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Experiments have been made to investigate the effect of negative bias potential and nitrogen atmosphere
pressure on the structure-stressed state and properties of vacuum-arc nitride coatings. A comparison was made
between the data for three groups of coatings: 1 — (Ti, V, Zr, Nb, Hf)N, 2 — (Ti, V, Zr, Nb, Hf, Ta)N and 3 — TiN.
Without regard to the dropwise component, the multielement nitride coatings, deposited in the nitrogen atmosphere,
represent a single-phase structure with a cubic fcc lattice (NaCl structure). At a substructural level in these coatings,
the nitrogen pressure increase leads to an increase in crystallite sizes and to microstrain relaxation, whereas the
increase in the bias potential results in the inverse effect (microstrain increase). In absolute magnitude, the
microstrain in these coatings is higher, and the crystallite size is smaller than in the mononitride case. The highest
hardness 70 GPa was attained with nitride coatings deposited by vacuum-arc evaporation of the (Ti, V, Zr, Nb, Hf)

alloy at nitrogen pressure of 0.35 Pa.

INTRODUCTION

The recently created multielement nitrides, as well
as multilayered systems exhibit high mechanical
properties [1-4]. Note that in this case one of the most
important mechanical properties, in particular, hardness,
is shown by nitrides of high-entropy alloys [5-14].
Among numerous systems having the highest hardness,
we mention the heavy-element systems with a high
binding energy of the components with nitrogen at
nitride formation, and, in particular, the system based on
Ti, V, Zr, Nb, Hf [15].

The aim of the present work has been to analyze the
impact of the negative potential of the substrate and
nitrogen atmosphere pressure on the structure-stressed
state and hardness of nitrides produced from high-
entropy alloys (Ti, V, Zr, Nb, Hf) and (Ti, V, Zr, Nb,
Hf, Ta).

METHODS OF SAMPLE PREPARATION
AND EXAMINATION

The samples were obtained by means of vacuum-arc
evaporation in the “Bulat-6” facility. The ingots of high-
entropy five- (Ti, V, Zr, Nb, Hf) and six-element (Ti, V,
Zr, Nb, Hf, Ta) alloys were produced by the method of
vacuum-arc melting in high-purity argon atmosphere.
Polished stainless steel (12Kh18N9T) plates, measuring
20x20x3 mm, as well as 0.2 mm thick copper foils were
used as substrates. The coatings were deposited at a
constant negative potential applied to the substrate
U, = -(50...200) V, an arc current of 85 A, residual gas
pressure of 0.0066 Pa, nitrogen pressures ranging from
0.04 to 0.65 Pa. The deposition rate was determined to
be about 4 nm/s.

Investigation into the structure-stressed state was
performed with the diffractometer DRON-3M in the
Cu-K, radiation. For monochromatization of the

registered radiation, a graphite monochromator was
used, that was installed in the secondary beam (in front
of the detector). The phase composition and the
structure (texture, substructure) were investigated by
traditional methods of X-ray diffractometry through the
analysis of the position, intensity and form of diffraction
reflection profiles. The diffractograms were interpreted
with the use of the tables of the International Powder
Diffraction File Center. The substructure characteristics
were determined using the approximation technique
[16]. For examination of the macro-stressed-strained
state in the coatings having cubic (NaCl structure type)
lattice, we have used the method of X-ray strain
metering (“a-sin® y”-method). In the case of a strong
texture, a modified “a-sin’® y”-method” was used. It
consisted in measuring interplanar spacings from
different planes at certain crystallographically preset
angles y of the sample inclination [17-18].
Microindentation was carried out at the ‘“Micron-
gamma” setup [19] at a load up to F=0.5 N by the
Berkovich diamond pyramid having the cutting angle
65°with automatically alternated loading and unloading.

RESULTS AND DISCUSSION

It is known that during deposition the negative bias
potential supply to the substrate makes it possible to
largely avoid the presence the drop-wise phase in the
material formed [20-22]. In this case, with an increase
in the negative bias potential up to — 200 V we attain an
essential reduction in both the amount and the size of
drops in the coating. The second important factor that
exerts an effect on the structure and properties of
vacuum-arc coatings is the working atmosphere
pressure (nitrogen atmosphere Py in case of nitride
coatings formation).
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The analysis of the measured X-ray diffraction
spectra has shown that during deposition at nitrogen
pressures ranging from 0.04 to 0.65 Pa, solid solution
formation in the coatings takes place, based on the fcc
lattice with nitrogen atoms implanted into octahedral
interstitial sites (NaCl structure type).

For comparative analysis of the effect of the
evaporated material composition on the phase-structural
state of the coatings at different negative potential
values, data correlation has been made for three groups
of coatings: 1* group — coatings based on five-element
(Ti, V, Zr, Nb, Hf) alloy nitride; ond group — coatings
based on the nitride of six-element alloy (Ti, V, Zr, Nb,
Hf, Ta); and 3™ group — TiN coatings. To deposit five-
element coatings, we have used the alloy with the
elements in the following ratio: Ti, V (light elements,
47...50 amu) — 40at.%, Zr, Nb (mediumOweight
elements 91...92 amu) — about 45 at.%, and Hf (heavy
elements, 178...180 amu) — about 15 at.%. To form six-
element coatings, the alloy comprising six elements in
the following ratios was used: Ti, V (light elements,
47...50 amu) — 20at.%; Zr, Nb (medium-weight
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elements, 91...92 amu) — about 45 at.%, and Hf, Ta
(heavy elements, 178...180 amu) — about 35 at.%.

So, in the first group the number of middle- and
heavy-mass atoms approaches the number of light-mass
atoms, while in the second group the number of middle-
and heavy-mass atoms is four times higher than the
number of light-mass atoms.

A comparison between the diffraction spectra of the
coatings formed at the maximum nitrogen pressure
(0.65 Pa) (Fig. 1) shows that all three coating groups are
characterized by the development of the [111] texture.
In the case of multielement alloys, a great width of
reflections at 0-scanning bears witness to a decreased
degree of texture perfection as compared to the TiN
case. Note that a high reflection intensity in the (Ti, V,
Zr, Nb, Hf, Ta)N coating is determined by a high
specific content of heavy components having a higher
reflecting power.

At nitrogen pressure of 0.35 Pa, the (Ti, V, Zr, Nb,
Hf)N coating spectrum shows a preferred crystallite
orientation [220] (spectrum 2 in Fig. 2).
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Fig. 1. Diffraction spectra regions of nitride coatings obtained at U, = -200 V and Py = 0.65 Pa.
1—-TiN; 2—(Ti, V, Zr, Nb, Hf,)N; 3 —(Ti, V, Zr, Nb, Hf, Ta)N
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Fig. 2. Diffraction spectra regions of nitride coatings obtained at U, = -200 V and Py = 0.35 Pa.
1—TiN; 2—(Ti, V, Zr, Nb, Hf,)N; 3 — (Ti, V, Zr, Nb, Hf, Ta)N



With a decrease in the nitrogen pressure down to
0.09 Pa, when in the plasma flow the concentration of
metal ions and their average charge considerably
increase [23], the effect of the radiation factor
associated with the metal ion bombardment of the
growing coating becomes dominant. That makes itself
evident in intensification of the texture [220] in the (Ti,
V, Zr, Nb, Hf)N coatings and in the appearance of the
texture [311] in the (Ti, V, Zr, Nb, Hf, Ta)N coatings. It

should be noted here that on the coating surface there
occurs the formation of a drop phase of two types:
conical and spheroidal (Fig. 4). The composition of
conical drops is characterized by a relatively low
content of Ta (25...30 wt. %) and a higher content of
Ti, Zr and Hf, while the composition of spheroidal
drops is noted for their higher content of Ta and Nb.
Table 1 lists the averaged values of drop compositions.
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Fig. 3. Diffraction spectra regions of nitride coatings obtained at U, = -200 V and Py = 0.09 Pa.
1—TiN; 2—(Ti, V, Zr, Nb, Hf,)N; 3 — (Ti, V, Zr, Nb, Hf, Ta)N
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Fig. 4. Photomicrographs of six-element nitride coating surfaces formed at Uy=- 00 V, Py= 0.35 P.
a — general appearance of the surface, b — partially sputtered drops

Table 1
Drop compositions of the six-element coating (Ti, V, Zr, Nb, Hf, Ta)N
Drop shapes Ti v Zr Nb Hf Ta
Conical 6.05 0.45 30.89 20.06 17.46 25.09
Spheroidal 3.31 0.61 12.66 28.61 8.49 46.33

The presence of two types of the drops may point to
a local inhomogeneity of the cathode, and also, to the
fact that the presence of tantalum in the drops
substantially reduces their sputtering ratio.

With nitrogen pressure decrease down to 0.04 Pa,
the action of the radiation factor at a shortage of

nitrogen atoms leads to the texture [311] increase in the
coatings that have the highest specific content of heavy
Ta component (Fig. 5, spectrum 3).
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Fig. 5. Diffraction spectra regions of nitride
coatings obtained at U, = -200 V
and Py = 0.04 Pa.
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It should be noted that with decrease in U, down to -
100 V, the coatings under study exhibit no radiation
effect on the texture formation (Fig. 6). The whole
pressure range is characterized by the formation of the
monotexture state with the preferred orientation [111]
peculiar to the bias potential > -100 V at vacuum-arc
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deposition of mononitride coatings such as TiN, ZrN

[24].
The data resulting from studies into substructure
characteristics (crystallite size, microstrain) and

obtained by the approximation technique [16], are
generalized in Figs. 7 and 8.

Fig. 6. Diffraction spectra regions of
(Ti, V, Zr, Nb, Hf)N coatings obtained at U,=-100 V
and at nitrogen pressures Py(Pa):
0.04(1); 0.09(2); 0.35 (3); 0.65 (4)

Fig. 7. Crystalline grain size versus nitrogen pressure
for (Ti, V, Zr, Nb, Hf)N coatings deposited at bias
potentials of
100V (1); -200V (2);
for (Ti, V, Zr, Nb, Hf, Ta)N coatings deposited at U, =
=200V (3);

TiN coatings deposited at U,=-200V (4)
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Fig. 8. Microstrain versus nitrogen pressure for (Ti, V, Zr, Nb, Hf)N coatings deposited at bias potentials of
-100V (1), -200 V (2); for (Ti, V, Zr, Nb, Hf, Ta)N coatings deposited at U, = -200 V (3);
TiN coatings deposited at U,=-200V (4)

It can be seen that in contrast to TiN coatings, in the
case of multielement nitride coatings the average
crystalline grain size decreases, while the microstrain
increases. In particular, this is typical for the (Ti, V, Zr,
Nb, Hf, Ta)N coatings (see lines 3 in Figs. 7 and 8). The
increase in the microstrained state due to the difference
in atomic radii of the components leads to the decrease
in the crystalline grain size. Besides, a considerable
increase in the microstrain and the decrease in the
average crystallite size are observed as the pressure gets
reduced. This is caused by the formation of the defect
structure on the coating surface having a great number
of crystallization centers due to the increase in the
concentration of ions and their average charge in the
plasma [23]. In comparison with the TiN coatings, the
high-entropy alloy nitride (HEAN) coatings have a
substantially smaller average size of crystallites at the
same nitrogen pressures (see Fig. 7). The introduction of
the sixth heavy element (Ta) leads to a decrease in the
average crystalline grain size, this being particularly
noticeable at low pressures.

It can be seen (Fig. 8) that the highest microstrain is
peculiar to the (Ti, V, Zr, Nb, Hf, Ta)N coatings
(curve 3) deposited at low nitrogen pressures. This is
due to the difference in atomic radii of the components.
At a low pressure, owing to the increase in the average
charge, their ions are implanted into the coating with a
higher energy. Thus, in the (Ti, V, Zr, Nb, Hf)N
coatings the maximum strain value changes from 0.8%
at— 100 V up to 1.1% at — 200 V. In the (Ti, V, Zr, Nb,
Hf,Ta)N coatings the microstrain value is higher and
attains 1.42% at U, =- 200 V (curve 3).

With an increasing nitrogen pressure, when the
deposited particle energy decreases, all the coatings
display reduction in the microstrain.

A comparison with the corresponding parameters for
TiN coatings (see curve 4 in Fig. 8) shows that the
microstrain developing in TiN coatings is substantially
lower in its absolute value, and only at high pressures
and oversaturation with nitrogen atoms it becomes
comparable with that of multielement nitrides.

The stress-strain state analysis performed by the
method of multiple inclined exposures (“a-sin’y”
method) has demonstrated that for both the (Ti, V, Zr,
Nb, Hf)N and (Ti, V, Zr, Nb, Hf, Ta)N coatings an
increase in the nitrogen pressure leads to an increase in
the negative angle of plots inclination, that points to the
development of a greater compression strain. The
characteristic feature of the HEAN coatings is the
intersection of the plots at the point, for which
siny ~ 0.4. In the cubic lattice case, this intersection
corresponds to the Poisson ratio p close to 0.25
(Sin2\|10=2p./(1+p,) [25]), this being characteristic of the
nitrides with a strong covalent bond between the metal
and nitrogen, e.g., TiN. The increase in the lattice
spacing at sin®y,=0.4 from 0.44294 nm in the (Ti, V, Zr,
Nb, Hf)N coating up to 0.44485 nm in the (Ti, V, Zr,
Nb, Hf, Ta)N coating is attributed to the increase in the
content of metallic constituents having a larger atomic
radius: Hf and Ta.

The investigation of such a universal characteristic
of the mechanical properties of coatings as the hardness
has shown (Fig. 9) that for the HEAN coatings under
discussion the highest hardness is attained at a pressure
of 0.35 Pa. At this pressure, on the one part, we have a
rather high compressive stress-strain state in the
coatings, and on the other part, the ratio between the
metal atoms and nitrogen atoms is close to equiatomic.
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Fig. 9. Microhardness versus nitrogen pressure at the potential =200 V: 1 — (Ti, V, Zr, Nb, Hf,)N coatings;
2—(Ti, V, Zr, Nb, Hf, Ta)N coatings,; 3 — TiN coatings

A comparison with TiN coatings formed at
Uy = -200 V shows that the hardness of nitride coatings
produced from five- and six-element alloys is
considerably higher in absolute values than that of TiN
(see curve 3, Fig. 9).

It can be seen that the highest hardness is exhibited
by the coatings produced at a pressure of 0.35 Pa.
Furthermore, a higher hardness of multielement nitride
coatings owes to a strong microstrain in crystallites due
to the presence there of the components having different
atomic radii; that stimulates the formation of a finer
crystalline nanostructure.

CONCLUSIONS

Without regard for the dropwise component, the
HEAN coatings deposited in the nitrogen atmosphere
have a single-phase structure with a cubic fcc lattice
(NaCl-type structure).

The supply of bias potential U, = -200 V to the
substrate results in the formation of a radiation-
stimulated texture with the [110] axis in the (Ti, V, Zr,
Nb, Hf)N coatings, for which the content of light metal
components (Ti, V) considerably exceeds the content of
heavy components (Hf), as well as the texture with the
[311] axis in the (Ti, V, Zr, Nb, Hf, Ta)N coatings, for
which the content of light metal components (Ti, V) is
comparable with the content of heavy components (Hf,
Ta).

The HEAN coatings deposited at the highest
pressure of 0.65 Pa exhibit the texture with the [111]
axis perpendicular to the growth surface.

The Poisson ratio of nitride coatings deposited from
high-entropy alloys has been found to be about 0.25,
this being typical for mononitrides having a strong Me-
N bond.

At the substructural level, in the HEAN coatings an
increase in the nitrogen pressure leads to an increase in
the crystalline grain size and to microstrain relaxation.
The microstrain in these coatings is higher in its
absolute value than that of mononitrides. This is due to
the fact that the crystal lattice of HEAN coatings

comprises several elements that have substantially
different atomic radii.

In the pressure range 0.04...0.4 Pa increasing bias
potential leads to both a growth of microstrain and a
decrease in the average size of crystallites in the HEAN
coatings. At the highest pressure of 0.65 Pa, as the bias
potential Uy, increases, the crystallite size also increases.

The highest hardness attains 70 GPa in the (Ti, V,
Zr, Nb, Hf)N coatings at a nitrogen pressure of 0.35 Pa.
The special features of this state are: 1) the bitexture
state, 2) the composition close to stoichiometric
composition in relation to nitrogen, 3) the average
crystalline grain size of about 40 nm.
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BJIMSTHUE NIOTEHHUAJIA CMEINEHUS U JABJIEHUSA A30TA HA CTPYKTYPHO-HAIIPSI’KEHHOE
COCTOSIHUE Y CBOMCTBA HUTPUIHbIX IOKPBITHUA, IIOJIYYEHHBIX UCIIAPEHUEM
BBICOKOSHTPOIIMIMHBIX CILTABOB BAKYYMHO-AYT'OBBIM METOJI0OM

O.B. Co6onb, A.A. Anopees, B.H. Boegooun, B.®. I'opoans, C.H. I puzopves, M.A. Bonocosa, H.B. Ceporok

IIpoBeneHo wuccieOBaHUE BIUSHUA OTPUIATEIBHOTO MOTEHIMANa CMENIEHHs M JaBleHHs aTMocdepbl a3oTa Ha
CTPYKTYpHO-HANpPs)KEHHOE COCTOSHHE M CBOWCTBA BAaKyyMHO-AYTOBBIX HHUTPUIHBIX MOKpBITHH. IIpoBemeHo comocTaBieHHe
JIAHHBIX 10 TpeM rpymmam mnokpeituii: 1 — (Ti, V, Zr, Nb, HH)N, 2 — (Ti, V, Zr, Nb, Hf, Ta)N u 3 — TiN. be3 yuera xaneiapHO
COCTABIISIONICH MHOTO3JIEMEHTHBIC HUTPUIHBIC TIOKPHITHS, OCaKACHHBIE B a30Te, SBIIOTCS OgHO(a3HbIMU ¢ KyOndeckon ['TIK-
pemretkoii (cTpykrypHsIi Tir NaCl). Ha cyOcTpykTypHOM ypOBHE B 9THX ITOKPBHITHSIX MOBBIICHUE JABICHUS a30Ta IPHBOIUT K
YBEIMYEHHIO Pa3MepOB KPUCTAJUTTOB U pellaKcallni MUKpoae(opMalyy, a HOBBILICHNE ITOTEHIHAIA CMEICHNUST — K 00paTHOMY
a¢dekty (yBenmmuenue mukpoxpedopmaryn). Ilo abcomoTHON BennumHe MUKpoAedopManysi B TaKUX IOKPBHITHAX BBINIE, a
pa3Mep KpUCTALUINTOB — MEHbIIe, 4eM JUisi MOHOHUTpuaoB. HambGonbmias tBepmocte 70 I'Tla mocTMrHyta B HUTPHAHBIX
MOKPBITHSX, OCAXKICHHBIX BaKyyMHO-1yroBbiM ucniapenuem (Ti, V, Zr, Nb, Hf) crnaa npu naBnenun asora 0,35 Ila.

BILIAB MOTEHIIAJIY 3CYBY TA TUCKY A30TY HA CTPYKTYPHO-HAIIPY KEHHUI CTAH I
BJIACTHUBOCTI HITPUJIHUX IOKPUTTIB, OTPUMAHUX BUIIAPYBAHHSAM BUCOKOEHTPOIIMHUAX
CILIABIB BAKYYMHO-AYTI'OBUM METOAOM

O.B. Co6onv, A.A. Anopecs, B.M. Boceodin, B.®. I'opoans, C.H. I'puzopves, M.O. Bonocosa, 1.B. Ceporwok

IIpoBeseHo OCHi/UKEHHS BIUIMBY HETaTHMBHOTO IOTEHIiay 3CyBY 1 THCKY a30Ty Ha CTPYKTYPHO-HAIpyXXEHHMH CTaH i
BJIACTUBOCTI BaKyyMHO-IyIOBHX HITPUAHUX NOKPUTTIB. [IpoBeieHO MOPIBHAHHA JaHMX 3a TphoMma rpynamu nokpurris: 1 — (Ti
,V, Zr, Nb, HO)N , 2 — (Ti, V, Zr, Nb, Hf, Ta)N i 3 — TiN. Bbe3 ypaxyBaHHs1 KpamenbHOI CKJIaJ0BOi OaraToejieMeHTHI HiTpuaHI
MOKPUTTS, HaHEeCeHi B a30Ti, € ogHodasuumu 3 KyGiunumu ['LIK-rpatkamu (ctpykrypuuii Tun NaCl). Ha cyGerpykrypHOoMy
piBHI B IUX MNOKPHUTTSAX MiABHIICHHS THCKY a30Ty MPH3BOAUTH A0 30UTBIIEHHA pO3MIpPIB KPHCTANITIB 1 pemakcarmii
Mikpozaedopmarii, a TiABUIIEHHS MOTEHINIATY 3CyBY — 10 3BOPOTHOTO e(hekTy. 3a aOCOMOTHOIO BEIMYMHOIO Mikpoaehopmalii B
TaKWX IOKPHUTTSX BHIIA, a PO3MIp KPUCTAITIB — MEHIIe, HDK 11 MoHOHITpuay. Hait6inema tBepmicts 70 I'Tla mocsrayTa B
HITPUIHUX TTOKPHUTTSIX, HAHECCHNX BaKyyMHO-IyroBuM BunapoByBanHsIM (Ti, V, Zr, Nb, Hf) cimaBy npu tucky asotry 0,35 Ila.



