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ARTICLE INFO ABSTRACT

Keywords: This work compares experimentally measue properties of W-Al-B thin films with mechanical properties, density,
Tungsten-aluminium borides and thermal conductivity values calculated using DFT methods. Theoretical modelling was conducted to simulate
T},‘i" films . . two WB;, stable structures alloyed with varying amounts of aluminium: a-WBy (P6/mmm) and ©-WBy (P63/
;I;iiif;wer impulse magnetron sputtering mmc), as well as a-AlB; (P6/mmm). Using the HiPIMS-DC magnetron sputtering technique, films with a-WBy

structure and varying aluminium contents were deposited at 400 °C. When layers are composed with x = 1.4 %
aluminium (where x = atAl / (atAl + at%W)), their microstructure changes from amorphous to crystalline
columnar. A back transformation to an amorphous microstructure occurs when the amount of aluminium ex-
ceeds x = 7.3 %. An original method was used for the film density studies, which combined mass measurements
and microscopic observation. These measurements were then used to determine the layers’ thermal conductivity
using the thermoreflectance method. The measured conductivity of the deposited ceramic films range from 3 to 6
W/(mK). Moreover, the obtained films are very hard, e.g. H = 36.1 + 1.7 GPa for x = 1.4 % Al, but exhibit a
much lower Young’s modulus than the theoretical values. The relatively high H/E* ratio > 0.1 for films with low
aluminium content indicates anmore elastic character. Ab-initio calculations showed that, based on the criteria of
Cauchy pressure (C12-C44) and Pugh’s ratio (B/G), the a-WB, structure may have a ductile nature in contrast to
the other structures. However, the deposited films are rather brittle in nature, resulting from an excess of boron.
The fracture toughness measurements show higher Kj¢ values for low aluminium content. They are 3.8 MPa\/ m
for WBy, 2.8 MPa\/m for x = 1.4 %, and 3 MPa\/m for x = 7.3 % aluminium.

Thermal conductivity
Fracture toughness
Stiffness tensor

1. Introduction oxidation resistance at high temperatures. In the case of oxidation,

recent studies show that the use of alloying additives that are strong

Tungsten borides are attractive materials due to their exceptional
properties, including hardness, thermal stability, chemical inertness,
and electrical conductivity. These characteristics make them suitable for
various applications, including wear-resistant coatings for tools and
structural components in high-performance engine parts [1,2]. Despite
progress in research on these materials, further theoretical and experi-
mental work is necessary to enable their industrial implementation. The
main challenges associated with borides are their brittleness and low

* Corresponding authors.

oxide formers, such as Al [3] or Si [4], significantly improves this
property. However, understanding the phenomena behind these supe-
rior mechanical properties and explaining the cause of cracking requires
theoretical studies at the atomic scale, combined with advanced
experimental methods [5,6]. Although DFT studies have suggested
phase transformations in TMB2s, calculations based on molecular dy-
namics (MD) simulations at finite temperature are uncommon due to the
absence of reliable force fields or their limitations in achieving
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quantum-level accuracy. Thus, in the latest research by Lin et al. [6],
phase changes of TMB2s (¢ — o transformation in WBy) subjected to
shear deformation were revealed by utilizing machine-learning poten-
tial molecular dynamics (ML-MD). Additionally, machine-learning
interatomic potentials (MLIPs) were implemented to provide a
comprehensive understanding of the initiation of fractures in transition
metal borides and to accurately assess their fracture properties [7].

Alloyed tungsten diboride films exhibit improved toughness and
resistance to cracking compared to their binary counterparts [8,9]. The
most stable structure of WB; is P63/mmc polymorph. WB, like MoB,
favours this structure because Mo and W are much more electronegative
than other metals in groups IVB-VIB of the periodic table of elements,
which leads to a significantly reduced charge transfer from TM to boride
planes. This charge transfer is required to form planar graphite rings, for
which the B atoms lack one electron. It is well known that tungsten
diboride can also crystallize in a metastable P6/mmm phase with a AlB,
like hexagonal structure [10]. However, vacancy stabilization is neces-
sary [11]. A method that can introduce such defects is physical vapor
deposition PVD, and in particular magnetron sputtering. Both
mentioned polymorphs also differ in mechanical properties. Theoretical
calculation shows ®-WBy P63/mmc is very hard H = 34.3 GPa with
Young’s modulus E = 578 GPa, while a-WB; P6/mmm is also hard, but
its hardness is much lower (H = 21.2 GPa) with E = 447 GPa [12,13].
Therefore, alloying with aluminium or transition metals TM such as Ta,
Ti, Zr can increase the hardness of this material, while maintaining a
relatively high Young’s modulus [8,12]. The increase in hardness can be
attributed to solid solution hardening. This strengthening effect depends
on the size difference between the solute and solvent atoms, the solute of
the concentration, and the nature of the lattice distortion. A larger dif-
ference between the atomic radii of the solute and solvent atoms leads to
greater lattice distortion and a stronger hardening effect. Pangilinan
et al. [14] showed that alloying WB, with other elements with different
atomic-size and valence electron quantity, such as tantalum or niobium,
either substituing tungsten atoms or fitting into the spaces between
them, strengthens the compound through solid-solution hardening.
These foreign atoms cause local distortions in the lattice, which hinder
the movement of dislocations. As a result, plastic deformation is more
difficult, which increases the alloy’s strength. The distortions around
solute atoms interact with the stress fields of dislocations, creating an
energy barrier that must be overcome for the dislocation to pass. This
indicates that more shear stress is needed to maintain the plastic
deformation. Because of this, the alloy gets stronger, and its yield
strength goes up compared to the undoped WB;.

The deposition of very hard thin films using magnetron sputtering is
a significant research area in materials engineering. The synthesis of thin
films through magnetron sputtering benefits from the ability to control
their microstructural properties and ensure uniformity, which is crucial
for enhanced mechanical and thermal performance. The utilization of
magnetron sputtering, particularly the high-power impulse magnetron
sputtering (HiPIMS) technique, has garnered significant attention
recently for the deposition of thin films with tunable properties. This
approach ensures high-quality film deposition, enabling researchers to
manipulate various parameters and tailor material properties for spe-
cific applications. HiPIMS offers a distinct advantage over conventional
sputtering techniques due to the high ionization potential of the sput-
tered material during deposition. This results in an enhancement of the
ion-to-neutral ratio in the plasma, leading to improved film density and
adhesion. In addition, the hybrid W3Bs-HiPIMS/TMB,-DCMS method
(where DCMS - direct current magnetron sputtering) with synchronized
bias enables the use of W-ion irradiation during film growth, resulting in
increased density and hardness without the need for external substrate
heating [3,15]. Recent studies have also shown that transition metal
diboride (TMB) films alloyed with aluminium deposited using magne-
tron sputtering demonstrate improved oxidation resistance and hard-
ness [16,17]. Moreover, the incorporation of aluminium into the boride
structure has been shown to enhance the thermal stability and
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mechanical properties of the films at elevated temperatures and under
stress conditions [18]. Aluminium doping tends to increase the thermal
stability of borides by promoting the formation of protective oxide
(Al203) scale, which is crucial in high-temperature applications. The
oxidation behaviour of aluminium boride films reveals the formation of
protective oxide phases, enhancing their durability and resistance to
degradation [18]. In addition, phase stability in aluminium borides is
influenced by stoichiometry, where optimal ratios of aluminium to
boron can lead to improved structural integrity [19]. When examining
the mechanical properties of transition metal boride films alloyed with
Al, a notable increase in hardness is observed compared to their undo-
ped counterparts. For example, the hardness of Ti-Al-B films increases
with aluminium content, reaching values exceeding 40 GPa in specific
configurations [3,16].

Magnetron sputtering enables co-sputtering of multiple materials,
thereby facilitating the production of layered structures that exhibit
superior mechanical and functional properties. Research indicates that
interactions among different sputtered species during deposition in-
fluences the microstructure and resultant properties of the films. For
example, in the TiB2 system, a combination of Ti and Al within a boride
matrix has been found to yield films with higher thermal and mechanical
stability [3]. One of the advantages of using magnetron sputtering for
W-AI-B films is the precise control over the deposition parameters that
influence the final film properties. It has been noted that increasing the
sputtering power can enhance the deposition rate and improve the
adhesion strength of thin films by increasing the energy of the bom-
barding particles [20]. Specifically, the ionized fraction of the sputtered
material particles flux plays a crucial role here. It has been observed that
under appropriate conditions, the growth of thin films is primarily
governed by the ionized species rather than neutral ones, suggesting that
the ionization potentials of W, Al, and B significantly influence deposi-
tion rates and film characteristics [3]. The preferential ejection of boron
along the target normal, combined with the sputtering of aluminium and
tungsten at differing angles, indicates that the relative positions of the
elements in the deposited films may lead to either stoichiometric or
non-stoichiometric compositions, which are often reflected in the me-
chanical properties of the thin films [21]. Moreover, the structural
evolution during the deposition of doped tungsten boride coatings has
been demonstrated to enhance hardness and wear resistance [22]. The
presence of boron can also facilitate the formation of borides, which are
noted for their exceptional hardness and thermal stability, attributes
that are particularly beneficial in cutting and wear-resistant applications
[23,24]. Moreover, the combination of doping aluminium with tungsten
and boron can enhance the thermodynamic stability of the coatings,
thereby improving their reliability in high-temperature applications
[18,25]. However, it should be noted that to obtain crystalline W-Al-B
films, DC magnetron sputtering requires heating the substrate to 700 °C
or higher [18]. Such a high deposition temperature is necessary because
deposition at around 500 °C results in an amorphous structure, and
above 600 °C forms a small fraction of the a-AlB; crystalline phase [19].

The literature on boride thin films, primarily based on TEM obser-
vations, states that the deposited layers have a dense, defect-free
structure. However, there is no information about the real density of
such coatings [26]. This parameter, on the other hand, is important and
must be incorporated into layer properties calculations at scales above
the atomistic. Additionally, during experimental measurments of thin
films thermal conductivity, e.g. using the nanosecond thermoreflectance
technique, the density value is either needed [27]. As described earlier,
ternary tungsten boride layers exhibit many interesting properties, and
their fundamental physicochemical parameters are well understood,
however to date, there are no experimental results on their thermal
conductivity. The problem is interesting because the available thermal
conductivity values for solid materials such as AlB; (x = 52-66 W/mK
[28]) or W9Bs (x = 47 W/mK [29]) - similar in crystallographic struc-
ture to WB, significantly differ from the calculated theoretical values
(WB5 k = 2.017 W/mK [30]). Moreover, no data are available on the
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thermal properties of multiphase systems such as WB5-AlB.

A thorough comprehension of the fundamental physical concepts
and the unique characteristics of the materials involved at the atomistic
scale is necessary for the theoretical modeling of tungsten boride coat-
ings at the nano- and microscales. Currently, Density Functional Theory
(DFT) studies of tungsten borides with different alloying elements only
look at the o phase’s elastic constants and phase stabilities, not
competing structures like the y or ® phases [31]. According to ab initio
calculations, the stability of W-boride compounds with varying stoi-
chiometries is particularly influenced by vacancies [32]. Moreover,
theoretical investigations have demonstrated that the properties of
novel compounds can be influenced by varying boron content [33] and
by intentional alloying with elements such as aluminum or transition
metals [11]. So far, theoretical calculations of the fracture resistance and
thermal conductivity of such materials in the form of thin films remain
limited. In the context of W-AI-B thin films, density functional theory
(DFT) calculations provide essential insights into their structural sta-
bility and phase composition. Recent studies have highlighted the sig-
nificance of DFT in predicting the formation of W1.4,Al4B; solid solutions
and assessing their stability in terms of stoichiometry and vacancy
concentrations on their sublattices [18,25]. The theoretical results ob-
tained so far for W-Al-B compounds have been related to the doping of
the metastable P6/mmm structure. However, there are no such results
for the more stable -WB; P63/mmc structure, which is present in bulk
materials.

Considering the latest research on coatings from this group of ma-
terials [18,19], thin films of tungsten borides alloyed with aluminum
have very high application potential. However, further research is
needed to optimize the deposition rate and temperature to achieve the
desired properties. In this article tungsten - aluminium - boron coatings
will be deposited using a combined HiPIMS + DCMS magnetron method.
The influence of high energy pulses on deposition rate and the tem-
perature required to obtain crystalline coatings will be analyzed. Addi-
tionally, the influence of the aluminium content (0-100 % relative to
tungsten) on the structure evolution and mechanical properties of the
deposited films will be studied.

It is also necessary to develop a database of material properties that
will enable theoretical analysis of the aforementioned layers under
various types of loading and numerical simulations of the phenomena
leading to their destruction. The considerable discrepancies, for
example, between theoretical thermal conductivity values and those
obtained for solid materials necessitate their re-verification for thin
layers, where one dimension, i.e. thickness, is significantly smaller than
the others. Due to the lack of such data for boride coatings in the liter-
ature, one of the goals of this article will be to determine them. Addi-
tionally, mechanical and thermal stability and stiffness tensors will be
determined, enabling simulations of mechanical phenomena at higher
computational scales. The DFT-calculated, thermal conductivity, and
mechanical properties for both a- and ®-WB; structures of W-Al-B will
then be compared with experimental results.

2. Methodology
2.1. Computational methods

2.1.1. Ab initio calculations

All ab initio calculations (relaxation of the structures, computation of
cohesive energies, elastic constants, etc.) follow the methodology
described in our previous work [12]. The program used for density
functional theory (DFT) [34,35] and density functional perturbation
theory (DFPT) [36] computations is ABINIT [37] with a local density
approximation (LDA) [38] as an exchange-correlation (XC) functional
and projector augmented-wave formulation (PAW) pseudopotential
taken from the PseudoDojo project [39].

Journal of Alloys and Compounds 1049 (2025) 185222

2.1.2. Cobhesive energy and formation enthalpy
The cohesive energy and formation enthalpy of W;_AlyBs structures
were determined as follows [40,41]:

Econ(W1_xAlxB2) = Eoua(W1-_xAlkB2) — (1 — X)Ejso(W) — xEjso(AD) —

2Eiso(B) ®
AfH(WJ —xALB2) = Econ(W1-_xALB2) — (1 — X)Econ(W) — XEcon(AD —
2Econ(B) (2)

where: E.on(W;_xALBy) is the cohesive energy of the W;_,ALBy;
Eon(W) is the cohesive energy of W; E.,4(AD is the cohesive energy of Al;
E on(B) is the cohesive energy of B; E;.,(W;_,ALB2) is the total energy of
the W;_xAliBg; Eio(W) is the total energy of a W atom, Ejs,(AD is the
total energy of a Al atom and Ejs,(B) is the total energy of a B atom; AgH
(W1_ALBy) is the formation enthalpy of the W; _xAlBs.

To calculate the cohesive energy, reference structures were chosen:
for tungsten (cI2-Im-3m (229)), for aluminium (cF4-Fm-3m (225)) and
for boron (hR12- R-3m (166)).

2.1.3. Mechanical properties calculations

The theoretical ground state elastic constants Cj for all analyzed
structures were calculated using metric tensor formulation of strain in
density functional perturbation theory (DFPT) [36]. Isotropized bulk
modulus B, shear modulus G, Young’s modulus E and Poisson’s ratio v
were estimated using a Voigt-Reuss-Hill average [42,43]. To verify the
mechanical stability of all the structures, positive definiteness of the
stiffness tensor was examined [44] by calculating Kelvin moduli, i.e.
eigenvalues of the stiffness tensor written in second-rank tensor notation
[45]. Hardness H, and fracture toughness Kjc of all the W;_zAl;Bs
samples were estimated with the use of semi-empirical formulas devel-
oped in [46]. The Pugh ratio B/G, where B is the bulk modulus and G is
the shear modulus, represents the competition between two processes,
plasticity and fracture. If plasticity is easier to achieve, then a material
will tend to be ductile; whereas, if fracturing is easier, then a material
will tend to be brittle. Pugh [47] proposed relations between the elastic
and plastic properties of pure polycrystalline metals possessing the same
lattice structure. It was also demonstrated that this criterion applies to
both cubic and hexagonal structures. The ratio B/G is affected by the
crystal structure. However, these effects are often neglected to facilitate
easy comparison of materials. The basic form of this criterion is:

__CBa

P, =——
Gb

3
where: b is the Burgers vector, ¢ is a constant for a particular crystal
structure and a is a lattice parameter. The effects of crystal structure can
be neglected if b/ac is constant in an investigated group of materials.
Hence, the ratio B/G provides a measure of the likely nature of a ma-
terial’s failure: a low value of B/G implies brittle failure, while a high
value implies ductile failure. This assumes that the changes in crystal
structure affect both processes equally. For boride films, this assumption
was verified in [11]. The obtained results for the Pugh ratio were
compared with two other theories, the Frantsevich criterion (regarding
Poisson’s ratio v) and the Cauchy pressure (Cy2-C44) - Pettifor criterion.
Good compliance was obtained, and a ductile behaviour for borides was
established for B/G < 1.75. Plastic index [48] of hard nanocomposite
coatings was estimated by the H,/E ratio, where E* = E/(1 —uz).

2.1.4. Thermal conductivity

For the empirical estimation of thermal conductivity, the Clarke
model [49] and the Cahill-Pohl model [50] were used. Both methods are
presented and compared in [30].

2.2. Experimental methods

2.2.1. Magnetron sputtering
The study employed silicon substrates Si(100) on which Wj 4AlB,
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(x = 0-1) thin films were deposited using the combined HiPIMS-DC
magnetron sputtering method. The deposition process was carried out
in a vacuum chamber, which was evacuated to a base pressure of
4 x 10~* Pa and then filled with argon to a working pressure of 0.9 Pa.
During deposition, two magnetron modules (PREVAC MS2 63C1) with a
DC and HiPIMS power supply were used. The pulse parameters of
HiPIMS with t = 200 ps and frequency f = 700 Hz were optimazed using
a process that accounted for coating stoichiometry, mechanical prop-
erties, and deposition rate, as fully described in work [51]. The
W1.xAlB, films were deposited using two targets: SPS sintered AlB; 5
and commercially available W5Bs5 (99.5 % purity, Kurt J. Lesker). In the
case of AlBy 5 target, aluminium (99.5 % purity, average grain size
25-35 pm, Sigma Aldrich), and amorphous boron (95 % purity, average
grain size 1 pm) powders in the (W-Al)/B molar ratio of 1/2.5 were
mixed for 30 min using a Turbula® T2F shaker-mixer (WAB,
Switzerland). Afterwards, the received material was placed in the HP D
25/3 (FCT Systeme, Germany) sintering press. More information about
the sintering process can be found in the authors previous papers [52].
The deposition rate from each target was individually controlled. First,
the sputtering process rate had to be determined. For this purpose, a
quartz balance (Quartz Thickness Monitor) built into a vacuum chamber
was used for measurement, where the sputtering rate was determined by
reading the instantaneous value directly from the quartz balance.
Table 1 presents the individual parameters for each sample, including
the targets types, deposition method, power and target-substrate dis-
tance. The deposition time for all samples was 120 min, with a substrate
temperature of 400 °C, and a DC negative bias voltage of 50 V. Before
deposition, the substrates’ were cleaned in an ultrasonic bath with
deionized water and then in acetone. After that, substrates were plasma
cleaned by applying a —600 V DC bias voltage for 15 min.

2.2.2. Characterization

To determine the density p of the films, it was necessary to establish
their mass and volume. The mass increase of the film relative to the
substrate was determined using an analytical balance (Radwag MXA11/
1), with a maximum mass of 11 g, and a resolution of 1 pg. The mass of
the coatings m was determined by measuring the difference in the mass
of the silicon substrates before and after deposition. The final mass was
obtained as the average of ten measurements. To determine the volume,
the coating’s thickness h was determined from cross-section SEM im-
ages. The surface area s of the deposited film on a 10 x 10 mm silicon
wafer was measured with an optical microscope. The density was
calculated using the well-known formula p = m/(hes).

Scanning electron microscopy (SEM) investigations were conducted
using a ThermoFisher Scientific™ Helios™ 5 UX device equipped with a
focused ion beam (FIB) lift-out technique. The SEM images of the
deposited films’ surface were acquired in the secondary electron mode.
The samples for transmission electron microscopy (TEM) investigations
were prepared using the FIB technique with Ga™ ions. Cross-sections
were observed using scanning transmission electron microscopy
(STEM-in- SEM mode) to measure film thickness. The TEM in-
vestigations of prepared lamellae were carried out using a JEOL JEM
F200 TEM microscope operating at 200 kV. Bright-field images with
corresponding selected area electron diffraction (SAED) patterns were
acquired

Table 1
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The topography was scanned in contact mode using a FlexAFM
(Nanosurf AG) atomic force microscope (AFM) equipped with a HQ:
CSC17/Cr-Au BS probe. The normal load was equal to a few tens of
nanonewtons, and the scanning speed was 1.3 um/s for 1 x 1 pm areas.
The obtained data were analyzed using the Gwyddion open-source
software [53]. Raw images were leveled by mean plane subtraction
and removing polynomial background.

The X-Ray Diffractometry was carried out using a Bruker D8 Discover
in 20 scan mode, with Cu-Ka radiation (A=0.15418 nm). The XRD pat-
terns were obtained with the incidence angle fixed at 8° position. This
position was chosen to reduce the signal from the substrate while
maintaining the high intensity of the signal originating from the coating.
After indexing the XRD pattern, the lattice constant was calculated using
Bragg’s law (and Miller indices).

Due to the low accuracy of the standard SEM-EDS method during
chemical composition measurements for light elements such as boron,
the TOF-ERDA method was used to determine the elemental composi-
tion. Recoils are generated using 23 MeV '2/I’* jons with an angle of
incidence of 20° on the sample surface. The TOF-ERDA spectrometer
was positioned at an angle of 37.5° toward the beam direction.

2.2.3. Mechanical properties

The deposited coatings were examined in terms of hardness and
Young’s modulus. The Berkovich indenter was loaded and unloaded at a
rate of 1 mN/s up to the peak load of 10 mN, with a dwell time of 2 s. At
least 15 valid indents on each coating were evaluated. The hardness was
measured by the peak load and the projected area of the indenter during
indentation, and the reduced Young’s modulus was determined using
the Oliver-Pharr method [54]. The load was selected so that the
maximum penetration depth during measurement did not exceed 10 %
of the coating thickness, thereby avoiding the substrate influence. Ac-
cording to theory, the elasticity modulus should be measured with the
lowest possible load. Therefore, Young’s modulus values were measured
at a load of 2 mN. To evaluate the relative nanoindentation toughness of
the films, testing was conducted to determine their resistance to crack
propagation under tensile loading with a load of 150 mN, quantified by
the critical stress intensity factor (Kj¢). Standardized procedures were
followed, using FESEM-FIB ZEISS Crossbeam 350 to accurately measure
the imprint dimensions and length of cracks made with a sharp diamond
cube corner indenter. The Kj¢ values were calculated using Eq. (4) [55].

0.5
K= 5<5> I @)

H) ck®°

where: 5-indenter geometry factor, F, — the indentation load and cg -
length from the centre of the indent to the end of the crack.

2.2.4. Thermal conductivity

The thermal conductivity of AlB,-WBs 5 layers was measured using
the Netzsch Nano-TR apparatus. The device uses the thermoreflectance
method, in which the change in reflected light caused by a temperature
change is measured. Measurements were performed in the front-heating
and front-detection mode (FF), which is particularly useful for thin
layers on non-transparent substrates [56]. Although this method allows
for the measurement of various types of layers (metallic or ceramic), it

HiPIMS-DC magnetron sputtering deposition parameters of W; zAl,B, (x = 0-1) layers.

Sample Target 1 Power supply Power (W) Target-Substrate Distance (mm) Target 2 Power supply Power (W) Target-Substrate Distance (mm)
#1 W3Bs HiPIMS 250 80 - - - -

#2 W.Bs HiPIMS 250 80 AlB; 5 DC 100 140.5

#3 W3Bs HiPIMS 250 80.5 AlB; 5 DC 120 140.5

#4 W3Bs HiPIMS 200 110 AlBy 5 DC 140 130.5

#5 WBs DC 100 120 AlB; 5 HiPIMS 200 80.5

#6 W3Bs DC 70 120 AlB; 5 HiPIMS 270 80

#7 - - - - AlBz 5 HiPIMS 270 80
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has its limitations. It is extremely sensitive to heterogeneity in the
chemical composition of layers, the presence of porosity in the structure,
or its anisotropy, and at the same time requires a very high surface
smoothness of the tested materials [57,58]. The samples before testing
were covered with a thin (~100 nm) molybdenum film (heat capacity c,
= 249 J/(kg-K), density p = 10.20 g/cm®) as an anti-reflection coating
deposited by sputtering. The technical parameters of the measurements
were as follows: wavelength 1545 nm, pulse width 1 ns, number of
pulses 100 000, pulse repetition frequency 50 kHz, output peak power
8.4 kW and output power during FF operation 110 mW. The beam
divergence was 30°. The experimental thermoreflectance curve is
compared with the theoretical curve obtained from the "Nano-TR
Thermal Simulator". It performs simulations by varying the thermal
conductivity of the layer to be measured. The thermal conductivity with
the smallest difference between the simulation result and the measured
value is calculated as the optimum value. To perform the measurement,
it was necessary to input the thickness and density values into the
software and provide the specific heat capacity of the studied materials.
The specific heat capacity was determined from the literature [59]. The
heat capacity of alloyed films was calculated using mixing rules based on
the measured amount of Al and W. Additionally, the thickness and
density of the films were assumed based on experimental values deter-
mined within this study, and for Si substrate, density p = 2.33 g/cm®
and ¢, = 711 J/(kg-K) were used.

3. Results
3.1. DFT calculations

Tungsten boride crystallizes in various phases and ®-WBy P63/mm
(Fig. 1a) appears to be the hardest, however it is mostly synthesized as
bulk material, for example, by SPS sintering [52]. However, a-poly-
morph dominates in our experimental samples, and in the case of a-WBy
P6/mmm (191), (Fig. 1b), it can form thin films by deposition with PVD
methods [11]. When considering AlBj, only the P6/mmm hexagonal
polymorph is known to be a stable structure. Therefore, in the omega
structure, the calculation ends with a 50 % aluminium to tungsten ratio.
Table 2 shows how the addition of aluminium affects the thermody-
namical properties and density of ®-WBy P63/mmc (194) phase (Fig. 1a)
and a-WBy P6/mmm (191) phase (Fig. 1b). Also replacement of the Al

c)
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by W atoms in a-AlB; P6/mmm (191) phase (Fig. 1c) was verified and
results of ab-initio calculations are also presented in Table 2. All ob-
tained values of the formation enthalpy AHy are negative, which means
that all calculated structures are thermodynamically stable.

To conduct the calculations, the following supercells of ®-WB; were
generated: 2 x 1 x 1 (12 atoms), 3 x 1 x 1 (18 atoms), 2 x 2 x 1 (24
atoms), 3 x 2 x 1 (36 atoms), 2 x 2 x 2 (48 atoms), 3 x 3 x 1 (54
atoms), 3 x 2 x 2 (72 atoms), 4 x 4 x 1 (96 atoms) and 2 x 2 x 1
defected with WB;, cluster (24-3 = 21 atoms). For a-WB; and a-AlB,, the
supercells were: 2 x 2 x 1 (12 atoms), 2 x 2 x 2 (24 atoms), 3 x 3 x 1
(27 atoms), 3 x 2 x 2 (36 atoms), 3 x 3 x 2 (54 atoms), 3 x 3 x 3 (81
atoms) and 2 x 2 x 2 defected with WB5, cluster (24-3 = 21 atoms); one
arbitrary tungsten atom was replaced with a aluminium atom. In the two
structures with defects, a cluster of three atoms was removed, i.e. a triple
defect consisting of a W atom and two B atoms; such a defect does not
alter the chemical composition of the metal and the boron. It was
observed by X. Zhu et. al. [60] that a cluster of defects modifies the
hardness of pure Al more than uniformly distributed defects. Examples
of the generated supercells are shown in Figs. Sla and S1b
(supplementary materials). It did not matter which W atom was replaced
by Al because they are equivalent. However, the doped structure has a
different symmetry than that of the original WB5 or AlB; (see Table 2).
The generated structures were then fully optimized, in terms of cell
geometry and atomic coordinates, as in the authors’ previous work [61].

The calculated Kelvin moduli, i.e. the eigenvalues of the stiffness
tensor, for all analyzed structures are given in Table S1 (supplementary
materials). It can be found that the values for each sample are positive.
This means that all of the structures are also mechanically stable.

The DFT results for mechanical properties and thermal conductivity
are presented in Table 3. The two WBy structures have comparable
theoretical values for density and thermal conductivity. In all cases,
introducing a defect reduces their values. Regarding mechanical prop-
erties, the -WBy structure has higher values. However, the addition of
aluminium results in a significant decrease in their values. The case is
different for the a-WB, structure, where the theoretical hardness of
about 20 GPa is maintained for a dopant content of 0-50 % aluminium.
It is comparable to introducing a defect into both structures, resulting in
a slight increase in hardness for a-WB; and a decrease from 30 GPa to
15 GPa for o-WBs,. A two-fold decrease to 300 GPa also occurs for the
Young’s modulus for the defected structure.

b)

Fig. 1. Theoretical boride basic cells: a) WB,-hP6-P63/mmc (194), b) WB,-hP3-P6/mmm (191), ¢) AlB,-hP3-P6/mmm (191).
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Table 2
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DFT calculations results of W-Al-B coatings cohesive energy and formation enthalpy: chemical formula; space group; Pearson symbol; proportion of Al dopant: x = Al/
(W +Al); Volume per atom (/'\S/Atom); formation enthalpy AHy (eV/Atom); cohesive energy E. (eV/Atom); density p (g/cms); open markers refer to structures with a

defect.
Sample Space group Pearson symbol Al/(Al+W) Vol/atom - AHf -Ec P
hP6
WB2 P63/mmc (194) hP6 0/1 9.298 0.422 8.88 12.231
WO0.5A10.5B2 P-6m2 (187) hP6 1/2 9.295 0.172 7.091 7.564
WO.75A10.25B2 Pmm2 (25) oP12 1/4 9.27 0.206 7.894 9.926
W0.835A10.165B2 Pm (6) mP18 1/6 9.276 0.265 821 10.7
WO0.875A10.125B2 Amm2 (38) 0C24 1/8 9.255 0.289 8.363 11.115
WO0.915A10.085B2 Pm (6) mP36 1/12 9.262 0.322 8.524 11.498
W0.937A10.063B2 Amm2 (38) 0C48 1/16 9.27 0.338 8.604 11.683
WO0.944A10.056B2 Amm2 (38) 0C54 1/18 9.265 0.345 8.632 11.754
W0.958A10.042B2 Pm (6) mP72 1/24 9.268 0.356 8.686 11.88
W0.969A10.031B2 Amm2 (38) 0C96 1/32 9.271 0.363 8.726 11.974
W0.857A10.143B20 P1 (1) aP21 1/7 10.451 0.023 7.995 9.695
hP3
WB2 P6/mmm (191) hP3 0/1 8.918 0.227 8.685 12.752
WO0.5A10.5B2 P6/mmm (191) hP6 1/2 8.407 0.142 7.06 8.364
W0.75A10.25B2 P6/mmm (191) hP12 1/4 8.523 0.252 7.941 10.797
W0.875A10.125B2 P6/mmm (191) hpP24 1/8 8518 0.128 8.201 12.076
W0.889A10.111B2 P6/mmm (191) hP27 1/9 8.521 0.126 8.242 12.214
WO0.915A10.085B2 P2/m (191) mP36 1/12 8.53 0.141 8.342 12.484
W0.944A10.056B2 P6/mmm (191) hP54 1/18 8.558 0.129 8.416 12.725
W0.963A10.037B2 P6/mmm (191) hP81 1/27 8.583 0.132 8.476 12.875
WO0.857A10.143B2A PI (1) aP21 1/7 9.189 0.192 8.21 11.027
hP3
AlB2 P6/mmm (191) hP3 1/1 8.242 0.073 5.451 3.264
WO0.5A10.5B2 P6/mmm (191) hP6 1/2 8.407 0.142 7.06 8.364
W0.25A10.75B2 P6/mmm (191) hP12 3/4 8.27 0.071 6.219 5.878
W0.125A10.875B2 P6/mmm (191) hP24 7/8 8.282 0.086 5.849 4.558
WO0.111A10.889B2 P6/mmm (191) hpP27 8/9 8.248 0.074 5.794 4.431
W0.085A10.915B2 P2/m (10) mP36 11/12 8.275 0.081 5.716 4.125
WO0.056A10.944B2 P6/mmm (191) hP54 17/18 8.254 0.079 5.628 3.844
WO0.037A10.963B2 P6/mmm (191) hP81 26/27 8.244 0.079 5.571 3.653
W0.143A10.857B25 P1 (D aP21 6/7 9.16 0.032 5.786 4.291
w Im-3m (229) cl2 15.491 12.859 19.707
Al Fm-3m (225) cF4 15.924 3.617 2.814
B R-3m (166) hR12 20.947 6.258 2.571

3.2. Microstructure and chemical composition

Table 4 presents the results of the chemical composition analysis of
the deposited W-AL-B films. In all deposited layers, there is an excess of
boron compared to the stoichiometric amount of the compound. This is
caused by the dynamics of the magnetron-induced plasma. Boron ions
move perpendicularly to the target surface, while aluminium is more
dispersed [3,21]. Additionally, this is related to the excess of boron in
the sputtered targets WoBs and AlBj 5, respectively.

The results so far have usually shown a boron deficiency. However,
the HiPIMS method also causes ionization of the sputtered material
atoms. The use of substrate polarization attracts these ions to the sub-
strate, leading to lower losses. In addition, impurities such as hydrogen,
carbon, nitrogen and oxygen (standard impurities of the sputtering
target and generated during sample transport) and argon, the working
gas during the deposition process, can be observed in the films. The
amount of argon can have a significant effect on the residual stresses in
the films, however its amount in the deposited films is relatively small,
due to their high density. In the case of oxygen, its amount increases
with the amount of aluminium, which is related to the very high nega-
tive enthalpy related to the formation of the Al;03 compound (AHy =
—3.427 eV/atom). This causes the residual oxygen to be easily bound by
aluminium. In the rest of the article, the amount of aluminium (AIAl +
W) will be denoted by x and the amount of boron in deposited films by
2+2z.

In Fig. S2 (supplementary materials) sample surfaces and cross-
sections observed using a STEM technique are shown. Increasing the

amount of aluminium decreases the film thickness. This phenomenon is
related to the dynamics of the plasma [9]. Scattering in directions other
than perpendicular to the substrate, combined with the lower atomic
mass of aluminium, causes WBy films (deposited in 120 min) to be
approximately four times thicker than the layers with a high aluminium
content or AlBy

AFM measurements of the sample surface topography (Fig. 2) show a
low roughness of the samples. The maximal height of grains ranging
between 23.8 nm for the sample without aluminum and 6.6 nm for the
sample without tungsten. With increasing aluminum content, the
diameter of the surface grains decreases. In the case of sample #7
(x =100 %), the sample is smooth and shows no graininess.

With increased aluminium content, the surface morphology and
cross-sectional structure of the films also vary. In sample WB; (sample
#1), a slight roughness is observed. This results from the partially
columnar structure (Fig. 2a). The addition of 1.4 % Al makes the
structure become more ordered, allowing a columnar structure to be
observed. In this case, the cross-sectional bright-field TEM image shows
characteristic V-shaped grains (Fig. 2b), and a more coarse-grained
surface microstructure. In the case of 7.3 % aluminium, a decrease in
roughness is observed, which may be related to the more fine-grained
microstructure and a reduction in column thickness. Additionally, the
grain arrangement changes. In this case, they form a columnar structure,
in which the grains grow perpendicular to the substrate (Fig. 2c).
Further increases in the dopant amount result in the formation of an
amorphous phase. The observations carried out are consistent with the
model proposed by Barna and Adamik [62]. Aluminium atoms can be
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Table 3
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DFT calculations results of W-Al-B coatings mechanical properties: Chemical formula; Bulk modulus B (GPa); shear modulus G (GPa); Young’s modulus E (GPa);
Poisson’s ratio v; B/G Pugh’s ratio; hardness H, (GPa); hardness to modified Young’s modulus ratio H,/E*; fracture toughness K;c (MPa \/ m); thermal conductivity kmin

(W/(meK)) (open markers: o,A, O refer to structures with a defect).

Sample B G E v B/G H, H,/E* Kic Kmin
w- WB;, hP6
WB; 336.64 258.99 618.4 0.19 1.3 34.27 0.053 5.46 2.015
Wo.5Alp. 5B 246.75 98.27 260.25 0.32 2.51 14.16 0.049 2.52 1.695
Wo.75Al5.25B2 282.03 190.31 466.1 0.22 1.48 21.81 0.044 3.86 1.948
Wo.s35Al0.165B2 300.79 208.62 508.34 0.22 1.44 24.3 0.045 4.32 1.958
Wo.875Al0,125B2 325.59 251.71 600.41 0.19 1.29 33.56 0.054 5.21 2.089
Wo.015Al0,085B2 317.61 240.36 575.82 0.2 1.32 31.01 0.052 4.94 2.01
Wo.037Alp.063B2 322.14 245.41 587.13 0.2 1.31 31.98 0.052 5.08 2.013
Wo.944Al0,056B2 322.92 247.97 592.3 0.19 1.3 32.71 0.053 5.12 2.016
Wo.055Al0.042B2 325.6 251.72 600.43 0.19 1.29 33.56 0.054 5.21 2.019
Wo.969Al0.031B2 328.68 256.29 610.25 0.19 1.28 34.63 0.055 5.32 2.027
Wo.s57Alp.143B20 175.48 124.72 302.5 0.21 1.41 14.84 0.047 1.99 1.465
a- WB, hP3
WB; 338.6 156.06 405.83 0.3 2.17 21.18 0.047 4.28 1.664
Wo.5Alg 5Bz 269.07 180.98 443.5 0.23 1.49 20.72 0.044 3.53 2.209
Wo.75Alp.25B2 320.38 137.29 360.38 0.31 2.33 19.25 0.048 3.79 1.762
Wo.s75Al0.125B2 348.19 155.36 405.73 0.31 2.24 21.41 0.048 4.37 1.765
Wo.ss9Alp.111B2 318.04 123.23 327.39 0.33 2.58 17.91 0.049 3.59 1.588
Wo.015Al0.085B2 319.1 133.96 352.54 0.32 2.38 18.94 0.048 3.74 1.622
Wo.944Al0.056B2 346.96 143.85 379.15 0.32 2.41 20.43 0.048 4.22 1.663
Wo.063Al0.037B2 341.57 133.45 354.23 0.33 2.56 19.34 0.049 4.02 1.6
Wo.s57Alg, 143B2A 297.8 192.64 475.4 0.23 1.55 21.89 0.044 4.1 1.879
a- AlB, hP3
AlB, 199.4 169.05 395.41 0.17 1.18 25.96 0.064 2.64 3.379
Wo.5Alp.5B2 269.07 180.98 443.5 0.23 1.49 20.72 0.044 3.53 2.209
Wo.25Al5.75B2 233.64 125.86 320.09 0.27 1.86 15.61 0.045 2.58 2.276
Wo.125Al0.875B2 214.23 128.84 321.98 0.25 1.66 14.94 0.044 2.38 2.581
Wo.11:Al0.880B2 214.52 132.93 330.51 0.24 1.61 15.23 0.043 241 2.658
Wo.085Al0.015B2 207.88 125.32 313.06 0.25 1.66 14.52 0.044 227 2.677
Wo.056Al0.944B2 203.78 124.71 310.75 0.25 1.63 14.35 0.043 222 2.767
Wo.037Al0.063B2 202.86 126.91 315.03 0.24 1.6 14.5 0.043 2.23 2.858
Wo.143Al0.857B5 179.45 111.71 277.53 0.24 1.61 12.78 0.043 1.88 2.308
Table 4
Chemical composition of deposited W-Al-B films.
ToF-ERDA [% at.]
Sample H B C N (o] Al Ar w Al/AHW B/Al+W
#1 0.25 65 0.50 0.15 0.90 0 1.1 31.0 0 2.09
#2 0.24 68 1.50 0.50 0.14 0.4 0.7 28.0 0.014 2.39
#3 0.13 69 0.60 0.30 2.00 1.8 1.3 23.0 0.073 2.78
#4 0.12 66 1.10 0.30 3.20 5.4 1.4 22.0 0.197 2.40
#5 0.21 64 2.20 0.90 3.10 14.7 0.9 13.0 0.531 2.31
#6 0.20 68 1.20 0.80 3.70 17.9 0.7 7.2 0.713 2.71
#7 0.57 67 0.86 0.57 5.90 25.0 0.1 0 1.000 2.68

considered as impurity species that hit the film surface, which are then
dissolved into the crystal lattice or adsorbed and segregated on the
surfaces of growing crystals. In small amounts, aluminium can act as a
promoter, facilitating crystal growth and increasing grain size. Further
increase in the amount of aluminium changes its role to an inhibitor. In
the case studied, active impurities in the form of excess aluminium
atoms (x > 7.3 %) can inhibit the basic structure-forming phenomena
by reducing the grain size and weakening texture [62]. At high levels of
aluminium concentration, crystal growth is periodically blocked by the
second phase (a-AlBy). It means that grain growth cannot occur, which
also hinders the development of the restructuring growth texture and,
consequently, the formation of the amorphous phase in the films. As
shown by DFT calculations, the a-AlB; structure has a relatively low
negative formation enthalpy (0.073 eV/atom), which requires a higher
energy input during deposition. The associated higher mobility of ada-
toms enables the crystal lattice to be ordered, facilitating the transition
from the amorphous to the columnar crystalline phase. The use of the
HiPIMS method with high-energy plasma partially solves this problem;

however, to obtain a crystalline film, it is necessary to heat the substrate
during deposition to temperatures significantly higher than 400 °C [18].
In the case of WB,, the negative formation enthalpy is much higher,
which causes the growth of crystalline layers to begin at a temperature
of 400 °C, even with a small amount of aluminium. It is confirmed by
XRD studies and SAED patterns. Fig. 4 shows the spectra recorded for
individual samples.

In the case of low aluminium content (samples #2 and #3), a
dominant peak can be observed at an angle 20 of 28.8°, corresponding to
the 001 direction. Further increasing the aluminium content leads to
amorphization of the film. Comparison of the 001 peak position across
different aluminium contents does not show significant shifts. The
Rietveld analysis was carried out for aluminium contents 1.4 % and
7.3 %. However, due to the presence of only one visible peak in the
recorded XRD pattern, the fitting quality is limited. The parameters
obtained from the Rietveld refinement are: a = 3.015 Aand ¢ = 3.179 A.
Additionally, calculations of the lattice parameter of the a-WB5 phase for
samples #2 and #3 were performed based on the SAED patterns.



E. Wojtiuk et al.

Journal of Alloys and Compounds 1049 (2025) 185222

Cd) 3

Fig. 2. AFM images of surface topography acquired from films (a) x = 0, (b) 1.4 %, (c) 7.3 %, (d) 19.7 %, (e) 53.1 % (f) 71.3 % and (g) x = 100 % of aluminium.

Measurement area 1 x 1 pym.

Calculation of parameters “a” and “c” was performed using (100) and
(001) planes, respectively. The parameter “a” is in the range of 3.094
and 3.098 A, and the parameter “c” is in the range of 3.170 and 3.185 A.
Both parameters are relatively in good agreement with XRD measure-
ments. However, it should be noted that XRD determination of the lat-
tice parameter is significantly more accurate than calculation from
SAED. According to the literature, the accuracy of measurements of
interplanar spacing and the resulting lattice parameter based on SAED
could be in the order of a few percent. Williams and Carter [63] eval-
uated the accuracy of lattice parameter determination from SAED to be
up to 3 %. The experimental results are relatively consistent with the
calculations, where for a-WBy, P6/mmm the crystalline constants are a
=3.002 A and ¢ = 3.318 A, respectively. The lattice parameters depend
on the amount of boron in the compound under consideration. Ac-
cording to calculations carried out by Fuger et al. [33], an increase in the
boron excess to W/B= 2.5 (Table 4) causes a decrease in the lattice

constant ¢, while the parameter a remains practically unchanged. In
undoped samples (samples #1 and #7), in addition to the amorphous
base, additional peaks can be observed in characteristic places of the
a-WB, and a-AlBy phases, respectively. A similar phenomenon can be
observed in SAED patterns, where, in addition to the amorphous halo,
clear spot reflecting the crystal lattice are visible (Fig. 3a, g). Such a
system results from the too low energy of the deposited particles, an
increase in their energy would ensure the formation of the crystal
structure. The SAED patterns with rings that represent sets of planes are
presented in figure S3 in the supplementary materials.

3.3. Density
In works describing thin films made of transition metal borides, one

can very often find a statement that the coatings are dense. Such an
effect is mainly observed in the HiPIMS method, where the high energy

Fig. 3. Cross-sectional bright field TEM images with corresponding SAED patterns acquired from films (a) x = 0, (b) 1.4 %, (c) 7.3 %, (d) 19.7 %, (e) 53.1 % (f)

71.3 % and (g) x = 100 % of aluminium.
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of the plasma cloud increases the surface diffusion of adatoms. In this
case, atoms more easily occupy their positions in the crystal lattice,
resulting in less defective films. Additionally, bombardment with heavy
atoms such as tungsten or tantalum further densifies the coatings and
enhances their subsequent hardening [64]. However, there is little in-
formation about the actual density of such films. Fig. 5 compares the
densities determined both theoretically and experimentally.

The increase in aluminium results in a significant decrease in the
density of the layers, from 11.1 g/cm® to 3.3 g/cm® for films without
tungsten. Such a phenomenon is evident because much lighter
aluminium atoms replace heavier tungsten atoms. The determined
density values for the P6/mmm structure are higher than for the P63/
mmc structure, which results from the arrangement of boron atoms in
the tested WB, polymorphs. The P6/mmm structure consists of close-
packed layers of metals, with boron occupying trigonal prismatic
interstitial sites. This results in a layered structure along the [001] di-
rection ( Fig. 4) of alternating metal and graphite-like boron planes,
which are restabilized by charge transfer from tungsten or aluminium.
Additionally, tungsten can be an exception to this rule, forming more
complex structures with the WyBs stoichiometry, where every second
boron plane is puckered. The reason for this lies in the electronegativity:
tungsten is significantly more electronegative than aluminium, resulting
in a significantly reduced charge transfer from the metal to the B planes
[32].

A comparison of experimental and theoretical densities shows that
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Fig. 5. Density of deposited W-AI-B films vs. theoretical values of a-WB,,
o-AlB, (P6/mmm) and ©-WB, (P63/mmc) structures.

the experimental values are lower. It is related to the excess of boron
relative to the stoichiometric composition, structural defects and
amorphous structure of the coatings. It can also be observed that these
differences increase with increasing film thickness and, consequently,
the number of defects.
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Fig. 4. XRD pattern of deposited W-AI-B films with aluminium amount x = 0-100 % deposited at a temperature of 400 °C.
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3.4. Thermal conductivity

Fig. 6 shows a comparison of thermal conductivity values for theo-
retical P6/mmm and P63/mmc structures and the results of experi-
mental measurements.

Both theoretical structures exhibit similar conductivities, k¥ min,
ranging from 1.7 to 2.1 W/meK in the aluminium content range of
0-75 %. Further calculation results show an increase in conductivity
with increasing aluminium content. The highest conductivity is 3.3 W/
meK for AlB, (sample #7).

In the basic structure of TMB,, the boron atoms form “graphite-like”
honeycomb sheets with covalent bonding. These sheets are separated by
metal atoms in hexagonal prismatic voids, characterized by metallic
bonding. The character of the interlayer bonding between Al or W and
boron sheets in P6/mmm structure was reported to be primarily ionic,
mixed with covalent character [65], although the high electrical con-
ductivity in the a-b plane implies metallic bonding between B and Al or
W. This bond arrangement also affects the films’ thermal conductivity.

The experimental results are slightly higher, but are in good agree-
ment with the calculations. The 0 % sample #1 is amorphous and has
lower boron content, but is close to the stoichiometric value, which may
result in fewer defects and barriers. As a result, this causes better con-
ductivity. Additionally, samples #6 and #7 (x = 71.3 % and 100 %) are
amorphous and the thinnest, which may cause significant differences
between theoretical and actual conductivity. The results closest to the
theory are those for samples whose XRD patterns (Fig. 3) indicate their
crystalline character. For all samples with an aluminium content of up to
x =53 %, the target containing tungsten was sputtered using the
HiPIMS generator, which caused ionization of the sputtered material. In
combination with the high atomic mass of tungsten, this led to a higher
density of layers. Reducing the number of defects, e.g. porosity, im-
proves heat conduction. To date, no results are available regarding the
measurements of the thermal conductivity of ternary transition-metal
borides in thin film form. xp;, of WB,y obtained based on Cahill’s
model [50] by Yang et al. [66] and Li et al. [30] are in the range of
1.663-1.927 W/meK, which is in good agreement with the results ob-
tained in this work. In the case of AlB, (<1 mm?) single crystals
measured with time-domain thermoreflectance (TDTR) [67], the result
of the in-plane thermal conductivity was 52 + 7 W/meK. This result, as
well as the experimental conductivity value for WoBs of ~ 45 W/meK
[29], significantly differs from the theoretical values and may be due to
different types of atomic bonds and to the microstructure at a higher
dimensional scale, compared to the studied films.

3.5. Mechanical properties

Theoretical calculations of mechanical properties show ( Fig. 7) that

e experiment -+-P63mmc -e-P6 mmm

O = N W &b 00O N ©
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x= AU/(Al+W)

Thermal conductivity (W/mK)

Fig. 6. Thermal conductivity of deposited films vs. theoretical values of a-WB,,
a-AlB, (P6/mmm) and o-WB, (P63/mmc)structures.
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Fig. 7. Hardness and reduced Young’s modulus of deposited films vs. theo-
retical values of a-WB,, a-AlB, (P6/mmm) and »-WB, (P63/mmc)structures as a
function of aluminium content x.

the ®-WB, P63/mmc structure is significantly harder (34.27 GPa) than
the a-WBy P6/mmm. This difference results from the arrangement of
atoms of both polymorphs and the associated number of covalent and
ionic bonds. The addition of aluminium, at a concentration of 3.1 %,
results in a slight increase in hardness to 34.63 GPa, associated with
solid-solution hardening. A further increase in the amount of aluminium
in this structure causes a sharp decrease in both the hardness and
Young’s modulus. The appearance of aluminium in the crystal lattice of
WB, results in a decrease in the number of strong covalent bonds in
favour of less strong ionic bonds. Finally, for x = 50 % aluminium, the
hardness drops below 15 GPa. For the metastable a-WBy P6/mmm
structure, the hardness remains approximately 20 GPa up to an
aluminium content of 50 %. Then it drops, but for the undoped a-AlBy
P6/mmm structure, it increases to 25.96 GPa. It is due to the lack of
tungsten, the boride of which prefers the P63/mmc structure, which
disturbs the P6/mmm crystal lattice of AlB,. For aluminium content
x < 30 %, the reduced Young’s modulus (Fig. 7) has a value of
approximately 350 GPa, which then increases to 443.5 GPa for
x = 50 %, and this value is the maximum for this structure.

In the case of experimentally measured hardness, the maximum
value reaches 36.1 + 1.7 GPa for the aluminium content x =1.4 %
(sample #1). This hardness is close to the theoretical values for the P63/
mmc structure. However, XRD studies (Fig. 3) and literature data [6]
indicate that, in the case of magnetron deposition, the a-WB; defective
structure should be considered. As shown during the TEM analysis of the
microstructure (Fig. 3), the films with the addition of x = 1.4 % and
x = 7.3 % of aluminium (samples #2 and #3) have a columnar crys-
talline structure. Considering the excess of boron, it can form a hard
casing on the WB; columns [68]. Boron atoms are connected by rigid
covalent bonds, which increases the strength of the entire system. The
literature review indicates that for WB, doped with titanium, zirconium,
or tantalum, the hardness increases due to the formation of vacancies [8,
12]. Theoretical simulations of the WB5 structure with vacancies, car-
ried out in this work, also show an increase in hardness, but it is insig-
nificant (H = 21.89 GPa for a-W g57Alg.143B2). In the case of the a-AlB,



E. Wojtiuk et al.

structure, the introduction of a vacancy in the form of an AlB, particle
causes a decrease in hardness to H= 12.78 GPa for a-Wy 143Alp g57B2.
Another factor contributing to a high hardness value is the measurement
of its hardness in the direction perpendicular to the substrate. This is also
the direction of column growth, which compresses them. As shown by
hardness tests in other directions, their values are much lower [33].
Higher aluminium contents cause the films to be amorphous, which
causes a significant decrease in both hardness and Young’s modulus. As
can be easily observed, the experimental values of the reduced Young’s
modulus are much lower than the theoretical ones. Replacing tungsten
atoms with aluminium atoms of larger atomic radius causes angular
distortion and elongation of the B-B covalent bonds. As a result of
weakening the covalent bond, elastic softening occurs, and the boride
becomes more compressible. As a result, a higher reduction in bulk and
Young’s moduli occurs [69]. Reduction of the Young’s modulus while
maintaining high hardness of the crystalline sample #3 results in a
relatively high plasticity index H/E* > 0.1 [48].

The analysis of the calculations carried out in the direction of
ductility shows significant differences depending on the considered
crystal structure. Considering the two classical semi-empirical criteria
after Pettifor [70] and Pugh [47], the ductile/brittle material behaviour
can be determined. According to them, materials with a positive Cauchy
pressure (C12-C44 > 0) and B/G > 1.75 are ductile, respectively ( Fig. 8).
In the case of the ®-WB; structure, both criteria (Fig. 7) indicate the
brittle nature of this structure. The a-WB5 P6/mmm structure shows a
different character. In this case, for all aluminium contents Ci3-Cy44
> 17 GPa and for x < 50 % B/G > 2, which in theory indicates the
ductile character of this structure. For the AlBy structure, the Cauchy
pressure (Cj2-Ca4) is greater than 0, but B/G is less than 1.75, which
means that this structure possesses a transitional brittle-ductile
character.

To determine the response of the films to cracking, an indentation
test using a sharp cube corner was conducted [55]. Fig. 9 shows the
indentation imprints images obtained during indentation with a load of
150 mN. In all cases, cracks can be observed originating from the corners
of the imprint. The shortest cracks were formed for sample #1 without
the addition of aluminium. Increasing the amount of aluminium causes
the cracks to lengthen, resulting in a decrease in the fracture toughness,
Kjc. In the case of samples #2 and #3, arc-shaped cracks in the film can
be observed along the edges of the indentation, however their nature
changes. In the case of sample #3, there are multiple cracks, whereas in
sample #2, uniform, large flakes break off. This type of cracking is
characteristic of brittle samples.

The nanoindentation toughness values K¢, based on crack lengths
and obtained from DFT calculation, are presented in Fig. 10. The addi-
tion of Al results in a decrease of experimentally and theoretically
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designated values of Kjc. The highest determined value of Kj;c = 3.8
4+ 0.1 MPay/m is characteristic of sample 1. This results from its
chemical composition, which is closest to the stoichiometric ratio. In the
case of samples with the addition of aluminium, the amount of boron
increases (Table 4), which causes an additional increase in the brittle-
ness of the films. In the case of samples #2 and #3, the Kj¢ values are
close to 3 MPay/m and then decrease to values close to 1 MPay/m. It is
related to changes in the microstructure of the layers. In the case of
samples x > 7.3 %, the microstructure changes from columnar crystal-
line to amorphous. The change of the ordered structure to amorphous
promotes crack propagation and, consequently, a decrease in fracture
toughness. As the calculations show, a greater decrease in Kj¢ is
observed for the P63/mmc structure. In this case, the addition of
aluminium and its borides, which form in the P6/mmm structure, in-
troduces disturbances in the crystal lattice, and consequently, a decrease
in fracture toughness. In the case of the a-WB; polymorph, both crystal
lattices have the same crystal structure, which results in a much smaller
decrease in this parameter. For the undoped a-WB; structure, the Kj¢ is
4.28 MPa+/- m, while for AlBy it is 2.64 MPay/- m. However, the intro-
duction of even 3 % tungsten to this crystal lattice results in a decrease in
Kjc to the lowest theoretically determined value of Kjc = 2.22 MPa\/ m.

4. Conclusions

The paper presents a comparison of mechanical properties, density
and thermal conductivity determined using DFT methods with experi-
mentally verified real properties of thin films. The analysis was per-
formed on Wj4AliBo y layers (where x = 0-1). Two WB; structures
were analyzed theoretically, namely o-WBy (P6/mmm) and ®»-WB;
(P63/mmc) as well as a-AlB; (P6/mmm). The layers were deposited with
different aluminium contents using a combination of PVD methods,
including HiPIMS and DC magnetron sputtering. Due to the higher en-
ergy of the pulsed plasma, the films were deposited at 400 °C, in line
with earlier results for W-Al-B layers deposited by the DC magnetron
sputtering method at higher temperatures. The observations and con-
clusions resulting from the analysis are as follows:

1. It has repeatedly been shown that using the HiPIMS deposition
method, significant densification of the layers can be achieved. The
density measurements presented in this work show that the W;.
xAlxBay films have a density lower than the theoretical value,
attributed to the excess of boron in the deposited layers. This dif-
ference decreases as the amount of aluminium increases. A com-
parison of the P6/mmm and P63/mmc W-AI-B structures shows
lower values of density for the ©-WB; structure, while AlB, is not
stable for this crystal structure.
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Fig. 9. SEM images of indentation imprints (cube corner indenter) of W-Al-B layers deposited with different aluminium content x (a) 0 %; (b) 1.4 %; (c) 7.3 %; (d)
19.7 %,; (e) 53.1 %; (f) 72 %,; (g) 100 %; and (h) method of determining the average crack length c.
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Fig. 10. Fracture toughness of deposited films vs. theoretical values of a-WB,,
a-AlB, (P6/mmm) and o-WB, (P63/mmc)structures as a function of aluminium
amount x.

2. In the case of deposition of undoped films using the HiPIMS-DCMS
method at 400 °C, an amorphous microstructure is observed. Even
a small addition of aluminium (x = 1.4 %) changes the layer growth
nature to columnar and results in its crystalline character. Increasing
the aluminium content above x = 7.3 % triggers a transformation
back to the amorphous state. Such an effect significantly impacts on
the decrease of both mechanical properties and thermal
conductivity.

3. The obtained films are hard (e.g. H=36.1 + 1.7 GPa for x = 1.4 %),
but they are characterized by a much lower Young’s modulus
compared to the results determined theoretically. The relatively high
H/E* ratio (> 0.1) for layers with low aluminium content indicates
their greater ductility.

4. Ab-initio calculations show that, based on the criteria of Cauchy
pressure (C13-C44) and Pugh’s ratio (B/G), the a-WB; structure may
be ductile, in contrast to the other structures. The deposited films are
rather brittle in nature, resulting from an excess of boron. The frac-
ture toughness measurements show higher Kjc values for lower
aluminium content, i.e. 3.8 MPa\/m for undoped WB,, 2.8 MPa\/m
for x = 1.4 % and 3 MPay/m for x = 7.3 % Al, respectively.
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5. The experimentally determined thermal conductivity values are in
good agreement with the theoretical values. It is important because
the values reported in the literature for bulk materials were 10 times
higher than the theoretical ones. In the case of boride films, there is
no such reference so far. In the case of calculations, these values are
lower than the experimental ones (e.g., 1.8 W/mK for
a-Wp 75Alp.25B2 vs. 3.3 W/mK for sample #4 x =19.7 %). This
discrepancy may result from an excess amount of boron in the layers,
which is a better conductor than WBs.

Analysis of the structure and properties of thin films enables us to
understand how different deposition processes affect crystallinity,
texture, and other microstructural features, which directly impact the
material’s mechanical and thermal properties. The appropriate selection
of deposition conditions and dopant amount for already known mate-
rials allowed us to produce a modern material (layer) such as Wi.
xAlxB2. z, which can be applied in industry. Additionally, the theoretical
results obtained will allow us to supplement the database necessary for
multiscale modelling of both layers and materials in bulk form, where
the aluminium alloyed ®-WBj or a-WB; structures will be used as the
studied materials.
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