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We systematically study the oxidation properties of sputter-deposited TiBy 5 coatings up to 700 °C. Oxide-scale
thickness dox increases linearly with time t, for 300, 400, 500, and 700 °C, while an oxidation-protective
behavior occurs with d,x = 250 e tg'z at 600 °C. Oxide-layer’s structure changes from amorphous to rutile/
anatase-TiO at temperatures > 500 °C. Abnormally low oxidation rate at 600 °C is attributed to a highly dense
columnar TiOy-sublayer growing near oxide/film interface with a top-amorphous thin layer, suppressing oxygen

diffusion. A model is proposed to explain the oxide-scale evolution at 600 °C. Decreasing heating rate to 1.0 °C/
min plays a noticeable role in the TiBy 5 oxidation.

1. Introduction

Materials containing boron are subject of growing interest in a broad
range of applications. Boron barely follows the octet rule and places six
electrons into its valence shell. This peculiarity has a considerable effect
on its chemistry and provides a high tendency to form covalent bonding
[1,2]. A particular class of boron-containing materials are transition
metal diborides (TMB,) that typically crystallize in a hexagonal AIB,--
type structure (P6/mmm, SG-191), in which the B atoms form sheets
between the hexagonal-close-packed TM layers [2-4]. TMB; exhibit a
unique combination of properties such as high melting points, excellent
hardness, good corrosion and wear resistance, relatively low electrical
resistivity, and high thermal and chemical stability [2,5]. These prop-
erties, which mostly originate from the dual ceramic/metallic
chemical-bonding nature of TMB, — strong covalent bonding between
TM and B atoms and within the B sheets as well as metallic bonding
within TM layers [6,7], make them promising candidates for many
strategic applications, especially in extreme thermal and chemical en-
vironments, such as rockets [8,9], advanced nuclear fission reactors [5,
10], hypersonic aerospace vehicles [9,11], optoelectronic and micro-
electronic components [12-14], armor applications, and protective
coatings [15-19].

The ever-increasing demand for enhanced coating properties
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motivates the search for advanced materials with distinctive function-
alities. In this context, TMBy thin films grown by magnetron sputtering
have recently received increasing attention as the future class of re-
fractory, hard ceramic protective coatings. However, compared to ni-
trides that have many industrial applications [20-23], the use of the
sputter-deposited TM diboride thin films is limited due mainly to their
high brittleness [17] and poor oxidation resistance [16]. The TMB,
coatings are inherently hard, with nanoindentation hardness values
ranging from 30 to 50 GPa [19,24-26], but this alone is not sufficient to
prevent failure in applications involving high stresses since hardness is
usually accompanied by brittleness [27]. To avoid brittle cracking, the
TMB;, thin films need to have both high hardness and ductility, referred
to as toughness [28], which can be enhanced by alloying. For example,
hard Zr-Cr-B alloy films grown by hybrid high-power impulse and DC
magnetron co-sputtering (Cr-HiPIMS/ZrB,-DCMS) showed higher
toughness and consequently better tribological properties compared to
ZrB, thin films grown by DCMS [29,30]. Zr-Ta-B alloys, with a
self-organized columnar core/shell nanostructure [31], exhibited a
simultaneous increase in both nanoindentation hardness (from 35 to
42 GPa) and toughness (4.0-5.2 MPa\/m) [17] as well as high thermal
and mechanical stabilities [19].

In addition, the applications of sputter-deposited TMB; coatings are
restricted due to their poor oxidation resistance, which is a critical
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property for many aggressive environments [11]. In general, oxidation
products formed on bulk TMB,, mostly synthesized by powder metal-
lurgy processes [11,32], at temperatures T, < 1000 °C typically consist
of a porous, crystalline TMO> (s) phase filled with a glassy, amorphous
B,03 (D) [33]. In this temperature range, the B,O3 (1) phase has a high
wettability [34,35] and forms a continuous B»Oj3 (1) layer on the surface
of the oxide scales [36,37] that acts as a barrier for oxygen diffusion and
determines the oxidation-rate limit [38]. However, the oxidation prop-
erties change at higher temperatures (T, > 1000 °C); the B2O3 (I) phase
rapidly evaporates that results in the formation of a porous TMO; (s)
skeleton [33,39]. The oxidation kinetics in this temperature regime are
controlled by the oxygen transfer rate through the porous oxide scale
[40]. The high-temperature oxidation properties of bulk TMB, have
been widely studied, and it is demonstrated that their oxidation resis-
tance can be significantly increased by adding secondary phases [41].
For example, ZrB; containing ~20% SiC showed much higher oxidation
resistance than ZrB, up to 1600 °C [41,42].

We recently showed that the problems with poor oxidation resistance
of TM-based diborides (TMBy) are even worse for the sputter-deposited
overstoichiometric (B/TM ratios x > 2) diboride thin films. The B,03 ()
phase did not form even at low temperatures, and the oxide scales were
mainly composed of the porous TMO- (s) phase, which caused a poor
oxidation resistance at 700 °C [16]. We also showed that the oxidation
rate of sputter-deposited TiB; can be changed by the B concentration.
For instance, the low-temperature oxidation rate of overstoichiometric
TiBggo and TiBy 7 thin films was considerably higher than that of
understoichiometric TiBy 43 [43]. The oxidation resistance was
enhanced by alloying with Al, which resulted in the formation of a
protective Al-containing oxide scale on the surface of Ti-Al-B alloy films
that significantly decreased the oxygen diffusion rate [16,44,45].
Glechner et al. [46] studied the influence of adding Si on the oxidation
resistance of different sputter-deposited diboride thin films (TM = Ti, Cr,
Hf, Ta, and W). All TM-Si-B alloy coatings showed lower oxidation rates
compared to reference monolithic TMB; thin films. The Hf- and Cr-based
alloys had drastically retarded oxidation kinetics than other alloy films
due to the formation of an amorphous Si-rich oxide scale.

Although much work has been done on characterizing the micro-
structure of the sputter-deposited TMBy thin films and enhancing their
mechanical properties [47-50], little is known about their oxidation
mechanisms. Here, we systematically study the oxidation properties and
kinetics of TiBys thin films, as TiBy is the most investigated
sputter-deposited diboride coating system, up to T, = 700 °C with
air-annealing times t, ranging from 1 to 120 h. The films reveal unex-
pected oxidation rates at T, = 500 and 600 °C. TiBy 5 undergo rapid
oxidation at T, = 500 °C, while their oxidation rate is abnormally low at
T, = 600 °C. We also found that decreasing the heating rate () from
10.0° to 1.0°C/min plays a significant role in the diboride coating
oxidation.

2. Material and methods

The thin films are grown in a CC800/9 CemeCon AG sputtering
system equipped with a TiB, target (8.8 x50 cm?). Si(001) substrates
are cleaned in acetone and isopropyl alcohol. Then, the substrates are
mounted in the deposition chamber facing the TiB, target. The distance
between target and substrate is 20 cm. The base pressure in the chamber
is 3.0 x 107 Torr (0.4 x1073 Pa), while the deposition pressure during
deposition is 3.0 mTorr (0.4 Pa). The TiBy thin films are grown by DCMS
with a TiBy-target power of 4000 W, at a substrate temperature of
~500 °C, and a negative DC substrate potential of 100 V.

A Zeiss LEO 1550 scanning electron microscope (SEM) is employed
for examining the surface and fracture cross sections of as-deposited thin
films. The cross-sectional and plan-view transmission electron micro-
scopy (TEM) of as-deposited and air-annealed layers are carried out in a
FEI Titan® 60-300 electron microscope. The scanning TEM high-angle-
annular-dark-field (STEM-HAADF) mode is used to obtain Z-contrast
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images. Electron energy-loss spectroscopy (EELS) elemental maps are
also acquired using a GIF Quantum ERS spectrometer in the FEI mi-
croscope. TEM specimens are prepared by focused ion beam (FIB) in a
Carl Zeiss Cross-Beam 1540 EsB system [51].

The crystal structure and orientation of as-deposited and air-
annealed thin films are obtained from X-ray diffraction (XRD) 6-26
scans carried out in a Philips X "Pert X-ray diffractometer (using a Cu K,
source with A = 0.15406 nm). In addition, the substrate radius of cur-
vature (Rg), required for measuring the residual stress of as-deposited
TiBy based on Stoney equation [52,53], is determined from a
rocking-curve measurement using a PANalytical Empyrean
high-resolution X-ray diffractometer operated at 45 kV and 40 mA.

The chemical compositions and depth profiles of as-deposited and
air-annealed TiBy thin films are determined by time-of-flight elastic
recoil detection analysis (ToF-ERDA) in a tandem accelerator with a
36 MeV 2718+ probe beam. More details about the measurements and
analyses are given in reference [54]. The chemistry of oxide scales is
analyzed using X-ray photoelectron spectroscopy (XPS) in a Kratos Axis
Ultra DLD instrument employing monochromatic Al K, radiation with hy
= 1486.6 eV. XPS depth profiles are acquired by sputter-etching with
0.5-keV Ar™ ions. The ISO-certified procedure is followed to calibrate
binding energy scales [55]. As a charge reference, the Fermi edge
recorded from sputter-etched TiB 5 films is used in order to avoid un-
certainties associated with employing the C 1 s peak from adventitious
carbon [56]. Spectra from oxide layers, in which the Fermi edge is ab-
sent, are aligned against the common spectral features that appear in Ti
2p spectra from the oxide/film transition layer. The XPS depth scales are
converted from time to distance employing the sputter-etching rate of
as-deposited TiBy and the average film thickness, which is measured by
SEM. The nanoindentation analysis of the as-deposited TiBy thin film is
carried out in an Ultra-Micro Indentation System with a sharp Berkovich
diamond tip. For determining the hardness of the layer, the load is
increased in a range of 5-30 mN with 0.5 mN increments. The obtained
values are analyzed according to the Oliver and Pharr method [57].

Isothermal air-annealing experiments are carried out at temperatures
T, = 300, 400, 500, 600, and 700 °C in a laboratory atmosphere with
~40% humidity. The TiBx samples grown on Si(001) substrates are air-
annealed in a GSL-1100 x -S furnace from MTI Corporation with a
constant heating rate (8) of 10.0 °C/min, held at T, for times t, up to
120 h, and finally cooled down to room temperature with § = 10.0 °C/
min. In a few experiments, the samples are air-annealed with f = 5.0
and 1.0 °C/min to examine the influence of thermal history (heating-up
duration from room temperature to T,) on the morphology and thickness
of oxide scales. A separate as-deposited sample is used for each experi-
ment. SEM is used to examine the surface and cross-sectional mor-
phologies of air-annealed samples. The thicknesses of oxide scales
formed after air-annealing are also determined using SEM. The oxide
growth kinetics of the TiBy thin films are further studied in the same
laboratory atmosphere using a combination of thermogravimetric (TG)
and differential scanning calorimetry (DSC) analyses in a STA 449F3
Thermal Analysis System (NETZSCH Co., Germany). Two types of
powders are used; TiBy powders extracted from the TiByx thin films and
TiB, powders with the particle size < 10 um (CAS: 12045-63-5, pro-
vided by SIGMA-ALDRICH Germany) as the reference stoichiometric
sample. For these measurements, the TiBy thin films are grown on Fe-
foils with the same deposition parameters as the layers on the Si(001)
substrates and then detached from the Fe-foils through a substrate-
etching process in a hydrochloride acid. The remaining material is
filtered, cleaned in de-ionized water, air-dried, and grounded to fine
TiBy powders. Prior to each measurement, the powders are loaded in an
alumina crucible and isothermally dried at 150 °C in a pure Ar atmo-
sphere for 1 h in the DSC furnace. The dynamic air-annealing mea-
surements are carried out with different heating rates § varying from
1.0° to 40.0°C/min. In addition, the dynamic experiments under the
same measurement conditions as the TiBx powders, but with empty
crucibles, are carried out to achieve appropriate baseline corrections.
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The isothermal air-annealing measurements are performed with
f =10.0 °C/min in a pure Ar atmosphere to reach the desired T,. Then,
the powders are isothermally air-annealed for t; = 12 h and eventually
cooled down to room temperature.

3. Results
3.1. Composition and microstructure of as-deposited TiB,

According to ToF-ERDA, the as-deposited TiBy thin film, with a
thickness of 4000 + 80 nm, contains 70.3 + 1.2 at% B and 28.2 + 0.6 at
% Ti, representing an overstoichiometric layer with the B/Ti ratio x of
~2.5. The concentrations of C, N, O, and Ar in TiBy 5 are 0.3 & 0.1 at%,
0.5+ 0.1 at%, 0.4 + 0.1 at%, and 0.4 £+ 0.1 at%, respectively. The
cross-sectional and plan-view SEM and bright-field TEM images of as-
deposited TiBy 5 are shown in Fig. 1. The cross-sectional SEM (XSEM)
image, Fig. 1(a), shows that the TiBy 5 thin film has a dense, columnar
microstructure with columns extending through the layer, and the plan-
view SEM image in Fig. 1(b) indicates that the film has a featureless,
smooth surface. Both cross-sectional and plan-view TEM micrographs in
Fig. 1(c) and 1(d) reveal that the as-deposited film consists of dense
columns with no discernable porosity and open boundaries. The layer
exhibits a competitive growth in which fine columns are formed near the
substrate (up to a thickness of 500 + 16 nm), while at thicknesses
> 500 + 16 nm, indicated by a horizontal dashed line in Fig. 1(c), fewer
columns grow and become wider. At this growth stage, the column
width does not change significantly, and the columns extend along the
growth direction. Cross-sectional selected-area electron diffraction
(SAED) patterns obtained from areas close to the substrate and the film’s
surface, insets in Fig. 1(c), are composed of strong (001) and (002)
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diffraction components. The diffraction components close to the sub-
strate have arc shapes, while those near the film’s surface appear like
spots indicating more pronounced (001) fiber texture as the film thick-
ness increases.

Fig. 2 comprises the plan-view HAADF-STEM micrograph with cor-
responding EELS elemental maps of the as-deposited TiBy 5 thin film
acquired from an area close to the film’s surface. The plan-view HAADF-
STEM micrograph in Fig. 2(a) shows that the film consists of nano-
columns with a column width of 8.5 &+ 2 nm. There is a contrast dif-
ference between columns and column boundaries; the columns appear
bright, while the column boundaries are dark. These dark regions can
correspond to low-Z rich areas [58]. The Ti-L2,3 EELS map in Fig. 2(b)
reveals that the dark column boundaries are Ti-deficient, while the B-K
EELS map confirms that the column boundaries are B-rich compared to
the columns. This columnar nanostructure with B-rich column bound-
aries is typical for sputter-deposited overstoichiometric diborides [17,
25,48].

The in-plane residual stress o of as-deposited TiB 5 is determined
based on the modified Stoney equation [52,53];

or = (M;h?) /(6R:hy), 1)

where oy is the average biaxial stress; h¢ and hg are film and substrate
thicknesses, respectively; R; is the substrate radius of curvature; and Mg
is the substrate biaxial modulus, which is 30.05 GPa for Si. The o¢ value
is corrected for thermal stresses oy, due to cooling the samples from
deposition temperature to room temperature, AT = 475K, using the
equation [59]:

ou = [E(or —04)AT]/(1-v), 2

-

Fig. 1. Cross-sectional and plan-view (a and b) SEM and (c and d) bright-field TEM images of the as-deposited TiB, 5 thin film. Insets in (c) show cross-sectional SAED
patterns acquired from areas close to the substrate and the film’s surface, indicated by dashed circles.
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Fig. 2. Plan-view (a) HAADF-STEM micrograph and (b) Ti-L2,3 and B-K elemental distribution EELS maps of the as-deposited TiB s thin film acquired from an area

close to the film’s surface.

where E is the elastic modulus of the film determined by nano-
indentation (420 + 10 GPa), and as is the thermal expansion coefficient
of Si substrate (3.6 x 1076k ! [60]). of and v are the thermal expansion
coefficient and the Poisson’s ratio of the film; however, since they are
unknown for TiB5 s, we use the values of bulk TiBs (7.0 x107° K~ ! for of
and 0.11 for v [61]). Thus, oy, is estimated to be 0.76 4 0.02 GPa. In
spite of the significant difference between g and oy, both cross-sectional
and plan-view SEM and TEM results show a good adhesion between the
substrate and film, with absolutely no crack in the 4000-nm-thick TiBy s,
due possibly to the high diboride stiffness. The as-deposited TiBy 5 thin
film has a compressive residual stress of of = 1.1 + 0.2 GPa and a
hardness of 35 + 2 GPa.

3.2. Composition and microstructure of air-annealed TiBy 5

Fig. 3 shows the XSEM images of the TiB; 5 thin films air-annealed at
T, = 300, 400, 500, 600, and 700 °C up to t; = 48 h. The oxide layers
formed after air-annealing at T, = 300 and 400 °C have a columnar
structure with columns that become thicker with increasing annealing
time, Fig. 3(a) to 3(j). Their XSEM images also reveal that the scales
resulting from air-annealing at 400 °C have higher surface roughness
than those formed at 300 °C. Some deep cracks appear in the oxide
scales formed at T, = 400 °C after air-annealing for t, > 24 h, shown in
Fig. 3(i) and 3(j). The oxide scales at T, = 500 °C are much thicker than
those formed at T, = 300 and 400 °C. In addition, these scales show
different morphologies; they have a highly porous structure with wide
cracks formed through the scales for t, > 5 h, see Fig. 3(k), 3(1), and 3
(m). The entire TiBy 5 film is oxidized for t, > 12 h.

The cross-sectional morphology of the oxide layers changes drasti-
cally upon increasing annealing temperature to 600 °C. At T, = 600 °C,
the oxide scales, which do not have any cracks, are composed of two
layers; (i) an outer layer consisting of equiaxed crystallites and (ii) a
dense inner layer, see Fig. 3(n) to 3(r). The average thickness of the outer
layer does not significantly change as a function of t, and is 170
+ 12 nm, while the thickness of the inner layer increases from 95

4+ 9nm for t, =1h to 374 &+ 24 nm for t, = 48 h. The oxide scales
resulting from air-annealing at T, = 700 °C show an almost similar
structure to those formed at T, = 600 °C, in which a layer of loosely-
attached sub-micrometer crystallites is visible on top of an inner layer,
Fig. 3(s) to 3(v). However, the crystallites on top of these scales are
larger than those formed after air-annealing at T, = 600 °C. In addition,
opposite to the columnar inner layer at T, = 600 °C, the bottom layer
formed after air-annealing at 700 °C is highly porous and mostly
composed of elongated large crystallites. The scales at T, = 700 °C also
have deep cracks extended toward the oxide/film interfaces, not shown
in Fig. 3(s) to 3(v).

To evaluate the influence of thermal history (heating-up duration
from room temperature to T,) on the morphology and thickness of the
oxide scales, the TiB, 5 thin films are air-annealed at T, = 600 and
700 °C for t; = 3 h with two different lower heating rates (p = 5.0 and
1.0 °C/min). The oxide scales formed using p = 5.0 °C/min have similar
cross-sectional morphologies and average thicknesses to those formed
using p = 10.0 °C/min. However, air-annealing with f = 1.0 °C/min
results in the formation of oxide scales consisting of two different layers:
an outer layer that appears similar to the one which forms at T,
= 500 °C, and an inner layer that is similar to the scale which forms at T,
= 600/700 °C (depending on oxidizing temperature).

The effect of the thermal history is further studied by directly air-
annealing TiBy5 at T, = 500, 600, and 700 °C. For each T,, one as-
deposited sample is placed into the furnace immediately after reach-
ing the maximum annealing temperature and oxidized for t, = 3 h (the
samples do not experience the heating-up duration and are directly air-
annealed at each T,). The corresponding XSEM images in supplementary
Fig. S1 exhibit similar oxide-scale morphologies to those shown in Fig. 3
(k), 3(n), and 3(s). The direct air-annealing also does not lead to a
notable change in the average scale thickness. These results reveal that
the oxide-scale growth and morphology at each T, are not significantly
influenced by the thermal history before reaching T, for p > 5.0 °C/min.

Fig. 4 exhibits the plan-view SEM images of the TiB, s thin films air-
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Fig. 3. Cross-sectional SEM images of TiB, 5 air-annealed at T, = 300 °C for (a) 3 h, (b) 8 h, (¢) 12 h, (d) 24 h, and (e) 48 h; T, = 400 °C for (f) 3 h, (g) 8 h, (h) 12 h,
(i) 24 h, and (j) 48 h; T, = 500 °C for (k) 3 h, (1) 8 h, and (m) 12 h; T, = 600 °C for (n) 3 h, (0) 8 h, (p) 12 h, (q) 24 h, and (r) 48 h; and T, = 700 °C for (s) 3h, (t) 8 h,

(u) 12 h, and (v) 24 h.

annealed at T, = 300, 400, 500, 600, and 700 °C up to t, = 48 h. The
oxide layers at T, = 300 °C show smooth, featureless surfaces for t,
<24h, Fig. 4@ to 4(d). However, for t, =48h, the surface
morphology, Fig. 4(e), becomes more similar to those of the oxide scales
formed after air-annealing at 400 °C, Fig. 4(f) to 4(j), which appear like
bright spots in a dark matrix. There are also some surface cracks formed
after air-annealing at 400 °C for t, > 24 h, see Fig. 4(i) and 4(j).
Air-annealing at T, = 500 °C results in the oxide scales with surfaces
that are highly porous and contain cracks, Fig. 4(k), 4(1), and 4(m). The
width of these cracks significantly increases as a function of t,. A plan-

view SEM image acquired at lower magnification, shown in supple-
mentary Fig. S2, exhibits a network of connected wide cracks in the layer
air-annealed at 500 °C for t, = 12 h. The surfaces of the oxide layers
formed after air-annealing at T, = 600 °C are composed of equiaxed
crystallites that do not significantly change with increasing t,, see Fig. 4
(n) to 4(r). No surface cracking is observed on these scales. Compared to

a2 = 600 °C, the oxide scales on TiB, 5 air-annealed at 700 °C, Fig. 4(s)
to 4(v), show surfaces containing large crystallites and cracks. However,
these cracks are not as wide as those formed after air-annealing at T,
=500 °C.



S. Dorri et al.

3 hours 8 hours

200 nm

200 nm

200 nm

200 nm

m’ nm

12 hours

Corrosion Science 206 (2022) 110493

48 hours
(e)
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200 nm

200 nm 200 nm

200 nm ‘

Fig. 4. Plan-view SEM images of TiB, 5 air-annealed at T, = 300 °C for (a) 3 h, (b) 8 h, (c) 12 h, (d) 24 h, and (e) 48 h; T, = 400 °C for (f) 3 h, (g) 8 h, (h) 12 h, (i)
24 h, and (j) 48 h; T, = 500 °C for (k) 3h, (1) 8 h, and (m) 12 h; T, = 600 °C for (n) 3 h, (0) 8 h, (p) 12 h, (q) 24 h, and (r) 48 h; and T, = 700 °C for (s) 3 h, (t) 8 h, (u)

12 h, and (v) 24 h.

Fig. 5 compares the XRD 0-20 scans of as-deposited TiBy 5 and the
films air-annealed at T, = 300, 400, 500, 600, and 700 °C up to t,
= 48 h. The peaks at 32.8° are the (002) forbidden reflection arising
from the Si(001) substrate, which appear due to multiple scattering
events [62]. The XRD pattern of as-deposited TiBy 5 contains (001),
(101), and (002) peaks at 27.7°, 44.5°, and 57.2°, respectively. The
(002) peak is not shown in Fig. 5. These reflections originate from a
single diboride phase with the hexagonal crystal structure. The
as-deposited film shows a strong (001) fiber texture, in which the (001)
and (002) peaks are dominant, while the (101) peak is a minor

component.

Air-annealing the TiB 5 thin films at T, = 300 and 400 °C does not
result in the formation of new peaks in their XRD patterns, see Fig. 5(a)
and 5(b), indicating that the formed oxide scales have X-rays amorphous
crystal structures. There is also no notable change in peak positions up to
t, = 48 h. This shows that the levels of residual macro-strains in the films
do not vary largely [63]. However, the (101) peak disappears after 12-h
annealing. In addition, the full-width at half-maximum (FWHM) values
of the (001) peaks decrease from ~0.45° for as-deposited TiBy5 to
~0.34° for the layer air-annealed at 400 °C for t, = 48 h. This decrease
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Fig. 5. XRD 60-20 scans of as-deposited TiB, 5 and the films air-annealed at (a) T, = 300 °C fort, = 1, 3, 5, 8, 12, 24, and 48 h, (b) T, = 400 °C fort, =1, 3, 5, 8, 12,

24, and 48 h, (c) T, =

500 °Cfort,=1,3,5,8,and 12 h, (d) T, =600 °C for t, =1, 3, 5, 8, 12, 24, and 48 h, and (e) T, =700 °C for t, = 1, 3, 5, 8, 12, and 24 h.

Vertical dashed (), dotted (¢), and dash-dotted (e) lines correspond to reference powder-diffraction peak positions for TiB, [73], anatase-TiO, [67], and rutile-TiO,
[68], respectively. The peak at 32.8° is the (002) forbidden reflection arising from Si(001) substrate [62].

cannot be due to an increase in domain sizes because the annealing
temperatures (< 400 °C) are well below the temperature required for
activating recrystallization and grain growth. Bulk diffusion that leads
to recrystallization typically takes place at a homologous temperature Ty,
(annealing temperature to melting-point temperature ratio) above ~0.5
[64], while Ty, is ~0.13 at 400 °C. Instead, the decrease in the FWHM
values at this T, range is mostly attributed to a reduction in the levels of
residual micro-strains in TiBy 5 that occurs mainly by the annihilation of
point defects such as vacancies, interstitials, and anti-site substitutions
of atoms, which usually have significant fractions in sputter-deposited
coatings [19,65]. The point-defect annihilation requires considerably
lower activation energies than recrystallization [66].

At T, > 500 °C, in addition to the peaks arising from the diboride
phase, new reflections appear in the XRD patterns of air-annealed TiB; 5,
Fig. 5(c), 5(d), and 5(e), which can be assigned to anatase-TiO, [67] and
rutile-TiOy [68] phases with tetragonal crystal structures. At T,
= 500 °C, the oxide-phase XRD reflections originate from both anatase
and rutile, but the dominant peaks are from the anatase phase, see Fig. 5
(c). The intensities of these peaks increase as a function of t, due mainly
to an increase in the volume and crystallinity of the anatase phase. In
addition, their FWHM values also increase due possibly to a decrease in
the grain sizes. The oxide-phase peaks in the XRD patterns of the layers
air-annealed at T, = 600 °C do not have high intensities due to the
formation of oxide scales that are thin and show the presence of both
anatase and rutile phases. There is also no notable change in the peak
intensities as a function of t,. In contrast, the oxide-phase peaks in the
XRD patterns of TiB, 5 air-annealed at T, = 700 °C arise just from the
rutile-TiOz phase, where the peak intensities increase with increasing ts,
see Fig. 5(e). This is consistent with the transformation of bulk anatase
to rutile that occurs at ~600 °C in air [69-71] and is not instantaneous

as it is reconstructive [72]. For both T, = 500 and 700 °C, the intensities
of the diboride peaks decrease as a function of t, due to the evolution of
the oxide phase during the air-annealing process.

XPS core-level spectra from the TiB 5 thin films air-annealed at T,
=300 °C for t, = 12 h and T, = 400, 500, 600, and 700 °C fort, =3 h
are acquired in order to evaluate the chemistry of the oxidation prod-
ucts. For T, = 300 °C, the sample air-annealed for t, = 12 h is chosen for
XPS and TEM studies because it has a thicker oxidation product
compared to the t, = 3 h case. Fig. 6 compares the Ti, B, and O core-level
spectra obtained at sputtering depth dgpy; = ~65 nm. The Ti 2p spectra
in Fig. 6(a) exhibit broad, convoluted signals consisting of several spin-
split 2p3/2-2p; 2 doublets. The strongest 2ps /o signals at ~459.5 eV are
assigned to Ti atoms in TiO». In addition, there is evidence for several
substoichiometric oxides denoted as TiOx (A = O/Ti < 2), with the 2p3,
o peaks in the range 455.0-458.5 eV, which are the artefacts of Ar"
sputter etching [74]. The intensity of the 2ps/» signals from the TiOp
phase appeared at ~458.5 eV decreases with increasing T,, while it
significantly increases for the TiO, phase (signals at ~459.5 eV). The
2p3,2 signal position corresponding to the Ti-B bonds of the TiB, phase,
~454.7 €V, is also indicated in Fig. 6(a). However, based on the B 1's
spectra discussed below, we infer that Ti-B is only present for T, = 300
and 400 °C. The B 1s spectra acquired from the TiBys thin films
air-annealed at T, = 300, 400, and 500 °C, Fig. 6(b), comprise two
signals centered at ~193.0 eV, which can be assigned to B in B-O, and
~188.0 eV, indicative of B in Ti-B. Markedly, the B 1 s signal in the
spectrum of the layer air-annealed at 500 °C is very weak (see also XPS
and ToF-ERDA depth-profile results in Fig. 7(c) and 8(a)), while no B
signal is detected in the B 1 s spectra from the films air-annealed at T,
= 600 and 700 °C. The O 1 s spectra in Fig. 6(c) are composed of con-
voluted signals mainly arising from TiO5, TiO,, and B-O for T, < 500 °C
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Fig. 6. (a) Ti 2p, (b) B 1 s, and (c) O 1 s XPS core-level spectra acquired from
the TiB, 5 thin films air-annealed at T, = 300 °C for t, = 12 h and T, = 400,
500, 600, and 700 °C for t, = 3 h at sputtering depth dspu; = ~65 nm.

and TiO5 and TiO, for T, > 500 °C, in agreement with the Ti 2p and B
1 s signals. These peaks have almost similar shapes for all T,. The O 1 s
signals for TiBy 5 air-annealed at T, = 300 and 400 °C appear shifted by
ca. 0.4 eV to lower binding energy with respect to those from the films
annealed at T, > 500 °C. Such small shifts in the oxide layers are diffi-
cult to interpret as they can likely result from varying charging condi-
tions. The evolutions of B, O, and Ti core-level spectra as a function of
sputtering depth dgpy are plotted in supplementary Fig. S3.

XPS depth profiles reconstructed from the raw spectra of the TiB; 5
thin films air-annealed at T, = 300 °C for t, = 12 h and T, = 400, 500,
600, and 700 °C for t, = 3 h are shown in Fig. 7. The XPS chemical
compositions are normalized to corresponding concentrations deter-
mined from ToF-ERDA measurements in order to minimize the influence
of preferential sputtering effects, which cannot be completely avoided
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Fig. 7. XPS elemental concentration depth profiles of the TiB s thin films air-
annealed at (a) 300 °C for t, = 12 h, (b) 400, (c) 500, (d) 600, and (e) 700 °C
for t, = 3 h as a function of the sputtering depth dsp. The XPS compositions are
normalized to corresponding values determined from ToF-ERDA measurements.
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during depth profiling with Ar" ions [54,75]. All depth profiles in Fig. 7
show uniform elemental distributions within the oxide layers. The depth
profiles in Fig. 7(a) and 7(b) reveal that the oxide scales formed after
air-annealing at T, = 300 and 400 °C contain ~8 and ~6 at% B,
respectively, in the oxide (B-O) phase, while the scales do not have B in
the diboride (B-Ti) phase. The XPS result of TiB, 5 air-annealed at T,
= 500 °C reveals that the oxide layer contains < ~2 at% B in the oxide
phase, see Fig. 7(c). Contrary to T, < 500 °C, the scales formed after
air-annealing at T, = 600 and 700 °C are highly B-deficient, Fig. 7(d)
and 7(e).

The elemental distributions within oxide scales of all air-annealed
TiBy 5 thin films are further investigated by means of ToF-ERDA depth
profiles (not shown). In agreement with the XPS results, the ToF-ERDA
depth profiles reveal uniform elemental depth distributions within all
oxide layers. This confirms that the chemistry of the oxidation products
formed on the TiBy 5 thin films does not change along the scale thick-
nesses for all T, ranging from 300° to 700°C.

The average B, O, and Ti concentrations, determined from the ToF-
ERDA depth profiles, in the oxide scales formed after air-annealing at
T, = 300, 400, 500, 600, and 700 °C are plotted as a function of t, in
Fig. 8. For T, = 300 and 400 °C, after excluding the concentrations of t,
= 3 and 5 h - as their corresponding oxide layers are very thin causing
large uncertainties, the B concentrations remain almost constant, while
the O and Ti concentrations change with increasing t,. The average B
content is 8.1 4+ 0.6 at% and 7.0 + 0.5 at% in the oxidation products
formed after air-annealing at 300 and 400 °C, respectively. At T,
= 300 °C, the average O concentration increases from 62.1 + 1.3 at%
fort,=8 hto 66.1 + 0.7 at% for t, = 48 h, while the average Ti content
decreases from 29.6 + 0.8 at% to 25.1 + 0.6 at%. This results in the O/
Ti ratios ranging from ~2.1 for t, =8 h to ~2.6 for t, = 48 h. At T,
=400 °C, the O concentration changes from 65.6 + 0.4 at% to 67.8
+ 0.5 at%, and the average Ti content decreases from 27.5 + 0.6 at% to
24.7 + 0.5 at% as a function of t,, representing an increase in the O/Ti
ratio from ~2.4 to ~2.7.

For T, > 500 °C, the oxidation products are highly B-deficient. The
average B concentrations are 1.1 + 0.2 at%, 0.4 + 0.1 at%, and 0.2
+ 0.1 at% in the scales formed after air-annealing at 500, 600, and
700 °C, respectively. In contrast to T, = 300 and 400 °C, the average O
and Ti content does not change significantly with increasing t, for T,
> 500 °C. The O concentrations are 64.5 + 0.5 at%, 66.0 + 0.3 at%,
and 67.0 + 0.3 at% in the oxide layers formed after air-annealing at T,
=500, 600, and 700 °C, respectively, while the Ti concentrations are
34.1 + 0.2 at%, 33.0 £ 0.2 at%, and 33.0 £+ 0.5 at%, respectively;
indicating a TiO5 chemistry.

Fig. 9 comprises the HAADF-XSTEM micrographs together with
SAED patterns and EELS elemental maps of the TiBy 5 thin films air-
annealed at T, = 300 °C for t, =12 h and T, = 400, 500, 600, and
700 °C for t; = 3 h. The SAED patterns are obtained from two regions
indicated by % and % symbols in the HAADF-XSTEM micrographs; one
close to the surface of the oxide scales (%) and one near the oxide/film
interfaces (%). Prior to ion milling in FIB, the targeted areas on the
specimens are protected by depositing Pt, which appears bright on top of
the oxidation products in the HAADF-XSTEM micrographs in Fig. 9. In
addition, some bright Pt particles can be also observed (mostly at porous
regions) that are unavoidable artifacts coming from redistribution of the
top Pt layer during the final steps of specimen thinning process.

The oxide layer formed after air-annealing at T, = 300 °C, 100
4+ 7 nm thick, exhibits a cross-sectional nanostructure with some
porosity, Fig. 9(a) and supplementary Fig. S4. The B-K, O-K, and Ti-L2,3
EELS maps show that the scale is mainly composed of uniformly
distributed O and Ti with weak B signals. Air-annealing TiBy 5 at T,
=400 °C for t, = 3 h results in the formation of an oxidation product
with a thickness of 193 + 10 nm that has a nanostructure resembling
vertically aligned fibers with porosity extending along their boundaries
in the [001] direction, Fig. 9(b). The EELS maps exhibit weak B signals
and some discontinuities between the Ti signals. The O-K EELS map,
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Fig. 8. Average B, O, and Ti concentrations, obtained from the ToF-ERDA
depth profiles, in the oxide scales formed on the TiB, s thin films after air-
annealing at T, = 300, 400, 500, 600, and 700 °C as a function of t,.

however, shows a uniform distribution for oxygen. The SAED patterns of
the scales formed after air-annealing at T, = 300 and 400 °C consist of
wide, diffuse rings revealing that the oxide phases are amorphous,
corroborating the XRD results in Fig. 5.

Contrary to T, = 300 and 400 °C, the HAADF-XSTEM micrograph of
the TiBy 5 thin film air-annealed at T, = 500 °C for t, = 3 h, Fig. 9(c),
indicates a thick oxide scale that consists of two layers. The top porous
layer with a thickness of 310 + 20 nm is composed of nodular grains,
and the inner layer that is 780 + 15 nm thick contains porosity and large
voids. The B-K EELS map in Fig. 9(c) proves the XPS and ToF-ERDA
results in Figs. 7 and 8 that the oxidation product formed after air-
annealing at T, = 500 °C is highly B-deficient. The O-K and Ti-L2,3
EELS maps also confirm the presence of large voids in the inner layer.
The voids are that large that they do not contain even much O; instead,
they are C-rich, coming from TEM specimen preparation and air expo-
sure, see supplementary Fig. S5.

The oxide scale formed after air-annealing at T, = 600 °C and t,
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Fig. 9. Cross-sectional HAADF-STEM micrographs together with SAED patterns and B-K, O-K, and Ti-L2,3 EELS maps of the TiB, 5 thin films air-annealed at (a)
300 °C for t, = 12 h, (b) 400, (c) 500, (d) 600, and (e) 700 °C for t, = 3 h. A layer of Pt is deposited on top of each oxide scale, appeared bright in the HAADF-STEM
micrographs. The bright areas in the micrographs are Pt particles, unavoidable artifacts coming from TEM specimen preparation. The regions indicated by % and ¢
symbols exhibit the areas where the SAED patterns as well as plan-view HAADF-STEM micrographs and EELS elemental maps, shown in Fig. 11, are acquired from.
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= 3 h, shown in Fig. 9(d), comprises two regions; an outer layer with a
thickness of 140 + 10 nm that is composed of equiaxed crystallites
decorated by bright Pt particles and an inner layer with a thickness of
170 + 12 nm that consists of two sublayers. The sublayer close to the
oxide/film interface, 105 + 5 nm thick, has grains extended along the
[001] direction, while the sublayer near the equiaxed crystallites, 65
+ 4 nm thick, is mostly composed of small grains with almost round
shapes and some porosity at grain boundaries. The B-K EELS map in
Fig. 9(d) confirms that this oxide scale does not contain B. The O-K and
Ti-L2,3 EELS maps prove that there are large voids between the equiaxed
crystallites in the outer layer, while O and Ti are uniformly distributed in
the inner layer.

The HAADF-XSTEM micrograph in Fig. 9(e) shows the oxide scale on
TiBy 5 air-annealed at T, = 700 °C for t, = 3 h has two main regions.
This scale has a top layer consisting of loosely-attached sub-micrometer
crystallites that seem similar to those formed after air-annealing at
600 °C; however, these crystallites undergo significant coarsening. The
inner layer is composed of grains that change in shape and sizes toward
the oxide/film interface. The grains below the loosely-attached crys-
tallites are elongated and show porosity at their interfaces, while the
grains below this layer have irregular shapes and appear more packed.
There are large voids, with accumulations of Pt particles coming from
the TEM specimen preparation, at the oxide/film interface. Similar to T,
= 600 °C, no B signal is detected in the EELS results from this scale. Both
O-K and Ti-L2,3 EELS maps obviously show the oxide/film interface is
highly porous. The SAED patterns of the scales formed after air-
annealing at 500, 600, and 700 °C have diffraction components indi-
cating that these layers are composed of crystalline phases.

Fig. 10 shows the XTEM micrographs acquired from the inner layer
of the oxide scale formed after air-annealing at T, = 600 °C and t, = 3 h.
The micrograph in Fig. 10(a) indicates that the bottom sublayer, which
is close to the oxide/film interface, consists of columnar TiO; grains with
no detectable porosity along their grain boundaries. The formation of
these dense grain boundaries is also proved by high-resolution XTEM
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(HR-XTEM) micrographs, not shown here. The HR-XTEM micrographs
acquired from an area between the sublayers, the interface between the
bottom sublayer (columnar grains) and the top sublayer (small grains
with almost round shapes), shown in Fig. 10(b) and 10(c), reveal the
presence of an amorphous phase. To confirm the formation of such
amorphous structure, fast Fourier transform (FFT) analyses are per-
formed on the HR-XTEM micrographs to determine the crystal structure
in the reciprocal space. The FFT patterns from A boxes consist of
diffraction spots proving crystalline structure, while the FFT patterns
from the amorphous regions, B boxes, are composed of halo features
demonstrating that these regions have amorphous structure.

Fig. 11 compares the plan-view HAADF-STEM micrographs and EELS
elemental maps of the oxidation products formed on the TiB; 5 thin films
air-annealed at T, = 300 °C for t, = 12 h and T, = 400, 500, 600, and
700 °C for t, = 3 h. These data are acquired from the regions indicated
by % and ¥ symbols in the HAADF-XSTEM micrographs shown in Fig. 9.
B-K EELS maps for T, = 500, 600, and 700 °C are not included in Fig. 11
since the corresponding spectra do not contain any detectable B signals.
The oxide scales formed after air-annealing at T, = 300 and 400 °C show
plan-view nanostructures that do not significantly change along the
scale thickness, see Fig. 11(a) to 11(d). Air-annealing at T, = 300 °C
results in a change in the plan-view grain shapes and formation of
porosity, see Figs. 2, 11(a), 11(b), and supplementary Fig. S4. The EELS
maps in Fig. 11(a) and 11(b) show almost uniform B, O, and Ti distri-
butions. The plan-view HAADF-STEM micrographs in Fig. 11(c) and 11
(d) exhibit that the vertically aligned fibers formed after air-annealing at
T, = 400 °C typically have round edges with a width of 6 + 2 nm that
their sizes do not noticeably change along the scale thickness. The EELS
maps in Fig. 11(c) and 11(d) show that the dark regions, which appear
between the fibers and become slightly larger toward the oxide-scale
surface, are highly B-, O-, and Ti-deficient, while they are C-rich, see
supplementary Fig. S5. This indicates that there are open areas formed
in the nanostructure of the oxide scales.

In contrast to T, = 300 and 400 °C, the plan-view HAADF-STEM

Fig. 10. (a) Cross-sectional TEM micrograph acquired from the inner layer of the oxide scale on the TiB; 5 thin film formed after air-annealing at T, = 600 °C and t,
= 3 h, and (b and c¢) HR-XTEM micrographs from an area at the interface between top and bottom sublayers. Insets in (b) and (c) show FFT micrographs from regions

indicated by A and B boxes.
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Fig. 11. Plan-view HAADF-STEM micrographs together with the EELS maps of the TiB, s thin films air-annealed at (a and b) 300 °C for t, = 12 h, (¢ and d) 400, (e
and f) 500, (g and h) 600, and (i and j) 700 °C for t, = 3 h. The plan-view HAADF-STEM micrographs and EELS elemental maps are acquired from the regions
indicated by % and % symbols in Fig. 9.
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micrographs in Fig. 11(e) to 11(j) show notable changes in the nano-
structures of TiBy 5 air-annealed at T, > 500 °C. The region in the inner
oxide scale formed after air-annealing at T, = 500 °C, see Fig. 9(c),
exhibits a nanostructure that is mainly composed of cubic crystallites
with a size of 9 + 2 nm, Fig. 11(e). In addition, it contains a high density
of porosity and large voids (70 + 25 nm), which is also confirmed by the
O-K and Ti-L2,3 EELS maps shown in Fig. 11(e). The plan-view HAADF-
STEM micrograph acquired from the top layer of the oxidation product
formed after air-annealing at 500 °C, Fig. 9(c), indicates the presence of
nodular grains with a diameter of 17 + 6 nm, Fig. 11(f).

At T, = 600 °C, the plan-view HAADF-STEM micrograph acquired
from the outer layer of the oxide scale, see Fig. 9(d), is composed of
equiaxed crystallites with a diameter of 16 &+ 5 nm, Fig. 11(h). However,
the micrograph acquired from the sublayer below the equiaxed crys-
tallites has small grains with some porosity at grain boundaries, Fig. 11
(g). Compared to the O-K and Ti-L2,3 EELS maps from the outer layer,
Fig. 11(h), the maps from the sublayer near the equiaxed crystallites
shown in Fig. 11(g) reveal more uniform distribution of O and Ti. The
plan-view HAADF-STEM micrograph of TiBys air-annealed at T,
= 700 °C shows that the loosely-attached crystallites in the outer layer,
Fig. 9(e), have irregular shapes with a size of 185 + 55 nm, see Fig. 11
(j), while the oxide layer underneath the loosely-attached crystallites
has grains (44 + 16 nm) with sharp edges and large voids (37 4+ 20 nm),
Fig. 11(i). The O-K and Ti-L2,3 EELS maps in Fig. 11(i) and 11(j) also
affirm the existence of large gaps and voids.

3.3. Oxidation kinetics of air-annealed TiBy 5

Fig. 12 shows the XSEM-obtained thicknesses of oxide scales dyx
formed on the TiB; 5 thin films after air-annealing at T, = 300, 400, 500,
600, and 700 °C up to t; = 120 h. Over the entire t, range, the oxide
scales that grow on the layers air-annealed at 400 °C are thicker than
those on the layers air-annealed at 300 °C. The TiBy 5 thin films exhibit
abnormal oxidation behavior at T, = 500 and 600 °C. Air-annealing at
T, = 500 °C results in the formation of oxide scales that are significantly
thicker than the scales formed at the other T, temperatures (even T, =
700 °C), while the scales on the layers air-annealed at T, = 600 °C are
thinner than those formed after air-annealing at T, = 400 °C. After t,
= ~30 h, air-annealing at T, = 600 °C leads to the formation of oxide
scales that are even thinner than the scales formed after air-annealing at
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Fig. 12. Thickness of oxide scales d,x formed on the TiBys thin films air-
annealed at T, = 300, 400, 500, 600, and 700 °C as a function of t,. No
compensation was made for possible BoO3 (g) loss or any void fraction in the
oxide scale.
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2 = 300 °C.
The TiBy 5 thin films follow unprotective linear oxidation kinetics at
2 = 300, 400, 500, and 700 °C according to:

dx =a+ket, 3

where k is the oxidation-rate constant. The oxide growth rate
significantly increases from k = 10 nm/h for T, = 300 °C to k = 88 nm/
h for T, = 400 °C to k = 442 nm/h for T, = 500 °C, while it decreases to
k =179 nm/h for T, = 700 °C. In contrast, at T, = 600 °C, the oxide
scale does not grow linearly as a function of t, and instead, it shows the
following relationship:

doy =Kk o, 4

where k = 250 nm/h and n = 0.2. The oxidation rate at 600 °C be-
comes more stable after t, = 3 h, see inset in Fig. 12, which reveals a
protective oxidation behavior. The experimental data in Fig. 12 are
fitted with including t, = 0 h data point. To evaluate the accuracy of the
oxidation rates, we also fit these experimental data without considering
ta = 0 h. The maximum deviation in the reported oxidation rates, with
and without including t, = 0 h data point in fitting, is achieved for T,
= 300 °C, which is ~1%. This proves that the initial oxidation stage does
not have a significant influence on the overall oxidation rates of TiBy 5
thin films.

The oxidation kinetics of the TiBs 5 thin films are further studied
using a combination of thermogravimetric (TG) and differential scan-
ning calorimetry (DSC) analyses. Fig. 13(a) and 13(b) compare the TG
and DSC curves of the TiBy 5 powders acquired from the dynamic air-
annealing measurements carried out with heating rates p of 1.0, 2.5,
5.0, 10.0, and 20.0 °C/min under a linear temperature programming up
to 1000 °C. Oxidation parameters obtained from the TG and DSC curves
are summarized in Table 1. The instantaneous weight of the powders is
recorded, and the corresponding weight change a (also known as the
degree of oxidation conversion) is simultaneously calculated according
to the following equation [76]:

o=

)

where Wj, Wy, and Wg are the initial, instantaneous, and final weights
of the powders, respectively.

All TG curves in Fig. 13(a) exhibit a similar weight gain trend with
different rates. The total weight gain from 200° to 1000°C increases
from o = 21.5% for p = 20.0 °C/min to o = 56.8% for p = 1.0 °C/min,
showing that the oxidation reaction rate for the TiB; 5 thin films depends
on the heating rate. The curves comprise two main parts. For all p values,
there is no significant weight change up to 455 + 19 °C. The first sig-
nificant weight gain starts from 455 + 19 °C, which denotes the oxida-
tion onset temperature Topet, to 578 &+ 16 °C is a = 5.1 4+ 0.5%. The
further increase in the oxidation temperature from 578 + 16-662
+ 13 °C does not lead to a considerable weight change, which is in
agreement with the results for the TiBy 5 thin films air-annealed at T,
=600 °C in Fig. 12. The second significant weight gain (a = 44.8
+ 6.2%) takes place from 662 + 13-911 + 29 °C, indicating oxidation
with a more rapid rate. The first derivative of the TG curve acquired with
p=2.5°C/min is plotted in Fig. 13(c) to exemplify the noticeable
weight changes and critical points.

The DSC results of the TiBy 5 powders determined at different p,
shown in Fig. 13(b), exhibit two sets of convoluted exothermic signals
that are accompanied by two significant weight gain events, see Fig. 13
(c). These convoluted signals reveal that TiBss undergoes complex
oxidation processes. The first set consists of signals centered at T; = 481
+ 13 °C, Ty =500 + 9 °C, and T3 = 540 + 4 °C, with a total formation
enthalpy AH¢ of 1.60 + 0.45 kJ/g. The second set has signals appeared
atT; =766 + 10 °Cand Ty = 813 + 10 °C, with AHf= 2.15 + 0.46 kJ/
g.

As a reference, the TG and DSC data of stoichiometric TiB, powders
with particle sizes < 10 um are also acquired from the dynamic air-

[(W; = W) /(W; — Wy) ] x 100,
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Fig. 13. (a) TG and (b) DSC curves of the TiB, 5 powders acquired from the dynamic air-annealing measurements carried out with heating rates p = 1.0, 2.5, 5.0,
10.0, and 20.0 °C/min, (c) first derivative of the TG curve for p = 2.5 °C/min, and (d) TG curves acquired from the isothermal air-annealing measurements with

f=10.0°C/min and t, =12 h.

Table 1
Oxidation parameters obtained from the TG and DSC curves at different heating
rates up to 1000 °C.

Reactions Tonset T Ty T3 T¢ o AH¢
set [°C] [°C] [°C] [°C] [°Cl [%] [kJ/g]
1 455 481 500 540 578 5.1 1.60
+19 +13 +9 +4 +16 +0.5 +0.45
2 662 766 813 - 911 44.8 2.15
+13 + 10 +10 +29 +6.2 + 0.46

annealing measurements up to 1200 °C. Similar to the TiB, 5 powders,
the TG curves of the reference TiBy powders, shown in supplementary
Fig. S6(a), indicate a weight gain trend with Topger = 440 + 14 °C, which
is accompanied by appearing a set of convoluted exothermic signals in
their DSC curves, supplementary Fig. S6(b).

The TG results of both reference TiB, powders with the particle size
< 10 pm and TiBy 5 powders extracted from the thin films do not exhibit
any weight loss, which is an indication for the BoO3 evaporation [34,77,
78] according to:

B20;3 () = B203 (g) (6)

This is in contrast to the oxidation behavior of most bulk TMB,, [34,
37,77,79-81] and coatings [46,78,82] in which the evaporation of BO3
takes place by losing weight. To evaluate the possibility of occurring any
change in the weight gain trend at higher temperatures (> 1200 °C), the
measurements are carried out up to 1500 °C for p = 20.0 °C/min.
However, the result does not show any weight loss at temperatures
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> 1200 °C. Instead, even a higher weight gain rate is observed at tem-
peratures > 1280 °C that indicates a more rapid oxidation, see supple-
mentary Fig. S6(a). In addition, compared to the DSC data of the TiBs 5
powders in Fig. 13(b) that have two sets of convoluted signals, the DSC
curves of the reference TiB; powders contain just one set of convoluted
signals appearing at temperatures between 440 + 14°C and 700
+ 32 °C, see supplementary Fig. S6(b).

Fig. 13(d) comprises the TG curves of the TiBy 5 powders acquired
from the isothermal air-annealing measurements with § = 10.0 °C/min.
The weight change after air-annealing at T, = 300 and 400 °C for t,
= 12 his negligible. However, the powders isothermally air-annealed at
T, = 500, 600, and 700 °C gain weight with rates that are higher during
the first 3-h air-annealing period than for t, > 3 h. After 12-h isothermal
air-annealing, the o values for T, = 500, 600, and 700 °C are 30%, 9%,
and 54%, respectively. The apparent difference between the data in
Fig. 12 and Fig. 13(d) is due to the fact that the details in Fig. 12 show
the oxide-scale thickness changes, while those in Fig. 13(d) exhibit the
variations in the oxide-scale weight as a function of t,. For instance, the
oxide scales formed at T, = 500 °C are thicker than those at T, = 700 °C,
whereas the weight gain at 700 °C is larger than 500 °C that is due to the
higher density of rutile phase than anatase phase (rutile-TiO, density is
4.24 g/cm®, while anatase-TiO, density is 3.90 g/cm® [60]).

4. Discussion
The employed SEM, XRD, XPS, ToF-ERDA, HAADF-STEM, SAED,

EELS, TG, and DSC analyses provide comprehensive data on the chem-
istry and microstructure of the oxidation products formed on the TiBy 5
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thin films after air-annealing at T, = 300, 400, 500, 600, and 700 °C for
ta up to 120 h. Before interpreting the oxidation kinetics of our films, we
re-collect what literature stipulates about bulk diboride oxidation. At T,
<1000 °C, the oxidation products of bulk TMB;, consist of porous,
crystalline TMO; (s) and glassy, amorphous B;O3 (I) phases [33,34].
Since the volume of B,03 (1) is greater, the immiscible BoO3 (I) phase is
typically forced toward the oxide scale’s surface, forms a continuous
layer, and acts as oxidation barrier [34,36,37]. Thus, at T, < 1000 °C,
the oxidation rate should be controlled by the oxygen diffusion through
this protective B2O3 (1) layer [38]. However, our XPS, ToF-ERDA, and
EELS results, see Figs. 6, 7, 8, 9, and 11, rather show that the oxide scales
forming on the TiBy 5 thin films are highly B-deficient for T, > 500 °C,
and mainly consist of a TiO, skeleton. The average B concentrations in
the scales formed after air-annealing at T, = 500, 600, and 700 °C are
1.1 + 0.2 at%, 0.4 + 0.1 at%, and 0.2 & 0.1 at%, respectively. In addi-
tion, the TG curves in Fig. 13(a) and 13(c) do not exhibit unbalanced
weight loss by the sole evaporation of B,O3 (I) [83]. Thus, there is more
complexity involved in the oxidation of the TiBy 5 thin films, as from the
weight gain during TiO; formation.

To understand the underlaying mechanisms for the absence of the
B,03 phase in our sputter-deposited thin films, we evaluate the influence
of critical parameters such as air-annealing temperature T,, the presence
of water vapor in atmosphere, and the films’ chemical composition and
nanostructure [16,39-43,84]. At constant oxygen partial pressure, BoO3
evaporates as rapidly as it forms at T, > 1000 °C [33,34,40], mostly
with a sublimation reaction. However, at low temperatures (T, <
1000 °C), B203 is highly reactive in atmosphere containing water vapor
and rapidly hydrated to H,,BO,, acids (e.g., HBO2 and H3BO3). These two
phases can quickly evaporate and/or spall off. Spallation typically takes
place due to volume expansion associated with the conversion of the
oxide phase to the hydrated form [85-87]. Since the formation of
HpnBO,, follows exothermic reactions [83], the additional thermal energy
released from these reactions can also to some extent increase temper-
ature and contribute to a higher evaporation rate. The occurrence of
such reactions is highly possible for the TiBys thin films as the
air-annealing experiments are carried out in a laboratory atmosphere
with ~40% humidity. The other factors that can accelerate the evapo-
ration/sublimation of the boron oxide phases in diboride coatings are
their chemical composition and nanostructure. As-deposited TiBy thin
films grown by DCMS usually have columnar structure with excess B
(x > 2) in which the crystalline TiB; columns are separated with a thin
B-rich tissue phase formed at the column boundaries [25,88]. This phase
is amorphous with many more defects than in the crystalline TiB; lattice
[19]. It was proved that overstoichiometric diborides are more prone to
the formation of gaseous boron oxide phases than stoichiometric and
understoichiometric ones [16,43] because the vapor pressure of these
phases increases as a function of B concentration [42,85]. This implies
that the amorphous B-rich column boundaries of sputter-deposited
TiBy 5 most likely have higher tendency to form H,BO, than the crys-
talline TiBy columns. While the crystalline TiB, inside the columns
mainly undergoes oxidation according to

TiB; (s) + Oz () + H20 () = TiOs (s) + 2 HnBOx () )

reaction, the preferential evaporation of these acids from the column
boundaries can follow.

2B (s) 4+ 03 (g) + H0 (g) — 2 HypBO, (1) (8)

HinBO;, (1) » HnBO, () 9

reactions. The formation rate of these gaseous phases at the column
boundaries can be more pronounced closer to the surface, where oxygen
is supplied, due to a large chemical potential gradient. Therefore, we
primarily attribute the absence of the B,O3 phase in the air-annealed
TiBy 5 thin films to the humid oxidation atmosphere and their special
nanostructure.
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Fig. 14 compares the schematic cross-sectional illustration of the
oxide scales formed on TiB; 5 after air-annealing at T, = 300, 400, 500,
600, and 700 °C. Air-annealing the TiB; 5 thin films up to 400 °C results
in the formation of amorphous TiOBy oxide scales, see Figs. 3, 5, and 9.
Amorphous oxidation products were also observed on bulk TiB; air-
annealed at T, = 400 °C [89]. Fig. 8 shows that the B concentration
remains almost constant in these oxidation products, while the O and Ti
concentrations change with increasing t,. At T, = 300 °C, ¥ (B/(O + Ti))
= ~0.08 and A (O/Ti) changes from ~2.1 for t, =8 h to ~2.6 for t,
= 48 h, while at T, = 400 °C, ¥ = ~0.07 and A increases from ~2.4 for
ta = 8 h to ~2.7 for t; = 48 h. The formation of such amorphous oxide
scales can be due to the lack of recrystallization in this temperature
range as it is not high enough to crystallize TiO, phases [72].

In this regime (T, < 400 °C), the oxide-scale growth follows linear
oxidation kinetics with an oxidation-rate constant k = 10 nm/h for T,
=300 °C and k = 88 nm/h for T, = 400 °C, see Fig. 12. At T, = 300 °C,
the XSEM images in Fig. 3(a) to 3(e) and the plan-view EELS elemental
maps in Fig. 11(a) and 11(b) show dense scales with an almost uniform
distribution of B, O, and Ti. This indicates that such oxidation products
could act as oxidation protective barriers, similar to the oxide scales on
the bulk diborides [39,40,90]. However, the nanostructural evaluations
reveal that the oxide layers formed on the TiB; 5 thin films are porous,
and after dox > 750 £ 70 nm (t; > 48 h), they also contain some
microcracks that form due to residual tensile stresses, which mainly
originate from volume expansions accompanied by the formation of
boron oxide phases, e.g., the molar volume of BoO3 (27.3 cm®/mol [91])
is approximately twice as high as TiB, (15.4 cm®/mol [91]). When the
thickness-stress product of the oxide scale reaches a certain level, the
crack formation takes place. Such porous structures also facilitate the
inward O3 (g) and H»O (g) transfer to unoxidized regions and, hence, the
continuous oxidation.

At T, = 400 °C, the plan-view HAADF-STEM micrographs and EELS
elemental maps in Fig. 11(c) and 11(d) show open boundaries that form
after the formation and evaporation of the boron oxide phases from the
B-rich column boundaries of TiB; 5 and act as preferred channels for
oxygen transfer. In addition, SEM images in Fig. 3(i), 3(j), 4(i), and 4(j)
indicate some deep cracks in the oxide scales with dyx > 1200 + 90 nm
(ta > 12 h) that can form due to the residual tensile stresses, similar to
300 °C. Thus, both open boundaries and deep cracks transfer oxygen to
the unoxidized TiBy 5 film and lead to a linear oxide-scale growth at T,
=400 °C. These results, however, are in contrast to the oxidation
properties of bulk TiB, synthesized by an arc melting process. Cai et al.
[89] showed that the oxide scales formed on bulk TiBy after
air-annealing at 400 °C have a protective effect and follow a nonlinear
growth (dx =k e tg'3).

Air-annealing the TiBy 5 thin films at T, = 500 °C leads to the for-
mation of anatase-TiO5 oxidation products that are highly porous and
contain deep, wide cracks. The crack width considerably increases with
increasing t,. Opposite to T, = 300 and 400 °C, the average O and Ti
concentrations in these oxide layers do not change as a function t, (O/Ti
ratio = ~2). The XSEM-obtained thicknesses of the oxide scales dox,
Fig. 12, show that the TiBys thin films follow unprotective linear
oxidation kinetics at T, =500 °C, with an oxidation-rate constant
(k = 442 nm/h) that is significantly higher than even that at T,
=700 °C (k =179 nm/h). A similar rapid oxidation behavior was re-
ported for bulk TiB,, but with a different oxide-scale structure and
chemistry [89]. The scales formed on the sputter-deposited TiBy 5 thin
films have two layers; a top porous layer composed of nodular grains,
and an inner layer with porosity and large voids that consists of
cubic-shape crystallites. Both layers are crystalline and highly B-defi-
cient, see Figs. 8, 9(c), 11(e), and 11(f). However, the top layer in the
oxide scales formed on bulk TiB, at 500 °C comprises crystalline TiOo
nanograins in an amorphous ByO3 matrix, while the inner layer is a fully
amorphous TiOxBy phase [89]. Both layers in the scales formed on bulk
TiB, are significantly dense compared to those on sputter-deposited
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Fig. 14. Cross-sectional illustration of (a) as-deposited TiB, s thin film together with oxide scales formed at T, = (b) 300, (c) 400, (d) 500, (e) 600, and (f) 700 °C. As-
deposited TiBy s has a columnar nanostructure with B-rich column boundaries, indicated with vertical black lines. The scales formed at 300 and 400 °C have
amorphous a-TiO,By phase, while those formed at 500, 600, and 700 °C have crystalline c-TiO, phase. At 600 °C, there is a region between both sublayers that is

amorphous, highlighted in black.

TiBss.

We attribute this extremely rapid oxidation rate to the formation of
highly porous oxidation products that contain large voids and deep,
wide cracks. These voids and cracks form due mainly to a large volume
expansion associated with the anatase transformation (the molar vol-
ume of anatase is 20.5 cm>/mol [91]) and the conversion of the oxide
phase to Hy,BO,. The formation of such defects is also observed in
different bulk Ti-based ceramics oxidized at low temperatures (<
900 °C) [92-96]. It may be interpreted that these cracks form during
cooling the samples due to thermal stresses arising from the thermal
expansion o mismatch between oxide scales and Si substrate/unoxidized
TiBy 5 layers (Munause_io, = 7.8 X107 8 K1, ap, = 7.0 x10°® K}, and
ag; = 3.6 x107% K~! [60]). To examine this possibility, TiBy 5 is grown
on a sapphire substrate (Ogpphie = 7.1-8.3 x107% K1 [60]) and
air-annealed at T, = 500 °C for 5 h. The plan-view SEM image acquired
from this air-annealed sample, shown in supplementary Fig. S7, in-
dicates the presence of similar cracks proving that these cracks, which
develop as a function of t,, primarily form during oxidation process. The
oxide-scale growth at T, = 500 °C is likely controlled by the reaction
rate at the oxide/film interface, where every oxygen molecule incident
on the surface reacts with the diboride [85].

Opposite to our oxidation mechanism, the poor oxidation resistance
of bulk TiB, at T, = 500 °C was associated to the rapid oxygen diffusion
along the interfaces between B;O3 and TiOs phases in the top layer,
rather than inside these phases as they are oxidation resistant at low
temperatures, as well as the unprotective effect of the amorphous inner
layer at 500 °C [89]. This discrepancy is mainly due to the differences
between the structure and chemistry of the oxide scales formed on bulk
TiB, and sputter-deposited TiBs 5 thin films.

After annealing at T, = 600 °C, the oxide scales, which have a TiO,
chemistry, contain no crack and are composed of two layers: an outer
layer consisting of equiaxed crystallites and a dense inner layer, Fig. 3(n)
to 3(r). The HAADF-XSTEM micrograph and EELS elemental maps in
Fig. 9(d) indicate that the outer layer is highly porous and the inner layer
consists of two sublayers. The sublayer near the outer layer (equiaxed
crystallites) is mostly composed of small round-shape grains, while the
one close to the oxide/film interface has columnar grains. Different to
the oxide layers formed after air-annealing at T, = 300, 400, 500, and
700 °C that show linear oxidation kinetics, the oxide-scale growth fol-
lows dox = 250 e t2-2 relationship at T, = 600 °C. In addition, the TG and

16

DSC curves in Fig. 13(a) and 13(b) exhibit that air-annealing at tem-
peratures between 578 + 16 °C and 662 + 13 °C does not lead to a
significant weight change and appearing DSC signals. A low oxidation
rate was observed in bulk TiB; air-annealed at 600 °C with a heating rate
B of 10.0 °C/min (dox = k ¢ t23), in which the oxide scales consist of a
thick amorphous B,03 layer on top of a crystalline TiO; inner layer [89].

Next, we suggest a model for the abnormally retarded oxide growth
observed at T, = 600 °C. The evolution of the oxide scale on the TiBy 5
thin films during air-annealing at 600 °C is schematically illustrated in
Fig. 15. In the beginning of the oxidation process (t, < 30 min), the
oxide scale is mainly composed of equiaxed TiO5 crystallites with large
gaps in-between that allow air to readily access the unoxidized regions.
At this stage, Hy,BO,, easily evaporates, and the oxide growth is limited
by the reaction rate at the oxide/film interface. The thickness of this
porous layer does not significantly change as a function of t, (for t; >
30 min); however, a new type of layer forms underneath, see Figs. 3 and
15. It consists of small round-shape TiO5 grains that undergo coarsening
during oxidation, resulting in considerably smaller gaps between them.
The TiO, grains mainly formed at the oxide/film interface are sur-
rounded by amorphous HyBO,. The presence of these acids can be
primarily attributed to the narrow gaps between the TiO, grains that
limits the H,BO, evaporation as well as a continuous feeding of this
region with B from the oxide/film interface (in particular, from the B-
rich column boundaries). The latter leads to a continuous H,BO,, for-
mation at the interface, resulting in a thin amorphous area that can to
some extent limit oxygen transfer. The remnants of amorphous H,,BO,
are proved by the HR-XTEM micrographs in Fig. 10(b) and 10(c). While
we could not access any phase diagram for TiO2-Hy,BO;,, and TiO2-B20s,
it is now known that the observed amorphous phase is formed in the
solid phase at T, = 600 °C or quenched from the liquid state.

By increasing t,, another new oxide layer forms under the amorphous
area that has a completely different structure than the outer oxide layers.
This layer consists of TiO, grains that preferentially grow toward the
film/substrate interface in the [001] direction and form wider columns
than as-deposited TiBy 5. The XSEM-obtained thicknesses of the oxide
scales dox shown in Fig. 12 indicate that the oxide scales formed at
600 °Cup to t, = 1 h have better oxidation protection than those formed
at T, = 500 and 700 °C, while this effect is worse than those formed at T,
= 300 and 400 °C. This can be attributed to the porous/open boundaries
of the columnar TiO, grains, see Fig. 15. However, as schematically
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Fig. 15. Schematic cross-sectional illustration of the evolution of the oxide scale formed on TiB, 5 during air-annealing at T, = 600 °C. The TiO grains in the top
sublayer are surrounded by an amorphous phase. There is also a thin amorphous layer at the interface between top and bottom sublayers. The amorphous phase is

indicated in black.

illustrated in Fig. 15, the TiO, columns grow both vertically and laterally
for t, > 1 h, resulting in the formation of highly dense column bound-
aries, see Fig. 10(a). Although the columnar TMO, grains are also
observed in oxidized bulk diborides [34,97], it is unknown why these
grains tend to grow preferentially in one direction. We speculate this
columnar growth may be attributed to the restricted TiO; grain coars-
ening in the lateral [100] direction. At this air-annealing regime, the
oxidation temperature (T, = 600 °C) is well below the melting-point
temperature of TiOy (1855 °C [60]). Thus, recrystallization effects
(here, in particular, grain coarsening in the lateral direction) that typi-
cally occur at the homologous temperature Ty, > ~0.5 [64] are highly
limited since Ty, = ~0.3 at 600 °C. Therefore, when the lateral growth of
the TiOy grains is completed, the column boundaries are fastened,
become highly dense, and do not move further in the [100] direction,
while the grain growth continues in the [001] direction toward the
unoxidized TiBy 5 film.

In contrast to the outer layer (equiaxed crystallites), the thickness of
this oxide layer increases as a function of t,. Since B has a small atomic
size [60], it can easily undergo an outward diffusion (from the columnar
oxide layer toward the amorphous interface) mainly through the defects
in the TiO4 lattice, resulting in a B-deficient/free columnar TiO5 sub-
layer and continuously feeding the amorphous interface. This dense
structure can significantly decrease oxygen transfer toward the unoxi-
dized TiB, 5. Therefore, the oxidation kinetics at T, = 600 °C are largely
limited by the oxygen diffusion through the dense columnar TiO; grains
and the amorphous thin layer formed between the sublayers.

The effectiveness of this oxidation-barrier sublayer is further exam-
ined by conducting two-step air-annealing experiments, schematically
illustrated in supplementary Fig. S8. In the first step, TiBys is air-
annealed with a heating rate § of 10.0 °C/min and held at T, = 600 °C
for t; = 3 h. Immediately afterward (second step), T, is decreased to
500 °C with f =10.0 °C/min, and the sample is air-annealed at this
temperature for t, = 3 h and finally cooled down to room temperature
with a rate of 10.0 °C/min. In a separate experiment, in the second step,
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T, is increased to 700 °C with § = 10.0 °C/min, and the sample expe-
riences a 3-h air-annealing at this temperature. Surprisingly, the oxide
scale formed at the [(600 °C - 3 h) + (500 °C - 3 h)] condition has a
similar morphology and a comparable average thickness to the scale
formed after one-step air-annealing at T, = 600 °C for t, = 3 h. It has
two layers: an outer layer consisting of equiaxed crystallites and a dense
inner layer with absolutely no crack, supplementary Fig. S9. Even after
5-h air-annealing at T, = 500 °C, both morphology and thickness of the
scale do not significantly change. This two-step air-annealing experi-
ment clearly reveals that the second oxidation step at T, = 500 °C,
which is a temperature leading to an extremely fast oxide growth rate in
the typical one-step air-annealing, does not result in any further oxida-
tion, proving the oxidation protection effect of the dense columnar TiO,
sublayer formed at T, = 600 °C.

However, the [(600 °C -3 h) + (700 °C - 3 h)] experiment shows that
this protection effect depends on T, in the second oxidation step as it
leads to the formation of an oxide scale that has a similar morphology to
the scale formed after one-step air-annealing at T, = 700 °Cfort, = 3 h,
see Fig. 3(s) and supplementary Fig. S9. This scale also consists of some
cracks. Although the oxidation protection effect of the sublayer formed
at T, = 600 °C is not fully preserved during the second oxidation step at
T, = 700 °C due mainly to crystallite coarsening and crack formation
(discussed more in the next paragraph), the oxide scale formed in this
two-step air-annealing experiment is thinner (670 + 43 nm) than the
scale formed after one-step air-annealing at T, = 700 °C for t, =3h
(785 + 39 nm).

The oxide layers formed on TiB; 5 after air-annealing at T, = 700 °C
have two distinct regions. The top layer consists of loosely-attached sub-
micrometer crystallites that are similar to those formed at 600 °C, but
they undergo significant coarsening, and the highly porous inner layer
that has elongated grains with different sizes and shapes. The scales also
have deep cracks due to the molar volume expansion (the molar volume
of rutile is 18.8 ¢cm®/mol [91]), but they are not as wide as those formed
at T, = 500 °C. These scales have a randomly-oriented rutile crystal
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structure with the TiO, chemistry. The crystallites formed at the
oxidation front follow Ostwald ripening through the diffusive transfer of
material that varies as a function of time [98] and results in the coars-
ening of the crystallites toward the scale surface. Moreover, the TMOz (s)
skeletons are typically anion deficient (containing a high concentration
of oxygen vacancies) and exhibit a significant oxygen diffusivity ten-
dency [80]. Thus, this coarsening is accompanied by enlarging the
porosity between the elongated grains due to a decrease in their surface
to volume ratio. Therefore, air-annealing at T, = 700 °C leads to the
formation of oxide scales with a high population of active pathways for
the transport of species taking part in the oxidation reaction, causing a
linear oxide-scale growth with a high oxidation-rate constant
(k =179 nm/h), Fig. 12.

The effect of thermal history (heating-up duration from room tem-
perature to T,) on both morphology and thickness of the oxide scales are
also evaluated with two different sets of experiments; (i) air-annealing
using p = 5.0 and 1.0 °C/min and (ii) direct air-annealing at T, (the
samples do not experience the heating-up duration). Decreasing the
heating rate p from 10.0° to 1.0°C/min significantly influence on the
oxide scales. For p>5.0°C/min, the oxide-scale growth and
morphology are not considerably affected by the thermal history before
reaching T,. However, the oxide scales formed at T, = 600 and 700 °C
with § =1.0 °C/min have outer layers that are similar to the ones
formed at T, = 500 °C (supplementary Fig. S10), while the inner layers
appear similar to those formed at T, = 600/700 °C (depending on
oxidizing temperature). In addition, direct air-annealing does not show a
noticeable effect on both oxide-scale morphology and thickness. The
results convincingly demonstrate that the oxide-scale growth at each T,
is almost independent from the heating-up duration for § > 5.0 °C/min.

5. Conclusion

We study the oxidation properties and kinetics of sputter-deposited
TiBy 5 thin films up to 700 °C in air for annealing times t, ranging
from 1 to 120 h. The as-deposited film has a hexagonal AlBy-crystal
structure with a columnar nanostructure in which the column bound-
aries are B-rich. TiBy 5 shows unprotective linear oxidation kinetics d,
=a+ket, at T, = 300, 400, 500, and 700 °C with oxidation-rate con-
stant k = 10, 88, 442, and 179 nm/h, respectively; however, the oxide
layer formed after air-annealing at T, = 600 °C follows dox = 250 e {92
growth relationship, which indicates an oxidation protective behavior.
The oxide scales formed on TiBs 5 are highly B-deficient for T, > 500 °C
and mainly composed of a TiO; skeleton. The absence of the BoO3 phase
is primarily attributed to the humid oxidation atmosphere where B,03 is
rapidly hydrated to H,BO;,, acids, which can quickly evaporate and spall
off, as well as the special nanostructure of TiBy 5. The structure of oxide
scales changes from amorphous to crystalline at temperatures > 500 °C.
TG and DSC analyses reveal a weight-gain trend with two significant
parts; one occurs from 455 + 19-578 + 16 °C, and one takes place from
662 + 13-911 + 29 °C. Each event is accompanied by appearing con-
voluted exothermic signals in the DCS curves, indicating that the TiBy 5
thin films undergo complex oxidation processes. The extremely rapid
oxidation rate at T, = 500 °C is attributed to the formation of large voids
and deep, wide cracks in the oxide scales. However, the abnormally low
oxidation rate at T, = 600 °C is due to a highly dense columnar TiO,
sublayer that forms near the oxide/film interface with a top amorphous
thin layer (< 5nm), which both significantly suppress the oxygen
diffusion. We propose a model that explains the abnormally-reduced
oxide-scale evolution at 600 °C as a function of t,. The scale formed at
600 °C can maintain its oxidation protection at T, < 500 °C, but not at
T, = 700 °C. Decreasing the heating rate f§ from 10.0° to 1.0°C/min has
a significant influence on the TiBy 5 oxidation. The oxide-scale growth
and morphology are not significantly influenced by thermal history
(heating-up duration from room temperature to T,) for § > 5.0 °C/min.
We believe the protective oxidation behavior observed at 600 °C (with
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B > 5.0 °C/min) can offer possibilities for the use of TiBy 5 as protective
coatings for applications at this oxidation condition.
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