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Development of technology for forming
vacuum-arc TiN coatings using additional
impulse action
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The effect of supplying a constant and high-voltage pulse with duration of 10 us on the
formation of predominantly oriented crystallites and the stress-strain state of vacuum-are
TiN coatings at two pressures of a nitrogen atmosphere is analyzed. It is shown that the
deposition of the coatings under conditions of high voltage cascading effect leads to the
growth of crystallites with the texture axis [110] and to a change in the stress-strain state
(reduction of deformation in the group of crystallites with the axis [111]). The obtained
results are explained by an increase in the mobility of atoms and ordering processes in the
region of the displacement cascades formed under the action of bombarding high-energy
ions accelerated in the field of high-wave pulse potential. Computer simulations of the
main processes observed during deposition were performed.

Keywords: TiN, coating, pulse influence, computer simulation, duration, radiation
factor, texture, deformation.

Pospobra meronuku dopmyBaHHsI BaKyyMHO-IyroBux nokpurris TiN mpu momarkosomy
imnyascaomy sBuausi. H.B.ITinuyrx, B.B.Cmapiros, I.O.Knasesa, C.B.Cyposuyvruii,
H.B.KoHomoncvka

ITpoananisoBano BOaIuB mozaui MOCTIHHOTO Ta BICOKOBOJBLTHOTO iMIIYJILCHOTO IIOTEHITiANY
TpuBaygicTo 10 Mxc Ha GOPMyBAHHA NIePEeBaKHO OPi€HTOBAHWUX KPUCTANITIiB Ta Hampy:KeHO-
medopMoBaHUI CTaH BAKyyMHO-ZyroBux moxpurriB TIN mpu gBox THCKax asoTHol aTtmocde-
pu. ITokasaHo, 110 HaHeceHHA IOKPUTTIB B yMOBaX BHCOKOBOJBLTHOI KackagHol il mpmsso-
IUTH O 3POCTAHHA KPUCTANITIB 3 Biccio Texkcrypu [110] Ta sMinu Hanpy:keHO-ZedOpPMOBAHO-
ro crany (3HmiKeHHA medopwmarnii B rpymi kpucranitie 8 Biccio Texcrypu [111]). Orpumani
Pes3yAbTATH MIOACHIOIOTHCA 30iNMBINTEHHAM PYXJNBOCTL aToMiB i mpollecaMu BHOPSAAKYBAHHA B
obyacTi KacKafiB 3MillleHs, 1110 YTBOPIOIOTHCA IIifl Mi€l0 BUCOKOEHEePTeTUUYHUX O60oMOAPIYIOUNX
ioHiB, IPUCKOPEHNX B IIOJi BHCOKOBOJLTHOI'O iMIyJLCHOTO IoTeHIiany. [IpoBemzeno KoMmm’ro-
TepHe MOZEJIOBAHHA OCHOBHUX IIPOIIECiB, IO CIIOCTepPiraroThcd IIif uac ocamsKeHHA.

© 2022 — STC "Institute for Single Crystals”

1. Introduction

At the present stage of technical pro-
gress and the general trend towards a de-
crease in material consumption, it is ex-
tremely important to reduce the rigidity of
structures, increase the carrying capacity
and efficiency of machines, their reliability
and durability. To solve this fundamental
general technical problem, one of require-
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ments is to ensure a high level of wear
resistance and a period of trouble-free op-
eration of parts and assemblies of military
equipment. According to various estimates,
from 60 % to 90 % of malfunctions and
failures in the operation of machines and
mechanisms occur due to deformation and
wear [1, 2], and the associated destruction
of parts.
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The problem of combating these negative
phenomena has been in the focus of atten-
tion of specialists in various fields of me-
chanical engineering for many years [3-8],
but even now it remains not fully resolved.
The complexity of the problem of protection
against destruction of machine parts is
largely due to insufficient understanding of
wear mechanisms, the lack of criteria and
methods for assessing and predicting the
performance of tribosystems, taking into ac-
count various forms and conditions of inter-
action. Currently, much attention is paid to
the production of submicron, nanocrys-
talline materials and the study of their
properties in connection with their applica-
tion in various fields of technology, such as
electronics, catalysis, magnetic storage of
information, structural elements, etc. [9—
11]. Submicron and nanocrystalline metallic
and ceramic materials are widely used as
structural elements and functional layers in
modern microelectronic devices, aerospace
parts, as well as hard wear-resistant coat-
ings [12-18].

2. Experimental

All samples were obtained using modern
coating methods on a modernized "Bulat-6"
installation, additionally equipped with a
high-voltage potential generator in a pulsed
mode [19]. The nitrogen pressure (pN,) in
the vacuum chamber during deposition was
2-:1073 Torr and 5-1073 Torr. The value of the
constant bias potential was U, = -230 V, and
the high-voltage pulse potential (U;) was —
600 V, -1200 V and —2000 V (with a fre-
quency of 7 kHz and a duration of exposure
of 10 us). The duration of the deposition
process ranged from 1 to 2 hours. Stainless
steel plates 12CrygNi;qTi (analog of stainless
steel SS 821) in the sizes 18x18x2 mm were
used as substrates.

Structure of the samples was studied
using a "DRON-3M" instrument in Cu—-Ko
radiation. A graphite monochromator was
installed in the secondary beam (in front of
the detector) [20]. The measurements were
carried out in the 20 angle range from 20°
to 80°, containing all diffraction reflections
from close-packed planes. Scanning step was
A6 = 0.1°.

The substructural characteristics were
analyzed by the method of approximating
the shape of two orders of diffraction re-
flections from the planes of the crystal lat-
tice using the Cauchy approximation func-
tion [21]. To study the stress-strain state,
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the method of multiple oblique recordings
(a-sin?-method) and the method of crystal
groups were used [22, 23]. Microindentation
was performed on a "Micron-gamma” device
[24, 25] at room temperature (load up to
0.5 N) with a Berkovich diamond pyramid.

Computer simulation of ion-plasma im-
plantation was performed using the TRIM
program in the “Monolayer Collision
Steps/Surface Sputtering” mode [20]. In
this simulation mode, all cascade damages
are taken into account. Each atom is consid-
ered until its energy falls below the mini-
mum threshold energy of displacement of
any target atom. Thus, the target damages
occurred during the collision are analyzed.

3. Results and discussion

1. Computer simulation

The simulations were performed for two
cases — for the TiN system, which was sub-
jected to nitrogen ion bombardment, and for
the TiN system, which was subjected to tita-
nium ion bombardment. For each of these
two cases, different energies were chosen
that most correspond to the real conditions
for obtaining coatings from titanium ni-
tride: 600, 1200, and 2000 eV. Six differ-
ent cases were considered, in each of them
the first ten iterations were considered, the
most informative for comparison with real
films; and cascades of thousands of itera-
tions were considered to get an overall pic-
ture of the simulated processes. Tables 1
and 2 show the simulation results. Table 1
shows the depth of penetration of ions into
the coating; Table 2 represents the number
of vacancies that create ions during the
bombardment. Due to the large number of
results, the tables show the simulation re-
sults obtained at 1000 iterations.

Energy 600 eV. According to the simula-
tion results of the first ten iterations for
the potential of 600 V, the maximum pene-
tration depth of nitrogen ions is approxi-
mately 4 nm, which is half the maximum
penetration depth per thousand iterations,
equal to 8 nm (Table 1). The largest accu-
mulation of ions is observed at a depth of
about 1.5-3 nm. The radius of the zone in
which the coating is formed is approxi-
mately 4 nm. During the bombardment
process, a large number of vacancies are
created. Table 2 shows histograms of vacan-
cies at thousands of iterations, from which
it is possible to find out the number of
vacancies formed by one ion at a certain
depth of the layer; the maximum of the
histogram coincides with the zone of the
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Table 1. Ion penetration depth, 1000 iterations (simulation results)

U,V Ion - coating
N-TiN Ti-TiN
600 lon Trajéctories lon najéctories
N
u
»
a
-4
- Target Depth -
1600 lon wajéctories lon 'ﬁajéctories
b
»
3
-4
; 7‘I'ng=|‘an.h7
2000 lon Trajéctories lon Trajéctories
.
u
»
a
= 1
- - T"gﬂ‘mpm - — Target Depth —

greatest accumulation of ions and is located
at a depth of 1.2-1.5 nm. Table 1 shows the
results of modeling the implantation of ten
titanium ions against the background of
thousands of ions falling into the coating.
The further direction of the formation of
the coating with an increase in the number
of iterations can be seen along the trajec-
tory of movement. As in the first case, the
zone of the largest accumulation is at a
depth of 1.5-8 nm, and the maximum depth
of penetration of titanium ions into the sub-
strate is 4 nm. The number of vacancies
formed during the first iterations is a maxi-
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mum of 1.4 vacancies per ion at a depth of
3 nm; with an increase in the number of
iterations, this value gradually decreases, and
for thousands of ions it is about 1 vacancy
per ion at a depth of 1.5 nm (Table 2).
Energy 1200 eV. With an increase in the
energy of nitrogen ions from 600 eV to
1200 eV, there is an increase in the depth
of penetration from 8 nm to 9 nm; in addi-
tion, the region of the greatest accumula-
tion of ions also increases and is located at
a depth of 0.5—5 nm, and the center of this
region is located at a depth of about 2 nm
(Table 1). It should be added that with an
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Table 2. Simulation results for the number of vacancies due to ion bombardment at 1000 iterations
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increase in the energy of nitrogen ions, the
zone in which the coating is formed does
not increase significantly and its radius is
approximately 4-4.5 nm (Table 1). At the
same depth, there is a maximum of the his-
togram of vacancies created by nitrogen
ions (Table 2); with distance from the cen-
ter of this zone, the number of vacancies
formed by one ion decreases.

With increasing energy, there is a
change in the trajectory of titanium ions,
for example, in the first ten iterations,
there are two directions in which the ions
move. In this case, in contrast to the pre-
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vious one, no significant increase in the
penetration depth of titanium ions is ob-
served; only an increase in the region of the
largest accumulation of ions can be distin-
guished, which is located at a depth of 1 to
4 nm (Table 1). The location and number of
vacancies formed by one titanium ion
changed. Thus, at the first iterations, the
number of vacancies per ion is about 2.5,
and with further development of the proc-
ess, this value decreases to 1.1 at a thou-
sand iterations (Table 2).

Energy 2000 eV. With a further increase
in energy to 2000 eV, there is an expansion

Functional materials, 29, 2, 2022
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Fig. 1. XRD patterns of TiN coatings obtained at
(), t=10ps: I —U,=0V; 2 -1,

of the region into which the ions fall, the
zone of the greatest accumulation of ions
has also expanded and this zone is located
at a depth of 11.5-12 nm (Table 1).

The vacancy histogram also changed; if
at a lower energy there was only one maxi-
mum, then at this energy there are several
maxima at ten iterations, but with a larger
number of ions the histogram flattens out
and again one maximum remains (Table 2).
With an increase in energy of the bombard-
ment with titanium ions, there is an in-
crease in the depth of penetration of ions,
but the zone of the largest accumulation of
ions remains unchanged, only the number of
ions outside this zone increases (Table 1).

At impact energy of 2000 eV, the histo-
gram of vacancies has the same appearance
as in the previous case; for example, with
ten iterations, the histogram can be divided
into two parts, each of which has its own
maximum, but with an increase in the num-
ber of iterations, the second maximum dis-
appears, only one remains, located at a
depth of 2 nm (Table 2). In addition, as in
the previous cases, there is a decrease in the
number of vacancies per ion from 1.9 at ten
iterations to 1.8 at a thousand iterations.

Thus, for the cases described above, we
can conclude that with increasing energy,
the depth of penetration of ions increases;
the distribution of vacancies along the
depth of the layer changes in a certain way,
which indicates a change in the processes
occurring during the deposition of TiN coat-
ings. The large difference in the depth of
penetration between nitrogen and titanium
ions is due to the size of the ions; since the
size of titanium ions is much larger than
nitrogen ones, they have less ability to
penetrate deeper into the surface. To study
the structure of the coating surface, it is
important to simulate cascades with a small
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number of iterations, since large cascades
form a loose zone through which ions can
penetrate deep into the coating; that is,
they will affect the structure and properties
in the bulk of the material, but not in the
near-surface regions.

2. X-ray structural studies of coatings

The diffraction spectra obtained from the
coatings deposited at different values of the
pulse negative bias potential, in the entire
studied range of operating pressures py =
(2.1073...5-.1073) Torr, show reflections of
only one nitride phase — TiN mononitride
with a cubic crystal lattice of the NaCl
structural type (JCPDS 38-1420) (Fig. la,
b). An increase in the perfection of the tex-
ture with the [111] axis with increasing
pressure can be noted as a characteristic
tendency, which is clearly seen from an in-
crease in the relative intensity of the peaks
by two orders of magnitude from the (111)
and (222) planes in the spectra presented.
Fig. 1a shows the areas of diffraction spec-
tra of TiIN coatings obtained at the lowest
pressure of the nitrogen atmosphere (py =
2:1073 Torr; and Fig. 1b corresponds to py =
51073 Torr. It was found that pulse action
(0.6 kV) does not lead to violation of the
trend to increase the degree of texturing of
the coating (spectrum 2 in Fig. 1a, b).

The difference associated with the effect
of pulsed stimulation is manifested in the
change in the width of the diffraction re-
flections, which is determined by the differ-
ence in substructural characteristics. It
should be noted that with increasing pulse
displacement potential to 1200 V and
2000 V and the highest pressure of the ni-
trogen atmosphere (py = 51073 Torr), a
strong texture with an axis [110] parallel to
the incident beam of high-energy film-form-
ing particles is observed. Given the previous

295



N.V.Pinchuk et al. /| Development of technology for ...

0,65 T T T T T 1604 T T T T —
a) . b)
0.60- (4 140
) 120 ]
o 0551 ] 100 .
N e LAy |
4§ 0,50+ € 80 \
v g
1 60' ]
0,454
40 -
0,40- = 204 o °
500 1000 1500 2000 0 500 1000 1500 2000
U, B Uj, V

Fig. 2. Dependence of microstrain (a) and crystallite size (b) on the value of the pulsed bias potential
for TiN coatings obtained at U, = —-230 V, 1 =10 us and different pressures py: I — 2.1073 Torr;

2 — 51078 Torr.

results [26], the same tendency to form a
strong texture [110] can be observed at a
pressure of py = 21073 Torr with increasing
U;. It should be noted that it is the complex
action of pulsed and constant displacement
potentials that has a significant effect on the
growth texture in these coatings.

The next stage of the study was to deter-
mine the substructural characteristics using
the method of approximation of the diffrac-
tion line shape by the Cauchy function. The
results are presented in Fig. 2a, b.

From the graphs obtained, one can see a
non-monotonic change in microstrains both
under pulse action and in its absence. The
lower value of microstrains at py = 2:1073 Torr
at a pulsed bias voltage of —600 V can be
associated with ordering processes in the
crystal lattice. With a further increase in
the value of the pulsed bias voltage for two
pressures, the microstrains increase; this is
associated with a more intense accumulation
of defects during the growth of the nitride
coating under nonequilibrium deposition con-
ditions. It should be noted that the level of
microstrains is higher at a pressure of
pN = 51073 Torr, than at py = 2:1073 Torr,
which is associated with an increase in the
number of film-forming particles implanted
in the coating surface. In this case, the re-
laxation processes do not have time to
occur. Fig. 2b shows the dependence of crys-
tallite size on the magnitude of the pulsed
bias potential. With an increase of the mag-
nitude of the pulsed bias potential, a de-
crease in the size of the crystallites is ob-
served for both pressures. This indicates a
more significant impact of implantation
processes during deposition. That is, due to
intense ion bombardment, defects accumu-
late, which contributes to grain refinement.
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Fig. 3. Comparative "a — sin?y-graphs for
TiN coatings obtained at py = 5103 Torr
and a constant bias potential of —230 V: I —
without pulsed action, 2 — at U, = -600 V

The appearance of a second predominant ori-
entation of crystallite growth also contributes
to a decrease in the crystallite size [26].

To evaluate the stress-strain state, the
a-sin?y method was used; in the case of a
strong axial texture, its modification based
on oblique measurements at different crys-
tallographically given angles was applied. In
addition to the reflections from the texture
planes, the reflections from the planes
(420), (422) and (511) at the angles corre-
sponding to the texture planes were used.
According to the results of such measure-
ments for TiN coatings, a-sin?y — graphs
were constructed, the experimental points
of which are well described by the linear
dependence (Fig. 3). The slope of the graphs
indicates the presence of high compressive
macrostrains in the coatings. It is seen that
with increasing constant bias potential on
the substrate, the residual stress level and
the crystal lattice period of titanium nitride

Functional materials, 29, 2, 2022
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Fig. 4. Dependence of the stress-strain state
of TIiN coatings (crystallites with texture
[111]) on the value of the pulsed bias poten-
tial; at a constant potential of —230 V and
different pressures py: I — 2-1073 Torr;
2 — 51078 Torr.

increase, which is obviously a consequence
of increasing the intensity and average en-
ergy of ion bombardment during deposition.

That is, when the values of U are more
than 1000 V, there is a change in the struc-
tural state of the coating; and as the pulsed
potential rises, the perfection of the texture
[110] increases, accompanied by an increase
in implantation-stimulated compressive
macrostrains (Fig. 8). The latter corre-
sponds to the action of compressive macros-
tresses. This texture corresponds to minimal
radiation damage to the crystal structure
growing during high-energy implantation.
The change in the macro-stress-strain state is
determined by the displacement of the dif-
fraction peaks at oblique measurements (sinZy-
method) (Fig. 4).

It is seen that the use of pulsed action to
the value of —600 V significantly reduces
the stress-strain state from —-2.12 % to —
1.8 %, at both pressures of the nitrogen
atmosphere; then it reaches an almost con-
stant level, which is a consequence of a
more uniform distribution of film-forming
particles in the coating under pulsed stimu-
lation during deposition. A further increase
in the pulsed potential leads to an increase
in strains €; this is especially noticeable at
higher pressures of the nitrogen atmos-
phere. This is due to the increased effect of
the high-voltage pulses, when more nitrogen
and titanium atoms enter the lattice of tita-
nium nitride (5-1073 Torr). In this case,
there is an accumulation of defects in the
crystal lattice and the macrostrains reach a
maximum value of —2.52 %.
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The lattice period a, in the unstressed
section also changes monotonically without
extrema with an increase in the input en-
ergy by applying a large U; (Fig. 5). In this
case, with increasing U,;, the lattice period
in the unstressed section decreases, which,
for the phases including TiN, indicates the
appearance of vacancies in the nonmetallic
sublattice. The tabular lattice parameter for
TiN is a9 = 0.4244 nm (PDF # 87-0629).
Thus, an increase in U; leads to an increase
in the lattice period. The latter indicates
the appearance of excess (interstitial) atoms
in the lattice during deposition.

Measurements by nanoindentation
showed the hardness maximum value of 40—
42 GPa after action of U; = —600 V with a
pulse duration of 10us. A decrease in hard-
ness to 30—-32 GPa at higher U; can be ex-
plained by relaxation processes: a decrease
in microstrains and a simultaneous coarsen-
ing of crystallites. A similar dependence
was observed at the maximum pulse dura-
tion (16 us) for both pressures of the nitro-
gen atmosphere [27].

4. Conclusions

Using the principles of structural engi-
neering, a coating technology has been de-
veloped that makes it possible to influence
the texture during the deposition process in
a wide range, providing the coating with
the required set of functional properties.
Computer simulation of the deposition proc-
ess clearly shows the area of the influence
and the number of vacancies created by tita-
nium and nitrogen ions during the deposi-
tion of the coating. It is shown that the
supply of high-voltage pulsed bias potential
increases the mobility of particles and leads
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to relaxation processes. The latter provides

a reduction

in the growth compressive

stresses. The reasons of structural changes
observed in titanium nitride coatings were
analyzed, based on the mechanism of forma-
tion of surface layers of vacuum-arc coat-
ings under conditions of implantation proc-
esses stimulated by supply of a negative po-
tential to the substrate.
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