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Abstract—A review of the experimental results of studying multicomponent nanocomposite protective coatings
of various chemical compositions (TIAICrYN, TiAISiBN, TiAISiCuN, CrTiAlSiN, and TiHfSiN/NbN/AlL,053)
developed in recent years is presented. An analysis of the available data on the chemical composition, hard-
ness, oxidation resistance, thermal stability, friction, wear, adhesion strength, and corrosion properties of
nanocomposite coatings with high physicomechanical characteristics is carried out. The application of the
nanocomposite coatings in industry is exemplified using the performance characteristics of drills made from
a high-speed steel covered with a multicomponent protective coating.
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INTRODUCTION

One of the chief problems in materials science is to
develop and study new materials with unique func-
tional properties. Nanomaterials and nanotechnolo-
gies have become a priority trend in materials science
in recent years [1, 2].

In order to gain a more penetrating fundamental
insight into the processes of adhesion, friction, wear,
indentation, and lubrication, the mechanism and
dynamics of the interaction of two moving solids in
contact, the dimensions of which vary from the atomic
to micro scale should be investigated. The significance
of studying single contacts between asperities in
research into fundamental nano- and micromechani-
cal, as well as micro- and nanotribological, properties
of surfaces and interfaces has long been recognized
[2—6].

Nanotribological and nanomechanical research
are necessary for gaining a deeper fundamental
insight into interfacial phenomena on small scales, as
well as for investigating interfacial phenomena in
micro- and nanostructures, which are used in mag-
netic-storage devices, nanotechnologies, and other
important fields [2].

Nanocomposite coatings are a new generation of
materials. The idea of nanocomposites is to combine
the best properties of the components in a material in
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order to improve its physicomechanical, chemical,
magnetic, and high-temperature properties, as well as
to stabilize the nanostructure during the production
and operation of a nanocomposite [7].

It is mentioned in a number of works that deal with
methods for producing nanocomposite coatings [7—9]
that magnetron sputtering is the best-suited method
for their industrial production, since it possesses defi-
nite advantages over the other methods [9]. The main
specific feature of magnetron sputtering is a strong
effect of plasma whose density depends on the config-
uration of a magnetron system on the properties of the
coatings.

TRIBOLOGICAL CHARACTERISTICS
OF TiAICrYN NANOCOMPOSITE COATINGS

Hard nanostructured coatings of transition-metal
nitrides deposited using the PVD method can have a
strong adhesion to a substrate, a high hardness, an
increased oxidation resistance, and an excellent wear
resistance [10—15]. It was shown in [16, 17] that the
tribological characteristics of TiN and TiAIN coatings
depended on their chemical composition: the coeffi-
cient of dry friction was 0.7—0.9 and, after incorporat-
ing V, N or Cr into these coatings, 0.2—0.25, depend-
ing on the test environment [18]. Multicomponent
and multilayer nanostructured coatings are currently
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Fig. 1. Dependence of coefficient of friction of TIAICTYN
coating deposited on substrate made from P20 steel on
number of repetitions (total sliding distance was 4.524 m).

widely used to protect tools for various purposes
[19, 20].

In [21], results of an experimental study of the fric-
tion and wear mechanisms for TiAITYN/TiAICrN and
TiAlY(O)N/Cr(O)N multicomponent and multilayer
coatings deposited on a steel substrate using the mag-
netron method are presented. The roughness of the
coatings deposited on the polished substrates was R, =
0.198 um, while that of the coatings deposited on the
prenitrided substrates was R, = 0.378 um. The hard-
ness of the coatings was 26.6 GPa, irrespective of the
grade of steel used to produce the substrate.

POGREBNJAK et al.

At the initial stage of the wear test of the TIAICrYN
coating, the coefficient of friction was <0.2; after a few
thousands of cycles, it increased to 0.6—0.7. With an
increase in the number of test cycles, splinter-like wear
particles appeared at the edge of the wear track. In the
steady sliding mode, the coefficient of friction was fairly
stable and had high average values, which were men-
tioned above, while the friction curve (Fig. 1) shows
irregular fluctuations of the coefficient of friction.

Table 1 presents the results of measurements the
coefficient of friction and the wear factor for all the
specimens tested in [21]: the coefficient of friction of
the TIAICrYN coating is substantially higher than that
of the TiAIN/VN coating based on the nitride of the
different transition metal (u = 0.4—0.5) [21].

It is pointed out in [21] that, with increasing thick-
ness of the nitrided layer, the coefficient of friction
decreases; at a depth of nitriding of 270 pum, an
extremely high wear factor is observed. The wear factor
remains by two or three orders of magnitude lower
than that of the unnitrided steel. The authors of [21]
also mention the effect of the relative humidity on the
coefficient of friction of TIAICrYN coatings.

High-resolution SEM examinations of TiAICrYN
coatings after the wear tests have shown the presence of
splinter-like wear particles located along the direction
of sliding, as well as the absence of cracks and delami-
nated areas (Fig. 2). The authors failed removing the
splinter-like wear particles using acetone, which
proves their strong adhesion to the nitride coating.

According to the results of the wear tests of the
coatings (Table 2 in [21]), duplex processes of plasma
nitriding, which precede the magnetron sputtering of

Table 1. Adhesion strength (L., N), coefficient of friction (i), and wear factor (%, 1071 m3 N~ m™) of TIAICrYN coating

deposited on substrates made of various steels [21]

Friction and wear
Coating Substrate material Adhesion L, P
[ ¢
Uncoated M2 — 0.73 1200
TiAICrYN M2 46.0 + 3.0 0.70 12.65
Uncoated H13 — 0.71 3130
TiAICrYN HI13 26.8 +2.3 0.65 51.5
TiAICrYN Nitrided H13 484+ 1.2 0.67 5.16
TiAICrYN P20 20.7 £ 3.5 0.66 3.91
TiAICrYN Nitrided P20 73.0 £ 3.6 0.61 3.57
Uncoated Nitrided S106(150 ) — 0.74 2660
Uncoated Nitrided S106(270 ) — 0.75 438
Uncoated Nitrided S106(400 L) - 0.76 582
TiAICrYN Nitrided S106(150 ) 479123 0.67 15.9
TiAICrYN Nitrided S106(270 ) 46.2 £ 2.6 0.68 19.5
TiAICrYN Nitrided S106(400 ) 27.4+0.9 0.68 11.3
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the TIAICrYN coatings, efficiently improve the wear
resistance of fairly soft surfaces.

In a Cr—Ti—AI-O tribofilm, the basic chemical
bonds were the bonds between the metal and oxygen
atoms, despite a small amount of oxygen. Since the
Me—O bonds have a higher shear resistance than the
V-0 bonds, the TiAICrYN coatings, which contain
Cr—0, Al-0, and Ti—O bonds, possess higher coeffi-
cients of friction than the TiAIN/VN coatings [21].

EFFECT OF CONCENTRATION OF Si
ON TRIBOLOGICAL CHARACTERISTICS
OF NANOCOMPOSITE TiAISiCuN COATINGS [22]

She, Muders, et al. studied the effect of the con-
centration of silicon on the tribological characteristics
of nanocomposite TiAlSiCuN coatings [22]. The
coatings of different stoichiometric compositions
(Tig43Al0 48519.06CUg 03N and  Tig 45Alg 42Si5.10Cug 03N)
consisted of the Ti—Al—N nanocrystalline phase and
Cu, while Si was present in the amorphous phase in
the form of either silicon nitride or usual silicon (Fig. 1
in [22]). It has been found that the
Ti 54Aly 4,515 0;Cug o3 N coating contained a solid solu-
tion and that the segregation of Ti—Al—Si—N nanocrys-
tals in the amorphous Si;N, matrix led to the formation
of a nanocomposite nc-TiAIN/Si;N, film in both
Tig 431048519 06CUig 3N and  Tig 45Alj 4,51y 10Cug 3N
(Figs. 1 and 2 in [22]). The formation of the nanocom-
posite nc-TiAIN/Si;N, film was a characteristic of the
process of self-organization, which occurred during
deposition and was extensively studied previously
[23, 24].

The film Tig 54Al) 4551 0;Cug ;N with the lowest
concentration of silicon had a surface roughness of
0.9 nm, which then diminished as the concentration
of Si decreased (7.7 and 6.5 nm for the
Tig43Al0.48819.06CUg.03N  and  Tig 45Alg.42S10.10Cug 03N
films, respectively).

In comparison with the Ti—Al—Si—N films without
Cu additives [25, 26], the Ti—Al-Si—Cu—N films

Fig. 2. High-resolution secondary-electron image of mid-
dle of wear track on surface of TIAICrYN coating.

have definitely lower values of the coefficient of fric-
tion, which apparently can be due to the lubricating
effect of the soft copper phase in the course of the slid-
ing of a diamond indenter over a film and to a small
crystalline grain size.

During the nanoscratch tests of the films, it was
found that, with an increase in the concentration of Si
in a film, the critical load first substantially grew
(to 55 N) for the Ti 43Al 45Sig 0sCUyg o3 N film and, with
a further increase in the concentration of Si in the
Tij 45Aly 42519 10Cug 3N film, did not considerably
increase (Fig. 7 in [22]). The film with the lowest con-
centration of silicon was characterized by the lightest
critical load (36 N). The adhesion of the films to the
substrates undoubtedly increased with decreasing the
crystallite size [22].

It was determined from the depth profiles of the
wear tracks of the films (Fig. 3) that the
Tiy 45Aly 4251y 10CUy o3 N film had the deepest wear track
(0.7 pm) in comparison with the other harder films.
The Tig 43Al 4551 06CUg 93N coating with a hardness of

24.27 GPa demonstrated the shallower wear track
(0.3 um).

Table 2. Tribological characteristics of multilayer Ti—Hf—Si—N/NbN/Al,O; coating [37]

Coefficient of friction p Wear factor, mm3 N~! m~!
Specimen

initial during tests counterbody (x1073) | specimen (x107?)
Steel 3 0.204 0.674 0.269 35.36
Steel/Al,O5 (200 pm) 0.038 0.959 1.61 22.39
Steel/Al,O5 (200 um)
NbBN -+ TiHfSiN 0.256 0.265 0.184 2.571
Steel/Al,O5 (180 um)
Section/NbN + TiHfSiN (P—3) 0.02 0.001 451 2143
Stee]/A]203 (180 Hm)
Section/NDBN -+ TiHfSiN (P—8) 0.314 0.384 0.936 2.818
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Fig. 3. Depth profiles of wear track on surfaces of Ti—Al—
Si—Cu—N films obtained under load of 5 N:
(]) Tioi43A10_4SSi0‘06Cu0_03N (H = 24.47 =+ 4.09 GPa),
(2) Tio.54A10‘4ZSi0'01Cu0'03N (H= 19.49 £2.77 GPa), and
(3) Ti0.45A10_425i0_10CU0_03N (H: 15.84 = 1.67 GPa)

It can be seen in the dependences of the wear rate
of the films as a function of the concentration of Si
(Fig. 4) that the wear rate of the hardest
Tig 43Aly 451 06CUg 03N film was 1.3 x 10~> mm?/(N m)
and that the softest Ti 45Alj 4,51y 10Cug¢3Na film had

the highest wear rate (3.9 x 107> mm3/(N m)).

OXIDATION RESISTANCE OF TiAICrYN,
CrTiAlISiN, AND TiAlISiBN COATINGS

In last years, considerable efforts have been con-
centrated on the development of hard thermally stable
nanocomposite coatings with a high oxidation resis-
tance at temperatures of above 1000°C. These coatings

POGREBNJAK et al.

have found various applications, including high-speed
cutting, as well as the protection of some mechanical
spare parts (turbine blades, etc.), rockets, and space-
crafts for orbital flights [27].

It was assumed in [28] that the oxidation resistance
of nanocomposites depended primarily on their ele-
mental and phase compositions. Based on these
assumptions, the oxidation resistance was progres-
sively increased: TiC (~400°C), TiN (~650°C),
(Ti,A)N (~850°C), (Ti,Al,Cr,Y)N (~930°C), as well
as Me—Si—N nanocomposites with a low (<£10%) con-
centration of Si (~910°C) and MeN/MeN mutlilay-
ers, e.g., TIAIN/CrN (~950°C); here Me =Ti, Zr, Cr,
W, Ta, Mo, Nb, etc. It can be seen from this sequence
that the mixture of a film with a suitable element
improves its oxidation resistance at high temperatures,
but only at temperatures not exceeding 1000°C.
Moreover, at high temperatures, the oxidation resis-
tance of hard coatings depends on their structure.

There is the only efficient method for improving
the oxidation resistance of hard coatings, which is
based on suppression the crystallization of a material,
i.e., on the elimination of grains and the subsequent
elimination of a continuous bond between the surface
of the coating and the substrate at the grains through
the surrounding boundaries; in other words, this
method is based on the formation of an amorphous
structure. When an amorphous coating is used, the
substrate does not contact with the environment and,
therefore, does not undergo oxidation. The oxidation
resistance of coatings is mainly determined by the
thermal stability of their amorphous structure and the
diffusion of elements from the substrate to the coating
and backwards, which can stimulate the crystallization
of the coatings [28].

In [27], the investigated coatings were annealed for
2 h at temperatures of 600—1000°C. An analysis of the
Raman spectra (Figs. 5—7 in [27]) has shown that
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Fig. 5. Results of thermogravimetric analysis of

Cry 49Tig 20Al 3651 92N coating in air flow at rate of heat-
ing of 20°C/min.

nitrogen atoms are removed from the TIAICrYN films.
It has also been found that, for the specimens of the
first series, the process of oxidation begins at a temper-
ature of 700°C, while the noticeable transformation of
the lines in the Raman spectrum only begins at a tem-
perature of 600°C. The two peaks in the spectrum that
appear at a temperature of 650°C correspond to Cr,05
and (Al, Ti),0;. The authors attribute the low oxida-
tion resistance of the specimens of this series to the low
concentration of Al, which is present in the coating.
The spectrum also contains the Y,0; lines whose low
intensity can apparently be due to a small amount of
amorphous Y,0;, which was formed in the coating
after annealing, or to the fact that the efficiency of the

Cr 49 Tig 20Al 36519 02N

Cr .49 Tig 20Aly,
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scatter of Cr,0; and TiO, is much higher than that
0fY203.

However, the authors of that work observed no sub-
stantial transformations of the spectra of the speci-
mens from the second series up to an annealing tem-
perature of 800°C. At a temperature of 900°C, the
peaks of the TiO, phase appeared, the intensity of
which increased significantly after annealing at a tem-
perature of 1000°C. The results of these studies have
shown that the oxidation resistance of the coatings of
this series is up to 900°C [27].

Improving the oxidation resistance of Y-based hard
nanocomposite coatings was based on several mecha-
nisms [29, 30]. It was assumed that Y accumulates at
grain boundaries, which serve as a fast way to diffuse
oxygen molecules. In addition, agglomerates of Y
hamper the coarsening of grains of the nanocrystalline
coating due to annealing and, therefore, improve the
oxidation resistance of the TiIAICrYN coatings.

In [31], CrTiAISiN coatings were produced by the
cathode sputtering of a target. The coatings were
700 £ 50 nm thick.

An analysis of the chemical composition of these
coatings showed that their atomic stoichiometry was
Cry 40 Tig 20Alj 3651y oN. X-ray diffraction showed the
presence of a solid solution in these coatings.

Using thermogravimetric analysis, it was found
that, starting from a temperature of ~870°C, an
increase in the mass of the Cry4yTij2»Aly 3651002 N
coating occurred (Fig. 5); at temperatures above
1080°C, the greatest increase in the mass was
observed.

In order to estimate the characteristic of oxidation,
these coating was annealed for 2 h at 900°C. Electron-
microscopic images of the oxidized coating (Fig. 6)

36519, 02N Crg 49Tl 22Aly 36519 02N

Fig. 6. (a) Image of cross section (FESEM) of Cr 49 Tig Al 36Si9 92N coating oxidized for 2 h at temperature of 900°C, (b) sec-

ondary-electron image, and (c) image of surface of coating.
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Fig. 7. Dark-field image of cross section (TEM) of annealed TiAISiBN coating with layers indicated and diffraction patterns of

layers.

showed the presence of a 0.2-pum-thick oxide layer on
the surface of the Cry 4Tij 5,Al 3651y 0N coating. It is
important to note that the coating with a higher con-
centration of Al was less oxidized. The oxide layer on
the surface of the Cr Al 5,Siy ;N coating was thin-
ner than on the surface of the Cry 4,Tig Al 3651 02N
coating.

Results of X-ray diffraction showed the presence of
the Cr,0;, TiO,, and Al,O; phases in the oxidized
Cry49Tig20Aly 36519 oN coating, in addition to the
nitride phases, due to the replacement of nitrogen by
oxygen after annealing at 900°C [31].

Results of X-ray photoelectron spectroscopy (XPS)
obtained at various depths under the surface of the oxi-
dized Cry 49Tig 1Al 36515 2N coating showed that, on
the entire area of the oxide layer, titanium, chromium,
and aluminum oxides were formed (Figs. 4 and 5 in
[31]); in the surface layer of the coating, the TiO,
phase was dominant, and the intensity of the peaks of
this phase decreased with increasing depth under the
surface of the coating.

JOURNAL OF FRICTION AND WEAR

Since the free Gibbs energy of the formation of
oxide Al,Oj; is the highest compared with those of
oxides Cr,0;, TiO,, and SiO,, Al atoms subsequently
form an Al,O; protective layer, which hampers the
interdiffusion of the components of the film. However,
at 900—1000°C, the parabolic constant of the oxida-
tion rate of TiO, is higher than that of Al,0; and Cr,0;.
After oxidation at 900°C, on the alumina and chro-
mium oxide layer, oxide TiO, grows at an increased
rate. During heating, cracks appear on the surface of
the coating due to the different coefficients of thermal
expansion of the film and oxides (10.5 x 107%/K for
TiO,, 8.4 x 107¢/K for Al,O5, and 7 x 10~¢/K for
Cr,0;) [31]. Therefore, Ti diffuses through the cracks
in the composite Al,O;—Cr,0; layer, then reacts with
oxygen, and forms TiO, on the surface of the coating.
In the Crg40Ti2Al) 36515 0,N coating, predominant
oxidation along columnar boundaries and the cracks
in the composite Al,O;—Cr,0; layer hampers the for-
mation of a perfectly thin oxide layer. This is due to an
increase in stresses in the course of high-temperature
2014
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Fig. 8. Typical profiles of nanoscratch test and friction of specimens from series (a—c) 1—3 [46].

oxidation, as well as by thermal stresses induced by the
different coefficients of thermal expansion of oxides,
the unoxidized coating, and the substrate.

C. Paternoster et al. presented results of studying the
effect of the annealing of nanocomposite TiAISiBN coat-
ings, which were produced by magnetron sputtering, at a
temperature of 900°C [32]. The deposited coating
consisted of a great amount of an amorphous phase
and had a columnar structure. It was shown that oxi-
dation led to a growth in the average grain size and the
formation of a multilayer structure with various phase
compositions (Fig. 7); i.e., surface layer L1 consisted
of the Al,O; phase (because of the diffusion of Al onto
the free surface [33, 34]), layer L2 contained the
TiO, + Al,O; phase, layer L3 consisted of the TiN
phase, and layer L4 contained the TiN phase. The
authors noted a decrease in the hardness of the coating
after annealing [32]; all the layers of the coating had
different hardnesses, which the authors’ believed to be
due to their different microstructures.

JOURNAL OF FRICTION AND WEAR
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ADHESION STRENGTH

Nanoscratch tests of the TiAICrYN coating sowed
that, after achieving a load of 374 mN, the depth of
indentation rose sharply and the coefficient of friction
changed dramatically [27] (Fig. 8). This load was
called critical and denoted as L.. At this point, the
coating was partly delaminated and fractured due to a
high compressive stress produced by the indenter. The
profile trace recorded after scanning showed that the
coating fractured under loads below the critical load.
The load that corresponded to the point at which the
coating fractured after loading was denoted as L.
Bull et al. believe that this fracture results from the
asynchronous recovery of the deformation at the coat-
ing—substrate interface [35, 36]; this deformation
induced shear stresses directed along the interlayer,
which led to the exfoliation of the coating. Based on
the values of the critical loads, it can be clearly seen
that the specimens from the third series had an
increased adhesion strength compared to the speci-
mens from the first and the second series (Fig. 8).

2014
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Fig. 9. Optical microphotos of scratch tracks obtained under load of 600 mN for specimens from (a) first, (b) second, and (c) third

series.

The optical images of the tracks obtained after the
scratch test clearly show exfoliation after compression
under the heavy loads, which were induced by high
compressive stresses produced by the indenter, as well
as recovery elastic exfoliation under the fairly light
loads (Fig. 9). This was explained by wedge-type exfo-
liation, which consisted of semicircular cracks that
propagated from the middle line of the scratch track.
After achieving the critical load, all of the coatings were
partly exfoliated. The optical images confirmed an
increased adhesion resistance of the coatings from the
third series as compared to those from the first and the
second series (Fig. 9) [27].

FRICTION AND WEAR

Wear tests were carried out using a CETR UMT-2
microtribometer at the room temperature under a load
of 2 N [27]; the counterbody was made from a stainless
steel. Figure 10 shows the dependences of the coeffi-
cient of friction for three TiIAICrYN coatings depos-
ited on the silicon substrates. The average coefficients
of friction were 0.68 and 0.78 for specimens from the

Sliding distance, m
0 2 4 6 8 10

“ T T T T
o 3
0.75 F
0.60% EI 2;
0.45 -
0.30 -
0.15
| 1 1
0 500 1000 1500 2000
Time, s

Fig. 10. Time dependences of coefficient of friction for
three TIAICrYN coatings: (/) specimen 1; (2) specimen 2;
and (3) specimen 3. The counterbody was a ball made from
stainless steel.
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first and the second series, respectively, as well as
0.70—0.73 for the specimen from the third series.

The optical photos presented in Fig. 11 show the
signs of the microwear and oxidation of the coating
worn out. Neither cracks no fracturing exfoliations
were observed, which was indicative of a good fracture
resistance of these coatings.

A. D. Pogrebnyak et al. reported results of studying a
multilayer Ti—Hf—Si—N/NbN/Al,O; coating produced
by HF-assisted cathode vacuum-arc deposition [37].
The results of the tribotests (Table 2) showed that the
multicomponent (multilayer) coating deposited under
a pressure of P = 0.3 Pa had the best characteristics (at
the initial stage of the test, the coefficient of friction
was 0.02 and then decreased to 0.001). In that paper,
emphasis was placed on the effect of the parameters of
deposition on the distribution of the concentration of
the elements in the coating, which, in turn, governed
its mechanical and tribological characteristics.

CORROSION RESISTANCE

Based on the Tafel dependences (Fig. 12), in was
found that, unlike the uncoated specimens, the corrosion
potential of the specimens covered with the TiAICrYN
coating shifted toward the positive values, which was
indicative of a better corrosion resistance of the speci-
mens covered with the TIAICrYN coating than that of
the uncoated specimens [27]. The rate of corrosion is
proportional to the density of the corrosion current;
therefore, a decrease in i, for the coated specimens is
indicative of their improved corrosion characteristics.
The polarization resistance of the coatings covered
with the TiAICrYN coating also increased.

PERFORMANCE CHARACTERISTICS
OF DRILLS COVERED
WITH TiAICrYN COATING

In [27], results of estimating the performance char-
acteristics of TIAICrYN coatings deposited on drills
made from a high-speed steel, as well as on substrates
made from a mild steel and silicon, by magnetron
sputtering are presented. These specimens were cov-
ered with a TIAICrYN coating at various densities of

Vol. 35 No. 1 2014
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Fig. 11. Optical images of wear tracks on surfaces of TIAICrYN coatings.

the power applied to the cathodes. As a result, three
groups of the coatings were produced. The coatings
were 1.5—2.5 um thick.

The coatings deposited at the various densities of
the power had different chemical compositions; the
results of X-ray photoelectron spectroscopy showed
the presence of the (Ti, O)N, AIN, CrN, YN, and TiN
phases in the coatings (Table 1 in [27]). The results of
scanning electron microscopy were indicative of the
presence of a columnar structure in the coatings; the
Ti interlayer was 300 nm thick.

The authors of [27] explained the high values of the
hardness and the modulus of elasticity (28 and
338 GPa, 30 and 318 GPa, and 25 and 295 GPa for
specimens 1, 2, and 3, respectively) by a short inter-
atomic spacing, the covalent nature of the bonds, and
a small grain size of the TIAICrYN coatings.

It is known [38, 39] that coatings deposited on sur-
faces of drills and other tools, which experience fric-
tion and high temperatures, extends their service life
and improves their quality. In order to estimate the
performance characteristics of drills made from a
high-speed steel, which were covered with the nano-
composite TIAICrYN coatings, dry drill tests were car-
ried out using a 12-mm-thick plate made from a stain-
less steel. The test conditions are presented in Table 3.

Based on the test results and the images of the drill
blade, as well as its edge and curvature radius, obtained
before and after the tests (Fig. 13), it was found that,
after drilling 132 holes, the specimens from the first
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series became blunt. However, the drills from the sec-
ond series became blunt after drilling 525 holes. The
largest number of holes (650) was produced using the
specimens from the third series; the specimens with-
out the TiAICrYN coating became blunt after drilling
50 holes. The values of the wear of the drill blade, as
well as its edge and curvature radius, are presented in
Table 3.

logi [A/cm?]

10 x 1073

10 x 10°°

10 x 1077

10x 10°8

10x 107 : ' | : :
—0.74 —0.69 —0.64 —0.59 —0.54 —0.49

E (Vvs. Ag/AgCl)

Fig. 12. Potentiodynamic polarization curves for mild steel
(MS) and TiAICrYN coatings deposited on MS: (a) speci-
men 1; (b) specimen 2; and (c) specimen 3.
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Table 3. Conditions for estimating performance character-
istics of drills made from high-speed steel and covered with
TiAICrYN coating

Test standard
Test material SS 304
Speed of drilling 800 rpm
Rate of feed 0.08 mm/rev
Diameter of drill 8§ mm
Depth of drilling 12 mm
Duration of drilling each hole 11s
Rate of penetration 65 mm/min

In the above-mentioned study, it has been finally
shown that, in order to improve the oxidation and
performance characteristics of the nanocomposite
TiAICrYN coatings, a reasonable control of the con-
centrations of Ti, Al, Cr, and Y is required.

The authors of [27] showed that the characteristic,
such as the geometry of a drill, the type of its treat-

ment, the composition, thickness, and structure of a
coating deposited on it, together with a method for
depositing the coating, have a strong effect on the
performance characteristics. In that work, it was
clearly shown that the deposition of the nanocom-
posite TIAICrYN coating on the drills extended their
service life by more than twelve times.

Kok et al. compared the service life of drills made
from a high-speed steel covered with a Cr/C coating
with that of drills covered with a TiAICrYN coating
[40]. The authors drew the conclusion that the ser-
vice life of the drills covered with the nanocomposite
TiAICrYN coating was extended by more than eight
times.

Luo et al. obtained similar results for mills covered
with TiAICrYN and TiAIN/VN coatings [41]. The ser-
vice life of the mills covered with the TiAIN/VN coat-
ing was extended by more than three times, while the
drills covered with the TiAICrYN coating demon-
strated good protection of the cutting blade without
cracks, as well as delaminations and spalls.

Curvature
Lip radius of tip

Cutting edge

(b)

©

(d)

Fig. 13. Photos of drills made from stainless steel covered with nanocomposite TiAICrYN coatings: (a) before drilling; (b) speci-
men from first series after drilling 132 holes; (c) specimen from second series after drilling 525 holes; and (d) specimen from third

series after drilling 650 holes. Dry drilling.
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Table 4. Results of measuring wear of drills covered with TIAICrYN coating

Coating Number of holes Wear

Specimen 1 132 Blade: 0.86—0.90 mm; edge: 0.88—0.95 mm; curvature radius: 0.90—0.99 mm
Specimen 2 525 Blade: 0.45—0.52 mm; edge: 0.42—0.47 mm; curvature radius: 0.45—0.52 mm
Specimen 3 650 Blade: 0.57—0.68 mm; edge: 0.52—0.60 mm; curvature radius: 0.57—0.65 mm
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