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Abstract

This study evaluates the hydrogen absorption and trapping in carbide containing steels from a very
low hydrogen partial pressure atmosphere at elevated temperatures. Two generic titanium-containing
Fe-C steels, differing in carbon and titanium content, are studied. The steels are subjected to a quench
and temper treatment, where tempering is performed in a dilute hydrogen gas atmosphere. Detailed
microstructural analysis via SEM and TEM together with characterization via thermal desorption
spectroscopy and hot extraction are performed to analyze the hydrogen trapping ability of the
different types of carbides.

A significant amount of hydrogen is introduced in the Fe-C-Ti alloys during tempering. Moreover, the
hydrogen appears to be strongly trapped. This could be related to trapping at the carbon-vacancies
inside the TiC, and more specifically the large undissolved carbides. The binding energy is estimated to
range between 80 kJ/mol and 90 kJ/mol and appears to be independent of the undissolved carbide
size.
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Introduction

It is well-known that the presence of hydrogen in steel may cause strong degradation of the material’s
mechanical properties, leading to so called hydrogen embrittlement (HE)[1, 2]. As a consequence,
premature failure may occur, endangering the safety and reliability of the metal infrastructure. Since
hydrogen can be introduced in the material during production as well as in service, the HE of steels
proposes a serious issue for many engineering sectors. Especially, the shift towards hydrogen economy
has considerably increased the need for improved understanding of the HE behavior of currently used
materials in infrastructure, together with the development of new materials with a high resistance
against HE. The use of hydrogen gas as an energy carrier will be part of the solution for carbon neutral
production. However, due to the easy penetration and diffusion of hydrogen in steels, safe storage
and transportation of the hydrogen gas (via retrofitting of the existing pipeline network) remain a
crucial concern [3-11]. Moreover, the use of hydrogen as a fuel for vehicles also require the
development of materials with both high strength and high HE resistance [12, 13].Upon hydrogen entry
in the metal, the hydrogen atoms may diffuse towards critical points in the microstructure and assist
there in crack formation and growth. Consequently, a possible strategy to enhance a steel’s resistance
against HE is the introduction of well-designed traps for hydrogen in the steel microstructure. In this
perspective, titanium carbides have been reported to be of large interest, since they are readily added
to steels for their significant strengthening effect due to secondary hardening [14-16] and, moreover,
can have a beneficial effect on the resistance against hydrogen embrittlement [16-18]. However, the



beneficial effect on the HE resistance of the carbides strongly depends on their hydrogen trapping
ability [16, 19-21].

Consequently, understanding the interaction of hydrogen with these carbides is of major importance.
Generally, trapping sites associated to carbides can be related to the elastic strain field surrounding
the carbide, the carbide/matrix interface and the interior of the carbide. One of the first studies on the
H trapping of titanium carbides was performed by Pressouyre and Bernstein [22] by use of the
hydrogen permeation technique as developed by Devanathan and Stachurski [23]. The materials used
in their study were reported to consist out of a ferritic matrix, incoherent titanium carbides (TiC) and
substitutional titanium (Ti) atoms and, in some cases, coherent carbides. They observed a strong delay
of the permeation curve, for both the first and the second transient upon addition of Ti. Consequently,
the presence of Ti resulted in the introduction of hydrogen trapping sites in the microstructure.
Moreover, for all alloys the second transient was faster than the first, indicating that irreversible traps
were present in the materials which got filled during the first transient but no longer affected the
second transient. It must be noted however that this observation was also made for the pure iron
reference. They suggested that the Ti atoms in solid solution acted as reversible traps whereas the TiC,
and especially the large incoherent ones, provided irreversible trapping sites. The latter assumption
was based on the microautoradiography results from Asaoka [24], showing that precipitate-matrix
interface of spherical TiC can act as strong trapping sites. While, the Ti atoms were considered to
attract hydrogen based on the consideration of chemical and electrical binding forces. Via analysis of
the permeation transients they found a binding energy for hydrogen to the substitutional Ti atoms
ranging between 21 kJ/mol and 26 kJ/mol and a binding energy to the TiC of 95 kJ/mol. Later studies
on the interaction of hydrogen with titanium carbides were performed both by permeation and
thermal analysis but led to contradictory results. Stevens and Bernstein [25] evaluated the hydrogen
trapping behavior of a Ti micro-alloyed steel as a function of the ageing temperature by use of the
electrochemical permeation. They found that precipitation of fine coherent TiC resulted in the
introduction of irreversible traps but coarsening decreased the irreversible nature of the traps,
indicating that the trapping strength was reduced with decreasing degree of coherency. In addition,
based on combined electrochemical permeation experiments and microstructural analysis Valentini et
al. [26] identified the fine coherent Ti(C,N) as irreversible trapping sites. On the other hand, Lee and
Lee [27] used thermal desorption spectroscopy (TDS) to study the hydrogen trapping by TiC inclusions
after gaseous charging under a relatively high hydrogen pressure of 0.1 MPa and at elevated
temperatures (around 400°C). No information was given on the type of carbides but based on the
isothermal holding for 24h at 700°C together with the absence of an austenitization step, the TiC can
be assumed to have an incoherent interface. Analysis of the TDS spectra resulted in a high activation
energy for de-trapping, indicating their irreversible nature. While the dependency of the hydrogen
content on charging temperature indicated a rather low binding energy, i.e. 28 kJ/mol, of hydrogen to
the TiC. In a later study, Lee and Lee [28] evaluated the effect of the TiC/matrix interface character on
the hydrogen trapping. Again hydrogen charging was carried out under a 0.1 MPa H; containing
environment at 400°C and trapping analysis was done by TDS. They found that both the incoherent
carbides as the semi-coherent carbides could provide trapping sites but the trapping strength was
smaller for the semi-coherent ones.

Thorough investigations performed by Wei and Tsuzaki [29-32] helped in clarifying this discrepancy.
They showed that while incoherent carbides could indeed act as irreversible trapping sites, they could
only be filled at elevated temperatures and hence not by electrochemical charging at room
temperature. In their studies, the hydrogen at elevated temperatures was provided by the water-vapor
oxidation during tempering in a non-protective atmosphere. Moreover, they showed that the
hydrogen was trapped inside the bulk of these carbides rather than at the incoherent interface.



Considering the TiC crystal structure, they proposed the carbon-vacancies inside TiC were responsible
for the strong trapping. Consequently, the necessity for elevated temperatures was related to a high
barrier for hydrogen migration inside the carbides. On the other hand, coherent and semi-coherent
carbides were able to trap hydrogen relatively strongly after electrochemical charging but not at
elevated temperatures. In this case, the trapping sites were related to the (semi-)coherent interface
and more specifically the misfit dislocation cores. The elastic strain field was considered to be only very
weakly attracting hydrogen and hence did not contribute to the trapping. As these trapping sites were
filled after electrochemical charging no high energy barrier to enter the trapping sites was expected.

Di Stefano et al. [33] used density functional theory (DFT) calculations to study the hydrogen trapping
by TiC. They found that hydrogen binds very strongly to carbon-vacancies inside the TiC, with binding
energies of around 105 klJ/mol, while misfit dislocations at the semi-coherent TiC/Fe interface provided
less strong binding to hydrogen (with a binding energy of around 44 kJ/mol). The incoherent interface
and perfectly coherent interface were only weakly attractive for hydrogen. Moreover, they reported
an extremely high energy barrier for hydrogen to enter the TiC. Thus, these results were in perfect
agreement with the findings of Wei and Tsuzaki. Since then multiple studies have been performed on
the hydrogen trapping behavior of TiC after electrochemical charging [16, 34-38]. These studies
showed that fine precipitated carbides could trap high amounts of hydrogen at their (semi-) coherent
interfaces with fairly strong activation energies ranging from 40 kJ/mol to 60 kl/mol. Depover et al.
[16] even reported even higher activation energies of 70 and 117 klJ/mol which they related to the
semi-coherent carbide/matrix interface. Moreover, the trapping capacity appeared to depend on the
carbide sizes. Depover et al. [16] reported the carbides smaller than 30 nm to have the highest trapping
capacity, while carbides with a size of 70 nm were unable to trap due to the incoherent character of
their interface. More in-depth information on the trapping by TiC after electrochemical charging was
obtained via a model-based evaluation of TDS spectra as was done by Drexler et al. [34, 39] For this
purpose, they developed a trap-diffusion integrated finite element model which allowed a more in-
depth interpretation of the experimental spectra obtained in [3]. As such they were able to not only
obtain trap binding energies but also trap densities. Correlating this information to experimental
microstructural characterization and atomistic simulation data on binding energies, four different
trapping sites linked to the precipitated TiC could be identified. An overview of their findings is given
in Table 1. Again the broad semi-coherent interface was found to be the most important for trapping,
and more specifically the carbon-vacancies at the interfaces. However, they also reported very strong
trapping (with binding energy of around 103kJ/mol) by carbon-vacancies inside small titanium
carbides. Atom probe tomography (APT) studies [35, 40-42] were able to visualize the hydrogen, or
actually deuterium (D) atoms trapped at the carbides. In this case the needle specimen were
cathodically charged using D,0. Takahashi et al. [35] observed a homogeneous segregation of D atoms
at the broad interface of larger (i.e. semi-coherent) precipitated TiC. However, no D was found at
carbides smaller than 3 nm. Consequently they related the deep hydrogen trapping to defects at the
broad semi-coherent TiC/matrix interface, being either carbon-vacancies or misfit dislocation cores.
However, only limited interest has been paid to the trapping ability from a gaseous hydrogen-
containing environment at elevated temperatures, while this being relevant for introduction during
various production stages, e.g. heat treatments, galvanization, etc., and also in future hydrogen
economy related applications.

In order to address this knowledge gap, this study focuses on the hydrogen trapping effect from a
gaseous hydrogen containing environment at elevated temperature. In contrast to previous studies
[29-32, 43], tempering was performed in a controlled dilute gaseous hydrogen atmosphere. To
evaluate the effect of the undissolved carbides, two Fe-C-Ti alloys, differing in carbon and titanium
content, were studied. Improved insight in the hydrogen trapping was obtained via combination of



experimental evaluation of the hydrogen interactions by TDS and melt extraction, together with
detailed microstructural analysis and thermodynamical calculations.

Table 1: overview of different trapping sites and corresponding binding energy and density related to precipitated TiC, as

reported in [34]
Trap Trapping site Binding energy Trap density
(kJ/mol) (mol/mm3)

1 Coherent interface 20-28 4x10°-10°

2 Carbon-vacancy at (semi-)coherent 55-60 1-6 x 107
(001)re/(001)ric interface

3 Carbon-vacancy at incoherent 71-81 5x10°-2x10°
(110)re/(001)ric interface

4 Bulk carbon-vacancy 93-104 3x10°-5x1010

Materials and Methods

Two different generic Fe-C-Ti materials were used in this study, for which the composition is given in
Table 2. The steels were laboratory cast in a Pfeiffer VSG100 incremental vacuum melting and casting
unit under an argon gas atmosphere and subsequently hot and cold rolled to a final thickness of 1mm.
The cold rolled materials were subjected to a quench and temper treatment, in order to obtain a
martensitic matrix containing titanium carbides. Austenitization was performed at 1250 °C in an air
resistance furnace, followed by quenching in brine. According to the solubility product of the
stoichiometric TiC [44], this corresponded to a dissolved carbon and titanium content of around 0.060
wt% and 0.238 wt%, respectively. Hence, a considerable, but different, amount of undissolved carbides
was present in both Ti-containing alloys.

Table 2: Chemical composition of the materials, given in wt%
C Ti Vv Al N impurities
Fe-C-Ti(A) 0.202 0.740 0 0.02-0.03 0.0015-0.0020 0.0005-0.0010S
0.0010-0.0020 P
Fe-C-Ti(B) 0.313 1.340 0 0.02-0.03 0.0015-0.0020 0.0005-0.0010S
0.0010-0.0020 P

Tempering was performed at 600°C for 1h, in a tube furnace, either in air or in a hydrogen containing
atmosphere at ambient pressure. Consequently, gaseous hydrogen charging could be performed
simultaneous with tempering. All samples were discs with a diameter of 2 cm, punched from the as-
quenched (asQ) plate. Grinding of the sample with #500 SiC paper allowed the removal of the oxide
layer and similar surface roughness for all samples. In order to have good control over the
temperature, the sample was positioned in the furnace by a thermocouple. A schematic visualization
of the used set-up is shown in Figure 1. In case of hydrogen charging, the furnace was flushed with
formier gas (containing 5% H; and 95% N,) before insertion of the sample and a constant flux of
approximately 50 I/h of formier gas was applied during tempering in order to maintain the
atmosphere. Similarly for tempering in air, a flux of 50 |/h of air was blown through the furnace. After
tempering the samples were quenched in water and immediately tested to minimize hydrogen
effusion.



Thermocouple

O [
o: o
: @
= Sample @
[ O
Heating

T Elements
5% 11,-95% N,
Gas

Figure 1: Schematic illustration of the set-up for gaseous charging at high temperature.

Characterization of the hydrogen/microstructure interactions was performed by hot extraction and
TDS measurements using a Galileo G8 setup. During hot extraction measurements, the samples were
subjected to a constant temperature of 950°C for 10 min and the desorbed hydrogen is transported
via a N> flow to a TCD detector, allowing determination of the total hydrogen content of the samples.
On the other hand, during TDS the samples were subjected to a constant heating rate (600 °C/h,
900°C/h, and 1200°C/h) and the hydrogen desorption rate was measured. In this case, the hydrogen
desorbed is transported via a N, flow to a mass spectrometer, allowing the measurement of hydrogen
per cycle of around 1.7 seconds.

Microstructural characterization was performed by scanning electron microscopy (SEM) together with
energy dispersive X-ray (EDX) analysis. Etching with Nital 10% was done in order to reveal the
martensitic matrix and TiC. However, in order to evaluate the carbide distributions, polished
(unetched) samples were investigated. For each sample 15 images were taken, all at the same
maghnification. Based on the color contrast between matrix and precipitate, Imagel was able to identify
the carbides as particles. As such, area fractions of the precipitates could be obtained and the length
of the major and minor axis of the fitted ellipses was used as an indication for the carbide sizes.
Additionally, transmission electron microscopy (TEM) analysis was performed in order to study the
small carbides. Thin foil samples for TEM observation are prepared by mechanical grinding and
polishing the sample to a thickness of around 100 um. Discs with a diameter of 3 mm are cut from the
slice and are thinned in the central region by electropolishing using a twin jet method and a mixture
of perchloric acid (4%) and acetic acid as electrolyte.

Results and Discussion

Microstructural analysis of the Fe-C-Ti alloys by SEM and EDX indicated that both materials had a
tempered martensitic matrix containing many relatively large titanium carbides, as can be seen from
Figure 2. These large carbides can be considered as the undissolved carbides since the precipitated
carbides would be too small for observation via SEM. Moreover, the undissolved carbides appeared to
be present in different shapes, i.e. elongated particles as well as round and square particles could be
observed. The carbide shape is determined by the interfacial energy, and hence depends both on the
matrix in which they are formed and the dimensions. Generally, disc-like particles are associated to TiC
precipitated in a ferritic (BCC) matrix following the Baker-Nutting orientation relationship (OR) [45].
On the other hand, particles nucleated in the austenitic (FCC) matrix are reported to have both
spherical and cuboidal shapes due to the cube-on-cube OR [46, 47]. Additionally, it has been reported
that precipitates formed during the isothermal austenite to ferrite transformation, tend to adopt the
Baker-Nutting OR and the corresponding disc shape while they are formed along the moving
austenite/ferrite interface. However, they are typically distributed in a band-type fashion [47-51].



Consequently, the undissolved carbides in the Fe-C-Ti alloys probably originated from nucleation in the
austenitic phase, together with interphase precipitation. The precipitated carbides on the other hand
were much smaller and hence could only be visualized by TEM. While mainly disc-shaped carbides
were observed, some round particles could be found as well. An example is given in Figure 3.
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Figure 2: SEM images of the Q&T Fe-C-Ti (a) alloy A and (b) alloy B with the corresponding EDX elemental maps. Some TiC
particles are indicated by black arrows

Figure 3: TEM image of the Q&T Fe-C-Ti alloy B, white arrows indicate undissolved TiC while black indicate precipitated.

Considering the similar austenitization temperature and tempering treatment of both alloys, a similar
amount of carbon (and correspondingly titanium) should have dissolved during austenitization, leading
to a similar amount, shapes and sizes of precipitated carbides, while a distinctly different amount of
undissolved carbides could be expected. Therefore, focus lays on the SEM characterization and Image)
analysis of the SEM images was performed to estimate the undissolved TiC area fraction together with
the corresponding carbide size distribution. As expected, a higher area fraction was found for alloy B
(2.74 £0.55 %) than for alloy A (1.63 + 0.46%). The resulting histograms of the carbide sizes (both major



and minor axis) are shown in Figure 4. It appears that alloy B contained a higher fraction of large
carbides while alloy A contained a higher fraction of smaller precipitates.
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Figure 4: Histogram of the carbide sizes for the Q&T Fe-C-Ti alloy A and B, based on the ImageJ analysis of SEM images.

The hot extraction results, given in Figure 5, of the samples tempered in air versus tempering in
hydrogen showed a strong increase of the hydrogen content after tempering in the hydrogen
containing atmosphere. Hence, a considerable amount of hydrogen was introduced from the gaseous
environment during tempering, despite the very low hydrogen partial pressure. According to Sievert’s
law and based on the results from Hirth [52, 53], the amount of hydrogen that could be absorbed by
the iron lattice from a partial pressure of 0.05 bar at 600°C is around 0.145 wppm, which is considerably
lower than the observed amount of hydrogen. Hence, the additional hydrogen introduced could be
related to hydrogen trapped by the titanium carbides. Moreover, a significantly higher amount of
hydrogen was introduced in alloy B than in alloy A, which already indicated that the undissolved
carbides were mainly responsible for trapping as they were more frequently present in alloy B.
However, it must be noted that a minor contribution of the precipitated, i.e. smaller, carbides could

not be excluded.
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Figure 5: Hydrogen content as determined by hot extraction at 950°C of the Fe-C-Ti alloy A and B after tempering in air or in
a hydrogen containing atmosphere.

Analysis of the trapping sites was done by TDS. Figure 6 shows the TDS spectra of the gaseously
hydrogen charged samples. A high temperature peak between 500°C and 900°C appeared for both
alloys, indicating very strong trapping. This nicely agrees with the results from Wei et al. [29-32] and
Perez Escobar et al. [43], who observed a TDS peak in a similar temperature range for titanium-carbide



containing steels and they related this peak to hydrogen trapping by the carbon-vacancies in the bulk
of the undissolved TiC or at the incoherent interfaces. Considering the same peak temperature range,
similar activation energies could be expected for alloy A and B, despite the differences in carbide size
distribution. However, large deviations on peak shape and maximum temperature were observed for
different samples and different heating rates. Consequently, no consistent deconvolution of the
desorption peak into multiple peaks to account for different trapping sites could be obtained and
hence the method of Choo and Lee [54] based on the Kissinger equation [55] for determination of the
de-trapping activation energy could not give reliable results in the present case. This is in contrast to
the findings of Perez Escobar et al. [43], who studied hydrogen trapping in a titanium containing steel
tempered at various temperatures under a 1 bar pure H, atmosphere. They also observed a high
temperature peak, which after deconvolution into Gaussian peaks revealed the presence of up to three
sub-peaks. Application of the Choo-Lee method resulted in an activation energy of around 135 kJ/mol
for the first peak and around 150 klJ/mol for both the second and third peak. The existence of two
different peaks with similar activation energy was linked to a difference in pre-exponential factor in
the Kissinger equation. However no physical interpretation was given for this effect, nor was it linked
to any microstructural effect. Additionally, tempering above 600°C resulted in the disappearance of
the first peak but no significant change upon tempering was reported for the second and third peak
was reported. They observed a slight increase in carbide size with increasing annealing temperature,
but no link was made between the microstructural changes and the variations in TDS peaks. Rather, all
peaks were simply related to trapping by carbon-vacancies in the bulk of the titanium carbides. Wei
and Tsuzaki [29-32], on the other hand, reported a single high temperature peak but they observed a
wide range of activation energies from 68 kJ/mol to 137 kJ/mol for this peak, depending on material
composition, austenitization temperature, and tempering/charging temperature. However, no clear
correlation between carbide size or structure and the activation energies was reported as well.
Consequently, ambiguity still exists upon number of trapping sites related to the carbon-vacancies and
influence of carbide sizes and structures.
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Figure 6: TDS spectra of Fe-C-Ti alloys A and B tempered for 1h at 600°C in the gaseous hydrogen containing environment.
Measurements of two different samples are shown for each condition, one as solid and one as dashed line, visualizing
experimental variations due to varying carbide density in the microstructure.

Theoretical calculations performed by Di Stefano et al. [33] indicated the presence of only two sites
with strong binding ( Eg higher than 60 kJ/mol), i.e. the carbon-vacancies at the interface (Eg= 87
kJ/mol) and bulk carbon-vacancies (Es= 105 kJ/mol). While DFT studies performed by Hammer et al.
[56] indicated a lowering of the binding energy upon the addition of Mo and V, no change in binding



energy due to variations in carbon-vacancy concentration have been reported [33]. This would mean
that maximal two trapping sites with different binding energy are presently active in the titanium
carbides at the elevated temperature. Additionally, due to the large volume of the carbides, the bulk
carbon-vacancy concentration is expected to be much higher than the interface carbon-vacancies,
resulting in one main hydrogen binding energy site. However, a much higher activation energy for
hydrogen to leave the carbon-vacancy was found when it is isolated than in the case of connected
carbon-vacancies, i.e. 170 kJ/mol vs 114 kJ/mol, respectively. This is consistent with the experimental
study by Nguyen et al. [57], revealing easy hydrogen diffusion through sub-stoichiometric TiC
containing connected vacancies while TiC without a well-developed carbon-vacancy network showed
very difficult hydrogen diffusion. Consequently, detrapping of hydrogen from a bulk carbon-vacancy
will be influenced by the carbon-vacancy concentration and ordering. Moreover, desorption of
hydrogen not only requires simple detrapping from the carbon-vacancy but also diffusion throughout
the titanium carbide. Energy schematics based on the DFT calculations of Di Stefano et al. [33] are
shown in Figure 7. Clearly, desorption of hydrogen is strongly affected by the number of jumps
throughout the carbide, i.e. the carbide size, as well as carbide structure and vacancy concentration.
Consequently, a distribution of carbide sizes and variances in carbon-vacancy concentration/network
formation might result in an irregular desorption peak in the TDS spectrum, looking similar to
multicomponent trapping. Therefore, the observed discrepancies in the TDS spectra could be due to
small material and processing variations leading to differences in carbide size distributions and
structures for different samples.
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Figure 7: Schematic drawing of the energy profiles experienced by hydrogen atoms in titanium carbides containing (a)
isolated vacancies and (b) a connected carbon-vacancy network. (Based on the work of Di Stefano et al. [33])

Consequently, literature data allowed clearly linking the observed hydrogen uptake and trapping at
elevated temperatures to the carbon-vacancies in the titanium carbides based on both DFT
calculations and experimental data. Subsequently, Factsage was used to calculate an estimated
equilibrium amount of carbon-vacancies in the TiC for the different steel compositions, which is shown
in Figure 8. It can be seen from this figure that the carbon-vacancy concentration in alloy A
continuously decreased towards zero with decreasing temperature, while for alloy B it decreased to a
constant value of around 5.8E-3 mol/cm3yic. This difference could be related to the off-stoichiometric
composition of the alloys. Alloy A contained an excess of carbon, while alloy B was depleted in carbon.
Hence, alloy B did not contain sufficient carbon to form TiC completely free of vacancies and thus the
minimum amount of vacancies present in this alloy was determined by the carbon deficit rather than
by the vacancy formation energy. Multiplication of the equilibrium carbon-vacancy concentration at
600°C with the carbide content in the sample, as predicted by Factsage, allowed estimating the amount



of available trapping sites and hence the maximum possible hydrogen content. For alloy B, this resulted
a maximum hydrogen solubility of 19.44 wppm. However, for alloy A a maximum solubility of only 3.85
wppm hydrogen was found by this approach. This discrepancy could be related to the dependence of
the carbon-vacancy concentration on the carbide precipitation temperature. Indeed, the undissolved
carbides were formed at a higher temperature than the precipitated carbides. Consequently, these
carbides should have a much higher vacancy concentration than predicted for 600°C. A decrease of
the carbon-vacancy concentration towards the 600°C equilibrium value would require a considerable
transport of carbon within the carbide. However, the energy barriers for carbon diffusion in the
titanium carbides are reported to be very large [33, 58-60]. Therefore, the vacancies in the undissolved
carbides can be considered as “frozen in” and no changes occurred in the carbon-vacancy content of
the undissolved carbides during the tempering for 1h at 600°C. The resulting total amount of carbon-
vacancies could thus be estimated by using the equilibrium concentration at 600°C only for the
precipitated carbides and the equilibrium concentration at the austenitization temperature for the
undissolved carbides. This resulted in a maximum hydrogen solubility of 13.69 wppm for alloy A, with
12.61 wppm in the undissolved and 1.07 wppm in the precipitated carbides. Using the same approach
for alloy B, a total solubility of 30.26 wppm hydrogen was obtained, for which 26.79 wppm in the
undissolved and 3.47 wppm in the precipitated carbides. Hence, the undissolved carbides were
confirmed to be the main trapping sites providers while the precipitated carbides might only make a
small contribution.
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Figure 8: Equilibrium C-vacancy concentration in TiC as a function of temperature calculated by Factsage for both Fe-C-Ti
alloy compositions. The different regions of the matrix phases are indicated as well. Higher C-Vacancy concentrations can be
expected for the undissolved carbides ( T=1250°C) than for the precipitated carbides (T=600°C).

In the case of one binding energy for all carbon-vacancy related trapping sites, one can estimate the
trap binding energy assuming saturation has been reached and considering local equilibrium between
the interstitial lattice sites and the carbon-vacancies inside the TiC, as is represented by the equation
given below:

H, +V; =V, +Hy (1]

With H; the hydrogen atom in interstitial lattice position, V; a vacant trapping site, V; a vacant lattice
site and Hy hydrogen in the trapping site. Consequently, at equilibrium the different concentrations
are given by equation 2.

it = Avexp (- 2) 2]

cp*(Nt—cr) RT



With c;and cy the concentration of lattice and trapped hydrogen, respectively, N the concentration
of interstitial lattice sites, and N the trap density, all in mol/m3, Ej the binding energy in J/mol, A
the pre-exponential factor (related to the entropic contribution), R the ideal gas constant and T the
temperature in K. For N, the above calculated values for the concentration of carbon-vacancies could
be used. It must be noted that by tempering in a hydrogen-containing environment TiC precipitation
could be affected by the presence of hydrogen, possibly resulting in a higher concentration of carbon-
vacancies. However, not the precipitated carbides formed upon tempering but the undissolved
carbides were found to be of major importance. These carbides were already present before start of
hydrogen charging (and tempering). Moreover, change of carbon-vacancy concentration would
require long range migration of C through the carbides which is characterized by very high activation
energies (235 kJ/mol-396 kJ/mol) [33, 58-60], whereas hydrogen diffusion throughout the TiC is much
easier (26 kJ/mol-45kl/mol [33,61] for interstitial diffusion, 87 kJ/mol for vacancy-mediated diffusion
[32]). Therefore, it is reasonable to assume that presence of hydrogen does not significantly affect the
bulk carbon-vacancy concentration. The trapped hydrogen concentration ¢ was determined by the
hot extraction measurements while the lattice hydrogen concentration was assumed to be equal to
the equilibrium concentration induced in the steel at 600°C for a hydrogen partial pressure of 0.05 bar,
based on Sievert’s law. For A and N values were taken from literature. Based on literature data [31,
34, 39, 62, 63], the pre-exponential factor was set to 1. Various values have been reported for the
concentration interstitial lattice sites. Therefore, Eg was calculated for some of the different reported
values of N, to evaluate its effect on the obtained value of Eg. An overview of the different parameters
used in this calculation is given in Table 3 and the resulting Eg values are summarized in Table 4.

As a result, binding energies ranging between 80 kJ/mol and 90 kJ/mol were obtained depending on
the used value for N; . These values are in the range obtained by Wei and Tsuzaki [29-32] and are also
in relative good agreement with the DFT calculated values reported in literature [33, 64].
Consequently, the estimated binding energies nicely agree with the binding to the bulk carbon-
vacancies in TiC. The increase in number of trapping sites present due to addition of the precipitated
carbides resulted in only very small decrease of the value obtained for Es. Consequently, minor
contribution of the precipitated carbides could still not be fully excluded. More importantly, very
similar binding energies were found for alloy A and B, in perfect agreement with the TDS
measurements. Consequently, the binding energy of hydrogen to the carbon-vacancies could be
assumed to be very similar in both alloys, despite the different carbide sizes. However, it must be noted
that due to the high barriers for hydrogen migration inside the carbide [33, 65], uncertainty remains
on the distribution of hydrogen within the TiC which might impact the validity of the local equilibrium
approach. Therefore, tempering for longer time (21h) in the hydrogen atmosphere was done for both
alloys. This resulted in a slight increase of the H content to 4.83 + 0.31 wppm and 7.79 + 0.34 wppm
for alloy A and B, respectively. However, the corresponding impact on the binding energy values was
negligible (maximum decrease of 1.1 kJ/mol). It must be noted that the above analysis is only valid in
the case of one binding energy site, i.e. the bulk carbon-vacancy in analogy to the theoretical work by
Di Stefano et al. [33]. Considering the large volume of the carbides, it is reasonable to assume bulk
carbon-vacancies are much more abundant than the carbon-vacancies at the interface, and hence
trapping by the interface may be neglected.



Table 3: Concentration values used in calculation of binding energy (given in mol/m?3).

Parameter concentration source

‘L 1.13 [52]

873464 [31]
140997.4  [63]

N
L 204100  [62]
833000 [34, 39]
c 34.22 Hot extraction value for alloy A
T 58.28 Hot extraction value for alloy B
Carbon-vacancy concentration in undissolved carbides in alloy A
98.52 .
as determined by Factsage
Carbon-vacancy concentration in undissolved and precipitated
106.9 . .
N carbides in alloy A as determined by Factsage
T Carbon-vacancy concentration in undissolved carbides in alloy B
209.28 .
as determined by Factsage
236.40 Carbon-vacancy concentration in undissolved and precipitated

carbides in alloy B as determined by Factsage

Table 4: Calculated binding energies (in ki/mol) corresponding to different interstitial lattice positions as reported in
literature.

Undissolved & N;

Undissolved . .
precipitated
93.8 92.9 [31]
80.6 97.7 [63]
Alloy A
oY 83.2 82.4 [62]
93.5 92.5 [34, 39]
91.5 90.3 [31]
78.2 77.0 [63]
Alloy B
oY 80.9 79.7 62]
91.1 89.9 [34, 39]

Conclusions

In this study, generic Fe-C-Ti alloys were subjected to a quench and temper treatment where the
tempering environment was either air or a 5% H;-95% N, mixture. As such the hydrogen uptake due
to trapping at elevated temperatures could be evaluated. It was shown that the Fe-C-Ti alloys were
able to trap considerable amounts of hydrogen, resulting in a high temperature peak in the TDS
spectrum, which was related to the strong binding of hydrogen to carbon-vacancies inside the titanium
carbides. The main contribution was attributed to the undissolved, incoherent carbides, which was
related to their high carbon-vacancy concentration as well as their significant volume. The small
carbides precipitated during tempering did not contribute to the hydrogen trapping or only to a very
limited extent. Consequently, the (semi-)coherent interface and low carbon-vacancy density made the
small nucleating carbides unsuitable for hydrogen uptake at high temperatures.

Due to variations in desorption peak shapes and positions no reliable activation energy could be
obtained from the TDS spectra. However, a theoretical binding energy could be determined based on
the trapped hydrogen content and assuming equilibrium between hydrogen in lattice and in trapping



sites. For both alloys, very similar binding energy values of around 85 klJ/mol were obtained,
independent of the undissolved carbide size. Further investigations should confirm these calculations.
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