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ABSTRACT

Ti Al 4N coatings were grown using the triode magnetron sputtering technique with various bias voltages
between -40 V and -150 V. As the bias voltage increased, an increase in the Al atomic percentage was obser-
ved, presenting a competition with Ti and producing structural changes. Moreover, the grain size and rough-
ness were also strongly influenced by the bias voltage. It was observed that coatings with concentrations of
approximately 25% Al and 75% Ti exhibited an optimum mixture of mechanical and tribological properties.
The average coefficient of friction was low for the TiAIN coating that was grown at -40 V. Additionally, the
critical load was obtained by measuring the adhesion using the scratch test.
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1. INTRODUCTION

Recently, there has been considerable interest in the testing of micro- and nanoscale contacts to study the
performance of tribological contacts for the development of nano- and micro-devices and to measure the re-
sponses of materials under conditions that are representative of asperities in macroscale contacts [1]. This
analysis is important for wear-resistant hard coatings, which are currently needed in the modern manufactur-
ing industry to achieve good-performance cutting tools [2]. In the past few years, TiAIN coatings obtained
from physical vapor deposition (PVD) techniques have been widely used to improve the lifetime and perfor-
mance of a wide variety of tool materials with attractive properties, such as a high degree of hardness, good
wear and chemical stability [3]. Titanium aluminum nitride films deposited on various metallic and PM mate-
rials have been shown to be effective in many applications, including machining, dry metal forming and
molding, oxidation, wear- and corrosion-resistant materials at high temperatures, biocompatible surgical im-
plants and prosthesis and dental alloys [4]. One of the most widely used PVD techniques is sputtering, which
has undergone several modifications over time to improve the deposition processes. One of the sputtering
technique improvements is triode magnetron sputtering (TMS). Compared to diode magnetron sputtering,
TMS enhances the ionization rate by introducing a polarized grid in front of the target. RECCO et al. [5] re-
ported TiN that was produced by this technique. The authors found that a higher homogeneity resulted from
the greater electron collection by the grid. Additionally, among other characteristics, denser films for lower
substrate temperatures and a compact film structure for temperatures of approximately 300 °C were observed.
Although TiAIN films have been produced by several techniques, such as cathodic pulsed arc [6], magnetron
sputtering [7] and laser ablation [8], no works on the growth of TiAIN by TMS have been reported in the
literature. However, it is well known that the physical and chemical properties of films that are grown by
magnetron sputtering depend strongly on the processing parameters, such as the pressure, temperature and
bias voltage. Of particular importance is the substrate bias voltage, which controls the ion bombardment en-
ergy on the growing film and plays a crucial role in determining the properties of the coating [9].
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It is well known that control of the film morphology, the mechanical and tribological properties are
achieved via variations in the substrate bias potential, which in turn, modify the energy of the depositing ions.
Typically, for a deposition process, the substrates are negatively biased in the range of 0 to 300 V in refer-
ence to the anode potential [10]. The bias voltage during the coating process is a highly influential parameter
because it controls the energy of the impacting ions. Therefore, this voltage is also a well-known tool for in-
fluencing several coating properties. PETROV et al. reported on the influence of the impinging ion energy on
the predominant orientation of TiN and TiAIN [11]. With increasing ion energy, the texture changed from
(111) to (200). Moreover, the bombardment caused a continuous re-nucleation due to the disturbance of the
local epitaxial growth. LJUNGCRANTZ et al. reported on the influence of the bias voltage on residual
stresses [12,13]. At low bias voltages, from 0 to -100 V, the residual compressive stress increased due to an
increase in the defect density. At bias voltages of -150 V and higher, the predominant effect was the induced
mobility of the atoms due to ion bombardment. This effect led to decreasing residual stresses because of the
enhanced annihilation of defects. ZHAO et al. reported that, with increasing bias voltage, the Al content in
TiAIN coatings decreased, whereas the residual compressive stresses and hardness increased up to -100 V
and decreased with higher bias voltages [14]. Similar results were also published by other authors [15,16]. In
a previous work, we studied TiAIN coatings that were grown by a triode magnetron sputtering system by
increasing the bias voltage. The influence of the bias voltage on the microstructure, composition and mechan-
ical properties was investigated. A higher concentration of Al atoms was observed with increasing bias volt-
age. According to the XRD analysis, crystallographic orientations in the {111}, {200}, {220} and {311}
planes were found, and a competition between the {111} and {200} planes was exhibited. Additionally, in-
creases in the roughness and grain size were observed with increasing bias because of the increase in the ion
flux/energy that was bombarding the surface. Moreover, a decrease in the hardness and the adherence was
observed when the bias voltage was increased because of the decrease in the film density [17]. Although
there are many works that present the growth of TiAIN coatings, using several techniques and which study
the influence of the deposition parameters, including the bias voltage, the TMS technique has not been com-
monly used. On the other hand, the bias voltage influence has not been analyzed sufficiently for the coatings
that are produced by this technique, especially in the case of TiAIN coatings.

The aim of the present work is to deposit TiAIN coatings, using the triode magnetron sputtering tech-
nique to investigate the effect of the bias voltage on the coatings. We concentrate on the mechanical and
tribological properties, i.e., the hardness, Young's modulus, coefficient of friction and wear resistance.

2. EXPERIMENTAL SETUP

TiAIN coatings were deposited on AISI O1 tool steel substrates with 12.5 mm of diameter and 3 mm of
thickness, using a Ti0.5Al0.5 target by triode magnetron sputtering (TMS) in a non-commercial system [18].
The substrate temperature was remained constant at 300 °C. A continuous gas flow of argon and nitrogen
(Ar+N,) was injected into the chamber for the coating production. The most suitable N, flow (5 sccm) was
obtained from the experimental hysteresis curve of pressure (Pa) versus flow (sccm) when keeping the argon
flow constant at 20 sccm. At this flow value, target poisoning (material deposition on the target) was avoided,
thus increasing the sputter yield and the film deposition. A vacuum pressure of 2.67x10™ Pa was reached,
and a working pressure of 0.4 Pa was used. The films were grown for 60 min with a current of 2 A and a bias
voltage of -40 V, -70 V, -100 V or -150 V. The hardness and Young’s modulus; (were determined by
nanoindentation in a Triboscope Hysitron nanoindenter that was coupled with a Shimadzu SPM 9500 J3
AFM. The effects of the coatings on the tribological properties were evaluated using a Micro Photonics Nan-
ovea CSEM Tribotest ball-on-disk (BOD) with an alumina (Al,Os) ball with diameter of 6 mm, a speed test
of 10 m/s and a normal load of 1 N. The total distance was 100 m and the measure was stopped every 25 m to
analyze the wear mechanism using stereoscopic observations. The wear area was measured using an Ambios
Technology profilometer to determine the wear rate. The coatings thickness was measured using a scanning
electron microscopy (SEM) Philips XL-30. By means of the semi-quantitative SEM/EDS technique, a sur-
face chemical mapping was carried out for identifying the elements presented in the coatings.

3. RESULTS AND DISCUSSION

In a previous work, we reported diffraction patterns that showed orientations in the crystallographic planes
{111}, {200}, {220} and {311}. These patterns exhibited an evident {111} preferential orientation. Moreo-
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ver, the intensity of the {111} peak decreased as Al atoms were incorporated into the film, and the film was
strongly {111} textured for a lower bias voltage (Vs=40 V) [19].

A study of the mechanical and tribological properties of TiAIN coatings, especially the hardness and
plasticity, is conducted in this paper using the forming process. This study is important because the damage
in tribological processes directly depends on the formation of wear particles, which are initially generated by
the contact between asperities when the films are plastically deformed, thus increasing their hardness and
producing fractures. Surface damages are generated, which decrease the lifetime of the protective layer [20].

According to the chemical composition analysis carried out by EDS, an increase in the Al concentra-
tion depending on Vs was exhibited as is presented in table 1. It was observed a transition between a TiAIN
FCC structure toward a hexagonal structure of AIN [21]. The existence of a double HCP-FCC phase was
evidenced, caused by the excess of Al, where the FCC structure can be transformed in a HCP structure. This
increase determines the type of the TiAIN crystalline structure. PALDEY [21] presented similar results for Al
concentration greater than 65%, exhibing FCC-HCP type cells; on the contrary TiAIN coatings presented
FCC structure for al percentages lower than 65%.

Table 1: several properties of the TiAIN coatings depending on the bias voltage.

BIAS VOLTAJE | N (wt%) | Al (wt%) | Ti (wt%) | THICKNESS AVERAGE AVERAGE
V) (um) ROUGHNESS (nm) | GRAIN SIZE (nm)
-40 2.8 25.28 71.92 1.875+0.023 51.3+0.9 51.3+0.5
-70 3.92 31.31 64.27 1.425+0.016 83.1+£0.6 83.1+0.4
-100 4.37 35.65 60.11 1.33+0.03 87.6+0.8 87.6+0.3
-150 6.49 40.95 52.57 1.295+0.015 96.3+0.8 96.3+0.7

Thickness measurement

Figure 1 shows AFM images of the samples grown at different bias voltage. From these figures, it was ob-
served that the grain size increases as a function of the bias voltage. Table 1 shows values of roughness, grain
size and thickness for layers of TiAIN as a function of bias Vs. Although the sputtering techniques tend to
produce denser coatings compared with other techniques used for surface treatments, the triode magnetron
sputtering produces an increase in the ionization rate that combined with the high ionic energy and the refer-
ence potential of the substrate generate a decrease in the substrate thickness caused by the energy saturation
[18, 22]. The decrease of the thickness can be also attributed to the next factors: the first factor considered is
the inverse pulverization process, which normally appears when the high ionic bombardment forces the ac-
tive species (ionized atoms) to interact with other ions. If the energy level if these ions that bombard the sur-
face is increased a desorption of the surface atoms can be produced. This phenomenon can produce porous
and surface defects [17]. The second factor is the increment of the collisions that, due to the ionization degree
of the elements, the particles can become neutral and the magnetic field does not affect the movement; due to
this effect, the particles do not possess the enough energy for arriving to the surface or for being adsorbed.

The roughness Ra depending on bias Vs is shown in table 1, observing an increase from 51.3+0.4 nm
to 96.3+0.8nm. The surface roughness depends meanly on the type of growth and the grain size of the coat-
ings. The increase in the bombardment energy due to the polarization voltage produce an increase in the col-
lisions between the metallic ions inducing an energy loss that is necessary for arriving to the surface, origi-
nating an increase Wolmer-Weber type, that is represented as a decrease in the structure density forming
porous films. This leads to an increase of the surface roughness.
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Figure 1: AFM images of TiAIN coatings for Vs (a) -40 V, (b) -70 V, (c) -100 V and (d) -150 V

Mechanical properties

Fig. 2 shows the hardness and Young’s modulus of the TiAIN coatings as functions of the bias voltage. A
decrease in the hardness was observed from 32 GPa to 19 GPa as is also shown in table 2. The Young’s
modulus decreased from 282 GPa to 177 GPa when V, was varied from -40 V to -150 V. These properties
depend strongly on the percentage of Al that is present in the compound [23]. For values of Al close to 25%,
the samples exhibited a higher hardness, which was caused by the deformation of the FCC structure, confirm-
ing the results that were reported by ZHOU [24]. The decrease in hardness as a function of V, can be attribut-
ed to two phenomena: the first phenomenon is the increase in the grain size due to the higher mobility of the-
atoms that arrives to the substrate surface, which can contribute to a reduction in hardness according to the
relation described by Hall-Petch. This relation states that a decrease in the grain size increases the material
toughness, as described by the LOPEZ [25]. The second phenomenon is the inclusion of Al atoms in the crys-
tallographic lattice, which affects the elasticity modulus of the material when the inclusion is large enough
because the stress in the crystalline structure will relax when the material is saturated, thus producing a de-
crease in the mechanical properties [26].

Table 2: Penetration depth, average load and averad hardness for the samples grown at diferent Vs.

sampLE | PENETRATION AVERAGE AVERAGE
DEPTH (nm) LOAD (uN) HARDNESS (Gpa)

40 125.9+3.069 10000 32.2+2.09

70 134.7+3.06 10000 27.3+1.88
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100 139.9+6.7 10000 24.2+3.2
150 161.8+1.4 10000 19.4+0.53
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Figure 2: Hardness and Young’s modulus as functions of the bias voltage for the TiAIN coatings.

The ratio H*/E? is an important parameter for studying the behavior of tribological properties; this re-
lation is an indicator of the resistance of the layer to plastic deformation [27]. In Fig. 3, the dependence of
H®/E? (Fig. 3(a)) and the critical load (Fig. 3(b)) on the bias voltage can be seen. A decreasing tendency with
V, was observed, which corresponds to variations in the hardness and Young’s modulus. High values of
H®/E? can be beneficial for the wear resistance, as was stated by BEAKE, because this behavior provides a
greater elastic deformation, thus enabling the coatings to remain in the elastic limit when overloads are ap-
plied [28]. A decrease in the critical load from 52 N to 20 N was observed. This result is related to the varia-
tions in the mechanical properties that were described before and to the adhesion between the coatings and
the substrate.
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Figure 3: H3/E? relation and critical load as functions of the bias voltage for the TiAIN coatings.

Wear and friction

The behavior of the coefficient of friction, COF, and the wear (volume of material per distance that
was removed during the wear tests) in the case of TiAIN coatings that were grown with various bias voltages
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are shown in Figs. 4(a) and 4(b), respectively. The coating that was grown at V= -40 V exhibits the lowest
COF value and the smallest wear. The coatings that were grown under these conditions also exhibit the high-
est hardness and the lowest roughness. During the ball-on-disc test (BOD), in the first meters of the sliding
distance, a polishing of the asperities occurs, which generates particles that are left in the edge of tracks.
These particles are possibly produced because of the asperities of the coatings or the natural wear of the
counter body. The particles that are on the track can produce greater wear, thus generating delamination and
the removal of the protective layer. These particles might lead to a slightly larger volume loss [29].
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Figure 4: (a) COF and (b) wear as functions of the bias voltage for the TiAIN coatings.

In Fig. 4, the COF dependence on the sliding distance (Fig. 5(a)), the wear track profile (Fig. 5(b)), the
micrograph of the wear track at 25 m (Fig. 5(c)), the EDS spectrum of the track (Fig. 5(d)), the wear tracks at
50 m (Fig. 5(e)), 75 m (Fig. 5(f)) and 100 m (Fig. 5(g)) are shown for the samples that were grown at Vs=-40
V. A slight increase in the COF (Fig. 5(a)) during the polishing of the asperities can be observed because
wear particles are produced. These particles belonged to the coating according to the EDS analysis (Fig. 5(d)).
No abrupt transition is observed in the friction curves, i.e., these curves exhibit a steady state. These wear
particles have a granular shape, thus causing a rolling effect and the stability of the curve (Fig. 5(a)). Accord-
ing to the micrographs, as the sliding distance is increased, wear particles are accumulated in the tracks, as
observed for the sliding distances of 25 and 50 m (Figs. 5(c) and 5(e)). Two major frictional force sources of
the sliding friction are the adhesion force that develops at the contact areas between the two surfaces and the
deformation force that is required to plough the asperities of the harder surface through those of the softer
surface [30]. At 75 and 100 m (Figs. 5(f) and 5(g)), a clean surface is observed. The behavior of the coatings
over the total sliding distance showed that the coatings can endure the load conditions that were applied be-
cause the volume of wear was not high enough to produce the total wear of the coating during the test accord-
ing to the wear track profile (Fig. 5(b)).
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Figure 5: (a) Coefficient of friction (COF) curve for Vs= -40 V. (b) the wear track profile. (c) Micrograph of the wear
track for the grown sample at 25 m; (d) EDS spectrum of the track. Micrographs of the wear tracks for the grown sample
at (e) 50 m, (f) 75 mand (g) 100 m.

In Fig. 6, the COF dependence on the sliding distance (Fig. 6(a)), the wear track profile (Fig. 6(b)), the
micrographs of the wear tracks at 25 m (Fig. 6(c)), 50 m (Fig. 6(d)), 75 m (Fig. 6(¢)) and 100 m (Fig. 6(f))
are shown for the samples that were grown at Vs=-70 V. In Fig. 6(a), a zone in which the COF is constant
(less than 50 m) is observed. In this region, the surface asperities of the coatings were plowed by the ball (Fig.
6(c)); afterwards, the surface was polished (Fig. 6(d)). The subsequent decrease in the COF could be caused
by the low shear resistance of the highest regions of the surface, which would increase the contact area be-
tween the tribological pair. At 70 m (Fig. 6(e)), an abrupt change in the curve, which is caused by the delam-
ination of the coating, is observed. Stabilization is then observed in the system because the coating was al-
most totally removed, as shown in Fig. 6(f).
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Figure 6: (a) Coefficient of friction (COF) curve for Vs= -70 V. (b) the wear track profile. Micrographs of the wear
tracks for the grown sample at (c) 25 m, (d) 50 m, (e) 75 m and (f) 200 m.

In Fig. 7, the COF dependence on the sliding distance (Fig. 7(a)), the wear track profile (Fig. 7(b)) the
micrographs of the wear tracks at 25 m (Fig. 7(c)), 50 m (Fig. 7(d)), 75 m (Fig. 7(e)) and 100 m (Fig. 7(f))
are shown for the samples that were grown at V;=-100 V. Instability is observed in the COF at approximately
10 m, as shown in Fig. 7(a). This behavior occurs because the angular wear particles are trapped in the tribo-
logical pair (Fig. 7(c)). The decrease in the COF is attributed to the removal of these particles and to the pres-
ence of a smooth surface (Figs. 7(d) and 7(e)). The abrupt change in the curve after 80 m indicates the delam-
ination of the layer, and the curve exhibits COF values for the substrate-ball contact. The rapid increase in the
friction coefficient may be attributed to the initiation of a gross coating delamination event [30], as observed
in the micrograph in Fig. 7(f), in which significant layer damage is shown. This damage is caused by the
wear particles in the track, which increase the plowing by a third body [31]. According to observations by
DMITRIEV [32], dry friction is largely determined not by the properties of the friction materials of the con-
tacting pair but by the characteristics of the structure and composition of the third body or friction film. As
long as third body films separate the first bodies (coating and disc), it is quite clear that the friction will be
controlled by the sliding behavior of the films rather than by the properties of the first bodies [33]. This slid-
ing behavior can increase the volume of the wear material, as observed in the wear track profile (Fig. 7(b)).
In the current investigation, the friction coefficient was not constant during the test (Fig. 8(a)). The coeffi-
cient of friction increased abruptly with compound layer delamination. The friction curve can be divided into
two steps. Step 1 is related to the outmatching and smoothing of the sliding surfaces; hence, the friction coef-
ficient decreased. After the removal of the compound layer, a breakthrough was observed in the friction
curve. The breakthrough from step 1 to 2 normally indicated that the compound layer was completely worn
out, so wear began first in the diffusion zone and then in the Ti—6AI-4V alloy, which produced an average
friction coefficient of approximately 0.46 and noisier traces. These noisy traces are associated with the pres-
ence of small grooves on the wear surface. RAUTRAY [34] observed 2 steps for the friction behavior of a
nitrogen-implanted Ti—-6AI-4V alloy. Conversely, MOLINARI [35] reported 3 or 4 steps for the friction be-
havior of the same nitrided material.
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Figure 7: (a) Coefficient of friction (COF) curve for Vs= -100 V. (b) the wear track profile. Micrographs of the wear
tracks for the grown sample at (c) 25 m, (d) 50 m, (e) 75 m and (f) 200 m.

In Fig. 8 the COF dependence on the sliding distance (Fig. 8(a)), the wear track profile (Fig. 8(b)), the
micrographs of the wear tracks at 25 (Fig. 8(c)), 50 (Fig. 8(d)), 75 (Fig. 8(e)) and 100 m (Fig. 8(f)) are shown
for the samples that were grown at V=-150 V. As is shown in Fig. 8(a), for the first 30 m, the COF is not
stable because of the presence of debris, which is due to the low plastic resistance of the asperities and the
high roughness (Fig. 8(c)). The instability of the COF curve increases due to the delamination of the coatings
(Fig. 8(d)), thus increasing the number of wear particles. These particles are embedded in the surface, thus
increasing the force that is needed for ball movement. After 70 m (Figs. 8(e) and 8(f)), the COF value stems
from the interaction between the substrate and the ball due to the total destruction of the coating. Coating
damage is observed after 50 m of sliding distance. After this distance, all of the coating has been removed.
These results are corroborated by the wear track profile (Fig. 8(b)), in which grooves roughly 1.3 um deep
are observed. The depth of these grooves is greater than the coating thickness (1.29 um); this result indicates
that the coating was totally delaminated and that the wear reached the substrate. The peaks inside the tracks
represent the accumulation of particles that contribute to the adhesion and abrasion mechanisms.
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Figure 8: (a) Coefficient of friction (COF) curve for Vs= -150 V. (b) the wear track profile. Micrographs of the wear
tracks for the grown sample at (c) 25 m, (d) 50 m, (e) 75 m and (f) 200 m.

In summary, except for the case of the films that were grown at V=-100 V, the COF remains stable
depending on the sliding distance, the presence of third bodies and film delamination. The films that were
grown at V¢=-40 V exhibited the lowest COF and wear volume. The coatings that were grown under these
conditions also exhibited the highest hardness and the lowest roughness. This behavior can be attributed to
the lower energy of the particles that impacted the substrate and films, thus producing less damage, and to the
stress relaxation that was caused by the inclusion of smaller atoms (Al) in the lattice, according to the results
presented in [17].

4. CONCLUSIONS

TiAIN coatings were produced using the triode magnetron sputtering technique to investigate the effect of the
bias voltage on the mechanical and tribological properties of the coatings. It was observed that the hardness
and Young’s modulus of the coatings decreases as a function of the grain size, following the Hall-Petch rela-
tion. An increase in the Al concentration led to reductions in the hardness and Young’s modulus; this behav-
ior was associated with the saturation of the crystalline structure. The coefficient of friction (COF) values
oscillated between 0.7 and 0.9; these values are in agreement with the results that were previously reported in
the literature for this material. The most dominant wear mechanism was the abrasion that was associated with
the wear particles, which act as a third body. This analysis enables the conclusion that the film that was
grown at VVs=-40 V exhibited the best mechanical and tribological behavior.
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