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Non-reactive magnetron sputtering of a diboride target composed of HfB;, TaB;, VB,, W,Bs, and ZrB;
with equimolar composition leads to the formation of crystalline single-phase solid solution diboride thin
films, (Hf,Ta,V,W,Zr)B,, with a high-entropy metal-sublattice. Their growth morphology (dense and fine-
fibrous), crystal structure (AlB;-type), as well as mechanical properties (indentation modulus E of ~580
GPa and hardness H of ~45 GPa), and chemical compositions are basically independent of the substrate
bias potential applied (varied between -40 and -100 V) during the deposition at 450°C.

Detailed X-ray diffraction (XRD) and atom probe tomography (APT) studies indicate that the
(HETa,V,W,Zr)B; thin films remain single-phase AlB;-structured (with randomly distributed elements at
the metal-sublattice) during vacuum-annealing at temperatures up to 1200°C. Only when increasing the
annealing temperature to 1400°C, the formation of small orthorhombic structured (V,W)B-based regions
can be detected, indicating the onset of decomposition of (Hf,Ta,V.W,Zr)B, thin films into (Hf,Ta,Zr)B,
and (V,W)B, accompanied by the formation of confined B-rich boundary regions between these phases.
After annealing at 1400°C the hardness is still very high with ~44 GPa, as the volume fraction of
the newly formed (V,W)B-rich domains is small and the majority of the coating is still solid-solution
(HfTa,V,W,Zr)B, with severe lattice distortions. Only at even higher T, of 1500 and 1600 °C, H decreased

to ~39 GPa.

© 2020 Acta Materialia Inc. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

The demand for materials able to withstand high temperatures
and mechanical loads is connected with new technological devel-
opments. Therefore, these are in focus of many research activi-
ties. The development of protective thin film materials has the ad-
vantage of combining basic materials science concepts with the
huge and versatile variety in process conditions accessible through
physical vapour deposition (like magnetron sputtering). A relatively
new alloying concept — equiatomic multicomponent alloys with at
least five principal elements — was introduced by Cantor in 2004
[1]. As these alloys exhibit a configurational entropy AS.q,r of >
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1.5-R, with R being the universal gas constant, the term high-
entropy alloys (HEA) was introduced by Yeh et al. [2] also in 2004.

In addition to HEAs a corresponding high-entropy concept has
also been applied to ceramic materials including borides, carbides,
and oxides. According to Murty, Yeh, and Ranganathan, ceramics
are considered as high-entropy materials if they consist of five bi-
nary ceramic phases [3]. Here we want to mention that it is proba-
bly not the high configurational entropy per se leading to substan-
tially enhanced material properties like strength, toughness, ther-
mal stability, and oxidation resistance. Only if the single-phase al-
loys (or the matrix of a more complex material) are composed of
at least 5 principal elements (leading to AS.,,r > 1.5-R) they out-
perform conventional alloys (which are typically based only on 1,
2, or 3 principal elements). Connected with this condition (at least
5 principal elements) is not only a high configurational entropy but
also a severe lattice distortion, a sluggish diffusion, and a cocktail

1359-6454/© 2020 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
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Fig. 1. (a) EDS obtained chemical composition of (Hf,Ta,V,W,Zr)B, coatings on sapphire substrates, prepared with Up,s = -40, -60, -80, and -100 V. For comparison also the
ERDA obtained B content is added for the sample prepared with Uy;,;; = -60 V. (b) ERDA depth profile for the sample prepared with Up;,s = -60 V.

ZL’“ substrate

Fig. 2. SEM fracture cross-sections of (Hf,Ta,V,W,Zr)B; coatings deposited with Uy,s = () -40 V, (b) -60 V, (c) -80 V, and (d) -100 V on sapphire substrates.

effect (cumulative properties and positive deviation from the arith-
metic mean value, i.e., like a cocktail being more colourful and
arched or more colourful and tastier than its components). More
recently, we proposed to refer to such compounds as high-entropy
metal-sublattice ceramics [4]. Based on the HEA concept, borides,
carbides, and oxides in bulk form have been studied regarding
their mechanical properties, thermal stability, and oxidation re-
sistance. Also these often show significantly improved materials
characteristics compared to their constituting binaries [5-11]. Later,
such a high-entropy concept for ceramic materials was also applied
to thin films. First investigations concentrated on (AlCr,Ta,Ti,Zr)N
coatings, which exhibit minor dependence of their structural and
mechanical properties on varying the deposition parameters such
as reactive gas flow, substrate bias potential, and substrate tem-
perature [12-14]. Additionally, this material system shows excel-
lent thermal stability and diffusion barrier abilities for Cu [15]. Fur-
ther studies on such thin films (actually composed of sublattice(s)
with a high entropy) include investigations of refractory metal ni-
trides as well as oxide coatings with attractive mechanical prop-
erties and improved thermal stability [4],[16]. Recent investiga-
tions on diborides highlighted the potential in improving ceramic-
like thin film materials when containing a high-entropy metal-
sublattice [17]. In analogy to the HEA concept, and based on our

previous studies [4],[17], we suggest that the term “high-entropy
sublattice (HES) concept” would be more adequate for multicom-
ponent ceramic thin film materials, if the configuration entropy of
at least one sublattice exceeds 1.5-R.

Here, we study the phase formation, thermal stability and me-
chanical properties of single-phase solid solution (Hf,Ta,V,W,Zr)B,
developed by non-reactive magnetron sputtering of a powder-
metallurgically produced compound target. The material system
was chosen based on previous studies on binary and ternary di-
boride coatings within the system Hf-Ta-V-W-Zr [17-20] and after
discussion with the target manufacturer. To avoid any confusion,
we mention that we use the term binary diboride (carbide, nitride,
or oxide) for compounds containing one other element aside from
B (C, N, or O). Hence, to connect the term with the underlying bi-
nary system as well as binary phases, as done previously [44,45].
The corresponding terminology applies to ternary and higher or-
der diborides (carbides, nitrides, or oxides). The developed high-
entropy metal-sublattice diboride (HESB) thin films show no sig-
nificant dependence on the bias potential used during deposition,
based on investigations by X-ray diffraction (XRD), scanning elec-
tron microscopy (SEM), and nanoindentation. Therefore, only the
coating prepared with a bias potential of -60 V was further in-
vestigated with respect to thermal stability, for which we used
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Fig. 3. XRD patterns of (HfTa,VW,Zr)B, coatings deposited on sapphire substrates
with Up,s = -40, -60, -80, and -100 V. The a-structure is indicated by an «-TaB,
(ICDD 00-038-1462) as this reference pattern yields the closest match to the solid
solution (Hf,Ta,V,W,Zr)B,, substrate peak positions are indicated by grey stars.

detailed XRD, nanoindentation (hardness H and indentation mod-
ulus E), elastic recoil detection analysis (ERDA), and atom probe
tomography (APT).

2. Experimental and methods
The (HfTa,V,W,Zr)B, thin films were deposited by unbalanced

non-reactive magnetron sputtering with a modified Leybold Z400
deposition system using four different bias potentials (Up;;s = -40,

47
46

44
43
42 T T T T T 5 T
-40 -60 -80 -100
Ubias (V)
Fig. 4. Indentation modulus E and hardness H of single-phased solid solution

(HfTa,V,W,Zr)B, coatings on sapphire substrates deposited with Uy, = -40, -60,
-80, and -100 V.
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-60, -80, -100 V). We used one powder-metallurgically produced
3-inch composite diboride target consisting of 20 mol% HfB,, TaB,,
VB,, W3Bs, and ZrB,. The target-to-substrate distance (in a par-
allel concentrically arrangement) was 4 cm. The substrates (poly-
crystalline Al;03 and sapphire (1-102) platelets, and low alloyed
steel foil) were ultrasonically cleaned in acetone and ethanol for
10 min prior to loading to the deposition chamber. After reaching
a base pressure of < 0.3 mPa they were Ar-ion etched with -150
V pulsed DC (150 kHz, 2496 ns) at an Ar gas pressure of 1.3 Pa.
During deposition, the substrate temperature (Ts) was 450°C, the
Ar gas pressure was 0.35 Pa (Ar gas flow rate of 30 sccm), the

Fig. 5. Cross-sectional TEM investigations of (Hf,Ta,V,W,Zr)B, deposited with Uy;,s = -60 V. (a) Bright field TEM image; (b) SAED pattern of area 1 indicated by the dashed
circle in (a); (c) SAED pattern of area 2 indicated by the dashed circle in (a); (d) dark field TEM image; (e) high-resolution TEM image where lower density regions are
indicated with white lines.
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Fig. 6. (a) ERDA obtained chemical composition of (Hf,Ta,VW,Zr)B, coating deposited with Uy, = -60 V on sapphire substrates after vacuum-annealing at T, = 1200, 1400,

and 1600°C. (b) ERDA obtained depth profile of the sample annealed at 1200°C.
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Fig. 7. Indentation modulus E and hardness H of (Hf,Ta,V,W,Zr)B, deposited with
Upias = -60 V on sapphire substrates after vacuum-annealing at T, = 900, 1000,
1100, 1200, 1300, 1400, 1500, and 1600°C for 10 min. For comparison we added the
data of ZrB; and (Zr,Ti)B, from Ref.[17].

DC sputter power density was 4.7 W/cm?, and the substrate bias
potentials were either -40, -60, -80, or -100 V. If we assume an
average melting temperature Ty of around 3240 K (from a linear
interpolation of all the corresponding diborides), the 450°C (~723
K) yields a homologues temperature (Ts/Tpy) of ~0.22 [21-25]. Frac-
ture cross sections of our coatings are studied with a FEI Quanta
200 SEM - equipped with a field emission gun (FEG) and operated
at an acceleration voltage of 10 kV - for their growth morphology.
Their chemical composition was obtained by top-view investiga-

tions via energy dispersive X-ray spectroscopy (EDS) using a FEI
Philips XL30 SEM equipped with an EDAX EDS detector. The boron
content was additionally evaluated for the sample prepared with
-60 V bias by time-of-flight elastic recoil detection analysis (TOF-
ERDA) with a recoil detection angle of 45 ° using a 36 MeV I3+ ion
beam. This coating was studied in its as-deposited state as well
as after the 10-min-vacuum-annealing at 1200, 1400, and 1600°C
(next but one paragraph) by TOF-ERDA. Details of the method, em-
ployed set-up, and accelerator are described elsewhere [26],[27].
Transmission electron microscopy (TEM) images as well as selected
area electron diffraction (SAED) patterns were obtained using a
TECNAI F20 FEG-TEM operated at 200 keV.

Coatings on sapphire substrates as well as coating material re-
moved from low alloy steel foil (by chemically dissolving the foil
with a diluted HNOs3) are characterized by XRD using a PANa-
lytical XPert Pro MPD (6-6 diffractometer) equipped with a Cu-
Ky (A = 154 A) radiation source. Mechanical properties, inden-
tation modulus E and hardness H, of the coatings on sapphire
substrates (in their as-deposited state and after vacuum anneal-
ing, next paragraph) were obtained by evaluating nanoindentation
load-displacement curves according to the method from Oliver and
Pharr [28]. For this we used a UMIS II nanoindentation system
and recorded 45 load-displacement curves for each measurement
point, starting at a load of 32 mN and decreasing the load in 0.5
mN steps down to 10 mN. The maximum indentation depth was
always below 210 nm and hence significantly below 10% of the
coating thickness, which was ~6.5 pum.

Powder samples as well as coatings on sapphire substrates (pre-
pared with -60 V bias potential) were vacuum annealed in a Cen-
torr LF22-2000 vacuum furnace (base pressure 0.8 mPa) at T, (var-
ied between 900 and 1600°C in 100°C steps) for 10 min. The heat-
ing rate was 20 K/min and the cooling rate (passively, by turning-
off the heater) down to 200°C was = 50 K/min. After these heat
treatments the samples were again investigated by XRD, nanoin-
dentation, and EDS.

Furthermore, the coatings prepared with -60 V bias poten-
tial are studied in detail for the element distribution in their as-
deposited state and after vacuum annealing at 1200, 1400, and
1600°C with APT. The three-dimensional spatially-resolved chem-
ical composition at the nanometer scale of (Hf,Ta,V,W,Zr)B, was
investigated using a CAMECA local electrode atom probe 4000X
HR. Laser-assisted field evaporation was employed with 50 pJ laser
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Fig. 8. (a) G vs. T curves for the high-entropy metal-sublattice diboride (Hf,Ta,V,WZr)B;, the sum of the diborides (Hf,Ta,Zr)B, plus (V,W)B;, and the sum of (Hf,Ta,Zr)B; plus
(V,W)B plus B exhibiting lower energy of formation than the HESB. (b) Strain energy for decomposition of the HESB into the constituting binaries (black lines with pentagons)
or into (Hf,Ta,Zr)B; plus (V,W)B plus B (green lines with hexagons) depending on the degree of transformation. The dashed lines are for an equimolar composition and the
solid lines are for a chemical composition close to the experimentally obtained values (by ERDA and EDS).

pulse energy, 200 kHz laser pulse frequency, and 60 K base tem-
perature. The average detection rate was set to 1% and at least 15
million ions were obtained for each measurement. Needle-shape
specimens were prepared by focused ion beam (FIB) techniques us-
ing a FEI Helios Nanolab 660 dual-beam microscope and following
a standard approach [29]. These specimens were extracted paral-
lel to the growth direction from powdered free-standing coating
material. The region of interest was protected with a 350-nm-thin
Pt layer against Ga implantation and this protection layer was re-
moved during the final milling of the specimens.

The energy of formation of (Hf,Ta,V,W,Zr)B,, (HfTa,Zr)B, and
(VW)B, in their AlB, prototype structure (space group 191
(P6/mmm), shortly a-type structure) is obtained by density func-
tional theory (DFT) calculations employing the Vienna Ab Ini-
tio Simulation Package (VASP) [30]. Structure optimization was
obtained by applying the projector augmented wave method
within the general gradient approximation (GGA) parameterized by
Perdew, Burke, and Ernzerhof [31], of solid solutions treated with
the special quasirandom structure approach (applying the ATAT
simulation package [32]). Energy cutoff and k-point mesh were
chosen carefully, to ensure energy convergence of a few meV/at,
for all calculations. To reach an equimolar composition of the
(Hf,Ta,V,W,Zr)B,, for all diboride compositions a 5 x 5 x 2 super-
cell was created (containing 150 atoms). For the calculations re-
garding (V,W)B (space group 63(cmcm)), a 2 x 2 x 2 supercell
containing 64 atoms was chosen. The experimental composition
for all calculations was taken from the EDS measurements. Further-
more, the elastic constants were calculated by applying the stress-
strain-method [33]. These were used to determine the polycrys-
talline Young$ modulus Y and the Poisson ratio [34-36].

To evaluate the strain energy density resulting from a phase
transition of the solid solution (Hf,Ta,V,W,Zr)B, phase into differ-
ent daughter phases we apply continuum mechanics mean field
theories. A phase transition generally leads to a change of specific
volume, inducing eigenstrains which have to be accommodated by
elastic deformation of the matrix and the newly formed phases.
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Fig. 9. XRD patterns of vacuum-annealed (at different temperatures, indicated next
to the individual patterns) powdered free-standing coating material. The empty
black hexagons indicate the XRD peak positions for an AlB,-structure with lattice
parameters of a = 3.09 A and ¢ = 3.28 A. The half-filled red hexagons indicate
the XRD peak positions for an AlB,-structure with lattice parameters of a = 311 A
and ¢ = 3.39 A. Based on APT investigations (presented later) this is indicated with
(Ta,Zr,Hf)B;. The blue stars mark the XRD peak positions for an orthorhombic struc-
ture (CrB-structure space group 63 (cmcem)) with lattice parameters of a = 3.16 A,
b =841 A, and ¢ = 3.06 A, which is indicated with (V\W)B, also based on the APT
investigations (presented later).
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 substrate

Fig. 10. Cross-sectional TEM investigations of (Hf,Ta,V,W,Zr)B; on sapphire substrates after vacuum annealing at 1400°C. (a) Dark field TEM image and (b) bright field TEM
image with a higher resolution inset illustrating the more distinct (as compared to the as-deposited state) nanocolumnar structure elongated in growth direction.

The specific volumes of the phases VP and the matrix VM were
taken from ab initio calculations. The volume change &P is then cal-
culated by
VP yM

v

For all constituents, isotropic material behaviour is considered
with polycrystalline elastic properties obtained by applying the
Voigt-Reuss scheme to the ab initio calculated stiffness tensor. The
precipitates are assumed to be of spherical shape with purely vol-
umetric transformation strains, hence, the eigenstrain tensor is cal-
culated by

513
P .

& =3 - Bi
with §j; being the unity tensor. To account for the different eigen-
strains and their interactions in a multiphase system, we used a
Mori-Tanaka-based Transformation Field Analysis [37],[38]. Bound-
ary conditions are set to correspond with vanishing macroscopic
strains, whereas the macroscopic stresses are nonzero. We as-
sume simultaneous formation of the daughter phases and study
the strain energy density as a function of the degree of transfor-
mation.

5P =

3. Results and discussion

The EDS obtained chemical compositions of the different
(HfTa,VW,Zr) diboride coatings suggest an almost MeB, stoi-
chiometry with boron contents between 65 and 66 at%, indepen-
dent of the bias potential used, Fig. 1a. The composition depth pro-
file obtained by ERDA for the sample prepared with Uy, = -60
V reveals 63+1.7 at% B, Fig. 1b, in excellent agreement with EDS
data. The contents of the metallic elements are ~12 at% W, ~9 at¥%
Hf, ~6 at% Ta, ~ 5 at% V, and ~4 at% Zr. Due to the energetically
similar shell transitions of W and Zr, they are hard to separate by
EDS, but ERDA indicates a Zr content of 6.6 at% and a V content
of 7.8 at%. However, by ERDA the elements Hf, Ta, and W (neigh-
bours in the periodic table) are difficult to separate. Nevertheless,
except for a slight O-enriched surface, the depth-profile from the
ERDA measurement indicates a homogenous element distribution
over the whole sample volume investigated.

The individual samples show chemical composition variations
within the error of EDS measurements (&1 at%), therefore we con-
clude that their average chemistry is independent of the bias po-
tential used during this investigation. Based on EDS, and normalis-
ing to stoichiometric MeB,, the nomenclature of the coatings cor-
responds to (Hfy5Tag17Vo14Wo 33Zrg 11 )B,. This causes a configura-
tional entropy AS,s of 1.53:R per formula unit, and classifies the
synthesised diborides as high-entropy metal-sublattice diborides
(HESB) according to the above-mentioned definition (AS.r >
1.5-R). Using the Zr and V contents from ERDA (which are higher
than those obtained from EDS) the configurational entropy is even
higher, as the metal-sublattice is closer to an equimolar composi-
tion.

All coatings exhibit a fine-fibrous growth morphology (indepen-
dent of the bias potential applied, Fig. 2a-d) with a nearly feature-
less appearance for the initial growth region close to the sapphire
substrate. With increasing bias potential from -40 to -100 V the
growth rate only slightly decreases from ~110 to ~80 nm/min.

XRD investigations of all coatings clearly demonstrate a single-
phase solid solution diboride with «-structure, see Fig. 3 exem-
plarily showing XRD patterns of coatings grown on sapphire. For
Upias = -40 V these show a preferred (112)-oriented growth that
changes towards a (111)-oriented growth with increasing Uy, to
-100 V, Fig. 3.

The XRD peak positions of this HESB suggest lattice parameters
of a = 3.09 A and ¢ = 3.28 A. These are in very good agreement
with the linearly interpolated lattice parameters between HfB;,
TaB,, VB,, WB,, and ZrB, (from ICDD reference data) — using their
above-mentioned chemical composition — which are a = 3.08 A
and c = 3.24 A,

Indentation modulus E and hardness H of the samples are ~580
GPa and ~45 GPa, respectively, independent of the substrate bias
potential applied, Fig. 4. The individual values are within the error
of measurement of about +20 GPa for E and +1.5 GPa for H. This is
also because the growth morphology is nearly independent of the
bias potential used, and already for a relatively low Uy;,s of -40 V,
a rather dense fine-fibrous growth morphology is obtained, Fig. 2.
The relatively constant mechanical properties for the different bias
potentials suggest that these are also independent of the preferred
growth orientation, which does change with the bias potential (see
Fig. 3).
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Fig. 11. Local chemical composition analysis of as-deposited as well as 1200 and 1400°C annealed (Hf,Ta,V,W,Zr)B, at the nanometer scale. (a) Reconstruction of W atomic
positions. W-rich regions are indicated by isoconcentration surfaces with = 35 at% and evident after annealing at 1400°C. (b) Frequency distribution analysis after annealing
at 1200°C. While data points represent the measured distribution of the elements, lines in the corresponding colour code indicate a random, binomial distribution. Pearson
correlation coefficients are provided in brackets. (c) Proximity histogram of the W-rich regions with > 35 at% after annealing at 1400°C. The dashed lines emphasise a

confined B enrichment at the interface region.

Detailed cross-sectional TEM studies of (Hf,Ta,V,W,Zr)B, pre-
pared with Uy,s = -60 V clearly confirm the dense fine-fibrous
growth morphology, Fig. 5. At the interface to the substrate, their
grain size is small, typical for random nucleation, followed by a
competitive growth region. But even near to the coating surface,
the column diameters are still rather small with about 80 - 100
nm, see Fig. 5a. The corresponding SAED investigations show dis-
tinct diffraction spots, Fig. 5b, highlighting the oriented columns
with a large aspect ratio. The aperture size is indicated with a
dashed circle in Fig. 5a, which is easily exceeded by a column
length. Contrary, close to the substrate-coating interface the aper-
ture size covers several column lengths and thus the corresponding
SAED pattern is more ring-like rather than having distinct diffrac-
tion spots, Fig. 5c. The large aspect ratio of the columns close to
the coating's surface is easily seen in the higher resolution dark
field TEM image, Fig. 5d, suggesting for ~1 pm long and 50 nm
wide columns. The contrast modulations during high-resolution
TEM investigations (indicated by white lines in Fig. 5e) point to-
wards a periodic chemical and/or strain variation along the rela-
tively dense columns.

After vacuum-annealing at T, = 1200, 1400, and 1600°C, the
investigated coating still shows the same average chemical com-
position as in their as-deposited state, see the ERDA results
summarised in Fig. 6a. Even the boron content stays at ~62
at%, contrary to previous studies on high-entropy metal-sublattice
diborides or Ti-B-N, where a significant B-loss upon vacuum-
annealing was observed on the account of volatile H3BO3 forma-

tion [17,39]. Also, the ERDA depth profile of the coating annealed
at 1200°C suggests only for a small surface-near region enriched in
oxygen. The very similar O-depth profile to the as-deposited state
indicates that there is no significant oxygen uptake during vacuum
annealing.

Nanoindentation measurements of these coatings (Up;,s = -60
V, sapphire substrate) after vacuum-annealing also suggest excel-
lent thermal stability, at least up to 1400°C. Their indentation mod-
ulus slightly increases from 580420 GPa to 610+30 GPa upon an-
nealing at T, up to 1400°C, respectively, Fig. 7. If no phase trans-
formation takes place, this indicates that the vacancy content de-
creases and/or the cohesive strength of grain or column bound-
ary regions increases [39]. Both would be caused by the anneal-
ing treatment as thin films prepared by magnetron sputtering (at
low homologues temperatures, as in the present case) typically ex-
hibit an extensive vacancy content and underdense boundary re-
gions [40]. Increasing T, further to 1500 and 1600°C leads to a no-
ticeable reduction in E to ~570 GPa.

The hardness of the (HfTa,V,W,Zr)B, coating initially increases
upon vacuum annealing, from 45.4+1.5 to 47.0+1.6 GPa with T, =
900 °C. Raising T, to 1400°C causes a small but continuous de-
crease to 44.3+2.1 GPa. Similar to the behaviour of the indentation
modulus, also the hardness shows a more distinct reduction upon
further increasing T, to 1500 and 1600°C. After which the hardness
was “only” about 39.5 GPa, see Fig. 7.

These results indicate that a relatively small grain size and a
high defect density (point defects due to the high-entropy metal-
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Fig. 12. Local chemical composition analysis of 1600°C annealed (HfTa,V,W,Zr)B; at the nanometer scale. (a) Reconstruction of B atomic positions and B-rich regions are
indicated by isoconcentration surfaces with < 46 at%. The chemical composition profile originates from the region indicated by a cylinder within the reconstruction of B
atomic positions. Proximity histograms are shown from (b) Hf-rich regions with = 13 at%, (c) Ta-rich regions with = 11 at%, (d) V-rich regions with = 11 at%, (e) W-rich
regions with > 35 at% and (f) Zr-rich regions with > 12 at%. The length of each reconstructed APT specimen is 300 nm. The dashed lines in (b)-(f) emphasise a confined B

enrichment in the interface region.

sublattice, see next but one paragraph, and dislocations) is main-
tained leading to the preserved superhardness (H = 40 GPa) up to
Ta = 1400°C. Thermally-induced recovery effects may essentially
influence the vacancy content (to reach thermal equilibrium) and
underdense boundary regions upon which the indentation mod-
ulus and hardness even increase up to T, = 1400°C. The more
distinct decrease in E and H upon annealing at T, = 1500 and
1600°C is due to the decomposition of the high-entropy metal-
sublattice diboride, (HfTa,V,W,Zr)B,;, towards a (HfTaZr)B, di-
boride and (V,W)B monoboride (the corresponding XRD studies
are presented later). The binary ZrB, or ternary (Zr,Ti)B, (prepared
with the same deposition equipment) show a significantly lower
thermal stability, with a more pronounced impact of the annealing
temperature especially on the hardness [17], see Fig. 7.

For an equimolar composition, the solid solution HESB phase
has a less negative energy of formation (Ef) - see Fig. 8a (y-
axis value for 0 K, obtained by ab initio calculations) - than
the corresponding binaries. This is also valid for the other
equimolar cases considered here [(HfTaZr)B, + (V,W)B, and
(Hf,Ta,Zr)Bs + (V,W)B + B]. Hence, the formation of a single-phase
HESB is least preferred. Contrary, for metal contents close to the
experimentally obtained chemical composition, the HESB is already

preferred at 0 K over the sum of (Hf,Ta,Zr)B; + (V,W)B, diboride
formation, but again loses against the respective binaries and es-
pecially the formation of (HfTa.Zr)B, + (V,W)B + B. Simply using

5
the configurational entropy (with Seopr = —R Y x;Inx; and x; being
i=1

i=
the molar fraction of the constituting binary diborides) and the en-
ergy of formation E; of the solid solutions for the mixing enthalpy
(Hmix) we obtained the Gibbs free energy (Gepemn = Hmix = TSconf)-

Both scenarios (equimolar as well as that close to the
experimentally obtained chemical composition) show that the
high-entropy metal-sublattice diboride solid solution is clearly
metastable compared to the individual binaries, see Fig. 8a. How-
ever, at temperatures above 500 K the configurational entropy con-
tribution from the metal-sublattice is overcompensating the mix-
ing enthalpy difference rendering the metastable solid solution
(red lines with squares) stable over the individual binaries (black
lines with pentagons). These calculations assume the enthalpy of
formation to be independent of temperature and only consider
configurational contributions to the entropy term.

Furthermore, the decomposition of (HfTaV,W,Zr)B, into
(HfTa,Zr)B, plus (V,W)B plus B, which is observed by APT, is
considered in the calculations. This scenario shows an even lower



A. Kirnbauer, A. Wagner and V. Moraes et al./Acta Materialia 200 (2020) 559-569 567

Gepem With T < 2000 K for the equimolar scenario, and with T <
1250 K for the experimentally determined composition. The fact
that our prediction renders (HfTa,V,W,Zr)B, as more stable than
the experimentally verified multi-phase decomposition scenario -
at the experimentally determined decomposition temperature —
may be rationalised by considering the above described limitations
of the here employed basic computational strategy. For example,
we have not treated the temperature dependence of the enthalpies
as well as the thermal entropy contributions.

The significantly more negative energy of formation for the
multi-phase decomposition scenario [(Hf,Ta,Zr)B, plus (V,W)B plus
B); green lines with hexagons in Fig. 8] would suggest that the
formation out of (Hf,Ta,V,W,Zr)B, (red lines with cubes in Fig. 8)
occurs at quite “low” temperatures (as soon as diffusion is pos-
sible); the energy gap (driving force for decomposition) between
(HfTa,V,W,Zr)B, and these decomposition products is rather large.
But please consider that in solid-solid phase transitions an addi-
tional amount of energy, the strain energy, caused by the differ-
ences in specific volumes of the phases, has to be overcome. Con-
sequently, the products become steadily more unfavourable with
increasing degree of transformation, see Fig. 8b. The decomposi-
tion of (Hf,Ta,V,W,Zr)B, towards (HfTa,Zr)B, plus (VW)B plus B
causes an increasing strain energy with increasing degree of trans-
formation, retarding or even limiting the process. The equimolar
composition would lead to slightly lower retarding energies than
the near-to-experimental composition (see dashed and solid green
lines with hexagons in Fig. 8b, being 0.035 eV/at (0.57 k]/cm? or
GPa) and 0.038 eV/at (0.65 kJ/cm® or GPa), respectively, for a com-
plete transformation. For comparison we also calculated the associ-
ated strain energy for a decomposition towards the binary phases,
yielding a similar strain energy for the near-to-experimental com-
position, but higher one for the equimolar composition (black lines
with pentagons in Fig. 8b). The balance between driving and re-
tarding energies for the decomposition of the HESB (Fig. 8a and b)
is also the reason, why we observe the decomposition not imme-
diately at temperatures where diffusion would be sufficient (in ad-
dition to the energy required for the formation of new interfaces
[41] and distribution of elements, summarised in nucleation pro-
cesses).

Detailed XRD studies of powdered free-standing coating mate-
rial after the individual vacuum-annealing treatments allow draw-
ing a picture of their thermal stability and decomposition pro-
cesses, Fig. 9. In the as-deposited state, the pattern clearly shows
a single-phase solid solution with AlB,-prototype structure having
lattice parameters of a = 3.09 A and ¢ = 3.28 A. Identical val-
ues were obtained for the coating grown on sapphire substrates
(Fig. 3), but here no preferred growth orientation can be detected
as we analysed powdered coating material. The latter is essential
to avoid detrimental substrate interference and interactions dur-
ing annealing at these rather high temperatures up to 1600°C. The
coatings remain single phased up to T, = 1300°C and also the
XRD peak positions and shapes are relatively unaffected, suggest-
ing for constant lattice parameters, macro- and microstresses. The
full width at half maximum even slightly increases when increas-
ing T, to 1300°C, suggesting actually an increased lattice distortion.
Only when increasing T, further to 1400°C the formation of addi-
tional small XRD peaks at diffraction angles of ~30 and ~33 deg
can be detected, and the widths of the XRD peaks from the re-
maining matrix decreases. After annealing at even higher temper-
atures, these small XRD peaks (from the emerging phase) further
increase in intensity and additional ones can be detected (see the
pattern for T, = 1600°C), from which it was possible to identify the
crystal structure. The additional XRD peaks (indicated by blue stars
in Fig. 9) suggest the formation of an orthorhombic structure with
lattice parameters of a = 3.16 A, b = 8.41 A, and ¢ = 3.06 A. De-
tailed APT investigations indicate a separation of the high-entropy

metal-sublattice (Hf,Ta,V,W,Zr)B, towards (Hf,Ta,Zr)B, and (V,W)B
upon annealing at T, > 1400°C. Therefore, we used the WB refer-
ence pattern (ICDD 00-006-0541) and adopted the lattice param-
eter for a solid solution (V,W)B, which is in excellent agreement
with the additional XRD peaks. Simultaneously with the formation
of this new phase, the XRD peak positions of the solid-solution
AlB,-structure shift to lower diffraction angles. Based on detailed
APT investigations (presented later) we named the remaining ma-
trix (Hf,Ta,Zr)B,. The XRD peak positions of this solid solution sug-
gest for lattice parameters of a = 3.11 A and ¢ = 3.39 A (indicated
by half-filled red hexagons in Fig. 9). The interpolated lattice pa-
rameters, according to ICDD reference patterns for HfB,, TaB,, and
ZrB, (using mole fractions relevant for our chemical composition)
are with a = 3.13 A and ¢ = 3.41 A in excellent agreement.

Even after annealing at 1400°C - where already first indications
for a phase separation of the solid-solution (HfTa,V,W,Zr)B, could
be detected by XRD - the coating (for this study we used a coated
sapphire substrate) still shows the dense fine-fibrous growth mor-
phology, very similar to the as-deposited state (compare Figs. 10a
and 5a). However, TEM investigations suggest that the microstruc-
tural feature (being elongated in growth direction and presumably
caused by boron segregation, already present in the as-deposited
state) is more distinct after annealing at 1400°C, see Fig. 10b and
especially the higher magnification inset.

Spatially-resolved chemical composition analysis at the
nanometer scale of powdered free-standing coating material
reveals a random distribution of all elements in the as-deposited
state, represented by the reconstruction of W atomic positions
in Fig. 11a. Also, after annealing at 1200°C the distribution of
elements is still random based on the frequency distribution
analysis shown in Fig. 11b. The measured distribution of the
constitutional elements (data points) is compared to a random,
binomial distribution (lines in corresponding colour code). The
Pearson correlation coefficients 1 are < 0.1 for all elements which
indicates a random elemental distribution. After annealing at
T, = 1400°C the formation of W-rich regions is evident from the
APT data. W-rich regions with > 35 at% are indicated by isocon-
centration surfaces. These data suggest an elongated formation
along the growth direction, where especially column boundaries
are preferred sites to easier accommodate evolving strains (see
Fig. 8b) and provide higher diffusivities (even spinodal decompo-
sition preferably starts at column boundaries [42]). The proximity
histogram of these regions after annealing at 1400°C, Fig. T1lc,
reveals that V as well as Ta are present in the W-rich regions,
while Hf and Zr are depleted. Further characteristic is that with
increasing W content also the B content decreases, which indicates
that the stoichiometry changes from MeB, towards MeB in the
W-rich region. Furthermore, a confined B enrichment is visible at
approximately 0 to -2 nm (indicated by dashed lines) and hence
at the interface between the W-rich region and the matrix.

After annealing at an even higher temperature (T, = 1600°C)
decomposition of the (Hf,Ta,V,W,Zr)B, solid solution is observed by
APT in agreement with XRD data. The chemical composition pro-
file in Fig. 12a reveals the formation of V- and W-rich regions with
up to 10 at% V and 40 at% W, while Hf and Zr are depleted and
Ta is present with approximately 4 at%. Also evident is that the
B concentration decreases from approximately 58 to 46 at% in the
V- and W-rich regions. The APT-quantified absolute B concentra-
tions are significantly smaller than the average concentrations ob-
tained by ERDA and preferential B retention has been reported for
DC magnetron sputtered ZrB, thin films [43]. Nevertheless, the ob-
served decrease of the B concentration from the matrix towards
the V- and W-rich region in combination with XRD data (Fig. 9)
indicates the formation of (V,W)B with soluted Ta.

Proximity histograms of Hf, Ta, V, W, and Zr (Fig. 12b-f) af-
ter annealing at 1600°C reveal the local enrichment of each
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metal and it is evident that also the chemical composition of
the (HfTa,V,W/Zr)B, matrix is significantly altered. Interestingly,
all of the interface regions are characterized by a confined B en-
richment after annealing at 1600°C and the corresponding re-
gions are emphasised by dashed lines. Such confined B enrichment
has been also observed for the W-rich regions after annealing at
1400°C, compare Fig. 11c. Based on the combination of ERDA (in-
dicating no B-loss due to annealing at 1400 or 1600°C, Fig. 6),
TEM, and APT data, we can conclude that the decomposition from
(Hf,Ta,V,W,Zr)B, towards (Hf,Ta,Zr)B; plus (V,W)B is accompanied
by the formation of a B-rich interface region between these phases.
Why V and W are concentrated in the monoboride and Hf, Ta, and
Zr basically remain in the diboride can be understood based on
the melting points Ty, of the individual binary borides. HfB,, TaB;,
and ZrB, have Ty values between 3400 and 3600 K, but VB, and
WB, (actually W5Bs) only exhibit a T, of ~3000 and 2638 K, re-
spectively. The monoboride of W exhibits with ~2940 K actually an
even higher melting point than its diboride [21-25].

4. Summary and conclusions

Single-phase AlB,-structured diborides with a high-entropy
metal-sublattice (HESB), (Hf,Ta,V,W,Zr)B,, were deposited by non-
reactive magnetron sputtering of a powder-metallurgically pre-
pared diboride target composed of 20 mol% HfB,, TaB,, VB,, W>Bs,
and ZrB,. Chemical composition, growth morphology (dense fine-
fibrous), crystal structure (AlB,-type) as well as mechanical prop-
erties (E ~580 GPa and H ~45 GPa) are essentially independent
on the bias potential (Uy,s = -40, -60, -80, -100 V) used dur-
ing their preparation (at a substrate temperature of 450°C). The
EDS and ERDA obtained B content is with ~62 at% close to MeB;
stoichiometry. The configurational entropy of the metal-sublattice
yields 1.53:R for the prepared (Hfps5Tag17Vo14Wo33Zr011)B2, clas-
sifying it as high-entropy (> 1.5-R) sublattice diboride. Ab initio
based calculations indicate that the high-entropy metal-sublattice
ensures that the synthesised HESB is energetically more stable at
T > 1250 K than the decomposition products (HfTaZr)B; plus
(V,W)B plus B.

Based on XRD studies the coatings remain single-phased AlB,-
structured — with essentially the same lattice parameters and mi-
crostresses as in the as-deposited state — even when vacuum-
annealed at temperatures up to 1300°C. APT indicates that also the
distribution of the elements is random in the as-deposited state as
well as after vacuum annealing at T, = 1200°C. Only after anneal-
ing at higher temperatures (T, > 1400°C) the formation of an addi-
tional phase can be detected by XRD, which was indicated by APT
to be a (V,W)B monoboride with soluted Ta. The remaining ma-
trix appears to be an AlBy-structured (HfTa,Zr)B, (with soluted V
and W). Additionally, as the overall boron content is constant over
the annealing temperature, the formation of confined B-enriched
regions during decomposition takes place. Due to this decompo-
sition the indentation modulus and hardness of (HfTaV,W,Zr)B,
decreased to ~570 GPa and ~40 GPa, respectively, when annealed
at 1500 and 1600°C. The probably rather small volume fraction of
the newly-formed W-rich regions with T; = 1400°C has almost no
influence on the mechanical properties, which are still very high
with E ~610 GPa and H ~44 GPa.

Based on our results we can conclude that (HfTaV,W,Zr)B,
coatings are superior to constituting diborides on account of their
thermal stability and maintained mechanical properties. The ran-
dom distribution of many different-sized metal species (resulting
in a high-entropy metal-sublattice) guarantees for a maintained se-
vere lattice distortion and consequently high microstresses even
when annealed at 1300°C, allowing for the exceptional high hard-
ness.
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