (-1200 mV and -1400 mV),
the surface remains intact; the root mean square roughness value

(a)

Load (uN)

change is lesser than 4 %. The extensive slip lines can be, however,
observed at the high cathodic potential of - 1700 mV (Fig. 3g). The
total hydrogen content obtained from the TDS technique (Table 2)
was used to quantify the stress generated during charging. The in-
ternal stress (oin) generated due to dissolved hydrogen solute is
estimated using the following simplified relation [31,32]:

AV H, Av Hq
=B— =B—*— =180x0.28 x —2%
Oint Yo M, © X X M, )

where B = 180GPa is the bulk modulus of the material, the ratio
(% = 0.28) is the volumetric strain due to a single hydrogen solute
atom in the nickel lattice [33] and the atomic ratio between hy-

drogen and metal atom (E—Z) is expressed as:

N
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Fig. 2. (a) The inverse pole figure map overlayed with the image quality map with indents performed under different polarization conditions. (b) Typical load-displacement graph
showing the definitions of different stages and parameters used in this work. (c) Representative load-displacement data for each polarization condition. (d) Enlarged image in (c)

shows the pop-in stage.
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where N; is Avogadro’s constant, My and M, denote the number of
hydrogen and metal atoms, respectively, C; is the surface con-
centration of hydrogen, which, according to [34|C; = @ \/E Here w
is the thickness of the specimen, Gy is the total hydrogen con-
centration, t is the charging time, and D is the diffusion coefficient,
which is chosen as 2.77 x 107> m?/s for the present study following
the previous work [27].

The internal stress calculated using the above expression for
-1200 mV is 175 MPa and for - 1700 mV is 1015 MPa. Moreover, the
yield strength of the material is 450 MPa, lower than the hydrogen-
induced internal stress for — 1700 mV condition. To evaluate the in-
ternal stress, we assume that the lattice expansion is caused by the
isotropic internal stress due to abundant dissolved hydrogen.
Moreover, the estimation of the internal stress is based on Hooke's
law and can only be regarded as a crude 1st order approximation.
Though the stress value estimated in this way is not precise, it
qualitatively explains why plastic deformation occurs in the surface
region, as is experimentally observed in the form of slip steps at the
free surface.

The hydrogen distribution in the sample Ci can be calculated
from Fick's law using a thin plate model as:

Cxty — Go X
———— =1-ef| —|0<x<I
G-G f(\/4m) = 3)
_ 2 2
erf(u) = ;-[o exp(—u?)du 4)

where C is the initial hydrogen concentration and erf(u) denotes the
error function. The inherent slow diffusivity and high hydrogen so-
lubility suggest that there is a steep concentration gradient pre-
vailing in the sample close to the free surface (Fig. 3e).
Supersaturation of hydrogen at the surface swells the lattice

resulting in the stress gradient [32]. Upon reaching the critical re-
solved shear stress, the dislocations are generated to accommodate
the strain. Furthermore, hydrogen presence could accelerate the
generation process by reducing the dislocation line energy as follows
from the "Defactant” model framework [9], resulting in the slip steps
during charging at the high cathodic potential.

3.2.2. Primary elastic region

The reduced elastic modulus (E,) of the material is estimated by
fitting the elastic part of the LD plot with the Hertzian relation as
shown below [35]:

4
P = —E,VRh3

37 (5)
where P is the applied load, h is the indentation depth, and R is the
radius of the Berkovich tip curvature; for the present experiment, R
=1pm. The reduced modulus (E,) is expressed as:

1 _1-vf 1-9%

E; E E (6)

with v - the Poisson's ratio, and the subscript indexes 1 and 2 cor-
respond to the sample and diamond tip, respectively. By substituting
the know values (E; = 1140 GPa, v, = 0.07 and v; = 0.3) into Eq.(6), the
modulus of the material (E;) is obtained. Fig. 4 summarizes the
average modulus value for each charging condition. One can see that
the elastic modulus exhibits an ascending trend with hydrogen
concentration. However, the experimental measurement error ren-
ders it challenging to quantify the influence of hydrogen. Moreover,
the hydrogen effect on the modulus is still under debate. Na-
noindentation of precharged and aged Ni-201 alloy indicates the
decrease in the reduced modulus value ascribed to vacancy en-
hancement during charging [36]. On the other hand, the ECNI study
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Fig. 4. Elastic modulus of the material (E,) at different charging conditions.

performed on a wide compositional range of Ni-Cr alloys shows no
change in the modulus value due to hydrogen [37]. The modulus of
the material assessed by NI is sensitive to the surface roughness
since the elastic depth being probed is approximately 15 nm [32,38].
The formation of slip lines (Fig. 3d) under the high cathodic charging
potential (-1700 mV) could influence the measured modulus value,
giving rise to an evidently large deviation observed for charging at
-1700 mV followed by the subsequent holding at 0 mV potential.

3.2.3. Hydrogen-assisted pop-in behavior

For a well-annealed ductile material, the pop-in load indicates
the onset of homogenous dislocation nucleation. The BSE image of
the as-received sample in Fig. 3f shows the low dislocation density
inside the grains. For the present work, only the results of in-
dentation performed inside the grain are included for data proces-
sing. Therefore, it is plausible that dislocation nucleation is
associated with the homogeneous model. The pop-in phenomenon
occurs when the stress beneath the indenter (zn.) reaches the
theoretical shear strength of the material. From elastic continuum
mechanics, this strength is estimated as [39]:

13
P""’””) 7)

where Pyy,_i; is the pop-in load. The average pop-in load for different
polarization conditions is given in Fig. 5a. In addition, variation of
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Tmax With hydrogen content is shown in Fig. 5b. From the viewpoint
of classical dislocation theory [39], the activation energy required to
nucleate dislocation is given by:

AG = 27r W+ 7r? y— r2bTmax(pop—in) (8)
where W is the line energy of the dislocation loop, y is the stacking
fault energy (SFE), b is the magnitude of the Burgers vector, and r is
the dislocation loop radius. The line energy of dislocation (W) is

given by:
(lnﬁ - 2)
14 (9)

where v is the Poisson's ratio, G is the shear modulus of the material,
and p is the dislocation core radius. According to the 'Defactant’
model, hydrogen segregation around the dislocation core increases
its radius, thereby reducing both the dislocation line energy and the
stacking fault energy value [8,14,40,41]. Furthermore, several studies
have reported that hydrogen reduces the shear modulus, which is
equivalent to the reduction in the chemical bond strength as as-
sumed in the HEDE model [25,42]. Thus, it is easier to form the
dislocation loop under a hydrogen environment, and the effect is
more pronounced with the increase in dissolved hydrogen. At low
cathodic potentials (-1200 mV and -1400 mV), the reduction of
Tmax 1S less than 1 %, whereas for — 1700 mV it is 6.5 %. In the present
work, hydrogen reduced the pop-in load during cathodic polariza-
tion and its recovery during anodic polarization agrees with the
'Defactant’ concept. Thus it can be concluded that the reduction in
pop-in load during charging at low cathodic potential (-1200 mV
and -1400 mV), where uniform surface integrity was maintained, is
due to hydrogen-enhanced homogenous dislocation nucleation
through the reduction of dislocation line energy and stacking fault
energy.

We should reiterate here that in the case of - 1700 mV charging
conditions, extensive surface slip steps are observed (Fig. 3d).
Therefore, the observed pop-in behavior is suggestive of a hetero-
genous dislocation nucleation event. In the present work, hydrogen
charging at the high cathodic potential results in lattice distortion at
the near-surface region in the form of dislocations and vacancies;
here, the pop-in event begins at lower stress by activating the pre-
existing dislocations instead of generating new source [43,44|. An-
other possibility for reducing the pop-in load can be reasoned with
hydrogen-enhanced vacancy-mediated heterogeneous dislocation
nucleation [45], wherein agglomeration and collapse of vacancies
into the plates on densely packed planes aid the heterogeneous
dislocation nucleation process. Further, the interaction between
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hydrogen atoms and vacancies would increase equilibrium vacancy
concentration by reducing their formation energy. Thus, the hy-
drogen-enhanced vacancies and vacancy clusters can reduce the
required stress for the onset of plastic deformation [46]. The pop-in
behavior is highly sensitive to the surface quality. Thus, it can be
concluded that for a defect-free surface, the pop-in is facilitated
through the hydrogen-enhanced homogeneous dislocation nuclea-
tion. In contrast, in other cases, the pop-in happens by activating the
pre-existing defects.

In contrast to the pop-in load, a more pronounced reduction in
the pop-in width with hydrogen was observed (12.5 %, 15 % and 59 %
for -1200 mV, -1400 mV and -1700 mV, respectlvely) The plastic
shear strain during indentation can be expressed as y, = ": = Aﬂ,
where n is the number of dislocation loops, Ah is the pop-in width,
and a is the representative length [47]. Considering constant plastic
strain during the pop-in event, the reduction in the pop-in width
accompanies the reduced representative length. This also suggests
that a substantial fraction of the kinetic energy of plastic work has
dissipated, resulting in a smaller travel distance of the leading dis-
location. The resistance force (stress) against dislocation glide can be
estimated by [17]:

T = Ppup—in
" 9xRhy (10)

where hy is the displacement at the end of the pop-in event (see
Fig. 2b). The glide resistance stress due to a dissolved solute (A7) can
be estimated by:

At = gl — T (11)

The linear relationship between hydrogen concentration and the
resistance to dislocation glide strongly suggests hydrogen-enhanced
solution hardening (see Fig. 5b). This is consistent with the com-
prehensive energy model proposed by Wang et al. [48], wherein the
hydrogen solute is shown to increase the lattice friction energy by
the solute drag effect [49]. When diffusion of hydrogen solute could
not keep up with the applied strain rate, hardening is observed. The
hydrogen-induced solute drag effect is often reported during mac-
roscale tensile testing at high strain rates [50-52] and in-situ na-
noindentation experiments performed at varying strain rates
[14,24,26,53].

3.2.4. Secondary elastic stage - post-pop-in

As has been discussed above, it is believed that during the pop-in
event, the stress beneath the indenter reaches theoretical shear
strength resulting in rapid dislocation multiplication. Few data
points at the pop-in stage (Fig. 2b) suggest that the indenter could
not keep up with the material. Dislocations at this junction are es-
timated to travel at high velocity resulting in a high strain rate lo-
cally until they are starved of the shear driving force and finally
become immobilized. Right after the pop-in stage, the general plastic
deformation dominates in the mechanical response with the in-
creasing applied load (strain rate here corresponds to loading rate,
which is much lower than in the pop-in stage). The general plastic
deformation necessitates the activation of additional slip systems to
accommodate the imposed plastic strain. The additional energy is
required to overcome the back stress of stored dislocation loops
from the prior excursion event, which manifests itself as a steep load
increase and can be considered as the secondary elastic hardening
stage. The duration of this stage, AP, can be interpreted as the force
required to activate the secondary source (additional slip systems)
[47]. Fig. 6 shows the reduction in AP with hydrogen concentration,
suggesting that hydrogen reduces the initial activation barrier by
making the stage shorter. According to the sequential planar slip
model proposed by Cordill et al. [17], the shear stress () required to
activate a new source is given by =1 + % where 7 is the
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intrinsic yield component, T is the dislocation line tension, l,, is the
wall spacing. Hydrogen reducing the elastic stress field of disloca-
tions according to the "HELP' model would explain the reduced shear
stress for secondary source activation. Our study suggests, however,
that hydrogen exerts a dual effect: on the one hand, it hinders dis-
location motion during the pop-in stage and facilitates slip activity
by reducing the activation barrier for general plastic deformation to
commence on the other. A similar result was reported by K. A. Nibur
et al. on hydrogen-charged SS316 steel [53]. These authors have
observed the reduced excursion depth in hydrogen-charged condi-
tions, which was explained by the solute drag effect. In addition, the
second dislocation excursion and extensive slip steps in hydrogen-
charged samples were observed and correlated to the hydrogen-re-
duced critical resolved shear stress for secondary slip plane activa-
tion under the 'HELP' framework. For an in-depth understanding of
underlying mechanisms, it is essential to characterize the dislocation
evolution as a function of load, which is an ongoing work and will be
reported elsewhere.

3.2.5. Hydrogen effect on elasto-plastic region

The elasto-plastic part of LD curve represents the continuous
hardening process. From the Tabor relation, the elasto-plastic
loading can be expressed as [54]:

P=CAco (12)

Here, C = 3 is the Tabor constant, A. is the projected area that
depends on the indentation depth and indenter shape, o is the
overall stress; for the present case, only the dislocation strength-
ening stress component oy and the solid solution strengthening
stress o = 330MPa [24] are considered. Further oy can be expressed
as [55]:

ais = MaGb ossp + Ponn (13)

where M = 3.06 is the Taylor factor, « = 0.5 is an empirical factor, G
is the shear modulus, psg, and pgyp are statistically dislocation
density and geometrically necessary dislocation density, respec-
tively. For a well-annealed ductile material, pgg, is of the order of
10" m™ [55], the same value is used in the present study. The pgyp
value can be estimated according to the Nix-Gao model [56] as:

_ 31 tan’6
PaND = 5 3 b (14)

where f is the ratio between the radius of the plastic zone r,, and
contact area a., and 6 is the angle between the sample surface and



66

CK. Soundararajan, D. Wang and A. Vinogradov

(a)
Air
20009 _,  ajr fit
1200 mV/ 2h
—e—-1200 mV/ 2h fit |
-1400mv/2h =163
1500 | —v—-1400 mV/ 2h fit o
-1700 mV/ 2h
= ——-1700 mV/ 2h fit f = 1.45
2 o= 224 MPa
® 1000
-]
-
500 - EL/
<oé
0-¢ T T T T
0 20 40 60 80 100

Depth (nm)

Journal of Alloys and Compounds 948 (2023) 169742

(b

260

Equation y=a+bx
240+ | 21.44269 £ 0.75941 H3
ntercept

220 - siope 17470218 £ 1.07125

0.99992

200 - Adj. R-Square
180
160 -
140
120
100 -

80

60

H-induced frictional contribution, c,, (MPa)

40

T T T T T T
0.2 0.4 0.6 0.8 1.0 1.2
Hydrogen concentration (wt.ppm)

Fig. 7. Representative L-D curves of the sample under different testing conditions; the elastoplastic part is fitted by the Nix-Gao model based on Tabor’s relation. (b) Linear

dependence of the frictional stress is plotted as a function of hydrogen concentration.

the Berkovich indenter (24.63°). The plastic zone radius (r,;) is cal-
culated by the Lawn model [57] as:

E 1/n 113

=@ —=]| tan'36h
i “(c) ' (15)
where ¢ is the geometrical constant (3.64 for Berkovich tip), E and G
are elastic and shear modulus of the material, respectively, h, is the
residual indentation depth. The contact area a. is computed from the
size of the imprints from ECC images (Fig. 8a-c). The elasto-plastic
load relation in Eq. (12) can be rewritten by combining Eq. (13)
& (14):

| 3 1 tan?6

P = CMaGDbA. \jPSSD + 27 bh + C(oss + on)Ac

(16)

Here oy is additional solid solution strengthening contribution
provided by hydrogen, for uncharged sample (air), this term can be
neglected. By fitting Eq. (16) to LD data, the hydrogen-induced
frictional contribution (oy) is obtained for each charging potentials.

Fig. 7a shows the fit data and the f value for each charging
conditions. The reduction in the f value indicates the shrinkage of
the plastic zone. Moreover, the linear dependence of the frictional
stress with the solute concentration suggests that the dislocation
motion is hydrogen-impeded due to the solute drag effect [49].

3.2.6. Hydrogen influence on hardness

The hardness of the material is estimated using the Oliver-Pharr
method by fitting the unloading curve of the LD plot [58]. The mean
hardness value for each polarization condition is summarized in
Fig. 8d. The average hardness value for the uncharged (air) sequence
is 4.67 GPa. During hydrogen charging, the progressive increase in
the hardness is observed compared to the results in air (7 % increase
for 1200 mV and 14 % for -1400 mV).

The ECC images in Fig. 8a-c show the dislocation patterns around
the indents for air, - 1200 mV and - 1400 mV, respectively. The dis-
locations appear as white lines or dots on the dark background. The
plastic zone size (r;) which signifies extensive dislocations around
the indents marked by the yellow circle. The dislocations that reside
far away from the indents are excluded as they were shown to in-
fluence plasticity in a weak manner [59]. The hydrogen-enhanced
hardening behavior can be observed from ECC images as the reduced
indent area (r.). The 10.3 % reduction in r, value for - 1200 mV and 13
% for - 1400 mV conditions, agrees well with the observed hardness
increase. The increased lattice friction due to dissolved hydrogen

atoms acting as obstacles to dislocation motion results in increased
hardness [38,49].

After one hour of discharging at 0mV anodic potential (from
-1400 mV), the hardness reduced from 5.33 GPa to 4.95 GPa (7 %).
However, the difference in hardness between the anodic and the air
sequence is 6 %, suggesting residual hydrogen presence. The non-
recovery in hardness can be explained by a simple diffusion-deso-
rption model based on Eq.(3). Considering a thin plate model for
hydrogen diffusion, the concentration profile after two hours of
charging can be expressed as:

C(x,7200)

C erf(\/_)0<x<l

In the case of hydrogen desorption, the following relation is
considered. Since the initial hydrogen distribution is non-uniform, a
non-steady state equation which accounts for constant surface
concentration and initial distribution f(x) (Eq. (18)) is considered for
anodic discharging. It was tactically assumed that the surface con-
centration reaches zero at the start of anodic polarization:

(17)

+(C2—C1)?

oo — 2.2,
22 czcosnn a 1n(@)exp(—Dnlzn t)

cx, t)=q

2« . nux
+721 sin ==

with the boundary conditions:

Dn? nzt ,
ex] ( )I f(x) sdex (18)

c=q,x=0,t20 (19)

c=cx=1t20 (20)

The plot in Fig. 8e shows the estimated hydrogen concentration
profile in the sample after four hours of charging and one hour of
discharging. The computed from Eq. (15) plastic zone, which impacts
the hardness value for the present work, is of 875 nm. The hydrogen
concentration at 875 nm depth after two hours of charging is 92.3 %,
while after one hour of discharging, it is about 10.5 %. Thus, the
residual hydrogen present after the sequence of four hours of char-
ging and one hour of discharging is about 11.3 %, which is consistent
with the observed non-recovery of hardness after the anodic se-
quence of 0 mV.

When the potential is changed to - 1700 mV, the hardness in-
creases by about 20 %. During the subsequent anodic polarization,



CK. Soundararajan, D. Wang and A. Vinogradov

200 am | T, = 502 nm

6.0 -1700 mV/ 2hrs

-1400 mV/ 2hrs ’ \
/

= \
7] & v

7] - / \
@ 5.2 - \ ,

£ -1200 mV/ 2hrs Y
° -

=

]

I

4.4 omVv/ 1hr

Time (h)

67

Journal of Alloys and Compounds 948 (2023) 169742

-1200 mV

-1400 MV

200nm | I, =487 nm

op— :
Sy 0923
c 1
L 1
® : 1
.E 0.6 —m— Absorption (4 hrs) \
@ —O— Desorption (1 hr) I
‘é 1
3 04+ :
c
g |
g 02+ AL —
3, O
I //—O 1

0.0 - 1

1875 nm
T

T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Distance from surface (um)

Fig. 8. (a-c) ECCI patterns depicting dislocation patterns around indents: (a) uncharged, (b) - 1200 mV, (c) - 1400 mV. (d) shows the hardness variation at different charging

conditions, and (e) represents the absorption-desorption profile for the present case.

the hardness reduced from 5.94 GPa to 4.54 GPa (23 % reduction).
Interestingly, the hardness of the 0 mV anodic sequence is much
lower than that of air (2.3 % reduction). The total hydrogen content
measured after two hours of charging at - 1700 mV followed by one
hour at 0 mV anodic polarization is 0.11 wt. ppm (10 % residual hy-
drogen present). The observed reduction could be due to the for-
mation and stabilization of vacancies by hydrogen.

The inherent slow diffusivity and high solubility of hydrogen in
nickel suggest the steep concentration gradient prevailing during
electrochemical charging (Fig. 3e). This, in turn, generated hydrogen-
induced non-uniform defect distribution. To characterize the near-
surface damages, we have employed the GIXRD technique; for the
current experiment, the X-ray penetration depth is estimated as
0.5 pm. Fig. 9 shows the GIXRD pattern for uncharged (air) and hy-
drogen-charged samples (-2000 mV for 12 h). The shift in the peak
position of the hydrogen-charged sample is thought to reflect the

—— Hydrogen charged
1200 (111) Uncharged
1000
o=
@
£ 800
o H-charging: -2000 mV/12 hrs
= Penetration depth: 0.5 um
» 600+
£ (200)
>
o
O 400
200
0 T ¥ Y T T
42 44 46 438 50 52

20°

Fig. 9. Grazing incidence XRD pattern measured for the uncharged sample and hy-
drogen-charged sample.

lattice distortion due to the abundant creation of vacancies. The
decrease in the lattice parameter to the value lower than that of the
matrix due to abundant vacancies has been reported in earlier works
[7,51,60]. During charging at the high cathodic potential, extensive
slip lines form (see Fig. 3d), which inadvertently generates vacancies.
Hydrogen tends to stabilize the vacancy clusters under the 'Defac-
tant' concept, thus making the matrix softer [8,61].

4. Conclusions

In this work, the hydrogen-influenced nanomechanical proper-
ties of Inconel 625 were investigated using the in-situ ECNI tech-
nique. The individual stages of the load-displacement curves were
compared, and the main findings are summarized below:

e The slip line formation at the high cathodic potential is due to
sluggish diffusion and supersaturation of hydrogen at the surface.
The internal stress caused by dissolved hydrogen exceeds the
yield strength triggering dislocations escaping at the surface.

e No discernable influence of hydrogen on the elastic modulus is
observed as the measured values fluctuate within the standard
error range as that of air. The significant deviation in the case of
-1700 mV and subsequent 0 mV potential is associated with the
surface deformation witnessed by the surface slip steps.

e Hydrogen reduces the pop-in load in harmony with the
'Defactant’ mechanism. The resistance force to dislocation mo-
tion during pop-in due to dissolved hydrogen shows a linear
relationship, suggesting the appreciable solid solution hardening
effect of hydrogen.

e The duration of the secondary elastic post-pop-in stage (AP) can
be interpreted as the force required to activate the secondary
source. Hydrogen reduces the line energy of the dislocations
according to the 'HELP' model and, subsequently, facilitates the
secondary source activation.
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Using the Nix-Gao model based on Tabor’s relation-based, the
hydrogen contribution is estimated to the lattice frictional stress
during the continuous hardening regime. The linear dependence
of the hydrogen-induced frictional stress with solute concentra-
tion suggests that the dislocation motion is impeded by hydrogen
atoms to the solute drag effect.

The non-recovery of hardness after the first anodic sequence is
due to residual hydrogen, which is explained by the simple dif-
fusion-desorption model. The decrease in hardness, much lower
than that in air during the second anodic sequence, is attributed
to non-equilibrium vacancies generated during charging and the
subsequent stabilization by hydrogen, thereby making the matrix
softer.
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Abstract

In the present work, in-situ electrochemical nanoindentation was utilized to probe the hydrogen effect
on nanomechanical properties of tensile pre-strained nickel alloy (0%, 5% and 20%). The study reveals
hydrogen-induced hardening during cathodic polarization due to hydrogen incorporation and softening
behavior during anodic polarization due to the irreversible microstructure modification induced in the
presence of hydrogen solutes. Their respective contribution was quantified by fitting the elastoplastic
part of load-displacement data. In addition, the differences in their plastic behaviors were investigated
in detail by examining the dislocation structure underneath the indents. The study aims to shed light on
hydrogen interaction with pre-existing defects.

Keywords: In-situ nanoindentation; hydrogen; pre-strain nickel alloy, hardening and softening,
dislocations.
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