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The abrasion resistance of multi-layer vacuum-arc diamond-like (DLC) coatings of various architectures: quasi-
gradient, as well as coatings with alternating hard and soft layers, whose structure and mechanical characteristics are
specified by the amplitude of the bias potential and the deposition time of each layer are investigated. Increasing the
thickness of the DLC to 6...7 um by using a multilayer architecture with alternating soft and hard layers allows to
improve the abrasion resistance of the protective coating, however, the adhesion of such coatings on silicon carbide
is somewhat lower than that of the quasigradient ones. The parameters of the process of synthesis of DLCs, provid-
ing a significant improvement in the mechanical characteristics of multilayer coatings, in comparison with the sin-

gle-layer ones, are established.
PACS: 81.05.U-; 81.15.Jj; 52.77.Dq

INTRODUCTION

Earlier [1], the NSC KIPT developed a process for
depositing vacuum-arc diamond-like coatings (DLC)
without the use of an intermediate metal sublayer on the
end surfaces of annular silicon carbide elements, for dry
gas seals (DGS) of high-pressure compressors. The
counterbody (the second body in a pair of friction) for
coating in the DGS is the reciprocal end ring of silicon
nitride. The contact of their surfaces during start-up and
braking leads to abrasive wear. In connection with this
circumstance, an investigation of the abrasive durability
of diamond-like coatings for rings made of silicon car-
bide presents an actual problem.

One of the main requirements for coating is adhe-
sion to the substrate. The experiment shows that the
provision of the required level of adhesion of DLC,
which have a sufficiently high hardness and are capable
of operating under the conditions of the DGS, is quite a
challenge. The reason are the large internal residual
stresses in such coatings, the greater, the higher their
hardness. Several variants of the solution of this prob-
lem have been suggested in the literature. Some im-
provement in the adhesion of single-layer DLC can be
achieved using a sublayer of metal (usually carbide-
forming: titanium or, chromium) [2]. The use of a mul-
tilayer architecture allows the application of hard DLC
with a thickness of several microns to different materi-
als. One of the variants of the multilayer coating archi-
tecture is the combination of several functional mono-
layers of a thickness on the order of a micron each with
different properties. The layer applied to the substrate is
designed to provide a high level of adhesion to the sub-
strate. Intermediate layers of plastic materials adjacent
to the DLC should compensate for the residual internal
mechanical stresses of hard DLC layers by means of
plastic deformation, which, as a result, allows create a
hard coating of sufficiently large thickness (several mi-
crons) [3].

Multilayer quasigradient coatings are a sequence of
layers with monotonously varying characteristics. For
example, the bottom layer is the softest, least stressed,
each subsequent is more and more hard, but more
stressed. The periodic structure of a large number of
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alternating very thin layers with different properties,
when the period of the structure is much smaller than
the thickness of the coating is a composite. In the spe-
cial case of nanoscale layers (the period of the structure
is 10...100 nm) such material is nanocomposite [4].

The purpose of this work is to study the abrasion re-
sistance of multilayer DLC: quasigradient, as well as
multilayer coatings consisting of periodically repeated
hard and soft DLC layers.

1. EXPERIMENTAL TECHNICS

The coatings were deposited by a vacuum arc meth-
od from a plasma source with a rectilinear particulate
filter [1] on substrates of two types: 12Cr18N10T stain-
less steel plates of size 20x17 mm with a thickness of
1.5 mm and coupons of silicon carbide with a diameter
of 15 mm with a thickness of 6 mm.

Abrasive tests were carried out according to the
scheme of a rotating abrasive disk — a plane. The DLC
deposited on the substrates of stainless steel were tested.
As an abrasive, corundum powder (grain size
30...125 um) was used on the vulcanite binder. Accord-
ing to the literature data, the hardness of corundum is
from 18 to 24 GPa, that is, slightly higher than that of
silicon nitride — 14...16 GPa.

During the test, the rotational speed of the disk with
a diameter of 27.6 mm was 2790 rpm, which corre-
sponds to a linear velocity of abrasive grains
V =400 cm/s, the pressing force of the disk to the plane
of the sample was 2.2 N. The duration of the test was
300 s. The abrasive wear of the samples was evaluated
by weighing, as well as visually by optical microscopy.

To stabilize the operation of the plasma source, ar-
gon was introduced into the vacuum chamber to a pres-
sure of 1-:107 Pa. Samples were fixed on the water-
cooled substrate holder. A bias potential was applied to
the substrate holder in the form of high-voltage pulses
of negative polarity. The pulse generator provides the
following pulse parameters: amplitude 0.5...2 kV, dura-
tion 6...20 ps, repetition rate 1.2...12 kHz.

The thickness of the deposited DLC was measured
using an interferometric microscope MII-4. Adhesion to
the substrate was evaluated based on the results of
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scratch testing. The diamond indentor (with a spherical
shape with a radius of curvature of 0.5 mm) moved
along the surface at a rate of 0.57 mm/s at a constant
load in the range 5...40 N. The hardness of the coatings
was measured by a nanoindentor G-200, continuous
stiffness measurement (CSM).

2. RESULTS OF THE RESEARCH

The experiments showed that the wear of the sam-
ples was uneven over the contact surface with the abra-
sive disc. It was maximal in multiple parallel tracks
formed by moving grains of abrasive upon contact with
the coating (Fig. 1).
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Fig. 1. Traces of abrasive wear on the surface of an
eight-layer APP 6 um thick

The length of each single track was about 1 mm, the
width of 1...2 um. The depth of the track during the test
period of 300 s reached 2...2.5 um. The adjacent tracks,
overlapping each other, overlap partially. The resulting
profile, as can be seen from the observation in the inter-
ference microscope (Fig. 2), is quite smooth, which is
typical for cases when the hardness of the abrasive and
the processed material are close in magnitude and wear
of both one and the other material occurs.

Fig. 2. Interferogram of the profile of abrasive wear
tracks

The loss of mass of samples was determined by
weighing on analytical scales. For all the investigated
coatings, it was (1.5...2)-10 N for 300 s, that is, at the
sensitivity limit of the scales. In this regard, the method
used did not allow comparing the abrasive wear rates of
multilayer DLC coatings of various architectures.

Analysis of the microphotographs of the surface of
the samples after the tests showed that the tracks of
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wear of the thinnest coating (2.4 pm thick) reached the
substrate during the test, which led to catastrophic de-
struction of the coating (Fig. 3).

Fig. 3. Traces of abrasive wear on the surface of a
three-layer DLC with a thickness of 2.4 um

On coatings 3...4 um thick only single tracks
reached the substrate. At a thickness of 6 pm and above
under the same conditions of testing, damage to the
coatings was not observed (see Fig. 1).

Adhesion of multilayer DLC deposited on coupons
from silicon carbide was evaluated by the results of a
scratch test (the load on a diamond indenter with a
spherical tip of 500 pum radius was from 5 to 40 N).

According to the results of this test, the adhesion
level to silicon carbide of quasigradient DLC with a
total thickness of 2.1 um is 40 N [1]. Among examined
DLC with alternating soft and hard layers the best adhe-
sion to silicon carbide showed a five-layer DLC with
soft upper layer, a total thickness of 3.2 um n, which
withstood without destruction test with load 30 N. It
should be noted that the authors of [4] also reported an
improvement in the tribological characteristics of nano-
composite DLC in the presence of a soft top layer. Coat-
ings on silicon carbide consisted of four, eight and
twelve DLC layers with an upper hard layer, total thick-
ness of 2.3, 4.1 and 6 um respectively, were scratched to
the base under loads 10...15 N.

Indirectly, the adhesion of the coating to the sub-
strate can be evaluated from the results of observation
of the coating surface in the vicinity of imprints of dia-
mond indenters (Vickers, Rockwell, Berkovich) ob-
tained under different loads [5]. This test makes it pos-
sible to assess the crack resistance of the coating, a very
important characteristic of hard coatings that work at
high loads. We used a PMT-3 hardness tester with a
Vickers pyramid loaded in the range 0.5...2 N.

The analysis of imprints when observed in an optical
microscope showed that when the indentor is 1...2 N
loaded, in the coatings with a hard upper DLC peripher-
al cracks are formed on the outside of the imprint
(Fig. 4). The initiation of cracks and their further devel-
opment during the penetration of grains of abrasive in
the sample is, apparently, the main cause of the destruc-
tion of the coating during grain movement along the
surface at abrasion tests.
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Fig. 4. Imprints of the Vickers pyramid at loads 1 and
2 N. There are four layers in the DLC, the upper layer is
hard

CONCLUSIONS

The multilayered DLC coatings are synthesized:
quasigradient, as well as coatings with alternating hard
and soft layers, whose structure and mechanical proper-
ties are determined by the amplitude of the substrate
bias potential and the deposition time of each layer, and
their abrasion resistance is investigated. The parameters
of the synthesis process are established, which ensure a
significant improvement in the characteristics of multi-
layer coatings, as compared to single-layer coatings.

The increase in the thickness of the DLC t0 6...7 um
due to the use of a multilayer architecture with alternat-
ing soft and hard layers allows to improve the abrasion
resistance of the protective coating, however, the adhe-
sion of such coatings to silicon carbide is slightly lower
than that of the quasigradient ones.

From the point of view of the complex of character-
istics, along with the quasigradient one, as an advanced
protective coating for the end seals of the DGS from

silicon carbide, one can also consider DLC with alter-
nating soft and hard layers and a soft top layer.

The work was carried out within the framework of
the program of scientific research of the NAS of
Ukraine: “Reliability and durability of materials, struc-
tures, equipment and facilities” (Resource-2), contract
Ne 88 P4.8/2018.
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HCCJEJIOBAHUE ABPABUBHOM CTOMKOCTH MHOI'OCJIOMHBIX AJIMA30ITOJOBHbBIX
MOKPBITUMH JIJISI YINIOTHUTEJIBHBIX KOJIEI U3 KAPBUIA KPEMHUS
CYXWX I'A30BBIX YIIVIOTHEHUIA
B.B. Bacunves, A.A. Jlyuanunos, B.E. Cmpenvnuyxuii

HccrenoBana abpa3wBHAsE CTOMKOCTh MHOTOCIOMHBIX BaKyyMHO-IYTOBBIX aMa30ImoJ00HBIX MOKpeITHil (AIIIT)
Pa3IMYHON apXUTEKTYpPbl: KBa3UTPAJANCHTHBIX, a TAKXKE MOKPBITHH C YePEAYIOIUMHUCS TBEPIBIMHU U MSTKUMH CIO-
MH, CTPYKTYpa 1 MEXaHWYECKHE XapaKTePUCTHUKH KOTOPBIX 33al0TCS aMILIMTYOH MOTeHIHaga CMEIICHUS U Bpe-
MEHEM OCaKICHHS KaXIOro cios. YBenmdeHue toamuHbl Al mo 6...7 MKM 3a c4eT HCIOJIhb30BaHUS MHOTOCION-
HOW apXUTEKTYPHI C YePeIyIOIUMICI MATKUMH U TBEPABIMHU CIIOSIMU MTO3BOJISIET YIyUYIINTh a0pa3sHUBHYIO CTOMKOCTb
3aIIUTHOTO MOKPBITHS, OJHAKO aJre3us TaKuX IMOKPHITHH Ha KapOuae KpeMHHS HECKOJIBKO HIDKE, UeM y KBa3UTPaIy-
eHTHBIX. Y CTAaHOBJIEHBI ITapameTpsl mporiecca cuaTe3a Allll, obecnieunBaromue CyIecTBEHHOE YIydllIeHHe MeXaHH-
YECKHMX XapaKTEPUCTHUK MHOTOCIOWHBIX MOKPHITHH IO CPAaBHEHUIO C OHOCIOWHBIMH.

JOCJIIKEHHSI ABPAZUBHOI CTIMKOCTI BATATOIIIAPOBHX AJIMA3OIOJIBHUX
MHOKPUTTIB JJIA YIIIJIBHIOBAJIBHUX KIVIELLD 3 KAPBIY KPEMHIIO
CYXUXTA30BUX YHIUVIbHEHb
B.B. Bacunwves, O.A. /Iyuaninos, B.€. Cmpenvnuybkui

JociimxeHno abpa3uBHY CTIHKIiCTh OaraToapoBUX BaKyyMHO-AYTrOBUX ajaMa3ononioHux nmokpurtiB (AIIIT) piz-
HOT apXiTeKTypH: KBa3irpali€HTHUX, a TAKOXK MOKPHUTTIB 3 IEPiOJUIHO MOBTOPIOBAHMMH TBEPAUMU Ta M SIKUMH LIa-
pamH, CTPYKTYypa Ta MEXaHI9Hi XapaKTePUCTHKH SIKUX 3aal0ThCS aMILUTITYA0I0 NOTEHIATy 3MIMEHHS 1 TPUBAIIICTIO
ocaJpKeHHs KoxHOTO mapy. 30inpmennas ToBuHA AlIIl 10 6...7 MKM 3a paxXyHOK BHKOPHCTaHHS OaraTomapoBoi
apXiTeKTypu 3 MEePiOJNYHO MOBTOPIOBAHHMMH TBEPAMMH Ta M SIKUMH IIapaMH JIO3BOJISE TOKPALIUTH a0pa3sHBHY
CTIMKICTD 3aXHCHOTO MOKPHUTTS, OJHAK a/re3isl TAKMX MOKPUTTIB Ha KapOifi KPEMHHUIO JEII0 HIDKYA, HIX y KBazirpa-
JieHTHHX. BceraHoBneHo mapamerpu mporecy cuatedy AlIll, ski 3a0e3medyioTh CyTTEBE MOJIMIICHHS MeXaHIYHUX
XapaKTEePUCTHK 0araTomapoBUX MOKPUTTIB MOPIBHSHO 3 OJJHOIIAPOBUMH.
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