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Structural features and mechanical characteristics of nanocomposite TiAIN mul-
tilayered thin films are characterized by electron microscopy, nanoindentation
and atomic force microscopy. The films are deposited onto WC—Co substrates us-
ing cathodic arc method. As found, Cr dopants have an essential impact on the
microstructure of samples, the morphology of cracks, and the mechanical proper-
ties of the coatings. It results in an increase in the hardness of the films studied
due to disappearance of the wurtzite phase and the formation of a CrN hard f.c.c.
phase. Moreover, the formation of the columnar structure and the increase in the
number of bilayers, etc., contribute to the additional strengthening of the film.
The formation and propagation of indentation-induced cracks are sensitive to
both a structure of film and its growth morphology. The primary cracks appear
for all films beneath the indenter at the contact site. In columnar films, the mor-
phology of these cracks consists of a network of short, discontinuous, irregular
cracks. In fine-grained structures, the straight radial through-thickness cracks
are formed. Such modification of crack patterns is attributed to the role of grain
boundary sliding which is more pronounced in coarse columnar films than in
nanograined materials.

Key words: thin film, cracks morphology, fracture toughness, hardness,
transmission electron microscopy.

MeTtogamu esleKTPOHHOI MiKpPOCKOIIii, HaHOIHAEHTYBaHHS Ta aTOMHO-CUJIOBOL
MiKPOCKOIIii JOCJiIKeHO CTPYKTYPHI 0COOJMIMBOCTI Ta MeXaHiUHI xapaKTepuc-
TUKU HAHOKOMIIOBUI[IMHMX GaraTolrapoBUX TOHKUX ILIiBOK Ha ocuHoBi TiAlIN.
IlniBku Oyso ocamkeno Ha migkgagkax WC—Co BKyyMHO-IYTOBUM METOIOM.
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BceranoBneno, 1o mob6aBku Cr MaioTh iCTOTHHII BILJIMB Ha MiKPOCTPYKTYPY
3pasKiB, MOP(}0JIOTito TPiIMH Ta MEeXaHiYHi BJIACTUBOCTI JOCJIiI)KyBaHUX IIO-
kpurtiB. [logaBauua Cr Beme 40 30iJbIIeHHS TBEPAOCTI MOCTIMKyBAHUX ILJIi-
BOK 3a PaXyHOK 3HMKHEHHsA BIopiuTHOI ¢asu AIN i yrBopenHsa TBepaoi dhasu
CrN. Kpim Toro, momaTkoBoMy 3MIiITHEHHIO IIJIiBKM CIPUSAIOTH ()OPMYyBaHHS
KOJIOHOIIOAIOHOI CTPYKTYpH Ta 30iJbIlIeHHA KiJbKOCTi OilmapiB y MOKPHUTTI.
dopMyBaHHA i NOMIMPEHHA iHAYKOBAHUX iHAEHTAIII€I0 TPIIIUH BUABUJIUCS
YYTJANBUMHU AK A0 CTPYKTYPHU TOCIiIMKYBaHOI ILIiBKY, TaK i 10 Mmopdoorii po-
cTy ii 3epeH. B ycix mOKpUTTAX 3’ ABIAAIOTHCA IEPBUHHI TPiTUHY B MicCIli KOH-
TakTy 3 imgeaTopoM. Mopdosoria mux TPIIUH OMUCYETLCA CUCTEMOIO KOPOT-
KUX, POBPUBHUX, HEPETYJIAPHUX TPIIIUH B MOKPUTTAX, II]0 MAIOTh KOJOHOIIO-
Ii0HY MiKPOCTPYKTYPY. A B ILIiBKax 3 IPiOHO3€PHUCTOIO CTPYKTYPOIO (hopMy-
IOThCA IPAMI pajiajabHi HACKpisHi TpimuHau. 3a3HaueHi 0COGJIMBOCTI CTPYKTY-
P TPIIUH TOACHIOIOTHCA KOB3AaHHAM TPAHUIL 3€pPeH, AKi € OiJbIl BUpasKe-
HUMH B CTOBITYACTUX ILIiBKaX, Hi’K Y HAHOKOMIO3UIIiTHOMY MaTepiaJi.

KuarouoBi ciaoBa: ToHKA IIiBKA, MOPQOJIOTrid TPill[iH, TPIIUHOTCIAKITE, TBEpP-
IicThb, IIPOCBiUyIOUa eJIEKTPOHHA MiKpPOCKOMIidA.

MeTomamMu 3JIEKTPOHHON MUKPOCKOIINN, HAHOWHIEHTUPOBAHUA U AaTOMHO-
CHUJIOBOII MUKPOCKOIIMU KCCJIEIOBAHBI CTPYKTYPHBIE OCOOEHHOCTH U MeXaHude-
CKMe XapaKTePUCTUKN HAHOKOMIIOSUIITMOHHBIX MHOTOCTOMHBIX TOHKUX ILJIEHOK
Ha ocuoBe TiAIN. Ilnéuxu ocaxkmanucs, Ha moaaoxkku WC—Co BarkyyMHO-
IyTOBBIM METOIOM. ¥ CTAHOBJIEHO, UTO n00aBKH Cr OKasbIBAIOT CYIIIECTBEHHOE
BIMSIHNE Ha MUKPOCTPYKTYPY 00pasiioB, MOP(OJIOTHIO TPEIIUH 1 MeXaHNUYeCKHe
CBOMCTBA MCCAeNyeMbIX TMOKpbITUi. [JoOaBienme Cr MPUBOAUT K YBEIUUCHUIO
TBEPAOCTH HCCJIEAYEMbIX ILJIEHOK 34 CUET MCUE3HOBEH! A BIOPIIUTHOI (hasel AIN u
obpasoBauusd TBEpHoit pasel CrN. Kpome Toro, JOmoJIHUTEIBHEIN BKJIAT B TBEP-
IOCTh ILTEHKU BHOCAT ()OPMHPOBAHUE KOJIOHHOOOPAa3HOU CTPYKTYPHI U YBeJIUYe-
HUe Imeproja OK1CIosa B IOKPLITHN. POPMUPOBAHNE 1 PACIIPOCTPAHEHE MHIAYIIH-
POBAHHBIX MHIEHTAI[MEH TPEI[UH OKA3AJINCH UYBCTBUTEIbHLIMI KaK K CTPYKTY-
pe uccaenyeMoi MJIEHKHU, TaK U K MOP(OJJOTUHN POCcTa eé 3épeH. Bo BcexX IMOKPhI-
TUAX TOABJAIOTCSA IIEPBUUHbBIE TPEIITUHEI B MeCTe KOHTAKTa ¢ mHAeHTopoM. Mop-
GoJIoTH ST STUX TPEIUH OMUCHIBAETCA CUCTEMOM KOPOTKUX, PA3PhIBHBIX, HEPETY-
JIAPHBIX TPEIUH B IMOKPBITUAX, UMEIOIINX KOJOHHOIOLOOHYI0 MUKPOCTPYKTY-
py. B mnénkax ¢ MeJIK03epHUCTON CTPYKTYPOi (DOPMUPYIOTCA IIPSIMbIE Paaraib-
HBIE CKBO3HBIE TPEIIUHBI. ¥ Ka3aHHBIE 0COOEHHOCTH CTPYKTYPHI TPEIUH 00bsc-
HAIOTCA CKOJIbyKeHNeM I'PaHuIl 36PeH, KOTOPbhIE ABJIAIOTCS 00Jee BHIPAKeHHBIMU
B CTOJIOUATHIX ILIEHKAX, UeM B HAHOKOMIIO3UITMOHHOM ITOKPBITHMN.

KaroueBble ciaoBa: TOHKAs TJIEHKA, MOPQOJOTUS TPEIUH, TPEITUHOCTOM-
KOCTB, TBEPAOCTD, IIPOCBEUMNBAIOIIAS BJIEKTPOHHASA MUKPOCKOIIUS.
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1.INTRODUCTION

TiAIN-based coatings are used to improve tribological behaviour of the
surface, in particular, cutting and drilling tools operating in rigid op-
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erating conditions [1, 2]. It is known that the coating effectively pro-
tects the cutting edge from dissolving and high-temperature abrasive
wear and provides a thermal barrier effect between chip and tool [3].
Unfortunately, the strength gained through the application of such
thin films could be quickly neutralized by the formation of through
thickness microcracks or problems on the boundary between film and
substrate, since solid materials (nitride coatings, in particular) cannot
maintain significant plastic deformation [4]. One of the possible solu-
tions of this problem is the formation of nanostructures as nanocompo-
sites in them, which will provide better toughness and improve the
general mechanical characteristics of such thin films [5, 6]. In particu-
lar, experimental studies [7, 8] showed that nanostructured TiAIN ni-
trides have better functional characteristics and increased thermal and
chemical stability compared to monolithic films (single layers) [9—11].

The influence of nanostructures on the mechanisms of deformation
and mechanical reinforcement are well described by the known Hall—
Petch relations, in which the hardness of the material depends on the
grain size [12, 13]. The increase in hardness in multilayer materials is
associated with structural barriers and processes controlled by the in-
terface, while the improved crack resistance of the nanocomposite thin
film is due to the high yield strength and the ability to withstand large
deformation anisotropy [14].

For hard thin films, the issue of destruction is the main thing, since
it determines their reliability and durability. In turn, coating
nanostructurization can affect the processes of cracks formation in
two ways. First, such a structure prevents a sharp transition between
film and substrate that provides better interface strength. Second, na-
noscaled structures may deviate a crack path or activate other crack
modes, which prevent the formation of interlayer through thickness
cracks, which are often present in single-layer films.

In this paper, the effect of Cr dopants on mechanical characteristics
of the TiAIN based coating has studied. Mechanisms of the formation
and propagation of cracks in TiAlCrN thin films have established.

2. EXPERIMENTAL DETAILS

The films were deposited in a commercial batch coater type RCS from
Balzers (Liechtenstein) using cathodic arc method. Figure 1 shows a
schematic diagram of a coater. The installation uses four targets of
Ti/Al (33/66 at.%) and two additional Cr targets placed in opposite
positions. The WC—Co substrate is secured to a sample holder for depo-
sition of a nanofilm in a pure nitrogen atmosphere. The pressure dur-
ing deposition was 2 Pa at a temperature of about 650°C. The substrate
bias for all depositions was maintained at 100 V. Deposition rate was
approximately 2.6 mm/h, the final thickness of the coating was 4.5
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Fig. 1. Scheme of multicathodic arc deposition apparatus.

mm. Rotating the sample holder and periodically interrupting the sub-
strate bias, thin films of different types were deposited:

1) TiAIN film, when only TiAl sources were permanently activated;

2) TiAIN/TiAlCrN multilayer coatings when Cr sources are periodi-
cally switched on for 1 minute and 5 minutes while TiAl sources are
continuously operating (this sample is called TiAICrN-I);

3) chemically modulated TiAIN/TiAlCrN films when both the TiAl
and Cr sources were always switched on (this sample is called TiAICrN-
II).

The chemical composition of the thin films obtained is determined
by Rutherford backscattering spectroscopy (RBS) and particle induced
X-ray emission (PIXE) using 2 MeV proton beam and 2 MeV He" beam,
respectively.

To prepare specimens for electron microscopy, the coating was ini-
tially cut with a diamond disc in parts with a thickness of 500—800 um.
The obtained parts were mechanically polished on diamond substrates
to a thickness of ~40 um, after which ion grinding was performed for
final thinness. The microstructure of the films was analyzed by the
Philips CM300 high-resolution electron microscope.

Hardness (H) and elastic modulus (E) for coated systems were meas-
ured on the Nanoindenter XP equipped with the Berkovich tip. To ob-
tain the dependence of H and E on the indentation depth, the system
worked in a continuous stiffness mode (CSM). A set of nine independ-
ent measurements was obtained for each sample, which allowed aver-
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aging the obtained values of hardness and elastic modulus. The analy-
sis of nanoindentation data was carried out by Oliver and Farr method
[15].

The surface morphology of the film was studied by atomic force mi-
croscopy (AFM-Nanoscope III).

3. RESULTS AND DISCUSSION
3.1. Microstructure of Samples

TiAIN films exhibit a modulated structure with a periodicity of about
2.6 nm associated with a rotation of samples during deposition. These
films are characterized by a weakly columnar microstructure with a
crystallite size of less than 10 nm (Fig. 2, a). The formation of such fi-
ne crystallites is associated with the presence of about 65—70 at.% Al,
which is known to improve the structure of TiN and prevent the for-
mation of highly columnar morphology [9]. When activating the Cr
targets and rotating the substrate holder, TiAlICrN (I) and (IT) multi-
layer coatings are formed (Fig. 2, b, c).

Cr2z)  TiN(1
S,

AIN (10—

¥ AINCI02) —=

AIN (104)

AN (103

Fig. 2. Cross sectional TEM micro-
graphs showing the microstructure
of the samples studied: TiAIN
nanolayers, 2.6 nm, obtained due to
_tinquy  holder rotation (a); TiAIN/TiAlCrN
CN (102) (I) multilayer with bilayer thickness
—cN(y  of 400 nm (b); TiAINTiAICrN (II)
. ~CN@20)  multilayer with bilayer thickness of
TiNQ00) TiN (311) TiN (220) 10 nm (¢).
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Figure 2, b shows the typical microstructure of the TiAlCrN-I sam-
ple, which is a multilayered film formed of TiAlCrN layers (a thickness
of about 100 nm) and TiAIN layers (about 300 nm in thickness). In Cr-
containing layer, a tendency of columnar growth of grains is observed.
The analysis of the selected area of diffraction in the TiAlICrN layer
reveals the presence of discrete diffraction spots, indicating a larger
size of the grains in this layer. On the contrary, the TiAIN layer exhib-
its a continuous diffraction ring, which is characteristic of the fine
crystals. In addition, the TiAIN/TiAlICrN interface is not sharp, which
is confirmed by the data of local chemical analysis. The phase analysis
performed in the selected diffraction area showed the coexistence of
the f.c.c.-TiN phase, the AIN hexagonal and the b.c.c.-Cr phases.

The microstructure of the TiAICrN-II sample, in which all the TiAl
and Cr targets have been continuously switched on, are shown in Fig.
2, ¢. This sample is a multilayered coating with a bilayer period A of
approximately 10 nm. As shown in Fig. 2, ¢ this coating is character-
ized by a pronounced columnar structure. The width of the columns is
about 80 nm, these columns consist of nanocrystallites with the size of
10-200 nm. The phase analysis performed in the selected diffraction
area showed that there are two cubic phases in the TiAlCrN-II sample,
namely, the f.c.c. TiN and f.c.c. CrN.

3.2. Mechanical Characteristics

The mechanical characteristics (hardness and elastic modulus) of the
samples at relative indentation depth of 0.15, on which the effect of
the substrate WC-Co is considered insignificant are listed in Table 1.
For single layer TiAIN, the measured hardness is 29.3 GPa, and for
multilayer TiAlCrN-I coating is 32.9 GPa. Such an increase in hard-
ness may be due to the introduction of a large number of boundaries
between TiAIN and TiAlCrN layers. However, the highest hardness
(38.4 GPa) is inherent to the chemically modulated TiAlCrN-II coat-
ing. This sample is characterized by a structure that is significantly
different from the TiAlCrN-I multilayer sample. In TiAlCrN-II coating
the bilayer period decreases in 40 times, increasing the effect of the
interface on the hardness value [16, 17]. Also, in this sample a solid
CrN phase is formed, the hardness of which reaches 11 GPa. In addi-
tion, pronounced columnar structures appear in TiAICrN-II coatings.
Thus, the addition of Cr to the basic TiAIN coating is accompanied
by the appearance of a hard f.c.c. CrN phase and the disappearance of
the wurtsite AIN, which is known to have low hardness. Therefore, an
increase in the hardness of TiAICrN thin films can be explained by two
factors, in particular, the modification of the microstructure, includ-
ing a decrease in the bilayer thickness, the formation of a columnar
structure, and the formation of a hard f.c.c. CrN phase with the simul-
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TABLE 1. Microstructure and mechanical characteristics of the films stud-
ied.

Crack
morphology

Sample’s Chemical H, | E,

3 2
structure| composition | GPa |GPa H/E|\H°/E

Sample

Cracks are straight

4 Sinele and parallel to the

< 1 g Ti;0Al;, Ny, 29.3 500 0.059 1.717 contact area be-

. ayer :

3] tween indenter and
film surface.
Edge cracks are

- Multi- accompanied by

% layer with local delamination

O bilayer Ti;gAl,,Cr,;Ns; 32.9 350 0.094 3.092 at the interface

<  thickness between layers re-

B 0of400 nm sulting in bulged
areas.

. Irregular cracks

= Multl.' are formed; radial

% layer with cracks originating

O bilayer Ti;¢Al;(Cr;(N,, 38.4 323 0.118 4.565

= . from the corners of

<  thickness the indent

= of 10 nm e indenter are ex-
tended.

taneous disappearance of the wurtzite AIN phase.

Besides, as it is well known from the literature, the superlattice ef-
fect (significant hardness enhancement) produced by multilayered
films arrangement is dependent on the thickness of the multilayers.
Evolution of the hardness as a function of the bilayer thickness (modu-
lation period A) shows a characteristic behaviour, with maximum
hardness values typically obtained for A between 2 and 10 nm [18, 19].
The high hardness reported to be caused by the blocking dislocations
motion at the layer interfaces due to differences on the shear moduli of
the individual layers of materials and by coherency strain causing pe-
riodical strain-stress fields in the case of lattice mismatched multi-
layered films. Further increase of the period thickness led to a progres-
sive decrease of the coating hardness up to the moment that remains
fairly constant due to the total loss of the superlattice effect. At this
point, multilayers start to behave as individual layers and the hardness
of the films starts to be represented by the weighted average of the
hardness of the individual layers. Thus, the lower hardness and
Young’s modulus of TiAlCrN-I coating could be interpreted by the
high period thickness of the multilayers structure, which avoids the
establishment of the superlattice effect.

The elastic strain to failure of the coatings is shown in Table 1
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through the ratio H/E [20]. There are three general H to E ratios,
which influence the wear resistance of a material, either in bulk or in
coating form. These are H/E [21, 22], H/E? [23] and H?/E? [24]. The
first ratio characterizes the resistance of the material to elastic defor-
mation. The second ratio, which is expected to correlate well with abra-
sive and erosive wear, indicates material’s ability to resist permanent
damage. Higher H?/E® ratio allows estimating the material’s ability to
dissipate energy at plastic deformation during loading. However,
toughness is the property of material, which relates to its ability to
withstand plastic deformation. Thus, it is better to estimate a materi-
al’s toughness by its H?/E? ratio (Table 1). TiAIN film shows the worst
resistance to the plastic deformation. Increasing the Cr content leads
to a progressive increase of the H/E and H?/E? ratios revealing the
beneficial influence of Cr additions on the toughness of coatings,
which can be related with the multilayer arrangement, which allows
deflection of cracking, and improving fracture toughness [25].

3.3. Crack Morphology

Study of fracture modes and mechanisms of cracking in thin films re-
quires regulated distribution of well-defined cracks in the film/subs-
trate system or only through the thickness of the film. Despite the fact
that nanoindentation technology is a means for creating macrocracks
in the nanoscale to study the failure mechanisms of bulk materials, its
extension to coated systems is still limited to the specific cases. A pair
of coating/substrate is a complex system whose mechanical behaviour
depends on the properties of the coating itself, on the characteristics of
the substrate, to which the coating is applied and the features of the
interface that connects the system together. To find out the fracture
modes of hard films shallow indentations were performed to create
primary cracks that the behaviour is mainly dominated by film proper-
ties where the substrate effects are negligible. Creating cracks re-
quires a certain volume of indentation for which the substrate effect is
to some extent always present. This modifies the initiation sequence of
indentation cracks known for bulk materials, i.e., cone, radial, median,
half penny and lateral. For these reasons, indentations with shallow
depths were performed to create primary cracks representative of coat-
ing deformation.

Analysis of the indenter’s prints shows that the formation of cracks
is generally limited to the contact area (Fig. 3). However, the micro-
structure of a thin film is strongly influenced by the morphology of the
crack. One can see that in the TiAIN single layer coating several cracks
approximately parallel to the contact area between indenter and film
surface are observed (Fig. 3, a). The gap between the cracks remained
almost constant (about 0.4 mm). Micrographs of the cross-section con-
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firmed that these cracks remain largely superficial and do not apply to
the substrate. However, it is established that they propagate deeper
into the film at high loads, which correlates with the width of their
opening on the surface.

In the TiAlCrN-I sample the cracks are rectilinear and parallel to the
boundary of the contact (Fig. 3, b). A slight deformation is visible
along the cracks, probably due to the destruction of the TiAIN/CrN in-
terfaces. From Figure 3, b it was found that the width of the opening of

21m

Fig. 3. AFM and SEM micrographs showing crack morphologies on the contact
area: TiAlN—cracks are parallel to the contact edge (a); TiAICrN (I)—the
edge cracks are accompanied by local delamination at the interface between
TiAIN/TiAlCrN layer resulting in bulged areas (b); in the TiAICrN (II) col-
umns boundary sliding result in a network of microcracks (c¢); radial cracks
emanating from the indenter corner in TiAlICrN (II) (d).
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the crack is less than that of TiAIN, which is probably due to the in-
crease in strength (Table 1). Unlike the previous samples, irregular
cracks are formed in the TiAlCrN-II sample (Fig. 3, c¢). Such cracks
may be associated with a pronounced columnar structure with a larger
grain size in this film. In addition, in this sample, unlike the previous
films, radial cracks originating from the corners of the indenter are
extended (Fig. 3, d). It should be noted that radial cracks appear for a
relative indentation depth of 0.7.

4. CONCLUSIONS

In this paper, TiAICrN multilayered thin films have been studied. It
was shown that both Cr content and multilayered structure affect the
microstructure of samples, the morphology of cracks, and the mechan-
ical properties of the coatings.

Cr dopants result in an increase in the hardness of the films studied
due to disappearance of the wurtsite phase and the formation of a hard
f.c.c. CrN phase in TiAICrN-II. Moreover, the formation of the colum-
nar structure and the increase in the number of bilayers, etc. contrib-
ute to the additional strengthening of the film.

In TiAlCrN multilayer coating with a bilayer thickness of 400 nm
(TiAlCrN-I) the columnar growth of grains in the TiAlCrN layer pre-
vents the growth of TiAIN layer, resulting in a nanocrystalline struc-
ture. In TiAlICrN-II coating with a bilayer thickness of about 10 nm,
the columnar growth of the grains of the TiAlCrN layer is not inter-
rupted by a TiAIN layer, which results in the formation of a pro-
nounced columnar microstructure of the film.

The fracture toughness of coatings obtained was estimated through
H?/E® ratio. TiAIN film shows the worst resistance to the plastic de-
formation. Increasing the Cr content leads to a progressive increase of
the H/E and H?/E® ratios revealing the beneficial influence of Cr addi-
tions on the toughness of coatings.
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