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Abstract:

The paper presents the results of the comparative tests of carbide samples with multilayered nano-structured
coatings based on titanium nitrides (Ti-TiN-(Ti,Cr,Al,Si)N) and zirconium nitrides (Zr-ZrN-(Nb,zr,Cr,Al)N and
Zr-ZrN-(Zr,AlL,Si)N). The phase composition and microstructure of these coatings were studied. The scratch test
method was applied to study the adhesion bond strength to the substrate and the coating fracture patterns. The
tribological parameters of the coated samples were studied at temperatures of 450°C-900 °C. The cutting properties
of the tools with the coatings under study were investigated in turning AISI 321 steel. Various coating parameter
effects on the cutting tool life were studied.
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1. INTRODUCTION

Modification of surface layer of metal-cutting tools through deposition of modifying coatings
is an important resource for improving their performance properties (tool life, reliability, ability
to work at elevated cutting speeds and feeds, thermo stability, etc.). In turn, the challenge to
evaluate coating properties and identify key factors affecting the working efficiency of coated
tools is a very complex and not completely solved task. High temperature in the cutting zone
(up to 1000-1100°C) is an important factor (and sometimes a key factor) affecting the
performance properties of metal-cutting tools. Therefore, thermal stability, including resistance
to oxidation at high temperatures, is an important requirement for modern modifying coatings
of metal-cutting tools.

The thermal stability of TiN and CrN coatings is about to 550 and 600 °C [1], respectively. CrN
oxidizes to Cr.03 and nitrogen is released, without being bound to the growing Cr203 scale.
TiN forms a layered TiO scale and nitrogen has a tendency to escape during oxidation [2]. ZrN
system is sufficiently stable at temperatures not exceeding 850 °C, but at higher temperatures,
grains start to grow and that leads to a significant decrease in hardness [3]. When temperature
is raised up to 550 °C, the process of active oxidation starts, during which tetragonal t-ZrO; are
formed, and at temperatures exceeding 950 °C, monoclinic (m-ZrO,) are formed [4]. (Zr,Al)N
system maintains its stable hardness up to temperature of 1100 °C [3]. (Ti,Al)N and (Ti,Cr)N



coatings show the stability up to 750 °C [5]. (Ti,Zr)N and (Ti,Ta)N systems remain thermally
stable at temperatures up to 850 °C[6]. NbN system remains stable at temperatures up to 700
°C [7]. For this coating, the growth mechanism of the Nb2Os scales was dominated by an inward
diffusion of oxygen through the oxide scales. The active oxidation of the above coating begins
at temperature of 450 °C [8].

(Ti,Cr)N has been attracting more attention owing to high hardness (4000 HV), high
temperature oxidation resistance (600°C), and low friction coefficient (0.3) [9,10]

Thermal annealing of Cr1.xAlxN coatings up to 900 °C induces a transformation towards their
stable phases of wurtzite (w-) AIN, and then cubic (bcc-) Cr via intermediate phase of hexagonal
(h-) CraN with concomitant N-loss, and thereby causes a deterioration of the mechanical
properties [11]. Compared with TiN and (Ti,AI)N coating, (Ti,Al,Cr)N coating gets more
attention due to its higher hot hardness and oxidation resistance [12,13]

M. Danek [14] reported that the increase of Cr contents in TIAICrN coating could significantly
enhance the oxidation resistance.In order to avoid brittle failure due to cracking, wear-resistant
coatings must be both hard and tough. Based on these criteria, Ou et al. [15] reported in a first
principles study of the elastic properties of TizxTMxN alloys (TM =Y, Zr, Nb, Hf, and Ta) that
TiN highly alloyed with NbN or TaN exhibits significantly improved ductility. TiAIN-based
quaternaries were shown to exhibit significant increases (up to 23%) in bulk moduli B
accompanied by progressive decreases (up to 45%) in elastic stiffness E and shear resistances
G and Ca4 for rising concentrations of V, Nb, Ta, Mo and W. Deeper insights indicated the
electronic origin of toughness enhancements in cubic TiAIN based systems to be related with
the valence electron configuration, as seen for ternary alloys [16].

Incorporation of elements providing increased d-electron concentrations (e.g. Nb, Ta, Mo, and
W), significantly changes the electronic structure of TiAIN, which evolves from exhibiting
occupied anti-bonding metal-metal states into highly bonding metallic states, whilepreserving
strong metal-N bonding [17]. It has been shown that the thermal stability and hardness can be
improved by alloying Til-xAIxN with an additional transition metal (Me). For example, Tis-
xyAlx(Cr)yN has shown enhanced hardness after annealing above 1000 °C [18,19].
Experimentally, the fracture toughness of Ti1xyAlx(Nb)yN has been found to enhance with the
addition of Nb [20].At 1000 °C, h-AIN has formed for (Ti,Al,Cr)N, for (Ti,Al,Nb)N it forms
only when annealed at 1100 °C [21]. At 1100 °C, Hardness drops to ~30 GPa for (Ti,Al,Cr)N
and (Ti,Al,Nb)N while Hardness of TiAIN decreases to 27.7 £ 0.8 GPa [21]. The critical load
(Lc) for recovery spallation during scratching at 900 °C is maximum (118 + 3) for (Ti,Al,Nb)N,
and the parameter hardly changes in comparison with room temperature (120 + 5), while for
TiAIN, there is a significant decrease (from 114 + 11 at room temperature down to 75 + 4 at
900 °C) [21]. Thus, the coatings based on nitrides (in particular, TiN, CrN, ZrN, NbN) show
rather low thermal stability and resistance to oxidation. With additional elements introduced in
coating compositions, the above parameters can be increased significantly.

Another important factor, which predetermines the complication of the elemental compositions
of coatings is in the fact that introduction of additional elements makes it possible to restrain
the growth of grains. In particular, adding Al to the ZrN films decreases the grain size drastically
and nanometer sized amorphous regions form. The decrease in grain size can be attributed to
the low solubility of AIN in ZrN and to the high nitrogen content in the Al containing films [3].
The addition of silicon led to an increase in hardness of coatings. An increase in hardness was
explained in the framework of a two-step mechanism, i.e., by forming a solid solution of Si
atoms in NbN [22], TiN [22], ZrN [4], CrN [23], (Ti,AN [24], (Zr,A)N [25], (Cr,AI)N [26],
(Ti,Zr)N [27], (Ti,Cr)N [28], (Cr, Ti,Al)N [28], lattice and by forming a nanocomposite
material. Addition of Si can also decrease penetrating of reactive agents into the coatings
through the refine effect [29]. The incorporation of hard nanocrystalline TiAIN phases with



improved oxidation resistance, and SisNs amorphous phase achieving superhardness, has
allowed increasing the hardness as well as thermal stability [3,4]

Other option for both improvement of mechanical characteristics and increase in a resistance to
high-temperature oxidation is the formation of multilayered coating structures [4,20,30].

The properties of multilayered nano-structured coatings Ti-TiN-(TiCrAl)N, Zr-(Zr,Cr)N-CrN,
Ti-TiN-(Ti,Cr,Al)N, Ti-(AICr)N-(TiAI)N, Ti-(AICr)N-(TiCrAl)N, Zr-(AICr)N-(ZrCrAl)N, Ti-
TiN-(TiCrAI)N, Zr-ZrN-(ZrNbCrAIl)N are investigated in [32-42].

The most important mechanical characteristics of coatings affecting their performance
characteristics are usually as follows:

- microhardness (affecting tool life of a coated tool);

- strength of adhesion bonds in the "coating-substrate™ system;

- impact toughness (affecting crack resistance of coating)

- coefficient of friction.

The most important characteristic of coatings is also their thermo stability, that is, the ability of
coatings to remain operative at the highest possible temperatures. Recently, special attention
has been paid to the study of the properties of coatings at temperatures corresponding to the
actual temperatures in the cutting zone [43, 44], since all of the above coating characteristics
vary significantly at the above temperatures and often drastically differ from the values
measured at room temperature. There are a number of studies aimed to determine the coefficient
of friction in samples with different coatings, including at elevated temperatures.

Nohava et al [45] consider the properties of coatings (Al,Cr)N, a-(Al,Cr)203 and (Al,Cr)(O,N)
in comparison with the properties of "reference” coating TiN-(Al, Ti)N. Meanwhile, the
coatings under the study had three-layer structures, including adhesion layer — TiN,
intermediate layer — nano-composite (Al Ti)N, (Al, Ti)N-SiNx, and an outer wear-resistant
layer of the composition described above. The tribological tests were carried out at
temperatures of 24, 600 and 800°C. The maximum value of the coefficient of friction (COF)
was observed at temperature 600°C for all the studied samples, and at temperature 800°C, the
study found out a significant decrease in the COF (down to 0.6-0.8), to the values lower than
the one observed at room temperature (0.3-0.5). Bao et al [46] studied the properties of
multilayered CVD coating Ti(C,N)-TiC-TiN. The COF was measured at room temperature
and at temperature 550°C and reached 0.4-0.5 and 0.6-0.7, respectively.

Therefore, it can be argued that:

- COF for samples with coatings changes significantly with an increase in temperature;

- this change is characterized first by the smooth growth of the COF with an increase in
temperature, and then by a sharper decrease in the COF with a further increase in temperature.

2. EXPERIMENTAL

A complex system formed in the zones of actual contact of friction bodies has specific
properties that differ from the properties of the materials of those bodies, considered outside
friction contact. It is necessary to assess directly the properties of the contact zone, which can
correlate with the main factors of friction and wear. The use for this purpose of contact forces,
measured directly in friction of actual parts in conditions of elevated temperatures, is difficult
for a number of reasons. Among them the particularly important reasons are as follows: uneven
distribution of forces and temperature in the contact area, different chemical purity and
resolution of contacting surfaces, which complicates the determination of actual contact loads.
The experimental method [47] was used to evaluate the tribotechnical parameters (zn, Pn,zn/Pn).
The above method is based on a physical model (Fig. 1), which in the first approximation
reflects the actual conditions of friction and wear on local contact. According to this model, a



spherical indenter 2 of the tool material (simulating individual roughness of a contact surface
of solid bodies in friction) compressed by two plane-parallel samples 1 of the material being
machined (with high precision and cleanliness of contacting surfaces) spins under load. The
force Fexp to rotate the indenter and applied to cable 3 laid in a groove of disc 4 is mainly related
to the shear strength z, of adhesion bonds. Since the measurements are made at elevated
temperatures, thermal pads 6 made of material with low thermal conductivity are used. Electric
current is supplied to copper plates 5 through regulating and power transformers. The current
is selected depending on the required contact temperature.

Fig. 1.Model of friction contact [47].

The strengtht, of adhesion bonds on cut is determined from the relation:

3 (1)

where Fexp — the circumferential force on the disk, rotating the indenter;

Rexp — the radius of the disk in which the indenter is fixed;

rind — the radius of the indent on the samples.

Because of the small dimension of the indent, it is assumed that the normal stresses
acting on the surface of the sphere are constant and equal in the area of the entire indent. They
are defined as follows:

N
Pn = 2)

=—7
N Ting

The adhesion (molecular) component of the coefficient of friction (COF) is as follows:

szr_”zﬁ.ﬁ.@ (3)
Pn 4 N Tind

In order to use the method discussed above in the conditions of elevated temperatures of contact,
special equipment (adhesiometer) has been developed [48] to heat the contact zone and provide
a characteristic temperature distribution over the depth of the contacting bodies.
Two-sided spherical cylinders (with a radius of 2.5 mm and a height of 25 mm) made of tool
materials (carbides) were used as indenter. The contact zone was subjected to heating after the
installation of samples and an indenter and application of the load N, under the action of which
the indenter with a sphere of radius r1 intruded into the samples to some depth h. There is plastic
contact, and external friction is observed [47] in rotation of a cutting punch.The assumed loads
and low roughness of the contacting surfaces provide not only the necessary area of the actual



contact between the samples and the indenter, but also the extrusion (rupture) of the formed
films (oxide and sorbed ones) and the contact of relatively pure metal surfaces. That ensures a
high density of contact between the indenter and the samples, and that almost excludes the
penetration of air oxygen into a large part of the contact area. To ensure homogeneity of
physico-mechanical properties, the samples are made from the same workpiece. The
experiments are carried out at different values of the contact temperature 6. Thus, relations of
T, = f (pn) are obtained at different values of 6.

According to the studies carried out using the described method, the reliable data on valuet,
can be obtained at 2-3 repetitions of the experiment, while the probable deviation does not
exceed 5 %.

Conditions of deposition: VIT-2 installation using filtered cathodic vacuum arc deposition
(FCVAD) [32-42] technology. To study the effect of thickness of a separate nanolayer on
mechanical and performance properties of a coating, a nanolayer with increased thickness
(approximately 2, 4 and 9 times thicker than average thickness of a nanolayer) was created in
composition of outer wear-resistant layer of the coating (approximately in the middle of the
layer). [32-37] present justification for selection of composition for a multilayered coating.
X-ray diffraction analysis method was used to determine phase compositions of the samples.
Diffraction patterns were obtained by X-ray diffractometer PANalyticalEmpyreanSeries 2 with
monochromatized CuKa radiation. The patterns were got in asymmetric geometry with
incidence angle of parallel (sliding) beam of ®=3+5°The phase composition analysis was
performed with PANalyticalHighScorePlus and ICCDPDF-2 data base using the Feldman-and-
Mayer technique [49].

A Nanovea Mechanical tester (Nanovea, USA) scratch tester was used to determine the
adhesion/cohesion strength, scratch resistance, as well as to investigate mechanism of failure.
A diamond conic indenter of Rockwell type with radius of curvature of R = 100 um was used
to apply scratches to a coating surface with a continuously increasing load from 0 up to 40 N
and a loading rate of 10 N/min.

Conditions of cutting tests: lathe CU 500 MRD; turning material: steel AISI 321(see Tab. 1).
Cutting tool: carbide inserts SNUN 1SO 1832:2012 made of carbides (WC+6% Co); tool
geometry: Y =—8°; o= 6°;, K =45°, A =0; R = 0.8 mm; cutting modes: f= 0.2 mm/rev; ap = 0.5
mm; vc = 300 m min,

Table 1.Chemical composition of steel AISI 321.

C Si Mn Ni S P Cr Cu
up up up i up up ) up
to 0.12 [to 0.8 [to 2 9-11 to 0.02 [to 0.035 17-19 to 0.3

3. RESULTS AND DISCUSSION
Microstructure analysis

The microstructures of the coated samples under the study are shown in Fig. 2-4.
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Fig. 2. Structure of coating Ti-TiN-(Ti,Cr,Al,Si)N.

The total thickness of coating Ti-TiN-(Ti,Cr,Al,Si)N is 2.98 um. Wear-resistant layer
(Ti,Cr,AlLSI)N has thickness of 2.28 um and comprises 73 nanolayers with average thickness
of about 30 nm, as well as intermediate sublayer (Ti,Cr)N with thickness of 70 nm. This
sublayer, which is thicker than other nanolayers, is introduced to study the influence of the
nanolayer thickness on the failure mode of the coating. Thickness of transitional layer TiN is
0.58 um. Thickness of adhesion sublayer Ti is 50 nm.
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Fig. 3. Structure of coating Zr-ZrN-(Nb,Zr,Cr,Al)N.




The total thickness of coating Zr-ZrN-(Nb,Zr,Cr,Al)N is 3.13 pum. Wear-resistant layer
(Nb,Zr,Cr,Al)N has thickness of 2.51 um and comprises 41 nanolayers with average thickness
of about 50 nm, as well as intermediate sublayer (Ti,Cr)N with thickness of 0.44 um. This
sublayer, which is thicker than other nanolayers, is introduced to study the influence of the
nanolayer thickness on the failure mode of the coating. Thickness of transitional layer ZrN is
0.58 pum. Thickness of adhesion sublayer Zr is 30 nm.
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Fig. 4. Structure of coating Zr-ZrN-(Zr,Al,Si)N

The total thickness of coating Zr-ZrN-(Zr,Al,Si)N is 2.48 um. Wear-resistant layer (Zr,Al,Si)N
has thickness of 2.51 um and comprises 67 nanolayers with average thickness of about 25 nm,
as well as intermediate sublayer ZrN with thickness of 0.11 um. This sublayer, which is thicker
than other nanolayers, is introduced to study the influence of the nanolayer thickness on the
failure mode of the coating. Thickness of transitional layer ZrN is 0.58 pum. Thickness of
adhesion sublayer Zr is 30 nm.

Microhardness of coatings

The coatings under the study have the following microhardness (measured at room
temperature):

coating Ti-TiN-(Ti,Cr,Al,Si)N- 36GPa

coating Zr-ZrN-(Nb,Zr,Cr,Al)N-26 GPa

coating Zr-ZrN-(Zr,Al,Si)N-28 GPa

Phase composition analysis

Sample with Ti-TiN-(Ti,Cr,Al,Si)N coating

When applying a coating, among the possible phases expected to form, there were as follows:
a-Ti; cubic 8-TiN; CrTiN2, Cr2N, CrN, cubic AIN, TiAIN, CrAIN, TisAIN,Ti2Al2N2. Phases
with Si were unlikely to form because of the low Si content both in the coating itself and in
cathode Al-Si (AI90 at%, Si 10 at%) used to apply the coating. Meanwhile, even in small
volumes (2-3 at%) Si produces a noticeable positive effect on the properties of the coating [45].
A diffraction pattern of Ti-TiN-(Ti,Cr,Al,Si)N coating is shown in Fig. 5. The coating includes



phases of a-Ti (space group P63/mmc, a=2,9500A, ¢=4,6830 A), TiN(a=4,2400 A) andCrTiN2
(a=4,1850 A) (space group Fm-3m). With high probability, the coating includes a phase of Cr2N
(space group P63/mmc, a=2,7600A, c=4,460 A). A phase of o-Ti is a part of a sublayer
deposited on the substrate to increase the adhesion of the coating to the base. The absence in
the composition of precipitated phases Al can indicate the possible dissolution of Al in nitrides
Ti and Cr with formation of solid solutions on their base with a change in the parameters of the
crystal lattice.

At elevated temperatures the metastable c-TiAIN phase decomposes into the equilibrium binary
phases, c-TiN and h-AIN. The onset of transformation to h-AIN is leading to the decrease in
hardness observed at annealing temperatures above ~900 -C [50]. Lind et al. [51] showed that
by alloying (Ti,Al)N with Cr, metastable (Cr,AI)N was formed during annealing as well as
stable (Ti,Cr)N. The smaller free energy of the (Cr,Al)N phase compared to (Ti,Al,Cr)N and
(Ti,A)N makes the formation of this phase energetically favorable. In the (Zr,AI)N-TiN
multilayers studied in [52] a similar result was found. There, intermixing at the multilayer
interfaces during annealing caused formation of a metastable Zr(Ti,AI)N phase. The formation
of this new phase and the simultaneous dissolution of Zr in the TiN sublayers decreases the
lattice parameter mismatch between the phases. The TiZrN phase has a smaller miscibility gap
than ZrAIN [53,54] why the formation of the new metastable phase is energetically favorable.

H.C. Barshilia et al. [55] showed that multilayer structure of Ti and Cr nitrides are
characterized not only by enhanced mechanical properties, but also by higher thermal stability
as compared to a single layered TiN and CrN coatings. Oxides begin to form at temperatures
above 750°C. In multilayer coatings interdiffusion between the layers and different diffusion
properties of O, N, Ti and Cr in TiN and CrN make the oxidation mechanism of Ti and Cr
nitrides multilayers very complex.

Solid phases Cr2N is more covalent than CrN and it exhibits a higher hardness. Also, CraN
layers have lower residual stresses than CrN, but CrN has better oxidation resistance than CraN.
So dual phases coatingsCroN+CrN enable to control the residual stresses of the films from
tensile to compressive by different volume fraction of each phase [56].
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Fig. 5. XRD pattern of Ti-TiN-(Ti,Cr,Al,Si)N coating on WC-Co substrate

Sample with Zr-ZrN-(Nb,Zr,Cr,Al)N coating

The coating can theoretically include the following phases: Zr, cubic &-ZrN; a-
ZrN;ZroN;ZrAIN; CraN, NbZrN2; CrN; hexagonal B-NbzN; cubic 6-NbN; hexagonal e-NbN;
hexagonal 6’-NbN; hexagonal g-NbzNs; tetragonal NbsN3; cubic AIN; cubic (Zr,Nb)N; cubic
NbAIN.

A diffraction pattern of Zr-ZrN-(Nb,Zr,Cr,Al)N coating is shown in Fig. 6. The coating
includes phases of ZrN (space group Fm-3m, a=4,5978 A), NbZrN; (space group Fm-3m,
a=4,5000 A) and CrN (space group Fm-3m, a=4,5978 A). Considering the fact that individual
reflexes of the phase Cr2N are not found at XRD pattern, unambiguously estimate the presence
or absence of this phase is not possible. No phases of Zr, ZrAIN, NbN etc. have been expressly
detected, but it does not mean the coating does not include them. The coating certainly contains
Zr sublayer, like in case of sublayer a-Ti in Ti-TiN-(Ti,Cr,Al,Si)N coating, but individual
reflexes of Zr phase are not detected in XRD pattern due to its not enough intensity.

The formation of ZrAIN phase is the most probable. The cubic ZrAIN phase transforms by
nucleation and growth of hexagonal AIN when annealed above 900 -C. Annealing of hexagonal
ZrAIN thin films above 900 °C causes formation of AIN and ZrN rich domains within the
hexagonal lattice. The cubic TIAINbN quaternary solid solutions are metastable with respect to
decomposition into parent binary and/or ternary phases [57].
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Sample with Zr-ZrN-(Zr,Al,Si)N coating

A diffraction pattern of Zr-ZrN-(Zr,Al,Si)N is shown in Fig. 7. The coating includes a ZrN
phase (space group Fm-3m, a=4,5978 A), which is most likely a solid solution of Al in ZrN, as
evidenced by the shift of the lines with respect to the reference data. Lines of Zr sublayer are
not detected on the XRD pattern due to their low intensity.

All diffraction patterns shown in Fig. 5-7 also contain reflections from the WC substrate main

phase.
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Study of strength of adhesion and cohesion bonds by scratch testing

Figures 8-12 present the graphs of changes in load and acoustic emission signal, as well as
panoramas of scratches on samples and fragments of scratches at the start of coating failure (at
load Lc1) and complete coating failure (at load Lc»).

On the sample with Ti-TiN-(Ti,Cr,Al,Si)N coating (Fig. 8.), the failure mode of wedging
spallation can be observed [58]. The coating started to fail at Lc1 =32 N, while complete failure
occurred at Lco = 36 N. The complete coating failure means overall failure of wear-resistant
layer (Ti,Cr,Al,Si)N, while transitional layer TiN bears no visible signs of failure. When layer
(Ti,Cr,AlSi)N fails, the process of failure can be observed as formation of a grid of cracks (Fig.
8 Area I, 1) or as elements of plastic deformation upon movement of an indenter (Fig. 8. Area
I, 2). When critical load value of Lc2 is reached, the mechanism of brittle failure prevails with
formation of through cross-section cracks running through layer (Ti,Cr,Al,Si)N (Fig. 8. Area
11,3,4,5).
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Fig. 8. Panorama of a scratch (on top) and a fragment of a scratch in the place where Ti-TiN-
(Ti,Cr,AlSi)N coating starts to fail (Area I) and complete destruction (Area Il). A —border of
coating failure area; B — border of outer wear resistant layer (Ti,Cr,Al,Si)N and transitional
layer TiN of the coating.

Let us consider the failure mode for Ti-TiN-(Ti,Cr,Al,Si)N coating on cross cut made in a plane
perpendicular to the direction of scribing in the area of starting failure at load of Lci =32 N
(Fig. 9). In the central part of the scribing groove, an area of elastic plastic deformation is
clearly seen. Fig. 9. Area C shows preserved coating in the central part of the scribing groove
(the loss of the coating in the foreground occurred during the cut and is not related to the
scribing process). Delamination of the coating in combination with cracking and brittle failure
occurs at the borders of the central area of the elastic plastic deformation (Fig. 9.Area B), and
that also correlates with Fig. 8. Area | — 1. There is also an area of tear-out of the embedded
microdroplet D. At the same time, no delamination is observed from the other side of the
scribing groove, and plastic deformation may be noted as the dominating mechanism of the
coating failure (Fig. 9. Area A). In this case, the dashed line indicates the border of outer wear
resistant layer (Ti,Cr,Al,Si)N and transitional layer TiN of the coating.
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Fig. 9. Cross cut of carbide substrate with Ti-TiN-(Ti,Cr,Al,Si)N coating in the area of
starting failure at load of Lc1 = 32 N. General view (a) and area with elements of
delaminations and brittle failure (b). A — border of coating failure area; 2 — border of area
where plastic deformation of the coating occurs.

Zr-ZrN-(Nb,Zr,Cr,Al)N coating demonstrated the lowest adhesion resistance. Coating failure
occurred as recovery spallation, and it was accompanied by tearing of large sections of the
coating (Fig. 10.). Spalled edges of the coating demonstrate moire pattern, formed in failure of
individual layers of the coating. The first centres of failure appeared at load Lc1 = 16 N, and the
complete coating failure occurred at Lc2 = 29 N. For this coating, a clear mechanism of brittle
failure is typical. Meanwhile, there is formation of through cross-section cracks in layer
(Nb,Zr,Cr,Al)N (Fig. 10. Area I, 2), as well as grinding of surface layer with formation of small
fragmentation area (Fig. 10. Area I, 3; Fig. 10. Area Il, 5). An important failure feature typical
for this coating is in formation of cracks in planes located at an angle to surface of the coating
(Fig. 10. Area I, 1,4). Such cracks are characterized by a combination of discontinuities in
nanolayers with delaminations between nanolayers. The result of such failure is in typical
"moire" structure clearly visible on zoomed inserts (Fig. 10. Area |, 1,4). Meanwhile, at critical
load Lci, wear-resistant layer (Nb,Zr,Cr,Al)N fails till the border of intermediate sublayer
(Nb,Zr,Cr)N (dashed line B1). When critical load Lc> is reached, nanolayers of wear-resistant
layer (Nb,Zr,Cr,Al)N below intermediate sublayer (Nb,Zr,Cr)N (dashed line B2) fail up to the
border with transitional layer ZrN (dashed line B).



Area | Area Il
Fig. 10. Panorama of a scratch (on top) and a fragment of a scratch in the place where Zr-
ZrN-(Nb,Zr,Cr,Al)N coating starts to fail (Area I) and complete destruction (Area I1). A -
border of coating failure area; B1 — border of "external area of wear-resistant layer"
(Nb,Zr,Cr,Al)N — intermediate sublayer (Nb,Zr,Cr)N»; B2 — border of "intermediate sublayer
(Nb,Zr,Cr)N — internal area of wear-resistant layer (Nb,Zr,Cr,AI)N"; B — border of outer wear
resistant layer (Nb,Zr,Cr,Al)N and transitional layer ZrN of the coating.

Let us consider the failure mode for ZrN-(Nb,Zr,Cr,Al)N coating on cross cut made in a plane
perpendicular to the scribing direction in the area of starting failure at load of Lc1 = 16 N
(Fig. 11). In the central part of the scribing groove, an area of elastic plastic deformation is
clearly seen (the border of the area is indicated by the dashed line 2). At the same time, elements
of delamination and brittle failure are clearly visible (Fig. 11. b).pucyrctBytor siBHO
BBIP)KCHHBIC 2JIEMEHTHI JieTIaMHHAIIMY U Xpyrikoro paspyuenus (Fig. 11. b).

spot| HFW | 20 pm
000 x|13.3 mm|[30.00 kV| 5.0 |59.7 pm 2-1
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Area A
Fig. 11. Cross cut of carbide substrate with ZrN-(Nb,Zr,Cr,Al)N coating in the area of starting

failure at load of Lc1 = 16 N. General view (from above) and area with elements of
delaminations and brittle failure (Area A). A — border of coating failure area; 2 — border of
area where plastic deformation of the coating occurs.

Zr-ZrN-(Zr,AlLSi)N coating is characterized by the highest adhesion resistance. Its start of
failure can be observed as chipping at Lci = 17 N, and no complete coating failure occurs at
maximum load of 40 N, used in these experiments (Fig. 12.). The failure process for this coating
shows clear plastic deformation along the move of an indenter (in particular, Fig. 12. Area I,
1). Meanwhile, there are also areas of spallation of external part of wear-resistant layer
(Zr,ALLS))N from intermediate sublayer ZrN. At the same time, there are also local
delaminations between nanolayers of external part of wear-resistant layer (Fig. 12. Area ll, 2,3).
No failure of nanolayers of wear-resistant layer below transitional layer and intermediate layer
ZrN occurs at this maximum load (40 N).

Area | Area ll



Fig. 12. Panorama of a scratch (on top) and a fragment of a scratch in the place where Zr-
ZrN-(Zr,Al,S1)N coating starts to fail (Area I) and complete destruction (Area Il). A —border
of coating failure area;

Thus, the thicker sublayer with low content of aluminum introduced in the structure of
nanolayered coating produces no significant effect of the failure mode of the coating in case
when the thickness of such sublayer is about 2 times higher than average thickness of
nanolayers (Ti-TiN-(Ti,Cr,Al,Si)N). For Zr-ZrN-(Zr,Al,Si)N coating, in which the thickness of
sublayer with low content of aluminum is about 4 higher than average thickness of nanolayers,
local spallations are observed along external border of the above sublayer. Finally, for Zr-ZrN-
(Nb,Zr,Cr,Al)N coating, in which the sublayer under the study has thickness about 9 times
higher than average thickness of nanolayers, there are significant delaminations along the
external border of the above sublayer. Proceeding from the above, it can be concluded that when
nanolayers differ in their thickness in more than 2 times that can negatively affect wear
resistance of the coating.

Study of tribological parameters of coated samples at elevated temperatures

The temperature range of 450-950°C has been arranged to study the influence of temperature
on tribotechnical properties of tribopairs of “the material being machined—cutting tool with

n

coating” (shear strength z, of adhesion bonds, normal stress on contact Py, and relation ;—,

which in fact represents the adhesion component of the COF, on which the deeper deformation
of contact layers depends [F1, F2]). The graphs of relation between z,, P, and ;—” and temperature

are presented in Fig. 13. It can be seen from the above relations that the shear stresses z, initially
grow for all the samples and then decrease with an increase in temperature.

Let us consider the features of the change in the adhesion (molecular) component fv of the
friction coefficient with increasing temperature. It should be noted that the parameter value for
samples with coatings is noticeably lower than for an uncoated sample at all temperatures and
for all types of carbides.

During the study of the change in fu upon a contact with counterbody of steel AISI 321 (Fig.
13), it can be seen that the dynamics in the change of fu is similar for all samples: at first, the
value of fm increases, but after reaching a certain temperature, it begins to decrease. However,
the value of temperature, after which fu begins to decrease is different for different samples. In
particular, for a sample with ZrN-(Nb,Zr,Cr,Al)N coating, such a decrease starts after
temperature reaches 750 °C, while for a sample with Ti-TiN-(Ti,Cr,Al,Si)N coating after
temperature reaches 850 °C. If in contact with a counterbody of steel AISI 321, a sample with
Ti-TiN-(Ti,Cr,Al,SI)N coating shows the highest value of fu among all the samples.
Meanwhile, for the rest samples, the dynamics of the change in fm depending on temperature is
largely monotonous for both the counterbody materials under the study. A sample of Zr-ZrN-
(Zr,AlLSi)N coating showed the lowest change in fm with an increase in temperature above 800
°C.
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Cutting tests

The results of cutting tests in steel AISI 321 longitudinal turning by carbide (WC-Co) tools
(uncoated and with the coatings under the study) are presented in Fig. 14. Tool with Ti-TiN-
(Ti,Cr,AlSi)N coating shows longer tool life; however, approximately during the last quarter
of the wear resistance period, the dynamics of tool wear for a tool with the above coating
intensifies significantly. Meanwhile, a tool with Zr-ZrN-(Zr,Al,Si)N coating shows more stable
wear behavior and less intensive wear at the end of the wear resistance period. This results
correlates well with the data on the change in the adhesion component of COF fw with an
increasing temperature (see Fig. 14, as well as the highest strength of adhesion bond to substrate
of the coating (Lc2>40 N). As tool wear increases, a temperature in cutting zone increases, and
values of fm change respectively. It is important to note that a tool with Zr-ZrN-(Zr,Al,Si)N
coating with sufficiently low value of fu at high temperatures and the highest value of Lc
showed the longest tool life in turning. Meanwhile, a tool with Ti-TiN-(Ti,Cr,Al,Si)N coating
with the highest value of fm and average value of Lc2 (36 N) showed even slightly longer tool
life till cutting path reached 12,000 m, and only after that the tool with the above coating showed
more active wear. As a result, a tool with Ti-TiN-(Ti,Cr,Al,Si)N coating showed the second
result in tool life. And finally, a tool with Zr-ZrN-(Nb,Zr,Cr,Al)N coating showed the lowest
value of fi at high temperatures and the worst strength of adhesion bond to substrate (29 N). A
tool with the above coating showed the shortest tool life among all the tools with the coatings
under the study. Accordingly, it can be argued that the strength of adhesion bond to substrate
Lc2, measured at room temperature, produces a greater effect on tool life of a coated tool than
adhesion component of COF fm, measured at high temperatures, at least for the cutting
conditions under consideration.
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Fig. 14. Effect produced by the length of cutting path on flank wear land when turning steel

AISI 321 at f = 0.20 mm/rev; ap = 0.5 mm; vc = 300 mmin-1.
1 — Uncoated carbide (WC-Co); 2 — coating Zr-ZrN-(Zr,Al,Si)N; 3 — coating Ti-TiN-
(Ti,Cr,AlLSi)N; 4 — coating Zr-ZrN-(Nb,Zr,Cr,Al)N

Study of wear mechanisms for coated samples after cutting tests

Let us consider a pattern of wear of a carbide tool with the coatings under the study in machining
of steel AISI 321 (Fig. 15, 16). For an uncoated tool, formation of a large wear crater on rake
face is typical, and that can indicate a high temperature in the cutting zone and intensive
adhesion between rake face of cutting tool and chips. For a cutting tool with Zr-ZrN-(Zr,Al,Si)N
coating, a wear crater also forms on rake face, but it is significantly less clear, and it can be
stated that flank wear land is the limiting form of wear. For a tool with Ti-TiN-(Ti,Cr,Al,Si)N
coating, a wear crater is even more clear, but flank wear land is also the limiting form of wear.
In general, Zr-ZrN-(Zr,Al,Si)N and Zr-ZrN-(Nb,Zr,Cr,Al)N coatings show very similar wear
mechanism with formation of almond-shaped wear craters extended along cutting edge and
limiting wear on flank face. For a tool with Ti-TiN-(Ti,Cr,Al,Si)N coating, a wear crater on
rake face is more extended in direction of chip removal, and that can be clearly seen in Fig. 16.
This fact can be explained by the higher value of fm and, respectively, by longer contact zone
of the chips with rake face. Meanwhile, flank wear land is a limiting factor rather than formation
of clear wear crater. It can be stated that Zr-ZrN-(Nb,Zr,Cr,Al)N coating provides minimal
adhesion to the material being machined, and that is confirmed by low values of COF fv at
temperatures corresponding to temperatures in the cutting zone (see Fig. 15). Meanwhile, in
contact with a counterbody of steel AISI 321, the Ti-TiN-(Ti,Cr,Al,Si)N coating show
sufficiently high vales of fu, with the maximum among all the samples under the study in a
temperature range of 450-950 °C, and it begins to decrease noticeable only at temperatures
above 950 °C. This fact indicates that fm of the friction coefficient produces a significant effect
on the dynamics of tool wear in cutting. However, this parameter is undoubtedly not the only
factor affecting the cutting process and the dynamics of cutting tool wear.
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Fig. 15. Pattern of wear of a carbide tool with coatings under the study in turning of steel AISI
321 at f = 0.20 mm/rev; ap = 0.5 mm; v = 300 mmin-1 (obtained through MicroCAD optical
3D measuring system).

Fig. 16 shows a picture of rake face of carbide inserts with the coatings under the study with
indication of a cross section plane. The ideal place for a section is in the widest part of wear
crater; however, the available techniques do not allow making a section with such high location
accuracy. Accordingly, a wear crater section in Fig. 17, 18 and 19 do not reflect its actual

maximum width.



Fig. 16. A picture of rake face of a carbide insert with the coatings under the study, with
indication of cut section plane for a tool with Ti-TiN-(Ti,Cr,Al,Si)N coating after 12,000 m of
cutting path (a); with Zr-ZrN-(Nb,Zr,Cr,Al)N coating after 14,000 m of cutting path (b); with
Zr-ZrN-(Zr,Al,Si)N coating after 14,000 m of cutting path; (c) when turning steel AISI 321 at
f=0.20 mm/rev; ap = 0.5 mm; vc = 300 mmin-1.

Let us consider the failure mode of the coatings under the study on cross cut (Fig. 17-20). A
tool with Ti-TiN-(Ti,Cr,Al,Si)N coating is characterized by a combination of abrasive and
adhesive wear in areas, directly adjacent to cutting edge (Fig. 17. II) or to a wear crater (Fig.
17. 1). Meanwhile, there is active cracking with formation of through cross-cut cracks, which
in some cases stop at the border of "wear-resistant layer-transitional layer” (Fig. 18. 1I). The
failure mode with formation of cross-cut cracks is well correlated with the data obtained in
scratch testing (Fig. 8). No delaminations are observed between layers and nanolayers of the
coating. In the area, directly adjacent to the cutting edge (Fig. 17. L111), there is abrasion of
surface nanolayers of the coating, while the border of wear passes along the external border of
intermediate sublayer (Ti,Cr)N or slightly above this sublayer.
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, < "

o ~ \ —
mag WD det HV  spot HFW
20 000 x 10.5 mm BSED 20.00 kV| 4.7 14.9 um




mag WD det HV  spot| HFW — 5 um —
10 000 x 10.6 mm BSED 20.00 kV 4.7 29.8 ym 2-4

‘mag. WD | det HV spot HFW ———— 300 ym ————
300 x 9.9 mm BSED 20.00 kV' 4.7 995 um 2-4 :
Fig. 17. Microstructure of a tool with Ti-TiN-(Ti,Cr,Al,Si)N coating on cross cut.

A tool with Zr-ZrN-(Nb,Zr,Cr,A)N coating is also characterized by the abrasive and adhesive
wear mechanism and formation of through cross-cut cracks in areas, directly adjacent to cutting
edge (Fig. 18. I). At the same time, in the area, adjacent to a wear crater, there are delaminations
on the border of "transitional layer-wear-resistant layer”, as well as delaminations between
nanolayers (Fig. 18. 11).
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Fig. 18. Microstructure of a tool with Zr-ZrN-(Nb,Zr,Cr,Al)N coating on cross cut.

Let us consider separately Area Il (Fig. 18), which is characterized by adherent pieces of the
material being machined (Fig. 19). When coating surface interacts with chips, significant shear
stresses occur on rake face of a tool, and in this case they led to formation of extensive
delamination, mainly formed along the border "intermediate sublayer (Nb,Zr,Cr)N—external
area of wear-resistant layer (Nb,Zr,Cr,Al)N". This failure mode demonstrated by Zr-ZrN-
(Nb,Zr,Cr,Al)N coating correlates well with the results obtained in scratch testing (Fig. 10).
Another typical feature of the failure shown by this coating is in formation of cracks in planes
located at an angle to surface of the coating, and that also correlates with the results obtained
in scratch testing (Fig. 10). A noticeable effect on the coating failure is also produced by
microdroplets D (Fig. 19).

20 000 x 10.0 mm BSED 20.00 kV| 4.7 14.9 pm

Fig. 19. Microstructure of a tool with Zr-ZrN-(Nb,Zr,Cr,Al)N coating on cross cut. D —
microdroplets Zr embedded to the coating structure.



A tool with Zr-ZrN-(Zr,Al,Si)N coating is characterized by abrasive and adhesive wear
behavior. In area of rake face, directly adjacent to cutting edge, there is abrasive and adhesive
wear of coating up to external border between intermediate and next sublayers, with approach
of cutting edge, abrasion of the coating, up to its complete failure (Fig. 20. 1). Meanwhile, no
formation of cracks and delaminations are observed (Fig. 20. I,11).
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Fig. 20. Microstructure of a tool with Zr-ZrN-(Zr,Al,Si)N coating on cross cut.

Let us consider separately the failure mode of Zr-ZrN-(Zr,Al,Si)N coating on flank face of a
tool, in particular, in the area (Fig. 20. I11). Fig.21 presents a micrograph of cross cut of a section
on flank face of a tool with Zr-ZrN-(Zr,Al,Si)N coating. In this case, under the action of
compressive stresses, acting along flank face of the tool, a series of delaminations are formed
between nanolayers of the coating. Meanwhile, no delamination along the borders of the
intermediate sublayer, as well as interlayer delaminations and spallation of the coating from the
substrate are observed. The failure mode demonstrated by this coating indicates its sufficiently
high plasticity in combination with a high level of adhesive and cohesive bonds. This result
correlates with the above results obtained in scribing.
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Fig. 21. Cross-cut of a section of flank face in a tool with Zr-ZrN-(Zr,Al,Si)N coating (with
rotation of 90°) (Area Il at Fig. 20).

CONCLUSIONS

The processes occurring in the cutting zone are very sophisticated, and it is very difficult to
simulate them. So far, no ideal model (mathematical or mechanical) to take into account all
the factors of the process (including stresses, temperature, diffusion and chemical processes,
etc.) has been ever created and it is unlikely to be created in the near future. Accordingly, a
completely adequate assessment of the coating performance can only be made through cutting
tests. Meanwhile, there are a number of methods, including those considered in this article, to
predict the performance properties of coatings with a fairly high probability.

The conducted studies found out the following:

- the coatings under the study demonstrate formation of complex phases, in particular,
NbZrN2 and CrTiN2, which can produce a significant effect on the performance properties of
the coatings;

- a sample with Zr-ZrN-(Zr,Al,Si)N coating is characterized by the maximum strength of
adhesion bond to substrate (Lc2>40 N), while a sample with Ti-TiN-(Ti,Cr,Al,Si)N coating
showed the lower value (Lc2 = 36 N), and a sample with Zr-ZrN-(Nb,Zr,Cr,Al)N coating
showed the lowest value (Lc2 = 29 N). Meanwhile, the very failure modes demonstrated by
three studied samples show significant differences: the sample with Ti-TiN-(Ti,Cr,Al,Si)N
coating showed brittle failure with formation of through cross-cut cracks in combination with
minor plastic deformations; the sample with Zr-ZrN-(Nb,Zr,Cr,Al)N coating — brittle failure
with formation of delaminations and cracks in inclined plane; and the sample with Zr-ZrN-
(Zr,AlLSi)N coating showed sufficient plastic deformation in combination with delaminations
between nanolayers;

- the adhesion (molecular) component fu of the friction coefficient initially increases with the
growth of temperature and then begins to decrease sharply with an increase in temperature
above 400-450°C;

- an intermediate sublayer introduced into a nano-structured wear-resistant layer produces a
visible effect on the failure mode of the coating in case if its thickness is sufficiently higher (9
times) than the average thickness of nanolayers, while if the thickness of sublayer slightly (2
times) differs from thickness of nanolayers, the sublayer does not produce any visible effect
on failure of the coating. When a ratio of sublayer thickness to average thickness of
nanolayers is 4:1, this sublayer produces insignificant effect on failure of the coating;

- the study of adhesion (molecular) component fv for tribopairs "alloy S31600—carbide (WC-
Co) with coating™ within the temperature range of 450-950°C showed that the value of fu



rises till temperature grows up to 800-850 °C, and with further increase of temperature, fm
starts to decrease;

- samples with ZrN-(Nb,Zr,Cr,Al)N coating showed the lowest value of fm in the temperature
range under the study. The highest fy was demonstrated by the sample with Ti-TiN-
(Ti,Cr,AlSi)N coating; however, with increase of temperature over 800 °C, fm shows the
most intensive decrease;

- it can be argued that the strength of adhesion bond of coating to substrate Lc2, measured at
room temperature, produces a greater effect on tool life of a coated tool than adhesion
component of COF fi, measured at high temperatures, at least for the cutting conditions
under consideration.

Thus, the qualitative and quantitative results of scratch testing in combination with the data on
adhesion (molecular) component of COF fwv for tribopairs of "the material being machined-
tool material with coating" make that possible to quite adequately predict a tool life of a
coated tool during cutting.
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