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ABSTRACT

Influence of hydrogen on the electrical resistivity of 4340 and 300M high-strength steels

Hosna Eftekhari

Hydrogen embrittlement of steel components is a significant technological challenge, especially in the
aerospace industry. Hydrogen is introduced into the steel during production and post-treatment. Trace
quantities of hydrogen, as small as one-hundredth of parts per million, have the potential to induce
embrittlement. Detection of hydrogen is not feasible by many conventional methods used to detect
other elements as a result of its low atomic weight. Implementing a non-destructive method to measure
hydrogen levels would greatly enhance the precision of quality control procedures. This study attempts
to develop an approach for assessing hydrogen content in 4340 and 300M steel using electrical
resistivity measurements. Specimens were charged with hydrogen using the electrochemical method
and their hydrogen content was measured using thermal desorption spectroscopy. The change in
resistivity was measured before and after hydrogen charging using the four-probe method. The findings
reveal that the presence of hydrogen can be detected by the rise in electrical resistivity. To distinguish
the impact of hydrogen on electrical resistivity from its effect on steel structure, the recovery of
resistivity was measured after hydrogen desorption. The recovery of resistivity showed that hydrogen
has an effect on electrical resistivity that is independent of microstructural damage seen in the absence
of mechanical loading. This study illustrates that electrical resistivity measurement can potentially
serve as the foundation for a novel, rapid, and non-destructive analytical technique for determining

hydrogen content in high-strength steel components.
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Chapter 1: INTRODUCTION

Hydrogen embrittlement (HE) has drawn the attention of researchers in many industries due to its
adverse effects on the durability of industrial parts. Steel components used in contemporary
applications including transportation, construction, and aviation are subject to this phenomenon
[1]. Hydrogen is introduced into steel not only through manufacturing processes but also during

the post-treatments such as electroplating and during service [2].

In recent years hydrogen fuel has gained prominence within refining and energy sectors, owing to
its inherent characteristics as a lightweight, storable, and energy-dense resource, while
simultaneously offering the advantage of emitting no direct pollutants or greenhouse gases. As a
result of this popularity, HE of the fuel tanks and other iron-based alloys and guaranteeing their

durability have been in the spotlight [3].

High-strength steels are more prone to HE than others even for hydrogen contents as small as a
tenth of parts per million [3,4]. Steel alloys such as 4340 and 300M find applications in the
aerospace sector, especially, for manufacturing critical components such as landing gears and
helicopter transmission shafts [5,6]. HE poses risks for such steels and the evaluation tests need to
be designed based on the application of the component in service. Thermal desorption
spectroscopy (TDS) is used to quantify the hydrogen content in the material. Measurement of
mechanical characteristics such as tensile strength [7], ductility [8], fracture toughness [9] and
fatigue crack growth [8] enables the detection and assessment of the impact of hydrogen on the
mechanical properties of high-strength steels. In general, the investigation into the deterioration of

the mechanical properties of steel is based on exploring the underlying mechanisms of HE. These



investigations involve a meticulous analysis of the fractured surfaces of the failed specimens to
identify the root causes behind the degradation. Various mechanisms have been suggested by
researchers for HE such as Hydrogen-Enhanced Localized Plasticity (HELP) [10], Adsorption
Induced Dislocation Emission (AIDE), Hydrogen-Enhanced Decohesion (HEDE), and Hydrogen-

Enhanced Strain-Induced Vacancies (HESIV) [9,11-13].

Measurement of mechanical properties is a reliable approach to HE evaluation. However, these
measurements are destructive. Investigation of physical properties can be an alternative to the
existing testing techniques. The development of such a technique requires a deep understanding of
the electron structure of materials. The effect of hydrogen on electron structure [14], vacancies
and dislocations [15] within BCC iron and steel have been investigated using first-principles
calculations. These investigations indicate a local increase in the density of states [15] and
therefore in the number of free electrons. The effect of hydrogen on vacancies and dislocations
can potentially influence the electrical resistivity of steel components. This paved the way for the
viewpoint that hydrogen content can impact the physical properties of steel. Exploring the
measurement of physical properties in hydrogen-affected steel can establish the foundation for
evaluating hydrogen content using non-destructive testing methods which allows for possible

quantification of hydrogen content in a component in between services.

Potentially, HE can be indirectly quantified through the measurement of material characteristics
that exhibit sensitivity to hydrogen content and are measurable without causing damage to the
specimen. Previous studies demonstrated a correlation between variations in hydrogen content and
physical properties such as magnetic properties [5,16,17], and electrical resistivity [18], within

both energy storage materials and steel [19,20].



Some researchers have investigated the correlation between the hydrogen effect and changes in
the physical properties of steels by non-destructive methods. Koenig et al. [17], and Lasseigne et
al. [21] measured resistivity indirectly and Zhou et al. [18] proposed setups based on
electromagnetic measurements and showed the change in measured parameters as a function of

hydrogen content [18,22].

1-1 Problem statement

As previously mentioned, the primary approach for detecting the presence of hydrogen involves
mechanical testing and quantitative measurements obtained through TDS. Additionally, by
investigating the fracture surface and tracing fracture features back to possible mechanisms, it is
possible to indirectly identify defects induced by hydrogen. While these methods provide valuable

insights into the presence of hydrogen, their downside lies in the destruction of specimens.

A potential solution to this challenge is being pursued by examining the change in the physical
properties of hydrogen-charged steel. Studies have revealed that the electrical resistivity of X65
pipeline steel increases following electrochemical hydrogen charging [17,18,21]. Some
researchers have attempted to develop a non-destructive method for hydrogen detection using
electrical resistivity [17,21], though few provided sufficient detail in their studies [18]. It has been
observed that the change in the electrical resistivity of 4340 steel following hydrogen charging is
minimal, falling within acceptable error margins [22]. Consequently, detecting hydrogen in 4340
steel using this method was considered impractical [22]. Thus, the current study explores the
magnitude of electrical resistivity changes in 4340 and 300M due to hydrogen charging. Through

the analysis of resistivity measurement and the attributed hydrogen content, this research aims to



deepen our understanding of the early detection of hydrogen and prevention of HE in steel

components.

1-2 Thesis layout

The introduction outlines the issue of HE in steels and briefly explores the history of previous
research on this matter. Subsequently, the following chapter provides a more detailed explanation
of the source of hydrogen in the material, HE mechanisms and their relation to the electron
structure of steels. Further on, microstructural features, the influence of hydrogen on them, and the
overall impact of hydrogen on the physical properties of steel have been examined. Chapter 2
expands further upon previous research conducted on HE evaluation using methods based on
physical properties. Chapter 3 will detail the methodology, such as sample preparation procedures,
hydrogen charging technique, resistivity measurement, and hydrogen content evaluation. Chapter 4
discusses the results of resistivity measurements in relation to hydrogen content, supported by electron
and optical microscopy, as well as electron dispersive spectroscopy (EDS) and electron backscatter
diffraction (EBSD) technique. The final chapter summerizes the findings and contributions of this

study while offering recommendations for future research.



Chapter 2: LITERATURE REVIEW

The first part of this chapter outlines how hydrogen enters and diffuses within steel. With this
understanding, this study delves into the adverse effects of hydrogen on the steel structure. Next,
it is examined whether the effects of hydrogen are limited to mechanical properties or extend
significantly to physical properties. A detailed explanation is then offered for using the four-probe

method to measure electrical resistivity, a property potentially influenced by hydrogen.

2-1 Hydrogen absorption and diffusion in steel

Understanding the absorption and trapping of hydrogen atoms within steel crystal structures is
essential for analyzing how variations in hydrogen content affect the properties of the material.
Hydrogen interactions with steel structure can cause HE which is defined as the reduction of
mechanical strength and ductility as a result of hydrogen absorption and diffusion [10,21,23]. HE
is particularly severe in high-strength steels, significantly affecting their mechanical properties.
The mechanisms responsible for such effects are discussed in the next sections. The impact of
hydrogen on physical properties, potentially influenced by changes in electron structure, is
examined in the following section. Another crucial aspect is hydrogen concentration, which
determines the extent of its influence on various properties. The amount of absorbed hydrogen is
influenced by steel composition, microstructure, and applied stress under ambient pressure and
temperature conditions. As steel strength increases, its susceptibility to low levels of hydrogen
rises [24]; hydrogen quantities of as small as 0.02 wt ppm can affect the yield strength of AISI
4340 steel [25,26]. Kim et al. [27] reported a susceptibility threshold ranging from 0.07 to 0.2 wt

ppm in a high-strength steel with a tempered martensitic microstructure.



In industrial settings, sources of hydrogen include manufacturing process [28] cathodic protection,
electroplating [29], corrosion [30], etc. For experimental studies, hydrogen can be introduced into
steel using various methods such as electrochemical cathodic charging [31] and high-pressure
thermal charging [32]; in this thesis, electrochemical cathodic charging under ambient pressure
and temperature was employed. Keeping the experimental conditions constant, the effect of
hydrogen on the physical properties of steel without changing parameters such as grain size and
microstructure was investigated. During cathodic charging in an acidic solution, some hydrogen
ions are produced through water hydrolysis and some exist in the solution as H" ions. The ions are
adsorbed to the cathodic metal surface and bond with other hydrogen atoms to form hydrogen gas
molecules and leave the metal surface or dissolve into the steel, and are absorbed into the bulk
[33]. Once absorbed, hydrogen atoms assemble at internal defects such as dislocations, voids,
inclusions, grain boundaries, etc., where they may combine to create hydrogen molecules, as in

Eq. 1 and Eq. 2.

H*+e™ = Hugq Eq. 1

ZHadS =H> Eq 2

Hydrogen is adsorbed in atomic form on the steel surface via physisorption or chemisorption. Its
interaction with steel microstructure depends on its electronic configuration. When the energy of
dissociation is supplied, hydrogen is dissociated into a proton and an electron. The proton occupies
an interstitial site directly beneath the surface, while the 1s electron goes into the d-band of the
host metals such as iron [34-36]. In the metallic environment, conduction electrons in the Fermi
level screen the proton at short distances by neutralizing the charge [35]. In ambient temperature

and pressures, the solubility of hydrogen highly depends on the microstructure of steel which
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varies with heat treatment and mechanical work [37,38]. The packing factor is a parameter that
can affect the diffusivity and solubility of hydrogen atoms. BCC has a lower packing factor of 0.68
compared to that of FCC (0.74), making FCC more compact. In FCC, the activation energy for
trapping is lower than the energy required for diffusion, facilitating easier trapping and de-
trapping. Conversely, the diffusivity of hydrogen in BCC lattice is higher and solubility is lower

than in an FCC crystal structure [39,40].

The solubility of hydrogen in interstitial sites is controlled by electron interaction energy between
the site and the hydrogen atom [41]. This energy is known as the binding energy and will be
discussed in the following sections. In BCC iron, hydrogen prefers to occupy tetrahedral sites. The
presence of hydrogen in the lattice interstitial site can increase its size [35]. These sites have a
larger radius of 0.36 A as compared to octahedrals with a radius of 0.19 A. It is only at high
temperatures and pressures that hydrogen diffuses into octahedral sites and the solubility can reach
a saturation threshold of tens of wt ppm in steel [14]. Jiang et al. [14] used DFT to study the
adsorption and diffusion of hydrogen atoms into the BCC iron lattice and reported the preferred
sites for hydrogen to be below the planes of (110) and (100) which have the smallest surface energy
in a-iron. In the absence of traps, hydrogen prefers to stay on the surface rather than in the bulk,
since moving to subsurfaces requires energy, and it takes very little energy for hydrogen to move

from the bulk to the surface.

At ambient pressure and temperature, hydrogen absorption in the mentioned spots and the defects
has a solubility limit that depends on the charging method, steel composition, and microstructure.
Using cathodic charging, Shim et al. [42] reported a saturation value of approximately 5 to 8 wt

ppm for AISI 4340. However, saturation values can vary with charging conditions. Elevated



temperature, pressure, as well as severe electro-charging can enhance hydrogen diffusion, leading
to supersaturation in the metal and the formation of molecular hydrogen in discontinuities [42]. In
electrochemical charging, excess hydrogen in iron may be accommodated through interstitial
dissolution, segregation at lattice imperfections, precipitation in microcavities, or adsorption at
cavity surfaces. The diffusion rate of hydrogen in iron is significant even at room temperature,
allowing interaction between interstitially dissolved hydrogen and lattice imperfections, resulting
in an equilibrium between dissolved and undissolved hydrogen states. Changes in temperature and
lattice imperfections shift this equilibrium [43]. At higher temperatures and pressures, hydrogen
solubility increases. At certain conditions, interstitial trap sites can also absorb hydrogen as H» gas
[44,45]. Soluble hydrogen is trapped in microstructural features, classified into two primary types
based on their binding energies: permanently retaining and reversibly trapped hydrogen, as in
Table 1 [3]. Inclusions are potentially strong hydrogen traps in steels such as 4340 whereas carbide
interfaces are comparatively lower energy traps [46]. The interactions between hydrogen and these
features are a key point in the material performance in a hydrogen-rich environment. Several
experimental techniques such as electrochemical permeation testing and TDS have been used to
study hydrogen diffusion in metals and alloys with diverse microstructures [47-49]. These
methods detect hydrogen adsorption rates, diffusivity, and trap binding energy by measuring
hydrogen permeation and release during charging and heating. However, interpreting results is
challenging due to complex microstructures and sensitivity to experimental parameters such as
charging current and specimen geometry. To address these challenges, modeling frameworks have
been developed to quantitatively investigate hydrogen-microstructure interactions in materials

[50-53].



The apparent diffusivity of hydrogen may vary even in two specimens with identical
microstructures and compositions in Fe-C-Mo martensitic steel, according to Frappart et al. [47].
This discrepancy arises from differences in the number of trap sites, as well as their binding energy
and activation energies for permeation. This idea is related to the apparent diffusion coefficient
and lattice or interstitial hydrogen diffusion, which can vary within different regions of the same
material, consequently, leading to regional differences in hydrogen concentration [47]. Traps are

classified according to their trapping energy and host steel alloys.

Due to slight differences in composition and heat treatment temperatures, 4340 and its modified
version 300M, exhibit different trapping energies and diffusivity because of their microstructural
features. The diffusion coefficients (D) in 4340 and 300M are remarkably different; D3oom = 8.8
X 10712 m?/s and Dasza0 = 2 X 10711 m?2/s [29,54]. The diffusion coefficient of 300M is lower
than that of 4340. This difference can be as a result of the different carbide characteristics in the
microstructures (type and composition) which originate from the alloying elements. The alloying
elements can affect the material in both electron and atomic aspects. The microstructure of heat-
treated AISI 4340, according to ASTM F519 [55], contains martensite laths structured in austenite
prior grain boundaries and iron carbides are in the form of cementite. Grain boundaries and
cementite are the diffusivity paths and potential trap sites for hydrogen [41,47,56,57]. However,
300M undergoes a heat treatment at a higher temperature and contains some reverted austenite
which can be due to its higher Ni content. It also contains e-carbide at lath boundaries as a result
of heat treatment due to the silicon content being twice as much as that in 4340 [58]. Due to these
differences, the two steel alloys may show distinct behaviors in response to hydrogen absorption

and diffusion. It is explained in the next section how hydrogen interacts with the microstructural



features of steel. Subsequent sections aim to establish the relationship between microstructural

features and hydrogen, and their impact on physical properties.

Table 1. Reversible and irreversible traps in steel alloys [3]

Type of trap Activation Energy (kJ/mol)
Reversible Hydrogen-trapping sites Material
Grain boundary 17.2 Fe
Grain Boundary, Dislocation 21-29 4135, iron, Martensitic bolt steel
Deformation field around 29+£5 Ferritic steel
Dislocation

Irreversible Hydrogen-trapping sites

Semi coherent TiC 49.9

High-angle Grain Boundary 53-59

NbC interface 63-68
Incoherent TiC 85.7, 86.9

0.05C-0.22Ti1-2.0N1 steel

Range of steel alloys

Range of steel alloys

0.05C-0.22Ti-2.0Ni steel

2-2 Hydrogen interactions with steel microstructure

Hydrogen atoms introduced into steel coexist with alloying elements and the microstructural

features of the iron-based alloy. To clarify how hydrogen remains and diffuses in steel, it is crucial

to recognize the short-range and long-range interactions between these atoms and the

microstructural features. Additionally, understanding these interactions at the electron level can

provide deeper insights into the explanation of changes in physical properties such as electrical
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resistivity due to hydrogen. As explained in the previous section, the hydrogen effects on steel

structure can vary with the charging method.

Hydrogen in the metallic bulk is considered to be in an electron cloud [59]. Hydrogen atoms diffuse
into monovacancies or are distributed in vacancy clusters all over the BCC iron lattice [2,60]. First-
principles calculations show that despite the repulsion of ions, the monovacancy could
accommodate up to six hydrogen atoms due to their compact radius, thereby impacting the electron
state configurations of the host iron atoms [61]. The investigation done by Ohsawa et al. [61]
delved into the variability of stable hydrogen atom positions within the monovacancy, depending
upon the number of hydrogen atoms present. A vacancy traps hydrogen atoms by creating a charge
density, and promoting the binding of hydrogen clusters on its internal surface. Such a vacancy
can expand to accommodate more hydrogen atoms and H> gas [62]. Ab initio calculations show
that vacancies and hydrogen interactions significantly increase the equilibrium vacancy
concentration in Fe-H alloys, particularly at lower temperatures [60]. However, the diffusion of
vacancies in iron diminishes considerably below 500-600 K, potentially limiting changes in
equilibrium vacancy concentration. In contrast, hydrogen atoms remain highly mobile at these
lower temperatures, especially at grain boundaries. The concentration of hydrogen atoms bonded
with vacancies remains relatively small, indicating limited efficiency in trapping hydrogen across
different concentrations and temperatures [60]. The presence of multiple hydrogen atoms in a
monovacancy can be justified through long-range ordering and in the presence of other atoms.
McEniry et al. [63] explain the mechanism enabling hydrogen accumulation, where hydrogen
diffuses into the subsurface and accumulates along discontinuities despite repulsion during
electrochemical charging. They [63] have used atomistic modeling for the Fe-C-H system and

reported that hydrogen atoms occupying adjacent void sites near the edge dislocation experience

11



repulsive interactions for the nearest neighbor and negligible interactions for the second nearest
neighbor. Hydrogen-hydrogen interactions between voids parallel to the grain boundary plane are
minimal due to the greater distance between void sites in this direction. In the case of voids and
hydrogen, long-range attraction and short-range repulsion are the main forces. When considering
the hydrogen atoms and alloying elements, the type and amount of forces depend on the size and
type of the element [63]. Carbon in the form of cementite is a strong trap for hydrogen [64]. It can
affect hydrogen accumulation in atomic form as well. Carbon present at a void site may attract
hydrogen to an adjacent one. This occurs because the local strain induced by the carbon atom
slightly increases the displacement between the two grains, resulting in a small increase in
available volume for hydrogen at the adjacent void, leading to enhanced hydrogen solubility.
Consequently, carbon atoms may amplify hydrogen concentration at nearby vacant interstitial sites

for this category of tilt grain boundaries [63].

Marrow et al. [65] and Terasaki et al. [66] showed void initiation at slip bands or cell walls because
of vacancies. As more void formation is facilitated, clusters of voids can form. In the case of
hydrogen electrochemical charging, the fugacity of hydrogen gas is high on the charging surface.
In this case, the concentration of hydrogen may segregate towards grain boundaries and particle
interfaces. In other words, the equilibrium can shift towards the right side in Eq. 2, which results
in the production of H» gas. This might entail the build-up of pressure from molecular hydrogen
gas within the less constrained grain boundary areas before subjecting the material to any
mechanical loading. The accumulation of hydrogen can lead to the development of enduring
defects such as voids, blisters, and visible cracks within the microstructure, with cracks and blisters

predominantly emerging on or near the surface [42,67].
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Although HE occurs even with minimal hydrogen, researchers have used high fugacity charging
to study the effects on Fe-based crystal structures. Allen Booth and Hewitt [68] developed a model
that explains the behavior of hydrogen in both molecular and atomic forms within iron and steel
microstructures. Calculations were based on hydrogen diffusion in voids, considered as trap sites.
It was assumed that atomic and gaseous hydrogen are interconvertible. Given that hydrogen is
trapped in voids, it was proposed that the hydrogen diffusion coefficient depends on the number
of trap sites. Equations demonstrated that apparent diffusivity decreases with an increased volume
concentration of voids. Thus, hydrogen is trapped in its two forms within voids rather than
diffusing through the metallic lattice [68]. According to Oriani [35], voids and microcracks are
formed to release the stress caused by high hydrogen pressure. However, signs of transgranular
fracture in the fracture interface have been detected as the fugacity of hydrogen increases,
according to Shim et al. [42]. Hydrogen can cause permanent damage in specimens charged with
high fugacity hydrogen. Although aging at room temperature reduces the risk of transgranular and
brittle fracture, it does not prevent these fractures, with cracks forming during aging. Thus,
hydrogen-induced damage can persist in steel after hydrogen desorption, even though desorption
may alleviate the loss of ductility [69]. To release hydrogen, electro-plated steel components
undergo a heat treatment known as baking, where the plated material is heated to 190-200°C for

up to 24 hours [70].

The effect of hydrogen on steel is typically demonstrated through mechanical testing and fracture
surface analysis. While research on mechanical properties is extensive, further exploration of HE
mechanisms can enhance the insight into the interaction of hydrogen with the steel electron

structure. The next two sections briefly explain HE mechanisms and the effect of hydrogen on the
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electronic structure of steel. This can serve as a foundation for connecting the behavior of hydrogen

with the physical properties of steel.

2-3 Hydrogen embrittlement and mechanical susceptibility

The impact of HE on the mechanical properties has been a topic of extended studies, leading to
several proposed mechanisms. However, a complete comprehension of these mechanisms remains
unknown with the detection of HE standing out as one of the most challenging aspects. HE can
occur through a few primary mechanisms, each representing distinct behaviors of the material, the
HEDE, HELP, AIDE, and HESIV mechanisms [2]. A schematic of the mechanisms is shown in

Figure 1.

Hydrogen-Enhanced Decohesion (HEDE) was introduced by Oriani in 1970 which describes HE
as the weakening of metal-to-metal bonds due to the presence of hydrogen atoms between metal
atoms [69]. This reduction in bond strength facilitates bond breakage at a crack tip. According to
this model, a single hydrogen atom can significantly promote crack propagation by jumping from
a recently broken bond to a neighboring intact one [71]. On the other hand, hydrogen works as a
shield in the interactions among dislocations and, dislocations and other discontinuities in the
HELP mechanism [72]. Therefore, the repulsion decreases and dislocations can draw nearer to one
another [73]. It facilitates the movement of dislocations in a stress concentration zone, resulting in
dislocation pile-up and premature material failure. In this mechanism, the plasticity of the alloy

plays a major role in hydrogen-assisted fracture [72].

Lynch et al. [74] proposed the mechanism of AIDE. The basis of this theory is that dislocations

form at a stress concentration region and can easily migrate away when subjected to external stress.
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When hydrogen is adsorbed and accumulated in such a region, it weakens interatomic bonds,
facilitating the initial stages of dislocation and void formation in conjunction with the HELP
mechanism [9,75]. Lynch et al. [74] originally used the concept introduced by Clum [76] which
focused on the effect of hydrogen on the surfaces and interfaces within the material. The concept
is based on the idea that hydrogen adsorption on the metal surface, as observed through field ion
microscopy, alters various energy parameters such as surface energy and stacking-fault energy.
These energy adjustments are believed to lead to a reduction in the critical shear stress required
for the generation of dislocation loops. Consequently, this easing of the nucleation process aids in
the formation of dislocations. The analysis of Lynch et al. [74] of the hydrogen influence on
dislocation formation contrasts with the hypothesis suggested by Nagumo [77], which proposes
the HESIV mechanism, shifting focus from the immediate effects of hydrogen to the indirect
damage and material degradation it causes. This hypothesis, proposed by Nagumo and further
elaborated in subsequent studies [78], asserts that deformation-induced vacancies, augmented and
stabilized by hydrogen, are essential to HE. Observations from various studies highlight the
initiation of voids by hydrogen vacancies, particularly at slip bands or cell walls [65,66]. Nagumo
[77] suggests that these vacancy clusters are chiefly responsible for the reduced crack growth
resistance. However, this model overlooks certain experimental observations such as the increased
dislocation velocity and strain rate dependence, which cannot be fully explained solely by the role

of vacancies.
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Figure 1. Schematic of hydrogen embrittlement mechanisms [79]

In this section, it was shown that hydrogen influences the atomic structure of steel and therefore,
the mechanical and potentially the physical behavior of steel. To fully understand the effects and

their extent, studying the effects of hydrogen on steel electron structure is crucial.

2-4 Effect of hydrogen on the electronic structure of steel

In the previous section, the mechanisms of HE were briefly examined. An alternative approach to
explain HE is considering the relationship between the atomic and electronic structures of steel,
especially in the presence of hydrogen. HE mechanisms consist of analyzing the changes in the
electron structure caused by hydrogen in steel in this approach. The results of such changes can be

reflected in the physical properties of the material such as electrical resistivity.

The addition of hydrogen with a single electron to the metallic lattice has the potential to cause
changes to the electron structure. That can be associated with the bonds of the parent metal. Krasko
and Olson [80] used first-principles methods to investigate the impact of hydrogen interstitials on
the electron structure of grain boundaries. It was found that hydrogen at grain boundaries has
minimal impact on the electron charge in the iron valence d-bands. The hydrogen atoms create a

weak covalent bond due to the hybridization of the s-pd orbitals within and across the grain
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boundary. This bond is located far below the Fermi energy and is not significant in altering the
electronic structure of the iron atoms at the grain boundary. These discoveries are essential for
comprehending the decohesion mechanisms that can cause hydrogen embrittlement in iron-based

alloys.

The change to electronic structure can expand to other discontinuities such as dislocations. Teus
et al. [59] noted that the impact of hydrogen interstitials on dislocation mobility could be better
understood by considering electron structure alongside the HELP mechanism, therefore an
electronic approach to the HELP mechanism was proposed. The analysis of the shear modulus (x)
by Teus et al. [59] revealed that hydrogen reduces its magnitude compared to hydrogen-free FCC
v-Fe. The reduced shear modulus caused by hydrogen lowers the required stress to activate
dislocation sources (o), the line tension of dislocations (I'), and the distance between dislocations
in the pile-ups (d) as shown in Eq. 3, Eq. 4 and Eq. 5, where b is the Burgers vector, L is the
distance between pinned points, v is the Poisson’s ratio of the material, R is the radius of the
dislocation curve and n is the number of dislocations. As a result, the greater mobility of
dislocations observed in hydrogen-containing austenite suggests a softening effect attributed to the
electron structure altered by hydrogen [81,82]. Due to the smaller radius of hydrogen compared to
other common interstitials in iron, it results in lower binding energy to immobile dislocations and
causes minor lattice distortions. However, hydrogen can increase dislocation mobility by affecting
the electron structure of the host metal. It attracts electrons from iron, significantly increasing the
density of states at the Fermi level and therefore the local conduction electron density around
dislocations. This effect weakens the Fe-Fe bonds in the lattice [59], thereby enhancing dislocation
mobility [83]. The increase in dislocation mobility, along with a decrease in shear modulus,

ultimately influences the mechanical behavior of the material.
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o =2nb/L Eq.3
R
['= (ub?/4m)/log () Eq. 4

d= (mbu)/16(1 — v)no Eq. 5

Using first-principles calculations on BCC iron, Teus et al. [84] demonstrated that hydrogen
increases both the density of states at the Fermi level and the concentration of free electrons. This
finding was corroborated by Mdssbauer spectroscopy results, which indicated that hydrogen
enhances interatomic bonds between atoms of the parent metal by increasing the density of states
[84]. This increase enhances the metallic character of the bonds, which, unlike covalent bonds,
tends to increase plasticity by promoting the initiation and mobility of dislocations rather than
contributing to brittleness [85]. Furthermore, electron paramagnetic resonance spectroscopy
results showed that increasing hydrogen concentration in austenitic steel leads to electron
exchange with the s and d bands of the parent metal, further enhancing the metallic bonds

[59,84,86].

To sum, hydrogen influences the electronic structure of steel, affecting the mechanical and
physical properties. One such property is electrical resistivity, which can potentially serve as a
foundation of a non-destructive testing (NDT) method to detect hydrogen and predict damage
before component degradation occurs. The effect of hydrogen on the electrical resistivity of steel

is investigated in the next section.
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2-6 Resistivity of steel in the presence of hydrogen

2-6-1 Classic and quantum mechanics approach

Both classical and quantum mechanical approaches are required to clarify the impact of hydrogen
on the electrical resistivity of steel. In the classical approach, electrons can be viewed as having
particle-like characteristics. In this scenario, their interactions are envisioned through elastic
collisions with lattice atoms. This notion qualitatively explains the rise in resistivity with an
increasing presence of lattice imperfections and alloying elements [34,87]. Hummel [34] explained
that the drift velocity of electrons, caused by an external electric field, increases their random
motion. As electrons accelerate, the drift velocity increases until they collide with another particle
and lose some or all of this velocity. A more accurate model describes electron motion as being
opposed by friction. In this point of view, electrons continue to accelerate against the electrostatic
force until they reach a final drift velocity, where the forces from the electric field and friction are
balanced [34]. As can be observed in Eq. 6 and according to the classical approach, the
conductivity of the material g, is proportional to the number of free electrons N, and the time
taken between two consecutive collisions known as relaxation time 7, which increases as the mean
free path of electrons increases. The electron mass and charge are represented as m and e

respectively [34].

Nre“t Eq. 6

The classical method has limitations for certain conditions, such as considering that all electrons
are available for conduction and simplifying the scattering mechanisms [34]. In quantum

mechanics, electrons have wave-like properties where matter waves interact with lattice atoms and
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scatter in all directions. When waves encounter atoms, they absorb and reemit energy as spherical
waves. In a periodic crystal structure, these reemitted waves are in phase in the forward direction,
causing constructive interference and resulting in no change in the intensity or direction of the
wave, known as coherent scattering. If the atoms are not periodically arranged because of
impurities, vacancies, grain boundaries, or thermal vibrations, the scattered waves lose their fixed
phase relationship, leading to incoherent scattering and reduced energy in the forward direction

[34,88].

When subjected to an external field, the conduction electrons move through an array of ions, and
the resistivity is dictated by the rate at which they scatter from an initial state k to a final state k'.
k-space is a defined hypothetical space, where k and k" are vectors defined on the Fermi surface.
The Fermi surface represents a constant energy level of electrons in k-space with well-defined
boundaries. Only electrons within a certain energy range around the Fermi surface can increase

their energy slightly under the influence of an external field [88].

o= %ezvaN(E) Eq.7
The quantum mechanical Eq. 7 reveals that conductivity is influenced by the Fermi velocity vy,
relaxation time 7, and population density N(E). The latter, is directly proportional to the density
of states. Eq. 7 holds more significance than the expression derived from classical electron theory,
Eq. 6. Specifically, the equation highlights that not all free electrons Ny contribute to conduction;
rather, conductivity in metals is largely influenced by the population density of electrons near the

Fermi surface. For instance, metals such as copper and silver possess partially filled valence bands,
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leading to high electron population densities near their Fermi energy, and resulting in significant
conductivity according to Eq. 7 [34]. The research done by Teus et al. [59] using Density
Functional Theory (DFT) confirms these results. This is consistent with the reports of Shivanyuk
[85] regarding the enhancement of the metallic character of the bonds of the parent metal in the
presence of hydrogen [84,86]. Pontini et al. [89] measured the stacking fault energy change in the
presence of hydrogen in AISI 304 steel and reported that the increase in the electrons at the Fermi
level leads to a decrease in the stacking fault energy which can lead to dislocations splitting. The
rise in electron density at the fermi level and in the vicinity of hydrogen atoms further supports the
notion of hydrogen-induced augmentation of conduction electron density in sites occupied by
hydrogen atoms. This increase is attributed to various mechanisms, including differences in atom
size, valences, and electron concentrations, which affect electron scattering [81]. However, this is
a localized impact and resistivity typically increases with higher solute content in the material,
with solutes having different effects [82]. According to Brown [91], the resistivity of grain
boundaries also depends on the resistivity of the individual dislocations that make up these
boundaries. Upon the scattering of electrons that hit the grain boundary, there is a scattering
resonance at or close to the Fermi level. It is expected that the presence of hydrogen alters the

quantity of scattering and the energy of electrons.

The defects have a certain trapping capacity for hydrogen which makes each microstructure unique
when it comes to hydrogen permeation. Elements such as Mo and Ti which are visibly higher in
300M compared to 4340, according to Table 2 in Chapter 3, form carbides that can affect electron
scattering. Due to the variations in the type and amount of carbides, the extent of the hydrogen

effect on the electron structure of the parent metal differs in each steel alloy.
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The abovementioned studies investigated the theoretical and indirect effect of hydrogen on the
electron structure of Fe-based alloys. On the other hand, some researchers have used experiments
to measure the physical properties that change in hydrogen presence. Mastuo et al. [92] measured
the electrical resistivity of Fe-Cr-Al foils charged with high-pressure hydrogen gas and reported
no significant change in the resistivity caused by hydrogen. Researchers have published data on
the measurement of various physical properties and the effect of hydrogen content, such as the
speed of acoustic waves [19], and some endeavors have been made to develop a technique for
examining hydrogen levels by observing how these parameters shift in response to fluctuations in
hydrogen content; such as measuring the thermoelectric effect [93] and electrical resistivity

[17,22].

Ooijen and Fast [43] investigated the effect of hydrogen on the resistivity of pure iron wires and
measured the resistivity changes in hydrogen-charged, annealed, and cold-worked wires. The
increase in the resistivity of annealed specimens surpassed that of the cold-worked. The primary
reason that cold-worked specimens do not show a higher increase in resistivity has been attributed
to the alignment and shape of the cracks, which are less disruptive to the electric current flow
compared to the more randomly oriented cracks in annealed specimens. Hydrogen precipitated at
the crystal boundaries caused high gas pressures, leading to microscopic cracks at the grain
boundaries in the cold-worked wires. Additionally, the resistivity increase was attributed to plastic
deformation of the metal near the microcavities rather than interstitially dissolved hydrogen [43].
These results highlight the substantial impact of preferred orientation and hydrogen-induced
plastic deformation on the electrical resistivity of iron. It underscores the importance of
distinguishing between the impact of hydrogen on electron structure and microstructure, since

hydrogen can modify both. Raczysnki et al. [94] and Moriya et al. [95] reported contradicting
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results, stating that hydrogen can lead to an increase in electrical resistivity of armco and zone-
melted iron even in the absence of structural damage [94,95]. The recovery of resistivity was
examined by measuring the change in the electrical resistivity after hydrogen desorption.
Raczysnki et al. [94] reported a recovery close to 100%. Moriya et al. [95] measured the recovery
for two sets of iron specimens. The set charged in the less severe conditions of the basic solution
had a recovery close to 100%. However, the specimens charged in acidic solution with more severe
conditions were not fully recovered in terms of resistivity. The reason is the microstructural
permanent damages of steel due to high fugacity hydrogen charging. It is important to note that,
these measurements were carried out partially below 50 K to prevent hydrogen desorption and to

isolate the increase in resistivity due to lattice vibrations [94,95].

Alternatively, indirect measurements of resistivity appear to conflict with the earlier investigations
[59,96] which suggested that the hydrogen dissolved in the interstitial spaces of the alloy increases
the number of free electrons, which can potentially lower its electrical resistivity, due to providing
more electrons available for conduction and enhancing the metallic properties. However,
experimental studies did not conclusively determine the extent to which interstitial solute hydrogen
contributed to this change in the electronic structure of the alloy. The effects of solute and
irreversibly trapped hydrogen have not been isolated from each other. Developing a method to
distinguish between the two would be valuable. Various experimental methods were employed to
investigate the impact of hydrogen presence on the electrical properties of iron-based metals.
Among these are the four-probe method [16] and the eddy current method [17,22]. These
approaches provide valuable insights into how the presence of hydrogen affects the electrical

behavior of steel alloys.
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In studies employing impedance measurement methods, Koenig et al. [17] and Lasseigne [21]
analyzed the electromagnetic behavior of X80 pipeline steel and steel welds. They developed a
unique approach to establish a correlation between the hydrogen content and resistivity. Lasseigne
claimed that the contribution of inductive reactance (X) was negligibly low at 100 Hz and

therefore, the resistance (R) has a linear relation with impedance (Z), according to Eq. 8.

Z2=R*+ X Eq. 8

Subsequently, they observed a rise in the electrical resistance of X80 pipeline steel with an increase
in hydrogen concentration, as determined by the eddy current technique as shown in Figure 2.
Similarly, Zhou et al. [16] investigated the change in an eddy current signal in a 2.25Cr-1Mo-
0.25V due to hydrogen charging. The investigation revealed an increase in the intensity of the
signal with increasing charging time and therefore, hydrogen content. Charging time was also
correlated with hydrogen-induced plasticity loss. Then, as shown in Figure 3, the loss of plasticity
was related to the signal intensity. In a similar study, Zhou et al. [18] reported an increase in the
electrical resistivity of low-carbon steel using a four-probe method as well as an impedance
measurement procedure. However, the precise mechanism underlying the change in electrical
properties due to hydrogen remains unclear in these investigations [16]. Conversely, Bellemare et
al. [22] found no discernible change in the electrical conductivity of chromium-plated 4340 steel
caused by hydrogen, as assessed via the eddy current method. A cumulative hydrogen content of
1400 atomic ppm was absorbed into both the Cr coating and the martensitic steel substrate during
the plating process, of which 430 atomic ppm (approximately 8 weight ppm) was absorbed by the

substrate in the latter study.
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Yet, even though both studies [22,16] reported a similar hydrogen content of 8 wt ppm, Koenig et
al. [17] have observed a rise in the electrical resistivity of X80 pipeline steel using the eddy current
method. However, the potential reasons for the observations were not mentioned. Therefore, it is
essential to conduct further investigations into the influence of hydrogen on the electrical
resistivity of Fe-based alloys. A thorough comprehension of the fundamental physics driving this
phenomenon is essential for interpreting the outcomes of these NDT techniques. While the change
in resistivity due to irreversible damage induced by hydrogen is evident, the involvement of

interstitial hydrogen demands further study.

In this research, the changes of electrical resistivity to hydrogen charging in 4340 and 300M steels
were investigated using the four-probe method. The basis of the method and the related studies are

discussed in the next section.
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2-6-2 Four-probe method for resistivity measurement

Various techniques have been employed to measure the electrical resistivity of steels. Methods
such as Kelvin’s [97] and the four-probe method [98] were commonly utilized. Additionally,
researchers have employed the eddy current method to study resistivity [17,21]. Matula et al. [99]
employed this method in steady-state utilizing direct current (DC) for measurements. Bowler et al.
[98] utilized both AC and DC in four-probe method measurements [100]to measure the potential
resistivity drop in ferrous and non-ferrous components. Plate thickness, magnetic permeability,
and electrical conductivity were calculated using the measured data. A frequency sweep is required
to measure magnetic permeability by this method. For resistivity evaluations, measurements in a

single frequency are enough as long as the specimen dimensions are specified [100].

The four-probe method was first used in geophysics in 1916 by Wenner. In 1950s, Valdes applied
this method to measure resistivity in semiconductor wafers [101], while Van der Pauw employed
it for measuring the potential drop of specimens with arbitrary shapes and metallic bars [102,103].
Currently, the four-probe method is known as a precise technique, used to calibrate setups
according to standards. This technique is originally derived from the two-point probe method
which may be simpler to implement but lacks the precision offered by the four-probe method
[101]. Figure 4. (a) illustrates a schematic of the two-point probe. The two contacts serve to carry
both voltage and current. Ohm's law is employed to measure the resistance of the Device Under

Test (DUT).

Vv
RT = T = ZRW + ZRC + RDUT Eq 9
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The total resistance (Rr) in the circuit, as depicted in Eq. 9, is influenced by the resistance of each
contact point (Rc) and the resistance of the wire (Rw). By eliminating the contact resistance, one
can induce two additional probes and use the voltage probe to record the potential drop. Using two
probes introduces complexity in measuring these two contacts. Therefore, two additional contact
points are introduced, as illustrated in Figure 4 (b). It is worth noting that the contact surfaces
where the probe touches the specimen are required to be small to prevent additional contact
resistance. Rc and Rw remain, however, their impact is minimized by the negligible current flow
in the inner circuit, due to the high impedance of the voltmeter. Consequently, the voltage drop
recorded by the voltmeter accurately reflects the behavior of the DUT [101]. This voltage is

recorded in time and resistivity can be calculated accordingly.

In the four-probe method, the probes are positioned linearly, spaced apart by sy, s2, and s3 distances.
In a specific scenario where all probe distances are equal to s, and the voltage is measured at a

radius s away from the probe, the resistivity can be calculated using Eq. 10 [101].

» = 2nsF © Eq. 11
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Figure 4. (a) Two-probe method and, (b) four-probe method and resistances, (c¢) four-point probe showing

probe distances and current flow [101]

Voltage is measured in volts, current in amperes, and distance in centimetres. The specimen is
assumed to be semi-infinite in Eq. 10. However, if this assumption is not satisfied, correction
factors are employed to account for geometric variations. The correction factor (F) is the
multiplication of F1, F2, and F3, which correspond to adjustments for sample thickness,

dimensions, and probe position relative to the edges of the sample [101].
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As outlined by the free electron model [ 104], the resistivity of conductive materials correlates with
the effective mass of electrons, electron concentration, and the primary scattering mechanism. The
available literature on the direct measurement of resistivity change caused by hydrogen using the
four-probe method is confined to the research done by Zhou et al. [18]. They [18] attempted to
quantify the resistivity of steel and its alterations attributed to diffusive hydrogen using the four-
probe method. However, they did not outline the potential reasons for the phenomenon. The results
of the measured resistivity change using the four-probe method, with the percentage change in
hydrogen content, are depicted in Figure 5. As can be seen, an increase is observed in resistivity
due to a rise in hydrogen content. The rise in resistivity can be attributed to the scattering effect
created by the presence of hydrogen which was explained based on the classical theory of

resistivity in the previous sections.
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Figure 5. The correlation between resistivity and hydrogen content [18]

As discussed earlier in this chapter, resistivity is primarily governed by the scattering of electrons
by lattice and alloying atoms in steel. This predominant scattering mechanism is influenced by

factors such as sample composition, structure, temperature, inclusions, and strain. As per
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Matthiessen’s rule, depicted in Eq. 12, the overall resistivity of a conducting material comprises
the intrinsic resistivity of the lattice and additional residual resistivity resulting from various

scattering mechanisms caused by hydrogen and temperature [105].

p= Zpi = Puiattice + pthermal(T) + Phydrogen (H) Eq. 12

The findings indicate a nearly linear rise in the resistivity as the hydrogen content increases [24].
With longer hydrogen charging durations, there is a notable increase in hydrogen diffusion within
the interior of the material. Hydrogen atoms tend to accumulate at grain boundaries, internal flaws,
and inclusions to form hydrogen molecules under tensile stress, and consequently, impacting the
mechanical characteristics of the material [60]. The extent of hydrogen-induced damage in metallic
materials with varying hydrogen levels can be evaluated through performance metrics derived
from tensile, impact toughness, and bending tests. Among these, certain mechanical properties
exhibit higher sensitivity to changes in hydrogen damage, notably area reduction and elongation
[18]. Exploring the interplay between the electron structure of materials and the impact of
hydrogen as a particle offers a promising avenue for uncovering insights into the HE of steel
components. At present, a notable gap exists in experimental data and theoretical calculations

regarding the effect of hydrogen on electron structure, a key factor in embrittlement phenomena.

To address this gap in the present study resistivity measurements have been conducted using the
four-probe method for the reasons discussed above. The forthcoming chapters detail the
experimental procedures, results, and subsequent discussions. These findings hold potential for
developing an NDT method capable of quantifying hydrogen content in iron-based materials using

physical properties. This research investigates the ability of the four-probe method to detect
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changes in resistivity caused by hydrogen in martensitic high-strength medium-carbon steel (4340

and 300M) with the tempered martensitic microstructure.

2-7 Objectives

The main goal of the present research is to investigate the changes in the amount of electrical
resistivity of 4340 and 300M as a result of changes in hydrogen content and to evaluate the

sensitivity of the methods employed. The specific objectives are as follows:

1- Evaluation of change in electrical resistivity of martensitic 4340 and 300M and the
resolution of the effect of hydrogen on it using the four-probe method.

2- Establish a correlation between the extent of variation in electrical resistivity and the
hydrogen content.

3- Isolating the effect of hydrogen on electron structure from its effect on microstructure and
the manifestation of the two on electrical resistivity.

4- Investigating the factors that impact the contribution of hydrogen to the changes in
resistivity, including hydrogen trapping in the two steels affected by alloying elements,
microstructural characteristics, and heat treatment. These influences manifest through

cracks, hydrogen content, and the effect of desorption on resistivity.
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Chapter 3: EXPERIMENTAL PROCEDURES

3-1 Steel sample materials and preparation

The selected materials for the study were high-strength low alloy 4340 and 300M steels with the
composition shown in Table 2. Specimens with an average thickness of 0.97 cm were cut from as-
received bars with a diameter of 1.27 cm. The temperature and procedure for heat treatment and
oil quenching of the 4340 cut specimens were carried out per ASTM F519 standard specifications.
The 4340 specimens underwent heat treatment at 825°C for one hour followed by oil quenching.
Subsequently, they were tempered at 230°C twice for two hours each [55]. Similarly, the 300M
specimens were heat treated at 870°C and oil quenched, followed by a double temper at 300°C.
This heat treatment regime aligns with the AMS 6257E standard [70], which is used for aerospace
landing gears [106]. The resulting microstructures are shown in Figure 6. The specimens
underwent polishing with sandpaper ranging from 60 to 600 grit, followed by pad polishing using
a diamond slurry of 6 pm. The final specimen thickness was 0.9 mm. It is important to note that
without the final diamond polishing to get a mirror surface, the change in resistivity due to

hydrogen charging is not detectable. The possible reasons are discussed in the next chapter.

Table 2. Chemical composition of 4340 and 300M steels (wt %)

Element
C Si Ni Mn Cr Mo Cu S P \% Ti Al Sn
Steel
4340 | 0.39 | 0.25 | 1.69 | 0.73 | 0.73 | 0.207 | 0.250 | 0.001 | 0.013 - - 0.007 -
300M | 042 | 1.68 | 1.89 | 0.74 | 0.80 | 0.40 | 0.09 | <0.001 | 0.005 | 0.08 | 0.0010 | 0.03 | 0.006
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Figure 6. SEM images of final martensitic microstructures of (a) 4340 and (b) 300M, used in
this research 20.0 pm

3-2 Electrochemical hydrogen charging

The introduction of hydrogen atoms into the steel can be achieved using methods described in
section 2-1 Hydrogen absorption and diffusion in steel. In this study, hydrogen was introduced

using the cathodic charging technique, as shown in Figure 7.

Pt electrode

Figure 7. Schematic of electrochemical cathodic charging [107]

Out of the various methods for introducing bulk material with hydrogen, cathodic charging was
identified as most practical due to its ease of application and readily accessible setup. Moreover,
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the electric potential applied during cathodic charging enhances the diffusivity of hydrogen,
thereby enhancing the effectiveness of charging when compared to methods solely driven by
concentration [32]. In the cathodic cell, hydrogen ions undergo reduction, forming either gas or
atomic hydrogen which then gets absorbed onto the surface of the specimen, leading to hydrogen
atom diffusion into the metal. This process is achieved using a single-cell setup, with a platinum
electrode serving as the anode and the specimen as the cathode. The choice of solution can vary
between acidic or basic. An acidic solution offers a higher concentration of hydrogen ions, thereby

increasing the fugacity of hydrogen on the surface of the specimen [33].

Ammonium Thiocyanate, NH4sSCN was used as a poison to prohibit the recombination of
hydrogen atoms to produce hydrogen gas and prevent the reduction of hydrogen atoms available
for diffusion [42]. The amount of poison varies in research reports depending on the targeted
hydrogen content and specimen composition. Ando and Yamakawa [108] found that the addition
of sulfur, cyanide, and arsenic accelerates hydrogen entry by increasing the coverage of adsorbed
hydrogen atoms on the metal surface. However, NH4SCN was selected for this study due to its
ease of handling and safety, while also providing the necessary kinetics required for the process.
This choice is supported by the observed reduction in charging time and the resulting hydrogen

content [109,110].

Cathodic charging was employed to introduce hydrogen into the material via both radial and
surface pathways. The charging parameters were selected to establish a severe hydrogen charging
environment, with a current density of 100 mA/cm? in constant current mode. The cathodic
charging current density was chosen according to the literature to minimize corrosion during

hydrogen charging. The charging solution consisted of 0.5M H2SOs, with 3 g/l NHsSCN [111] and
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a 0.1M H2SO. without the poison. The independent variable was time, which resulted in varying
hydrogen content in specimens subjected to similar charging conditions. Each specimen is charged
using 250 mL of the prepared solution. A frame made of silver-plated copper wire wrap served as
a holder and the current carrier for the specimen. The specimen was connected to the positive pole,
while a platinum electrode was connected to the negative pole of the power supply as in Figure 7.
After cathodic charging was done and before the start of resistivity measurements, the specimens
underwent a gentle polishing using the cloth pad for 6 pm slurry, to eliminate any charging residues
and restore their metallic conductivity. Subsequently, they were washed with acetone to remove

any contaminations that may interfere with the electrical current.

3-3 Resistivity measurement using the Four-probe method (DC)

The four-probe method was selected due to its precise measurement capabilities and scientifically
validated repeatability. The apparatus consists of four gold-plated spring-loaded steel probes
mounted on a pillar, which is lowered onto the specimen using a lever. The two outer probes are
connected to the TTi PL303-P power supply, as seen in Figure 9 (a) showing the entire setup. The
inner probes are connected to the Keithley 2182A nanovoltmeter. Voltage measurements were
taken at 800, 600, 400, and 200 mA in constant current mode for each specimen before and after
hydrogen charging. A Python script was used to record voltages through an RS232 port, generating
voltage-time graphs. The accuracy of the method was assessed using a standard resistor, and the
measurement resolution was in nanovolts. The voltage data was acquired as a function of time, as
in Figure 8. The resistivity was calculated using Eq. 10 in chapter 2, where a constant current was

applied from the power supply, and the voltage was measured using the nanovoltmeter.
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Figure 8. Raw data showing voltage-time graph for a non-charged 4340 specimen measured at 200mA

3-4 Hydrogen content measurement

The specimens utilized for measuring hydrogen content were cut from identical 4340 and 300M
bars. Their thickness was standardized to 1mm to ensure the precision of the hydrogen content
measurement using the hydrogen analyzer apparatus. Three separate experiments for hydrogen
content were conducted for each charging duration per material. After cutting specimens from steel
bars, the specimens underwent heat treatment following the industry standard. After oil quenching
and tempering, each specimen went through grinding and polishing before being subjected to
hydrogen charging. After the charging process, the specimens underwent minimal polishing to
restore the surface conditions to improve the accuracy of the resistivity measurements.
Subsequently, the specimens were cleansed with acetone, dried, and immediately introduced into
the hydrogen analyzer, which was calibrated using standard specimens. The employed analyzer is

an Eltra H-500 gas analyzer model by ATS Scientific INC shown in Figure 9 (b) Once calibration

36



was completed with the standard steel balls provided by Eltra, the specimen under study was placed
in a quartz boat and lowered into the heated section of the furnace, maintained under a nitrogen
atmosphere at a constant temperature of 1000°C. The gas desorbed from the specimen is conveyed
using nitrogen gas to the filters and detectors, with the quantity of hydrogen reported in weight

parts per million (wt ppm).

(a)

Figure 9. (a) The resistivity measurement setup and (b) hydrogen content analyzer

3-5 Characterization

Uncharged specimens of 4340 and 300M were prepared for SEM imaging, EDS and EBSD using
sandpaper with additional steps of polishing up to 1200 grit, followed by pad polishing using a
diamond slurry of 6, 3, and 1 pm. EBSD specimens were ion-milled for 15 minutes before analysis
using a Hitachi IM400II apparatus. To prepare hydrogen-charged specimens for SEM imaging,

the samples were polished using only a polishing pad and 1 pm diamond slurry.

Chapter 4: RESULTS AND DISCUSSION

This chapter provides an in-depth examination and explanation of the resistivity measurement

findings, demonstrating the impact of hydrogen on the electrical resistivity of 4340 and 300M.

37



Initially, the degree to which electrical resistivity was affected by hydrogen in the two materials is
evaluated using the four-probe method. Following that, an investigation into potential explanations
associated with the observations is undertaken. Moreover, the discussion examines the degree to
which variations in electrical resistivity are affected by microstructural changes and irreversible

damage, as opposed to being solely attributed to solute hydrogen.

4-1 Effect of hydrogen on the electrical resistivity of 4340 and 300M

Figure 10 depicts a voltage-current graph for 4340 steel measured using the four-probe method.
The measurement was done before and after hydrogen charging carried out in a 0.5 M H>SO4
solution containing 3 g/l NH4SCN at a current density of 100 mA/cm?. Although this method is
sensitive to the changes in resistivity due to hydrogen, it seems that surface conditions play an
important role in the detection of any changes. The alteration in resistivity becomes measurable
only on specimens polished to a mirror surface finish. This observation shows the criticality of
flawless probe contact, particularly at microscales. A measurement for 200 seconds was done for
each material and charging condition. The results of measurement done on each current, are fitted
using linear regression, as shown in Figure 10. The linearity conforms with a coefficient of
determination ranging from 0.96 to 0.99 for all measurements. The linearity indicates that the
measurement aligns with Ohm’s law, as demonstrated in Eq. 13 with the slope increasing after
hydrogen charging. Figure 11 shows the electrical resistivity of 4340 and 300M as a function of
charging time in a 0.5M H2SOs solution containing 3 g/l NHsSCN. For the resistivity
measurements, the current was adjusted from 200 mA to 800 mA while the voltage was recorded
using the voltmeter in parallel with the probes. The resistivity was calculated for each current, and

the reported value represents the average of these measurements. Each data point on the graph
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represents the average of three resistivity measurements conducted under identical conditions. The
zero charging has a small error bar showing that the local microstructural changes from specimen
to specimen do not affect the resistivity measurements. Both steels exhibit a significant increase

in resistivity at the start, accelerating by the second hour and approaching saturation after 7 hours

of charging.
R=V/I Eq. 13
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Figure 10. Voltage - Current graph for a 4340 specimen before and after hydrogen charging in 0.5 M
H>SO4 containing NH4SCN, at the current density of 100 mA/cm?
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Figure 11. Change in resistivity as a function of charging time for (a) 4340 and (b) 300M, hydrogen
charged in 0.5 M H»SO4 containing 3 g/l NH4SCN, at the current density of 100 mA/cm?
In Figure 12, the percentage change in resistivity of steels is compared, revealing that the change
in resistivity for both alloys after 1 hour of charging is nearly identical. The formula used to

calculate the percentage change in resistivity is as per Eq. 14; where, pchargeq and pg are the
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resistivities of charged and uncharged specimens, respectively. The percentage increase in the
resistivity of 4340 is 3.7, 8.9, 14.0 and 15.3 % for 1, 2, 4, and 7 hours of charging, respectively.
However, 300M shows a comparatively moderate increase in resistivity, stabilizing after 4 hours
of charging, which indicates saturation. Both alloys begin to reach saturation after 4 hours of
charging. The change in 300M’s resistivity is 4.7, 6.0, 7.0 and 8.8 % for 1 to 7 hours of charging.
The smaller change in resistivity in 300M compared to 4340 may be due to its different

microstructural features and composition, which will be discussed in the next section.

% change in resistivity = (W) x 100 Eq. 15
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Figure 12. Percentage change in resistivity with charging time for 4340 and 300M, hydrogen charged in
0.5 M H,SO4 containing 3 g/l NH4SCN, at the current density of 100 mA/cm?
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Figure 13. Percentage change in resistivity as a function of hydrogen content for (a) 4340 and (b) 300M
hydrogen charged in 0.5 M H>SO4 containing 3 g/l NH4SCN, at the current density of 100 mA/cm?

The percentage change in resistivity for 4340 and 300M with the change in hydrogen content is

shown in Figure 13. It is evident that the hydrogen content of 4340 remains nearly constant after
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the first hour of charging. Although the percentage change in resistivity is nearly the same in both
alloys in the first hour of charging, 300M exhibits a significantly lower hydrogen content during
the first hour of charging as compared to 4340. However, after 4 hours of charging, the hydrogen
content in both alloys becomes nearly identical. After one hour of charging, a significant amount
of hydrogen was detected. Extending the charging time from 1 to 7 hours did not notably increase
the hydrogen amount but did enhance resistivity in both alloys. The initial increase in resistivity
can be attributed to the hydrogen-induced change in the electron structure of steel [18], while the
later increase can be due to the damage made to the steel structure by hydrogen [43]. Damages can
manifest in microcracks, which appeared on 4340 after 4 hours of charging, whereas in 300M they

appeared after 2 hours.

Overall, hydrogen influences electrical resistivity by altering the electron structure, with its effects
also manifesting in the microstructure of the material. The following section examines the extent

of these microstructural changes in the studied steels and their correlation with resistivity.

4-2 The multifaceted effects of hydrogen

4-2-1 The impact of microstructure and composition on hydrogen-induced change in electrical

resistivity of 4340 and 300M

As evident from Figure 11 in the last section, the resistivity of 4340 is lower in the uncharged
condition as well as the charged condition as compared to that of 300M. This can be attributed to
the microstructural differences of the two steel alloys. Both microstructures of 4340 and 300M are
comprised of martensite laths. Microstructures were investigated using EBSD in pre-charging

conditions. The martensite grain morphology is similar in both steels. The results shown in Figure
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14 and Figure 15 confirm the hierarchical microstructural features. The grain structure consists of
martensite laths, which form blocks. These blocks group into packets, which are contained within
prior austenite grains, and both packets and grains vary in length. A block is composed of
numerous laths that share almost identical crystallographic orientations, while a packet contains
several blocks with nearly the same planes. A prior austenite grain refers to a region that
corresponds to a single grain in the austenite state. The block boundaries display irregular shapes,
vary in size, and exhibit high levels of misorientation (10° < h < 60°), as illustrated in Figure 14
(c). A large fraction of the boundaries in these figures are high angles. Although the average grain
sizes in 4340 and 300M are similar, 19 and 20 pum, the blocks of 300M are thinner and more
intricate than 4340 according to Figure 6 (Section 3-1 Steel sample materials and preparation), and
Figure 15. As shown in Figure 14, a considerable number of blocks in 4340 are oriented in (100)
and (111) planes respectively for cementite and martensite. For 300M these orientations are (101)
and (010) respectively as shown in Figure 15. A certain fraction of grains exhibit orientations that
result in varied atomic packing along specific crystallographic directions. Therefore, the
orientation, and the fine texture of blocks in 300M, can result in a higher resistivity than 4340 in
the pre-charged condition. The secondary effects of this texture and its influence on after-charging

diffusivity will be discussed in the following discussion.

After 4 hours of hydrogen charging, blister wall cracks appeared on 4340 steel as shown in

Figure 16. On the other hand, fine cracks were prevalent in the 300M specimens after 2 hours of
charging as shown in Figure 17, indicating that damage developed more quickly and severely in
300M than in 4340 steel. Irreversibly trapped hydrogen atoms at precipitates and their interfaces

are likely more abundant in 300M, as indicated by its lower hydrogen diffusion coefficient
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compared to 4340 [54]. This irreversibly trapped hydrogen can be the original cause of the
microstructural damage and the slower rise in electrical resistivity after hydrogen charging in
300M compared to 4340. The hydrogen near trap sites is expected to affect resistivity less than the

solute hydrogen. Although hydrogen hinders electron transmission, its impact on resistivity is

masked when trapped.
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Figure 14. (a) The EBSD and the inverse pole figure map (IPF-Z) of martensitic 4340 operated at 25 kV
parallel to the Z direction shows grain boundaries and martensite lath blocks. The stereographic triangles
for BCT and Fe;C are shown (b) Hierarchy in a martensitic microstructure [112]. (¢) The EBSD map

showing the Austenite and cementite at the lath boundaries of non-charged 4340
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Figure 15. The EBSD and the inverse pole figure map (IPF-Z) of martensitic 300M operated at 25 kV parallel
to Z direction. The stereographic triangles for BCT and Fe;C. (b) Austenite and cementite at the lath
boundaries of non-charged 300M
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Figure 16. A blister wall crack in 4340, hydrogen charged for 4 hours in 0.5 M H>SOs containing 3 g/1
NH4SCN, at the current density of 100 mA/cm?. (a) OM image, (b) SEM image
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(a) (b)

(c)

Figure 17. Optical microscopic images of 300M charged for (a) 2, (b) 4 and (c) 7 hours, ina 0.5 M H>SO4
solution containing 3 g/l NH4SCN, at the current density of 100 mA/cm?
The significance of precipitates in hydrogen trapping and subsequent cracking lies in their capacity
to contain substantial quantities of hydrogen, thereby influencing the energies of vacancies and
dislocations [71]. The formation of precipitates in 4340 and 300M is expected to be different
depending upon the composition and heat treatment. As can be seen in Figure 14, the amount of
Fe;C in 300M is comparatively lower than that of 4340. The silicon content in 300M surpasses
that of 4340 steel (Table 2), which can contribute to the stabilization of e-carbides which have a
higher trapping capacity than cementite [58]. The higher nickel content in 300M results in a more

retained austenite-to-ferrite ratio, which can alter hydrogen distribution by being an effective trap.

Figure 18 and Figure 19 illustrate the potential presence of copper-containing precipitates in
combination with oxygen and sulfur across and along the cracks in hydrogen-charged 4340
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charged in 0.5 M H,SO4 containing 3 g/l NH4SCN, at the current density of 100 mA/cm?. These elements
were detected at various locations along the cracks in the steel and they can act as damage initiation
points during hydrogen charging. A prevailing theory suggests that hydrogen induces expansion
at microstructural interfaces within steel due to internal pressures, raising the possibility of
hydrogen existing in molecular form within the material.[113]. Monoatomic hydrogen absorbed
into the lattice recombines to make hydrogen gas at internal structural discontinuities such as the
ones discussed above. The resultant elevated pressure induces the expansion of microcracks and
microvoids, ultimately leading to their coalescence. This mechanism effectively accounts for the
formation of numerous voids and irreversible damage such as hydrogen-induced cracking in the
absence of external stress and can happen as a result of high fugacity charging [113]. However,
increasing the number of effective trapping sites for diffusible hydrogen has been used to increase
the resistance of martensitic steels against hydrogen embrittlement. Lin et al. [62] utilized copper
(Cu) precipitates to achieve this objective; effectively impeding hydrogen diffusion within the steel
matrix. Their research highlights a substantial improvement in hydrogen trapping capacity through
copper precipitation, which offers stronger trapping sites than dislocations, with an activation
energy of 35.6 k] mol™'. However, it is reported that the precipitation of copper particles potentially
increases stress accumulation at the interface of precipitate/ martensite laths. In this research,
cracks initiated and propagated in regions rich in copper, oxygen and sulfur within specimens
subjected to severe charging conditions and contained high levels of hydrogen as seen in Figure

18.
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Figure 18. Cu-containing precipitates at crack initiation points in hydrogen-charged 4340 steel(a) across

the crack containing oxygen, (b) along the crack containing sulfur
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Figure 19. EDS mapping of crack in hydrogen-charged 4340 steel showing copper and sulfur

concentrations along the crack opening.

On the other hand, 300M steel contains less copper and more aluminum as compared to 4340 as
shown in Table 2. A cracked aluminum oxide particle was observed in the microstructure of the
charged 300M specimen as seen in Figure 20 (a). Deep cracks observed on the surface of 300M
steel, can originate from the aluminum oxide particles in their vicinity as in Figure 20 (b).
Dislocations that form around the Al.Os inclusion act as hydrogen traps [114]. Moreover, using ab
initio modelling, Hiiter et al. [115] showed that aluminum can hinder the movement of hydrogen
atoms in steel and reduce their diffusivity by trapping them. In this study, Al.Os was not observed
directly along the crack path. However, another potential cause for crack formation, aside from
brittle inclusions, could be the presence of preferred orientations that are more susceptible to

cracking.
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Figure 20. (a) Cracked inclusion primarily composed of Al and O in 300M steel, highlighting a potential
crack initiation site due to its composition, (b) Aluminum-rich precipitate located close to a crack in

300M steel.
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Apart from precipitates, it is reported that certain planes and orientations can contribute to blister
and crack formation when subjected to hydrogen charging. Microstructural analysis revealed that
transgranular hydrogen environment-assisted cracking occurs along the martensite blocks of
{110} BcT plane [116]. However, this plane acts as both a trans-block slip plane, continuous across
a packet, and a plane parallel to the block interface [117]. Despite this, experiments confirmed that
hydrogen cracking propagates along block/lath boundaries [118]. Specifically, hydrogen enhances
dislocation movement along {110} gcT slip planes within a packet, redistributing hydrogen to the
intersected martensite block and packet boundaries [118]. Lath interfaces within the grains serve
as effective hydrogen traps. The cumulative quantity of hydrogen trapped in these interfaces can
exceed the amount trapped in the prior austenitic grain boundaries and inclusions by a factor of 5

to 30 [119].

Hydrogen causes an increase in resistivity with or without the damage caused by the precipitates
or facilitated by crystallographic orientations. It is uncertain whether the resistivity can fully return
to the uncharged value after hydrogen desorption. To investigate the recoverability of resistivity,
the interactions of hydrogen and traps need to be discussed. The hydrogen atoms in the lattice are
the diffusible atoms with a low binding energy and are reversibly trapped [120]. Hydrogen is
desorbed from such traps at ambient temperature, recovering the resistivity. The recovered amount
can be attributed to the changes that hydrogen made to the energies of the conducting band of iron
electrons [35]. The remaining unrecovered resistivity has two components: the first is due to the
hydrogen being irreversibly trapped, and the other is a result of damage [45]. This can be attributed
to hydrogen facilitating the movement of dislocations and vacancy stabilization leading to

permanent damage that exhibits surface cracks and blisters [78,118].
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The changes observed in resistivity measurements of 4340 and 300M capture the combined effects
of solute and irreversibly trapped hydrogen. The next section explores an investigation aimed at

distinguishing these effects from one another.

4-2-2 Recovery in resistivity after hydrogen desorption

The electrical resistivity (p) of 4340 and 300M specimens were measured before and after
hydrogen charging as compared in Figure 12. To isolate the effect of solute hydrogen on the
resistivity of subject steels, the charged specimens were placed at ambient temperature and
pressure for 24 and 500 hours to measure the percentage recovery in the resistivity of these
specimens after the desorption of hydrogen. Percentage recovery is calculated according to Eq. 16.

Where, pgesorbed 1S the resistivity measured after desorption of hydrogen at ambient temperature.

Pcharged — Pdesorbed % 100
Pcharged ~— Po

% Recovery = Eq. 16

The results show that resistivity is recovered up to nearly 70% in 4340 and 60% in 300M after 24
hours of desorption. After 500 hours of desorption, percentage recovery in 300M remains
unchanged while for 4340 up to 80% recovery is observed as depicted in Figure 21. Since the
recovery is below 100 percent, the 4340 and 300M specimens have sustained some permanent
damage even after 1 h. The lower recovery of 300M as compared to 4340 is consistent with the
potential reasons discussed earlier in Section 4-2-1. The reasons include a greater hydrogen
trapping capacity in 300M compared to 4340, along with a higher diffusion coefficient in 4340
relative to 300M. Although surface microcracks did not appear in 4340 steel after 2 hours of

charging, the partial recovery of resistivity suggests that hydrogen caused permanent damage.
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Figure 21. Percentage recovery of resistivity with time for (a) 4340 and (b) 300M hydrogen charged in
0.5 M H,SO4 containing 3 g/l NH4SCN at 100 mA/cm?
The greater recovery in 4340 is due to reversibly trapped and diffusible hydrogen, which has a
larger effect on electrical resistivity compared to the irreversibly trapped hydrogen [45]. 300M has
more irreversible traps with higher binding energies. Therefore, the resistivity changes in 300M

are influenced more by its microstructural defects, rather than solely by hydrogen.

As discussed the effect of hydrogen on resistivity depends on its trapping location. It also
significantly influences electrical resistivity by altering the electron structure. Despite their similar
microstructure, the differing behavior in resistivity between the two alloys likely originates from
differences in their electron structure. In the early stages of charging, the electrical resistivity in
300M specimens rose similarly to that in 4340, despite lower hydrogen content in 300M. At this
stage, hydrogen atoms are primarily trapped in the lattice. However, in later hours, resistivity
changes, particularly in 300M, are influenced by microstructural damage. During the resistivity
measurement, a direct current passes through the specimen and electrons of the material at the

Fermi surface acquire velocity. Electron matter waves scatter off metal ions, dispersing radiation
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in various directions. Fe ions absorb and reemit energy as spherical waves, while hydrogen, as an
impurity, oscillates differently and influences Fe ion vibrations. It alters local force constants,
affecting the host lattice. As a result, electron scattering occurs directly via these barriers or
indirectly through phonon emission and interference. [121]. The scattering of electrons passing
through the specimen can also be affected by hydrogen ions. If electron energy dissipation in the
crystal lattice did not occur, electrons at the Fermi level would continuously gain energy,
accelerating indefinitely in the applied field. However, since this is not the case, scattering cannot
be purely elastic. Electrons can emit or absorb phonons, altering their wavevector and energy.
[34,88]. Therefore, in this context, the impact of hydrogen on the electrical resistivity is analogous
to that of alloying elements. Furthermore, in the case where the lattice is a transition metal such as
iron, ions have a high density of states at the Fermi level which facilitates electron-electron
scattering. In this research, the particle nature of hydrogen significantly impacts resistivity. As
electrons move through the material, foreign atoms create "friction" with each collision, increasing
resistivity [34,88]. Damage caused by severe charging conditions masks the distinction between
the two types of trapped hydrogen. Given their differing effects on resistivity, a new set of
experiments was designed to explore the possibility of isolating them. The results are presented

and discussed in the next section.

4-3 Isolated effect of solute hydrogen on resistivity

As described in the previous sections, cracks appeared on the 300M specimens, affecting their
resistivity significantly. However, the change attributed to solute hydrogen was not distinguishable
from that caused by damages. In this research, a set of experiments was designed to investigate the

effect of solute hydrogen on electrical resistivity. The work of Bellemare [22], demonstrated that
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4340 specimens with hydrogen content as high as 8 wt ppm remained un-damaged and showed no
change in impedance. In the previous section, significant damage was observed in 300M
specimens, therefore 4340 was not chosen for the current tests. 300M specimens were prepared
under identical conditions and specifications as those used for 4340. A solution of 0.1 M H>SO4
was used to charge specimens at the current density of 100 mA/cm?. The resistivity of the
specimens was measured and change in resistivity was calculated and plotted as presented in
Figure 22 to Figure 24. The highest amount of change in resistivity was 4.45%, observed in the
specimen with a maximum amount of 0.41 wt ppm hydrogen. As can be seen in Figure 24, the
relationship between the hydrogen content and the percentage change in resistivity is linear.
Similar results have been obtained by Zhou et al. [18] for the relation of hydrogen content and

electrical resistivity in low alloy low carbon steel.

No damage, such as cracks, was observed in these specimens even after 7 hours of charging. The
charging condition was milder as a result of lower acidity due to a more dilute solution and also
due to the lack of NH4SCN which prevented the recombination of hydrogen atoms. In the previous
experiments in section 4-1 Effect of hydrogen on the electrical resistivity of 4340 and 300M, even
after only two hours of charging induced 8 wt ppm of hydrogen leading to damage and changes in
the electrical resistivity. The difference in resistivity before and after charging can be attributed to
the type of hydrogen trapping influenced by charging conditions. During mild charging, hydrogen
was dissolved in interstitial sites and even this small amount made changes to the resistivity.
Resistivity recovered close to 100% as no microstructural damage occurred, indicating that the
change in resistivity is attributed to diffusible hydrogen. The reversibility and type of hydrogen
trapping can be partially evaluated through recovery measurement as shown in Figure 25. The

increase in resistivity is almost fully recovered after 24 hours of resting at ambient temperature.
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The critical hydrogen content in martensitic steel that causes embrittlement is reported as 0.4 wt
ppm [122]. Since the detected amount in this research is close to the critical value, resistivity
measurement appears to be a promising method capable of demonstrating the presence of

hydrogen.

To conclude, the electrical resistivity of 4340 and 300M increased following electrochemical
hydrogen charging, with trapping playing a key role in this effect. Resistivity showed an almost
linear increase with hydrogen content, which can be trapped in the lattice and desorbed at ambient
temperature. In contrast, irreversibly trapped hydrogen in microstructural defects, such as
inclusions, had a smaller impact on resistivity than solute hydrogen. These findings could form the
basis for developing an NDT method to detect hydrogen and predict damage before component

degradation in the industrial setup.
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Figure 22. Electrical resistivity of 300M as a function of charging time. Specimens were charged in 0.1 M

H>SO4 at 100 mA/cm?
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Figure 23. Percentage change in resistivity of 300M as a function of charging time. Specimens were

charged in 0.1 M H>SO4 at 100 mA/cm?
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Figure 24. Hydrogen content as a function of percentage change in resistivity for 300M specimens

charged in 0.1 M H»SO4 at 100 mA/cm?
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Figure 25. Percentage recovery of resistivity in each charging time for 300M hydrogen charged in 0.1 M
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Chapter 5: CONCLUSIONS

The present study investigates hydrogen-induced changes in electrical resistivity observed in

300M and 4340 low alloy steels utilized in the aerospace industry. Given the susceptibility of these

high-strength steels to HE originating from post-manufacturing processes, the detection and

assessment of hydrogen content hold considerable significance for acrospace applications. Due to

the critical demands of the aerospace sector, this research aims to contribute to the research efforts

to develop a non-destructive measurement strategy for detecting hydrogen embrittlement. The

findings derived from this investigation are summarized as follows:

Electrical resistivity of 4340 and 300M exhibits a notable rise due to an increase in
hydrogen content.

Interstitial hydrogen plays a major role in changing the electronic structure of the host
lattice, directly affecting the electrical resistivity. This insight underscores the importance
of understanding the interaction of hydrogen with crystal structure.

The hydrogen trapped in discontinuities and defects of the microstructure, causes a smaller
amount of change in the resistivity than interstitial hydrogen. Despite this, it can still cause
permanent microstructural defects such as cracking.

Electrochemically supplied hydrogen can cause cracking, particularly originating near
inclusions. This underscores the vulnerability of microstructural imperfections as initiation
sites for hydrogen-induced damage.

The change in resistivity is highly sensitive to several factors such as the surface conditions
of the specimen, alloy composition, and the microstructure.

The resistivity increases linearly with hydrogen concentration in the absence of damage.
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5-1 Original contributions

This research offered key insights into the sensitivity of electrical resistivity to hydrogen content
in 4340 and 300M steels, using the four-probe method. A significant contribution of this thesis is
the establishment of a correlation between shifts in electrical resistivity due to hydrogen charging
and the specific sites where hydrogen is trapped. Hydrogen retained within the iron lattice alters
its electron structure and thus its electrical resistivity, while hydrogen trapped in microstructural
defects or near impurities impacts resistivity in a distinct manner. Notably, this approach achieved
hydrogen detection at levels as low as 0.40 wt ppm, which is the critical threshold for hydrogen
embrittlement in martensitic steels such as 4340 and 300M. These findings deepen the
understanding of the interaction of hydrogen with the steel structure and lay a foundation for

developing a non-destructive testing method to detect hydrogen embrittlement.

5-2 Future work

Portable four-probe devices are already in use in industry and they can be upgraded to measure the
resistivity of components on site. The probe spacing and positioning can be optimized for more

precise results. Below are several additional recommendations for future investigations:

1- Utilizing a method to investigate the onset of void formation in the material during
electrochemical charging. This approach will aid in discerning the threshold at which
hydrogen begins to induce changes in resistivity and initiates damage.

2- Exploring the possibility of amplifying the changes in resistivity at low hydrogen levels by

adjusting the probe arrangement, current density, amplifiers, and other factors.
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[1]

[2]

[3]

[4]

[5]

[6]

[7]

Exploring the effect of the contact area of the probes on the accuracy of resistivity
measurements.

Investigating the effect of hydrogen on the electrical resistivity of materials with different
compositions and structures, such as FCC and BCC.

Gaining deeper insights into the fundamental physics underlying the experimental results

through first-principle calculations.
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