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ABSTRACT

The temperature conditions for different formation stages of nanostructured and polycrystgAiN
thin films have been identified for the first time, using cathodic arc evaporation. A #xeestructural zone
model has been developed to identify structural zones ef AN thin films. This model, combined with
chemical anal ysi s, has beens< uG.e4ALNtn filns Wwith keferersento a pat t
the formation process and temperature conditions. NanostructuregAlj /N films formed at the maximum
film heating rate and at the optimum gas mixture pressure have the highest aluminum confert 28.7
at. % and the film compositi on asgsphigleeatiiah 265 att%haed treet oi ¢ hi
- alCrx/1-x is higher than0.6, the size oftte coherent scattering regiolfCSRdeclines sharply to 10 nm. The
degree of texturizatiorof the Ti,_,ALN thin films steadily increases with the growth of thg and , o/Cy. An
improvement in physical and mechanical properties of AN thin films @n be achieved by bringirtpe .
to = 26.5 attheépa/Ciliy I®r iOn.g6,n gb £SRsize tod@ mm gy otdérieg the
microstructure, and by increasing the degrektexturization of Ti,,AkN thin films to 0.8. The TiALN thin
films also exhibit excellent sliding wear resistance and a low friction coefficient due to maximum full free
energy of 71.3 eV and Ak layer which diminishes Qdiffusion into Ti,ALN thin film and preserves its
microhardness at high temperatureff the . 5 and . o/Cy; conditions are not met, the influence of JALN
films on the properties is significant.
Keywords - Ti_,ALN thin film; PVD elemental compositionphysicaland mechanicalproperties, tribological
properties
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INTRODUCTION

Preservation of physical, mechanical, thermal and tribological properties. @kN thin films (n that
context, C(Al)=xaluminum content C(Ti)=1x- titanum content andC(Al)/C(Ti)=(x/(k) —aluminumto-titanum
content ratio) and substrate at rising temperature in the friction area can be assured by developing a highly
adhesive AD; surface layer which preserves microhardnegshigh temperatures due to diminished, O
diffusion into Ti,ALN thin films, preventing their oxidatiofi,2].

However, the above listed properties of  JALN thin films with singlgphase NaCl structure
deteriorate significantly if theC(Aljgoes up to x=0. 7. The wurtzite AIN st
from the cubic AIN structure results in incompatibility with the cubic solid solution. It also changes the
electronic structure and bonding in the; JALN thin film and causes itsobesive failure[3-5]. Numerous
studies[6-10] have confirmed the influence whidB(Al) the deposition method and process conditions exert
on the final propertie®f Ti,ALN thin films.

However, the influence patterns ofZ(Al) and C(AI)/C(Ti)with respect to the texture, the
microstructure, physical, mechanical and tribological properties G AEN thin films have not been studied to
a sufficient extent.

The objective of this paper is to study the influence of thgAl)and C(AI)/C(Tipn the texture,
microstructure, physicahnd mechanical properties, and tribological properties, such as wear and friction
resistance, of Ti,AkN thin films.

EXPERIMENTAL
Specimen preparation

The surface of all test sampleplates of VK8 hard allajgubstrate}-was subjected to ionic cleaning
using a single arc evaporator with a Ti cathode. To obtaiALN thin films of various ultimate composition,
the initial Ti_ALN thin film temperature’ () and heating rate\{ ) Were increased duringeposition. The
substrate tyf nhe deating nate \&, L), Theating distribution and, as a consequencewere
increased without changing the time of ionic cleaning by raising the high voltage rates or bgulatign
substrate pretreatment at low temperature in glow discharge, or by increasing the length of ionic cleaning
with gradual increase of high voltage. TWee.: Of Th_AKN thin films during their deposition was increased by
raising the technological parametergas mixture pessure P) and bias voltage supplied to the substrate
during the deposition processAny changes in temperature were also assessed with respegtdTim ( o —
thin film melting temperature) and; .o The surface temperature of the fixed substratasstaken after ionic
cleaning and deposition of the sublay&iN and Ti_ALNthin films, using a Termix infrared noncontact
pyrometer.

To identify the technological and temperature parameters at which the nanostructured and
polycrystal Ti,ALN thin films were formed, their structure evolution was assessed in the ranges of low
temperature (0 . 194 t @, ardl.lo®% @gsureTof the Ar and,Nas mixture (0.5 to 1.0 Pa), where
formation of the microdrop phase is impossible.

Measurement techniges
Surface morphology and fractography of the fractures study
A surface morphologystudy and fractography of the fracturesf the Ti_,ALN thin filmswas carried

out with the use of a scanning electron microscope BS 300 with an attachment EDAX Geéf@esid field
emission electron microscopdltra 55 with EDX attachments
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Local chemical analysis

Local chemical analysis of selected areas @RALN thin films was conducted usinfield emission
electron microscopeUltra 55 with EDX attachmentsscanning electron microscopeBS 300with an
attachmentEDAX Genesis 20@0id Leo 1430 VP with an INCA Enet®0 energy dispersive spectrometer.
Quantitative electron microprobe analysis was conducted using a-BIARe Xray microanalyzeat 20 kV
accele ati ng voltage, 20 nA measuring current and 5 uyuym p

Xeray investigation

Diffractograms of Ti,AkN thin film areas were taken using a Shimadzu X6B@0 Xray diffractometer
inCuKa radiation at 3cOrerk Yheamgular sparieg oatinegict@rds takedwas 20 to
13, the exposure waat the 4s point.

The crystal |l attice parameter was calculated acco
the methodology described in publicatiofig] based on identifying therystal latticeparameterof Ti_,ALN
solid solution followed by finding the quantity of the replacing component, assuming that its relation to the
solid solution composition a(x) can be expressed as a(@aw ¥ ( lamywhenge x = fgv—  a (&gl
aan)- Thecrystal latticeparameter of the TiLALN solid solution was determined from the peak whose angular
position corresponded to t hoandpeakumslitiens(Blrl)afqg'iNarmi@lN.e 20 -
Vegard’s |l aw is quite often not very accurate]ly follc
however, the reading ofC(Al)allows a 90% confidential probability.

Thecoherent scattering region sizeas calculated using the methodology cefed in publication[8].
The degree of texturizatiorfgrain disorientation relative to the texture axis) of JALN thin films was
calculated using r 10Y/I-I1E_ﬂhe full free energy of {JALN thin films surface(l;) was assessed using the
method described inhesis[5].

Mechanical test

The physical and mechanical properties of the AEN thin films: microhardnesy H) , Young' s
modul us (E), resistance to elastic 3/ﬁiaahdlelasti(erecsveryai n (H
(We) were measured according tihe standard DINENISO 145¥7method of nanoindentation, using
FISCHERSCOPE H100C to me#sunrélims, as well as mathematical treatment of the obtained experimental
curve series for load/unload test sampl3.

Wear test

Fingeron-disc wear tests ofi,_ AN thin filmson flat substrates were undertaken againgk8 hard
alloyat 25°C incoolantcutting fluid (Fig. 1,a).ne number of fingergcounter bodywas 3(Fig. 1,b), the radius
of the fingersphere was R = 6.5 £ 0.25 mm. The axial loading on three fingeis wd§5H, the linear sliding
velocity of the finger was V = 0.68 m/fieTrubbing path of thdingerswas L= 1500 m, the test duration was t
= 740 s. The radius of thin film worn surfaces was R = 7 mm. Profilograheswérn Ti,,AKN thin film and
finger surfaces were obtained and processed using a MarmékiQ 400 highprecision outof-round gage,
running the MarShellMarWin software.

The tribological properties of [LiALN films:friction resistance- friction factor ), frictional torque
¢ fl), and counterbody wear resistancbn\% were determined by the equatiosn[10,11](1), wear resistance-

wear resistance in volumé¥ andwear resistance imass | ?n were determined by the equation3] (2).

fo M, _Fpd,

V _ _ —rh(R - 1214\ 12
“T6 6 |#) =nVi/(Fal. ), nVe=p* W(R1/3h), h=R(R-d"/4) 1)

! For the moment, and théiction factorto the average values from those obtained for 3 seconds after passing the fingers
sliding distance of 10 m.
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1Y =pvi(Fel ), Visdit, PV = DG, | M =pmi(FyL ), km=m, ¢ m, @)

where R, is the force influencing the straigauge transduce(N); I is the distance from the rotation axis of
holder 5 to the force straingauge transduce8 (mm); m; is the weight of the samplavith Ti, AN thin film
before, andm, after, testing (weighing error £ 0.15 m@hg). For the Ti,ALN thin film, V; is the wear rate

(mm°), d is the diameter of the wear scdmm), D is the diameter of the wear cratefmm) and Sis the
average area of the wear crateross sectiofmm?). For the counter bodypV, is the decline in volumémm?®),
his the height of the worn segment in mm adgiis the diameter of the wear scé&mm).

1 2 3
A, B
g lol|io1] 5
l lolio} 6

i

©
(@) 13 12,

Z

Fig. 1: (a) Friction machine for finger-on-disc wear tests of the Ti,_Al,N thin films:

1 - motor set; 2 — belt transmission; 3 — lever device with fractional weights; 4 — bearing support; 5 — holder;
6 — finger - counter body; 7 — disk with the sample (test sample with the Ti,.,Al,N thin film applied on it) and
a lever; 8 — strain gage force transducer; 9 — ball; 10 — a glass with coolant-cutting fluid; 11 — stationary base;
12 - bearing part. (b) Finger surfaces

RESULTS AND DISCUSSION
Influence of deposition conditions on the microstructure of AN thin films andtheir Al content

Based on the results dhe technology experiment, a surface morphology study and fractography of
the fracturesof the Ti,ALN thin films has been undertakenfor the first time, the temperature conditions
have been identified for different formation stagesrnostructuredand polycrystal Ti,AKN thin films, using
cathodicarc evaporationTo build the threeaxis structural zone model of TAKN thin films, we developed
schematic images for resultant structural formations and conventional signs for thin film formation:stages

1 —globules form and mergé-ig. 2,

2—{100} edges develop on globuldsd.2,b);

3 —polycrystal component seeds of, JAKN thin film start to generate and intergrowrig.2,c);

4 —geometric selectiortFig.2,d);

5 -initial axial <100> structure forn{gig.2,e);

6 —texturing the crystallites into the plateletlike formatio(sig.2,f);

5 — disordering between texture grains igduced, nanostructuringof the crystallitesand a solid
nanostructured Ti,ALN thin film with a homogeneous (even) structure develops in the formation direction

(Fig.2,9).
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SECTION (Original)
Y.nm dX= 289 um; dY=161.83nm (3.2°)

[} X, nm
[x] 500 1000 1500 2000 2500

Length: 2.89 um; Height: 195.40 nm Poims: 174

(d)
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(f)

Fig. 2: The stages of thin Ti,_ AN film formation

Based on the threaxis structural zone model (Fig), structural changes in LIAKN thin films were
identified depending on the technological and temperature parameters of the deposition process of cathodic
arc evaporation, as well as the ability of nanostructured AN thin films to form in a lowemperature area
under the optimum sucturing conditions.It is revealed that, under rapid substrate heating and minimal
temperature of thedeposition processthe rate of formation stages of the film decreases and the structural
formation of the thin film is limited only by the globulaage.

28,7 at.% 4

Ay
V f.heats
K/min

| P5.38at.%
Al=27,98 at.%
| 4.81at.%

)22({2\“.% ‘\\\- P,Pa
2| - P1.60at.9f-. =

Fig. 3: Three-axis structural zone model of Ti,_AlN thin films: T,,,/Tm, Vineat and gas mixture pressure. Numbers 1 to 6
in the model designate the stages of thin film formation [12-13]
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Chemical analysis of,TALN thin films at each stage of formation allowed us to conclude that
ordering of the microstructure and increasing the degree of texturization was accompanied by an increase of
the C(Al)in thin films. Nanostructured J§Al 4N thin films formed at the mimium substrate heating rate
Vsub.neatOf 25 K/min, at the optimum initial thin film temperature of 670 K, at the maximum film heating rate
Viheat Of 6 K/min, and at the optimum gas mixture pressure P of 1.0 Pa have the highest aluminum content
C(Al= 28.7at.% and their composition approaches the stoichiometric one.

Influence of Al cotent on the Ti,ALN thin film texture

With the increase of gas mixture pressure, the quantity of triplg AN nitride, C(Al)and C(Al)/C(Ti)
grows, in as much as thepeed of plasma chemical reactions grows and so does the quantityiofthie gas
mixture which enters into a nitride formation reaction. With the growth @fAl)in Ti_,ALN thin film, the
crystal lattice parameter value becomes reduced (this is evieléric publicationg1,8,14). This is caused by
smallersized Al atoms replacing Ti atoms in the TiN lattice, even though the coordination number of Bi and N
atoms in TiN is 6, while the coordination number of Al apdtdms in AIN is 4. The reduction\d{,, neocduring
heat treatment of the substrate before ;LiALNthin film deposition also causes an increas¢hef C(Al)and a
reduction in crystal lattice parameter value, due to a higher mobility of adsorbed atoms.

TheC(Aland the C(Al)/C(Tigxerta significant influence on the size of the coherent scattering region
and the degree of TiAKN thin film texturization. The increasd the C(Al)and C(Al)/C(Ti)o 26.5 at.% and 0.6
at.% respectively helps to reduce the size of the coherent scatteggipn and enhance the degree of, Ti
WALN thin films texturization. If > 26.5 at. % andA/C> 0.6, the size of the coherent scattering region
declines sharply td0 nm and the degree of {[jALN thin film texturization increases to 0.8 (F4g.

CAICTi CSR,nm T
0.7 1 —32r-0.8
—O— CAICTI i
T —¥— CSR -
0.65 - —H—T - 28
L —0.6
24|
0.6 1 N
| 20 0.4
0.55 - i N
—16
- —0.2
0.5- |
0-45 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 8 _0

21 22 23 24 25 26 27 28 29
Al content in Ti1-xAIxN thin films , at.%

Fig. 4: Dependence of the size of the coherent scattering region and the degree of Ti,_,Al,Nthin film texturization on
C(Al)and C(Al)/C(Ti)n Ti;_,AlN thin films

Influence of Al cotent on the physical and mechanical properties of JAlN thin films
Bringing the Ti,AkN thin film formation process into a higher temperature range, increasing(Ad)
to 26.5 at.%, ordering théhin film microstructure, reducing thsize of the coherenscattering region and

assuring a higher degree of JAKN thin film texturization result in improved physical and mechanical
properties of the thin films (Table, Fiy. a ) .
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Table 1: Changes in tribological properties, physical and mechanical properties of Ti,,Al,N thin films depending on the

C(Aland C(Al/C(Ti)
A, | GJ/Cn , 1, K HIE, W, [m - v . |V f
at.% GPa| GPa GPa % £ {10 f'];/ 10
mg/ N-| mm¥ N.nf MM/ N
21,06| 045 | 26 197 |0.10 0.36 53 12.25 7.53 10.15 0.18
22,02| 048 | 27 274 [0.10 0.42 55 11.75 6.96 9.56 0.17
24,81| 052 | 28 280 [0.10 0.43 58 9.24 6.59 7.26 0.15
26.50| 0.61 | 32 303 [0.10 0.70 66 7.80 3.50 3.77 0.13
27.62| 064 | 33 329 [0.10 0.79 68 1.06 0.38 0.78 0.11
27.98| 0.66 | 34 334 [0.10 0.94 69 0.12 0.26 0.43 0.09
28.70| 0.67 | 36 358 [0.11 1.31 76 0.03 0.05 0.18 0.08
Ea Ha H/E HleZ, We,
GPa GPa GPa_ %
400 - & H —0.15—1.5 80
——E i
—70
350 - —1.2 i
— 60
300 - —0.9 |
— 50
250 - —0.6 [
— 40
200 - —0.3 L 30
150_ 20—[ L) l L) l L) l L) l L) l L) I L) l L) 0.05_0 _20
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(a) Al content in Ti1-xAIxN thin films, at.%
Es H! H/E HGIEZ, We,
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—&— H3/E2 —70
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3504 .| B— We X
—60
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(b)

CAI/CTi in Ti1-xAIxN thin films, at.%

Fig. 5. The pattern of change in physical and mechanical properties of Ti;_AlN thin films depending on their C(Al)(a)
and C(Al)/C(TiYb)
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The C(Al)value has only an insignificant impact on the_JALN thin film resistance to K élastic

failure strain, as the H and E

v ahee Q(al)s

ncrease

The bestcollection ofphysical and mechanical properties, which is 36 GPaj = 358 GPay, =

76%;H/E= 0.10 andH/E® = 1.31 GPa, corresponds to nanostructured, AN thin film with the maximum
C(Al)= 28.7 at.%and with the maximumC(Al)/C(TiF 0.67 formed under the optimum technological and

temperature parameters.

The physical and mechanical propertie$ Ti_ALN thin films are more influenced b@,/Cy; and by

the extent to which thehin film composition matches the stoichiometric

When the C(AIl)/C(Tiyalue in nanostructured Ti,AKN thin films increase, their elastic recovery

one (Fgb).

improvesand the thin films become more resistant to elastic failure strain and plastic deformation $Fig).

The efficiency of TiALN thin films in terms of higher heat resistance and preservationpbysical and

mechanical properties of thseubstrate is due tdormation of A}O; which preserveshe propertiesboth of thin

film and substrate.

Influence of Al content on the tribological properties of Ti,_,Al,N thin films

The durability and antifriction properties of, TALN thin films are influenced byhe C(Al),C(AI)/C(Tj)

the size of thecoherent scattering regioCSIR surface deficiengyand full free energyf Ti_ALN thin film

surface(E) (Fig.6).
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Fig. 6: The pattern of change in tribological properties of Ti;_,Al,N thin films depending on the C(Al)(a), C(Al)/C(Ti)E,

and CSRb)
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All tribological properties improve if th€(Al)value and C(Al)/C(Tiyvaluein the Ti_ALN thin films
grows. Such an outcome of chemical analysis can be accounted for by the fatttetemposition of i, Al
N thin filmis close to the stoichiometric one.

Analysisof the tribological properties | V, , |f\r]/ andf shows that TiL,AKN thin films with 5 =

m
| f
26.5at%, A/Ciz 0. 6, t dize ofteemn@herénessattering regiod0 nm,and themaximumfull free
energy of TiL,ALN thin film surface71.3 eV have higheribological properties(Fig.6, Tab.). If the 5 and

. alCriconditions are not met, thie influence on the tribological propertiesf Ti_ALN thin filmsis significant.

If the C(Al)/C(Tiyaluein nanostructured Ti,AKN thin flms i n c r e a samdfull free energydf . 6 O
the thin film surfacegoes upto 71.3 eV, the thin film and counterbodybecomemore resistant towear in
volume and massand the friction factor goes down (Figg, b). A higher wear resistancef Ti_ AN thin films
results in a bettepresenation of both the thin film properties andcounterbodyproperties.

CONCLUSIONS

A universal model of structural zones has been built and an opportunity has been identified to obtain
nanostructured and polycrystdl ,ALN thin films usingcathodicarc evaporation at low values of substrate
temperature and gas mixture pressure. Patteofishangehave been traced fothe microstructure,C(Al) and
C(Al/C(Tiassociated with theéechnological and temperature parametev§the main procesor Ti_,ALN thin
film deposition.

For the first time it has been ascertained that @bological, physical and mechanical properties
improve if theC(Al)valueand C(Al)/C(Tiyaluegrows. Such an outcome of chemical analysis can be accounted
for by the factthat the composition of Ti,ALN thin film is close to the stoichiometric one.

For the first time, the role othe C(Al)and C(Al)/C(Tihas been determined, as well as that of the
texture and microstucture of TLALN thin films in developingtheir tribological, physical and mechanical
properties

The criteria for choosing a structure and composition of AN thin films with a set of high
tribological, physical and mechanical properta®: the size of thesmallest coherent scattering regiphigh
degree ofTi_,AkN thin film texturization maximumC(Al) maximumC(Al)/C(Tj)and maximumfull free energy
of the Ti_ ALN thin film surface[15-18].

The resultant multfactor relationsof the C(Al)to the tribological physical and mechanical properties
confirm that the developed TiALN thin film deposition processes allow us to obtain multifunctiotiah films
with a predeterminedexture, composition anaollection of tribological, physical and mechanical propest
to achieve a manifold increase in the resistance of process tools and friction pairs working withdgavy
materials.

It is possible to managthe tribological, physical and mechanical propert@snanostructured Ti
AN thin films by changing thei€(Aland C(Al)/C(Ti)

Highlights

| Threeaxis structural zone model of, LALN thin films

| Interrelationships between the structure of;JALN thin film and their properties

| Physicaland mechanical properties of JALN thin films

| Tribologicaproperties of Ti,ALN thin films

i T, ALN thin films with more thar26.5 at.%of Al contentexhibit optimal properties

Abbreviations

Cu - aluminum content, H—thin film microhardness,

C(Tiy titanum content E-thin film Young’'s modul
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Cu/Cqi - aluminum to titanum content ratio, H / -Bhin film resistance to elastic failure strain,
T; - thin film temperature, H¥ %-thin film resistance to plastic strain,

Tm —thin film melting temperature, We - thin film elastic recovery,

Tsup - substrate temperature, IV - thin film wear resistance in volume,

Vi neat - thin film heating rate, f

Vsub.neat- SUbstrate heating rate,
E - full free energy of thin film surface,
CSR coherent scattering region,

I]ﬂn - thin film wear resistance in mass,

f —thin film friction factor,

T- maxhe;/ |5 - degree of texturization, | % - counterbody wear resistance in volume.
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