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ABSTRACT
The era of clean and sustainable energy transition is long overdue if net zero emissions by 2050 scenario is
still the target, as per the Paris Agreement. Since the early 20’s, intense research interests have been sparked
in several aspects to explore the use of alternative energy source. Hydrogen is one of the clean and efficient
energy carriers and it presents as a suitable zero emission fuel. It is one of the best chances to avoid drastic
climate change effects by 2050, yet its storage, distribution, and transformation come with a major
challenge limited by the interacting material’s behaviour. This thesis focuses on the material
characterisation and design for hydrogen application by analysing the hydrogen absorption rate of a dual-
phase 980MPa by Slow Strain Rate Test (SSRT) and Thermal Desorption Spectroscopy (TDS) interactions
under vary conditions of pressure, current density, and pressure., to understand design limitations and

strategies for the materials for optimal usage for hydrogen in the energy sector.

The improvement in hydrogen-related material could improve the efficiency of hydrogen-related energy
generation, transportation, and distribution. The research work starts with a comprehensive literature review
on hydrogen embrittlement mechanism and its impact on structural and mechanical properties of metallic
material (Dual phase steel). The various laboratory-induced hydrogen permeation, adsorption, hydrogen
charging- electrochemical, and hydrogen measurement by Thermal Desorption Spectroscopy (TDS)
alongside several other characterisation techniques for monitoring the effects and interactions of hydrogen,
specifically Scanning Electron Microscopy (SEM). The findings from the TDS test will provide an
insightful understanding of the hydrogen absorption rate of the dual-phase steel, kinetics of hydrogen’s
interactions, microstructural changes, and behaviour of hydrogen-induced degradation on mechanical

properties of metallic materials.

The research findings provide insightful knowledge of the behaviour of the metallic material in hydrogen
environments, and this will aid in the design of materials robust and efficient for hydrogen application in

the energy sector.

Keywords: hydrogen embrittlement; hydrogen absorption rate; hydrogen charging; dual phase steel (ferrite,

martensite) phase equilibrium; energy sector.



RESUME
L’ére de la transition énergétique propre et durable est attendue depuis longtemps si le scénario de zéro
émission nette d’ici 2050 reste I’objectif, conformément a 1’ Accord de Paris. Depuis le début des années
20, d’intenses intéréts de recherche ont été suscités sous plusieurs aspects pour explorer 1’utilisation de
sources d’énergie alternatives. L hydrogeéne est I’'un des vecteurs d’énergie propres et efficaces et se
présente comme un carburant approprié a zéro émission. C’est I’'une des meilleures chances d’éviter les
effets drastiques du changement climatique d’ici 2050, mais son stockage, sa distribution et sa
transformation posent un défi majeur limité par le comportement des matériaux en interaction. Cette thése
se concentre sur la caractérisation et la conception de matériaux pour les applications de I'hydrogéne en
analysant le taux d'absorption d'hydrogéne d'un 980 MPa biphasé par des interactions de test de vitesse de
déformation lente (SSRT) et de spectroscopie de désorption thermique (TDS) dans diverses conditions de
pression, de densité de courant et pression., pour comprendre les limites de conception et les stratégies des

matériaux pour une utilisation optimale de ’hydrogene dans le secteur de I’énergie.

L’amélioration des matériaux liés a 1’hydrogéne pourrait améliorer ’efficacité de la production, du
transport et de la distribution d’énergie liée a I’hydrogéne. Le travail de recherche commence par une revue
compléte de la littérature sur le mécanisme de fragilisation par I'nydrogéne et son impact sur les propriétés
structurelles et mécaniques des matériaux métalliques (acier double phase). Les différentes perméations
d'hydrogéne, adsorption, charge d'hydrogéne - électrochimiques et mesures d'hydrogéne induites en
laboratoire par spectroscopie de désorption thermique (TDS) ainsi que plusieurs autres techniques de
caractérisation pour surveiller les effets et les interactions de I'hydrogéne, en particulier la microscopie
électronique a balayage (MEB). Les résultats du test TDS fourniront une compréhension approfondie du
taux d’absorption de I’hydrogéne de I’acier biphasé, de la cinétique des interactions de 1’hydrogene, des
changements microstructuraux et du comportement de la dégradation induite par I’hydrogéne sur les

propriétés mécaniques des matériaux métalliques.

Les résultats de la recherche fournissent des connaissances approfondies sur le comportement des matériaux
métalliques dans les environnements hydrogéne, ce qui facilitera la conception de matériaux robustes et

efficaces pour les applications de I'hydrogéne dans le secteur de I'énergie.

Mots clés : fragilisation par I'hydrogene ; taux d'absorption de I'nydrogéne ; chargement d'hydrogéne;

équilibre des phases d'acier & deux phases (ferrite, martensite); secteur énergeétique.
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1. INTRODUCTION

1.1 Climate Crisis

Over the years, there have been conspicuous and consistent concerns about climate change, to the extent
that the public and media are noticeably involved in creating awareness and demanding adaptive and
mitigative measures, and the need for imminent combative measures. Today’s energy exploitation,
production, distribution, and usage contribute massively climate crisis. The energy sector, in 2021,
accounted for the majority- 76% of greenhouse gases produced [1], the major climate driver.
Simultaneously, at the current population growth rate likewise the staggering modernity growth pace this
fraction will surge even higher in the few years ahead. This course will make the achievement of the Paris
Agreement’s goal - keeping the global average temperature rise in this century as close as possible to 1.5°C
above pre-industrial levels- difficult to achieve. Thus, the energy transition agenda has become eminent
more than ever as agreed on at the COP 26 ‘Glasgow significantly picks up the pace on climate action —

and urgency is key’ as noted by Federal Environment Minister Svenja Schulze.

1.2 Energy Transition

The IEA, being at the heart of global energy dialogues, is consistently bringing to light global energy usage
and its effect on the globe. All stakeholders have important roles to play in this campaign, through policies,
funding research, development, and technology. Consequently, Climate Change Conferences that are being
held through Paris Agreement UNFCCC consistently inform on energy crisis and its progress and to
promote the need to be more sustainable in their regards. These conferences over the years have addressed

the need to adopt clean energy measures at the core of energy transition.

To achieve TEA’S Net Zero Emission by 2050 Scenario, adopting the utilization of clean energy assures
the globe of sustainable survival, amongst these proposals are: renewable energy such as wind and water,
increasing energy efficiency; electrifying transport, industry, and buildings; expanding the use of clean
hydrogen and other low-emission fuels; and investing in emission abating technologies, including negative
emission technologies. Ever since the affirmation of the assertion for the usage of clean and sustainable
energy was made [2], there have been monotonous thriving interests in research giving way to daunting
technologies. Amid this discussion, the ideal way to achieve the Net Zero Emission scenario requires energy

transition to a low-carbon fuel hydrogen energy is being presented as the best option.

1.3 Hydrogen as An Energy Carrier
Hydrogen is an ideal zero-carbon fuel and the prospect reaching the net zero agenda. The utilization of
hydrogen, as a promising fuel, has the potential to combat climate crisis [3]. It poses several advantages,

including its relatively high energy density, environmental climate friendliness, and compatibility with



various energy conversion systems such as fuel cells with high efficiency [4]. These make it competitive
for various applications such as transportation, power generation, and ‘timely’ energy storage. Though it
comes with these undisputed advantages, the implementation of this carbon-neutral fuel has been limited
by hydrogen embrittlement affecting storage and transport of hydrogen through metallic material for several
applications.

1.3.1 Hydrogen Transportation In The Energy Sector

The utilization of hydrogen as an energy carrier in the energy sector has great potential to drastically reduce
the global warming arising from that sector. The material grades for application in this sector are still being
investigated. It is greatly being posed by one great limitation, hydrogen embrittlement, thus the main motive
for this thesis.

1.4 Design Strategies and Limitations

Material characterisation and design strategies are pertinent to assist in the recommendation of safe and
efficient utilization of hydrogen in diverse application. This research work will primarily investigate the
hydrogen absorption potential, crystal lattice behaviour, and microscopic properties of dual-phase steel
materials and their interaction with hydrogen and propose design recommendations and approaches for
hydrogen applications in the energy sector. The research aims to address fundamental aspects related to
hydrogen embrittlement mechanisms, hydrogen charging, hydrogen measurement, phase equilibrium, and

interaction of hydrogen with dual-phase steels.

Hydrogen embrittlement, a significant concern in structural materials, refers to the phenomenon where the
presence of hydrogen induces unexpected degradation and fracture in metals lattice [5]. The understanding
of these mechanisms of hydrogen embrittlement is essential for developing strategies to mitigate its
detrimental effects on dual-phase steel materials. This research will involve a comprehensive investigation
of hydrogen embrittlement mechanisms through hydrogen absorption and diffusion in a dual-phase steel,
and its observed resultant microstructural changes using advanced characterization techniques: Thermal
Desorption Spectroscopy (TDS) and Scanning Electron Microscopy (SEM). To assess the susceptibility of
dual-phase steel to hydrogen-induced degradation, hydrogen charging experiments will be conducted using
electrochemical methods. These experiments will provide insights into the effects of hydrogen on the
corrosion behavior and mechanical integrity of dual-phase steel materials, to contribute to the development
of robust materials resistant to hydrogen embrittlement. Furthermore, this research will explore the phase
equilibrium- the interactions of ferrite and martensite phases with hydrogen through phase diagrams.
Through the investigation of the influence of alloying elements, and surface coating on hydrogen absorption

and embrittlement, novel materials can be designed with enhanced resistance to hydrogen-induced



degradation. This will pave the way for the development of advanced alloys suitable for hydrogen storage
and transportation applications or hydrogen application in the energy sector.

1.5 Objective

The findings of this thesis will contribute to the understanding of hydrogen desorption rate by Thermal
Desorption Spectroscopy under varying conditions of pressure, temperature, and current density and
eventually to understand the hydrogen-material (DP steel) interactions, the design of materials (DP steel)
for hydrogen applications, and the advancement of hydrogen-based technologies in the energy sector. The
outcomes are expected to provide valuable insights and recommendations for material characterization,
alloy design, and engineering practices aimed at optimizing the performance, reliability, and safety of
hydrogen-related systems for their application in the energy sector.

Overall, this research represents a significant step towards enabling the widespread adoption of hydrogen
as a clean and sustainable energy source fostering progress in the field of material characterization and

design for hydrogen application.



2. LITERATURE REVIEW
The urgent problems of climate change, air pollution, and heighten conventional resource depletion as well
as its price escalations since 2020 have made the energy transition to sustainable and clean energy sources
significant on a global scale, because of the increasing importance of ecological restrictions. For the
incoming generations, renewable energy sources will be their main means of supplementing their energy
requirements. It is expected to be a common feature that will substantially change the face of energy
exploration spatially owing to their geographical availability. Renewable energy exploration is devoid of
carbon and sulfur and contains none of the pollutants that have already led to the restriction of hydrocarbons.
The intensive act to phase-out of nuclear energy has made the exploration of some renewable energies such
solar energy on extensive scale to achieve the global energy requirement. To fully supply the global energy
requirements, there should be the incorporation of other energy carriers to solve the issues of loss in storage
and distribution since solar energy has economic limitation in being transported over great intercontinental

distances. This is unfortunately one of the economic limitations of the fossil energy system.

2.1 Energy Consumption by The Energy Sector

Preeminently, IEA [6] reports that World energy production amounted to 617 EJ in 2019 — a 2% increase
from 2018. This increase was mostly driven by natural gas (+4%) and coal (+2%), though some renewables
increased much more in relative terms (e.g., +14% for solar and +12% for wind). Hydro-electricity
production stagnated at 15 EJ. While it did not increase in 2019, oil remained the most produced form of
energy, at 190 EJ. Fossil fuels accounted for more than 81% of production in 2019, as in the previous years.
This energy production amount is subject to about 21% increase 2040. The world would need twice as
much energy as it produces today if it were not for continuous improvements in energy efficiency, this era
is no different as a result there is no time to blink an eye over energy issues, as the emerging markets and
fast developing economies will present an increase in energy demand. If the Net Zero remains the target as
conspicuously discussed in COP26 in Glasgow, renewable energies have a huge gap to fill thus it must be
weighed against optimal storage and transportation. The storage and transportation potential raises lots of
guestions marks. If the zero-carbon economy is prioritized in achieving our energy requirements there must
be a complementary energy alternative. Amongst the various promising alternative energy carriers’ options,
lots of emphasizes are being placed on the mentions of hydrogen — hydrogen has been proven to be the
energy of the future by its ability to be essentially stored and transported in liquid and gaseous form
consequently improving the energy storage and transportation potential and to also its availability to balance
the fluctuations in energy production and consumption [7]. Energy storage and transportation are paramount
in the improvement of harvested renewable energy to offer the balance in production and consumption [8],

as it is the excellent path to aligning with the Net Zero Emission scenario, along with its high energy density.



Thus, it has garnered significant attention as a viable solution for achieving the net-zero scenario by 2050

[9].

2.2 Why Hydrogen?

Besides hydrogen’s competitive characteristics, which makes it earn the name “’fuel of the future’’, it is
accustomed that it can be produced from variety of renewable energy sources such as electrolysis powered
by solar or wind energy, which notable especially in the interest of sustainability since it produces no
carbon, sulfur, dust particles or heavy metals [10]. These renewable production pathways make hydrogen’s
sustainability and environmental friendliness a great concern in the decarbonization agenda because it does
not produce any carbon monoxides and dioxides and ultimately the by-product is a significant product that
offers essential usage - oxygen. Likewise, hydrogen has the potential of being stored and transported, which
will enable efficiency in distribution and supply upon request across different sectors and remote areas-
areas where traditional conventional electricity may not be available. Consequently, it has a plethora of
potential uses. In the automobile industry, the longer driving ranges, quicker refueling periods, and less
noise pollution make hydrogen fuel cell vehicles attractive alternative to traditional internal combustion
engines [11]. In industries like steel production and heavy-duty manufacturing, where direct electrification
is difficult, hydrogen can play a critical role in decarbonizing businesses through the operation of
electrolyzes and liquefaction plants. Hydrogen can also be used for grid balancing, energy storage, and
decentralized power generation, helping to integrate renewable energy sources and guarantee a consistent

and stable power supply [12]

2.3 Challenges In Using Hydrogen

Despite hydrogen's immense potential as an energy source, there are still several pressing problems that
must be overcome. Before being fully integrated into the energy sector, the safety of hydrogen during its
usage and operation must be appropriately limited to ensure that it checks every safety box. Despite being
well-known for a long time, hydrogen lacks several safety precautions, which has delayed its full operations
in many sectors, and the safety requirements are continually being updated. Hydrogen has been found to
exhibit a wide range of flammability, low ignition energy, relatively high flame velocity, quick diffusion,
and buoyancy in a laboratory investigation [13]. Hydrogen is odorless, very flammable, and produces
colorless flames when it is in the liquid state [14]. Increasing energy efficiency, lowering costs, keeping
hydrogen purity, and minimizing hydrogen leakage are the key risks that are behind these. When a chemical
with these qualities leaks, it would result on severe catastrophe. With the growth of hydrogen consumption
technology and the development of affordable and efficient hydrogen production techniques, the issue of
hydrogen embrittlement is frequently faced in the construction of trustworthy infrastructure for storage and

distribution. Safety issues and public acceptance must be adequately handled in all applications if hydrogen



is to be used widely as an energy source. For use in the energy sector, the dual-phase steel mechanism's

design and material characterization will be extensively examined.

At 1 atm pressure and 0°C temperature, hydrogen has a mass per gallon of 0.00075 kg, making it the lightest
element by a wide margin. Hydrogen needs to be compressed or liquified and transported under pressure
to be distributed efficiently [15]. Today, hydrogen is delivered by pipelines, cryogenic liquid tanker trucks,
or gaseous tube trailers from production facilities to customers [16]. In extensive applications, different
chemical carriers have been proposed. Additional infrastructure, such as compression, storage, dispensers,
meters, containment detection, and purification technologies, is frequently utilized at the consumer's end of
the operation. In the energy sector, the following methods are typically utilized to supply hydrogen: as
gaseous hydrogen in pipelines and tube trailers; as liquid hydrogen in new hydrogen carriers; as bulk
hydrogen stored on-site; and as hydrogen fuel dispensed to automobiles. Most significantly, extensive
research is being done on the material employed for this application and its interactions.

Climate seminars in the energy sector warn against high C0O, emissions rates in the steel development and
application technologies. Analysis and consideration were given to the first generation of advanced high-
strength steels (AHSS), which consists of typical ferritic multiphase steels with ferrite-based
microstructure. The first generation of AHSS includes martensitic (MS) steels, dual-phase (DP) steels,
complex phase (CP) steels, and steels with transformation-induced plasticity (TRIP).

Martensite

Ferrite  Martensite FemteBa’n'teMartenSiteBamxteFe"ite Austenite

1
-

Dual-phase Steel Complex-Phase Steel TRIP Steel Martensite Steel

Figure 1: Microstructure of the first-generation steels with their respective components [123]



2.4 First-Generation Steels

2.4.1 Dual phase steels

The dual-phase steels will be thoroughly explored for their hydrogen absorption rate by TDS for this study.
High-strength steel with a ferritic-martensitic microstructure is known as Dual Phase (DP) steel. Low or
medium-carbon steels are used to make DP steels, which are quenched at a temperature that is higher than
Al but lower than A3 according to a continuous cooling transformation diagram [17]. As a result, a
microstructure is formed that is made up of islands of martensite, a secondary phase that boosts tensile
strength, within a soft ferrite matrix. As a result, the volume fraction, morphology (size, aspect ratio,

interconnectivity, etc.), grain size, and carbon content all influence how DP Steels behave overall.

DP steels typically contain 0.06-0.15% C and 1.5-3% Mn (the former strengthens the martensite and the
latter causes solid solution strengthening in ferrite, while both stabilize the austenite), along with Si (to
promote ferrite transformation), V, and Nb (for precipitation strengthening and microstructure refinement)
as well as Cr & Mo (to retard pearlite or bainite formation) [18]. The martensite in the DP steels allows for
high ultimate tensile strength (UTS) [17], which is combined with low initial yielding stress, high early-

stage hardening, and microscopically uniform plastic flow (all made possible by the lack of Luders effect).

Due to these characteristics, DP steels are most frequently employed in the automotive industry as
appropriate materials for sheet-forming operations associated with the industry. The application of Dual
Phase steels for hydrogen purposes will be the main emphasis of this study. The steel melt is created in the
converter using an oxygen top-blowing method, and in the secondary metallurgy stage, it receives an alloy
treatment. The product is steel that has been killed by aluminum and has great tensile strength thanks to its

composition of manganese, chromium, and silicon [19].

The following are their benefits: minimal yield strength, the ratio of yield strength to tensile strength is low
(0.5), high rates of early strain hardening, excellent uniform elongation, high strain rate sensitivity (it
absorbs more energy the faster it is crushed) [20], and it has good resilience to fatigue. DP steels are
frequently used for automotive body panels, wheels, and bumpers as a result of these characteristics.[17]
This thesis will extend the characteristics and features that make the dual phase steel adaptable in hydrogen

application in the energy sector.

2.4.2 Complex phase steels
The microstructure and extremely small grain size of complex phase steels, which contain trace amounts
of martensite, pearlite, and preserved austenite embedded in a ferrite-bainite matrix, contribute to their

strength [21]. High grain refinement is accomplished through either postponed recrystallization or the



precipitation of micro alloying elements like Nb, Ti, or V. Both hot-rolled and cold-rolled [22]. Complex
Phase steel are produced, and both can be hot-dipped galvanized to prevent corrosion [21]. The higher
thickness ranges required to make structural-type parts are accessible in hot-rolled goods [21]. Except for
the inclusion of a small amount of Nb, Ti, or V to provide a precipitation strengthening effect, CP steels
have chemistry and microstructure that are comparable to Trip Steels [21][23]. The microstructure of the
bainite complex phase demonstrates better strain hardening and strain capacity than the bainite structure
alone [24]. For current and developing materials, the minimum tensile strength ranges from 780 to 1470
MPa with a total elongation of 5 to 30%.

The minimum yield strength of CP steels is higher when compared to dual-phase steels with equivalent
tensile strengths of 800 MPa and above [21]. The yield strength to tensile strength ratio of CP steels is
significantly higher than that of DP steels [21]. CP steels offer good work hardening capability at low strain,
high wear resistance, high energy absorption, and high fatigue strength. With a heat treatment at 500—700
C, the yield point of hot-rolled CP steels can be increased by up to 100 MPa [25].

Spot welders for other steel types with lesser strengths can be used with the right adjustments. It is simple
to weld CP steels to other common grades of steel or themselves. For present and developing strength, the

minimum tensile strength classes range from 780 to 1470 MPa [26].

CP steels offer outstanding formability and are appropriate for stretch forming, roll forming, bending, and

hole expansions due to their high uniform elongation and continuous yielding.

The excellent energy absorption capacity of CP steel makes it particularly suitable for the weight-saving
production of cold-formed crash-relevant parts for automobiles. Applications for body structure,

suspension, and chassis parts can be found in many automobiles [27].
Examples of CP steel applications and current production grades:

* CP 680/780 Frame rails, chassis components, cross members, B pillar reinforcements, and tunnel

stiffeners

» CP 800/1000 Fender beams, suspension brackets, frame rail reinforcements, rocker panel supports, and

bumper beams, side sills
Properties
e Tensile strengths that meet and exceed 800 MPa

e High ratio of yield to tensile strength

e Great for cold forming, bending, and hole expansion



e Strong bake-hardening qualities

e High durability and wear resistance
o High crash energy absorption

e Good weldability

2.4.3 TRIP steel

TRIP steels' microstructure allows for an exceptional fusion of strength and ductility [28]. As a result, they
are appropriate for structural and reinforcing elements with intricate shapes. These steels have islands of
hard residual austenite and carbide-free bainite scattered across a ductile ferritic matrix as its microstructure
[29]. These steels have an exceptional balance of strength and ductility thanks to the transformation of
austenite into martensite during plastic deformation (TRIP: Transformation Induced Plasticity effect). Due
to their high capacity for strain hardening, these steels have outstanding drawability and a good aptitude for
strain redistribution [28]. The tensile strength of TRIP steel improves significantly during the component
manufacturing stages compared to its reference value for flat metal, both as a result of local stamping strains
and the BH (Bake Hardening) effect during the painting process [30]. With a focus on crash behavior, these

effects can be exploited to improve the part's design.

TRIP steels are especially well-suited for automobile structural and safety parts such crossmembers,
longitudinal beams, B-pillar reinforcements, sills, and bumper reinforcements because of their excellent

energy absorption capacity and fatigue strength [31].

2.4.4 Martensitic steel
Typically, a hard crystalline structure is referred to as martensitic. One of the three forms of stainless-steel

alloy used in industry, martensitic steel is also a corrosion-resistant alloy [32].

The amount of carbon in this alloy, which determines its toughness and hardness, might be low or high.
The amount of carbon in martensitic steel determines how tough and hard it is [32][33]. This steel alloy is
tempered to further enhance its characteristics. Without tempering, martensitic steel becomes brittle and

has a restricted range of uses [34].

Martensitic steel, a member of the stainless-steel family, is an alloy mostly made of chromium and is
categorized as belonging to the ferromagnetic group. It comes in a variety of grades with various qualities
to suit various industrial purposes [35]. Tempering, which alters the chemical makeup, and heat treatment,

which makes it harder and more ductile, modify these qualities.



The following are examples of common uses for martensitic stainless steel: surgical instruments, gas

turbines, cutting tools, springs, and ball bearings.

Martensitic steel's corrosion-resistant property makes it suitable for use in humid environments [36].

Additionally, it hardens when cooled in oil, water, or air. It is important to note that high-carbon martensitic

steel is not recommended for welding [37]. Instead, a low-carbon alloy should be used for that purpose.
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Figure 3: Strength against elongation graph depicting the range of properties for all known steels. [121]

2.5 Hydrogen Mechanisms

Due to its high mobility and tiny radius of 0.32 A (1 A=10-10 m), hydrogen is very active in the metal
lattice. Particularly when there are steel imperfections, born from steel manufacturing, the hydrogen atoms
gather and interact with the matrix [38][39]. The uptake of hydrogen at the medium/steel interface, the
adsorption of the hydrogen atoms, the trapping and diffusivity of hydrogen in steels are all important phases
in the transfer of hydrogen from an ambient medium into solid steels [40][41]. Different factors, including
the ambient medium, surface quality, temperature, and partial pressing, have an impact on each step's

kinetics [40][42][43]. The next sections will go into the specifics of hydrogen behavior in steels.

O-dimensional, point defect:
1 Vacancies

2 Interstitial foreign atoms

3 Substitional foreign atoms

4 Mn-C-Dipole

1-dimensional, line defects
5 Dislocation
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2-dimensional, planar defects:
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- Stacking fault

- Subgrain boundary
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Figure 4: Presentation of all known defects in metals and their interaction with hydrogen atoms.
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The production of pipes and the operation of hydrogen throughout the material's life are essential for the
sector's use of hydrogen in the energy sector; nevertheless, for complete integration, the material must be
properly characterized and developed [41].

2.6 Green Steel For Hydrogen Application

In green steel, hydrogen is added to the process during the melting of the steel when it is utilized as a
reducing agent in the production of steel. The metallurgical process of green steel then produces Ca(OH),
in an extremely humid environment [44]. In the slag and water vapor, it can break down into CaO. Atomic
hydrogen is introduced into the melt during the interaction between iron and water. Various oxides and
hydroxides are generated on the surface of the sheet during the annealing, rolling, and cooling processes
that are then used. Subsequently, in the pickling process, which comes before cold rolling or galvanizing,
the sheet surfaces are treated with sulphuric acid or hydrochloric acid solution, which causes hydrogen
uptake [45]. The steel sheets are cleaned in an alkaline electrolyte before galvanization. In direct current
cycles, the steel coils are coupled as a cathode to remove the oil, emulsion, and contaminants from the band
surfaces. Hydrogen is partially incorporated into the steel during cathodic cleaning [46]. An atmosphere
made up of a mixture of nitrogen and hydrogen gas is employed during the hot-dip galvanizing process. An
annealing process was conducted before the Zn-bath to create the desired microstructure and lessen the
development of iron-oxide on the surfaces [47], as a result, hydrogen uptake occurs. In contrast, when
electro-galvanizing, hydrogen is absorbed on the Fe/Zn contact. Additionally, the subsequent galvanizing

creates a Zn-layer that serves as a barrier to stop hydrogen from escaping [48].

2.7 Hydrogen Pipeline Operation In The Energy Sector

The interaction of hydrogen atoms with the walls of the pipelines during their operation could cause
corrosion [49]. The steel material's walls may have an appropriate polymer covering to stop leaks and
penetrations in their tracks. These coatings aid in preventing hydrogen atom absorption when the pipe
materials have flaws [50]. The corrosion of the pipeline is influenced by variables including temperature
and humidity [51]. The following provides favorable conditions for the hydrogen entry reactions.

In general, hydrogen intake happens not only during the steelmaking process from a variety of sources but
also because of the operation of the pipes during hydrogen transport and distribution [48]. Most hydrogen
sources are now known to exist, and numerous techniques are used to minimize hydrogen entry [52]. The

primary restriction in this case is the material's direct hydrogen exposure during operation.
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2.8 Hydrogen Absorption And Transport In Steels
2.8.1 Hydrogen absorption

The material is designed specifically to transport pure hydrogen inside the pipeline and also prevent leaks.
The inner and outer interphases of the hydrogen and steel should be in thermodynamic equilibrium. Since
hydrogen is abundant and rarely found uncombined, the outer layer's temperature and pressure should be
ambient, which results in little hydrogen absorption. To control or limit hydrogen absorption from the
gaseous phase into the metallic lattice, partial pressures in the inner walls, where pure (atomic) hydrogen
is mostly transported in gaseous forms, should be restricted to pressures less than 90 bar [53]. Under high
partial pressures, hydrogen adsorption occurs in this sequence: accumulation, dispersion, and absorption.
Under little exposure to corrosive materials, the steel begins to corrode. Zinc coatings is preferred over iron
coating when protecting the steel from cathodic corrosion, the major corrosive mechanisms in steels. In a
nutshell, the process of hydrogen absorption in steel substrates entails several/some phases and is influenced
by variables such as cathodic current density, solution type, solution composition, substrate surface
condition, etc. Atomic hydrogen and molecular hydrogen were the two forms of hydrogen that were
absorbed into the steel substrate. The rate of Hydrogen evolution reaction (HER) and hydrogen absorption
reaction (HAR) regulates the absorption.

With a good absorptive condition, the transport of hydrogen through the lattice occurs quickly. In steels,
interstitial diffusion or the movement of defects facilitates hydrogen transport [54]. An optimal hydrogen
concentration must be reached for the creation of hydrogen-induced cracking (HIC) [55]. In the area where
a crack may form, the dissolved hydrogen diffuses and leads to further deformation in the steel lattice. Thus,
the understanding of hydrogen solubility and diffusivity in steel is essential in the characterization and

design of material for hydrogen application in the energy sector [56][57].

2.8.2 Hydrogen’ solubility and diffusivity in steels

Hydrogen’s atom further dissociates to form proton and electron in the lattice structure of the material it
finds itself, in this case, the dual-phase steel. The movement of these sub-atomic particles in the lattice leads
to the distortion. The presence of hydrogen in the lattice structure of steel can be quantified by the solubility

of hydrogen in steel [58]. This solubility in atomic fraction is mathematically quantified by Sievert’s law.

Cy = ax*exp (—67H)\/P_H
a = pre — coefficient

JdH= partial molar heat

T = Temperature

Py, = partial hydrogen pressure
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Hydrogen can diffuse rapidly in steel, hydrogen concentration gradient is decisive in determining hydrogen
diffusion. It provides details about the driving force to hydrogen atoms [59]. Fick’s first law describes the
diffusion flux density, which is defined as the number of hydrogen atoms that pass through a unit area in
the unit of time, and it is proportional to the concentration gradient.

grain boundary

Source: RWTH Aachen, IEHK

Figure 5: A figure illustrating hydrogen diffusion towards region of higher hydrostatic stress.

Jp= —Dxgrad C = —D (%)

C = hydrogen concentration

D = hydrogen diffusion coefficient in crystallographic lattice of metallic solid, expressed in Arrhenius
equation as

D = Dy *exp(~7r)

D, = pre exponential factor

Q = activation energy

R = Universal gas constant = 3.814x1073 J-mol™1 + K1

T = Temperature

This parameter, D, depends on the material’s microstructure hence it varies from material to material. Every
has a unique make-up and microstructure. The ability of hydrogen to diffuse through materials depends on
the material structure, the alloying element, and in some instances temperature and the stress state of the
material. When there are defects in the material the diffusion within a material is interfered by the traps in
the material. For that reason, the diffusion coefficient varies, that of dual-phase steel is between 2 — 2.7 x
10~ 7cm?s~1 [60][61].
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Figure 6: A description of solubility of hydrogen in steels []

2.8.3 Hydrogen- induced defects and cracks in steels

The purpose of this thesis is to fully comprehend and predict the behavior of material under failure. All
matters regarding embrittlement must be fully grasped, with the above-mentioned hydrogen-material
interaction properties can provide a characteristic material design properties. The hydrogen embrittlement

mechanism and its effects on dual-phase steels are going to be analysed in detail.

2.8.4 Hydrogen embrittlement

mechanical load

HE

sensitive hydrogen
material source

Source: W.H. Johnson, ,,0n some remarkable changes produced in iron and steel by the action of hydrogen and acids”, Proceedings of the
Royal Society of London, 23 (1875) 168 179

Figure 7: Hydrogen embrittlement summary []

The above illustration quantifies the explanation for HE; hydrogen embrittlement is a widely known
phenomenon that occurs when certain metals become brittle and susceptible to cracking and failure under
the influence of hydrogen interaction and mechanical load [46]. Hydrogen’s ‘unusual’ atomic size and
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weight make it susceptible to penetrating and diffusing into the metal's structure. When in contact, hydrogen
is absorbed by metals through various means such as surface reactions [62], electrochemical means,
cathodic charging, or diffusion from a reactive corrosive surrounding environment, it then occupies
interstitial sites within the crystal lattice and alters the chemical bonds consequently affecting the
mechanical properties of the metal by reducing its ductility and toughness. This lattice distortion can
weaken the material by affecting its dislocation movement, causing reduced ductility and increased
susceptibility to fracture [63][64]. In the instance of in-built defects and residual stresses because of the
production means, hydrogen diffuses to the deformed areas leading to localized high hydrogen.
Hydrogen’s cohesive properties make it bond and this leads to lattice distortion and increased internal
pressure. Any susceptible material under mechanical stresses will embrittle when exposed to hydrogen
[65a], either irreversible or reversible. The reversible hydrogen embrittlement often leads to intergranular
fracture [66]. Concerning the source of hydrogen, embrittlement can be considered Internal Hydrogen
Assisted Cracking (IHAC) and Hydrogen Environment Assisted Cracking (HEAC). In IHAC atomic
hydrogen diffuses into high-stress concentrated regions, these areas have high-stress areas which act as
driving forces for the diffusion of atomic hydrogen [67]. When the material is loaded, Hydrogen-induced
cracking occurs when the critical hydrogen concentration to crack is reached. In HEAC, the loss of
mechanical properties occurs when there is hydrogen in the environment. After hydrogen’s absorption into
metals, several other embrittlement mechanisms are conceived, amongst these exist; Hydride Formation
and fracture Theory (HFT), Hydrogen-Enhanced Decohesion (HEDE), Adsorption-Induced Dislocation
Emission (AIDE), Hydrogen-Enhanced Localized Plasticity (HELP), Hydrogen-Enhanced Localized
Plasticity (HELP) [68]. Hydrogen-Induced Cracking: The basis of the phenomenon is the subject matter of
Hydrogen-Induced Cracking, it affects the formation and propagation of cracks in a material due to the
presence of hydrogen [69]. Hydrogen-induced cracking and the amount of hydrogen embrittlement
susceptibility increases with increasing temperature [70], also increased by the increase of hydrogen content
in material [71]. Generally, hydrogen embrittlement susceptibility increases under the hydrogen-induced
lattice defects formed due to the change in the hydrogen state, temperature, strain rate, and hydrogen content
[72]. This is suggested by the reason that one of the atomic-level changes that occur in the substructure of
pearlitic steels exhibits higher hydrogen embrittlement susceptibility and an enhancement of the formation
of hydrogen-induced lattice defects [73][74].

Hydrogen can promote crack initiation and propagation through Hydrogen-enhanced decohesion (HEDE).
Hydrogen atoms can weaken the atomic bonds at grain boundaries or interfaces, reducing the material's
resistance to crack initiation and promoting intergranular fracture [75]. In some cases, the presence of
hydrogen can result in a phenomenon known as hydrogen-enhanced localized plasticity (HELP). HELP

involves the formation of localized plastic deformation zones, such as shear bands or deformation twins,
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which can accommodate a significant amount of plastic strain. The presence of hydrogen facilitates the
nucleation and propagation of these deformation features, leading to localized plasticity and strain
concentration. Hydrogen has been shown to interact with dislocations and to be transported by mobile
dislocations. In addition to enhancing hydrogen transportation and the contribution this makes to hydrogen
embrittlement, the presence of hydrogen either on the dislocation core, in the dislocation stress field or on
the slip plane ahead of the dislocation serves to enhance the velocity of the dislocations. The effect of this
enhancement is that dislocation processes and interaction with other obstacles occur at lower stress in the
presence of hydrogen than in the absence. Recent progress has been made in establishing the link between
hydrogen-enhanced plasticity and fracture [76]. However, excessive strain localization can promote crack
initiation and contribute to embrittlement. Hydrogen-enhanced dislocation (HED) activity causes hydrogen
to interact with dislocations, affecting their mobility and interaction with other dislocations. This can lead
to increased dislocation pile-up, strain localization, and the formation of microcracks. The damage
evolution process in martensite-ferrite dual-phase steels can be generally understood in terms of three basic
regimes, namely, damage incubation, damage nucleation, and damage growth. Hydrogen charging strongly
affects all of them. Hydrogen decreases the critical strain for the decohesion in martensite regions, promotes
ferrite/martensite cracking and ferrite/martensite boundary sliding, and cracks of the ferrite grains in dual-
phase steels, and causes macroscopic hydrogen embrittlement. [77]

2.8.5 The mechanism of Hydrogen-induced Cracking
The whole hydrogen embrittlement concept in common knowledge is the interaction between a material,

for this thesis, dual-phase steel, a hydrogen source and it is propagated by stress.

The materials that are used to transport hydrogen are examined to know its susceptibility to embrittlement.
The embrittlement mechanism varies by material type, hydrogen concentrations, loading conditions, and
environmental factors. The susceptibility of quenched and tempered martensitic steels to hydrogen
embrittlement occurs at yield strengths greater than 1035 MPa. The dual-phase, ferrite plus martensite,
steels that are first finding applications have a yield stress of about 345 MPa (50 ksi) and a tensile strength
of about 655 MPa (95 ksi) [17]. Thus, from a consideration of strength alone, these dual-phase steels would
not be expected to be susceptible to hydrogen embrittlement. However, these dual-phase steels have a
structure consisting of 15 to 20 vol. pct high carbon martensite (0.5 to 0.6 pct C) with a tensile strength
above 2070 MPa (300 ksi), in a ductile ferrite matrix [17]. Two dual-phase steels with similar tensile
properties but different chemical compositions and thermal histories were experimented to observe the
influence of hydrogen on the ductility of the material. One of the dual-phase steels experimented had a

vanadium and was air-cooled from the inter-critical at approximately +7°C region and the other had a lower
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alloy steel that was water-quenched from an inter-critical temperature and tempered at approximately 260

°C for a few minutes. The composition of this steel is shown

COMPOSITION IN Weight Pct of Alloys Investigated

C Mn Si \Y P
Alloy A* 0.11 1.48 0.55 0.09 ----
Alloy B ~ 0.08 0.41 0.06 --- 0.04

* Supplied by Jones and Laughlin Steel Co.

~Supplied by Inland Steel Co.

Table 1: Composition in Weighted percentages of alloyed investigated [17]

Steels were presented in 0.8 mm thick sheets, and double-notched samples were used in addition to typical
tensile specimens. The entire testing was carried out in an Instron tensile machine with a crosshead rate of
0.042 mm/s (0.1 in./min) [79]. The experiment confirmed that indeed dual-phase steels are susceptible to
hydrogen embrittlement, but this susceptibility is different from quenched and tempered martensitic steels
because dual-phase steels do not contain boundaries between prior austenite grains. Fracture in hydrogen
charged dual phase steels appears to involve cleavage of both the martensite and ferrite phases and requires
the expenditure of a large amount of work. Stress concentrations arising from the different rates of strain

hardening of the ferrite and martensite may be required for crack initiation [80].

In summary, hydrogen embrittlement involves multiple mechanisms, including hydrogen absorption,
hydrogen-induced cracking, and hydrogen-enhanced localized plasticity. These mechanisms can
collectively weaken the material, reduce its ductility, and lead to sudden brittle fracture. A precise
understanding of these mechanisms is essential for developing strategies to mitigate hydrogen

embrittlement and designing materials that are more resistant to hydrogen-related degradation.
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The causation of hydrogen embrittiement is phase separation reactions
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Figure 8: Hydrogen embrittlement reaction procedure [78]

2.9 Material Characterization Techniques for DP Steel
Dual-phase steel consists of two distinct phases: a soft ferrite phase and a hard martensite phase. The

mechanisms of hydrogen absorption, diffusion, and trapping, and their influence on the dual-phase steel
properties are thoroughly explained and understood by these methodologies. These cutting-edge
characterization techniques examine the impact of hydrogen on the solid material (dual phase) in detail.
The detailed characterization of materials at the nanoscale is made possible by advanced characterization
methods used to study hydrogen-material interactions, such as transmission electron microscopy (TEM)
and scanning transmission electron microscopy (STEM) [82]. In nanotechnology, electron microscopes
have enabled the study of submicron-sized objects, even down to individual atoms. For characterizing
materials in many industries, electron microscopy has become increasingly important. These methods can
reveal microstructural modifications brought on by hydrogen during its interactions between dislocations,
crack development, and grain boundary and the resultant effects. The increased picture resolution of
electron microscopy over light microscopy is its principal benefit. Modern transmission electron
microscopes can examine the location and chemical composition of individual atoms [83], though as we
will see in this thesis, the resolution of data is dependent on the technique for electron microscopy that is
used and the conditions under which the microscope is operated. A very high magnification range is
available with electron microscopes, typically between 2000 and 1 million times for TEM and 10500000
times for SEM. This makes it possible to characterize microstructures at a variety of length scales, from
micro to nano, during an imaging session. Which is crucial for the material characterization and design in
this research. Moreover, the fact that electrons interact aggressively with atoms due to their negative charge

is a significant benefit of using them instead of light.
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The Atom Probe Tomograph (APT) provides a three-dimensional atomic-scale analysis of materials that
pinpoints hydrogen atom distribution and location as well as their clustering behavior, segregation, and
effects on the local composition and microstructure [84]. Nuclear Magnetic Resonance (NMR) is used to
study hydrogen's behavior at the atomic scale in bonds, traps, and during diffusion. It sheds light on how
hydrogen interacts with lattice flaws such grain boundaries, vacancies, and dislocations [85]

These cutting-edge characterization methods offer important insights into the fundamental mechanisms and
processes regulating hydrogen-material interactions. They support the creation of materials that are more
resilient to hydrogen embrittlement, have greater hydrogen storage capacity, and function better in
applications involving hydrogen in the energy industry and other industries. The perceivable description of
the dual-phase steel is observed by optical microscopy, and it provides a macroscopic view of the ferrite

and martensite phase and allows for the measurement of phase volume fraction and grain sizes.

When the engineering components' functionality is reduced, structural failure occurs. In general, excessive
(elastic or inelastic) deformation, fracture, and wear are the three basic causes of a component becoming
dysfunctional. For the characterization methods, the material’s response to load and shear should be fully
investigated and understood. Excessive elastic deformation can happen under loading conditions of stable
equilibrium, and brittle fracture. Elastic deformation is governed by the elastic properties of the material,
such as elastic modulus. Inelastic deformation can happen under loading conditions that are conducive to
fatigue (a process involving alternating stresses (or strains) that cause crack initiation from stress raisers or
defects in the material followed by crack growth), ductile fracture, and other failure modes. Mechanical
testing techniques, such as tensile testing, hardness testing, and impact testing, are essential for
characterizing the mechanical properties of the steel. These tests provide information about the strength,

ductility, toughness, and deformation behavior of the material under different loading conditions [17].

In particular, in circumstances of slow and persistent deformation, the slow strain rate test (SSRT) is a
mechanical testing technique used to assess the susceptibility of materials to environmentally assisted
cracking [86]. It is frequently used to evaluate the susceptibility of metallic materials to hydrogen
embrittlement. The SSRT entails subjecting a specimen to a corrosive environment at a continuous strain

rate, generally in the presence of hydrogen.

In a continuously annealed dual-phase sheet steel, the ferrite and martensite phases were carried out in the
as-received state both in their pre-deformation state and after. The main conclusions are: In the as-received
condition, the hardness and strength of ferrite within specific ferrite grains are not spatially uniform; the

ferrite close to the ferrite/martensite contact is harder and stronger than the ferrite inside the grain. The
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ferrite near the ferrite/martensite interface softens while hardening in the interior of the dual-phase steel
during subsequent tensile deformation; the inhomogeneous reaction lasts at least up to 7% of the dual-phase
steel's overall plastic strain [17]. Around 395 MPa is when ferrite starts to yield under compression. The
hardening response that follows yielding in ferrite in compression is orientation-dependent and is greatest
for the [0 0 1] loading axis. The beginning of yielding in ferrite in compression begins at about 395 MPa.
Micropillar compression tests show that martensite yields at 1 GPa, hardens quickly to 1.5 GPa, and then
hardens more slowly to 2.3-2.5 GPa [87]. The initial yielding of the dual-phase steel and the beginning of
the ferrite's plastic deformation are closely correlated. However, it is crucially demonstrated that the
beginning of the plastic flow and the hardening of martensite occurs well before the dual-phase steel reaches
its maximum tensile strength [88]. These microscale experiments offer crucial data and insights into the
deformation properties of the individual phases, which can then be used as valuable input into computations

based on microstructure to forecast the flow behavior of these multiphase alloys under various stress states.

2.10 Hydrogen charging methods
Hydrogen can be introduced into the dual-phase steel through electrochemical methods to give a proper

understanding of its effects on the material. These methods allow for a controlled and precise introduction
of hydrogen into the material to make it mimic the hydrogen absorption that occurs in real-world
environments. For the case of this thesis electrochemical methods of hydrogen charging were used. Here is
some other electrochemical charging in dual-phase steel: Cathodic Charging; Hydrogen Permeation cell;
electrochemical hydrogen charging; and electrochemical cell with hydrogen gas evolution. These
electrochemical methods offer precise control over the introduction of hydrogen into the dual-phase steel,
allowing to study of the effects of hydrogen charging on material properties, such as mechanical behavior,
microstructure, and hydrogen embrittlement susceptibility [89][90]. It is important to carefully design and
conduct these experiments, considering factors like charging conditions, electrolyte composition,
temperature, and the specific research objectives. Electrochemical Impedance Spectroscopy (EIS), and
other electrochemical techniques are used to highlight their applications in evaluating the corrosion
behavior and mechanical integrity of materials subjected to hydrogen charging. The parameters influencing
the hydrogen charging process and their impact on material performance are analyzed: the charging current
density, state of the charge, temperature, presence of oxygen, and the charging method. Through thermal
desorption spectroscopy measurement and theoretical analysis, it was revealed that electrochemical (E-)
charging induces steep gradient of H concentration near the surface while H was homogenously distributed

after gaseous (G-) charging.

The charging current density is a significant factor that affects hydrogen absorption in dual-phase steel,

according to the search findings. The current study looked at the mechanical characteristics of prestrained
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high-strength steels about cathodic hydrogen-charging current density. Three different current densities
were used to cathodically charge the samples: 0.8mA/cm?, 8.3mA/cm?, and 62.5mA/cm? [91]. The charge
current density is the major deciding factor in cathodic hydrogen charging. Current density and the presence
of oxygen are the most important variables affecting the electrochemical hydrogen charging process of
carbon and low alloy steel. Therefore, it can be said that the dual-phase steel's ability to absorb hydrogen is
significantly influenced by the charging current density [92].

2.11 Alloying design for Hydrogen Compatibility
To increase the resistivity of a dual-phase steel material in hydrogen application in the energy sector to

increase its compatibility with hydrogen application, there can be the incorporation of specific alloying
elements to enhance the material’s resistance to hydrogen embrittlement [93]. To improve hydrogen’s
compatibility in dual-phase steel the material can be alloyed with one of the following strategies: Alloying
with Precipitation-Strengthening Elements, Alloying with Hydrogen Trapping Elements, Alloying with
Grain Refiners, Alloying with Austenite Stabilizers, and Alloying with Hydrogen Permeation Barrier
Layers [94]. To obtain the appropriate combination of mechanical characteristics, hydrogen compatibility,
and processability, it is crucial to highlight that the choice of alloying elements and their concentrations
should be carefully tuned [93][94]. A stable austenitic stainless steel with a Fe-Cr-Ni composition can have
a higher strength-ductility balance thanks to the alloying element hydrogen [93]. It has been discovered that
adding alloying elements like niobium, vanadium, and titanium increases the resistance of dual-phase steel
to hydrogen embrittlement [95] [96]. Carbides may effectively trap hydrogen, removing the harmful mobile
hydrogen from the microstructure, which is generally thought to be advantageous in enhancing the
hydrogen embrittlement resistance of steels [93]. Comparing tempered martensite structures to bainitic
structures, it has been discovered that the resistance is improved by 10-20%. The best resistance to
hydrogen embrittlement was discovered in dual-phase steels with a tempered martensite matrix and 20%
bainite [97]. The hydrogen-induced cracking and sulphide stress cracking behaviours of A516-65 steels in

sour environments be improved by carbon and molybdenum. alloying substances [94].

The alloying design should also take other aspects like cost, manufacturability, and microstructural stability
into account. These alloying techniques enable the safe and dependable use of dual-phase steel in hydrogen
applications in the energy industry by tailoring it to have higher resistance to hydrogen embrittlement. The

material can also be coated to reduce the HE effects on the material.
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Figure 9: Hydrogen absorption on DP steels with and without coating [124]

2.12 Phase Equilibrium of DP Steel during interaction with Hydrogen
The distribution and stability of the various phases inside the material when exposed to a hydrogen

environment is referred to as the phase equilibrium of dual-phase steel materials in the presence of
hydrogen. When hydrogen is present, it can have an impact on the phase composition and properties of the
ferrite and martensite phases that make up dual-phase steel. Generic Fe-C lab-cast alloys made of a single
phase, such as ferrite, bainite, pearlite, or martensite, have been used to study the interaction between
hydrogen and the microstructure of steel [98]. Since carbides may effectively trap hydrogen, removing the
harmful mobile hydrogen from the microstructure, they are generally thought to be advantageous in
strengthening the hydrogen embrittlement resistance of steels [98]. Niobium, vanadium, and titanium were
used as microalloying elements in dual-phase steel that was evaluated for hydrogen embrittlement and
found to have increased resistance [95]. Comparing tempered martensite structures to bainitic structures, it
has been discovered that the resistance is improved by 10-20%. The best resistance to hydrogen

embrittlement was discovered in dual-phase steels with a tempered martensite matrix and 20% bainite [99].

The equilibrium between the ferrite and martensite phases may change when hydrogen interacts with dual-
phase steel. Due to its open lattice structure, ferrite has poor solubility yet a fast hydrogen diffusion rate
[100]. It has been discovered that ferrite-austenite contacts serve as hydrogen-trapping sites. Compared to
ferrite, austenite has a substantially higher solubility of hydrogen and a much lower diffusivity of hydrogen
[101]. Due to the existence of residual austenite, martensitic steels have a higher hydrogen solubility.
Ferrite-martensite dual-phase steels get their ductility from the continuous ferrite phase and their strength
from the martensite phase. The hydrogen can interact with the crystal lattice and diffuse into the material,
changing the phase distribution and perhaps impacting the material's mechanical properties. Several
variables, including hydrogen concentration, temperature, applied stress, and charging current density

affect the phase equilibrium.
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Figure 10: Effect of temperature, charging current density and phase composition [121]

Dual-phase (DP) steels exhibit stress-strain behavior that is distinctively different from high-strength low-
alloy (HSLA) steels [102]. Due to the strain incompatibility of the martensite and ferrite phases and stress
concentration caused by the difference in the elastic modulus of the two phases, DP steels are prone to
microcrack nucleation [103]. For martensite, when the stress is greater than 550 MPa, the dislocation

density increases rapidly and the tensile strength of DP steel increases [104].

2.13 Importance of alloying methods in Hydrogen application
Alloying designs play a crucial role in improving hydrogen compatibility in dual-phase steel. By carefully

selecting and incorporating specific alloying elements, the material's resistance to hydrogen embrittlement
can be enhanced. Some common alloying strategies used to improve hydrogen compatibility in dual-phase
steel: Alloying with Precipitation-Strengthening Elements: The strength and stability of the dual-phase steel
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can be increased by using precipitation-strengthening metals including chromium (Cr), molybdenum (Mo),
and vanadium (V) [93]. These alloying components create intermetallic precipitates such as carbides,
nitrides, or precipitates that serve as barriers to hydrogen diffusion and lessen the susceptibility to hydrogen
embrittlement. Alloying with Hydrogen Trapping Elements [105]: It is possible to improve the material's
capacity to hold hydrogen inside the microstructure by using hydrogen-sealing elements like titanium (Ti),
niobium (Nb), or zirconium (Zr). Due to their strong hydrogen affinities, these elements can create stable
hydrides that can efficiently trap and restrict the mobility of hydrogen atoms, hence lowering the possibility
of embrittlement [93][106]. Alloying with Grain Refiners: In dual-phase steel, the addition of grain refining
elements like aluminum (Al) or niobium (Nb) encourages the development of fine-grained microstructures
[107]. The higher grain border area that fine grains provide can be an efficient hydrogen trapping location.
Additionally, grain refining prevents hydrogen-induced cracks from spreading, strengthening the material's
resistance to embrittlement [108]. Alloying with Austenite Stabilizers: The addition of substances like
nickel (Ni), manganese (Mn), or copper (Cu) that help to maintain the austenite phase can increase the
resistance of dual-phase steel against hydrogen embrittlement [109]. Since austenite is more soluble in
hydrogen than other phases, it can hold more hydrogen without becoming embrittled. Alloying with
Hydrogen Permeation Barrier Layers: The hydrogen ingress can be reduced by covering the surface of the
dual-phase steel with a layer that prevents hydrogen permeability. To avoid or drastically minimize
hydrogen absorption into the material, barrier layers made of materials like palladium (Pd) or certain alloys
with low hydrogen solubility are utilized [110].

The importance of emphasizing that the choice of alloying elements and their concentrations should be
carefully adjusted to achieve the desired mix of mechanical properties, hydrogen compatibility, and
processability cannot be overstated. Other factors including cost, manufacturability, and microstructural

stability should be considered in the alloying design as well.

By employing these alloying strategies, dual-phase steel can be tailored to have improved resistance to
hydrogen embrittlement, enabling its safe and reliable use in hydrogen applications in the energy sector.
The literature review then delves into alloy design strategies for enhancing hydrogen compatibility. The
influence of alloying elements, including transition metals and interstitial elements, on hydrogen absorption
and embrittlement is reviewed. The mechanisms by which these elements mitigate or exacerbate hydrogen
embrittlement are discussed, providing insights into the design of alloys with improved resistance to

hydrogen-induced degradation.
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One possible effect of hydrogen on the phase equilibrium is the preferential absorption of hydrogen by
specific phases. For example, hydrogen may have a higher solubility in ferrite compared to martensite,
leading to an increased hydrogen concentration in the ferrite phase. This preferential absorption can result
in changes in the phase volume fractions and microstructural properties of the dual-phase steel [111] [112].

Moreover, hydrogen can induce phase transformations in dual-phase steel. It can promote the formation of
additional phases, such as the transformation of austenite to ferrite or martensite. The presence of hydrogen
can also lead to the formation of hydrides within the material [113], altering the phase distribution and

introducing new phases [114].

The phase equilibrium in the presence of hydrogen is critical to understanding the material's behavior and
susceptibility to hydrogen embrittlement. It is important to investigate how hydrogen interacts with the
different phases, the kinetics of phase transformations, and the influence of hydrogen on the mechanical

properties of the material.

Experimental techniques such as microscopy, diffraction methods (e.g., XRD, TEM), and thermal analysis
can be employed to analyze the phase equilibrium of dual-phase steel in the presence of hydrogen [115].
These techniques provide insights into the changes in phase composition, crystal structure, and
microstructure caused by hydrogen interactions, aiding in the understanding and design of hydrogen-
compatible dual-phase steel materials.

Phase diagrams and computational modeling are valuable tools used to predict the phase stability and
hydrogen solubility in alloys. They provide insights into the thermodynamic and Kinetic behavior of
hydrogen in various alloy systems. Here's a discussion on their use in predicting the phase stability of
hydrogen solubility in alloys: Phase diagrams depict in the context of hydrogen solubility in alloys the
information about where hydrogen can dissolve and the solubility limit with details about the temperature
causing that, composition, and phase(s) present in a material system [116][117][118]. They are commonly
used to understand the equilibrium phases and their stability under different conditions. In the context of
hydrogen solubility in alloys, phase diagrams can provide information on the phase regions where hydrogen

can dissolve and the associated solubility limits.

The examination phase diagrams can identify the alloy compositions and temperature ranges that favor the
dissolution of hydrogen into solid solution phases or the formation of hydrides. Phase diagrams also help
in determining the conditions under which phase transformations may occur due to hydrogen absorption or
desorption [119]. They provide a macroscopic view of the material system and serve as a guide for

designing alloys with desired hydrogen solubility characteristics.
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Computational Modeling: Computational modeling, particularly using methods like density functional
theory (DFT) and Monte Carlo simulations, allows for atomistic-level understanding of hydrogen
interactions with alloys. These models can provide insights into the thermodynamics and kinetics of
hydrogen solubility, diffusion, and trapping mechanisms in different alloy structures. Computational
modeling enables researchers to predict the energetics of hydrogen incorporation in various lattice sites,
evaluate the binding energies between hydrogen and alloying elements, and estimate the equilibrium
hydrogen solubility in alloys. Additionally, these models can simulate the effects of temperature, pressure,
and alloy composition on hydrogen behavior, aiding in the prediction of phase stability and hydrogen-

induced phase transformations [120].

Furthermore, computational modeling can facilitate the exploration of vast alloy composition and structure
spaces, guiding the design of new materials with tailored hydrogen solubility properties. It can also help in
understanding the atomic-scale mechanisms behind hydrogen embrittlement phenomena and assist in the
development of mitigation strategies.

By combining experimental data with phase diagrams and computational modeling, a comprehensive
understanding of the phase stability and hydrogen solubility in alloys can be gained. This integrated
approach allows for the prediction and optimization of alloy compositions, processing conditions, and
microstructures to achieve desired hydrogen-related properties, ensuring the development of alloys suitable

for hydrogen applications in the energy sector.

Phase transformations, such as martensitic transformation and precipitation, play a significant role in
determining the susceptibility of materials to hydrogen embrittlement. Understanding the impact of these
transformations is crucial for alloy design and materials selection in hydrogen-related applications. Here is
a discussion on their influence: Martensitic transformation involves a diffusionless, displacive structural
change in materials, leading to the formation of a new phase with a different crystal structure. This
transformation is often accompanied by a significant change in the material's mechanical properties. In the

context of hydrogen embrittlement, martensitic transformation can have both positive and negative effects.

The formation of martensite can offer increased resistance to hydrogen embrittlement. The transformed
martensitic phase often exhibits higher strength and toughness compared to the original phase, thereby
improving the material's resistance to hydrogen-induced cracking and localized plasticity. The formation
of a hardened martensitic structure can also impede hydrogen diffusion and reduce hydrogen uptake into
the material, lowering the overall hydrogen concentration. However, martensitic transformation can also
introduce new interfaces, such as grain boundaries and phase boundaries, which can act as preferential sites

for hydrogen trapping and embrittlement. These interfaces may provide localized regions of high stress and
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hydrogen concentration, leading to hydrogen-induced cracking and degradation of mechanical properties.
The extent of embrittlement depends on factors such as the specific alloy composition, hydrogen

concentration, and loading conditions.

Precipitation refers to the formation of secondary phases within a material due to the diffusion and
clustering of solute atoms. These precipitates can significantly influence the material's microstructure and
mechanical properties, including its susceptibility to hydrogen embrittlement. The presence of precipitates
can enhance the resistance of materials to hydrogen embrittlement. Precipitates act as trapping sites for
hydrogen, reducing its availability for diffusion and minimizing its detrimental effects on the material's
mechanical properties. Precipitates can also act as barriers to hydrogen diffusion, hindering its movement
within the material and decreasing the likelihood of embrittlement. However, the presence of certain
precipitates can also increase the susceptibility to hydrogen embrittlement. Some precipitates may have a
high affinity for hydrogen, leading to their preferential occupation and subsequent embrittlement of the
material. Moreover, the interaction between hydrogen and precipitates can induce changes in their size,
distribution, and stability, further influencing the embrittlement behavior.

By studying the influence of phase transformations, such as martensitic transformation and precipitation,
on hydrogen embrittlement susceptibility, valuable insights can be gained for alloy design and materials
selection. Experimental techniques, such as microscopy, diffraction methods, and mechanical testing,
combined with computational modeling, can be employed to investigate the microstructural changes,
hydrogen distribution, and mechanical response associated with these phase transformations. These
findings aid in the development of hydrogen-resistant alloys with optimized microstructures and enhanced

resistance to embrittlement in hydrogen environments.

2.14 Hydrogen Storage and Transportation Mechanisms and Technologies
In the energy sector, there are various materials and technologies used for hydrogen storage and

transportation. These include: Hydrogen can be stored in high-pressure cylinders made of durable and
lightweight materials like steel or carbon fiber-reinforced composites. Transporting large amounts of
hydrogen is possible with tube trailers, which are long cylinders that can hold several compressed gas
cylinders. At very low temperatures (-253°C), hydrogen can be kept as a liquid. Cryogenic tanks are well-
insulated storage spaces that keep the temperature low enough to keep hydrogen liquid. Metal hydrides are
compounding certain metals, like magnesium or titanium, which can be created with hydrogen. These
substances offer a secure and reversible form of hydrogen storage since they can collect and release

hydrogen.
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As hydrogen transporters, chemicals like methanol (CH;0H) and ammonia (NH3) can be used. They are

simple to transport and store, and when necessary, hydrogen may be released chemically.

Some organic molecules can have hydrogen chemically linked to them, serving as carriers. Through a
catalytic process, these substances can be transferred and then released hydrogen. Like how natural gas is
stored underground, hydrogen can be kept in salt caverns. Large-scale, safe storage is possible in salt
deposits. In some areas, hydrogen is transported using pipelines that are specifically intended for that
purpose. These pipelines have been built with hydrogen-compatible materials and are properly secured.

Materials like metal-organic frameworks (MOFs) and porous carbon materials can store hydrogen in their
structure. These materials have high surface areas and can adsorb hydrogen molecules, providing a potential

solution for efficient hydrogen storage.

It is important to note that each storage and transportation method has its advantages and challenges in
terms of efficiency, safety, infrastructure requirements, and cost. The choice of materials and technologies
depends on factors such as the scale of storage, transportation distance, required storage duration, and
specific application requirements. Ongoing research and development aim to improve the efficiency and
viability of these storage and transportation methods for widespread adoption of hydrogen as an energy

carrier.
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3 MATERIALS AND EXPERIMENTAL METHODS

3.1 Examined Material and its composition.

To this thesis, dual-phase steel DP980 steel was investigated. From the tensile strength and microstructure
of the material the name DP980 was made, the material has a tensile strength of 980 MPa. It is an industry-
produced steel. As mentioned in the literature review, detailed information about the material is investigated
by the advanced characterization method. The chemical composition of the material was measured by
electron microscopy. Thermal Desorption Spectroscopy, which will be explained in detail, was used to

analyze the hydrogen concentration in the dual-phase steel, DP980, at several concentrations and currents.

3.2 Hydrogen charging and analysis

The intentional introduction or absorption of hydrogen in a material, dual-phase steel, is widely known as
hydrogen charging. This process was carried out to study the effects hydrogen has on the mechanical
properties of dual-phase steel. Hydrogen can be introduced into a DP steel by electrochemical hydrogen
charging, gaseous hydrogen charging, and by hydrogen permeation test. For this thesis, the hydrogen

permeation approach was used.

3.2.1 Thermal Desorption Spectroscopy

DP steel’s metallic materials can have their hydrogen concentration measured via Thermal Desorption
Spectroscopy (TDS). In TDS, a sample is heated to liberate the hydrogen, which is then found and
analyzed. Hydrogen concentration measurements can be more precise when samples are cooled during
TDS tests. TDS has been used to predict hydrogen bulk diffusion in dual-phase steels as well as to
examine hydrogen uptake and desorption in high-strength carbon steels. For this thesis, heating rate
applied was 0.3 K/s. To desorb diffusible hydrogen from the sample surface, all samples were heated to
1000 K. An extra thermocouple was installed adjacent to each sample in the infrared furnace to measure
the sample's real temperature. The furnace was cooled to room temperature following each measurement.

Incorporating the obtained TDS spectrum allowed for the determination of the hydrogen concentration.
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The TDS peak temperatures were determined in a rather straightforward manner without fitting of

Gaussian curves.
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Figure 13: A graph of TDS showing the effect of charging on hydrogen absorption rate []

3.3 Thermal Desroption Spectroscopy measurement

Title: The varying conditions of pressure, current density, and temperature in a tabular form for all 22

data set.

TEST PRESSURE CURRENT DENSITY | DURATION | TEMPERATURE(K)
(MPa)

SAMPLE TEST | 0 MPa 0 mA/cm? 1 hour 0K
1
SAMPLE TEST | 0 MPa 0 mA/cm? 1 hour 0K
2
SAMPLE TEST | 0 MPa 0 mA/cm? 1 hour 0K
3
SAMPLE TEST | 0 MPa 0.02 mA/cm? 1 hour 0-1000K
4
SAMPLE TEST | 0 MPa 0.02 mA/cm? 1 hour 0-1000K
5
SAMPLE TEST | 0 MPa 0.02 mA/cm? 1 hour 0-1000K
6
SAMPLE TEST | 0 MPa 0.2 mA/cm? 1 hour 0-1000K
7
SAMPLE TEST | 0 MPa 0.2 mA/cm? 1 hour 0-1000K
8
SAMPLE TEST | 0 MPa 0.2 mA/cm? 1 hour 0-1000K
9
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SAMPLE TEST | 0 MPa 2 mA/cm? 1 hour 0-1000K
10
SAMPLE TEST | 0 MPa 2 mA/cm? 1 hour 0-1000K
11
SAMPLE TEST | 0 MPa 2 mA/cm? 1 hour 0-1000K
12
SAMPLE TEST | 50 MPa 0.02 mA/cm? 1 hour 0-1000K
13
SAMPLE TEST | 50 MPa 0.02 mA/cm? 1 hour 0-1000K
14
SAMPLE TEST | 100 MPa 0.02 mA/cm? 1 hour 0-1000K
15
SAMPLE TEST | 100 MPa 0.02 mA/cm? 1 hour 0-1000K
16
SAMPLE TEST | 150 MPa 0.02mA/cm? 1 hour 0-1000K
17
SAMPLE TEST | 150 MPa 0.02mA/cm? 1 hour 0-1000K
18
SAMPLE TEST | 300 MPa 0.02 mA/cm? 1 hour 0-1000K
19
SAMPLE TEST | 300 MPa 0.02 mA/cm? 1 hour 0-1000K
20
SAMPLE TEST | 600 MPa 0.02 mA/cm? 1 hour 0-1000K
21
SAMLE TEST | 600 MPa 0.02 mA/cm? 1 hour 0-1000K
22

Table 2: List of all the dual-phase steels and the varying conditions
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4 CHARACTERISATION OF DUAL PHASE MATERIAL
4.1 Chemical Composition Of The DP980MPa

Title: The details of the composition of the DP980 in weighted percentages.

MATERIAL CHEMICAL COMPQOSITION MIX IN WEIGHTED PERCENTAGES
Chemical C|Si|M o | s Cr{AI|M [N |V |Ti|B |Rp0.2 | Rm | A5 | A8
symbols — of |, |, |n | | |, |, lo |b |, |, |, |, , 0, |0,
) % | %
materials % | % | % % | % |% | % | % |% | % |MPa |MPa |% |%
0. 0.]00

0. 2. 0. |0. 0. 15.
DP980 6 0 | 00 650 1060

2 . 2 e 38|79 04 5

Table 3: List of all the chemical properties in weighted percentages of the dual-phase steel material used

4.2 Microstructure characterisation

S, b &7 P v =

Figure 14: Microstructure of DP980 at four different magnifications

Figure 22 shows the images of the microstructures of the investigated DP steels. The images were taken
from the central positions of the samples. The dark portions represent the martensite and the white portions
are ferrite in the micrographs with four magnifications.
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4.3 Characterisation of Dual-Phase Steel Material

Figure 15: A typical shape DP steel for the experiment
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5. DISCUSSION OF HYDROGEN’S INFLUENCE ON MECHANICAL PROPERTIES

5.1 Discussion of results from Thermal Desorption Spectroscopy

The results of Thermal Desorption Spectroscopy under several conditions. The following provides data on
Dual phase steel that has been both charged by hydrogen and not charged. The hydrogen content is
measured against temperature in the Thermal Desorption Spectroscopy. The curves obtained by SSRT lab
tests provide information about the hydrogen desorption of the dual-phase steel. The figures provide the

hydrogen desorption for dual-phase steel under varying currents and pressure.

5.1.1 Without Charging
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Figure 16: TDS graphs (1&2) of Hydrogen desorption rate in ppm/s against temperature in Kelvin of a
DP980 weighted 11.9569 without charging recorded in the laboratory.
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Figure 17:A TDS graph of Hydrogen desorption rate in ppm/s against temperature in Kelvin of a DP980
weighted 11.93g without charging recorded in the laboratory
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5.1.2 Thermal Desorption Spectroscopy at 0.2mA/cm? in 1hour with 0OMPa
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Figure 18:A TDS graph of Hydrogen desorption rate in ppm/s against temperature in Kelvin of a DP980
weighted 12.2154g.
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Figure 19: A TDS graph of Hydrogen desorption rate in ppm/s against temperature in Kelvin of a DP980
weighted 12.1728g recorded in the laboratory.
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Figure 20:A TDS graph of Hydrogen desorption rate in ppm/s against temperature in Kelvin of a DP980
weighted 12.184g recorded in the laboratory.

5.1.3 Thermal Desorption Spectroscopy at 0.02mA/cm? in 1 hour with OMPa
TDS_0.02mA/[cm]*2 _1hr_OMPa(1)
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Figure 21:A TDS graph of Hydrogen desorption rate in ppm/s against temperature in Kelvin of a DP980
weighted 12.1523g recorded in the laboratory.
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Figure 22:A TDS graph of Hydrogen desorption rate in ppm/s against temperature in Kelvin of a DP980

weighted 12.1833g recorded in the laboratory.
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Figure 23:A TDS graph of Hydrogen desorption rate in ppm/s against temperature in Kelvin of a DP980

weighted 12.148g recorded in the laboratory.
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5.1.4 Thermal Desorption Spectroscopy at 2mA/cm? in 1 hour with OMPa

TDS_2mA/[cm]*2 _1hr_OMPa (1)
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Figure 24:A TDS graph of Hydrogen desorption rate in ppm/s against temperature in Kelvin of a DP980
weighted 12.247g recorded in the laboratory.
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Figure 25: A TDS graph of Hydrogen desorption rate in ppm/s against temperature in Kelvin of a DP980
weighted 12.2086g recorded in the laboratory.
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Figure 26: A TDS graph of Hydrogen desorption rate in ppm/s against temperature in Kelvin of a DP980
weighted 12.2458g recorded in the laboratory.

5.1.5 Thermal Desorption Spectroscopy at 0.2mA/cm? in 1 hour with 50MPa
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Figure 27: A TDS graph of Hydrogen desorption rate in ppm/s against temperature in Kelvin of a DP980
weighted 2.3134g recorded in the laboratory.
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Figure 28:A TDS graph of Hydrogen desorption rate in ppm/s against temperature in Kelvin of a DP980
weighted 2.6053g recorded in the laboratory.

5.1.6 Thermal Desorption Spectroscopy at 0.2m/cm? in 1hour with 100MPa
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Figure 29:A TDS graph of Hydrogen desorption rate in ppm/s against temperature in Kelvin of a DP980
weighted 2.079g recorded in the laboratory.
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Figure 30: A TDS graph of Hydrogen desorption rate in ppm/s against temperature in Kelvin of a DP980
2.0851g recorded in the laboratory.

5.1.7 Thermal Desorption Spectroscopy at 0.2m/cm? in 1hour with 150MPa
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Figure 31: A TDS graph of Hydrogen content in ppm/s against temperature in Kelvin of a DP980 weighted
2.5282g recorded in the laboratory.
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Figure 32:A TDS graph of Hydrogen desorption rate in ppm/s against temperature in Kelvin of a DP980
weighted 2.5281g recorded in the laboratory.

5.1.8 Thermal Desorption Spectroscopy at 0.2m/cm? in 1hour with 300MPa
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Figure 33: A TDS graph of Hydrogen desorption rate in ppm/s against temperature in Kelvin of a DP980
weighted 2.662g recorded in the laboratory.
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Figure 34: A TDS graph of Hydrogen desorption rate in ppm/s against temperature in Kelvin of a DP980
weighted 2.2165g recorded in the laboratory.

5.1.9 Thermal Desorption Spectroscopy at 0.2m/cm? in 1hour with 600MPa
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Figure 35: A TDS graph of Hydrogen desorption rate in ppm/s against temperature in Kelvin of a DP980
2.3384g recorded in the laboratory.
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Figure 36:A TDS graph of Hydrogen desorption rate in ppm/s against temperature in Kelvin of a DP980

2.22544 recorded in the laboratory.

5.2.0 Combined results of all TDS graphs
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5.2.1 Combined results of all TDS graphs with time as the x axis
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Figure 38: A TDS of all the combined varying conditions for hydrogen desorption rate in ppm/s against time in second.

5.3 Analysis of results from TDS

Figure 5.2.0 provides a combined graphical representation of TDS for nine kinds of dual-phase steels. The
graph provides information about the varying hydrogen uptake and concentrations with and without
hydrogen charging. The interpretation of the desorption curves from TDS provides meaningful information
on diffusivity and deeply trapped hydrogen in Dual phase steel.

The varying conditions include temperature, pressure, time and charging density. The dual-phase steel’s

hydrogen-related behavior is about to be investigated against the behavior of the following parameters.

5.3.1 Temperature

From the figure 5.2.0, as shown by material without charging, 0 m/cm? in 1hour with 0 MPa, the desorbed
hydrogen at temperatures is constant below at all temperature has a relatively low quantity of 0.007068135
ppm/s. The desorbed hydrogen at this low temperature is considered as diffusive hydrogen, it is the
reversible trapping site. At that temperature the desorption rates are higher due to the lowering of the
activation energies of the irreversible sites. The irreversible site of dual-phase steels from the graph has
lower binding energies, so it is easy for hydrogen to desorb at lower temperatures. For the instance with
several charging conditions, the graph depicts that significant desorption first occurred between 77K and

310K and another upsurge after 600K. Clearly, temperature influences the desorption rate.

47



5.3.2 Pressure

From figure 5.2.0, pressure has varying effects on the desorption rate. Clearly, for the test with no pressure
the graph had desorption rates less than 0.02ppm/s. For the other instance where there was varying pressure,
the pressure varied with the other conditions. All the test with pressures ranging from 50MPa to 600MPa
experienced a desorption rate higher than 0.03ppm/s since the higher pressures increases the concentration
of hydrogen in the environment surrounding the DP steel specimen. This results in a higher concentration
gradient between the trapping sites within the material and the surrounding enhancing the desorption rate.
Higher pressure in the environment can lead to enhanced availability of hydrogen in the desorption rate

from trapping sites in the dual-phase material.

5.3.3 Charging densities

Figure 5.2.0 shows different curves corresponding to the varying temperatures. This informs of the effects
of the varying current densities and their effects on the desorption rates. For higher charging densities there
is a greater concentration of hydrogen within the material’s trapping sites. The charging densities have a
direct impact on the hydrogen as higher charging densities can lead to increased mobility and diffusion. For
samples with other similar conditions, the material with higher charging densities exhibited higher
desorption rates.

5.3.4 Combined effects

The samples were all pre-charged for 1 hour and measured up to 1000K in the various TDS tests. The
guantity of diffusivity varies with varying charge densities, pressures, and temperatures. From the graph at
higher temperature, hydrogen is released from trapping sites. Coupled with higher charging densities, the

desorption rate occurs faster because the desorption rates increase due to faster desorption kinetics.

5.4 Evaluation of the susceptibility to HE and the consequences of using Dual Phase Steel for hydrogen
application in the energy sector

Many industries, including the production of automotive components, the transportation sector, and the
petrochemical sector, use dual-phase steel materials. When working materials come into contact with
hydrogen during operation, embrittlement of the material occurs if hydrogen is present in the operating
environment. To lessen this, various preventive measures must be taken so that materials cannot be harmed
by hydrogen and that the effect further does not damage the mechanical properties of materials. From the
factors causing hydrogen-incuded cracking (HIC), it can be summarised that since hydrogen desorption

conditions are mostly conditions triggered in the HIC, the material must be made to fully withstand
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Particularly when hydrogen content was low, observations made by partial phase transition and tempering
were more resistant to HE than TM without significantly losing strength. The susceptibility of DP steels to
HE during the application in the energy sector is inevitable, thus the material needs to be fully adapted with

several processes to be able to be used in the energy sector.
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6. CONCLUSION AND RECOMMENDATION
The TDS was used to analyse the absorptibility of hydrogen and its potential effects on the mechanical
properties of a dual-phase steel. It was observed that the DP980 experienced hydrogen absorption and
consequently the mechanical qualities (strength and ductility) will affected. From the microstructure
analysis of the cracked material in the literature, the HE impacts on the material were quite evident.

The effect of interstitial hydrogen on the elastic behavior of metals has been studied, and the findings
accurately quantify the variation in elastic behavior of various metals including DP steels, so when the DP
steels are exposed to a hydrogen-rich environment the mechanical properties will be compromised. Thus
the environment for the transportation of hydrogen should be well either properly coated or alloyed to

prevent failure.

It was observed that when dual-phase steels are charged under pressures and varying temperatures, the
hydrogen desorption in the material is mainly in the reversible sites which have low binding energies. Only
a small quantity of hydrogen is desorbed in the irreversible trapping sites. In other terms, the diffusivity of
hydrogen in dual-phase steels is mostly due to the hydrogen-induced cracking behaviors in the material.
The presence of hydrogen in a the dual phase steel can enhance the mobility of the dislocation. TDS results
suggest the material has reversible hydrogen trapping sites indicating they are highly susceptible to

hydrogen-related failure, and it is not ideal for hydrogen transportation applications.

By conducting additional desorption tests under no charging conditions, the bulk diffusion graphs were
verified. As a result, the bulk diffusion graphs are ideal for explaining hydrogen diffusion, trapping, and
desorption in DP steels.

Itis discovered that the only three variables that permit comparison of TDS experiments from the literature

are temperature, current density, and pressure.

Additionally, literature research was done on the potential role of metal coatings and alloying as hydrogen
diffusion barriers for DP steels, and comparisons were made with experimental data from the literature for
several materials. Hydrogen desorption is somewhat prevented by the effective diffusion coefficient of
about 10~ mm?/s. Regardless, experimental studies are required to enhance the bulk diffusion model and
fully comprehend the function of coatings. The literature also recommends that reduction of the absorption
rate by alloying the steel materials, for full integration of the dual phase steel in the energy sector the

alloying emphasised in the literature could be adopted.

The effect of hydrogen’s presence in the lattice affecting the elastic interaction of dual-phase steel has been

investigated in several studies. Here are some key findings worth applicable in this research. Due to the
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elastic stress, the crystallographic lattice of dual-phase steel expands, which increases hydrogen diffusivity
in the material. The applied elastic tensile stress enhances the rate of desorption of diffusible hydrogen,
increasing hydrogen diffusion kinetics in dual-phase steel. Hydrogen embrittlement affects high-strength
ferrite/martensite dual-phase (DP) steels and the associated micromechanisms that lead to failure have not
been fully understood yet. Hydrogen can be attracted elastically to a loaded crack tip, leading to
supersaturation and precipitation of a hydride, which can cause hydrogen embrittlement in steels hence the
coating and alloying of dual-phase steel surfaces are crucial for the reduction of HE in materials. The HE
resistance can be made with surface nitriding, and carburizing: this is to reduce lattice spacing by stabilising

austenite, by surface coating with Ni, Al, Cu coatings, hard films Si;N,, Al,05, and TiN.
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