JYVASKYLAN YLIOPISTO
H UNIVERSITY OF JYVASKYLA

This is a self-archived version of an original article. This version
may differ from the original in pagination and typographic details.

Author(s)' Tkadletz, Michael; Schalk, Nina; Lechner, Alexandra; Hatzenbichler, Lukas; Holec,
) David; Hofer, Christina; Deluca, Marco; Sartory, Bernhard; Lyapin, Andrey; Julin,
Jaakko; Czettl, Christoph

Title: Influence of B content on microstructure, phase composition and mechanical properties
" of CVD Ti(B,N) coatings

Year: 2022
Version: pyblished version
Copyright: © 2022 The Author(s). Published by Elsevier B.V. on behalf of Acta Materialia Inc.

Rights: ccya.0
Rights url: https://creativecommons.org/licenses/by/4.0/

Please cite the original version:

Tkadletz, M., Schalk, N., Lechner, A., Hatzenbichler, L., Holec, D., Hofer, C., Deluca, M., Sartory,
B., Lyapin, A., Julin, J., & Czettl, C. (2022). Influence of B content on microstructure, phase
composition and mechanical properties of CVD Ti(B,N) coatings. Materialia, 21, Article 101323.
https://doi.org/10.1016/j.mtla.2022.101323



Materialia 21 (2022) 101323

Contents lists available at ScienceDirect

Materialia = |

Materialia A

journal homepage: www.elsevier.com/locate/mtla

Influence of B content on microstructure, phase composition and )

mechanical properties of CVD Ti(B,N) coatings

Check for
| updates

Michael Tkadletz®* Nina Schalk®P, Alexandra Lechner®, Lukas Hatzenbichler? David Holec?,
Christina Hofer?, Marco Deluca®, Bernhard Sartory, Andrey Lyapin¢, Jaakko Julin®,

Christoph Czettl ¢

2 Department of Materials Science, Montanuniversitdt Leoben, Franz Josef-Strafse 18, 8700 Leoben, Austria
b Christian Doppler Laboratory for Advanced Coated Cutting Tools at the Department of Materials Science, Montanuniversitit Leoben, Franz-Josef-StrafSe 18, 8700

Leoben, Austria

¢ Materials Center Leoben Forschung GmbH, Roseggerstrafe 12, 8700 Leoben, Austria

d Physical Electronics GmbH, Salzstraf3e 8, 85622 Feldkirchen bei Miinchen, Germany

¢ Helmholtz-Zentrum Dresden-Rossendorf, Institute of Ion Beam Physics and Materials Research, Bautzner Landstrasse 400, 01328 Dresden, Germany
f Department of Physics, University of Jyvéskyld, P.O. Box 35, 40014 University of Jyvdskyld, Finland

8 CERATIZIT Austria GmbH, Metallwerk-Plansee-Strafse 71, 6600 Reutte, Austria

ARTICLE INFO

Keywords:

Ti(B,N)

Chemical vapor deposition (CVD)
Borides

Atom probe tomography (APT)
Micromechanics

ABSTRACT

Within this work the effect of the B content on the microstructure, phase composition and mechanical properties of
CVD Ti(B,N) coatings is investigated. Ti(B,N) coatings with B contents from 0 (fcc-TiN) to ~5, ~15, ~30, ~45 and
66 (h-TiB,) at.% have been deposited by CVD. The elemental composition of the coatings was confirmed by ERDA
and their microstructure was investigated using XRD and SEM. With increasing B content, a transition from a fcc
to a h-dominated structure via dual-phase fcc/h-Ti(B,N) was observed, which was accompanied by a decreasing
grain size from the um to nm range. Combinatorial use of Raman spectroscopy, XPS and APT measurements
indicated B-rich grain boundary segregations and the formation of increasing amounts of h-Ti(B,N), clusters
embedded within an fcc-Ti(B,N) matrix up to B contents of ~30 at.%, while for ~45 at.% B the matrix was
predominantly composed of h-Ti(B,N),. Complementary ab initio calculations predicting the phase formation
confirmed the interpretation of the experimental results. In terms of the mechanical properties, nanoindentation
measurements and micromechanical testing revealed a rise in hardness from ~18 to ~41 GPa and an increasing
fracture stress and toughness from ~7 to ~13 GPa and ~4.6 to ~5.5 MPam'/2, respectively, by increasing the B
content up to ~30 at.%. In contrast, a significant drop in hardness, fracture stress and fracture toughness was
observed at ~45 at.% B. Thus it can be concluded, that both h-TiB, and dual-phase fcc/h-Ti(B,N) coatings with
maximized B content yield superior properties over TiN and consequently improved performance.

1. Introduction

stress, which is generally favored for hard coatings, but rather excep-
tional for representatives deposited by thermally activated CVD [5].

In recent years, a reviving interest in B containing chemically vapor
deposited (CVD) hard coatings is reflected by an increasing number of
publications covering binary, ternary as well as quaternary systems [1—
9]. This might be due to the circumstance that representatives like TiB,
usually perform well in demanding cutting applications [10], which can
be related to its strong covalent bonding character and consequently
superior mechanical properties like high hardness around 40-50 GPa
[5,11]. Further, its inertness and thus low sticking tendency to Al which
makes it a favorable candidate for machining Al and its alloys [12].
Further, CVD TiB, usually exhibits high in-plane compressive residual

However, direct deposition of TiB, onto cemented carbide tools us-
ing thermally activated CVD would lead to the formation of an unwanted
CoWB compound at the interface [1,2]. This phase is known to deterio-
rate the mechanical properties of the substrate and consequently causes
tool failure during application. Thus, CVD TiB, coatings typically com-
prise a TiN base-layer, which prevents B diffusion into the substrate
[5,13]. However, this TiN/TiB, bi-layer architecture comes at a cost,
since it causes a sharp transition from the face-centered cubic (fcc) TiN
to the hexagonal (h) TiB, structure, causing a sudden change from ten-
sile to compressive residual stress and pronounced differences in the me-
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chanical properties of both layers [5,6,13]. This negatively affects the
adhesion of the TiB, on the TiN, which results in the need of a proper
bonding strategy between TiN and TiB,. Recently, works by Czettl et al.
[13] and Tkadletz et al. [6] have shown that a gradual transition from
TiN to TiB,, by omitting a sharp transition and gradually increasing
the B content, yields significant improvements in TiN-TiB, bonding. An
alternative approach would be to completely avoid the pure TiB, by
implementing ternary Ti(B,N) coatings instead, which potentially rep-
resent equivalent solutions.

Recent works confirm the feasibility of the industrial scale deposi-
tion of Ti(B,N) coatings by thermally activated CVD and indicate promis-
ing suitability for cutting applications [1,2,4,8]. The reported coatings
mainly consisted of a dual-phase mixture of fcc-TiN and h-TiB,, with
indications for amorphous (a) TiB fractions at global B contents < 18
at.% [4]. However, while similar results were found within one of our
previous investigations on a graded TiN-Ti(B,N)-TiB, coating [6], the
diffraction and spectroscopy techniques applied so far do not allow for
a thorough conclusion about chemical composition within the individ-
ual constituents. Thus, interdiffusion of B and N between the crystalline
fce-TiN and h-TiB, phases and consequent substitution of the one within
the other is still not unambiguously clarified. In addition, besides the re-
ported increase in hardness with increasing B content [1,2,6], the conse-
quent influence on fracture stress and toughness of such coatings has not
been systematically investigated. Existing studies on fracture properties
of CVD Ti(B,N) based coatings mainly focused on samples with low B
contents around ~5 at.% and respective multi-layer coatings with TiN
as second component [7,8]. Thus, the dedicated goal of this work is to
investigate the role of the B content on phase formation and the result-
ing mechanical properties of CVD Ti(B,N) coatings in order to establish
a comprehensive understanding of the resulting microstructure - prop-
erty relationships by applying a comprehensive portfolio of advanced
characterization techniques.

2. Experimental details

All coatings investigated within this work were deposited onto SNUN
120,412 (ISO 1832) cemented carbide substrates with 11 wt.% Co,
12 wt.% mixed carbides and 77 wt.% WC using a SuCoTec SCT600 TH
industrial scale CVD plant. TiCly, BCl;, N,, Ar and H, were used as
precursors for the TiN, TiB, and Ti(B,N) coatings with aimed global B
contents of ~5, ~15, ~30 and ~45 at.%. Similar to our previous study
on a graded Ti(B,N) coating [6], the BCl3/TiCly ratios for each individ-
ual coating were adjusted accordingly, while the deposition temperature
for all layers was kept within 860 to 920 °C at a pressure of 900 mbar.
For the well-established TiN and TiN/TiB, coatings, a total thickness of
~4.5 ym was aimed (~1 um TiN base-layer within TiN/TiB,). While for
the deposition of the Ti(B,N) coatings, a ~1.8 um thick TiN base-layer
was deposited to serve as diffusion barrier during further deposition,
preventing B diffusion into the substrate. Subsequently, the deposition
time of the Ti(B,N) coatings was kept constant at ~5 h, to evaluate the
influence of the BCl3/TiCl, ratio on the respective layer thickness and
consequently the corresponding deposition rate. Further details on the
deposition parameters of each individual layer can be found in ref. [13].

The elemental composition, especially with regard to the B content,
of the Ti(B,N) coatings was determined utilizing elastic recoil detec-
tion analysis (ERDA) performed at the Helmholtz-Zentrum Dresden-
Rossendorf using a 35 MeV 35CI7*+ ion beam. The angle between the
sample normal and the incoming beam was 75° degrees, the beam spot
was approximately 1.5 x 1.5 mm?. Recoiled sample atoms were detected
using a Bragg ionization chamber placed at an angle of 31° with respect
to the incoming beam. Scanning electron microscopy (SEM) investiga-
tions of the coating surfaces and cross-sections have been performed
using a Zeiss Auriga cross-beam field emission SEM equipped with an
Orsay Physics Cobra Z-05 focused ion beam (FIB) column. The X-ray
diffraction (XRD) investigations were done using a Bruker D8 advance
diffractometer, equipped with parallel beam optics (i.e. using a Goebel
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mirror and an equatorial Soller collimator of 0.12° opening). All mea-
surements were performed in detector scan mode at an incidence angle
of 2° using a step size of 0.02° and a counting time of 1.2 s within a
260 range of 30-85° Raman spectra of the coatings were recorded us-
ing a HORIBA Jobin Yvon LabRAM 800 Raman spectrometer utilizing a
green laser (A4=514.5 nm) operated at a power of 2 mW, focused through
a 100x microscope objective (NA 0.8, Olympus). X-ray photoelectron
spectroscopy (XPS) measurements were performed with a PHI Quan-
tum 2000 spectrometer, equipped with a focused monochromatic Al-
K, (1486.68 eV) X-ray source operated at a power of 100 W using a
beam footprint of ~1.4 x 0.4 mm?2. Prior to the measurements, the sam-
ple surfaces were cleaned from any surface residues using an integrated
Ar* ion beam operated at 1 kV using a beam footprint of ~2 x 2 mm?.
Specimen (i.e. tips) for atom probe tomography (APT) were prepared
via the lift-out technique [14], using a dual beam SEM/FIB of type FEI
Versa 3D. Subsequently, at least two tips of each Ti(B,N) sample were
investigated using a CAMECA LEAP 3000X HR operated at 60 K in laser
assisted mode, applying a power of 0.4-0.6 nJ per pulse, a target evap-
oration rate of 0.50% and a pulse rate of 250 kHz. The measurements
were evaluated using the CAMECA IVAS 3.6.14 software, at which an
evaporation field of 40 V/nm according to ref. [15] was chosen for the
3D reconstruction of the datasets.

The mechanical properties of all samples were investigated using
a Hysitron Tribolndenter TI950. For the investigation of hardness and
Young’s modulus, quasi-static nanoindentation measurements on me-
chanically polished samples were performed using a diamond Berkovich
indenter tip. At least 15 indents per sample, applying a maximum load
of 10 mN (resulting in a penetration depth well below 10% of the coat-
ing thickness), were performed, and subsequently evaluated according
to Oliver and Pharr [16]. For the evaluation of the corresponding frac-
ture stress and fracture toughness, 5 notched and 5 unnotched micro-
cantilevers (~3 x 3 x 9 um? in size) of each coating were prepared. The
above described Zeiss Auriga cross-beam SEM/FIB was used applying
decreasing beam currents down to 1 nA for the final cuts and 100 pA
for the notch preparation resulting in a notch depth of ~550-650 nm.
The same Hysitron TI950, but equipped with a cono-spherical diamond
indenter tip (750 nm nominal tip radius), was used to load the prepared
microcantilevers until fracture. Prior to loading, their corresponding
loading point was aligned with the axis of the indenter using the built-in
scanning probe microscopy feature. Afterwards, the collected data was
analyzed according to the procedure described by Matoy et al. [17].

3. Results
3.1. Microstructure, chemical & phase composition

Surface and cross-section SEM images of the investigated coatings
are shown in Fig. 1. While for the pure TiN a facetted surface topogra-
phy can be identified, B addition immediately yields a distinct change
towards a finer and less facetted topography with TiB, showing the
smoothest surface of all investigated coatings. The Ti(B,N) coatings with
moderate B content exhibit spike or needle-like features on their sur-
face. This is in good agreement with the microstructures observed in
the cross-sectional images, where TiN shows comparatively large colum-
nar grains. Addition of B immediately results in a smaller grain size and
seems to foster the growth of needle-shaped crystallites at low and inter-
mediate B contents, as visible from the micrographs of the cross-sections.
At higher B contents the grain size further decreases, the SEM cross-
sections appear more and more featureless and the needle-shaped crys-
tallites seem to disappear, which is in accordance with the observed sur-
face topography, where surface spikes get less pronounced. For both, the
single-layered TiN as well as the TiN/TiB, bi-layer coating, the aimed
overall thickness of ~4.5 pym was obtained. Since the deposition rate of
the Ti(B,N) coatings with different B contents was not exactly known,
their deposition time was kept constant. Their resulting thickness reveals
a strong effect of the B content, or more precisely of the BCl;/TiCl, ratio,
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TiB,

Fig. 1. Surface topography and cross-sectional SEM images of the investigated TiN, TiN/Ti(B,N) and TiN/TiB, coatings.

Table 1
Elemental composition of the respective Ti(B,N) samples de-
termined via ERDA.

aimed B content [at.%] Ti [at.%] B [at.%] N [at.%]
5 488 +1 57+06 454+1
15 46.5+ 1 144 +1 39.1+1
30 4301 29.3+1 277 +1
45 36.1 +1 43.4+1 203 +1

on the deposition rate. The thickness of the Ti(B,N) layers successively
increases from ~3.8 um (5 at.% B) to ~4.4 um (15 at.% B), ~5.2 um
(30 at.% B) and finally ~6.0 um (45 at.% B), yielding a rise in deposi-
tion rate from ~0.76 pm/h (5 at.% B) to ~1.20 um/h (45 at.% B). In
comparison, TiN and TiB, exhibit deposition rates of ~0.60 um/h and
~1.00 um/h, respectively. In contrast to the single-layer TiN coating and
the TiN base-layers, the B containing coatings do not show any signs
of competitive growth or increasing grain size with increasing coating
thickness. Their small grain size and featureless appearance at high B
contents is preserved throughout the whole coating thickness.

Results of the elemental composition of the Ti(B,N) coatings obtained
by ERDA measurements are summarized in Table 1. An excellent agree-
ment of the actually realized B contents with the aimed values is con-
firmed. Thus, for simplification, throughout this manuscript the Ti(B,N)
coatings will be further referred to as by their aimed B contents of 5, 15,
30 and 45 at.% as already initiated in Fig. 1. The increase in B content
is accompanied by a decrease of the N and Ti content. For the samples
up to 30 at.% B, the observed ratios of Ti, B and N fit quite well to a
mixture of either TiN and TiB, or TiB;N;_, and Ti(B;N;_,),, while the Ti
content at 45 at.% B does not fit into that scheme. There, the fractions
of Ti and (B + N) are already rather close to that of pure Ti(ByN;_),.

The XRD patterns of all samples are shown in Fig. 2a. Due to a sig-
nificantly decreasing intensity with increasing B content, the scans were
normalized to allow for a better qualitative comparison. For the TiN
coating, as expected, a single-phase fcc structure is present. The peaks

are rather narrow and appear at their expected standard peak positions
(PDF 00-038-1420 [18]). Although the coating texture should be only
discussed with caution, since the scans were performed in grazing inci-
dence geometry, the 111 reflection appears to be the most prominent
one, indicating a certain preferred orientation. With addition of B, the
111 reflection immediately gets less dominant and the peaks exhibit a
distinct broadening which is indicative for a decreasing domain size and
possibly increasing microstrains. In addition, the formation of the h-TiB,
phase (PDF 00-035-0741 [18]) is already indicated for the lowest B con-
tent of 5 at.% and can be unambiguously identified for B contents higher
than that. An evaluation of the lattice parameters of the corresponding
phases with respect to the B content via Rietveld refinement revealed a
more or less constant value of ~4.24 + 0.01 A for the fec-phase, which
is in perfect agreement with the lattice parameter of TiN, indicated in
the powder diffraction file (PDF 00-038-1420 [18]). For the h-phase,
the lattice parameter of the basal plane (a value) also stayed more or
less constant and with 3.02 + 0.02 A again close to the tabulated value
for TiB, given in the powder diffraction file (PDF 00-035-0741 [18]).
The lattice parameter of the prismatic plane (c value) was with 3.58 +
0.01 A for the 15 at.% B sample higher than the tabulated one, and con-
stantly decreased towards 3.44 + 0.01 A for 45 at.% B and finally 3.21 +
0.01 A for pure h-TiB, which is again in perfect agreement with the tab-
ulated value. An estimation of the XRD domain sizes revealed a value
of > 1500 nm for the fcc-phase in pure TiN, which instantly deceased
to ~27 + 2 nm within the 5 at.% B sample and continuously further
decreased to a value as low as ~3 + 2 nm for the sample with 45 at.% B
sample. A domain size of the h-phase of ~17 + 5 nm was determined for
the sample with 15 at.% B which decreased down to ~4 + 1 nm for the
45 at.% B sample and yielded a final and slightly higher value of ~10 +
1 nm for the pure h-TiB,.

To complement the XRD investigations and to obtain information on
the possible formation of amorphous compounds, Raman spectroscopy
measurements were performed on the samples. Similar to the XRD mea-
surements, the intensity decreased with increasing B content, which can
be related to the decreasing grain size resulting in a reduced Raman effi-
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Fig. 2. (a) X-ray diffractograms and (b) Raman spectra of the investigated TiN, TiN/Ti(B,N) and TiN/TiB, coatings.

ciency. Thus, the scans shown in Fig. 2b are again normalized. A relative
comparison of the individual spectra already allows to survey the change
from TiN to TiB,. For pure TiN and samples with low B contents the most
pronounced signal is the one related to the TiN phase [4,19,20], which
was already identified via XRD. This pronounced signal changes con-
siderably towards TiB, [4] at higher B contents, which is also in good
agreement with the XRD results. However, in addition, for the 5 and 15
at.% B samples, a distinct peak at a wavenumber of ~350 cm~! can be
identified, which is neither related to TiN nor to TiB,. This peak can be
assigned to TiB, indicating an additional amorphous constituent at low
B contents, since no evidence for a crystalline TiB phase is found in XRD
[4].

Additional X-ray photoelectron spectroscopy (XPS) measurements,
shown in Fig. 3, were performed to support the findings of the XRD and
Raman measurements and in particular to confirm the presence of the
presumably a-TiB phase. Within the Ti 2p orbital, peaks for Ti-N bonds
can be seen in the spectrum for pure TiN [4,21], which continuously
shift towards the bonding energy of Ti-B, [4,21] with increasing B con-
tent. This agrees well with the N 1 s spectra, showing a typical Ti-N
peak [4,21] that decreases in intensity with increasing B content and
completely diminishes for TiB,. Consistently, the B 1 s spectrum for TiN
reveals a flat line. In accordance to the Raman measurements, a small
peak for Ti-B [22,23] can be seen in the spectra of the 5 and 15 at.% B
sample, but also the 30 at.% B sample still seems to exhibit a small Ti-B
shoulder. While no distinct Ti-B,, peak can be identified for the 5 at.% B
sample, the samples with higher B contents unambiguously show Ti-B,
peaks which increase in intensity with increasing B content.

In order to further investigate the spatial distribution of N and B and
possible cluster formation within the Ti(B,N) coatings, APT measure-
ments were performed which are presented in Fig. 4. At a first glance,
the distribution of B atoms within the reconstructed tips was examined
and checked for site specific B accumulations. The reconstruction of the
sample with the lowest global B content of 5 at.%, shown in Fig. 4a,
reveals obvious segregation of B atoms in a distinct plane-like manner,
which appears to correlate with the grain boundaries of the sample.
To obtain information on the elemental profile across a supposed grain
boundary, a respective boundary was tagged via an isosurface (15 at.%

Ti 2p N1s B1s
-«—2p,,—» <—2p,,—» Ti-N
Ti-N ]
satellite | Ti-B
-8,
=z
g 5 at.% B satellite ‘/_/\\
7]
g }
Q
-
£ [Bat%e
T T T T T T T T T
465 460 455 402 399 396 189 186

binding energy [eV]

Fig. 3. Ti 2p, N 1 s and B 1 s XPS spectra of the investigated TiN, TiN/Ti(B,N)
and TiN/TiB, coatings.

B) and a cylinder of @ 10 nm and 25 nm in length was placed to in-
tercept the assumed grain boundary. Its rotational symmetric axis was
aligned normal to the interface and the elemental composition along the
respective direction was analyzed. The corresponding elemental profile
clearly shows an enrichment of B at the boundary, accompanied by N
depletion and Ti decrease. For the chosen region, the elemental profile
almost reaches the elemental ratio of a Ti(B,N), compound which can
be related to the faint h-TiB, peaks which were detected using XRD.
Yet, a statistical evaluation of the B accumulations of the whole volume
of this particular sample, using isosurfaces and proximity histograms
(proxigrams), as performed later on for the samples with higher B con-
tents, lead to high scatter in the obtained proxigrams and did not yield
conclusive results. Thus, the B accumulations at the grain boundaries of
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Fig. 4. (a) 3D APT reconstruction of 5 at.% B sample and corresponding elemental profile along the drawn cylinder through an assumed grain boundary. (b) 3D
APT reconstructions including B isoconcentration surfaces and (c) their corresponding proximity histograms of the 15, 30 and 45 at.% B samples.

the 5 at.% B sample are considered as a mixture of h-Ti(B,N),, which
was evidenced via XRD, and a-TiB, which is supported by the Raman
and XPS measurements. No indication of larger B enriched Ti(B,N), like
clusters can be found within the reconstruction of the 5 at.% B sam-
ple. Within the reconstructions of the samples with higher global B con-
tents, however, larger B enriched clusters are found. To visualize and
further analyze these B enriched clusters, B isoconcentration surfaces
with B concentrations adopted to the global B content of the individual
samples, following the procedure suggested by Barton et al. [24] were
created and subsequently analyzed using proximity histograms. The re-
constructions, using corresponding isoconcentration values of 32.5, 40.0
and 43.0 at.% B for the tips with a global B content of 15, 30 (0 and 90°
rotated) and 45 at.%, respectively, are presented in Fig. 4b. The recon-
structions of the 15 and 30 at.% B samples again reveal accumulations
in plane-like manner, similar to the 5 at.% B sample. This indicates that
also for the samples with higher global B content, B-rich compounds are
formed at the grain boundaries. The 15 at.% B sample and especially
the 30 at.% B sample exhibit almost vertically aligned platelets, which
are clearly visible when the 0° and 90° rotated reconstructions of the 30
at.% B sample are compared. Those platelets are related to the needle-
like structure, evidenced within the SEM images in Fig. 1. For the 45
at.% B sample however, such features are not observed and the B ac-
cumulations seem to be statistically distributed throughout the whole
volume of the reconstruction. The proximity histograms for Ti, N and
B of the corresponding isosurfaces of the three coatings are presented

in Fig. 4c. The Ti profiles, ranging from the outside towards the inside
of the clusters corroborate the formation of Ti(B,N) and Ti(B,N), based
compounds with Ti fractions of ~1:1 and ~1:2. In addition, the B and
N profiles do not reveal a discrete separation of B and N to pure nitride
and boride phases. They show intermixing, which strongly correlates
with the global B content, thus suggesting the formation of Ti(B,N) and
Ti(B,N), solid solutions rather than separation of pure TiN and TiB,.
The results indicate that the B content in both phases rises with increas-
ing global B content and consequently, the N content shows the inverse
trend. This observation however, seems to be more pronounced for the
Ti(B,N) phase, while the degree of intermixing within Ti(B,N), appears
to be limited. Besides the strong separation into fcc and h-phase frac-
tions as indicated by XRD, the measurements suggest that both phases,
fce-TiN and h-TiB,, exhibit a pronounced solubility for the respective
foreign element.

3.2. Mechanical properties

In addition to the observed microstructural changes, B addition con-
siderably affects the mechanical properties of the investigated coatings
as can be seen for the hardness and Young’s modulus in Fig. 5. While the
Young’s modulus of all samples, with exception of the 45 at.% B sam-
ple (337 + 7 GPa), lies within a close range of ~480-540 + 20 GPa, the
hardness of 18.3 + 0.8 GPa of the TiN sample is already significantly in-
creased to 28.4 + 0.4 GPa for the addition of 5 at.% B. Further increasing
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Fig. 6. (a) Fracture stress and toughness of the investigated TiN, TiN/Ti(B,N)
and TiN/TiB, coatings obtained via micromechanical bending experiments and
(b) exemplary microcantilevers of TiN and TiB, before and after fracture.

the B content results in a further rise in hardness to 29.7 + 1.0 GPa and
33.5 + 0.5 GPa for 15 and 30 at.% B, respectively, and 41.2 + 2.7 GPa
for pure TiB,. Again, the only exception is the sample with 45 at.% B,
having a comparatively low hardness of 26.0 + 2.0 GPa.

For a thorough understanding of the mechanical properties of the
investigated coatings, their fracture behavior was investigated via mi-
cromechanical bending tests, revealing their fracture stress and fracture
toughness which are shown in Fig. 6a. In contrast to the abrupt rise in
hardness, first addition of B does not change the fracture stress signifi-
cantly (7.0 + 0.2 GPa for TiN vs. 7.1 + 0.5 GPa for 5 at.% B). The fracture
toughness is even slightly reduced from 4.6 + 0.4 MPam!/2 for TiN to
4.1 + 0.1 MPam!/2 for Ti(B,N) with 5 at.% B. With further increasing
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B content however, a steadily increasing fracture stress and toughness
up to values of 11.3 + 0.7 GPa and 4.9 + 0.2 MPam'/2, respectively,
at a B content of 30 at.% are observed. With a fracture stress of 5.9 +
0.2 GPa and a fracture toughness of 4.3 + 0.1 MPam!/2, the 45 at.%
B sample again represents an exception, exhibiting the lowest fracture
stress and second lowest fracture toughness of all investigated samples.
Similar to the hardness, TiB, also exhibits the highest fracture stress
and toughness of 12.9 + 0.2 GPa and 5.5 + 0.1 MPam'/2, respectively.
Exemplary, notched microcantilevers and their corresponding fracture
surfaces which were used for the determination of the fracture toughness
are shown in Fig. 6b for TiN and TiB,. The coarse-grained microstructure
of TiN can be clearly identified via the bright and dark contrast through-
out the cantilever, representing differently oriented individual grains. In
contrast to that, the TiB, cantilever appears rather homogenous with-
out any pronounced change in contrast within the cantilever, which is
representative for the microstructure of the TiB, sample with grains in
the nm range. In accordance with that, also the fracture surfaces exhibit
a quite different appearance. While for the TiN cantilever the fracture
surface exhibits a rather pronounced topography, suggesting a mixed
trans- and intergranular fracture behavior, the fracture surface of the
TiB, cantilever appears quite smooth and featureless and at that scale
does not yield any conclusion about the specific fracture behavior.

4. Discussion

For the coatings investigated within this work, a strong influence of
the BCl3/TiCl, ratio (i.e. the B content) on the deposition rate is ob-
served, which significantly increases with increasing B content, simi-
larly to observations in the work of Holzschuh [2]. In addition, the sur-
face topography is considerably affected by the B content, which is also
in accordance with previous reports e.g. by Holzschuh [2] or Wagner
et al. [3]. Cross-sectional SEM images shown in this work indicate a
similar microstructure as observed for a graded Ti(B,N) coating inves-
tigated within one of our previous works [6]. The observed needle-like
structure, which is visible within the cross-sections and on the coating
surfaces, seems to be a characteristic feature of Ti(B,N) coatings with
moderate B content [3,7,8]. Also the evolution of grain size and shape
of the herein investigated individual TiN/Ti(B,N) bi-layer coatings is in
good agreement with transmission electron microscopy (TEM) investi-
gations performed on a graded Ti(B,N) coating shown in our previous
work [6]. The decreasing grain size with increasing B content is further
corroborated by the XRD measurements, which reveal a decreasing do-
main size, which can be used as an estimate of the grain size [25]. The
determined domain size for TiB, agrees well with values reported by
Schalk et al. [5] for a similar TiB, coating investigated by synchrotron
X-ray nanodiffraction. In contrast, the TiN single-layer coating investi-
gated within this work exhibits a much larger domain size than the one
determined by Schalk et al. [5] for the significantly thinner TiN base-
layer of the investigated TiN/TiB, bilayer coating. This can be related
to the distinct difference in coating thickness, resulting in much larger
domains for the TiN coating investigated within this work as a result of
pronounced competitive growth. In accordance with reports by Dreil-
ing et al. [4] and Kainz et al. [7], faint peaks of h-TiB, were already
found for the sample containing 5 at.% B by XRD and for samples with
B contents < 30 at.% B and Raman spectroscopy and XPS consistently
indicated the formation of TiB. Analogously to those earlier works, also
for the present work it can be concluded that the identified TiB phase
is amorphous, since no evidence for crystalline TiB could be detected
using XRD. In addition, the APT measurement of the 5 at.% B sample
performed within this work indicates that the B within this sample ac-
cumulates in a distinct plane-like manner, which can be attributed to
accumulation at the grain boundaries of the Ti(B,N), confirming obser-
vations of previous works [7].

For higher B contents, a fcc/h dual-phase structure is observed via
XRD, while the additional a-TiB phase diminishes, as corroborated by
Raman spectroscopy and XPS. Thus, further attention should be paid to
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the elemental composition of the fcc- and h-phase fractions. The ERDA
measurements performed within this work are not conclusive with re-
spect to the phase composition and do not provide further information
on the degree of intermixing of B and N. The XRD measurements in-
dicate the formation of mixtures of fcc-TiN and h-TiB, for all investi-
gated Ti(B,N) coatings, which would be in accordance with the works
of Dreiling et al. and Holzschuh [2,4]. This however, is in contrast to
the herein presented APT results, which clearly reveal pronounced in-
termixing and thus indicate the formation of fcc-Ti(B,N) and h-Ti(B,N),.
Yet, this is not clearly reflected in the lattice parameters of the respective
phases obtained via XRD which consequently should follow a Vegard’s
like behavior. For the h-phase no adequate reference for h-TiN, could
be found, thus no prediction for the lattice parameters of the h-Ti(B,N),
phase can be provided. For the fcc-phase, however, the well-established
fce-TiN with a lattice parameter of 4.242 A (PDF 00-038-1420 [18]) can
be found, and also a fcc-TiB phase with a reported lattice parameter of
4.202 A (PDF 01-089-3922 [18]) is available within the ICDD database.
These tabulated values suggest a trend towards a smaller lattice param-
eter with increasing B content of the fcc-Ti(B,N) phase. However, this
expected trend is not confirmed by the lattice parameters determined
from the performed XRD measurements. A closer look at the reference
PDF of fce-TiB yields a possible explanation, since uncertainties con-
cerning the unit cell data are mentioned within the comments section
of that PDF. The original reference by Ehrlich [26] claiming a fcc-TiB
phase with a lattice parameter of 4.202 A in 1949 was already contested
by Brewer et al. [27] in 1951, and thus, seems rather unreliable. In con-
trast to that, ab initio calculations provided by Mayrhofer et al. [28,29]
suggested a much higher value of 4.535 A for fee-TiB, which is not exper-
imentally validated though. Considering the APT measurements and the
obtained metal to non-metal ratios of the identified Ti(B,N) and Ti(B,N),
compounds, also a substitution of B within the metal sub-lattice and con-
sequent influence on the lattice parameter, as suggested by Mayrhofer
et al. in another work [30], can be excluded for the coatings investigated
within this work. Finally, a recent experimental work by Hu et al. [31],
investigating the formation of pure fcc-TiB nanoparticles by boronizing
Ti powders, may explain the constant lattice parameters within a large
compositional range. They reported a lattice parameter of ~4.245 A for
their fcc-TiB nanoparticles, which is similar to the lattice parameter of
fce-TiN. This might be the reason why, despite the obvious formation
of a fce-Ti(B,N) solid solution, no clear trend in the lattice parameter
of the fcc-phase could be deduced within this work. For the h-Ti(B,N),,
a plausible prediction of lattice parameters cannot be provided due to
a lack of available reference values for the hypothetical h-TiN, phase.
Yet it can be summarized that the present phase composition of the
investigated coatings consists of fcc-Ti(B,N), h-Ti(B,N), and additional
fractions of a-TiB, which accumulates at the grain boundaries at lower
global B contents.

To further elucidate the microstructural evolution, ab initio calcula-
tions for the respective structures were performed (calculation details
and additional information can be found in the supplemental material).
Initial structural models of fce-Ti(B,N) and h-Ti(B,N), were fully relaxed
and the resulting energies of formation, Ey, are shown in Fig. 7. The
fee-Ti(B,N) structures clearly maintained their fec rock salt (B1) crystal
structure even after the full relaxation; Ey increases with increasing B
content and exhibits a slight downwards bowing corresponding to neg-
ative mixing enthalpy. Therefore, fcc-Ti(B,N) is predicted stable with re-
spect to decomposition into fce-TiN and hypothetical fce-TiB. Notewor-
thy, a-TiB yields lower Ef than the fcc-TiB, thus being predicted more
stable. Contrarily, the h-Ti(B,N), supercells maintain their hexagonal
structure only up to N content of ~24 at.% on the non-metal sublattice
of h-Ti(B,N),. For higher N content, the supercells undergo significant
structural relaxations leading to an apparent amorphization (see inset
in Fig. 7 for a N content of ~74 at.%). A hypothetical TiN, could be
stabilized due to symmetries and the relaxation taking place at 0 K,
however, the corresponding Ef > 0 suggests chemical instability of this
compound. From this behavior it can be concluded that B in fcc-Ti(B,N)

Materialia 21 (2022) 101323

S —m— fcc-Ti(B,N)
s —e— h-Ti(B,N),

0.51 BETS

. &T0Fen. & 1

—-1.0

formation energy, Ef[eV/at.]

_1.5 4

0.0 0.2 0.4 0.6 0.8 1.0
boron content, xg/(xg + xn) [-]
Fig. 7. Energy of formation of fcc-Ti(B,N) and h-Ti(B,N), systems as functions
of the B content of the non-metal atoms. The orange circle corresponds to a-

TiB, while the open orange hexagons denote h-Ti(B,N), structures with strong
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is less detrimental for the structure than N in the h-Ti(B,N),, and hence
higher solubility of B in fcc-TiN can be expected than N in h-TiB,. Fi-
nally, all these structures are unstable with respect to decomposition to
pure fce-TiN and h-TiB,,.

Those conclusions are fully in line with the experimental observa-
tions. Firstly, all coatings containing B and N at the same time were
experimentally shown to be two-phase systems composed of fcc-Ti(B,N)
and h-Ti(B,N),, the 5 at.% B coating being the only exception with fcc-
TiN grains seemingly separated by a mixture of h-Ti(B,N), and a-TiB
tissue phase. Secondly, the APT proxigrams in Fig. 4 clearly suggest that
the composition of h-Ti(B,N), varies only marginally with the overall B
content, unlike that of the fcc-Ti(B,N) phase. This agrees with B being
less hostile to the fce-TiN phase than N to the h-TiB, phase, based on the
structural analysis. Thirdly, inspecting the proxigrams of the different
samples closer, it seems that the B and N content within the observed
fce-Ti(B,N) and h-Ti(B,N), phases do not exactly reach a plateau, but
still exhibit a slight gradient with increasing distance from the isosur-
faces. This indicates that the equilibrium composition of the respective
compounds might not yet be reached, which is in line with the predicted
energies of formation suggesting that eventually the binary fcc-TiN and
h-TiB, are the most stable configuration in the quasi-binary TiN-TiB,
system.

With regard to the mechanical properties of the investigated coat-
ings, similar to previous works [2,6,7], a very pronounced effect of al-
ready rather low B contents on the hardness is observed. This initial
hardness increase is commonly attributed to the observed decrease in
grain size with B addition, in the present case causing the hardness of
~18 GPa of TiN to instantly increase to ~28 GPa for the coating with
5 at.% B, representing a hardness gain of ~55%. Since only minor frac-
tions of the h-Ti(B,N), hard phase were indicated by XRD for this sam-
ple, the significant increase in hardness seems to be mainly related to
the grain size and possible contributions of solid solution hardening of
the fec-Ti(B,N) phase [32]. With further increasing B content, at moder-
ate compositions, still an increasing hardness is observed but the effect
is less pronounced. This might be interpreted as result of the increasing
fraction of h-Ti(B,N), hard phase, and thus a shift towards a more co-
valently bonded material, while the effect of the decreasing crystallite
size might be already fully exploited at low B contents. The sample with
a global B content of 45 at.% states an exception with a comparatively
low hardness of ~26 GPa, which in our previous work [6] could be at-
tributed to i) its porous structure and ii) a predominantly single-phase,
but yet not ideal h-Ti(B,N), structure, which obviously deteriorate the
mechanical properties of the coating. For clarity, two TEM images of
the 45 at.% B layer of a graded Ti(B,N) coating investigated within our
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previous work [6] confirming the porosity for this B-content are pro-
vided within the supplemental material. The pure h-TiB,, however, ex-
hibited the highest hardness of ~41 GPa of all investigated coatings,
in agreement with previously reported values [5,6], which can be re-
lated to the strong covalent bonding character of TiB, [28]. In contrast
to the pronounced change in hardness of the investigated samples, the
Young’s modulus of all but the 45 at.% B sample, stayed within a range
of ~475-550 GPa (with TiN and TiB, yielding 525 + 32 GPa and 537 +
20 GPa, respectively) and did not reveal any indicative trend. This is in
accordance with reported values for TiN [33,34] and TiB, [35,36], both
lying within a range of ~440-590 GPa, thus not suggesting a significant
change with changing phase composition.

Considering the fracture stress of the investigated coatings, the ob-
tained value of 7.0 + 0.2 GPa for TiN is significantly higher than the
value of 3.9 + 0.5 GPa previously reported by Kainz et al. [7,8] for a
comparable CVD TiN coating. That is most likely owed to improved pro-
cess parameters for TiN deposition since thermally activated CVD usu-
ally operates close to thermal equilibrium. Thus, if the process param-
eters are well-chosen, a rather high-quality microstructure with well-
defined crystals and few defects can be produced, resulting in improved
fracture properties. But it may also partly be related to a difference in
preferred orientation. While the CVD TiN investigated by Kainz et al.
was essentially free of any preferred orientation, the TiN coating inves-
tigated within this work, appears to rather show a 111 texture, con-
sidering the X-ray diffractogram shown in Fig. 2a, which might addi-
tionally influence its fracture stress. This assumption is supported by a
recent work of Buchinger et al. [37], reporting on significant differences
of theoretically predicted TiN (111), (110) and (100) surface energies.
The change in fracture stress with initial B addition observed within this
work is marginal and the determined value of 7.1 + 0.5 GPa for the 5
at.% B sample is comparable to the CVD Ti(B,N) coatings investigated
by Kainz et al. [7,8]. The rather small change, which is a bit in contra-
diction to the significant change in grain size, can be explained by the
probable change (i.e. loss) of the preferred orientation. In contrast to
the TiN coating, the Ti(B,N) coating with 5 at.% B investigated within
this work is essentially free of any texture. Further, the chemical bond-
ing, an important factor affecting the fracture behavior of a material, is
merely changed at such low B contents. With further B addition, how-
ever, a significantly increasing fracture stress (with exception of the 45
at.% B sample) is observed, which is most likely related to the increas-
ing fraction of strong covalent bonds due to the h-Ti(B,N), phase. The
highest fracture stress of all investigated coatings was found with 12.9 +
0.2 GPa for the pure TiB, coating which is in good agreement with a re-
cent work by Gruber et al. [38], reporting 12.1 + 1.0 GPa for a similar
CVD TiB, coating.

Similar to the fracture stress, the TiN coating exhibits with 4.6 + 0.4
MPam!/2 a higher fracture toughness than CVD TiN previously investi-
gated by Kainz et al. [7,8], who reported values of ~2.5 MPam!/2. Also
compared to recently reported values of ~2-3 MPam!/2 for physically
vapor deposited (PVD) TiN [37,39], the fracture toughness determined
within this work is significantly higher. Yet, the herein reported value
seems to line up quite well with values for sintered bulk TiN, ranging
from 4.1 to 5.6 MPam!/2 [40-42]. This seems reasonable considering
the rather high-quality microstructure of well-developed CVD processes
with well-defined crystals and few defects. For the B containing coat-
ings investigated within this work, however, initial addition of 5 at.% B
seems to deteriorate the toughness. This might, on the one hand, be a
result of the loss of a probable preferred orientation which is, as stated
above, assumed to beneficially influence the toughness of the pure TiN.
On the other hand, it might be owed to the presence and segregation of
initial fractions of h-Ti(B,N), and the amorphous TiB phase at the grain
boundaries. With further increasing B content, to values > 5 at.% B,
the toughness rises (again with exception of the 45 at.% sample), which
similarly to the increase in fracture stress is assumed to be a result of
the change of chemical bonding within the investigated samples. For
the pure TiB,, again the determined value of 5.5 + 0.1 MPam!/2 is in
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good agreement with the fracture toughness values of its corresponding
sintered counterparts [36,43], while again comparable PVD represen-
tatives are considerably lower [44]. In addition to the quantitative dif-
ferences, a significant difference in appearance of the fracture surfaces
of the different coatings investigated within this work is observed, as
shown in Fig. 6b for pure TiN and TiB,. This is attributed to the sig-
nificant change in microstructure as previously reported by Kainz et al.
[7,8]. However, generally it should be noted that while the toughness
from TiN towards TiB, is increased by almost 20%, realistically inter-
preted, the investigated coatings still have to be considered as rather
brittle, which is also reflected in their purely linear elastic fracture be-
havior until instantaneous fatal fracture.

5. Conclusions

The samples investigated within this work clearly reveal the feasi-
bility for the industrial deposition of Ti(B,N) coatings with a B con-
tent freely adjustable between pure TiN and TiB,. A face-centered cu-
bic (fcc)/hexagonal (h) mixed structure with minor fractions of amor-
phous (a) TiB at low B contents was found. Accumulation of this a-TiB
phase at the grain boundaries was indicated via atom probe tomography
(APT). With increasing B content, the h-phase fraction steadily increased
and for the sample with 45 at.% B an apparently almost single-phase h-
structure was predominant. For all Ti(B,N) samples, APT revealed the
formation of fcc-Ti(B,N) and h-Ti(B,N), solid solutions. These observa-
tions were corroborated by ab initio calculations, thereby increasing
the plausibility of the determined microstructural complexity. A higher
degree of intermixing within fcc-Ti(B,N) as compared with h-Ti(B,N),
was predicted by the calculations and experimentally confirmed by APT.
While the pure h-TiB, showed the highest hardness, fracture stress and
fracture toughness of all investigated coatings, the Ti(B,N) coatings with
a dual-phase fce/h microstructure demonstrated a significant impact of
the B content on their mechanical properties, with the sample having
a B content of 30 at.% being the most promising one. In contrast to
that, the sample with a B content of 45 at.% revealed deteriorated me-
chanical properties, which were related to its porosity and possibly to
the predominantly h, but yet not ideal h-TiB, structure. Thus, it can
be concluded that a significant gain in hardness, fracture stress and
toughness of TiN coatings can be achieved by B addition as long as a
dual-phase fcc/h microstructure can be maintained. However, the re-
sults also indicate that coatings with high B contents already having a
predominant h-structure should be avoided. An additional advantage of
fcc-dominated Ti(B,N) coatings over TiN/TiB, is the avoidance of the
abrupt transition from fcc to h-structure from the fcc-TiN base-layer to
the h-TiB, top-layer, which usually results in weak bonding and sub-
sequently adhesion problems. Consequently, the fcc-dominated Ti(B,N)
coatings with high B content investigated within this work represent a
promising alternative to complement or even replace TiB, within the
well-established TiN/TiB,.
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