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Abstract: Zr/Nb nanoscale multilayer coatings (NMCs) were studied after hydrogenation in a gaseous
environment at 400 °C. The hydrogen distribution and content were determined by pressure and
hydrogenation time. Increasing the pressure from 0.2 to 2 MPa resulted in different hydrogen distri-
bution within the Zr/Nb NMCs, while the concentration remained constant at 0.0150 & 0.0015 wt. %.
The hydrogen concentration increased from 0.0165 + 0.001 to 0.0370 =+ 0.0015 wt. % when the hydro-
genation time was extended from 1 to 7 h. The 5-ZrH hydride phase was formed in the Zr layers with
Zr crystals reorienting towards the [100] direction. The Nb(110) diffraction reflex shifted towards
smaller angles and the interplanar distance in the niobium layers increased, indicating significant
lateral compressive stresses. Despite an increase in pressure, the nanohardness and Young’s modulus
of the Zr/Nb NMCs remained stable. Increasing the hydrogen concentration to 0.0370 £ 0.0015 wt. %
resulted in a 40% increase in nanohardness. At this concentration, the relative values of the Doppler
broadening variable energy positron annihilation spectroscopy (S/Sp) increased above the initial level,
indicating an increase in excess free volume due to hydrogen-induced defects and changes. However,
the predominant positron capture center remained intact. The Zr/Nb NMCs with hydrogen content
ranging from 0.0150 £ 0.0015 to 0.0180 £ 0.001 wt. % exhibited a decrease in the free volume probed
by positrons, as demonstrated by the Doppler broadening variable energy positron annihilation
spectroscopy. This was evidenced by opposite changes in S and W (S| W1). The microstructural
changes are attributed to defect annihilation during hydrogen accumulation near interfaces with the
formation of hydrogen-vacancy clusters and hydrides.

Keywords: nanoscale multilayer coatings; hydrogenation; microstructure; positron annihilation;
nanohardness; hydrogen-induced defects

1. Introduction

Nanoscale multilayers enhance the physical and chemical attributes of materials, such
as resistance to corrosion, scratching, radiation, and electrical conductivity. They also
improve tensile strength, toughness, and other critical characteristics, making them highly
versatile across different industries [1,2]. Nanoscale multilayer coatings (NMCs) used
in nuclear and space technology applications may undergo hydrogen-induced processes
that alter their microstructure and cause embrittlement [3-8]. To mitigate the impact of
hydrogen on nanoscale multilayer structures, internal structural analysis after hydrogena-
tion is required. In pure metals, hydrogen bonds in the following general ways: at low
concentrations, hydrogenation causes lattice expansion; at intermediate concentrations,
hydrogen atoms form complexes with material atoms; and at high concentrations, hydro-
gen injection results in a large number of defects in the material [9]. Important factors
influencing hydrogen distribution for nanoscale multilayer materials include the presence
of interfaces where considerable amounts of hydrogen might concentrate [10-13].
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According to Vidur et al.’s thermodynamic model, hydrogen preferentially accumu-
lates in the 3-Zr phase of zirconium-niobium alloys, resulting in the decomposition of the
substable 3-Zr phase and the redistribution of hydrogen to adjacent Zr and Nb interfaces [1].
It is worth noting that for coatings with substantial single-layer thicknesses (50-100 nm),
the structural distribution of the coating remains unchanged even if the surface is directly
exposed to protons. Protons degrade the coating interface in coatings with thin monolayer
thicknesses of 10-25 nm, preserving hydrogen. Proton radiation does not cause serious
material damage or alter the structure of the coating. The coating becomes more ductile
and less brittle due to the buildup of hydrogen—vacancy complexes, which decreases its
hardness. These findings suggest that nanoscale multilayer coatings of Zr/Nb are a possi-
ble hydrogen-tolerant material [14,15]. Further investigation into microstructural changes
following hydrogen induction is crucial for enhancing the coating production process and
material attributes.

The investigation of hydrogen embrittlement is examined with respect to the distinct
characteristics of Zr and Nb separately. Zirconium alloys are the preferred choice for nuclear
reactor claddings due to their proven resistance to radiation, corrosion, and low neutron
absorption. The addition of niobium to the alloys further enhances their resistance to oxidation
and corrosion [16,17]. Ion irradiation causes ions to aggregate between the Zr matrix and
Nb precipitate grain boundaries, resulting in a less severe increase in the brittleness of NMCs
based on these metals, without compromising their hardness [18]. Zirconium has a low solid
solubility limit for hydrogen and is highly susceptible to hydrogen embrittlement. The alloy
susceptibility to hydrogen absorption at high temperatures and under high radiation damage
is a significant factor [19]. Niobium can be used as a layer for shielding zirconium due to
its remarkable oxidation resistance; moreover, niobium is not easily deformed, even in high-
temperature operations [20]. However, Nb is more susceptible to hydrogen penetration, and its
accumulation can cause significant deformation in this layer [21,22]. When using niobium in
nanoscale multilayer systems, it is also necessary to reduce lattice swelling due to hydrogen
accumulation. The pressure and duration of hydrogenation can affect hydrogen concentration
and distribution, as well as cause microstructural changes in multilayer coatings; therefore, its
study is the aim of this research.

2. Materials and Methods

The Zr/Nb NMCs were fabricated through a magnetron sputtering process utilizing a
specialized apparatus developed at the Weinberg Research Center of Tomsk Polytechnic
University. The process involved fixing single-crystalline silicon substrates oriented along
the (111) direction inside an experimental chamber equipped with an axial rotation system.
During the coating process, an argon (Ar) atmosphere was maintained at an operating
pressure of 0.3 Pa, while the residual pressure within the chamber was kept at 0.002 Pa.
Before coating, the substrates underwent a 30 min cleaning process using Ar ions at a
voltage of 2.5 kV and an ion current of 2.5 mA. The coating was executed using two balanced
magnetron sputtering systems by APEL-M-5PDC power supply (Applied Electronics,
Tomsk, Russia) [23,24]. The resulting Zr/Nb NMCs samples comprised alternating layers
of Zr and Nb, each with a thickness of 50 nm (referred to as Zr/Nb50 NMCs). The total
thickness of the coating for each sample was 1.1 & 0.2 um. The structure of NMCs with
different thicknesses of individual layers obtained by this method under the conditions
mentioned above is described in detail in works [14,15].

In situ diffraction research was performed using a Shimadzu XRD-7000S diffractome-
ter (Kyoto, Japan, coupled with an Anton Paar HTK 2000N high-temperature chamber) [25].
The samples were resistively heated with a platinum plate under a vacuum of 10~ Pa. The
heating process was carried out linearly in 20 °C increments up to a maximum temperature
of 700 °C. Registration was performed using a high-speed 1280-channel OneSight detector
within the 30.4-47.5° range with one-minute exposure. The in situ diffraction study clearly
showed that no crystalline phases or intermetallic compounds formed within the coatings
during the linear heating process in vacuum conditions up to 400 °C. The diffraction reflec-
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tions corresponding to Zr(002) and Nb(110) remained clearly distinguishable throughout
the heating process, as shown in Figure 1.
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Figure 1. In situ diffraction patterns obtained during linear heating of Zr/Nb50 NMCs in vacuum.

It can be seen from the figure that heating leads to a simultaneous abrupt shift of
diffraction reflexes towards higher angles by more than 2° in the temperature range above
450 °C, which is related to the delamination of the coatings from the substrate. These
effects are associated with variations in the thermal properties of each constituent of the
coating—substrate system (Zr, Nb, and Si).

The Zr/Nb50 samples were hydrogenated using the Sieverts method with an automated
Gas Reaction Controller LPB. The hydrogen used had a purity exceeding 99.9995% and was
generated by a Proton HyGen 200 hydrogen generator. A hydrogenation temperature of
400 °C (with a heating rate of 6 °C/min) was chosen following analysis of the diffraction
studies to prevent system delamination. After absorption, cooling was also performed in
a hydrogen medium at residual pressure at a rate of 5 °C/min. The different hydrogen
distribution was predominantly specified by changing the pressure from 0.2 to 2 MPa for a
three-hour exposure, and the hydrogen content was mainly defined by the hydrogenation
time from 1 to 7 h at a maximum pressure of 2 MPa. The LECO RHEN602 analyzer was used
to quantify the absolute hydrogen concentration in Zr/Nb50 NMCs; it should be noted that
initial samples had a hydrogen concentration not exceeding 0.001 wt. %.

Using glow-discharge optical emission spectrometry, the layer-by-layer distribution
of the Zr and Nb elements was examined. The GD-OES technique has a low chemical
element detection limit and a high depth resolution. Using a 4 mm anode and the following
parameters, the depth profiling was performed on a GD-Profiler 2 spectrometer (Jobin Yvon
Emission Horiba Group, Palaiseau, France): 650 Pa of pressure, 40 W of power, 1 kHz of
frequency, and 25% duty cycle.

The fine structure of the samples was thoroughly analyzed by transmission electron mi-
croscopy using a JEM-2100F microscope (JEOL, Akishima, Japan). The specimens were prepared
by ion thinning using an Ion Slicer EM-09100IS (JEOL, Akishima, Japan). The etching angle
ranged from 1.5 to 4 degrees with an acceleration voltage of 8 kV, and argon was used as
the working gas during specimen preparation. Nanohardness and Young’s modulus were
determined using an indentation/scratch tester NHT 50-183/NST 50-146 (CSM Instruments,
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Peuseux, Switzerland) with a load of 5 mN and a dwell time of 30 s. Additionally, Doppler
broadening spectroscopy (DBS) was performed at the Dzhelepov Laboratory of Nuclear Prob-
lems (Joint Institute for Nuclear Research, Dubna, Russia) using a positron beam of various
energies ranging from 0.1 to 22 keV. The dependencies S/Sy and W/Wj were used for the
analysis of Zr/Nb50 NMCs, where Sy and W represent DBS parameters before hydrogenation,
and S and W represent DBS parameters after hydrogenation.

3. Results

Figure 2 demonstrates the hydrogen sorption curves of Zr/Nb50 NMCs at varying
pressures (Figure 2a) and hydrogenation times (Figure 2b). The final value of hydrogen
concentration in Zr/Nb50 has a minimal variation when the pressure is adjusted from 0.2
to 2 MPa. However, with an extension of the hydrogenation time from 1 to 7 h at maximum
pressure (Figure 2b), the hydrogen content of Zr/Nb50 increases more significantly.
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Figure 2. Hydrogen absorption curves of Zr/Nb50 at different pressure (a) and hydrogenation time (b).

The values of hydrogen concentrations obtained by melting in an argon atmosphere
for hydrogenated Zr/Nb50 NMCs at different pressures and times are presented in Table 1.

Table 1. Absolute hydrogen concentration in Zr/Nb50 after hydrogenation at a different pressure
and time.

Pressure, MPa H concentration, wt. % Time, h H concentration, wt. %
0.2 0.0143 £ 0.001 1 0.0165 + 0.001
0.5 0.0149 £ 0.001 3 0.0168 + 0.001
1 0.0155 £ 0.001 5 0.0180 + 0.001
2 0.0168 £ 0.001 7 0.0370 £ 0.0015

An increase in the pressure leads to a more uniform hydrogen distribution throughout
the Zr/Nb50 NMCs, with an average H concentration of 0.0154 &+ 0.001 wt. %. Extending
the hydrogenation period from 1 to 7 h results in an increase in hydrogen concentration from
0.0165 £ 0.001 to 0.0370 £ 0.0015 wt. %. This indicates that cooling the samples in a hydrogen
atmosphere after high-temperature hydrogenation does not result in increased absorption.

To understand the localization of hydrogen in the Zr/Nb50 NMCs, the depth dis-
tribution of the elements was studied using GDOES (Figure 3). Figure 3a represents the
elemental distribution profile of the original Zr/Nb50 NMCs, showing the absence of
impurities in the samples. Figure 3b—d demonstrate the distribution profiles of the samples
hydrogenated at different pressures. Hydrogenation at 0.2 MPa for 3 h results in hydrogen
saturation of the first layers of Zr/Nb50 NMCs; as the substrate is approached, a decrease
in the intensity of the hydrogen luminescence is observed. Hydrogenation at 1 MPa for
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3 h leads to a uniform distribution of hydrogen in the Zr/Nb50 NMCs. When the pressure
is increased to 2 MPa, a rise in the hydrogen concentration is observed mainly in the first
10 layers in the Zr/Nb50 NMCs, but the intensity of the hydrogen signal after 10 layers
remains at the same level, as in the Zr/Nb50 NMCs hydrogenated at 1 MPa for 3 h.

Figure 3d,e show the elemental distribution profiles at different hydrogenation times.
With increasing time at high hydrogenation pressure, a rise in the hydrogen signal is
observed throughout the Zr/Nb50 NMCs coating. During hydrogenation, there is a
tendency for hydrogen to accumulate predominantly in the Zr layers, but, with increasing
pressure, there is a tendency for hydrogen to accumulate in the first Nb layer in the form of
a solid solution.
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Figure 3. Cont.



Metals 2024, 14, 452

60of 11

Intensity, arb. un

o o o

e (o] (o]
i T

Pl
I
——
I
——
—
I —
E—

02| \j

0.0 : : :
0.0 0.2 0.4 0.6 0.8
Depth, um
(e)

Figure 3. Elemental depth distribution profiles for NMCs Zr/NDb50: (a) initial, (b) hydrogenated
at 0.2 MPa and 3 h, (c) hydrogenated at 1 MPa and 3 h, (d) hydrogenated at 2 MPa and 3 h,
(e) hydrogenated at 2 MPa and 7 h.

Electron microscopic studies of the sample cross sections of the hydrogenated Zr/Nb50
NMCs have shown that the multilayered structure in all samples, regardless of the final
hydrogen concentration, is preserved. Figure 4 shows, as an example, the structure of
Zr /Nb50 NMCs after hydrogenation at 400 °C, 2 MPa, and 7 h, because of which the highest
hydrogen content was obtained. It can be seen that the samples exhibit a layered structure
with alternating layers of zirconium and niobium, the thickness of which was equal to
50 £ 15 nm. In the bulk of each zirconium and niobium layers, nanoscale columnar grains
with sizes of 30-50 nm are observed. A significant number of reflections distributed over a
circle in the SAED (Figure 4a) obtained for an area of 0.2 um? indicates the presence of a
large number of elements in the structure unit volume and their substantial misorientation.
The SAED patterns contained reflections from the different planes of the Zr, and Nbg.

(b)

Figure 4. Typical cross-sectional microstructure of the Zr/Nb50 sample hydrogenated to a concentra-
tion of 0.0370 wt. %: bright-field image and corresponding SAED (a), dark-field image in (110) Zra
reflection (indicated by arrow) (b).
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X-ray diffraction studies have shown that hydrogenation, even at small concentrations,
leads to a significant change in the appearance of the X-ray diffraction patterns. In this
case, regardless of the hydrogenation conditions, the diffraction reflection corresponding to
the Zr(002) plane disappears (Figure 5) and the formation of the §-ZrH hydride phase is
observed, as well as the reorientation of Zr crystallites in the [100] direction. The diffraction
reflection of Nb(110) shows a significant shift towards smaller angles, resulting in an
increase in the corresponding interplanar distance to 2.455 A. The interplanar distance
corresponding to the Nb(110) reflection varies within +-0.01 A depending on the saturation
modes (see Figure 5). Notable lateral compressive stresses are observed.

3h.,2MPa

7h.,2MPa
o-2xi, 2x(100)  Nb(110) :; : (1)_24;2;,2 ozri,zr(100)  Nb(10)  ——5h.2MPa
) N T N — v
T ' E ! " ! . Initial
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(@) (b)
Figure 5. Diffractograms of Zr/Nb50 NMCs obtained for samples saturated with hydrogen at
different pressures (a) and different times (b).
Table 2 presents the findings of the nanohardness measurements of Zr/Nb50 at differ-
ent hydrogenation times.
Table 2. Mechanical properties of Zr/Nb50 with different hydrogen concentrations.
Time, h H concentration, wt. % Nanohardness, 230 HV  Young Modulus, £0.1 x 10°, N/mm?
1 0.0165 £ 0.001 1420 1.2
3 0.0168 + 0.001 1400 1.3
5 0.0180 £ 0.001 1400 1.3
7 0.0370 £+ 0.0015 1520 1.2

The results demonstrate a significant increase in nanohardness when the hydrogen
saturation is up to 0.0370 £ 0.0015 wt. %. Vickers nanohardness increases by 40% at a hy-
drogen concentration of 0.0370 £ 0.0015 wt. %, mainly due to the precipitation of hydrides.
However, there is virtually no change in nanohardness when the hydrogen level is altered
from 0.0165 £ 0.001 to 0.0180 = 0.001 wt. % (Table 2). Young modulus, which is approxi-
mately 1.3 x 10° N/mm?, remains nearly unchanged before and after hydrogenation.

Figure 6 demonstrates the layer-by-layer analysis of DBS in a Zr/Nb50 sample that has
been hydrogenated at different pressures. The S/Sy and W /W), profiles undergo significant
changes with increasing pressure, but the S values remain below their initial values, which
is unusual for the high-temperature hydrogenation of metallic materials [26].
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Figure 6. S/Sy (a) and W/W)j (b) dependences of positrons of variable energy in hydrogenated
Zr /Nb50 NMCs with different pressures.

The accumulation of hydrogen-induced defects, as well as structural-phase transfor-
mations, is accompanied by a change in the momentum distribution, primarily resulting in
an increase in S values, as the free volume probed by positrons expands. During the high-
temperature hydrogenation of metallic materials, vacancy clusters (mV), simple (V-nH),
and complex (mV-nH) hydrogen-vacancy clusters are sequentially formed depending on
the hydrogen content and phase transitions determined by the hydrogenation conditions,
with these defect transitions occurring near the phase boundary [27]. The decrease in S/Sg
parameters (and increase in W/Wy1) in Zr/Nb NMCs after hydrogenation is explained by
the partial annihilation of defects against the background of hydrogen atoms accumulation
in metals lattices with the formation of hydrogen-vacancy complexes near interfaces and
hydride formation. Increasing pressure alters the hydrogen distribution in Zr/Nb NMCs;
consequently, the hydrogen concentration in the bulk of the layers and at boundaries varies,
leading to changes in the relative DBS parameters. However, these dependencies do not
imply a change in the positron trapping center; positrons also preferentially annihilate at
interfaces.

As the concentration of hydrogen increases, more notable alterations in the relative
DBS parameters are noted (Figure 7).
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Figure 7. S/Sy (a) and W/Wj (b) dependencies of positrons of variable energy in hydrogenated
Zr/Nb50 NMCs under maximum pressure at different times.
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S/Sp values are lower than the initial level for Zr/Nb NMCs with hydrogen content
ranging from 0.0165 £ 0.001 to 0.0180 % 0.001 wt. %, and noticeable fluctuations of the
corresponding W /W values are observed. This is caused by the intensive formation of
hydrides and hydrogen—vacancy complexes, while their structure and distribution are
inhomogeneous. At a hydrogen content of 0.0370 & 0.0015 wt. %, there is an increase in
5/Sp values above the initial level, indicating an increase in excess free volume due to the
formation of hydrogen-induced defects and alterations, but the prevailing positron capture
center is retained.

4. Conclusions

The hydrogenation of Zr/Nb NMCs, with individual layer thicknesses of 50 nm,
was carried out at 400 °C from a gas atmosphere. The hydrogen concentration averaged
at 0.0154 £+ 0.001 wt. % and was not significantly affected by pressure. However, a
tendency for hydrogen accumulation in zirconium layers was observed. Increasing the
hydrogenation time from 1 to 7 h at maximum pressure resulted in a significant increase
in hydrogen concentration from 0.0165 £ 0.001 to 0.0370 = 0.0015 wt. %. The Zr layers
form a §-ZrH hydride phase and the Zr crystallites reorient in the [100] direction. The
Nb(110) diffraction reflex shifts towards smaller angles and the interplanar spacing in the
niobium layers increases due to significant lateral compressive stresses. The nanohardness
and Young’s modulus of Zr/Nb NMCs remain constant with increasing pressure, likely
due to the constant indentation depth and relatively low hydrogen content, which does
not exceed 0.0154 &+ 0.001 wt. %. However, increasing the hydrogen concentration to
0.0370 = 0.0015 wt. % results in a significant 40% increase in nanohardness. The relative
S/Syp values of the variable energy positron annihilation pulse distribution increase above
the initial level at this concentration. This increase indicates an increase in excess free
volume due to the formation of hydrogen-induced defects and alterations. Nevertheless,
the prevailing positron trapping center remains unchanged. The momentum distribution
of the positron annihilation of variable energy in Zr/Nb NMCs with a hydrogen content
ranging from 0.0143 £ 0.001 to 0.0180 £ 0.001 wt. % shows opposite changes (S|W1),
indicating a decrease in the free volume probed by positrons. This decrease is likely
due to the partial annealing of defects during the accumulation of hydrogen in metal
lattices, resulting in the formation of hydrogen-vacancy complexes near the boundaries
and hydrides. The increased resistance of nanosized Zr/Nb multilayers to hydrogenation
is, therefore, probably due to the following two effects: vacancies formed in layers close
to the Zr/Nb interface are suppressed by the significant relaxation of metal atoms at the
interface; and hydrogen forms complexes mainly in zirconium layers close to the interface,
increasing the mobility of Zr atoms, which contributes to enhanced defect annihilation. The
self-healing of vacancy-type defects resulting from the hydrogenation of nanoscale Zr/Nb
multilayers is attributed to these effects.
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