Thin Solid Films 760 (2022) 139507

Contents lists available at ScienceDirect

Thin Solid Films

journal homepage: www.elsevier.com/locate/tsf e

ELSEVIER

Check for

Ti-Si-B-C-N plasma enhanced chemical vapor deposition nanocomposite ol
coatings for high temperature applications

Alexander Thewes > , Lars Brocker °, Emmanuel Tetteh Kofi George °, Giinter Brauer *,
Michael Paulus °, Christian Sternemann ”, Hanno Paschke ¢, Tristan Briickner ¢, Stefan Lechner ¢,
Soren Miiller ¢

2 Institute for Surface Technology, TU Braunschweig, Field Office Dortmund, Eberhardstr. 12, p-44145 Dortmund, Germany

b Fakultat Physik/DELTA, TU Dortmund, Maria-Goeppert-Mayer-Strafe 2, p-44227 Dortmund, Germany

¢ Fraunhofer Institute for Surface Engineering and Thin Films IST, IST at DOC, Eberhardstr. 12, p-44145 Dortmund, Germany
d Extrusion Research & Development Center, TU Berlin, Gustav-Meyer-Allee 25, Building 17a, Stair 5, p-13355 Berlin, Germany

ARTICLE INFO ABSTRACT

Keywords: With increased demands for service lifetime of tools in hot forming applications, e.g. hot extrusion and die-
Nanocomposite coating casting, surface modifications of hot working steels are necessary to improve the surface’s thermal stability
Ti-Si-B-C-N

and oxidation resistance. The machining of aluminum and copper is especially challenging, considering its
tendency to stick at the tools’ surface, which is increasingly impactful at elevated temperatures. Developing Ti-Si-
B-C-(N) nanocomposite coatings with plasma-enhanced chemical vapor deposition is a promising approach to
overcome these deficiencies, because, with an adequate Si-content, thermal stability and oxidation resistance can
be increased by forming a thin, amorphous SizNj tissue layer between the nanocrystalline grains of the coating.
In this study, the influence of nitrogen on the coatings’ thermal properties is under investigation for N-content in
the range between 0.0 at.-% and 14.6 at.-%. Different oxidation resistance in dependence of the N-content was
observed at high temperatures (T = 750-900 °C) in-situ by X-ray diffraction in air. The multiphase coatings form
compositionally complex nanostructures with an average grain size of ca. 4 to 7 nm. The hardness is strongly
affected by nanocomposite structure and residual elements like O and Cl incorporated during coating deposition,
whereas the influence of N-content on Ti-Si-B-C-(N) coatings is less significant regarding mechanical properties.
Considering the thermal properties, the N-content has been proven to be of central importance. Oxidation was
observed in the range between 800 °C and 900 °C, underlining the possible application as protective coating for
hot forming tools.

Plasma enhanced chemical vapor deposition
In-situ X-ray diffraction
Oxidation resistance

1. Introduction nanocomposite structure consists of nanocrystalline (nc-) grains

embedded in an amorphous (a-) matrix [6,13-18]. To ensure mechani-

Tool surfaces in hot forming applications, e.g. aluminum and copper
extrusion, are exposed to a harsh tribological environment. The
concomitance of thermal load, high forming pressure and adhesive wear
from highly reactive forming metals (e.g. Al, Cu) pressed to the tools
surface causes severe wear, necessitates the development of adapted
wear-resistant coatings. Developing single-phase coatings, which pro-
vide high hardness, high toughness, low adhesion to hot metals, corro-
sive resistance, thermal stability, and oxidation resistance, is demanding
[1]. Based on this broad spectrum of requested properties, complex
multiphase coatings with nanocomposite structure meet the demands
and have attracted much attention in recent years [1-12]. The
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cal properties such as a high hardness and toughness, the structure of
these coatings is typically composed of 3-10 nm sized grains, which are
separated by a 1-3 nm thick a-matrix [4,5]. Due to the Hall-Petch effect,
the combination of nc-grains and sharp interfaces between nc-grains and
a-matrix enable hardness values that exceed 40 GPa [4,19,20]. For
coating systems composed of Ti-(Si,B,C,N), the most commonly detected
crystalline phases are nc-TiN, nc-TiC, nc-TiCN, and nc-TiBy [1,3,4],
whereas the a-matrix can contain a-C, a-BN, a-TiB,, a-SisNy4, a-TiSis,
a-SiC, etc. [4,5,7]. Ternary and quaternary Ti-(B,C)-N coatings yield
promising mechanical properties like high hardness and high toughness
[12,19,21-23], whereas excellent oxidation resistance is reached by the
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use of Ti-Si-N. Consequently, investigations on Ti-Si-(B,C)-N coatings
yield similar thermal properties [1,7,9,18,24-29]. However, specific
properties of Ti-Si-B-C-N, like phase evolution during coating deposi-
tion, hardness, toughness, thermal stability, oxidation resistance, and
tribological performance, were not fully investigated, yet [4,29-31]. In
this study, the micro- and nanostructure of Ti-Si-B-C-N coatings depos-
ited by plasma-enhanced chemical vapor deposition (PECVD) was
investigated via scanning transmission electron microscopy (STEM) and
high-resolution transmission electron microscopy (HR-TEM). To com-
plement the optical appearance with information on the a-matrix,
Raman spectroscopy was carried out to investigate C phases, e.g. a-C.
Hardness, Young’s modulus, thickness, and adhesion between coating
and substrate were examined. Oxidation resistance of TiN, Ti-B-N,
Ti-B-C-N, Ti-Si-B-C, and Ti-Si-B-C-N coatings was studied with in-situ
X-ray diffraction in air at elevated temperatures.

2. Experimental details
2.1. Coating procedure

Single crystalline Si wafers (ca. 10x10x0.2 mm®) as well as
quenched and tempered (48 HRC) AISI H11 samples of ¥34 mm x 4 mm
size were coated in a pulsed direct current PECVD PN 100/150 device
(Ruebig GmbH & Co. KG, Austria; see Appendix A), as described else-
where [29]. The samples were ultrasonically cleaned for 15 min in
isopropanol, before they were installed in the vacuum chamber for
processing. Pretreatments in vacuum, such as 30 min sputtering for
plasma etching, and 30 min plasma nitriding, were carried out prior to
coating deposition. Plasma nitriding was carried out in an atmosphere
with low No/(N2+Hp) ratio of 5% and additional Ar for plasma support.
Further parameters are a working pressure of p = 240 Pa, an applied bias
voltage of U = -480 V and a substrate temperature of T = 530 °C. These
parameters were utilized to increase the adhesion between the steel
substrate and hard coating [32].

The Ti-Si-B-C-(N) coatings were subsequently coated with a TiN
adhesion layer, a graded layer to grant a smooth transition from TiN to
the Ti-Si-B-C-(N) and a top layer. The top layer itself was produced with
fixed coating parameters, e.g. precursor mass flows. They were depos-
ited using a gaseous mixture of TiCly, BCls, N2 (except for the Ti-Si-B-C
coating), and Si(CH3)4 (tetramethylsilane, TMS). In addition, small
quantities of Ar were utilized to support a stable glow discharge, and Hj
was added to reduce the chlorine of TiCly and BCl3 molecules. The
coatings were deposited at p = 200 Pa, U = —480 to —580 V, duty cycle
of D = 0.33, and at sample temperature of T = 530 °C. The N, flow was
varied from 0 to 667 sccm in 167 scem steps to extrapolate the influence
of nitrogen on the formation of Ti-Si-B-C-(N), whereas every other
coating parameter was kept constant. Aside from this field study, a
coating was deposited with a Ny flow of 167 sccm and a TMS flow
reduced from 67 to 33 sccm. TiN, Ti-B-N, and Ti-B-C-N were deposited
for comparison with Ti-Si-B-C-(N) coatings with the same deposition
device and under similar conditions (plasma, deposition temperature,
pressure), but under use of fewer (BCl3, TMS) or different (CH4)
precursors.

2.2. Coating characterization

The chemical composition was determined by means of electron
probe microanalysis (EPMA) using an electron probe microanalyzer
SX100 device (Cameca, France). The excitation energy was 10 keV.
Coatings’ thicknesses were determined via ball cratering method, using
a kaloMAX NT device (BAQ GmbH, Germany), as described by Leroy
et al. [33]. The microstructure was analyzed using a Cross-Beam 340
(Carl Zeiss AG, Germany) performing STEM with an excitation energy of
30 kV. HR-TEM images for analysis of nanostructure were taken using a
JEOL JEM 2200fs device (JEOL, Japan). The excitation energy was set to
200 kV. The adhesive behavior of the coatings on quenched and
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tempered AISI H11 was evaluated by Rockwell C Indentation tests ac-
cording to DIN 4856:2018-02 [34]. To increase reliability, three in-
dentations per coating were performed. The hardness and Young’s
modulus were measured with a Fisherscope using Berkovich indentation
mode [35]. X-ray diffraction was carried out at beamline BL9 of the
synchrotron radiation source DELTA (TU Dortmund University, Ger-
many [36]) at room temperature (RT; ~25 °C) and in-situ with thermal
loads of 750 °C, 800 °C, 850 °C, 875 °C and 900 °C, respectively. The
measurements were conducted directly after reaching the temperature
level and each took approximately 15 min. The photon energy was set to
Ep = 13 keV and a beam size with a width of 1.5 mm and height of 0.2
mm was used. Due to the small thickness of the deposited coatings (1.6
to 4.5 um), the angle of incidence was set to 1° To avoid strong heat
convection through air, a small graphite dome was utilized to isolate the
air from the surroundings, as well as to ensure a constant sample tem-
perature. A PILATUS 100 K detector was used for the X-ray diffraction
measurements. Grain sizes of nc-grains were calculated via the Scherrer
equation at RT with a geometrical factor K = 0.9. The TiC grainsize was
determined at scattering angles of ~25.4° at RT, whereas TiN grainsize
was determined at scattering angles of ~25.6° and ~36.6° Note that for
TiC, there is no error bar given, as it is a single data point. For Raman
studies, a DXR2 Raman Microscope (Thermo Fisher Scientific, Germany)
with a laser wavelength of 532 nm, a laser power of 6 W and a 50 um slit
was used with 300 exposures of 5 s length for every spectrum. The ex-
periments were performed on the same coating, once as-deposited and
once after 30 min annealing in air at 900 °C.

3. Results and discussion

The chemical compositions of the deposited Ti-Si-B-C-(N) coatings
are listed in Table 1. As the coating processes were carried out with
varying N flow rates, which changes the composition of the atmosphere
in the deposition chamber, different chemical compositions with N-
contents between 0.0 to 14.6 at.-% were obtained. C-contents were in
the range of 28.5 to 37.5 at.-%, which is comparable to results published
by Ma et al. [7]. They found C-contents of 25.3, 29.3, and 38.6 at.-% in
quaternary Ti-Si-C-N nanocomposites with low coefficient of friction.
25.7 to 32.0 at.-% Ti was found, forming nc-Ti(C,N). The different
proportion of N-content influences phase formation of nc-Ti(C)N and
a-Si3Ny, the phase that has been identified as the most important com-
pound for thermal stability and oxidation resistance in Ti-Si-N nano-
composites [9,26,37,38]. Residuals of O and Cl were detected in the
range of 1.4 to 3.4 at.-% and 0.7 to 3.5 at.-%, respectively. These re-
siduals tend to have a major impact on the hardness and a minor impact
on the oxidation resistance [11,38,39].

The microstructure of TiSiBCNg 7 is shown in Fig. 1. The TiN adhe-
sion layer and adjected regions of the graded interlayer show a dense but
dendritic appearing structure, as seen in the close-up. In contrast, the
rest of the interlayer and the top layer show a structure that appears
homogenous on the microscale. On the nanoscale, a fine-grained struc-
ture with grains of different orientation can be observed (compare
Fig. 2a; orientations marked with red lines). The size of nc-grains was
measured optically (see Fig. 2 b) to 4 to 6 nm and fits into the expected 3
to 10 nm range. However, it should be noted that this method provides
only a rough estimation on the grain size.

The HRC indentations of the coatings are given in Fig. 3a — f. All
pictures show concentric rings around the indentation in the center.
These are often accompanied by fine radial cracks in between the
concentric rings. Here, the important part for evaluation of adhesion is
the area directly surrounding the indentation crater (in between the two
red rings in each picture). In this region, no significant areas of spall-
ation of coating could be detected. It has to be noted, that in Fig. 3e the
radial cracks around the crater are close packed and wide. Additionally,
spallation between two concentric rings can be detected in this case
(encircled in blue, dotted line on the left-hand side of the red rings).
Coatings ‘a’ TiSiBC, ‘b’ TiSiBCNy 4, ‘c’ TiSiBCNg 7, and ‘f” TiSiBCNg 4 are
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Table 1
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Chemical composition [at.-%] in dependence of N, and TMS flow [sccm] determined by EPMA analysis.

Coating N, flow [scem] TMS flow [scem] Coating elements [at.-%] Residuals [at.-%]
Ti Si B C N (o] Cl
TiSiBC 0 67 25.7 12.4 20.1 37.5 0.0 2.2 2.1
TiSiBCN4 4 167 67 32.0 9.3 17.5 33.0 4.4 1.4 2.3
TiSiBCNg 4 167 33 33.6 8.4 13.3 30.1 9.4 1.5 0.7
TiSiBCNg 7 333 67 30.0 9.6 15.5 321 8.7 1.5 2.7
TiSiBCN129 500 67 30.0 9.1 14.0 29.2 12.9 1.8 3.0
TiSiBCN14,6 667 67 26.7 9.5 13.8 28.5 14.6 3.4 3.5

Coating

TiN adhesion layer

Nitrided hot
working steel

Fig. 1. STEM picture of TiSiBCNg; with close-up view of the substrate-coating interface and schematic build on the right-hand side.

HF2, whereas ‘d” TiSiBCN12.9 and ‘e’ TiSiBCN14.¢ are HF3.

The mechanical properties are summarized in Table 2. Here, the
coatings show hardness values in the range of 20.4 to 39.3 GPa. How-
ever, nanocomposites are known for hardness reaching 40 GPa or more
[3,10]. One possible explanation is, that the volumetric ratio of the
a-matrix is outside of the range of 15% to 25% of the coating, where
according to Patscheider et al. a hardness maximum in nanocomposite
coatings is reached [40]. Another possible explanation is the proportion
of O and Cl found in the samples. TiSiBCNg 4 contains the lowest amount
of O (1.5 at.-%) and Cl (0.7 at.-%) and offers a hardness of 39 GPa.
Veprek et al. [38] state in their review, that residuals of O + CI have a
massive influence on the coatings’ properties, especially the hardness.
Fig. 4 offers the hardness values with regard to the amount of O and Cl in
the coating. The gray box in Fig. 4 marks the area where ‘superhardness’
is expected. For Ti-Si-B-C-N coatings, the hardness values decrease with
increasing O and Cl. The Ti-Si-B-C coating appears to be different from
Ti-Si-B-C-N coatings, but fits the bigger picture. In summary, the
decrease in hardness is most likely a result of chemical effects of O and Cl
within the coatings’ structure, rather than the nanocomposite build-up
itself. Thus, the differences in hardness values observed in this work
probably derive primarily from O and Cl and neither from deposition
conditions like temperature or bias voltage nor from differences in C-
and N-content or nanocomposite structure. Only in case of a significant
increase (quasi-amorphous coating) or decrease (almost fully crystalline
coating) in volumetric ratio of the a-matrix, the hardness will be reduced
below 40 GPa independent of O and Cl, as described by Patscheider et al.
[40]. The assumption of the impact of O and Cl is supported by grain
sizes in a close range of 4.1 to 6.5 nm (see Table 3 and Fig. 2b) that are
densely packed (see Fig. 2a). Thus, neither the a-matrix is too thin nor
the grains are too large (Hall-Petch effect) or too small (inverse
Hall-Petch effect) to yield hardness values > 40 GPa [41].

The oxidation resistance of Ti-Si-B-C-N coatings is significantly

different from those of TiN (50 at.-% Ti, 50 at.-% N), Ti-B-N (ca. 40 at.-%
Ti, 46 at.-% B, 14 at.-% N), and Ti-B-C-N (49 at.-% Ti, 16 at.-% B, 3 at.-%
C, 32 at.-% N), which is shown in Fig. 5. The composition of Ti-B-N is
only given by an estimation, because the composition was only
measured for a coating in a similar Ti-B-N coating process in the same
deposition device. The four different patterns were each measured in-situ
at a temperature of 750 °C in air. The patterns of TiN, Ti-B-N, and Ti-B-C-
N show strong TiO, Bragg reflections, indicating the oxidation of the
surface near zone. TiN is known for low oxidation resistance, tending to
transform into TiO5 at 500 °C [42]. In this study, rutile TiO, is observed,
but no anatase TiOs. For Ti-B-N coatings, Kiryukhantsev-Korneev et al.
[8] report a beginning of oxidation at around 600 °C. In a previous work,
the authors found the Ti-B-N coating to be intact at 500 °C and heavily
oxidized at 750 °C [29]. Here, the coatings show a weakly pronounced
TiN Bragg reflection and several reflexes of rutile and anatase. An
extensive study by Chen et al. [43] on the oxidation resistance of
Ti-B-C-N coatings lead to the conclusion, that these coatings are stable
up to 600-700 °C, depending on their chemical composition (C-contents
of 48.8 at.-% and 54.2 at.-% proved unbeneficial for thermal properties).
The presented Ti-B-C-N coating showed a strong Ti(C,N) (200) reflex, six
rutile TiO; reflexes and one weak anatase TiO reflex. To sum up, the
results for TiN, Ti-B-N, and Ti-B-C-N shown in Fig. 5 match with those
derived from literature and rutile is the dominating TiO2 phase in those
coating systems after oxidation. The X-ray diffraction pattern of
Ti-Si-B-C-N in Fig. 5 does not show any sign of TiO2 phases, leading to
the conclusion that the starting point for oxidation has not been reached.
The same behavior was observed for different N-contents at 750 °C
(TiSiBCN4.4 to TiSiBCN14.6). In conclusion, Si is the element that enables
high oxidation resistance. A possible explanation for this behavior is
provided by a consideration of Ti-Si-N nanocomposite coatings. Here,
extensive research was carried out and an a-SigN4 containing matrix was
identified to be the origin of the observed temperature stability [9,26,
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Fig. 2. HR-TEM pictures of the top layer of TiSiBCNg ;. (a) Overview and close-up view of different grains. The red lines indicate grain orientation. (b) Approxi-

mation of grain size.

38]. Nevertheless, Mahato et al. [18] deposited Ti-Si-B-C, a coating
system that is unable to develop SisN4 due to its lack of N, also observing
a high oxidation resistance of up to 800 to 1.000 °C. In order to obtain
further information on the underlying processes, temperature depen-
dent diffraction experiments were performed on a coating that did not
contain nitrogen. In-situ X-ray diffraction of a Ti-Si-B-C coating with
patterns measured at multiple temperature levels was carried out (see
Fig. 6). At RT, characteristic reflexes of the graphite dome, which is part
of the heating cell, and of TiC are found. The TiC (200) and (220) re-
flections are identified at scattering angles of ~25.4° and ~36.5°,
respectively [3]. Starting from RT up to 900 °C, the reflexes reduce
slightly in intensity with increasing temperature. Still, the TiC (200)

peak is stronger pronounced than the other peaks, regardless of tem-
perature level. Oxidation starts at 800 °C and accelerates with increasing
temperature as can be seen by rutile TiO, reflexes (compare Fig. 6).
Anatase TiO, was not observed. Underneath an oxide layer, the
as-deposited coating appears to be intact, as evidenced by the strongly
pronounced TiC (200) reflex. To conclude, these results are in agreement
with Mahato et al. [18]. Mahato et al. propose that the Si and Ti
incorporated in the coating oxidize to SiO5 and TiOo, respectively, which
in turn build a passivating oxide layer on the surface. They observed the
formation of SiO2 phases in their X-ray diffraction measurement. How-
ever, in this work, no characteristic reflection of nc-SiO- was detected at
scattering angles of 17° or 18° In summary, the formation of a
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a b C .
HF2 " HF2 i HF2
d e i
500 um HF3 500 pm HF3 500 pm " HF2

Fig. 3. HRC indentations into a) TiSiBC, b) TiSiBCNy 4, ¢) TiSiBCNg 7, d) TiSiBCN129, €) TiSiBCN146, and f) TiSiBCNg 4.

Table 2

Mechanical properties of Ti-Si-B-C-(N) determined by nanoindentation (hard-
ness, Young’s modulus and fracture toughness) and ball cratering method
(thickness).

Coating Hardness Young’s Fracture Thickness
[GPa] modulus toughness H/E [um]
[GPa] [1
TiSiBC 29.2+ 24 2181+ 7.3 0.134 + 0.016 1.7 £ 0.2
TiSiBCNy4 4 31.3+1.6 250.9 +7.4 0.125 + 0.010 3.4+£04
TiSiBCNg 7 249 +1.2 2124+ 6.1 0.117 £ 0.010 3.6 £0.5
TiSIBCNg 4 39.3 +£ 2.7 294.0 £ 11.2 0.134 + 0.015 3.0+0.3
TiSiBCNy2.9 233+1.4 202.5 + 6.6 0.115 + 0.011 4.0 £0.5
TiSiBCN146 20.4 £ 0.8 181.2 + 3.4 0.113 £ 0.007 4.4 £0.5
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Fig. 4. Hardness in correlation to O and Cl residuals in the coatings with
varying N-content.

nc-SiOy/nc-TiOy passive layer was not observed within this work. This
does not exclude the possibility of a-SiO3/nc-TiO; formation. However,
Mahato et al. deposited coatings with 19.2 at.-% Ti and 19.4 at.-% Si,
whereas here coatings with 25.7 at.-% Ti and 12.4 at.-% Si are discussed.
With more Si and less Ti, formation of nc-SiO, during oxidation is more

Table 3
Grain sizes calculated with the Scherrer equation.

Coating nc-TiC [nm] nc-TiN [nm]
TiSiBC 5.0 -
TiSiBCN4 4 - 6.5+ 0.3
TiSiBCNg - 6.2+ 0.6
TiSiBCN12.9 - 5.8 + 0.2
TiSiBCNy4.6 - 5.3+ 0.3
* setup e Ti(C,N) (200) A anatase TiO,
— o TiN (200) R rutile TiO,
2
C o . . .
3 x Ti-Si-B-C-N
o
Re
8, R RR
El Ti-B-C-N
n
o
E Ti-B-N
| TiN
20 25 30 35 40 45

20[7]

Fig. 5. In-situ X-ray diffraction patterns of TiN, Ti-B-N, Ti-B-C-N, and Ti-Si-B-C-
N coatings at 750 °C. Vertical lines mark rutile (R) and anatase (A)
TiO, reflexes.

likely to occur. Furthermore, the X-ray diffraction spectra are mainly
sensitive to crystalline SiO5 phases, whereas amorphous phases are less
clearly imaged. Finally, the influence of N on the temperature behavior
of Ti-Si-B-C-N coatings is discussed. Therefore, the N-content was varied
and in-situ X-ray diffraction measurements were carried out at multiple
temperature levels. Due to the extensive data resulting from 20 X-ray
diffraction patterns, Fig. 7 only shows the patterns of TiSiBC, TiSiBCN4 4,
TiSiBCNg 7, TiSiBCNj2.9, and TiSiBCN14¢ at 875 °C, because the differ-
ences are the most significant at this temperature level. For TiSiBC, the
as deposited TiC (200) reflex at a scattering angle of 25.4° offers the
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*setup R rutile TiO,

TiC (200)

TiC (220)

Py

*

RR
Nt e M 900 °C

———875°C

850 °C

N~ ———RT

20[°]

Intensity [arb. units]

Fig. 6. In-situ X-ray diffraction patterns at room temperature, 800 °C, 850 °C,
875 °C, and 900 °C of TiSiBC (chemical composition see table 1).

maximum peak intensity. The other coating systems contain additional
nitrogen and are able to form nc-TiN in addition to nc-TiC. These phases
show similar lattice structures, resulting in overlapping (200) Bragg
reflections. This has been observed by many researchers who carried out
investigations on Ti-C-N and Ti-B-C-N coatings [21,44]. In result, these
reflexes are often marked with Ti(C,N), because a definite assignment to
one or the other is impossible. In this work, these reflexes of (200),
(220), and (311) are found at scattering angles of ~25.4°, ~36.6°, and
~43.0°, respectively. It is evident, that, with increasing N-content, the
formation of rutile and anatase TiOy phases are weaker pronounced.
Thus, more N leads to higher oxidation resistance and presumably the
formation of a-SigN,4 phase. A closer look at Fig. 7 shows, that even at a
very high temperature of 875 °C, protection against oxidation of the
coating is given, at least at high N-contents. Thus, the X-ray diffraction
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measurements on the coatings with 12.9 at.-% and 14.6 at.-% N show
significantly lower TiO; signals than the coatings with lower N-content.
As the molar volume of TiOs is bigger than that of TiN, crack opening of
the adjacent SiO; passivation layer occurs when TiO» grains form [40].
To sum up, the surface-near zone oxidizes, but Ti(C,N) indicates an
intact, as-deposited zone underneath and slow oxidation rates. The
Raman spectra in Fig. 8 offer additional information on the a-matrix.
The as-deposited TiSiBCNg 7 coating contained a-C, as can be identified
in the D Band (1355 cm’l) and G Band (1585 cm’l) responses. Com-
bined with the results from HR-TEM analytics, the existence of nc-grains
and a-matrix was proven in this study. Furthermore, annealing the
sample in air for 30 min at 900 °C showed that the a-C oxidizes, as no
peaks at D Band or G Band can be identified afterwards. The a-C is not
protected from oxidation by a passivation layer of e.g. TiO or SiO3, so
that probably a chemical reaction with O, from air turns a-C into COo,
which desorbs form the coating.

4. Conclusions

Duplex processing in form of nitriding and PECVD coating deposition
was carried out to form thermally stable Ti-Si-B-C-(N) nanocomposites
on hot working steel substrates. STEM, HR-TEM, X-ray diffraction, and
Raman spectroscopy proved nanocrystalline grains as well as an a-ma-
trix that contains a-C. HRC indentations proved good adhesion between
hot working steel and nanocomposite coating due to plasma nitriding
and an adhesive TiN interlayer. The oxidation resistance of thin films
was investigated by means of in-situ X-ray diffraction at elevated tem-
peratures. The Si-free coatings TiN, Ti-B-N, and Ti-B-C-N oxidized below
750 °C, whereas Ti-Si-B-C—N showed no significant differences to the
as-deposited state. Increasing N-content from O to 14.6 at.-% in Ti-Si-B-
C-(N) led to higher oxidation resistance in the range of 800 °C to 900 °C,
presumably resulting from an increase in a-SigN4 phase. For use in high
temperature wear applications, Ti-Si-B-C-N should contain at least 10
at.-% N. The deposition of a 39.3 GPa hard Ti-Si-B-C—N coating is an
indicator for possible superhardness (> 40 GPa) in these coatings and
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Fig. 7. In-situ X-ray diffraction patterns of Ti-Si-B-C and Ti-Si-B-C-N (chemical composition see table 1) coatings at 875 °C.
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Fig. 8. Raman pattern of as-deposited and air-annealed (30 min, 900 °C) coating TiSiBCNg 7.

was achieved in an industrial sized deposition plant (1,000 mm x 1800
mm). In combination with the thermal properties, these coatings seem
promising for tools in hot forming applications. Further work will
include investigations of the nanocomposite structure (X-ray photo-
electron spectroscopy) measurements to prove a-SigN4), the coating’s
adhesion, and the mechanical properties.
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Appendix A: Industrial-sized PECVD deposition device (Ruebig GmbH & Co. KG, Austria)
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