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Wear and corrosion resistant coatings have been obtained by HF magnetron sputtering of
an AIN-TiCrB, target (prepared by powder metallurgy technique) on Si, Al,O; and GaAs single
crystals. The coatings are characterized by ultra dispersed structure and a considerable
high-temperature oxidation resistance caused by the formation of solid solutions in the
AlL,O5-TiO,—Cr,0; and Al,0;—B,0; systems. The target material mass gain at 1800°C is
1.4 mg/cm?2. After the high-temperature oxidation, a reinforced disperse structure is formed in
the coating as tangled Al,O5 fibers. The (AIN-TICrB,)Al,O; and (AIN-TiCrB,)-GaAs coatings are
thermally stable up to 900°C and show high microhardness (Hu =30 GPa) and fracture
strength (K;. = 3.3—4.7 MN/m3/2). As the annealing temperature rises (T > 1000°C), the coat-
ing mechanical properties deteriorate but its adhesion strength becomes improved. The target
material AIN-TICrB, can be recommended to prepare wear and corrosion resistant coating on
tools as well as on vital parts being operated in extreme conditions.

TlonyueHBl MBHOCO- U KOPPOSMOHHOCTOUKWE MOKPBITUSA PAAUOUYACTOTHBIM MAaTHETPOHHBIM
pacneirernem mumern AIN-TICrB,, marorosneHHOlI MeTOZaMM IOPOIIKOBOH MeTaJLIypPIHH,
Ha moHokpucramnax Si, Al,O; um GaAs. IIokpeITHA XapaKTepUSYIOTCHA YIbTPAAUCIEPCHOM
CTPYKTYPOH M 3HAYUTEJIBbHBIM COIIPOTHBJIEHWEM BBLICOKOTEMIIEPATYPHOMY OKHCJIEHHIO 0Jaro-
maps o0pasoBaHUIO TBePAbIX pacTBopos B cucTeMax Al,O;—TiO,~Cr,05 u Al,0,—B,0,. Ilocne
BBICOKOTEMIIEPATYPHOI'O OKUCIEHUs (POPMUPYETCS apMUPOBAHHAS AUCIIEPCHAS CTPYKTypa IIO-
KpBITHA B BHUfe Iepermaeraiomuxca BoJokKoH Al,O;. IToxpertusa (AIN-TICrB,)-Al,O; u (AIN-
TiCrB,)-GaAs Ttepmocrabunapaer g0 900°C n mMeOT BBHICOKHE B3HAUEHHA MHUKDPOTBEPJOCTH
(Hp = 30 I'Tla) u tpemunocToiikoctu (K,;, = 4.7-3.3 MH/m3/2). C pocrom TeMIepaTyphl OT-
sxura (T > 1000°C) mexaHMUECKME CBOMCTBA ITOKPLITAN yXYAIIAOTCS, HO IIPKU 9TOM HMX ajre-
3MOHHAA IIPOYHOCTL Boapacraer. Marepuan mumenu AIN-TICrB, moser GbITh PEKOMEHIOBAH
IJIsl TIOJIyYEeHUWs] MBHOCO- U KOPPOSMOHHOCTOMKMX IOKPHITHN HA HMHCTPYMEHTEe, a TaKiKe Ha
OTBETCTBEHHBIX IETAJNSIX, PAOOTAIIIUX B 9KCTPEMAIbHBIX YCIOBUSIX.

As a rule,
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composite materials contain-

ing cutting and punching tools, that requires to
use wear and corrosion resistant materials with
high working temperature (700°C) and sufficient
thermal conduction for heat removal from the
treatment zone. TIAIN coatings obtained by mul-
tisectional (Al and Ti blocks) target sputtering
are used widely for these purposes [1-3].
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ing three and more components meet such
requirements to the coatings. But multisec-
tional target application both limits the use
of new multiphase materials which provide
variation of the coating properties in a wide
range, and does not provide obtaining the
coating composition corresponding to the
target one. That is why, it is more appropri-
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ate to use low-porosity composite single-sec-
tional targets prepared by the powder met-
allurgy methods.

High corrosion resistance and thermal
conduction of aluminum nitride in combina-
tion with high hardness and electrical con-
duction of transition metal borides allow to
consider the aluminum nitride/refractory
boride ceramics as a new generation of tar-
gets materials for sputtering of wear, corro-
sion resistant coatings as well as barrier
layers deposited by target sputtering.
The aim of this work is to investigate the
structure, composition, mechanical proper-
ties and high-temperature corrosion resis-
tance of multilayered films obtained by
magnetron sputtering of AIN-TICrB, ceram-
ics. The binary titanium-chromium boride is
a TiB, + 20 % CrB, solid solution that has
higher wear and corrosion resistance than
titanium boride. The AIN-TICrB, ceramics
distinctive feature is the formation of high-
temperature corrosion resistant compounds,
B-tialite (B—Al,TiOg), (AL Cr);03, and alumi-
num borates at high temperature oxidation.
Herewith, p-tialite can play the role of a
solid lubricant in dry friction conditions
like FeAl,O, and FeAlOz compounds [4].

AIN-TIiCrB, targets of equimolar composi-
tion, of 60 mm in diameter and 2 mm high
were prepared by hot pressing. The residual
porosity of the targets did not exceed 2 %.
Silicon and alumina single crystals with the
surface orientation parallel to [1120] and
gallium arsenide single crystals of [100] ori-
entation were used as substrates. The coat-
ings were deposited by radio frequency mag-
netron sputtering in purified argon atmos-
phere. The deposition was carried out at
argon pressure of 6.6-1073 Pa and discharge
current of 0.4 A. Herewith, the deposition
rate was 12 nm/min and the thickness scat-
ter from the center to the edges was about
1 %. The coatings were characterized in
terms of their structure, composition, and
properties using various analytical and
measurement techniques, including scan-
ning electron microscopy (SEM), electron
probe microanalysis (EPMA), X-Ray diffrac-
tion (XRD), Auger spectroscopy. The micro-
mechanical testing (micro-hardness Hp and
toughness coefficient K,.) was carried out
by microhardness measuring instrument
PMT-3 at 0.1-2 N load. The coating thick-
ness was 0.6 um. The toughness coefficient
was calculated as [5]

— %
BK,, = PC, "
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where C is the radial crack length; P, load;
B = n3/2tg0, proportionality factor (13.8 for
Vickers indenter); 8, slope angle of C~3/2(P)
dependence. The Hu and K;. values were
measured both for initial samples and for
those annealed up to 1000°C. The high tem-
perature corrosion resistance of materials
and coatings were investigated in non-iso-
thermal conditions by thermogravimetry
and differential thermal analysis at scan-
ning rate of 20 deg/min up to 1500°C.

In principle, the reactions taking place
at high-temperature oxidation of AIN-TICrB,
magnetron films must coincide with those
for the target material oxidation:

4:ch2 + 902 = 2Cr203 + 48203. (4)

At high-temperature oxidation, com-
pounds like tialite Al,TiOg, (Al,Cr),04,
CryTiOg and borates are being formed in the
target skin. Those seem to play the role of
solid lubrication at unlubricated sliding
friction. AIN-TIiCrB, oxidation curves
(Fig.1), together with the results of EPMA,
SEM of the material which have been oxi-
dized at different temperatures [6] confirm
this statement. The process has three
stages. In the initial one (1000-1120°), dou-
ble titanium-chromium boride is oxidized
resulting in formation of TiO,, Cr,O; and
B,O; oxides. There are elongated TiO,
grains alloyed with chromium that are situ-
ated along the boundaries of oxynitride
phase in the structure of this film. In the
second stage (1120-1280°), aluminum ni-
tride is oxidized. In the third oxidation
stage (1280-1520°), high-temperature cor-
rosion resistant composites like Al,TiOg,
CroTiOg5 and aluminum borates are formed
due to solid-phase interaction in Al,O3-TiO,,
Cry053-TiO, and Al,03;—B,05 systems, respec-
tively.

The substrate material influences both
initial and oxidized film composition. The
EPMA results indicate that Ti, Al, Cr, O,
and small quantities of Si are present in the
composition of the 3-5 um thick film ob-
tained by AIN-TICrB, target sputtering on
silicon single crystal in the technical argon
atmosphere. The homogeneity of element
line intensity and the small peak width
along the electron probe scanning, espe-
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Fig. 1. TG and DTA oxidation curves of AIN—
TiCrB, target material: 1 — DTA; 2 — TG.

cially for Al, indicate the formation of
ultra-dispersed film structure (grain size
<0.1-0.2 um). After high temperature oxi-
dation of (AIN-TiCrB,)-Si composite up to
1450-1500°C, the dispersed film structure
is retained but silicon quantity increases by
a factor of 2 in comparison to the initial
surface, due to its diffusion from the sub-
strate. The coincidence of Al, Ti, O and Al,
O concentration maxima in the EPMA spectra
of oxidized surface points to the possible ex-
istence of two phases in the film: [-tialite
and aluminum oxynitride. Herewith, the
film has the structure (Fig. 2) reinforced
with Al,O5 fibers at the length-to-diameter
ratio of 1:10, 1:20 and more. The average
grain length is 0.18-0.35 um. As is well
known [7], the solid solution formation in a
coating-substrate system increases the adhe-
sion bond strength. Therefore, the solid so-
lution formation in A|203—T|02, A|203—S|02
systems at high temperature oxidation of
the film-substrate composite provides high
adhesion bond strength of oxide film and
silicon. At temperatures exceeding 1350°C,
the interaction of these solid solutions takes
place with the formation of a dense oxide
film, which prevents silicon from penetra-
tion into the oxide scale.

The ultra-dispersed film is formed on
silicon single crystal also at AIN target
sputtering in technical argon atmosphere
[8]. According to EPMA data after AIN-Si
composite high temperature oxidation up to
1450°C, the Al and O distribution corresponds
to alumina; silicon is not observed in the
film. Therefore, there is no silicon diffusion
across the film. Herewith, the mass gain and
heat generation effect are not observed. This
testifies to dense alumina film formation
being a barrier to oxygen diffusion.

494

after high temperature oxidation at 1450°C.
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Fig. 8. Auger spectra of (AIN-TICrB,)-Al,04
(110) film: 1 — 0; 2 -B; 3 - Al; 4 - Ti; 5 —
N; 6 — Cr; 7 — Si.

The level-to-level Auger spectrum analy-
sis of (AIN-TICrB,)-Al,0; composite [1120]
surface at various ion etching duration ¢
testifies the formation of oxide phases in
the films, even in purified argon atmos-
phere (Fig. 3). Aluminum exists in conden-
sate in a combined state — mainly, as oxini-
tride and possibly as alumina. Herewith, tita-
nium boride and aluminum oxinitride (oxide)
coexist along the whole film thickness. How-
ever, the oxygen concentration in a thin
upper layer that corresponds to t < 50 s de-
creases sharply. This is due to the fact that
at target sputtering, oxygen is actively con-
sumed for the formation of aluminum oxini-
tride (oxide) being deposited on the sub-
strate. This causes both the decreasing of
oxygen partial pressure with the time in the
working volume and oxygen concentration
decrease in the upper layer. Therefore, ac-
cording to Auger spectrum analysis, the
film surface (¢ < 50 sec) contains mainly ti-
tanium diboride.

The (AIN-TiCrB,)-Al,05 (110) film in the
initial state is amorphous. At annealing
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Fig. 4. Nu(P) dependences for (AIN-TiCrB,)-Al,0O, (110) (a) and (AIN-TiCrB,)-GaAs (100) (b) prior to
and after annealing: initial sample (I, 6); samples annealed at temperatures (°C, 0.2 h duration):
600 (2); 800 (3); 1000 (4), GaAs (100) (5), 500 (7); 900 (8).

temperature 600°C, separate crystallization
nuclei of the oxide phase of 1-2 pum size
appear (Fig. 4). Their quantity and size are
growing with the increasing annealing tem-
perature). At 1000°C, a thin oxide layer of
crystalline structure is formed (the grain
size is no more than 2-3 pm). The EPMA
spectra from the annealed condensate sur-
face indicate the presence of alumina and
titanium oxides. Herewith, the alumina dis-
persity is higher. The coincidence of Al, Ti
and O concentration maxima in the EPMA
spectra on the surface of composite an-
nealed at 1000°C indicates that B-tialite ap-
pears in the film at lower temperature in
comparison with its temperature formation
in stationary conditions (T~1350°C).

The Nu(P) dependences for (AIN-TiCrB,)—
Al,O5 (110) and (AIN-TICrB,)-GaAs (100)
prior to and after annealing at different
temperatures are shown in Fig. 4. The coat-
ing microhardness decreases with the in-
creasing indenter load P because of its small
thickness (0.6 um), and aims to the sub-
strate microhardness. At P =0.1 N and & =
0.1 um, the film microhardness is rather
high and is 30 GPa on both substrates. This
value can be assumed to characterize the
hardness of the film material. The Al,O5
and GaAs substrate microhardness changes
slightly at 0.1 N load and amounts of 21
and 7.5 GPa, respectively. At T,,,<800°C,
the Nu(P) dependence does not change. At
T ynn = 900°C, the microhardness decreases
slightly, probably due to increasing number
of oxide phase crystallization nuclei in the
coating. At T,,, = 1000°C, the microhard-
ness at 0.1-1 N load decreases sharply and
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Fig. 5. C3/2%(P) dependence for (AIN-TiCrB,)—
Al,O5 (110) film prior to and after annealing:
GaAs (100) (1), initial sample (2); annealed at
600°C for 0.2 h (3); at 1000°C for 0.75 h (5).

equals at about 10 GPa. This testifies to
phase and structural change in the film at
this temperature which are due to crystal-
lization processes and the beginning of alu-
minum nitride oxidation. As a result, the
film is getting more rough and becomes yel-
lowish.

The dependence of radial crack length on
indenter load for the film-GaAs system is
shown in Fig. 5. The cracks near the inden-
tations appear at rather low loads (0.2-
0.8 N). In C3/2-P coordinates, the depend-
ences are linear (except for T,,, = 1000°C).
This points to the applicability of formula
(1) for toughness coefficient (X;.) calcula-
tion. The substrate material is characterized
by the maximum C3/2(P) curve slope, and,
therefore, it has low toughness factor. The
curve slope decreases sharply for the film-
substrate system and is minimum for the
coated unannealed sample. This indicates
that the film provides high resistance to
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Table. Effect of annealing on coatings toughness factor K, MN/m3/2

Sample Annealing conditions, T, °C (¢, min)
Initial 500 (30) | 600 (30) | 800 (30) | 900 (30) | 1000 (45)
(AIN=TICrB,)-AlL,O, 4.7 - 3.3 2.9 - 1.6
(AIN-TIiCrB,)-GaAs 3.3 3.1 - - 1.2 -
GaAs 0.5(0.8%) - - - - -
crack extension, perhaps because of its comprising reinforcing elongated Al,O3

lower thermal expansion coefficient as com-
pared to that of the substrate. The latter
fact promotes compression stress occurrence
in the surface layer. The increasing of
C3/2(P) curve slope with rising annealing
temperature testifies the decreasing effec-
tive crack growth resistance of film-sub-
strate composites. The decrease of calcu-
lated K;. with the temperature T,,, in-
crease (see Table), in our opinion, is
connected with changes in both phase com-
position (because of oxidation) and stress
state of the subsurface film layer.

The XRD results indicate that after an-
nealing at 900°C, the Al,O3 lattice parame-
ter does not change. As for GaAs, it in-
creases, perhaps due to coating components
dissolution in gallium arsenide and thermal
tension stresses appearing in the substrate,
and, consequently, compression ones in the
film, that results in the observed changing
of toughness factor.

Thus, the coatings obtained on Si, Al,O4
and GaAs single crystals by magnetron
sputtering of AIN-TICrB, target have ultra-
dispersed structure. The coating phase com-
position can differ from that of the target
because of aluminum nitride oxidation due
to its dissociation under ion bombardment
during deposition. The main coating
phases are binary titanium-chromium
boride, aluminum nitride (possibly oxyni-
tride), and alumina. After high tempera-
ture oxidation up to 1500°C, the coating
dispersity and its high adhesion to the sub-
strate are retained. Herewith, the structure
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grains as twisted fibers is formed. The
(AIN-TiCrB,)—Al,053 and (AIN-TiCrB,)-
GaAs coatings are thermally stable up to
1000°C, have rather high microhardness
Np =380 GPa and toughness factor K, =
3.8—4.7 MN/m3/2. At T,,,>1000°C, struc-
tural and phase changes take place. Those
are accompanied by worsening of mechani-
cal properties. The high hardness of conden-
sates combined with a high-temperature cor-
rosion resistance make it possible to propose
the AIN-TICrB, target material for the depo-
sition of wear and corrosion resistant coat-
ings on the tools and articles working at the
extreme conditions.

References

1. Y.Tanaka, T.M.Gur, M.Kelly et al., J. Vac. Sci.
Technol. A, 10, 1749 (1992).

2. Harte Schichten Zahlen Sich Aus Techn.
Rept., 19, 44 (1992).

3. J.Y.Rauch, Ch.Rousselot, N.Martin et al.,
Europ.Ceram. Soc., 20, 795 (2000).

4. A.Ravikiran, Wear, 171, 129 (1994).

5. B.R.Lawn, Fracture of Brittle Solids: 2nd
Edit., Cambridge Univ. Press, Cambridge
(1993).

6. V.A.Lavrenko, A.D.Panasyuk, M. Desmaison-
Brut, J.Desmaison, Key Eng. Mat., 206—213,
1069 (2002).

7. A.D.Verkhoturov, I.A.Podcherniaeva, P.P.Egorov,
Electrode Materials for Electric Spark Deposi-
tion, Nauka, Moscow (1988) [in Russian].

8. P.A.Andriyevsky, V.A.Lavrenko, J.Desmaison,
Doklady RAN, 373, 60 (2000).

Functional materials, 16, 4, 2009



A.D.Panasyuk et al. /| Magnetron sputtered coatings ...

3HOCO- Ta KOPO3iHOCTIHKIi MArHEeTPOHHI MOKPUTTS
Ha ocHOBi cucremu AIN-TiCrB,

A.Jl.Ilanacrwxk, 1.0.I1100wepnacea, 1.I1.Hewnop,
B.'asanex, B.M.Ieanos

3HOCO- Ta KOPO3ifiHOCTIfIKi MOKPUTTA OmEepP:KaHO PaLioYaCTOTHHUM MArHETPOHHUM PO3IIU-
neanam mimeni AIN-TICrB,, Burorosienoi meTogamMu mopomkoBoi Meranxyprii Ha MOHOKpHC-
rangax Si, Al,O; Ta GaAs. IIokpuTTA XapaKTepusyIOThCA YJIBTPAAUCIEPCHOI0 CTPYKTYPOIO Ta
3HAYHUM OIIOPOM BHCOKOTEMIIEPATYPHOMY OKWCHEHHIO 3aBASKU YTBOPEHHIO TBEPAUX pPO3-
unHiB y cucremax Al,O;—TiO,~Cr,05 ta Al,03-B,0,. Ilicna BucokoTeMIIepaTypHOTO OKHCHEH-
HA (OPMyEThCA apMOBAHA [NUCIEPCHA CTPYKTypa HOKPUTTA y BHUraAni BonokoH Al,O5, mro
nepemnriraiorsca. IToxpurra (AIN-TICrB,)-Al,O5 Ta (AIN-TICrB,)-GaAs repmocrabinbui m0
900°C Ta marTb BuCOKi BHauemHsa wmikporsepmocti (Hu = 30 I'lla) ra Tpimmuocriiikocri
(K;, =4,7-3,3 MH/m3/2). 3 migsumenuam temmeparypu Bigmany (T > 1000°C) mexamiumi
BJIACTUBOCTI IIOKPUTTIB MOTipHIYIOTHCA, IIPU 1IbOMY iX aaresiiina mimnnicts 3poctae. Marepian
mimeni AIN-TICrB, moxHa pexoMeHAyBaTH [JIf OTPHMAHHS 3HOCO- Ta KOPO3iHHOCTIMKMX
MOKPUTTIB HA IHCTPpYMEHTI Ta Ha JeTalsaX, [0 IPAIlOI0Th B EKCTPEMAaJIbHUX YMOBaX.
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