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ARTICLE INFO ABSTRACT

Keywords: An increase in the speed of cutting and, accordingly, the temperature in the zone of cutting predetermines the

Tribological properties need to develop wear-resistant coatings, functioning effectively under such operation conditions. One of the key

Nanostructured coatings functions of the coating is the creation of optimal tribological conditions under the influence of temperatures and

?‘ng of steel force factors of the operation of the coating. The coatings of Zr,Hf-(Zr,Hf)N-(Zr,Me Hf,A)N (Me is Mo, Ti, or Cr)
ool wear

Oxidation with nanostructured wear-resistant layer were studied. At temperatures up to 700 °C, the minimum adhesive

component fygn of the friction coefficient was exhibited by a coating containing chromium (Cr), and at tem-
peratures above 700 °C — by a coating containing molybdenum (Mo). At the turning of steel, the highest resis-
tance to wear at the speed of cutting of vc = 250 m/min was exhibited by a tool with a Cr-containing coating, and

at the speed of cutting of ve = 400 m/min — by a tool with a Mo-containing coating. Thus, the optimal
composition of the coating depends on the speed of cutting. Information about the adhesive component fq, of the

coefficient of friction makes it possible to fairly reliably predict the wear rate of the tool during cutting under the
conditions of the temperatures corresponding to the temperatures at which the value of f,g» was measured.

It has been found that an oxide layer with a complex structure is formed in the areas of the coatings adjacent to
a wear crater. Iron (Fe) and its oxide dominate in the outer regions of this oxide layer, a high content of
aluminum (Al) oxide is detected in the intermediate region, and oxides of zirconium (Zr), titanium (Ti), chro-
mium (Cr), and hafnium (Hf) dominate in the inner region.

1. Introduction + Complication of a coating structure due to the creation of coatings

with a different number of functional layers and with a nanolayered
Modern coatings are expected not only to have high hardness and structure [7-9];

wear resistance, but they should also provide resistance to brittle frac- Complication of the ratio of elemental content in the coatings

ture, elevated temperatures, and associated processes of diffusion and through the introduction of additional metals and non-metals, the

oxidation [1-3]. The intensification of cutting modes, in particular, an use of not only nitride, but also oxide, carbonitride, and oxynitride

increase in cutting speed [4-6] when using cutting tools with coatings [10-13].

wear-resistant coatings, contributes to the need for the further

improvement of their physical-mechanical properties. The improvement

of the wear-resistant coatings goes in two main directions:

The (TiA)N-, (Zr,A)N-, and (Cr,Al)N-based coatings are widely
used which is explained by their high performance properties [14-16].
Aluminum (Al) introduces into the composition of TiN, ZrN, and CrN



Table 1
Density and molar mass of the oxide and nitride phases of hafnium and
zirconium.

Density, g/cm3 Molar mass, g/ Poisson’s Gibbs energy
[29] mol [29] ratio (25°C), kJ /mol
HIN 11.70 192.50 0.14 [30] 4.68[31]
HfO, 9.68 210.19 0.32 [32] —1010 [33]
ZrN 7.09 105.23 0.16 [30] 6.96 [31]
ZrO; 5.68 123.22 0.27 [32] —1100 [33]
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Fig. 1. A schematic diagram of sample S movement during coating deposition
in the VIT-2 unit.

Fig. 2. Model of friction contact [60,71-73].

increases the hardness and heat resistance of these systems due to the
effect of crystal lattice distortion [17,18], and furthermore, a certain
positive effect is provided by an oxide film of Al.03; formed on the
surface of such coatings [19,20]. A further increase in the properties of
these coatings can be obtained due to the additional elements intro-
duced into their composition, including hafnium (Hf) and molybdenum
(Mo). The conducted studies find that the introduction of Hf and Mo into
the composition of the coating not just increases the hardness and wear
resistance of the coatings, but also improves their heat resistance and

Table 2
Outcome of the study of the coating composition.

Coating Element content, at. %
Zr Hf Al Cr Ti Mo
H1 419 = 19.2 = 9.4 = - - 29.5 =
8.1 2.3 3.2 7.2
H2 43.0 = 19.7 = 11.3 + - 26.0 = -
7.3 3.1 3.6 7.7
H3 42.3 = 18.1 + 10.1 + 29.5 + - -
8.8 3.3 4.1 83

tribological properties [21-23]. At the elevated temperatures which are
typical for the cutting zone, oxide films of MoO2 and HfO: are formed in
the surface layers of the Mo- and Hf-containing coatings. These oxide
films both perform protective functions against further oxidation and
positively transform contact processes in the cutting zone [24,25]. The
presence of Zr in the composition of the coating enhances resistance to
cracking and to brittle fracture [26,27]. Along with these oxides, films of
Zr02 can also improve the tribological parameters of the cutting process
[28].

This paper considers the (Zr,Hf Al)N-based multilayer coatings, with
such elements as Cr, Ti, or Mo additionally introduced in the wear-
resistant layer of the coatings. Due to the close ionic radii of Hf (0.83
A for coordinate number 8) and Zr (0.84 A for coordinate number 8),
when nitride phases with the same unit cell are formed, the lattice pa-
rameters of these compounds will also be fairly close. But with almost
identical lattice parameters, the density of phases with Hf will be
significantly (almost two times) higher due to the larger mass of the Hf
element. The same is valid for the oxide phases of HfO2 and ZrO: (see
Table 1).

An analysis of the change in Poisson’s ratio (see Table 1) shows that
nitrides are noticeably more brittle than oxides, with HfO; being the
most ductile of the considered compounds. Hafnium and zirconium
oxides differ significantly in mass, and, therefore, in density, which is
clearly seen from Table 1.

The density of hafnium oxide is almost twice that of zirconium oxide,
which affects hardness and other physical and chemical parameters. It is
also known that hafnium is a more inert metal relative to zirconium, as
evidenced by the difference in Gibbs energies at room temperature for
HfO; and ZrO2. The lower Gibbs energy of ZrO: relative to HfO. makes it
more likely that zirconium oxide is formed from the decomposition of
zirconium nitride than that of hafnium oxide from the decomposition of
hafnium nitride. As the temperature rises during cutting, the difference
in Gibbs energies becomes more significant [34].

At the same time, the mechanical, electrophysical, and thermal-
conductive properties of the nitride and oxide phases of Hf and Zr
differ significantly. A slight substitution (up to ~ 6 at%) of zirconium
cations in the nitride phase of ZrN and the fluorite phase of ZrO: is
unlikely to significantly affect the mechanical properties of these com-
pounds; however, several authors note certain advantages of the coating
of (Zr,Hf)N in comparison with the coating of ZrN [35,36]. The prop-
erties of the system of (Zr,Hf)N will be considered in more detail. The
ZrN coatings are well known and widely used [37,38]. Hafnium (Hf)
introduced into the ZrN composition contributes to the formation of the
dominant c-(Zr,Hf)N phase, which has certain advantages compared to
the c-ZrN phase. Several studies note that the (Zr,Hf)N coating has a
slightly higher hardness compared to the ZrN coating [35,36]. Increased
adhesion to the carbide alloy is typical for Hf-containing coatings [39,
40]. The (Zr,Hf)N coating has a dense columnar structure [41,42].
Another effect of introduced Hf is a slight decrease of internal stresses
[43,44]. The significant effect of introduced Hf is related to an increase
in the resistance of the coating to oxidation [36]. The better resistance to
oxidation may be related to a decrease in oxygen diffusion, a growth in
stoichiometry, and elevated thermal stability of the HfN system [45]. In
this case, very high Hf content in the coating can, on the contrary,
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Fig. 4. Morphology of the surface of the samples coated with the coatings under consideration.

worsen the resistance to oxidation [36,45].

The introduction of hafnium can also improve the properties of the
(Ti,A)N coating. In particular, a growth of hardness, wear resistance
[46], and heat resistance [47] is observed. The elevated heat resistance
is related to the higher temperature at which the active formation of
h-AIN and spinodal decomposition begin [47]. Due to this effect, the (Ti,
ALHf)N coating retains its high hardness at temperatures up to 900 °C
[48]. Hafnium (Hf) introduced into the coating of (TiAI)N also con-
tributes to the effect of a considerable increase in the resistance to
oxidation at high temperatures, due to the slowdown in the trans-
formation of metastable TiO: (anatase) into stable TiO: (rutile) [47].
The oxidation process in the coating of (Ti,ALHf)N, in contrast to the
coating of (Ti,Al)N, results in the forming oxide films with nanolayered
structure (with nanolayers, rich in Al or Ti). The films with such struc-
ture better protect the coating from further oxidation [49].

Hafnium introduced into the (Ti,Cr)N system also contributes to a
considerable increase in the wear resistance of the coating [50] and
provides favorable combination of high hardness and a low elastic
modulus [51]. The coating of (HfMo)N also exhibits good properties.
When the coating is heated to the temperature of 600 °C, the formation
of a dense outer oxide layer is detected, which not only protects it
against further oxidation, but also reduces the friction coefficient [52].

An additional increase in the resistance to wear and heat is provided
by the multicomponent coatings that combine nitrides of Ti, Hf, Zr and
some other metals [53-57]. In particular, these coatings exhibited the

formation of surface oxide films with the positive properties described
earlier.

Beside the optimized elemental composition, an improvement in the
coating properties can be achieved due to a complex multilayer archi-
tecture that provides for the presence of several functional layers with an
outer wear-resistant layer of a nanolayered structure [58-60]. The
conducted studies find that the application of a coating architecture with
three functional layers (adhesive, transition, and wear-resistant layers)
has certain advantages in comparison with single-layer coatings [59,
60]. The rational choice of the modulation period 1 of the wear-resistant
layer can provide further improvement of the coating properties [61].

This paper considered three coatings as follows:

+ Zr,Hf-(Zr, Hf)N-(Zr,Hf, Mo,Al)N, designated as Coating H1;
« Zr,Hf-(Zr,Hf)N-(Zr,Hf, Ti,Al)N, designated as Coating H2; and
« Zr,Hf-(Zr,Hf)N-(Zr,Hf,Cr,Al)N, designated as Coating H3.

Materials and methods

For all three coatings, an identical architecture was chosen, con-
sisting of an adhesive layer 20-50 nm thick (based on Zr—Hf), a transi-
tion layer 0.7-1.0 um thick (based on (Zr,Hf)N), and a wear-resistant
layer about 3 pm thick (based on (Zr, Hf Me,A)N (Me was Mo, Ti, or
Cr) [59,60]. The nitride layers of the coatings contained about 50 at%
nitrogen. The wear-resistant layer of all coatings had a nanolayered
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Fig. 6. Results of the study of flank wear rate on the samples. (a) v¢ = 250 m/min, (b) vc = 400 m/min.

structure with the nanolayer period 4 of about 50 nm [62].

The process of coating deposition was carried out using a special VIT-
2 unit (IDTI RAS — MSTU STANKIN, Russia) [63-68], which imple-
mented the filtered cathodic vacuum arc deposition (FCVAD) technol-
ogy [63] and the Controlled Accelerated Arc (CAA-PVD) [69]. To
deposit the coatings, the cathodes were used as follows: cathode of Al
(99.8%) was installed on the FCVAD system evaporator, and cathodes of
Zr, Hf (65.5 + 34.5%), as well as, depending on the coating type,
cathodes of Cr (99.8%), Mo (99.7%), or Ti (99.9%) were installed on the
CAA-PVD system evaporators. A schematic diagram of sample S move-
ment during coating deposition in the VIT-2 unit is shown in Fig. 1.

The formation of nanolayered structure of the wear-resistant coating
layer took place at planetary rotation (controlled) of the samples in
chamber, with the combination of plasma flows from the FCVAD and
CAA-PVD evaporators, at the rotation speed of a turntable of n = 1.5
rpm. The coatings were deposited onto carbide inserts of SNUNISO
(WC+15% TiC+6% Co) (of commercial purpose). Before the deposition
of the coatings, the samples underwent the following preparation pro-
cedure: washing by the solution of chemically active substances, with
ultrasonic stimulation, washing by purified running water, and drying
by a stream of hot purified air. After the placement of the samples in the
chamber, air had been pumped out and an inert gas (argon) had been
supplied, the samples underwent ion cleaning and thermal activation in
a flow of a gas (argon) and metallic (Zr, Hf) plasma. The process of

coating deposition took place at the parameters: arc current was 160 A
for the aluminum cathode, 80 A — for the Zr-Hf cathode, 75 A — for the
titanium cathode, 125 A — for the molybdenum cathode, and 73 A — for
the chromium cathode. A pressure of nitrogen of 0.42 Pa was maintained
during the process of coating deposition. The substrate bias voltage was
—150 V DC for all three coatings.

An automated mechanical tester SV-500 (Nanovea, USA) with a
nanomodule was used to measure hardness and modulus of elasticity.
Instrumental indentation with a Berkovich indenter was carried out at a
load of 50 mN.

The measurements of the adhesive bond strength with the substrate
were conducted in accordance with ASTM C1624-05 [70].

A Carl Zeiss EVO 50 scanning electron microscope (SEM) equipped
with an energy-dispersive X-ray spectroscopy (EDX) system X-Max - 80
mm2 (OXFORD Instruments) was used. The survey was carried out with
backscattered electrons (20 kV, 750 pA).

A JEM 2100 (JEOL, Japan) transmission electron microscope (TEM)
at the accelerating voltage of 200 kV was applied to study the micro- and
nanostructures. The coating composition was considered with the TEM
with an INCA Energy EDX system (OXFORD Instruments). Samples
(lamellas) for research were cut out with a focused ion beam (FIB) Strata
205 (FEL USA).

Tribological properties were determined using a special adhesive
meter [60,71-73]. Fig. 2 shows a diagram of this adhesion meter, which
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Fig. 7. Mapping the content of elements in the crater area on the rake face of the samples with the studied coatings (vc = 400 m/min).

includes a carbide indenter 2 with a spherical tip, which simulates a
cutting tool in contact with the cut material during turning. A coating is
deposited on this indenter. This indenter is compressed by two parallel
plates 1, which are made of AISI 321 steel.

A force N is applied to the plates, due to which they compress the
indenter. The steel cable 3 in the groove of the disk 4 is subjected to the
force Feyp necessary for the rotation of the indenter 2. This force is
mainly related to the shear strength T of the adhesive shear bond, which

is determined by the formula:

T _3. Fexp . &E
nn_Z 3
T Fing

where F is the force, applied to the disk rotating the indenter;

Rexp is the radius of the disk with the installed indenter;

M



Fig. 8. Overall view of the lamella with indication of the location of Areas A-E under consideration.

ling is the radius of an indentation formed by the indenter tip on the
plates 1.

Due to the small size of the imprint, it is assumed that the normal
stresses Py, acting on the surface of the sphere are constant and the same
over the entire area of the imprint. These stresses are determined by the
formula:

N
Pm =

- @
n* Iind

Thus, the adhesion (molecular) component of the coefficient of friction

(COF) can be found from the formula as follows:

_In_3 Fep Rep

fM a pm a 4 N Find (3)

To simulate the effect of temperatures in the cutting zone, the
equipment used uses induction heating of plates 1 by electric current
supplied through conductors 5. Heat-insulating pads 6 are necessary to
isolate the heating zone.

The turning of steel 1045 with plates with the coating under study
was carried out on a CU 500 MRD lathe (Sliven) with a ZMM CU 500
MRD variable-speed drive under dry cutting conditions at cutting

modes: feed (f) = 0.1 rpm, depth of cut (a,) = 0.5 mm, cutting speed (Vc)

= 250 and 400 m/min [74,75]. The objects of comparison were un-
coated plates and plates with the commercial ZrN coating. Five cutting
tests were conducted for each type of coating.

3. Results

3.1. Study of elemental ratio and phase composition and structure of
coatings

Given that the elemental composition changes within the coating
thickness depending on nanolayered structure and the presence of
nanolayers with a predominance of certain elements, the coating
composition was measured along a line 200 nm long, with an interval of
10 nm. Table 2 contains the average data and the deviations detected
during the measurement.

It has been found that each of the studied coatings consists of two fcc
phases of cubic solid solutions: (Zr,ALHf)N and (Mo,ALHf)N; (Zr,ALHf)
N and (Ti,ALHf)N; (Zr,ALHf)N and (Cr,ALHf)N for Coatings H1, H2, and
H3, respectively, (Fig. 3 a-c). Due to the intensity of the rings in the
electron diffraction pattern in Coatings H2 and H3, it can be assumed
that the amount of both phases in the structure was approximately the
same, and a slight difference in the content was noticeable only in
Coating H1, where the content of the (Zr,ALHf)N phase slightly pre-
vailed over the (Mo,ALHf)N phase.

All three coatings have a well-defined nanolayered structure, and the
value of the modulation period 1 is 45, 50 and 48 nm, respectively, for
Coatings H1, H2, and H3 (Fig. 3 d-f).

The surface morphology of the coatings is generally identical (Fig. 4).
There is a cluster structure with a typical cluster size of 3-5 pm. A
moderate amount of microparticles, identical for all three coatings, is
detected on the coating surface.

3.2. Study of mechanical and tribological properties of coatings

According to the conducted studies, the considered coatings have
fairly close hardness. The highest hardness (28.70 + 0.80 GPa) was
exhibited by Coating H2, which may be associated with the high hard-
ness of the (TiAI)N phase [76]. The lowest hardness is typical for
Coating H3 (26.30 = 0.70 GPa), and the hardness of Coating H1 is 27.20
+ 0.40 GPa. The hardness of the ZrN (reference) coating was 25.10 =
1.10 GPa.

During the scratch test, the critical fracture load Lcz reached 32, 34,
and 35 N for Coatings H1-H3, respectively, and 35 N for the ZrN
(reference) coating.

Following the study of the tribological properties of Coatings H1-H3
(Fig. 5), it is found that these parameters change significantly with
increasing temperature. At the temperature of 500 °C, Coating H3 has
the best tribological properties (in particular, the smallest adhesive
component fyg, of friction coefficient, and as the temperature rises to
700 °C, all three coatings have close values of fugn. As the temperature
increases further to 900 °C, Coating H1 exhibits a noticeable decrease in
the value of fag, which indicates the best tribological properties of
Coating H1 under these conditions. Taking into account that the tem-
perature in the zone of cutting changes depending on the speed of cut-
ting [77], it can be assumed that when being operated at high cutting
speeds and, accordingly, high temperatures, Coating H1 will have the
best tribological properties, while Coating H3 will have the best tribo-
logical properties at lower cutting speeds and, respectively, at lower
temperatures.

3.3. Study of wear resistance of coated cutting tools at different cutting
speeds

The investigation of the resistance to wear of the coated tools was
carried out in turning of steel 45 at two speeds of cutting, 250 and 400
m/min. It has been found that at the speed of cutting of 250 m/min, the
tool with Coating H3 has the best wear resistance (Fig. 6 a). It should be
noted that the obvious advantage in the resistance to wear of the tool
with Coating H3 begins to be noticeable after 18 min of cutting. Up to
18th minute of cutting, Coating H1 exhibits the best resistance to wear,
but after 18 min of cutting, the wear rate increases markedly.

As the speed of cutting increases up to 400 m/min, the wear rate of
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Fig. 11. (a) Area of Coating H2 under study, located as close as possible to the wear crater boundary, (b) outcome of the analysis focused on the elemental

composition of the studied area.

the tool increases markedly, and it varies more significantly for different
coatings. The highest wear resistance at the given cutting speed was
exhibited by the tool with Coating H1. Since as high cutting speeds result
in a noticeable increase in temperature in the zone of cutting, the role of
adhesive-fatigue factors decreases, and the role of the oxidation and
diffusion processes increases [78,79], it can be assumed that Coating H1

has the best resistance to these wear mechanisms among the coatings
under study.

An important trend in the intensification of machining is the
increasing of a cutting speed [80]. Taking this into consideration, the
features of tool wear with coatings at the speed of cutting of 400 m/min
were studied in more detail.
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Fig. 12. (a) Adherent-free area of the worn coating, (b) outcome of the study of the processes of oxidation and diffusion in the area, (c) area of dense plastic contact,

(d) outcome of the study of the processes of oxidation and diffusion in this area.

As can be seen in Fig. 7, the studied coatings have a fairly similar
wear pattern (in particular, the formation of a wear crater on the front
surface is observed). The differences are related only to the intensity of
wear of the H3 coating. Since the coatings have fairly similar hardness
(and, accordingly, resistance to abrasive wear), shear strength of the
adhesive bonds (and, accordingly, resistance to adhesive fatigue wear),
the difference in wear intensity can be due to oxidative and diffusion
processes. Fig. 7 depicts maps of the elemental distribution in the
coating on the rake face of the tool in the area close to the wear crater. As
can be seen from the data presented, there is a high level of oxygen on
the surface of the adherents of the machined material (in terms of the
comparison of the areas of distribution of Fe and oxygen). Signs of
oxidation are also visible on the unworn coating surface close to the
wear crater (this can be seen from the comparison of the areas of dis-
tribution of oxygen and the main elements of the coatings). The presence
of oxygen on the worn coating surface is insignificant, and its distribu-
tion is discrete, which can be mainly associated with the oxidation of the
particles of the machined material (since the iron and oxygen locations
coincide). Thus, it can be assumed that in this case, the coating surface
adjacent to the cutting zone is exposed to oxidation. However, the
presence of oxidized coating elements directly in the cutting zone is
insignificant, which may be associated with the limited access of oxygen
to the cutting zone because of the tight plastic contact between the cut-
off material layer and the coating surface or the removal of the formed
oxide particles by descending chips. It is possible that the factors
described above have a simultaneous effect on the cutting tool (oxides
are formed in small amounts and are quickly removed with the flow of
the cut-off material).

3.4. Study of wear patterns on the coatings at v, = 400 m/min

H1. ZrHf-(Zr,Hf)N-(Zr,Mo,Hf, A)N

The area of the coating directly adjacent to the wear crater, but not a
zone of dense plastic contact (secondary deformation zone) [81,82] with
the flow of the cut-off material, was considered (Fig. 8). Fig. 8 exhibits
that the coating surface bears a layer that is light in contrast, which was
formed, presumably, as a result of oxidation. Areas A-E in this layer were
chosen for the further research (Fig. 8).

The analysis of the oxide layer at the outer coating boundary (Fig. 9)
suggests that this layer contains aluminum oxide, as well as iron oxide. It
can be assumed that the oxide of aluminum in this layer has amorphous
structure and its matrix contains crystalline particles of iron oxide [83].
The presence of zirconium and hafnium oxides is also possible. The
studies revealed that this layer had noticeable differences in the
composition of oxides. In some areas (Points 1 in Areas A and D),
aluminum oxide dominates, while some zones exhibit the high content
of zirconium oxide (Points 1 and 2 in Areas B and C). The outer boundary
of this layer includes fragments dominated by iron oxide and metallic
iron (Point 1 in Area C and Points 1 and 2 in Area E). This area (the area
of elastic contact of the chips and the rake face of the tool) exhibits the
predomination of elastic deformations, and plastic deformations are
localized in surface protrusions and setting points, that is, the phe-
nomena typical for dry friction are observed [82]. This area combines
high temperature and free access of oxygen, which results in the for-
mation of an oxide layer 20-70 nm thick. This layer is formed by oxides
of aluminum, zirconium, and hafnium. The outer surface of this layer
also includes iron and iron oxide, which are the result of elastic contact
with the flow of the cut-off metal (chips). The presence of molybdenum
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Fig. 13. (a,b) Analysis of the area of contact of the coating and the adherent of the machined material: the elemental analysis of the oxide layer, (c,d) the HRTEM

analysis of the structure of the oxide layer.

oxides is possible (based on the distribution of elements), but they are
not dominant in the studied areas.

The examination of the worn surface of this coating (Fig. 10) brings
slightly different results. The worn surface of the coating bears a very
thin oxide layer (25 nm thick). The small thickness of this layer makes it
impossible to determine its exact phase composition with the available
means. Based on the elemental composition, the presence of iron, zir-
conium, hafnium, or molybdenum oxides can be assumed. A noticeable
aluminum content is observed at Point 2 (see the diagram in Fig. 10) and
at Point 1 on the analysis line, which, being combined with the fairly
high oxygen content, suggests the presence of aluminum oxide in these
areas. No aluminum is detected at Points 1 and 3, which indicates the
inhomogeneous composition of the layer under study. The SAED, ob-
tained from the boundary of the worn area of the coating, depicts only
reflections from the main cubic nitride phase of (Zr,ALHf)N. Iron dif-
fuses into the coating to a depth of up to 300 nm. It should be noted that
this area can be attributed rather to the region of elastic-plastic (a
boundary of the region of purely plastic and purely elastic contacts),
rather than plastic contact [82] due to the absence of any noticeable
adherent of the machined material with clear signs of wear.

H2. Zr,Hf-(Zr,Hf)N-(Zr, Ti, HEADN

For Coating H2, like in the case of Coating H1, the coating area was
chosen for the study as close as possible to the wear crater boundary and
thus located in the area of elastic contact with the flow of the cut-off
material [82] (Fig. 11 a). Like in Coating H1 considered earlier, the
area under study bears an oxide surface layer that is light in contrast.
The thickness of this layer is 20-50 nm (see Areas A-D in Fig. 11 b). The
outer boundary of this oxide surface layer is dominated by metallic iron
and iron oxide, while the inner layers can be assumed to contain oxides
of titanium, zirconium, and hafnium (based on the ratio of oxygen and
these elements). The high content of aluminum is detected in the central
part of this layer (significantly higher than in the coating as a whole).

The analysis of the change in the aluminum and oxygen content suggests
the formation of aluminum oxide in this area. Thus, the formation of the
oxide layer can be assumed to take place with the dominance of iron and
iron oxide in the outer part, the high content of aluminum oxide in the
central part, and the dominance of zirconium and titanium oxides in the
inner region. A similar structure of the oxide layer is also observed in the
region of Coating H1, which is similar in location.

Examination of the adherent-free surface of the worn coating (Fig. 12
a) reveals the presence of an area that may be an oxidized layer. How-
ever, the SAED analysis of this area did not find the phases other than the
initial fcc phases of the coating. Although the study of the elemental
composition reveals the diffusion of oxygen to a depth of up to 400 nm
(Fig. 12 c), the oxygen content at such depths is quite low (about 2 at%).
Thus, it is not possible to assume an oxide layer formed over the entire
depth of oxygen diffusion. A sufficiently high concentration of oxygen,
which allows assuming the presence of an oxide layer, is detected only in
a region that is bright in contrast on the coating surface with the
thickness of about 20 nm. Iron also diffuses into the coating to a depth of
up to 500 nm. The study of the area of dense plastic contact (Fig. 12 b)
detects the presence of an adherent, which contains iron and iron oxides.
The layered structure of the adherent can be associated with different
speeds of movement of the layers of the cut-off material, which occurs
due to the deceleration of the inner layers during adhesive interaction
with the coating surface. The SAED analysis also detected no oxide
phases in this area. The elemental composition analysis (Fig. 12 d)
suggests the presence of a very thin (no more than 10 nm thick) oxide
layer. The obtained data can hardly contribute to a conclusion about the
composition of this layer due to its small thickness. This layer most likely
contains aluminum and zirconium oxides (the content of these elements
slightly increases in this region). Oxides of iron are also likely to be
present in this layer.

The examination of the area of dense plastic contact using HR TEM



b

Fig. 14. (a) Overall view of the region under study of Coating H3 and localization of the considered areas A-F, (b) outcome of the SAED analysis of the area of contact

between the adherent formed by the machined material and the coating.

(Fig. 13) contributed to the study in more detail of the oxide layer at the
boundary of the coating and the adherent. Due to the high aluminum
and oxygen content, the presence of aluminum oxide in this layer can be
assumed with a high degree of certainty. The HREM study confirms that
the layer of aluminum oxide has an amorphous structure, uniform in
contrast, with spherical particles that stand out in the dark contrast. No
reliable SAED result could be obtained because of the small width of this
oxide layer. The analysis of interplanar spacings (Fig. 13 ¢ and 13 d)
detects the presence of metallic iron (d = 2.01 A) and grains of (Ti,ALHf)
N, one of the initial phases of the coating. Based on the analysis of the
elemental composition of this region, it can be assumed that the amor-
phous structure, which is light in contrast, is an oxide of aluminum.

H3. ZrHf-(Zr,Hf)N-(Zr,Cr,Hf AI)N
A region of transition from plastic to elastic contact (the region of
elastic-plastic contact) was chosen (Fig. 14 a) to study the processes of
oxidation and diffusion in Coating H3. The right part of the region in-
cludes an adherent of the machined material. The SAED analysis of this
adherent finds that it is predominantly composed of metallic iron. There
is a small amount of CrOz chromium oxide at the boundary of the
coating and the adherent (Fig. 14 b). The SAED analysis of other zones at
the coating boundary detects only initial fcc phases of the coating itself.
The elemental analysis of the area of contact between the coating and
the adherent formed by the machined material (Fig. 15 a-c) did not
detect a continuous layer of oxide on the coating surface. The adherent-
free part of the coating surface (elastic contact area) can contain a slight
oxide layer (Point 6 on Line L1 Fig. 15 a). The formation of iron oxides

takes place in the adherent at the boundary with the coating. Fig. 15 b
depicts the layered structure of the adherent: the oxidized layer (Points 1
and 2) and the metallic iron layer (Point 3). The adherent-free worn
surface of the coating (supposed area of elastic-plastic contact) can be
assumed to contain a layer of zirconium oxide with the thickness of up to
30 nm (Fig. 15 d).

Of particular interest is the pattern of wear of the coating nanolayers
under the influence of the flow of the cut-off material in the case when
the nanolayers are located at an acute angle to this flow. As can be seen
from Fig. 16 a and 16 b, there is an “erosion” of the coating layer under
the influence of a moving highly ductile metal layer. Such wear pattern
can be a result of a combination of the adhesive-fatigue and diffusion
processes.

The HRTEM analysis focused on the structure of the boundary of the
coating and the adherent formed by the machined material (Fig. 16 c)
revealed only a phase of iron oxide, while the SAED analysis also
detected the presence of CrO: (see above). It has been found that oxides
of the coating elements are not observed in the area, which indicates the
absence of a continuous layer of oxide and the presence of these oxides
only in the form of individual particles.

4. Conclusions

+ The maximum microhardness is typical for Coating H2, and the
minimum microhardness — for Coating H3. At temperatures up to

700 °C, the lowest value of the adhesive component fih of the fric-
tion coefficient was exhibited by Coating H3, and at temperatures



100 nm

Fig. 15. Results of the studies of the processes of diffusion and oxidation in Coating H3: (a—c) the boundary of the coating and adherent formed by the machined
material (Areas A-C, see location in Fig. 14 a), (d) worn area of the coating without adherent (Area D, see location in Fig. 14 a).

above 700 °C — by Coating H1. The best wear resistance in turning of
steel at the speed of cutting ve = 250 m/min was demonstrated by the

tool with Coating H3, and at the speed of cutting vc = 400 m/min —
by the tool with Coating H1. Thus, the optimum coating composition

depends on the speed of cutting.

+ Information about the adhesive component fu, of the friction coef-
ficient makes it possible to predict the tool wear intensity quite well

during the cutting under conditions of exposure to the temperatures

corresponding to the temperatures at which the value of fagn was

measured.

+ The studies of the wear patterns of the coatings at high speeds of
cutting (vc = 400 m/min) found that:

+ in the coating areas adjacent to the wear crater (supposed area of
elastic contact), an oxide layer up to 70 nm thick is formed. The
elemental analysis of this layer revealed that:

- the outer region of the layer is saturated with iron and iron oxide,

- the intermediate region has a high content of aluminum oxide,

+ the area adjacent to the non-oxidized coating layers has a domi-
nant content of zirconium, titanium, chromium, and hafnium
oxides;

- the worn areas of the coating free of an adherent of the machined
material (supposed region of elastic-plastic contact) include the
oxide layer 20-25 nm thick, in which the presence of iron oxides and
oxides of coating elements is assumed;

+ no continuous oxide layer is observed in the region of plastic contact,
but individual oxide particles, in particular, chromium oxide and
zirconium oxide, may present;

+ quite active formation of oxide films of coating elements is observed
in the area close to the zone of cutting. At the same time, only minor
oxide particles are detected directly in the wear area of the coating,
and they can hardly have a significant effect on the process of
cutting.

+ in oxide-containing layers, an increased (relative to the initial)
content of zirconium and a reduced content of hafnium are observed.
This result can be interpreted as confirmation of the greater pro-
pensity of zirconium to oxidize, which was previously predicted
based on a comparison of Gibbs free energy values.

- since the density of oxides is noticeably lower than the density of the
corresponding nitrides (see Table 1), one can predict a significantly
lower wear resistance of oxides formed on the surface of the coating.

Thus, it can be assumed that the formed oxide grains are destroyed
rather quickly under the influence of the flow of the cut material,
without having time to form a continuous oxide film in this area. Based
on the foregoing, it can be concluded that under these cutting condi-
tions, active oxide formation reduces the wear resistance of the coating
(and, accordingly, the wear resistance of the tool). No positive effect of
oxides on the wear resistance of the coating has been established;
accordingly, the best wear resistance will be inherent in coatings that
have the least tendency to oxide formation at high temperatures. The H3
coating (including chromium) showed the highest tendency to oxidize
and the least wear resistance.

The H1 coating (with molybdenum) showed the best wear resistance

(at ve = 400 m/min) with a low tendency to oxidize. Further studies are



Fig. 16. (a,b) Wear pattern of the nanolayered structure of Coating H3 under the influence of the flow of the cut-off material, (c) results of the HRTEM analysis of the
structure of the interface of the coating and the adherent formed by the machined material (Area E, see location in Fig. 14 a).

expected to consider a Zr,Hf-(Zr,Hf)N-(Zr,Hf Mo,A)N coating with a
lower zirconium content or without zirconium. Presumably, reducing
the zirconium content should increase the oxidation resistance.
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