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a b s t r a c t 

Refractory transition-metal diborides (TMB 2 ) are candidates for extreme environments due to melting 

points above 30 0 0 °C, excellent hardness, good chemical stability, and thermal and electrical conductiv- 

ity. However, they typically suffer from rapid high-temperature oxidation. Here, we study the effect of 

Al addition on the oxidation properties of sputter-deposited TiB 2 -rich Ti 1-x Al x B y thin films and demon- 

strate that alloying the films with Al significantly increases the oxidation resistance with a slight de- 

crease in hardness. TiB 2.4 layers are deposited by dc magnetron sputtering (DCMS) from a TiB 2 target, 

while Ti 1-x Al x B y alloy films are grown by hybrid high-power impulse and dc magnetron co-sputtering (Al- 

HiPIMS/TiB 2 -DCMS). All as-deposited films exhibit columnar structure. The column boundaries of TiB 2.4 

are B-rich, while Ti 0.68 Al 0.32 B 1.35 alloys have Ti-rich columns surrounded by a Ti 1-x Al x B y tissue phase 

which is predominantly Al rich. Air-annealing TiB 2.4 at temperatures above 500 °C leads to the forma- 

tion of oxide scales that do not contain B and mostly consist of a rutile-TiO 2 ( s ) phase. The resulting 

oxidation products are highly porous due to the evaporation of B 2 O 3 ( g ) phase as well as the coarsening 

of TiO 2 crystallites. This poor oxidation resistance is significantly improved by alloying with Al. While 

air-annealing at 800 °C for 0.5 h results in the formation of an ~1900-nm oxide scale on TiB 2.4 , the thick- 

ness of the scale formed on the Ti 0.68 Al 0.32 B 1.35 alloys is ~470 nm. The enhanced oxidation resistance is 

attributed to the formation of a dense, protective Al-containing oxide scale that considerably decreases 

the oxygen diffusion rate by suppressing the oxide-crystallites coarsening. 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. 

This is an open access article under the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Refractory transition-metal diborides (TMB 2 ), classified as ultra-

igh temperature ceramics, are promising materials for extreme

hermal and chemical environments which include, individually

r in combination, temperatures above 20 0 0 °C, drastic chemi-

al reactivity, hydrostatic pressure, mechanical stress, wear, and

ery high levels of radiation and heat gradients [1 , 2] . Their high

trength at elevated temperatures together with thermal conduc-

ivity, which provides a high thermal-shock resistance in severe

eat fluxes, make TMB 2 ceramics suitable for aerospace applica-

ions such as rocket components, atmospheric reentries, jet en-

ine turbines, propulsion systems, and sharp leading edges in hy-

ersonic vehicles, with speeds exceeding Mach 5 [1–13] . In addi-

ion, there is also a growing demand for employing TMB 2 in high-
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emperature electrodes [1 , 14 , 15] , molten metal containment [1] ,

efractory crucibles [16] , thermocouple protection tubes in steel

aths and aluminum reduction cells [17 , 18] , reinforcement fibers

19 , 20] , solar power [21 , 22] , and armor applications [18] . The use

f diborides in advanced nuclear fission reactors as neutron ab-

orber materials, which are intentionally introduced into reactor

ores to control the neutron balance, is also of great interest [17 ,

3] . 

TMB 2 have recently received increasing attention as the new

lass of hard ceramic protective thin films. They are already being

oated on cutting tools [24–29] , engine components in aerospace

pplications [11 , 30] , nuclear fusion devices [31 , 32] , as well as

etallic contacts in semiconductor [33] and microelectronic com-

onents [34 , 35] . These films typically crystallize in a hexagonal

lB 2 crystal structure (P6/mmm, SG-191) in which B atoms form

raphite-like honeycomb sheets between hexagonal-close-packed 

M layers [36 , 37] . The strong covalent bonding between TM and

 atoms as well as within the honeycomb B sheets provides high
rticle under the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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melting temperature, hardness, and stiffness [38 , 39] , while metal-

lic bonding within TM layers results in good electrical and ther-

mal conductivities for these compounds [36] . Hence, this unique

combination of ceramic and metallic properties makes TM diboride

thin films promising candidates for many applications. 

However, sputter-deposited TMB 2 films typically contain excess

B, with B/TM ratio ranging from 2.4 to 3.5 [1 , 40–47] . TM diborides,

contrary to TM nitrides which have very wide single-phase regions

[4 8 , 4 9] , are line-compounds [17] for which deviations from sto-

ichiometry, B/TM ratio = 2, can lead to the formation of second

phases. Thus, controlling the composition of diboride layers is cru-

cial as it has significant influences on film properties. Among dif-

ferent approaches suggested for obtaining stoichiometric sputter-

deposited TMB 2 [43 , 44] , growing the layers by either dc mag-

netron sputtering (DCMS) equipped with Helmholtz coils [45] or

high-power impulse magnetron sputtering (HiPIMS) [56 , 47] leads

to controllably tuning the B/TM ratio. Both techniques exploit dif-

ferences in the ionization probabilities between TM and B atoms

in order to guide ion fluxes to the substrate. Another critical is-

sue which restricts the applications of TMB 2 films is their inher-

ent brittleness [50] . We recently proposed a strategy to simultane-

ously increase both hardness and toughness of ZrB 2 layers by al-

loying with Ta [51] . The hardness of the alloys grown by hybrid

Ta-HiPIMS/ZrB 2 -DCMS co-sputtering increases from ~35.0 GPa for

ZrB 2.4 to ~42.0 GPa for Zr 0.7 Ta 0.3 B 1.5 , accompanied by an enhance-

ment in toughness from 4.0 to 5.2 MPa 
√ 

m, due to a corresponding

transition in nanostructure from B- to Ta-rich column boundaries

together with a decrease in column sizes [51] . 

Moreover, TMB 2 suffer from poor high-temperature oxidation

resistance, which is a critical property for many aggressive envi-

ronments. In general, the oxidation products of bulk monolithic

TMB 2 , mostly synthesized by powder metallurgy processes [11 , 52 ,

53] , are typically TMO 2 ( s ) and glassy B 2 O 3 ( l ) phases, with lim-

ited intermixing [54] . TMB 2 start to oxidize at temperatures below

~450 °C [1 , 19] , depending on their structure, chemical composi-

tion, oxygen partial pressure, and oxidation temperature T a [1 , 7 ,

55–57] . For T a ≤ 10 0 0 °C and constant oxygen partial pressure, the

oxide scale is composed of a porous, but stable crystalline TMO 2 

( s ) skeleton filled by an amorphous B 2 O 3 ( l ) phase [54] , which is

highly corrosive [19] . Since the B 2 O 3 ( l ) phase has a higher wet-

tability than TMO 2 ( s ) [58 , 59] , a continuous B 2 O 3 ( l ) layer can

form on the surface of the scale [60 , 61] . Oxidation kinetics in this

regime are limited by the oxygen diffusion through the B 2 O 3 ( l )

phase [62 , 63] . This continuous layer can behave as an oxidation

barrier which maintains its protective effect up to T a = ~10 0 0 °C
[54 , 55 , 64] . However, the oxidation behavior changes at T a >

10 0 0 °C; rather than forming a stable passive oxide scale, B 2 O 3 ( l )

rapidly evaporates which results in the formation of a porous oxide

scale that does not passivate the surface [7 , 55 , 64] . 

Many attempts have been made to enhance the oxidation re-

sistance of the bulk refractory diborides, mostly by alloying with

Cr, Al, and Si or adding secondary compounds such as SiC, TMSi 2 
(TM = Zr, Mo, Ta, W), Si 3 N 4 , and ZrC [1 , 7 , 10 , 56 , 58 , 64–71] . The

high-temperature oxidation rate of bulk TMB 2 which contain ad-

ditives is significantly lower than monolithic TMB 2 . For example,

adding ~20% SiC can effectively improve the oxidation resistance

of ZrB 2 due to the formation of a protective oxide scale which is

composed of a SiO 2 -rich outer layer and a ZrO 2 -rich inner layer

[56 , 64 , 72] . 

The structural and mechanical properties of Ti 1-x Al x B y layers

were previously investigated [73–77] ; however, little is known

about the oxidation resistance of these films. Here, we study

the effect of Al addition on the oxidation properties of TiB 2 -rich

Ti 1-x Al x B y thin films, compared to TiB 2.4 films (TiB 2 with 0.4 excess

B) deposited by DCMS. We use DCMS from a TiB 2 target in pure

Ar atmosphere to grow TiB y films at ~475 °C and vary the layer
omposition by co-sputtering with partially ionized Al fluxes from

he Al-HiPIMS source to obtain Ti 1-x Al x B y alloy films (a hybrid

l-HiPIMS/TiB 2 -DCMS technique [79] ). The substrate bias is syn-

hronized to the Al-rich portion of each HiPIMS pulse [80] , based

n the input from ion mass spectrometry analyses conducted at

he substrate position [79] . Out of all compositions investigated,

i 0.68 Al 0.32 B 1.35 alloys are chosen for further nanostructural and ox-

dation studies as they are characterized by hexagonal structure,

elatively low residual stress, high hardness and good indentation

oughness. The column boundaries of TiB 2.4 are B-rich, while the

i 0.68 Al 0.32 B 1.35 alloy films have Ti-rich columns surrounded by an

l-rich Ti 1-x Al x B y tissue phase which is B deficient. Compared to

iB 2.4 , the Ti 0.68 Al 0.32 B 1.35 alloys show significantly better high-

emperature oxidation resistance. 

. Experimental 

Ti 1-x Al x B y alloy films, in which x = Al/(Ti + Al) and y = B /(Ti + Al),

re grown in a CC800/9 CemeCon AG sputtering system

81] equipped with rectangular 8.8 × 50 cm 

2 stoichiometric TiB 2 

nd elemental Al targets. Al 2 O 3 (0 0 01) and Si(001), 1.5 × 1.5 cm 

2 ,

ubstrates are cleaned sequentially in acetone and isopropyl alco-

ol, and then mounted symmetrically with respect to the targets,

ilted toward the substrates, resulting in a 21 ° angle between the

ubstrate normal and the normal to each target. The Al 2 O 3 (0 0 01)

ubstrates are used for residual stress and nanoindentation mea-

urements, while the Si(001) substrates are used for nanostructural

nd oxidation studies. The target-to-substrate distance is 20 cm,

nd the system base pressure is 3.0 × 10 −6 Torr (0.4 mPa). The

hamber is degassed before deposition by applying 8.8 kW to each

f two resistive heaters for 2 h, resulting in a temperature of

475 °C at the substrate position. The total Ar pressure during de-

osition is 3.0 mTorr (0.4 Pa). Prior to the deposition process, the

argets are DCMS pre-sputtered in Ar at 2 kW for 60 s with closed

athode shutters. 

TiB y films are grown by DCMS at a TiB 2 -target power P TiB 2 
f 40 0 0 W and a negative dc substrate bias of 200 V. For

i 1-x Al x B y deposition, a hybrid Al-HiPIMS/TiB 2 -DCMS scheme is

sed in which the Al magnetron is operated in HiPIMS mode, with

0-μs pulses and 500-Hz frequency, to supply pulsed energetic Al + 

uxes, while the TiB 2 target is continuously sputtered by DCMS.

he average power applied to the HiPIMS Al target is maintained

onstant at 1500 W. The Al-target peak current density during the

iPIMS pulse is ~0.91 A/cm 

2 . A pulsed negative substrate bias of

00 V is applied in synchronous with the 100-μs Al-ion-rich por-

ion of each HiPIMS pulse, starting 30 μs after the target-pulse on-

et. At all other times, the substrates are at a negative floating

otential of 10 V, in order to reduce the Ar incorporation in the

lms [79] . While all deposition parameters are maintained con-

tant, the power P TiB 2 
applied to the DCMS TiB 2 target is changed

rom 30 0 0 to 50 0 0 W in increments of 50 0 W in order to change

he Al/(Ti + Al) ratio, x, in the films. 

Surface and fracture cross sections of as-deposited and air-

nnealed films are examined using a Zeiss LEO 1550 scanning

lectron microscope (SEM). X-ray diffraction (XRD) θ−2 θ scans

re carried out using a Philips X ́Pert X-ray diffractometer with

 Cu K α source ( λ = 0.15406 nm) in order to determine crys-

al structure and orientation. Cross-sectional and plan-view trans-

ission electron microscopy (TEM) analyses are carried out in

 double C s aberration-corrected FEI Titan 

3 60–300 electron mi-

roscope operated at 300 kV; Z-contrast images are obtained in

canning TEM high-angle-annular-dark-field (STEM-HAADF) mode.

nergy-dispersive X-ray (EDX) and electron energy-loss spec-

roscopy (EELS) elemental maps are also acquired using the Su-

erX and GIF Quantum ERS spectrometers embedded in the FEI in-
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Fig. 1. Variations in the x and y values of as-deposited Ti 1-x Al x B y thin films as a 

function of TiB 2 target power P TiB 2 . 

Fig. 2. XRD θ−2 θ scans of as-deposited (a) TiB 2.4 , (b) Ti 0.71 Al 0.29 B 1.54 , (c) 

Ti 0.71 Al 0.29 B 1.51 , (d) Ti 0.71 Al 0.29 B 1.45 , (e) Ti 0.68 Al 0.32 B 1.35 , and (f) Ti 0.65 Al 0.35 B 1.30 thin 

films. The peak at 32.8 ° arises from the forbidden 002 Si(001) substrate reflection. 
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f 2 3  
trument. TEM specimens are prepared by focused ion beam (FIB)

echnique employing a Carl Zeiss Cross-Beam 1540 EsB system. 

Substrate wafer curvatures are measured to determine the in-

lane residual stress of the as-deposited films on Al 2 O 3 (0 0 01),

ased on the modified Stoney equation [82 , 83] : 

f = 

(
M s h 

2 
s 

)
/ ( 6R s h f ) , 

here σ f is the average biaxial stress; h f and h s are film and sub-

trate thicknesses, respectively; R s is the substrate radius of curva-

ure; and M s is the substrate biaxial modulus, which is 602 GPa

or Al 2 O 3 [84] . Substrate curvatures are determined from rocking-

urve measurements using a PANalytical Empyrean high-resolution

-ray diffractometer operated at 45 kV and 40 mA. Reported σ f 

alues are corrected for thermal stresses due to cooling the sam-

les from T s to room temperature [85] . 

X-ray photoelectron spectroscopy (XPS) is used to analyze the

lemental distribution and chemistry of the layers in the as-

eposited state as well as after annealing in air. Analyses are

erformed in a Kratos Axis Ultra DLD instrument employing

onochromatic Al K α radiation (h ν = 1486.6 eV) and operating

ith a base pressure lower than 1.1 × 10 −9 Torr (1.5 × 10 −7 Pa)

uring spectra acquisition. XPS depth profiles are acquired by

putter-etching with 0.5-keV Ar + ions incident at an angle of 70 °
ith respect to the sample surface normal. The low Ar + energy

nd shallow incidence angle are chosen in order to minimize the

ffect of sputtering damage on core level spectra [86 , 87] . Sample

reas analyzed by XPS are 0.3 × 0.7 mm 

2 and located in the center

f 3 × 3 mm 

2 ion-etched regions. The binding energy scale is cal-

brated using the ISO-certified procedure [88] , and the spectra are

eferenced to the Fermi edge in order to avoid uncertainties associ-

ted with employing the C 1s peak from adventitious carbon [89] .

PS depth scales are converted from time to distance (nm) by us-

ng the sputter-etching rate of TiB 2.4 layers (0.68 nm/min) and the

verage film thickness measured by SEM. 

Film compositions are determined by time-of-flight elastic re-

oil detection analysis (ToF-ERDA) in a tandem accelerator. ToF-

RDA is carried out with a 36 MeV 

127 I 8 + probe beam incident at

7.5 ° with respect to the sample surface normal and recoils are de-

ected at 45 °. Nanoindentation analyses of the layers are performed

n an Ultra-Micro Indentation System with a sharp Berkovich dia-

ond tip calibrated using a fused-silica standard sample. For hard-

ess H measurements, the load is increased from 5 to 25 mN

t increments of 0.5 mN, and the results are analyzed using the

liver and Pharr method [90] . Indents to depths ≥ 10% of the film

hickness are excluded in the analysis. Film responses to high local

tresses induced by a diamond cube-corner tip, known as nanoin-

entation toughness, are studied by measuring the average lengths

f radial cracks around sample indents. 

TiB 2.4 and Ti 0.68 Al 0.32 B 1.35 specimens, 1.0 × 0.5 cm 

2 , are an-

ealed at temperatures T a up to 800 °C in air for times t a ranging

rom 0.5 to 8.0 h using a high-temperature furnace from MTI Cor-

oration (GSL-1100 ×-S). The heating rate is constant at 10 °C/min,

nd the specimens are cooled down to room temperature, while

he furnace is turned off. 

. Results 

.1. Composition and nanostructure 

Variations in the x and y values of as-deposited Ti 1-x Al x B y thin

lms, determined by ToF-ERDA, are plotted in Fig. 1 as a func-

ion of P TiB 2 
. TiB y films grown using DCMS ( P TiB 2 

= 40 0 0 W) are

verstoichiometric as the B/(Ti + Al) ratio y = 2.4. The Al/(Ti + Al) ra-

io, x, in the Ti 1-x Al x B y alloys deposited by hybrid Al-HiPIMS/TiB 2 -

CMS co-sputtering decreases from 0.35 for P TiB 2 
= 30 0 0 W, to

.32 for P TiB 2 
= 3500 W, to 0.29 for 40 0 0 W ≤ P TiB 2 

≤ 50 0 0 W,
hile y gradually increases from 1.30 to 1.35 to 1.45 to 1.51 to 1.54

s a function of P TiB 2 
. Ar concentration is ~1.2 at.% in the TiB 2.4 

lms, while it is ~0.5 at.% for all alloys. The detailed elemental

ompositions of the as-deposited films are given in supplementary

able I. 

Fig. 2 shows XRD θ−2 θ scans of as-deposited Ti 1-x Al x B y thin

lms grown on Si(001) substrates. Vertical solid and dashed lines

orrespond to reference powder-diffraction peak positions for TiB 2 

91] and AlB 2 [92] , respectively. The peak at 32.8 ° arises from the

orbidden 0 02 Si(0 01) substrate reflection that appears due to mul-

iple scattering events [93] . All reflections in the XRD patterns of

he as-deposited Ti 1-x Al x B y films with x ≤ 0.32 originate from the

exagonal crystal structure, while the pattern of Ti 0.65 Al 0.35 B 1.30 

rown at P TiB 2 
= 30 0 0 W has two extra X-ray peaks indicating the

resence of an additional intermetallic TiAl phase. The positions of

 01 and 0 02 reflections shift toward lower 2 θ values with increas-

ng x, corresponding to an increase in the out-of-plane c lattice pa-

ameter from 0.321 nm for TiB 2.4 to 0.328 nm for Ti 0.65 Al 0.35 B 1.30 .

ll films exhibit 001 fiber texture in which the 001 and 002 peaks

re dominant, with a minor 101 component that becomes stronger

s a function of Al content. 

After compensation for the thermal stresses, residual stresses

or all layers grown on Al O (0 0 01) are compressive with
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Fig. 3. Typical cross-sectional and plan-view STEM images, with inset corresponding high-resolution STEM images and SAED patterns, of as-deposited (a and c) TiB 2.4 and 

(b and d) Ti 0.68 Al 0.32 B 1.35 thin films. The XSTEM SAED patterns are acquired from the areas indicated by circles in (a) and (b). The region indicated by a dashed box in inset 

(b) exhibits the area where EDX elemental maps, shown in Fig. 5 , are acquired from. 
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σ f = ~0.9 GPa for TiB 2.4 , ~0.4 GPa for Ti 0.71 Al 0.29 B 1.54, ~0.2 GPa for

Ti 0.71 Al 0.29 B 1.51 , and ~0.1 GPa for Ti 0.71 Al 0.29 B 1.45 , Ti 0.68 Al 0.32 B 1.35 ,

and Ti 0.65 Al 0.35 B 1.30 . The nanoindentation hardness of TiB 2.4 thin

films is 42 ±3 GPa, while all alloys have lower hardness values be-

tween 35 ±2 GPa and 39 ±3 GPa. Indenting the films by a cube-

corner indenter with a load of 100 mN results in the formation of

radial cracks and spallation, which is a common feature of brittle

materials, in the films with y ≥ 1.51. The average length of radial

cracks around the cube-corner indents decreases by increasing Al

content. The procedure of determining the indentation toughness

and typical SEM images from their cube-corner-indented surfaces

are presented in supplementary Fig. S1. The as-deposited Ti 1-x Al x B y 

alloys with y ≤ 1.45 show higher indentation toughness than the

other films. Out of all compositions investigated, Ti 0.68 Al 0.32 B 1.35 al-

loys are chosen for nanostructural and oxidation studies as they

are characterized by hexagonal structure (as revealed by XRD), rel-

atively low residual stress, good indentation toughness, and high

hardness (39 ±3 GPa). 

Fig. 3 compares cross-sectional and plan-view STEM images of

the as-deposited TiB 2.4 and Ti 0.68 Al 0.32 B 1.35 thin films, with corre-

sponding inset selected-area electron diffraction (SAED) patterns.

The cross-sectional STEM (XSTEM) micrographs in Fig. 3 (a) and

3(b) reveal that the as-deposited films consist of dense columns

with no discernable porosity and open boundaries. The thick-

ness of as-deposited TiB 2.4 is ~1400 nm, while the as-deposited

Ti 0.68 Al 0.32 B 1.35 films are ~1600-nm thick. Both layers exhibit a

competitive growth in which fine columns form near the sub-

strate, while fewer columns which become wider extend along

the growth direction. The SAED patterns obtained from near the

substrates, insets in Fig. 3 (a) and 3(b), are composed of weak
iffraction arcs with 001, 101, and 002 components along the

rowth direction, consistent with the XRD results in Fig. 2 . As the

lm thickness increases, the 001 oriented columns begin to be-

ome dominant in a competitive columnar growth. The plan-view

AED patters acquired from the top part of the films, insets in

ig. 3 (c) and 3(d), completely lack the 001 ring which is an in-

ication that this set of 001 planes are normal to the electron

eam direction, revealing that the films have a strong 001 tex-

ure. The TiB 2.4 columns are slightly inclined with respect to the

ubstrate surface normal, Fig. 3 (a), due to the 21 ° deposition an-

le between the substrate and the TiB 2 target. The top surface of

he alloys exhibits faceted columns and a higher surface rough-

ess compared to TiB 2.4 , in agreement with their SEM surface

orphologies shown in supplementary Fig. S2. In addition, higher

esolution XSTEM images, insets in Fig. 3 (a) and 3(b), show that

he columns of Ti 0.68 Al 0.32 B 1.35 are wider than TiB 2.4 . The column

oundaries of as-deposited Ti 0.68 Al 0.32 B 1.35 appear dark indicating

 lower average mass than that of the adjacent columns, inset in

ig. 3 (b). 

The Z-contrast plan-view image of as-deposited TiB 2.4 , Fig. 3 (c),

hows a nanostructure with no porosity and an average column

idth of ~7 nm. There is an asymmetry in the columns shape; the

olumns are elongated toward the incoming flux from the TiB 2 tar-

et, consistent with the XSTEM results in Fig. 3 (a). The higher reso-

ution image shown as inset in Fig. 3 (c) reveals that the films con-

ist of nanocolumns with a contrast difference between brighter

olumns and darker column boundaries. The dark regions corre-

pond to low-Z column-boundary areas as observed in the over-

toichiometric diboride layers [51 , 74 , 94 , 95] . The Z-contrast plan-

iew image of as-deposited Ti 0.68 Al 0.32 B 1.35 in Fig. 3 (d) exhibits
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Fig. 4. Plan-view (a) STEM Z-contrast image and (b) Ti EDX map with (c) corresponding EELS spectra from the columns and column boundaries of as-deposited TiB 2.4 grown 

by DCMS. Plan-view (d) STEM Z-contrast image, and (e) Ti and Al EDX maps with (f) corresponding EELS spectra from the columns and column boundaries of as-deposited 

Ti 0.68 Al 0.32 B 1.35 grown by hybrid Al-HiPIMS/TiB 2 -DCMS co-sputtering. 
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Fig. 5. (a) High-resolution XSTEM image, (b) with corresponding Ti and Al EDX 

maps, of as-deposited Ti 0.68 Al 0.32 B 1.35 acquired from the region indicated by a 

dashed box in the inset of Fig. 3 (b). 

m  

[
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T  

t  

i  
ide columns, ~40 nm, with dark regions appeared both inside the

olumns and in the column boundaries. 

Fig. 4 is comprised of STEM Z-contrast plan-view images,

ith corresponding EDX elemental maps and EELS spectra, of as-

eposited TiB 2.4 and Ti 0.68 Al 0.32 B 1.35 thin films. The Ti EDX map in

ig. 4 (b) shows that the dark column-boundary areas in the TiB 2.4 

-contrast image, Fig. 4 (a), are Ti deficient, while the correspond-

ng EELS spectra in Fig. 4 (c) confirm that the column boundaries

re B rich. However, the Z-contrast image of Ti 0.68 Al 0.32 B 1.35 reveals

ark regions both in the columns and column boundaries, Fig. 4 (d).

he Ti and Al EDX maps, shown in Fig. 4 (e), affirm that there are

ocal changes in Ti and Al concentrations, as previously reported by

edfors et al. [77] for sputter-deposited (Ti,Al)B 2 alloys. The EELS

pectra in Fig. 4 (f) show that the Ti 0.68 Al 0.32 B 1.35 column bound-

ries are B deficient with respect to the columns. In general, the

olumn boundaries of TiB 2.4 films grown by DCMS are B-rich, while

he Ti 0.68 Al 0.32 B 1.35 alloys have Ti-rich columns surrounded by an

l-rich Ti 1-x Al x B y tissue phase which is B deficient. 

Fig. 5 shows the XSTEM image, with corresponding Ti and Al

DX maps, of as-deposited Ti 0.68 Al 0.32 B 1.35 acquired from the re-

ion indicated by a dashed box in the inset of Fig. 3 (b). The EDX

aps reveal that the amount of Al in the column boundaries is sig-

ificantly higher than in the columns. Compared to the Ti 1-x Al x B y 

lloy films sputter-deposited by DCMS [74 –77] , the pronounced

l segregation in Ti 0.68 Al 0.32 B 1.35 column boundaries can be at-

ributed to the enhanced adatom mobility caused by the Al + ion

ombardment. We previously reported a related nanostructure for

he Zr 1-x Ta x B y thin films, with x ≥ 0.2, deposited by hybrid Ta-

iPIMS/ZrB 2 -DCMS co-sputtering [51] . These films showed a self-

rganized columnar core/shell nanostructure in which crystalline

exagonal Zr-rich stoichiometric Zr 1-x Ta x B 2 cores are surrounded

y narrow dense, disordered Ta-rich shells that are B deficient. The

isordered shells have the structural characteristics of metallic-

lass thin films which exhibit both high strength and toughness.

ence, such a nanostructure combines the benefits of crystalline

iboride columns, providing the high hardness, with the dense

t  
etallic-glass-like shells which give rise to enhanced toughness

78,51] . 

.2. Annealing in air 

The TiB 2.4 thin films are air-annealed at different temperatures

 a for t a = 1.0 h, and the average B concentrations in their oxida-

ion products are determined from XPS depth-profile data, shown

n Fig. 6 . The XPS data are normalized to the ToF-ERDA composi-

ions. The B concentration in the oxide scale of TiB thin films
2.4 
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Fig. 6. XPS-obtained B concentrations in the oxidation products of the TiB 2.4 thin 

films air-annealed at different temperatures T a for t a = 1.0 h. The concentrations 

are normalized to the compositions obtained from ToF-ERDA. 

Fig. 7. XRD θ−2 θ scans of (a) TiB 2.4 and (b) Ti 0.68 Al 0.32 B 1.35 thin films air-annealed 

at T a = 700 °C for t a = 1.0 h. The peak at 32.8 ° arises from the forbidden 002 

Si(001) substrate reflection. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. (a) Ti 2p, (b) B 1 s, and (c) O 1 s XPS core-level spectra acquired from the 

TiB 2.4 thin films air-annealed at T a = 700 °C for t a = 1.0 h as a function of sputter- 

ing depth d . (For interpretation of the references to color in this figure legend, the 

reader is referred to the web version of this article.) 
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decreases from ~22 at.% for T a = 300 °C to ~5 at.% for T a = 500 °C.

The oxidation products of the films air-annealed at T a > 500 °C are

highly B deficient (~0 at.%). 

To investigate the effect of Al addition on the high-temperature

oxidation resistance, TiB 2.4 and Ti 0.68 Al 0.32 B 1.35 layers are air-

annealed at 700 °C, the temperature at which the oxide scale of

TiB 2.4 contains ~0 at.% B. Fig. 7 compares the XRD θ−2 θ scans of

TiB 2.4 and Ti 0.68 Al 0.32 B 1.35 thin films air-annealed at T a = 700 °C
for t a = 1.0 h. Some extra reflections appear in the XRD pattern

of air-annealed TiB 2.4 , Fig. 7 (a), which can be assigned to B 2 O

[96] and rutile-TiO 2 [97] phases. In contrast, there are no addi-

tional high-intensity reflections in the air-annealed Ti 0.68 Al 0.32 B 1.35 

XRD pattern, except at 25.2 ° where a low-intensity, broad peak

arises, Fig. 7 (b). This signal can be attributed to B 2 O [96] and

Al 8 B 2 O 15 [98] phases. The intensity of the X-ray reflections arising

from the hexagonal structure in the as-deposited TiB 2.4 decreases

after annealing, while the corresponding peaks in the air-annealed

Ti 0.68 Al 0.32 B 1.35 XRD pattern have significantly higher intensities

than in the as-deposited alloys, Fig. 2 . It indicates an increase in
he crystallinity of Ti 0.68 Al 0.32 B 1.35 films after 1.0 h annealing at

00 °C. In addition, the FWHM of the 001 reflection from the TiB 2.4 

RD pattern decreases after annealing from 1.1 ° to 1.0 °, while an

ncrease from 0.4 ° to 0.5 ° takes place for Ti 0.68 Al 0.32 B 1.35 . There is

lso a slight shift in the positions of 00l reflections for both layers

oward higher 2 θ values due to annealing which can be attributed

o releasing residual stresses. 

To evaluate the chemistry of the oxide scales, the primary XPS

ore-level spectra acquired from the TiB 2.4 and Ti 0.68 Al 0.32 B 1.35 thin

lms air-annealed at T a = 700 °C for t a = 1.0 h are plotted as a

unction of sputtering depth d in Figs. 8 and 9 , respectively. For

ompleteness, O 1s spectra are also included. The Ti 2p spectra

btained from d ≥ 22 nm, shown in Fig. 8 (a), have broad and

onvoluted signals consisting of two dominant doublets. These sig-

als arise from Ti bound to O in TiO 2 and sub-stoichiometric TiO �

 � < 2) [99–101] . The formation of the sub-stoichiometric TiO �

hase is due to the induced damage during the surface sputter-



B. Bakhit, J. Palisaitis and J. Thörnberg et al. / Acta Materialia 196 (2020) 677–689 683 

Fig. 9. (a) Ti 2p, (b) Al 2p, (c) B 1 s, and (d) O 1 s XPS core-level spectra acquired from the Ti 0.68 Al 0.32 B 1.35 thin films air-annealed at T a = 700 °C for t a = 1.0 h as a function 

of sputtering depth d . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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tching process [101 , 102] . Ti 2p 3/2 signals from the TiO 2 and sub-

toichiometric TiO � phases appear at 459.0 and 455.3 eV, respec-

ively. No B signal is detected for d ≤ 435 nm, Fig. 8 (b). Fig. 8 (c)

hows O 1s spectra that consist of convoluted signals; the domi-

ant ones appear at 530.8 eV that is characteristic of TiO 2 [99 , 100 ,

03–105] , while the signals assigned to sub-stoichiometric TiO �

re shifted to higher BE as the valence charge density on corre-

ponding O atoms is lower than on those in TiO 2 [101] . 

Fig. 9 shows the Ti 2p, Al 2p, B 1s, and O 1s XPS core-level

pectra acquired from the Ti 0.68 Al 0.32 B 1.35 thin films air-annealed

t T a = 700 °C for t a = 1.0 h as a function of d . For 11 nm ≤
 < 272 nm, the Ti 2p spectra is essentially identical to that of

iB 2.4 with signals coming from Ti in TiO 2 and sub-stoichiometric

iO �, Fig. 9 (a). The spectra for d ≥ 272 nm consist of an additional

oublet with Ti 2p 3/2 component at 454.4 eV, assigned to Ti in Ti-

l-B. The oxide signals disappear for d > 316 nm, and the Ti-Al-B

ignals become dominant in the spectra. Sets of Al 2p core-level

pectra in Fig. 9 (b) show broad signals at ~75.6 eV for d ≤ 272 nm

ssigned to Al-O bond [106] . The signal intensity decreases consid-

rably for d ≥ 316 nm, consistent with changes observed in cor-

esponding Ti 2p spectra, and a new peak appears at 74.2 eV due

o Al in Ti-Al-B. The B 1s spectra, Fig. 9 (c), for d < 272 nm reveal

road peaks centered at ~193.5 eV that can be assigned to B in B-

 [107] . Starting from d = 272 nm, in addition to the B-O peak,

n extra signal appears at 187.7 eV, indicative of B in Ti-Al-B [108] .

he intensity of the B-O signal drops significantly for d > 272 nm,

hile that of the latter peak increases such that the B 1s spec-

ra for d > 316 nm consist of a single Ti-Al-B signal, in agreement

ith the changes in the Ti 2p and Al 2p signals shown in Fig. 9 (a)

nd 9(b). The O 1s spectra in Fig. 9 (d) has convoluted signals aris-

ng from TiO 2 (530.0 eV), sub-stoichiometric TiO � (531.1 eV), Al-O

533.0 eV), and B-O (532.0 eV) for d ≤ 316 nm [101 , 102 , 106 , 107] .

he relative contributions of different oxides exhibit slight varia-

ions as a function of depth which are fully consistent with corre-

ponding Ti 2p, Al 2p, and B 1s spectra. For example, an increase
n the Al-O and B-O component of the O 1s spectra at d = 142 nm

s consistent with an increased intensity of both Al 2p and B 1s

eaks (not the case for Ti 2p peak). Furthermore, the drop in Al 2p

ntensity observed at d = 272 nm is responsible for the decreased

ntensity of the corresponding component in the O 1s spectra. For

 > 272 nm, the O 1s intensity drops quickly which indicates the

xide/film interface. The overall evolution of XPS core level signals

s a function of depth reveals that the Ti 0.68 Al 0.32 B 1.35 alloys are

xide free for d ≥ 300 nm. 

XPS depth profiles reconstructed from the raw spectra of the

iB 2.4 and Ti 0.68 Al 0.32 B 1.35 thin films air-annealed at T a = 700 °C
or t a = 1.0 h are compared in Fig. 10 . XPS values are normalized

o the ToF-ERDA compositions in order to minimize the influence

f preferential sputtering effects that cannot be completely avoided

uring depth profiling with Ar + ions [86] . The depth profile of air-

nnealed TiB 2.4 , Fig. 10 (a), reveals that the thickness of the oxide

cale exceeds 450 nm. Moreover, the oxidation product does not

ontain B up to d = ~450 nm and consists exclusively of ~65 at.%

 and ~35 at.% Ti, indicating TiO 2 formation. In contrast, the av-

rage thickness of the oxide scale formed on the Ti 0.68 Al 0.32 B 1.35 

lloys, Fig. 10 (b), is ~300 nm. Contrary to the oxidized TiB 2.4 , the

i 0.68 Al 0.32 B 1.35 scale contains ~10 at.% B. Overall, the XPS depth

rofiles show good agreement with the depth profiles obtained

rom ToF-ERDA (supplementary Fig. S3). 

The cross-sectional and plan-view STEM images of TiB 2.4 and

i 0.68 Al 0.32 B 1.35 thin films air-annealed at 700 °C for 1.0 h are

hown in Fig. 11 . After air-annealing, the total thickness of TiB 2.4 

nd Ti 0.68 Al 0.32 B 1.35 films increases by 14% and 7%, respectively.

ig. 11 (a) and 11(b) show that TiB 2.4 has a significantly thicker

xide scale than Ti 0.68 Al 0.32 B 1.35 . The oxidized layers formed on

hese films exhibit two different nanostructures. The oxide scale of

iB 2.4 , inset in Fig. 11 (a), has two regions; (i) an outer layer, ~90-

m thick, which is mostly composed of sub-micrometer equiaxed

rystallites with an average size of ~100 nm, see supplementary

ig. S2(b), and (ii) an inner layer, ~420-nm thick, which exhibits a
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Fig. 10. XPS elemental concentration depth profiles of (a) TiB 2.4 and (b) 

Ti 0.68 Al 0.32 B 1.35 thin films air-annealed at T a = 700 °C for t a = 1.0 h as a function of 

sputtering depth d . XPS values are normalized to the ToF-ERDA compositions. 
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Fig. 11. Typical XSTEM images, with inset SAED patterns, from (a) TiB 2.4 and (b) Ti 0.68 Al 0
acquired from the area indicated by circles in (a) and (b). Plan-view STEM images, with

at T a = 700 °C for t a = 1.0 h. Areas indicated by rectangular boxes (A1 and A2) in (a) 

interpretation of the references to color in this figure legend, the reader is referred to the
olumnar structure. This columnar layer consists of small columns

ormed near the oxide/film interface and wide columns elongated

long the growth direction, in which the column width increases

oward the top surface (V-shaped structure). Contrary to the ox-

dized TiB 2.4 , the oxide scale of the Ti 0.68 Al 0.32 B 1.35 films, ~300-

m thick, exhibits a featureless cross-sectional structure, inset in

ig. 11 (b). This scale is composed of two sublayers in which the

uter layer, ~130-nm thick, is not as compact as the ~170-nm inner

ayer. Both scales show insufficient adhesion to the unoxidized lay-

rs due to the large thermal expansion α mismatch between the

xide scales and the unoxidized layers ( αrutile −Ti O 2 
= 7.14 × 10 −6 

 

−1 and αTi B 2 
= 7.6–8.6 × 10 −6 K 

−1 [109] ). SAED patterns obtained

rom the oxide scales, insets in Fig. 11 (a) and 11(b), are composed

f weak diffraction signals arising from the tetragonal rutile-TiO 2 

hase. The SAED pattern of oxidized Ti 0.68 Al 0.32 B 1.35 also consists

f a diffuse ring that indicates the presence of an additional oxide

hase which is amorphous. 

The Z-contrast plan-view images of the TiB 2.4 and

i 0.68 Al 0.32 B 1.35 thin films air-annealed at 700 °C for 1.0 h,

cquired from areas A1 and A2 in Fig. 11 (a) and 11(b), are ex-

ibited in Fig. 11 (c) and 11(d), respectively. The nanostructure

f air-annealed TiB 2.4 shows ~14-nm-wide columns with porous

oundaries in area A1, while the column width is significantly

ncreased to ~37 nm and large gaps are formed between the

olumns in area A2, Fig. 11 (c). Compared to TiB 2.4 , the Z-contrast

lan-view images of air-annealed Ti 0.68 Al 0.32 B 1.35 reveal nodular

rains for both areas A1 and A2, Fig. 11 (d). The nanostructure

f the inner sublayer appears more compact than the outer one,

hich is porous. 
.32 B 1.35 thin films air-annealed at T a = 700 °C for t a = 1.0 h. The SAED patterns are 

 inset O EDX maps, from (c) TiB 2.4 and (d) Ti 0.68 Al 0.32 B 1.35 thin films air-annealed 

and (b) show the regions where plan-view STEM images are acquired from. (For 

 web version of this article.) 
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Fig. 12. The oxide scale thickness d ox of TiB 2.4 and Ti 0.68 Al 0.32 B 1.35 thin films plotted 

as a function of air-annealing (a) temperature T a for t a = 0.5 h and (b) time t a at 

T a = 700 °C. 

 

F  

a  

t  

t  

a  

o  

h  

n  

h  

g  

a

 

s  

a  

t  

a  

p  

a  

A  

F  

t  

t  

(  

a  

I  

t  

T  

p  

B  

i  

b

4

 

a  

a  

c  

w  

T  

P  

s  

c  

s  

h

t

 

y  

h  

n  

T  

o  

X  

S  

t  

d  

p  

p  

D  

n  

b  

i  

h  

p  

t  

B  

e  

r  

o  

a  

t  

r  

w

 

i  

t  

w  

n  

n  

t

c  

f  

d  

t  

t  

d  

c  

d  
Oxygen EDX maps acquired from areas A1 and A2, insets in

ig. 11 (c), show that the dark regions in the Z-contrast images of

ir-annealed TiB 2.4 are voids which behave like wide channels con-

inuously transferring oxygen to the unoxidized regions. The size of

hese voids changes along the oxide scale; wider in area A2 than

rea A1. The O EDX maps in the insets of Fig. 11 (d) exhibit that the

uter layer of the Ti 0.68 Al 0.32 B 1.35 oxide scale is porous (area A2);

owever, there is an almost uniform oxygen distribution in the in-

er one (area A1) indicating a more compact area which does not

ave large voids. To compare all elemental distributions in the re-

ions shown in Fig. 11 (c) and 11(d), the corresponding EDX maps

re exhibited in supplementary Fig. S4. 

Fig. 12 (a) compares the XSEM-obtained thicknesses of oxide

cales d ox formed on the TiB 2.4 and Ti 0.68 Al 0.32 B 1.35 thin films after

ir-annealing at different T a for t a = 0.5 h. Onset temperatures for

he oxide-scale formation on TiB 2.4 and Ti 0.68 Al 0.32 B 1.35 are 400 °C
nd 600 °C, respectively. The oxide growth rates of both films ex-

onentially increase at T a > 700 °C. The XSEM images of the films

ir-annealed at T a = 500 °C and 800 °C are compared in Fig. 13 .

t T a = 500 °C, an ~290-nm oxide scale forms on the TiB 2.4 films,

ig. 13 (a), while no detectable oxidation product can be found in

he XSEM image of Ti 0.68 Al 0.32 B 1.35 , Fig. 13 (c). Fig. 13 (b) exhibits

hat TiB 2.4 is completely oxidized after air-annealing at 800 °C
d ox = ~1900 nm), but only ~29% of Ti Al B is evolved into
0.68 0.32 1.35 
n oxidized layer (d ox = ~470 nm) at this temperature, Fig. 13 (d).

t indicates that alloying with Al significantly enhances the high-

emperature oxidation resistance of TiB 2 -rich Ti 1-x Al x B y thin films.

he variations in d ox as a function of t a for T a = 700 °C, the tem-

erature at which the oxidation product of TiB 2.4 contains ~0 at.%

, are plotted in Fig. 12 (b). The TiB 2.4 thin films have thicker ox-

de scales than Ti 0.68 Al 0.32 B 1.35 , with a thickness difference which

ecomes more pronounced for t a > 1.0 h. 

. Discussion 

Adding Al to the sputter-deposited TiB y films via HiPIMS-

ssisted ion subplantation leads to changes in nanostructure. Both

s-deposited TiB 2.4 and Ti 0.68 Al 0.32 B 1.35 thin films have a hexagonal

olumnar structure, while the crystallinity decreases significantly

ith a change in the crystal orientation from dominant 001 for

iB 2.4 to a mixed orientation of 001 and 101 for Ti 0.68 Al 0.32 B 1.35 .

lan-view Z-contrast images, together with EDX maps and EELS

pectra, show that the TiB 2.4 films are composed of nanocrystalline

olumns separated by a B-rich tissue phase, which is typical for

putter-deposited diboride films [94] . The Ti 0.68 Al 0.32 B 1.35 alloys,

owever, have Ti-rich columns surrounded by an Al-rich Ti 1-x Al x B y 

issue phase which is B deficient. 

A combination of XRD, XPS, SEM, STEM, SAED, and EDX anal-

ses reveals that the sputter-deposited TiB 2.4 thin films have poor

igh-temperature oxidation resistance. For t a = 0.5 h, the thick-

ess of the oxide scale formed on TiB 2.4 after air-annealing at

 a = 500 °C is d ox = ~290 nm, while the films are completely

xidized at T a = 800 °C (d ox = ~1900 nm), Fig. 13 (a) and 13(b).

PS and ToF-ERDA depth profiles in Figs. 10 (a) and supplementary

3(d), together with XRD results in Fig. 7 (a), show that the oxida-

ion products of TiB 2.4 air-annealed at T a = 700 °C for t a = 1.0 h

o not contain B and mostly consist of a tetragonal rutile-TiO 2 ( s )

hase. Contrary to the bulk TiB 2 synthesized by powder metallurgy

rocesses [11 , 52 , 53] , the as-deposited TiB y thin films grown by

CMS are typically overstoichiometric ( y > 2) and have colum-

ar nanostructure in which the excess B segregates to the column

oundaries and forms an amorphous B-rich tissue phase, shown

n Figs. 3 (c), 4(a), 4(b) and schematically depicted in Fig. 14 (a). At

igh temperatures in air, the B-rich column boundaries are highly

rone to the formation of a B 2 O 3 ( g ) phase, with a vapor pressure

hat increases as a function of B concentration [56] . As a result of

 2 O 3 ( g ) evaporation, large gaps form between the TiO 2 columns,

vident in Fig. 11 (c), which act as wide channels for oxygen to

eadily access the unoxidized regions, causing a continuous vigor-

us oxidation. The oxidation-rate-limiting step is oxygen reaction

t the oxide/film interface. The schematic of this process is illus-

rated in Fig. 14 (b). This mechanism underlies the poor oxidation

esistance of the sputter-deposited TiB 2.4 films with a B-rich net-

ork of column boundaries. 

The oxide scale formed on TiB 2.4 at T a = 700 °C, schematically

llustrated in Fig. 14 (c), is composed of two distinct TiO 2 sublayers;

he outer layer consisting of sub-micrometer equiaxed crystallites

ith an average size of ~100 nm, and the inner layer with a colum-

ar structure. This columnar sublayer has small columns formed

ear the oxide/film interface and wide columns extended along

he 001 direction, with open boundaries. The width of the TiO 2 

olumns increases toward the surface. The fine TiO 2 crystallites

ormed at the oxidation front undergo Ostwald ripening via the

iffusive transfer of material, which depends on time and tempera-

ure [110] . Thus, we observe that the TiO 2 columns coarsen toward

he scale surface creating an appearance of V-shaped columns as

epicted in Fig. 14 (c). The coarsening of the TiO 2 columns is ac-

ompanied by enlarging the porosities between the columns due to

ecreasing the surface to volume ratio of the columns. Therefore,
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Fig. 13. Typical XSEM images of TiB 2.4 and Ti 0.68 Al 0.32 B 1.35 thin films air-annealed for t a = 0.5 h at T a = (a and c) 500 °C and (b and d) 800 °C. 

Fig. 14. Schematic cross-sectional illustration of (a) as-deposited TiB 2.4 thin films, together with the nanostructure of TiB 2.4 thin films (b) during and (c) after oxidation 

experiment at 700 °C. The columns in (b) are shown at a higher magnification than (a). 
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the TiO 2 oxide scale does not provide a good oxidation protection

of the underlying TiB 2.4 film. 

Compared to TiB 2.4 , the Ti 0.68 Al 0.32 B 1.35 alloy films exhibit sig-

nificantly better high-temperature oxidation resistance. The XSEM

images in Fig. 13 (c) and 13(d) indicate that there is no detectable

oxide layer on Ti 0.68 Al 0.32 B 1.35 after air-annealing at T a = 500 °C
for t a = 0.5 h, while the thickness of the oxide scale formed at

T a = 800 °C is d ox = ~470 nm, which is considerably less than that

of the TiB 2.4 scale (d ox = ~1900 nm) shown in Fig. 13 (b). There

can be different mechanisms responsible for this improvement.

Al has a strong affinity to oxygen with an Al 2 O 3 formation en-

thalpy �H 

25 ◦C 
f (Al 2 O 3 ) of −17.4 eV/atom [111] , higher than that of

Ti ( �H 

25 ◦C 
f (rutile-TiO 2 ) = −9.8 eV/atom) [111] , which results in the

formation of an Al-containing oxide scale on the Ti 0.68 Al 0.32 B 1.35 

alloys. This scale that suppresses bulk and surface diffusion can ef-

fectively decrease the oxidation rate. The other effect can be at-

tributed to the replacement of B by Al atoms in column bound-

aries, which together with the formation of the Al-containing ox-

ide scale, do not allow the TiO 2 columns to coarsen and form

open column boundaries. The evidence for this scenario is the ab-
ence of X-ray reflections from the Ti 0.68 Al 0.32 B 1.35 oxidation prod-

cts, Fig. 7 (b), which is due to the formation of amorphous phases.

hile the oxidation products of TiB 2.4 are highly porous and con-

ain ~0 at.% B at T a = 700 °C, the air-annealed Ti 0.68 Al 0.32 B 1.35 al-

oys have much denser oxide scales with ~10 at.% B, Figs. 10 and

1 . 

Contrary to air-annealed Ti 1-x Al x N films with x ≤ 0.64, in which

he oxide scales consist of two sublayers – the outer Al-rich and

he inner Ti-rich [107 , 112] , the XPS and ToF-ERDA depth pro-

les acquired from the Ti 0.68 Al 0.32 B 1.35 alloy films air-annealed at

 a = 700 °C for t a = 1.0 h do not show a significant change in the

l concentration profile as a function of depth, see Fig. 10 (b) and

upplementary S3(h). The same trend was previously reported for

i 1-x Al x N with x > 0.64 [106] . The oxide scale of Ti 0.68 Al 0.32 B 1.35 

as a featureless cross-sectional structure composed of two sub-

ayers in which the outer layer (~130 nm) contains some porosities,

hile the inner layer (~170 nm) appears dense, inset in Fig. 11 (b).

imilar to the air-annealed TiB 2.4 layers, the formation of these

orosities is due to the coarsening of the oxide crystallites; how-

ver, the presence of Al significantly suppresses the coarsening rate
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nd decreases the oxygen diffusion. Hence, Al addition together

ith the formation of a nanostructure with Al-rich column bound-

ries result in a dense oxide scale which enhances the oxidation

esistance. 

. Conclusions 

We study the influence of Al addition on the oxidation proper-

ies of sputter-deposited TiB 2 -rich Ti 1-x Al x B y thin films. TiB 2.4 lay-

rs are grown by DCMS from a TiB 2 target at a TiB 2 -target power

 TiB 2 
= 40 0 0 W and a negative dc substrate bias of 200 V, while

he Ti 1-x Al x B y alloy films are deposited by hybrid Al-HiPIMS/TiB 2 -

CMS co-sputtering with a 200-V negative substrate bias synchro-

ized to the Al-rich portion of each HiPIMS pulse. The compo-

ition of as-deposited Ti 1-x Al x B y alloys are varied by increasing

 TiB 2 
, while all deposition parameters are maintained constant. The

l/(Ti + Al) ratio, x, decreases from x = 0.35 to 0.29 as P TiB 2 
is in-

reased from 30 0 0 to 50 0 0 W, whereas the B/(Ti + Al) ratio, y, in-

reases from 1.30 to 1.54. All as-deposited thin films show colum-

ar structure. The column boundaries of TiB 2.4 films are B-rich,

hile the Ti 0.68 Al 0.32 B 1.35 alloys have Ti-rich columns surrounded

y an Al-rich Ti 1-x Al x B y tissue phase which is B deficient. The

putter-deposited TiB 2.4 films exhibit rapid high-temperature ox-

dation. The oxidation products of TiB 2.4 formed at temperatures

 a > 500 °C do not contain B and mostly consist of a rutile-TiO 2 

 s ) phase. The resulting oxide scales are highly porous due pri-

arily to the evaporation of B 2 O 3 ( g ) phase as well as the coars-

ning of TiO 2 crystallites. This poor oxidation is significantly im-

roved by alloying with Al. While air-annealing at T a = 800 °C
or t a = 0.5 h leads to the formation of an ~1900-nm oxide scale

n TiB 2.4 , the thickness of the Ti 0.68 Al 0.32 B 1.35 scale is ~470 nm.

he enhanced oxidation resistance is mainly attributed to the for-

ation of a dense, protective Al-containing oxide scale which

ecreases the oxygen diffusion rate by suppressing the oxide-

rystallites coarsening. In addition to the improved oxidation re-

istance, the Ti 0.68 Al 0.32 B 1.35 alloy films with a nanostructure con-

isting of hard diboride-structure columns surrounded by Al-rich

olumn boundaries exhibit low stresses, good indentation tough-

ess, and maintain the high hardness of TiB 2.4 films. 
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