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One of the main directions in current progress of surface engineering is development of a nanocomposite
structure, with at least one phase with less than 100 nm size of structural element among its components.
Presence of a multiphase structure with dissimilar grain boundaries creates a barrier for their coarsening,
thus providing stability of the formed coating structure. This work is devoted to investigation of the process
of formation of a nanocomposite nc-TiC /a-C coating on substrates from 08Kh18N10T, Kh12M steels and
VT1-0 titanium by the method of magnetron sputtering of graphite and titanium targets. In order to control
the coating composition, a design procedure was developed, which envisages a change of power of magnetron
discharge with titanium target at constant power of discharge with graphite target, that would allow
producing coatings in the range of compositions of 42.5-70 at.% C and 57.5-30 at.% Ti. Coatings were
studied by the methods of X-ray diffraction, Raman spectroscopy, X-ray photoelectron spectroscopy and
microindentation. It is established that nanocrystalline TiC phase takes up 80 % and amorphous carbon
matrix is 20 % of the coating structure. It is found that the degree of carbon ordering depends on coating
composition. It is shown that the size of TiC grain and coating hardness depend on Ti/C ratio. Minimum
size of TiC grain (2.9-4.3 nm) and maximum hardness (up to 30—38 GPa) are achieved at Ti/C ratio (in
at.%) of 46,/54. Maximum normalized hardness H/E* = 0.134, which is the characteristic of coating
material resistance to plastic deformation, is achieved on the substrate of 08Kh10N10T steel. 19 Ref.,

3 Tables, 7 Figures.
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One of the main directions in current progress
of materials science and surface engineering is
use of nanostructural state of consolidated ma-
terials and coatings. This is due to the possibility
of realization of dimensional effects, arising at
refinement of structure grain to 100 nm and less,
and accompanied by an essential change of me-
chanical, thermal, kinetic, electrical, magnetic
and optical characteristics of materials [1—4].

However, practical application of materials
and coatings with a totally nanosized structure
is confronted with the problem of stability of
such a structure, grain growth caused both by
natural ageing and by the impact of external
factors, namely mechanical, thermal, radiation,
etc. This leads to the material loosing the specific
properties, inherent to the nanocrystalline struc-
tural state.

Therefore, another direction of application of
the advantages of nanostructural state of mate-

rials and coatings, being actively developed now,
is creation of a nanocomposite structure, which
has at least one phase with structural element
size of less than 100 nm among its components
[4]. Multiphase nature of the structure with dis-
similar grain boundaries prevents grain coarsen-
ing that ensures the stability of the formed coat-
ing structure. It is established that owing to spe-
cifics of their structure, nanocomposites are char-
acterized by improved physico-mechanical and
catalytic properties [4].

Among nanocomposite coatings applied by
vacuum deposition, a special place belongs to the
group of coatings produced by the method of
magnetron sputtering. Their structure consists of
practically noninteracting phases with average
size of structural elements below 100 nm [5—8].
Such structural elements are the amorphous ma-
trix and nanocrystalline phase inclusions. Struc-
tural schematic of such a nanocomposite struc-
ture, which is synthesized by deposition of flows
from several targets on the substrate in the at-
mosphere of reactive gases, is shown in Figure 1.

© Yu.S. BORISOV, M.V. KUZNETSOV, A.V. VOLOS, V.G. ZADOYA, L.M. KAPITANCHUK, V.V. STRELCHUK, V.P. KLADKO and V.F. GORBAN, 2013

24

712013




The best studied are such systems of nanocom-
posite structures as Me—C, Me—Si—N, where the
amorphous matrix is carbon or SizN; with solid
inclusions, mainly of carbides and nitrides of ti-
tanium, zirconium and chromium [9—11].

A number of research efforts were devoted to
studying the influence of the composition of mag-
netron nc-TiC /a-C coating on nanosized nature
of their structure, mechanical and tribotechnical
properties [11—14]. In [13], at production of nc-
TiC /a-C coating by magnetron sputtering of tar-
gets from compressed TiC and C mixtures in the
proportion of 70,30, 50,50 and 30,70 (in
mol.%), the coating, deposited by sputtering of
50,50 target, is a nanocomposite one at TiC
grain size in the range of 6—11 nm and has hard-
ness HV0.05-4190. When 30,70 target is used,
coating structure is completely X-ray amorphous,
and the authors classified it as metal-containing
coating from amorphous carbon. Measurement of
tribotechnical properties showed that TiC,/C
coating produced from 30,70 TiC /C target has
the best characteristics. Friction coefficient un-
der dry friction conditions on 100St6 steel was
equal to 0.08-0.14 (at 0.4-0.5 for other coating
compositions).

Evaluation of the influence of a-C amorphous
phase content in the ranges from 0 to 100 % on
the structure and mechanical properties of
TiC /C coatings, produced at magnetron sput-
tering of titanium and graphite targets, demon-
strated an increase of coating hardness from 17
up to 22 GPa at variation of its amount from 0
up to 45 %. At further increase of a-C-phase con-
tent lowering of hardness is observed, but coating
tribological characteristics are improved. The
best result was achieved at 65 % content, when
the friction coefficient was below 0.2, wear rate
was about 1077 mm? /(N-m) at coating hardness
of 10—15 GPa [14].

Work [15] is a study of the influence of the
composition of magnetron-sputtered TiC/a-C,
WC /a-C and TiBC/a-C nanocomposite coat-
ings on their structure and tribotechnical prop-
erties. In the case of TiC /a-C, the composition
was varied within the range of content (in at.%)
of 43.6-85.5 C; at WC /a-C it was 33.9-72.5,
and at TiBC /a-C it was 31.2-71.3 C. A refine-
ment of hard inclusion grain was observed in
carbide-containing systems (from 30 to 2—3 nm
for TiC, and from 9 to 2-3 nm for WC). TiBC
grain in the case of 49.2-71.3 at.% C had the
size of 2-3 nm. TiC /a-C, and WC /a-C nano-
composite coatings improve their tribomechani-
cal properties at increase of carbon content with
lowering of friction coefficient (from 0.31 to 0.04
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Figure 1. Schematic of nanocomposite structure

for TiC /a-C, and from 0.84 to 0.19 for WC /a-C)
and of the degree of wear, with lowering of coat-
ing hardness (from 22.3 to 8 GPa for TiC /a-C,
and from 35.7 to 15.8 GPa for WC /a-C).

Similar results were presented in [16] and
[17]. In [16] formation of X-ray amorphous phase
at not less than 8 at.% Ti in the coating and of
nanocomposite structure at 16 at.% Ti was con-
firmed. Coarsening of TiC grain from 5 up to
16 nm in the range of TiC content of 16—48 at.%
and achievement of maximum hardness of 31 GPa
at 30 at.% TiC was noted.

Work [17] is a study of the influence of carbon
content on mechanical characteristics of nc-
TiC /a-C coating in the range of 55-95 at.% C
It is shown that at content in the ranges of 70—
95 at.% C, the index of normalized hardness
H/E" (E" is the contact modulus of elasticity)
was equal to 0.10—0.15, rising with increase of
carbon content (%).

This work was devoted to investigation of the
process of formation of nanocomposite TiC,/C
coating under the conditions of magnetron sput-
tering of separate targets from graphite and ti-
tanium, studying the influence of coating com-
position on its structure and mechanical proper-
ties.

Experimental and investigation procedures.
The coating was deposited in an upgraded vac-
uum system VU-1BS, which was fitted with DC
magnetron sputtering module consisting of two
magnetrons: Magnetron 1 with a disc target
(88 mm diameter, 4 mm thickness) from MPG-7
graphite of 99.98 % purity, and Magnetron 2
with a rectangular target (90 x 58 x 4 mm) from
VT1-0 titanium (Figure 2). Magnetrons are
mounted on one flange so that the angle between
the target surfaces was equal to 150°. This en-
abled simultaneous or alternating deposition of
coatings on a stationary substrate from two mag-
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Figure 2. Module of magnetron sputtering, consisting of
Magnetron 1 (1) and Magnetron 2 (2)

netrons with the same substrate-to-target dis-
tance equal to 110 mm.

Samples from 08Kh18N10T steel and VT1-0
titanium of 65 x 30 x 0.5 mm size, and Kh12M
steel samples of 25 mm diameter and 6 mm thick-
ness were used.

Before placing into the vacuum chamber, the
sample was cleaned in an ultrasonic bath, suc-
cessively filled with acetone and ethyl alcohol.
In the vacuum at the pressure of 5-107* Pa the
sample was heated at 150 °C for 20 min, then
without switching off the heater, sample surface
was cleaned by argon ion bombardment in a glow-
ing DC discharge at 1.3 Pa, 1100 V for 20 min.
The coating was deposited in argon at working
pressure of 0.4 Pa.

The process of forming TiC /C coating on the
sample surface (with roughness Ra = 0.045 um)
consisted of two stages: deposition of an bond coat
of titanium of 0.26—0.13 pm thickness with Mag-
netron 2 in the mode with negative voltage bias
on the substrate at bias potential U, = —100 V,
and deposition of TiC/C coating (& = 1.5—
3.0 um) using two magnetrons at U, =0 V. Here,
carbon was deposited at constant values of spe-
cific power of magnetron discharge AP,
= 8.5 W/cm? and carbon deposition rate Ve =
= 0.6 um /h. Value of discharge power P, re-
quired to produce the specified percentage of ti-
tanium content in the coating was set on Mag-
netron 2.

To assess the power of Magnetron 2, required
to produce the specified titanium content in
TiC/C coating, a calculation procedure was de-
veloped, which consisted of the following stages:

g -
26 wl = § X I J
amad e e

1. Titanium content in the coating (at.%)
C&, proceeding from the known deposition rates
of both the coating components (titanium and
carbon), will be equal to
Vo

1

S Y B )
Vi + Ve

cat = 100;

2. Experimental determination of velocity of
carbon coating atom deposition (C at,/h) V.
with Magnetron 1 on the surface of reference
sample across coating thickness, measured with
a profile measurement device:

OcN
VC:AL, Cat./h,
C

(2)
where Q. = §.p.s is the carbon deposition rate,
g/h (@, = 0.6:10* ¢cm /h— coating thickness;
p. = 2.2 g/cm® — electrode density; s =

sample area; N =
=6.02:10* at/mole is the Avogadro number;

A = 12.01 is the carbon atomic weight;

3.p.Ns
Ac

=0.94-10%, C at/h. (3)

c=

3. Experimental determination of the rate of
titanium deposition at nominal power of Magne-
tron 2, equal to 325 W. Similar to previous cal-
culation procedure

dripriNs
ATi
where 8, = 1.56:10 cm; pp, = 4.5 8 /cm?, A, =
= 47.9.
4. As at magnetron sputtering the coating
deposition rate is directly proportional to mag-
netron discharge power, at constant V- the re-

quired V¥; depends on working power of Mag-

yhom _ = 1.27-10%°, Ti at /h, (4)

netron 2 PY, referred to the value of nominal
nom

power 325 W, where V™ is known, i.e.
Vi/ VI = Py /P
VW> PIlOHl
P =P e VR o ©
Vi Vi
Proceeding from expressions (1) and (5)
t t
W CnVe L P GiVe ()
00 - catt 2 pmom 400 - ot

Using available data on Vi and V™, we
obtain:

cit
PY = 2405 —— W. D
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Figure 3 gives the graphic image of the ob-
tained connection of titanium content in the coat-
ing with working power of Magnetron 2.

Phase analysis of coatings was conducted by
the method of X-ray diffraction, using X-ray dif-
fractometer Philips X’Pert — MPD with CuK,
X-ray source (wave length A = 0.15418 nm). X-
ray diffractograms (XD) were taken in sliding
geometry (20 scanning): angle of incident beam
did not change and was equal to 4° relative to
sample surface; full angular range of diffraction
spectrum recording by 20 = 20-80°, minimum
step of 0.02°. Proceeding from analysis of XD
spectra, the following parameters were deter-
mined: coating phase composition; average size
of TiC phase grains (D); magnitude of average
strain in TiC layer (¢).

Method of Raman spectroscopy was used for
determination of configurations of carbon chemi-
cal bonds in the coating. Spectra of Raman scat-
tering (RS) were measured in reflection geometry
at room temperature, using triple Raman spec-
trometer T-64000 Horiba Jobin-Yvon, fitted with
cooled CCD detector. Ar-Kr line of an ion laser
with 488 nm wave length was used for excitation.
Radiation was focused on the sample into a spot
of 1 um size, and power radiation hitting the
sample was about 1 mW.

Ratios of carbon and TiC phases in TiC,/C
coating were determined by the method of X-ray
photoelectron spectroscopy, using a high resolu-
tion electron spectrometer RIBER LAS 2000.

Determination of mechanical characteristics of
coatings was conducted by the method of microin-
dentation, using Micron-Gamma indentor [18].
Values of the characteristics were calculated auto-
matically to ISO 14577-1:2002 standard.

Results and their discussion. Main charac-
teristics of nc-TiC /a-C coatings of various com-
position  deposited on  substrates from
08Kh18N10T steels, as well as parameters of their
deposition process, are given in Table 1.

As is seen from Table 1, in order to increase
carbon content in TiC coating from 42.5 to
70 at.%, titanium deposition rate was reduced 3
times (at Vo = 0.6 pm,/h). With increase of
carbon content in the coating up to 54 at.% its
hardness rises. For instance, in 8TiC
(42.5 at.% C) and 19TiC (54 at.% C) samples
hardness is equal to 7.7 and 17.5 GPa, respec-
tively. At higher carbon content coating hardness
decreases. Thus, changing the velocity of tita-
nium target sputtering at preservation of opti-
mum rate of carbon deposition allows controlling
the composition and hardness value of the pro-
duced TiC /C coating.
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Figure 3. Dependence of required power of Magnetron 2
on required titanium content in TiC /C coating

Figure 4 gives XD of 8TiC, 19TiC and 26TiC
samples with the respective Tables, which show
lattice parameters, interplanar spacings, as well
as crystal dimensions for each reflex.

Analysis of XD spectra shows that in the case
of 8TiC and 19TiC samples a polycrystalline
nanostructure with TiC crystal dimensions of
10.2-5.3 and 4.3-2.9 nm, respectively, forms in
TiC /C coatings. With increase of carbon content
in the coating, nanocrystal dimensions become
smaller, and in 26TiC sample (70 at.% C) TiC
phase is not found at all. As (111), (200), (220)
and (311) reflexes are visible in the spectra, this
isindicative of absence of any privileged direction
of crystal growth.

Nanocrystalline structure of TiC/C coating
(8 = 3 um) studied by SEM at x10,000 and
x100,000 magnification is shown in Figure 5,
where TiC grains of 10—30 nm size are observed.

Structure of nc-TiC /a-C coatings is revealed
by the spectrum of photoelectrons, generated un-
der the impact of monochromatic X-ray radiation
on the coating surface (Figure 6).

The spectrum has a wider carbon peak Cfs,
which is decomposed into two peaks of electrons
with bond energies of 284.4 (1) and 281.2 (2)
eV, corresponding to the presence of carbon
phases and TiC in the coating. The ratio of values
of peaks (7) and (2) shows that the phase of

Table 1. Parameters of magnetron deposition process and charac-
teristics of nanocomposite nc-TiC/a-C coatings

Calculated | Titanium TiC Coati
S coating deposition | deposition oa mg‘ Hardness
ample L thickness
composition, rate, rate, 5 um H, GPa
at.% um,/h um,/h s
8TiC 42.5C 1.56 2.16 2.4 7.7
57.5 Ti
14TiC 50 C 1.05 1.65 1.9 8.0
50 Ti
19TiC 54 C 0.81 1.40 1.8 17.5
46 Ti
26TiC 70 C 0.50 1.10 1.2 15.7
30 Ti
27
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Figure 4. X-ray diffractograms of TiC /C coatings of various composition, at.%: a — 8TiC (42.5 C; 57.5 Ti); b — 19TiC

(54 C; 46 Ti); ¢ — 26TiC (70 C; 30 Ti)

Figure 5. Microstructure of nc-TiC /a-C coating: ¢ — x10,000; b — x100,000

nanocrystalline tungsten carbide TiC takes 80 %
in the coating and 20 % is the amorphous carbon
matrix.

Amorphous carbon state in nc-TiC /a-C coat-
ing is assessed by Raman scattering spectra (Fi-
gure 7).
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Figure 6. Spectrum of photoelectrons of nc-TiC /a-C coat-

ing (for designations see the text)
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In the spectra of all the samples two Raman
scattering bands are observed, which are charac-
teristic for the state of carbon with sp?- and sp3-
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Figure 7. Spectra of Raman scattering on nc-TiC /a-C coat-
ings of various composition: 7 — 8TiC; 2 — 19TiC; 3 —
26TiC
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Table 2. Frequency positions (), pulse duration on half-amplitude level (FWHM), intensity ratio for D and G bands (Ip/Is)
evaluated by RS spectra of studied structures (acc. Figure 7)

Sampllc‘(coatingg D-band (sp?) G-band (sp®) Io/1,
composition, at.%) o, cm™! FWHM, cm™ 1, pulse o, cm™! FWHM, cm—1 1, pulse
8TiC (42.5 C, 57.5 Ti) 1392.3 322.5 538.5 1577.7 113.1 403.4 1.33
19TiC (54 C, 46 Ti) 1397.0 346.7 396.9 1566.1 114.2 219.7 1.68
26TiC (70 C, 30 Ti) 1386.9 296.8 165.4 1565.4 132.6 134.5 1.23

Table 3. Mechanical properties of nc-TiC /a-C coatings (8 = 3.2 um) on substrates from 08Kh18N10T and Kh12M steels

Contact Normalized Modulus of Stress of
Hardness modulus of ormatize 0 s 0 out-of-contact Coating Grain size D,
Sample, substrate .. M hardness, elasticity E, . X . o
H, GPa elasticity E, H/E GPa GPa elastic strain o, | composition, at.% nm
GPa ! GPa
29TiC, 08Kh18N10T 38.0 291 0.134 375 11.89 54 C, 46 Ti 2.9-4.3
30TiC, Kh12M 30.5 266 0.114 333 22.60 54 C, 46 Ti 2.9-4.3

hybridization of carbon electronic orbitals
(bonds). G band of Raman spectrum with sp3
bond is due to the presence of an ordered graphite
phase. D band of the spectrum with sp? bond is
characterized by structurally disordered graph-
ite. Gauss approximating functions were used to
perform decomposition of G and D band shapes
into components, and ratio of band intensities
I/ 15 was determined. This ratio characterizes
the proportion of graphite phases and is inversely
proportional to the value of sp>-phase fraction in
the coating [19]. Therefore, the most ordered
amorphous carbon with greater content of sp3-
phase is found in nc-TiC /a-C coatings on 8TiC
and 26TiC samples, in which the smallest values
of I, /I ratio are equal to 1.33 and 1.23 (Ta-
ble 2).

Microindentation method [18] was used to
measure the mechanical properties of coatings on
substrates from 08Kh18N10T and Kh12M steels
(Table 3).

High hardness of the coating (30.5—
38.0 GPa), according to the data of other re-
searchers [14], is related to its low content of
the amorphous phase (a-C =20 at.%). Normalized
hardness values H/E" allow evaluation of the
level of coating resistance to plastic deformation,
which rises with increase of H /E", which is an
index of coating material wear resistance.

Conclusions

1. Method of simultaneous DC magnetron sput-
tering of graphite and titanium targets on to sub-
strates from 08Kh18N10T, Kh12M steels and ti-
tanium VT1-0 was used to produce at deposition
rate of 1.4-2.2 um/h a nanocomposite nc-
TiC /a-C coating 2—3 pum thick with TiC inclu-
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sions of 3—10 nm size in an amorphous carbon
matrix.

2. A procedure was developed for controlling
nc-TiC /a-C coating composition by variation of
power of magnetron discharge with a titanium
target at constant power of the discharge with
graphite target, thus ensuring the possibility of
producing coatings in the composition range of
42.5-70 at.% C and 57.5-30 at.% Ti.

3. It is shown that the size of TiC grain and
coating hardness depend on Ti/C ratio. Mini-
mum size of TiC grain (2.9-4.3 nm) and maxi-
mum hardness (up to 30—38 GPa) are achieved
at Ti/C ratio (in at.%) of 46 /54.

4. Methods of Raman and photoelectronic
spectroscopy were used to study the fine structure
of nc-TiC/a-C coatings. It is found that TiC
takes 80 % of the coating structure and 20 % is
amorphous carbon matrix. It is shown that the
degree of amorphous carbon ordering as to the
content of sp3-phase depends on coating compo-
sition.

5. Method of microindentation was used to
determine the mechanical properties of nc-
TiC /a-C coatings produced on various sub-
strates. It is shown that the maximum normalized
hardness of 0.134, which is a characteristic of
coating material resistance to plastic deforma-
tion, was achieved on a substrate from
08Kh18N10T steel.
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