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ABSTRACT

Structural imperfections such as nano-columnar tissue phases constitute a morphological design
feature in protective thin films. Especially in the rising group of PVD transition metal diborides, excess
Boron is known to form nm-sized B-rich precipitations in-between nano-crystalline domains. Here,
we focus on super-stoichiometric TiB; ;- ; thin films, varying the stoichiometry from TiB; 04 to TiB4 .42
(B: 67-82 at.%). The tissue phase fraction and thickness is mainly governed by the B content and
corresponding deposition conditions. A decreasing tissue phase width from ~ 3-1nm leads to an

increasing critical stress intensity factor Kic of ~ 40%.

ARTICLE HISTORY
Received 1 December 2022

KEYWORDS

Transition metal diborides;
TiBy; tissue phase;
micro-mechanical testing;
fracture toughness

top view

Krc

TP-width

IMPACT STATEMENT

Tissue phase governed intrinsic fracture toughness (Kic) of nano-crystalline TiB; 4, films with a

maximum of 3.55 £ 0.16 MPa./m for super-hard TiB; 5.

Main section

Transition metal diborides (TMBs) attract much atten-
tion as their unique mix of properties offers great poten-
tial for diverse applications ranging from functional
and protective thin films up to electrocatalysts [1,2].
Based on their electronegativity, lying between metals
and non-metals, TMBs exist in a wide variety of crystal
structures and stoichiometries. With the strongly lim-
ited kinetics during the most commonly used physical
vapor deposition (PVD) technique, TMBs exhibit struc-
tural imperfections, such as point or line defects and
tissue phases. Especially, superhard TiB; 1 , is well known
to form nm-sized precipitations in-between highly crys-
talline domains related to excess Boron available dur-
ing PVD synthesis [3-6]. So far, tissue phases are also
described for ZrB; and NbB,, whereas surplus B accumu-
lates in different 3-dimensional frameworks [5,7]. This
B-rich tissue phase is an important morphological feature
accounting for different phenomena, such as the volatile

formation of B,O3 scales, poor oxidation resistance, and
superior hardness due to impeded elasto-plastic defor-
mation [8-10]. In detail, Mayrhofer et al. [3] ascribed the
super hardness of TiB, 4 to the grain separating B-rich
tissue phase, inhibiting dislocation and grain-boundary
gliding of the nano-columns. Based on ab-initio calcu-
lations, Kalfagiannis et al. [11] concluded that excess B
in super-stoichiometric TiB, ;4 , exists as bulk B intersti-
tials, small B clusters, but also as B-rich surface termina-
tions, prohibiting grain boundary sliding. Palisaitis et al.
investigated the sub-stoichiometric regime and identified
B-deficient planar defects as a stabilizing contributor for
a-structured (SG 191) TiB, [12].

However, tissue phase engineering for improving
hardness is well-described for some material systems,
e.g. nc-TiN/SizNy [13,14]. In contrast to hardness (H)
and elastic modulus (E), only a small number of stud-
ies have focused on the intrinsic fracture toughness (Kic)
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Figure 1. A FIB-manufactured TiB3 ¢ micro-cantilever before a micro-mechanical bending test and the post-mortem fracture cross
section is depicted in a. The resulting intrinsic Kic values of TiBy coatings with x = 2.04 - 4.42 are depicted in b. In ¢ ceramic thin
film material systems are classified by their intrinsic fracture toughness (Kc) determined by micro-cantilever bending experiments and

nanoindentation hardness values (H). The color-coded clouds indicate

the associated material families marked in red (TM-Borides - red

squares) [15,29], green (TM-Carbides — green circles) [26-28], and blue (TM-Nitrides — blue triangles) [16-25]. The obtained K|c values of

TiB; 4+ ; from this study are marked in orange.

of TMBs in general, but even less on the influence of
tissue phase dominated TMBs [15]. Figure 1c delineates
Kic (cantilever bending) and H values of various TM-
nitride [16-25], TM-carbide [26-28], and TM-boride
[15,29] based coatings. Thornberg et al. [6] obtained K¢
of various TiB, 4+, compositions by cube corner inden-
tations. Here, the distinct influence of residual stresses
due to the chosen methodology results in a more tech-
nologically significant characteristic value than intrin-
sic material property [6]. Nevertheless, recent advances
make an accurate evaluation of K¢ for such small sam-
ples possible [30-33] and pave the way for a more detailed
analysis of thin film fracture characteristics. Figure la
shows a FIB fabricated TiBs3 o cantilever before a micro-
mechanical bending experiment and the post-mortem

fracture cross-section. The indicated parameters |, a, b, w
are essential for determining the Kj¢ value (for details see
Methods section). In this work we correlate the consti-
tution of the B-rich tissue phase in super-stoichiometric
TiB; 4, (by detailed HR-TEM) with the fracture behavior
obtained by micro-mechanics.

We synthesized super-stoichiometric TiB;y, thin
films by DC magnetron sputtering of a TiB, com-
pound target. Due to mass disparities of Ar' ions
(mar = 39.95 u), sputtered B (mp = 10.81 u) and Ti
(mTi = 47.87 u) species, B is preferentially emitted along
the target normal, while Ti follows a shallower distri-
bution [4]. These collision-determined phenomena lead
to a preferred deviation from stoichiometric TiB, and
hence, excess B forming super-stoichiometric TiB; 4 ;.
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EELS Map :

Figure 2. TEM top-view analysis of the TiB3 o5 coating: EF-TEM (a), STEM (b, ¢), and in-situ TEM-EELS was conducted (b-i, b-ii, c-ii). Section
b-i depicts the electron energy loss spectrum used for the EELS line profile (white arrow in b) and indicates the B K edge at 188 eV (blue
dashed line) and Ti L edge at 456 eV (green dashed line). Consequently, the resulting EELS line profile, represented in b-ii, shows detected
B (blue area) and Ti (green area) - tissue phases (TP) are marked with grey areas. Section (c) shows an EELS mapping of a selected region
(zoom-in in c-i). The detected elemental distribution reveals B-rich (blue) and Ti-rich (green) areas, presented in c-ii.

Nevertheless, the distribution of B and Ti orthogonal
to the target surface can be specifically altered by vary-
ing pressure, distance, or the target-to-substrate angle.
For TiB3.04, TiB2.22, TiB2.43, TiB3.03, TiB3.19, and TiB4.42
the target and substrates were arranged parallel, while
for TiB3 6, it was adjusted to ~ 15°, see also Ref. [34].
All the investigated TiB; ., films are highly 0001 ori-
ented (see Figure Al), excluding a possible anisotropy
effect. The predominant anisotropy of AlB, structured
diborides [34,35] is underlined by micro-pillar compres-
sion experiments of TiB3 e thin films, leading to sig-
nificantly higher engineering stress of the 0001 oriented
coating compared to the thin film with mixed orienta-
tion (Figure A3). Moreover, as impurities are essential
for tissue-phased engineered materials, we want to indi-
cate that no oxide-based phases or clusters are detectable
during structural analysis and SIMS measurements (see
Figure Al and A2).

In Figure 1b the intrinsic Kic values of all deposited
TiBy 4, films are depicted as a function of the
B content. A change from 82 to 69 at% Boron
(TiB44p to TiByyy) leads to an increase of around
40% from 2.51 4 0.14-3.55 4= 0.16 MPa,/m, respectively.

Nevertheless, when taking into account the TiB; o4 film
with only 67 at.% B the increase in Kic from TiBg4
to TiB3,04 is 23% from 2.51 £ 0.14-3.08 £ 0.04 MPa,/m.
This deviation in Kjc increase unambiguously indicates
that the amount of B is not the single key factor affecting
the intrinsic K¢ of the TiB;  , films.

TEM analysis of top-view prepared samples are con-
ducted to understand the morphology of the formed
tissue phases. In Figure 2a an EFTEM image of the TiB3 6
coating is presented, exhibiting columns of ~ 10 nm
diameter, separated by thin (/& 1-2 nm) bright features
representing the related tissue phase (lighter elements
appear bright during EFTEM analysis — see also blue
lines as guide for the eye). In contrast to EFTEM, light
elements appear dark during STEM analysis (Z-contrast
imaging), illustrated in Figure 2b and c. The electron
energy loss spectrum (determined by EELS) of the TiB3 6
film exhibits a characteristic B K edge at 188 eV (blue
dashed line) and Ti L edge at 456 eV (green dash-dotted
line), depicted in Figure 2b-i.

Consequently, an EELS line scan (white arrow in
Figure 2b), unambiguously identifies B enriched areas
on the column boundaries, hatched zones (TP) in
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Figure 3. HR-TEM top view investigation of a TiB4 4 thin film, providing insights into inter-atomic length scales. The dashed lines in a
mark certain nano-columns separated by B-rich tissue phases. A zoom-in (dashed square in a, highlights the selected area) is depicted
in a-i, showing an ideally 0001 oriented column, with visible B hexagons of a basal B plane of the hexagonal TiB; crystal lattice (SG191,
P6mmm). Here, the measurements show an inter-atomic nearest B-B distance of 1.8 A. The blue shaded area marks a ~ 2 nm thick
column-separating tissue phase (TP). In addition, b depicts a 2 x 2 x 2 AIB; structured TiB; supercell, with lattice constants a, b, and
c. Ti and B atoms are marked in blue and green, respectively. ¢ shows the TiB; supercell with 0001 projection vector. B hexagons (also
presented in a-i) from the B layer are visible, and B-B distances are delineated.

Figure 2b-ii. In addition, the EELS map in Figure 3c-iand
c-ii highlights the elemental distribution of B and Ti in
blue and green colors, featuring two broad B-rich tissue
phases with a thickness of &~ 2 nm.

Going even one step further, HR-TEM investigations
of the TiBgy4, thin film (also marked in Figure 4d)
reveal insights into the nano-columnar morphology (sur-
rounded by the tissue phase) down to atomistic length
scales, see Figure 3. The TiB44y coating exhibits crys-
talline columns with diameters < 5 nm, surrounded by
an amorphous tissue phase (appearing as bright features).
In addition, certain column boundaries and tissue phases
are traced by white dashed lines in the top left corner of
Figure 3a. In the inset a-i, the blue shaded area indicates a
~ 2 nm thick tissue phase. The white dashed line frames
an ideally 0001 oriented column, where B hexagons of
the hexagonal TiB; crystal lattice (SG191, P6mmm) are
recognizable. The inter-atomic distance between the two
nearest B atoms is ~ 1.8 A, being consistent with the-
oretical models (see Figure 3b and c). Based on these
observations, the tissue phase in TiB; 4 , is characterized
as an amorphous but not solely B-containing region.

STEM visualizations of top view prepared TiB;),
TiBy 43, TiB3s, and TiB44 coatings are summarized
in Figure 4a-d comparing the tissue phase morphology
of the different stoichiometries. A column diameter of
~ 10 nm is detected for TiB; 43 and TiB3 g, underlined
by EELS and HAADF (see Figure 4e-h and i-1). How-
ever, we observe drastic decreasing columns (< 5 nm)
for the TiB4 4, stoichiometry (Figure 4d, h, 1, as well as

Figure 3). This behavior highlights that an increase of
B does not necessarily lead to tissue phase broadening
but to decreasing crystallite sizes of the nano-columns,
providing an increased column boundary fraction for
accumulating excess B atoms [34]. The inverse Hall Petch
effect is the dominating hardening (softening) mecha-
nism for such small grain size regimes ( < 10 nm), where
grain boundary gliding is predominant with respect to
dislocation movement [36,37]. Due to the V-shape nature
of the columnar films and the smaller film thickness of
the TiB, 2, coating (see Table 1), the column size estima-
tion by the STEM image (Figure 4a) is smaller (~ 5 nm)
compared to TiB; 43 and TiB3 ge.

In general, a decreasing B content is correlating with a
decreasing tissue phase width and fraction, as depicted by
the EELS line profiles in Figure 4e-h revealing decreasing
B peak intensities for the tissue phases with decreas-
ing B content. The HAADF profiles (Figure 4i-1) again
highlight that darker regions on the STEM visualizations
belong to the B-rich tissue phases, correlating with the
B peaks of the EELS line spectra. However, in near sto-
ichiometric regimes (B < 70 at. %) also the deposition
conditions (e.g. pressure) play a major role for the pecu-
liarity of the tissue phase (see Figure A3). Increasing
deposition pressure generally leads to a decreasing B con-
tent [34] but higher collision probability ergo less particle
energy is suggested to be beneficial for the formation of
amorphous B-rich tissue phases.

The results in this study suggest that the B content as
well as deposition conditions (e.g. pressure) determine
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Figure 4. STEM analysis of top view prepared TiB; -z, revealing nano-columnar morphologies of TiB 5, (a), TiB,.43 (b), TiB3 s (c), and
TiBa 42 (d) thin films. The insets a-i, b-i, c-i and d-i represent in-situ TEM-SAED patterns in the reciprocal space of the corresponding
coating. Sections e-h reveal the EELS line profiles from the marked areas (blue dashed arrows) in a-d. B is represented in blue and Ti in
green, in correlation with the HAADF intensity profiles of section i-l. The sections in the EELS and HAADF spectra corresponding to the

tissue phases (TP) are indicated in grey.

the formation of tissue phases, where smaller column
sizes and an increased column boundary fraction are
induced to distribute excess B. Crack propagation along
tissue phases is suggested to be the predominant fracture
mechanism, underlined by an intrinsic Kjc of 3.55 £ 0.16
for TiB,,; with smallest tissue phase width evaluated
(~ 1nm) and 2.514+0.14MPa,/m for TiBs4, with
~ 3nm and, hence, highest tissue phase fraction due to
smaller column size.

Methods
Film synthesis

An in-house developed DC balanced magnetron sput-
tering deposition system was used to synthesize the
TiB; coating. The ultra-high vacuum coating facility was
equipped with a 6-inch powder metallurgical produced
TiB,/C 99/1 wt.% target (purity > 99.6%). Before the
depositions, the austenitic steel (20 x 7 x 1 mm?) and
sapphire (10 x 10 x 0.53 mm?) substrates were ultrason-
ically pre-cleaned in acetone and ethanol for 5 min each.
Subsequently, they were mounted on a rotating substrate
holder (45°/s) on the inner (r = 35 mm) and outer radii
(r = 70 mm), and heated (base pressure below 4-10~*
Pa) to the deposition temperature, Tgyp, of 500 £ 15 °C
for 30 min. Furthermore, the substrates were etched in
an argon atmosphere (perch = 6 Pa) for 10 min applying
a substrate potential of —500 V. The deposition process

Table 1. Film stoichiometry and film thickness t, resulting from
deposition pressure pgep, target-substrate distance dgep, sub-
strate location on circular substrate holder r, deposition time tgep,
and cathode tilt.

Film ddep tdep

stoichiometry ~ t(um) pgep(Pa) (mm) r(mm) (min) cathodetilt (°)
TiBy.04 2 1.2 64 70 45 0
TiB,.22 2.5 0.4 64 70 45 0
TiB2.43 5 12 104 70 150 0
TiBs3.03 6 1.2 104 35 150 0
TiB3.06 5 0.4 104 70 150 15
TiB3.19 5 0.4 124 35 160 0
TiBs.42 6 0.4 124 70 160 0

was carried out in pure argon at a deposition pressure of
0.4 and 1.2 Pa, respectively. Moreover, the target substrate
distance was set to 64, 104 and 124 mm - see Table 1.
A schematic of the deposition setup is visualized in [34].
The TiB2/C target was powered by a Solvix HIP3 gener-
ator used in DC mode with a maximum current ITtarger of
4 A, leading to a 9 W/cm? power supply on the target.

The film growth was also supported by applying a
negative BIAS potential of —50 V.

Chemical and structural analysis

The elemental composition of the TiB; 4, films on
sapphire substrates was analyzed by liquid induc-
tively coupled plasma optical emission spectroscopy
(ICP-OES) - for details see [34].
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A Philips XPERT diffractometer in Bragg-Brentano
configuration was used for detailed structural character-
ization. The diffractometer was equipped with a Cu-Ko
(A = 1.54187 A) radiation source.

Nanoindentation

The hardness, H, and Young’s modulus, E, of the coatings
on austenitic steel substrate material were analyzed with
an Ultra Micro Indentation System (UMIS). A three-
sided Berkovich diamond tip (E = 1050 GPa and Pois-
son’s ratio v = 0.07) was calibrated with a fused silica
reference sample (E = 72.5 GPa, H = 10 GPa) - area
function was obtained for a plastic depth of 69.6 nm.
35 indentations covering a force range from 10 to 45
mN were performed to establish the indentation prop-
erties of the TiB, film on an austenitic steel substrate.
The resutling load-displacement curves were corrected
with instrument compliance, initial penetration, and area
function. Subsequently, the well-established approach
from Oliver and Pharr [38] was used for evaluating H
and E* of the TiB, film. A Poisson’s ratio of v = 0.15 was
adopted to calculate E out of the combined modulus and
tip modulus.

Micromechanical testing

Seven micro-pillar geometries for compression tests, with
adiameter of & 2500 nm each, were produced by focused
ion beam (FIB)-sputtering using a ThermoFisher Scios2
instrument. TiB;y, on sapphire substrate was applied
to ensure substrate influence was as low as possible
due to the high stiffness of the subtrate. The geome-
tries were prepared using a Ga-ion probe current of 15
nA for the rough cut down to 500 pA for the finish-
ing step. Thereby, special attention was given to stopping
the milling process directly at the coating-substrate inter-
face. The pillar compression tests were performed in a
Zeiss Sigma 500 VP FEGSEM combined with a Femto-
Tools FT-NMT04 in-situ SEM nanoindenter equipped
with a flat punch (5 pm diameter) diamond tip capable of
applying 200 mN at a noise level of < 5 uN (measured at
10 Hz). The tests were carried out at room temperature in
displacement-controlled mode with a displacement rate

of 5 nm/s.

In situ micromechanical bending tests of substrate-
free coating cantilevers were conducted to obtain
the fracture toughness of the TiB,4, coatings. The
cantilevers of the TiB, 4, coatings on austenitic steel
substrates were shaped by FIB milling, ensuring mini-
mal FIB damage by reducing the final milling current
to 1 nA. The initial notch was milled using an ion cur-
rent of 50 pA. The experiments were performed with the
same in-situ set up, using a wedge diamond tip to bend

the pre-notched cantilever (in the growth direction of the
coatings) until fracture. The calculation of the fracture
toughness was performed after the linear elastic approach
developed by Matoy et al. [30]. For the fracture toughness
evaluation, the following equation was used:

Praxl a a\2 a\3
= (146 +2436 (2) —47.21(2) 4+ 75.18(2)
w w w

bw2
(1)

Kic =

with Py,,x being the maximum force during loading, I the
cantilever length, b, the width, w the height, and a the ini-
tial notch depth. The cantilever dimensions were deter-
mined using the above-mentioned SEM. We performed
at least 5 successful experiments per sample state.

Transmission electron microscopy

Detailed microstructure investigations have been per-
formed using a TEM, FEI TECNAI F20, equipped with
a field emission gun and operated at an accelerating volt-
age of 200 kV. Energy-filtered TEM (EFTEM), scanning-
TEM (STEM), and selected area electron diffraction
(SAED) were applied to reveal nano-crystalline mor-
phologies, crystal structure, and texture of the inves-
tigated TiB, .y, coatings on austenitic steel substrates.
Electron energy loss spectrum (EELS) analysis was con-
ducted to determine the distribution of light B and heavy
Ti elements down to a spatial resolution of 1 nm. The
TEM top view samples were prepared using the stan-
dard FIB lift-out method on a selected surface-near
region.
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Appendix

Figure Al. includes the diffraction pattern of the used TiB,/C
target, placed at the very bottom. Due to the high oxygen affin-
ity of Ti/TiB, based powders, small fractions of O are naturally
present within these raw materials, and therefore distinguish-
able in small amounts as cubic TiO (red dotted lines and red
circles) within the target.

A TOF-SIMS 5 instrument (IONTOF GmbH, Miinster, Ger-
many) was used. Depth profiles were acquired in a high vac-
uum (~ 4-10-9 mbar) using a 25 keV Bi+ primary ion beam.
Two different measurement modes were used. High current
bunched mode (HCBU) was used for depth profile measure-
ments requiring a high mass resolution and low detection limit.
As non-metal elements were the focus of the research, a 2 keV
Cesium was used as the sputter gun, and the polarity was set to
negative.

- -0
(1000)

Sqrt. intensity (arb. unit)

20 (°)

60 70 80

o h-TiB, &4 c-Aus © c-TiO

Figure A1. Characteristic pattern arising from X-Ray diffraction on the TiB; 1, highly crystalline domains. The TiB; 1, thin films on
austenitic steel substrates are arranged by their B content, increasing from top to bottom (x = 2.04-4.42). For comparison, the diffrac-
tion pattern of the used TiB,/C 99/1 wt.% 6" target is plotted at the very bottom. The reference patterns for hexagonal TiB; (SG191,
P6mmm), cubic austenite (SG225, Fm-3 m), and cubic TiO (SG225, Fm-3 m) are indicated by blue squares, green triangles, and red circles,

respectively.
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Table A1. Elemental composition from ICP-OES analysis and mechanical properties of
the synthesized TiB; 4 ; thin films.

Film

stoichiometry B(at%)  Ti(at.%) H(GPa) E(GPa) H3/E2(GPa)  Kic(MPa./m)

TiB2.04 67.1 329 390430  413+£15 0.35 3.08+0.04

TiBy22 68.9 31.1 424409  424+6 0.42 3.55+0.16

TiBya3 70.8 29.2 393426  476+28 0.27 3.0240.13

TiB303 75.2 24.8 401410 445412 0.33 2.9440.12

TiB3os 754 246 413409  448+10 0.35 3.0440.09

TiB3.19 76.1 23.9 408+14  409+13 0.41 2.76 4 0.09

TiBga2 81.6 184 337411 364+14 0.29 25140.14
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Figure A2. SIMS analysis of a TiB3 o3 (a), TiB3 06 (b), and TiB3 19 () thin film. Sputtered B, Ti, and O atoms are depicted as a function of
sputter time t, by blue squares, green circles, and red triangles, respectively. We acquired a depth profile in HCBU mode with a fov (field-
of-view) of 100 x 100 um at 128 x 128 px in interlaced mode, set the used sputter gun to 300 x 300 um, and limited the measurement
duration to 2000 s [1-4]. Low energy electron flooding of 21 V is used to reduce surface charging.
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Figure A3. (a) Stress-strain data obtained by micro-pillar compression experiments of TiB3 o thin films. The blue curves correspond to
0001 oriented TiB3 g6 on sapphire substrate (b) material. o — € data from randomly oriented TiB3 o on polycrystalline Al,03 substrate (c)
is represented by red curves. Section d depicts the XRD pattern of the TiB3 g coating on sapphire (blue pattern) and polycrystalline Al 03
(red pattern).



622 (&) C.FUGERETAL.

2.04
o

.

%
‘EEES Line Scan

STEM

< 100
2
= 80
3
g_;\a 60 Ll.)
") w
§& % W
] 20
-
(o] 0 4 8 12 16 20
S w
Aol | v
3 S j‘\’”‘/wﬂ,; [ Q
Y "% I
- o BE Ry : §
£S | ) |
0 4 8 12 16 20
c Distance (nm)

Figure A4. STEM analysis of top view prepared TiB; 04. The inset
a-i represents an in-situ TEM-SAED pattern in the reciprocal space
of the corresponding coating. EELS line profiles from the marked
area (blue dashed arrow) in a are depicted in b. B is represented
in blue and Ti in green, in correlation with the HAADF intensity
profile of section c. The sections in the EELS and HAADF spectra
corresponding to the tissue phases (TP) are indicated in grey.
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