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Abstract

For metallic components used in hydrogen environments, hydrogen embrittlement and corrosion have
always been important considering potential failure risks. Among many metallic materials, austenitic
stainless steel has found broad application because of its excellent corrosion and hydrogen embrittlement
resistance. Type AISI304 austenitic stainless steel is promising due to its low cost compared to high
alloyed ones, such as 316 and 904 etc. However, 304 is a metastable austenite stainless steel, which is
susceptible to strain-induced martensitic transformation. This may reduce corrosion and hydrogen
embrittlement resistance in hydrogen-containing environments. Moreover, low hardness and poor
fatigue properties also limit their application. It is therefore of great importance to improve hydrogen
embrittlement and corrosion resistance of austenitic stainless steel 304.

In recent years, extensive studies have been done to improve the hydrogen embrittlement and corrosion
resistance of austenitic stainless steels, such as composition design, processing technology and surface
engineering. Low-temperature carburizing (LTC), a surface engineering approach, has great potential
because of its economic benefit and sustainability. This treatment can introduce interstitial carbon into
the surface region of the steel and form precipitate-free supersaturated solid solution, greatly improving
the surface hardness and fatigue properties without compromising the corrosion resistance. It is of great
interest to evaluate the feasibility of LTC on the alleviation of hydrogen embrittlement and corrosion
for commercial austenitic stainless steel 304 after hydrogen uptake.

In the present study, industrial low-temperature carburizing was performed on commercial AISI304
stainless steel in two conditions (cold worked and solution annealed). Mechanical properties, corrosion
behavior, and microstructure of the S phase after hydrogen uptake have been studied and linked. It was
found that low-temperature carburizing introduced ~ 22 um thick S-phase with ultra-high hardness (775
HV) and high surface carbon concentration (2.2 wt.% in solution condition). Hydrogen uptake caused
reduced corrosion resistance and hydrogen embrittlement due to hydrogen-induced cracking and
hydrogen-induced martensite. For cold-worked 304, hydrogen-induced cracking and martensitic
transformation resulted in high susceptibility to hydrogen embrittlement. Solution-annealed 304 showed
low hydrogen embrittlement susceptibility due to the austenitic phase with less defects. Low-
temperature carburizing improved the hydrogen embrittlement resistance due to the carbon-stabilized
austenite. However, the high carbon concentration on the surface of the solution annealed 304 with LTC
treatment led to hydrogen-induced cracking and reduced ductility. Potentiodynamic polarization curves
and corrosion morphology/chemical analysis revealed that low-temperature carburizing improved
corrosion resistance due to high carbon content and stabilized austenite.

Keywords: Austenitic stainless steel, low-temperature carburising, expanded austenite, microstructure,
corrosion behavior, hydrogen embrittlement
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ASS: Austenitic stainless steel
LTC: Low-temperature carburizing
HE: Hydrogen embrittlement

HIC: Hydrogen induced cracking
CW: Cold working

SA: Solution annealing

BCC: Body-centered cubic

FCC: Face-centered cubic

vc: Carbon stabilized expanded austenite (S-phase)

XRD: X-ray diffraction

EPMA: Electron probe micro-analyzer
XPS: X-ray photoelectron spectroscopy
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1Q: Image quality
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SSRT: Slow strain rate tensile

Rpo.2: 0.2% proof stress (0.2% offset yield strength)

Rm: Maximum tensile stress
o: Total elongation

@: Reduction of area

OCP: Open circle potential
Ecorr: Corrosion potential
Ey: Breakdown potential

Leorr: Corrosion current density
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1 Introduction

1.1 Background

Austenitic stainless steels (ASS) are named for their face-centered cubic (FCC) crystal structure and
excellent corrosion resistance [1]. In general, this type of steel contains high levels of chromium, nickel
and other alloying elements which grant it excellent corrosion resistance, high ductility, good toughness,
and formability [2]. It is used in a wide range of applications, including in chemical, food processing,
nuclear and pharmaceutical industries. Due to low hydrogen diffusivity and excellent resistance to
hydrogen embrittlement (HE) [3-5], ASS have also been widely used in high-pressure hydrogen
applications. The susceptibility to HE strongly depends on the stability of the austenitic phase.
Metastable ASS is susceptible to strain-induced martensitic transformation, resulting in increased
susceptibility to corrosion and HE [6,7]. Type 316 stainless steels have better resistance to HE compared
to metastable 304 owing to increased Ni and Cr concentrations, which suppress the strain-induced
martensite transformation. However, from the cost point of view, AISI 304 is attractive because of the
lower content of alloying elements.

Corrosion and HE are problems faced by steels in hydrogen applications. The hydrogen uptake in steels
leads to the increase of surface activity and decomposition of the passive film, causing pitting corrosion
and dissolution of stainless steels [8-10]. Hydrogen in the steel may also lower the stress required for
cracks in the metal to initiate and propagate, resulting in premature failure. Hydrogen-assisted cracking
is often imperceptible, which leads to severe catastrophic consequences. Understanding the corrosion
behavior and hydrogen embrittlement of ASS and adopting effective approaches to mitigate it are crucial
to the long service life.

In general, strategies to improve corrosion resistance and reduce hydrogen embrittlement mainly focus
on composition design, processing technology and surface engineering [11-19]. Surface engineering
may greatly improve the application potential of components. Bhadeshia [12] introduces an oxide layer
with a thickness of 1-3 pm by performing black oxidation treatment on the steel surface. This oxide
layer increases the atmospheric corrosion resistance of the steel and reduces hydrogen diffusion into the
steel. The diffusion coefficient of hydrogen in coatings such as TiC [13], Al,Os3 [14] and TiN [15] is 3-
5 orders of magnitude lower than that in steels, which can improve the resistance to hydrogen
embrittlement. However, the bonding strength between the coating and the substrate is the key to
affecting hydrogen embrittlement susceptibility [16]. Surfaces mechanical or chemical heat treatment
[17-20] is also a promising method to improve resistance to hydrogen embrittlement. For instance, shot
peening introduces compressive stress on the steel surface, increasing the density of hydrogen trap sites.
Due to the blocking effect of the shot peening layer, the intrusion of hydrogen into the matrix in the steel
is limited, and the alloy shows lower HE sensitivity [17] [18]. Another surface modification technique,
surface nitriding, can stabilize the austenite phase and prevent the transformation of unstable 301 and
304 stainless steel from austenite to martensite [19]. In addition, interstitial nitrogen atoms reduce the
lattice spacing, creating compressive stress on the surface. Consequently, the treated alloy exhibits high
resistance to HE.

Low-temperature carburizing (LTC), as a surface chemical heat treatment technology, is simple to
operate and low in cost. It has been proven to improve the corrosion and mechanical properties [20] of
the steels. By introducing expanded austenite into ASS through LTC, a supersaturated solid solution

with high concentration of interstitial carbon, also known as S-phase can be obtained. This phase
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exhibits improved mechanical properties such as hardness, wear and fatigue resistance while retaining
corrosion resistance [21]. Therefore, it is of great interest to examine the effect of LTC on corrosion and
hydrogen embrittlement resistance of ASS. The current research on expanded austenite mainly focuses
on microstructure characterization and surface properties such as fatigue and tribological properties. The
corrosion and mechanical behaviors of metastable AISI304 austenitic stainless steels after LTC in
hydrogen environment are rarely reported, although low-cost AISI 304 has been widely used
commercially. This study will discuss in detail the corrosion and hydrogen embrittlement of LTC
samples after hydrogen uptake.

1.2 Objectives

The research objective is to evaluate the feasibility of LTC on alleviation of hydrogen embrittlement
and corrosion for commercial austenitic stainless steel 304. In this study, mechanical properties,
corrosion behavior, and microstructure of the S phase in AISI 304 after hydrogen uptake have been
studied and linked. The following work has been performed:

e Characterization of S-phase on selected Austenitic stainless steel — AISI 304.

e Evaluation of the resistance to hydrogen embrittlement of S-phase, and comparison with the
steel without LTC treatment.

e Evaluation of the effect of hydrogen uptake on corrosion behavior of S-phase, and comparison
with the steel without LTC treatment.



2 Materials and processes

2.1 Stainless steel
2.1.1 General aspects

Stainless steel is a chromium-containing iron-based alloy known for its high resistance to corrosion and
rust. The dense chromium oxide that forms on the surface of stainless steel makes it ideal for use in
harsh environments or when exposed to moisture. Stainless steel [22] was first developed by British
metallurgist Harry Brearley. He discovered that adding chromium to iron and carbon could produce
corrosion-resistant steel. He named this new material "stainless steel". Stainless steel was developed to
solve a major problem in many industries where tools and equipment rust and corrode. Today, stainless
steel is one of the most widely used materials in the world, from medical equipment and surgical tools
to automotive parts and aerospace components. Its durability, corrosion resistance and aesthetic appeal
make it an attractive material for a variety of industries.

The performance of stainless steel is closely related to chemical composition and microstructure. In
general, alloying elements in stainless steel include Cr, Ni, Mo, Ti, Si, N and C [23]. Cr is the most
important alloying element in stainless steel, and the minimum amount of Cr required to form protective
passive oxide film is ~11%. The more chromium that is added, the more corrosion-resistant the steel
becomes. However, high Cr levels may accelerate the formation of Cr-rich o'/c phase, leading to
embrittlement of stainless steel. Ni is added to improve ductility, toughness, and resistance to corrosion
and high temperatures. Mo is added to improve resistance to pitting and crevice corrosion in chloride
environments. It also improves the high-temperature strength of the steel. Addition of Ti can improve
corrosion resistance and stabilize the austenitic phase of the steel. N is added to improve corrosion
resistance and to increase the strength of the steel. C can improve the hardness and strength of the steel.
However, too much carbon can decrease the corrosion resistance of the steel. These alloying elements
are classified as ferrite stabilizers and austenite stabilizers based on their effect on the microstructure.
Ferrite-stabilizing elements include Cr, Mo, Si and Ti, among others. Austenite stabilizing elements
include Ni, Mn, C and N. The Schaeffler-Delong diagram [24] (Figure 2.1) gives the phase stability of
austenite and ferrite based on "Ni-equivalent" and "Cr-equivalent" (see equations in the figure). It is an
empirical diagram that can intuitively reflect the influence of various alloying elements on the
microstructure of stainless steels. Type 304 is a metastable austenitic stainless steel located in the
austenite and ferrite regions, while type 316 is austenitic stainless steel located in the austenite as shown
in Figure 2.1. Note that this empirical rule is based on equilibrium conditions and does not consider the
effects of non-equilibrium factors such as deformation and quick cooling. In general, increasing the
content of ferrite in stainless steel can improve its strength and magnetism, while increasing the content
of austenite can improve its ductility, formability, and corrosion resistance.
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Figure 2.1 Schaeffler-Delong diagram redrawn from reference [24]. 304 and 316 are marked.
2.1.2 Classification of stainless steels

Stainless steels are classified into different grades based on their chemical composition, physical
properties, and intended application. Based on the microstructure stainless steel can be divided into five
grades: austenitic, ferritic, martensitic, duplex and precipitation hardening [25]. Each type of stainless
steel has its unique properties and characteristics.

Austenitic Stainless Steel: It contains sufficient amount of nickel and / or manganese and nitrogen to
achieve a face-centered cubic crystal structure. This steel maintains an austenitic microstructure at all
temperatures from room temperature to melting temperature. Therefore, austenitic stainless steels cannot
be hardened by heat treatment because they have single FCC phase at all temperatures. Austenitic
stainless steels are the largest family of stainless steels, accounting for approximately two-thirds of all
stainless steel production. Referring to ASTM standards, austenitic stainless steels are divided into 200
series and 300 series:

a) The 200 series are Cr-Mn-Ni alloy that maximizes the use of Mn and N and minimizes the use
of Ni. Their yield strength is approximately 50% higher than that of the 300 series due to the
addition of nitrogen.

b) The 300 series are Cr-Ni alloys that achieve their austenitic microstructure almost entirely by
nickel addition. Some very highly alloyed grades include nitrogen to reduce the demand of
nickel. The 300 series is the largest group and the most widely used.

Ferritic Stainless Steel: This type of stainless steel contains high levels of Cr (10.5~27 wt.%) with very

little or no Ni. Ferritic stainless steels have a body-centered cubic (BCC) structure and mainly belong to
4



the 400 series. Niobium (Nb), titanium (Ti) and zirconium (Zr) are added to prevent the formation of
Cr-rich carbides and improve weldability. Compared with austenitic stainless steels, they have relatively
poor corrosion resistance and plasticity due to their low alloying elements and bcc structure. They are
often used in automotive exhaust pipes, heat exchangers and building structural applications [26].

Martensitic Stainless Steel: Martensitic stainless steel has a body-centered tetragonal (BCT) crystal
structure and is ferro magnetic as ferritic steel. Due to their low chromium content, they are not as
corrosion resistant as ferritic and austenitic stainless steels. Martensitic stainless steels have high
strength and hardness and are used as tool steels and creep-resistant steels. The Fe-Cr-C and Fe-Cr-Ni-
C alloys are the main series of martensitic stainless steels. Some of the carbon is replaced by nickel for
greater toughness and higher corrosion resistance. Minor additions of Nb, V, B and Co increase strength
and creep resistance up to about 650 °C. Martensitic stainless steels can be heat treated to provide better
mechanical properties. Heat treatment usually consists of three steps: austenitizing, quenching and
tempering. The steel is heated to temperatures in the range of 980~1050 °C and the C redissolves into
the face-centered cubic lattice to form austenite. After quenching, the austenite transforms into
martensite. Quenched martensite is very hard but too brittle. Therefore, martensite is heated to around
500 °C, held at that temperature, and air-cooled to obtain tempered martensite to improve the ductility
and toughness. Higher tempering temperatures reduce yield strength and ultimate tensile strength but
increase elongation and impact toughness.

Duplex Stainless Steel: Duplex stainless steels have a mixed microstructure of austenite and ferrite.
The ratio of the two phases depends on the nickel and chromium equivalents. Compared to austenitic
stainless steels, they have higher levels of Cr (19—32%) and Mo (up to 5%) but are lower in Ni content.
The mixed microstructure of duplex stainless steels improves yield strength and resistance to stress
corrosion cracking in a Cl environment. This kind of steel is often used in chemical processing
equipment and the oil and gas industry [27].

Precipitation Hardening Stainless Steel: Precipitation-hardening stainless steels can achieve higher
strength than martensitic grades by precipitation hardening. There are three types:

a) Martensitic 17-4 PH (17Cr-4Ni-4Cu-0.3Nb, wt%) used in aerospace. The Nb- and Cu-rich
precipitates are formed by aging, which increases the yield strength above 1000 MPa.

b) Semi-austenitic 17-7 PH (17Cr-7.2Ni-1.2Al, wt%). The NizAl intermetallic phase is
precipitated, reaching a yield strength above 1400 MPa.

c) Austenitic A286 (15Cr-25Ni-2.1Ti-1.2Mo-1.3V, wt%). Ni3Ti precipitates improve mechanical
properties and creep resistance at temperatures up to 700 °C. A286 is classified as an iron-based
superalloy used in jet engines, gas turbines, and turbine components.

2.2 Commonly used austenitic stainless steel grades
The most commonly used austenitic stainless steels are AISI 304 and 316.
2.2.1 AISI 304

Type 304, also known as AISI/SAEs 304, UNS S30400 and EN 1.4301, is the most widely used stainless
steel in the market. It contains both Cr (18~20%) and Ni (8~10.5%) and is also known as 18/8 steel.
AISI 304 is commonly used for applications such as kitchen, food processing, chemical containers, and
medical equipment due to its excellent corrosion resistance, high ductility, and good mechanical
properties.



AISI304 is a metastable austenitic stainless steel and is prone to deformation-induced martensite. For
the 304 ASS used in this study, in addition to the dominant austenite phase, the XRD and EBSD results
in Figure 2.2 confirms that it contains a small amount of ferrite, which is consistent with the prediction

in Figure 2.1.
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Figure 2.2 XRD (a) and EBSD-phase map (b) of solution annealed 304 austenitic stainless steel.
2.2.2 AISI 316

Type 316 also known as AISI/SAE 316 UNS S31603 and EN 1.4404, is an evolution of type 304. It
contains Cr (16~18%), Ni (10~14%), Mo (2~3%), and small quantities of carbon (<0.03%). AISI 316
has better corrosion resistance than AISI 304, especially in chloride-rich environments. AISI 316 is
typically used in applications requiring enhanced corrosion resistance such as marine equipment,
chemical processing, pharmaceuticals, medical equipment, and certain types of food processing

equipment.

A typical 316 microstructure is shown in Figure 2.3. The IPF map (Figure 2.3a) shows equiaxed grains
with various orientations, indicating that the microstructure is homogeneous. A large number of twin
structures are observed within the grains. Due to its higher nickel equivalent than 304, it shows a stable

austenite phase (Figure 2.3b).

Figure 2.3 IPF map (a) and phase map (b) of solution annealed 316 austenitic stainless steel.



2.3 Low-temperature carburizing
2.3.1 Overview

Low-temperature carburising (LTC) is a surface hardening process through the diffusion of interstitial
carbon, without the possible formation of carbides. This process results in a hard carburised layer with
a thickness of 20 ~ 35 pum on the surface [20,21]. The carbon content on the surface of the carburised
layer exceeds 20 at.% due to the existence of supersaturated interstitial carbon. The LTC process
involves activation of the surface followed by a gas-phase carburization treatment. Surface activation is
to remove the chromium oxide layer so that carbon can diffuse into the substrate, because the chromium
oxide layer on the surface of stainless steel is the main obstacle to LTC. In industrial processes,
activation can be achieved by exposing the furnace load to a halide-containing gas mixture (NF3 or HCI1
and N») at atmospheric pressure. Conventionally, carburization is otherwise performed at relatively high
temperatures to maximize solubility and diffusion rates of interstitial carbon solute.

Figure 2.4 shows the time-temperature transformation (TTT) diagram for the heat treatment of austenitic
stainless steels [28]. In general, the maximum equilibrium solubility of C in austenitic stainless steels is
0.08 wt% (0.37 at%), which is limited by the formation of chromium carbides (Cr23Cs) or y/m-carbides
in the steel matrix. These carbides can lead to a loss of corrosion resistance and mechanical properties.
For carburising at high temperatures (T > 1650 °F, or 900 °C), carbide precipitation can only be avoided
by extremely high cooling rates (path A). In addition, the solubility limit is easily exceeded at high
temperatures and carbides are formed during carburization. However, at industrial cooling rates most of
the solute atoms will precipitate into the carbide (path B), which depletes chromium and reduces
corrosion resistance in austenitic stainless steels. LTC, on the other hand, obtains a carburised layer
while suppressing the formation of chromium-rich carbides (path C). This results in extremely high
carbon supersaturation, much higher than can be achieved by high temperature carburising. At 350 to
500 °C, the diffusivity of Ni and Cr is on the order of 10! m%*s and 10> m?%s, respectively, and the
carbon diffusivity at this temperature is in the range between 10'° to 107> m%/s [29-31]. This difference
in diffusion coefficient by a factor of 10'° to 10'? enables uniform carburization of austenitic stainless
steels without forming carbides.
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Figure 2.4 Time-temperature-transformation (TTT) diagram of carbide formation in austenitic stainless
steels (Redrawn from [28]).
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In this work, the low temperature carburizing process was performed with Bodycote's Kolsterising®
S*P K22 treatment [32]. The key process parameters are confidential. It is claimed that when forming C
supersaturated austenite without Cr-rich precipitates, surface harnesses can reach up to 1200 HV with
diffusion layer thicknesses between 20 um and 30 pum.

2.3.2 Carbon stabilized expanded austenite

Carbon-stabilized expanded austenite (y.), also known as S-phase, is a supersaturated carbon solution in
austenite. The S-phase with high carbon concentration (~20 at.%) and super-hardness (= 900 HV) on
the surface is used to improve the wear resistance and fatigue strength of steel components [21].
Supersaturated carbon changes the austenite lattice parameters, as indicated by the peak shift in XRD
pattern (Fig, 2.5) The linear dependence between the austenite lattice parameter (a) and the interstitial
C content can be expressed by equation 2.1 [33]:

a = 0.35965 + 0.06029y, 2.1)

where y. is the octahedral interstitial occupancy of C. Note that this condition is based on highly
controlled carburizing which ensures uniform interstitial carbon content throughout the steels and
therefore eliminates concentration and stress gradients. Thin metal foil (< 100 um) is used as the
substrate in this case. Otherwise, the bulk-limited lattice expansion prevents homogeneous carburization
throughout the materials. The interstitial concentration gradient induced by the diffusion process leads
to a compressive residual stress gradient through the expanded austenite layer. Beneath the interstitial
enriched region, tensile residual stress will exist. As a balance, very high residual compressive stresses
(> 2 GPa) occur in subsurface regions [34]. The increase in lattice parameters and strain causes the X-
ray diffraction peaks to shift to lower angles and broadens the peak compared to the untreated sample.

—— 304
o —— 304 LTC

Intensity (a.u.)

(10 (200

20 (deg.)
Figure 2.5 XRD patterns from solution annealed 304 with and without LTC treatment.
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The microstructure of solution annealed 304 LTC is given in Figure 2.6, showing that the thickness of
expanded austenite (y.) is ~22 pm. Gradient orientations and high local misorientation were presented in ..

R o

y

(€)

EHT = 2000 KV

Figure 2.6 Cross-section microstructure of solution annealed 304 LTC. (a) FSD image, (b) IPF map
and (c) KAM map.

2.3.3 Properties of S-phase

The S-phase has a thickness of ~ 25 um near the surface of the processed component. In the literature,
the properties related to the S-phase mainly focus on mechanical, tribological and corrosion properties.

Mechanical properties

The remarkable mechanical property of the S-phase is the extremely high surface hardness. Numerous
studies [20,21,35-37] have reported that the hardness of the S-phase can reach up to about 1000 HV.
This is attributed to work hardening due to local deformation introduced by interstitial carbon and
residual stress. The hardness gradually decreases with the depth from the surface, as depicted in Figure
2.7a, indicating that the S-phase is a diffusion-controlled gradient layer.

Tensile characteristics are important mechanical properties of concern for structural materials. The
formation of S-phase may enhance the tensile strength; however, it results in a loss of ductility as shown
in Figure 2.7b. Strength and plasticity have always been difficult to achieve at the same time. Defects
introduced by the S-phase such as high dislocation density and lattice distortion make the slip of
dislocations more difficult, greatly improving the strength. On the other hand, the large lattice mismatch
between the S-phase and the matrix makes it hard to coordinate deformation, resulting in a decrease in
ductility.

Excellent fatigue resistance is also an important advantage of the S-phase. High surface residual
compressive stress up to 2 GPa can be introduced through LTC [37]. It has been reported that the high
cycle fatigue life of the LTC treated 316 is approximately 100 times that of untreated 316. In addition,
maximum fatigue stress increased by ~75% from 200 MPa to 350 MPa [38]. The crack growth threshold
AKy, was increased from 8 MPa-m'?to 10 MPa-m'? by LTC for 316 [39].
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Figure 2.7 Microhardness profiles (a) and stress-strain curve (b) from cold worked 304 with LTC
treatment.

Tribological properties

The poor tribological properties of austenitic stainless steels limit their applications. The S-phase
exhibits high hardness, resulting in improved tribological properties. Sliding friction and reciprocating
friction tests show that the wear rate of the coupled 316L parts (ball and disc) treated by LTC is reduced
by approximately 100 times compared to untreated 316L [40,41]. In addition, the untreated material
suffered severe plastic deformation and large pieces of wear debris peeled off during the test, while the
carburized material did not.

Corrosion resistance

S-phase has excellent corrosion resistance. Often, a featureless layer is found from the metallographic
microstructure after chemical etching. It has been reported that pitting potential is increased in chloride-
containing solutions compared to the austenitic stainless-steel matrix [40-43]. This can be explained by
the high carbon concentration on the surface. Carbon may form partial (covalent) bonds with metal
atoms (Fe, Cr, Ni), inhibiting the dissolution of iron [44]. Crevice corrosion is a potential failure mode
of austenitic stainless steel. It has been shown that the S-phase improves the crevice corrosion resistance
as well [45].

The potentiodynamic polarization curve shown in Figure 2.8a indicates that LTC treatment increases
corrosion potential and pitting corrosion potential for 304. Figure 2.8b shows that the 304 has large
corrosion pits while the 304 with LTC treatment has almost no serious pitting corrosion, confirming
again that S-phase has excellent corrosion resistance.
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Figure 2.8 (a) Potentiodynamic polarization curves of 304 samples in 3.5% NaCl solution, and (b)
SEM images after corrosion.
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3 Challenges of hydrogen uptake

Hydrogen uptake can occur when steel is exposed to hydrogen-containing environments. Hydrogen
enters the steel mainly through the following processes [46]. The corresponding activation energy (AQ)
is also provided for each step in Eq. 3.1 —3.4

1. Hydrogen molecules (H») collide with the outer surface of the metal (M), causing physical
adsorption (Eq.3.1).
H, +M=H, M AQi=- (8 - 12) kJ/mol (3.1)

2. Further chemical adsorption with the metal occurs. Covalently adsorbed hydrogen (H.dM) is
generated (Eq.3.2).

H,M 2 HgM + Haq AQo=- (29 - 42) kJ/mol (3.2)
3. Covalently adsorbed hydrogen is converted into dissolved absorbed hydrogen (MHab) (Eq.3.3).
H,gM = MH,, AQs=- (10 -20) kJ/mol (3.3)

4. The hydrogen atoms decouple from the metal M in the surface and become dissolved hydrogen
(H) in the bulk metal phase (Eq.3.4).

MH,, = M+ H AQ.=-10 kJ/mol (3.4)

Hydrogen has high activity, and the small atomic radius means it can easily penetrate steel. Hydrogen
can be trapped at various types of lattice defects such as vacancies and certain solutes, dislocations,
grain boundaries, phase interfaces, triple points, precipitates, micro- and nanocracks, surface steps, voids
and the inside surface oxide layers (Figure 3.1). Hydrogen uptake in materials such as metals and alloys,
can pose several challenges, including hydrogen embrittlement and corrosion.
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Figure 3.1 The distribution of hydrogen within the bulk material. Reproduced from reference [47], with
the permission of Taylor & Francis

3.1 General corrosion and the effect of hydrogen

Corrosion is a gradual deterioration of materials (mostly metallic materials) through chemical or
electrochemical reactions with their environment [48]. It causes damage to metal surfaces and reduces

the service life of structural components. The total global cost of corrosion is estimated to be
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approximately $ 2.5 trillion, which is equivalent to 3.4% of the global GDP (2013). Economic losses
and environmental damage caused by corrosion threaten human health and development [49]. Therefore,
it is of great significance to study the corrosion behavior and improve the corrosion resistance of metallic
materials.

Michael Faraday established the principles of the electrochemical process of corrosion in the early 19th
century, and it remains critical to understanding the problem and preventing corrosion [50]. The
corrosion process [51] consists of anodic and cathodic half-cell reactions. In anodic reaction metal (M)
corrodes and enters the solution (electrolyte) in the form of positively charged metal ions (M""), as
shown in Eq.3.5.

M - M™ +ne” (3.9

The cathodic reaction depends on the chemical nature of corrosives and most commonly occurs in nature
and in neutral or alkaline solutions, namely the reduction of dissolved oxygen, as shown in Eq.3.6.

0, + 2H,0 +4e~ - 40H™ (3.6)
In acids, the cathode reaction is the reduction of hydrogen ions, as given in Eq.3.7.
2H* +2¢~ - H,1T (3.7)

In electrochemical tests, an oxidation process occurs when a metal acting as the anode in a corrosion
cell becomes polarized, causing its electrode potential to shift toward the inert (cathode) direction.
Likewise, if a metal is made a cathode by applying a negative current across it, its electrical potential
decreases, i.e., cathodic protection.

Potentiodynamic polarization curves are often used to evaluate corrosion behavior. Electrochemical
parameters such as corrosion current and corrosion potential can be obtained from the Tafel curve. Tafel
has shown that polarization obeys the Eq.3.8 [52].

n= tdlogy, (1) (3:8)

where 7 is the overpotential, A is Tafel slope, i is the current density, and i is the exchange current
density. The +/- sign depicted in the equation relates to whether the analysis refers to an anodic (+) or
cathodic (-) process.

Figure 3.2 illustrates graphically some parameters which are often used in discussion of electrochemical
corrosion. In the Tafel curve (Figure 3.2a), there are two half-reactions. In an acidic solution, a hydrogen
evolution reaction occurs at the cathode, and metal dissolution occurs at the anode. The corrosion
potential E,,-- is usually equal to the open circuit potential, and the corrosion current density i,y 1S
the one corresponding to the intercept between the Tafel slope and the corrosion potential. Figure 3.2b
reveals the entire corrosion process of metal. For self-passivating alloys (such as stainless steel), a film
of corrosion products forms on their surfaces, greatly protecting them from further attack. In a
passivation process, the metal first corrodes at an extremely high rate with increased anodic current
density until it reaches a critical value i;¢ , corresponding to the formation of a passivation film in a
thickness of a few nm on the entire surface. The corresponding potential at this point is primary
passivation potential (Epp). After that, the metal no longer obeys Tafel's equation. As the potential
increases, the corrosion current density drops sharply to passive current density (ip). Once the applied
potential exceeds the passivation potential or the passivation film is damaged, the metal may begin to
corrode rapidly again [54].
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Figure 3.2 Polarization diagram. (a) Tafel curve and (b) Potentiodynamic polarization curve.
Reproduced from ASTM G3-14 [53].

For steels exposed to a hydrogen environment, a series of performance degradation may occur. The
obvious effect of hydrogen on the corrosion behavior of iron and stainless steel is that hydrogen
increases the corrosion rate, reduces the stability of the passive film, and promotes localized corrosion
[55,56]. Thomas et al. [57] found that hydrogen uptake resulted in an increased anodic dissolution of
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AISI 1018 mild steel in a flowing non-passivating electrolyte (0.6 M NaCl, pH 1.95) by approximately
200 - 500%. He et al. [58] studied the crevice corrosion behavior of duplex stainless steel 2205 after
hydrogen charging, and the results showed that hydrogen can promote the initiation and propagation of
crevice corrosion and inhibit the re-passivation process. This can be explained by the multiple effects of
hydrogen permeation on the stability of the passivation film, such as reduced thickness, increased carrier
density, and lowered the ratio of Cr cation and O/OH ratio of the passivation film.

3.2 Hydrogen embrittlement
3.2.1 Stage of hydrogen embrittlement

The phenomenon of hydrogen embrittlement was first observed and documented in the late 19th century
[59]. It was noticed that certain alloys and high-strength steels became brittle and failed prematurely
when exposed to hydrogen gas. Hydrogen embrittlement (HE), also known as hydrogen-induced
cracking (HIC), occurs when a metal absorbs hydrogen and reduces the stress required for crack
initiation and propagation, resulting in embrittlement. Hydrogen embrittlement occurs most notably in
steel as well as iron, nickel, titanium, cobalt and their alloys. There are a series of stages involved in
hydrogen embrittlement in a material as given below,

Hydrogen absorption

Hydrogen absorption is the first stage of hydrogen embrittlement. There are two main sources of
hydrogen: internal hydrogen and external hydrogen. The former one is introduced during material
manufacturing or surface treatment, such as electroplating, pickling and reduction heat treatment. The
latter is hydrogen from sources such as the environment or cathodic protection systems during
application.

Hydrogen diffusion

Once hydrogen is absorbed by a material, it can diffuse into the lattice structure. The rate of hydrogen
diffusion depends on factors such as defects, crystal structure, temperature, and material composition
etc.

Hydrogen capture

Hydrogen atoms can become trapped in various locations within the material, including vacancies and
certain solutes, dislocations, grain boundaries, phase interfaces, triple points, precipitates, micro- and
nano-cracks, and voids. Some of these defects, such as precipitated phases, act as hydrogen traps to
inhibit hydrogen embrittlement, while others, such as micropores, interact with hydrogen and initiate
cracks.

CracKk initiation

Elevated stress concentrations caused by trapped hydrogen atoms may promote the creation of small
cracks or fissures within the material. These cracks likely initiate at the place where the hydrogen is
trapped.
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Crack propagation

Under an applied load or stress, hydrogen-induced cracks can propagate in the material. These cracks
can grow rapidly, even at stress levels significantly lower than the ones that cause failure in hydrogen-
free material.

Reduced ductility

In the presence of hydrogen, the material becomes more brittle and less able to absorb energy through
plastic deformation. Therefore, the ductility of the material decreases.

3.2.2 Hydrogen embrittlement mechanisms

Hydrogen-enhanced decohesion (HEDE)

In 1926, Pfeil [60] stated that absorbed hydrogen weakens grain boundaries and decreases cohesion
across the cubic cleavage plane, leading to hydrogen-induced cracking. In 1959, Troiano [61] proposed
that hydrogen weakens the interatomic bonds of iron atoms because the electrons in the 1s orbital of
hydrogen atoms enter the 3d orbital of iron (the electrons in the 3d orbital of iron are not filled fully).
This mechanism was further quantitatively developed by Oriani, McMahon and Gerberich [62-64], who
believe interstitial hydrogen reduces the stress required for the separation of atoms (decohesion). HEDE
occurs only when the local concentration of hydrogen is high. Notice, hydrogen solubility can be
increased in the tensile stress field at a crack tip, at stress concentrators, or in the tension field of edge
dislocations. Figure 3.3 illustrates the HEDE mechanism. Atoms are separated owing to the weakening
of interatomic bonds by (i) hydrogen in the crystal lattice (ii) adsorbed hydrogen and (iii) hydrogen at
the particle-matrix interface.

High H concentration in lattice
@) in region of high hydrostatic stress

D,islocation
¢ pile-up
yy/

Adsorbed H Particle-matrix interface

Figure 3.3 Schematic diagram of the HEDE mechanism. Tensile separation of atoms due to weakening
of interatomic bonds by (i) hydrogen in the crystal lattice (ii) adsorbed hydrogen and (iii) hydrogen at
the particle-matrix interface. Reproduced from [65] with permission from Elsevier.

Hydrogen-enhanced localized plasticity (HELP)

In 1972, based on the observation and analysis of fractures, Beachem [66] proposed that "hydrogen-
assisted cracking of metals is caused by local plastic deformation facilitated by solute hydrogen at a
crack tip". Later, Bimbaum, Robertson, and Sofronis [67-70] performed in-situ TEM in a gaseous
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hydrogen environment and verified that hydrogen can reduce the stress required for dislocation
movement or increase dislocation activity. High hydrostatic pressure at the crack tip results in hydrogen
accumulation and consequently high hydrogen concentration there. Subcritical crack growth occurs
through hydrogen-induced localised microvoid coalescence (MVC) processes [71,72], as shown in
Figure 3.4. It can be observed that the hydrogen-affected plastic zone is much smaller than the hydrogen-
free plastic zone. This means that hydrogen causes small plastic deformation before fracture. The HELP
mechanism indicates that the hydrogen-induced cracking is due to local plastic deformation rather than
the simple breaking of atomic bonds of HEDE.
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Figure 3.4 Schematic diagram illustrating the HELP mechanism. The region of high hydrogen
concentrations facilitates the microviod coalescence process and localised plasticity. Reproduced from
[72] with permission from Elsevier.

Adsorption-induced dislocation emission (AIDE)

The AIDE mechanism was first proposed by Lynch [73] in 1976 and was further developed in
subsequent studies [74-76]. This mechanism is related to dislocation emission including dislocation
generation and dislocation moving away from the crack tip. Dislocation is generated by the coordinated
shear deformation of several atomic layers near the dislocation core. The adsorption of hydrogen leads
to the weakening of the interatomic bonding, which accelerates dislocation emission and crack growth.
The AIDE mechanism also involves the nucleation and growth of micro-voids at the crack tip. In a
hydrogen-free environment, a large stress is required to initiate dislocation emission in the plastic zone
near the crack tip. Conventional dislocation movement thus occurs, leading to the nucleation and growth
of micro-voids at the interface of second phase and matrix, at the slip band, and in the plastic zone in
front of the crack tip. In a hydrogen environment, hydrogen in the material weakens atomic bonds
causing dislocations to easily emanate from the crack tip and promote crack development on appropriate
slip planes. Therefore, lower stress is required to activate crack propagation. Moreover, hydrogen causes
shallow dimples, intergranular or transgranular fractures. Figure 3.5 illustrates the schematic diagram
of the AIDE mechanism at the crack tip [74].
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Figure 3.5 Schematic diagram illustrating the AIDE mechanism. The stress-induced crack grows by
alternating slip (for transgranular paths) from crack tips, facilitating coalescence of the crack with the
void formed in the plastic zone in front of the crack. Reproduced from [74] with permission from
Elsevier.

Hydrogen-enhanced strain-induced vacancy (HESIV)

Nagumo [77,78] proposed that hydrogen enhances the generation of strain-induced vacancies, leading
to crack initiation and growth. When combining with hydrogen, the mobility of vacancies is reduced
thereby forming clusters that is in fact a void or reducing the stress-carrying capacity of the material.
The HESIV mechanism shifts the view of HE from hydrogen itself to hydrogen-related damage which
leads to premature fractures. A straightforward validation of the HESIV mechanism is experimental
verification. It has been shown by low temperature thermal desorption spectroscopy (LTDS) in Figure
3.6a that the hydrogen content of hydrogen-charged martensitic steel without strain is 0.041 ppm. After
pre-straining and then hydrogen charging, the hydrogen content of martensitic steel was 0.093 ppm.
However, when hydrogen charging and straining were performed simultaneously, the hydrogen
concentration was 0.20 ppm. A significant increased hydrogen content means increased vacancy
concentration. Three-point bending tests on low-carbon ferritic steels with/without hydrogen show that
the energy dissipation during crack growth (stable crack growth resistance curve) is significantly
reduced due to hydrogen increased vacancy fraction (Figure 3.6b).
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Figure 3.6 (a) LTDS curves of tracer-hydrogen for high strength martensitic steel [79]. (b)
Experimental and calculated stable crack growth resistance of low carbon ferrite-pearlite steel with and
without pre-charged hydrogen. o, ®: Observed values, A, A: Calculated values using a finite element
method [80]. Reproduced with permission from Elsevier.

Defect acting agent (DEFACTANT)

The DEFACTANT mechanism was proposed by Kirchheim based on the stabilization of lattice defects
by hydrogen in a thermodynamic scheme [81-83]. Analogous to the Gibbs adsorption isotherm of
surface energy changes caused by molecular adsorption, when solute atoms segregate at lattice defects,
the total free energy of the system decreases. This reduction is attributed to the lowering of the defect
formation energy. Hydrogen segregation reduces the formation energy of defects such as vacancies,
dislocations, grain boundaries, voids or crack surfaces [84]. In-situ electrochemical nanoindentation
experimental results in nickel show that the activation energy for the onset of plasticity (dislocation
nucleation) is reduced by dissolved hydrogen owing to the lowered shear modulus and stacking fault
energy [85]. The increased compressive stress of a-vanadium micropillars (001) single crystal with
increasing hydrogen concentration can be explained by the decrease in the formation energy of
dislocation because hydrogen activates dislocation sources leading to an increase in dislocation density
[86].
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4 Experimental

4.1 Materials and sample preparation

The material used in the present study is commercial austenitic stainless steel named AISI304. The
nominal chemical composition is shown in Table 4.1. The as-received samples were cold-drawn bars,
and some cold-drawn rods were solution annealed at 1050 °C for 1 hour and then water quenched to
obtain solution-annealed samples. Figure 4.1 showed the microstructure of cold worked and solution
annealed samples. Cold working resulted in a large number of low-angle grain boundaries implying a
highly deformed structure, while solution annealing eliminated a large number of defects showing
annealed equiaxed grains. Low-temperature carburising treatment was carried out by Bodycote
(Kolsterising® K22 process). Although the process details of the K22 process were not released due to
confidential reason, it has been extensively studied by researchers [32,87]. The material conditions in
this investigation are summarized in Table 4.2.

Table 4.1 The nominal composition of 304 austenitic stainless steel (Wt%).

ID C Mn Si S P Cr Ni Cu_ Mo N Fe
0

304 0.02 158 039 0.01 0.04 1822 8.02 0.33 - 0.

Figure 4.1 Microstructure of 304 austenitic stainless steel. (a) cold worked and (b) solution annealed.
The red solid line indicates the low-angle boundary (2-15°), and the black solid line indicates the high-
angle boundary (>15°).

Table 4.2 Sample designations and their processing conditions

Name of samples | Conditions

304CW Cold-worked 304

304SA Solution-annealed 304

304CW-H Cold-worked 304 charged with hydrogen

304SA-H Solution-annealed 304 charged with hydrogen

304CW+LTC Cold-worked 304 treated by LTC

304SA+LTC Solution-annealed 304 treated by LTC

304CW+LTC-H Carburized cold-worked 304 followed by hydrogen charging
304SA+LTC-H Carburized solution-annealed 304 followed by hydrogen charging

The metallographic samples were mounted in conductive resin and plane ground with 500# SiC paper,
then fine ground with 9 pm diamond suspension, followed by polishing with 3 pm and 1 pm diamond
suspension and colloidal silica suspension (OPS) as the final step. To evaluate and visualize the S-phase,
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V2A reagent (119 mL HCI, 12 mL HNOs3, 119 mL H,O) was used to etch the samples for 10 s at room
temperature.

4.2 Hydrogen charging

Hydrogen charging is applied to introduce hydrogen into material. Commonly used methods include
gas-phase high-pressure hydrogen permeation and electrochemical cathodic hydrogen charging. The
former requires complex equipment with high cost, while the latter has a simple experimental set-up
with low cost and high sensitivity. In this study, hydrogen charging was performed using the
electrochemical cathodic method in a solution of 0.2 mol/L H2SO4+ 0.01 mol/L Na;HAsO4. Na;HAsO4
acts as a hydrogen poison, inhibiting the combination of hydrogen atoms to generate hydrogen gas. For
the metallographic sample, hydrogen was charged at a current density of 10 mA/cm? for 1-24 h at 85 °C.
For corrosion and tensile specimens, hydrogen was charged at a current density of 30 mA/cm? for 24/72
h at 85 °C.

4.3 Characterization techniques
4.3.1 Light optical microscope

Light optical microscope (LOM) uses visible light to observe and magnify samples. It is a widely used
imaging technique for various materials. The resolution of LOM is limited by the wavelength of the
visible light, and it is usually possible to observe microstructures above the micrometer scale. In this
work, LOM images were obtained by means of Zeiss Axioscope 7 optical microscope using ZEN core
2.7 software. The microstructure of austenitic stainless steels examined by LOM is shown in Figure 4.2.
Cold working and solution annealing give different microstructures depending on the processing
conditions.

Figure 4.2 LOM shows the microstructure of austenitic stainless steels. (a) cold worked and (b) solution
annealed.

4.3.2 X-ray diffraction

X-ray diffraction (XRD) produces diffraction patterns by the interaction of a monochromatic X-ray
beam with electrons in the atoms of a crystal lattice. The working principle of X-ray diffraction is based
on Bragg's law given in Eq. 4.1.
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nl = 2dsinf 4.1

where n is the diffraction order, A is the wavelength of the X-ray source, d is the diffraction interplanar
spacing, and 6 is the diffraction angle. XRD can be used to identify phases in materials based on crystal
structure. In this study, Bruker D8 Discover with Cu-radiation source (A = 0.154056 nm) was used with
operating voltage at 40 kV and the tube current of 40 mA.

4.3.3 Scanning electron microscope

Scanning electron microscope (SEM) creates magnified images by scanning a beam of focused electrons
over the surface of a sample. In SEM, the electrons emitted by the electron gun are accelerated by the
electric field to the anode. The high-energy electron beam (1keV ~30 keV) is obtained and converged
into an electron probe through the electromagnetic lens. When the electron probe hits the sample surface,
different interactions occur between the electrons and the material, and different types of signals are
emitted from the sample surface [89,90]. Typical signals (Figure 4.4) generated in electron-sample
interactions include Auger electrons (AEs), secondary electrons (SEs), backscattered electrons (BSEs),
characteristic X-rays and continuous X-rays.

Secondary electron signals provide important topographic information with high spatial resolution and
can be used to generate morphological contrast-based images. In the most common SE mode, secondary
electrons emitted by atoms excited by an electron beam are collected by a secondary electron detector
(Everhart-Thornley detector). Due to the short wavelength of electrons, SEM can usually achieve a
resolution of tens of nanometers. BSE electrons are deflected backwards electrons due to the interaction
of electrons with the atomic nuclei of the sample. This signal has lower spatial resolution due to the
large escape depth. BSE provides elemental information in the form of Z contrast (atomic number
contrast). Stronger elastic scattering interactions with atoms having higher Z values produce brighter
BSE images. When the electrons in the atom core shell are ejected, electrons from higher energy levels
will quickly jump downward to fill the vacancy. In most cases, this transition will be accompanied by
the emission of X-rays whose energy matches the energy gap between the upper and lower energy levels.
X-rays have a long penetration distance, resulting in lower spatial resolution than any electronic signal.
Characteristic X-rays are collected by energy dispersive spectroscopy (EDS) detectors and used to
extract qualitative and quantitative chemical and compositional information from the sample. In other
cases, the energy released by the downward transition is transferred to an electron in the outer shell.
This electron (i.e., AE) is then ejected from the atom with an energy equal to the energy lost by the
electron in the downward transition minus the binding energy of the electron ejected from the atom. AEs
have very low energy, can only travel in a few atomic layers. It requires an ultra-high vacuum to reduce
energy loss and sample contamination and cannot be collected in standard scanning electron microscopy.

In this work, the microstructures and fracture morphologies of the samples were examined using
TESCAN MIRA4 FE-SEM and LEO Gemini 1550 FE-SEM.
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Figure 4.3 Schematic diagram of signals generated by the interaction between electron beam and
sample.

4.3.4 Electron backscattered diffraction

Electron Back-Scattered Diffraction (EBSD) originated from the discovery of electron diffraction in
mica sheets by Kikuchi, a Japanese scientist. Therefore, it is also called backscattered Kikuchi
diffraction (BKD). EBSD is a microscopic characterization technique, which is usually assembled on
the SEM to determine the orientation of the crystal regions on the surface of a large sample by
automatically calibrating the backscatter diffraction pattern. EBSD detectors use high-energy diffracted
electrons reflected from the sample surface to obtain a series of Kikuchi patterns. These Kikuchi patterns
are generated based on Bragg diffraction and are closely related to the distance of lattice planes d and
the crystal structure [91]. Based on database-matched crystal structure and unit cell parameters, electron
backscatter patterns are indexed to provide information about the material's grain structure, grain
orientation, and phases etc.

The schematic diagram of the EBSD collection is shown in Figure 4.4. In this technique, the sample is
typically tilted to 70° to maximize the signal intensity reaching the detector. In the present work, EBSD
was performed using an LEO Gemini 1550 FE-SEM coupled with an Oxford Nordlys collection system.
The accelerating voltage was set to 20 kV, and the working distance was 14 mm. The scan step size of
EBSD map acquisition was 0.3~1 um. HKL* Channel 5 software was used for data post-processing. In
this work, the maps involved include image quality (1Q), inverse pole figure (IPF), grain boundary (GB),
phase and kernel average misorientation (KAM) maps. Grain boundaries with misorientation larger than
15° are superimposed as black lines in the map.
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Figure 4.4 The schematic diagram of EBSD collection.

4.3.5 Electron probe micro-analyzer

Electron probe microanalyzer (EPMA) is mainly used for non-destructive chemical analysis of bulk
samples. It is also known as an electron microprobe, can detect elements from Li to Pu with a detection
limit of 100 ppm. The working principle of EPMA is that electron beam bombards the sample to produce
diffracted electrons and X-rays. Wavelength dispersive X-ray spectroscopy (WDS) has high peak
resolution and peak-to-background ratio for chemical analysis. In this study, JEOL JXA-8230 EPMA
was used to determine carbon concentration as a function of depth.

4.3.6 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative spectroscopy technology
based on the photoelectric effect. It can identify and quantify elements and their chemical states at the
surface of materials. It can also be combined with argon ion beam etching to perform depth profiling.
XPS requires ultra-high vacuum (p < 1077 Pa) conditions. Soft X-rays with characteristic wavelengths,
such as Mg K,-1253.6eV or Al K,-1486.6¢V, are used to irradiate the surface of the sample and interact
with surface atoms. Photoelectrons from different core levels of the atoms can be excited. The chemical
state and content of the elements on the surface of the sample can be obtained by detecting the kinetic
energy and quantity of the photoelectrons by the detector. This process can be expressed by the
following formula (Eq. 4.2) [92]:

EB = hv - EK—(D (42)
where Ek is the kinetic energy of photoelectrons, /v is the energy of incident photons, E5 is the binding

energy of electrons in the sample, and ¢ is the work function.

When the chemical environment around an atom change, the binding energy of the photoelectrons also
changes. This is called chemical shift. In this study, PHI VersaProbe III Scanning XPS microprobe
(ULVAC-PHI) equipped with a monochromatic Al Ka X-ray source (hy = 1486.6 eV) was used. The
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X-ray beam size was 100 um and take-off angle was 45°. Compositional depth profiling was performed
via successive XPS analyses and Ar+ ion etching over an area of 2 x 2 mm with ion beam accelerating
voltage of 2.0 kV. The nominal etch rate calibrated by using flat Ta,Os/Ta samples with known oxide
thickness was 5.1 nm/min. The obtained spectra were analysed using Multipak software.

4.4 Mechanical and electrochemical testing
4.4.1 Hardness measurement

Hardness is a physical property of materials that reflects resistance to indentation, scratching, cutting or
deformation. Hardness is generally related to strength, toughness and wear resistance. A high-hardness
material is usually strong and wear-resistant but can be brittle and break easily. On the other hand, a
material with a low hardness may be ductile and able to withstand deformation without breaking. There
are several ways to measure the hardness of a material, the choice depends on the type of material and
the required measurement accuracy. In this study, the micro-indentation Vickers hardness was applied
due to the thinner carburized layer (20 - 30 pm).

Vickers hardness uses a square-based pyramidal diamond indenter with a face angle of 136°. Hardness
is calculated based on ASTM E384-22 standard [93] as follows (Eq. 4.3):

HV = 1854.4 x d% (4.3)

Here F'is the applied force in gf and d, is the mean diagonal length of Vickers indentation (um). In order
to reduce the accidental error of the test, the microhardness was measured on the polished cross-section
from the surface of the carburized layer towards the substrate using a DuraScan 70 G5 micro-Vickers
hardness tester under a load of 10 gf. The distance between the indentations follows the ASTM E92-17
standard (> 3d) to avoid interaction of deformation fields. The size of the indentation was measured by
SEM, and the hardness value was averaged from five points. Figure 4.5 shows typical microhardness
indentations on an SEM image.

H2=9169 um | H4=1406pm [}

H1=5400pm [

Vo1 =5.344 um

H3=6075pm

906 pm

WD= 85mm EHT=1500kV ~ Mag= 500KX  Signal A= SE2

Figure 4.5 SEM image of typical microhardness indentations
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4.4.2 Slow strain rate tensile testing

Tensile test specimens were prepared according to ASTM standard (E8M-22) [94] with the long axis
parallel to the drawing direction. The geometric dimension is given in Figure 4.6. The samples were
tensile tested using a constant slow strain-rate tensile of 1x107 s and 5107 s! at room temperature by
means of a universal testing machine (Instron 5500R, USA). For hydrogen charged samples, the tensile
test was performed immediately after charging was completed. In order to evaluate the susceptibility to
hydrogen embrittlement, the hydrogen embrittlement index J;, or ¢;, namely relative plasticity loss, are
defined in Eq. 4.3 and 4.4.

5, = % x 100% (4.3)

o, = % X 100% (4.4)

0

where &0 and Oy are total elongation of uncharged and H-charged specimens, respectively. ¢o and ¢u are
area reduction of uncharged and H-charged specimens, respectively. In general, high 6; or ¢r indicates
high plasticity loss and high susceptibility to hydrogen embrittlement.

N 3
B 12
© 35 N y

100

Unit: mm
Figure 4.6 Geometries of cylindrical tensile samples

4.4.3 Electrochemical testing

In electrochemical experiments, open circuit potential (OCP) and potentiodynamic polarization tests
were used for evaluating the corrosion behavior. OCP is the voltage difference between two electrodes
in a system without an external circuit connection. It is an important parameter in electrochemical and
corrosion behaviors because it can provide information about the corrosion resistance of materials and
the electrochemical behavior of chemical reactions. The OCP test can be used to measure the corrosion
potential of metals in a specific environment. Since it only provides information about the corrosion
behavior of metals under static conditions, it is often used in conjunction with potentiodynamic
polarization tests to gain a more complete understanding of the corrosion behavior of materials.
Potentiodynamic polarization testing uses the potential-current response to determine the corrosion rate
of a metal, the potential at which the corrosion rate is minimized (also known as the corrosion potential),
and the passivation ability of the metal. It also determines the critical pitting potential of the metal,
which is the potential at which localized corrosion, such as pitting, begins to occur. Potentiodynamic
polarization testing is an effective method widely used for evaluating the corrosion behavior of metals
in various environments, including aqueous, acidic, and alkaline solutions. It is commonly used in
materials science and engineering to evaluate the corrosion performance of metallic coatings, surface
treatments and alloys in different industrial applications.

In this study, OCP and potentiodynamic polarization tests were employed to evaluate the corrosion
behavior of 304 austenitic stainless steel in 3.5% NaCl solution using a Solartron Electrochemical
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Interface (S11287). A conventional three-electrode electrochemical cell including a standard Ag/AgCl
reference electrode and a platinum counter electrode was applied. The standard Ag/AgCl electrode was
connected to the cell via Luggin probe. Prior to the polarisation experiments, the electrochemical cell
was purged with nitrogen (5 N purity) for 60 min. The OCP test lasted for at least 2 h to reach the steady
state of the system. Potentiodynamic scan started from - 0.3 V (vs. OCP) with a scan rate of 1 mV/s
until the current density reached or exceeded 0.1 mA/cm?, where breakdown potential was defined.
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S Summary of results

In this section, the results are summarized based on the appended papers. As mentioned in the
introduction, the objective of this thesis is to evaluate the feasibility of LTC on alleviation of hydrogen
embrittlement and corrosion resistance for commercial austenitic stainless steel 304. For this purpose,
S-phase layer prepared by low-temperature carburizing was characterized first (Papers I-III), in order
to correlate the microstructure with the properties. Cathodic electrochemical method was carried out to
introduce hydrogen into the samples. Paper I presents a preliminary study on the corrosion and
mechanical properties of the S-phase after hydrogen uptake. Paper II focuses on the influence of LTC
on hydrogen embrittlement of 304 austenitic stainless steel. Paper III mainly revolves around the
investigation of the corrosion behavior of LTC samples after hydrogen uptake.

5.1 Characterization of S-phase

Low-temperature carburizing treatment caused changes in the microstructure and mechanical properties
of the AISI 304. In terms of microstructure, LTC treatment introduced a carburized layer with a
thickness of ~ 22 pum on the surface of 304, as shown in Figure 5.1a&b. The thickness of the S-phase
was similar for both cold-worked and solution-annealed samples, indicating insignificant effect of
processing conditions. S-phase was featureless compared to the substrate, indicating higher corrosion
resistance than the substrate. The SEM image (Figure 5.1c&d) showed some randomly distributed
submicron-scale pits, which may be formed due to the exfoliation of metal inclusions (sulfide/oxide)
during sample preparation.
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Figure 5.1 Micrographs of carburized samples: (a,c) 304 CW+LTC, (b,d) 304SA+LTC.

Carbon as an austenite stabilizing element, improves the austenite stability of metastable 304. As
revealed by XRD pattern in Figure 2.5, the S-phase had a stable austenite structure compared to the
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substrate containing a small amount of ferrite phase. Due to the lattice distortion caused by the solid
solution of interstitial carbon, the diffraction peaks were broadened and shifted toward lower diffraction
angles compared to the untreated 304. Carbon is an interstitial atom that provides solid solution
strengthening effect in austenite. Therefore, carbon content has a significant impact on the mechanical
properties of austenite. Carbon content and Vickers microhardness as a function of depth are shown in
Figure. 5.2. The carbon concentration in the S phase (1.2 wt% for 304CW+LTC and 2.2 wt% for
304SA+LTC) is much higher than the carbon concentration in the substrate (0.02 wt%). The hardness
of S-phase was also much larger than that of the substrate. Both hardness and carbon content gradually
decreased with depth until reaching a stable plateau, implying that the S-phase was a diffusion-
controlled continuous carburized layer. The hardness decreased with decreasing carbon concentration,
confirming solid solution strengthening by interstitial carbon. The hardness of 304CW+LTCis higher
than that of 304SA+LTC because cold drawing not only accumulated high-density dislocations but also
triggered deformation induced martensite transformation.
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Figure 5.2 Carbon concentration (a) and Vickers hardness (b) as a function of depth for 304 LTC
specimens.

5.2 Effect of hydrogen uptake on microstructure

Hydrogen enters the steel through adsorption and diffusion, causing microstructural changes. The
corrosion and mechanical properties of steel are affected by the microstructure. Investigating the effects
of hydrogen uptake on microstructure can reveal the mechanisms of hydrogen embrittlement and
corrosion. Paper II described in detail that 304CW had a heavily deformed structure while 304SA
showed defect-free equiaxed grains. Quasi-in situ EBSD in Figure 5.3 reveals the evolution of
microstructure after hydrogen uptake. For cold-worked samples, hydrogen induced surface cracking and
martensitic transformation (304CW-H). Cracks were located at grain boundaries, slip bands and voids.
Martensite was observed in the original twins. Hydrogen uptake resulted in high accumulated strain of
304CW-H. 304CW+LTC-H showed stable austenite with less cracks and strains compared to 304CW-
H.
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Figure 5.3 The quasi-in-situ EBSD results reveal the effect of hydrogen uptake on the microstructure.
The sample was hydrogen charged at 85°C for 1 h with a current density of 30 mA/cn’.

Hydrogen uptake may induce cracking, the extent of which varies depending on sample conditions, as
revealed in Figure 5.4. The density based on crack number (pur) or length (p1) per unit area was estimated
using Image-Pro Plus and summarized in Table 5.1. The crack density in 304SA-H is less than that in
304CW-H. This can be explained by the removal of residual stress and decrease in defects from cold
working by solution annealing. Compared with the 304CW-H, the crack density in the 304CW+LTC-H
was significantly reduced (Table 5.1). The cracks are more tortuous as marked by the white arrows in
Figure 5.4c, indicating that the LTC treatment changes the path of hydrogen-induced cracking (HIC) in
austenite. However, severe delamination and fracture was observed in the 304SA+LTC-H. Compared
with the 304SA-H, the 304SA+LTC-H exhibited slightly higher crack density in terms of p; implying
that the LTC treatment may accelerate hydrogen-induced cracking in the solution-annealed condition.
The LTC samples presented smoother surfaces compared to untreated samples implying high resistance
to hydrogen induced strain.
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Figure 5.4 SEM images of sample surfaces in different conditions after hydrogen charging (a) 304CW-
H, (b) 304SA-H, (c) 304CW+LTC-H and (d) 304SA+LTC-H.

Table 5.1 Density of cracks in AISI 304 with hydrogen uptake

Sample 304CW-H 304SA-H 304CW+LTC-H 304SA+LTC-H
p1 (10* pm mm™2) * 8.8 3.5 0.8 42
par (10° mm?2) ** 2.8 1.1 0.1 1.1

*: p1is defined as the length of cracks per unit area

**: pnr 1s defined as the number of cracks per unit area

5.3 Hydrogen embrittlement

Hydrogen reduces the stress in the steel for crack initiation and propagation, causing embrittlement. The
most significant hazard of hydrogen embrittlement is hydrogen-induced premature fracture manifested
as reduced ductility. Generally, uniaxial tensile testing was used to obtain stress-strain curves before and
after hydrogen uptake to evaluate hydrogen embrittlement. Papers I and II used two different strain
rates of 1x107%/s and 5x107%/s respectively to test the untreated and low-temperature carburized samples
with and without hydrogen uptake, as shown in the Figure. 5.5. The detailed mechanical properties are
listed in Table 5.2. For cold-worked samples, hydrogen uptake resulted in a significant decrease in
elongation and reduction. The hydrogen embrittlement index or, ¢r was significantly reduced by LTC
treatment at both strain rates, indicating that low-temperature carburizing treatment improved hydrogen
embrittlement resistance for cold-worked 304. Strain rate had no obvious effect on hydrogen
embrittlement in this case. For solution-annealed samples, hydrogen embrittlement susceptibility
decreased significantly compared to cold-worked samples. Solution annealing eliminates dislocations
and martensite introduced by cold working. However, the effect of LTC on the susceptibility of solution
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annealed samples was dependent on the strain rate. At a high strain rate of 1x107/s, LTC treatment
seemed to increase slightly the resistance to HE in terms of both &1, @r, but the difference was rather
small. At low strain rate of 5X 10%/s, LTC exhibited negative effect on hydrogen embrittlement
resistance. Note that slow strain rate test allows for relatively long-term exposure to stress environments,
increasing the sensitivity of the test and making it more likely to detect hydrogen embrittlement
susceptibility. Hydrogen embrittlement is often associated with delayed failure, and slow strain rates
allow a more accurate assessment of changes in mechanical properties over time. At slow strain rates,
the order of increasing sensitivity to hydrogen embrittlement is 304SA < 304CW+LTC < 304SA+LTC
< 304CW. Considering cold-worked 304 is often used for industrial applications, the result in this study
has significant technical importance. LTC treatment can improve hydrogen embrittlement resistance for
cold worked 304.
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Figure 5.5 Tensile stress-strain curves of untreated and LTC treated specimens with and without
hydrogen charging. (a) Cold worked condition and (b) Solution annealed condition
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Table 5.2 Mechanical properties of the untreated and carburized specimens with and without hydrogen

charging.
Sample Strain rate s [Rp02 (MPa)| Rmn(MPa) | & (%) | (%)|5L (%)| oL (%)
304 CW 589 809 53.2 |78.5
304 CW-H 581 808 284 573 46.7 1 27.0
304 CW+LTC 733 861 38.8 |76.5
119 | 22.0
304 CW+ LTC-H 729 855 342 |59.7
304 SA %107 216 641 75.6 |82.7
9.5 | 12.8
304 SA-H 213 605 68.4 |72.1
304 SA+LTC 225 655 77.8 |80.0
304 SA+ LTC-H 218 610 72.0 |72.9 73 8.9
304 CW 609 812 53.8 |77.5
45.7 | 33.9
304 CW-H 692 804 292 |51.2
304 CW+HLTC 711 842 424 177.0
304 CW+ LTC-H 703 848 38.0 |61.9 1041 196
304 SA 5%10° 200 668 724 |77.6
5.5 | 13.7
304 SA-H 195 620 68.4 |67.0
304 SA+LTC 194 651 772 |82.6
26.9 | 24.6
304 SA+ LTC-H 200 616 564 |62.3

To further reveal hydrogen-induced fracture, fractography of H-free and H-charged samples was
performed. The H-free samples showed a completely ductile fracture characteristic as demonstrated by
the well-defined central dimples and surrounding shear regions throughout the whole fracture surface
with prominent necking (Papers I-II). In H-charged conditions, as revealed in Figure 5.6, the fracture
surfaces were flatter from macroscopic observation. Two different regions (Figure 5.6 a-d) with varied
features were displayed, i.e., a brittle layer at the edge and a ductile region with dimples in the sample
center (Figure 5.6 a;-d;). In addition, the final fracture area was larger than that of the H-free samples,
i.e., smaller area reduction. Apparently, hydrogen uptake resulted in the premature fracture of the
sample. The local high-magnification images of Figure 5.6 a;-d; show shallow dimples in the H-charged
samples. Cleavage fracture was observed at the edge of the fracture surface (Figure 5.6 a;-d»). Note that
micro-void coalescence fracture was found in the center of 304SA+LTC-H (Figure 5.6d:), while
transgranular cleavage feature was found at the edges, as shown in Figure 5.6d>. This morphology
reveals that the degradation in the ductility was mainly caused by hydrogen-induced cleavage.
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Figure 5.6 SEM fracture morphologies of samples in different conditions (a) 304CW-H, (b)
304CWHLTC-H, (c) 304SA-H and (d) 304SA+LTC-H.

To investigate the crack initiation and propagation in the hydrogen-affected zone during tensile
deformation, EBSD was used. Figure 5.7 shows the microstructure on the vertical cross-section close to
the edge of the fracture surface to reveal the influence of hydrogen uptake on the fracture process. The
SE images showed that the crack started from the edge zone and propagated perpendicular to the tensile
direction towards the center zone. A large amount of martensite " was observed from the cold-worked
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304 charged with H (304 CW-H). Generally, martensite exhibits poor resistance to hydrogen
embrittlement. Cracks preferentially propagated at o', grain boundaries and a/y interfaces, which was
attributed to the fact that hydrogen easily accumulated and diffused at these locations. In addition, a
large number of dislocations acted as fast channels for hydrogen diffusion. The solution annealed 304
charged with H (304 SA-H) showed comparatively less martensitic phase and local strain, implying
lower susceptibility to hydrogen embrittlement. For 304 CW+LTC-H, even if severe plastic deformation
occurs, only a small amount of a” remains in the matrix. Supersaturated carbon in the S-phase stabilizes
austenite. The slow hydrogen diffusion in austenite increases hydrogen embrittlement resistance.
However, cracks within the S-phase and low levels of strain were observed in 304SA+LTC-H. This
might be related to the higher carbon concentration compared to that of 304CW+LTC, which inhibits
plastic deformation leading to more brittle fracture.
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Figure 5.7 Microstructures of the H-charged samples on the vertical cross-section close to the edge of the fracture
surface.

5.4 Corrosion behavior

The entry of hydrogen into steel not only causes the degradation of mechanical properties, but also the
reduction of corrosion resistance of steels. The corrosion behavior of steel after hydrogen uptake is
critical to its reliability.

Papers I and III summarized the OCP of AISI 304 in a 3.5 wt.% NaCl solution which is commonly
used to simulate seawater and atmospheric environments. Paper I included a preliminary study on the
corrosion behavior of AISI 304, so all samples were in raw conditions without polishing. However, the
experimental results show that LTC treatment leads to a decrease in corrosion resistance, which is
contrary to a large number of literature reports that LTC treatment improves the corrosion resistance of
stainless steel. We examined the microstructure of the raw samples and found surface roughness and the
presence of a small amount of carbides in the LTC samples. In order to eliminate interference, we
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polished all samples to maintain the same experimental conditions. The results of Paper III were based
on polishing all samples as conditions and inspecting the samples to ensure the same roughness and
removal of extensive oxide layers and carbides. Figure 5.8(a,c) shows the open-circuit potential of the
polished AISI 304 with different conditions in 3.5 wt.% NaCl solution. As expected, LTC treatment
reduced OCP compared to the as-received (AR) samples, possibly due to the formation of localized
carbides, which was confirmed by XRD results. However, when polished with 1 pm, the OCP of the
304 LTC was higher than 304AR. This indicates that surface conditions influence OCP. However,
hydrogen caused a decrease in OCP for all samples. Qiao et al. [9] reported that the potential drop was
mainly due to the dissolution of the native oxide film. LTC treatment improved the OCP of hydrogen-
charging samples. The potentiodynamic polarization results also showed that hydrogen uptake
decreased corrosion potential and breakdown potential. The LTC-H sample showed positive corrosion
potential and breakdown potential compared to the untreated hydrogen-charged samples for both raw
and polished condition. In both hydrogen-free and hydrogen-charged conditions, LTC treatment
improved the hydrogen corrosion resistance potential of the surface. This beneficial effect of LTC on
corrosion resistance in both hydrogen free and hydrogen presence condition was ascribed to the
nobilitating effect of carbon present in the interstitial solution of S-phase. Therefore, the following
section only discusses the corrosion results of polished samples (Paper I1I).
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Figure 5.8 Open-circuit potential (a,c) and potentiodynamic polarization (b,d) curves of the AISI 304

with different conditions in 3.5 wt.% NaCl solution.

Figure 5.9 presents the surface morphologies of the samples with different conditions after
potentiodynamic polarization in 3.5 wt.% NaCl solution. As evident from Figure 5.9a, localized
corrosion pits were observed in the 304AR, but the rest of the area remained intact. The large pit caused
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by the dissolution of the substrate in 304AR was 254 um in diameter. A loose network-like film is left
on the surface of corrosion pits. MnS inclusion in the substrate as shown by the blue arrow after
corrosion was observed from the high-magnification images (Figure 5.9b). Inclusions, especially MnS,
are known to promote initiation of pitting corrosion in stainless steels and have been extensively studied
[95,96]. The surface area of 304 LTC is intact (Figure 5.9¢), indicating that no severe pitting corrosion
has occurred. Locally, it exhibited some very small metastable pits (~ 1 pm in size) (Figure 5.9d). For
the hydrogen-charged samples (Figure 5.9¢e-h), severe cracking and pitting appeared on the surface after
the corrosion test. At high magnification, shallow corrosion pits were found on the surface of the 304AR-
H (Figure 5.9f), while the 304LTC-H showed surface cracks and delamination (Figure 5.9h). The reason
may be that y. layer causes high local strain due to carburization as shown in Figure 2.5¢, and hydrogen
charging increases the internal stress causing surface cracking.

Pitting

10 m

Figure 5.9 SEM images of the 304 samples after potentiodynamic polarization in 3.5 wt.% NaCl solution
including (a, b) 304AR, (c, d) 304LTC, (e, f) 304AR-H and (g, h) 304LTC-H.

Figure 5.10 presents the XPS depth profiles of the main elements on the corroded surface after
potentiodynamic polarization in 3.5 wt.% NaCl solution. The carbon concentration of the LTC samples
(Figure 5.10b & d) in the surface region was higher than that of the untreated steel (Figure 5.10a & c)
in both hydrogen-free and hydrogen-charged conditions, as expected, due to the diffusion of carbon
during the treatment. LTC treatment also changed the Fe/Cr ratio in AISI 304 stainless steel after the
potentiodynamic test. For 304AR, this ratio on the surface was about 1, since Cr with its strong affinity
with oxygen leads to formation Cr-rich oxide layer. Below the surface, Fe/Cr ratio was close to 4, which
was consistent with the nominal composition of the steel, as shown in Figure 5.10a. Low temperature
carburizing modified the resulting Fe/Cr ratio at the surface (Figure 5.10b), and it was close to 2. In
addition, the oxygen contents of 304AR-H were higher compared to 304AR, indicating more severe
oxidation due to hydrogen uptake prior to corrosion testing. Passive film on austenitic stainless steel has
been investigated extensively. In general, it is described as distinct bilayers consisting of an inner layer
enriched in chromium oxide and an outer layer with a mixture of iron oxide and a hydroxide film [97-
99]. Hydrogen uptake led to chromium depletion on the surface. Compared with 304AR, 304LTC
showed low O content. The fast reduced oxygen concentration in the depth profile indicated a thin oxide
layer in the 304LTC. Interestingly, the significantly increased carbon and oxygen content in the
304LTC-H sample resulted in relatively low Fe and Cr content compared to 304LTC. The high surface
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carbon concentration caused by hydrogen uptake also caused the 304LTC-H to maintain stable austenite

and brittle cracking as shown in Figures 5.3 and 5.4. The high carbon content stabilizes austenite, hinders
the diffusion of hydrogen and facilitates corrosion resistance [12,44].
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Figure 5.10 XPS depth profiles of elements in the passive films of the samples after potentiodynamic

polarization in 3.5 wt.% NaCl solution. (a) 304AR, (b) 304LTC, (c) 3044AR-H and (d) 304LTC-H. Etch
rate is 5.1 nm/min based on Ta,Os with known oxide thickness.
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6 Conclusions

This work focuses on the characterization of low-temperature carburised samples with and without
hydrogen uptake, and the effect of S-phase on the corrosion and mechanical properties of austenitic
stainless steels after hydrogen uptake. Based on the research in this thesis, the following conclusions
can be drawn:

(1) An approximately 22 pum thick S-phase is introduced into austenitic stainless steel through low-
temperature carburizing. EPMA and hardness profiles indicate that the S-phase is a diffusion-controlled
carburized layer. S-phase has a supersaturated carbon concentration and extremely high hardness (775
HV). The supersaturated carbon in the S phase results in a stable austenite structure and lattice distortion.

(2) All samples showed varied degrees of susceptibility to hydrogen embrittlement after hydrogen
uptake. LTC treatment improves the hydrogen embrittlement resistance of cold-worked 304. The
hydrogen embrittlement susceptibility of solution annealed 304 with LTC treatment was sensitive to the
strain rate. At slow strain rates, the order of increased sensitivity to hydrogen embrittlement is 304SA <
304CW+LTC < 304SA+LTC < 304CW.

(3) Hydrogen-induced cracking and hydrogen-induced martensite are responsible for the high
susceptibility to hydrogen embrittlement. For 304CW-+LTC-H, carbon stabilized austenite inhibits
martensite transformation and surface cracking to improve hydrogen embrittlement resistance. For
304SA+LTC-H, the high concentration of carbon (2.2 wt%) in the S-phase at the surface causes an
increase in deformation resistance at the expense of ductility. Together with hydrogen uptake-induced
cracking leads to a decrease in ductility in this case.

(4) Potentiodynamic polarization tests show that hydrogen charging reduces corrosion and pitting
potential and accelerates surface corrosion of AISI 304. Hydrogen charging changed the corrosion
morphology of all samples, local corrosion occurred on the surface of H-free samples, while serious
pitting and cracking occurred in H-charged samples. LTC treatment improved the corrosion resistance
compared to untreated samples. The carbon stabilized austenite structure inhibits martensitic
transformation and improves corrosion resistance.
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7 Future work

Hydrogen embrittlement and corrosion have historically been hot topics and will become more
important as hydrogen energy is developing. The current work has focused on the corrosion behavior
and hydrogen embrittlement of LTC treated 304 after hydrogen uptake. Considering that hydrogen
content, hydrogen distribution and hydrogen diffusion are very important for systematic and in-depth
investigation, we intend to explore the following directions in the future.

1.

How does hydrogen content affect hydrogen embrittlement and corrosion? Is there a critical
value? Thermal desorption spectroscopy (TDS) will be used to analyze hydrogen content.
Currently, hydrogen diffusion for stainless steels treated by LTC is rarely reported, although it
is crucial to explain the hydrogen embrittlement and corrosion mechanism. Hydrogen diffusion
and its kinetics warrant further investigation.

The distribution of hydrogen in LTC treated 304 is of interest. Using heavy water (D,0O) as a
hydrogen source combined with atom probe tomography (APT) technology will help understand
better the hydrogen embrittlement mechanism.

The current study has revealed that local strain in the grain caused by hydrogen uptake is
anisotropic. Transmission electron microscopy (TEM) can be used to characterize the effect of
hydrogen uptake on the dislocation density for the grains with different orientations (for
example <001>, <110> and <I11>-orientation). This is important for determining the
controlling mechanisms behind hydrogen embrittlement.

The current study focuses on metastable 304 stainless steel. The hydrogen embrittlement and
corrosion resistance of low-temperature carburized 316 austenitic stainless steel is also of
interest.
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