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ARTICLE INFO ABSTRACT

The hydrogen induced damage of generic Fe-C-Ti and Fe-C-V ferritic alloys was investigated to assess the in-
fluence of precipitates on the hydrogen sensitivity of a material. The precipitates, formed during heat treatment,
EBSD were evaluated by scanning transmission electron microscopy (STEM). The hydrogen/material interaction was
Precipitate evaluated by: 1) melt and hot extraction to determine the total and diffusible hydrogen content, respectively, 2)
SEM L permeation experiments to calculate the diffusion coefficient, 3) thermal desorption spectroscopy to determine
Hydrogen blistering . . . . .

the hydrogen trapping characteristics of the materials. Furthermore, two different types of hydrogen induced
damage were evaluated, i.e. hydrogen assisted cracking and blistering, resulting from electrochemical hydrogen
charging with and without the application of an external load, respectively. Evaluation of the hydrogen induced
damage and the role of the precipitates was performed by combining optical microscopy, scanning electron
microscopy (SEM), and electron backscatter diffraction (EBSD). An important though divertive role of diffusible
hydrogen is observed in both damage mechanisms for the investigated microstructures. On the one hand, a large
amount of diffusible hydrogen compared to strongly trapped hydrogen promotes hydrogen assisted cracking of
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Hydrogen induced damage

materials, while on the other hand, the blistering phenomenon is delayed under such conditions.

1. Introduction

It is well-documented that hydrogen has a detrimental effect on the
mechanical properties of steels, especially in terms of plasticity as a
significant ductility loss might be introduced by small amounts of hy-
drogen [1, 2]. This phenomenon is often referred to as hydrogen em-
brittlement (HE) or hydrogen assisted cracking (HAC). Hydrogen as-
sisted cracking is defined as fracture of a material at subcritical stress
levels (e.g. before reaching the ultimate tensile stress of the material)
due to embrittlement of highly stressed regions ahead of cracks or
notches caused by an, although still rather low, increased hydrogen
concentration [3]. A prerequisite for hydrogen assisted cracking is
diffusion of a sufficient amount of hydrogen towards the critical crack
tip zone from the surrounding microstructure in order to maintain
embrittlement [4]. Introducing efficient hydrogen traps is assumed to
reduce the hydrogen embrittlement (HE) susceptibility as it lowers the
amount of diffusible hydrogen, which primarily contributes to the
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hydrogen induced ductility loss [5-9]. Therefore, the presence of pre-
cipitates in a material, such as carbides, is claimed to have a beneficial
effect on the HE sensitivity [8, 10]. Titanium carbide (TiC) and vana-
dium carbide (VC or V4C3) have been reported to be beneficial to im-
prove the resistance to HE due to their relatively strong hydrogen
trapping capacity [8, 11-14]. Several precipitate related trapping sites
have been proposed, i.e. the strain field surrounding a (semi-)coherent
particle, the coherent or incoherent interface with the matrix and the
interior of the particle. As such, it has been demonstrated that particles
show a different trapping behavior depending on their type, size,
morphology, and interface characteristics [15, 16]. Carbide addition
could be of special interest for advanced high strength steels, for which
hydrogen induced degradation can occur at very low hydrogen con-
centrations of only a few ppm [17]. Such low concentrations can easily
be reached during processing or in use. Addition of carbides could
mitigate the problem by offering efficient and strong hydrogen trapping
sites. This is only valid in case the hydrogen supply from the
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environment is not continuous [18]. However, opposed to the bene-
ficial effect of precipitates, they trap and therefore accumulate hy-
drogen and consequently, might also be preferential initiation sites for
hydrogen induced cracks [19, 20]. Hydrogen induced cracking can
occur in metals subjected to high fugacity hydrogen environments, such
as high pressure hydrogen gas environments or under extreme cathodic
charging conditions, even without the application of an external load
[21, 22]. Hydrogen flakes as found in reactor pressure vessels [23] are
also an example of hydrogen induced cracking. The internal pressure
theory [24-26] states that hydrogen induced cracking results from the
formation of high pressure hydrogen gas bubbles in internal voids and
microcracks. When an alloy is exposed to a hydrogen environment,
atomic hydrogen is absorbed in the metal and diffuses inside. Its
movement can be interrupted by microstructural discontinuities, such
as voids, second phase particles, grain boundaries, and microcracks,
which act as trap sites [27]. At such sites, atomic hydrogen can re-
combine to form molecular gaseous hydrogen, which is incapable of
further migration and locally creates a very high internal pressure [28].
The result is the formation of overpressurized gas-filled cavities, which
cause plastic deformation of the surrounding lattice and promote crack
formation. If the internal pressure rises to levels which exceed the
tensile strength, crack propagation occurs, even in the absence of ex-
ternally applied loads. When the phenomenon takes place close to the
sample surface, it is referred to as blistering. The high pressure then
pushes material upwards, resulting in a surface blister [21]. In order for
such cracking to occur, a certain amount of trapped hydrogen at mi-
crostructural heterogeneities is required with each trap exhibiting its
own critical hydrogen concentration [29]. Hydrogen induced blister
and internal crack formation in materials was already numerous times
linked to the presence of particles, such as MnS and Al,O5 [21, 22, 30,
31].

Wei et al. [15, 32] characterized the hydrogen trapping behavior of
TiC particles with varying interface coherency in steel by thermal
desorption spectroscopy (TDS). The activation energy for desorption
was remarkably smaller for coherent particles (46-59 kJ/mol) in com-
parison to incoherent particles (68-116kJ/mol). Pressouyre and
Bernstein [33] stated that at room temperature incoherent TiC particles
act as irreversible trapping sites, while substitutional titanium, grain
boundaries and dislocations act as reversible traps. Dey et al. [34] de-
monstrated that hydrogen atoms have a high solubility at the interface
between carbides and matrix material. This was later confirmed by the
work of Takahashi et al. [35], who performed a direct observation of
deuterium atoms trapped along the broad surfaces of nano-sized, (semi)
coherent TiC platelets in ferritic steel by using atom probe tomography.
As the side interfaces gradually lost their coherency upon precipitate
growth, a simultaneous increase in the trapping activation energy E,
and the binding energy E;, was observed. On the one hand, an increase
in the trapping activation energy E,, i.e. the energy barrier for trapping,
makes hydrogen trapping more challenging by cathodic charging at
room temperature, while on the other hand, an increase in the binding
energy Ep, enhances the capability of hydrogen absorption from the
atmosphere during heat treatment. Pérez Escobar et al. [36] found that
after hot and cold rolling some hydrogen is irreversibly trapped at the
incoherent TiC precipitates. After a consecutive annealing treatment in
a gaseous hydrogen atmosphere, the incoherent TiC precipitate size
increased and even more hydrogen was irreversibly trapped, as con-
firmed by TDS. Electrochemical charging at room temperature, how-
ever, only led to reversible hydrogen trapping, for instance at grain
boundaries. Depover et al. [14] also stated that incoherent particles are
not able to trap hydrogen during electrochemical charging at room
temperature, whereas small coherent TiC particles trapped hydrogen at
their interface with the matrix. Wei et al. [15] indicated that incoherent
TiC particles trap hydrogen during heat treatment at high temperature
within them rather than at the particle/matrix interface. They supposed
that octahedral carbon vacancies are the hydrogen trapping sites in
incoherent TiC particles. The probability of having carbon vacancies is
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larger with increasing particle size, making hydrogen trapping inside
the precipitate more advantageous in the case of incoherent particles
[18]. Carbon vacancies in the interior of titanium carbides were found
to be much stronger traps than the interfaces of titanium carbides [18].
Hickel et al. [37] performed ab initio calculations with density func-
tional theory (DFT) to investigate the possibility of hydrogen trapping
by the interfaces between a bec iron matrix and different carbides and
nitrides. They observed that the hydrogen adsorption energy at the
interface between bcc iron and carbides/nitrides was negative, sug-
gesting a spontaneous hydrogen segregation to those type of interfaces.
Di Stefano et al. [18] illustrated by ab initio calculations with DFT that
hydrogen has a low solubility in carbides and nitrides with respect to
the hydrogen solubility in the bcc iron matrix. Insertion of hydrogen in
titanium carbides and nitrides makes the initial bonds energetically less
stable and therefore requires energy. In contrast, the addition of hy-
drogen on interfaces of carbides and nitrides could passivate non-sa-
turated bonds. Dey et al. [34] also found that the adsorption energy is
negative at several possible positions along the ferrite/TiC interface,
indicating a strong driving force for hydrogen to segregate at this in-
terface.

Takahashi et al. [38] found that vanadium carbides in vanadium
carbide precipitation ferritic steel have a chemical composition of V,Cs
and Spencer and Duquette [12] made the same conclusion for quenched
and tempered steels. This observation indicated a high number density
of carbon vacancies under thermal equilibrium conditions for this
precipitate. The empty carbon sites of the V,C3 can act as physical traps
for hydrogen [5, 38-40], in order to improve the hydrogen embrittle-
ment resistance of steels [12]. Takahashi et al. [38] used atom probe
tomography with a deuterium-charging method to directly observe
hydrogen trapping sites in vanadium carbides in ferritic steel. Deu-
terium atoms were observed near the broad surfaces of semi-coherent
carbide platelets, while at coherent carbides, no deuterium atoms were
observed. Their conclusion was that the trapping sites are the misfit
dislocation cores at the semi-coherent surfaces of the vanadium carbide
platelets. Furthermore, the very high diffusion barrier of vanadium
carbides prevented deuterium atoms from diffusing deeply into the
precipitate and getting trapped inside. Malard et al. [41] used small-
angle neutron scattering to establish that hydrogen is trapped inside the
vanadium carbides rather than at the precipitate/matrix interface in an
austenitic Fe-Mn-C twinning-induced plasticity (TWIP) steel. They
concluded that vanadium carbides are reasonably effective irreversible
hydrogen traps that can take up a few ppm hydrogen. Depover et al.
[11] also concluded based on a TDS study that hydrogen might be
trapped inside vanadium carbides at the carbon vacancies in V4Cs.

Kawakami and Matsumiya [42] performed ab initio calculations and
finite element modeling (FEM) to investigate the trapping potential of
coherent TiC and V4Cj3 carbides in bcc iron. The strain field surrounding
both TiC and V4Cs is a weak trapping site with the trapping energy
slightly lower than interstitial positions. The coherent interface of TiC
appears to be a quite stable trapping site, whereas the coherent inter-
face of V4Cs is less stable compared to interstitial lattice sites. Inter-
stitial lattice sites in both carbides are metastable sites as their energy is
higher than for interstitial bcc lattice sites. Carbon vacancies in both
carbides appear to be the strongest trapping sites. However, these
strong trapping sites are not very effective because of the large diffusion
barrier for hydrogen to enter the carbide. TiC is found to have a very
low amount of carbon vacancies and hydrogen atoms have to diffuse far
to reach carbon vacancies, while V4C3 has a lot of intrinsic carbon
vacancies resulting in a smaller diffusion distance. Therefore, carbon
vacancies in V4C3 are considered to be more active in trapping hy-
drogen than TiC, especially at low temperatures. This was confirmed by
Di Stefano et al. [18] as well.

This work will study generic steels, i.e. Fe-C-V and Fe-C-Ti, con-
sisting of a ferrite matrix with heat treatment induced precipitates to
evaluate the effect of carbides and carbonitrides on the hydrogen as-
sisted cracking and hydrogen induced cracking/blistering. These are
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two hydrogen related degradation processes which exhibit different
damaging mechanisms. The role of precipitates acting as traps for dif-
fusive hydrogen have to be examined carefully for both processes. On
the one hand, precipitates take diffusible hydrogen out of the material
microstructure by providing relatively deep trapping sites, decreasing
the embrittlement vulnerability. On the other hand, precipitates pro-
vide regions with a locally increased hydrogen concentration, which
could make them the ideal locations for crack initiation and possible
propagation. The hydrogen content in the generic alloys was de-
termined by hot and melt extraction. Permeation experiments and
thermal desorption spectroscopy were performed to characterize the
hydrogen diffusion and trapping behavior of both materials. The effect
of precipitates was investigated for the two types of hydrogen damage.
On the one hand, tensile tests with in-situ electrochemical hydrogen
charging were performed to estimate hydrogen embrittlement and hy-
drogen assisted cracking. On the other hand, electrochemical hydrogen
charging under more extreme charging conditions without the appli-
cation of an external load was carried out in order to assess the blis-
tering behavior of the alloys. Furthermore, the obtained hydrogen re-
lated cracks were investigated by optical microscopy, scanning electron
microscopy (SEM) and electron backscatter diffraction (EBSD).

2. Materials and Experimental Procedure

Two laboratory cast, hot and cold rolled ferritic Fe-C-X materials
were used. Casting was performed in a Pfeiffer VSG100 incremental
vacuum melting and casting unit under a protective argon gas atmo-
sphere. After hot and cold rolling, sheet material with a final thickness
of 1mm was obtained. The materials' compositions are shown in
Table 1, where the ternary carbide forming element X was either tita-
nium or vanadium. A stoichiometric amount of the ternary alloying
element was added with respect to the carbon content for the formation
of TiC and V,4C3 carbides. Al was added to bind the present nitrogen
from casting, decreasing the chances of forming Ti or V based nitrides
or carbonitrides [43]. The cold rolled materials were subjected to a
specific heat treatment (Fig. 1) to obtain a ferritic matrix with pre-
cipitates. All alloying elements were brought as much as possible in
solid solution at a high temperature of 1250 °C, after which controlled
precipitation of carbides and ferrite formation took place at a second
isothermal holding temperature of 800 °C and subsequent slow cooling.
A ferritic matrix allows to study the effect of precipitates without the
additional trapping effects of boundaries, such as martensitic lath
boundaries, or the presence of an increased dislocation density.

Hot and melt extraction were used to determine the diffusible and
total amount of hydrogen present in the materials, respectively. The
materials were electrochemically charged at a current density of
0.8 mA/cm? for 1 h in a 0.5 M H,SO4-1 g/1 thiourea electrolyte. Discs of
20 mm diameter were used for hot extraction, while rectangular sam-
ples of 6x8x1 mm® were used for melt extraction. Hot extraction was
executed at 300 °C, since diffusible hydrogen is defined as hydrogen
that desorbs below 300 °C [44, 45], while melt extraction was per-
formed at 1550 °C. Both tests were performed in a Galileo G8 set-up.

Hydrogen electrochemical permeation tests were performed ac-
cording to the Devanathan and Stachurski method [46] to determine
the apparent hydrogen diffusion coefficient. The permeation cell con-
sisted of two compartments filled with 0.1 M NaOH electrolyte solution.
This electrolyte differs from the one used for hydrogen charging of the
samples since the applied current density and long duration of the

Table 1

Chemical composition of Fe-C-X alloys, with X being Ti or V.
Wt% C X N Al Fe
Fe-C-Ti 0.1 0.38 0.005 0.03 Balance
Fe-C-V 0.1 0.57 0.0045 0.03 Balance
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permeation test are likely to cause very significant hydrogen induced
damage, which would make the obtained results invalid [22]. The two
compartments were stirred with nitrogen bubbling and kept at ambient
temperature. Polished circular samples (20 mm diameter) with 1 mm
thickness were clamped in between the compartments. At the hydrogen
entry side, which acts as cathode, a current density of 3 mA/cm? was
applied, while the hydrogen exit side was potentiostatically kept at
—500 mV with respect to a Hg/Hg»SO, reference electrode. From such
tests a permeation curve with the normalized current as a function of
time was generated. The apparent hydrogen diffusion coefficient could
be calculated from the permeation curve using the following formula
[46]:

LZ

Dy, = ——
PP Tt

(€]
where t is the time (s) when the normalized steady-state value has
reached 0.1 and L is the specimen thickness (m).

TDS was performed to identify the available hydrogen trapping
sites. The charging conditions were chosen as described above for melt
and hot extraction. A heating rate of 1200°C/h was applied. The
measured spectra were deconvoluted in order to identify the different
traps.

Prior to hydrogen charging, surface oxides, which might have an
inhibiting effect on hydrogen absorption in the metal and possibly have
a role in the actual nucleation of hydrogen induced damage [47], were
removed by grinding the sample surfaces. The materials were electro-
chemically charged in an electrolyte consisting of 0.5M H,SO, with
1 g/1 thiourea. During charging, the sample acted as cathode whereas
the anodes were platinum foils present at both sides of the sample. On
the one hand, hydrogen induced cracks and blisters were introduced in
ground oval samples (long diameter of 20 mm, oriented along the
rolling direction) by hydrogen charging without the application of an
external load. The samples were hydrogen charged for varying charging
times and current densities to determine the conditions at which in-
ternal cracking and blistering occur. On the other hand, slow strain rate
tensile tests with in-situ electrochemical charging were carried out in
order to assess the hydrogen assisted cracking behavior under external
load. As a reference, samples were also tested in air for comparison. For
such tests notched tensile samples (Fig. 2) were used and a constant
strain rate of 1.11 x 10~ °s~ ! was applied. Notched samples were used
in order to control the fracture location. Previous work illustrated that
the overall hydrogen assisted cracking characteristics did not alter in
the presence of a notch [48]. In order to assess the hydrogen assisted
cracking behavior under an externally applied load, polished samples
were first pre-charged at a current density of 0.8 mA/cm? for 1h. The
authors verified that hydrogen saturation was reached without damage
introduction at these charging conditions. Subsequently, tensile tests
were started under continuous hydrogen charging. Samples were both
strained until reaching the tensile strength (interrupted tensile test) and
until final fracture to evaluate crack initiation and further propagation.

Microstructural characterization was carried out by light optical
microscopy, scanning electron microscopy (SEM) (Quanta FEG 450),
electron backscatter diffraction (EBSD), and scanning transmission
electron microscopy (STEM JEOL JEM-2200FS). STEM was applied on
thin foils to determine the size distribution of the precipitates and
combined with energy dispersive x-ray spectroscopy (EDX) to de-
termine the compositions of the precipitates. Sample preparation was
carried out following standard metallographic practices (up to 1um
polishing with diamond suspension) for light optical microscopy and
SEM. EBSD requires flat specimens for which any residual deformation
or stress in the surface layers due to mechanical polishing should be
avoided [49]. To study blister cross sections an additional polishing
step with colloidal silica (Struers OPU suspension) was applied. To
study the surface cracks formed on the tensile samples, an explicit
surface preparation was required since standard surface preparation
would result in simultaneous removal of the cracks. Therefore, sample
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Fig. 1. Heat treatment performed on cold rolled plates.

preparation was optimized by grinding and polishing up to 1 um before
tensile testing (and thus cracking). No additional grinding was neces-
sary after tensile testing, but the sample surface had to be re-polished,
in order to remove the surface damage caused by electrolyte attack. The
3 and 1 um diamond paste polishing steps were repeated, followed by
an additional polishing step with colloidal silica (Struers OPU suspen-
sion) to obtain adequate surfaces for an EBSD study. Electropolishing
was not performed in order to avoid rounding of the cracks. These
measurements were performed at a tilt angle of 70°, spot size of 5nm,
accelerating voltage of 20kV, and a step size ranging from 0.1 to
0.02 pm on a hexagonal grid. TSL-OIM Data Analysis V6.1 software was
used for post processing and analysis of the orientation data. Inverse
pole figures (IPF), kernel average misorientation (KAM) maps and
phase maps were used during analysis. The measurements were parti-
tioned on image quality, as such that partitioned points are attributed
to cracked regions in the alloys. Applying the partition made the crack
geometry better distinguishable on OIM maps. Thin foils for STEM were
prepared by grinding and polishing up to 1 um diamond suspension to a
thickness below 100pum. Subsequently, the samples were electro-
polished with a 10% perchloric acid and 90% acetic acid solution.

3. Results and Discussion
3.1. Microstructural Characterization

The selected heat treatment resulted in a coarse grained ferritic
matrix with numerous precipitates for both alloys (Fig. 3). In the Fe-C-V
alloy, precipitates were too small to visualize on optical images
(Fig. 3a). STEM and EDX showed that the material contained mostly
small carbides (V4C3 [11, 12, 38]) (15-45 nm) and some medium sized
incoherent carbonitrides (V(C,N)) (100 nm-1um) (Fig. 4). All pre-
cipitates in this alloy were plate shaped. Diffraction lobes were ob-
served around the nanometer sized carbides, which indicates that the
surrounding matrix is strained, i.e. strain contrast [50]. These strains

R30

indicate the coherent character of the small precipitates as the misfit is
accomplished by strains in the matrix rather than the introduction of
dislocations. These observations lead to the conclusion that the broad
surfaces of these disc shaped carbides were coherent with the ferrite
matrix. Takahashi et al. [38] stated that when the edge length of these
small carbides exceeds ~8 nm a misfit dislocation is released. There-
fore, the V carbides are considered as semi-coherent particles. In the Fe-
C-Ti alloys, numerous large particles could already be seen on the op-
tical images (Fig. 3b). STEM and EDX identified these large particles as
incoherent TiC particles (2-5pum). Performed solubility calculations
[11, 14] illustrated that carbides, formed during casting and rolling,
were not completely dissolved during the first step of the applied heat
treatment in the Fe-C-Ti alloy, explaining the presence of large carbides
in the final material. Contrary to the Fe-C-V alloy, where all V and C
was confirmed to go in solid solution at the temperature used in the first
step of the heat treatment. Additionally, small coherent carbides
(2-24nm) and medium-sized carbonitrides (Ti(C,N)) (100-700 nm)
were found (Fig. 5). All Ti carbides were spherical, while some Ti
carbonitrides were rectangular-shaped. The small (semi-)coherent car-
bides were expected to play the most prominent role in the current
experiments, since Pérez Escobar et al. [8] demonstrated that in-
coherent carbides do not trap hydrogen when charged electro-
chemically.

3.2. Hot and Melt Extraction

The total and diffusible amount of hydrogen were measured by melt
and hot extraction analysis (Fig. 6). The total hydrogen amount is
higher in Fe-C-V than in Fe-C-Ti. Diffusible hydrogen contributed to
about 30% of the amount of charged hydrogen for Fe-C-Ti, whereas this
contribution was about 70% for Fe-C-V. These results imply that hy-
drogen is trapped more strongly in Fe-C-Ti than in the V-based alloy, as
such reducing the fraction of diffusible hydrogen, which is considered
to be the most harmful type of hydrogen [20]. This strongly trapped

45°
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Fig. 2. Flat tensile sample geometry of notched tensile samples (in mm).
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Fig. 3. Microstructure of a) Fe-C-V and b) Fe-C-Ti alloy.

hydrogen is only released from the materials upon heating above 300 °C
or upon melting. Wei and Tsuzaki [51] stated that the hydrogen trap-
ping capacity at titanium carbides was significantly larger than at va-
nadium carbides, which confirms the results presented in this work.

3.3. Permeation

Permeation tests were performed to determine the diffusion coeffi-
cients of the two alloys. The calculated average diffusion coefficients
were for the Ti- and V-containing ferritic alloys, respectively,
4.44 x 107'° and 1.53 x 107 '°m?/s. The Ti-containing alloy ex-
hibited a slightly higher diffusion coefficient than the V-containing
alloy. It seems the diffusivity is mainly governed by the ferritic matrix.
The difference in diffusivity is rather limited and can, therefore, be
excluded as a very relevant factor for variations in hydrogen degrada-
tion behavior of the different materials.

3.4. Thermal Desorption Spectroscopy

In order to further characterize the trapping behavior of the mate-
rials, TDS measurements were carried out. As such, the trapping ca-
pacity of the precipitates could be analyzed. To clearly visualize the
precipitate related peak, the spectra obtained at a heating rate of
1200 °C/h are shown (Fig. 7). Deconvolution of the obtained results
revealed the presence of two peaks for both alloys. The first peak was
correlated to hydrogen trapped at the grain boundaries, solid solution
atoms, and dislocations, while the small 2nd peak could be correlated to

N
N

a)

the presence of Ti- and V-based coherent particles. Takahashi et al. [35]
showed that trapping occurs at the interfaces of titanium-based pre-
cipitates, while trapping in V-based precipitates has been claimed to
occur both at the interface between carbide and matrix and at the
carbon vacancies in the V,Cs precipitate [11, 38, 40]. It is not possible
to make a distinction between those two V,4Cs related traps in the TDS
spectrum.

The amount of hydrogen released during the TDS measurement
(heating to 900 °C) corresponded closely to the amount of hydrogen
measured during hot extraction (heating to 300 °C). This hydrogen is
hence rather weakly trapped and possibly results from traps such as
atoms in solid solution, grain boundaries, dislocations, and coherent
particles or the elastic strain fields surrounding them. The Fe-C-V alloy
exhibits a larger fraction of (semi-)coherent particles than Fe-C-Ti,
where multiple large precipitates are present. Additionally, a greater
amount of free carbon and vanadium could be present in these alloys,
due to the more efficient dissolution of particles during the austeniti-
zation step. These two factors could be responsible for the higher
amount of diffusible hydrogen in Fe-C-V compared to Fe-C-Ti.

Pérez Escobar et al. [36] performed TDS measurements on gaseous
charged TiC containing ferritic alloys and found a high temperature
peak (Thax = 580 °C), which they attributed to irreversible trapping by
the TiC precipitates. This peak did not change when the material was
additionally electrochemically charged. This corresponds to the current
results, where no high temperature peak is observed after electro-
chemical charging. However, these results in combination with the melt
extraction results indicate that a certain amount of hydrogen is trapped

Fig. 4. Bright field STEM images of a) small coherent V,4Cs, and b) larger incoherent V(C,N) (indicated with arrows).
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Fig. 6. Hot and melt extraction results of Fe-C-Ti and Fe-C-V in wppm.

within the material at very strong traps, which only release hydrogen at
higher temperatures (> 900 °C) or upon melting. Such traps could be
related to hydrogen trapping inside the carbides/carbonitrides. Possibly
the hydrogen is trapped at octahedral vacancies within the carbides/
carbonitrides, which trap hydrogen very strongly [18, 38]. If the
formed carbonitrides are substoichiometric, they will exhibit more va-
cancies than the carbides [52] and trapping inside these precipitates
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0.0015 Experimental
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@
£
o
=)
E
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e
0.0000

Temperature (°C)
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©)

Fig. 5. Bright field STEM images of a) small coherent TiC, b) larger spherical Ti(C,N), and c) square Ti(C,N) (indicated with arrows).

will be more likely [18]. Such type of irreversible hydrogen is present
more prominently in Fe-C-Ti than in Fe-C-V. The results indicate that
hydrogen was mostly trapped reversibly in Fe-C-V, while irreversibly in
Fe-C-Ti.

3.5. Tensile Tests Combined With In-situ Electrochemical Charging

Fig. 8 depicts the stress-strain curves of both materials tested in air
and hydrogen saturated conditions. The Fe-C-V alloy is stronger and
less ductile than the Fe-C-Ti alloy. The ductility loss of Fe-C-V is larger
than the one of Fe-C-Ti, i.e. 62% versus 53%.

The two materials showed a difference in strength. The V-containing
alloy exhibited a higher strength level, which can be related to the type
of particles present in the alloy and the related strengthening me-
chanisms. Small coherent particles have a higher strengthening effect
than large incoherent particles [53, 54]. Fe-C-Ti exhibited a larger
amount of large carbides and carbonitrides than Fe-C-V. These particles
only increase the strength level to a limited extent and reduce the
amount of carbon and titanium able to form small particles.

The difference in the amount of diffusible hydrogen is relevant to
explain the stronger sensitivity to hydrogen embrittlement of the Fe-C-V
alloy as diffusible hydrogen plays a crucial role in the mechanical de-
gradation [9]. Novak et al. [20] stated that fracture in hydrogen-
charged steel is not governed by the high-binding energy trap sites
because these sites remain saturated with hydrogen, independent of
loading and/or hydrogen exposure conditions; rather, it is dependent
on the lattice sites and low-binding energy trap sites where the hy-
drogen concentration is function of time and loading. Hot extraction
showed that a considerable fraction of hydrogen in Fe-C-Ti is trapped in

Fe-C-V
0.006 4 Experimental
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- - - - Cumulative Fit Peak
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Fig. 7. TDS spectra of the Fe-C-Ti and Fe-C-V alloys (heating rate: 1200 °C/h).
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- « =Fe-C-Vair
Fe-C-V hydrogen
Fe-C-Ti air

Fe-C-Ti hydrogen

0.02

1v£d before fracture. The dimples in the Fe-C-V alloy were more
ttgfied and present in a ginaller number than those in the Fe-C-Ti
, confirming the slight!y more brittle behavior as observed on the
stfess-strain curves. In both /materials, broken particles were found in-
ide some dimples (Fig. 10a). This observation indicates that particles
act as crack initiation sites. Such particles are stronger than the sur-
rounding ferritic matrix, which leads to strain incompatibility at these
particles. Particles are, /therefore, subjected to elevated stresses when
the material is put under/load. Fracture of the particles was dominantly
observed rather than /nterface decohesion. In the Fe-C-Ti alloys,
cracked particles wers also observed near the fracture surface on the
sides of the tensile samples (Fig. 10b). Such particles were approxi-
mately 2pum large and were identified by EDX as carbonitrides. The
observed secondary| cracks along the fracture surface were confined to
the precipitates and did not propagate further into the ferrite. Cox et al.
[55] and Shabrov t'al. [56] stated that the particle size is a dominant
factor for void nucliation following the rule that the stress required to
fragment precipifates decreases with increasing precipitate size, which

0.03
Engineering strain [-]

0.04 0.05 0.06 0.07

explains why secondary cracks are found in large carbonitride particles.

When subjected“to hydrogen, both alloys showed a considerable
decrease in ductility (Fig. 8), whictiwas also reflected in the fracture
surfaces (as illustrated foer Fe-C-Ti in“Fig. 11). Less necking of the
samples occurred and the fracture surface.showed more brittle beha-
vior. Fish eyes were present on the fracture surfaces (Fig. 11b), which is
a typical hydrogen embrittlement\phenomenon. At the center of such a
fish eye an inclusion is present, further fracture oecurs in a pattern
radiating away from the pupil. The inclusions were identified as car-
bonitrides by EDX (Fig. 12). No differences were found on the fracture
surfaces when comparing both materials.

The surfaces of samples tested until tensile strength (interrupted
tensile tests) in hydrogen charged condition were analyzed by SEM
(Fig. 13). Secondary cracks formed ahead of the matn crack, which was
situated at the notch. Such cracks had a typical S-shape and were in
previous studies identified as hydrogen assisted cracks {48, 57, 58].
EBSD was used to investigate these small cracks in more detail (Fig. 14).
Cracking occurred dominantly transgranularly. The interactian with
precipitates was only visible for Fe-C-Ti samples, since precipitates
were too small in Fe-C-V to distinguish with SEM. Crack initiation and
propagation were often found to be related to the presence of pre:
cipitate clusters (Fig. 13b). Cracks initiated both along and in pre-
cipitates, both in air as hydrogen charged condition. Precipitates typi-
cally have a brittle character, which makes crack initiation more likely
to happen there than in the ductile matrix. The brittleness of the pre-
cipitates would play a greater role in Ti-based alloy, since the in-
coherent titanium precipitates are larger in size than any V-based

Fig. 9. Fracture surface of a) Fe-C-Ti and b) Fe-C-V tensile tested in air.

28



A. Laureys et al. Materials Characterization 144 (2018) 22-34

- A

>

Fig. 11. a) Fracture surface of the Fe-C-Ti alloy charged with hydrogen. b) Fisheye on the fracture surface of a hydrogen charged Fe-C-Ti sample.

precipitate and Shabrov et al. [56] stated that the stress required to the HEDE mechanism [59]. While the presence of hydrogen during

fragment precipitates decreases with increasing precipitate size. Crack loading can have three possible effects enhancing precipitate interface

initiation kinetics are most likely enhanced in hydrogen charged con- crack initiation [20]: (i) hydrogen reduces the stress that impedes dis-

dition, since hydrogen is expected to accumulate in and around the location motion (HELP mechanism [60]), (ii) hydrogen trapped at

precipitates. Hydrogen present in precipitates will embrittle them by dislocations [22, 61] reduces their repulsive interactions [62, 63],
Carbon Nitrogen

Titanium Iron

10 pm 10 pm

Fig. 12. Elemental mapping by EDX of center of a fisheye on the fracture surface of hydrogen charged Fe-C-Ti.
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Fig. 13. a) SEM image of crack network at the notch of hydrogen charged Fe-C-Ti strained until tensile strength, b) S-shaped crack after initiation at precipitate

cluster.

which increases the number of dislocations in the pile-up. As such, the
stress generated through impingement at the carbide/matrix interface
is intensified, (iii) hydrogen lowers the reversible work of decohesion at
carbide/matrix interface (HEDE [59] or hydrogen enhanced interface
decohesion (HEIDE) [57] mechanism). These combined effects promote
fracture along precipitate interfaces through a HELP-enhanced HEDE of
interfaces.

Further propagation of the cracks is enhanced in the presence of
hydrogen, since only initiated secondary cracks without further pro-
pagation were observed after tensile testing until tensile strength in air.
The normally ductile ferrite matrix is embrittled due to hydrogen
charging, which facilitates the propagation of initiated cracks. Further
propagation of the cracks was even not controlled by microstructure or
crystallography, but rather stress-controlled as is clear from the typical
S-shape [48].

3.6. Electrochemical Charging Tests Without External Load

Samples were hydrogen charged without the application of an ex-
ternal load with varying charging conditions to assess the blister

001

101

formation. Based on optical images the number of blisters was de-
termined for the different charging conditions and the results are illu-
strated in Fig. 15. Blisters smaller than 100 um were not always
counted, due to the limited resolution of optical images. The number of
blisters increased for longer charging times and higher current densities
as more hydrogen had entered the material in these cases. A higher
amount of hydrogen introduces more damage as the critical amount of
hydrogen required for initiation of damage is achieved at more places.
The Fe-C-Ti alloy exhibited a large number of blisters homogeneously
distributed over the sample surface. A large amount of small blisters
was observed for this material in comparison to a simple ferritic matrix
without precipitates [22] (Fig. 16). This implies that the Ti-based pre-
cipitates act as initiation sites for hydrogen induced cracks.

The Fe-C-V alloy exhibited a completely different blistering beha-
vior than Fe-C-Ti. The vanadium-based alloy exhibited a very limited
amount of small blisters (Fig. 15b) for all charging conditions. How-
ever, for the Fe-C-V alloy another phenomenon occurred which com-
petes with blistering. At high current densities during long charging
times the outer surface turned black and at a certain point the surface
even corroded away, leading to a reduction of sample thickness. No

©)

Phase

I iron - Alpha

[ Titanium Carbide

Fig. 14. Hydrogen assisted cracks in Fe-C-Ti. a) SEM image, b) [001] // ND inverse pole figure map, and c) phase map. High angle grain boundaries (=15°) are

delineated in black.
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Fig. 15. Number of blisters on a) Fe-C-Ti and b) Fe-C-V as a function of charging conditions.

blisters formed at such conditions. Magnetite is a corrosion product of
iron that can be formed in acid environment and is characterized by a
black appearance [64]. The hydrogen diffusivity through this thin oxide
film is up to twelve orders of magnitude slower than in pure annealed
iron [64]. The reaction possibly only plays a major role at high current
densities when a lot of H" is being formed at the sample surface.
Therefore, it is not straightforward to evaluate the actual blistering
behavior of these alloys under these charging conditions. Nevertheless,
the small number of blisters formed at low current densities in com-
parison to the Ti-based alloy insinuate that a uniform distribution of
reversible traps which allocate the hydrogen innocuously will reduce
the extent of hydrogen induced cracking. The precipitates in Fe-C-V are,
therefore, most probably more resistant to blister initiation than Ti-
based precipitates. Hot and melt extraction results indicated that Ti-
based precipitates trap better than V-based precipitates. Ti-based pre-
cipitates trap hydrogen deeply and hydrogen will accumulate there
until the critical hydrogen concentration is reached for crack initiation.
The large amount of diffusible hydrogen in Fe-C-V is in this particular
situation not harmful, contrary to what the performed tensile tests
implied when studying hydrogen assisted cracking. These observations
imply that the role of diffusible hydrogen in the responsible mechan-
isms of both phenomena is completely different. When assessing hy-
drogen assisted cracking in samples under load a larger presence of
diffusible hydrogen increases the hydrogen embrittlement

susceptibility, while this does not seem to disadvantage the hydrogen
induced cracking and blistering behavior of a material significantly. On
the other hand, efficient hydrogen trapping decreases the hydrogen
embrittlement susceptibility, but does seem to enhance blister forma-
tion. However, some additional parameters need to be taken into ac-
count. Fe-C-V exhibited a higher strength than Fe-C-Ti, which makes
blister formation for this alloy more difficult, since a higher pressure is
necessary to reach the yield/fracture stress. Therefore, a higher hy-
drogen pressure build-up is required to cause blistering.

In order to further characterize the role of precipitates on blister
formation, cross sections were studied by SEM and EBSD. No interac-
tion between cracks and V-based precipitates could be established by
SEM or EBSD, since the resolution did not allow visualization of these
small carbonitrides and carbides. Cross section investigation in Fe-C-Ti
showed that initiation was related to the intermediate and large tita-
nium precipitates, i.e. TiC and Ti(C,N) (Fig. 17). The lack of such large
precipitates in Fe-C-V could explain its higher resistivity to hydrogen
induced blistering. Ren et al. [65] stated that Ti containing inclusions
can act as nucleation sites for blisters. Initiation of new blisters was
preferred over growth of already existing blisters in the present mate-
rial, since only small blisters were observed in large number on the
sample surface. Initiation of new blisters happened continuously
throughout the charging procedure. The precipitates act as hydrogen
traps, which implies that at these locations an increased amount of

a)

Fig. 16. a) Overall optical microscopy image of Fe-C-Ti charged at 10 mA/cm? for 1 day. b) Magnification of blister.
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Fig. 17. a) Blister initiation at large precipitates. b) cross section of blister clusters/blisters on blisters.

hydrogen is present and during continuous hydrogen charging under
severe conditions, recombination of hydrogen atoms will occur. Blister
clusters and blisters on blisters [22] were observed on the sample sur-
face (Fig. 17b). These phenomena indicate that blister initiation near
existing blisters is more advantageous than randomly in the matrix.
Increased stress regions surround such earlier formed blisters, as such
more hydrogen is attracted to the blister, making initiation locally more
favorable [66].

Internal cracks often exhibited a branched morphology. Blisters
propagated dominantly transgranular as visualized in the [001] // ND

Min  Max
o ©)

inverse pole figure map in Fig. 18. EBSD analysis of cracks allowed to
visualize elevated orientation gradients surrounding blisters and in
between branches, which validate the internal pressure theory [22, 24,
25] for blister formation and propagation (Fig. 18b). Crack interaction
is clearly revealed by the high strain/stress regions in between two
cracks, which was assessed by a KAM map in EBSD (Fig. 18c).

A clear interaction of cracks with large Ti-based precipitates was
demonstrated as well with EBSD (Fig. 19). Most likely the hydrogen
induced cracking initiated at the large carbides/carbonitrides, due to
hydrogen build-up at the interface or in the precipitates. Precipitates

80 pm

80 pm

Fig. 18. a) SEM image, b) [001] // ND inverse pole figure map (High angle grain boundaries (=15°) are delineated in black.), and c) kernel average misorientation

map of blister cross section in Fe-C-Ti charged for one day at 10 mA/cm?
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Fig. 19. Crack interaction with Ti-based precipitates in Fe-C-Ti charged for one
day at 10 mA/cm?>.

did not seem to have a significant influence on further crack propaga-
tion. Several precipitates were observed close to cracks, but the cracks
did not deviate towards the precipitates. Propagation is rather con-
trolled by the drive for internal pressure release at the surface or in-
teraction with other cavities.

4. Conclusions

The effect of Ti- and V-based precipitates on two types of hydrogen
induced damage were investigated in ferritic Fe-C-X (with X being V or
Ti) alloys. Both alloys contained carbides and carbonitrides. The Ti-
based precipitate size distribution differed from the V-based pre-
cipitates; larger precipitates were present in Fe-C-Ti.

Fe-C-Ti trapped absorbed hydrogen strongly, while a large amount
of diffusible hydrogen was found in Fe-C-V. The diffusion coefficients
did not differ significantly. TDS results indicated that a certain amount
of hydrogen was trapped reversibly at grain boundaries, solid solution
atoms, dislocations and coherent precipitates. The remaining hydrogen
was trapped very strongly, in traps which release hydrogen only upon
heating above 900 °C or melting of the sample.

Tensile tests with in-situ electrochemical charging on saturated
samples showed that large precipitates, which most probably act as
strong hydrogen traps, have a dominant role in crack initiation, this is
however also the case when tested in air. Crack initiation kinetics are
most probably enhanced when hydrogen is present in and around these
precipitates. Reversible traps and the resulting presence of diffusible
hydrogen facilitate the crack propagation by providing hydrogen to the
crack tip surroundings. Blister studies demonstrated that irreversible
traps have a dominant role in crack initiation while reversible traps
delay crack initiation and propagation. Crack propagation is governed
by the internal pressure, rather than by the microstructure. Diffusible
hydrogen clearly plays a different role in both mechanisms, and
therefore, choosing certain types of precipitates to improve the hy-
drogen induced degradation resistance should be application depen-
dent. Hydrogen induced cracking and blistering is unlikely to occur at
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low hydrogen charging conditions, where the driving force is in-
sufficient to cause hydrogen gas precipitation in the material, but where
there is sufficient hydrogen to cause embrittlement.
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