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ARTICLE INFO ABSTRACT

Keywords: This article presents theoretical and experimental findings on the stability of orthorhombic (Mo,_,Nb,),BC
X,BC phase in magnetron sputtered coatings, where molybdenum is gradually replaced by niobium. Magnetron
Sputter deposition co-sputtering of Mo,BC and Nb,BC targets was used to best preserve the metal/non-metal ratio of 1/1.

Ab initio calculations

; . The theoretical calculations were based on replacing Mo atoms in orthorhombic Mo,BC cell, thus creating
Elastic properties -

a (Mo,_,Nb,),BC solid solution. It is predicted to be stable up to 37.5% of Mo atoms replaced by Nb, at which
point also the elastic modulus and the shear modulus are the highest. Simultaneously, the enthalpy of formation
of this material suggests that it should be more stable than, e.g. the commonly used and studied TiAIN.
Experiments have confirmed that orthorhombic (Mo,_,Nb,),BC does not form at high Nb contents, and fcc
NbC-like structure was observed instead. All coatings were shown to be columnar with grains in the nanometre
range with amorphous regions between the columns. This led to reduced stability of the orthorhombic Mo,BC-
like phase compared to the theoretical calculations. At the limit of the stability of the orthorhombic cell, the
hardness of the coating was enhanced by 25% and the elastic modulus by 60%. Ab initio calculations indicate
that lattice strain is responsible for the mechanical properties’ enhancement.

1. Introduction materials and the parallels between bulks and coatings were drawn.

Experimental measurements of the wear of TiC-TiB, multilayers were

Investigation of ternary boron-carbides in bulk form has been on- presented, documenting the possibilities of the practical use of materi-

going for many decades since the 1950s. Many systems have been als presented in the previous decade. Coatings belonging to the Ti-B-C

investigated, and one of them was found to crystallize in an orthorhom- system were prepared by reactive magnetron sputtering of TiB, target
bic cell with an X,BC stoichiometry — Mo,BC [1-4]. An exhaustive list in an Ar—C;Hg atmosphere [7].

of other investigated systems, none exhibiting the same X,BC phase, But the multilayering principle can be brought down to the funda-

can be found in the supplementary material.

Ideas about the concepts of using ternary boron carbide coatings
as hard coatings were thoroughly discussed in 1986 [5]. It has been
argued that, generally, another set of parameters — the fabrication or
deposition parameters — needs to be taken into account for coatings
in contrast to the fabrication of bulk materials. The idea of using
multilayer or multiphase coatings was proposed. Among others, coat-
ings from the Ti-B-C, either in the form of a (nano)composite or as
multilayered systems, were hypothesized to be good candidates for
experimental research. The multilayer concept was further yet still
predominantly theoretically refined [6]. The relations between consti-
tution, microstructure, properties and application behaviour developed
for bulk materials were used to describe the behaviour of layered

mental level. This points us to Mo,BC first described in bulk form in
1963 [1]. This material in the form of a thin film was re-discovered in
2009 when it was calculated that owing to its structure similar to the
MAX phases with altering planes containing stiff carbidic and boridic
bonds with a high degree of ionicity and weaker metallic planes, this
material should exhibit a very rare combination of high stiffness and
hardness together with ductility and fracture resistance [8]. Since then,
crystalline Mo,BC coatings were prepared by DC [8-10], pulsed-DC
magnetron sputtering [11] as well as High Power Impulse Magnetron
Sputtering (HiPIMS) [12]. Apart from Mo,BC, a whole family of similar
X,BC materials with X = Ti, V, Zr, Nb, Hf, Ta and W with the rare
combination of stiffness and ductility was theoretically proposed by
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ab initio simulations [13]. However, none of these crystalline X,BC
coatings have been reliably and unambiguously prepared so far, despite
many of the systems such as W-B-C [14-17], Nb-B-C [18-20] and
Ta-B-C [21] being extensively studied.

In this work, we will study the effect of the substitution Mo by
Nb in the Mo,BC coating on the structure and properties of the
(Mo,_,Nb,),BC system. Niobium is a neighbour of Mo in the periodic
table of elements with almost the same size and crystallizes as a metal
in the same lattice as metallic Mo. The Nb,BC phase has even lower
formation enthalpy than Mo,BC [13], and its formation is thermody-
namically more favourable compared to the formation of binary NbB
and NbC phases [20]. However, the orthorhombic crystalline Mo,BC
phase has been experimentally prepared, while Nb,BC was not. Nb
was chosen as it should also form the crystalline orthorhombic Nb,BC
phase, and Mo,BC is used to serve as a stabilizing “scaffolding” for the
orthorhombic Nb,BC phase. We theoretically as well as experimentally
systematically replace molybdenum in Mo,BC with niobium in the
whole composition range from Mo,BC to Nb,BC while preserving
the (Mo,_,Nb,),BC chemical stoichiometry as much as possible. We
describe the effects of the niobium content on the microstructure and
the crystalline structure and their links to the mechanical properties of
(Mo, _,Nb,),BC thin films.

2. Materials and methods
2.1. Ab initio calculations

Mechanical properties of (Mo,;_,Nb,),BC solid solutions were cal-
culated using the density functional theory [22,23] as implemented
in the Quantum ESPRESSO package [24,25]. 3 x 1 x 3 supercells
consisting of 144 atoms based on the orthorhombic (Cmcm, spacegroup
#63) Mo,BC structures were prepared with the special quasi-random
structure method [26,27] and were fully relaxed with respect to the
cell shape and atomic positions. A plane-wave pseudopotential method
with PBEsol pseudopotentials from the SSSP precision database (version
1.1.2) [28-32], PBEsol exchange-correlation potential [33], plane-
wave cut-off energy of 55Ry and k-point grid of 4 x 2 x 4 were
used for the calculations. Elastic properties were calculated with the
stress—strain method [34] and the polycrystalline bulk (B), elastic (E)
and shear (G) moduli, as well as Poisson’s ratio (v), were obtained
within the Hill’s approximation [35,36]. The effective elastic modulus
for comparison with nanoindentation measurements was calculated
as E; = E/(1 —?). Integrated crystal orbital Hamilton populations
(ICOHP) analysis was performed using the LOBSTER package [37,38].
All computational results with further details are available in the
NOMAD archive [39-41].

2.2. Deposition

The Mo,BC, Nb,BC and (Mo,_,Nb,),BC coatings were deposited
in a high-vacuum system using non-reactive magnetron sputtering of
Mo,BC and Nb,BC targets (Sindlhauser, 99.5%, 3" diameter). Before
the deposition, silicon substrates (10mm x 45mm strips with (100)
orientation) were cleaned in an ultrasonic bath for 3 min in isopropanol
and, after drying, subsequently mounted on a heater installed inside
the vacuum chamber of the magnetron sputtering device. The Mo,BC
and Nb,BC targets were positioned in a confocal configuration approx-
imately 10 cm above the Si strip and along the longitudinal axis of the
strip so that the axes of the targets pointed at the centre of the strip (as
schematically shown in Fig. 1).

Such arrangement leads to the formation of (Mo,_,Nb,),BC coat-
ings with gradual change of the Mo/Nb ratio along the specimen.
The base pressure before depositions was ~0.1 mPa, and the working
pressure was 0.2 Pa of Ar (99.99%). Before depositions, the substrates
were heated to 750°C, and that temperature was held during the
depositions to promote the crystallinity of the coatings. The targets
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Fig. 1. The arrangement of targets and substrate for deposition with gradient
compositions.

were powered by DC power supplies. The combinations of powers on
Mo,BC/Nb,BC targets, respectively, were the following: 250 W/0W,
250W/50W, 250 W/100W, 250 W/150 W, 250 W/200 W, 0 W/200 W.
The first and the last power settings formed pure Mo,BC and Nb,BC
coatings, respectively. Before the start of each deposition, the Si sub-
strate was shuttered off, and the power on both targets was gradually
increased (+5W/min) to the desired level. After ramping up to full
power, the targets were cleaned for 10 min. Depositions started af-
terwards by removing the shutter from the specimen position. Each
deposition took 60 min and was finished by placing the shutter back
above the specimen. The deposited specimen was left in the deposition
chamber overnight to cool down under vacuum conditions.

2.3. Analyses

Oxford Instruments X-MAX 50 Energy-Dispersive X-ray Spectrome-
ter coupled to a Tescan Mira 3 scanning electron microscope was used
to determine the composition of the prepared samples. The quantifi-
cation was done after calibration with Mo,BC and Nb,BC sputtered
references with 8kV electron accelerating voltage. However, it needs
to be kept in mind that the simultaneous quantification of very light B
and C together with heavier Mo and Nb can lead to larger uncertainties.
Therefore, during later discussion, we focus more on the trends rather
than the specific values of the composition. Further details about the
quantification procedure are given in the Supplementary material. In
addition to deposited elements (Mo, Nb, B, C), up to 10at.% of O and
~1 at.% of Ar were detected in the deposited coatings.

X-ray diffraction analysis (XRD) was used to investigate the crys-
tallinity of the deposited (Mo,_,Nb,),BC coatings. The instrument used
for this analysis was Rigaku Smartlab diffractometer with a Cu K,
radiation source. All measurements were performed in the Bragg-
Brentano configuration. Lamellae for TEM investigation were extracted
from the deposited coatings by focused ion beam technique (FIB) with
a Thermo Scientific Scios 2 Dual Beam equipment. The final steps in
FIB preparation were made at 2kV. The TEM investigations were per-
formed in a C, corrected 200 kV Themis (Thermo Fischer) microscope.
Selected Area Electron Diffraction (SAED) patterns were calibrated with
Si substrate reflections and evaluated using Process Diffraction software
[42].

The mechanical properties of the deposited coatings were evaluated
using a Hysitron TI980 nanoindenter equipped with a Berkovich-type
diamond tip with a diameter of ~50nm. The indenter tip calibration
was performed on a certified fused silica sample (Bruker). In order to
find the critical indentation depths where the substrate influence starts,
standard quasistatic nanoindentation tests with 20 unloading segments
were carried out in a load-controlled regime with a constant loading
rate of 0.2 mN/s. From the evaluation of the unloading segments’ depth
profiles, the hardness and elastic modulus data were obtained. The
proper maximum loads used for further measurements were chosen
according to the obtained depth profiles. The main measurements



J. ZeniSek et al.

Mo © ~
Nb ©

B ©
cC o

boron chains

(Nb,Mo)C - like
layer

Mo,BC

(Mog sNbg 5),BC

Acta Materialia 268 (2024) 119741

0

Fig. 2. Atomic structures of Mo,BC, (Mo, sNb, 5),BC and Nb,BC. Boron-boron bonds and dashed lines highlight the nano-laminated structure of the cell, consisting of alternating
layers of boron chains and (Mo,Nb)C-like layers. Red arrows mark the second nearest metal neighbours of the B atoms, which will be further discussed below. Visualized with

VESTA [44].

were done utilizing rapid mechanical property mapping (XPM) using
a constant loading rate of 100mN/s. Each measured point on the
specimen was calculated as an average of at least 100 indentations
(matrix 10 x 10, distance between individual indentations 4 pm). Three
different points were chosen on each specimen and at every composi-
tion to carry out the mechanical property maps. The standard Oliver
and Pharr model [43] was used to evaluate the mechanical properties.
The effective elastic modulus E; defined as E,; = &, where E and v
are the Young’s modulus and the Poisson’s ratio of the coating, is used
for the expression of the elastic properties of the coatings, as it carries
only the information of the sample as opposed to the reduced elastic
modulus that combines the properties of the measured coating and the
indenter.

3. Results and discussion
3.1. Ab initio modelling

Previous experiments have shown that Mo,BC can be prepared
experimentally in thin films [8,9,11,12]. Theoretical calculations have
shown that the formation enthalpy of Nb,BC is lower than of Mo,BC
[13] and detailed analysis of the enthalpy of formation per atom of
the ternary Nb,BC showed that it is lower than the formation enthalpy
of NbB + NbC binary phases [20]. These theoretical results suggest
that it is easier to prepare the orthorhombic Nb,BC phase than the
orthorhombic Mo,BC phase. Let us, therefore, study what happens as
Mo in the crystalline Mo,BC lattice is substituted by Nb. Images of the
Mo,BC, Nb,BC and mixed solid solution are shown in Fig. 2. Ab initio
calculations of the elastic properties of the crystalline orthorhombic
Mo,BC, (Mo,_,Nb,),BC solid solutions and Nb,BC shown in Fig. 3
exhibit non-linear trends of the elastic properties with respect to the
Nb/(Mo+Nb) ratio x in the (Mo,_,Nb,),BC notation. When Nb is added
to Mo,BC, it initially leads to an increase of the elastic and shear
moduli, with the maximum value of 521 GPa and 211 GPa at x = 0.25
for elastic and shear modulus, respectively, an increase of 7% and 9%
as compared to the values of 487 GPa and 193 GPa for Mo,BC. Further
increase of Nb concentration leads to a significant decrease of both
elastic and shear moduli to values of 450 GPa and 182 GPa at x = 0.5,
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Fig. 3. (a) Elastic, effective elastic, bulk, and shear moduli, (b) bulk over shear modulus
ratio and Poisson’s ratio as a function of the x = Nb/(Mo+Nb) ratio.

and the values stay mostly constant or decrease slightly in the rest
of the composition range when further Nb is added, with calculated
values of 436 GPa and 176 GPa for elastic and shear modulus for Nb,BC.
Bulk modulus does not exhibit this local maximum and decreases over
the whole compositional range, with most of the decrease happening
between Mo,BC, with value of 339GPa, and x = 0.5 with value of
284 GPa. Both the B/G ratio and Poisson’s ratio show a minimum at
x = 0.375, with values of 1.49 and 0.226, respectively, as compared to
values of B/G = 1.75, v = 0.26 for Mo,BC and B/G = 1.59, v = 0.24
for Nb,BC (see Fig. 3). This suggests that the mixed (Mo,_,Nb,),BC
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Fig. 4. (a) a/c and b/c lattice parameter ratios, (b) mean B-B bond length and mean
B-B-B bond angle.

material has inferior ductility to Mo,BC in the whole composition
range.

The non-linear trends of the elastic properties can be rationalized
based on the evolution of the geometry of the lattice. As the Nb
content increases and while the Nb/(Mo+Nb) ratio x < 0.375, the cell
expands homogeneously as based on the ratios of the lattice parameters
(Fig. 4(a)), the B-B bonds are elongated (Fig. 4(b)), and are more
strained as can be seen from the less negative integrated crystal or-
bital Hamilton population (ICOHP) shown in Fig. 5(a), where negative
ICOHP can be loosely interpreted as bond strength [45]. Additionally,
the B-B-B bond angles increase only marginally for x up to 0.375,
while there is a steep decrease for larger Nb concentrations. Therefore,
between x = 0.375 and x = 0.5, the structure deforms significantly, and
the B-B zigzag chains start to straighten, returning the B-B bond length
closer to their value in Mo,BC and release of the stress. The linking
between the boron chains and the metal-carbon layers is significantly
weakened, as can be seen in Fig. 5(b) and (c) from the changes in the
ICOHP between the boron and both its first and second metal nearest
neighbours. The average ICOHP between the metal atoms decreases
slightly when more Nb is added, and the C-metal average ICOHP shows
a similar trend to the boron (Fig. 5(d) and (e)). However, in general,
the magnitude of the differences is smaller than what can be observed
for the boron-boron and boron-metal bonds ICOHP. The behaviour of
the boron chains was already shown to be the main factor behind the
Mo,BC ductility [46], and here we highlight the similar crucial role of
the boron chains also in the mechanical properties of (Mo,;_,Nb,),BC.

Therefore, as Nb is added into the Mo,BC structure, replacing Mo,
the larger Nb radius leads to an increase in volume and the lattice pa-
rameters. Due to the material’s nanolaminated-like structure, which can
be understood as stacked metal-terminated slabs of fcc (Mo,Nb)C with
the metal atoms connecting to layers of boron zigzag chains, where Nb
is incorporated only into the former, it leads to increased tensile stress
within the boron zigzag chains and additionally compressive stress
within the carbide-like layers. This is based on the difference of average
Nb-C and Mo—-C bond length in the slab plane in the (Mo,_,Nb,),BC
structure, e.g., 2.18A at x = 0.25, and Mo—-C and Nb-C bond lengths
of 2.19A and 2.254 in NaCl-type MoC and NbC, respectively, based
on Materials Project (mp-910, mp-2746) [47]. The Mo,BC structure
can accommodate the internal stress only up to x < 0.375 while
homogeneously expanding. In this region, the incorporation of the
niobium leads to an increase in the elastic and shear moduli. As yet
more niobium is introduced into the cell, which the structure cannot
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Fig. 6. Mixing enthapy, H,,, as calculated from the energy difference of the solid
solutions and the pure Mo,BC and Nb,BC phases.

further accommodate, the Mo,BC structure destabilizes and starts to
deform significantly. This leads to weakened crosslinking between the
boron chains and the carbide-like layers and to a decrease in elastic
constants.

Let us now look at the thermodynamical stability of the
(Mo, _,Nb,),BC. The mixing enthalpy of the (Mo,_,Nb,),BC is shown
in Fig. 6 and indicates the stability of the solid solution with respect to
the ternary Mo,BC and Nb,BC phases. It is slightly positive for the low
Nb contents with the value of ~1 meV/atom at x = 0.125. However, it
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goes negative down to -12meV/atom at x = 0.375. The changes of the
structure between x = 0.375 and x = 0.5, as discussed in the previous
section, also correspond to an increase of the mixing enthalpy by almost
40 meV/atom to positive values, suggesting metastability of the solid
solution. However, the maximum value is still below 30 meV/atom,
i.e., 3 times lower than that, for example, TiAIN, which is known to
decompose spinodally [48], but also to be routinely synthesized by PVD
as a metastable solid solution. The negative mixing enthalpy highlights
that if the solid solution could be successfully prepared, it should have
reasonable stability concerning decomposition into the ternary Mo,BC
and Nb,BC better than e.g. TiAlN, at least in the compositions range of
Mo/(Mo+Nb) ratios x < 0.375.

3.2. Chemical profiles of (Mo,_,Nb,),BC coatings with varying x

In order to verify the theoretical predictions, four (Mo,_,Nb,),BC
coatings with gradually evolving Mo/Nb ratios were produced by com-
binatorial magnetron co-sputtering with four combinations of plasma
discharge powers on the Mo,BC and Nb,BC targets. Ar and O were
measured as expected impurities. The concentration of O increases
from about 5at.% in the Mo-rich end to nearly 10at.% in the Nb-
rich side of the specimens. The concentration of Ar remained below
1 at.% in all specimens at all measured positions. The obtained x ratios
as dependencies on the position on the samples are plotted in Fig. 7.
The four deposited samples cover the Nb/(Mo + Nb) ratios of ~0.04-
0.65, where each composition can be found on at least one sample.
The deposition conditions (i.e. low pressure and low substrate-target
distance) were chosen to preserve the (Mo,_,Nb,),BC stoichiometry
as well as possible. The B/C ratio of the light non-metallic elements
and the (Mo+Nb)/(B+C) ratio showing the metal/nonmetal ratio for
all the deposited samples are plotted in Figure S4 in the supplementary
material. A detailed plot of the chemical composition of the samples can
be seen in the supplementary material in Figure S5. The B/C ratios are
nearly constant over the length of each sample and are ~0.6 for samples
prepared with 50, 100 and 150 W on the Nb,BC target and ~0.5 for the
sample prepared with 200 W on the Nb,BC target. As the B/C ratio is
less than one, the measurements indicate partial loss of boron. This may
be at least partially due to measurement artefacts, as EDX ordinarily
overestimates carbon content to up to 5-10 at.%, which cannot be fully
mitigated even by standard-based quantification. Some boron may have
been lost in the transport due to its higher scattering on background
gas atoms, as boron is the lightest element. However, carbon is not
much heavier, and a similar degree of scattering can be expected [49].
The (Mo+Nb)/(B+C) ratio is again nearly constant in any place of any
sample, corresponding to approximately (Mo,_,Nb_),; (BC. This value
would indicate a deficit of metals in the sample. Due to dominantly
line of sight sputtering with little scattering, this is improbable, and
the metal value is likely underestimated by the measurement method.

3.3. Microstructure

First, XRD analysis allows us to compare regions of the same com-
position on different samples deposited with different combinations of
powers on the Mo,BC and NB,BC targets to verify that the crystalline
structure depends only on the composition. For example, the region
with x = 0.09 can be found in samples deposited with powers on
Mo,BC/Nb,BC targets of 250 W/50W as well as with 250 W/100 W.
In the latter case, that region is shifted closer to the Mo-rich end of
the specimen. We crosschecked five such areas on different samples.
An example of the comparison of the XRD patterns for x = 0.30 on
samples prepared with powers of 100 W and 150 W on the Nb,BC target
is shown in the supplementary material in Figure S6. Both samples
show the same broad double peak between 30° and 50° and small
wide peaks around 58° and 72°. In general, regions with the same
composition always exhibited the same type of diffraction patterns, and
we can conclude that the deposition parameters were always similar
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enough that the crystalline structure depends only on the chemical
composition.

Now, we can study the evolution of the crystalline structure of
the (Mo,_,Nb,),BC coatings as molybdenum is gradually replaced by
niobium. Fig. 8 shows the X-ray diffraction patterns of the deposited
Mo,BC, selected (Mo,_,Nb, ),BC, and Nb,BC coatings. The XRD profiles
on the top and on the bottom in Fig. 8 are for structures corresponding
to the ternary Mo,BC and Nb,BC systems, respectively. The XRD pat-
terns between those correspond to quaternary (Mo,_,Nb,),BC coatings
with Nb content increasing from the top to the bottom. The patterns of
the (Mo,_,Nb,),BC coatings are denoted by their x = Nb/(Mo+Nb) ra-
tios. Samples with the x ratios of 0.05, 0.09, 0.12, 0.17, 0.25, 0.33, 0.5
and 0.67 are selected to show the evolution of the XRD patterns. The
diffractogram of the pure Mo,BC (x = 0) coating exhibits reflections
typical for the orthorhombic lattice in the Cmcm (#63) space group
(COD 00-029-0913). These are namely the peak at 29.3° corresponding
to the (110) reflection with the measured d-spacing of 3.016 [o\, the
wide region from 30° to 50° containing several reflections with the
most prominent being (130) with the reference d-spacing of 2.723A at
32.8°, (041) with reference d = 2.493A at 36.1°, (150) with reference
d = 2.306 A at 38.9° and (080) with reference d = 2.169A together
with (111) with reference d = 2.151 A close to each other at ~41.5°,
the peak at 60° corresponding to the (200) reflection with reference d
= 1.543A and a very broad peak from 61° to 80° again composed of
many less intensive reflections. The diffractogram of the pure Nb,BC (x
= 1) sample can be indexed by peaks of fcc NbC in the Fm3m (#225)
space group (PDF 00-038-1364). The peak at 34.3° corresponds to the
(111) reflection with the measured d-spacing of 2.608 A, the one at
40.7° to the (200) reflection and measured d-spacing 2.219 A, the peak
at 58.7° to (220) with measured d = 1.571 A, at 69.3° to (311) with
measured d = 1.357 A, 73.3° to (222) with measured d = 1.281 A, a
small peak at 87.2° to (400) with measured d = 1.116 A and at 98° to
(331) with measured d = 1.020 A. XRD patterns for (Mo,_,Nb_),BC
samples with low Nb content are similar to the profile for Mo,BC,
and the patterns, where Nb dominates over Mo, tend to be similar to
the pattern for Nb,BC. This is most clear in the region of the main
diffractions between 30° and 50°. As Nb is gradually added into the
(Mo, _,Nb,),BC, the peak at ~36° corresponding to the (041) reflection
in Mo,BC is getting more pronounced and is shifting to lower angles
transforming into (111) peak of fcc NbC. At the same time, the peak at
~41.5° corresponding to the (080) and (111) reflections of Mo,BC is
gradually diminishing while not changing its position. At the x of 0.33
the (200) peak of NbC becomes noticeable and gets more prominent as
more Nb is added into the coating. While all samples exhibit only very
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Fig. 8. X-ray diffractograms of the coatings. Positions of selected reflection from the Mo,BC cell are shown by red lines together with their Miller indices on top of the figure.
Positions of NbC are highlighted by blue vertical lines with their Miller indices on the bottom of the figure.

wide peaks suggesting nanocomposite crystallites with size <5 nm, the
samples with the x of 0.17-0.33 show the least defined peak at ~40°,
while the FWHM of the peak at ~36° does not significantly change.
This means that these are the closest to an amorphous or a short-range
ordered structure. Probably, conditions least favourable for crystallite
growth, such as competitive growth between the observed phases are
taking place here. Coatings with the Nb/(Mo + Nb) ratio <0.25 exhibit
dominant orthorhombic Mo,BC structure, while those with Nb/(Mo +
Nb) ratio >0.25 exhibit predominantly the fcc NbC structure.
Microstructures of Mo,BC, (Mo,_,Nb,),BC with x = 0.25, and
Nb,BC were further investigated by TEM. The overview TEM images
complemented with the corresponding SAED patterns are shown in
Fig. 9. All the coatings have a tilted columnar structure where amor-
phous column walls separate the columns. The SAED rings of Nb,BC
coating can be indexed as an fcc structure with the lattice parame-
ter of 4.43 A. This lattice parameter is somewhat smaller than the
values of 4.426-4.447 A reported for NbC [50], possibly due to the
incorporation of boron, vacancies or stress in the coating. Its structure
is random nanocrystalline. Mo,BC coating can be better indexed as
textured orthorhombic. The strong reflections of the orthorhombic
structure coincide with the fcc structure, and its weak reflections
coincide with cubic reflections forbidden in the fcc system. This is
illustrated by indexing of the SAED rings according to fcc and according
to orthorhombic cell, as is more discussed in the Addendum. This

coincidence in the diffraction positions also indicates the strong relation
of the orthorhombic structure of Mo,BC to the cubic one — as discussed
previously, the orthorhombic structure is composed of planes of metal
terminated fcc carbide linked by the boron chains. Considering the
strong reflections and applying the fcc notation, the texture can be
interpreted as an fcc 111 texture. The direction of the preferential
orientation is between the surface normal and the direction of the
columns. The (Mo,_,Nb,),BC with x = 0.25 shows the best match
with the fcc structure. The sample is 111 textured as well, and the
direction of the preferential orientation is between the surface normal
and the direction of columns. The fcc cell exhibits the lattice parameter
of 4.375 f\, smaller than that of the Nb,BC sample. At the same time,
this sample has the broadest SAED rings (and also XRD peaks). This
again points to the composition, where the development of a single
crystalline phase is the most limited.

The column width and grain sizes of the deposited coatings can
be judged from the high-resolution images in Fig. 10. In the Mo,BC
sample, the column width is ~10nm, and the columns are interrupted
by planar defects perpendicular to the columns. The density of planar
defects, defining the grain size, is in nm range which is the reason of
the broadening of (111) reflections. In the Nb,BC sample, the column
width is ~3 nm. The grains span the whole width of the columns and are
elongated in the column growth direction up to ~15nm. The structure
of (Mo,_,Nb,),BC with x = 0.25 is a combination of those for Nb,BC
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Fig. 9. Bright field overview images of deposited materials together with SAED diffraction patterns for Mo,BC (a), (Mo,_,Nb,),BC with x = 0.25 (b), and Nb,BC (c).

and Mo,BC. It can be judged from the HR image in Fig. 10 that there
are regions with small (<3nm) grains and also columnar regions with
planar defects and larger grains up to ~10 nm.

Elemental maps of Mo, Nb, and O in the deposited coatings mea-
sured by STEM-EDX are shown in Fig. 11. In Mo,BC (a), the Mo content
is a little lower in the column walls while the O content is slightly
increased there. Similarly, in Nb,BC (c), the column walls are poor in
Nb and considerably enriched in O. In the case of (Mo,_,Nb,),BC with
x = 0.25 (b), Mo-rich and Nb-rich regions can be observed in the MoNb
map, and the column walls show a slightly increased O content.

In summary, the Mo,BC coating had an orthorhombic structure, as
was used for the calculations. Unlike the calculations, the sample exhib-
ited a nanocrystalline multiphase structure regarding the composition
as well as the crystalline structure. Despite Nb,BC having an even lower
formation enthalpy than Mo,BGC, it did not form, and an fcc phase that
has a similar lattice parameter to NbC formed instead. The x = 0.25
sample exhibited the smallest grain size and the fcc structure.

Let us compare the theoretical and the experimental results. The
orthorhombic (Mo,_,Nb,),BC was predicted to have negative mix-
ing enthalpy when replacing molybdenum with niobium up to the x
of ~0.375, as was seen in Fig. 6. Experimentally, the orthorhombic
Mo,BC-like phase was stable only to the x ratio of ~0.25, where the
growth of an fcc phase was evidenced by TEM and by the x ratio of
~0.33, this was also clearly seen on XRD patterns plotted in Fig. 8.
The formation of the orthorhombic Mo,BC-like phase happened up to
a somewhat lower Nb content than suggested by the calculations. This
is partly due to the nanocomposite structure of the Mo,BC sample com-
pared to the fully crystalline calculations. Another reason is that in the
experiments, the predicted orthorhombic Nb,BC phase used in the cal-
culations was not formed. This is despite the formation of orthorhombic
Nb,BC being thermodynamically more favourable than the formation
of cubic NbC and orthorhombic NbB, as was shown by the calculation
of the formation enthalpies of the ternary Nb,BC and comparison of
the sum of the respective NbB and NbC binaries [20]. However, the

lack of formation of Nb,BC is consistent with the literature [18,20].
Even heating stoichiometric NbC and NbB powders to 1500 °C did
not result in the formation of Nb,BC, showing a considerable ther-
modynamic barrier for such process [20]. Our calculations, therefore,
describe the physical situation very well until approximately 1 of 4
molybdenum atoms is replaced by niobium. Then, the correspondence
to the experiments is increasingly limited as the orthorhombic Mo,BC-
like phase becomes unstable, the grain size significantly decreases, and
the grain boundaries can start to have a strong impact, and, finally, the
fcc NbC-like phase forms.

3.4. Elasticity and hardness

The indentation hardness and the effective elastic modulus for all
the samples were evaluated from three nanoindentation measurements
for each selected x ratios are plotted in Fig. 12. The effective elastic
modulus E for pure Mo,BC is approximately 240 GPa, and it increases
until the x of 0.25 when E,; reaches the highest value of ~380 GPa.
Further increase of Nb in (Mo,Nb),C decreases the E; until 185 GPa is
reached for pure Nb,BC. The indentation hardness H;, for pure Mo,BC
is 19 GPa and increases after formation of (Mo,_,Nb,),BC mixture up
to 23GPa for x of 0.25. Further increase of Nb in (Mo,_,Nb, ),BC
decreases the H;, down to 18.5GPa for the case of pure Nb,BC. The
maximum in both the E. and the H;, corresponds to the transition
region between the orthorhombic Mo,BC-like and fcc NbC-like pro-
files, which occurs near the x ratio of 0.25, as was seen in the XRD
diffractograms and TEM. The measured values of the hardness are on
par or below those reported in the literature for NbC [51,52] and Nb-
B-C [18], probably due to the small grain size resulting in an inverse
Hall-Petch effect [53], columnar structure and amorphous regions in
the coatings at the column walls.

Let us compare the theoretically calculated effective modulus plot-
ted in Fig. 3 and the measured values plotted in Fig. 12. The predicted
trends, i.e. a gradual increase of the effective modulus when niobium is
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Fig. 10. Comparison of HR-TEM images of (a) Mo,BC, (b) detail of the observed planar
defects in Mo,BC, (¢) (Mo,_,Nb_),BC with x = 0.25, (d) Nb,BC.

added up to one atom per four molybdenum atoms being substituted by
niobium, followed by a decrease, are accurately reproduced in the ex-
periments. Trends above the x ratio of ~0.3 are affected by the fact that
Nb-rich coatings did not form the Nb,BC phase, but they formed the
fcc NbC-like phase instead. Therefore, a much steeper decrease in the
effective modulus was measured compared to the calculations. More-
over, the absolute values of the calculated effective elastic modulus are
much higher than the experimentally measured ones. This is due to the
small grain sizes of the coatings. Value of (460+21) GPa was previously
reported for the elastic modulus of Mo, BC films with better crystallinity
[8], which is in agreement with the value of 487 GPa predicted in
this work. However, the trends correspond to the theoretical predic-
tions, suggesting that while the presence of high quality Mo,BC-like
orthorhombic phase is crucial to achieving the high elastic modulus,
there are similar mechanisms behind the non-linear behaviour even in
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very small grains and the mechanical properties are enhanced due to
lattice strain induced by molybdenum substitution by niobium.

The ratio of the hardness to the effective elastic modulus H/E has
been shown to point to the fracture toughness of a material, whereby
a larger H/E ratio is correlated with better fracture resistance and
increased ductility of a material [54,55]. The resistance to plastic
deformation and wear behaviour of a material are often considered
to depend on the H3/E? ratio [55,56]. These are plotted in Fig. 13.
Both decrease as Nb is added to (Mo, Nb,_,),BC with the exception
of pure Nb,BC with the most pronounced crystalline NbC phase and
the superfluous boron and niobium forming probably amorphous tissue
phase. The worsening of the mechanical properties with increased
niobium content was also predicted by the ab initio calculations shown
in Fig. 3. The discrepancy between the B/G ratio evolution and the
experimentally observed H/E and H3/E? ratios for (Mo,Nb,_,),BC
coatings with x > 0.4 can be ascribed by the orthorhombic structure
being calculated, while the cubic lattice and tissue phase being formed
instead.

4. Conclusion

The stability and the mechanical properties of (Mo,_,Nb,),BC solid
solutions were calculated ab initio. The non-linear behaviour of the
elastic properties can be explained based on the microstrain within the
nanolaminated structure, and crosslinking of the boron chains with the
rest of the structure. The changes in the boron chains lead to much
weaker bonds between them and the surrounding metal atoms and to
degradation of the overall elastic properties at x ratios > 0.375. The
addition of Nb into Mo,BC was predicted to decrease its ductility in
the whole composition range. Calculated mixing enthalpy of the solid
solution shows that the solid solutions are unlikely to decompose into
Mo,BC and Nb,BC in the range of x ratios up to 0.375, whereas the
stability decreases at x ratios larger than 0.375.

A series of (Mo;_,Nb,),BC thin films were deposited by combi-
natorial magnetron sputtering covering the full compositional range
between and including Mo,BC and Nb,BC to verify the predicted
trends. The measured effective modulus accurately reproduced the
predicted non-linear trend with the maximum of the effective elastic
modulus in the compositional region close to x = 0.25. The measured
effective modulus was lower than the calculated one due to the low
crystallinity of the coatings with sub—10 nm grain size and amorphous
regions in the coating at the column walls.

Addendum — TEM investigation of orthorhombic and fcc phases

The observed diffraction rings for Mo,BC shown in Fig. 14 are
listed in Table 1. The SAED of Nb,BC and (Mo,_,Nb,),BC phases
with x = 0.25 can be indexed as fcc structure. If one considers only
the strong reflections of Mo,BC, the SAED pattern of Mo,BC also can
be indexed as an fcc phase, which has a 111-preferred orientation.
However, if we want to interpret all the reflections of Mo,BC, the
structure of orthorhombic Mo,BC (PDF Card No.: 00-029-0913) seems
a proper choice. Mo,BC can be better indexed as orthorhombic Mo,BC.
However, its strong reflections (bold characters in Table 1 and strong
lines in Fig. 14) coincide with allowed reflections of the fcc structure,
and weak reflections coincide with cubic reflections forbidden in the fcc
system. This orthorhombic structure was proposed by Jeitschko et al. in
1963 [1]. The creators of the unit cell have already remarked that “the
shape of the cell reveals a certain resemblance to MoB type; the reflex
system also indicates the existence of pseudocubic sub cell”. From the
relation of cell parameters of the orthorhombic and cubic structure,
the following relation can be recognized: the two short sides of the
orthorhombic cell are almost equal and are ~ a,/ V2 (= ayo of cubic
lattice), while the long side is ~ 4-a,, where g, is the parameter of cubic
cell. Therefore, the orthorhombic cell can be interpreted as a supercell
generated from the fcc cell. The orthorhombic phase contains altering
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Fig. 11. EDX elemental maps of Mo,BC (a), (Mo,_,Nb_),BC with x = 0.25 (b) and of Nb,BC (c) showing Nb and Mo (top) and O (bottom).
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Fig. 12. The effective elastic modulus E,; and the indentation hardness H;, as functions
of x in (Mo,Nb,_,),BC.

planes containing stiff carbidic and boridic bonds with a high degree
of ionicity and weaker metallic planes. Within the orthorhombic unit
cell, the arrangement of heavy metal atoms (Mo, Nb) preserves a cubic
(fcc) arrangement characteristic for cubic transition metal carbides. The
non-random positions of the light elements (B and C) on the carbon
positions of cubic carbide structure create the special orthorhombic
unit cell. Due to the low scattering power of the light elements, this
ordering has a weak effect on the diffraction pattern, i.e. some weak
reflections appear in addition to the strong fcc pattern. Consequently,
cubic and orthorhombic structures may not be distinguished for very
small grain sizes. However, this is not exclusively a technical question.
Unambiguous distinction between fcc and orthorhombic structure may
be elusive for very small grains because structural elements with cubic
ordering are precursors of the orthorhombic supercell. This may be
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Fig. 13. H/E and H’/E” ratios as functions of x in (Mo,Nb,_,),BC.

the case for Nb,BC sample, where minor deviations of diffraction
reflections from the cubic system may indicate the onset of medium
scale ordering. In the Nb,BC and Mo,BC samples, the 111 spacing
(cubic notation) is 1.7 and is 2% higher than the value calculated from
the lattice parameter. Similarly, the 311 spacing of Nb,BC is about 1%
higher than calculated from fcc structure. This can be an indication that
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Fig. 14. SAED pattern of the Mo,BC coating. Coincidences of strong reflections of orthorhombic Mo,BC (PDF Card No.: 00-029-0913) with reflections of cubic (fcc) structure are
indicated. In addition to the coinciding strong reflections, some weak diffraction rings can be identified, confirming the formation of an orthorhombic structure. The fcc notation
can be applied to the SAED patterns of the other two (Mo,_,Nb,),BC phases with x = 0 and x = 0.25.

Table 1

The observed SAED rings of (Mo,_ Nb,),BC samples with x = 0, 0.25 and 1. The rings of samples x = 0 and 0.25 can be indexed as an fcc structure. The Miller indices highlighted
by bold characters are the allowed reflections in fcc. Mo,BC can be better indexed as orthorhombic Mo,BC. However, its strong reflections (highlighted by bold characters in
column 5) coincide with reflections of fec structure, and weak reflections coincide with reflections that are forbidden in the fec structure or do not exist in the cubic system (like
h% + k* + 1% =7). Values in parentheses from XRD measurements are added for comparison where applicable.

Cubic Orthorhombic
h2+k2+12 Miller (Mo,_,Nb,),BC (Mo,_,Nb,),BC (Mo,_,Nb,),BC
indices x=0 x = 0.25 x=1
(fcc gy = 4.43) (fcc ay = 4.375) (cubic g, = 4.37) hkl

(PDF Card No.:
00-029-0913)

2 110 3.033 A 110

3 111 2.599 A (2.50 A) 2.514 A 2.468 A (2.61 A) 041+130,150

4 200 2.214 A (2.17 A) 2.195 A 2.168 A (2.22 A) 080, 111

7 - 1.650 A 171

8 220 1.569 A (1.55 A) 1.558 A 1.544 A (1.57 A) 200

9 300, 221 1.434 A 191

11 311 1.351 A 1.323 A 1.317 A (1.35 A) 241

12 222 1.286 A 1.272 A 1.266 A (1.28 A) 152, 280, 082

16 400 1.111 A 1.093 A 1.09 A 202

20 420 0.995 A 0.983 A 0.975 A 311, 282

there is a certain orthorhombic ordering present also in Nb,BC, like for
Mo,BC (Table 1). However, it cannot be unambiguously identified.
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