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Abstract

In this work (Ti,Si,Al)N films were deposited using only rf or a combination of rf and d.c. reactive magnetron sputtering.
Chemical composition, thickness, film structure and mechanical properties of the films were investigated by means of Rutherford
backscattering RBS), electron microprobe analysi€PMA), ball-cratering, X-ray diffractio’XRD) and ultramicroindentation,
respectively. All samples showed high hardness values, exceeding, in some cases, 50 GPa. XRD results revealed the formation of
a mixture of two phases whose structure is similar to TiN. One phase is noted as being TiN bulk with a lattice parameter of
0.428 nm and develops only in conditions of high surface mobility. This behaviour can be associated with the segregation of the
SiN, phase, though the formation of an amorphous AIN phase cannot be excluded. Another phase, which is noted as Ti—Si—Al-N
(a=0.420 nm, where Si and Al atoms substitute the Ti atoms on the TiN lattice, develops in situations of lower surface mobility.
The thermal stability of these coatings was studied by thermal treatments in a vacuum atmosphere, where it was found that a
small increase in hardness was obtained after 1 h heat treatment’&t 8)@001 Elsevier Science B.V. All rights reserved.
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1. Introduction coatings and can be used at temperatures up t6G300
[3-6]. Aluminium forms a stable oxide layer at the
TiN single layer coatings, as the traditional hard Surface of these films upon exposure to oxidizing con-
coatings, played an important role in the early develop- ditions, thus protecting the underlyingli,ADN [7].
ment stage to improve the wear resistance of cutting Important criteria for the suitability of a material for
and forming tools. One of the drawbacks of TiN is its tribological applications concern not only resistance
limited oxidation resistance at high temperatures that a@gainst oxidation, but also high hardness, stiffness and
can be reached during cut process. Although TiN showsa low friction coefficient. Therefore, nanocomposite
good wear resistance, new materials with significantly coatings materials have recently attracted increasing
improved properties concerning wear and oxidation interest due to the possibility of combining all these
resistance are being used to replace TiN in numerousProperties. The most studied system up to now, and
applications[1]. These materials are of a more compli- Which revealed the most promising results, is the
cated structure, as there are ternary and quaternan(Ti,SDN system[8-12. These films were characterised
systems[2]. (Ti,Al)N coatings exhibit a great improve- as being nanocomposites consisting of TiN cubic nano-

ment in oxidation resistance when Compared with TiN CryStaIIiteS embedded in an amorphOUS matrix of silicon
nitride (nc-TiN/a-SkN,) and were prepared by plasma
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510153. hardness in the range of 80-105 GHR&]. The super-
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Table 1 (EMPA) and Rutherford backscatterif®BS). In order
Deposition parameters to extract the areal density, a proton beam of 1.6 MeV
Substrate temperature 200-500C and a HE beam of 2 MeV were useq |n‘ the RBS
Substrate rotation frequency 4 rgmin measurements. _An average number of _flve ball crater-
Target to substrate distance 60 mm ing’ (BC) experiments were performed in each sample
d.c. Bias voltage —100 to —25 v in order to determine its thickness. Texture and structure
Working pressure 210~ Pa were determined with X-ray diffractiofXRD) experi-
Base pressure 210~* Pa t - CuK radiati T luate the triboloaical
Argon flow rate 100 scem ments using Cuk radiation. To evaluate the tribologica

f or d.c. power(for Ti) 3.1-4.0 Wcn? or 6.4 mA/cn? properties, such as the wear _and friction coeff|C|_ent, pin-
rf power (for Si) 1.3-3.1 Wen? on-disk wear tests were carried out. After wearing with
d.c. Power(for Al) 1.5-2.6 mA/cn? a SN, pin at a 5 N normal load and at a speed of 0.5

ms~* the disk wear track was checked with a profilo-

and amorphous phases that all together must form strong"€ter- A computer-controlled Fischerscope H100 ultram-
materials with high cohesive energy at their interfaces. 'crohardness tester equipped with a Vickers diamond
The usual mechanisms of deformation and mechanicalindenter was used in order to obtain the hardness values.

failure are absent or hindered in such a material. Dislo- A Series of hardness measurements with maximum load
cations and other structural defects that may be formedValues between 20 and 80 mN were performed with a
during the deposition will become annihilated within S&mple with a hardness value of 48 GPa. For a maximum
the grain boundaries, so that even if formed under a!02d of 40 mN, the hardness values were considered
high applied stress, the dislocations within the nano- independent of the maximum load applied, and the
crystals cannot glide through the amorphous grain mde_ntatlor_l depths did not exceed one tenth of the
boundary matrix[13]. This paper reports the results of coating thicknesg14,15. However, when the sample
the investigation of a quartenary nitride system — thlck_ness and high hardness allowed the use of higher
(Ti,Si,ADN, and tries to understand the relationship Maximum loads, a value of 60 mN was used. A
between the mechanical propertiésardness, Young's descrlp_tlon of the necessary offset and thermal drift
modulus, elastic recovenand the microstructurénan-  corrections can be found elsewh¢ié-18. On average,
ocrystalline with individual phasgsParticularly impor- 10 tests were performed on each sample. For the vacuum
tant are the applications that require high temperature@néaling, the samples were introduced in a vertical
operation: hence, special attention will be given to the furnace, then being subjected to a thermal cycle con-

temperature effects on microstructural changes in vacu-SiSting of a heating time of 1.5 h up to the annealing
um, and its correlation with the improvement of the t€mperature, 1 h being held at that temperaté@O°C,

mechanical properties. 800°C, 900°C, 1000C), followed by slow cooling to
room temperature. All samples were analysed by XRD
2. Experimental and indentation after heat treatment in vacuum in order

to study the thermal stability of the microstructure and

(Ti,Si,AIDN coatings were deposited onto refractory hardness.
steel (AISI 310), high-speed stee(M2) and silicon
substrates by rf or a combination of rf and dc power 3. Results and discussion
supply reactive magnetron sputtering in an Alcatel SCM
650 system. The depositions were carried out in aft Ar  3.1. Chemical and structural analysis
N, atmosphere and before each deposition the substrates
were sputter-etched for 10 min in an Ar atmosphere Table 2 presents some experimental details as well as
with a 200 W rf power. Two series of samples were some results such as composition, thickness, density,
produced in rotation mode, from high-purity Ti, Si and hardness and the Young’s modulus of typical
Al targets. Some samples were prepared with the tita- (Ti,Si,Al)N samples.
nium target coupled to a rf source, while others were Regarding the microstructure of the as deposited
deposited using a d.c. power supply. A Ti adhesion layer samples, two distinct phases were observed. An example
of approximately 0.35um was deposited onto these of this behaviour is shown in Fig. 1 which represents
samples before coating deposition. A third series of the X-ray diffraction patterns obtained from samples 1,
samples was produced in static mode with some pieces2, 3 and 4. The first three samplé€Big. 1a—0 were
of Si and Al distributed symmetrically on the erosion prepared in static mode applying a power of 1000, 600
zone of the Ti target, which was coupled to a rf power and 850 W, respectively, while the fourth samgfg.
supply. Further detailed information regarding some 1d) was deposited by rotation mode. The first sample is
deposition parameters is presented in Table 1. characterized by a strong narrow pedRWVHM=0.3")

The atomic composition of the as-deposited samplesand three other weak peaks that match a cubic phase
was determined by electron microprobe analysis with a lattice parameter of 0.420 nm, similar to what
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Table 2
Experimental details and some results of typiCElSi,Al)N coatings
Sample Composition Ti Si Al Temp. Bias
(at.%) (at.%) (at.%) (°C) voltage
V)
1 Tio.563i 0.2l 01N 28 13 9 300 -50
2 Tio.6:Si0.2Al 0.1 31 10 9 300 -50
3 Tio.ee5i0.1Al 01N 0.08 34.5 8 8.5 300 -50
4 Tio.7Si0.0Al 01N o0.08 39 45 6.5 300 -50
5 Tig.555i0.1Al 0.5 27.5 6 16.5 300 -50
6 Tig.455i0.2Al o.aN 225 11.5 15.5 300 -50
7 Tig.765i0.0Al 01N 39 2 9 400 -50
8 Tig g65i0.14Al 01N 34.5 7.5 8 400 —-70
9 Tio 6631 0.1Al o.oN 33 6.5 10.5 400 —100
10 Tio.64Si0.1Al 02N 32 7 11 400 -50
Sample Mode Power Thickness Density Hardness Young's
Current (pm) (g/cm®) (GPa Modulus
Ti-Target (GPa
1 static 1000 W 3.3 4.3 36 332
2 static 600 W 2.2 4.4 54 310
3 static 850 W 1.8 — 52 472
4 rotation 750 W 1.3 4.0 38 382
5 rotation 750 W 1.7 - 43 382
6 rotation 700 W 1.6 3.6 44 379
7 rotation 900 W 1.6 3.6 54 452
8 rotation 900 W 1.9 4.1 52 468
9 rotation 16 A 1.8 4.5 52 516
10 rotation 16 A 1.9 4.2 30 372

was obtained with the(Ti,Si)N samples[10] which strong nitrides, such as Ti, Zr, Hf, Vi24-24. If the
revealed an fcc structure upon TEM observations formation of SiN. as an amorphous phase is highly
[10,19, with grain sizes(>30 nm and Si content probable, the possible formation of an AIN amorphous
(=10 at.99 that justified the assumption that the Si phase cannot be excluded. The development of a-SiN
atoms were substituting Ti aton{40,19. In this case, and/or a-AIN phase covering the growth surface of the
the Si atoms have six-fold coordination that is not usual film grains limits the TiN crystal growth. The grain size
for covalently bonded Si, but it was already found in of the film material decreases with increasing concentra-
other compound$20,21]. The second samplgFig. 1b) tion of amorphous tissue material and can be as low as
is characterized by a very broad pe@kWHM=1.6") 1-10 nm[11,24,27. The samples prepared with 850 W
that is usually associated with a smaller grain size. The (static modé and 750 W (rotation mode, associated
indicated peaks match with a cubic phase that can bewith intermediate levels of adatom surface mobility,
assigned to a NaCl type structure with a lattice parameterrevealed little differences in its behaviour. Some samples
of 0.428 nm. This value is higher than the corresponding exhibit an asymmetric broad peak where both phases
value of TiN bulk (0.424 nm), but justified by the  are not markedly distinguishedFig. 10, corresponding
residual stress effect on the peak positiofrs 1%) to the peak centroid of an intermediate lattice parameter.
[22,23. An enhancement in mobility in the growing This behaviour evidences a solid solution of both phases.
film and changes in ion-to-atom flux ratios are sufficient Other samples with lower Si content clearly exhibit both
for the TiN phase to develop. With a change in rf power phases(Fig. 1d. This can be explained by the alterna-
from 600 W to 1000 W, the deposition rate increased ting deposition of Ti and Si, although with a deposition
by a factor of almost 2, but the density bias current at rate of approximately 1 nm per rotation in order to
the substrate only increased by a factor of approximately avoid a multilayer structure. Furthermore, the low Si
1.2. This implies a decrease in the ion-to-atom flux content also allows the definition of both phases.

ratio, and consequently, in the adatom surface mobility.

An increase in the superficial mobility is enough to 3.2. Mechanical properties analysis

ensure the segregation of the Si atoms and consequent

formation of an amorphous phasgiN,) and TiN A superhard nanocomposite coating is characterized
nanocrystals. This behaviour is typical of Me/RiN, not only by its hardness, but also by its Young’s modulus

systems with transition metals, which form stable and (E) and elastic recoveryW,). The differences between
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Fig. 1. X-Ray diffraction patterns ofTi,Si,AN films deposited at
same substrate temperatuf@CC) and bias voltagg —50 V) on
silicon and steel substrates.

hard and superhardTi,Si,Al)N coatings are not only

evident on the microstructure and its hardness. The
mechanical behaviour is also significantly different, as
can be seen in Fig. 2 from the typical loadjihgloading

curves of ultramicroindentation measurements made on
two (Ti,Si,Al)N samples. The hard sample exhibits a
higher plastic deformation since the area between the
loading and unloading curves is larger than for the

superhard ones, having the latter a hardness of approxi-

mately 54 GPa and a high elastic recovén4%). In
contrast, the hard film, with a hardness of 30 GPa,
exhibits a lower elastic recovef24%). The correlation
between high hardness and high elasticity is supported

by the predicted behaviour of the nanocomposites under
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Because such nanocracks can easily close when the
applied load is removed, a large elastic energy can be
reversibly adsorbed by the material, leading to a kind
of ‘work hardening’[8].

Regarding the relationship between the hardness and
the microstructure, it was found that the hardness of
(Ti,Si,ADN films is lower than 40 GPdsample 1-36
GPa, sample 10-30 GPavhen the Ti-Si—Al-N phase
is formed with a relatively large grain size, which is
also evident from the peak width in diffraction patterns
(Fig. 1a. This relatively high hardness is mainly due
to the solution hardening.

An increase in hardness can be achieved when films
are composed of smaller TiN grains — broad X-ray
reflections (Fig. 1b) with a preferential(200) orienta-
tion. This preferential grain growth should be favourable
to the increase on hardness since the crystals being
oriented in the same directidiihave low angle bounda-
ries) should provide coherent interaction across the
amorphous tissu¢28,29. This behaviour is in accor-
dance with the Ti—AI-N systeni28]. Additionally, the
samples that are formed by the two described phases
also show high hardness values 50 GP3a, which can
be justified by the mixture of two hard phases as well
as by the relatively low grain size.

Concerning the wear behaviour, the measurements
that have been done did not yield a correlation between
the hardness and the wear coefficigisee Table B
Nevertheless, further experiments should be performed
in order to acknowledge the tribological behaviour of
these coatings.

3.3. Thermal stability

The superhardness of the nanocomposites is a simple
consequence of the mechanical stability of its nanos-
tructure. Therefore, the thermal stability of the nanos-
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= 0,4 _~F \
E. Y
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i 0,31 2| hapdcoating - T} (,Siy Al ;N
° Zle =30GPa E=372GPa We=24%
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= 1F superhard coating - Tii|7xSiuu4Al01xN
/ (H=54GPa E=452GPa We=74%)
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a high applied stress: due to the absence of dislocations .

no plastic deformation can occur. Instead, the formation
of nanocracks(which cannot propagaleleads to a
permanent brittle microfracture upon indentation.

Fig. 2. Loading—unloading curve measured by a ultramicrohardness
tester for a hard and a superhaifd,Si,Al)N coating. For each sample

it is indicated the hardnes&), Young's modulus(E) and elastic
recovery(W,).
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Grain size, residual stress, recrystalization temperature

Sample Composition Grain sizé Residual stre$s Recrystalization Wear coefficient Friction coefficient
(nm) (GPa temperaturg°C) Kx107 (m3/mN) 0
7 Tig 7651 0.0Al 01N <10 -6.0 >900 8.4 0.78
8 Tip.e05i0.16Al .18 - - >900 13 0.69
9 Tip.66Si0.1Al 0N - —-4.7 800 9.9 1.04
10 Tio.64510.1Al 02N >30 -38 800 - -

a2The grain size was estimated from the integral width of the Bragg peaks.

> The residual stress was calculated using Stoney’s equation after measuring the parabolic deflections of the(behsteated after depo-
sition) by laser triangulation.

T T T T T
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Fig. 3. XRD pattern evolution for Tise Q015 Ab16 N as a function of

vacuum annealing temperature. Fig. 5. Hardness values for as-deposit@@Si,ADN films and after

annealing with 1 h in vacuum at indicated temperatures.

n T
Fa=0.429nm

an intermediate lattice paramekgmupon annealing at
temperatures up to 800, a few changes in the phase
composition compared with its initial state were
observed. More precisely, a small peak shift towards
lower 20 angle values coupled with peak broadening
was noted. After the annealing at 8@0 The formation

of a TiN phase(a=0.429 nm was observed. The
increase in mobility promoted by the temperature rise
stimulated the segregation of Si or Al atoms at the grain
boundaries and the subsequent substitution of these
atoms by Ti atoms in the fcc lattick80,31. However,
from the peak position itself, the level of structural
changes is not clearly understood.

The recrystallization temperature of the coatings that
is estimated when a structural change is observed in the
tructure should be the key for the stability of hardness, XRD patterns is presented in Table 3 as a function of
being crucial for industrial applications. Depending on the initial grain size, residual stress, and chemical
their structure, thgTi,Si,ADN films revealed different ~ composition.
behaviours durig 1 h annealing in vacuum. Figs. 3 and Sample 7 was found to have the highest thermal
4 show the structural evolution of samples 8 and 9 in stability, despite having a Si content of only 2 at.%.
the initial state and after annealing at different temper- This observed high stability must be related to some
atures in vacuum. In the first case, annealing at temper-kind of inherent thermodynamic stability, as such an
atures until 90€C, a significant change in the phase energy reduction is a result of atomic rearrangements in
composition when compared with the initial phase was the grain boundariel82]. The inhibition of grain growth
not encountered. However, on sampléxhose structure by strong segregation causes a reduction of the grain
could be identified as a mixture of hard phases but with boundary specific energy, which results in a metastable

Intensity (a. u.)

35 40 45 50 55
Angle 20(°)

Fig. 4. XRD pattern evolution for Tigs Q113 Abo1 N as a function of
vacuum annealing temperature.
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state that needs a high ‘activation energy’ for coarsening

[13].
Fig. 5 displays the evolution of the hardness values
with the annealing temperature. The hardest samples

S. Carvalho et al. / Thin Solid Films 398—-399 (2001) 391-396

Characterization and Applications, Kluwer Acad. Publ, Dor-
drecht, 1996, p. 501.

[2] A. Niederhofer, P. NeSladek, H.-D. Mannling, K. Moto, S.
Veprek, M. Jilek, Surf. Coat. Technol. 120-11999 173.

[3] W.-D. Miinz, J. Vac. Sci. Technol. A 46) (1986) 2717.

and 9 increase their hardness values after annealing at [4] D. Mcintyre, J.E. Greene, G. Hakansson, J.E. Sundgren, W.D.

80C°C, followed by a decrease at 9@ A strong and
stable interface is believed to be the origin of this
stability, which also avoids the grain boundary sliding.

4, Conclusions

Munz, J. Appl. Phys. 671990 1542.

[5] S. Hofmann, H.A. Jehn, Surf. Interf. Anal. 12988 329.

[6] H.A. Jehn, S. Hofmann, W.-D. Munz, Thin Solid Films 153
(1987 45.

[7] O. Knotek, M. Bohmer, T. Leyendecker, J. Vac. Sci. Technol. A
4 (1986) 2695.

[8] S. Veprek, Surf. Coat. Technol. 1997 15.

The present work demonstrates that nanostructured [9 X. Sun, J.S. Reid, E. Kolawa, M.-A. Nicolet, J. Appl. Phys. 81

thin films within the (Ti,Si,Al)N system can be prepared
by reactive magnetron sputtering. Furthermore, it was
shown that for this system:

1. The formation of a mixture of two phases, whose
structure is similar to TiN occurs. One phase is noted
as TiN bulk with a lattice parameter of 0.428 nm
and develops only in conditions of high surface
mobility. This behaviour can be associated with the
segregation of SiN phase; however, the formation of
an amorphous AIN phase cannot be excluded. Anoth-
er phase, which is noted as Ti—Si—Al-N, where Si
and Al atoms substitute the Ti atoms in the TiN

lattice, develops in situations of low surface mobility.

recovery. The hardest sampl&=54 GPa exhibits
a high elastic recover¢74%).

. The sample whose structure is identified as a Ti-
—Si—Al-N solid solution presented hardness values
close to 40 GPa. An increase in hardness was
observed upon the formation of the nanocrystalline
amorphous phase.

. For applications where the temperature of the coat-
ings does not exceed 80D, the (Ti,Si,Al)N system

seems to be stable. In contrast, for applications where

a temperature of 80C or more is reached, it is

necessary to have a higher control on the deposition

parameters in order to obtain a specific structure.
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