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A R T I C L E  I N F O   

Keywords: 
Coatings 
High temperature oxidation 
TiAlN 
TiAlB2 

A B S T R A C T   

The effect of B concentration on phase formation and oxidation resistance of (Ti0.35Al0.65)By coatings with y =
1.7, 2.0, 2.4 was investigated. Elemental B targets in radio frequency mode and a compound Ti0.4Al0.6 target in 
direct current mode were sputtered. The B concentration was varied systematically by adjusting the applied 
power to the respective magnetrons, while keeping the power supplied to the magnetron with the Ti0.4Al0.6 
target constant. Measured lattice parameters and elastic properties are consistent with ab initio predictions. The 
oxidation resistance at 700 ◦C in air for up to 8 h was compared to a cathodic arc evaporated 
(Ti0.37Al0.63)0.49N0.51 coating with an Al/Ti ratio of 1.69 ± 0.20 which is very similar to 1.84 ± 0.40 for the 
boride coatings. Scanning transmission electron microscopy imaging revealed oxide scale thicknesses of 39 ± 7 
and 101 ± 25 nm for (Ti0.35Al0.65)B2.0 and (Ti0.37Al0.63)0.49N0.51 after 8 h, respectively. Hence, the close to 
stoichiometric diboride outperforms the nitride coating. This behavior can be understood based on composition 
and structure analysis of the oxide scales: While the protective layer on the diboride is primarily composed of Al 
and O, the porous oxide layer on the nitride coating contains Ti, Al and O.   

1. Introduction 

Titanium diboride (TiB2) is a ultra-high temperature ceramic com-
pound exhibiting in addition to a melting point >3000 ◦C [1] high 
hardness [2–5], elastic modulus [6] and - naturally - outstanding ther-
mal stability [2,7]. These properties can be rationalized by considering 
the predominantly covalent bonding with metallic contributions to the 
overall bond character in TiB2 [8]. 

To synthesize TiB2 thin films various physical vapor deposition 
(PVD) methods including direct current magnetron sputtering (DCMS) 
[2,9–11], radio frequency magnetron sputtering (RFMS) [12,13] and 
high-power impulse magnetron sputtering (HiPIMS) [5,14–17] have 
been employed. TiBx films grown by DCMS are often B-rich [2,9,18–20]. 
This observation can be rationalized by considering the preferential 
emission of sputtered B along the target normal [20] and the different 
angular distributions of sputtered Ti and B atoms, which are caused by a 
complex interplay between Ti and B atoms scattered during transport in 
Ar - where B exhibits a longer mean-free-path compared to Ti at the 
same gas pressure [20]. The TiBx films deposited by DCMS [2] with x =

2.4–3.2 exhibit a columnar microstructure (average feature size of 
approximately 20 nm) and are composed of nanometer sized sub- 
columns of stoichiometric TiB2 (average diameter of approximately 5 
nm) encapsulated by a B-rich tissue phase, which was reported to raise 
the hardness compared to the close to stoichiometric TiB1.97 from 43.4 
± 0.8 GPa [5] to 60 GPa [2]. The formation of B-deficient TiB1.43 is 
observed for films deposited by HiPIMS [15] and may be understood by 
considering the 32% larger ionization potential of B (8.30 eV) compared 
to Ti (6.28 eV) [21]. Hellgren et al. suggested that the larger fraction of 
ionized Ti in the deposition flux is steered to the substrate by stray 
magnetic fields of type II magnetrons [22], thus enhancing the Ti 
deposition flux relative to that of B, causing a reduction in B/Ti ratio 
[15]. These films exhibit a nanocolumnar morphology with Ti-rich 
planar defects resulting in hardness values of 43.9 ± 0.9 GPa [15], 
which are, within the error of the measurement, identical to the 
measured hardness of 43.4 ± 0.8 GPa for close to stoichiometric TiB1.97 
thin film [5]. 

TiB2 is widely used as a protective coating for cutting tools, wear and 
corrosion protection [23–26] and is a promising wettable cathode 

* Corresponding author. 
E-mail addresses: navidi@mch.rwth-aachen.de (A.H. Navidi Kashani), mraz@mch.rwth-aachen.de (S. Mráz), holzapfel@mch.rwth-aachen.de (D.M. Holzapfel), 
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material for Al reduction [27]. In microelectronic applications, TiB2 thin 
films are utilized as diffusion barriers [28–31] and interconnects in 
ultra-large-scale integrated circuits [32]. However, the application of 
TiB2 in atmosphere is, due to the reactivity with oxygen, often restricted 
to temperatures below 400 ◦C [33–36]. Agarwal et al. observed the 
formation of 15 and 40 μm thick oxide scales after 10 and 30 h of 
oxidation at 800 ◦C, respectively, for initially 150 μm thick laser- 
deposited TiB2 coatings [37]. The oxidation products reported during 
oxidation at temperatures below 1000 ◦C were TiO2 (s) and glassy B2O3 
(l), while by increasing the temperature to 1200 ◦C a 100 μm thick rutile 
TiO2 (s) formed after oxidation for 2 h on hot-pressed TiB2 [38]. 
Recently, the oxidation resistance of TiBx films with various – non- 
stoichiometric - B contents (x = 1.43, 2.20, 2.70) was studied at 
400 ◦C for up to 48 h [19]. The B-rich DCMS deposited TiB2.70 film 
exhibited with 20.0 ± 5.0 nm/h a factor of 6.9 higher oxidation rate 
compared to the B-deficient HiPIMS deposited TiB1.43 film [19]. The 
significantly improved oxidation resistance of the B-deficient film is 
attributed to the absence of the B-rich tissue phase, known to form at 
column boundaries of B-rich TiBx films. In films containing a B-rich 
tissue phase, the oxidation thereof and subsequent evaporation of B2O3 
is observed inducing porosity and thereby enlarging the surface area 
exposed to oxygen which in turn exacerbates oxidation [19]. In contrast 
to that, Glechner et al. [39] reported the formation of glassy B2O3 after 
oxidation at 700 ◦C for 1 h and non-volatile porous amorphous B2O3 at 
840 and 900 ◦C in synthetic air for 1 and 0.5 h, respectively for HfB2.3 
thin films [39]. The reported difference may be rationalized based on 
the partial pressure of water: since B2O3 is hygroscopic and volatile boric 
acid can be formed in the presence of water vapor [40]. 

As significant oxidation resistance enhancements have been ach-
ieved by addition of Al to TiN [41–46], the oxidation resistance of co- 
sputtered (Al- HiPIMS/ TiB2- DCMS) (Ti0.68Al0.32)B1.35 and DCMS 
deposited TiB2.4 films was investigated recently by Bakhit et al. [47]. 
After oxidation for 0.5 h at 800 ◦C, the oxide scale thicknesses of the 
(Ti0.68Al0.32)B1.35 and TiB2.4 films were ~ 470 and ~ 1900 nm, 
respectively. The superior oxidation resistance of (Ti0.68Al0.32)B1.35 
compared to TiB2.4 was ascribed to the formation of a dense protective 
Al-containing oxide scale, while during the oxidation of TiB2.4 the re-
action product B2O3 evaporates and contributes to the formation of a 
fast growing Ti-rich and porous oxide scale [47]. Bakhit et al. reported 
the onset of oxidation of (Ti0.68Al0.32)B1.35 at 600 ◦C. Therefore, 
Thörnberg et al. [48] suggested that Al-containing TiB2 may perform 
well in commercial milling operations of Al, Cu, Mg and steel, which are 
often conducted at temperatures below 600 ◦C [49–51]. Although it is 
evident that the oxide scale thickness on TiB2 can be reduced by addition 
of Al [47] and that these additions may be relevant from a commercial 
point of view, there is limited knowledge on the effect of y = B/(Ti + Al) 
in (Ti,Al)By on the oxidation behavior, specifically the performance of 
stoichiometric (Ti,Al)B2 has not been reported in the literature. 

Therefore, the influence of the boron concentration on the oxidation 
behavior at 700 ◦C is systematically investigated for magnetron sput-
tered (Ti0.35Al0.65)By coatings with y = 1.7–2.4, including the, within 
the error of the measurement, stoichiometric (Ti0.35Al0.65)B2.0 coating. 
Furthermore, we compare the oxidation behavior to the available 
literature data and to a cathodic arc evaporated (Ti1-xAlx)N (x = 0.63) 
coating as a benchmark with a very similar Al/Ti ratio to diborides for 
evaluation of the mechanical properties as well as the oxidation resis-
tance of the diborides. 

2. Experimental details 

All diboride coatings were magnetron sputtered in an ultra-high 
vacuum combinatorial growth system with a base pressure of less than 
1×10− 4 Pa at a deposition temperature of 400 ◦C. Two 2-inch B targets 
with a purity of 99.9% (MaTecK, Germany) and one 2-inch Ti0.4Al0.6 
powder-metallurgical target (Plansee Composite Materials, Germany) 
were utilized for the depositions. The B targets were sputtered with a 

radio frequency (RF) power supply (13.56 MHz) at power densities of 8, 
8.5 and 10 W/cm2, while the Ti0.4Al0.6 target was direct current sput-
tered (DC) utilizing a constant power density of 2 W/cm2. The working 
gas was Ar (99.9999% purity) with a pressure of 0.6 Pa. α-Al2O3 (0001) 
substrates were placed at 10 cm distance from the targets, rotated with a 
speed of 15 rpm and kept at floating potential. The deposition time was 
180 min. The deposition rate increased from 6.6 to 7.3 and 8.0 nm/min 
as the B target power density was increased. The venting temperature 
was <50 ◦C. 

Single-phase cubic (Ti0.37Al0.63)0.49N0.51 coatings were deposited by 
cathodic arc evaporation using an industrial deposition plant Ingenia 
P3e™ made by Oerlikon Balzers. Prior to each deposition, 10×10 mm 
α-Al2O3 substrates were mounted onto a cylindrical sample holder. 
When a base pressure < 3×10− 4 Pa was reached, the substrates were 
etched in an Ar/H2 atmosphere. TiAl alloy targets with 67 at.% Al, were 
evaporated in a nitrogen pressure of 3.5 Pa and at a substrate temper-
ature of 480 ◦C during deposition. The coatings were deposited with 
two-fold substrate rotation at a speed of 3 rpm with a DC substrate bias 
potential of − 40 V. The coating thickness was approximately 1.5 μm. 
The venting temperature was <100 ◦C. 

Oxidation experiments were carried out in ambient air at 700 ◦C 
using a GERO (SR70–200/12) tube furnace for exposure times of 1, 4 
and 8 h. The as-deposited samples with an attached Ni/Ni-Cr thermo-
couple were placed in an Al2O3 crucible and moved into the pre-heated 
furnace. After oxidation duration of 1, 4 and 8 h, the samples were 
immediately removed from the furnace. 

A Bruker AXS D8 Discover General Area Diffraction Detection System 
was utilized for analysis of the phase formation of the as-deposited and 
oxidized coatings. The Cu X-ray source (λ = 0.154 nm) was operated at 
voltage and current of 40 kV and 40 mA, respectively and the incidence 
angle was fixed at 15◦. Peak fitting was conducted with a pseudo-Voigt II 
function within TOPAS, a profile fitting based software V.3. Lattice 
parameters were determined using the CellCalc software V. 2.10. 

Chemical composition depth profiling of as-deposited coatings was 
carried out by time-of-flight elastic recoil detection analysis (ERDA) at 
the Tandem Accelerator Laboratory of Uppsala University. Recoils were 
generated using a 36 MeV 127I8+ primary ion beam and time-energy 
coincidence spectra were recorded with a time-of-flight detector tele-
scope using a gas detector for energy discrimination [52]. Further details 
on the detector telescope and the time-of-flight setup can be found 
elsewhere [53]. The measurement uncertainty is predominated by un-
certainties with respect to the stopping power values as well as the 
detection efficiency [54] and for heavy transition metals the depth 
resolution is deteriorated by beam straggling and multiple scattering 
[55]. Recently, it has been demonstrated for TiB2 that ERDA and 
Rutherford backscattering spectrometry were in very good agreement 
with ≤3% deviation [56]. Since ERDA is employed as stand-alone 
technique in the present work, a maximum total uncertainty of 5% of 
the deduced values is assumed for the light elements (B, N) and aliquot 
fractions thereof for the metals (Ti,Al). The as-deposited coatings 
exhibited homogeneous depth profiles and the maximum statistic un-
certainty was <0.3 at.%. 

Scanning transmission electron microscopy (STEM) was employed to 
characterize the microstructure of coatings in the as-deposited and 
oxidized states. Cross-sectional and plan-view lamellae were prepared 
by focused ion beam (FIB) milling in a FEI Helios Nanolab 660 dual- 
beam microscope equipped with a STEM III detector operating at an 
acceleration voltage of 30 kV and a current of 50 pA. High angle annular 
dark field (HAADF) imaging together with energy dispersive X-ray 
spectroscopy (EDX) line scans were employed to characterize the rela-
tionship between coating composition and oxidation behavior. EDX was 
carried out at 10 kV acceleration voltage and 1.6 nA current. 

Mechanical properties were measured by nanoindentation using a 
Hysitron TI-900 TriboIndenter equipped with a Berkovich geometry- 
diamond tip with 100 nm radius using a maximum load of 3 mN 
resulting in contact depths of <10% with respect to the film thickness. 
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The indentation modulus was obtained from the unloading part of the 
load-displacement curves according to the method of Oliver and Pharr 
[57]. To obtain the Young's modulus for diborides from the reduced 
Young's modulus calculated Poisson's ratio values of 0.210, 0.212 and 
0.213 for B-deficient, stoichiometric and B-rich compositions, respec-
tively, were used. For the nitride, a Poisson's ratio of 0.214 [58] was 
employed. The surface roughness of the arc-deposited nitride coating 
was reduced prior to nanoindentation through grinding with SiC. 

3. Computational details 

Ab initio calculations were performed in the framework of density 
functional theory (DFT) [59,60] as implemented in the Vienna Ab initio 
Simulation Package (VASP) [61,62]. A plane-wave basis set with the 
generalized gradient approximation (GGA) in the Perdew-Burke- 
Ernzerhof (PBE) parameterization [63] to describe the exchange- 
correction effects was applied. As cutoff energy, 500 eV was chosen. 
The first Brillouin zone was sampled with a 6 × 6 × 6 K-point mesh 
centered at the Γ point. The calculations were considered converged 
with an energy difference of 10− 5 eV and atomic forces lower than 10− 2 

eV/Å. For the calculations, 4 × 4 × 4 supercells containing 192 atoms 
were created based on the hexagonal TiB2 structure. The sublattices 
were populated with the Special Quasi-random Structure (SQS) method 
[64]. SQS was also used to create the sub-stoichiometric cells by 
randomly distributing B vacancies. The elastic constants were calculated 
in the form of the full stiffness tensor (Cij), from which the Young's 
modulus was derived with the Voigt-Reuss-Hill scheme [65]. The stiff-
ness tensor was obtained with the strain-stress method [66]. 

4. Results and discussion 

The chemical composition of the diboride and nitride coatings 
measured by ERDA and the corresponding chemical formulae are pre-
sented in Table 1. With increasing B target power density, the B con-
centration of the coatings increases continuously from 62.8 at.% (B/(Ti 
+ Al) = 1.7) at 8 W/cm2 via 67.0 at.% (B/(Ti + Al) = 2.0) at 8.5 W/cm2 

to 70.8 at.% (B/(Ti + Al) = 2.4) at 10 W/cm2. Within this systematically 
varied B concentration range, the Al/Ti ratios range from 1.79 ± 0.20 to 
1.95 ± 0.50 and are, hence, only marginally affected. For simplicity, the 
coating compositions are referred to as (Ti0.36Al0.64)B1.7, (Ti0.35Al0.65) 
B2.0 and (Ti0.34Al0.66)B2.4 in the following discussion. The sample with 
the nominal composition of (Ti0.35Al0.65)B2.0 is referred to as stoichio-
metric since the B concentration, considering the measurement error 
ranges from 70.4 to 63.6 at.%, encompasses the stoichiometric B con-
centration of 66.6 at.%. The measured oxygen concentration ranged 
from 1.7 to 2.4 at.% and is expected to be caused by incorporation of 
residual gas during growth [67] and/or atmosphere exposure after 
growth [68]. 

The chemical composition of the nitride coating is given in Table 1. 
The coating is N over-stoichiometric and the sum of C and O impurities 
was <1 at.%. In the following discussion the nitride coating is referred to 
as (Ti0.37Al0.63)0.49N0.51. 

The phase formation of the coatings grown on sapphire (0001) was 
investigated by XRD and is presented in Fig. 1. Square and triangle 
markers correspond to the positions of TiB2 and AlB2 reference lines 
according to the JCPDS cards 00-035–0741 and 00-008-0216, respec-
tively. The diffractograms revealed, independent of composition, the 

formation of single phase hexagonal (Ti1-xAlx)By solid solutions. Circle 
and asterisk symbols mark the positions of c-TiN and c-AlN reference 
lines according to the JCPDS cards 00-038–1420 and 00-025-1495, 
respectively. Based on the here presented X-ray diffraction data, the 
nitride coating is a polycrystalline cubic single phase solid solution. 

To probe the effect of B/(Ti + Al) ratio on the unit cell parameters, 
experimental and calculated values of lattice parameters and equilib-
rium volume are compared in Table 2. The experimental lattice pa-
rameters of the three diboride compositions synthesized deviate by up to 
0.9%, while the difference between (Ti0.36Al0.64)B1.7 and (Ti0.35Al0.65) 
B2.0 is with up to 0.3% within the resolution limit of the measurement. 
The experimental lattice parameters of the stoichiometric composition 
exhibit a 0.9% deviation to the calculated DFT values and are, hence, in 
very good agreement. For the B-deficient composition, a maximum de-
viation of 1.5% between experimental and theoretical values was ob-
tained. B-rich TiB2 [2] and TiAlB2 [69] coatings have been reported to 
segregate excess B at the grain boundaries. As the formation of this 
second phase cannot be treated within the adopted computational 
strategy, no formation energies of (Ti0.34Al0.66)B2.4 can be reported. 
According to Paier et al. [70], up to 2% deviation between experimental 
and theoretical lattice parameter has to be expected based on the 
employed exchange correlation density functionals. 

In Fig. 2, cross-sectional and plan-view STEM images of all diboride 
coatings in the as-deposited state are shown. The effect of B concen-
tration on the morphology evolution is revealed: In the B-deficient 
(Ti0.36Al0.64)B1.7 coating, intercolumnar pores and a pronounced surface 
roughness can be observed, see Fig. 2 (a) and (b). Although the stoi-
chiometric (Ti0.35Al0.65)B2.0 coating appears to be dense at first glance, 
see Fig. 2 (c), the formation of small voids at grain boundaries and triple 
junctions is visible in Fig. 2 (d). The B-rich (Ti0.34Al0.66)B2.4 coating, 
displayed in Fig. 2 (e) and (f), exhibits an even denser and finer 
microstructure as well as smoother surface topography compared to 
both previously discussed coating compositions. Hence, increasing the B 
concentration results in a more fine-grained, denser morphology with a 

Table 1 
Chemical composition of coatings obtained by ERDA.   

Ti [at. %] Al [at. %] B [at. %] N [at. %] Chemical formula 

1 13.3 ± 1.1 23.9 ± 2.0 62.8 ± 3.1 – (Ti0.36Al0.64)B1.7 

2 11.6 ± 1.2 21.4 ± 2.2 67.0 ± 3.4 – (Ti0.35Al0.65)B2.0 

3 9.9 ± 1.2 19.3 ± 2.3 70.8 ± 3.5 – (Ti0.34Al0.66)B2.4 

4 18.1 ± 1.0 30.9 ± 1.6  51.0 ± 2.6 (Ti0.37Al0.63)0.49N0.51  

Fig. 1. Diffraction patterns of as-deposited diboride and nitride coatings.  

Table 2 
Experimental and theoretical values of lattice parameters and equilibrium vol-
ume of diborides.   

Exp. 
a (Å) 

Exp. 
c (Å) 

Exp. 
V (Å3) 

DFT 
a (Å) 

DFT 
c (Å) 

DFT 
V (Å3) 

(Ti0.36Al0.64)B1.7  3.011  3.254  25.548  3.025  3.204  25.235 
(Ti0.35Al0.65)B2.0  3.003  3.251  25.389  3.003  3.282  25.646 
(Ti0.34Al0.66)B2.4  3.001  3.281  25.589  _  _  _  
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reduced surface roughness. These observations are consistent with ob-
servations reported by Nedfors et al. where for a B-rich (Ti0.79Al0.21)B2.70 
film the formation of a B-rich tissue phase was shown to limit the grain 
growth in the in-plane direction [69]. EDX line scans (not shown) on the 
plan-view FIB lamellae (covering the regions shown in Fig. 2 (b), (d) and 
(f) did not indicate chemical composition variations across different 
grains. 

The coatings' elastic modulus and hardness values as a function of B 
content are shown in Fig. 3. As the B concentration is increased, the 
hardness increases from 9 ± 1 to 19 ± 1 and to 24 ± 1 GPa. While the 
effect of Ti/(Ti + Al) on hardness and elastic modulus of (TixAl1-x)By thin 
films has been investigated previously [69], here the Al/Ti ratios are 

only marginally affected, as discussed above. Hence, the effect of 
chemical composition on mechanical properties is attributed to changes 
in B concentration. The hardness trend obtained here is consistent with 
literature data: Kalfagiannis et al. reported for DCMS deposited TiBx 
films a B concentration induced increase in hardness from 38 to 52 GPa 
for x = 2.10 and 2.24 [18]. Recently, Thörnberg et al. reported for TiBx 
films grown by DCMS with x = 2.20 and 2.70 a hardness increase from 
22.3 ± 0.6 to 37.7 ± 0.8 GPa [15]. According to Mayrhofer et al. [2], the 
high hardness of B-rich thin films is caused by the presence of B-rich 
tissue phase at grain boundaries and a fine-grained microstructure 
which impedes plastic deformation [2]. The (Ti0.35Al0.65)B1.98 coating, 
the only composition with a close to stoichiometric composition 

Fig. 2. Cross-sectional and plan-view STEM images of as-deposited diboride coatings in HAADF mode.  

Fig. 3. Nanoindentation results for (a) elastic modulus and (b) hardness as a function of B content for as-deposited coatings.  
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reported in literature by Nedfors et al. [69], exhibited a hardness value 
of 25 ± 2 GPa which is ~31% larger compared to the stoichiometric 
coating in this study. The lower hardness of the here deposited 
(Ti0.35Al0.65)B2.0 may be caused by differences in residual stress [71], 
morphology [71], defect structure [71,72], and/or preferred orientation 
[69] between the two films. 

In addition to the hardness data, also the measured elastic modulus is 
presented in Fig. 3. The stoichiometric (Ti0.35Al0.65)B2.0 coating exhibits 
with 395 ± 12 GPa the highest elastic modulus. The B-deficient 
(Ti0.36Al0.64)B1.7 coating exhibits with 274 ± 16 GPa the lowest elastic 
modulus, while the B-rich (Ti0.34Al0.66)B2.4 coating with a dense 
microstructure, see Fig. 2 (e), exhibits an elastic modulus of 330 ± 9 
GPa. In comparison to the stoichiometric coating, the 31% lower elastic 
modulus of the B-deficient (Ti0.36Al0.64)B1.7 coating can be explained by 
both, the presence of intercolumnar pores as well as by composition- 
induced changes in cohesive energy as reflected in the DFT data 
depicted in Table 3, whereas the 16% lower value for the B-rich 
(Ti0.34Al0.66)B2.4 coating compared to the stoichiometric coating can be 
attributed to a higher B concentration: Nedfors et al. showed experi-
mentally that the presence of the B-rich tissue phase results in a lower 
elastic modulus compared to predicted theoretical value for a stoichio-
metric coating without the tissue phase [69]. Nedfors et al. also reported 
an experimental elastic modulus value of 311 GPa for (Ti0.35Al0.65)B1.98 
and interpolation of ab initio predictions results in 373 GPa for 
(Ti0.35Al0.65)B2.00 [69]. The elastic modulus value of the here synthe-
sized stoichiometric (Ti0.35Al0.65)B2.0 coating is with 395 ± 12 GPa 
deviating by 6% from the predicted value [69]. The by ab initio calcu-
lated elastic modulus values of (Ti0.35Al0.65)B2.00 and (Ti0.36Al0.64)B1.7 
from this work are shown in Table 3. The experimental value of the here 
synthesized (Ti0.35Al0.65)B2.0 coating is with 395 ± 12 GPa, 11.9% larger 
than the DFT value of 353 GPa. Additionally, the experimental elastic 
modulus of the B-deficient coating with 274 ± 16 GPa, deviates by 8.3% 
from the theoretical value of 253 GPa. Both predictions are in good 
agreement with the experiment as Paier et al. [70] showed that the bulk 
modulus variations between different exchange-correlation functionals 
and experiments are often larger than the difference between theory and 
experiment obtained here. However, the magnitude of the here 
measured elastic modulus may also be affected by compressive stress 
[73]. The diboride coatings were synthesized on α-Al2O3 (0001) sub-
strates and residual stress measurements by the curvature method were 
inconclusive since the requirements for Stoney formula [74], namely 
elastic isotropy of substrate and coating, were not fulfilled [75,76]. 
Moreover, the sin2ψ method could not be applied as the coatings grow 
textured [77]. 

The benchmark coating (Ti0.37Al0.63)0.49N0.51 exhibited elastic 
modulus and hardness values of 534 ± 19 GPa and 31 ± 2 GPa, 
respectively. Hörling et al. reported hardness and elastic modulus values 
of 595 ± 15 GPa and 33.1 ± 1.3 GPa for a (Ti0.34Al0.66)N coating, 
respectively [78], which are similar to the nitride coating in this study 
considering the measurement error. 

Oxidation experiments were performed at 700 ◦C for 1, 4 and 8 h. 
Fig. 4 shows the resulting oxide scale thicknesses of all coatings deter-
mined by STEM imaging as a function of oxidation time on FIB prepared 
lamellae. After 8 h, (Ti0.36Al0.64)B1.7 and (Ti0.35Al0.65)B2.0 coatings 
exhibit oxide scale thicknesses of 40 ± 4 and 39 ± 7 nm, respectively. 
However, the oxide scale thickness of (Ti0.34Al0.66)B2.4 is with 204 ± 16 
nm larger by factor of 5.2. The porous oxide scale formation is consistent 
with oxidation reports of the intercolumnar B-rich tissue phase resulting 

in the formation of volatile B2O3 [19,47]. Bakhit et al. proposed that the 
evaporation of B2O3 causes porosity between TiO2 grains and thereby 
significantly increases the surface area for oxidation [47]. It is inter-
esting to note that these observations are in contrast to recent findings 
by Glencher et al. [39] who reported the formation of non-volatile 
porous B2O3 after oxidation at 700 ◦C in synthetic air for 1 h. It re-
mains to be seen if these differences are caused by the presence of water 
vapor or by the differences in the scale formation mechanisms between 
(TiAl)B2 and HfB2 or both. The stoichiometric (Ti0.35Al0.65)B2.0 exhibits 
with 1.84 ± 0.40 a very similar Al/Ti ratio as (Ti0.37Al0.63)0.49N0.51 with 
1.69 ± 0.20. However, the oxide scale formed on the nitride coating is 
with 101 ± 25 nm a factor of 2.6 thicker than the one formed on 
(Ti0.35Al0.65)B2.0. This is despite the fact that the Al concentration in the 
nitride is 30.9 at.% and therefore 44% larger than in the stoichiometric 
boride coating. Greczynski et al. [46] reported 60 nm thick oxide scale 
after 1 h of air annealing at 700 ◦C for HiPIMS-DCMS deposited 
Ti0.36Al0.64N0.50 film, while the here investigated (Ti0.37Al0.63)0.49N0.51 
exhibits an oxide thickness of 34 ± 7 nm after 1 h at 700 ◦C. Hence, the 
here conducted comparison of the oxidation behavior between the 
boride and the nitride coatings is meaningful as the nitride investigated 
shows an oxidation behavior that is at least on par with literature reports 
[46]. Thus, stoichiometric (Ti0.35Al0.65)B2.0 outperforms the nitride 
coating with a similar Al/Ti ratio. 

The here discussed oxidation behavior can be rationalized based on 
cross-sectional STEM images of the scale and corresponding EDX anal-
ysis presented in Fig. 4. The here displayed cross-sectional images and 
EDX line scans represent oxidation experiments that were carried out for 
8 h at 700 ◦C. For STEM imaging, a protective layer consisting of Pt-O-C 
was deposited on the diborides, while the nitrides were coated with Cu 
to reduce the impact of charging during imaging. The zero distance 
values in the EDX line scans depicted in Fig. 4 correspond to the coating 
surface. The beam size employed for the EDX line scans was with 
approximately 50 nm significantly smaller than the interaction volume 
probed during EDX analysis [79]. Therefore, a sharp oxide/ film inter-
face cannot be resolved by EDX and therefore an unambiguous 
composition analysis of the oxide scale cannot be carried out. However, 
the results of our morphological and semiquantitative chemical analysis 
suggest that B-deficient (Fig. 4(a)) and stoichiometric (Fig. 4(b)) coat-
ings form dense oxide scales, while the B-rich (Fig. 4(c)) and the nitride 
coatings (Fig. 4(d)) exhibit porous oxide scales with factor of 5.2 and 2.6 
larger scale thicknesses, respectively, compared to the stoichiometric 
diboride coating. Furthermore, the thin and dense scales forming on 
(Ti0.36Al0.64)B1.7 and (Ti0.35Al0.65)B2.0, see Fig. 4 (a) and (b), are 
enriched in Al and O and depleted in B compared to the unoxidized 
regions of these two coatings. In contrast, the thicker and porous scale 
forming on (Ti0.34Al0.66)B2.4 is enriched in Ti and O and depleted in Al 
and B compared to the unoxidized region. The porous scale forming on 
the nitride coating is N-depleted while it contains Al, Ti and O. 

Fig. 5 depicts the diffractograms of as-deposited and oxidized coat-
ings after 8 h at 700 ◦C. No peaks corresponding to any type of oxide are 
observed, which can be attributed to small oxide thickness and/or lack 
of crystallinity. 

Fig. 6 compares the obtained time-dependent oxidation behavior at 
700 ◦C to all relevant literature reports, namely magnetron sputtered 
(Ti0.68Al0.32)B1.35 and TiB2.4 coatings [47]. After 8 h of oxidation at 
700 ◦C, (Ti0.68Al0.32)B1.35 (with 14 at.% Al) and TiB2.4 form ~460 and ~ 
1350 nm thick oxide scales, respectively, and exhibit, hence, a factor of 
11 and 34 larger oxide scale thicknesses compared to the here synthe-
sized (Ti0.35Al0.65)B2.0 coating (with 21 at.% Al). To quantify the 
oxidation behavior and to analyze the effect of the non-metal to metal 
ratio on the oxidation kinetics, a power law fit according to [80] was 
employed, Fig. 6 (a): 

Δx = K ′

(
t
t0

)n 

Table 3 
Experimental and theoretical values of elastic modulus of diborides.   

Exp. 
E (GPa) 

DFT. 
E (GPa) 

(Ti0.36Al0.64)B1.7 274 ± 16  253 
(Ti0.35Al0.65)B2.0 395 ± 12  353  
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where Δx denotes the oxide scale thickness in μm, t0= 1 s and K′ is the 
pre-exponential factor, which can be interpreted as oxide growth at the 
initial oxidation stage and n is the exponent indicating the oxidation 
rate. The resulting fitted equations are shown in Fig. 6, and the differ-
ences between the coatings are evident from the logarithmic plot in (b). 
Both (Ti0.37Al0.63)0.49N0.51 and TiB2.4 [47] exhibit with n = 0.52 and 
0.49, respectively, close to parabolic oxidation rate (n = 0.50). 
(Ti0.68Al0.32)B1.35 [47] and (Ti0.34Al0.66)B2.4 show with n = 0.35 and 
0.30, respectively, near cubic (n = 0.33) oxidation rate coefficients. 
However, (Ti0.36Al0.64)B1.7 and (Ti0.35Al0.65)B2.0 with n = 0.13 and 0.10, 
respectively, both exhibit much slower oxidation rates than cubic (n =
0.33). The lower oxidation rates of the B-deficient and stoichiometric 
coatings can be understood based on EDX data and STEM imaging: In 
both cases, the scales formed are dense layers and contain Al and O, 
while being depleted in B. This scale composition results according to 
[47] in a protective behavior. Therefore, considering both the measured 
elastic properties and oxidation resistance as performance relevant, the 
stoichiometric coating (Ti0.35Al0.65)B2.0 outperforms all other coatings 
considered here. 

5. Conclusions 

As the oxidation behavior of stoichiometric (Ti1-xAlx)B2 has not been 

Fig. 4. Cross-sectional HAADF images and corresponding EDX line scans of oxidized coatings at 700 ◦C after 8 h for (a) (Ti0.36Al0.64)B1.7, (b) (Ti0.35Al0.65)B2.0, (c) 
(Ti0.34Al0.66)B2.4 and (d) (Ti0.37Al0.63)0.49N0.51. The circles represent the electron beam diameter and measurement step size of 50 nm. Dashed lines indicate the oxide 
layer thickness. 

Fig. 5. Diffraction patterns of as-deposited and oxidized coatings for 8 h 
at 700 ◦C. 
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investigated yet, (Ti0.36Al0.64)B1.7, (Ti0.35Al0.65)B2.0 and (Ti0.34Al0.66) 
B2.4 thin films were grown by magnetron sputtering to explore the B 
concentration dependence on the mechanical properties and the 
oxidation behavior. Ab initio predictions are consistent with measured 
lattice parameters and elastic properties of the as-deposited coatings. 
After annealing the stoichiometric (Ti0.35Al0.65)B2.0 coating in air for 8 h 
the resulting oxide scale thickness of 39 ± 7 nm was obtained, while the 
B-rich (Ti0.34Al0.66)B2.4 coating exhibited with 204 ± 16 nm a factor of 
5.2 thicker oxide scale. Interestingly, a (Ti0.37Al0.63)0.49N0.51 coating, 
with an Al/Ti ratio of 1.69 ± 0.20, which is comparable to 1.84 ± 0.40 of 
the stoichiometric diboride coating, exhibited a corresponding scale 
thickness of 101 ± 25 nm. The superior oxidation resistance of the 
stoichiometric diboride compared to the nitride coating can be under-
stood by compositional and structural analysis of the oxide scales. A 
protective layer mainly consisting of Al and O is formed on the stoi-
chiometric diboride, while a porous, Ti and Al-containing oxide scale is 
formed on the nitride coating. Furthermore, it was shown that the me-
chanical properties of diborides are strongly affected by both 
morphology and B concentration: the stoichiometric (Ti0.35Al0.65)B2.0 
coating exhibited, consistent with ab initio predictions, with 395 ± 12 
GPa the maximum elastic modulus. The B-deficient, porous (Ti0.36Al0.64) 
B1.7 and the B-rich (Ti0.34Al0.66)B2.4 coatings showed with 274 ± 16 GPa 
and 330 ± 9 GPa, respectively, lower elastic modulus values compared 
to stoichiometric (Ti0.35Al0.65)B2.0 coating. Considering both, the 
measured elastic properties and the oxidation resistance as performance 
relevant, the stoichiometric (Ti0.35Al0.65)B2.0 coating outperforms all 
other coatings considered here. 
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[75] N. Guyot, Y. Harmand, A. Mézin, The role of the sample shape and size on the 
internal stress induced curvature of thin-film substrate systems, Int. J. Sol. Struct. 
41 (2004) 5143–5154, https://doi.org/10.1016/j.ijsolstr.2004.03.015. 
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