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ABSTRACT

This thesis investigates the influence of surface condition on hydrogen embrit-
tlement (HE) susceptibility in Ni 725 under controlled electrochemical cathodic
charging. Five surface conditions were evaluated: a 2000-grit ground reference,
EDM-finished, peened, gold-sputtered, and electrodeposited nickel-coated speci-
mens; the latter was deposited at 50 °C and a current density of 0.15 A/cm².
Specimens were pre-charged for 24 h in a glycerol–phosphoric acid electrolyte at
50 ◦C, with an additional 72 h condition applied to the ground reference to assess
the effect of extended hydrogen exposure. Mechanical behaviour was characterised
by in-situ tensile testing inside a scanning electron microscope (SEM). Hydrogen
charging significantly reduced ductility across all conditions. The ground refer-
ence showed a fracture strain of 35.99% in air, dropping to 16.01% after 24 h and
9.35% after 72 h charging. Among the 24 h conditions, the electrodeposited Ni-
coated specimen exhibited the most severe embrittlement, with a fracture strain
of 10.73% and the highest hydrogen content by thermal desorption spectrometry
(56.83 wppm) approximately twice that of the uncoated specimens. The EDM
and gold-sputtered specimens retained the highest ductility after charging ( 21%
elongation), while the shot-peened specimen showed intermediate behaviour. Brit-
tle zone depth measurements showed hydrogen penetration depths of 70–89 µm
for all 24 h conditions, with surface condition primarily governing the spatial uni-
formity of hydrogen entry rather than the total depth. Fractographic and EDS
analyses identified quasi-cleavage and intergranular fracture as the dominant fail-
ure modes, consistent with combined HEDE and HELP mechanisms. The results
show that the electrodeposited Ni coating acted as a hydrogen reservoir rather
than a protective barrier under the conditions tested.
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CHAPTER

ONE

INTRODUCTION

The transition towards a hydrogen-based energy infrastructure has intensified the
demand for structural materials capable of operating reliably in hydrogen-rich
environments. Nickel-based alloys remain the primary material choice for criti-
cal offshore components fasteners, connectors, and wellbore completion hardware
for their superior resistance to hydrogen-induced stress cracking (HISC), pitting,
and crevice corrosion in chloride-rich environments [1, 2]. Hydrogen embrittlement
(HE) remains one of the most critical material integrity challenges for nickel-based
alloys deployed in hydrogen-rich environments from subsea oil and gas infrastruc-
ture to nuclear fusion reactors, hydrogen transport pipelines, and gas turbine
components [3].

Hydrogen embrittlement occurs when atomic hydrogen enters the metallic lat-
tice, diffuses through it, and accumulates at microstructural features such as dislo-
cations, grain boundaries, inclusions, and phase interfaces [4]. This promotes crack
nucleation and propagation at stress levels that would otherwise be safe. The inter-
action between hydrogen transport, microstructure, and stress remains complex
and material-dependent, and no single universal mechanism fully describes the
process in all alloys [5].

1.1 Motivation

Nickel alloys have inherently lower hydrogen diffusivity than ferritic steels due to
their face-centred cubic lattice structure. They are not, however, immune to hy-
drogen embrittlement, particularly at grain boundaries in precipitation-hardened
conditions [6, 7].

Barrier coatings, both metallic and ceramic are a common engineering strategy
to reduce hydrogen ingress [8]. Recent work shows that the near-surface region, in-
cluding its roughness, residual stress state, and interfacial microstructure, strongly
influences how much hydrogen enters and where it is trapped [9]. Surface engi-
neering has therefore become an important approach to reduce hydrogen-induced
degradation without changing the bulk alloy composition. Metal-based surface de-
position offers particular advantages: localised microstructural modification, good

1
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metallurgical bonding, and the potential to act as a hydrogen diffusion barrier
[10].

Beyond coatings, the condition of the substrate surface itself plays a decisive
role in governing hydrogen ingress, trapping, and crack initiation [11]. The man-
ufacturing or finishing route produces a characteristic near-surface layer with a
specific roughness, residual stress, dislocation density, and defect population, all
of alters the hydrogen adsorption mechanism at the atomic scale [12]. Rougher
or more damaged surfaces provide a higher density of entry sites and shallow
traps, which can accelerate the onset of embrittlement compared with smoother,
compressively stressed, or chemically passivated surfaces [13].

This thesis considers five surface conditions. Grinding to 2000-grit SiC pro-
duced a smooth reference surface with shallow deformation and serves as the base-
line for all comparisons. Electrical discharge machining (EDM) produced a ther-
mally affected recast layer with elevated tensile residual stress and a high microc-
rack density.Surface Peening using an IEPCO Peenmatic 750 system introduced a
compressive residual stress field and a high near-surface dislocation density. Gold
sputter coating was used to deposit a thin noble-metal layer with intrinsically low
hydrogen solubility, representing a surface-level permeation barrier. Finally, elec-
trodeposited nickel coating is applied as the primary surface treatment of interest,
intended to act as a hydrogen diffusion barrier. By comparing the tensile response
and hydrogen-induced ductility loss across these conditions, the thesis aims to
separate the contributions of surface state, residual stress, surface chemistry, and
coating architecture to the overall HE susceptibility of Ni 725.

Taken together, the available literature highlights a lack of systematic studies
directly linking surface condition, hydrogen exposure, and fracture behaviour in
Ni 725. This thesis addresses that gap by combining controlled electrochemical
hydrogen pre-charging with in-situ tensile testing inside an SEM and post-mortem
microstructural characterisation (SEM, EDS, FIB, and TDS) to establish struc-
ture–property–hydrogen interaction relationships and to evaluate whether com-
mon surface treatments and metallic coatings can enhance or reduce resistance to
hydrogen-induced degradation.

1.2 Project Description

This project systematically investigates the hydrogen embrittlement behaviour of
Ni 725 and evaluates the effectiveness of an electrodeposited nickel coating as a
surface engineering strategy to mitigate hydrogen-induced degradation. Five sur-
face conditions were studied: a 2000-grit ground reference, EDM-finished, Peened,
gold-sputtered, and electrodeposited Ni-coated specimens. Both coated and un-
coated specimens were electrochemically pre-charged in a glycerol–phosphoric acid
electrolyte at 50 ◦C for 24 h. The ground reference was also tested after 72 h hy-
drogen charging to capture the effect of extended hydrogen exposure. Air-tested
(uncharged) specimens were produced for the ground, EDM and shot-peened con-
ditions to serve as mechanical baselines.
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Mechanical performance was evaluated through in-situ slow-strain-rate tensile
testing inside a scanning electron microscope (SEM), which allowed direct obser-
vation of crack initiation and surface damage during loading. Key parameters
extracted from the stress–strain curves include yield strength, ultimate tensile
strength (UTS), fracture strain, and the hydrogen embrittlement index IHE.

To understand the underlying damage mechanisms, a range of characterisation
techniques was employed. Fractographic analysis by SEM identified the transition
from ductile dimple fracture to quasi-cleavage and intergranular failure with in-
creasing hydrogen exposure. EDS cross-section mapping on FIB-prepared cross-
sections revealed the near-surface elemental state of the EDM and peened condi-
tions after charging. Brittle zone depth measurements from SEM overview images
provided a quantitative estimate of hydrogen penetration depth across all surface
conditions. Thermal desorption spectrometry (TDS) was used on selected spec-
imens to measure the total extractable hydrogen content retained after charging
and tensile testing. These observations are used together to identify the operative
hydrogen-assisted damage mechanisms primarily HELP and HEDE and to relate
them to the surface condition and charging history of each specimen.
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CHAPTER

TWO

THEORY

2.1 Hydrogen Embrittlement

Hydrogen embrittlement (HE) is the loss of ductility, toughness, or fracture re-
sistance in a metal due to the ingress, diffusion, and accumulation of hydrogen,
leading to premature crack initiation and brittle or quasi-brittle fracture under
stresses that would otherwise be safely carried [14, 15]. In practical terms, a
hydrogen-embrittled component fails at lower strain and with a more brittle frac-
ture morphology than a hydrogen-free component of the same alloy, geometry, and
loading condition. The phenomenon spans length scales from the atomic (hydro-
gen–lattice interactions) to the structural (macroscopic cracking), and it depends
sensitively on microstructure, stress state, environment, and surface condition [14].

For austenitic and precipitation-hardened nickel-based alloys such as Ni 725,
HE typically manifests as a reduction in uniform elongation, formation of sec-
ondary surface cracks, and the appearance of quasi-cleavage and intergranular
facets in the fracture surface when the alloy is exposed to hydrogen-rich envi-
ronments under stress [16]. Although Ni alloys have intrinsically lower hydrogen
diffusivity than ferritic steels, they remain susceptible to hydrogen-induced stress
cracking (HISC) and delayed failure, particularly at grain boundaries and precip-
itate interfaces under cathodic protection or high-pressure hydrogen service [14,
17].

At a mechanistic level, HE normally occurs if three conditions are satisfied:

• Hydrogen entry: atomic hydrogen is generated at the surface by electro-
chemical or gaseous reactions and is absorbed into the metal.

• Hydrogen transport and trapping: hydrogen diffuses and is trapped at
microstructural defects in regions of high stress or plastic strain.

• Hydrogen–mechanics interaction: hydrogen alters the local mechani-
cal response via mechanisms such as Hydrogen-Enhanced Localised Plastic-
ity (HELP), Hydrogen-Enhanced Decohesion (HEDE), Hydrogen-Enhanced
Strain-Induced Vacancy formation (HESIV), or Adsorption-Induced Dislo-
cation Emission (AIDE) [18, 14].
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2.2 Hydrogen Uptake in Metals

Hydrogen enters a metallic lattice through two principal routes depending on the
service environment: gaseous uptake from high-pressure molecular hydrogen or
hydrocarbon gases, and electrochemical uptake from an aqueous electrolyte under
cathodic polarisation [14]. Both routes deliver the same species to the lattice—
atomic hydrogen, Habs but their kinetics, surface coverage, and dependence on
environmental variables differ substantially. In gaseous environments, molecular
H2 first physisorbs and then dissociatively chemisorbs on the metal surface:

H2 −→ 2Hads (2.1)

The adsorbed hydrogen atoms then undergo absorption, entering from surface-
adsorbed states into subsurface interstitial sites [19]:

Hads −→ Habs (2.2)

The absorbed hydrogen concentration is then set by Sievert’s law, Cs = KS
√
pH2 ,

where KS is the Sievert constant and H2 is the partial pressure of hydrogen gas
[14]. While this relationship applies directly to bulk materials exposed to high-
pressure gaseous hydrogen, such as the carbon steel walls of pipelines and storage
vessels. In nickel-based alloys such as Ni 725, where hydrogen ingress occurs pri-
marily via cathodic protection-driven electrochemical charging or by solid-state
diffusion of atomic hydrogen from adjacent steel members rather than through
direct gaseous exposure [20]. In electrochemical environments, hydrogen entry
proceeds through a sequence of reduction reactions collectively described by the
Volmer–Tafel–Heyrovsky mechanism [21]. The discussion below is therefore fo-
cused on this pathway; however, the subsequent transport and trapping framework
(Section 2.3.3) applies equally to both entry routes.

2.2.1 Surface Electrochemical Reactions: Volmer, Heyrovsky,
and Tafel Steps

Hydrogen entry into a metallic material from an aqueous environment is governed
by a sequence of interfacial electrochemical steps that occur at the metal surface
before any bulk diffusion takes place. The overall process can be divided into
three stages: (i) transport of protons or water molecules to the surface, (ii) elec-
trochemical reduction and adsorption of atomic hydrogen, and (iii) subsurface
absorption and entry into the lattice. The competition between surface recombi-
nation and absorption at step (iii) is the main factor controlling the steady-state
hydrogen flux into the material under cathodic polarisation [22, 23]. In an acidic
or near-neutral aqueous electrolyte, hydrogen entry begins with the Volmer dis-
charge step, in which a proton from solution is reduced at the metal surface to
produce an adsorbed hydrogen atom Hads:

H+ + e− → Hads (2.3)

Once adsorbed, the surface hydrogen either recombines to evolve molecular gas
or is absorbed into the subsurface lattice. Recombination may proceed via two
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competing pathways. In the electrochemical Heyrovsky step, an adsorbed atom
reacts with a second proton and electron:

Hads +H+ + e− → H2 (2.4)

Alternatively, in the chemical Tafel step two adsorbed atoms combine:

Hads +Hads → H2 (2.5)

Whereas, in alkaline environments (pH> 7), the proton donor changes from
H+ to water, since the concentration of free protons is negligible at high pH [24,
25]. The Volmer step accordingly becomes:

H2O+ e− → Hads +OH− (2.6)

Similarly, the alkaline Heyrovsky step involves water as the proton source:

Hads +H2O+ e− → H2 +OH− (2.7)

The Tafel recombination step (2.5) is unchanged, as it involves no proton transfer.
The net consequence of the alkaline pathway is that water dissociation introduces
an additional energy barrier, making the overall reaction kinetics significantly
slower than in acidic media [25, 26]. For cathodic charging experiments conducted
in near-neutral glycerol–H3PO4 electrolyte, contributions from both the acidic and
alkaline pathways may be active depending on the local pH at the electrode surface.

The dominant pathway depends on the applied potential and the fractional
surface coverage θH . In acidic and near-neutral solutions, at low θH the Volmer–
Tafel sequence dominates; as θH increases the Volmer–Heyrovsky route becomes
preferred [27]. In alkaline media, however, the need to split water in the Volmer
step introduces an additional kinetic barrier, so the Volmer step often becomes
rate-determining and the relative importance of the Tafel and Heyrovsky pathways
can differ from the acidic case [25, 26]. For nickel and its alloys under cathodic
charging conditions relevant to this study (glycerol–H3PO4 electrolyte, 50 °C),
surface coverage is the key variable linking the applied current density to the
subsurface hydrogen concentration [28]. The rate of absorption is proportional
to θH and is additionally influenced by the local surface stress, which lowers the
chemical potential of hydrogen [23].

Surface condition profoundly alters the effective hydrogen uptake rate through
the following effects. First, a rougher or more defective surface presents a larger
real contact area per unit projected area, increasing the total number of active
Volmer sites and therefore the absorbed flux at any given nominal current den-
sity [22]. Second, near-surface lattice damage dislocations, vacancies, and grain-
boundary intersections provides a high density of reversible traps immediately
beneath the entry surface, effectively increasing the local solubility and reducing
the apparent activation barrier for absorption [28, 23].
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2.3 Hydrogen Diffusion and Trapping in Metals

Once absorbed beneath the surface, hydrogen migrates through the crystal lattice
by thermally activated diffusion and interacts with microstructural features that
can temporarily or permanently immobilise it [7]. The macroscopic transport
behaviour is described by Fick’s laws, while trapping theory accounts for the
retardation introduced by microstructural defects.

2.3.1 Fick’s Laws and Permeability

The fundamental description of hydrogen movement down a concentration gradi-
ent is given by Fick’s First Law:

J = −D
dC

dx
(2.8)

where J is the hydrogen flux (molm-2s-1), D is the diffusion coefficient (m2 s-1),
and dC/dx is the concentration gradient. The negative sign indicates diffusion
from regions of higher to lower concentration. Under non-steady-state conditions
such as the initial charging transient or post-charge hydrogen redistribution during
tensile testing Fick’s Second Law governs the evolution of the concentration profile:

∂C

∂t
= D

∂2C

∂x2
(2.9)

The overall capacity of a material to transmit hydrogen is quantified by the
permeability Φ, defined as the product of the diffusion coefficient and the equilib-
rium solubility S:

Φ = D · S (2.10)

A material with low Φ is an effective hydrogen barrier even if D alone is
moderate, provided S is also low. In the context of surface coatings for hydrogen
embrittlement mitigation, reducing Φ is the primary design objective; reducing D
(kinetic barrier) and S (thermodynamic barrier) are the two independent levers
available [29].

2.3.2 Temperature Dependence: Arrhenius Relationship

Both D and S depend strongly on temperature. The diffusion coefficient follows
an Arrhenius relationship:

D = D0 exp

(
− Ea

RT

)
(2.11)

where D0 is the pre-exponential factor, Ea is the activation energy for dif-
fusion, R is the universal gas constant (8.314 Jmol-1 K-1), and T is the absolute
temperature. A higher Ea implies slower diffusion at a given temperature. In
nickel-based alloys, alloying elements and microstructural features such as γ′′ pre-
cipitates and grain boundaries increase Ea relative to pure Ni, thereby reducing
hydrogen mobility [27, 30].
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2.3.3 Trapping: Reversible and Irreversible Sites

Alloys, in reality contain a spectrum of microstructural features grain boundaries,
dislocations, vacancies, precipitates, and inclusions that interact with diffusing
hydrogen [31]. These features are classified as trapping sites, which retard the ef-
fective transport of hydrogen beyond the predictions of simple lattice diffusion [22].
Trapping sites are broadly categorised by the binding energy Eb between the trap
and a hydrogen atom:

• Reversible (weak) traps (Eb ≲ 30 kJ/mol): Dislocations, elastic stress
fields, and low-angle grain boundaries [32]. Hydrogen at these sites is in
quasi-equilibrium with the lattice and is released upon unloading or at mod-
erately elevated temperature (typically 50–200 °C), as evidenced by low-
temperature desorption peaks in thermal desorption spectroscopy [33, 34].
The effective diffusion coefficient in the presence of reversible traps is given
by the Oriani relation [22]:

Deff =
DL

1 +KT

(2.12)

where DL is the lattice diffusion coefficient and KT = NT/NL · exp(Eb/RT )
is the trapping parameter (NT and NL are the trap and lattice site densities,
respectively).

• Irreversible (strong) traps (Eb ≳ 60 kJ/mol): Carbides, nitrides, inco-
herent precipitates, and oxide inclusions are major causes for stronger traps
[32]. Hydrogen bound at irreversible sites remains permanently trapped and
does not contribute to crack-driving hydrogen flux [35, 28].

The interplay between diffusion and trapping has been noted to be particu-
larly important during loading: as plastic strain accumulates, dislocation density
increases, enhancing reversible trap density and locally concentrating hydrogen at
regions of highest stress triaxiality [36].

2.3.4 Hydrogen Diffusion & Trapping in Nickel Alloys

Nickel and its alloys crystallise in the face-centred cubic (FCC) structure. The
close-packed FCC lattice presents a higher energy barrier to interstitial migration
than the more open body-centred cubic (BCC) structure of ferritic steels, resulting
in hydrogen diffusion coefficients in Ni alloys that are typically four to six orders of
magnitude lower than in low-alloy steels [37, 30]. Table 2.3.1 summarises published
hydrogen transport data for common Ni-based alloys. The strong dependence on
microstructural condition is evident: precipitation-hardened Inconel 718 shows a
diffusion coefficient roughly 50–60% lower than the solutionised form, reflecting
the additional trapping provided by the fine γ′′ precipitate dispersion [38]. Ni 725,
which shares the same γ′′ strengthening mechanism and a similar Ni–Cr–Mo–Nb
chemistry (Table 2.3.2), is expected to behave analogously: the high density of γ′′

and δ-phase precipitates at grain boundaries provides strong reversible trapping
sites, promoting local accumulation of hydrogen in the vicinity of grain boundaries,
where environmentally assisted cracking can initiate [39].
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Table 2.3.1: Baseline hydrogen transport properties of nickel-based alloys.

Alloy Diffusion / Permeability
Data

Temp. Condition Ref.

Pure Ni D ≈ 5× 10−11 m2/s RT Polycrystalline [40]

Inconel 718
(solutionised)

D = 5.3–6.8× 10−11 cm2/s RT Solutionised [38]

Inconel 718
(aged)

D = 2.1–2.9× 10−11 cm2/s RT Precipitation hard-
ened

[38]

Inconel 625 D = 1.81–2.86× 10−15 m2/s 10–23 °C Cathodic protec-
tion

[41]

Incoloy 800H Φ0 = 0.359 cm3(STP) cm−1 s−1 atm−1/2;
Ea = 21.6 kcal/mol

700–950 °C Gaseous H2 [42]

Inconel 617 ∼50% higher Φ than 800H 700–950 °C Gaseous H2 [42]

Table 2.3.2: Major chemical composition of common nickel-based alloys (wt%).

Alloy Major composition (wt%)

Ni 725 Ni (balance, ∼55–59), Cr (19–21.5), Fe (9–11), Mo (7–9), Nb+Ta
(4–5), Ti (1–1.7), Al (0.2–0.35) [43]

Inconel 718 Ni (50–55), Cr (17–21), Fe (balance, ∼18), Nb (4.75–5.5), Mo (2.8–
3.3), Ti (0.65–1.15), Al (0.2–0.8) [44]

Incoloy 903 Fe (∼40), Ni (∼38), Co (∼15), Nb (∼3), Ti (∼1.5) [45]

Inconel 625 Ni (∼58), Cr (20–23), Mo (8–10),Nb (3–4), Fe (<5) [46]

2.4 Hydrogen Embrittlement Mechanisms

Despite decades of research, hydrogen embrittlement in metallic alloys is not gov-
erned by a single universal mechanism. Four distinct mechanistic models HELP,
HEDE, HESIV, and AIDE have each accumulated substantial experimental sup-
port, and in precipitation- hardened nickel alloys such as Alloy 725, all four may op-
erate simultaneously depending on the local hydrogen concentration, stress state,
temperature, and deformation history [30, 47]. The integrated, multiscale nature
of HE is illustrated schematically in Figure 2.4.1.

2.4.1 HELP: Hydrogen-Enhanced Localised Plasticity

The HELP mechanism, first articulated by Beachem (1972) [49] and developed in
detail by Birnbaum et al. [36], proposes that dissolved hydrogen increases disloca-
tion mobility rather than suppressing it. The physical basis lies in hydrogen’s
elastic shielding effect: hydrogen atmospheres segregated to dislocation stress
fields reduce the repulsive elastic interaction between neighbouring dislocations,
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Figure 2.4.1: Multiscale depiction of hydrogen embrittlement: the classical trio
of mechanisms (HELP, HESIV, HEDE) [48].

thereby lowering the stress required for dislocation glide. This enhanced mobil-
ity is localised to regions of elevated hydrogen concentration typically the plastic
zone ahead of a crack tip or near a stress concentrator. Macroscopically, the ma-
terial appears to undergo intense local plasticity (dimple-like features in fracture
surfaces) while failing at an overall lower macroscopic strain than an uncharged
counterpart. Specifically:

• Hydrogen lowers the activation energy for dislocation nucleation and cross-
slip, concentrating plastic deformation into narrow slip bands [36].

• The local slip concentration promotes rapid crack advance along slip planes
or sub-grain boundaries, producing the quasi-cleavage facets and transgranu-
lar crack paths frequently observed in hydrogen-charged Ni-based alloys [30].

• In-situ TEM observations have directly confirmed that dislocation velocity
increases measurably under hydrogen atmosphere at concentrations well be-
low the solubility limit [36].

In Ni 725 and related precipitation-hardened systems, the HELP mechanism
is considered to operates through hydrogen-enhanced dislocation mobility on acti-
vated slip planes. As hydrogen reduces the local barrier to dislocation glide, plastic
deformation localises onto crystallographically favourable slip planes, producing
the observable surface slip steps and secondary cracking features characteristic of
HELP-driven embrittlement [50, 30].
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2.4.2 HEDE: Hydrogen-Enhanced Decohesion

The HEDE mechanism, formalised by Oriani [22], proposes that dissolved hy-
drogen reduces the cohesive strength of interatomic bonds at the crack tip or at
grain boundaries. Hydrogen atoms segregating to regions of high tensile stress
(grain boundaries, phase interfaces, precipitate–matrix interfaces) lower the work
of separation, γs, required to create two new surfaces. From an energy balance
perspective, this is equivalent to a reduction in the Griffith fracture toughness KIc:

KIc ∝
√

2Eγs (2.13)

A reduction in γs caused by hydrogen accumulation at grain boundaries there-
fore directly lowers the stress intensity required for crack initiation and propaga-
tion [22, 30]. HEDE predicts intergranular fracture as the dominant mode, which
is indeed observed in hydrogen-charged Alloy 725 and Inconel 718 specimens where
δ-phase or Laves phase particles decorate grain boundaries, providing both pref-
erential segregation sites for hydrogen and pre-existing interfacial weakness [39].
First-principles density-functional-theory (DFT) calculations have confirmed that
hydrogen at Ni grain boundaries reduces the ideal work of separation by 20–40%
depending on boundary character and hydrogen coverage, providing direct atom-
istic support for the HEDE model [30].

2.4.3 HESIV: Hydrogen-Enhanced Strain-Induced Vacancy
Formation

The HESIV mechanism, proposed by Nagumo and collaborators [47], identifies
hydrogen-stabilised vacancies rather than dislocations or cohesion loss as the pri-
mary damage carriers. During plastic deformation, dislocation intersections gener-
ate individual vacancies at a rate that normally allows them to annihilate rapidly
by diffusion to free surfaces or sinks. Dissolved hydrogen, however, binds strongly
to these vacancies (binding energy ∼0.1–0.4 eV in Ni [47]), reducing their mobility
and preventing annihilation. The key consequences are:

• Stabilised vacancy–hydrogen (V–H) complexes accumulate within deformed
slip bands at concentrations orders of magnitude higher than the thermal
equilibrium value [47].

• Vacancy clusters nucleate nanovoids, which coalesce along preferred crystal-
lographic planes or grain boundaries to form a planar damage zone.

• The material subsequently fractures at a far lower total plastic strain than
an uncharged specimen because the vacancy cluster network has already
created a pre-damaged microstructure ahead of the macroscopic crack [47].

Experimental evidence for HESIV includes positron annihilation lifetime spec-
troscopy (PALS) measurements showing that hydrogen charging elevates the vacancy-
cluster density in deformed austenitic steels and Ni alloys by one to two orders of
magnitude compared with uncharged controls [47]. In the context of Alloy 725,
the high dislocation densities introduced by shot peening, has been observed to
make the near-surface layer particularly susceptible to HESIV-type damage accu-
mulation under subsequent hydrogen charging [51, 52].
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2.4.4 AIDE: Adsorption-Induced Dislocation Emission

The AIDE mechanism, proposed by Lynch [30], focuses on the crack tip rather than
the bulk plastic zone. Lynch proposes that hydrogen adsorbed at the crack-tip
surface not absorbed in the bulk, weakening the interatomic bonds at the surface
just enough to facilitate the nucleation and emission of dislocations from the crack
tip at stresses well below those required in an inert environment. AIDE differs
conceptually from both HELP and HEDE in that hydrogen acts at the surface
as an adsorbed species rather than as a dissolved lattice solute, and its operative
mode is dislocation emission from the crack tip rather than the acceleration of
pre-existing bulk dislocations that characterises HELP. When Hads is present at a
crack tip, it reduces the Peierls barrier for nucleating new dislocations from the
surface atomic layer, allowing the crack to advance by the successive emission of
dislocations on inclined slip planes ahead of the tip; these dislocations create a
void sheet that links back to the main crack front and produces the character-
istic fractographic signature of AIDE transgranular fracture surfaces decorated
with shallow dimples and fine slip steps, reflecting crack advance by void-sheet
coalescence rather than by lattice cleavage or grain-boundary decohesion [30].

The study by Lynch et.al [30] provided experimental evidence supporting the
Adsorption-Induced Dislocation Emission (AIDE) mechanism, demonstrating that
hydrogen chemisorbed on FCC metal surfaces significantly reduces the local shear
strength measured by nanoindentation and promotes extensive dislocation emis-
sion from crack-tip regions. Surface-science investigations revealed that hydrogen
adsorption lowers the energy barrier for dislocation nucleation, facilitating crack
advance through repeated cycles of dislocation emission and localized plastic de-
formation rather than by purely brittle cleavage. Similar observations have been
reported from in-situ environmental electron microscopy and fracture studies of
nickel- and iron-based alloys, where enhanced dislocation activity was detected
ahead of hydrogen-exposed crack tips [53, 54, 50, 18]. Although AIDE is often
considered secondary to HELP and HEDE in FCC nickel alloys, it is believed to
contribute to crack initiation and early-stage crack propagation under conditions
of high surface hydrogen coverage, particularly in cathodically charged specimens
where continuous hydrogen adsorption occurs at surface defects, slip bands, and
crack-tip regions [30, 18]. Consequently, AIDE may operate concurrently with
HELP and HEDE, especially during the initial stages of hydrogen-assisted dam-
age accumulation in Ni 725.

2.4.5 Deformation Under Hydrogen Charging

In practice, the four mechanisms described above are not mutually exclusive. As
a hydrogen-charged specimen is loaded to failure, the sequence of events typically
proceeds as follows:

1. Elastic regime: Hydrogen redistributes within the lattice driven by stress
gradients (Gorsky effect), accumulating at high-triaxiality regions such as
grain boundaries [36].

2. Yield and early plastic flow: HELP lowers the local yield stress [55],
causing slip to initiate earlier and to localise more severely than in an un-
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charged specimen. Simultaneously, dislocation intersections begin generat-
ing excess vacancies (HESIV) that are stabilised by the available dissolved
hydrogen [47].

3. Crack initiation: Hydrogen accumulated at grain boundaries reaches a
critical coverage that reduces the cohesive strength below the local stress
(HEDE), nucleating microcracks. In the grain interior, hydrogen-enhanced
dislocation activity on activated slip planes promotes dislocation pile-ups
and slip band intersections; when the local stress at these intersections ex-
ceeds the lattice cohesive strength, transgranular microcracks nucleate along
slip planes [50, 30]. At the same time, AIDE may initiate crack advance from
pre-existing surface defects (machining marks, peening indentations) by fa-
cilitating dislocation emission [30].

4. Crack propagation and fracture: Once a crack advances, the triaxial
stress field ahead of the tip concentrates hydrogen further, accelerating all
four mechanisms in a self-reinforcing feedback loop until final fracture [48].

The fracture mode transitions from ductile dimple fracture in air to intergran-
ular or transgranular fracture under hydrogen reflects the changing dominance of
HEDE over HELP as the local hydrogen concentration increases.

2.4.6 Hydrogen Embrittlement Index

The ductility of a material under tensile loading is quantified by the reduction of
area (%RA), which describes the relative decrease in cross-sectional area at the
fracture plane:

%RA =
A0 − Af

A0

× 100 (2.14)

where A0 is the initial cross-sectional area and Af is the cross-sectional area at the
fracture location. Higher %RA values reflect substantial plastic deformation prior
to fracture, while lower value means brittle fracture behaviour [4]. Compared with
elongation-based measures, %RA is particularly sensitive to localised deformation
in the necking region and is therefore a frequently used ductility metric in tensile
testing. To isolate the influence of hydrogen on ductility, the reduction of area
ratio (%RAR) is introduced:

%RAR =
RAH

RAair

× 100 (2.15)

where RAH and RAair denote the reduction of area for the hydrogen-charged and
the uncharged reference specimen, respectively. The %RAR provides a relative
measure of hydrogen-induced ductility loss and is widely employed to compare
hydrogen embrittlement (HE) susceptibility across material conditions [56]. A
%RAR approaching 100% indicates negligible hydrogen effect on ductility.
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HE susceptibility can additionally be expressed through a strain-based indica-
tor, the hydrogen embrittlement index (HEI):

HEI =
εair − εH

εair
× 100 (2.16)

where εH and εair are the strains to fracture for the hydrogen-charged and refer-
ence specimens, respectively. The HEI quantifies the relative reduction in strain
capacity attributable to hydrogen and is a widely applied indicator of hydrogen-
assisted degradation [57]. %RA and %RAR give information on localised plastic
deformation at the fracture surface, whereas, HEI reflects the overall reduction in
strain capacity.

2.5 Surface Engineering Methods
Surface engineering modifies the outermost layer of a component to alter its chem-
ical, physical, or mechanical properties. The effectiveness of a surface treatment
depends on how it influences hydrogen adsorption, absorption, diffusion, trapping,
and crack initiation processes [10]. The surface conditions considered in this study
includes Electrical discharge machining (EDM), Surface peening, Nickel electrode-
position, and Gold sputtering methods and are therefore discussed in the following
sections.

2.5.1 Electrical Discharge Machining and the Recast Layer

EDM is a non-contact material removal process in which the workpiece and a
continuously fed wire electrode are submerged in a dielectric fluid typically de-
ionised water and held at a precisely controlled gap. A pulsed voltage applied
across this gap causes repeated dielectric breakdown, generating individual micro-
arc discharges that last on the order of microseconds. Each discharge locally
melts and vaporises a small volume of the workpiece surface; the dielectric fluid
simultaneously flushes the expelled debris away and quenches the melt pool [58].
Figure 2.5.1 illustrates the principal components of a wire EDM machine: the wire
is fed continuously from an upper pulley through the workpiece and recovered at
a lower guide pulley, with the dielectric fluid supplied and filtered in a closed loop.
The inset detail shows the spark gap between wire and workpiece and the kerf
width that results from the discharge zone.

A fraction of the molten material resolidifies on the workpiece surface before
it can be swept away by the dielectric. This thin, resolidified zone known as
the recast layer or white layer is typically 1–30 µm thick and is chemically and
microstructurally distinct from the underlying bulk alloy in three important re-
spects [58, 60]. First, the extreme cooling rate (∼ 107 K/s) produced by rapid
quenching of the melt pool against the cooler substrate yields a fine-grained to
partially amorphous microstructure with an elevated dislocation density and a
network of thermal microcracks generated by differential contraction during so-
lidification. Second, the recast layer carries tensile residual stresses arising from
the melt-quench thermal cycle, in direct contrast to the compressive surface state
produced by shot peening. Third, decomposition of the de-ionised water dielectric
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Figure 2.5.1: Principal components of a wire electrical discharge machining
system [59].

and partial evaporation of alloying elements during the discharge deposit carbon,
oxygen, and electrode material on the surface, altering the near-surface chemistry
relative to the bulk alloy composition [60].

The near-surface state produced by wire EDM on any material is therefore
characterised by a thin, thermally modified, chemically heterogeneous, and crack-
seeded layer sitting under a tensile residual stress field. The consequences of this
surface condition for hydrogen uptake, diffusion, and crack initiation are discussed
in Section 2.6. Under typical process parameters, the average surface roughness
of wire-EDM machined metallic surfaces ranges from Ra ≈ 0.8–3.5 µm depending
on pulse energy, wire feed rate, and number of passes [61, 62].

2.5.2 Peening & Compressive Residual Stress Fields

Peening is a cold-working surface treatment in which a stream of hard spherical
media steel shot, glass beads, or ceramic particles is propelled at high velocity
onto the component surface. Each individual impact plastically deforms a small
hemispherical volume of near-surface material. Because the plastically stretched
surface layer is constrained by the surrounding elastic bulk, it cannot expand
freely upon unloading, and a biaxial compressive residual stress is locked into the
surface layer as a result [63]. The depth and magnitude of this compressive zone
are controlled by the shot size, hardness, velocity, and coverage (defined as the
percentage of surface area subjected to at least one impact).

Figure 2.5.2 illustrates the working principle of peening: pressurised air or a
centrifugal wheel accelerates the spherical media through a nozzle directed at the
component surface. The incident angle, standoff distance, and nozzle traversal
speed collectively control the spatial uniformity of impact coverage, while the air
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Figure 2.5.2: (a) Schematics of the Peening process set-up [64] (b) showing the
nozzle, media stream, near-surface plastic deformation zone [65]

pressure and media size determine the kinetic energy delivered per impact and
therefore the depth of the compressive zone [64, 63]. The surface roughness and
affected layer depth produced by shot peening are strongly dependent on the shot
media size and shape. Spherical ceramic beads (125–250 µm) and steel shot (400–
900 µm) both yield arithmetical mean roughness values of Sa ≈ 6.9 µm on metallic
substrates, while angular nutshell granules (450–800 µm) produce higher roughness
(Sa ≈ 7.8 µm) due to their sharp-edged morphology [66]. The plastic deformation
zone induced by ceramic beads extends to approximately 60 µm below the surface,
compared with 25–30 µm for steel and nutshell media at equivalent pressure [66].

2.5.3 Nickel Electrodeposition

Nickel electrodeposition is an electrochemical process in which Ni2+ ions from
an aqueous electrolyte are reduced at the cathode surface to form a metallic Ni
coating [67, 68]. The overall cathodic half-reaction in an acidic Watts-type bath
is:

Ni2+ + 2e− → Ni (2.17)

In practice, this reaction competes with the hydrogen evolution reaction (HER):

2H+ + 2e− → H2 (2.18)

Revankar et.al. [69] have cautioned that the hydrogen evolution reaction (HER)
at the cathode competes directly with nickel deposition, reducing current efficiency
and co-depositing atomic hydrogen into the growing coating. This co-deposited
hydrogen promotes residual tensile stresses, microcracking, and porosity within the
deposit [68, 69] defects that are particularly detrimental when the nickel layer is
intended to function as a hydrogen permeation barrier, since even isolated through-
thickness pores provide direct pathways for hydrogen ingress to the substrate.
Minimising hydrogen evolution during plating is therefore not merely a processing
concern but a barrier-performance requirement. Minimising hydrogen evolution is
therefore critical when the nickel deposit is intended as a hydrogen barrier layer.
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Figure 2.5.3: Schematic illustration of the electrochemical cell used for Watts-
bath nickel electrodeposition

The classical electrolyte formulation that achieves this balance is the Watts
bath, first systematically characterised by Watts in 1916 and subsequently opti-
mised for industrial deposition of structural nickel coatings [67]. Löwenheim [67]
established that the three-component system nickel sulfate (NiSO4·6H2O, primary
Ni2+ source), nickel chloride (NiCl2·6H2O, which improves anode dissolution and
bath conductivity), and boric acid (H3BO3, which buffers the pH in the cathodic
boundary layer) provides the necessary combination of high current efficiency and
deposit quality unattainable with single-salt baths. Microchemicals plating pro-
cess guidelines [70] further specify that maintaining bulk bath pH within 4.5–5.0
and temperature between 40–65 °C is essential to suppress burnt deposits, exces-
sive internal stress, and the coarse columnar grain morphology that would oth-
erwise compromise coating continuity and barrier effectiveness [69]. Figure 2.5.3
illustrates the electrochemical cell configuration typically used in Ni plating.

2.5.4 Gold and Noble-Metal Surface Layers

Sputtering is a physical vapour deposition (PVD) technique in which material is
transferred from a solid source, termed the target, to a substrate entirely through
physical momentum exchange rather than chemical reaction or thermal evapora-
tion [71]. In DC magnetron sputtering, an inert working gas typically argon, is
introduced into an evacuated chamber and ionised by a sustained glow discharge
maintained between a negatively biased target (cathode) and the grounded cham-
ber walls [72]. The resulting Ar+ ions are accelerated toward the target by the
applied electric field and collide with the target surface, ejecting atoms and clus-
ters through a sequence of momentum- transfer collisions within the near-surface
lattice. The superimposed magnetic field of the magnetron confines secondary
electrons to the target region, sustaining the plasma at lower operating pressures
(typically 0.1–1 Pa) than conventional diode sputtering and greatly increasing the
ionisation efficiency and deposition rate [71]. The ejected target atoms traverse
the low-pressure gas phase and condense on the substrate, where they nucleate
and grow into a thin, dense film. Figure 2.5.4 illustrates this working principle.

A key process advantage relevant to the deposition of barrier coatings is the
low substrate temperature as the energy input to the substrate comes from the
kinetic energy of arriving atoms rather than from radiant or conductive heat, sub-
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Figure 2.5.4: Working principle of DC magnetron sputtering [73].

strate temperatures typically remain below 100 °C throughout deposition. This
is significantly lower than the processing temperatures required for Chemical va-
por deposition, pack cementation, or thermal spraying, and it ensures that the
substrate microstructure, residual stress state, and precipitate morphology are
undisturbed by the coating process [72]. Film thickness is determined by deposi-
tion time and target power density, and coatings from a few nanometres to several
micrometres can be deposited with high spatial uniformity.

2.6 Effect of Surface Modification on HE Behaviour

Surface modification are known to alter hydrogen uptake through two principal
pathways by changing the entry kinetics at the surface–electrolyte interface, and
changes to the near-surface trap density that influences the subsurface concen-
tration profile [74]. The following subsections examine how each of the surface
engineering techniques introduced in Section 2.5 influences these two pathways,
and how the resulting near-surface hydrogen distribution translates into measur-
able changes in mechanical performance under hydrogen charging.

2.6.1 EDM Recast Layer and Crack Initiation

The surface left by wire EDM has tensile residual stresses and many small cracks
in the recast layer. Under hydrogen charging, this combination lets hydrogen enter
more easily and means cracks can start at a lower hydrogen concentration than
on a smoothly ground surface.

The morphology of EDM-machined surfaces on nickel-based alloys is illustrated
in Figure 2.6.1. Paswan et al. [75] compared the surface morphology of aluminium,
brass, and Inconel 617 after identical wire EDM conditions, demonstrating that
Inconel and other Ni-based alloys develop characteristically wide, irregular craters
with a prominent redeposited layer and surface globules of resolidified material.
The crater geometry is a direct consequence of the higher melting point and lower
thermal conductivity of Ni-based alloys relative to aluminium or brass: less melt is
expelled by the dielectric flush, so a thicker and more heterogeneous recast layer is
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left behind on the crater wall. This thicker recast layer on Ni-based alloys implies
a deeper tensile residual stress zone and a denser pre-crack population compared
to more machinable alloys, making EDM-finished Ni alloy surfaces inherently more
susceptible to hydrogen-assisted crack initiation.

Figure 2.6.1: SEM micrographs at 500× of wire EDM-machined surfaces of
(a) aluminium, (b) brass, and (c) Inconel 617 under identical discharge condi-
tions [75].

The tensile residual stresses and pre-existing microcracks in the EDM recast
layer are expected to reduce both the fracture strain and the HEI threshold rel-
ative to the ground reference. Microcracks formed during the rapid melt-quench
cycle act as pre-existing crack initiators at which hydrogen rapidly accumulates,
lowering the applied stress required for decohesion (HEDE) or dislocation emis-
sion (AIDE) to begin [76, 60]. This is illustrated in Figure 2.6.2, which shows
a hydrogen-assisted crack in a Ni-based superalloy with an EDM-machined sur-
face: the crack originates at a discrete surface site on the inner wall of a dis-
charge crater, where the recast layer is thinnest and the tensile residual stress is
highest and propagates inwards through the hydrogen-enriched near-surface zone
[77]. The surrounding smooth, featureless annular zone is characteristic of fast,
hydrogen-assisted crack propagation driven by the concentrated stress field at the
recast-layer boundary [60, 78].



CHAPTER 2. THEORY 21

Figure 2.6.2: Hydrogen-assisted crack initiation at the inner wall of an EDM dis-
charge crater in GH3536 (Hastelloy X), showing in (a) the crack source and rapid
propagation zone on the fracture surface and in (b)view highlighting the inclusion,
rupture hole, and cracked ridges along the recast layer boundary. Adapted from
Zhang et al. [77].

2.6.2 Peening-Induced Residual Stress

Peening imposes a biaxial compressive residual stress layer in the near-surface re-
gion by plastically deforming the surface with high-velocity spherical impacts. The
depth profile of the resulting stress field is intrinsically coupled to the dislocation
microstructure generated during impact. The compressive stress field introduced
by shot peening directly opposes mode-I crack opening under applied tension, rais-
ing the threshold stress intensity for hydrogen-assisted cracking and delaying crack
initiation [79, 13]. This protective effect has been documented in pressure-vessel
steels, where higher peening coverage levels progressively reduce hydrogen uptake
and increase the critical hydrogen concentration for cracking. The opposing effect
increased near-surface dislocation density and surface roughness means that the
net benefit of peening on HE resistance depends on the relative contributions of
stress shielding and enhanced trapping, which in turn depend on the specific alloy,
peening intensity, and charging conditions [13].

The cross-sectional morphology of the Inconel 718 deformed layer from the
study by [80] at different condtitions shows increasing peening severity deepens
and densifies the plastically affected zone, expanding the population of both the
compressive stress carriers and the reversible hydrogen trapping sites described in
the preceding analysis.

Zhang et al. [81] identified four microstructurally distinct regions beneath the
peened surface, illustrated in Figure 2.6.4: a severely deformed outermost layer
containing stacking faults and dislocation tangles (1st region); a sub-surface zone
of high dislocation density with persistent slip bands (2nd region); a transition zone
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Figure 2.6.3: Cross-sectional SEM images at 1,000× of Inconel 718 after different
surface peening[80].

where dislocation cells and residual network dislocations coexist (3rd region); and
a lightly perturbed lattice approaching bulk material behaviour (4th region). The
dislocation density and plastic strain decay monotonically with depth, while the
residual stress transitions from compressive at the surface to a tensile sub-surface
peak before relaxing to the unperturbed bulk value.

Figure 2.6.4: Schematic of the four microstructurally distinct regions beneath a
peened surface, showing the correlated depth profiles of dislocation density (blue),
plastic strain (dashed black), and residual stress (red). Adapted from Zhang et
al. [81].

For hydrogen embrittlement, these two gradients compressive stress and ele-
vated dislocation density act in opposing directions. Immediately at the surface
(1st region), the extreme plastic deformation produces stacking faults and densely
entangled dislocations the highest-energy microstructural state. Moving inward,
the 2nd region contains a high density of newly generated dislocations organised
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into slip bands, where plastic strain is still significant but the structure begins to
organise. In the 3rd region, the dislocation population transitions into a mixed
arrangement of dislocation cells and planar networks, reflecting the reduced local
strain energy at greater depth. Finally, in the 4th region, only isolated, widely
spaced dislocations remain, and the microstructure approaches that of the unper-
turbed bulk alloy. The Dislocation density and Plastic strain both peak at the
surface and decay monotonically with depth, while the residual stress follows the
opposite sign conventioncompressive at the surface and transitioning to a sub-
surface tensile peak before returning to zero in the bulk. This profile is central
to the hydrogen embrittlement response of the peened surface: the compressive
zone suppresses crack opening, while the dense dislocation structure in the 1st
and 2nd regions simultaneously provides the highest reversible trap density for
hydrogen, making the near-surface region both the most protective and the most
hydrogen-retentive zone in the specimen.

2.6.3 Nickel Coatings as Hydrogen Barriers

Hydrogen permeation through a coated metal substrate proceeds through a se-
quence of distinct physical steps, illustrated schematically in Figure 2.6.5: molec-
ular adsorption of H2 on the coating surface, dissociation into atomic hydrogen,
absorption into the film lattice, solid-state atomic diffusion through the coat-
ing, transfer across the coating–substrate interface, continued diffusion through
the substrate, and finally recombinative desorption as H2 on the exit side [82,
71]. Each of these steps presents a potential rate-limiting resistance; an effec-
tive barrier coating must suppress at least one of them sufficiently to reduce the
overall permeation flux. A noble-metal coating such as gold acts primarily at the
first step, suppressing molecular adsorption and dissociation at the inert surface,
whereas a dense ceramic or nanostructured Ni coating acts primarily by reducing
the solid-state diffusivity within the film.

Dense, fine-grained nickel electrodeposits produced under well-controlled con-
ditions have been widely investigated as hydrogen permeation barriers on steels
and hard-metal substrates [84, 85, 69]. Key findings from the literature are:

• Relatively thin coatings (5–20 µm) can reduce the effective hydrogen dif-
fusion coefficient by one to two orders of magnitude on steel substrates,
provided pinholes and through-thickness cracks are minimised [84, 85].

• Amorphous or nanocrystalline electroless Ni–P and Ni–Zn–P coatings out-
perform crystalline electroplated Ni by a further one to two orders of mag-
nitude in permeation reduction factor (PRF), owing to the absence of grain-
boundary diffusion paths [86, 87].

• Microcracking being the principal defect mode in over-stressed deposits —
can reduce the effective PRF by orders of magnitude and must be avoided
by careful control of current density and bath pH [67, 68].

Table 2.6.1 compiles quantitative hydrogen permeation data for Ni-based coat-
ings. Although the substrates in these studies are predominantly carbon or pipeline
steel, the permeation reduction is primarily controlled by coating microstructure
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Figure 2.6.5: Schematic of the complete hydrogen permeation pathway through
a coated substrate [83]

and continuity rather than substrate chemistry. Given that Ni 725 exhibits an
intrinsic hydrogen diffusivity already six to seven orders of magnitude lower than
ferritic steel [88], similar or greater reductions in hydrogen ingress are expected
when dense Ni-based coatings are applied to Ni 725.

Table 2.6.1: Hydrogen permeation data for nickel-based coatings. Deff and
PRF are taken or derived from steady-state permeation measurements in the cited
studies.

Coating Deposition Thickness / µm Deff / cm2s−1 PRF†

Bare steel (AISI 4340) – – 1.1× 10−6 1
Electroplated Ni on 4340 DC Ni plating 10 1.4× 10−8 79
Electroplated Ni on 4340 DC Ni plating 20 8.5× 10−9 129
Electroless Ni–P on steel Ni–P, 9 wt% P 10 3.0× 10−9 370
Electroless Ni–P on steel Ni–P, 11 wt% P 15 1.0× 10−9 1150
Ni–P on steel (annealed
400 °C)

Ni–P, amorph.→nano-
cryst.

15 6.0× 10−10 1900

Nanostructured ZnNi on
steel

DC ZnNi, nano-cryst. 7 2.0× 10−9 7

Microcrystalline ZnNi on
steel

DC ZnNi, micro-cryst. 7 1.0× 10−8 1.4

Amorphous Ni–Zn–P on
steel

DC Ni–Zn–P, amorph. 8 3.8× 10−9 950

†PRF = permeation reduction factor relative to the uncoated steel substrate, defined as PRF
= Jbare/Jcoated, using data from Refs. [37, 89, 90, 91, 92].

Figure 2.6.6 presents representative literature data for the normalised steady-
state hydrogen permeation current as a function of coating thickness for three
electrodeposited Ni-based systems on steel: crystalline electroplated Ni, electroless
Ni–P, and amorphous Ni–Zn–P [90, 37, 93]. All three coatings reduce the perme-
ation current monotonically with increasing thickness, consistent with a solid-state
diffusion barrier mechanism. At a coating thickness of 10 µm, the amorphous Ni–
Zn–P system reduces the normalised permeation current to approximately 8×10−3
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relative to bare steel, compared with ∼ 1.5× 10−2 for Ni–P and ∼ 1.4× 10−1 for
crystalline Ni at the same thickness. The superior performance of the amor-
phous systems is attributed to the elimination of grain-boundary fast-diffusion
paths, consistent with the microstructure-dependent diffusivity data compiled in
Table 2.6.1. At 15 µm, the Ni–Zn–P coating achieves approximately one order
of magnitude greater permeation reduction than crystalline Ni, underscoring the
critical role of coating phase structure over thickness alone in determining barrier
effectiveness [90, 37, 93].

Figure 2.6.6: Representative literature trend for the reduction in steady-state
hydrogen permeation current with increasing thickness of electrodeposited Ni, elec-
troless Ni–P, and amorphous Ni–Zn–P coatings on steels [90, 37, 93].

Figure 2.6.7: Schematic comparison of nanostructured and microstructured
coatings before and after electrochemical hydrogen charging. In the nanostruc-
tured coating, the high density of grain boundaries acts as strong hydrogen traps,
blocking through-thickness diffusion. In the microstructured coating, fewer grain
boundaries provide open diffusion pathways, resulting in higher hydrogen absorp-
tion at the substrate during charging [90].
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The role of coating grain size in determining barrier effectiveness is illustrated
schematically in Figure 2.6.7: in a nanostructured deposit the high grain boundary
density acts as a network of strong hydrogen traps that retards through-thickness
diffusion, whereas a microstructured coating with fewer, wider grain boundary
channels allows rapid hydrogen transport to the substrate [92, 90, 37].

2.6.4 Gold-Sputtered Surface

The barrier effect of a sputtered Au film arises primarily through the suppression
of the Volmer adsorption step (Equation 2.3) at the inert gold surface [94], rather
than through bulk diffusion resistance across a thick coating [95]. The conse-
quences of these properties for hydrogen uptake and the embrittlement response
of Ni 725 are discussed in Section 2.6. Gold is of particular interest as a model
noble-metal hydrogen barrier for the following reasons:

• Low hydrogen solubility: Gold possesses one of the lowest hydrogen sol-
ubilities of any metal, arising from its filled d-band and noble electronic
structure. The thermodynamic driving force for hydrogen absorption into
the gold lattice is minimal, so the gold film acts as a kinetic barrier by pre-
venting hydrogen from adsorbing in the first place rather than by slowing
bulk diffusion [96, 82].

• Chemical inertness: Gold does not oxidise or corrode under ambient or
aqueous conditions. This means the film surface stays chemically unchanged
throughout the entire charging experiment, so the measured response reflects
the substrate behaviour alone and is not complicated by oxide formation or
surface degradation [72].

• Dense, conformal film: A sputtered Au film of approximately 100 nm
is compact and follows the substrate surface closely, avoiding the through-
thickness pores that limit thicker thermal-spray coatings. The key require-
ment is full surface coverage: a single pinhole is enough to create a direct
channel for hydrogen to reach the substrate beneath, bypassing the barrier
entirely [82].

In the hydrogen-technology literature, thin Au films have been explored as
protective overlayers on palladium membranes and as barrier layers on steels,
where they reduce the permeation flux and delay hydrogen-assisted failure [82].
In the present thesis, gold sputtering is used specifically as a model to isolate the
role of surface chemistry from the mechanical effects of other treatments (EDM,
peening), rather than as a directly industrially viable coating.
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Ni 725 alloy was used as the base material and subjected to hydrogen charging
under different conditions, both before and after surface treatment. Five surface
preparation routes were investigated: grinding to 2000-grit SiC (reference), elec-
trical discharge machining (EDM), Peening (IEPCO Peenmatic 750), gold sputter
coating and nickel electrodeposited coating (Watts bath) was applied to a set of
ground specimens as the primary protective coating condition. Samples with iden-
tical nominal gauge-section geometry were hydrogen pre-charged for 24 h prior to
tensile testing, with the ground 2000-grit specimens additionally tested in air as
uncharged references. The effect of surface state and hydrogen exposure on yield
strength, fracture behaviour, and microstructural response was evaluated by com-
bining in-situ tensile testing inside the SEM with post-mortem fractography and
EDS imaging.

For each specimen, the experimental work was done in the following sequence:
1. Grinding and polishing of the tensile specimen.
2. Surface treatments (where applicable).
3. Electrochemical hydrogen pre-charging.
4. Tensile testing inside the SEM (in-situ).
5. Post-fracture SEM characterization.
6. FIB cross-sectioning on selected samples.

3.1 Material composition and Specimen Geometry
Ni-725 alloy was used as the substrate material and its chemical composition and
the functional role of the main alloying elements are summarized in Table 3.1.1.

27
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Table 3.1.1: Chemical composition of Ni 725 alloy in wt% and functional role of
each element.

Element wt% Role in the alloy

Ni 55.0–59.0 Base element; provides high-temperature
strength and corrosion resistance.

Cr 19.0–22.5 Improves resistance to oxidizing environments
and pitting corrosion.

Mo 7.0–9.5 Enhances resistance to pitting and crevice cor-
rosion.

Nb 2.75–4.0 Forms γ′′ strengthening precipitates during ag-
ing.

Ti 1.0–1.7 Works with Nb to enable precipitation harden-
ing.

Fe balance Cost-effective filler; contributes to overall struc-
tural integrity.

Al 0.35 max Acts as a deoxidizer; assists in hardening.
C 0.03 max Kept very low to limit carbide sensitization.

The tensile specimens were EDM machined from Ni725 bar stock according to
the dimensions shown in Figure 3.1.1. The geometry was chosen to fit the in-situ
tensile stage while providing a uniform gauge section for imaging.

(a) Front view of the tensile specimen. (b) Side view of the tensile specimen.

Figure 3.1.1: Schematic of the tensile specimen showing shape and dimensions
(mm).

3.2 Sample Preparation

All tensile specimens underwent surface preparation prior to coating and/or hy-
drogen charging. Grinding was performed on both faces using a Buehler MetaServ-
250 machine with Struers SiC paper in the sequence 220, 500 and 1000 grit. The
specimens were held manually against the rotating disc and periodically rotated
to maintain uniform material removal. After grinding, all specimens were rinsed
with distilled water, cleaned with ethanol and air-dried. The cross-sectional area
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of the gauge section, used for engineering stress calculations, was measured op-
tically before testing. If required for EBSD or coating adhesion, additional fine
polishing steps (down to colloidal silica) were applied on selected specimens.

3.3 Surface Modification

3.3.1 Electrical discharge machined (EDM) Specimen

A set of specimens produced directly from bulk Ni725 stock by wire electrical
discharge machining (EDM) was reserved. The complete tensile geometry shown
in Figure 3.1.1 was cut by wire EDM. No subsequent grinding or mechanical
polishing was applied to the gauge section, so the as-cut EDM surface, including
its thermally affected recast (“white”) layer, was preserved for testing. The cross-
sectional area and gauge length of each EDM specimen were measured using a
calibrated optical microscope before hydrogen charging and tensile testing.

3.3.2 Grinding to 2000-Grit SiC Specimen

For specimens designated as the ground reference condition, an additional grind-
ing step to 2000 grit SiC was applied following the initial preparation sequence
described in Section 3.2. This produces a smooth, reproducible surface (estimated
Ra < 0.5 µm) free of recast layers, peening-induced deformation, or coatings, and
serves as the baseline against which the embrittlement susceptibility of all other
surface conditions is benchmarked.

3.3.3 Peened Surface Specimen

Peening was performed on the gauge section of selected ground specimens using an
IEPCO Peenmatic 750 system using ceramic particles. The peening was applied
to both broad faces of the gauge section. After peening, specimens were cleaned
with ethanol and air-dried. The peened surface condition is expected to introduce
a compressive residual stress layer to a depth of approximately an estimated near-
surface plastic deformation depth of approximately 25µm to 75µm, as is typical
for this class of system.

Surface roughness and defect density:

Surface roughness establishes a direct relationship with hydrogen embrittlement
susceptibility: rougher surfaces accumulate a higher density of lattice defects prin-
cipally dislocations and vacancy clusters that act as reversible hydrogen traps and
preferential nucleation sites for hydrogen-assisted microcracks [97, 98]. The flux
of hydrogen absorbed at a rough surface is enhanced both by the larger real con-
tact area and by the stress concentration at asperities, which lowers the activation
barrier for surface hydrogen dissociation and subsurface diffusion [97]. In the
context of electrochemical charging, a surface ground to 2000-grit SiC provides a
reproducible, lightly worked reference condition; EDM and shot-peened surfaces
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increase trap density and surface area progressively, while Ni-plated and gold-
sputtered surfaces interpose a physical barrier that fundamentally decouples the
substrate surface from the electrolyte [99, 17].

3.3.4 Gold sputter coated Specimen

A thin gold film was deposited on selected specimens by magnetron sputtering
using a sputter coater. The gauge section was sputter coated for yielding an esti-
mated film thickness of approximately 100 nm. Sputtering was performed at room
temperature in an argon atmosphere. The gold-coated specimens were handled
carefully to avoid film damage prior to hydrogen charging. Gold sputtering was
used as a model noble-metal surface layer to probe the effect of a chemically inert,
low-hydrogen-solubility interface on hydrogen embrittlement susceptibility.s

3.3.5 Nickel electroplating procedure

A nickel electrodeposit was applied to selected Ni725 tensile specimens prior to
hydrogen charging in order to act as a hydrogen diffusion barrier. The plating
process followed a Watts-type electrolyte and was divided into four stages: surface
pre-treatment, bath preparation, electroplating and post-plating handling.

Phase 1: Surface pre-treatment

Successful electrodeposition requires a chemically clean and oxide-free substrate
surface. Even trace amounts of oil, grease or native oxides can inhibit nucle-
ation and lead to poor adhesion or porous deposits. The following pre-treatment
sequence was therefore applied to all specimens selected for coating:

1. Mechanical polishing: The gauge section was ground with SiC paper up
to 1000–2000 grit in order to remove the native oxide layer. Grinding marks
were aligned along the tensile axis to minimise stress concentrators.

2. Ethanol degreasing: The samples were soaked in ethanol and done with
ultrasonication to remove the organic contaminants. After cleaning, the
specimens were rinsed in de-ionised water to remove residual cleaner.

Phase 2: Watts bath preparation

Nickel deposition was carried out from a conventional Watts electrolyte. The
bath was prepared in the following order to ensure complete dissolution of all
constituents:

1. Initial volume: A glass beaker was filled with DI water to approximately
70 % of the desired final bath volume.

2. Heating: The solution was heated to 50 ◦C while being gently stirred.

3. Nickel sulfate (135 g/L): NiSO4 ·6H2O was added gradually and dissolved
completely. This salt provided the primary source of Ni2+ ions for deposition.
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4. Nickel chloride (30 g/L): NiCl2 · 6H2O was then added and dissolved.
Nickel chloride improves anode dissolution and increases the electrical con-
ductivity of the bath.

5. Boric acid (18.5 g/L): H3BO3 was added last. Boric acid acts as a weak
buffer in the cathodic boundary layer and stabilises the local pH during
plating.

6. Final dilution: Finally, DI water was added up to the target volume and
the solution was stirred until a clear, homogeneous green electrolyte was
obtained.

Phase 3: Electroplating process

The nickel coating was deposited under galvanostatic conditions using the follow-
ing configuration:

1. Electrochemical setup: The Ni725 tensile specimen was connected as the
cathode (negative terminal), a platinum served as the inert anode (positive
terminal) and Ag/AgCl reference electrode was used.

2. Operating parameters: The bath temperature was maintained in the
range 50 ◦C. The applied current density was maintained at 0.15 A/cm2,
corresponding to a moderate deposition rate aimed at producing a dense,
low-porosity coating. The bulk bath pH was controlled between 4.5 and 5.0;
increases in pH were corrected using nickel carbonate, while decreases were
adjusted with dilute sulfuric acid.

3. Plating time: For the present study a relatively thin nickel layer was tar-
geted in order to act as a hydrogen barrier without introducing excessive
residual stress. Plating time was 2 hours.

4. Agitation: The electrolyte was agitated using magnetic stirring. Agitation
reduces the diffusion layer thickness, improves the supply of Ni2+ ions to
the cathode and helps to detach hydrogen bubbles from the surface, thereby
minimising pitting and hydrogen entrapment in the growing deposit.

Phase 4: Post-plating handling

Immediately after electroplating the specimens were removed from the bath and
subjected to the following steps:

1. Rinsing: The coated samples were rinsed thoroughly with DI water to
remove residual electrolyte and to stop further electrochemical reactions.

2. Drying: The specimens were dried either with a warm air gun to prevent
water spots and to avoid corrosion before hydrogen charging.

Throughout the plating process, particular attention was paid to minimising
hydrogen evolution, maintaining a stable current response without large transients
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and keeping the bath pH within the specified range. Poor control of these param-
eters is known to promote microcracks, porosity and residual hydrogen in elec-
trodeposited nickel coatings, which would degrade their performance as hydrogen
barriers [100].

Hot plate & Stirrer

Ni 725 Specimen 
(CATHODE)

Platinum 
(Pt) Counter

electrode

Temperature 
sensor

(Watts Electrolyte)
NiSO₄·6H₂O +  
NiCl₂·6H₂O +

H₃BO₃

Ag/AgCl Reference 
electrode

TENSILE SPECIMEN

Figure 3.3.1: Schematic illustration of the electrochemical setup for Watts-type
nickel electroplating on Ni725 tensile specimens.

3.4 Hydrogen Charging Procedures
After surface preparation (and coating deposition where applicable), both coated
and uncoated specimens were electrochemically hydrogen charged. The charging
was conducted at 50 °C in a 2:1 (vol.%) glycerol–H3PO4 electrolyte, with the
temperature controlled by a hot plate and monitored using a thermocouple posi-
tioned close to the specimen. A dedicated electrochemical cell was used to provide
stable galvanostatic charging and reproducible specimen mounting and electrical
contact. The Ni 725 tensile specimen served as the working electrode, a platinum
mesh as the counter electrode, and an Ag/AgCl electrode as the reference. Figure
3.4.1 depicts the charging set-up used for the samples. The counter and reference
electrodes were immersed in the preheated electrolyte and connected to the poten-
tiostat. Once the target temperature was stabilised, the specimen was immersed
and the galvanostatic charging sequence was initiated under computer control.
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Figure 3.4.1: Electrochemical hydrogen charging setup (a) showing the
Ni725 working electrode, Pt counter electrode, Ag/AgCl reference electrode (b)
temperature-controlled electrolyte bath.

3.5 Tensile Testing with In-Situ SEM Observations
Tensile tests were carried out inside an FEI QUANTA 650 FEG SEM using a
dedicated in-situ micro-tensile stage. The specimens were loaded in displacement
control until fracture while the gauge section was continuously imaged to cap-
ture crack initiation and propagation. The mechanical response was recorded
as stress–strain curves, and the synchronized SEM image sequences were subse-
quently used to correlate macroscopic behaviour with local damage evolution. The
strain rate was set to 1 µm/s for all tests.
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Tensile Specimen

Figure 3.5.1: In-situ tensile test set-up mounted inside the SEM chamber.

3.6 Microstructural Characterization

Post-fracture microstructural characterization combined conventional SEM imag-
ing, EDS, and FIB–SEM cross-sectioning. The goal was to link macroscopic em-
brittlement to fracture morphology, secondary surface damage and subsurface fea-
tures.

3.6.1 Fracture and Surface Crack Examination

Fractography was first performed on all specimens. Cross-sectional overview im-
ages of the fracture were acquired at ∼110× magnification to document the overall
fracture profile, followed by higher-magnification imaging to resolve local features
such as dimples, quasi-cleavage facets, intergranular regions and secondary crack
branching. Additional surface imaging was carried out along the gauge section
to characterise secondary surface cracks, their density, orientation and interaction
with machining marks, typically over the 200×–1500× magnification range.

3.6.2 EDS Cross-Section Analysis

EDS was performed on cross-sectioned specimens to characterise the near-surface
elemental composition and verify the integrity of the surface treatment layers.
Elemental maps were collected for the principal constituents of Ni-725 (Ni, Cr,
Fe, Mo, Nb) as well as the specific coating/treatment elements (Au for the gold-
sputtered surface). All cross-sections were prepared by FIB–SEM prior to analysis.
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3.6.3 Thermal Desorption Mass Spectrometry

Diffusible hydrogen contents were measured using a Bruker G4 Phoenix ther-
mal desorption spectrometer (TDS). The instrument couples a carrier-gas hot-
extraction furnace with a single-quadrupole mass spectrometer (m/z range 1–
100 amu) to selectively detect hydrogen (m/z =2) at concentrations down to the
sub-ppm range. Following tensile testing, a portion of the fractured specimen was
weighed and loaded into the Thermal Desorption Spectroscopy (TDS) system.

Following tensile testing, a section of the fractured specimen was placed in
the TDS chamber. Hydrogen released during heating was transported by an inert
carrier gas to the detector and continuously monitored as a function of tempera-
ture. The specimens were heated from 30 to 800 °C at a constant heating rate of
25 °Cmin−1. The measured hydrogen content is reported in weight parts per mil-
lion (wppm) and represents the total extractable hydrogen within the specimen.
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CHAPTER

FOUR

RESULTS

4.1 Surface Microstructure Characterisation be-
fore Tensile Testing

4.1.1 EDM-Finished Surface

The as-machined EDM surface of the Ni 725 tensile specimen was characterised
by SEM prior to hydrogen pre-charging and tensile testing. Figure 4.1.1 presents
a low-magnification overview and a high-magnification view of the gauge surface
in the as-EDM condition.

At low magnification (Figure 4.1.1a), the EDM surface shows a uniformly pit-
ted, crater-dominated topography. Scattered globular and irregular debris parti-
cles are visible across the gauge section„ which could be attributed to re-deposited
material expelled and re-solidified during the spark erosion process. At higher
magnification (Figure 4.1.1b), the recast layer morphology is clearly resolved. The
surface is covered by a convoluted network of re-solidified material comprising in-
terconnected ridges, folded sheets, and spherical as well as elongated globules with
diameters ranging from approximately 1 to 10 µm. Scattered circular pores and
micro-pits (<5 µm) are distributed across the surface.

To complement the surface SEM observations, EDS elemental mapping was
performed on the as-machined EDM gauge surface prior to tensile testing. The
mapped region corresponds to the highly irregular recast layer morphology ob-
served in Figure 4.1.1b. Figure 4.1.2 presents the SE overview, composite overlay,
and six selected elemental maps. nd the quantitative composition from eZAF
analysis is summarised in Table 4.1.1

37
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(a) (b)

Figure 4.1.1: SEM images of the EDM-finished Ni 725 gauge surface prior to
hydrogen pre-charging and tensile testing. (a) Low-magnification overview (100×)
showing the uniformly pitted, crater-dominated surface topography. (b) Higher-
magnification view (1,000×) revealing the re-solidified recast layer morphology.

The oxygen map shows a non-uniform distribution, with higher concentrations
at the raised globular features and ridges. The chromium map shows uniform Cr
intensity with locally increased signals in certain regions. Nickel is broadly uniform
across the mapped area, consistent with the bulk alloy beneath the recast layer.
Mo distributions are seen to be uniform, with no evidence of segregation. The
copper map shows localised Cu-rich patches on the surface; Zn was also detected
at low levels. Both Cu and Zn could be the contamination from the brass electrode
wire used during EDM. C and O together account for approximately 68.5 at% of
the surface signal, reflecting the oxidised and carbon-enriched character of the
recast layer as seen from the Table 4.1.1 .

Table 4.1.1: EDS quantitative analysis (eZAF, wt%) of the as-machined EDM
surface prior to tensile testing (2,000×). Analysis uncertainty: 14.95%. Elements
with signals below the minimum detection limit (MDL) are marked accordingly.

Element Weight% Atomic%

CK 20.4 48.6
OK 10.0 17.9
TiK 1.7 1.0
CrK 14.6 8.0
Fe K 4.4 2.3
NiK 31.4 15.3
CuK 7.2 3.3
ZnK 2.8 1.2
NbL 2.7 0.8
MoL 4.2 1.3
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 4.1.2: EDS elemental maps of the as-machined EDM surface of Ni 725
prior to tensile testing (2,000×). (a) SE overview of the EDM recast surface
showing the highly irregular, globular recast morphology. (b) Composite overlay
of all detected elements. (c) O map showing heterogeneous oxide distribution co-
located with surface features. (d) Cr map showing local Cr depletion. (e) Ni map
confirming broadly uniform bulk alloy signal. (f) Mo map. (g) Nb map. (h) Cu
map showing localised Cu-rich patches.
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4.1.2 Grinded Surface (2000-Grit SiC)

The SiC grit grinded reference surface of the Ni 725 tensile specimen was examined
in plan view by SEM prior to hydrogen pre-charging and tensile testing, following
the 2000-grit SiC grinding procedure described in the methods Section 3.3.2. The
surface is dominated by a series of parallel grinding grooves running approximately
along the tensile axis.

Figure 4.1.3: SEM image of the ground Ni 725 gauge surface prior to hydrogen
pre-charging and tensile testing
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4.1.3 Peened Surface

The peened surface of the Ni 725 tensile specimen was characterised by SEM prior
to hydrogen pre-charging and tensile testing. Figure 4.1.4 presents the gauge
surface in the as-peened condition. The surface exhibits a uniformly dimpled
topography characterised by overlapping shallow hemispherical indentation craters
distributed across the gauge section due to the impact of ceramic peening media.
No thermal recast layer, resolidified globules are present, distinguishing the peened
surface clearly from the EDM-finished condition.

Figure 4.1.4: SEM secondary electron image of the as-peened Ni 725 gauge
surface prior to hydrogen pre-charging and tensile testing.

EDS elemental mapping was performed on the as-peened Ni 725 gauge surface
prior to tensile testing. The mapped region includes the bulk peened surface and a
localised recessed feature visible in the SE overview. Figure 4.1.5 presents the SE
overview, composite overlay, and six elemental maps. Across the majority of the
mapped area, the Ni, Cr, and Mo maps show a uniform distribution. The oxygen
map shows a low, spatially heterogeneous signal across the surface. A localised
dark, recessed feature of approximately 10–15 µm is visible in the SE overview.
This feature shows elevated Si and O signals, with simultaneous depletion in Ni,
Cr, Fe, and Mo. Nb enrichment is also co-located at this site.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 4.1.5: EDS elemental maps of the as-peened Ni 725 gauge surface prior
to tensile testing ( 4,000×). a) SE overview (b) Composite overlay. (c) O map
showing a localised O-rich cluster. (d) Si map showing pronounced Si enrichment.
(e) Nb map showing Nb enrichment at the same localised site. (f) Mo map con-
firming a uniform Mo distribution across the alloy matrix. (g) Cr map showing
Cr depletion at the embedded particle region. (h) Ni map confirming uniform Ni
distribution in the bulk alloy with depletion at the particle site.
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4.1.4 Electrodeposited Nickel-Coated Surface

Figure 4.1.6 shows the electrodeposited Ni-coated Ni 725 gauge surface prior to
hydrogen pre-charging and tensile testing. The coating surface shows elongated
parallel ridges separated by narrow grooves. Scattered spherical nodules of ap-
proximately 0.5–1 µm in diameter are present on the surface. The coating appears
continuous and crack-free at this magnification, with no evidence of delamination
or macroscopic porosity.

Figure 4.1.6: SEM secondary electron image (35,000×) of the electrodeposited
Ni-coated Alloy 725 surface prior to hydrogen pre-charging and tensile testing.

EDS elemental mapping was performed on the FIB-prepared cross-section of
the electrodeposited Ni-coated specimen prior to tensile testing. Figure 4.1.7
presents the SE overview, composite overlay, and four selected elemental maps.
The SE image shows the Ni coating in the upper region and the Ni 725 substrate
in the lower region. The Ni map shows a uniform signal throughout the electro-
deposited layer, with no compositional gradients or depletion within the coating.
The oxygen map shows a localised O-enriched band at the outermost surface of
the Ni coating. The Cr and Mo maps show low, uniform signals confined to the
substrate region.
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(a) (b)

(c) (d)

(e) (f)

Figure 4.1.7: EDS elemental maps of the FIB-prepared cross-section of the elec-
trodeposited Ni-coated Ni 725 specimen prior to tensile testing. (a) SE overview
showing the columnar Ni coating (upper region). (b) Composite overlay of all
detected elements. (c) O K map (d) Ni K map confirming uniform Ni distribution
throughout the full coating thickness. (e) Mo L map showing low background sig-
nal from the substrate. (f) Cr K map showing uniform low-level Cr signal confined
to the substrate region.
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4.1.5 Gold-Sputtered Surface

Figure 4.1.8 shows the gold-sputtered Ni 725 gauge surface prior to hydrogen pre-
charging and tensile testing. A thin Au film was deposited onto the ground gauge
section by DC magnetron sputtering. The surface shows a finely textured, slightly
nodular topography consisting of closely packed Au particles.

Figure 4.1.8: SEM image of the gold-sputtered Alloy 725 gauge surface

To complement the SEM observations, EDS elemental mapping was performed
on the gold-sputtered surface prior to tensile testing. The analysed region shows
predominance of the Au surface layer, the Au/Ni 725 interface, as a portion of
the underlying substrate. No additional peaks from other metallic elements are
detected above the background noise level in this spectrum. Figure 4.1.9 shows
the Ni and Au distributions in this area.

(a) (b)

Figure 4.1.9: EDS elemental maps of the gold-sputtered Ni 725 gauge surface
prior to tensile testing.(a) Ni map (b) Au map.



46 CHAPTER 4. RESULTS

Figure 4.1.10: EDS elemental composition of the gold-sputtered Ni 725 gauge
surface.

4.2 Tensile test results
This section presents the results obtained from the in-situ tensile tests performed
inside the SEM. For each condition, both the stress–strain response and a video
of the gauge section were recorded for each condition. The stress–strain curves for
the air (uncharged), 24 h hydrogen-charged and 72 h hydrogen-charged conditions
are shown in Figures 4.2.1–4.2.2.

4.2.1 Air & 24 h hydrogen-charged conditions

The stress–strain curves for all surface conditions are shown in Figure 4.2.1. Air-
tested (uncharged) specimens are plotted with dashed lines and 24 h hydrogen-
charged specimens with solid lines. The ground 2000-grit air condition serves as
the primary uncharged reference. For the gold-sputtered and Ni-plated condi-
tions, only hydrogen-charged specimens were tested; no uncharged air baseline
was obtained for these two conditions.

All air-tested specimens show a clear elastic regime, a gradual yield transition,
and plastic deformation extending to fracture strains between approximately 28
and 36%. The ground 2000-grit air specimen reaches the highest fracture strain at
35.99%, the EDM air specimen at 35.33%, and the peened air specimen at 27.99%.

After 24 h hydrogen pre-charging, all specimens show a reduction in fracture
strain compared to the air condition. The UTS values remain broadly similar
across the surface conditions except for Ground 2000 sample being higher. The
Ni-plated specimen shows the lowest fracture strain of all 24 h charged conditions
at 10.73%, with a UTS of 1082.8 MPa.
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Figure 4.2.1: Stress–strain curves comparing the air (uncharged) condition with
the 24 h hydrogen-charged of different surface condition.

4.2.2 72 h Hydrogen-Charged Condition: Ground 2000-Grit

A 72 h hydrogen pre-charging test was performed on the ground 2000-grit specimen
only. Figure 4.2.2 compares the ground air reference with the ground 72 h charged
specimen. The 72 h specimen shows a further reduction in fracture strain to 9.35%,
compared with 16.01% at 24 h and 35.99% in air. The UTS drops to 1098.0 MPa,
compared with 1245.2 MPa at 24 h. The post-UTS drop is steep and abrupt in
the 72 h curve.

Figure 4.2.2: Stress–strain curves comparing the air (uncharged) condition with
the 72 h hydrogen-charged condition.
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4.2.3 Summary of tensile properties

The key tensile properties extracted from the stress–strain curves are collected
in Table 4.2.1. Engineering stress was calculated as σ = P/A, where P is the
applied load and A is the initial cross-sectional area, and engineering strain as
ε = ∆L/L0, where ∆L is the change in gauge length and L0 is the initial gauge
length. The ultimate tensile strength (UTS) is given by σmax = Pmax/A, and the
total elongation is expressed as

%EL =
∆Lfracture

L0

× 100. (4.1)

Table 4.2.1: Summary of tensile properties for Ni 725 under different surface
conditions and hydrogen charging states.

Surface condition Charge state UTS (MPa) Elongation (%)

Ground 2000-grit Air (uncharged) 1177.2 35.99
Ground 2000-grit 24 h H-charged 1245.2 16.01
Ground 2000-grit 72 h H-charged 1098.0 9.35

EDM Air (uncharged) 1157.6 35.33
EDM 24 h H-charged 1086.4 21.30

Shot-peened Air (uncharged) 1181.4 27.99
Shot-peened 24 h H-charged 1097.5 15.92

Gold-sputtered 24 h H-charged 1162.8 20.98

Ni-plated 24 h H-charged 1082.8 10.73

The UTS values for all air-tested conditions are broadly consistent, ranging
from 1157 to 1181 MPa. The ground 24 h charged specimen shows a slightly
higher UTS of 1245.2 MPa compared to its air baseline. All 24 h charged conditions
show a reduction in elongation compared to the air condition, with the Ni-plated
condition showing the lowest elongation at 10.73%. The 72 h ground specimen
shows a further reduction in both elongation (9.35%) and UTS (1098.0 MPa)
compared to the 24 h charged condition.

4.2.4 Hydrogen embrittlement index

To calculate the loss in ductility, the hydrogen embrittlement index was calculated
based on the loss of fracture strain relative to the air condition. The hydrogen
embrittlement index, IHE, is defined as

IHE =
εAir − εH

εAir

× 100 %, (4.2)

where εAir is the fracture strain in the uncharged condition and εH is the fracture
strain after hydrogen charging (24 h or 72 h). The index is therefore a dimension-
less measure of the relative ductility loss attributable to hydrogen, with a value
of 0% indicating no embrittlement and 100% indicating complete loss of ductil-
ity. For the gold-sputtered and Ni-plated conditions, no separate air baseline was
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obtained. Since both coatings are applied at the nanometre scale and are not ex-
pected to alter the bulk mechanical response of the material, the ground 2000-grit
air fracture strain (35.99%) was used as the reference for these two conditions.

The calculated values are listed in Table 4.2.2. Among the 24 h charged con-
ditions, the Ni-plated specimen shows the highest IHE of 70.2%, with a fracture
strain reduced from 35.99% in air to 10.73% after charging. The ground 2000-grit
specimen follows with an index of 55.5%, corresponding to a drop in fracture strain
from 35.99% to 16.01%. The peened and gold-sputtered specimens show interme-
diate indices of 43.1% and 41.7%, with fracture strains of 15.92% and 20.98%
respectively. The EDM specimen shows the lowest index of 39.7%, with a fracture
strain of 21.30% after 24 h charging.

Table 4.2.2: Hydrogen embrittlement index for Ni 725 under different surface
conditions.

Surface condition εf,air (%) εf,24 h (%) IHE (%)

Ground 2000-grit 35.99 16.01 55.5
EDM 35.33 21.30 39.7
Shot-peened 27.99 15.92 43.1
Gold-sputtered 35.99∗ 20.98 41.7
Ni-plated 35.99∗ 10.73 70.2
∗Ground 2000-grit air value used as reference.
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4.3 Surface Microstructure Analysis

4.3.1 EDM-Finished Surface: Air-Tested (Uncharged)

Figure 4.3.1 shows the fracture surface of the EDM-finished Ni 725 specimen tested
in air (uncharged) after tensile testing. The fracture cross-section shows visible
necking across the gauge width. The surrounding gauge surface retains the as-
machined EDM morphology. No large cracks originating from the gauge surface
are observed but the surface is seen to have failed ductile.

Figure 4.3.1: SEM overview of the EDM-finished Ni 725 fracture surface after
tensile testing in air (uncharged) (53×).

4.3.2 EDM-Finished Surface: 24 h Hydrogen Pre-Charged

Figure 4.3.2 shows the fracture surface of the EDM-finished Ni 725 specimen after
24 h hydrogen pre-charging and tensile testing. The low-magnification overview
(Figure 4.3.2a) shows a macroscopically flat cross-section with limited necking.
No prominent shear lips are present along the specimen perimeter at this mag-
nification. Figure 4.3.2b shows the crack initiation region at the specimen edge,
where a step-like profile is visible from which the primary fracture plane prop-
agates inward.Figure 4.3.2c presents a high-magnification view (2,577×) of the
fracture surface. Two morphologically distinct zones are present, separated by a
well-defined boundary. The left portion shows an irregular surface with deformed
irregular fragments and open cracks. The right portion consists of flat, smooth
facets with angular edges and minimal surface relief.
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Figure 4.3.2: Fracture surface of the EDM-finished Ni 725 specimen after 24 h
hydrogen pre-charging and tensile testing. (a) Low-magnification overview (68×).
(b) Intermediate magnification of the region marked in (a) showing crack initiation
site. (c) High-magnification SEM image (2577×) of the crack interior.

4.3.3 Grinded Surface: Air-Tested (Uncharged)

The SEM observations in Figures 4.3.3 and 4.3.4 shows the surface condition of
the air-tested uncoated Ni 725 specimen after tensile testing. The 50× overview
in Figure 4.3.3 shows the primary fracture face on the left-hand side of the gauge
section. The adjacent gauge surface contains a broad region of pronounced sur-
face rumpling along with shallow surface cavities and void-like features is visible.
Several slip bands are notably visible from the overview image

Higher-magnification images in Figure 4.3.4 show typical features within this
deformed zone. In image (a), several elongated surface cavities and step-like height
offsets are observed along the gauge surface. Image (b) shows a cluster of coalesced
void-like features located closer to the primary fracture, together with a dense
network of slip bands. Image (c) reveals extensive slip traces and surface rumpling
in the surrounding material.
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Plastic deformation zone

Figure 4.3.3: Overview of the air-tested uncoated Ni 725 specimen after tensile
testing, showing the primary fracture face on the left and a broad plastic defor-
mation zone extending into the gauge section.

b a

d

b

c

Figure 4.3.4: SEM surface analysis of the air-tested uncoated Ni 725 (a) Higher-
magnification view showing elongated surface cavities and step-like offsets. (b) Re-
gion closer to the fracture with clustered void-like features and a dense slip-band
network. (c) Slip traces and surface rumpling in the plastically deformed zone.
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4.3.4 Grinded Surface: 24 h Hydrogen Pre-Charged

The SEM surface analysis in Figure 4.3.5 presents the gauge section of the Grinded
Ni 725 specimen following 24 h electrochemical hydrogen pre-charging and tensile
testing to fracture. At low magnification, the primary fracture face and the adja-
cent gauge surface are visible. The fracture edge has a moderately irregular profile,
and a zone of surface damage extends along the gauge face near the fracture plane.

Figure 4.3.6 presents higher-magnification SEM images from selected regions
on the gauge surface. In image (a), several short secondary surface cracks are
present away from the primary fracture plane, mostly oriented perpendicular to
the tensile axis. The cracks have sharp, well-defined edges with limited plastic
blunting at their tips. Image (b) shows a higher-magnification view of an individual
secondary surface crack within a locally deformed region. slip bands are visible
on both sides of the crack, forming narrow deformation bands in the surrounding
material. Image (c) shows a region further from the primary fracture, where the
brittle tear ridges are seen in the plastically deformed zone.

Figure 4.3.5: Overview of the uncoated Ni 725 specimen after 24 h hydrogen
charging and tensile testing.
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Figure 4.3.6: Fracture surface of the uncoated Ni 725 specimen after 24 h hydro-
gen pre-charging and tensile testing (a) Overview image (b) Intermediate magni-
fication of the marked region in (a),(c) Higher magnification of the marked region
in (b).

4.3.5 Grinded Surface: 72 h Hydrogen Pre-Charged

The surface condition of the Grinded Ni 725 specimen following 72 h electrochem-
ical hydrogen pre-charging and tensile testing to fracture is documented in Fig-
ures 4.3.7 and 4.3.8. Figure 4.3.7 presents a low-magnification overview of the
gauge section. The fracture profile is macroscopically flat with no appreciable
necking across the gauge width, and the fracture edge runs nearly perpendicular
to the tensile axis. The gauge surface adjacent to the fracture contains a net-
work of secondary surface cracks extending along the gauge face. Most secondary
cracks are oriented approximately perpendicular to the loading direction, with
some cracks showing a more oblique orientation.

Figure 4.3.8(a) shows the origin of a secondary surface crack at 500×. The
crack initiates at a well-defined surface site, and the crack flanks are sharp with
limited plastic blunting at the tip. The crack extends into the gauge surface along
a mainly straight path. Figure 4.3.8(b) shows the gauge surface near a secondary
crack at 900×. Dense, closely spaced planar slip traces are visible in the immediate
vicinity of the crack, confined to narrow, nearly parallel bands. The slip traces
cross several grains and are interrupted at grain boundaries. Unlike the distributed
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slip traces and surface rumpling observed on the air-tested ground specimen Fig:
4.3.3, the damage here is concentrated into widely spaced cracks, with minimal
surface deformation between them, indicative of significantly reduced capacity for
homogeneous plastic deformation.

Figure 4.3.7: Overview of the 72 h hydrogen-charged surface at 50×.

(a) (b)

Figure 4.3.8: SEM surface analysis of the uncoated Ni 725 specimen after 72 h
hydrogen charging and tensile testing (a) Secondary crack origin at 500× (b) Slip
traces at 900×.
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4.3.6 Peened Surface: Air-Tested (Uncharged)

Figure 4.3.9 presents a low-magnification SEM overview (51×) of the peened
Ni 725 specimen tested in air (uncharged) after tensile testing to fracture. The
fracture edge is irregular and jagged across the full gauge width, with macroscopic
necking visible at the fracture end of the gauge section, indicating substantial
plastic deformation prior to final separation.

The fracture edge is irregular and jagged across the gauge width, and macro-
scopic necking is visible at the fracture end of the gauge section. The fracture
profile is non-planar and varies in height across the cross-section. The inlaid mag-
nified image shows a ductile tear crack at (1,933×). The difference between the
Grinded 2000 sample in Figure 4.3.3 is the absence of visible slip traces, surface
rumplings and microvoids which signifies Non-homogeneous plastic deformation
due to the compressive residual stress field introduced by peening.

Figure 4.3.9: Low-magnification SEM overview (51×) of the peened Ni 725
specimen tested in air (uncharged) after tensile testing, showing the fracture edge
and the gauge section surface.
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4.3.7 Peened Surface: 24 h Hydrogen Pre-Charged

The surface condition and fracture morphology of the Peened Ni 725 specimen
after 24 h hydrogen pre-charging and tensile testing are presented in Figures 4.3.10
and 4.3.11. Figure 4.3.10 shows a low-magnification overview (46×) of the gauge
section after fracture. A network of secondary surface cracks is visible on the
broad face of the gauge section adjacent to the primary fracture. The primary
fracture edge is stepped and irregular.

Figure 4.3.10: Low-magnification overview (46×) of the peened Ni 725 specimen
after 24 h hydrogen pre-charging and tensile testing, showing the primary fracture
edge and the gauge section surface.

Figure 4.3.11 presents SEM images of the secondary cracks at the surface at
progressively higher magnifications. The overview image reveals extensive sur-
face cracking and facet formation, while the higher-magnification images high-
light sharp crack edges, stepped fracture features, and limited plastic deforma-
tion. Figure 4.3.11 (a) presents the overview of the fracture surface at higher
magnification with multiple surface cracks distributed across the specimen (b)
Higher-magnification image showing a large flat fracture facet with sharp edges
and limited evidence of plastic deformation (c) Flat facet adjacent to a crack open-
ing, indicating crack propagation through a brittle fracture region (d) Secondary
surface crack extending through the embrittled zone of the fracture surface (e)
Crack region bounded by flat facets and step-like fracture features, illustrating
localized crack growth within the hydrogen-affected area.
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(a)

(b) (c)

(d) (e)

Figure 4.3.11: SEM images of the shot-peened Ni 725 specimen after 24 h
hydrogen pre-charging and tensile testing.



CHAPTER 4. RESULTS 59

4.3.8 Gold-Sputtered Surface: 24 h Hydrogen Pre-Charged

Figure 4.3.12 presents the fracture-adjacent gauge surface of the Ni 725 specimen
coated with a thin magnetron-sputtered gold film and subsequently tensile-tested
following 24 h electrochemical hydrogen pre-charging. The fracture edge is macro-
scopically irregular and locally stepped. The gauge surface outside the immediate
fracture zone shows no large-scale delamination or blistering of the Au coating.
A sparse distribution of fine secondary surface cracks is visible along the gauge
face adjacent to the primary fracture. The fracture surface of the gold sputtered
(Figure: 4.3.12) specimen shows fewer secondary cracks on the surface when com-
pared with the 24 h charged grinded sample (Fig: 4.3.5) and the peened sample
(Fig: 4.3.10)

Figure 4.3.12: Overview (55×) of the surface of the gold-sputtered Ni 725 spec-
imen after 24 h hydrogen pre-charging and tensile testing.

Figure 4.3.13 presents higher-magnification SEM images of the region closer
to fracture . Image (a) shows the crack origin at 470×. The crack initiates at a
surface in the coated gauge section and propagates into the specimen. The crack
walls show a faceted, plate-like morphology with limited ductile tearing. Image (b)
shows a secondary surface crack on a neighbouring fracture facet at 2,122×. The
crack walls are smooth and nearly planar, with only isolated shallow features along
the crack walls.
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(a) (b)

Figure 4.3.13: SEM images of the gold-sputtered Ni 725 specimen after 24 h
hydrogen pre-charging and tensile testing. (a) Higher-magnification view of the
crack origin. (b) Surface crack wall.

4.3.9 Ni-Coated Surface: 24 h Hydrogen Pre-Charged

The surface morphology of the electrodeposited Ni-coated Alloy 725 specimen after
24 h cathodic hydrogen pre-charging and tensile testing is shown in Figures 4.3.14
and 4.3.15. Figure 4.3.14 presents a low-magnification overview (53×) of the Ni-
coated gauge section after testing. When compared to the the 24 h charged EDM
sample 4.3.2 grinded sample (Fig: 4.3.5), the peened sample (Fig: 4.3.10) fewer
secondary cracks are observed, advancing rapidly to failure without generating
extensive secondary damage

Figure 4.3.14: Low-magnification SEM overview (53×) of the electrodeposited
Ni-coated Ni 725 specimen after 24 h hydrogen pre-charging and tensile testing.
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Figure 4.3.15 shows a higher-magnification view (1,903×) of the secondary
crack indicated in Figure 4.3.14. The crack is open and wedge-shaped, widening
towards the surface. Both crack walls display a stepped, striated morphology with
multiple Quasi Cleavage facets along the crack propagation direction.

Figure 4.3.15: Higher-magnification SEM image (1 903×) of the secondary sur-
face crack indicated in Figure 4.3.14
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4.4 Fractography

4.4.1 EDM-Finished Surface: Air-Tested (Uncharged)

The fracture surface morphology of the EDM-finished Ni 725 specimen tested in air
without hydrogen pre-charging is presented in Figures 4.4.1 and 4.4.2. Figure 4.4.1
presents the low-magnification overview (133×) of the full fracture cross-section
exhibiting predominant microvoid coalescence and tear ridges distributed through-
out. shear lip is present along the corner sides of the fracture. The surrounding
gauge surface retains the EDM-machined texture.

c

Figure 4.4.1: Low-magnification overview (133×) of the fracture surface of the
EDM-finished Ni 725 specimen tested in air, showing the full cross-section, (c),
corresponds to the central fracture area shown in Figure 4.4.2c.

Figure 4.4.2 presents higher-magnification images from the left, central, and
right quadrants of the fracture surface. Image (a) shows the left-hand fracture
quadrant near the specimen edge. Image (b) shows the right-hand fracture quad-
rant (249×). A similar distribution of elongated cavities near and smaller equiaxed
cavities in the interior is observed. Image (c) shows the central fracture region
(632×) showing tearing ridges with shallow microvoid coalescence dimples.
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(a) (b)

(c)

Figure 4.4.2: SEM fractography of the EDM-finished Ni 725 specimen tested in
air. (a) Left-hand fracture quadrant near the specimen edge. (b) Right-hand frac-
ture quadrant. (c) Central region of the fracture surface at higher magnification
displaying dimples.
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4.4.2 EDM-Finished Surface: 24 h Hydrogen Pre-Charged

Figure 4.4.3 shows the fracture surface of the EDM-finished Ni 725 specimen after
24 h hydrogen pre-charging and tensile testing. After 24 h charging, the EDM
shows significant brittle features. Flat cleavge facets are seen in the outer region
of the fracture and a gradient between the outer brittle fracture and the inner
ductile region is seen.

Figure 4.4.3: Low-magnification overview (115×) of the fracture surface of the
EDM-finished Ni 725 specimen after 24 h hydrogen pre-charging and tensile test-
ing.

Figure 4.4.4 presents higher-magnification views of the fracture surface. Im-
age (a) shows the left-hand fracture quadrant near the specimen edge (570×).
Image (b) shows the right-hand fracture quadrant (298×). Broad stepped crack
planes and deep separations are visible across this region. Image (c) shows the cen-
tral fracture region at 879×. Two morphologically distinct zones are present, the
left quadrant shows dimples marking ductile zone and the right portion consists
of flat cleavage facets.
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(a) (b)

Ductile Zone Brittle Zone

(c)

Figure 4.4.4: SEM fractography of the EDM-finished Ni 725 specimen after
24 h hydrogen pre-charging. (a) Left fracture quadrant near the specimen edge
showing large quasi-cleavage plates separated by fine tearing ridges. (b) Right
fracture quadrant with broad stepped crack planes and deep interfacial separa-
tions. (c) Right-Quadrant wall crack at 879× showing a ductile zone and brittle
zone.
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4.4.3 Grinded Surface: Air-Tested (Uncharged)

Figure 4.4.5 presents SEM fractographs of the fracture surface of the uncoated
Ni 725 specimen ground to 2000-SiC grit and tested in air without hydrogen
pre-charging. The specimen shows dimple structures and microvoid coalescence
marking ductile behavior.

(a)

(b)

(c) (d)

Figure 4.4.5: SEM fractography of the uncoated Ni 725 specimen tested in air.
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Image (a) shows the full fracture cross-section at 125×. The fracture profile
is macroscopically irregular, with pronounced necking visible across the gauge
section Image (b) shows the lower edge of the fracture surface at 405×. Within
this region, cavities are elongated with their long axes oriented obliquely to the
tensile axis. Image (c) shows the upper-left quadrant at 500×. Cavities of varying
size are distributed across the fracture plane, with larger, more open cavities near
the specimen edge. Image (d) shows the central fracture surface at 1,500×.

4.4.4 Grinded Surface: 24 h Hydrogen Pre-Charged

The SEM fractographs in Figures 4.4.6 and 4.4.7 show the fracture surface mor-
phology of the uncoated Ni 725 specimen after 24 h electrochemical hydrogen pre-
charging and tensile testing to fracture. The low-magnification overview (113×)
shows a fracture surface that is macroscopically planar, with only limited reduc-
tion in cross-sectional area at the fracture plane and no pronounced shear lips at
the specimen edges. Three regions of interest, labelled a,b, c, and d, are indicated
by yellow boxes and examined at higher magnification in Figure 4.4.7.

a,b

c

d

Figure 4.4.6: Overview of the fracture surface of the uncoated Ni 725 specimen
after 24 h hydrogen charging and tensile testing. The yellow boxes indicate the
regions magnified in Figure 4.4.7.

Figure 4.4.7 Image (a) shows a high-magnification view (2,650×) of region a,b.
The fracture surface shows finely serrated crack walls, with sharp-edged steps and
locally flat facets. Image (b) shows an intermediate-magnification view (459×)
of the same region, where a dense network of secondary fracture planes is visible.
The secondary planes meet the primary surface at sharp, well-defined intersections.
Image (c) shows region c at 917×. A large open cavity dominates the centre of the
field of view, bordered by thin elongated ligaments. A population of fine secondary
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microvoids is distributed across the surrounding fracture surface. Image (d) shows
region d at 1,575×. The fracture surface consists of plate-like facets.

(a) (b)

(c) (d)

Figure 4.4.7: Magnified SEM views of regions marked in Figure 4.4.6 for the
uncoated Ni 725 specimen after 24 h hydrogen charging and tensile testing. (a)
High-magnification view of the region labelled “a,b” in Figure 4.4.6 (b) Interme-
diate magnification showing a dense network of secondary fracture planes. (c)
Region containing a large cavity surrounded by plastically deformed ligaments
and fine microvoids. (d) Magnified view showing plate-like facets.
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4.4.5 Grinded Surface: 72 h Hydrogen Pre-Charged

The fracture surface of the Ni 725 specimen charged for 72 h is shown in Fig-
ures 4.4.8–4.4.12. The low-magnification overview in Figure 4.4.8 shows aThe
fracture plane is macroscopically flat and oriented nearly perpendicular to the ten-
sile axis. The gauge section retains close to its original rectangular cross-sectional
dimensions, with only a minor reduction in thickness at the fracture plane.

Figure 4.4.8: Overview of the 72 h fracture cross-section showing an essentially
un-necked profile and a macroscopically flat, brittle fracture surface.

Figure 4.4.9 presents the central fracture region at 288× magnification. The
fracture surface shows two visually distinct zones. The upper portion has an
irregular topography with steps. The lower portion consists of comparatively flat,
featureless planes. At the boundary between the two zones, short secondary cracks
are visible emanating from the step edges.

Figure 4.4.10 shows a higher-magnification view at 768× of an individual frac-
ture facet. A through-thickness crack traverses the centre of the field of view,
running along the length of a broad, smooth facet surface. The facet plane is flat
and featureless with no visible surface relief or striation markings. On either side
of this crack, the surrounding material contains only isolated shallow cavities of
small diameter.

Figures 4.4.11 and 4.4.12 document fracture regions at 820× and 968× magnifi-
cation respectively. In Figure 4.4.11, the fracture surface consists of small, angular,
multi-faceted fragments separated from one another by narrow, open gaps.

At higher magnification in Figure 4.4.12, the individual facet surfaces are re-
vealed in detail. The facets are flat and oriented at varying angles to one another,
with their boundaries defined by fine secondary cracks running between them.
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Figure 4.4.9: Central region at 288× magnification, revealing layered fracture
steps and interfacial separation planes along weak interfaces.

Figure 4.4.10: High-magnification view at 768× of a through-thickness crack
propagating along a smooth quasi-cleavage facet with only limited surrounding
dimpling.
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Figure 4.4.11: “Rock-candy” morphology at 820× magnification, formed by
hydrogen-assisted grain boundary separation.

Figure 4.4.12: High magnification (968×) intergranular and quasi-cleavage facets
linked by fine secondary cracks and thin ligaments, with only sparse shallow dim-
ples.
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4.4.6 Peened surface: air-tested (uncharged)

The fracture surface morphology of the Peened Ni 725 specimen tested in air is
shown in Figures 4.4.13 and 4.4.14, covering different magnifications. Figure 4.4.13
shows the fracture surface of the peened Ni725 specimen tested in air. All three
regions of the fracture cross-section display a predominantly ductile morphology
as seen in Fig: 4.4.14. The left and right quadrants (a, b) show equiaxed dimples
of varying size, consistent with microvoid nucleation, growth, and coalescence un-
der tensile loading. The central region (c) similarly exhibits a dimple-dominated
fracture surface, with some larger voids interspersed among finer dimples, sug-
gesting void coalescence at multiple length scales. No quasi-cleavage facets or
intergranular features are observed, confirming that fracture in the uncharged
peened condition proceeds by a fully ductile microvoid coalescence mechanism.

Figure 4.4.13: Overview (127×) of the fracture surface of the peened Ni 725
specimen tested in air.

Figure 4.4.13 shows a low-magnification overview (127×) of the full fracture
cross-section. Figure 4.4.14 presents higher-magnification views from three regions
of the fracture surface. Image (a) & (b) shows the fracture side quadrants.
Image (c) shows the central fracture region at 308×. Open cavities and dimples of
varying size are distributed across the surface. The larger cavities have smoothly
curved walls, while the smaller ones are more equiaxed and closely spaced.
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(a) (b)

(c)

Figure 4.4.14: Peened Ni 725 specimen tested in air: (a) left fracture quadrant,
(b) right fracture quadrant and (c) central region with dimples and voids.

4.4.7 Peened surface: 24 h Hydrogen Pre-charged

The fracture surface morphology of the Peened Ni 725 specimen after 24 h hydrogen
pre-charged and tensile testing is shown in Figure 4.4.15, which presents three SEM
fields covering the left-top quadrant, the lower-left quadrant with inlay, and the
right-side region with near-surface crack inlay.

Figure 4.4.15 (a) shows the left-top fracture quadrant at 292× magnification.
The outer edge of the specimen in this quadrant retains the characteristic texture
of the peened gauge surface, visible as a finely pitted band along the specimen. Fig-
ure 4.4.15 (b) presents the lower-left fracture quadrant as a composite image with
an inlay at higher magnification. At the base magnification, the fracture surface
exhibits cleavage facets and brittle sone. Figure 4.4.15 (c) presents the right-side
fracture quadrant. The inset reveals a near-surface crack region consisting of flat
crack walls and step-like fracture features.
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(a)

(b)

(c)

Figure 4.4.15: Peened Ni 725 specimen after 24 h hydrogen pre-charging: (a)
left-top fracture quadrant, (b) quadrant with inlay of a fracture facet (c) quadrant
with inlay of a near-surface crack region.
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4.4.8 Gold-sputtered surface: 24 h hydrogen pre-charged

The fracture surface of the gold-sputtered Ni 725 specimen after 24 h hydrogen
pre-charging and tensile testing is shown in Figures 4.4.16 to 4.4.18. Figure 4.4.16
shows a low-magnification overview (124×) of the fracture surface of the gold-
sputtered Ni 725 specimen after 24 h hydrogen pre-charging and tensile testing.
An inset in Figure 4.4.16 shows a higher-magnification view of a region near the left
specimen corner, revealing a localised crack initiation site with a roughened surface
texture and a series of step-like offsets radiating inward from the specimen edge.
The brittle layers are seen to be less deep than that of the previous peened surface
speciment has reduced greatly which could be seen by comparing Fig: 4.4.15b and
that of gold coated Fig: 4.4.17 and also the observations in the near corner inlay
of Fig: 4.4.16 shows the microvoid coalescent features even near corners, whereas
equivalent regions of peened sample Fig: 4.4.15b is already deeply embrittled.

Figure 4.4.16: Overview of the fracture surface of the gold-sputtered Ni 725
specimen after 24 h hydrogen pre-charging.

Figure 4.4.17: Fracture cross-section of the gold-sputtered Ni 725 specimen after
24 h hydrogen pre-charging with inset of a near-edge region.
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Figure 4.4.18: Higher-magnification view of the gold-sputtered Ni 725 specimen
after 24 h hydrogen pre-charging near the fracture edge.

4.4.9 Ni-Plated Specimen surface: 24 h Hydrogen Pre-Charged

The fracture morphology of the electrodeposited Ni-coated Ni 725 specimen after
24 h hydrogen pre-charging is shown in Figures 4.4.19 and 4.4.20. Figure 4.4.19
presents a low-magnification overview (109×) of the full fracture cross-section.
The fracture surface is macroscopically flat across most of the gauge width. The
overall topography is dominated by large, angular QC facets.

Quasi-cleavage facets

Micro-voids

Figure 4.4.19: Overview SEM image (109×) of the fracture cross-section of
the electrodeposited Ni-coated Ni 725 specimen after 24 h hydrogen pre-charging,
showing a macroscopically flat, faceted fracture surface with limited necking.
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Coating delamination zone

Ductile tearing ligaments

Brittle zoneQC Facets

Cracks

Figure 4.4.20: High-magnification SEM image (532×) of the Ni-plated specimen
after 24 h hydrogen pre-charging, showing large quasi-cleavage facets with river-
like markings and intervening tearing ridges, underlain locally by finer, fibrous
regions with limited ductile tearing.

4.5 EDS Analysis
EDS elemental maps were acquired on FIB-prepared cross-sections from two spec-
imens after 24 h hydrogen pre-charging: the EDM-finished & the shot-peened
Ni 725 specimen. These two conditions were specifically selected for EDS analysis
because they represent the two surface states in this study for which the near-
surface chemical composition is substantially altered by the surface treatment
itself, independent of hydrogen charging. Figure 4.5.1 shows EDS maps from a
cross-section through the EDM-affected surface region. The mapped area includes
the outer surface band, the underlying recast layer, and the bulk substrate. In
the oxygen map, a continuous O-enriched band is visible at the outermost sur-
face, with O intensity decreasing towards the interior. The tungsten map shows
W signal confined to the same surface band. Chromium intensity is lower in this
surface band than in the underlying substrate. Ni, Mo and Nb show uniform
distributions below the surface band. The copper map shows a localised Cu-rich
patch at the surface, with no Cu signal in the bulk region. Figure 4.5.2 shows EDS
maps from a cross-section near the peened surface. The peened surface appears
at the top of the mapped area, with cavities in the near-surface region. A single
compositionally distinct region is visible at the cavity site. The Ti map shows a
Ti-enriched region where Ni intensity is reduced at the same site and uniform in
the surrounding matrix. The Cr and Mo maps show uniform distributions across
the matrix with no strong local enrichment except a common reduced signal in
the cavity.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 4.5.1: EDS elemental maps of the FIB cross-section through the EDM
recast layer, Ni 725 after 24 h hydrogen pre-charging.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 4.5.2: EDS elemental maps of the FIB-prepared cross-section of the shot-
peened Ni 725 specimen after 24 h hydrogen pre-charging (Area 21, 10 000×).
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4.6 Brittle Zone Depth Across Surface Conditions

To quantify the extent of hydrogen-assisted damage in each specimen, the depth
of the brittle zone was measured from the outer specimen surface to the transition
boundary between the quasi-cleavage/flat facet region and the ductile dimple-
dominated interior. Ten measurements per specimen were taken from the low-
medium magnification fracture images using ImageJ, with the scale calibrated
against the SEM data bar for each image. The mean brittle zone depths and asso-
ciated standard deviations are reported in Table 4.6.1 and plotted in Figure 4.6.1.

Table 4.6.1: Mean brittle zone depth of Ni 725 under different surface conditions.

Surface condition Mean depth (µm) SD (µm)

Ground 2000-grit 70.8 29.2
EDM 88.8 49.2
Peened 70.4 40.5
Gold-sputtered 74.4 26.8
Ni-plated 81.6 22.1

Figure 4.6.1: Mean brittle zone depth for Ni 725 specimens under different
surface conditions.

The EDM specimen shows the highest mean brittle zone depth of 88.8 µm
and the largest standard deviation (±49.2 µm) of all conditions tested. The Ni-
plated specimen shows a mean depth of 81.6 µm and the lowest standard deviation
(±22.1 µm). The gold-sputtered specimen shows a mean depth of 74.4 µm with a
standard deviation of ±26.8 µm. The ground and peened specimens show similar
mean depths of 70.8 and 70.4 µm respectively, with standard deviations of ±29.2
and ±40.5 µm. Across all conditions, the mean brittle zone depth ranges from 70
to 89 µm, and the standard deviation ranges from 22 to 49 µm.
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4.7 Hydrogen Content
Table 4.7.1 lists the hydrogen content measured by thermal desorption spec-
troscopy (TDS) for the four surface conditions after 24 h electrochemical hydrogen
pre-charging & mechanical testing.

Table 4.7.1: Hydrogen content of Ni 725 for different surface condition.

Specimen Hydrogen content (wppm)

Ground (2000-grit) 27.54
Peened 27.78
EDM-finished 28.02
Ni-plated 56.83

The ground, peened, and EDM-finished specimens show similar hydrogen con-
tents in the range of 27.5 to 28.1 wppm. The Ni-plated specimen shows a notably
higher hydrogen content of 56.83 wppm, approximately twice the values measured
for the other three conditions.
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CHAPTER

FIVE

DISCUSSION

5.1 Mechanical properties
This section integrates the tensile results, fracture morphologies, brittle zone mea-
surements, TDS hydrogen content and EDS analyses to discuss how surface con-
dition and hydrogen charging duration influence hydrogen embrittlement suscep-
tibility in Ni 725. The discussion is organised around: (i) the effect of charging
duration on the ductile-to-brittle transition, (ii) the role of surface condition in
controlling hydrogen uptake and embrittlement severity, and (iii) the mechanistic
context for the observed fracture modes.

Table 5.1.1: Summary of mechanical and fractographic results for all surface
conditions and charging states. εf = fracture strain; UTS = ultimate tensile
strength; IHE = hydrogen embrittlement index (Eq. 4.2); BZ depth = brittle zone
depth (mean ± SD); H content from TDS after 24 h charging. ∗Ground 2000-grit
air value used as reference for IHE.

Surface Condition εf (%) UTS (MPa) IHE (%) BZ depth (µm) H cont. (wppm)

Ground Air 35.99 1177.2 – – –
Ground 24 h H 16.01 1245.2 55.5 70.8± 29.2 27.54

EDM Air 35.33 1157.6 – – –
EDM 24 h H 21.30 1086.4 39.7 88.8± 49.2 28.02

Shot-peened Air 27.99 1181.4 – – –
Shot-peened 24 h H 15.92 1097.5 43.1 70.4± 40.5 27.78

Gold-sputtered 24 h H 20.98 1162.8 41.7∗ 74.4± 26.8 –

Ni-plated 24 h H 10.73 1082.8 70.2∗ 81.6± 22.1 56.83

83
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5.1.1 Effect of Hydrogen Charging Duration and Surface
Condition on Tensile Response

The ground 2000-grit condition provides the clearest baseline for interpreting
hydrogen-induced degradation, as the surface state is well-defined, thermally un-
modified, and free of foreign deposits. In air, the specimen exhibits high ductility
(εf ≈ 36%) with a classic ductile tensile response, pronounced necking, extensive
slip traces and surface rumpling, and a dimpled fracture surface dominated by
equiaxed microvoid coalescence (Figures 4.3.3, 4.3.4, 4.4.5). After 24 h charg-
ing (εf = 16.01%), a zone of secondary surface cracks develops on the gauge
face near the primary fracture, oriented predominantly perpendicular to the load-
ing axis and associated with dense planar slip bands (Figures 4.3.5, 4.3.6). The
fracture surface already shows extensive quasi-cleavage facets, large open voids,
necked ligaments, serrated crack walls, and facet-like planes with sharp angular
steps (Figures 4.4.6, 4.4.7, 4.4.7c, 4.4.7a, 4.4.7b, 4.4.7d). The UTS at 24 h
(1245.2 MPa) is slightly elevated compared to the air reference (1177.2 MPa),
consistent with hydrogen-enhanced dislocation pinning and solute strengthening
in a HELP-type response at early embrittlement stages [101]. After 72 h charg-
ing, the degradation is severe (εf = 9.35%, UTS = 1098.0 MPa). The specimen
fails with an almost un-necked, macroscopically flat fracture, and the secondary
crack density and extent increase markedly (Figures 4.3.7, 4.3.8, 4.4.8). Crack
tips are sharp and unblunted with minimal surrounding plasticity [101]. The frac-
ture surface is almost entirely composed of flat facets, step-like interfacial levels,
and angular fragment morphology consistent with the “rock-candy” appearance
reported for severely embrittled Ni alloys [102, 103]. Smooth flat facet surfaces
and the absence of striation markings (Figure 4.4.10) indicate crack advance by
hydrogen-enhanced decohesion (HEDE) along grain boundaries or low-index crys-
tallographic planes [104, 105]. The drop in UTS at 72 h indicates that fracture
intervenes before the material reaches its full flow stress capacity. This progression
is consistent with published in-situ observations on Ni 725, where hydrogen pro-
motes early crack initiation along slip bands and grain boundaries, with a gradual
transition to mixed ductile–brittle behaviour with more intergranular and quasi-
cleavage fracture at high hydrogen concentrations [106, 107, 108, 103]. The 24 h
exposure corresponds to an intermediate embrittlement regime where ductile and
brittle mechanisms coexist, while the 72 h exposure drives the material into a
severely embrittled state. In air, the peened specimen shows just few secondary
cracks on the gauge surface beyond the immediate fracture zone (Figure 4.3.9),
reflecting ductile behaviour despite the presence of a cold-worked, compressively
stressed near-surface layer. After 24 h charging, a clear network of secondary
cracks appears on the gauge face near the fracture, oriented roughly normal to
the loading axis (Figure 4.3.10). The associated fracture surfaces contain mixed
faceted and torn regions (Figure 4.4.15), indicating that hydrogen has reduced
the protective effect of the compressive residual stress field and facilitated crack
initiation at localised stress concentrators such as shot-induced surface indenta-
tions and second-phase particles [109]. In the gold-sputtered condition, the coated
gauge surface remains visually discontinuous and limited delamination after 24 h
charging (Figure 4.3.12). Secondary cracks still form near the fracture, however,
with sharp, unblunted faces and minimal plasticity (Figure 4.3.13b). The crack
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paths and facet morphologies are consistent with hydrogen-assisted decohesion at
the gold–substrate interface or within the underlying substrate grains, confirming
a limited hydrogen ingress through the thin, imperfect Au barrier [110]. The Ni-
plated specimen exhibits the most severe surface damage among all conditions:
distributed oblique secondary cracks and wedge-shaped crack openings with stri-
ated walls (Figures 4.3.14, 4.3.15), discussed in detail in Section 5.1.4.

5.1.2 Effect of hydrogen charging duration on tensile re-
sponse

The grinded 2000-grit condition provides the clearest picture of how increasing
hydrogen content modifies the mechanical response of Ni 725, because the sur-
face state is well-defined, thermally unmodified and free of foreign deposits. The
evolution from the air-tested reference to 24 h and 72 h hydrogen-charged condi-
tions captures a systematic transition from fully ductile to predominantly brittle
behaviour. In air, the ground specimen exhibits high ductility (εf ≈ 36%) and a
classic ductile tensile response with pronounced necking and a dimpled fracture
surface dominated by equiaxed microvoid coalescence (Figure 4.4.5). The 72 h
specimen, by contrast, fails at only 9.35% elongation with an almost un-necked,
macroscopically flat fracture along the sides and corners of the fracture surface
(Figure 4.4.8). The 24 h condition lies between these two extremes, with an inter-
mediate elongation of 16.01% and a fracture surface that already shows extensive
quasi-cleavage facets and secondary cracking (Figures 4.4.6 and 4.4.7). This pro-
gression is consistent with published observations on Ni 725 and related Ni-base
alloys, where increasing hydrogen concentration drives a transition from ductile
behaviour to predominantly ductile–brittle fracture [108, 103]. The UTS at 24 h
(1245.2 MPa) is slightly elevated compared to the air reference (1177.2 MPa). A
moderate increase in flow stress at intermediate hydrogen contents has been at-
tributed to hydrogen-enhanced dislocation pinning and solute strengthening effects
in Ni-base alloys, consistent with a HELP-type response at early embrittlement
stages [101]. At 72 h, the UTS drops to 1098.0 MPa, indicating that fracture in-
tervenes before the material reaches its full flow stress capacity. The fractographic
evolution reinforces this interpretation. In the 24 h condition, the fracture surface
contains mixed features: large open voids and necked ligaments in some regions
(Figure 4.4.7c), but also serrated crack walls and facet-like planes with sharp angu-
lar steps (Figures 4.4.7a, 4.4.7b and 4.4.7d). By 72 h, the fracture surface is almost
entirely composed of flat facets, step-like interfacial levels and angular fragment
morphology, sometimes described as “rock-candy” fracture in severely embrittled
Ni alloys [102, 103]. The smooth flat facet surfaces with through-thickness cracks
(Figure 4.4.10) and the absence of striation markings are consistent with crack ad-
vance by hydrogen-enhanced decohesion (HEDE) along grain boundaries or low-
index crystallographic planes [104, 105]. These observations are consistent with
recent in-situ studies on Ni 725, which report that hydrogen promotes early crack
initiation along planar slip bands and grain boundaries, with a gradual transition
from mixed ductile–brittle behaviour at intermediate hydrogen levels to predomi-
nantly intergranular and quasi-cleavage fracture at high hydrogen concentrations
[106, 107]. The present results show that, under the applied charging conditions,
the 24 h exposure corresponds to an intermediate embrittlement regime where duc-
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tile and brittle mechanisms coexist, whereas the 72 h exposure drives the material
into a severely embrittled state.

5.1.3 Influence of surface condition on HE index

The IHE provides a useful scalar measure of the loss in ductility due to hydrogen
for conditions where an air reference is available. For 24 h charging, the ground
specimen shows the highest index (55.5%), followed by the shot-peened (43.1%)
and EDM (39.7%) specimens (Table 4.2.2). The gold-sputtered and Ni-plated val-
ues use the ground air reference strain, as no separate air baseline was obtained
for these conditions. At first glance, it is counterintuitive that the smoothest
and chemically cleanest surface exhibits the largest relative ductility loss. How-
ever, this can be rationalised by considering both the denominator in Eq. 4.2 and
the surface-condition dependence of the air baseline ductility. The ground 2000-
grit specimen has the highest air fracture strain (35.99%), whereas the peened
specimen already exhibits reduced air ductility (27.99%) due to peening-induced
work hardening in the near-surface layer, and the EDM specimen has a slightly
lower air elongation (35.33%) associated with its recast-layer heterogeneity (Ta-
ble 4.2.1). Because IHE is normalised by the air fracture strain, a larger baseline
ductility amplifies the apparent loss when hydrogen reduces εf to a similar ab-
solute level. Thus, the high IHE for the ground specimen partly reflects its very
ductile air reference rather than an intrinsically higher susceptibility to hydro-
gen. When compared on the basis of absolute post-charging fracture strain, the
EDM specimen retains the most elongation (21.30%) and the Ni-plated specimen
the least (10.73%), which better reflects their actual embrittlement severity. The
TDS data (Table 4.7.1) show that the ground, peened and EDM specimens all
absorbed similar hydrogen contents (27.5–28.1 wppm) after 24 h charging, despite
their different surface conditions. This indicates that for these three conditions
the difference in IHE is governed more by how hydrogen is distributed and localised
at microstructural features than by a difference in total absorbed hydrogen. The
Ni-plated specimen absorption is the highest at 56.83 wppm, approximately twice
the other three conditions, which directly explains its most severe embrittlement.
The role of the Ni coating in amplifying hydrogen uptake is discussed further
in Section 5.1.4. Nonetheless, the absolute fracture strains after 24 h charging
still differ across surface conditions in a non-trivial way. The EDM specimen re-
tains 21.30% elongation, the peened specimen 15.92%, and the ground specimen
16.01%. The gold-sputtered and Ni-plated conditions, which only exist in the
hydrogen-charged state, show 20.98% and 10.73% elongation respectively. Taken
together, these values point that Surface treatments that introduce strong near-
surface heterogeneity or residual stress (EDM recast layer, Peened surface) modify
not only the air ductility but also the way hydrogen localises and triggers fracture.
The gold-sputtered surface, despite gold’s low intrinsic hydrogen solubility, does
not prevent hydrogen ingress into the Ni 725 substrate at 24 h, but the resulting
fracture strain (20.98%) is intermediate rather than the most severe, reflecting the
thin, relatively uniform coating and its limited capacity to trap hydrogen [110,
111].
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5.1.4 Electrodeposited Ni Coating and its Role in Hydrogen-
Assisted Failure

The Ni-plated specimen consistently exhibits the most severe embrittlement among
all 24 h-charged conditions: the lowest fracture strain, the second-deepest brittle
zone (81.6 µm, Table 4.6.1) with the lowest standard deviation (±22.1 µm), and
a fracture cross-section dominated by large quasi-cleavage facets with river-line
markings (Figure 4.4.20). This outcome is counterintuitive if the coating is as-
sumed to act simply as a hydrogen diffusion barrier. The following analysis argues
that the electrodeposited Ni layer is better understood as reasons Ni coating may
have acted as a catalyst for H uptake,

Hydrogen introduced during electrodeposition:

Electroplating from a Watts-bath electrolyte proceeds by competing cathodic reac-
tions. Alongside nickel deposition (Ni2+ + 2e− → Ni), proton reduction (2H+ + 2e− → H2)
generates atomic hydrogen at the deposit surface throughout the plating process.
A fraction of this nascent hydrogen absorbs into the growing Ni layer and can
further diffuse into the underlying alloy substrate before either recombining at the
deposit surface or becoming trapped at lattice defects within the coating [112,
113]. The columnal deposition of the Watts-bath deposit observed in plan-view
SEM (Figure 4.1.6) and the scattered surface nodules are microstructural features
associated might have provided additional irreversible trapping sites for hydrogen
within the deposit [114]. As a result, the Ni 725 specimen may already carry a
non-trivial subsurface hydrogen concentration before the start of the electrochemi-
cal pre-charging experiment, placing it at a higher baseline hydrogen content than
the uncoated specimens that begin charging from a fully annealed, hydrogen-free
state.

Low hydrogen diffusivity and retention in Ni

Pure electrodeposited Ni has a substantially higher hydrogen diffusivity than the
Ni-Fe-Cr-Mo matrix of Ni 725. This asymmetry means that during cathodic pre-
charging, hydrogen that enters the system from the electrolyte side diffuses readily
through the Ni coating and into the substrate, which is also evident from a high
hydrogen content. The exceptionally low standard deviation of the brittle zone
depth (±22.1 µm, compared with up to ±49.2 µm for the EDM condition) is
consistent with a spatially uniform hydrogen flux across the full gauge surface.

Coating defects as preferential hydrogen pathways

Real electrodeposited coatings contain pores, pinholes and intergranular microc-
racks, particularly at the coating–substrate interface [113]. The large-scale delami-
nation and tearing at the right-hand specimen edge visible in the low-magnification
surface overview (Figure 4.3.14) confirms that the coating–substrate interface
failed locally during tensile loading. Interface defects of this type provide diffusion
paths, creating zones of locally elevated hydrogen concentration at the interface.
The secondary surface cracks observed across the gauge face (Figure 4.3.14) are
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consistent with initiation at such interface or coating-interior defect sites under
the combined action of hydrogen-enhanced decohesion and the tensile stress field.

Taken together, these factors explain why the electrodeposited Ni coating un-
der the conditions of this study functions as a hydrogen reservoir rather than a
protective barrier. This has direct implications for the use of Ni electroplating
as a surface protection strategy in hydrogen-containing environments: without a
careful control of plating parameters to minimise hydrogen co-deposition, Ni coat-
ings may worsen rather than mitigate hydrogen embrittlement susceptibility [112,
113].

5.1.5 Role of surface microstructure and chemistry: EDM
and peened EDS

For the EDM 24 h specimen, the recast layer carries a continuous O-rich sur-
face band, co-located W and Cu contamination from the brass wire electrode,
and Cr depletion relative to the substrate (Figure 4.5.1). Oxide-covered surfaces
are known to lower the activation barrier for hydrogen absorption by providing a
higher density of active dissociation sites [115]. Cr depletion reduces local passiva-
tion capacity, increasing the electrochemical activity of the surface during cathodic
charging. Together, these features are consistent with the deep and highly variable
brittle zone observed for the EDM specimen (Section 4.6) and the edge-initiated,
faceted fracture after 24 h charging (Figures 4.4.3, 4.4.4). For the peened 24 h
specimen, EDS cross-sections reveal a localised Nb–Ti-rich particle at a near-
surface cavity (Figure 4.5.2). Nb–Ti-rich carbides and δ-phase precipitates are
known irreversible hydrogen trap sites in precipitation-hardened Ni alloys, provid-
ing sites for hydrogen accumulation and stress concentration at the particle–matrix
interface [116, 117]. The absence of a surface oxide band or O enrichment at the
peened surface distinguishes it clearly from the EDM condition. These contrasting
EDS signatures highlight that EDM and peening promote hydrogen embrittlement
through different microstructural routes. EDM creates a chemically and mechan-
ically vulnerable recast layer that enhances hydrogen entry over a broad area,
whereas peening creates discrete, local trapping and crack initiation sites within
an otherwise chemically unmodified surface.

5.1.6 Brittle zone depth and hydrogen penetration behaviour

The brittle zone depth measurements provide a quantitative link between surface
condition and the penetration depth of hydrogen-assisted damage. Despite the
different surface treatments, the mean brittle zone depth falls within a relatively
narrow range (70–88 µm) for all 24 h-charged specimens (Table 4.6.1 and Fig-
ure 4.6.1), suggesting that the overall diffusion-controlled hydrogen penetration
depth after 24 h is broadly similar across conditions. The key difference lies in the
variability of this depth, as captured by the standard deviations.

The EDM specimen shows the deepest and most variable brittle zone (88.8±
49.2 µm), consistent with a spatially irregular recast layer morphology, non-uniform
crack density and local variations in oxide and contamination thickness. These
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heterogeneities produce locally enhanced and suppressed hydrogen entry, resulting
in a highly non-uniform brittle–ductile transition boundary.

The Ni-plated specimen shows a relatively deep but very uniform brittle zone
(81.6 ± 22.1 µm), corroborating the picture that a dense, continuous Ni coating
acts as a uniform hydrogen source during charging. Hydrogen absorbed in the
coating during pre-charging can diffuse into the substrate during loading, and be-
cause the coating is chemically homogeneous and fully covering, the hydrogen flux
into the substrate is spatially uniform. This leads to a well-defined, reproducible
brittle zone depth across the gauge cross-section, as reflected in the low standard
deviation.

The ground, shot-peened and gold-sputtered specimens show intermediate
mean depths (70.4–74.4 µm) with moderate scatter. The shot-peened specimen
shows the highest scatter among these three (±40.5 µm) despite a mean depth
nearly identical to the ground specimen (±29.2 µm), reflecting the heterogeneous
dislocation structure and local second-phase particle exposure introduced by peen-
ing [109, 117].

Overall, the 24 h charging protocol produces a quasi-cleavage brittle zone of
order 70–90 µm in Ni 725 regardless of surface condition, but the uniformity and
reproducibility of this brittle zone are strongly governed by the surface microstruc-
ture and chemistry.

5.1.7 Mechanistic interpretation & implications for surface
engineering

Combining the tensile data, fracture morphologies, surface damage observations,
brittle zone depths and EDS analyses, a coherent mechanistic picture of hydrogen
embrittlement in Ni 725 emerges.

First, hydrogen promotes crack initiation along regions of localised plasticity
(slip bands) and at microstructural or chemical discontinuities (second-phase par-
ticles, recast layer cracks, coating–substrate interfaces). This is consistent with
in-situ studies on Ni 725 that identify planar slip localisation and grain bound-
ary segregation as central to hydrogen-assisted crack initiation [108, 118, 103].
Secondly, hydrogen shifts the fracture mode from dimpled microvoid coalescence
toward quasi-cleavage and intergranular decohesion as hydrogen concentration in-
creases. This transition is most clearly demonstrated in the ground specimen series
(air → 24 h → 72 h) but is evident across all surface conditions at 24 h. Mixed
quasi-cleavage and intergranular morphologies are widely reported in Ni-base al-
loys under hydrogen charging, and are attributed to a combination of hydrogen-
enhanced decohesion (HEDE) along grain boundaries and carbide interfaces and
hydrogen-enhanced localised plasticity (HELP) concentrating strain ahead of the
crack tip [104, 101, 105]. Third, the surface condition modulates embrittlement
primarily through its effect on near-surface hydrogen entry and trapping, not
by changing the underlying mechanisms. EDM introduces a chemically active,
Cr-depleted recast layer that accelerates hydrogen entry over a broad area [115].
Peening introduces a cold-worked dislocation-rich layer and exposes second-phase
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particles at the surface, creating localised hydrogen trapping and crack initiation
sites without modifying the global surface chemistry [109, 117]. The gold-sputtered
film offers only partial protection at the thickness used here [110, 111]. The Ni
coating functions as a hydrogen reservoir and introduces interface defects, leading
to the most severe embrittlement [112, 113].

From an engineering perspective, these findings suggest that for Ni 725 under
cathodic conditions:

• Ground surfaces are highly ductile in air but can be strongly embrittled
at sufficient hydrogen exposures; operational exposure time and cathodic
potential limits should be considered.

• EDM-finished surfaces can promote edge-initiated, faceted fracture under hy-
drogen charging; post-EDM surface conditioning to remove the recast layer
is advisable in hydrogen-containing service.

• Peening provides compressive residual stress benefits for fatigue, but second-
phase particles in the near-surface region remain as hydrogen trap and crack
initiation sites; peening media selection and parameter control are impor-
tant.

• Thin sputtered Au coatings at the thickness tested here do not fully prevent
hydrogen ingress and should not be relied upon alone as a hydrogen barrier.

• The effectiveness of electrodeposited Ni as a hydrogen permeation barrier
depends on the plating parameters. Beyond deposition quality, the funda-
mental suitability of Ni as a barrier coating in cathodic hydrogen-charging
environments warrants careful consideration: Ni is electrocatalytically ac-
tive for the hydrogen evolution reaction and can lower the overpotential for
the Volmer step, thereby increasing the flux available for absorption into the
substrate.

5.2 Sources of Error

The most significant source of error in this thesis is the low sample volume. Each
surface condition ground 2000-grit, EDM, peened, gold-sputtered and Ni-plated
was represented by a single tensile specimen per charging state, which means no
statistical replication was possible for any individual condition. Consequently, it
is more appropriate to interpret general tendencies in the results than to draw
quantitative conclusions from absolute values.

Notably, air-tested (uncharged) specimens were not produced for the gold-
sputtered and Ni-plated conditions; their ductile baseline response is therefore
assumed to be equivalent to that of the ground 2000-grit air reference, on the
basis that the sub-micrometre Au film and the electrodeposited Ni coating do
not alter the bulk mechanical response of the Ni 725 substrate in the absence
of hydrogen. This assumption precludes the calculation of a formal hydrogen
embrittlement index IHE for these two conditions and introduces additional uncer-
tainty into any direct comparison with the ground, EDM and peened specimens
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for which matched air references exist. For the thin gold-sputtered and Ni-plated
specimens, the added layer thickness is sub-micrometre and electroplated layer
thickness, respectively, and is considered negligible relative to the gauge diame-
ter. Nevertheless, the Ni-plated specimens carry a coating whose thickness was
not accurately measured on each specimen before testing, adding a further, minor
source of uncertainty.

5.2.1 Hydrogen Charging and Outgassing

A time interval elapsed between the end of cathodic pre-charging and the start of
tensile testing during which the specimens were exposed to air. Minimising this
interval was attempted consistently; however, it could not be made identical for
every specimen and likely varied by several minutes between surface conditions.
Because the hydrogen diffusivity in Ni 725 is low (FCC lattice), the hydrogen loss
during this interval is expected to be small. Nevertheless, the sub-surface hydro-
gen concentration at the onset of loading may differ slightly between specimens,
introducing uncertainty into any direct comparison of the HE index across surface
conditions.

5.2.2 Brittle-Zone Depth Measurement

The brittle-zone depth values reported in Table 4.6.1 were obtained from SEM
overview images by manual identification of the transition between the rough
brittle zone and the ductile interior. This boundary is not always sharply de-
fined, particularly for the shot-peened specimen where the compressive residual
stress field creates a gradual transition rather than an abrupt change in fracture
morphology. The measurement is therefore somewhat operator-dependent.

Only limited measurements per specimen were used to compute the mean and
standard deviation. A larger number of measurements, or a segmentation-based
image-analysis approach, would yield more statistically robust estimates. The
large standard deviations observed most notably for the EDM (SD≈ 49µm) and
shot-peened (SD≈ 40µm) conditions reflect this scatter rather than solely the
physical variability of the brittle zone, and should be interpreted accordingly.

5.2.3 Surface Preparation Variability

Peening was performed using an IEPCO Peenmatic 750 system, Variations in noz-
zle distance, angle and dwell time between different regions of the same specimens
can alter the compressive residual stress magnitude and depth, and the surface
roughness. These variations are not quantified in this work because residual stress
measurements (e.g. by X-ray diffraction) were outside the scope of the study. For
the Ni-plated condition, local bath agitation, edge effects at the specimen shoulder
fillets and variations in the inter-electrode distance may have caused the deposit
thickness to be slightly non-uniform along the gauge. A non-uniform barrier layer
would affect both the local hydrogen ingress rate and the adhesion of the coating,
contributing to scatter in the mechanical results.
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CHAPTER

SIX

CONCLUSIONS

This study investigated the influence of surface condition on the hydrogen embrit-
tlement susceptibility of Ni 725 under electrochemical cathodic pre-charging. Five
surface conditions were examined: ground 2000-grit (reference), EDM-finished,
peened, gold-sputtered, and electrodeposited Ni-coated. Tensile testing, fractog-
raphy, brittle zone depth measurements, EDS cross-section analysis, and TDS
hydrogen content measurements were combined to characterise the mechanical re-
sponse and damage mechanisms for each condition. The following conclusions are
drawn:

1. All hydrogen-charged specimens showed a reduction in fracture strain com-
pared to the uncharged air condition, confirming that Ni 725 is susceptible to
hydrogen embrittlement under cathodic charging at the applied conditions.

2. The ground 2000-grit specimen series shows a clear progression from duc-
tile to brittle behaviour with increasing charging duration. Fracture strain
dropped from 35.99% in air to 16.01% after 24 h and to 9.35% after 72 h
charging, with a corresponding change in fracture morphology from equiaxed
dimples to flat facets and angular intergranular fragments.

3. Among the 24 h charged conditions, the Ni-plated specimen showed the
highest hydrogen embrittlement index (IHE = 70.2%) and the lowest fracture
strain (10.73%), together with the highest measured hydrogen content by
TDS (56.83 wppm) approximately twice that of the other three conditions
(27.5–28.1 wppm).

4. The electrodeposited Ni coating acted as a hydrogen reservoir rather than a
barrier, attributable to hydrogen co-deposition during plating and the low
hydrogen diffusivity of Ni retaining absorbed hydrogen within the substrate.
Furthermore, the electrocatalytic activity of Ni for the hydrogen evolution
reaction lowers the overpotential for the Volmer step, increasing the hydrogen
flux available for absorption into the substrate, which raises fundamental
questions about the suitability of electrodeposited Ni as a barrier coating in
cathodic hydrogen-charging environments.

5. The ground, peened and EDM-finished specimens absorbed similar total
hydrogen contents (27.5–28.1 wppm) despite their different surface treat-
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ments, indicating that differences in embrittlement severity among these
three conditions are governed by the local distribution and trapping of hy-
drogen rather than the total uptake.

6. The EDM specimen showed the lowest IHE (39.7%) among conditions with
an air reference, yet the deepest mean brittle zone (88.8± 49.2 µm) and the
highest scatter of all conditions. The EDM recast layer carries a continuous
surface oxide, Cr depletion, and electrode wire contamination, which create
heterogeneous and localised hydrogen entry sites rather than uniform deep
penetration.

7. The peened specimen showed an intermediate IHE (43.1%) and a brittle
zone scatter (±40.5 µm) higher than that of the ground reference, despite
a nearly identical mean brittle zone depth (70.4 µm). EDS cross-section
analysis identified a near-surface Nb–Ti-rich particle at a void, consistent
with a second-phase particle acting as a localised hydrogen trap and crack
initiation site.

8. The gold-sputtered specimen showed an intermediate IHE (41.7%) and frac-
ture strain (20.98%), with a brittle zone depth of 74.4± 26.8 µm. The thin
Au coating did not fully prevent hydrogen ingress at the charging conditions
applied.

9. Across all 24 h charged conditions, the mean brittle zone depth ranged from
70 to 89 µm, indicating that the 24 h charging protocol produces a broadly
similar hydrogen penetration depth regardless of surface condition. Surface
condition primarily controls the spatial uniformity of hydrogen entry, as
reflected in the threefold variation in standard deviation (22–49 µm) across
the five conditions.

10. The dominant fracture mechanisms observed were quasi-cleavage and hydrogen-
assisted intergranular decohesion, consistent with a combination of HEDE
and HELP operating in Alloy 725 under cathodic hydrogen charging.
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Recommendations for Future Work
• Testing with replicate specimens per condition would allow statistical vali-

dation of the IHE values and brittle zone depth measurements reported here.

• Air-tested baselines for the gold-sputtered and Ni-plated conditions would
remove the uncertainty in the IHE calculation introduced by using the ground
reference.

• Post-plating bake-out trials on the Ni-plated specimens would directly test
whether the elevated hydrogen uptake observed here can be reduced to levels
comparable with the uncoated conditions.

• Residual stress measurements by X-ray diffraction on the Peened and EDM
specimens would allow the residual stress contribution to hydrogen-assisted
crack initiation to be separated from the chemical and microstructural ef-
fects.

• Testing at longer charging durations (e.g. 120 h) on additional surface con-
ditions would help establish whether the saturation behaviour observed for
the ground condition at 72 h is representative across all surface states.

• EBSD characterisation of the fracture surfaces would allow the crystallo-
graphic nature of the quasi-cleavage facets to be identified and would clarify
whether fracture proceeds preferentially along specific grain boundary types
or crystallographic planes in Alloy 725.
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