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Abstract

The influence of a post layer-deposition ion bombardment (PLDIB) etching process on the morphology and mechanical
properties of TiN/AlN multilayers has been studied. TiN/AlN multilayers have been deposited by reactive direct-current (DC)
magnetron sputtering with and without the PLDIB etching process and characterised by scanning electron microscopy (SEM),
atomic force microscopy (AFM) and glow discharge optical emission spectroscopy (GDOES). Scratch tests, hardness and wear
resistance measurements of the coatings have also been performed. The relevant parameters appear to be the degree of roughness
of the interfaces and the thickness of the TiN+AlN total period. Smooth interlayer surfaces and thin period thickness (120 nm)
significantly improve the mechanical properties (hardness, wear resistance and critical load) of the TiN/AlN multilayers. These
results demonstrate that a combination of DC sputtering with the PLDIB etching process constitutes an effective method for
optimising the mechanical properties of TiN/AlN multilayers. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction used at high temperatures exhibit a dense, highly adhe-
sive and protective Al2O3 film on the surface due to
diffusion of oxygen in the bulk [7–9]. However, TiAlNOver the past few years there has been growing
coatings show poor performance in the case of lowinterest in the synthesis of hard coatings materials such
sliding speed or interrupted cutting processes as a conse-as transition metal nitrides, carbides, oxides or borides.
quence of their brittleness and high friction coefficient.The main uses of these materials cover the field of wear

Multilayered thin films belong to the promising sur-as well as friction reduction, and are closely linked to
face technologies developed to optimise and/or enhancethe combination of hardness and low friction coefficient.
coatings for high requirements [10–12]. Jensen et al.In particular, hard coatings such as TiN have been used
[13] showed that a TiN/AlN multilayered structurein the protection of tools for machining, cutting, forging
greatly improves the significance performance of single-and forming technologies. It is also an attractive material
layered TiAlN [10]. Several reasons argue for advan-to reduce adhesive wear. However, TiN films tend to
tages of multilayered films [13–17]. First, interface layersoxidise at temperatures above 500°C and, consequently,
can be used to improve the adhesion of a coating to thethe protective ability of the coating is strongly reduced
substrate. The deposition of several thin layers with[1–3]. Addition of aluminium to TiN improves its
different mechanical properties allows the designer tooxidation resistance and increases the temperature range
meet complex requirements such as hardness, toughness,of possible applications [1,4–6 ]. In fact, TiAlN coatings
wear resistance or adhesion. Last but not least, inter-
facial areas favour stress relaxation and prevent the* Corresponding author. Tel.: +33-3-81-994696;
propagation of cracks.fax: +33-3-81-994673.
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Table 1period thickness (L=lTiN+lAlN) and the influence of
Deposition parametersinterface structure, roughness and composition on some

mechanical properties of TiN/AlN multilayered coat- Target-to-substrate distance (m) 0.06
ings. Two series of multilayers have been produced with Ti and Al target diameter (m) 0.2

Working pressure (Pa) 0.7equal TiN and AlN sub-layer thicknesses (lTiN=lAlN).
Nitrogen flow rate (sccm) 4The first one (type I ) concerns simple alternations of
Argon flow rate (sccm) 30each metallic nitride prepared by direct-current (DC)
DC current density on Ti target (A m−2) 35

reactive sputtering and for various period thicknesses DC current density on Al target (A m−2) 51
(L). For the second (type II ), ion bombardment of the TiN (type I ) deposition rate (Å s−1) 2.1

AlN (type I ) deposition rate (Å s−1) 5.3film has been applied between the deposition of each
TiN (type II ) deposition rate (Å s−1) 1.7TiN and AlN sub-layer. The effect of the total period
AlN (type II ) deposition rate (Å s−1) 4.3on tribological and mechanical properties of the coatings
Radio-frequency (RF) bias voltage after depos- −150

is well established, and benefits of ion bombardment are ition of each sub-layer (V )
also proved. Finally, the quality and features of the sub- Argon-ion current density on TiN film (A m−2) 7.4

Argon-ion current density on AlN film (A m−2) 4.2layer interfaces are discussed.

2. Experimental details
substrate holder facing each target alternately [10,20–
25]. Other authors modulate the sputtered fluxes imping-2.1. Multilayer coatings deposition
ing on a fixed substrate with a controlled shutter moving
above the targets [26 ]. In this study, TiN/AlN multi-Multilayered coatings have been prepared with an

SCM 650 magnetron sputtering system (Alcatel ) con- layers were prepared by positioning the substrate in a
static mode in front of each target. The thickness of asisting of a stainless-steel vacuum chamber (100 dm3).

Argon and nitrogen were used as sputtering and reactive single layer was varied by changing the deposition time
and keeping the deposition rate constant. Samples ofgas, respectively, and titanium (99.6%) and aluminium

(99.5%) targets were powered by a DC generator with type I were prepared without any treatment between the
deposition of TiN and AlN layers, whereas the type IIa constant power of 400 W. Prior to deposition, the

chamber was pumped down to 10−5 Pa. Argon was samples involved an argon-ion bombardment of the
deposited layer by polarising (RF) the substrate holderintroduced in order to get a constant argon partial

pressure of 0.6 Pa and a discharge ignited to presputter at −150 V (EAr+=160 eV ) for the same time as the
deposition step and by stopping the target discharge.the target. Then, nitrogen was injected to get a total

sputtering pressure of 0.7 Pa and to fully poison the For both sample types, the period thickness L was
varied and the ratio lTiN/lAlN (TiN thickness/AlN thick-surface of the target. Argon and nitrogen mass flow

rates were controlled with a mass flowmeter (MKS) and ness) was fixed at unity in all cases. The total multilay-
ered thickness was kept constant in a range of 2–2.8 mm.pressures measured with Pirani, Penning and Baratron

pressure gauges. The optimum target–substrate distance The first layer is TiN and the last one AlN (see Table 2).
(highest deposition rate) has been kept at 60 mm.
TiN/AlN films were deposited on various substrates: 2.2. Mechanical measurements
(100) silicon wafer, glass and X85WMoCrV6542 high-
speed steel. The latter has a hardness of 800 Hv. It was The mechanical properties of the TiN/AlN coatings

have been tested by wear tests, scratch tests and nanoin-first polished with SiC paper. Smooth surfaces with a
roughness of Ra=0.03 mm were obtained after polishing dentation. Hardness values were obtained from Vickers

nanohardness measurements (Nano-Tester-NHT-the steel substrates with diamond pastes down to 1 mm.
Each substrate was cleaned with acetone and alcohol. CSEM). The applied load was 60 mN and the loading

rate was 120 mN min−1. Hardness analyses also enabledThe deposition parameters used for the production of
TiN/AlN multilayers of type I and type II are given in us to determine Young’s modulus E for an assumed

Poisson’s coefficient n (n=0.3 in our case).Table 1. For the multilayers of type II, the argon-ion
current density on the TiN or AlN film was calculated The tribometer used in this study is a ball-on-disc

model. The sample was rotated in an alternative motionaccording to the procedure described in previous papers
[18,19]. The total thickness of the deposited films was on a quarter circle. For the wear test procedure, a 5 mm

diameter 100C6 steel bearing ball was used as counter-measured mechanically with a Dektak 3030 profilo-
meter. The deposition rate has been calculated from the part. A special test equipment provides the opportunity

to monitor the coefficient of friction continuously.thickness and the sputtering time.
Various methods are used to deposit multilayers. The Moreover, as the motion is alternative, the force sensor

is activated in traction and in compression. Each testmost common way consists in implementing a rotating
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Table 2
Number of TiN/AlN bilayers and estimated thickness (from deposition rate) of the period L=lTiN+lAlN for the two series of multilayers. For the
multilayer of type II, the deposition time and the bombardment time of each layer have the same value

Type I Type II

Period, Number of Deposition time per Period, Number of Deposition time+bombardment
L (±10 nm) bilayers TiN/AlN bilayer TiN+AlN (min) L (±10 nm) bilayers TiN/AlN time per bilayer TiN+AlN (min)

190 14 8+3.2 110 16 (8+8)+(3.2+3.2)
360 7 16+6.3 240 6 (16+16)+(6.3+6.3)
510 5 22.4+8.8 420 6 (22.4+22.4)+(8.8+8.8)
700 4 28+11 510 5 (28+28)+(11+11)
940 3 37.6+14.8 650 4 (37.6+37.6)+(14.8+14.8)
1160 2 56+22.1 900 3 (56+56)+(22.1+22.1)

was carried out with a normal load of 2.5 N. In order substrate, and N I at 174.272 nm, TiI at 337.279 nm and
Al I at 396.152 nm for the films, have been measured.to study the influence of time on the wear behaviour,

the tests were performed at room temperature, in air
and for different times: 2, 5, 10 and 15 min.

A scratch tester equipment (CSEM Revetest) was 3. Results
used to get information on the adhesion of the coating
to the substrate. The test consists of introducing stress 3.1. GDOES depth profiling
by deforming the surface by means of indentation with
a Rockwell C diamond tip (angle of 120° and a radius The GDOES emission line intensities of each species

as a function of the erosion time for TiN/AlN multilayerof 0.2 mm). The applied load is increased continuously
until film detachment (maximum load=60 N). The criti- type I with L=360 nm and for sample type II with L=

240 nm are shown in Fig. 1(a) and (b), respectively.cal load LC is defined as the smallest load at which the
coating is damaged. The scratches were made at a Profile evolution reveals alternating of titanium- and

aluminium-rich layers where the titanium maximumloading rate of 100 N mm−1 and a diamond tip velocity
of 10 mm min−1. intensity coincides with an aluminium minimum inten-

Topographic readings of wear tracks were measured
with a monitored three-dimensional tactile profilometer
composed of a diamond stylus with a conic shape (radius
of 1.25 mm). The sample was moved with a computer-
controlled horizontal scanning system, providing an
examination following the x and y perpendicular
directions.

2.3. Structural measurements

Scanning electron microscopy (SEM ), with a JEOL
5800LV instrument, was used to study the interface
morphology and cross-sections of the multilayered coat-
ings. Surface topography was analysed by atomic force
microscopy (AFM) with a Topometrix explorer in non-
contact mode. Root-mean-square (RMS) roughness of
the surface was also determined (with flatting
corrections).

The depth profiles of titanium, aluminium and nitro-
gen elements in the multilayers (type I and type II ) were
performed by glow discharge optical emission spectro-
scopy (GDOES) using a GDS 750 spectrometer
(LECO). The argon glow discharge was supplied by a

Fig. 1. DC GDOES depth profile of TiN/AlN multilayers. Some
voltage of UDC=700 V (regulation of the argon flow differences of regularity and sharpness of interfaces between multi-
rate to set I=20 mA) and with an anode diameter of layers of type I (a) and type II (b) can be noticed. The periodicity is

(a) L=360 nm and (b) L=240 nm.4 mm. The emission lines of FeI at 371.994 nm for the



213A. Thobor et al. / Surface and Coatings Technology 124 (2000) 210–221

sity. The number of single layers and bilayers can easily produce a concave surface) are sometimes observed with
this analytical method [27–30]. These effects can leadbe counted. It is worth mentioning that the regularity

of the periods appears to decrease with the erosion to incorrect values for the atomic elemental distribution.
This effect is particularly serious for multilayers with adepth. This phenomenon can be explained by an aniso-

tropic sputtering effect during the formation of the short periodical structure.
Nevertheless, coatings of type II [Fig. 1(b)] exhibit acrater. In fact, irregular erosion rates such as trenching

(a deep groove eroded around the edge of the crater) or more regular profile than coatings of type I. Assuming
that the erosion craters referred to previously have thebowling (a hollowing of the centre of the crater to

Fig. 2. Optical (a, b, c) and SEM (d) observations of the wear tracks obtained by scratch tests for type II (a, b, d) and type I (c) films. Elastic
and plastic deformations of the multilayered material can readily be distinguished. Arrows indicate the sliding direction of the stylus.
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same size, the sharper profile distribution measured for For all multilayered coatings, two mechanisms of
damage by flaking appear. The adhesive lateral flakingcoatings of type II is typical of the deposition mode.
observed systematically for the type II multilayers seems
to reveal a weak rate of compressive stresses. Moreover,3.2. Adhesion
the semicircular flakes observed in front of the tip in
Fig. 2(b) (noticed for the type I multilayers) correspondThe scratch test implies elastic and plastic deforma-

tion until the coating and the substrate are separated. to an excessive accumulation of compressive stresses
and lead to detachment of the whole coating.In general, processes of cohesive (cracking) and adhesive

(flaking) failures of multilayered coatings are observed
[31–34]. 3.3. Hardness and Young’s modulus

A different behaviour between the wear tracks of
types I and II TiN/AlN multilayers is noticed in Fig. 2. For both types of sample, the hardness decreases with

increasing period thickness L (Fig. 3), in agreementIndeed, for samples of type I, the critical load does not
exceed LC=18 N (Fig. 3) and flaking of the coating with the general trend found in the literature

(hardnessTiN=12 GPa and hardnessAlN=6.3 GPa)takes place immediately after the beginning of the
scratch test [Fig. 2(c)]. In addition, for samples of type [23,26,35–43].

It is important to notice that samples of type IIII, several mechanisms responsible for the failure and
delamination can be identified [Fig. 2(d)]. At first, the exhibit a higher hardness than type I samples for every

period. This mechanical improvement is especiallyelastic deformation of the coating–substrate system due
to the sliding diamond tip does not produce any visible enhanced when the period thickness decreases; it reaches

12.5 GPa for L=120 nm. The beneficial role of the ionsurface damage. With an increasing normal loading
force, cracks appear. Two types of crack are observed: bombardment is clearly proved from these results.

From the hardness measurements, the Young’s modu-external parallel cracks that occur along the sides of the
scratch and internal transverse cracks with a semicircular lus E is deduced by assuming a constant Poisson’s ratio

n=0.3 for the overall multilayers. The influence of thegeometry [Fig. 2(a)]. Finally, for higher normal loading
forces, a discontinuous chip removal happens. bombardment and period thickness are shown in Fig. 4.

Since Young’s modulus is directly correlated to macro-
scopic mechanical properties, it can be said that samples
of type II appear less elastic and harder than those of
type I. Moreover, the absence of radial cracks on the
indentation imprint confirms the plastic character of
type II multilayers.

3.4. Wear resistance

No variation of the coefficient of friction m (ratio of
the friction force divided by the normal force [31]) of

Fig. 3. (a) Hardness as a function of the period thickness L of TiN/AlN
films. Hardness can be improved at first when the period is reduced
but the most significant effect is obtained when an ion bombardment
is applied between the deposition of each layer. (b) Critical load LC

Fig. 4. Influence of period L on the overall Young’s modulus E forof TiN/AlN films measured from the scratch test. For the two sample
series, the period thickness L does not really influence LC. On the other both types of sample. The bombardment of each layer leads to higher

plastic behaviour of the coatings.hand, this latter is increased strongly for samples of type II.
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TiN/AlN coatings as a function of the period thickness series prepared with various total periods L, and the
effect of the wear time has been investigated alsoL has been observed in this study. It remains constant

near 0.6 for I and II multilayers. Nevertheless, the track (Table 3). For both types of sample, the whole coating
is immediately removed (delamination) after the firstwidth obtained with the tribometer increases with the

period. In fact, the thicker the AlN layer (soft material ), passage of the ball and this phenomenon occurs for
every period L. Due to a low wear resistance, thethe deeper the friction ball enters into the coating.

Moreover, the longer the rub on the surface, the higher substrate is directly in contact with the ball.
For type II multilayers, the wear rate increases withthe interfacial stresses. To estimate the stress rate, we

first assumed that its magnitude corresponds to the the wear time and, for the shortest thickness period
(L=120 nm), K remains below 0.1×10−3 mm3occurrence of sample flaking. Two typical three-dimen-

sional profiles obtained with type I and II films are N−1 m−1 until the wear time reaches 10 min. Above
presented in Fig. 5. From these measurements and

Table 3taking into account the length and wear volume of the
Variation of wear rates 10−3× K (mm3 N−1 m−1) of type II multi-track, the wear rate K can be obtained with the following
layers as a function of the period thickness L for various wear timesrelationship:
Wear time (min) Period, L (±10 nm)

K=
Vwear
F×L

, (1)
110 240 510 650 900

2 0.10 0.13 0.17 0.17 0.26where K=wear rate (mm3 N−1 m−1), Vwear=wear
5 0.10 1.28 1.66 1.74 2.60volume (mm3), F=normal force applied (N) and L=
10 0.12 1.33 3.94 2.69 3.91total sliding length (m).
15 1.92 1.40 5.33 2.53 4.18

Wear rates have been calculated for both sample

Fig. 5. Topographic analyses of wear tracks obtained on TiN/AlN multilayers. The same test parameters have been used for type I (a) and type II
(b) samples with a period thickness L=120 and 190 nm, respectively.
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Fig. 6. SEM photographs of TiN/AlN multilayers on cross-sectional views. Microstructure and interfaces are compared between type I (a, c) and
type II (b, d). The period thickness is L=510 and 420 nm for (a, c) and (b, d), respectively. Improvement of interface quality is easily distinguished
(TiN layers are bright whereas AlN are dark).

this time and for each period L, layers are completely and that of 100C6 steel. This may explain why the steel
ball did not suffer adhesive wear as was mentioned indebonded and delaminated.

In previous works, it has been shown when a steel the case of TiN or TiCN coatings.
ball was in sliding contact against a ceramic coating
(TiN and TiCN, 3 mm thick) [44–46 ], an important 3.5. Interface investigations
transfer of material from the ball to the ceramic
occurred. This phenomenon indicates that the ball Multilayer interfaces depend strongly on the nucle-

ation and growth mechanisms of each layer on thesuffers adhesive wear. In addition, a large amount of
oxygen was detected showing that oxidation occurs other. In order to investigate the effects of layer thickness

and ion bombardment on the morphology and interfacesduring friction. In the present study we did not detect
any transfer from the ball on the ceramic surface. Only of the films, cross-sectional SEM and AFM topographic

measurements were analysed.oxygen was detected on the rubbing surfaces. The
absence of metal transfer on the coated sample is In Fig. 6(a) and (b), typical views of TiN/AlN multi-

layers deposited on a (100) silicon wafer can be seenprobably due the fact that when the steel ball slides on
the surface, shear stress may act at the TiN/AlN interface for type I and type II samples, respectively. Because of

the different electronic emission coefficients for titaniumleading to removal of the AlN top layer. The energy of
adhesion between the different layers is lower than the and aluminium (atomic number differences), TiN

(bright) and AlN (dark) layers are easily identified bycohesive energy of each of the two materials (TiN, AlN)
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using the electronic secondary detection of SEM. The the layers occurs, which is much more significant for
AlN coatings.thickness of each TiN and AlN layer or the total coating

thickness is not accurately measurable from these photo-
graphs because of the tilted observation of the coatings.
In addition, the sample breaking carried out just before 4. Discussion
introducing it in the SEM chamber rarely leads to a
clean and perpendicular fracture. Nevertheless, interes- GDOES profile measurements clearly show the peri-

odic microstructure of layers containing titanium andting features of the microstructure are observed in each
layer. For type I multilayers, TiN layers exhibit a more aluminum. Since the nitrogen partial pressure during

the deposition is large enough to completely poison thecolumnar-like morphology than AlN. From structure
zone models [47,48] it is expected that, for a substrate titanium and aluminium targets [49–55], it is expected

to obtain nearly stoichiometric TiN and AlN compoundsat room temperature, sputter-deposited TiN coatings
tend to adopt a stronger columnar structure than AlN [50,51]. For both spectra presented in Fig. 1, the nitro-

gen signal is nearly constant through the whole thick-since the melting point of TiN is higher than that of
AlN (mpTiN=2930 K and mpAlN=2200 K). ness. Since GDOES gives qualitative information only,

no significant value can be deduced for the composition.From the SEM observations of samples of type I, it
is also interesting to notice that TiN/AlN and AlN/TiN Modelling of TiN and AlN erosion rates is required to

get a quantitative depth profile analysis of each elementinterfaces present some contrasts. As an example, the
AlN/TiN interfaces in Fig. 6(c) appear less rough than [27]. However, the shape of GDOES intensity peaks

observed for the aluminium and titanium signals in thethe reverse interfaces. The dark–bright edges as shown
in inset B are not so clear and sharp as the opposite case of films of type I indicate that the morphology of

the TiN layer is less homogeneous than that of the AlNedges seen in inset A. According to SEM investigations,
the contact surface between each layer is different. This layer. For films of type II, titanium and aluminium

profiles display peaks with slightly unsymmetrical shapesinfluences the adhesion properties of one layer on the
other. One can suggest that a TiN coating deposited on on the right peak side. This suggests a sharp TiN/AlN

interface whereas the reverse interface AlN/TiN is morean AlN surface leads to worse interface quality than the
reverse deposition. Inset C in Fig. 6(a) shows an example intermixed. In addition, the ion bombardment is

expected to induce preferential nitrogen resputtering.of separation of a TiN layer. This detachment of TiN
from AlN was observed for every multilayer of type I This generates point defects (nitrogen vacancies) on the

surface and a metal enrichment. Since the strength ofand for any period thickness L.
Fig. 6(b) and (d) clearly show the effect of ion the AlMN chemical bond (297 kJ mol−1) is weaker than

that of TiN (476 kJ mol−1), one can understand thebombardment on the quality of the interface roughness.
The TiN layer is easily identified (bright layer), as well abruptness of the aluminium line emission on the left

peak side.as the number of layers. Irregularities and defects pre-
viously noticed at TiN/AlN interfaces for samples of The present results support the importance of the

interface structure for the properties of multilayeredtype I are not visible. The shapes and features of TiN
as well as AlN layers appear clearly. The interface coatings. Other investigations show that, during an ion-

assisted deposition, various effects take place leading toroughness is lowered.
In order to evidence the influence of ion bombard- some structural and morphological modifications of the

layers. Four kinds of phenomena are usually identified:ment on the interface morphologies of layers, the surface
topography of TiN and AlN single layers has been surface desorption, densification, resputtering and

implantation [56–59]. The predominant influenceanalysed by AFM. Typical plane views of 200 nm thick
TiN and AlN coatings deposited on (100) silicon wafers depends primarily on the ion energy and ion-current

density [60,61]. In our case, the experimental conditionswith and without a post layer-deposition ion bombard-
ment are shown in Fig. 7. A non-bombarded TiN surface are different because the ion bombardment is not applied

during deposition. However, argon-ion energy and cur-[Fig. 7(a)] shows near-spherical nodules (30–50 nm)
mostly disconnected from each other and lightly coalesc- rent density are also fundamental parameters for a

simple etching operation. In this study, the ion bombard-ent. A non-bombarded AlN surface [Fig. 7(c)] exhibits
smaller and less bumpy particles with a more compact ment does not lead solely to erosion and a smoothing

effect of the surface as clearly observed by AFM; it alsomacroscopic structure. A smaller RMS roughness is also
measured for aluminium nitride: 1.5 nm against 5.2 nm modifies physical and chemical properties of the surface

layer. With the flattening of each layer, the nucleationfor titanium nitride.
In the case of bombarded surfaces [Fig. 7(b) and density of the next material to be deposited increases

[62,63], and the number of voids and the void volume(d)], the surface topography is largely eroded and flat-
tened since RMS roughness is reduced to 1.9 nm and fraction at the interfaces are decreased. Hence, contacts

and sticking between each nitride are improved.0.9 nm for TiN and AlN, respectively. Resputtering of
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(a)

(b)

Fig. 7. Surface morphology of TiN and AlN single layers (200 nm thick) observed by AFM. Ion bombardment of titanium nitride (b) and
aluminium nitride (d) induces erosion and smoothening of the surface. Roughness is reduced and topography evolution can be compared with
that of non-bombarded TiN (a) and AlN (c). The vertical axis is different in all partial figures.
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(c)

(d)

Fig. 7. (continued )
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Moreover, ion bombardment can also lead to a modifi- H0 values are quite similar (5.5 and 3.8, respectively).
The slope kHP is representative of the difficulty in forcingcation of the nitrogen content in each sub-layer. In

order to evidence the influence of ion bombardment on dislocations through the interface between the layers
[36 ]. Linear fits in Fig. 8 show that the slope is higherthe stoichiometry of layers, TiN/AlN multilayer systems

and TiN and AlN single layers have been analysed by for samples of type II. The ion bombardment improves
the quality of interfaces, and so the motion of disloca-Rutherford backscattering spectrometry (RBS). RBS

analyses of TiN and AlN single layers clearly show no tions between sub-layers becomes increasingly difficult.
modification of the stoichiometry (close to TiN1.0 and
AlN1.0). For TiN/AlN multilayers the evolution of the
experimental RBS spectra for different numbers of

5. Conclusion
bilayers is very difficult to reproduce with simulations.
In fact, RBS itself is revealed to be sensitive to the

TiN/AlN multilayered coatings have been reactively
stoichiometry and thickness of each layer, to the inter-

deposited by DC magnetron sputtering with and without
facial roughness between sub-layers and to the average

ion bombardment between the deposition of each succes-
interlayer roughness (broadening of the intermixing

sive layer. The mechanical properties of these multilay-
zone). The complexity of various mechanisms and phen-

ered coatings depend strongly on the period thickness.
omena occurring at the interfaces increases the difficulty

If it is true that the final features of the overall periodical
in determining the profile composition of multilayers

system are first of all linked to the nature of each single
and in better understanding the structure of the TiN/AlN

layer, they are also influenced by a suitable and an
multilayer.

efficient association of the compounds (synergistic effect
From the investigations of Clemens et al. [36 ], the

of both material behaviours). In order to ensure this
hardness of multilayers can be examined according to

beneficial association, interfaces must be taken into
the total period thickness L=lTiN+lAlN. Typically, vari-

account as much as single-layer properties.
ation of the hardness versus 1/L1/2 is plotted and fits

A great improvement of the physical and tribological
can be performed to the linear region. Hardness evolu-

properties of TiN/AlN multilayers was obtained when
tion against 1/L1/2 is illustrated in Fig. 8 for both types

an intermediary ion bombardment of every sub-layer
of sample. A linear variation is obtained in agreement

surface was applied between each deposition. This bene-
with the following relationship:

ficial treatment is attributed mainly to an enhancement
of interfacial quality and roughness.

H=H
0
+

kHP
EL

, (2) Many studies about the synthesis of multilayers with
well-controlled structure have shown that their interes-

where H0 and kHP are experimental constants. ting and promising performances are the result of a
At first, H0 is representative of the hardness of the combination of effects like growth mechanisms, micro-

single-component constituent films. The high H0 values structure differences of the components or stresses. The
also reflect the resistance to dislocation motion in the present study supports the crucial importance of
individual layers of the multilayer independent of the interfaces.
effect of layering [36 ]. For samples of type I and II,
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