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Cr-Al-N coatings deposited from the vacuum-arc plasma source with rectilinear macroparticle filter were investi-
gated. Influence of the amplitude of pulsed substrate bias potential in the range of 0...2500 V on the structure and
mechanical properties of the coatings was studied. It is found that in all coatings formed solid solution of (Cr, AI)N
with a cubic structure type NaCl. High voltage pulsed potential bias causes formation of the coatings structure
with fine grains (6...7 nm) and strong axial texture [110]. Residual compressive stress varies nonmonotonously
from 2 to 7 GPa when the amplitude of the pulses increases. The coatings are characterized by high hardness
30...36 GPa, the surface roughness at the level of 40...50 nm and a low friction coefficient, which allows their

use as protective coatings for tools and friction units.
PACS: 81.15.-z, 81.05.uj

INTRODUCTION

Multicomponent nitride vacuum-arc coatings have
high hardness, thermal stability and oxidation resistance
[1]. Deposition from the filtered vacuum-arc plasma by
PII&D (Plasma immersion ion implantation and depo-
sition) method under high voltage pulsed substrate bias
allows to improve coatings characteristics [2-4]. To im-
plement this method, the sources of filtered cathodic-arc
plasma are usually used, and a negative pulsed bias po-
tential with amplitude from a few hundred to several
thousand volts is applied to the substrate during coatings
deposition. Unlike the DC offset, in such conditions it is
possible to minimize the effects associated with the
sputtering of the coating surface. Furthermore, under
bombardment at low substrate temperature the coating
structure can be controlled, the level of residual stresses
therein, and hence their properties.

The aim of the present work was to study the struc-
ture and mechanical properties of Cr-Al-N coatings,
deposited from filtered vacuum-arc plasma by PIlI&D
method, as well as to study the influence of the value of
the substrate bias potential amplitude on the coatings
characteristics.

EXPERIMENTAL METHODS

Deposition of nitride coatings system Cr-Al-N was
performed by vacuum arc process using CrqsAlgs cath-
odes made by powder metallurgy. About 2 microns
thick coatings were deposited on polished substrates
X6Cr17 steel with size 17 x 20 mm and 1.5 mm thick.
The distance from the outlet of the filter to the samples
was 210 mm. The coatings were deposited at an arc
current of 100 A in the conditions of supply pulsed bias
potential on the substrate. The high-voltage pulsed gen-
erator with the parameters: amplitude (Ay) in the range
(0...2.5) kV, pulse duration 12 ps, repetition rate
12 kHz was used as the source of pulsed substrate bias
potential. In the intervals between pulses substrate was
at a potential of -100 V. Coating deposition time was
30 minutes. The reaction gas (nitrogen) was introduced
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into the vacuum chamber through a plasma source. The
nitrogen pressure in the chamber was 0.1 Pa.

The coating composition was monitored by X-ray
fluorescence analysis (XRF) on the vacuum scanning
crystal diffraction spectrometer SPRUT. The phase
composition, texture, substructure and the stress state of
the coatings were studied by X-ray diffractometer
DRON-3 in the Cu-Ka radiation. Along with X-ray, the
Raman spectra of the coatings were investigated, excit-
ing radiation wavelength was 514 nm.

The morphology of the coating surface was exam-
ined using an optical microscope Leica MTU 253 and
3D optical profilometer FRT. Hardness (H) and Young's
modulus  (E)  coatings were  measured by
G200 nanoindenter by CSM method. The values of H
and E were taken at a depth of indentation of 10 % of
the film thickness. Adhesion properties were studied by
means of a scratch tester REVETEST, a diamond in-
denter radius of 200 nm.

RESULTS AND DISCUSSION

The characteristics of the Cr-Al-N coatings, synthe-
sized at different values amplitude Ay of the pulsed po-
tential bias, are listed in Table 1. It is seen that the val-
ues of the Al concentration C, in metal sublattice (ex-
cluding nitrogen) indicate fairly good reproducibility of
the cathode composition in coatings. The Al content in
the cathode is 50 at.%, and in the coating Cr-Al-N, ac-
cording to the results of XRF analysis, it varies within
Ca 49...51 at.%. This is significantly different from the
results obtained for the vacuum-arc coating system Ti-
Si-N [5], in which the composition of the cathode was
reproduced not very satisfactorily in the coatings, the
silicon content in the Ti-Si-N coatings are several times
lower than in the cathode. This is mainly due to the se-
lective silicon sputtering as a result of bombardment of
the growing film surface by energetic ions. With in-
creasing amplitude of the pulses the Al concentration in
the Cr-Al-N coatings tends to decrease, but significant
sputtering of aluminum is not observed. These data are
consistent with those for known similar system, Ti-Al-
N [6].
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Table 1

Characteristics of Cr-Al-N coatings, synthesized at different values of the amplitude of the pulsed bias
potential on the substrate

Ne | Ay xV XRA Nanoindentation XRD FRT Revetest
’ Can % H,GPa | E,GPa| HE | o,GPa | Lnhm | R,nm | Lgi, H | Lo, H 0

1 0 51.4 29.6 404 | 0.073 2.0 18.0 38 9.0 12.4 0.15
2 0.5 51.3 33.4 390 | 0.087 6.1 9.2 36 5.5 7.6 0.10
3 1.0 49.2 33.1 385 | 0.086 7.0 6.5 56 6.5 9.8 0.10
4 15 49.0 36.2 436 | 0.083 6.1 6.0 45 5.9 10.2 0.10
5 2.0 49.2 30.5 385 | 0.079 3.9 6.1 50 4.0 6.8 0.10
6 2.5 49.0 30.2 373 | 0.071 5.3 7.2 52 1.2 2.2 0.10

Nanoindentation results indicate that all coatings are
characterized by relatively high hardness in the range
(30...36) GPa and a Young's modulus of about
400 GPa. High values of H / E parameter of 0.08...0.09
indicate a good stability of the coating material to plas-
tic deformation.

Microscopic examination of coatings showed that
their surface is sufficiently homogeneous with minimum
amount of defects, which indicates high quality filtra-
tion of the cathodic-arc plasma flow. The area occupied
by the defects does not exceed 3 % of the surface coat-
ing, and the size of the majority (~ 90 %) not greater
than 1.4 microns.

According to the optical profilometry (FRT), the
coatings has a cellular surface with mesh size of a few
micrometers. At low values of the amplitude of poten-
tial the coatings roughness is at a level of 35...40 nm,
and increases with increasing amplitude to 50 nm.

X-ray diffraction patterns of coatings are shown in
Fig. 1. In all patterns except the narrow diffraction o-Fe
substrate lines revealed well sufficient broad peaks of
(Cr, AN solid solution formed by the substitution
chromium by aluminum in the lattice of the chromium
nitride, which has a cubic structure of the type NaCl.
Wourtzite crystalline AIN phase or phase containing less
nitrogen is not formed.

Line intensity ratio of the diffraction patterns indi-
cates the formation of texture in the coatings. The calcu-
lated texture coefficients are shown in Fig. 2. At a DC
bias potential (no pulses) predominates crystallite orien-
tation with planes (111) or (200) parallel to the film
surface. The size L of coherent scattering zone (CSZ) of
nitride is 18 nm. When the amplitude of pulsed bias
potential grows up to 1.5 kV a strong axial texture [110]
is formed, and the size of the CSZ decreases to 6 nm.
With further increase of the pulse amplitude to
(2...2.5) kV the reflection (200) appears in the diffrac-
tion patterns along with (220). Such change of preferred
orientation we observed earlier for coatings based on
(Ti, AN [6].

An important characteristic of the coating affecting
their performance properties is the level of residual
stresses o. The resulting stress values calculated from
X-ray strain measurements are shown in Fig. 3. It is
seen that with increasing amplitude of the potential in
the range of 0...2 kV the stress changes non monoton-
ically: first increase and then decrease, which corre-
sponds to the Davis formula [2-4]. This behavior of
(Cr, AN coatings is different from TiN, where the
maximum stress value is 10 GPa as well as the
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(Ti, AN, where the residual stress level is almost con-
stant in this range of amplitudes of bias potential [6].
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Fig. 1. X-ray diffraction patterns of coatings Cr-Al-N,
deposited at different amplitude values of the pulsed
bias potential on the substrate (s - substrate lines)

With further increase of the amplitude up to 2.5 kV,
increase of stress is observed, which is accompanied by
a decrease in the hardness of the coating.
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Fig. 2. The texture coefficients for the reflections (111),
(200), (220) nitride (Cr,A)N

Such changes in the system (Ti, A)N were ex-
plained earlear by partial decomposition of the super-
saturated solid solution with the cubic structure and
formation of AIN hexagonal phase in the coatings.
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It should be noted that the compressive stress level
in the synthesized coatings (Cr, AI)N reaches high but
not critical values. Usually the best operating properties
show nitride coating, the stress level in which does not
exceed 5 GPa [7].
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Fig. 3. The residual compressive stresses in the coatings
(Cr, AN (XRD data)

Adhesion of the coating to the substrate was evalu-
ated by the results of the scratch test (Revetest). The
Table 1 shows the values of L¢; and L¢, loads, at which
the first crack arise in the coating and delamination oc-
curs, respectively. Coatings begin to break down at rela-
tively low values of load (several Newtons), i.e. the ad-
hesion to the substrate is low. This is due to the softness
of the substrate steel (hardness of 2.5 GPa), on which
enough thin coatings are greatly deformed even at low
loads. Correlations between the adhesion of the coating
and the level of residual compressive stress in it was not
observed.

This test also gives information on the friction coef-
ficient p of the friction pair: diamond-coating material.
The u value 0.10...0.15 corresponds to the load lower
than Lc; until the coating retains its integrity. At higher
loads coating begins to break down, the friction coeffi-
cient increases somewhat, but does not exceed 0.3.

Additional information about the structure of
(Cr, AN coatings, deposited under different values of
the amplitude of the pulse bias potential to the substrate
in the range of 0...2.5 kV, was obtained from the results
of the study of Raman spectra. Typical Raman spectrum
in a range of 100...2000 cm™ is shown in Fig. 4. De-
convolution and identification of relevant phonon
modes was carried out taking into account the literature
data on the Raman spectra of CrAIN [8]. The peak posi-
tions were determined using the ORIGIN package with
Gaussian peak shapes. The spectrum peaks detected are
corresponded to the first order acoustic transverse TA
mode and longitudinal LA mode in the range of
222...242 cm™, first order optical transverse TO mode
and longitudinal LO mode in the range of 670...680cm*
along with second order peaks (2A, A + O, 20), whose
positions are listed in Table 2. It is known that in the
perfect crystal structure of the cubic NaCl type the first
order Raman scattering by phonons is not possible due
to inversion symmetry of each lattice site. The presence
of Raman peaks of the first order indicates the presence
of defects in the crystalline structure of the coating
(symmetry breaking).
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Fig. 4. Raman spectrum of (Cr,AI)N coating

Table 2

Raman peak positions (cm™) corresponding to different
phonon modes of (Cr, AI)N coatings

500

E\’/ TA/LA| 2A | TO/LO | A+O 20

0 241.9 454.0 | 672.8 734.1 | 1375.2
0.5 | 220.2 4459 | 676.7 715.8 | 1276.1
1.0 | 226.2 484.1 | 683.9 715.1 | 1320.4
1.5 | 219.5 448.8 | 685.0 708.9 | 1293.9
2 220.3 464.4 | 659.1 715.8 | 1330.7
25| 2224 468.5 | 681.8 717.6 | 13148

The spectra of all studied (Cr, AI)N coatings are
similar and contain Raman peaks corresponding to the
cubic crystal structure. Peaks corresponding wurtzite
structure are not found in the spectra, consistent with the
results of the X-ray diffraction measurements.
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Fig. 5. The dependence of the Raman shift of the phonon
mode TO / LO lattice vibrations (Cr,Al)N on the ampli-
tude of the pulsed substrate bias potential

Raman spectra of the coatings contain information
on the degree of ordering of the crystal lattice, defect
density and elemental composition. In addition, certain
frequency bands corresponding to the interaction with
optical phonons, are sensitive to the level of residual
stress in the coating. Based on this effect, the authors [9]
determined the stress value in TiAIN coatings based on
measurements of Raman peak position corresponding to
the optical phonon mode in the vicinity 650 cm™.

In the Raman spectra of the investigated CrAIN
coatings the position of the peak, identified as the
LO/TO in the range (660...85) cm™, depends on the
amplitude of the pulsed bias potential on the substrate
during deposition, and is similar to the dependence ob-
tained from X-ray measurements (see Figs. 3,5)
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Thus, the results of X-ray and Raman measurements
of structural characteristics of the (Cr, AI)N coatings are
correlated with each other.

CONCLUSIONS

Using powder CrysAlgs cathodes in a filtered vacu-
um-arc plasma source the (Cr, AI)N coatings with a cubic
NaCl type structure were synthesized by PIID method.
The ratio of the metal components in the coatings corre-
sponds well the cathode elemental composition.

The coatings are characterized by high hardness
(30...36) GPa, the surface roughness at the level of
(40...50) nm and a low friction coefficient, which allows
their use for protection the tools and friction units.

High voltage pulsed bias potential with amplitude
up to 2.5 kV causes formation of the coatings structure
with fine grains (6...7 nm) and strong axial texture
[110]. Residual compressive stress varies nonmonoto-
nously from 2 to 7 GPa when the amplitude of the
pulses increases. It is shown that the results of Raman
spectroscopy measurements correlate well with x-ray
analysis.
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CTPYKTYPA U CBOMCTBA IMOKPBITUM (Cr, AI)N, OCAXKJIEHHBIX PIII U D-METO/IOM

B.B. Bacunves, A.A. /Iyuanunos, E.H. Pewuemnsaxk, B.E. Cmpenvnuyxuii,
B. Lorentz, S. Reichert, V. Zavaleyev, J. Walkowicz, M. Sawczak

HUccrnenosanbt Cr-Al-N-mokpbITHs, OCaXIEHHBIC W3 HCTOYHHKA BAKYYMHO-IYTOBOW IUIA3MBbI C MPSIMOJIHHEHHBIM
¢unpTpoM. M3ydeHO BIMSHHE aMIUTATYIBl WMITYJIBCHOTO IOTEHIIHANA MOUIOKKH B auama3oHe 0...2500 B Ha
CTPYKTYPY M MEXaHHYECKHE XapaKTEPUCTHUKHU NOKPBITHH. YCTAHOBJIEHO, YTO BO BCEX IOKPHITHAX (hopmupyeTcs
BEpapiii pactBop (Cr, AI)N ¢ kybuueckoit crpykrypoii Tumna NaCl. TTomada BEICOKOBOJILTHOTO UMITYJIBCHOTO T10-
TEHIIMalla CMEIIEHHS BBI3BIBACT (POPMHUPOBAHHME CTPYKTYPHI IMOKPBITHH ¢ MEIKMMHU 3€pHAMH 6...7 HM M CHIIbHOH
akcuanbHOU TekcTypoil [110]. C pocToM aMIUIUTYIbl UMITYJIbCOB OCTAaTOYHBIE HANPSIKEHUS CKAaTUS HEMOHOTOHHO
U3MEHSIOTCS B mpeenax oT 2 g0 7 I'Tla. TTokpbeITus xapakTepu3yroTes BhICOKoi TBEpmocThIO 30...36 I'Tla, mepoxo-
BaTOCTBIO MOBEPXHOCTH Ha ypoBHE 40...50 HM ¥ HU3KHM KOA(PHUIIMEHTOM TPEHHsI, YTO TTI03BOJISET UCIIOJIB30BaTh UX
B KQ4ECTBE 3aIIUTHBIX MOKPBITHH I HHCTPYMEHTA U Y3JI0B TPEHHUS.

CTPYKTYPA TA BJIACTUBOCTI IOKPUTTIB (Cr, Al)N, OCAUKEHUX
PlI1 I D-METOAOM

B.B. Bacunves, O.A. JIyuaninos, O.M. Pewwemnsnx, B.€. Cmpenvnuybkui,
B. Lorentz, S. Reichert, V. Zavaleyev, J. Walkowicz, M. Sawczak

Hocaimkeno Cr-Al-N-mokpuTTs, ocakeHi 3 JpKepena BaKkyyMHO-IYTroBoi IJIa3MH 3 MPAMONIHIHHEM (iTBTPOM.
BuBYeHO BIUIMB aMIUTITYAM IMITYJILCHOTO MOTEHIiay miakiIanky B aianazoni 0...2500 B Ha cTpykTypy Ta MexaHid-
Hi XapaKTepUCTUKH NOKPUTTIiB. BcTaHOBIIEHO, 110 B yciX MOKPUTTAX hopmyeThest TBepauid pozdnH (Cr, AI)N 3 ky0i-
yHOi cTpykTypoto Turmy NaCl. ITogaya BHCOKOBOJBTHOTO IMITYJILCHOTO ITOTEHIIaNy 3MIIIEHHS BHUKJIHMKAE (GOpMY-
BaHHS CTPYKTYPH MOKPUTTIB 3 ApiOHMME 3epHaMH 6...7 HM 1 CHIBHOIO akcHajbHOI Tekctyporo [110]. 3 pocrom
aMIUTITYI¥ IMITYJIbCIB 3aJIMIIKOBI HANPY>KEHHS CTUCKY HEMOHOTOHHO 3MiHIOIOTECS B Mexax Bix 2 mo 7 I'Tla. Iok-
PHUTTS XapakTepu3ytoTbesi Bucokoro teepaictio 30...36 I'Tla, mopcTkictio noBepxHi Ha piBHi 40...50 HM 1 HU3bKUM
KoeiieHTOM TepTs, 0 J03BOJISIE BUKOPHCTOBYBATH iX B SKOCTI 3aXMCHUX MOKPUTTIB JJISI IHCTPYMEHTY 1 BY3JIiB
TepTsL.
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