
Chapter 5
The Key Role of Dedicated Experimental
Methodologies in Revealing
the Interaction Between Hydrogen
and the Steel Microstructure

Tom Depover and Kim Verbeken

Abstract Understanding the interaction of hydrogen with a steel microstructure is
key toward further material development and a potential future hydrogen based econ-
omy. A reliable determination of the hydrogen diffusivity and trapping are crucial
hereto. Electrochemical permeation is mainly used for the former, while thermal
desorption spectroscopy (TDS) is opted for the latter. Combination of both, together
with a detailedmicrostructural evaluation, provides fundamental insights for the engi-
neering of suitable hydrogen traps and diffusion barriers. Finally, in-situ mechanical
testing enables to evaluate the hydrogen embrittlement susceptibility and identifies
the active deformation mechanism. This chapter summarizes some recent experi-
mental advances and developments of our research group. At first, focus lies on the
electrochemical permeation technique, which has been expanded to apply a constant
load to the materials to evaluate the influence of stresses on hydrogen diffusivity dur-
ing in-situ hydrogen permeation. Elastic load on dual-phase steel increases hydrogen
diffusion due to crystal lattice expansion, while plastic deformation decreases diffu-
sion due to the formation of lattice discontinuities, e.g., dislocations. Next, the ability
to assess hydrogen trapping in austenite-containing materials is critically assessed
for a duplex stainless steel, revealing that the TDS data are dominated by hydro-
gen diffusion in these low diffusivity materials. In-situ interrupted tensile testing
on these materials is further complemented with scanning electron microscopy—
electron backscatter diffraction analysis. ε- and α’-martensite are found in austenite
of the hydrogen-charged tensile specimens, while these martensitic transformation
do not show in the uncharged samples. This is, among others, explained by a reduc-
tion in stacking fault energy due to the presence of hydrogen. Hydrogen-assisted
cracks also initiate in these materials, mainly in the austenite phase. Finally, the
hydrogen sensitivity is evaluated for high strength-low ductility Fe–C steels. Due to
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their brittle nature, a novel in-situ three-point bending setup is developed to eval-
uate their sensitivity to hydrogen. Hydrogen causes a transition from a microvoid
(Fe–0.2C), intergranular (Fe–1.1C), or mixed (Fe–0.4C) fracture surface (air-tested
samples), to a hydrogen-induced cleavage fracture appearance. This is accredited
by the Hydrogen Enhanced Plasticity Mediated Decohesion mechanism, proposing
that hydrogen is preferentially trapped at packet or block boundaries in high carbon
steels, while lath martensitic boundaries play a minor role in the crack development.

Keywords Hydrogen embrittlement · Thermal desorption spectroscopy · In-situ
mechanical testing · Electrochemical permeation · Hydrogen-assisted cracking

5.1 Introduction

The increased global warming awareness, the limited amount of fossil fuels and
concerns about nuclear energy, offer challenges to scientists to provide ecological
friendly solutions to deal with these climate-related concerns. As a clean energy
vector, a fuel and a feedstock, clean hydrogen has the potential to accelerate the
decarbonization of our energy system and of our industrial production pathways.
Hydrogen is thus an attractive candidate to replace fossil fuels since its combus-
tion only generates water avoiding the emission of greenhouse gasses. Despite these
benefits, hydrogen entails a negative connotation linked to several incidents demon-
strating its potential hazard [1], together with the ongoing debate and lack of under-
standing on the role of hydrogen on the structural mechanical integrity of metals.
Besides the development of the hydrogen economy, lowering the fuel consumption
of vehicles comprises another approach to make transportation more environmental
friendly. Therefore, the use of high-strength steels is encouraged in the automotive
industry as it may yield an increased safety together with vehicle’s weight reduction,
mandatory tomeet the rigorousCO2 emission regulations. Unfortunately, these steels
are assumed to be prone to hydrogen-induced degradation [2–4]. Furthermore, steel
alloys for the offshore industry are oftenprotected against corrosionby impressed cur-
rent cathodic protection. Though, when cathodic overprotection takes place, atomic
hydrogen can absorb into material’s microstructure, causing a degradation of the
structural mechanical integrity [5].

Johnson [6]was the first to refer to the detrimental role of hydrogen on themechan-
ical performance. This pioneeringwork inspiredmany researchers, leading to several
reference works in the field [7–14]. Recently, the interest in the topic got significantly
reinforced by the development of numerous applications involving potential interac-
tion with hydrogen, such as oil and gas pipelines, automotive, storage tanks, offshore
structures, and welds [15–17]. The particular detrimental effect of atomic hydrogen
on the material’s integrity is known as the hydrogen embrittlement phenomenon or
hydrogen-assisted cracking. The presence of hydrogen in a material can lead to a
reduced ductility, toughness, and ultimate tensile strength, possibly triggering unpre-
dictable failure. The four most cited mechanisms to explain hydrogen embrittlement
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in non-hydride formingmaterials areHydrogenEnhancedDEcohesion (HEDE) [18],
Hydrogen Enhanced Localized Plasticity (HELP) [19], Adsorption Induced Dislo-
cation Emission (AIDE) [20, 21], and Hydrogen Enhanced Strain-Induced Vacancy
(HESIV) [22]. HEDE considers a decrease in cohesive bond strength between the
metal atoms in the presence of hydrogen, leading to brittle crack propagation under
tensile load. HELP proposes an increased dislocation mobility due to the presence of
hydrogen, causing highly localized plastic deformation and finally accelerated fail-
ure [23–25]. AIDE combines HEDE and HELP, as it comprises localized plasticity,
though the theory proposes that this localized plasticity takes place close to the sur-
face at regions of stress concentrations, e.g., crack tips, including nano-voids ahead.
Finally, HESIV proposes that the focus regarding the crucial factor for degradation
is shifted from hydrogen to vacancies. The theory states that hydrogen promotes the
formation of vacancies upon straining and thus reduces the resistance against ductile
crack growth. Nevertheless, although the detrimental hydrogen effect was already
discussed in [6] and several mechanisms have been proposed so far, no full compre-
hension of the phenomenon governing the observed ductility loss has been achieved
and complexmicrostructures complicate our understanding. Conclusively, the poten-
tial and safe application of hydrogen still offers major challenges to the materials
engineer within the frame of a clearly renewed interest in this research field.

A dedicated experimental methodology is required to gain fundamental under-
standing on the role of hydrogen on the structure/property relationship. Generally,
the presence of hydrogen is known to deteriorate the mechanical performance of
steel. However, a critical hydrogen concentration is required to initiate and prop-
agate a crack in the metal microstructure. The susceptibility to hydrogen-induced
degradation thus depends on the amount of hydrogen able to diffuse to specific, e.g.,
stressed, regions in the microstructure. Though, besides the hydrogen concentra-
tion, the ability to reach these critical zones is a key parameter as well. This ability
is described by the hydrogen diffusion coefficient. Depover et al. [26] visualized
the role of hydrogen diffusion by inspecting the fracture surfaces of in-situ charged
tensile specimens, tested at different crosshead deformation speeds. The calculated
hydrogen diffusion distance, i.e., penetration depth from the edges, is depending
on the applied deformation speed. These distances matched perfectly well with the
detected transition between hydrogen-induced brittle and ductile fracture features
on the fracture surface. The prominent effect of hydrogen diffusivity was further
established by in-situ hydrogen tensile testing. Generally, the ductility loss was more
pronounced at lower deformation speeds [4, 27], since hydrogen had more time to
diffuse and accumulate at critical regions. Hence, the critical hydrogen concentration
for crack initiation was reached faster. Hydrogen can indeed accumulate at hydro-
static stress fields ahead of, e.g., a notch or crack tip. Depover et al. [28] evaluated
the influence of the local hydrostatic stress state and the resulting local hydrogen
concentration on the hydrogen-induced degradation. The maximal concentration of
hydrostatic stress and related hydrogen concentration was located in front of the
notch tip. When inspecting the fracture surface of the dual-phase steel samples,
the present alumina inclusions in this material showed significant embrittlement in
the region where hydrostatic stresses and hydrogen concentration peaked. More-
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over, hydrogen-induced fish-eyes were found surrounding these inclusions, only at
these specific regions of increased hydrostatic stress. Lastly, the synergetic effect of
both hydrogen content and hydrogen diffusivity was confirmed in [27]. This work
nicely demonstrated that the link between the amount of hydrogen and the hydrogen
embrittlement degree is incomplete without integrating hydrogen diffusion into the
discussion.

Besides the importance of hydrogen diffusion, the concept of hydrogen trapping
offers significant opportunities to tweak thematerial design toward an improved resis-
tance against hydrogen embrittlement. An important tool to evaluate the hydrogen
trapping characteristics is thermal desorption spectroscopy (TDS). This technique is
used to evaluate the distribution of hydrogen within a crystal lattice and its discon-
tinuities [29–32]. Hence, hydrogen trapping at microstructural features and defects
can be considered. Every type of trap is characterized by a particular desorption
activation energy (Ea), being the energy needed for hydrogen to be released from
the trapping site. Desorption activation energies can be determined by the Kissinger
equation [33] by TDS measurements at different applied heating rates, as introduced
by Lee and co-workers [34–36]. However, some recent literature debated the restric-
tions of the Kissinger equation, especially during diffusion controlled processes, as
the possible delay by slow hydrogen diffusion is neglected in the referred approach
[31, 37]. Lattice diffusion in body centered cubic (bcc) iron shows a low Ea (8
kJ/mol [38]), while microstructural discontinuities entail significantly higher bind-
ing energies (20–60 kJ/mol [29, 31, 32, 39–42]), while precipitates can even reach
higher binding energies [30, 43–48]. Consequently, the Ea can be determined in a
trustworthy way by means of the Kissinger equation, based on TDS desorption pro-
files at different heating rates. However, lattice diffusion in face centered cubic (fcc)
iron entails a much higher Ea (51–55 kJ/mol). Since the binding energy between
hydrogen and microstructural defects is similar to bcc iron, this largely impacts the
capacity of TDS to characterize microstructural trapping in fcc metals [49].

Finally, in-situ mechanical testing allows the evaluation of the hydrogen embrit-
tlement susceptibility. By interrupted in-site tensile testing, the active deformation
mechanism can be identified by scanning electron microscopy—electron backscat-
ter diffraction (SEM-EBSD) analysis. Laureys et al. [50–52] discussed this specific
topic inTRIP steelwhere retained austenite transformed toα’-martensite upon tensile
straining, creating crack initiation sites inside the martensite islands. The martensitic
phase is considered to be highly susceptible to hydrogen embrittlement and thus the
hydrogen-enriched martensite is very prone to hydrogen-induced cracking. Depover
et al. [53] recently verified these observations during in-situ SEM micromechanical
testing. Although conventional in-situ hydrogen tensile testing allows a quick and
reliable screening method to evaluate the sensitivity to hydrogen embrittlement, the
method is not suitable for all materials. This was demonstrated in [27], where lab
cast Fe-0.2C and Fe-0.4C alloys were prepared to compare the behavior of differ-
entmicrostructural constituents, i.e., ferrite, pearlite, bainite, andmartensite, induced
by dedicated heat treatments. Conventional in-situ testing yielded trustworthy results
for most of these prepared alloys. Only for the Fe-0.4C materials with a martensitic
microstructure, the hydrogen-charged tensile specimens broke upon clamping in the
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tensile machine. For these high strength-low ductility materials, conventional tensile
testing is no longer appropriate to evaluate the proneness to hydrogen. An alternative
methodology is, therefore, needed.

This work provides an overview of some of our recent work on the interaction of
hydrogen with a steel microstructure. At first, the effect of constant tensile load on
the hydrogen diffusivity will be characterized by electrochemical hydrogen perme-
ation experiments during in-situ constant loading on dual-phase steel. Then, a critical
assessment of the evaluation of hydrogen trapping of low hydrogen diffusion mate-
rials will be presented. For this purpose, duplex stainless steels will be characterized
by TDS, combining both ferrite (bcc) and austenite (fcc) to assess the difficulties
in interpreting the TDS data with respect to hydrogen trapping. Furthermore, the
role of hydrogen on the active deformation mechanism in these materials will be
considered as well by interrupted in-situ tensile testing combined with SEM-EBSD
characterization. The initiation for hydrogen-assisted cracking will be assessed as
well. Finally, the development of a novel in-situ bending technique to evaluate the
hydrogen embrittlement sensitivity of brittle materials will be introduced based on
lab cast Fe–C alloys, while the operational hydrogen embrittlement mechanism in
these materials will be addressed based on SEM fractography.

5.2 Experimental Procedure

5.2.1 Materials Characterization

5.2.1.1 Commercial Steel Grades

The commercial steel grades considered in this work are dual-phase (DP) steel and
duplex stainless steel 2205. The first considered material is the DP steel, consist-
ing of ferrite matrix with 23.6% of martensite. The grain sizes of the ferritic and
martensitic grains are about 7 µm and 2 µm, respectively. More details can be found
in [26]. The thickness of the DP steel sheets was 1.1mm, reached after hot and
cold rolling, followed by subsequent annealing via industrial annealing parameters
required to obtain the desiredmicrostructure. The chemical compositions is presented
in Table5.1. The DP ferrite-martensite microstructure results in a good combination
of strength and ductility, making them attractive steel grades for automotive appli-
cations. However, the mechanical contrast between both phases contains specific
hazards, which are even more pronounced in the presence of hydrogen [54–56].
Therefore, this grade deserves further attention toward its hydrogen characteristics
under an applied mechanical load. Inclusions were also detected in this material,
identified as alumina particles by energy dispersive X-ray analysis. Unfortunately,
these oxides were not homogeneously dispersed. Moreover, tensile stresses can con-
centrate at incoherent regions, i.e., a sharp edge or tip of the inclusion, creating a
triaxial stress field where hydrogen will preferentially accumulate [57]. Therefore, a
small scatter on the permeation data can be expected.
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Table 5.1 Chemical compositions commercial steel grades (in wt%)

Wt% C Cr fNi Mo fMn Si Other

DP steel 0.08 0.568 0.025 0.005 0.948 0.129 Cu 0.019, P 0.037,
V 0.005, S 0.003,
Al 0.028

UNS S32205 0.022 22.85 5.50 3.07 1.81 0.32 Cu 0.200, P 0.027,
Co 0.162, N 0.173

An as-received plate ofUNSS32205 duplex stainless steelwith an initial thickness
of 0.8mm was studied as well. The chemical composition is included in Table5.1.
An austenite fraction of 53 ± 2% was measured by magnetic measurements (Fer-
itscope FMP30). The grains are elongated along the rolling direction with an average
thickness of 1.49±0.1µm.More microstructural details can be found elsewhere [58,
59]. Duplex stainless steels are two-phase materials consisting of γ -austenite (fcc)
and α-ferrite (bcc), showing a combination of excellent mechanical properties and
corrosion resistance. The two-phase microstructure causes a complex plastic defor-
mation behavior. Ferrite typically deforms by deformation slip due to its high amount
of possible slip systems, whereas austenite can deform by different mechanisms, i.e.,
dislocation slip, twin formation and martensitic transformations depending, among
others, on its stacking fault energy (SFE). The role of hydrogen on the active defor-
mation mechanism in these duplex stainless steel will be evaluated by interrupted
in-situ tensile testing.

5.2.1.2 Lab Cast Fe–C Alloys

Three Fe–C alloys with a different carbon content were lab cast and synthesized.
The chemical composition of these generic alloys can be found in Table5.2. The Fe–
C alloys were processed by vacuum-induction melting under an argon atmosphere
and hot rolled at 1100 ◦C till final thickness of 1.6mm. The materials were then
austenitized (50 ◦C > Ac3) for 20min, followed by a brine water (7% NaCl) quench
to obtain a fully martensitic structure. The alloys were used in their as-quenched
condition to avoid the formation of cementite. More details can be found elsewhere
[60]. Each alloy consisted of a martensitic structure (cf. Fig. 5.1), although Fe–1.1C
had about 10 vol.% retained austenite, as revealed by X-ray diffraction [60]. Fe–
1.1C also contained quench cracks, mainly propagating along the prior austenitic
grain boundaries (cf. Fig. 5.1 (Fe–1.1C)). These quench cracks appear due to ther-
mal stresses in steels having a carbon content >0.7 wt.%, since the appearance of
plate martensite is necessary [61]. Moreover, when the carbon content exceeds the
eutectoid composition, cementite may form along the austenitic grain boundaries
during the hot rolling stage, which also facilitates cracking.
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Table 5.2 Chemical compositions generic alloys (in wt%)

Wt% C Other (N, S, Al)

Fe–0.2C 0.222 <10 ppm

Fe–0.4C 0.421 <10 ppm

Fe–1.1C 1.111 <10 ppm

Fig. 5.1 SEM images of cross-sections of the Fe–C samples [60]. Fe–1.1C showed quench cracks.
Copyright 2020, Elsevier

5.2.2 Determination of Total Hydrogen Content by Melt
Extraction

Melt extraction is used to determine the hydrogen saturation level. Hydrogen was
introduced in the alloys by electrochemical charging, using a 1g/L thiourea 0.5 M
H2SO4 solution at a current density of 0.8 mA/cm2, for different times depending
on the material of interest. The total hydrogen concentration was determined by
melt extraction with an impulse furnace for heating to 1550 ◦C and a thermal con-
ductivity detector for hydrogen detection. Multiple measurements were done on the
duplex stainless steel and the Fe–C alloys for each applied charging time to obtain
reproducible results.

5.2.3 Determination of Hydrogen Trapping Capacity Bt
Thermal Desorption Spectropscopy

The hydrogen trapping sites and their activation detrapping energy were determined
by performing TDS analysis for the duplex stainless steel grade. An infrared furnace
to gradually heat the sample up to 950 ◦C and a quadrupole mass spectrometer was
used for simultaneous hydrogen detection. Disc-shaped specimens were tested with
a diameter of 20mm. The thickness of this material was reduced to 0.3mm with
the same surface finish as for the melt tests. The samples were hydrogen charged,
similarly as described above and two different charging times were applied, i.e.,
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1 day and 15 days. Five different heating rates were applied: 900, 600, 50, 35, and
20K/h. The method based on the work of Lee and co-workers [34–36] was used to
determine the Ea of hydrogen traps related to the peaks observed in the TDS spectra.
Equation (5.1) is a simplification of the original formula of Kissinger [33]:

d ln(�/T 2
max)

d(1/Tmax)
= Ea

R
, (5.1)

where � is the heating rate (K/min), Tmax (K) the TDS peak temperature, Ea (J/mol)
the detrapping activation energy for the specific H trap associated with Tmax and R
(JK−1mol−1) the universal gas constant. After TDS measurements using different
heating rates, deconvolution of the results and determining the corresponding peak
temperatures for a trap, plotting ln(�/T 2

max)) versus (1/Tmax) allows to obtain the Ea

corresponding to that specific trap.
The experimental TDS spectra of this duplex steel was complemented with

a numeric diffusion model, for which both a homogeneous and heterogeneous
microstructuralmodelwas developed to simulate the experimental desorption spectra
[62]. Hydrogen diffusion according to Fick’s law was implemented for this purpose;
however, trapping was not included to verify the contribution of the latter to the
experimental TDS profile. The first model assumed that the material was homoge-
neous with one over-all, temperature-dependant, hydrogen diffusion coefficient and
an average hydrogen solubility. The second model considered the heterogeneous
microstructure of the duplex stainless steel and simulated the material as a combi-
nation of two phases with their own hydrogen diffusion coefficient and solubility.
On the interface of both phases, local equilibrium was assumed with consideration
of a partitioning constant. In this work, the first model will be used. By comparing
this model with the experimental TDS data, insight in the contribution of hydrogen
diffusion to TDS curves can be obtained. Hence, the potential impact of hydrogen
trapping on experimental TDS curves can be reflected.

Homogeneous hydrogen diffusion was simulated using Fick’s 2nd law in its one-
dimensional form [31, 63]:

∂C

∂t
(x, t) = D(T (t))

∂2 C

∂x2
(x, t). (5.2)

With C(x, t), the position (x) and time (t) dependent hydrogen concentration
[wppm], D the temperature dependent hydrogen diffusion coefficient [m2/s], T the
temperature [K], t the time [s] and x the position [m]. The diffusion coefficient is thus
dependent on the time since temperature and time are linked by the constant applied
heating rate. Both charging and discharging processes were simulated to reproduce
the experimental TDS profiles. For charging, the initial concentration profile was
zero throughout the sample’s thickness. The temperature was kept constant. The
boundary condition for the charging simulation was

C(0, t) = C(d, t) = Cs, t > 0. (5.3)
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Withd the thickness [m] andCs the equilibriumsurface concentration for the given
parameters [wppm]. Since the potential did not differ during hydrogen charging,
constant concentration boundary conditionswere selected. The differential equations
were numerically evaluated by Forward-Time-Central-Space finite differentiation
(spatial discretion was 6 µm). The time discretion was selected based on the Von

Neumann stability criterion, i.e., 0.2 · 1
2 dx

2

max(D(t)) with a maximal value of one second,
to assure a precise and stable simulation. For discharging, the concentration profile
after charging was used as initial state. The boundary condition for discharging was

C(0, t) = Ct (d, t) = 0, t > 0. (5.4)

Identical spatial and time discretion were selected as for the charging. To attain a
signal that eventually can be compared with the experimental TDS spectra, the flux
J [wppm/s] was assessed as

J (t) = −dC(t)

dt
(5.5)

with C the time-dependent average concentration [wppm]. As discharging involves
increasing temperatures, the relationship between the diffusion coefficient and tem-
perature should be incorporated. Turnbull et al. [64] reported Deff(t) = 2.8 · 10−8

exp
(
− 39300

RT (t)

)
m2/s for 2205 duplex stainless steel. The temperature is linearly related

to the time via the applied heating rate. This equation was hence used in the initial
simulations.

5.2.4 Determination of Hydrogen Diffusion Coefficient for
Hydrogen Permeation Under Constant Load

The electrochemical permeation techniquewas used to determine the hydrogen diffu-
sion coefficient, based on the Devanathan and Stachurski method [65]. A permeation
setup was combined with an external loading device (cf. Fig. 5.2). It consisted of
two double glass cells with the sample clamped in between. In both cells, a three-
electrode system was present, with a working electrode (WE), Pt counter electrode
(CE), and Hg/Hg2SO4 reference electrode (RE, +650mV vs. the standard hydro-
gen electrode, SHE). The three electrodes were connected to a potentiostat in both
the cathodic and anodic cell. The temperature of the electrolyte, 0.1 M NaOH in
both cells, was kept constant at 25 ◦C by circulating water in the outer layer of the
cells. N2 gas was blown into the air-tight compartments to reduce the oxygen content
and hence minimize unwanted oxidation. The sample’s thickness was about 1mm,
as such, hydrogen diffusion was bulk controlled. The methodology is elaborated in
more detail in [66].
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Fig. 5.2 Schematic representation of the electrochemical permeation setup (left) adjusted to allow
mechanical loading by a proof ring (right). CE = counter electrode, RE = reference electrode,
WE = working electrode (steel) [72] Copyright 2020, Elsevier

Itwas opted to not apply aPd layer at the exit side of the sample since duringplating
process, defects and/or oxides at a metal/Pd interface can be easily introduced. These
heterogeneities affect the hydrogen diffusion in an uncontrolled manner, which is not
desirable. Moreover, reliable permeation results can be obtained without the use of
Pd as well [67–71]. Instead, a passive iron oxide layer was imposed by applying a
potential of−500mVversus RE before starting up the actual experiment. Before this
passivation step, the oxygen content in the solutionwas diminished by blowingN2 gas
through the electrolyte. The anodic cell was filled with the solution by a peristaltic
pump and constant circulation was maintained throughout the experiment. Once
a stable background current density (<100 nA/cm2) was achieved, the hydrogen
permeation test started, for which the cathodic cell was filled with deaerated NaOH
solution under galvanostatic control (−3 mA/cm2). The hydrogen oxidation current
density versus time was then further processed to determine the hydrogen diffusion
coefficient, as described below.

To apply a constant load during the in-situ permeation test, the sample was first
mounted in the proof ring. Then, the permeation setupwas fitted around the specimen.
An average thickness of five different measurements in the zone of interest was
used to calculate the diffusion coefficient. Hydrogen permeation experiments were
performed with a variety of loads on the DP steel. The stress level is expressed as a
fraction of the yield strength (YS) and is mentioned in the sample code. Stresses of
60, 80, 100, 120, and 140% of the YS were applied.

The apparent diffusion coefficient (Dapp,fit) was determined by fitting the theoret-
ical permeation transient, based on Fick’s law, with the first half of the normalized
permeation transient. This method was selected as the experimental transient started
to deviate from the theoretical one at about a normalized current of 0.5. This devi-
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ation was clarified by the deposition of metal cations present in the electrolyte, as
elaborated elsewhere [66]. Using Fourier series and the right boundary conditions,
Fick’s 1st and 2nd law could be solved. In this work, the experimental curves were
fitted with the galvanostatic model (constant flux, CF) which is expressed by Eq.5.6
[73, 74]. According to the ASTM international standard, a value of at least n = 6 is
recommended [75]. In this work, a value of n = 10 was used.

CF model:

J

J∞
= 1 − 4

π

10∑
n=0

(−1)n

2n + 1
exp

(
− (2n + 1)2π2Dt

4L2

)
. (5.6)

The first step in the fitting procedure was to plot a Jnorm versus time diagram.
This was then fitted to the CF theoretical model. The optimal fit was obtained by
minimizing the total error (Eq. 5.7) between the experimental and theoretical curve.
Therefore, D was varied using the solver Add-in in Excel.

Total error =
∑(

Jexp − Jback
Jexp,∞ − Jback

− Jth − Jback
Jth,∞ − Jback

)2

(5.7)

5.2.5 Determination of the Degree of Hydrogen-Induced
Mechanical Degradation

By comparing mechanical tests performed in air with in-situ tests done on electro-
chemically hydrogen-charged specimens, the impact of hydrogen on the mechanical
performance can be assessed. The samples were electrochemically hydrogen charged
by the same method as described above.

At first, the impact of the hydrogen presence on themechanical behavior of duplex
stainless steel was tested by conventional tensile testing. The length direction of
the tensile samples was chosen parallel to the rolling direction. Tensile tests were
performed at a constant crosshead displacement speed of 0.6mm/min (strain rate of
1 · 10−3s−1). Uncharged tests (in air) were done as a reference. Hydrogen-charged
tensile specimens were tested in-situ, i.e., with continuous hydrogen charging during
the tensile test, after pre-charging for 24 or 168h. Theoretical calculations of the
hydrogen concentration profiles through the thickness of the sample are shown in
[58]. These calculations assumedahomogeneousmaterialwith one averagehydrogen
diffusion coefficient and revealed that both charging times did not result in hydrogen
saturation. Multiple interrupted tensile tests were done to study the role of hydrogen
on the active deformation mechanism of this material, for which both in-situ and ex-
situ charging was considered. Furthermore, additional interrupted tensile tests were
done, at higher strain levels, to evaluate the initiation and propagation of hydrogen-
assisted cracks (HAC). SEM-EBSD was used to study the deformation mechanism
and HAC characteristics. The used SEM (FEI QUANTA FEG 450) operated at an
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Fig. 5.3 Schematic representation of the in-situ bending technique [60] Copyright 2020, Elsevier

accelerating voltage of 20 kV and a spot size of 5nm. The specimen was tilted to
70 ◦C for EBSDmeasurements. The step sizes used varied between 0.1 and 0.02 µm
on a hexagonal grid depending on the used magnification. TSL-OIM Data analysis
V7.3 software was used for post-processing and analysis of the crystallographic
orientation data.

Secondly, martensitic Fe–C alloys containing a carbon content >0.4 wt% and
charged with hydrogen, failed already in the elastic regime during conventional
tensile testing [27], as introduced in the introduction part. For these materials with
limited ductility, a novel in-situ bending setup was developed to allow the evaluation
toward their hydrogen sensitivity.A schematic representation of the setup is presented
in Fig. 5.3. During a bending test, a constant transverse loading speed is applied on
a beam-shaped sample. The maximum bending stress (σnom) in a straight beam of
height a, thickness B, an applied force F and a moment arm of length z can be
calculated by the simple beam theory as

σnom = 6Fz

Ba2
. (5.8)

However, the validity of this formula is restricted to the elastic regime. In the
plastic region, some deviations may occur, but since this work deals with materi-
als with limited ductility, the formula was used for generating both the elastic and
plastic region. The bending tests were done for three testing conditions: without
hydrogen charging (air), with hydrogen charging during the bending test (in-situ),
and pre-charged with hydrogen until saturation and continued in-situ charging dur-
ing the bending test (saturated in-situ). Two different crosshead deformation speeds
(1mm/min and 0.1mm/min) were applied. The samples were ground and polished
till 1mm to obtain a defect-free surface and to avoid surface-induced stress concen-
trations during testing. The samples’ thickness was identical for both the mechanical
and the hydrogen testing methods, assuring a reliable comparison between the dif-
ferent testing methods.
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5.3 The Interaction of Hydrogen with Advanced
High-Strength Steels

5.3.1 The Effect of Constant Tensile Load on the Hydrogen
Diffusivity of DP Steel by Permeation

A constant tensile load of 60, 80, or 100% of the YS of the DP steel was applied
prior to the start of the permeation test. This load sustained during the permeation
experiment, corresponding to stress values of 195 MPa, 260 MPa, and 325 MPa,
respectively. Dapp,fit, presented in Fig. 5.4a, is obtained by fitting the first half of the
normalized current, as elaborated above. The first half of the normalized permeation
transients are plotted in Fig. 5.4b. The small scatter can be clarified by the presence of
the alumina inclusions, cf. materials characterization section. When comparing the
60%YS and the 80%YS condition, the increased applied load caused an increased
diffusivity. Zhao et al. [73] detected a similar increase of Dapp with imposed elastic
stresses. On the one hand, elastic tensile stresses increased the volume of the unit cell
and its interstitial sites, which is favorable for hydrogen diffusion [73]. On the other
hand, the applied stress increased the hydrogen concentration of the subsurface (C0).
This could also be responsible for the higher Dapp,fit, as an increased Dapp,fit with
increasing C0 was detected in [76–78]. The cathodic reduction reaction rate at the
input surface is higher at a stressed surface leading to a higher hydrogen concentration
in the subsurface of the sample.

Though, at 100% of the YS, the diffusivity decreased again reaching similar
values as the 0%YS condition (Fig. 5.4a). Since the YS was determined by the 0.2%
strain offset method, the stress–strain curve already clearly deviated from the linear
elastic part before this determinedYSwas reached [72].Moreover, hydrostatic tensile
stressesmay concentrate surrounding the present inclusions, leading to a local triaxial
stress fields where hydrogen can accumulate [28, 57]. As such, somemicro-plasticity
was locally induced and, correspondingly, dislocations nucleated showing a retardant
effect on the diffusivity. The increase in dislocation density with applied (plastic)

a b

Fig. 5.4 Apparent diffusion coefficients for DP steel under constant elastic stress (% YS), with 0%
as reference (a). First half of the normalized permeation curves for the different loading conditions
(b) [72] Copyright 2020, Elsevier
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deformation was confirmed in our previous work on this steel grade [39]. Here, it was
established that the ferrite grains took most of this plastic deformation. Furthermore,
several authors confirmed that dislocations can be considered as hydrogen traps
reducing the hydrogen diffusion [79, 80]. This additional trapping compensated for
the lattice expansion resulting from the elastic stresses, which are indeed still present
as the sample is sustained under constant load. These findingswere in agreementwith
the previously published results, where a decrease in diffusion was observed when
applying a stress close or equal to the YS. Again, the generation of microstructural
defects by plastic deformation compensated for the lattice expansion [57, 73].

Furthermore, the formation of vacancies and vacancy clusters might also play
a role as an increase in vacancy concentration by the annihilation of dislocations
during plastic deformation was verified in [81, 82]. Moreover, the formation of
vacancies and vacancy clusters is enhanced in the presence of hydrogen [83]. Hydro-
gen was confirmed by positron annihilation spectroscopy to enhance the generation
of vacancies during plastic deformation [84], which was in agreement with TDS
data demonstrating an increase in hydrogen absorption by straining [85]. Molec-
ular dynamics and cluster dynamics simulations showed that a hydrogen-vacancy
complex is not absorbed by dislocations sweeping through the lattice, unlike a lattice
vacancy [86].Whenmetals undergo plastic deformation in the presence of hydrogen,
the simulations demonstrate that the dislocation motion and dislocation–dislocation
intersections produce a large amount of hydrogen-vacancy complexes. Under these
concentrations, the complexes prefer to grow by absorbing additional vacancies and
act as nuclei for nano-voids formation. Vacancies and vacancy clusters are stable and
grow easier due to their lower formation energy with the help of trapped hydrogen
[87]. These vacancies and vacancy clusters can hinder diffusion by trapping hydrogen
as well [88] Therefore, they presumably also contributed to the decreased diffusivity
of the 100% YS condition.

The Dapp,fit when a constant load in the plastic regime was applied (including
the elastic part), are plotted in Fig. 5.5a, including the reference sample, DP0%.
The decreased diffusivity, detected for the imposed load of 120 and 140% of the
YS, was caused by additional lattice defects induced by increased plastic straining.
Consequently, the impact of the plastic stress on the hydrogen diffusion consider-
ably exceeded the effect of the expanded lattice, as both elastic and plastic stresses
are present under these loading conditions. The decrease in diffusion due to plastic
stresses was also discussed in [89–91]. When a constant load was applied in the plas-
tic regime, self-evidently, the entire contribution of the elastic strain also remained
present. As mentioned before, elastic stresses caused a higher diffusivity. Hence,
a supplementary proof-of-concept test was designed aiming to separate the contri-
bution of the elastic and plastic stresses. For this purpose, samples were tested by
applying a load of 120% of the YS, which was then released (no applied load) prior to
the start of the permeation test. As such, the elastic stress contribution was eliminated
from the permeation result and only the permanent plastic contribution endured. The
related average Dapp,fit is indicated in Fig. 5.5b as “120%*”. A further reduction in
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a b

Fig. 5.5 Apparent diffusion coefficients for DP steel under constant applied stress in the plastic
regime 120% and 140% YS, with 0% as reference condition (a). 120%* was unloaded prior the
permeation experiment to confirm the effect of elastic stress (b) [72] Copyright 2020, Elsevier

diffusion was observed when the elastic stresses were eliminated. This demonstrated
once more that elastic stresses caused a higher diffusion, whereas the microstructural
changes by plastic deformation accounted for a decrease in diffusivity.

5.3.2 Revealing the Role of Hydrogen in Duplex Stainless
Steels

5.3.2.1 Critical Assessment of Hydrogen Trapping of Duplex Stainless
Steel Evaluated by TDS

Figure5.6 present the hydrogen uptake capacity versus applied charging time by
melt extraction tests, including the fit of the analytical solution of Fick’s 2nd law.
The saturation level of this material was about 702 wppm. The effective diffusion
coefficient was determined to be 9.94 · 10−15 m2/s, which is in good agreement
with literature [92, 93]. Figure5.7 shows the obtained TDS data; both fast heating
rates (600 and 900K/h, cf. Fig. 5.7a) and slow heating rates (20, 35 and 50K/h, cf.
Fig. 5.7b) were applied. The latter because of a potential enhanced peak separation
between diffusion and trapping processes. The spectra of the samples charged for
15 days showed a different shape, dependent on the applied heating rate. The fast
heating rates (15d H) resulted in one asymmetric peak with a rather flat top. The slow
heating rates (15d H) caused a small peak followed by a two-step peak. The samples
charged for 1 day (1d H) revealed one main peak followed by a shoulder finishing
at about the same temperature as the corresponding 15 days charged sample. This
was observed for both the fast and slow heating rates. However, the 1 day charged
specimen tested at 50K/h showed an additional small peak in the beginning as was
also the case for the 15 days charged sample at this heating rate (cf. Fig. 5.7b).

The desorption activation energy was determined based on the experimental data,
as described above, and resulted in an average Ea of 43.4kJ/mol. This experimen-
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Fig. 5.6 Hydrogen content versus charging time with fit based on analytical solution of Fick’s 2nd
law [62] Copyright 2020, Elsevier

a b

Fig. 5.7 TDS data of 2205 duplex stainless steel for different charging times and heating rates (fast
in (a), slow in (b)). Fit of the homogeneous diffusion model to the experimental TDS data included
[62] Copyright 2020, Elsevier

tally obtained diffusion activation energy was then implemented in the homogeneous
model. The pre-exponential factor was determined by visual correspondence with
the experimental data. This resulted in an expression for the effective diffusion coef-
ficient Deff = 3 · 10−7 · exp(− 43400

RT ). The obtained fits are included in Fig. 5.7. The
numerical analysis exposed that the shape of the curves can be clarified by hydrogen
diffusion processes only. An asymmetric shape arose for homogeneously charged
samples, caused by the increasing diffusion upon increasing temperature. Similar
shapes were experimentally observed when duplex stainless steels were homoge-
neously charged by gaseous charging [94, 95].

An average diffusion activation energy was determined based on the experimental
datawith a value in between diffusion in ferrite and austenite. Since the value is rather
close to the one of austenite, it can be stated that most hydrogen diffused through
several austenitic layers during leaving the sample. Hydrogen trapping in ferrite was
not visible from the experimental results. Hydrogen atoms that are released from traps
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in ferrite are overruled by the large amount of hydrogen atoms that are released from
austenite, i.e., the austenite diffusion peak overlaps with the peaks related to trapping
in ferrite. Pu et al. [96] also argued that traps created through deformation of 304
stainless steel (dislocations and martensite) cannot be viewed in the large amount of
hydrogen originating from interstitial positions in austenite. Evaluation of hydrogen
trapping in duplex stainless steels appeared not to be possible as was shown by
combining experimental results with diffusion models. Microstructural features with
desorption activation energies greater than the diffusion activation energy of austenite
can presumably be distinguished as a shoulder on TDS curves; however, they were
not observed in the duplex stainless steel studied in this work. Hydrogen desorbing
from austenite by diffusion determined completely the shape of the experimental
TDS spectra. The main effect of the presence of the ferrite phase was an increase of
the average diffusion kinetics.

5.3.2.2 Impact of Hydrogen on Active Deformation Mechanism
of Duplex Stainless Steels

Figure5.8 presents the EBSD measurements on the normal direction (ND) surface
of the interrupted tensile tests in air (b), and for ex-situ (c) and in-situ (d) hydrogen-
charged specimen.The initial condition,without hydrogen charging anddeformation,
is included as reference (a). Both image quality maps and phase maps are shown.
Figure5.9 displays a detailed EBSD measurement of a deformed austenite grain on
the interrupted in-situ hydrogen-charged specimen. An image quality map, inverse
pole figure (IPF) map and phase map are presented in this case. Moreover, several
pole figures are included of specific crystallographic directions versus the sample
reference system. Thesewere constructed by first creating a partition based on crystal
orientation with a maximal deviation of 5 ◦C. The orientations are indicated on the
IPFmap. High angle grain boundaries (>15 ◦C) are indicated in black in both figures.

Planar slip and both ε- and α’-martensite were detected in the austenite phase
of the hydrogen-charged specimens being more noticeable for in-situ compared to
ex-situ tensile testing. Both phenomena were absent for uncharged specimens. This
could be clarified by a reduction in SFE, complemented by a change in what phase is
accommodating most of the plastic deformation. Besides, additional pinning of edge
dislocations by hydrogen atmospheres hindering cross-slip contributed to the dif-
ference in deformation mechanism. Hydrogen-induced martensitic transformations
took place soon after yielding and were mainly characterized as ε-martensite. When
higher strain levels were reached, hydrogen-assisted cracks initiated [97]. These
HACs were studied with SEM-EBSD to identify the microstructurally most prone
regions. Figure5.10a shows an image of several cracks. The initiation characteris-
tics were identified based on the phase map (cf. Fig. 5.10b) and ND IPF map (cf.
Fig. 5.10c). The phase maps designated in which phase the crack initiated, whereas
the ND IPF maps indicated whether the crack initiated on a grain boundary or inside
a grain. Cracks, small enough to stay within one phase or boundary, were used for
the statistic determination of the most favorable initiation site. Different categories
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Fig. 5.8 EBSDmeasurements showing image quality and phasemap on a initial state, b interrupted
tensile test in air, c ex-situ interrupted tensile test and d in-situ interrupted tensile test [58] Copyright
2019, Elsevier

Fig. 5.9 Detailed EBSD measurement on hydrogen charged and in-situ deformed austenite grain.
Various pole figures are included [58] Copyright 2019, Elsevier
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Fig. 5.10 EBSD characterization of HACs on ND plane after straining hydrogen-charged (1day)
duplex stainless steel to an intermediate elongation. a SEM image with type of crack (A= austenite,
F = ferrite, M = martensite, IF = interface and GB = grain boundary), b phase map and (c) ND
IPF map [97] Copyright 2020, Elsevier

were chosen; austenite grain interior, austenite/austenite grain boundary, austen-
ite/martensite interface, ferrite grain interior or austenite/ferrite interface. The larger
part (78.7%) of the cracks initiated in austenite (including the grain interior, grain
boundaries of two adjacent austenitic grains and the austenite/martensite interface),
followed by ferrite (16.6%) and finally the interface between austenite and ferrite
(4.7%).

5.4 The Interaction of Hydrogen with Lab Cast Fe–C
Alloys

In this section, a new in-situ bending technique is used to study the fracture mech-
anism of high-strength steels with limited ductility in the presence of hydrogen.
The methodology was tested for generic Fe–C steels with a carbon content of 0.2,
0.4, and 1.1 wt.%. Figure5.11a shows the hydrogen uptake capacity versus applied
charging time, termed hydrogen saturation curves. The maximal amount of absorbed
hydrogen increased with increasing carbon content. Fe–0.4C required longer charg-
ing times to reach hydrogen saturation than the Fe–0.2C due to a reduced hydrogen
diffusivity. For the Fe–1.1C alloy, saturation is never reached. This can be attributed
to the interaction between hydrogen with the present quench cracks in this material
(cf. Fig. 5.1). Hydrogen charging caused additional cracking in this material [60].
However, for bending experiments with “saturated” samples, a charging time of two
hours was chosen. No hydrogen-induced damage was observed for the other two
materials. Figure5.11b shows the bending curves of the Fe–0.4C samples. Although
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Fig. 5.11 Hydrogen saturation curves for the Fe–C alloys (a). Bending curves of Fe–0.4C, tested at
1mm/min and 0.1mm/min for different testing conditions (air, in-situ charged and in-situ charged
after hydrogen pre-charging until saturation (cf. data shown in (a)) [60] Copyright 2020, Elsevier

Fe–0.4C samples are too brittle to be tested in tensile loading [27], they possess
enough ductility for bending. In Fig. 5.11, the bending curves are only shown up to
12mm of extension since from this point onward the support points change and there
is a transition from three-point bending to four-point bending. Three different test
conditions were compared; i.e., air, in-situ and saturated (pre-charged) in-situ, as
described above. When the samples were charged with hydrogen, the flexure stress
clearly decreased and fracture occurred abruptly. This effect is more pronounced
when the samples were exposed to hydrogen for longer times, i.e., slower applied
strain rates and/or with pre-charging. When the bending rate was decreased, hydro-
gen had more time to diffuse toward the highly stressed regions linked to the fracture
initiation/propagation sites. When the samples were pre-charged, all the available
trapping sites are occupied by hydrogen, and hydrogen can internally redistribute to
the highly stressed parts and facilitate fracture. Due to these two factors, the sensi-
tivity to failure increased for pre-charged samples and when lowering the bending
deformation speed. The hydrogen embrittlement effect can be visualized by ana-
lyzing the related fracture surfaces by SEM. Figure5.12 shows an overview of the
appearance of the fracture surfaces for each testing condition.

In the absence of hydrogen, intergranular features and microvoids characterized
the fracture surface. When the bending test was done with simultaneous hydrogen
charging, additional cleavage facets, and cracks were found. When the in-situ test
was done at a slower strain rate, the microvoids disappeared and the fracture surface
was a mixture of intergranular and cleavage aspects accompanied with cracks. A
similar fracture surface was detected when the sample was saturated before the test
at 1mm/min, although the cleavage fraction increased. Finally, when the sample was
saturated and tested at lower strain rate, a transition to a pure cleavage fracture with
dispersed crackswas seen.When hydrogen is added, the fracturemechanism changed
since cracks perpendicular to the fracture surface were observed and the plastic strain
marks almost completely disappeared. These perpendicular cracks run transgranular
both along and through martensitic blocks (cf. Fig. 5.13b). The direction of the crack
propagation changed with the orientation of the martensitic laths, indicating that
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Fig. 5.12 SEM characterization of the fracture surfaces of Fe–0.4C for different conditions; air,
in-situ, and saturated in-situ. Yellow dotted circles indicate zones with microvoids, white arrows
intergranular features and green arrowheads cleavage features. Cracks are illustrated by fine red
arrows [60] Copyright 2020, Elsevier

Fig. 5.13 EBSD scan of a crack running parallel to the fracture surface of Fe–0.4C subjected to
bending in air (a), and a crack running perpendicular to the fracture surface in the presence of
hydrogen (b) [60] Copyright 2020, Elsevier

cracks preferably ran along block boundaries. This is not the case in the air samples,
where the crack propagated along the prior austenite grain boundaries (cf. Fig. 5.13a).
Therefore, it can be stated that hydrogen weakened the block boundaries, which
explained the shift to a cleavage type of fracture when hydrogen is present. As
suggested by Nagao et al. [98], this quasi-cleavage fracture mode is a result of
localized plasticity and a local hydrogen overconcentration at packet and/or block
boundaries, which are high angle grain boundaries (HAGBs). On the one hand,
HAGBs hinder dislocation movement causing a dislocation pile-up at the boundary.
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On the other hand, HAGBs are effective hydrogen traps resulting in a decrease of
the cohesive forces. These two phenomena weaken the block boundaries, causing
quasi-cleavage features. This mechanism is termed “Hydrogen Enhanced Plasticity
Mediated Decohesion”. It can be considered as a mixture of HELP and HEDE, i.e.,
hydrogen activates different slip systems (HELP) which can intersect HAGBs and
enhances hydrogen distribution by dislocations. This causes an increased amount of
hydrogen deposited at the HAGBswhich in turn weakens the cohesive forces at these
boundaries (HEDE).

Hydrogen caused a noteworthy ductility loss, described by a transition from a
microvoid (Fe–0.2C), intergranular (Fe–1.1C), or mixed (Fe–0.4C) fracture appear-
ance to a cleavage type of fracture with additional cracking. The transition to the
transgranular fracture typewas explainedby theHydrogenEnhancedPlasticityMedi-
ated Decohesion model. The similarities in the fracture mechanism for these alloys
acknowledges the developed in-situ bending technique as a suitable method to eval-
uate the susceptibility to hydrogen embrittlement of high-strength steels.

5.5 Conclusion

This work provides an overview of our recent work on dedicated experimental
methodologies to reveal specific aspects of the interaction of hydrogen with a steel
microstructure. Firstly, the effect of constant tensile load on the hydrogen diffu-
sivity was evaluated by electrochemical hydrogen permeation experiments during
in-situ constant loading on DP steel. Secondly, a critical assessment of the evalua-
tion of hydrogen trapping of low hydrogen diffusion materials was performed for
duplex stainless steels. Moreover, the effect of hydrogen on the active deformation
mechanism in this material was demonstrated as well by interrupted in-situ tensile
tests combined with SEM-EBSD. Finally, the sensitivity of high strength-low duc-
tility steels to hydrogen embrittlement was evaluated by in-situ bending tests. The
operational embrittlement mechanism in these alloys was proposed based on SEM
fractography. Key takeaways of this work are

1. Elastic applied tensile stresses increased the hydrogen diffusivity of DP steel
due to the volume increase of the unit cell. When the imposed stress was equal
to the yield stress, the increasing amount of hydrogen traps compensated for
the increase of the diffusion coefficient resulting from the lattice expansion.
Significant plastic deformation slowed down the diffusion due to the formation
of lattice defects such as dislocations, vacancies, and vacancy clusters.

2. A combined experimental and numerical approach was used to increase the
insights on the interpretation of TDS data of duplex stainless steel. It was verified
that hydrogen desorbed through diffusion with an experimentally obtained value
for the effective hydrogen diffusion coefficient in between the hydrogen diffusion
coefficients in ferrite and austenite.

3. Planar slip and both ε- and α’-martensite were detected in the austenite phase
of the hydrogen-charged duplex stainless steel specimens. This was more pro-
nounced for in-situ compared to ex-situ tensile testing. Both phenomena were
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absent in the uncharged condition. This was explained by a reduction in SFE
together with a change in which phase accommodated most of the plastic defor-
mation. Besides, additional pinning of edge dislocations by hydrogen atmo-
spheres contributed to the large difference in observed deformation mechanism
as well. At higher strain levels, hydrogen-assisted cracks initiated. Statistical
analysis based on EBSD confirmed that the largest fraction of these cracks ini-
tiated in austenite.

4. The fracturemechanism in the presence of hydrogen for high strength-lowductil-
ity Fe–C steels was evaluated by in-situ bending. Hydrogen caused a noteworthy
ductility loss, characterized by a transition from a microvoid (Fe–0.2C), inter-
granular (Fe–1.1C) or mixed (Fe–0.4C) fracture surface to a cleavage fracture
surface with additional cracking. The transition to the transgranular fracture type
is clarified by the Hydrogen Enhanced Plasticity Mediated Decohesion model,
indicating that hydrogen was preferentially trapped at packet or block bound-
aries, causing a cleavage type of fracture.
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