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a b s t r a c t

The impact of Si-segregates and varying deposition conditions on the structural and mechanical properties 
of sputter deposited, high-temperature oxidation-resistant Cr-Si-B2 ± z coatings is studied from ambient, to 
elevated temperatures. Overstoichiometric, AlB2-structured Cr-Si-B2 ± z thin films with Si-content up to 
15 at.% were synthesized on Ti-6Al-4V by magnetron-sputtering using a substrate bias of −120 V. The en
hanced surface diffusion promotes mechanically superior, (001)-oriented coatings with hardness of 
H∼30 GPa up to a Si-content of 3 at.%. Higher Si-concentrations result in significant hardness loss to 
H∼20 GPa, related to a bias-independent solubility-limit in the CrB2-structure and the formation of me
chanically-weak Si grain-boundary segregates. The as-deposited hardness of all Cr-Si-B2 ± z compositions is 
maintained after annealing to 800 °C, despite the initiation of material recovery. A B/Cr-ratio-independent 
oxidation resistance up to 1400 °C is demonstrated, underlining a minimum Si-content of 8 at.% to form a 
stable SiO2-based scale. In line with the room-temperature hardness, increasing Si-contents are accom
panied by decreasing fracture toughness, reducing from KIC∼2.9 (Cr0.28B0.72) to ∼1.7 MPa√m 
(Cr0.24Si0.10B0.66). High-temperature cantilever bending up to 800 °C revealed a brittle-to-ductile-like 
transition for Cr0.28B0.72, resulting in an increased fracture toughness of KIC∼3.3 MPa√m. Si-alloyed coatings 
show decreasing fracture resistance up to 400 °C, whereas beyond, Si-segregates enable high-temperature 
plasticity and thus a significantly increased damage tolerance.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The mechanical properties of bulk materials at elevated tem
peratures cover a well investigated field of materials science [1–4]. 
This includes the temperature dependent description and analysis of 
physical properties including the modulus of elasticity, tensile 
strength, hardness, fatigue limits, and in particular the fracture re
sistance. Especially the latter property has been thoroughly de
scribed for a wide range of metals and alloys [5–10], technical 
ceramics [3,11–13], as well as intermetallics [14,15]. However, the 
high temperature fracture behavior of thin film materials – parti
cularly ceramic coatings that are regularly applied in harsh 

environments to compensate for limiting bulk material properties – 
remain rather unexplored.

An emerging family of ceramic thin film materials that is targeted 
towards operating in ultra-high temperature applications due to 
their distinct refractory character, are transition metal diborides 
(TMB2). This group of materials offers outstanding melting tem
peratures in excess of 3000 °C, paired with excellent thermal and 
chemical stability as well as high hardness and strength [16–20]. 
However, phase-pure TMB2 suffer from comparably low oxidation 
resistance at temperatures beyond 600 °C, related to the formation 
of volatile B-O-(H)-based compounds when exposed to oxygen and 
water vapor containing environments [21,22]. This resulted in var
ious alloying strategies to improve the oxidation behavior by means 
of solid solutions or multi-phased compounds. For bulk TMB2, the 
most promising improvements were achieved via the addition of Si- 
containing compounds (e.g., SiC or MoSi2), attributed to the forma
tion of a stable, amorphous (boro)-silicate oxide scale [23–25].
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Following this alloying strategy, recent studies highlighted the 
viability of using Si as a similarly potent oxide former in TM-Si-B2- 
based coatings, revealing oxidation rates three orders of magnitude 
lower compared to TMB2/SiC compounds at 1100 °C [26,27]. Espe
cially Cr-Si-B2-based coatings portrayed outstanding oxidation 
properties, exhibiting minimum mass gain and oxide scale growth 
rates even up to 1400 °C [28].

Inevitably, the addition of Si and corresponding compounds will 
alter the mechanical properties of TMB2 binaries, both in terms of 
the alloying constituents as well as the temperature regime. Several 
works that would take advantage of SiC alloying for improved oxi
dation resistance in bulk ZrB2, simultaneously reported on enhanced 
specific strength and fracture resistance over a wide temperature 
range by tailoring the compositional arrangement [16,29–31]. In the 
case of ceramic thin films, a similar effectiveness of Si-alloying was 
observed for TiN. Despite only achieving limited improvements in 
oxidation resistance [32], a concomitant increase in hardness and 
fracture toughness of ∼30 and ∼60% was observed, respectively, 
related on the formation of an amorphous Si3N4 matrix surrounding 
TiN nanocrystals [33]. Considering the complex bonding nature of 
AlB2-structured diborides, the limited research covering composi
tional and synthesis variations so far suggests a negative impact of Si 
on the room temperature hardness for several TM-Si-B2 [27]. Besides 
the known orientation dependency of the mechanical properties 
[34], this effect could be linked to Si grain boundary decorations 
formed during film growth upon exceeding a TMB2 specific solubility 
limit [28]. In consequence, it seems imperative to investigate altered 
synthesis conditions, expanding the current viewpoint of the re
lationship between deposition parameters and the thermo-physical 
properties of TM-Si-B2 thin films. Furthermore, with the improved 
oxidation behavior, increasing the knowledge on film hardness and 
fracture resistance at elevated temperatures appears a logical step 
forward.

While small-scale micromechanical testing at room temperature 
is crucial for the development of materials operated at ambient 
conditions, most applications of ceramic coatings necessitate testing 
at elevated temperatures. However, given the high complexity of low 
temperature measurements, possible difficulties are certainly am
plified when introducing the influence of temperature. Thus, only 
few examples of high-temperature micromechanical testing on 
ceramic thin film materials exist to date. In an early work, Wheeler 
et al. [35] studied the temperature dependent compressive strength 
of CrN-based hard coatings by micro-pillar compression technique. 
In a series of experiments up to 500 °C, they highlighted that dif
ferences in the temperature dependent property evolution can cause 
a shift between rankings at room temperature and those at elevated 
temperatures. The results unequivocally demonstrated the necessity 
for high temperature property analysis. Furthermore, Best et al. [36]
showed that thermal diffusion of Ga atoms in focused ion beam 
prepared micro-cantilevers affects the high temperature fracture 
toughness of CrN through intergranular embrittlement. An analo
gous micron sized geometry was used by Buchinger et al. [37], who 
studied the high temperature fracture behavior of TiN, both ex
perimentally and theoretically. They revealed the negative impact of 
point defect annihilation at temperatures exceeding the deposition 
condition, leading to an irreversible decrease in fracture toughness 
throughout the entire temperature range. Finally, Drnovšek et al. [38]
recently investigated the high temperature fracture properties of 
morphologically varying CrAlN (columnar) and CrAlSiN (nanocrys
talline) by microcantilever bending technique. A similar behavior 
was revealed below the deposition temperature, while above a di
verging fracture resistance was observed and attributed to the 
morphological differences.

In this work, we continue to explore the structural and me
chanical properties of Si alloyed Cr-B2 ± z-based thin films through 
targeted synthesis variations. The resulting compositional and 

structural ensemble is discussed in the context of room temperature 
nanoindentation and dynamic thermogravimetry up to 1400 °C. 
Thereby, novel insights on previously established Si solubility limits 
and optimum chemical compositions are described. Furthermore, 
vacuum annealing treatments are performed on coated Ti-6Al-4V, 
probing the temperature dependent hardness evolution as influ
enced by thermally activated solid state processes. Finally, the high 
temperature fracture resistance of selected Cr-Si-B2 ± z compositions 
is studied by detailed in-situ microcantilever bending experiments 
up to 800 °C.

2. Experimental

Direct current magnetron sputtering was used to grow AlB2-type 
Cr-Si-B2 ± z thin films from a 3-inch CrB2 compound target (Plansee 
Composite Materials GmbH, 99.3% purity) operated in a lab-scale 
deposition system (in-house developed, base pressure below 
1.0×10−4 Pa). Up to 16 Si platelets (3.5×3.5×0.38 mm) were placed on 
the target racetrack to gradually adjusted the Si content in the 
synthesized coatings. The thin films were grown on (100)-oriented 
Si (20×7×0.38 mm), single-crystalline, (1−102)-oriented Al2O3 

(10×10×0.53 mm), poly-crystalline Al2O3 (20×7×0.38 mm) and 
mirror-polished Ti-6Al-4V (10×10×1 mm) substrates. Following an 
ultrasonic pre-cleaning step in acetone and isopropyl, respectively, a 
heating sequence to a constant substrate temperature of T = 550 °C 
was performed. Prior to all depositions, Ar-ion etching was used to 
clean the substrate surface from native oxides and remaining re
siduals at a total pressure of p = 5 Pa and substrate bias potential of U 
= −800 V for 10 min. The substrates were fixtured in a rotating 
sample holder with a constant target-to-substrate distance of 
90 mm. To additionally pre-clean the target surface and Si platelets 
for minimum oxygen contamination within the coatings, they were 
simultaneously sputter cleaned behind a shutter during the last 
3 min of the Ar-ion etching sequence. The coatings were then syn
thesized at an Ar pressure of p = 0.7 Pa, a cathode current of I = 0.4 A 
(≙ ∼5 W/cm2), and a substrate bias potential of U = −120 V. A con
sistent coating thickness of t ∼ 3 µm was targeted, therefore the 
deposition time was adjusted accordingly.

The chemical composition of all Cr-Si-B2 ± z thin films was eval
uated using liquid inductively coupled plasma-optical emission 
spectroscopy (ICP-OES). For more details on the methodical proce
dure, see Ref. [27]. The crystal structure in the as-deposited as well 
as several annealed states was analyzed by X-ray diffraction, per
formed in Bragg-Brentano geometry on a PANalytical XPert Pro MPD 
equipped with a Cu-Kα radiation source (wave length λ = 1.54 Å, 
operated at 45 kV and 40 mA) and a strip detector (PANalytical 
X′Celerator). Post-processing of the recorded data including detailed 
peak analysis was conducted using the Highscore Plus software 
package (Malvern Panalytical). Peak fitting was performed using a 
Pearson 7 profile function. Furthermore, nanoindentation performed 
with an ultra-micro indentation system (UMIS) was used to de
termine the hardness and Young’s modulus of all Cr-Si-B2 ± z coat
ings. Stepwise increased indentation loads from 6 up to 22 mN 
(steps of 0.5 mN) were used to collect a minimum of 30 load-dis
placement curves for analysis according to the procedure proposed 
in Ref. [39]. Additional indents at forces up to 45 mN were added to 
probe for any substrate interference with the calculated results. For 
hardness evaluation an indentation depth smaller than 10% of the 
entire coating thickness was maintained. Furthermore, the recorded 
Young’s modulus data was fitted as function of the indentation depth 
ht using a power law relation and subsequently extrapolated to ht = 0 
for the coating-only modulus [40]. Finally, optical profilometry 
performed on a PS50 system (Nanovea) was employed to record the 
sample curvature of coated Si substrates. The entire coated surface 
(18×7 mm) was scanned with a step size of 20 µm and an average 
value was determined from the curvature of at least five line profiles. 
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Combined with the modified Stoney-equation and a biaxial modulus 
of Si(100) = 180.3 GPa the residual stress state was de
termined [41,42].

The influence of Si alloying on the oxidation resistance of the Cr- 
Si-B2 ± z coatings was studied by dynamic thermogravimetric ana
lysis (TGA, Netzsch STA 449 F1, conducted in a Rhodium-type fur
nace). Therefore, polycrystalline Al2O3 substrates were weighed 
prior and after deposition to determine the coating-only mass, 
which serves as reference during the oxidation treatments per
formed up to 1400 °C (heating rate of 10 °C/min) in synthetic air 
(flow of 50 ml/min). The oxidation of the coating material was as
sociated with the recorded mass change (detected at a resolution of 
0.1 µg). Reference measurements on uncoated Al2O3 substrates 
showed that the material is inert in the investigated temperature 
regime, hence a contribution from the substrate to the recorded 
mass change can be excluded [27].

All Cr-Si-B2 ± z coatings deposited onto Ti-6Al-4V were vacuum 
annealed in a Centorr LF22–2000 vacuum furnace at temperatures of 
T = 400, 600, and 800 °C for 30 min (heating rate of 20 K/min, passive 
cooling at > 50 K/min to 200 °C). A base pressure below 1.0×10−3 Pa 
was established before each annealing treatment. Afterwards, all 
samples were again analyzed by X-ray diffraction and na
noindentation.

Selected Cr-Si-B2 ± z thin films (on Ti-6Al-4V) were investigated 
concerning their high-temperature fracture toughness using micro
cantilever bending experiments [43]. These tests were performed on 
a FemtoTools FT-NMT04 in situ nanoindentation system equipped 
with a sample heater stage and a diamond wedge tip (contact length 
of 10 µm). The experiments were conducted at room temperature 
(RT) as well as at T = 400, 600, and 800 °C, with additional tests 
performed in the annealed state after cooling down to room tem
perature (RT p.a.). Therefore, free standing micro-cantilever spe
cimen were prepared by focused ion beam milling (FIB) using Ga+- 
ions in a FEI Scios 2 DBFIB microscope and in accordance with the 
guidelines suggested in Ref. [44]. Based on a mirror polished cross- 
section of a coated Ti-6Al-4V substrate, the micro-cantilevers were 
prepared by the following milling sequence: (i) Rough milling of the 
cantilever outlines through the coating material and ∼10 µm deep 
into the substrate (ion beam aligned perpendicular to the coated 
surface, ion beam current of 30 nA). This initial cantilever geometry 
is aligned parallel to and placed 2 µm from the front edge. (ii) Re
moving of the substrate material beneath the rough-cut cantilever 
and fine milling to the final thickness, producing a coating-only 
beam (ion beam aligned parallel to coating-substrate interface, ion 
beam current reduced stepwise from 30 to 1 nA). (iii) Fine milling of 
the cantilever contour to the final dimensions and fabrication of a 
pre-notch (ion beam aligned perpendicular to coated surface, ion 
beam current reduced stepwise from 5 to 1 nA, pre-notch produced 
at a milling current of 50 pA). The cantilevers were produced to a 
final geometry of length (l) × width (b) × height (w) = t × t × 6t µm, 
whereby t denotes the coating thickness, with a pre-notch depth of 
a0 ∼ 400–450 nm. Thin material sections were left intact on both 
sides of the pre-notch, serving as initiation sites for a sharp crack. 
Temperature calibration between the tip and sample was conducted 
using the balancing function provided in the operating software. The 
procedure performs shallow indentations every few seconds in the 
bulk coating area close to the cantilever specimen, wherein the force 
response on the tip upon unloading is recorded. The tip current is 
adjusted accordingly until a sufficiently low thermal discrepancy 
(i.e., force response) is achieved. Details on the procedure are listed 
in Ref. [45]. The bending experiments were performed in displace
ment-controlled mode at a deflection rate of 10 nm s−1.

Based on measurements of the individual fractured cantilever 
cross-section in combination with the recorded maximum force at 
failure, a value for the critical stress intensity KIC of each cantilever 
was calculated utilizing the formalism outlined in [46]:
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At least 4 samples were tested and evaluated at every tempera
ture step.

3. Results and discussion

3.1. Chemical composition

Fig. 1 presents the chemical compositions of all Cr-Si-B2 ± z thin 
films in the context of a ternary phase diagram. The depicted com
positional range is extended with guidelines (corresponding to 
narrow two-phase fields) connecting stoichiometric CrB2 with Si and 
CrSi2, to indicate possible phase mixtures in the as deposited state. 
Chemical analysis using ICP-OES revealed a linear increase in the Si 
alloying content within the Cr-Si-B2 ± z thin films, showing an almost 
1:1 correlation between the number of Si platelets placed on the 
target racetrack during sputtering and the resulting atomic con
centration. Hence, utilizing 2, 4, 6, 8, 12, and 16 Si platelets for the 
synthesis process resulted in corresponding Si compositions of 2, 3, 
4, 6, 10, and 15 at.%, respectively. Furthermore, the data reveals a 
clear shift of all chemistries towards B-rich compositions – i.e., a 
deviation from the stoichiometric CrB2 + Si line – suggesting a B- 
overstoichiometry especially for lower alloyed thin films. Starting 
with a B concentration of 72 at.% in the unalloyed coating, an overall 
decrease is observed from 72 at.% for Cr0.26Si0.02B0.72, down to 62 at.% 
in Cr0.23Si0.15B0.62 with increasing Si fraction. Regarding the B:Cr 
ratios, the impression of excess B content is underlined by values 
increasing from 2.6 up to 2.8 for the highest Si containing coating. 
Nevertheless, the chemical compositions reveal an actual replace
ment of both B and Cr in the stoichiometric 2:1 ratio, respectively.

It is imperative to mention that the overstoichiometry is in
herently dependent on the actual lattice occupation of the Si atoms 

Fig. 1. Ternary phase diagram depicting the chemical composition of all synthesized 
Cr-Si-B2 ± z coatings (blue diamonds). The chemistry of corresponding thin films de
posited at a substrate bias voltage of U = −40 V (red hexagons, Ref. [28]) as well as 
guidelines for two-phase fields are included. The axis scaling is reduced for improved 
visibility of the individual data points.
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as well as the individual contribution of the constitutional elements 
to the phase formation. As previously revealed by detailed DFT cal
culations, the Cr-Si-B2 system prefers the incorporation of sub
stitutional Si atoms on the Cr- and B-lattice for lower alloying 
fractions, whereas for higher concentrations only Cr replacement 
yields chemically stable configurations [28]. Moreover, a theoreti
cally proposed Si solubility limit close to 8 at.% in the AlB2-structure, 
which was experimentally determined with a lower value of 
∼3–4 at.%, suggests that all coatings with an alloying fraction higher 
than Cr0.26Si0.03B0.71 obtain Si grain boundary segregations in the as- 
deposited state. Thus, the presence of a B overstoichiometry in all 
thin films, with possible contributions of B to the Si grain boundary 
decorations – in agreement with the respective chemical composi
tion within the phase fields in Fig. 1 – can be expected.

The observed increase in B over the prototypical Cr0.33B0.67 target 
composition is seen in the prevalent synthesis conditions, especially 
in the film growth conditions on the substrate surface created by the 
high bias potential of U = −120 V. When compared to data of previous 
Cr-Si-B2 ± z thin films deposited at a bias potential of U = −40 V, (see 
Fig. 1, red hexagons, other deposition conditions were analogous), a 
noticeable impact of the substrate bias to promote higher B contents 
in the growing thin films is evident. Furthermore, the comparison 
reveals a very alike behavior in terms of the B- and Cr-replacement 
with increasing Si alloying fraction, although overall higher Si con
tents could be reached at a lower substrate bias. Interestingly, the 
increase in B content with an enhanced bias potential appears 
counterintuitive, since lighter elements typically suffer from in
creased scattering and resputtering effects during the synthesis 
process. However, the close matching atomic weight between Ar+ 

ions and Cr film atoms yields a more effective energy transfer and 
lifts the preferred resputtering tendency from the B atoms, which 
causes the recorded overstoichiometry. A similar effect was pre
viously observed during the sputter deposition of TiB2 using similar 
bias voltage variations [47].

3.2. Phase formation

Apart from the impact on thin film chemistry, the chosen 
synthesis conditions will also be reflected in the phase formation of 
the Cr-Si-B2 ± z coatings. Fig. 2 presents the recorded X-ray dif
fractographs, arranged with increasing Si content from bottom to 
top. In addition, the right panel includes the (001)-texture coeffi
cient for every diffractograph according to the following equation:

=TC
I I

I I

/

/
hkl

hkl hkl

N
N

hkl hkl
( )

( ) 0( )
1

( ) 0( )

where I hkl( ) is the diffracted intensity on the (hkl)-lattice plane, I hkl0( )

is the corresponding reference intensity for powdered CrB2 [48], and 
N equals 3, representing the (001), (100), and (101) planes. The 
diffraction studies demonstrate that all Cr-Si-B2 ± z coatings adopt the 
AlB2-type hexagonal structure, irrespective of the alloying content 
and the B overstoichiometry. The distinct impact on phase formation 
created through the high bias voltage within all depositions is nicely 
demonstrated when comparing the unalloyed Cr0.28B0.72 coating to a 
Cr0.34B0.66 composition, grown at a lower substrate bias of −40 V (see 
Fig. 2, bottom). Apparently, increasing the surface mobility for ar
riving film constituents through increased Ar+ bombardment results 
in a shift from (101)-, towards film growth conditions preferring the 
(001)-direction. Concomitantly, with a denser microstructure – as 
evidenced by scanning electron microscopy of Si fracture cross- 
sections (see Supplementary) – TMB2 thin films show a desirable 
optimum in film hardness in the (001)-direction [34] (detailed dis
cussion follows in Section 3.3). Up to a Si content of 3 at.% in 
Cr0.26Si0.03B0.71, film growth conditions remain unaltered in the 
preferred (001)-orientation, although an increasing contribution 

from differently oriented grains is noticeable. Further increasing the 
alloying content results in a shift towards the (100)-direction for 
both Cr0.25Si0.04B0.71 and Cr0.25Si0.06B0.69, before diverting back to 
(001)-oriented for the Cr0.24Si0.10B0.66 composition (see Fig. 2, right 
panel). Finally, the diffractograph for the highest Si containing 
coating Cr0.23Si0.15B0.62 suggests equally oriented grains and a clear 
reduction of the diffracted intensities, pointing towards a decreasing 
average grain size. This contrasts with previous findings for Cr-Si- 
B2 ± z deposited at a bias voltage of −40 V, where a similar grain re
finement was already present for lower alloying fractions, starting at 
Si concentrations of ∼4 at% [28]. This effect could be correlated with 
surpassing the Si solubility limit in the hexagonal CrB2 structure, 
leading to the energetically favored segregation of the alloying 
species to grain boundary sites. Although an extension of this solu
bility limit with increased bias voltage is unlikely, the growth of 
larger crystalline domains is enabled up to 10 at.%, following the 
enhanced adatom mobility. Finally, in view of the phase fields in
cluded in Fig. 1, no additional crystalline structure was detected by 
X-ray diffraction technique throughout all experimentally studied 
Cr-Si-B2 ± z compositions.

3.3. Mechanical properties at room temperature

The mechanical properties of the Cr-Si-B2 ± z thin films are sum
marized in Fig. 3, presenting the residual biaxial stress state as well 
as the hardness and Young’s modulus versus the Si alloying content. 
While nanoindentation experiments were obtained from thin films 
on Ti-6Al-4V, residual stress measurements could solely be obtained 
from coated Si substrate through curvature measurements. The high 
degree of (001)-orientation within several Cr-Si-B2 ± z samples pro
hibits a consistent stress analysis on the Ti-substrate using the 
sin2(ψ)-approach. Considering the impact of varying thermal 

Fig. 2. X-ray diffractographs of Cr-Si-B2 ± z thin films deposited on Si substrate with 
increasing alloying content from bottom to top. A diffractograph recorded from a 
Cr0.34B0.66 coating deposited with a substrate bias of U = −40 V is included for com
parison on the bottom (taken from Ref. [28]). In addition, standardized reference 
pattern for hexagonal CrB2 (space group 191, blue hexagons, [48]) and cubic Si 
(substrate, grey stars, [49]) are added for structural comparison. The texture coeffi
cient of the (001)-peak is further presented in the right panel, with data points 
matching the diffractographs in y-direction.
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expansion coefficients between the coatings ( a
CrB2 = 10.8 × 10−6 K−1, 

c
CrB2 = 6.3 × 10−6 K−1, [50]) and both substrate materials ( Si = 2.5–4 

× 10−6 K−1 [51], Ti Al V6 4 = 8–10 × 10−6 K−1 [52]), a shift towards a 
more compressed stress state can be assumed for all coatings on the 
Ti-alloy (note, the absolute value may still be located in the tensile 
regime). Furthermore, depending on a possible template effect, the 
different substrate materials may entail altered film growth condi
tions and thus growth-related stresses. However, comparison of X- 
ray diffractographs obtained from depositions on both substrates 
(compare Figs. 2 and 6) revealed identical crystallographic dis
tributions as well as diffracted intensities throughout the Cr-Si-B2 ± z 

compositions. In addition, the influence of altered synthesis condi
tions is addressed by a complementary data set taken from Ref. [28]
for a Cr0.34B0.66 coating, deposited with bias voltage of U = −40 V (see 
also Fig. 2, bottom).

Measurements on the unalloyed Cr0.28B0.72 coating reveal a slight 
compressive stress state at σ ∼ − 0.25 GPa combined with an ex
cellent hardness of H = 29.1  ±  1.1 GPa and a Young’s modulus of 
E = 339  ±  7 GPa. When compared to the Si-free reference coating 
[28], a striking difference of over 5.5 GPa in film hardness is noticed, 
while the Young’s modulus increased by approximately 45 GPa. This 
improvement is rationalized by the difference in preferred growth 
orientation and an overall densification of the film microstructure 
due to the increased bias potential. The results unequivocally high
light the distinct anisotropy of this AlB2-structured diboride, 
pointing out highest film hardness in the (001)-orientation [34]. 
Moreover, the densified film structure is further correlated with the 

observed increase of the Young’s modulus, which is likely the result 
of enhanced cohesive strength on grain boundary sites.

Introducing Si to the Cr-B2 ± z thin films results in a shift of the 
residual stress state towards the tensile regime, with the highest 
value recorded for the Cr0.25Si0.04B0.71 composition at σ ∼ 0.8 GPa. 
This trend appears to be decoupled from the film orientation, since 
all coatings between 4 and 6 at.% Si maintain a similar stress profile 
despite exhibiting an increasing (100)-orientation. A possible ex
planation is seen in reduced compressive growth stresses resulting 
from the increasing Si alloying content. A comparable evolution is 
observed for the Young’s modulus, revealing a concomitant increase 
up to E = 383 GPa for Cr0.25Si0.04B0.71. In agreement with previous 
reports on the elastic constants of CrB2 (ECrB

(100)
2 = 531 GPa, ECrB

(001)
2

= 302 GPa), the enhanced contribution of the stiffer (100)-orienta
tion is attributed to cause an increase in the elastic modulus. The 
hardness data shows a significant decrease for Si concentrations 
above 4 at.%, with values drastically falling from H = 29.7  ±  1.0 GPa 
for Cr0.26Si0.03B0.71 down to 22.5  ±  0.9 GPa for Cr0.25Si0.04B0.71. These 
results reflect the divergence from the (001)-orientation with in
creasing Si content and the initial segregation of the alloying species 
towards grain boundary sites during the film growth process. 
Consequently, this also underpins the previous correlation to a so
lubility limit located in the same alloying regime (see Section 3.2).

The coatings with the highest Si content, Cr0.24Si0.10B0.66 and 
Cr0.23Si0.15B0.62, exhibit rather low residual stress values at σ ∼ 0.1 
and − 0.2 GPa, respectively. In addition, the increasing segregation of 
Si to the grain boundaries (see Section 3.1 and Ref. [28]) leads to a 
refined microstructure and an overall increase in weaker-connected 
grain boundary volume, resulting in a decrease of the Young’s 
modulus to E = 296  ±  4 GPa. Moreover, the film hardness assumes 
rather constant values at H ∼ 20 GPa for all Cr-Si-B2 ± z compositions 
above 6 at.% Si, also reflecting the dominating aspect of the weaker 
connection on grain boundary sites. Nevertheless, the results high
light that utilizing energetic ion bombardment for the deposition of 
Cr-Si-B2 ± z thin films leads to an increase in film hardness between 4 
and 6 GPa over compositionally similar coatings deposited at 
U = −40 V.

3.4. Thermogravimetric analysis

Previous dynamic oxidation experiments of various Si alloyed 
TM-B2 ± z-based thin films highlighted the capabilities of this alloying 
route to significantly improve the oxidation resistance over the 
binary materials [27]. Next to the effective Si alloying content, the 
ratio between the boron and transition metal was demonstrated to 
crucially impact the oxidation behavior of these materials. Especially 
boron deficient TM-B2−z compositions revealed improved oxidation 
protection related to the absence of B-rich grain boundary decora
tions, which are usually responsible for providing fast-track oxida
tion pathways [53,54]. Therefore, dynamic thermogravimetric 
experiments were performed on the synthesized Cr-Si-B2 ± z thin 
films to investigate the oxidation behavior of drastically increased B/ 
TM-ratios and prove the robustness of the Si alloying route 
(see Fig. 4).

In relation to analogous experiments performed on Cr-Si-B2 ± z 

coatings obtaining a B/TM ratio of ∼2.0 [28] and ∼2.2 [27], the oxi
dation tests resulted in an identical protective performance, shifting 
the onset of oxidative mass gain consistently from T = 600 up to 
1100 °C, depending on a “sufficient” Si alloying content. Even for 
“insufficiently” alloyed compositions, a very similar oxidation re
sponse was reported, resulting in a stepwise formation of mixed 
B2O3 and Cr2O3 scales. The mass change data during oxidation up to 
1400 °C presented in Fig. 4 highlights, that even compositions with a 
B/TM-ratio approaching 2.8 (see also Fig. 1) obtain an entirely un
changed, excellent oxidation resistance throughout the 

Fig. 3. (a) Residual stress of the synthesized Cr-Si-B2 ± z thin films on Si substrate as 
function of the Si alloying content. (b) Hardness and Young’s modulus data for the 
corresponding compositions in (a) collected on Ti-6Al-4V substrate. For comparison, 
(a) and (b) contain data for a Cr0.34B0.66 coating deposited with a substrate bias of U 
= −40 V taken from Ref. [28] (see Fig. 2, bottom).
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corresponding Si compositions. While, the coatings synthesized with 
a Si content ≤ 4 at.% undergo progressive oxidation starting at 
T = 600 °C, both coatings with an alloying content ≥ 10 at.% depict a 
fully stable mass signal up to T = 1200 °C. Consequently, the results 
strongly suggest that the mechanism responsible for the oxidation 
protection – identified as the thermally activated precipitation of Si 
on the coating surface [28] – is decoupled from the chemical com
position of the CrB2 ± z host structure. In other words, the oxidation 
resistance scales solely with the effective Si concentration. Never
theless, a possible contribution of excess boron to the high tem
perature performance is assumed in the shift of the oxidation onset 
temperature from previous experiments, which is increased by 
∼100 °C to T = 1200 °C within the highly overstoichiometric Cr-Si- 
B2 ± z coatings. A possible explanation could be seen in enhanced Si 
diffusion along the increased grain boundary volume, decorated 
with both amorphous B- and Si-rich phases.

Regarding the transition from “insufficiently” to “sufficiently” 
alloyed compositions, the mass signal recorded for the 
Cr0.25Si0.06B0.69 coating points towards a threshold concentration. 
Despite the premature onset of oxidation close to T = 600 °C, the 
coating is able to form a stable SiO2-based scale that remains intact 
up to T = 1400 °C. This result is in excellent agreement with a pre
viously determined minimum Si content of 8 at.% to achieve negli
gible mass gain up to T = 1100 °C [28].

3.5. Hardness & structural evolution up to 800 °C

Vacuum annealing treatments were performed on all Cr-Si-B2 ± z 

thin films for 30 min at temperatures of T = 400, 600, and 800 °C. The 
annealed samples were subsequently investigated by nanoindenta
tion and X-ray diffraction technique to reveal the film hardness in 
the annealed state as well as the phase stability and diffusion driven 
interaction with the Ti-6Al-4V substrate. Fig. 5 presents the recorded 
hardness as function of the annealing temperature. Based on the 
distribution measured in the as-deposited state (see Fig. 3), the data 
reveals an almost unaffected film hardness throughout the tem
perature range for all compositions with Si content ≤ 6 at.%. This is 
especially interesting, considering the Cr-Si-B2 ± z compounds are 
known to experience thermally induced segregation of the alloying 
species at T  >  600 °C, followed by initial recovery/recrystallisation of 
the remaining solid solution as well as separation into the binary 
diboride and pure Si [28]. These solid-state reactions are nicely 
visible in the X-ray diffractographs presented in Fig. 6, recorded in 
the post-annealed state on the binary Cr0.28B0.72 (lower section) and 

Cr0.25Si0.06B0.69 coating (middle section). Thermal treatment of the 
Si-free coating results in minor structural changes throughout all 
annealing temperatures. Starting at T = 600 °C, slight sharpening of 
the (001)-peak is noticeable, related to initial recovery of point de
fects (note the deposition temperature of T = 550 °C). Moreover, at 
T = 800 °C additional peaks identified as the orthorhombic mono
borides of Cr and Ti, occur. The latter two structures suggest an in
terdiffusion between (excess) boron from the coating and the Ti- 
alloy substrate. Given the low intensities recorded for the mono- 
borides, it is assumed that both structures are confined to the in
terface near region without affecting the surface hardness of the 
coating. The higher Si containing Cr0.25Si0.06B0.69 sample shows a 
similar behavior, with a more pronounced recovery/recrystallisation 
of the CrB2-structure starting above T = 600 °C. Next to the diffrac
tion spots indicating the previously observed mono-borides, the 
coating also exhibits the precipitation of Si next to the formation of a 
hexagonal CrSi2 phase at T = 600 °C. Comparison to previous oxida
tion experiments performed on a Cr0.29Si0.11B0.60 coated Al2O3 sub
strate [28] reveals that the disilicide formation is independent of the 
substrate material and annealing environment, hence a distribution 
around Si precipitates is expected. Still, the structural changes 
within both coatings appear to be in an initial stage at T = 800 °C, 
where the presence of additional phases is balanced by the un
affected coating material – also in terms of the stress state – re
sulting in a maintained film hardness.

Increasing the Si content beyond 10 at% permits a maintained 
coating hardness up to T = 600 °C for the Cr0.24Si0.10B0.66, whereas the 
Cr0.23Si0.15B0.62 coating already reveals a decreasing trend. At 
T = 800 °C, both compositions show an effective reduction in hard
ness from H = 20.7  ±  0.5 and 19.9  ±  0.4 GPa down to H = 16.4  ±  1.1 
and 10.3  ±  0.5 GPa, respectively. Comparing the structural evolution 
recorded for the Cr0.23Si0.15B0.62 coating in Fig. 6 (top section) to 
lower Si containing compositions (see Fig. 6, middle section) reveals 
a similar trend. However, both the recovery/recrystallisation of the 
Cr-Si-B2 solid solution as well as the segregation of Si are more 
pronounced at T = 600 °C, resulting in increased peak intensities for 
both structures at T = 800 °C. This suggests, that the driving force of 
these solid-state reactions actually scales with the initial Si content 
in the thin films. An increased diffraction intensity is further ob
served for the CrSi2 phase, associated with the overall higher Si re
servoir available in the coating.

Fig. 4. Thermogravimetric analysis of Cr-Si-B2 ± z thin films on polycrystalline Al2O3 

substrate up to T = 1400 °C (10 K/min heating rate) in synthetic air environment. The 
mass change of the coating material is presented as function of the annealing tem
perature and indicates the onset of sample oxidation. Note, pretests confirmed the 
inert behavior of the substrate material in the analyzed temperature range. Fig. 5. Hardness values of Cr-Si-B2 ± z thin films on Ti-6Al-4V substrate at room 

temperature and after vacuum annealing at T = 400, 600, and 800 °C (holding duration 
of 30 min).
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Related to the protective mechanism responsible for the in
creased oxidation resistance, as confirmed by TG analysis in Fig. 4, 
both coatings form a continuous Si surface layer starting at T = 600 or 
800 °C, depending on the respective Si concentration. Consequently, 
the recorded loss in hardness for both compositions is attributed to 
the increasing contribution of this softer surface layer to the na
noindentation experiments. In fact, comparison to literature reports 
yields a perfect agreement between the hardness of the 
Cr0.23Si0.15B0.62 coating annealed at T = 600 and 800 °C with values 
recorded for pure Si [55].

3.6. In-situ high-temperature fracture toughness

The fracture properties at elevated temperatures were studied for 
selected Cr-Si-B2 ± z coatings by in-situ high-temperature cantilever 
bending experiments up to T = 800 °C. Fig. 7 presents the recorded 
load-displacement data normalized in terms of the stress intensity 
and bending strain for all compositions within the studied tem
perature range. In addition, Fig. 8 summarizes the calculated critical 

stress intensity (i.e., the fracture toughness) as function of the an
nealing temperature.

The bending tests performed on the unalloyed Cr0.28B0.72 resulted 
in a perfectly linear-elastic material response over the entire loading 
sequence throughout all temperature steps up to T = 800 °C (see 
Fig. 7a). The initial fracture toughness in the as-deposited state was 
calculated with KIC = 2.87  ±  0.05 MPa√m (see Fig. 8). This value is 
considerably lower when compared to a previous work reporting on 
a fracture toughness of KIC = 4.3  ±  0.3 MPa√m for an almost stoi
chiometric Cr0.35B0.65 coating [61]. Apart from the unambiguous 
influence of varying synthesis conditions, Fuger et al. [62] recently 
highlighted the negative impact of boron enriched grain boundaries 
– as also assumed within the overstoichiometric Cr0.28B0.72 – on the 
fracture toughness of TiB2+z thin films.

Similar to the observations in Ref. [38], increasing the sample 
temperature from RT to T = 400 and 600 °C is followed by a linear 
decrease of the fracture toughness to KIC = 2.5  ±  0.07 and 
2.34  ±  0.09 MPa√m, respectively (see Fig. 8). Due to the absence of 
clear microstructural changes from recovery or recrystallisation in 
the corresponding temperature regime (compare with Fig. 6), a 
connection is draw to temperature enhanced lattice vibrations and a 
concomitant decrease of the interatomic bond strength. This ex
planation is in line with measurements on the thermo-physical 
properties of several TMB2, revealing a monotonic decrease of the 
elastic constants in the temperature range up to T = 1100 °C [63]. 
Regarding the maximum strain at failure for these samples, all 
bending experiments up to T = 600 °C resulted in consistent value of 
Ɛ ∼ 0.9% (see Fig. 7a).

Upon increasing the temperature to T = 800 °C during the 
bending experiments, a significant increase in the fracture resistance 
to KIC = 3.33  ±  0.09 MPa√m as well as in the strain-to-failure with Ɛ 
∼ 1.6% is recorded. Similar trends in the high-temperature fracture 
toughness can be observed for various fine-grained technical cera
mics (e.g., alumina or yttria stabilized zirconia) beyond a brittle-to- 
ductile transition temperature. Within these materials, thermal ac
tivation of grain boundary sliding enables large scale plastic de
formation [64,65]. Although the stress - strain response of the 
Cr0.28B0.72 sample does not reveal any plastic deformation in the 
sense of a brittle-to-ductile transitions at T = 800 °C (see Fig. 7a), an 
increased contribution from fracture energy dissipating mechanisms 
is unequivocally demonstrated. To the authors best knowledge, no 
thermally activated strengthening of atomic bonds on the boron 
decorated grain boundaries is applicable. Therefore, a temperature 
dependent mechanism allowing for enhanced movement between 
adjacent grains through sliding along these amorphous defect sites, 
is proposed. In line with the structural analysis in Fig. 6, this assumes 
that no significant microstructural change – i.e., a complete re
crystallisation or reordering of the original grain boundaries – occurs 
at T = 800 °C within the material. This is underlined by com
plementary measurements conducted at room temperature after 
sample cooling, resulting in a fracture toughness of KIC 

= 2.91  ±  0.12 MPa√m, which is well within the accuracy of the frac
ture resistance recorded in the as-deposited state (see Fig. 8). Fur
thermore, SEM images taken of the cantilever cross-sections for data 
analysis show no significant change in the apparent fracture mor
phology throughout all temperature steps (see Fig. 9, upper row 
Cr0.28B0.72). The images consistently suggest a preferred fracture 
along the column boundaries.

As recently pointed out by Buchinger et al. [37], the recovery of 
the as-deposited fracture toughness strongly depends on the anni
hilation of point defects at elevated temperatures. However, the 
study focuses on a highly crystalline TiN coating for their high 
temperature experiments, which clearly lacks the influence of frac
ture dominating grain boundary phases when compared to the 
Cr0.28B0.72 coating. This demonstrates, why a fracture toughness 
matching the as-deposited value could be regained for the diboride 

Fig. 6. X-ray diffractographs of three selected Cr-Si-B2 ± z compositions on Ti-6Al-4V 
are presented in the as-deposited state as well as after vacuum annealing at 400, 600, 
and 800 °C for 30 min. The diffractographs are arrange in three sections with in
creasing Si content from bottom to top (Cr0.28B0.72, Cr0.25Si0.06B0.69, Cr0.23Si0.15B0.62). 
Within each section, the data is sorted with increasing annealing temperature from 
bottom to top. Standardized reference pattern for hexagonal CrB2 (space group 191, 
blue hexagons, [48]), cubic Si (light blue circle, [49]), hexagonal CrSi2 (green triangle, 
[56]), orthorhombic CrB (red pyramid, [57]) and TiB (orange diamond, [58]), as well as 
for the dual-phased Ti-6Al-4V substrate material (grey hexagons, α-Ti [59], β-Ti [60]) 
are included.
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thin film, whereas the nitride coating suffered a noticeable decrease 
in the annealed state. Nevertheless, the proposed high temperature 
behavior of the binary diborides needs further clarification, thus will 
be thoroughly reviewed in a follow-up study using a series of over- 
and understoichiometric TMB2 thin films.

Room temperature bending experiments on both the 
Cr0.25Si0.06B0.69 and Cr0.24Si0.10B0.66 compositions reveal a sig
nificantly lower fracture resistance than the unalloyed coating, with 
values decreasing to KIC = 1.94  ±  0.06 and 1.69  ±  0.05 MPa√m, re
spectively (see Fig. 8). In contrast, the maximum bending strain at 
failure remained comparable at Ɛ ∼ 1% (see Fig. 7b and c). The loss in 
as-deposited fracture toughness is attributed to the increasing pre
sence of Si precipitates on the grain boundaries beyond an alloying 
content of 4 at.% – as previously revealed by detailed atom probe 
tomography [28] and in line with the hardness evolution (see Fig. 3). 
Since these Si-enriched regions are not phase-pure, therefore con
tain additional contributions from the surrounding Cr-Si-B2 ± z solid 
solution, good agreement is obtained in the RT fracture toughness 
located between the unalloyed Cr0.28B0.72 and fracture resistance of 
single crystal Si. Depending on the specimen size, the RT fracture 
toughness of pure Si is reported at KIC ∼ 0.8–1.2 MPa√m [66,67].

Analogous to the Cr0.28B0.72 sample, increasing the temperature 
to T = 400 °C causes a decrease in fracture toughness of ∼0.4 MPa√m 

Fig. 7. Normalized stress intensity - bending strain curves recorded during in-situ micro-cantilever bending experiments performed at room temperature as well as T = 400, 600, 
and 800 °C for (a) Cr0.28B0.72, (b) Cr0.25Si0.06B0.69, and (c) Cr0.24Si0.10B0.66. All thin films were deposited on Ti-6Al-4V substrate. The inserts in (b) and (c) depict a comparison of the 
data recorded at RT and 800 °C over an extended strain range.

Fig. 8. Calculated fracture toughness at room temperature (RT) as well as T = 400, 600, 
and 800 °C for Cr0.28B0.72 (hexagons), Cr0.25Si0.06B0.69 (diamonds), and Cr0.24Si0.10B0.66 

(circles). The corresponding fracture toughness measured at room temperature after 
sample cooling (RT p.a.) is included in the right panel (the lower two data points are 
horizontally offset for better visibility).

Fig. 9. Representative SEM images of the fractured cantilever cross-sections for all temperature steps on both, Cr0.28B0.72 (upper row) and Cr0.24Si0.10B0.66 (lower row). The images 
were recorded after the final experiment at RT, hence all cross-sections exposed during prior tests experienced annealing up to 800 °C. The fracture cross-section for 
Cr0.24Si0.10B0.66 at 800 °C could not be recorded, since the cantilever was still attached to the base after the bending experiment.
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for both samples, while the maximum bending strain remained al
most unaffected. However, continuing to T = 600 °C resulted in a 
significantly changed and highly interesting material response. Both 
Si containing samples showed drastically increased elastic deform
ability of the micro-cantilever, with Ɛ approaching ∼1.5 and ∼1.9% 
for Cr0.25Si0.06B0.69 and Cr0.24Si0.10B0.66, respectively (see Fig. 7b and 
c). Concomitantly, also the fracture resistance reveals an increase to 
KIC = 2.03  ±  0.09 and 1.61  ±  0.07 MPa√m, thus recovering close to 
the as-deposited values (see Fig. 8). Moreover, the corresponding 
stress intensity - bending strain data highlights a slight curvature 
before failure – i.e., deviating from a purely linear-elastic behavior – 
which suggests a temperature related onset of plastic deformation 
within the material. Consequently, it is important to note, that the 
actual fracture toughness may deviate slightly from the reported 
values, since the calculations were solely based on linear-elastic 
fracture theory.

At T = 800 °C, severe plastic deformation is immediately notice
able in both Si-containing coatings upon cantilever loading (see 
Fig. 7b and c). The actual fracture mode entirely changes from brittle 
cleavage fracture (see Fig. 9, lower row), to a mechanism that results 
in extensive crack deflection and branching. SEM images of the open 
crack wake reveal splitting of the microstructure along column 
boundaries as well as distinct crack bridging ligaments throughout 
the cantilever cross-section (see Fig. 10), pointing out the enhanced 
resistance to crack growth at elevated temperatures.

In fact, the fracture resistance increased to such an extent, that all 
cantilevers endured an extreme deflection of Ɛ >  7% (see inserts in 
Fig. 7b and c), at which point the experiments were manually 
stopped. In this case, the authors refrain from reporting a single 
value for KIC (see arrows in Fig. 8), since the calculated stress in
tensities are fully outside the boundaries given in Ref. [46]. However, 
presenting the load-displacement data in this normalized context 
provides a direct comparison to the curves recorded at lower tem
peratures. Moreover, since the cantilever cross-sections could not be 
evaluated – they were still attached to the base after the bending 
experiment – a mean value calculated from the geometries of 
samples fractured at lower temperatures was taken for reference.

With respect to temperature dependent structural evolution 
presented in Fig. 6, a sequence of two successive mechanisms at 

T = 600 and 800 °C is considered responsible for the fracture 
toughness development of the higher Si-containing coatings. Note, 
the samples were held at each temperature for several hours to 
reach thermal equilibrium prior to testing, thus all structural 
changes were able to attain the conditions presented in Fig. 6. (i) At 
T = 600 °C, both samples undergo enhanced segregation of pure Si 
from the Cr-Si-B2 ± z solid solution towards the already Si-rich grain 
boundary sites. This increased occupation of the preferred crack 
pathways in combination with a brittle-to-ductile transition tem
perature (BDTT) of Si at T ∼ 600 °C, leads to the improved fracture 
toughness over T = 400 °C [66,68–70]. Although the fracture cross- 
sections appear straight without noticeable crack deflection (see 
Fig. 9, lower row), the incorporation of this increasingly ductile 
phase between the Cr(-Si-)B2 ± z matrix contributes to enhanced 
energy dissipation and possible crack arrest (see also the slight 
curvature of the KC - Ɛ data at 600 °C in Fig. 7b and c). (ii) At 
T = 800 °C, Si segregation is well-advanced and the BDTT of Si is 
significantly exceeded. This causes the precipitates to provide the 
principal deformation regions during cantilever bending by enabling 
extensive plastic deformation. Furthermore, the weakly bound Si 
regions allow for crack branching by splitting of the microstructure 
along crystal columns as well as a crack bridging effect (see Fig. 10). 
The mechanism also enables the vastly extended deformability of 
both specimen beyond the experimentally accessible range.

The fracture toughness of both samples was additionally eval
uated at room temperature after the annealing treatment. A close 
matching value of KIC ∼ 1.65 MPa√m was obtained, irrespective of the 
overall Si composition (see Fig. 8). This suggests, that once the 
thermally grown Si precipitates are embedded in the microstructure, 
they also dictate the room temperature fracture toughness below the 
BDTT of Si. In addition, the measured fracture toughness is close to 
the as-deposited value for the Cr0.24Si0.10B0.66 coating. This indicates 
an already enhanced presence of Si grain boundary decorations in 
the as-deposited state for the given composition.

4. Conclusion

This work investigates the effect of Si segregates and a targeted 
synthesis variation on the structural evolution and mechanical 
properties of Cr-Si-B2 ± z thin films from ambient to elevated tem
peratures. AlB2-structured Cr-Si-B2 ± z coatings with Si concentra
tions up to 15 at.% were synthesized by DC magnetron sputtering 
and studied by RT nanoindentation as well as thermogravimetric 
analysis up to 1400 °C. Vacuum annealing treatments performed on 
coated Ti-6Al-4V up to 800 °C demonstrated the microstructural 
changes induced by thermally activated solid-state processes in the 
thin films as well as on the coatings-substrate interface. 
Complementary nanoindentation measurements provided details on 
the post-annealing hardness of the thin films. Moreover, the fracture 
resistance of selected Cr-Si-B2 ± z compositions was studied by in-situ 
microcantilever bending experiments at temperatures up to 800 °C. 
The main findings are as follows: 

(1) An increased substrate bias of −120 V during coating synthesis 
yields single-phased, B-overstoichiometric Cr-Si-B2 ± z thin films 
with B/Cr ratios ranging from 2.6 to 2.8, irrespective of the Si 
concentration. The increased Ar+-bombardment promotes the 
growth of mechanically superior, (001)-oriented coatings up to a 
Si concentration of 3 at.%. Enhanced film crystallinity is main
tained up to 10 at.%, whereas higher concentrations promote 
grain refinement.

(2) Highest RT hardness was obtained at H ∼ 30 GPa for composi
tions with a Si content ≤ 3 at.%, beyond which a significant de
crease towards H ∼ 20 GPa is recorded. Concomitant with a shift 
from the preferred (001)-orientation, the decrease coincides 
with a Si solubility limit at ∼4 at.% for Cr-Si-B2 ± z solid solution, 

Fig. 10. SEM images of the crack location for all cantilevers (C14-C17) tested at 
T = 800 °C on the Cr0.25Si0.06B0.69 coating.
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causing the formation of mechanically weak Si-rich grain 
boundary precipitates. The corresponding Young’s moduli were 
recorded in a range from E ∼ 340 (Cr0.28B0.72), to 380 
(Cr0.25Si0.04B0.71), to 300 GPa (Cr0.23Si0.15B0.62), respectively.

(3) High temperature oxidation resistance up to 1400 °C was ver
ified for all Cr-Si-B2 ± z thin films with a Si content ≥ 8 at.%. The 
protective mechanism relies on the thermally activated pre
cipitation of pure Si beyond 600 °C, coupled with the subsequent 
formation of a stable SiO2-based scale. Contrary to the oxidation 
behavior of related binary TM-B2s, the oxidation protection was 
proven independent of the effective B/TM-ratio.

(4) Despite revealing initial stages of recovery/recrystallisation be
tween 600 and 800 °C, an unchanged film hardness was re
corded for vacuum annealed Cr-Si-B2 ± z compositions with a Si 
content below 10 at.%. Related to the oxidation protection me
chanism, both Cr0.24Si0.10B0.66 and Cr0.23Si0.15B0.62 coatings obtain 
a surface hardness close to pure Si after annealing.

(5) An increasing contribution of mechanically weak, Si-rich grain 
boundary regions resulted in decreasing RT fracture toughness, 
from KIC ∼ 2.9 MPa√m for Cr0.28B0.72, down to KIC ∼ 1.7 MPa√m 
for Cr0.24Si0.10B0.66. Following a slight decrease in fracture re
sistance between RT and 600 °C, a significantly improved high- 
temperature fracture toughness of KIC ∼ 3.3 MPa√m was re
corded for the unalloyed Cr0.28B0.72. Higher alloyed compositions 
revealed a similar behavior up to 400 °C, whereas at 800 °C Si- 
precipitates enabled high-temperature plasticity. Surpassing the 
BDTT of Si introduced toughening mechanisms involving crack 
branching along column boundaries as well as crack bridging 
effects, resulting in a significantly improved fracture resistance.
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