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ARTICLE INFO ABSTRACT

Keywords: Despite AlBy is the most typical structure prototype of transition metal diborides (TMBy), studies on AlB; thin
AlB; thin film films are scarce. Furthermore, although Al is the primary alloying element for TMB; to improve their oxidation
Microstructure

resistance, no such data are available for AlBj thin films. Here, we develop AlBy thin films through non-reactive
magnetron sputtering of an AlB; compound target and investigate their microstructure, mechanical properties,
thermal stability and oxidation resistance. Keeping the substrate temperature at 700 °C and increasing the Ar
pressure during deposition from pa, = 0.4 to 0.8 to 1.2, Pa, the films‘ chemistry slightly varies between x = 1.99,
1.97, and to 2.27, respectively. Detailed transmission electron microscopy shows that the highly (0001)-oriented
AlBg 27 thin film exhibits small platelet-like amorphous B regions next to the large columnar a-structured AlBy
crystals. In the as deposited state, this film exhibits an indentation hardness and elastic modulus of 19.2 + 1.2
GPa and 331.8 + 14.4 GPa, respectively. Between 850 and 900 °C, the AlBj 57 thin film starts to decompose into
tetragonal (t-) AlBjp, but still maintains dominant « structure up to 950 °C. At 1000 °C, the thin film is
completely decomposed into t-AlB;; and hexagonal AlBjo. The AlBy 7 thin film also shows exceptional
oxidation-resistance with an onset temperature for the formation of oxides (a-AlyO3 and 0-Al;gB4O33) between
950 and 1000 °C when exposed to lab-air.

Thermal stability
Oxidation resistance
Ab initio

1. Introduction

Transition metal diboride (TMBjy) thin films are technologically
important materials exhibiting high hardness and thermal conductivity
as well as outstanding chemical inertness [1-3]. The diborides of group
4-6 TMs (Ti [4-6], Zr [7,8],Hf [9], V [10],Nb [11], Ta [12], Cr [13], Mo
[14], and W [15]) typically reveal a predominant AlB,-type crystal
structure (space group 191-P6/mmm). However, a strong limitation of
TMBjs is their relatively low oxidation resistance [3]. Among possible
strategies for improving oxidation behavior of TMB, is Al-addition.
Aluminum can, in principle, not only retard oxidation through forma-
tion of the protective Al,O3 oxide scale [16,17], but also promote age-
hardening, as predicted by ab initio density functional theory (DFT)
calculations [18].

An excellent example is TiBo—the most widely researched TMB; thin
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film—in which Al-incorporation significantly improves oxidation resis-
tance [16,17,19] and contributes to age-hardening phenomena. At the
onset temperature of ~400 °C, TiB; 4 forms a highly porous Ti oxide
scale due to the evaporation of B,Os3 (g) phase and the coarsening of TiO4
crystallites [16]. The addition of Al contributes to the formation of a
dense, protective Al-containing oxide scale, thus significantly improving
the oxidation resistance. In particular, a hardness increase from 32.1 to
37.0 GPa was reported for (Tip71Alp.29)B2+1.0s8 When annealed at
1000 °C for 1h, due to the phase separation within the (Ti,Al)B; columns
including the formation of Ti-deficient crystallites within the grain
interior [20]. Increasing interest in Al-containing diborides is also
illustrated by recently synthesized (Ta,Al)By [21,22], (W,Al)By [23],
and (Re,AD)By [24] thin films. For instance, Al-addition into ReBy
significantly improves the chemical stability upon exposure to air [24].
(Re,AD)B; thin film reveals self-passivating phenomenon related to the
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formation of Al-oxide layer, which can withstand corrosion in a time
period > 60 days. By contrast, the ReB; film already forms HReOj4 after
two days.

Despite beneficial effects of Al-addition and the fact that AlB; is the
phase prototype of the a structure—commonly referred to as the AlB,-
type structure and representing the most frequent structure of inter-
metallic binary and ternary borides [25]—systemic studies on the
a-structured AlB; thin films are still missing. Here and consistently in the
manuscript, we use the symbol « to indicate the AlB, phase. Note that
some TMBys can also crystallize in the WB,-type phase (denoted by o, in
line with Euchner and Mayrhofer [26]). From modeling perspective,
a-AlB; has been studied by DFT calculations [25,27-31] showing me-
chanical and dynamic stability [25,27]. Worth noting, however, is a
large scatter of DFT-calculated formation enthalpies [23,28,30,32]
and elastic constants, Cj;, particularly the off-diagonal C3 and C13 (e.g.,
Ci12= — 3 GPa[30], C;2 =17 GPa [29] C12 =79 GPa [27]), resulting in
Young’s moduli of 245-369 GPa [26,28,29]. Lattice dynamics calcula-
tions by Johansson et al. [27] indicate that a-AlB, is stable only in a
narrow composition range, 2.157 < x < 2.212 for AlBy. The Al-B phase
diagram, shows the appearance of AlB, as a line compound and its
decomposition at 956 + 5 °C [33]. From experimental perspective,
Whittaker et al. [34] revealed O,-pressure-independent oxidation ki-
netics of AlB, powder using thermal gravimetric analysis, but the
powder also had 6 wt% Al as secondary phase. Hahn et al. [23] showed
that sputtering AlIB, target leads to amorphous films. Nashimoto et al.
[35] also reported the synthesis of X-ray amorphous AlB; thin films by rf
magnetron sputtering, which can be crystallized after annealing at
700 °C. Thus, systematic studies on mechanical properties and oxidation
behavior of a-AlB, are essential to facilitate rational design of Al-
containing TMBy, thin films as well as to deepen current understanding
of how Al-addition influences the microstructure and performance
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under application-relevant conditions.

Here, we deposit AlBy thin films and show that especially their
phase-constitution strongly depends on the Ar pressure used during non-
reactive sputtering of an AlB, compound target. The observed phase
formation is discussed with respect to ab initio calculations. The films’
mechanical properties and microstructure are studied by nano-
indentation and electron microscopes. Thermal stability investigations
are conducted by in-situ X-ray diffraction during annealing to 1200 °C
either in vacuum or lab-air.

2. Methods
2.1. Experimental setup

To synthesize AlBy thin films, we used a high vacuum magnetron
sputtering system with a base pressure below 10~ Pa, a 2-inch AlB,
target (Plansee Composite Materials GmbH) out of four magnetrons, a
target-to-substrate distance (d;s) of 10 cm, and a substrate temperature
(Ts) of 700 °C (almost the highest deposition temperature of the depo-
sition chamber). We used the deposition temperature of 700 °C as pre-
vious study shows that sputtering AlB, target at 500 °C leads to
amorphous structure [23] and preliminary work reveals that deposition
at 600 °C results in only small phase fraction of a-AlB,. The AlB, target
was direct-current sputtered using a constant power of 160 W, which
corresponds to a power density of 7.9 W/cm?, onto a rotating 2-inch
sapphire (0001-oriented) substrate placed 10 cm from the target sur-
face. The normals of magnetron and substrate holder have an angle of
20° to each other, as depicted in Fig. 1. The depositions were performed
under Ar pressures (par, 99.9999 % purity) of 0.4, 0.8, and 1.2 Pa with
floating bias for 5h.

The chemical composition of the films was quantified by inductively

substrate

Fig. 1. Schematics of target-substrate arrangement for sputter deposition of AlBy thin films.
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coupled plasma optical emission spectroscopy (ICP-OES [36]) allowing
accurate measurements for both B and metallic species [37]. For phase
identification, a PANalytical X'Pert Pro X-ray diffraction (XRD) system
and an Empyrean diffractometer with a Cu-Ka source (wavelength =
1.54 A), powered with 45 kV and 40 mA, were utilized in the Bragg-
Brentano and grazing-incidence geometries. Cross-sectional morphol-
ogies were investigated with a field emission scanning electron micro-
scope (FE-SEM, Zeiss Supra 55) at an acceleration voltage of 3 kV.

Detailed microstructural investigations and chemical analysis were
conducted for a selected sample, AlB; 57, with a transmission electron
microscope, TEM (FEI TECNAI F20). The AlB; oy sample was selected
from the three different AlBy thin films due to its simple phase consti-
tution, revealed by XRD (next paragraph) results. The TEM was operated
at 200 kV either in bright field or high-angle annular dark-field scanning
TEM (HAADF-STEM) mode with an attached electron energy loss
spectrometer (EELS). The TEM transparent sample was obtained by a
standard lift-out procedure using a dual-beam ThermoFisher Scios 2
focused ion beam (FIB) system. Thermal stability and oxidation resis-
tance of the selected AlBy 57 thin film were studied by in-situ XRD with a
PANalytical X’Pert Pro MPD diffractometer. Two AlB5 57 samples were
heated in a high-temperature furnace chamber (HTK 1200N) either in
vacuum environment (102 Pa) or lab-air at ambient pressure (0.4 1/min
flow rate). The in-situ XRD measurements were performed at 25 °C (as-
deposited, as well as after the cooling following the annealing process)
and between 400 and 1200 °C with a step of 50 °C. The samples were
heated at a rate of 60 K/min to the desired temperature followed by a
diffraction measurement for ~36 min at each step.

Indentation hardness (H) and Young’s modulus (E) were assessed by
nanoindentation (Ultra Micro Indentation System, UMIS) with a Ber-
kovich diamond tip (Poisson’s ratio v = 0.07; E = 1141 GPa) following
the Oliver and Pharr method [38]. For each sample, we conducted 30
indents with loads 3-15 mN and analyzed their load-displacement
curves (using v = 0.25 based on our DFT calculations and literature
[21]). The E was obtained following the procedure and Eq. (2) in
Ref. [39].

To estimate the effect of Ts and pa, on gas-phase transport of the
sputtered Al and B species, we calculated the mean free path (A, MFP) of
Al and B atoms via [40]:

_kr, 1

Par ﬁ(rAr + rAl,B)Z 14 Cas

mar

A (€D)

where k is Boltzmann’s constant; m is the atomic mass (mg = 10.81 amu,
ma) = 26.98 amu, and ma,; = 39.95 amu), and r is the atomic radius (rg =
0.88 A, ra; = 1.26 A, and rp, = 0.71 A).

2.2. Calculational details

DFT calculations were actualized using the Vienna Ab initio Simu-
lation Package (VASP) [41] together with the Projector Augmented
Wave (PAW) method [42] and the Perdew-Burke-Ernzerhof approxi-
mation for exchange-correlation effects [43]. The plane-wave cutoff
energy was 600 eV and the I'-centered k-point mesh was built with a
length parameter of 60 A. To model Al-substoichiometric Al;.5Bo, Al
vacancies were introduced on the metal sublattice of a 108-atom a-AlBy
supercell following the Special Quasirandom Structure (SQS) method
[44]. All structures were fully relaxed until forces on ions did not exceed
0.005 eV/A. The corresponding formation energies, E;, were evaluated
with respect to the reference face-centered cubic (fcc-) Al and trigonal
(trig-) B, consistent with our previous study [22]. Elastic constants of
a-AlB, were calculated using the stress-strain method [45-47]. The
polycrystalline Young’s modulus, E, was calculated as E = 9BG/(3B +
G), where B and G represent the polycrystalline bulk and shear modulus,
respectively, obtained following standard formulas (see e.g. Ref. [48]).
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3. Results and discussion
3.1. Chemical compositions

Chemical analysis via ICP-OES of the films deposited with ps, = 0.4,
0.8, and 1.2 Pa reveals compositions of AlBj g9, AlB; g7, and AlBj 57,
respectively. Film compositions are determined by the arrival and loss
fluxes of film-forming species. Our previous study [22] reveals that the
heavier Al atoms are preferentially sputtered under higher angles while
B are preferentially sputtered along the target normal. Sole consider-
ation of the angular distribution of Al and B atoms would suggest B over-
stoichiometric AlBy films. Nevertheless, the substrate is at 10 cm and not
fully at the axis of the magnetron, see Fig. 1. This might slightly reduce
the (expected) B over-stoichiometry. The synthesized close-to-
stoichiometric AlB; g9 and AlB; g7 thin films point toward preferential
re-sputtering of B over Al from the Ar ions correlated with floating bias.
The corresponding mean free path values for Al and B are A3i*"? = 21.3
em, 298P = 10.6 cm, 13%? = 37.5 cm, 13572 = 18.8 cm, which exceed
the dis of 10 cm, and hence the gas phase scattering will be minor.
However, increasing pa; to 1.2 Pa decreases 14] below 10 cm, whereas 1
remains above (AA2°2 = 7.1 cm and 45?2 = 12.5 cm), indicating that gas
scattering becomes relevant for Al but not for B. This suggests that the
boron over-stoichiometry of AlBy 57 is caused by preferential gas scat-
tering of Al with increasing pa,. Other factors, including target-substrate
distance, ionization degree [5], target potential [12] and substrate bias
[49] can also influence the film stoichiometry, but are not discussed here
as they are kept constant for the three films.

3.2. Microstructure

Bragg-Brentano X-ray diffractograms of the AlBy films, Fig. 2, reveal
signals of a-AlBy, tetragonal (t-) AlB;9, and fcc-Al for the sample AlB; g9,
while fcc-Al is absent in the AlB; g7 and AlB o7 samples. The AlBj 57 thin
film exhibits a very pronounced (0001)-orientation growth, see the
strong (0001) and (0002) peaks, and even the (0003) can be detected.
Additional grazing-incidence XRD data (Fig. 3) indicate that fcc-Al is
only present at the substrate-film interface in AlB; g9, and t-AlB,3 is also
only present at the substrate-film interface in AlB, 57. The presence of t-
AlB; at the substrate-film interface in AlBy 57 can be rationalized by the
close-to-zero energy of formation of a-AlB; (revealed by literature [28]
as well as our DFT calculations in Table 1) and the high substrate tem-
perature of 700 °C, for which Al can easily vaporize, leading to the
formation of t-AlB;s5. Contrarily, grazing-incidence XRD shows that t-
AlB,, is present within the AlB; g9 and AlB; g7 samples not just at the
interface to the sapphire substrate (see following discussions).

The full width at half maximum (FWHM) of the (0001) peak is
0.2800, 0.3370, and 0.228° for A1B1,99, A1B1_97, and A1B2_27, hinting to-
wards larger and less-defected a-AlB, grains for AlB; 57. Structural pa-
rameters of the films are derived using cell refinements of the XRD
peaks. Aligned with the (0001) peak, the calculated c lattice parameters
are 3.247 A (AlB;.q9), 3.237 A (AlB1.97), and 3.248 A (AlBs 7). This is
close to reference values of the stoichiometric a-AlBy: ¢ = 3.253 A (ICDD
0039-1483, P6/mmm 191) and ¢ = 3.226 A (Table 1). For the a lattice
parameter—aligned with the (10-11) peak—we obtain 2.972 A (AlB1.99)
and 2.991 A (AlBq g7), which is 1.1 and 2.0 % below the reference values:
a = 3.005 A (ICDD standard) and a = 3.033 A (Table 1). Obtaining a
from the AlB; 97 film is not possible as the XRD pattern exhibits only the
(0001), (0002), and (0003) peaks but we later derive it from selective
area electron diffraction (SAED) during TEM investigations.

According to the Al-B phase diagram, the AlB; line compound de-
composes into AlB;5 and Al at 956 + 5 °C [33]. As there is no lower-B-
containing phase, AlB; co-exists with Al for lower B contents than 66 at.
% (below 659.7 °C with solid Al and above with liquid). Finite-
temperature lattice dynamics calculations by Johansson et al. [28]
predicted narrow chemical stability range of a-AlB, by considering B
vacancies (AlBo_s) or Al vacancies (Al;.sB2). For 0.073 < & < 0.096, Al;.
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Fig. 2. Bragg-Brentano XRD patterns of AlB, thin films deposited at 700 °C and different Ar pressures (pa, = 0.4, 0.8, 1.2 Pa). Standard peak positions for the a-type
hexagonal phase (h-) AlB, (ICDD 0039-1483, P6/mmm 191), fcc-Al (ICDD0004-0478), and t-AlB;, (ICDD0012-0640) are marked by half-filled red hexagons, half-
filled, and empty squares, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

sB2 is predicted to be energetically favored over the perfect stoichio-
metric AlBy, while outside this range (corresponding to 2.157 < x <
2.212 for AlBy), it consists of either additional Al-containing phases (x <
2.157) or a-B (x > 2.212) of different structures together with Al; sBs
[28]. Thus, the formation of fcc-Al and t-AlB;,—seen experimentally in
Fig. 2—can be interpreted by the narrow composition range of a-AlB,.
Yet, Al-substoichiometric structures modeled in Ref. [28] with B/Al
ratios of < 2.5 are far from the experimentally observed t-AlB;s. To
estimate formation energies of “extremely” Al-substoichiometric struc-
tures, we employ DFT calculations to relax series of tetragonal-like a-Al; .
sB2 supercells with § between 0.92 and 0.5, yielding B/Al ratios of 4-25
(covering also AlB;3). The data is presented in Suppl. Tab. S1. While the
formation energy differences between Al; sBy and the stoichiometric
a-AlB; are large at 0 K (0.27-0.31 eV/at.), they gradually diminish at
finite temperatures (by ~40 % at 1200 K) when accounting for config-
uration entropy contributions. At 956 + 5 °C (~1229 K), where AlB,
decomposes into AlB;s and Al, our DFT-predicted energy difference
between a-AlB5 and t-AlBq5 is ~0.17 eV/at. (similar to the 0.18 eV/at.
difference between the metastable cubic and the ground-state wurtzite
AIN [50]), which can be overcome through lattice vibration effects.
Hence, in line with the phase diagram, our DFT predictions indicate that
decomposition of AlB; into an “extremely” Al-substoichiometric phase,
such as t-AlB; 9, requires very high temperatures.

From fracture cross-sections (Fig. 4), AlBy thin films manifest phase-
constitution dependent growth morphologies. The AlB; g9 (Fig. 4a) re-
veals featureless morphology, in agreement with the broaden XRD peaks
of a-AlBy. The decomposition products t-AlB;5 and fcc-Al compete with
the forming a-AlBy, leading to ultra fine grains. The AlB; g7 (Fig. 4b)

presents larger grains, which can be rationalized by the decomposition
of a-AlB, suggested by lower diffraction intensity of fcc-Al compared
with AlBg g9 (Fig. 2). The AlBy oy (Fig. 4c) shows fiber-like growth
morphology. The thicknesses of the AlB; g9, AlB; g7, AlBy o7 films are
1.71, 1.66, 1.44 pm, corresponding to growth rates of 5.7, 5.3, and 4.8
nm/min, respectively. The growth rate decreases with increasing
working gas pressure owing to the increasing collisions among the
sputtered species and Ar.

The AlBy o7 thin film was selected for further detailed TEM in-
vestigations for its highest phase purity and to identify where the surplus
B is located. One possibility, according to Ref. [28] for over-
stoichiometric AlBy (x > 2.215), would be the segregation as crystalline
a-B. The TEM bright-field (BF) image shows large grains (diameter > 1
um), coinciding with the sharp XRD peaks in Fig. 2, with platelet-like
bright segregations (~10-60 nm width) parallel to the substrate-film
interface, Fig. 5a. As displayed in the inserted SAED pattern of the re-
gion A (marked by a white circle in Fig. 5a), the film reveals only one
crystalline structure, that of «-AlBy. The discrete diffraction spots
convey high crystalline quality. As the columnar grains are larger in
length and diameter than the aperture size (and sample thickness), a
single-crystal pattern is obtained. Analysis of the diffraction spots re-
veals lattice parameters of a = 2.999 A and ¢ = 3.248 A (c/a ratio of
1.083), in accordance with the XRD data. The bright regions in the BF
image, repeatably present (as platelet-like features parallel to the sub-
strate surface) within the a-AlB, grain are purely boron, as confirmed by
the EELS linescan 1, see the indicated place of the linescan (across ~200
nm length) STEM-HADDF image Fig. 5b. The region used for this STEM-
HADDF image (in which these platelet-like features are dark, indicating
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Fig. 3. Grazing-incidence XRD patterns of AlB, (x = 1.99, 1.97, 2.27) thin films deposited at 700 °C and different Ar pressures (pa, = 0.4, 0.8, 1.2 Pa). Standard peak
positions for the a-type hexagonal phase (h-) AlB, (ICDD 0039-1483, P6/mmm 191), and t-AlB;, (ICDD0012-0640) are marked by half-filled red hexagons, half-
filled, and empty squares, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1

Ab initio calculated formation energies, Ey (in eV./at.), lattice parameters, a, ¢ (in A), elastic constants, C;; (in GPa), polycrystalline bulk, shear, and Young’s moduli, B,
G, and E (all in GPa), directional Young’s moduli and Cauchy pressures, Efhkiij and CPp;y (in GPa) of perfect defect-free a-AlB, (P6/mmm).

Source Ef a c C1n1 Ca3 Ci2 Ci3 Cys B G E Er_12-101 Eooo11 v G/B
Our work —0.052 3.033 3.226 552 432 92 0 45 188 124 305 536 432 0.23 0.66
Mat. Proj. [30] —0.050 2.99 3.26 578 400 114 -3 69 190 145 347 556 400 0.20 0.76
Ref. [27] - 2.983 3.006 522 255 75 79 32 186 96 245 492 234 0.28 0.51
Ref. [29] - 3.008 3.261 665 417 41 17 58 205 154 369 662 416 0.2 0.75

lower mass) is marked with a white-dashed rectangular area in Fig. 5a
(labelled with b). The high-resolution TEM (HRTEM) examination of a
region comprising the B-platelets and the AlBy grain (labelled c in
Fig. 5a) proves that the B regions are amorphous, see Fig. 5¢c and the Fast
Fourier Transformation (FFT) of a region within this platelet (labelled B
in Fig. 5¢). This is consistent with XRD and SAED, which showed that
a-AlB, was the only crystalline phase identified. Thus, different from
previous DFT calculations [28], which suggested a-AlBy and a-B for AlBy
with x > 2.215, we observe the formation of a-AlBy crystals and
amorphous boron in the as deposited AlBy 7 thin film. Inverse FFT
studies (IFFT) of the crystalline AlB, region (labelled C in Fig. 5c¢)
indicate the presence of many stacking faults, marked by arrows. The
energetically favored formation of stacking faults is in line with the
close-to-zero formation energy of a-AlB; (—0.052 eV/at. from our DFT
calculations). The EELS linescan 2 (across the substrate-film interface
and a smaller B-platelet), Fig. 5b, again proves the 100 at% B content of
the dark-appearing regions (within the STEM-HADDF image) and a
lower B content close to the sapphire substrate. The EELS linescan 3,

which does not run across such a dark platelet-like region but slightly
brighter regions close to the substrate (Fig. 5b), has no increased B signal
but indicates a lower B content at these brighter regions. The latter is in
line with the combined XRD and GIXRD studies of this film, which
showed that t-AlBp, is only present at the interface to the sapphire.
Formation of such a B-rich phase would require the presence of Al-rich
regions with the AlBj 57 thin film. An HRTEM study of such a film-
substrate interface region, labelled with d in Fig. 5a, shows no other
phase than a-AlB; (Fig. 5d). The different contrasts within this image are
essentially due to different orientations (as suggested by FFT studies).

3.3. Mechanical properties

The AlBj g9, AlB; 97, and AlB; o7 thin films show H values of 17.3 +
0.9, 14.5 + 1.4, and 19.2 + 1.2 GPa, respectively. Compared to other
binary diboride thin films like TiBy (22-44 GPa) [6,51,52], WBy (25-40
GPa) [15], TaBy (27-43 GPa) [12], HfBs 7 (44 GPa) [53], CrBy.94 (23.5
GPa) [54], the H of our AlBy thin films is lower. However, the measured
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Fig. 4. SEM cross sectional images of AlBy thin films deposited at different argon pressures at 700 °C: (a) x = 1.99 (0.4 Pa), (b) 1.97 (0.8 Pa), (c) 2.27 (1.2 Pa).

low hardness of AlBy thin films could nicely explain the significantly
reduced H of Al-containing ternary TMBjys in comparison with their
binary counterparts. Our previous study [22] also shows a decline of H
with Al-addition to TaBy, where TaBq g4 exhibits an H of 38.8 &+ 1.4 GPa
comparing with the 31.3 + 1.0 GPa of (Tag 52Alg.48)B2.29. Hahn et al.
[23] observed a sharp decline of H from the 42 + 2 GPa of WBy gg to the
24 + 1 GPa of (W 50Alp.50)B1.90- Kashani et al. [55] reported close H
values of (Ti0_55A10_45)B2_03 (].9 +2 GPa) and (Ti0_36Alo_64)B2_03 (19 +2
GPa) as AlBj o7 thin film in this study, and even (Tig.15Alp 85)B2.03 with a
lower H of 12 + 1 GPa.

Generally, grain size [56], orientation anisotropy [6,8,15,571, and
film stoichiometry [58,59] are crucial factors for the H values of TMBys.
Correlated with the Hall-Petch relation, the H of nanocrystalline mate-
rials increases with decreasing grain size [56]. Especially due to the
large anisotropy of the hexagonal AlB-type crystal, a pronounced
orientation-relation of H was reported for several diboride thin films
[6,8,15,57]. For example, H increased by > 10 GPa and > 15 GPa for
TiBx [6] and WBy [15], respectively, with increasing (0001) orientation.
Hardness values even above 40 GPa were obtained by highly (0001)-
oriented TaB, (45.9 GPa) [57] and (0001)-oriented ZrB, (45.0 GPa) [8].
Furthermore, slightly overstoichiometric diboride thin films regularly
provide higher H than their stoichiometric counterparts due to the
formed B-rich tissue phases, which hinders dislocation gliding across
column boundaries [58,59]. Contrarily, AlB; 37 exhibits large grains
(with diameters above 1 um) and the excess B causes the formation of B-
platelets perpendicular to the growth direction. Therefore, the hardness
value of the AlB; 57 thin film is more in line with those of the bulk
counterparts of diborides, which are frequently close to 20 GPa (e.g., H
of TiB, bulk is 24 + 2 GPa [60]). The other two thin films, AlB; g7 and
AlB; g9, although rather close to stoichiometry, do exhibit a pronounced
content of other phases, especially the soft fcc-Al for AlB; g9 explaining
their comparably lower average H values compared to the over-
stoichiometric sample.

The cohesive energy chiefly determines the E modulus of materials
[61], but as very small grained materials often have lower E due to the
noticeable contribution from the boundaries [62], any comparison
should consider this. Additionally, any pronounced anisotropy like for
diborides [63] and off-stoichiometry [17,64] can influence the E
modulus. Furthermore, it is reasonable to assume that the stress state of
the as deposited films affects the elastic modulus [65].

Among the three AlB,-based films, AlB; g9 (deposited at 0.4 Pa) has
the lowest E of 289.3 + 8.4 GPa. The film has no pronounced growth
orientation and despite the noticeable phase contribution of fcc-Al to

a-AlBy, the value is comparable to the DFT polycrystalline Young’s
modulus for a-AlBy, E = 305 GPa (see Table 1). The AlB; g7 film, which
exhibits a more (10-11) and (0001) oriented growth of a-AlB, with a
much smaller contribution from fcc-Al but an increased contribution
from t-AlB,, exhibits the highest E value of 353 + 19.7 GPa among the
three AlBy-based films. The corresponding DFT values for a-AlB, are:
Er_12-101 = Ep10-101 = 536 GPa, E[po01] = 432 GPa (see Table 1). Thus,
the additional strong contributions of (0001)-oriented grains next to the
massively reduced contribution form fcc-Al could account for the higher
E modulus. The AlB; 97 thin film deposited at 1.2 Pa, showing pro-
nounced (0001)-oriented a-AlBy grains next to amorphous B, exhibits
331.8 + 14.4 GPa. The rather coarse a-AlB, grains (larger than the
coating thickness) should be suitable for a comparison with the Ejooo1]
= 432 GPa obtained by our DFT. The deviation may be (partially)
attributed to the amorphous B phase (consistently with Ref. [17,64]) as
well as many stacking faults within the a-AlB, grains, see Fig. 2¢c. Note
that elastic constants, thus, Young’s moduli significantly vary among
DFT studies (see Table 1). This is likely related to the low chemical
stability of a-AlB; (close-to-zero formation energy, see Table 1), making
elastic constants sensitive to the chosen computational approach (e.g.,
the magnitude of the applied strain in the stress/strain method, here 1.9
%; the convergence criteria during relaxation etc.).

3.4. Thermal stability and oxidation resistance

The AlB, 57 thin film was further studied in detail for its thermal
stability by vacuum-annealing up to 1200 °C by in-situ XRD measure-
ments, as shown in Fig. 6. By increasing the temperature from RT to
950 °C, the diffraction peaks of a-AlBy continuously shift to lower 26
angles. The peaks from the (0001) and (0002) planes shift from 27.49° to
27.03° and 56.62° to 55.57° upon increasing the temperature from RT to
950 °C, respectively. Correspondingly, the lattice constant ¢ exhibits a
linear increase from RT to 950 °C, which can be fitted to the following
expression:

¢ = 3.22985 + 5.45585 x 107° T (A) (2)

where 298.15 K < T < 1248.15 K. From the fitted equation, the thermal
expansion coefficient at 298.15 K is o, (298) = 16.80 x 10°° Kil, which
is close to the theoretical value of 12.58 x 10~ K~! from Ref. [28]. The
t-AlB;, diffraction signals appear upon annealing the film at 900 °C,
suggesting that between 850 and 900 °C, the AlBy 7 film starts to
decompose. The decomposition temperature is lower than the decom-
position temperature (956 + 5 °C) based on the Al-B phase diagram
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Fig. 5. TEM investigations of AlB; 57 thin film: (a) Cross-sectional BF TEM image with SAED pattern of the circled A region as inset, (b) STEM-HADDF image with
EELS linescan profiles from three different regions (as marked with the scan 1, 2, and 3), FFT of region B from (c) and IFFT of region C (the arrows mark stacking
faults) from (c) as insets, (¢) HRTEM image of the region marked with c in (a) covering a B-platelet and AlB, grain, (d) HRTEM image of the region marked with d in

(a) covering the interface between the film and the sapphire substrate.

[33], which can be explained by the B-overstoichiometry of AlBj 57,
enabling the formation of t-AlB;, at a lower temperature than in stoi-
chiometric AlB,. Tetragonal AlB; is also observed as the decomposition
product of (Tip3eAlp.e4)B2os thin film after vacuum annealing at
1000 °C for 3 h, verified by atom probe tomography (APT) and SAED
[66]. Aluminum, the other decomposition product, is not detectable by
XRD at this temperature, due to its molten state (melting point of Al is
~660 °C [67], which can be lower at vacuum pressure). At 1000 °C, the
h-AlB;( phase is present as another decomposition product. Meanwhile,
the original peaks of the a-AlB, phase are absent conveying its complete

decomposition at 1000 °C, which is confined as the application tem-
perature limit of Al-rich (Tig 36Alp.64)B2.03 thin film in vacuum [66]. The
h-AlB;( phase is hexagonal-structured with a of 7.835 and c of 15.910 IOX,
and was found after a long-time (> 5h) annealing (at T = 1350-1400 °C)
of an amorphous film prepared by thermal evaporation of B and A1,03
mixture and deposited onto glass or sapphire substrates (T =
300-400 °C) [68]. A more recent study pointed out that h-AlB is a
high-temperature compound from the reaction among Al and B and
typically forms at T > 1000 °C [69]. Considering the excess boron within
the AlB; 57 thin film and metallic Al from the thermal decomposition of
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Fig. 6. In-situ X-ray diffraction patterns recorded during annealing in vacuum up to 1200 °C of an AlB; »; thin film deposited on a sapphire substrate. The sample
temperature corresponding to each diffraction experiment is labeled on the right end of the patterns. The standard peak positions for the a-type h-AlB, (ICDD 0039-
1483, P6/mmm 191) are indicated with half-filled red hexagons. The standard peak positions for t-AlB;5 (ICDD0012-0640) and h-AlB;, (ICDD0022-0002) are
marked with empty horizontally and 45° tiled squares. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

a-AlBy [70], the formation of h-AlB;( at 1000 °C is reasonable. While
there are also some reports on the orthorhombic (0-) structured AlB;q
phase with a of 8.881 A, b of 9.100 A, and ¢ of 5.680 [71] or 5.690 A
[72]. The AlB,( phase, irrespective of crystal structure, is not described
in the Al-B phase diagram [33,70,73]. The formation of h-AlB; could be
ascribed to the non-equilibrium state at the thermal treatment in this
study. Nevertheless, to fully ascertain the temperature- and/or time-
induced phase transformation of Al-B system, further TEM or APT ob-
servations would be needed. Elevating T from 1000 to 1200 °C results in
nearly no further change of the phase constitution, except for the
continuous shift of the diffraction peaks of t-AlB;5 and h-AlB;q to lower
20 angles. After cooling down to 25 °C, the t-AlB;, and h-AlB;( peaks are
closer to the standard positions (thus, they shifted to larger diffraction
angles).

In-situ XRD studies were also performed during lab-air annealing of
the AlBj 57 thin films up to 1200 °C to reveal their oxidation sequence,
Fig. 7. The AlBy 57 thin film demonstrates an unaltered structure up to
950 °C. Similar to vacuum-annealing, the (0001) and (0002) peaks
continuously move to lower 20 angles with T increasing from RT to
950 °C, shifting by 0.48° and 1.10°, respectively. The linearly increasing
lattice constant c is fitted into the following expression:

¢ = 3.22359 + 6.03679 x 107° T (&) 3

where 298.15 K < T < 1248.15 K. Correspondingly, the thermal
expansion coefficient at 298.15 K obtained here is o.(298) = 18.6 x
1078 K™, which is close to the value of 16.80 x 107® K~! obtained

during vacuum annealing. Notably, t-AlB;5 is absent here in the non-
annealed state and not even at any temperature up to the maximum of
900 °C, further conveying its local formation at the interface to sapphire
substrate in the AlBj 57 thin film. The postponed formation of the ther-
mal decomposition product of t-AlBy, during oxidation compared with
vacuum annealing can be ascribed to the suppressed Al evaporation by
the protective Al-O layer on the sample surface at air atmosphere. At
1000 °C, G-A1203 and orthorhombic (o-) A118B4033 (9A1203~2B203
[74]), can be detected, suggesting their onset of formation between 950
and 1000 °C. The 0-Al;gB4033 is an equilibrium phase according to the
phase diagram of (Al;03 + B303) binary system [75]. It is formed as the
reaction product of Al;03 and B303 following the equation of

9Al203 (s) + 2B203 (1) = Al1gB4033 (s) @

Their corresponding peaks gain intensity upon a further increase in T
to 1100 °C. Compared with other binary boride thin films, the AlBg 57
thin film shows an exceptional oxidation resistance with much higher
onset oxidation temperature of 950-1000 °C. ReBj 35, TiB3 49, TiB2 57,
WB; gg, CrBj .94, TaBq 53, and HfBj 3¢ thin films exhibit oxidation onset
temperatures of room temperature [24], ~400 °C [16], ~490 °C [76],
~500 °C [36], ~600 °C [54], ~620 °C [36] and ~800 °C [36],
respectively. ReBy 35 thin film already forms HReOy4 after exposure to air
for two days [24]. While for other binary boride thin films including
TiB2.40, TiB2‘57, WB1‘38, CrB1.94, TaB1~53, and HfB2'36 [16,36,54,76],
above their onset temperatures for oxidation the mass increases till full
oxidation. Subsequently, the mass decreases and the oxide scales
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Fig. 7. In-situ X-ray diffraction patterns recorded during oxidation in lab-air up to 1200 °C of the AlB, »; thin film deposited on sapphire substrate. The sample
temperature corresponding to each diffraction experiment is given on the right end of the patterns. The standard peak positions for the a-type h-AlB, (ICDD 0039-
1483, P6/mmm 191) are indicated with half-filled red hexagons. The standard peak positions for t-AlB;, (ICDD0012-0640) are marked with empty squares. The
yellow full-filled circles and purple half-filled triangle indicate the positions of the oxides hexagonal a-Al, O3 (ICDD0046-1212) and orthorhombic (o-) Al;g B4 O33
(ICDD0032-0003). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

become highly porous as a result of the evaporation of volatile
B,03 phase. The exceptional oxidation resistance of AlBj o7 thin film
compared with other binary borides can be explained by the reaction
between B303 and Aly03, which suppresses the evaporation of B;Os.
Increasing T from 1100 to 1200 °C causes the 0-Al;3B4033 peaks to have
decreased full width at half maximum with increased intensity, which is
a typical sign for grain growth. Contrarily, the shape and intensity of the
a-Al,03 peaks remain almost unchanged. The decomposition product t-
AlBq; can be detected between 950 and 1200 °C with gradually
decreasing intensity for increasing temperature. After cooling down to
25 °C, the XRD peaks of a-Al;03 and 0-Al;gB4O33 are closer to their
standard positions. Thus, they shifted to larger diffraction angles from
their 1200 °C data.

4. Conclusions

Despite representing the most common phase prototype of transition
metal diborides and being widely used for alloying, very little experi-
mental data exist on a-AlB5 thin films, which can be related to its close-
to-zero formation energy. Within this study, we showed that non-
reactive sputtering of an AlB, compound target allows formation of a
crystalline a-AlBy thin film. With increasing Ar pressure during depo-
sition from psr = 0.4 to 0.8 to 1.2 Pa—while keeping the substrate
temperature at 700 °C—the chemistry of the AlBy thin films slightly
changes from x = 1.99 to 1.97 to 2.27, respectively. But more impor-
tantly, their phase composition changes from Al + AlB15 + AlBy (par =

0.4 Pa) to AlBy2 + AlBa (par = 0.8 Pa)—with increasing AlB, phase
fraction upon increasing pa—to single-crystalline AlBy (par = 1.2 Pa,
AlB3 27). The structural complexity of AlBy thin films nicely agree with
the close-to-zero formation energy of a-AlB,.

Detailed XRD studies reveal that the fcc-Al phase within the AlB; g9
thin film is only present at the interface to the sapphire substrate. The
phase constitution can be rationalized by previous ab initio calculations
and those presented here, as well as by the high substrate temperature
used during deposition. The AlB; o7 thin film is composed of nearly
stoichiometric large columnar a-AlB, grains (with highly 0001-growth-
oriented columns spanning across the entire film thickness of ~1.4 um
and diameters above 1 um) and platelet-like amorphous B regions. The
a-AlBy crystals exhibit many stacking faults and the amorphous B
platelets (with different sizes and thicknesses) are always arranged
parallel to the substrate interface. The as deposited film has an inden-
tation hardness of 19.2 + 14.4 GPa and indentation modulus of 331.8 +
14.4 GPa, which is in good agreement with the DFT-predicted value
(305 GPa). The relatively low hardness of AlBj 7 thin film compared
with other binary boride thin films could account for the often observed
decline in hardness induced by Al-addition into binary TMBy.

In-situ XRD studies of the AlB; o7 thin film during vacuum-annealing
up to 1200 °C reveal that the film remains nearly unchanged (with the
a-AlB; phase and no crystalline B) up to 850 °C. For T > 850 °C thermal
decomposition of a-AlBy into AlBy5 and with > 1000 °C also AlB; (plus
Al, which is not detectable by XRD due to its molten state at this tem-
perature) is present. A corresponding study in lab-air reveals that the
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AlB; o7 thin film starts to oxidize between 950 and 1000 °C by forming
a-Aly03 and 0-Al;8B4O33. The exceptional oxidation resistance of AlB3 o7
thin film is explainedby the suppressed evaporation of B;Os during
oxidation by reaction with AlyO3, which is detrimental and conduces to
porous oxide scale for other binary TMB, such as TiBy, WB5, CrB,, TaB,,
and HfB,. The results demonstrate that a controlled deposition process
allows to prepare AlB, thin films with their AlBy-prototype structure.
The slightly overstoichiometric AlB; 27 film demonstrates exceptional
oxidation resistance compared to binary TMBjs, which provides a solid
basis for future research on Al-containing TMBos.
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