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The possibilities of structural engineering using three technological schemes for the
formation of TiN vacuum-arc coatings are considered. When using the first scheme (with-
out a high-voltage pulse potential) with a close to zero ("floating™) constant bias potential,
a polycrystalline structure is formed in the coatings without a preferred crystallite growth
orientation. The average crystallite size (L) is about 31 nm, and microdeformation (<e&>)
varies from 0.28 % to 0.12 % with an increase in nitrogen pressure in the vacuum chamber
from 0.26 Pa to 0.66 Pa. The supply of a constant potential (U, = —200 V) leads to the
formation of a texture with the [111] axis, an increase in L to 91 nm and € = 0.7 %. The
second coating scheme for "floating™ U, with the simultaneous supply of a pulsed high
voltage potential (U;) at the structural level leads to the formation of a preferred orienta-
tion with the [100] and [110] axes. With this coating formation scheme, with an increase
in the pulse potential, a decrease in L and ¢ is observed. The use of the third deposition
scheme (combined action of U, = -200 V and U,) at U; with a pulse duration of T=4 us
leads to a change in the texture axis from [111] (at U, = -850 V) to a texture with the
[110] axis (at U; = —2000 V). At T = 16 us, the preferred orientation with the [110] axis
becomes almost the only one. Based on a generalization of the results, it was found that
the main negative contribution to the texture formation with the [111] and [100] axes is
made by the constant negative potential U, of 0...200 V. Using the high-voltage potential
U, = —(850...2000) V in a pulsed form stimulates texture formation [110] and a change in
the macro- and microdeformed state. The highest hardness (40—-45 GPa) is achieved for the
regimes with the smallest U, = -850 V, when the texture with the [110] axis is not the
main one, and the macrodeformation of compression is 1.7-2.4 %. A 2-level model for
describing the process under the action of methods of supplying bias potentials of differ-
ent magnitude is proposed.

Keywords: structural engineering, titanium nitride, X-ray diffractometry, substruc-
ture, macrostrain, microhardness.

Bnane moTeHIiany 3MinleHHS, AKWA MOJAABAJH B MPOIECi OCAMKEHHA y MOCTIHHONH Ta
iMmoyascHilt dopmi, Ha CTPYKTYpy, CyOCTPYKTYypy, Hampy:KeHo-medopmoBaHUii cram i
TBepaicte BakyymHo-gyroux mnoxpurrtis TiN. H.B.Ilinuyx, 0.B.Co6onv, B.B.Cy66omina,
I'I.3enencvra

PosriauyTo MOMKIMBOCTL CTPYKTYPHOI iHiKeHepil IpM BUKOPHUCTAHHI TPHLOX TEeXHOJIOriu-
HUX cxeM ¢dopMmyBaHHA BakyyMHO-Ayrosux moxpurrie TiN. Ilpum BuropucramHi mneprioi
cxemu (6e3 BHCOKOBOJIBTHOI'O IMIOYJIBCHOI'O MOTEHIIiany) 3 OMM3bKMUM 10 HyJaboBOro (imiaasa-
ounMi) mocTiMHHM HOTeHIiaJoM 3MIIleHHsS B HOKPUTTAX (OPMYETbCA IOIiKpUCTAIIUHA
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CTPYKTypa 0e3 mepeBaKkHOI opienTarii spoctanua kpucranitie. Cepegniit posmip kpucranitis
(L) 6mmsbrko 31 um, a wmikpomedopmariit (¢) smimwerbea Big 0,28 % mo 0,12 % mnpwm
36lapinenHi THCKY asorTy y BakyyMmHiN xamepi Big 0,26 Ila go 0,66 Ila. ITomaua mocrilinoro
norerniany (U, = —200 B) npussoguts g0 dhopmysaHHA TekcTypu 3 Biccro [111], s6inpmien-
Ha L go 91 mm ¢ = 0,7 %. lpyra cxema HaHeceHHA NOKPWTTiB mpu immasawuomyi U, 3
OTHOYACHOI0 IIOfauel0 iMITyJbCHOrO BHCOKOBOJBTHOro morermiany (U;) Ha cTPyKTypHOMY
pieHi mpusBoauThs K0 GopmMyBaHHA ImepeBaskHOl opiemramii 3 ocamu [100] i [110]. IIpu miit
cxeMmi (opMyBaHHSA HOKPUTTA 31 30iMbHIEeHHSM IMITyJIbCHOrO IIOTEHIIiANy CIIOCTEpPiraeTbes
ameHniesHa L i €. BuxopucrarHa Tpersoi cxemm ocamxenns (cmineHa mia U, =-200 B i U))
mpu U; 3 TpuBamicTio iMITynbey T = 4 MK MPU3BOAMTL A0 3MiHM oci TexeTypm Bif [111] (mpu U,
= —850 B) g0 Texctypu 3 Biccio [110] (mpm U; = —2000 B). Ilpu T = 16 MKc mepeBakHa
opienraris 3 Bicco [110] crae npaxkTuuno eauuoo. Ha ocHOBI ysarajbHeHHS pesyJbTaTiB BCTa-
HOBJIEHO, 1[I0 OCHOBHUII BHECOK y dopmyBaHHA TekcTypu 3 ocamu [111] i [100] BrOCHTEL IIO-
crifiauil HeratupHW# norennian U,, Bemumunzow 0...200 B. BuxopucraHHS BHCOKOBOJBLTHOTO
norerniary U; = —(850...2000) B B immynecui#t opmi crumyaroe dopmysanra TexcTypu [110]
i sminmm B makpo- i mixkpomedopmiposamnom crami. HaiiGinpma reepmicrs (40—45 I'Tla) npocs-
raeTbes A1 pexuMis 3 Halimermmm U; = —850 B, xoxu rexcrypa 3 Biccro [110] me € ocHOBHOMD,
a makpogedopmaniii ctucHeHHsA cKaagae 1,7-2,4 % . 3ampormonoBada 2-X piBHeBA MOJEJb OIUCY
nporecy npu aii pisHux 3a BeJIMUHMHOIO Ta cIrocofax Iofaui moTeHIia iB sMileHHs.

PaccMoTpeHBI BOSMOMKHOCTH CTPYKTYPHOM WHIKEHEPHUM I[IPUA KCIOJL30BAHUU TPEX TEXHO-
JIOTMYECKHUX CxeM (POPMHUPOBAHUA BAKYyMHO-AyTroBbIX HOKPeITUHA TiN. IIpu mcooabzopanuu
nepBoii cxembl (0€3 BBICOKOBOJBTHOI'O HMIIYJIBCHOI'O IIOTEHIIMANA) ¢ OJUBKUM K HYJIEBOMY
("unaBaromuM”) HOCTOAHHOM IIOTEHIIMAJIOM CMEIIeHUA B HMOKPBITUAX (POPMUPYETCHA IIOJU-
KPHUCTAJIINYECKAd CTPYKTypa 0e3 MIPEeHuMYIIeCTBEHHON OPHEHTAIIMH POCTA KPUCTAIIUTOB.
Cpenuuit pasmep Kpucramiautos (L) oxono 31 M, a murpogedopmarus (€) MBMEHAETCH OT
0,28 % mo 0,12 % npu yBenwmueHWu LaBJIEHUS a30Ta B BaryymuHoM xamepe or 0,26 Ila mo
0,66 Ila. ITomaua mocrosuuHoro morenmuana (Uc = —-200 B) npusogur K (HopMHUPOBAHUIO
TeKCeTypsl ¢ ocbio [111], yBeauuenuro L mo 91 um u € = 0,7 %. Bropasa cxema HaHeCeHHs
NOKpEITUH mpu maasawomieM Uc ¢ OJHOBPEeMeHHOM IMojaueil UMIYJILCHOI'O BLICOKOBOJILTHO-
ro morenrnuana (Ui) Ha cTPYKTYPHOM YpPOBHE NPUBOAUT K (POPMUPOBAHUIO MPENMYII[eCTBEH-
Hoit opuentanmuu ¢ ocamm [100] m [110]. IIpu sroit cxemMe (POPMUPOBAHUSA MHOKPBHITUSA C
yBeJMUeHNeM MMIIYJLCHOTO IOTeHI[Maja Habamogaercs yMmeHblnenme L m €. McmoansoBaHue
TpeTeil cxeMul ocakaeHua (coMecTHoe feficTtBue Uc = —200 B u Ui) npu Ui ¢ grutensHoc-
TBIO UMIyJbCAa T = 4 MKC TPUBOAUT K MBMEHEHMIO ocu TeKcTypsl oT [111] (mpu Ui = —850 B)
K Texctype ¢ ocbio [110] (mpu Ui = —2000 B). IIpu T = 16 MKC mpemMyIlleCTBEHHAS OPUEH-
Tamusa ¢ ockio [110] cranoBuTes npakTUYecKU equHCTBeHHONM. Ha ocHoBe 0600IIeHNA PE3YJib-
TATOB YCTAHOBJIEHO, UTO OCHOBHOU BKJAaj B ()OPMUPOBaHNE TeKCTYPHI ¢ ocamu [111] u [100]
BHOCHUT MOCTOSHHBIN orpunaregbubiii nmoreHnuaa Uce, Beanunuoi 0...200 B. UcnoansoBanue
BBICOKOBOJMLTHOTO moteHnuana Ui = —(850...2000) B B mmmyabscHOU (dopMe CTHUMYJIHUPYET
dopmupoBarue tekctypsl [110] 1 msmMeHeHHMe B MaxKpo- U MUKPOAe(HOPMUPOBAHHOM COCTO-
uuu. Hawmboapmasa teepmocts (40-45 I'Tla) mocTuraercs njis pekUMOB ¢ HauMeHbmuM Ul =
-850 B, rorga Texcrypa ¢ ocbio [110] He sBIsieTcs OCHOBHOM, a MarkpomehopMamusd CIKATHI
cocraBasier 1,7-2,4 % . Ilpegnosxena 2-x ypoBHeBad MOJIEJb OIMHCAHUSA IIPOIecca IPH JEMCT-
BUHM PA3HBIX II0 BeJIMUYKWHE U CIOCO0aX IMOJauM IIOTEHIMAJJOB CMEI[eHNs.

1. Introduction

To increase the adhesion and strength of
vacuum arc coatings, the technology of
plasma evaporation with ion implantation
(PIII) has recently been applied [1-3]. A
number of researchers have found that the
use of PVD technology with the PIII method
leads to a decrease in structural stresses in
coatings during condensation [1-4]. Based
on the results obtained, method PIII can be
used as an effective method of structural
engineering. However, little attention is
paid to the systematization of changes in
the structural state and substructure under
the action of high-voltage pulse modes. Al-
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though, as known, it is the structural state
that largely determines the physical and
mechanical properties of materials [5, 6]. It
was also found that using a negative bias
potential of 50...250 V in constant mode is
an effective method of controlling the
structure and physical and mechanical prop-
erties of vacuum-arc coatings [7—9].
Therefore, the aim of the work was to
establish the laws of the effect of bias po-
tentials in the constant and high voltage
pulsed modes when they are applied to the
substrate during deposition on a set of char-
acteristics (structure, substructure, stress-
strain state and hardness) of TiN coatings
obtained by vacuum-arc evaporation.

Functional materials, 27, 3, 2020
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2. Experimental

Titanium nitride coatings were obtained on
the upgraded Bulat-6 installation, equipped
with an additional generator of high-voltage
potential in pulsed form [10]. The nitrogen
pressure (py) in the vacuum chamber during
deposition was 0.26 and 0.66 Pa. The values of
the negative constant bias potential were U, =
(—5...—8) V ("floating” potential) and —200 V,
and the high-voltage pulse negative potential U;
= (850, 1200 and 2000) V (with a frequency of
7 kHz and exposure duration 4 and 16 us). The
duration of the deposition process ranged from
1 to 2 h. As substrates, plates made of stainless
steel 12Kh18N10T (analogue of steels
X10CrNiTil8-10, SUS321) with dimensions of
18x18x2 mm3 were used. The total thickness of
the vacuum-arc TiN coatings is 11+0.5 pm.

Structural studies of the samples were
carried out on the installation "DRON-3M".
All studies used Cu—Ko radiation. For
monochromatization, the detected radiation,
we used a graphite monochromator, which
was installed in the secondary beam (in
front of the detector) [11]. The shooting
was carried out in the range of angles 20 =
(20—-80)°. All the diffraction peaks from
planes with the highest reticular atomic fill-
ing density fall into this angular range.
Scanning step 6 = 0.1°.

An analysis of the substructural charac-
teristics was carried out by the method of
approximating the shape of diffraction re-
flections for two orders of reflections from
the planes of the crystal lattice using the
approximating Cauchy function [12].

To study the stress-strain state, the
method of multiple oblique surveys (the "a-
sin?y method) and the method of crystalline
groups were used [13, 14].

Microindentation was carried out on a
Micron-gamma installation [15-16] at room
temperature (load up to 0.5 N) using the
Berkovich diamond pyramid.

3. Results and discussion

In the work, 3 schemes were used to ana-
lyze the effect of potentials supplied to the
substrate during the deposition process: 1)
the influence of a constant potential ("float-
ing” (-=5...—8) V and —-200 V) without apply-
ing a high-voltage potential in pulsed form;
2) at close to zero ("floating™) constant po-
tential U,, the influence of the high-voltage
potential in pulsed form (U;) was studied; 3)
the effect of the combined constant (—200 V
value) and high-voltage potentials.
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Fig. 1. XRD patterns of TiN coatings obtained at
U=0V:1-U,=(-5...-8) V, py = 0.26 Pa,
2-U,=(-5...8) V,py=066Pa, 3—U, =200V,
py=10.26Pa, 4 -U,=-200V, py = 0.66 Pa.

For the first influence scheme, the re-
sults of a comparison of X-ray diffraction
analysis of TiN coatings obtained at a
"floating” constant potential and U, = -200 V,
at two nitrogen atmospheric pressures of
0.26 Pa and 0.66 Pa (Fig. 1), are presented.
It can be seen that in the case of a lower
pressure of the working atmosphere of
0.26 Pa without a special supply of poten-
tial to the substrate, polycrystalline coat-
ings are formed with a small advantageous
growth orientation with the [100] axis (Fig.
1, spectrum I). This is evidenced by the full
spectrum of diffraction peaks with an inten-
sity characteristic of different planes of the
TiN lattice (PDF card JCPDS 38-1420). In
all cases, the presence of diffraction peaks
from the substrate in the X-ray patterns is
due to the fact that at small diffraction
angles the areas of attachment of uncoated
samples are captured (such areas are due to
the peculiarities of the installation of sam-
ples in the chamber during vacuum-arc
deposition).

At a higher nitrogen pressure of 0.66 Pa
and a "floating” potential, TiN coatings are
formed with a pronounced axis of the pre-
dominant crystallite orientation [100] (Fig.
1, spectrum 2).

In the case of supplying a large constant
U.,=-200 V (Fig. 1, spectrum 3, 4), the
formation of the preferred orientation with
the axis of the texture [111] occurs.

Let us consider the structural state fea-
tures for the second exposure scheme,
which included the supply of a high-voltage
pulse potential at "floating™ U,. In this
case, the pressure in the vacuum chamber
during deposition and the duration of the
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high voltage potential supply were used as
additional influence factors.

Figures 2a and 2b show X-ray diffraction
spectra for various deposition modes. It can
be seen that for both pressures and differ-
ent U; modes, the formation of a single-
phase (TiN) state with a cubic crystal lattice
(structural type NaCl, JCPDS 38-1420). The
supply of U; leads to an increase in the
intensities of the peaks (200) and (220)
(Fig. 2a—c), i.e. the appearance of a biaxial
texture with the [100] and [110] axes.

The supply of a high-voltage pulsed bias
potential at a nitrogen atmosphere pressure
of 0.66 Pa and a “floating™ potential (t =
4 ps) leads to a slight decrease in the inten-
sities of the (111) and (220) peaks (Fig. 2c).

When TiN coatings are deposited at a
"floating”™ constant potential and the nega-
tive impulse potential changes from 850 V
to 2000 V at the longest duration (tr=
16 us), the texture with the [110] axis is
enhanced. This is seen in Fig. 2d in the
form of a significant relative increase in
peak intensity (220).

The third scheme of the deposition tech-
nology was the formation of coatings at U,
= —200 V and different values of U;. As the
results of processing the diffraction pat-
terns of TiN coatings obtained at the lowest
pressure (py = 0.26 Pa) and U,=-200V,
regardless of the value of U;, showed the
formation of textured coatings with the tex-
ture axis [111]. An increase in the duration
of the pulse exposure to 16 us contributes
to the improvement of this test.

Figure 2d shows the results of X-ray dif-
fraction analysis of TiN coatings obtained
under the action of both pulsed and con-
stant bias potentials (the pressure of the
nitrogen atmosphere was py = 0.66 Pa).

At the shortest exposure time of 4 us
(3 % of the total exposure time), it is seen
that the supply of an additional pulsed bias
potential leads to the formation of the axis
of crystallite predominant orientation [111]
at a low U; value (-850 V) (Fig. 2e, spec-
trum I). A further increase in U; leads to a
transition from the axis of the [111] tex-
ture to [110] (Fig. 2e, spectrum 3).

When U; is supplied with the longest du-
ration, T =16 us (U, = -200 V), radiation-
stimulated processes proceed most inten-
sively. This leads to the fact that the texture
[110] becomes almost unique at U; = —2000 V,
because in the diffraction spectra, reflections
from other planes have very low relative inten-
sity or are absent altogether (Fig. 2f).
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The shift of diffraction reflections to the
region of smaller angles when shooting
under conditions of 6-20 is due to the ac-
tion of high compressive stresses [17]. Such
a shift is clearly visible at large diffraction
angles 20. So the interplanar distance d for
the diffraction peak (220) of the coating
obtained at -850 V is 0.15122 nm, and at
—-2000 V d = 0.15162 nm.

The study of substructural charac-
teristics was carried out by the method of
approximating the shape of diffraction re-
flections from two orders of reflection. For
coatings obtained using the first technologi-
cal scheme and the lowest nitrogen atmos-
phere pressure of 0.26 Pa, the crystallite
size was 31 nm, and the microdeformation
value was 0.28 %. With an increase in
pressure to py = 0.66 Pa and a "floating”
constant potential, the crystallite size de-
creased to 24 nm and microdeformation
amounted to 0.12 % . The supply of a large
constant potential of —200 V (py = 0.66 Pa)
leads to an increase in L from 53 nm to

91 nm and a noticeable increase in <g>
from 0.37 % to 0.7 % . The results are pre-
sented in Table 1.

The results of the calculation of the sub-
structural characteristics of the coatings ob-
tained wusing the second technological
scheme showed that with an increase in U,
at the shortest exposure time (4 us), py =
0.26 Pa, there is a slight increase in the
crystallite size from 31 nm to 42 nm, and a
nonmonotonic change in microdeformation
(Table 1). This can be attributed to an in-
crease in the temperature of the substrate.
Especially significant is the reduction of
microdeformation upon exposure with a du-
ration of 16 us. Apparently, an increase in
the duration of the process allows relaxa-
tion processes to proceed more efficiently.

With an increase in pressure to py =
0.66 Pa at the substructural level, coarsen-
ing of grain-crystallites from 9.8 nm to
11.4 nm occurs. In this case, microdeforma-
tion also increases (Table 1). Apparently,
this is due to the fact that at this pressure
of 0.66 Pa the number of film-forming par-
ticles increases and, accordingly, a larger
number of them is implanted into the film
surface, and relaxation processes do not
have time to go through.

The results obtained for coatings depos-
ited according to the third technological
scheme are presented in Table 1. It can be
seen that with an increase in the value of
the pulse bias potential at the lowest nitro-
gen atmosphere pressure of 0.26 Pa, crys-
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Fig. 2. XRD patterns of TiN coatings obtained under different technological deposition conditions.
a—U,=(-5.-8V,py=026Pa,t=4us, U:1—-80V,2—-2000V; b —U,=(-5...-8) V,

py=0.26 Pa, =16 us, Uz 1 — -850 V, 2 — —2000 V; ¢ — U, = (-5...-8) V, py = 0,66 Pa, 1 =
4us, Uz 1 — -850V, 2-1200V;d — U, =(-5...-8) V, py = 0,66 Pa, 1=16 ps, U: I — -850 V,

2 —-1200 Vv, 3 — -2000 V; e — U,=-200V, py=0,66 Pa, t=4us, Up I — -850V, 2 —
-1200 V, 3 — -2000 V; f — U, =-200V, pyy=0.66 Pa, T=16 us, U;: I — -850V, 2 — -2000 V.
tallite size increases from 45 nm to 63 nm duration of 4 us and 16 us, respectively).
and from 50 nm to 83 nm (with a pulse Moreover, there is an increase in ¢ from
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Table 1. Substructural characteristics of TiN coatings for different application schemes

Py Pa U,V U, Vv T, US L, nm <epsilon>, %
First scheme
0.26 (-5...-8) - - 31 0.28
0.66 (-5...-8) - - 24 0.12
0.26 -200 - - 53 0.87
0.66 -200 - - 91 0.7
Second scheme
0.26 (-5...-8) -850 4 31 1.1
0.26 (-5...-8) -2000 4 42 0.65
0.26 (-5...-8) -850 16 83 0.87
0.26 (-5...-8) -2000 16 26 0.64
0.66 (-5...-8) -850 22 0.45
0.66 (-5...-8) -1200 37 1.02
0.66 (-5...-8) -850 16 9.8 0.08
0.66 (-5...-8) -1200 16 11.3 0.16
0.66 (-5...-8) -2000 16 11.4 1.52
Third scheme
0.26 -200 -850 45 0.34
0.26 -200 -1200 63 0.38
0.26 -200 -850 16 50 0.34
0.26 -200 -1200 16 83 0.42
0.66 -200 -850 4 62.5 0.52
0.66 -200 -1200 4 55.5 0.68
0.66 -200 -2000 4 28.5
0.66 -200 -850 16 111.1 0.67
0.66 -200 -2000 16 90.9

0.34 to 0.42 %. In the case of coating depo-
sition at py = 0.66 Pa, the crystallite size
decreases from 62 nm to 29 nm for 1 =4 us
and from 110 nm to 90 nm for 1= 16 us
and a decrease in microdeformation from
0.7 % to 0.52 % is observed. This, appar-
ently, is determined by the feature of re-
laxation processes under the condition of
supplying a high-voltage pulse potential [3].
In this case, the average energy of the de-
posited particles increases, which leads to
an increase in the density of defects on the
growth surface and in the near-surface
areas. As a result, the average effective
crystallite size may decrease, but at the
same time conditions are created for relaxa-
tion of deformation in displacement peaks
up to 10 nm in size. Due to the fact that
the time of impulse exposure does not ex-
ceed 12 % of the total time, this does not
lead to a significant increase in the tem-
perature of the growing coating. The ap-

600

pearance of a second predominant orienta-
tion of crystallites also contributes to a de-
crease in crystallite size [18].

As is known, one of the critical parame-
ters determining the physical and mechani-
cal properties of coatings and their further
performance is macrostrain [19]. To study
macrostrain, the "a-sin?y” method was used
— and its modification (the method of “crys-
talline groups” [14, 20]) with a pronounced
texture. In coatings obtained without high-
voltage pulses at py = 0.66 Pa, the macros-
train value was about —0.1 % for the "float-
ing” potential and —1.95 % for U, = -200 V.

The results obtained for the second depo-
sition scheme at py = 0.66 Pa are shown in
Table 2. In this case, the formation of
bitextural state occurs; therefore, when re-
ceiving data, 2 crystalline groups with the
[100] and [110] axes were used. It can be
seen that for both pressures under high-
voltage pulsed exposure with a duration of

Functional materials, 27, 3, 2020
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16 us, the macrostrain is much larger than
for the case of 4 ps. In this case, in crystal-
lites of the group with the [100] axis, at U;
= —850 V, tensile strain is formed, and only
at a larger U; is compression strain. In ecrys-
tallites from the group with the [110] axis,
compression deformation is formed under
all conditions of preparation.

For coatings prepared according to the
third scheme at a low pressure of 0.26 Pa,
a uniaxial texture is formed (axis [111]).
For this case, the change in strain for dif-
ferent values of U; is shown in Fig. 3a. It
can be seen that with an increase in U; at
T=4 us, the compression strain increases
only at large U; =-1200 V (Fig. 3a, de-
pendence 1). For larger 1 = 16 us, a relative
increase in compression strain occurs even
at U, =-850 V, and for large U;, ¢ de-
creases. The reason for this, apparently, is
the influence of relaxation processes due to
heating at a long duration t.

In the coatings obtained at py = 0.66 Pa,
a biaxial state is formed. For these coat-
ings, the macrostrained state increases for
the textured fraction of crystallites with
the [110] axis with increasing U; to 2 kV
(Fig. 3c). At the same time, relaxation proc-
esses occur in the crystalline fraction with a
predominant orientation of crystallites with
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Fig. 3. Dependences of macrostrain on the
value of the pulse potential that is applied to
the substrate at U, = —200 V: a — fraction of
crystallites with the [111] axis at py=
0.26 Pa, b — fraction of crystallites with the
[111] axis at py = 0.66 Pa and ¢ — fraction
of crystallites with the [110] axis at py =
0.66 Pa; 1 — 4 us, 2 — 16 us.

Table 2. Macrostrain in different crystal-
lographic directions of TiN coatings ob-
tained at U, = (-5...-8) V and different
modes of U,

U,V T, US (hkl) g, %
py =0.26 Pa

0 - [110] ~0.49
-850 [110] -1.5
~2000 [100] +0.33
[110] -1.6

-850 16 [110] -2.21
~2000 16 [100] -0.14
[110] -1.6

py = 0.66 Pa

0 - -1.1
-850 4 [100] +0.6
[110] -0.3

-1200 4 [100] ~0.14
[110] -0.37

-850 16 [100] +0.3
[110] -1.1

~1200 16 [100] -0.42
[110] ~0.65
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Fig. 4. Dependences of the change in the hardness of TiN coatings on the value of U, at a "floating”
constant displacement potential and pressure of the working atmosphere py = 0.26 Pa (a), py =

0.66 Pa(b); I — 4 us, 2 — 16 us.

the [111] axis, leading to a decrease in the
magnitude of macrostrains (Fig. 3b).

The hardness determined by microinden-
tation for TiN coating samples deposited at
a "floating” displacement potential is shown
in Fig. 4. In coatings obtained at a pressure
of the working atmosphere (py = 0.26 Pa),
the maximum hardness reaches 40 GPa (at
t=4 us and U; = -850 V) (Fig. 4a, depend-
ence 1). This can be attributed to the forma-
tion of the bitextural state with the [100]
and [110] axes, as well as with a rather
large macrostrain € [179; = -1.5 % (Table
2). The decrease in hardness at U; > 850 V
can be explained by relaxation processes
during the formation of the second axis of
the texture [100]. A similar dependence is
observed for a maximum exposure duration
of T =16 us (Fig. 4a, b, dependence 2), both
at lower and higher pressure of the working
atmosphere. It should be noted that high
hardness values at U; = -850 V can be ex-
plained by an increase in the level of com-
pression macrostrain in the deposited coat-
ing (Table 2). In the case of py = 0.66 Pa,
the hardness at T =4 us has a lower value
(maximum 31 GPa) (Fig. 4b, dependence 1)
than with py = 0.26 Pa.

The results of hardness measurements
for TiN coatings obtained at U, = -200 V
and simultaneous supply of a pulsed poten-
tial are presented in Fig. 5. It is seen that
the change in the value of hardness has a
similar dependence, as in Fig. 4a and b, i.e.
non-monotonic dependence, with a maxi-
mum at U; = (-850...-1000) V. It should be
noted that the maximum hardness (H =
45 GPa) is observed for the TiN coating ob-
tained at the lowest pressure (py = 0.26 Pa),
U;=-850 V and 17 =16 us. The structural
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features of the coatings obtained in this
mode are the uniaxial texture [111], the
largest for this series of coatings €= —
1.68 % with a relatively small L = 50 nm and

<epsilon>=0.34 % (Table 1). For coatings
obtained at a higher pressure of the nitrogen
atmosphere (py =0.66 Pa), the maximum
hardness does not exceed 36—37 GPa.

Comparing the obtained hardness results
with substructural characteristics, it can be
noted that a characteristic feature of the
influence of high-voltage pulses (with a
"floating™ constant potential) is a decrease
in crystallite size (from 83 nm to 10 nm)
and an increase in the level of microdefor-
mation (up to 1.52 %). These changes are
most pronounced at the longest exposure
duration (Tt = 16 us) and py = 0.66 Pa (Table
1). It is well known that crystalline grains in
the nanoscale size (<40 nm) represent the
boundaries for the movement of dislocations
and thus, the smaller L, the more complex
the movement of dislocations, and as a result,
the hardness increases with decreasing L.

The supply of both a pulsed and a large
constant potential (U, = —200 V) leads to sig-
nificantly larger grain size crystallites, this is
due to the intense heating of the coating dur-
ing deposition. The relationship between
hardness and substructural characteristics is
almost the same. The optimum deposition pa-
rameters that provide maximum hardness
corresponds to U; = (—850...-1000) V, t=
16 us, py = 0.26 Pa.

Let us consider the established laws of the
formation of the preferred orientation of crystal-
lites, taking into account the data available in
the literature on the conditions for the forma-
tion of textures with different orientation axes.

Functional materials, 27, 3, 2020



N.V.Pinchuk et al. / Influence of the bias potential ...

a)

27
44 A
VAR
40 /
g // BN
O 36 A
32 4 \
\
28 |
0 500 1000 1500 2000
Up, Vv

36 -
334 ‘ i 1
£ 30 | ‘
o
= 274
Y ]
2
24 y
21
0 500 1000 1500 2000
Uy, Vv
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In this regard, the appearance of the tex-
ture axis [100] on the diffraction spectra of
coatings obtained with a "floating” constant
potential and the simultaneous supply of a
high-voltage potential in pulsed form (Fig.
2b, c¢) (which is detected by an increase in
the relative diffraction intensity from the
(200) and (400) planes), is associated with the
thermodynamic minimum of surface energy
for this plane in the crystal lattice of the
structural type B1 [21]. The main reason for
the appearance of the axial texture with the
[110] axis can be considered the minimization
of the action of the radiation factor during
intense bombardment with metal ions, be-
cause for this type of lattice, the collision
density in this direction is minimal [22].

The transition from the axis of the tex-
ture [100] or [110] to the axis of the tex-
ture [111], observed in the work at high U,
occurs due to the determining contribution
to the free energy in this case of the defor-
mation factor (E; ~ Ee2) [23]. As was shown
in [28], this orientation corresponds to the
lowest values of the strain energy, which is
associated with the anisotropy of the
Young’s modulus and this minimizes the
free energy in the coating.

Thus, from the analysis of the diffrac-
tion spectra shown in Fig. 1-2, it follows
that the main contribution to the texture
formation with the [111] and [100] axes is
made by U,. The contribution of high-en-
ergy high-frequency pulses has a decisive
effect on the appearance of the texture with
the [110] axis and the change in macro- and
microstrains of crystallites in the coating.

As was considered in detail in [21], the
emergence of compression stresses can be
associated with the implantation of metal
ions using the Cr-N system as an example.
In this case, as is known, in order to relax
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such an effect, it is necessary to increase
the mobility of atoms in the near-surface re-
gion, giving them energy above a certain
critical value, which is more than 10 eV/atom
for transition metal nitrides. Thermal heating
is not suitable for transferring such energy to
atoms because of the necessity of heating to very
high temperatures (above 103 K). In this connec-
tion, it becomes necessary to achieve such a state
by radiation-stimulated creation of a linear cas-
cade or thermal peak regime (high-energy cas-
cade of displacements by heavy atoms) [24].

Estimates made in [25] show that in the
case of applying a bias potential of 200 V
and the simultaneous action of high-fre-
quency high-energy (more than 500 eV) ion
bombardment, the majority (97.5-99.5 %)
of ions falling on the growth surface have
moderate energies in the range of
10...200 eV, and therefore generate compres-
sive stresses in the coating. The rest of the
flux comes with energy that provides attenu-
ation of such voltages (i.e., more than 365 eV).

Thus, to describe the results obtained in
this paper, the following model can be used:
as the film grows, layers are deposited, and
each such layer undergoes ion bombardment
to a depth of several nm (as a result of
implantation, implantation compression
stresses develop). At the same time, high-
frequency irradiation with high-energy ions
occurs, which leads to the formation of
thermal peaks in the subsurface region at a
depth of 10-15 nm, where partial relaxa-
tion of implantation stresses occurs.

4. Conclusions

The analysis of the influence of three
different schemes of deposition of vacuum-
arc TiN coatings on the structure, substruc-
ture, stress-strain state and physical and
mechanical characteristics. It was found
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that all the obtained TiN coatings by the
vacuum-arc method have a fec lattice of the
structural type B1-NaCl.

It was revealed that under deposition
conditions without additional action of bias
potentials, the formation of the preferential
orientation [100] occurs, and the supply of
U,=-200 V leads to the formation of a
texture with the [111] axis.

The use of U; with different pulse dura-
tions leads to the appearance of a texture
with the [110] axis and to changes at the
substructural level. For both "floating™ U,
and U, =—-200 V, an increase in U, leads to
an increase in <epsilon>. The average crys-
tallite size decreases at py = 0.26 Pa with
an increase in U; at the "floating” potential
and at U,=-200 V. At py = 0.66 Pa with
an increase in U;, the average crystallite
size increases.

With a "floating” constant potential and
supply U;, the macrostrain in the [110] di-
rection is always greater than in the [100]
direction. With an increase in py from
0.26 Pa to 0.66 Pa, the average value of
macrodeformation of compression decreases.

At a constant potential of —200 V, the
supply of U; leads to a decrease in ¢ in the
[111] direction with a large pulse duration
and to an increase in ¢ in the [110] direction.

The hardness measurement with increas-
ing U; has a nonmonotonic form with a
maximum in the region U; = —(850...1200) V.
The highest hardness value of 40-45 GPa is
reached at U; = -850 V for modes in which
the texture with the [110] axis is not deci-
sive (i.e., there is either a biaxial texture or
texture with a different orientation axis).

The maximum hardness of 45 GPa was ob-
tained for coatings deposited at U, = -200 V,
PN = 0.26 Pa and U; = -850 V with a strong
texture [111].
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