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GRAPHICAL ABSTRACT
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and VC precipitates. charge them with H. SSRT to assess HE. observation of H in incoherent precipitates.
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Introduction

The automotive industry has been on the forefront
of the search for new high-strength steel grades for
decades. With the development of third-generation
advanced high-strength steels (AHSS), the industry
seeks to combine high strength with high ductility at
a low cost. Doing so allows for creating more light-
weight vehicles in order to reduce CO, emissions
without compromising on passenger safety [1-4].
However, AHSS are especially vulnerable to hydro-
gen embrittlement (HE) because their microstructural
features, such as high grain boundary densities, inter-
phase boundaries and strain-induced martensite, are
significantly affected by hydrogen [5-9]. In the worst

case, HE can manifest itself as sudden premature fail-
ure of parts.

One possible solution to HE that has received much
attention is the use of carbides precipitated in the
matrix as both a strengthening mechanism and a trap
for hydrogen [10-18]. Carbides are associated with
high activation energies, E 5, for hydrogen to leave
specific traps and occupy different sites [19]. High acti-
vation energies decrease the overall concentration of
diffusible hydrogen, which has been shown to be the
main contributor to HE because it can diffuse towards
critical areas in the microstructure around room tem-
perature [11-13, 20, 21]. These critical areas can, for
example, be interfaces [22] or crack tips [23], where
the hydrogen contributes to crack initiation or growth,

Table 1 Overview of

. . . Carbide Coherency and type of trap E A [kJ/mol] Type of study
different activation energies
obtained from literature, TiC Coherent precipitates 42-59 [18, 24, 25] Experimental
converted to kJ/mol (1 eV = Coherent (Interface C-vacancy) 99-103 [29, 33] Numerical
96.5 kJ/mol) Semi-coherent (Interface dislocation) 55.8 [17] Experimental
48 [27] Numerical
Incoherent precipitates 53-145 [16, 39, 40] Experimental
Bulk C-vacancy 105-113 [29, 30] Numerical
80-90 [14, 17] Experimental
VvC Coherent (Interface C-vacancy) 37-56 [29, 32, 33] Numerical
60 [31] Experimental
Semi-coherent (Interface) 52-58 [12] Experimental
Bulk C-vacancy 3-116 [29, 30, 36, 37, 41] Numerical
62-67 [12] Experimental
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resulting in HE. Hydrogen traps associated with pre-
cipitates have been shown to have a wide range of acti-
vation energies. These vary not only between different
precipitate types, but also within each type, predomi-
nantly with the precipitate size and as a consequence
its coherency with the matrix.

Two of the most frequently studied precipitate types
are titanium and vanadium carbides. Table 1 lists sev-
eral values for hydrogen activation energies associated
with different locations in these precipitates. TiC pre-
cipitates that are coherent with the matrix were experi-
mentally found to have the lowest activation energies,
ranging from 42 to 59 kJ/mol, which are attributed
to traps on the interface between coherent TiC and
the matrix [24, 25]. When the TiC precipitates reach
a size of approximately 4.2 nm, the lattice mismatch
between the precipitate and the matrix necessitates the
creation of misfit dislocations on the precipitate/matrix
interface [26]. These dislocations can also trap hydro-
gen and have been shown both experimentally and
numerically to have activation energies very similar
to the coherent interface [17, 27]. Eventually precipi-
tates grow to become fully incoherent with the matrix.
These TiC precipitates have been shown to strongly
trap hydrogen [14], with an experimentally measured
activation energy of up to 145 kJ/mol [16]. Debate is
still ongoing, however, about where exactly hydrogen
is trapped in these carbides. Atom probe observations
by Takahashi et al. [28] suggest trapping at the inter-
face of semi-coherent carbides. Interface trapping is
also suggested by several other authors in studies on
larger incoherent precipitates [16, 24]. These authors
observe a reduction in trapped hydrogen with increas-
ing precipitate size as a result of a reduction in total
interface area. However, Wei et al. instead postulate
that the amount of hydrogen trapped in TiC corre-
sponds to their total volume [17]. This last finding is
supported by a recent study by Vandewalle et al. who
assume trapping to happen mainly at carbon vacancies
in the bulk of incoherent TiC precipitates based on the
larger equilibrium C-vacancy content in the bulk rela-
tive to the interface [14]. Numerical studies agree that
C-vacancies in bulk TiC form good hydrogen traps,
with activation energies ranging from 105 to 113 kJ/
mol [29, 30]. Clearly, further investigation is required
to identify the actual trapping site of H in incoherent
TiC precipitates.

For VC precipitates, there is more consensus on the
nature of hydrogen trapping. Malard et al. performed
neutron scattering experiments that suggest hydrogen

trapping inside precipitates rather than on the inter-
face [15]. This is confirmed by atom probe analysis
that Takahashi et al. performed [31]. They conclude
that hydrogen is stored inside the carbon vacancy on
the coherent interface of small VC precipitates and
find an activation energy of 60 kJ/mol. The same trap-
ping site has been calculated numerically by several
authors who find activation energies between 37 and
56 kJ/mol [32, 33]. Incoherent vanadium carbides have
been shown to have an abundance of carbon vacancies
and in fact often have a different stoichiometry such
as V,C; or V,C; [34, 35]. This abundance of vacancies
creates many possible sites for hydrogen trapping.
Kawakami and Matsumiya calculate an activation
energy of 116 kJ/mol [36] for C-vacancies in incoher-
ent vanadium carbides, which is a high value com-
pared to recent studies that find between 3 and 36 kJ/
mol [29, 30, 37]. These values are rather low, but could
be improved by doping the precipitates with transi-
tion metals [38]. On the other hand, an experimental
study by Depover et al. attributes activation energies
of 62-67 kJ/mol to the same traps [12]. Overall, the
amount of studies in literature that focus on hydro-
gen trapping in vanadium carbides is rather limited
compared to those that study titanium carbides. To
the best of the authors” knowledge, no direct evidence
of trapping in incoherent vanadium carbides has been
found.

Needless to say, titanium and vanadium carbides
provide an interesting opportunity for study of their
effects on HE. Several approaches have been taken in
the literature. The most common approach is to charge
a steel containing the carbides of interest using elec-
trochemical methods at room temperature [11, 12, 18,
40]. These studies, however, fail to charge hydrogen
into the bulk of incoherent precipitates since the inco-
herent interface creates a diffusion boundary that can-
not be overcome at room temperature [12, 16, 17]. The
alternative is to charge steel with hydrogen during an
annealing treatment in a hydrogen-containing atmos-
phere. This charging method is especially relevant to
study hydrogen absorption during steel production
stages such as hot-rolling or galvanising, as well as
the performance of steels in hydrogen storage and
transport applications. However, studies that used
this method of high temperature gaseous hydrogen
charging mostly performed them only on large semi-
or incoherent carbides [14, 16, 18]. While these precipi-
tates enhance hydrogen trapping capacity, smaller car-
bides are preferred as a strengthening mechanism in
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steels [18, 31, 42, 43], so a trade-off between precipitate
size and trapping capacity is likely required to achieve
the best overall performance. A clear knowledge gap
exists on the hydrogen trapping capacity of coherent
or semi-coherent carbides and the effect thereof on
the HE of their steels after high-temperature charg-
ing. Therefore, this work aims to investigate the effect
of the precipitate size and coherency on the hydrogen
absorption and embrittlement of the TiC and VC steels
after hydrogenation in a high temperature gaseous
hydrogen environment.

Materials and methods

Two experimental single-phase ferritic high-strength
low-alloy (HSLA) steels containing either titanium or
vanadium carbides were cast by Tata Steel in I[Jmuiden
for use in this research. The compositions, shown in
Table 2, were chosen for maximum precipitation of
TiC and VC. The Ti:C and V:C atomic ratios were
matched as close to 1:1 as possible to achieve this. The
as-received (AR) materials from Tata Steel were fully
austenised before being hot rolled to a thickness of
3.5 mm. The slabs were cooled quickly to 630 °C after
hot rolling and then subsequently cooled in a furnace
to replicate slow coil cooling speeds. Hot rolling took

Table 2 Summarised alloy contents of the TiC and VC alloys in weight %, determined using X-Ray Fluorescence (XRF)

Alloy type C Mn Al Si Ti v Trace elements Balance Fe
TiC 0.07 1.7 0.01 0.01 0.30 - 0.04 97.8
vC 0.07 1.8 0.01 0.02 - 0.31 0.03 97.8

Figure 1 TEM images of
small precipitates in the
as-received a TiC and b

VC alloys. ¢ and d Show
the fast Fourier transform
(FFT) image analyses of
the images in (a) and (b),
respectively. Zone axis

<l 10>carbide//<010>ferrite
was used, which shows that
{001 }carbide i {001 }ferrite’
according to the Baker—Nut-
ting orientation relationship
(OR).
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Figure 2 Normalised TiC and VC precipitate size distributions
in the AR alloys. Sizes are the average (y/length % width) sizes of
platelet-shaped precipitates.

place entirely in the austenitic region (above Ar3) with
the austenite-to-ferrite phase transformation and pre-
cipitation nucleation and growth in the ferrite phase
starting from the fast cooling and continuing up to the
initial residence period in the furnace set at 630 °C.
Both microstructures are fully ferritic except for the
second-phase precipitates.

Figure 1 shows Transmission Electron Microscopy
(TEM) images of the TiC and VC precipitates in AR
state. The TiC precipitates were found to be plate-
lets with an average width of 6 nm and a thickness
of 2 nm. The VC precipitates also appear as platelets,
with a similar width but a smaller thickness of about
1 nm. An overview of the size distribution of precipi-
tates in both compositions is given in Fig. 2. As can be
observed in this figure, some larger precipitates were
already present in both steels, but they only occur
sparingly. Furthermore, both these precipitate types
were found to comply with the Baker-Nutting orien-
tation relationship (OR) ({001} rpige // {001} ¢errite and
<110>, pige//<010>¢1ite) Detween the precipitate and
the matrix.

The steels were subjected to four different annealing
heat treatments for this research. The main reason for
these treatments was to grow the precipitates. Austen-
ite start temperatures (A1) were determined as 729 °C
for the TiC alloy and 696 °C for the VC alloy using the
Thermo-Calc software package [44]. Ioannidou et al.
studied the same VC composition and find a similar
Al temperature as well as no austenite formation after
holding at 650 °C [45]. Following their approach, and
in order limit grain growth and possible precipitate
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dissolution, heat treatment temperatures were kept
below the Al temperatures and all heat treatments
were performed at 700 °C for the TiC alloy and 650
°C for the VC alloy. To grow the precipitates to dif-
ferent sizes, heat treatment durations of both 2 h and
20 h were used. These times exclude a 5 °C/min heat
up and a furnace limited cooling down (+ 1 °C/min).
The second reason for utilising heat treatments was to
charge the precipitates with hydrogen, to which end
both heat treatments were also performed in a pure
hydrogen atmosphere. The short 2 h heat treatments
were performed in H, gas for the full duration. The
long 20 h treatments were performed in N, for 18 h,
followed by H, for 2 h. Only the last 2 h and the cool-
ing down were performed in hydrogen for these treat-
ments to exclude any effect of the gas on precipitate
growth during the first 18 h. Lastly, both heat treat-
ment durations were also performed in pure N, as a
reference. Table 3 gives a concise overview of the heat
treatments and how they will be designated through-
out this paper. Before heat treatment, the surface of
each specimen was sanded up to P1000 grit to create a
repeatable surface finish.

Microstructural characterisation

After heat treatment, some specimens were prepared
for microstructural analysis. Samples were cut and
polished up to a 1 um diamond finish for hardness
measurements and scanning electron microscopy
(SEM). Macro-hardness measurements were per-
formed on an automatic Vickers hardness testing
machine. The HV2 was recorded for all heat treat-
ment conditions, where indents were at least 100 um
in size diagonally to be spaced over multiple grains.
Extra OPS 0.04 pm finishing was performed for elec-
tron backscattering diffraction (EBSD) measurements.

Table 3 An overview of different heat treatments used in this
study and their designation throughout this article. All heat treat-
ments were performed at 700 °C for the TiC alloy and 650 °C for
the VC alloy

Heat Treatment Designation

2hinN, SN (short nitrogen)

2hinH, SH (short hydrogen)

20hinN, LN (long nitrogen)

18hinN,+2hinH, LNH (long nitrogen
+ hydrogen)

@ Springer
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EBSD analysis was used to obtain an accurate grain
size distribution, where only boundaries with an angle
of more than 5 degrees were considered. Analysis was
performed on a Thermo Fisher Scientific™Helios™G4
PFIB UXe SEM equipped with an EBSD sensor. In each
case, mappings were made at an accelerating voltage
of 20 kV, a current of 3.2 nA and a step size of 0.085
pm.

Furthermore, TEM analysis was used to charac-
terise the precipitates in both microstructures. Speci-
mens were manually polished to 30 pm thickness,
followed by Ar* ion milling to electron transparency.
A Thermo Fisher Scientific™Cs corrected cubed
Titan™was used, operating at 300 kV. For elemental
analysis in STEM mode, the super-X detector in the
ChemiSTEM™configuration was employed, and TEM
images were collected on a Ceta™16 M camera.

Lastly, Secondary lon Mass Spectrometry (SIMS)
imaging was employed to observe hydrogen trapping
in larger TiC and VC precipitates present in the LNH
heat treatment conditions. For SIMS analysis, samples
of 1 cm? cross-sectional area were embedded in con-
ductive resin and polished up to an OPS 0.04 um fin-
ish. SIMS analysis was carried out using high vacuum
SCIOS-SIMS which is an instrument based on Thermo
Fisher Scientific™FIB-SEM platform with a magnetic
sector mass spectrometer [46]. The mass spectrometer
was developed in-house by Advanced Instrumenta-
tion for Nano Analytics (AINA) group of Luxembourg
Institute of Science and Technology (LIST). The instru-
ment uses “’Ga* primary ions and has a mass resolving
power (M/AM) of 400 [46]. It uses four channeltron
detectors for mass filtered signal detection. In this
work, the samples were biased to — 500 V in negative
mode to extract 'H™ secondary ions and to + 500 V in
positive mode to extract **Ti* and *'V* secondary ions
from the sample. The FIB was operated at an accelera-
tion voltage of 30 kV and probe current of 50 pA. The
background intensity in 'H™ SIMS images is slightly
high due to the high vacuum (not UHV) condition of
the instrument which results in the presence of higher
amounts of hydrogen in the residual gas inside the
chamber (e.g., humidity) [47].

Thermal desorption spectroscopy
Thermal Desorption Spectroscopy (TDS) equipment

was used to analyse the amount of absorbed hydro-
gen in the specimens. This was done on a Bruker

@ Springer

G8 Galileo device equipped with an IR07 infrared
furnace that allows for custom temperature ramp-
ing while continuously measuring the desorbed
hydrogen flux using a thermal conductivity detec-
tor. TDS was performed on steel specimens of 2 X
20 x 110 mm in size, which were first sanded with
P1200 sandpaper to remove any oxidation layer and
create a reproducible surface finish for desorption.
Each combination of steel type and heat treatment
was measured at least 3 times with different heating
rates, namely 1, 0.66 and 0.33 °C/s. All measurements
were performed over a range of 40-900 °C.
Performing TDS measurements at different heat-
ing rates allows for fitting of peak temperatures
according to the simplified Kissinger equation [48]:

dln(d)/sznax) _ EA 1
d1/T,..) R M

In this equation, T,,,, is the peak temperature of a
specific H desorption peak in K, ¢ is the heating rate
in K/s, R is the universal gas constant 8.3415 J- K™"'
mol™!, and E, is the activation energy for hydrogen
desorption of the specific hydrogen trap in kJ/mol. By
fitting In(¢p/ Tﬁmx) to (1/Tax), Ea can be inferred from

the slope.

Mechanical characterisation

Five tensile specimens were prepared and subse-
quently subjected to each heat treatment condition
for mechanical characterisation in a Slow Strain
Rate Tensile (SSRT) test. Figure 3 displays the speci-
men geometry. The specimens were all machined
perpendicular to the rolling direction of the steel
sheets. Before each test, the specimen was sanded
up to a P1200 grit finish to remove any oxide layer

2,0

i

20,0
10,0

40,0

110,0

Figure 3 Drawing of the tensile specimen geometry used for
SSRT testing. Dimensions are in mm.
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and realise a surface finish similar to that of the TDS
specimens. The tests consist of a constant crosshead
displacement of 4.5 mm/h until fracture, which cor-
responds to an original strain rate of 3-107° s™! in the
gauge section. This strain rate was chosen to allow
for sufficient hydrogen diffusion throughout the
specimen during the test according to ASTM G142
and G129 [49, 50]. The tests were performed on a
Zwick Z100 universal tensile tester.

Results and discussion
Grain size evolution

Each sample condition was prepared for EBSD analy-
sis of the grain structure in order to characterise the
grain size evolution after all heat treatment condi-
tions. Areas containing several hundreds of grains
were measured. Representative images of the both

7879

steels after conditions SN and LN (designated VCgy,
VCpn TiCgy and TiCy, respectively) are shown in
Fig. 4. Microstructures resulting from the short 2 h
heat treatment conditions still show some degree of
deformation of the lattice as a result of the hot-rolling
process. This is eliminated after the long heat treat-
ment of 20 h. X-Ray Diffraction (XRD) measurements
confirmed the microstructures after all heat treatment
conditions to be fully ferritic. It was found that grain
growth during the annealing cycles is limited, and the
microstructures of both alloys after long heat treat-
ments are not significantly different from those after
short heat treatment as a result of grain boundary pin-
ning by the nano-carbides. The grains are non-equi-
axed and widespread in areas ranging from < 1 pm?
to occasional grains with areas of > 100 um? Smallest,
average and largest grain areas were obtained from
the EBSD images and are listed in Table 4 as advised
by ASTM E1181 for a random grain size distribution
of large range [51]. A grain area of 0.1 um? was chosen

- ;
35 um

Figure 4 Inverse pole figures of the a TiCqy, b TiCy y, ¢ VCgy and d VC;  conditions, obtained using the OIM Analysis™software.
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as the cut-off point where individual grains can be
accurately distinguished from noise with the chosen
EBSD step size of 85 nm. Only little grain growth is
observed in the TiC alloy even after the long 20 h heat
treatments. Any reduction in strength as a result of the
heat treatments can therefore be attributed to precipi-
tate growth and the resultant over-aging of the micro-
structure. In contrast, the average grain size in the VC
alloy roughly doubles after the 20 h compared to 2 h
so an influence of grain growth on strength reduction
is expected. Since it has been shown in the literature
that high-temperature hydrogen charging does not fill
grain boundaries [14, 16, 26], an influence of varying
grain sizes on HE is not expected.

Precipitate growth

After TEM analysis of all heat treatment conditions,
the acquired images were scanned for precipitates.
The average size (y/length * width) of all visible pre-
cipitates was manually measured from these images,
of which the smallest, average and largest ones are
listed in Table 4. The full distributions are displayed
in Fig. 5a for condition SH and in Fig. 5b for LNH.
Distributions in conditions SN were confirmed to be
identical to that in SH for both alloys, as well as con-
dition LN to that for LNH. It becomes apparent from
Fig. 5a that the TiC precipitates adhere to an approxi-
mate normal distribution around an average of 10 nm.
The VC precipitates, on the other hand, seem to be
somewhat smaller in size. The largest fraction of them
lies around an average of 5 nm, with some occurrences
between 20 and 30 nm in size. Both precipitate types

(a)
25 - = TiC SH
B VC SH
< 20
C
.°
0 15
©
£
o
© 10
€
=]
=2
5_

m < n © ™~ 0 O O = N
~ - -
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m < n © O un o
- <4 4 4 N N ™M
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thus show some growth after a short heat treatment
of 2 h when compared to the AR state, although the
titanium carbides show more coarsening after this
short duration. The distributions differ after the long
20 h treatment, for which figure 6 illustrates some pre-
cipitate occurrences. The TiC distribution still shows
a large fraction of carbides around a size of 10-15 nm,
although some larger precipitates now start to arise
that grow to 20 nm or more. The VC distribution
shows a larger fraction of precipitates in the 20-30 nm
size than the TiC, and almost all those smaller than 10
nm have disappeared. Figure 5b also shows inciden-
tal occurrence of precipitates larger than 100 nm in
size for the TiC alloy. In fact, these precipitates were
observed for both the VC and TiC alloys in all heat
treatment conditions, as well as in the AR state. TEM
analysis often overlooks them since their spacing is
large compared to the analysed area, but through SEM
and SIMS observations it was shown that they exist
in all conditions and do not grow in size consider-
ably even after the long heat treatments. The amount
of large incoherent precipitates in the TiC alloy was
higher than that in the VC alloy. The average TiC pre-
cipitate size in Table 4 is therefore skewed to a larger
average size than the VC precipitates, even though
Fig. 5b shows the TiC; gy precipitates to be smaller
than the VC; . Lastly, it was observed that carbides
in the VC alloy preferentially grow on grain bounda-
ries. This is shown in Fig. 6.

Wei et al. state that the critical size for TiC precipi-
tates with the Baker-Nutting orientation to be coher-
ent is 4.2 nm across the broad surface [26]. Therefore,
only the fraction of carbides that was measured to be

Emm TiC LNH
m VC LNH

N N
o w
1 1

Number fraction [%]
=
w

N o wmnwowowmo mnMowmowmomnmo oo O o
A H AN NN NN O O N~NNOWNMO N O
— ~ N N ™M

Precipitate size [nm]

Figure 5 Normalised precipitate size distributions for both alloys in conditions a SH and b LNH.
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Figure 6 High-Angle Annu- (a)
lar Dark-Field (HAADF)
and Energy Dispersive
X-Ray (EDX) images of a
5-30 nm and b 350 nm TiC
precipitates, and ¢ 10-90
nm and d a group of 50-90
nm VC precipitates found in
the specimens TiC; yy and
VC; x> Tespectively.

Table 4 An overview

. . HT Hardness Grain area [um?] Precipitate size [nm]
table with microstructural
details for all heat treatment HV2 Low Average High Low Average High
Condml‘;:“‘f‘ Cﬁm M?ESD TiC AR 26719 - - - 2.9 5.7 60
were obtained rom SN 272431 0.1 3.8 160 2.8 8.6 290
results; precipitate sizes were
. . SH 270 +2.7 0.1 2.5 159 3.2 6.5 140
characterised using TEM
LN 238 + 1.6 0.1 5.0 192 5.7 30.3 235
LNH 223+ 04 0.1 4.0 189 3.6 21.7 223
VvC AR 261 £24 - - - 2.6 6.1 150
SN 241 +1.2 0.1 12.5 223 3.8 9.9 522
SH 246 + 1.0 0.1 10.8 243 3.6 79 470
LN 230+ 0.7 0.1 24.9 231 2.5 17.6 349
LNH 222+1.2 0.1 23.3 299 3.5 17.4 294
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smaller than 5 nm could be coherent across the inter-
face. Table 4 shows that precipitates smaller than this
size were observed in the AR as well as the SN and
SH heat treatments. However, this is only a small
fraction of all precipitates as can be observed from
Figs. 2 and 5a. Therefore, most of the precipitates will
instead be semi-coherent with the steel matrix. After
the 20 h heat treatments, the small TiC precipitates
are considered to be exclusively semi-coherent, while
the medium- and larger-sized ones are incoherent
with the matrix. VC precipitates have a lattice con-
stant that is closer to that of the steel lattice, so the
critical size for coherency is slightly larger. Takahashi
et al. observe small platelike VC precipitates with a
thickness of 2-5 nm and a length of approximately 20
nm to be mostly coherent with the matrix, except for
misfit dislocation around the curved sides [31]. This is
larger than the sizes found for the 2 h heat treatments
in this research, so the small VC precipitates can be
considered coherent with the matrix at this size. After
the 20 h heat treatment, Fig. 6¢c shows medium-sized
vanadium carbides to be more globular in shape. This
is an indication that the surface is no longer coherent
with the matrix and will instead have become semi-
coherent or fully incoherent, though it becomes clear
from Fig. 5b that some smaller precipitates still remain
coherent. It is known that incoherent vanadium car-
bide precipitates do not usually have a 1:1 stoichiom-
etry but rather exist as V,C; or V(C; structures with a
high carbon vacancy content [34, 35]. A varying V-C
ratio was also found in elemental analysis during
STEM measurements, which confirms large amounts
of carbon vacancies in incoherent VC precipitates. The
TiC precipitates also showed the presence of carbon-
vacancies, but only at precipitate sizes of > 100 nm.
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Table 5 Overview of hydrogen contents in weight part per mil-

lion (wppm) for all heat treatment conditions

Heat Treatment TiC H, [wppm] VC H, [wppm]
As-received (AR) 0.30+0.03 0.09 +0.03
SN 0.22 +0.02 0.06+ < 0.01
SH 0.91 +0.03 0.44 +0.07
LN 0.17 £ 0.02 0.06+ < 0.01
LNH 0.70 + 0.04 0.28 +0.03
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Supplementary figures S1, S2 and S3 show examples
of EDX maps and line scans to illustrate the V:C and
Ti:C ratios in selected precipitates.

Effect on hydrogen absorption

TDS was used to analyse the hydrogen absorption
in all conditions. Table 5 lists the total amount of
hydrogen trapped in each set of heat treatments. A
first observation to be made is that the AR materials
already contain a small amount of hydrogen, which
is most likely a consequence of hydrogen absorption
from water vapour during hot rolling, which has been
shown to charge TiC precipitates by Wei et al. [26].
The TiC alloy contains the most hydrogen, with 0.30
wppm on average, compared to 0.09 wppm in the AR
VC steel. It can also be observed that the heat treat-
ments in a pure N, environment decrease the total
hydrogen content relative to that in the AR state. This
is to be expected since if there is no additional hydro-
gen present to charge the samples during the heat
treatment, hydrogen will be desorbed instead. The VC
alloy contains less hydrogen overall than the TiC alloy,
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Figure 7 TDS spectra obtained at a heating rate of 1 °C/s for all conditions in a the TiC alloy and b the VC alloy.
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although the trends are similar. The hydrogen con-
tent in the TiC steel is reduced to 0.22 and 0.17 wppm
in the SN and LN heat treatments, respectively. The
hydrogen content in the VC steel is slightly reduced
to 0.06 wppm after the SN heat treatment, which does
not decrease further after the LN heat treatment.

The TiCgy condition contains a hydrogen content
of 0.91 wppm, compared to 0.70 in condition TiCj yy.
This difference can most likely be attributed to a dif-
ference in precipitate size distribution. A similar effect
can be observed in the VC alloy, which contains 0.44
wppm in condition VCgp and 0.28 in condition VCi .
The desorption spectra in Fig. 7 show that although
the hydrogen trap distribution is very similar between
the two heat treatment conditions in the TiC alloy, it
differs significantly in the VC alloy. The lowest tem-
perature peak (Peak 1 in Fig. 7b) decreases in size
significantly after a long heat treatment duration,
whereas the other peaks stay relatively similar in size.
Moreover, the high-temperature peaks above 400 °C
contain much less hydrogen than their counterparts in
the TiC alloy. This suggests less overall H trapping in
the incoherent VC precipitates, but the smaller amount
of incoherent VC compared to TiC precipitates also
plays a role. The fact that the hydrogen desorption
spectra level off around 700 °C in the VC alloy com-
pared to 800 °C in the TiC alloy suggests lower energy
trapping for the incoherent VC precipitates.

Hydrogen trapping strength

Other than the desorption spectra shown in Fig. 7
measured at 1 °C/s, all conditions were also tested at
heating rates of 0.66 and 0.33 °C/s. This was done to
allow fitting of peak temperatures according to the
simplified Kissinger’s equation (Eq. 1). To obtain the
peak temperatures, the desorption spectra of each
heating rate were fit to 4 skewed Gaussian peaks using
the Python LMFit package. The deconvoluted curves
for Peak 1 in all VCg; heating rates and the resulting
plot to calculate E, are displayed in Figure 54 for illus-
tration. Unfortunately, significant peak overlap above
300 °C made any realistic interpretation of trapping
energies impossible. This is an issue also encountered
by Vandewalle et al. [14] and Drexler et al. [52], who
review the Kissinger theory and its applicability to
overlapping peaks. They find that accurate validation
of trapping energies for overlapping peaks can only
be obtained if extra boundary conditions based on

Table 6 Overview of the

. . . HT Condition ~ EA [k]/mol]
trapping energies obtained
for Peak 1 in all hydrogen TiCgy 96 +2
charged conditions TiCi nn 43+3
VCgy 54+1
VCinu 72 £ 10

relative hydrogen trap occupancy are applied to the
fitting method. Such knowledge was not obtained in
this work. Therefore, further discussion and relation to
trapping energies will be restricted to those obtained
for the lowest temperature peaks, or Peak 1 as shown
in Fig. 7 and listed in Table 6, since these peaks show
sufficient separation from the rest of the spectrum for
sound interpretation. None of these first peaks can be
classified as a fully reversible trap, which is most com-
monly associated with trapping energies of <30 kJ/mol
[52, 53]. Instead, trapping energies range from strong
to fully irreversible with trapping energies ranging
between 43 and 96 kJ/mol.

Origins of hydrogen trapping in TiC
Origin of the first peak

Figure 7a shows that the desorption spectra for TiC
after the short and long heat treatment durations look
mostly similar. This suggests that the same traps are
occupied inside the steel, but their relative occupancy
differs. Firstly, it seems that the low-temperature peak
remains almost identical in both conditions. In the lit-
erature, low-temperature trapping is frequently asso-
ciated with coherent or semi-coherent precipitates.
Direct observation of deuterium at TiC interfaces has
been made by Takahashi et al. in atom probe studies,
on precipitates that are similar in morphology to those
observed in conditions TiCgy and TiCgy [28]. Deute-
rium was observed around the precipitate interface
of the plate-like carbides, but not in the bulk, which
suggests either interface misfit dislocations or inter-
face C-vacancies as a possible trapping site. Wei et al.
measure coherent TiC precipitates to have an overall
activation energy of between 46 and 59 kj/mol [18], but
state in a different paper that the misfit dislocation on
the semi-coherent interface of TiC has an activation
energy of 56 kJ/mol [17]. A different study attributes
an energy of 42 kJ/mol to the interface of incoherent
precipitates [24], which is close to a value calculated
in a separate atomistic study, that finds a maximum of
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48 kJ/mol for a misfit dislocation [27]. Since a value of
43 kJ/mol was measured for the TiC; \y condition in
this research, it is reasonable to assume that the misfit
dislocation is the origin of this trapping peak. How-
ever, this is in contrast to the value for Peak 1 in the
TiCgpy condition, which was measured as 96 kJ/mol.
This value is closer to values of 111 kJ/mol obtained
by Zhang et al. [33] and 99 k]/mol obtained from our
previous research [29], where activation energies were
calculated for a C-vacancy on a coherent TiC surface
in BCC iron. An explanation why two different values
could be measured is that there is a small fraction of
precipitates after the 2 h heat treatment condition that
is fully coherent with the matrix. These are most likely
the precipitates in Fig. 5a with a size smaller than 5
nm. After a short heat treatment, hydrogen could be
trapped here in C-vacancies on the coherent interface.
These precipitates grow to a semi-coherent size after
heat treatment conditions TiC; y; and TiC; \yy in which
case the hydrogen is trapped in misfit dislocations
instead of C-vacancies.

Origin of the high-temperature peaks

The high-temperature peaks in the TiC desorption
spectra can be attributed to hydrogen trapping by
incoherent precipitates, like the studies by Vandewalle
et al. and Pérez-Escobar et al [14, 16]. A comparable
study, which has similar TiC size distributions to those
observed in this research, finds a reduced H absorp-
tion through electrochemical charging with increasing
annealing time and consequently precpitate size [24].
They attribute this to trapping on the precipitate inter-
face, which has a high activation energy and diffusion
barrier and decreases with increasing precipitate size.
This could explain that the spectrum for TiC;j y; shows
less trapped hydrogen at peaks between 350 and 700
°C than that for TiCgyy. The same conclusion is also
reached by other authors [16, 17, 26], although direct
observations were not made. The highest temperature
peaks at roughly 450 °C and above are expected to
belong to traps inside the largest precipitates of size
> 100 nm. In this study, these were seen to already
be present in the AR material and remain relatively
unchanged after heat treatment. Vandewalle et al.
attribute an increased concentration of incoherent
TiC precipitates to an increased hydrogen uptake in
the peaks between 500 and 900 °C [14]. Since precipi-
tates of this size are not changed significantly in this
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research, the hydrogen uptake in these peaks stays
relatively similar..

Observation of trapping in incoherent TiC

Vandewalle et al. assume trapping in bulk C-vacan-
cies only [14], based on theoretical work by Di Stefano
et al. who discuss hydrogen diffusion into the TiC bulk
through continuous C-vacancy networks [27]. Incoher-
ent TiC precipitates that have a continuous C-vacancy
network throughout the bulk require a lower diffusion
energy for hydrogen to migrate into the precipitate
bulk than precipitates where C-vacancies are not con-
nected but instead separated by interstitial sites. This
creates a different hydrogen absorption behaviour per
precipitate, even though the activation energy of the
trap stays the same. Hydrogen trapping in incoher-
ent TiC was directly observed in this study through
SIMS imaging. Figure 8a and 8b shows hydrogen and
titanium secondary ion maps, respectively, of the
same area on the surface of a TiC; \; sample. It can be
observed from these images that not all of the titanium
rich precipitates in Fig. 8b trap hydrogen identically.
One precipitate appears to store hydrogen more in
the bulk, whereas the others store more around the
interface. This is highlighted especially in Fig. 9a,
which shows a SIMS hydrogen map from a different
area. The image shows that the hydrogen is localised
around the circumference of these precipitates rather
than over the entire bulk. Figure 8d shows a line pro-
file along the white arrow in Fig. 8c. It is easy to see
that, on the one hand, a significant amount of hydro-
gen is trapped in the precipitate, while on the other
hand the hydrogen concentration inside the bulk is
much lower than towards the interface. In fact it is
similar to the level in the matrix. Hydrogen absorption
in TiC precipitates scaling with surface area is refuted
by the work of Pérez-Escobar et al. [16] and Wei et al.
[54], who state that hydrogen absorption is propor-
tional neither to precipitate surface area nor volume
since they do not see a clear relation between increas-
ing precipitate size and reducing hydrogen absorp-
tion. While no direct link to decreasing surface area
can be made from this work, the TDS spectra show
that the TiC alloy absorbs less hydrogen in the inco-
herent precipitates with increasing annealing time,
while SIMS images show a higher concentration near
the interface. This indicates that incoherent TiC pref-
erentially traps hydrogen near the interface, although
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Figure 8 SIMS images of

a 'H™ map and b “*Ti* map
over the same area of acquisi-
tion in the TiC-containing
steel. Both the images were
acquired using a beam cur-
rent of 50 pA and a dwell
time of 2.5 ms per pixel. The
image resolution is 256 X 256
for a field of view 9 ym x 9
um. ¢ Shows merged elemen-
tal maps of "H™ (green) and
“Ti* (red) and d Shows a
line profile of the region
indicated by white arrow in
(¢). The counts of the line
profile diagram have been
normalised for a qualitative
comparison.

Figure 9 Hydrogen maps
obtained by SIMS analysis,
showing (a) localisation
around TiC precipitates and
b trapping in a VC pre-
cipitate. Both the images
were acquired using a beam
current of 50 pA and dwell
time 1 ms per pixel. a has a
resolution of 256 x 256 over
a field of view 9 um X 9 pm
and b has a resolution of 256
X 256 over a field of view 3
um X 3 um.

SIMS is not a suitable technique to definitely prove
trapping on the interface.
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It should be noted that the time between hydrogen
charging and analysis was significant for these images,
with hydrogen charging happening some months
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before analysis. On the one hand, this shows that
indeed these precipitates form very strong hydrogen
traps. On the other hand, it does not clarify whether
this distribution of hydrogen around the precipitate
circumference is a result of hydrogen absorption dur-
ing charging or desorption during storage. If fast diffu-
sion through C-vacancy networks into TiC is assumed,
off-stoichiometric precipitates with a high vacancy
concentration would absorb more hydrogen over their
entire bulk during the charging cycle, whereas pre-
cipitates with a lower vacancy concentration would
trap most hydrogen near the interface. However,
precipitates with a vacancy network allowing for fast
diffusion would also release hydrogen more quickly
during storage. Hydrogen release during storage is
observed to be minimal, so the observation of hydro-
gen around the precipitate circumference is attributed
to preferential trapping around the incoherent TiC/
matrix interface. However, more analysis is required
to fully validate this, including observations at differ-
ent times after charging..

Origins of hydrogen trapping in VC
Origin of the first peak

The TDS spectra for VCgy and VC;y show a stark
difference in the amount of hydrogen trapped in the
lowest temperature peak. Like the TiC alloy, this
peak can most likely be attributed to the trapping in
smaller VC carbides. As discussed previously, the VC
precipitates are still largely in the coherent domain
after a 2 h heat treatment. Since no misfit dislocations
are present in this case, the likely hydrogen trap is
the C-vacancy on the coherent interface. The activa-
tion energy for C-vacancies measured by Takahashi
et al. is approximately 60 kJ/mol [31], which matches
reasonably well with the trapping energies of 53 and
72 kJ/mol measured in this research for the condi-
tions VCgyy and VC yy, respectively. Experimentally,
Depover and Verbeken found an activation energy of
52 to 60 kJ/mol for V,C; carbides, but only up to a size
of 20 nm after electrochemical hydrogen charging [12].
Numerical studies have found activation energies for
the trap at a coherent interface C-vacancy of 36.7 [32],
55.9 [33] and 51 kJ/mol [29]. Since all of the values are
similar to what was measured in this work, the low-
temperature peak is attributed to the carbon vacancy
on the coherent VC interface.
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Origin of the high-temperature peaks

After having grown during the long heat treatments,
as shown in Fig. 6, most VC precipitates outgrow the
coherent domain and become incoherent. The low-
temperature peak therefore largely disappears in the
VC; npg condition, as it did in the work by Depover
and Verbeken [12]. At higher temperatures, how-
ever, the hydrogen uptake is slightly larger in the
VC; ny condition than in the VCgy condition, which
could be an effect of an increased amount of hydro-
gen trapped in the bulk of larger precipitates which
increase in number with a longer heat treatment
duration. To the authors” knowledge, no previous
research has attempted high-temperature charging
of VC precipitates, and as such no trapping energies
have been found for them in the literature. Unfortu-
nately, due to strong peak overlap, no reliable trap-
ping energies for these traps could be found in this
research. Nonetheless, the high-temperature peaks
are attributed to trapping in carbon vacancies in the
bulk of incoherent VC precipitates.

Observation of trapping in incoherent VC

Figure 9b shows a SIMS hydrogen map of the VC; \y
condition. The carbide can be seen to store hydrogen
all throughout the bulk, contrary to the TiC carbides
in Fig. 9a which predominantly stores hydrogen near
the interface. A comparison of the hydrogen trapping
locations in the SIMS images suggests that H trap-
ping in VC precipitates should scale with volume.
This is supported by the TDS curve from Fig. 7b,
where the VC alloy stores more hydrogen at high
temperatures after the longer treatment. Incoherent
VC precipitates are therefore expected to be able to
store more hydrogen overall than their TiC counter-
parts. However, since the total amount of incoher-
ent vanadium carbides was much lower than that of
the titanium carbides, this was not observed in this
study.

Effect on mechanical behaviour

SSRT tests were used to characterise the extent of
HE for each alloy and heat treatment condition, of
which the results are summarised in Table 7. Repre-
sentative tensile curves for each of the heat treatment
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Table 7 Overview of the 0.2% proof yield strength oy 54, UTS
and strain at break ef for all heat treatment conditions. Errors are
standard deviations

Alloy Heat Treatment Oy 0.2% [MPa] UTS [MPa] ef [%]

TiC AR 698 +2 804 +2 10.6 +0.39
SN 638 +22 740 + 18 152+0.35
SH 624 + 10 727 £2 16.1 +0.53
LN 533 +£60 650 + 39 17.6 +0.50
LNH 579 £ 57 652 +27 18.5 +0.94
VC AR 656 +7 736 +2 10.0+0.13
SN 656 +7 743 £7 16.5 + 1.08
SH 658 £ 10 758 £4 17.1 £ 0.88
LN 583 +6 674 +12 18.4 +0.53
LNH 567 11 658 £ 6 16.6 + 1.24

conditions are shown in Fig. 10. A first observa-
tion to note is that even the short heat treatments
in the TiC alloy decrease its strength compared to
the AR condition while ¢ is increased from 10.6
to 15.2 %. The long heat treatment in the TiC alloy
further decreased both yield strength and UTS by
approximately 10%. ¢ is only increased slightly in
these conditions, but because of a larger scatter in
values it is not a conclusive increase. In the VC, the
2 h heat-treated samples do not show a reduction
in strength compared to the AR condition, which is
a result of limited precipitate growth after 2 h. It is
only seen after the long heat treatments, where it
drops by approximately 10-15 %. An increase in ¢¢
from 10 to 16.5 % is observed in the short heat treat-
ments compared to the as-received condition, but
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once again the scatter increases after long heat treat-
ments. Therefore, no conclusive statements about an
increase or decrease can be given. In the TiC alloy,
the change in mechanical behaviour between the 2 h
and 20 h heat treatments can be explained by pre-
cipitate over-aging [43], since Table 4 shows that the
grain size did not significantly increase even after
the long heat treatment, while the precipitates were
found to increase in size. In the VC alloy, the grain
size did show an increase, which mean the reduction
in strength is likely a combination of grain growth
and precipitate over-aging.

Hydrogen embrittlement, which would become
apparent as a reduction in ¢ in the condition SH com-
pared to SN, or LNH compared to LN, is not observed
in any case for either alloy. It is known that different
hydrogen concentration profiles are created depend-
ing on the charging method [16, 55]. Electrochemical
charging creates a large concentration of diffusible
hydrogen in sites like grain boundaries and intersti-
tials, while high-temperature gaseous charging also
fills up traps with a high trap energy while providing
the hydrogen with enough energy to overcome shallow
traps [14, 31]. The lowest activation energy measured
in this research was 43 kJ/mol for misfit dislocations
around small TiC precipitates, which is not considered
diffusible hydrogen, nor irreversibly trapped hydro-
gen [52, 53]. Similarly, C-vacancies on the coherent VC
interface fall in this category with an activation energy
of around 60 kJ/mol. Since these activation energies do
not fall into the reversible category (< 30 kJ/mol [56]),
they are not expected to contribute to HE, which was
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Figure 10 Representative Slow Strain Rate Tensile (SSRT) curves for all conditions in a the TiC alloy and b the VC alloy. Error bars

show standard deviations in the fracture strain [%].
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also found in this study. Several specimens were sub-
jected to a post-mortem TDS cycle after tensile testing to
exclude the possibility that hydrogen effusion from the
specimens during the test was the reason HE was not
observed. These measurements showed no decrease in
hydrogen content over the duration of the tensile test.
These traps therefore contribute to preventing HE in
the alloys even though they are not completely irrevers-
ible. Moreover, Depover et al. showed that these traps
can be filled through electrochemical charging at room
temperature [12], while they were also charged through
high-temperature gaseous charging in this study. This
means that they can act as hydrogen sinks in differ-
ent service conditions. Optimisation of these types of
hydrogen traps could lead to creating more hydrogen
resistant steels.

This work is unique compared to similar works [14,
16] in the fact that high-temperature as well as low-
temperature peaks were observed after high-temper-
ature gaseous charging. This is most likely a result of
performing both the heat treatment and the cooling
down in hydrogen gas. During the cooling down, the
available energy for hydrogen to overcome shallower
traps gradually decreases, and hydrogen is expected to
occupy these sites eventually. Depover et al. [12] showed
that hydrogen traps belonging to misfit dislocations,
the lowest energy traps found in this work, can also be
charged through electrochemical methods. An effect of
these traps on HE was observed in their study, whereas
the material was not embrittled in this research. This
suggests a more favourable hydrogen trap occupation
after gaseous charging when compared to electrochemi-
cal charging that does not result in any HE.

Conclusions

In this work, TiC and VC precipitate growth and
hydrogen absorption as a result of high-temperature
gaseous hydrogen charging were successfully charac-
terised using TEM, EBSD and TDS. Moreover, direct
observation of hydrogen trapping in incoherent precip-
itates was made using SIMS. By combining these tech-
niques, the following conclusions could be drawn on
the hydrogen trapping and embrittlement behaviour
of titanium- and vanadium carbide-containing steels:

¢ High-temperature gaseous charging is shown to

be a suitable way to charge steel containing deep
hydrogen traps. The TiC- and VC-containing alloys
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were charged with hydrogen up to 0.91 and 0.44
wppm, respectively.

o Little effect of TiC precipitate size on hydrogen
trapping was found. All precipitates were either
semi-coherent or incoherent even after a 2 h heat
treatment duration. Coherent TiC precipitates
trap hydrogen in misfit dislocations around the
semi-coherent interface with an activation energy
of 43 kJ/mol. Most hydrogen was trapped in car-
bon vacancies near the interface of larger incoher-
ent particles, for which an activation energy was
not obtained.

e An effect of VC precipitate size was observed in
the form of a reduction in low-temperature hydro-
gen trapping after 20 h of heat treatment. The
hydrogen traps after the 2 h heat treatment were
characterised as mainly carbon vacancies on the
coherent VC interface with an energy of between
53 and 72 kJ/mol. After the 20 h treatment, most
hydrogen is stored in the bulk of large incoherent
vanadium carbides with a large amount of car-
bon vacancies, for which no activation energy was
found in this work.

¢ Direct observation of hydrogen trapping in inco-
herent TiC and VC carbides was made using
SIMS. Large TiC precipitates were shown to
vary in the degree of hydrogen absorption and
to preferentially trap hydrogen near the precipi-
tate interface. VC precipitates were shown to trap
hydrogen throughout the bulk, but were present
in smaller quantities, leading to an overall lower
absorbed hydrogen content. More SIMS analysis
is required to further elaborate on the trapping
characteristics of incoherent precipitates.

¢ Neither of the heat treatment conditions resulted
in any observable HE after mechanical characteri-
sation. This proves that nano-carbides can suc-
cessfully be used as a hydrogen sink as well as a
strengthening mechanism in steels after high-tem-
perature gaseous hydrogen charging. However,
further study using electrochemical charging is
recommended to compare the effects of different
charging conditions on HE.
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