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Influence of Cr content in TiCrN coatings obtained by vacuum arc
deposition on their phase composition, structure and properties
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The TiCrN coatings were deposited on Cr12MoV die steel using the vacuum-arc plasma-assisted method at
different values of the chromium cathode arc current (40, 60, 80 and 100 A). It was found that an increase in the
chromium cathode arc current leads to an increase in the relative chromium content in the coatings from 0.26 to
0.52; an increase in the content of the (Ti, Cr)N phase from 18.3 to 94.2%; a decrease in the coherent scattering
regions size from ~ 30—40 to ~ 5nm; an increase in the microstrains of crystal lattices from (0.8—1.6) - 107> to
(10—11.1) - 1073, The Tio.54Cro.4N coating had the highest mechanical (hardness H = 37.4 GPa, ratio of hardness
and elastic modulus H*/E* = 0.30 GPa) and tribological (friction coefficient = 0.512) characteristics among the

studied coatings.
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Transition metal nitrides, such as TiN and CrN, are used
widely as protective hardening coatings in various indus-
tries due to their relatively high hardness and reasonably
low friction coefficient, which provide an opportunity to
extend the service life of products in abrasive and chem-
ically aggressive conditions [1-3]. However, these simple
mononitride coatings fail quickly if the coated product is
exposed to more severe influences that cause intensive
wear [4,5]. Three-component systems (e.g., TiCrN) have
improved physical, mechanical, and tribological properties
compared to mononitride TiN and CrN, which expands
their application range. For example, it was demonstrated
in [6] that a TiCrN film had significantly better tribological
characteristics than TiN. Comparing the results of wear tests
under a load of 3N, the authors found that the friction
coeflicient of the TiCrN film decreased by a factor of more
than 3.5, while the wear parameter decreased by a factor of
more than 11 (compared to TiN).

A certain structure and phase composition form depend-
ing on the method and mode of synthesis of TiCrN coat-
ings/films and on the relative content of chromium. They,
in turn, govern the physical, mechanical, and tribological
properties of coatings/films and, accordingly, specify the
service life of the product to which this coating/film is
applied. TiCrN films in [7] were deposited by the cathodic
arc PVD method. It was found that as the chromium
content in TiCrN films increased, the phase composition
changed from cubic TiN to cubic CrN with the formation
of substitution solid solutions TiN(Cr) and CrN(Ti). It
was also reported that a TiCrN film with Cr/Ti = 0.587
exhibited higher wear resistance and compressive residual
stresses than films with Cr/Ti = 0.428, 0.754, 0.923, 1.083,
and 2.571. In [8], coatings of the Ti—Cr—N composition
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were synthesized by vacuum arc deposition. The authors
found that both an increase in microhardness (as large
as 70 % compared to mononitride titanium nitride coatings)
and a reduction of friction coefficient (as large as 50 %)
could be achieved by increasing the chromium concentration
to 17at.%. This improvement of physical and mechanical
properties of Ti—Cr—N coatings was attributed to the
formation of a (Ti,Cr)N solid solution with the B1 NaCl
structure and a coherent scattering region (CSR) size
of 10nm. The above suggests that the Cr content of TiCrN
coatings needs to be optimized in order to maximize the
physical, mechanical, and tribological parameters. In this
context, the present study was aimed at examining the
influence of the relative content of Cr in TiCrN coatings
deposited using the vacuum-arc plasma-assisted method on
their phase composition and crystal structure parameters
and identifying the optimum coating composition with the
best physical, mechanical, and tribological characteristics.
A modernized NNV6.6-I1 [9] setup fitted with two
electric arc evaporators with a cathode diameter of 80 mm
and an additional source of gas plasma (plasma source
with a heated and hollow ,PINK*“ cathode) was used to
deposit coatings by the vacuum-arc plasma-assisted method.
Cathodes made of titanium (grade VT1-0) and chromium
(99.5% pure) were used. Pre-hardened die steel Cr12MoV
was the substrate material. The samples were polished in
advance and cleaned in an ultrasonic bath (first in gasoline,
then in acetone) prior to loading into the vacuum chamber.
In the process of deposition, the sample holder was rotated
about the central axis of the chamber at a distance of
200mm from it at a rate of 3.5rpm and about its own
axis. When a gas discharge was ignited and a negative
bias potential of 700V was applied to the holder with
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the substrates, heating to a temperature of approximately
360°C was performed. Upon reaching this temperature,
the surface of substrates was treated with Cr ions for 2 min
under a negative substrate potential of 900V, a chromium
cathode arc current of 90 A, and pressure P, = 0.35Pa.
An adhesion layer of Cr was then deposited within 3 min
under a negative substrate potential of 50 V. TiCrN coatings
were deposited next in a nitrogen—argon gas mixture
(90% N, and 10% Ar) under a pressure of 0.6Pa and
a negative potential of 150 V with simultaneous arcing of Ti
and Cr cathodes. The titanium cathode arc current was 80 A
for all deposited TiCrN coatings, and the chromium cathode
arc current was varied (40, 60, 80, or 100 A). A higher
chromium cathode arc current corresponded to a higher
coating growth rate. To maintain a constant thickness of the
studied TiCrN coatings, the coating deposition time was set
to 95, 85, 75, and 65 min at 40, 60, 80, and 100 A, respec-
tively. In all experiments, the temperature was maintained at
390—400 °C. The temperature in the vacuum chamber was
monitored with a chromel-alumel thermocouple mounted in
a special holder, which was positioned in the center of the
chamber. For a comparative analysis of the properties of
coatings, base mononitride TiN and CrN coatings were de-
posited under similar conditions, but the deposition time of
each coating was set to 120 min. The approximate thickness
of all the coatings studied was 3—4um. The elemental
composition of coatings was examined with a Genesis
energy-dispersive X-ray microanalyzer built into a Philips
SEM-515 (Netherlands) scanning electron microscope. The
phase composition and parameters of the crystal structure
of the obtained coatings were studied by X-ray diffraction
using a Shimadzu XRD-7000S (Japan) diffractometer with
CuK, (2 =0.15405nm) radiation. Diffraction patterns
were recorded with the following process parameters: step,
0.0143°; exposure, 21s; angle range, from 10 to 90°.
The Crystallographica Search-Match program and the ICDD
(International Centre for Diffraction Data) databases were
used in qualitative analysis of these patterns. Quantitative
analysis (determination of the CSR size, microstrains of
the crystal lattice, and lattice parameters) was carried out
using the Powder Cell 2.4 full-profile analysis program.
Nanoindentation of the studied coatings was performed
using an NHT-S-AX-000X (Germany) nanohardness tester
with a Berkovich tip under a maximum load of 25 mN. Ten
measurements were taken for each coating. Tribological
tests were carried out using a TRIBOtechnic (France)
tribometer under dry friction conditions with reciprocal
motion of the sample relative to the counterbody. The
counterbody was a ball 6mm in diameter made from
hardened steel 100Cr6. The sample displacement rate
during testing was 25 mm/s, the load on the ball was 5N,
and the track length was 5mm; the sliding distance was
200m for TiCrN and CrN coatings and 50 m for the TiN
coating. The sliding distance for TiN had to be shortened
due to the fact that this coating wore out rapidly.

Table 1 presents the elemental composition of the studied
TiCrN coatings. The results demonstrate that with an

increase in chromium cathode arc current from 40 to 100 A,
the chromium content of the coatings increases from 13.6
to 29.3 at.

Figure 1 shows the X-ray diffraction patterns of the
studied TiCrN and mononitride TiN and CrN coatings.
It was found that the base mononitride TiN and CrN
coatings consist of titanium nitride (ICDD card 87-631)
and chromium nitride (ICDD card 76-2494) with an
FCC structure of the NaCl type and a preferential (111)
orientation. The intensity of diffraction peak (222) was very
low for both TiN and CrN coatings. Other reflection planes,
such as (220) and (311), were almost indistinguishable
in the diffraction patterns. TiCrN coatings had a three-
phase structure with FCC lattices that included the TiN and
CrN phases, which were the primary phases in mononitride
coatings, and a newly formed (Ti,Cr)N substitutional solid
solution phase (ICDD card 70-2981). The same (111)
texture observed in mononitride coatings was found in
TiCrN coatings. The diffraction patterns of TiCrN coatings
make it evident that an increase in relative content of
chromium in them leads to a shift of peaks toward larger
diffraction angles 20 (i.e., the lattice parameter of coatings
decreases). Indeed, it follows from the data in Table 2 that
the values of lattice parameter a of the (Ti,Cr)N, TiN, and
CrN phases tend to decrease. The reduction of the lattice
parameter of (Ti,Cr)N with an increase in relative content of
chromium in the coatings is attributable to the substitution
of Ti with Cr in the TiN Ilattice, since the atomic radius
of Cr (0.130nm) is smaller than that of Ti (0.147 nm).
A similar shift of peaks toward larger angles in TiCrN
coatings with an increase in relative chromium content was
observed in [10], and the authors associated it with rapid
formation of the (Ti,Cr)N solid solution. It can be seen
from Table 2 that an increase in relative chromium content
in TiCrN coatings leads to an increase in (Ti,Cr)N phase
content, which changes from 18.3 to 94.2 %. The diffraction
patterns of TiCrN coatings (Fig. 1) also demonstrate that an
increase in relative chromium content leads to broadening
of the diffraction peaks and a reduction in their intensity,
which is indicative of a reduction in CSR size. The CSR
size decreases from ~ 30—40 to ~ Snm (see Table 2). An
increase in chromium cathode arc current does not only
lead to an increase in Cr content in TiCrN coatings, but also
promotes more intense ion bombardment of the deposited
coating surface, which initiates refinement of the coating
structure and contributes to an increase in defect density and
an enhancement of compressive stresses in the coating [11].

Table 1. Elemental composition of the studied TiCrN coatings

Element concentration, at.%
Sample
Ti Cr N
Ti0_74CI‘()A26N 38.5 13.6 479
Ti0‘63Cro,37N 319 18.8 493
Ti0‘54CI'().46N 278 233 48.9
Ti0_43CI‘()A52N 274 293 432
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Figure 1. X-ray diffraction patterns of the studied TiCrN coatings and mononitride TiN and CrN coatings within the angular range of

20—90 (a) and 30—45° (b).

Table 2. Phase composition and parameters of the crystal structure of the studied TiCrN coatings (Ad/d — microstrain of the crystal

lattice)
Sample
Parameter Phase - - - -
Tig.74Cro.26N Tig.63Cro.37N Tig.54Cro.46N Tig.48Cro.52N
Phase (Ti,Cr)N 183 673 746 942
content. % TiN 783 13.6 — <1
70 CiN 35 192 254 55
. (Ti,Cr)N 314 17.9 9.5 -
Csﬁnsllze’ TiN 395 51 - -
CrN 36.1 39.0 35 54
(Ti,Cr)N 16 29 33 -
Ad/d, 1073 TiN 13 59 — —
CrN 0.8 04 10.1 11.1
Parameter (Ti,Cr)N 0418 0414 0413 0413
TiN 0424 0425 — —
parameter a,nm CIN 0414 0412 0.404 0.405

Specifically, it follows from Table 2 that an increase in arc
current led to an increase in microstrains of the crystal
lattice (Ad/d) of phases: (Ti, Cr)N — from 1.6-1073
to 3.3-1073; TiN — from 1.3- 1073 t0 5.9 - 1073; CrN —
from 0.8 - 1073 to 11.1- 1073

The physical and mechanical properties of the coatings
were examined by nanoindentation. The hardness (H)
and elastic modulus (E) values were determined (Table 3)
using specialized software. The ratios of hardness and
elastic modulus (H/E and H3/E?) of the studied coatings
were also calculated and are listed in Table 3. It can
be seen from Table 3 that the CrN mononitride coating
has the minimum hardness (23.8 GPa) among the studied
coatings. The Tips54Cro46N coating had the maximum
hardness (37.4 GPa), which was 21 and 57 % higher than
that of the TiN and CrN mononitride coatings, respectively.
The increased hardness of the Tips54Cro46N coating is
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attributable to a smaller CSR size and higher microstrain
values [12].

It is believed that ratio H/E is a measure of elastic-strain-
to-break and ratio H>/E? characterizes the capacity of the
surface to resist plastic straining under load [13]. Coatings
with high H3/E? ratios may have higher fracture properties
due to their high load-bearing capacity rather than their
inherent strength [13]. It can be seen from Table 3 that
the Tip 54Crp 46N coating with the maximum hardness also
has the highest H3/E? value both among TiCrN coatings of
other compositions and in comparison with TiN and CrN
mononitride coatings. It is likely that the composition of the
Tig.54Cro 46N coating is optimum in terms of both the Ti/Cr
element ratio and the content of crystalline phases.

The curves of variation of the friction coefficient (u)
with sliding distance are shown in Fig. 2. At the initial
stage of dry friction tests (~ 0—25m), coefficient u of the
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Figure 2. Curves of variation of the friction coefficient (u) with sliding distance.

Table 3. Physical, mechanical, and tribological properties of the studied coatings (hardness H, elastic modulus E, hardness/elastic
modulus ratio — H/E and H>/E?, and friction coefficient 1)

Sample H, GPa E, GPa H/E H?/E?, GPa u
TiN 30.8 £2.9 373.1 £34.5 0.08 0.21 0.631
CrN 23.8+ 1.6 287.3 £9.8 0.08 0.16 0.519

Tio.74Cro.26N 31.6 + 1.1 381.6 £ 6.6 0.08 0.22 0.577
Tig.63Cro.37N 32.6 £2.7 377.7£42.8 0.09 0.24 0.530
Tig.54Cro 46N 37.4+22 414.4 £ 25.1 0.09 0.30 0.512
Tig.48Cro 52N 32.2+0.4 364.7 7.7 0.09 0.25 0.556

studied TiCrN, TiN, and CrN coatings increased sharply mum in terms of both the ratio of Ti and Cr ele-
to a stable state. The u curve of the coating with ments and the content of crystalline phases. Combined
the Tip74Crg 26N composition was the exception: after with a reduced CSR size and increased microstrain val-

150 m of testing, a sudden increase in u was observed ues, this makes its physical, mechanical, and tribolog-
in this case. According to [14], the friction process may ical characteristics the best among the studied TiCrN
be divided into two stages: breaking-in and the steady- coatings of other compositions and favorable compared
state regime. In addition, the initial period of breaking- to the parameters of mononitride TiN and CrN coat-

in was characterized in [15], and it was reported that a ings.
rapid change in friction coefficient indicates the onset of
coating wear. Figure 2 and Table 3 make it clear that
the TiN mononitride coating had the maximum friction
coefficient (0.631), while the minimum coefficient (0.512)  Funding
corresponded to the Tip 54Crg 46N coating, which had the
best physical and mechanical characteristics. It is important This study was carried out under the state assignment
to note that the determined friction coefficients of the of the Ministry of Science and Higher Education of the
studied coatings are significantly lower than the p value for Russian Federation (project No. FWRM-2025-0001).
the original Cr12MoV steel (0.762).
Thus, the obtained data revealed that the variation of
chromium content has a significant effect on the phase

composition; crystal structure parameters; and physical, =~ Conflict of interest
mechanical, and tribological properties of Ti;_,Cr,N coat-
ings. The Tip 54Cro46N coating composition is opti- The authors declare that they have no conflict of interest.
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