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Hydrogen (H) embrittlement in high-strength steels can be mitigated by introducing H traps into the micro-
structure. The co-precipitation model steel in this work contains intermetallic 8-NiAl and secondary Cr-carbides,
which provide abundant trapping sites. Needle-shaped specimens are prepared for atom probe tomography
(APT) and electro-chemically charged in a solution of 0.1 M NaOH in D20 to introduce deuterium (D). D is

located at the finely dispersed Cr-carbides even after specimen transfer at room temperature (RT), which shows
that nano-sized Cr-carbides are strong H traps. This is in contrast to previous studies of weak traps where
cryogenic transfer was needed to detect any D.

High-strength steels with improved mechanical properties are
desired among other in lightweight design of structural components.
With higher yield strength, smaller amounts of material are used in the
same application, leading to reduced resource consumption and overall
lower costs. However, high-strength steels are sensitive to hydrogen
embrittlement (HE) due to the high stress concentration and the sup-
pression of dislocation emission at the crack tip caused by accumulation
of H [1-3]. It has been shown that a critical content of diffusible H leads
to material failure [4].

The idea to prevent HE by trapping H in the microstructure is not
new [5,6]. Grain boundaries and dislocations have been shown to only
weakly trap H [3]. Therefore, other nanostructures in form of carbides,
such as NbC, TiC, VC and Mo2C, or e-Cu precipitates were investigated as
H traps [7-11]. The amount of trapped H and the strength of binding are
usually measured by thermal desorption mass spectrometry (TDMS) [9,
10]. More recently, investigations into the actual trapping sites were
performed with APT instruments [12-15]. APT offers nearly atomic
spatial resolution with high sensitivity for all elements [16]. However,
quantitative characterization of H is still challenging. Since Hj is the
main residual gas in the ultra-high vacuum (UHV) chamber, the pres-
ence of H', or in addition H§ depending on the measurement mode, ions
in the mass spectrum is a common artefact during APT experiments
[17]. A practical way to distinguish between H from the vacuum

* Corresponding authors.

chamber and actual H in the material is the use of the heavier isotope
deuterium. It was shown that D has similar solubility and only slightly
lower diffusivity compared to H, making it suitable for this kind of ex-
periments [18,19]. D is either introduced into the specimen by gas
charging [12,13], implantation [20] or electro-chemically by cathodic
charging of the specimen in D20 solutions [15,21-23]. To prevent H or
D from diffusing and escaping the material, the use of cryogenic transfer
has been emphasized [24-26]. So far, D was hardly measured without
fast cooling the specimen and maintaining a continuous cold transfer to
the analysis chamber.

A promising material design concept for high strength and resistance
to HE is known as dual-hardening steel [27-30]. The high mechanical
strength, good fatigue resistance, and adequate deformability are ach-
ieved by precipitating two types of particles with high number densities
in a martensitic matrix [27]. As shown for Hybrid steel® from Ovako AB,
the improved strength is maintained at elevated temperatures due to the
reduced coarsening of particles compared to other steels [30]. Similar to
the development of Hybrid steel® [31], the model alloy in this paper
was designed to have a lean alloying concept with balanced mechanical
properties as well as a high resistance to HE. The Hybrid model alloy has
two different types of particles, namely intermetallic 3-NiAl as well as
secondary Cr-carbides. Samples are charged with D and moved to the
APT instrument without cryogenic transfer. It is shown from the APT
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measurements that nano-scale Cr-carbides are strong traps for H since D
is still present in the measurements even after RT transfer.

The Hybrid model alloy in this work (0.42 C, 6.5 Cr, 2.5 Al, 3 Ni and
0.25 Mo in wt.%) was solution annealed and quenched before aging for
20 h at 500 °C. The microstructure was characterized by scanning
transmission electron microscopy (S/TEM), using an FEI Titan 80-300
TEM operating at 300 kV as well as APT. Thin foils were prepared by
mechanically thinning a 3 mm disk to around 100 pm thickness, fol-
lowed by electrolytic twin-jet polishing in 10 % perchloric acid solution
cooled to -30 °C at 20 V. Samples for APT were cut to 0.3 x 0.3 x 15
mm?® and needle-shaped specimens were prepared by a two-step electro-
polishing process in 10 % and 2 % perchloric acid, respectively [16].

APT specimens were characterized without charging as well as
cathodically charged in a solution of 0.1 M NaOH in D20 at -2.2 V
against a Pt counter-electrode for 30 s. After charging, the specimen was
mounted and moved through the load-lock and buffer chamber of the
atom probe instrument. The transfer-time at RT was about 15 min before
the APT needle was cooled to cryogenic temperature in the analysis
chamber.

The specimens were measured on the latest generation of APT in-
struments, a LEAP 6000XR from CAMECA Instruments. This instrument
is equipped with a reflectron and has a detection efficiency of 52 %. APT
measurements were performed at 70 K in voltage mode with 20 % pulse
fraction, 0.5 - 1 % detection rate and pulse frequencies of 100, 200 and
333 kHz. The reconstructions were made in the commercial software AP
Suite 6.3 (CAMECA) using the voltage method with an image
compression factor of 1.65 and a field factor of 4.0. The sizes of nano-
scale precipitates were characterized by applying the parameter free
method by Zhao et al. [32], which uses the radial distribution function.
The matrix contents were determined by the DIAM method that is based
on nearest neighbor distributions [33]. Particle sizes were calculated
from the number of atoms, hence, avoiding local magnification effects

Scripta Materialia 243 (2024) 115963

[34,35].

To investigate the de-trapping activation energy, TDMS was con-
ducted using a Bruker Galileo G8 analyzer in combination with a mass
spectrometer from InProcess Instrument GmbH for H detection. Nitro-
gen was used as the carrier gas and pure hydrogen gas was used to
calibrate the instrument. Samples with dimensions of 1 x 10 x 13 mm®
were prepared with surface finish of P600 SiC sanding paper and
charged in 3 wt.% NaCl and 0.3 wt.% NH4SCN electrolyte at -1 mA/cm?
for 24 h. After degassing for 24 h at 50 °C, one set of samples was
measured with 0.3, 0.6 and 1.2 °C/s heating rates from RT to 800 °C. To
investigate the degassing behavior, one sample was measured directly
after cathodic charging and two more samples were degassed at 50 °C
for 72 h and 168 h before TDMS analysis using 0.6 °C/s. Analysis of de-
trapping activation energies is based on the formulation of Kissinger
[36] and the simplified models thereof as shown by Lee and Lee [37] and
Wei et al. [38].

Fig. 1(a) and 1(b) show TEM micrographs of the microstructure,
showing martensite laths with particles of about 10 to 100 nm in size at
the boundaries. The composition of the particles was measured with
energy dispersive X-ray spectroscopy (EDX) and revealed on one hand
Ni and Al in equal amounts and on the other hand Cr-carbides with C and
Fe in different concentrations. The small size and hence contribution of
the surrounding matrix to the EDX signal makes it difficult to measure
the exact composition of the particles.

High resolution TEM was performed within the laths, showing
smaller particles. The particle in Fig. 1(c) has about 4 nm width and
shows an interplanar spacing of 2.06 A. The closest match for this is
M33Cg (511) planes (ICCD card number 01-078-1499) with d = 2.05 A.
However, M;Cs with 2.10 A plane spacing of (202) planes (ICCD card
number 04-005-9650) cannot be excluded as a possible crystal structure.
Another particle, shown in Fig. 1(d), with an interplanar spacing of 1.97
A can be best approximated by M;C3 (600) planes, having d = 1.99 A

Fig. 1. (a-b) TEM micrographs showing the martensitic microstructure with particles at the lath boundaries (indicated by arrows). (c-d) show high resolution TEM of

precipitates within the laths and their interplanar spacing.
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(ICCD card number 04-005-9650).

Fig. 2(a) shows a 5 nm thick sections of an APT reconstruction of an
uncharged specimen (overall 5.7 million ions collected). The elements,
which are relevant for precipitation, are depicted. Iron, as the main
element in the alloy, as well as some minor elements are not shown for
visibility. The two different particle types can be clearly distinguished.
On one hand, B-NiAl with about a 1:1 ratio of Ni and Al atoms and about
20 at.% Fe forms spherical precipitates with an average diameter of 1.60
+ 0.11 nm. It has been shown that 3-NiAl incorporates Fe, especially
during the early stages of precipitation [39]. On the other hand,
Cr-carbide precipitates nucleate heterogeneously on 3-NiAl as well as on
dislocations and grain/lath boundaries. Consequently, the particles are
not spherical. The mean size, determined as average diameter, was
calculated to be 2.15 + 0.08 nm.

Fig. 2(b) shows the mass-spectrum of an uncharged specimen. The
distinct peaks in this mass-to-charge range correspond to H and C?*
ions. In comparison to that, the same mass-to-charge range of the mass-
spectrum for the charged specimen is presented in Fig. 2(d). Besides the
expected H* and G** peaks, a prominent peak at 2 Da corresponding to
D™ is present.

Fig. 2(c) shows a 5 nm thick section of the reconstruction of the
charged specimen. Again, B-NiAl as well as Cr-carbide precipitates are
visible. In addition, the measured D ions are depicted as red spheres. The
distribution of these ions seems to be closely connected to the Cr-
carbides. Interestingly, B-NiAl does not seem to attract and trap D.

To visualize and analyze particles, iso-concentration surfaces are
widely used. Fig. 3(a) depicts the reconstruction of the charged spec-
imen with 1 nm voxel size and 3 nm delocalization. The threshold for
iso-concentration surfaces was set to 7 at.% Cr and the proximity his-
togram, also known as proxigram, is plotted in Fig. 3(b). The proxigram
shows the composition as a function of distance to the iso-concentration
surface. Within the Cr-carbide precipitates, Ni and Al are depleted,

a)

b) 1.0x10%

d) 10x10*
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whereas Mo is enriched. The depiction of a sharp interface is limited by
the lateral resolution of the APT measurement as well as local magni-
fication effects between the different phases [34]. Hence, a significant
proportion of Fe is recorded (not shown in Fig. 3) within the precipitates
and the C content will not reach a stochiometric composition for car-
bides of this size. During characterization of uncharged specimens of this
material, two populations of nano-scale carbides were apparent, similar
to the slightly larger particles from the TEM investigation. Proxigrams of
the different nano-scale precipitates in this material are shown in the
supplementary material. Most carbides have a measured C content of
about 16 at.%. Considering C loss from multiples, these carbides
correspond to My3Cg [40]. The other carbide population has higher C
and corresponds to M;Cs. Fig. 3(c) displays the D, C and Cr contents. D is
in very low concentration at distances far from the Cr-carbide pre-
cipitates. However, it is enriched in the region where C and Cr are
starting to increase. Deuterium remains at an elevated concentration
within the carbides. The error bars correspond to the counting statistics
as computed by AP Suite and are higher deeper inside the carbides since
fewer ions are sampled.

The charged specimen, shown in Fig. 2(c) was measured with three
different voltage pulse frequencies to employ the evaporation rate
method as demonstrated by Meier et al. [41]. The H content from the
vacuum chamber is dependent on the time between evaporation events,
as was previously shown by Sundell et al. [17]. By varying frequency
and/or detection rate, the H content could be measured despite the
presence of a contaminant H background signal. 1.1 million ions were
collected with 200 kHz pulse frequency and 300 000 ions with 100 and
333 kHz each. The concentrations of H, D, and C are displayed in Fig. 4.
The concentration of H clearly depends on the frequency and thus
confirming the expected supply mechanism from the UHV chamber. In
contrast, the D concentration does not correlate with the frequency.
Rather, higher D content is seen in sections of the run with higher C
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Fig. 2. Distribution of precipitation forming elements as well as D within a 5 nm thick section of APT reconstructions and selected mass-spectrum ranges of un-
charged (a-b) and D charged (c-d) specimens. Solid arrows indicate exemplary carbides and open arrows show intermetallic particles.



S. Jakob et al.

N
o

L L ""!""l""l""l"

o ]
S 30 <]
= ~ -
© )
— - '.' -
c L E
.0 . e I
© 20 Vs pa
= T B V4
c . A1
8 ) '/’ P ]
S 10 4 PNy -
O ] - o o .;/'/ o/. ]
J S A ol Tl 4
P 3‘—“" Do 4 <
-x""x"""" e o o b o o o 5 §010—0]
0 Pttt P e T
-3 -2 -1 0 1 2 3

Distance (nm)

Cr & C concentration (at.%)

Scripta Materialia 243 (2024) 115963

Cr & D atoms,
7 at.% Cr iso-
concentration
surface

30

N
o

-
o

EEEEEEEN SRR FE TN

D concentration (at.%)

o

T A
-3 -2 -1 0 1 2 3
Distance (nm)
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during APT measurement.

content, i.e., in regions where more carbides are present.

During APT measurements of steel in voltage mode, as opposed to
laser mode, the evaporation of HJ ions is inhibited. The variation in
pulse frequency, together with the absence of a 2 Da peak for the un-
charged specimen, validates the assumption that the peak at 2 Da in
the mass spectrum is indeed D" and not H3.

The Hybrid model alloy in this study is precipitation strengthened by

intermetallic B-NiAl as well as carbides. The B-NiAl particles are
coherent and have a small misfit [42]. Therefore, it is not expected that
they provide significant H trapping sites. The alloy has only Cr (except
for a limited amount of Mo) as carbide forming element. In this way, the
trapping capability of Cr-carbides is investigated without interference
from other carbide types.

Since the size of the carbides in this material is in the same range as
the lateral resolution of concentration gradients, the interface of pre-
cipitates cannot be unambiguously distinguished from the interior of the
particles. However, the fact that D is already present at the beginning of
the C and Cr gradient in the vicinity of the precipitates suggests that the
interface is the more prominent trapping site. This is supported by
microautoradiography [43] as well as time-of-flight secondary ion mass
spectrometry [44]. TDMS of lab-cast Fe-C-Cr alloy suggests the interface
as trapping site by comparing the measured H content to the available
interface area of differently sized Cry3Ce precipitates [45]. Looking at
different carbides, it was shown that D resides within VC precipitates by
APT with fast cooling after charging [13,14]. The fact that trapping sites
are within the carbides is supported by neutron scattering [46]. It is
known that VC has a high tolerance for C vacancies, thus offering
possible trapping sites for H [47]. In contrast, NbC seems to trap H at the
interfaces as documented by the same methods [15,48].

TDMS is a commonly used method to measure the de-trapping acti-
vation energy for H of microstructural features in a material. However,
the desorption peak shape and temperature is dependent on the charging
method as well as the initial H distribution [49,50]. We performed 24 h
charging on the TDMS samples to ensure saturation and a homogeneous
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distribution of H through the samples thickness. This was further
enhanced by degassing for 24 h at 50 °C. Considering the temperatures
of the H desorption peaks for the three heating rates, a trapping energy
of 15.6 kJ/mol was measured, as illustrated in Fig. 5(a). This is in good
agreement with trapping energies of various carbides in martensitic steel
investigated in a similar manner by Lee et al. [51].

The peak shape in our study as well as in [51] suggests that there is
remaining H in the samples. We therefore performed further degassing
for 72 h and 168 h (see Fig. 5(b)). The peak shape in the TDMS curve
after 168 h degassing suggests that there is more than one trap. Hence,
deconvolution was performed and trap energies of 45.5 and 56 kJ/mol
were measured, as shown in Fig. 5(c). This is comparable with trapping
energies for interfaces of Cry3Ce precipitates, reported to be 49 to 55
kJ/mol for 50 to 100 nm sized precipitates [45] as well as 44.4 kJ/mol
for Cry3Ce with sizes of about 1 pm [44]. These values are higher than
21.5 kJ/mol, reported for coherent Mo,C carbides [10]. Values reported
for VC range from 33-35 kJ/mol [9] to 52-67 kJ/mol [52]. In studies
regarding TiC the character of the interface is discussed extensively [38,
53]. Semi-coherent TiC interfaces are prominent trapping sites with
de-trapping energies of 46 to 59 kJ/mol, whereas the incoherent TiC
interfaces are considered irreversible traps for H with de-trapping en-
ergies larger than 68 kJ/mol [38].

So far, the use of cryogenic transfer was thought to be necessary.
Takahashi et al. [12] report on unsuccessful cathodic charging of
nano-sized TiC containing steel. After a transfer time of 20 min at RT, D
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could not be observed with certainty. They moved on to a gas charging
cell with fast cooling capability. TiC has been reported to have a high
saddle energy around the trapping sites [37]. It could be that electro-
chemical charging was not suitable to overcome this saddle energy.
Breen et al. investigated different workflows to measure H/D in pearlitic
wire [22]. They found a weak D signal at cementite interfacial regions in
some of their RT samples after 1 h electrolytic charging at -1.2 V,
however, no D was measured after 5 min of charging. The duration of
RT-transfer was not reported, and the highest D concentration was
measured after cryogenic transfer.

The findings in this work therefore suggest that nano-scale Cr-car-
bides act as strong H traps that can retain H/D for an extended period of
time. To optimize the H trapping capability, the positions of trapping
sites are important. Trapping inside the carbides would require a large
volume fraction in the microstructure. However, since the D concen-
tration is elevated at the interfaces, a large number density of nm-sized
carbides offers abundant trapping sites. This leads to a significant
trapping capacity for H, as can be seen by the amount of desorbed H in
Fig. 5(d), and therefore most likely also resilience to HE. The investi-
gated microstructure in this study is a promising step forward to produce
HE resistant steel with lean alloying design.

In this work, we showed that D can be trapped in the vicinity of nano-
scale Cr-carbides in a co-precipitation model alloy. The measurement in
voltage mode prevents the formation of H3 ions overlapping with D*.
Furthermore, the evaporation rate method demonstrated by Meier et al.
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Fig. 5. (a) TDMS measurements with different heating rates after 24 h of degassing at 50 °C. The inset shows the activation energy (E,) calculated from peak
temperatures (Tp) and heating rates (HR). (b) Desorption curves with the same heating rate after different degassing times. (c) Deconvoluted TDMS spectrum after
168 h of degassing to two H peaks with different de-trapping activation energies. (d) Total amount of H in wppm evaluated under the desorption curves as a function
of degassing time. Labels indicate the values for measurements with 0.6 °C/s heating rate.
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[41] was employed and could confirm that the presence of D is not
related to measurement parameters. The amount of D is rather corre-
lated to C. We show that D is trapped already in the vicinity of
Cr-carbides suggesting the interface as the major trapping site. No D is
located in connection to the intermetallic 3-NiAl. The remaining traps
after 168 h of degassing at 50 °C have trapping energies of 45.5 and 56
kJ/mol measured by TDMS. Moreover, this work demonstrates that
strong H trapping sites can be measured in APT without cryogenic
transfer.
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