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Bausiaue oTkura Ha MHMKPOCTPYKTYPY M MeXaHH4YeCKHe CBOHCTBA TOHKOM
HUTPHI-TUTAHOBON IJIEHKH
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Memooom mazHempoHHO20 HanvLIEHUA NpU NOCMOAHHOM MOKe HA CManbHyio nodaoxcky SUS 304
HAHOCUNU HUMPUO-MUMAH08ble NAeHKU. []emanbHo Uccie008ano eausHUue OMx#cUuea nocie HameceHus
NIEHOK HA MUKPOCMPYKMYPY U UX MeXaHuueckue CE0UCMEA ¢ NOMOWbIO Memood amoMHO-CULO8OL
MUKPOCKONUY, CMAOUIU3AMOPA HANPAIHCEHUS U HAHOUHOEHMUPOo8anus. Humpuo-mumanosevie nienxu
oboicuzanu npu memnepamype 100...300°C. [Llepoxosamocme ux nogepxuocmu, ucciedyemas mMemo-
00M AMOMHO-CUNOB0U MUKPOCKONUU, ymenvuunacy ¢ 3,83 00 2,43 Hm npu noseviuieHuu memnepa-
mypol omarcuea ¢ unmepeaie 100...300°C. Ckopocms Koppo3uu nAEHOK, USMEPEHHAs ¢ NOMOUbIO

cmabunuzamopa nanpaxcenuti 6 0,5%-nom monapuom pacmeope H,SO,, cnusunace ¢ 8,57 -1 072 %o
4,59-1072 mm, mozoa xax memnepamypa omacuea nogvicuiacs ¢ 100 oo 300°C. Pocm koppo-
BUOHHOU CMOUKOCMU 3A6UCUM OM YEENUYeHUs MEePOOCU U MOOYIIsL YAPY2OCMU NAEHKU ¢ memne-
pamypou omoicuea. Hccredosanue nienku nocpeocmeom mMemood amoMHO-CUIO80U MUKPOCKONUU
NOKA3aN0, Ymo HUMpUO Mumatd, KOmopwlil 00cueancs npu Oojee GblCOKOU memnepamype, umeem
MEIKO3EPHUCIYIO CIMPYKMYPY. YCmanoe1eno, 4mo Mexanuyeckue CGOUCmed HUmMpUO-mumano8blx
NIEHOK MOJICHO 3HAYUMENbHO YIAyYwums nymem omoaicuea. Ilonyuun noomeepocoenue mom gaxm,
Umo KOHMPOIb NPOYecca omaicued Kpaiine Heodxooum 071 YCOBEPUEHCMEOBANUSL CGOUCME HUMPUO-
MUMAHOBBIX NILCHOK.

Knroueeswie cnosa: MAaroeTpoOHHOC HANbUICHUC, HUTPUA-TUTAHOBBIC IVICHKH, OTXKHUI, HAHO-
UHACHTUPOBAHUEC.

Introduction. In recent years, titanium nitride (TiN) films have been widely used for
many industrial applications, e.g., for improvement of corrosion resistance and wear
protection of cutting tools [1] and machine components [2], because TiN possesses high
hardness, thermal stability, low friction coefficient, corrosion and erosion resistance [3].
TiN with sufficient biocompatibility is also considered as an important biomaterial [4—7].
Hadad et al. [8] reported that the addition of up to 30% of titanium nitride to silicon nitride
matrix led to an improvement of wear resistance of migration of metal atoms from the
interconnects into adjacent dielectric [9]. TiN is one of the most widely used diffusion
barrier materials [10]. TiN films grown by physical vapor deposition (PVD) on a substrate,
will inevitably have residual stress after the process is complete. The residual stress is also
a significant factor on influencing preferred orientation, adhesion, and hardness of the film
[11]. An excessive stress can lead to cracking of the film in the case of tensile stress and to
buckling in the case of compressive stress. Machunze and Janssen [12] deposited TiN films
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on silicon substrate using unbalanced magnetron sputter. They found that the average film
stress is highly compressive in thin films and less compressive in thicker ones. Lee et al.
[13] investigated the effect of TiN coating on electrochemical behavior of Ti alloys. The
wear resistance of TiN is often attributed to the high hardness as well as to good chemical
stability. The achievement of high hardness and high toughness ought to be linked to the
large number of internal interfaces, which act as sites of energy dissipation and crack
deflection. Carvalho and De Hosson [14] described the results of an investigation to
determine the relationship between microstructure, deformation mechanisms, and mechanical
properties of TiN/(Ti,Al)N multilayers subjected to nanoindentation. Wittling et al. [15]
investigated the influence of coating thickness and substrate type on the hardness and
deformation of TiN films on high-speed steel, silicon and sapphire substrates through
nanoindentation with a Berkovich indenter. Sun and co-workers [16, 17] used the finite
element analysis to investigate the plastic behavior of various TiN coating/substrate
systems for a range of different substrates with different properties. Ma et al. [18] studied
the deformation mechanisms of a range of TiN coatings with different thicknesses
deposited on the V820 steel substrate. The performance of tribological coatings depends
greatly on the adhesion strength between the coatings and substrates. Liu et al. [19]
investigated the influence of the ion implantation energy of nitrogen on the adhesion and
surface properties of TiN deposited on aluminum substrate.

Magnetron sputtering provides a wide variation of the deposition parameters which
affect the microstructure and morphology of the films and, consequently, their properties.
In this work, TiN thin films were deposited by D.C. magnetron sputtering process on the
SUS 304 steel substrate. The effects of annealing temperature on the morphology and
mechanical properties of the TiN films were investigated. The microstructure and surface
roughness of the TiN films were examined using atomic force microscopy. The elastic
modulus and hardness are the key parameters in the study of wear and adhesion of thin
films to the substrates and their responses to the mechanical loads. Since the mechanical
properties of the nanomaterials may be significantly different from those of bulk materials,
there is a need to study the mechanical properties of the thin film at the nanoscale. Various
techniques have been developed for evaluating the mechanical properties of thin films.
Among them, nano-indentation [20, 21] has become the most widely adopted technique in
the study of the mechanical properties, such as hardness and elastic modulus, on small scale
or near surfaces. In this study, nanoindentation tests were employed to determine hardness
and the elastic moduli of TiN films with different annealing temperatures. The effects of
annealing temperature on the corrosion behavior were investigated using the electrochemical
method.

Film Preparation. A series of TiN films were prepared by D.C. magnetron sputtering
system (ULVAC MB06-4703) on the SUS 304 steel substrate. The target was a titanium
disk (2 inch diameter) with a purity of 99.995%. The distance between the target and
substrate was approximately 15 cm. The target was sputtered in high-purity argon
(99.999%) and nitrogen (99.999%) plasma. Prior to deposition, the substrates were cleaned
in soap solution, submerged into acetone and ethanol solutions and in an ultrasound bath
for 10 min after rinsing with distilled water. Then the substrates were dried in an oven at
the temperature of 50°C for 30 min before the application of deposition. The chamber was
equipped with a rotary vane pump and a turbo pump. After the pumping period of two
hours, the chamber was evacuated down to a base pressure of 8-10™* Pa. Before the
application of deposition, the Ti target and substrate were sputter-cleaned to remove the
oxide and contaminant. TiN films were deposited at the operation pressure of about
6-10"" Pa with the duration of 80 min for all the prepared samples. The as-prepared films
were post-annealed at different temperatures in air to investigate the effect of annealing
temperature on the microstructure and mechanical properties. The annealing was performed
at temperatures of 100, 200, and 300°C for 80 min. Then, the samples were allowed to cool
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down to the room temperature in their environment. The thicknesses of TiN films were
measured by the surface profiler (KLA Tencor P16). To obtain the film thickness, a small
tape was placed at the substrate prior to deposition to get a step on the sample surface. The
step height was measured in different points on the sample surface, and the film thickness
was taken as the average of these values. The thicknesses of TiN films annealed at different
temperatures of 100, 200, and 300°C, are 195, 181, and 174 nm, respectively. One can see
that the film thickness decreases with the increase of annealing temperature.

Microstructure and Surface Topography. The microstructure and surface topography
of TiN films were examined using atomic force microscopy (Seiko Instruments Inc. SPA
400). The AFM was operated in the tapping mode. The AFM images depicted in Fig. 1
show that the films annealed at high temperature of 200 and 300°C have relatively smooth
surface and compact structure. The surface roughness decreased with the increase of the
annealing temperature as shown in Table 1. More energy was supplied to the molecules at
higher temperatures resulting in the higher migration mobility, which in turn favored the
formulation of a smoother and denser film. This observation was in agreement with the
surface roughness and film thickness listed in Table 1.

Table 1
Surface Roughness and Thickness of TiN Film with Various Annealing Temperatures
Annealing temperature (°C) 100 200 300
Surface roughness RMS (nm) 3.83 2.94 2.43
Film thickness (nm) 195 181 174
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Fig. 1. AFM images of TiN films with annealing temperature 100°C.

Nanoindentation Test. The mechanical properties (hardness and elastic modulus) of
TiN films were characterized using nanoindentation techniques. Oliver and Phar [20, 21]
developed the most comprehensive method for determining the hardness and modulus from
load—indention curve. The results were analyzed according to the equation

S=2aE,=j§E,,\/Z, (1)
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where a is the contact radius and 4 is the projected contact area, whereas f3 is used to
account for the geometric shape of different indenters. For a Berkovich indenter = 1034.
Here S is the contact stiffness corresponding to the slope of the load—indention curve at
the beginning of the unloading. E, is the reduced modulus expressed in terms of the
elastic modulus £ and Poisson’s ratio v of the indenter and the indented material as
follows:

=t @

where subscripts 7 and s represent the indenter and substrate, respectively. For a diamond
Berkovich indenter E; = 1140 GPa and v; = 0.07.
The hardness was determined using the equation

P
H max ,

c

where A, is the area of the indentation at the maximum applied load P, . By knowing
precisely the geometry of the indenter, 4, can be expressed in terms of the indentation
depth % directly determined from measurements.

In this study, the nanoindentation tests were performed using the Mico Material Co.
Nano Test. Indentation was made using a Berkovich indenter calibrated with a standard
silica specimen. A typical load—displacement curve consists of three segments: loading to a
peak load, holding at the peak and unloading back to the zero load. A holding period of at
least 5 s was applied to allow the time-dependent effects to diminish. TiN films annealed at
different temperatures were examined by nanoindentation. Figure 2 represents the load—
displacement curves of TiN films annealed at 100°C. There are three curves in the figure
corresponding to three different indentation depths. By using the continuous stiffness
measurement mode, nanoindenter allows the hardness and modulus to be determined as a
function of indentation depth.
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Fig. 2. Load versus displacement of TiN film with annealing temperature 100°C.

The hardness and elastic modulus of TiN films with different annealing temperatures
(versus normalized indentation depth) are presented in Figs. 3 and 4, respectively. It can be
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Fig. 3. Hardness versus indentation depth for TiN films with various annealing temperatures.
Fig. 4. Elastic modulus versus indentation depth for TiN films for various annealing temperatures.

observed that both the hardness and elastic modulus increase with the increase of annealing
temperature. This increase is attributed largely to the effects of fine-grained morphology of
the film annealed at higher temperature. The measured hardness and elastic modulus values
were found to depend on the indentation depth. As shown in Figs. 3 and 4, both hardness
and elastic modulus drop with the increase of indentation depth.

Corrosion Test. The corrosion behavior of TiN films was investigated using a
potentostat (Solartron 1285 potentostat) in 0.5 molar H,SO, solution at room temperature.
Electrochemical measurements were carried out with conventional three-electrode
configuration consistent with a platinum counter electrode, a saturated calomel reference
electrode and a working electrode. The corrosion potential ¢ .. was swept from the
initial potential of —1V to the final potential of +1V with a sweep rate of 10 mV/s for all
specimens. The corrosion current density J ., can be obtained from the polarization
curves using the Tafel extrapolation. The corrosion potential, corrosion current density and
corrosion rate of TiN films with various annealing temperatures are listed in Table 2. The
corrosion rate of TiN film measured by a potentionstat in 0.5 molar H,SO,4 solution
decreased from 857-1072 to 4.59-1072 mmPY as the annealing temperature increasing

from 100 to 300°C. The increase in the corrosion resistance is attributed to the increase of
hardness and modulus of the film with higher annealing temperature.

Table 2

Corrosion Potential, Corrosion Current Density, and Corrosion Rate of TiN Film
with Various Annealing Temperatures

Annealing Corrosion Corrosion current Corrosion rate
temperature (°C) potential (V) density (A/cm2) (mmPY)
100 517-107! 827-107° 8.57-1072
200 4.44-107" 7.10-107° 7.34-1072
300 4.63-107" 4.42-107° 4.59-1072

Conclusions. The microstructure and mechanical properties of TiN films annealed at
different temperatures were investigated in this paper. Experimental results show that
annealing temperature plays an important role in modifying the morphology and mechanical
properties of TiN films. More energy was supplied to the molecules at higher temperatures
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resulting in the higher migration mobility and nucleation density, which in turn favored the
formulation of a smoother and denser film. Consequently, surface roughness and film
thickness decreased with the increase of annealing temperature. Enhancement in the
hardness and elastic modulus of TiN films with the increase of annealing temperature was
attributed to the fine grain morphology. The corrosion resistance of TiN films also
improved with the annealing temperature increase.
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Pe3zome

MeTogoM MarHeTPOHHOTO HAMMJICHHS ITiJT A1€10 MMOCTIHHOTO CTPYMY Ha CTaJIbHY IiAKIAAKY
SUS 304 maHOCHIM HITPHUI-TUTAHOBI TUTIBKHU. JleTambHO AOCTIHKEHO BIUIMB BiANATY MiCIs
HaHECEeHHS IUTIBOK Ha MIKPOCTPYKTYPY Ta IX MEXaHI4HI BIIACTUBOCTI 3a JIOTIOMOTOI0 METO/TY
ATOMHO-CHJIOBOI MIKpOCKOIIii, cradiiizaropa Hampyrd i HaHOiHAeHTyBaHHs. Hitpui-tura-
HOBI MUIiBKK BunamoBanu 3a temmeparypu 100...300°C. HlopceTkicTh IXHBOT MOBEPXHI, 11O
JIOCITIIKYBAIacsi METOI0OM aTOMHO-CHJIOBOT MIKpOCKoIIii, 3MeHImmacs 3 3,83 mo 2,43 um i3
MBUIIEHHAM TemIneparypu Bianany B iHtepsami 100...300°C. HIBuakicte Kopo3ii MIiBOK,
SIKy BUMIPIOBAJIM 32 JIOIIOMOTot0 cTabitizaTopa Hanpyrd B 0,5%-HOMY MOJISIPHOMY PO3YHHI
H,SO,4, 3Menmmnacs 3 8,57- 1072 1o 4,59: 1072 MM, y TOH Yac sIK TeMIeparypa BiJmany

nigsummiack i3 100 mo 300°C. 3pocTanHHs KOPO3iMHOI CTIMKOCTI 3aJIe)KUTh Bif 301ib-
LIEHHsI TBEPJAOCTI 1 MOJYJIsl TMPYKHOCTI IUIBKM 3 TeMIIepaTyporo Bignany. JlociiukeHHs
IUTIBKH 32 JIOTIOMOTOK0 METOJIy aTOMHO-CHJIOBOT MIiKPOCKOIIIT MOKa3aiio, 1o HITPUI TUTaHY,
SIKUH BUIAJFOBABCS 32 OLIBII BUCOKOI TEMIEpaTypH, Mae APiOHO3EPEHHY CTPYKTYpy. YcTa-
HOBJICHO, II0 MEXaHIYHI BJIACTUBOCTI HITPUA-THTAHOBHX IUIIBOK MOXKHA 3HAYHO MOKpa-
IUTA [UIIXOM Bimnany. OTpuMaB MiITBEPDKEHHS TOW (DaKT, MO KOHTPOIb MPOIECY
BiJlary HEOOXiTHUI TSl YAOCKOHAJICHHS BIACTUBOCTEH HITPHUI-TUTAHOBUX ILTIBOK.
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