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• Mechanical properties of the TiSiN/Ti
(Ag)N films are negatively affected by
Ag incorporation

• Amultilayered TiSiN/Ti(Ag)N design of-
fers an effective barrier to Ag diffusion.

• Annealing treatment promotes an in-
crease of films crystallinity and hard-
ness.

• Ag incorporation does not affect the
onset point of oxidation at high temper-
atures of the films.

• During oxidation, the presence of Ag in
the TiSiN/Ti(Ag)N films gives rise to a
less protective Ti-Si-O layer
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Self-lubricant films combine the intrinsic properties of high oxidation resistance coatings with lubricious ele-
ments deposited as monolayer and/or multilayered configuration, offering an opportunity to design green coat-
ing materials. The present paper reports the influence of Ag additions (range 0–3.2 at.%), considered as low
frictionmaterial, on themorphology, structure, mechanical properties, thermal stability and oxidation resistance
of multilayered TiSiN/TiN(Ag) films deposited by sputtering. The surface morphology of the coatings progres-
sively changed from a well-defined cauliflower structure to a tetrahedral and pyramid-like structure and the
cross-section morphology became more compact with Ag incorporation. A decrease of coating's hardness and
Young's modulus was observed with Ag additions, due to the incorporation of the soft silver on the structure.
The coatings showed excellent thermal stability and revealed a good control to the Ag diffusion towards the sur-
face in protective atmosphere. Ag additions did not affect the onset oxidation point of films. However, the oxida-
tion resistance of the films was reduced with Ag inclusion, due to its additional transportation during the
oxidation process, promoting additional paths for ions diffusion, giving rise to a less protective Ti-Si-O layer
and contributing to the formation of big crystals of rutile on the top.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

PVD hard coatings for cutting tools is one of the most common effi-
cient solutions used to improve their lifetime in themachining industry.
Since the advent of the TiN and CrN films in the 80's, they were widely
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used as protective materials of the surface of cutting tools working in
extreme high temperature, resulting in longer lifetime [1,2]. In the last
century, enormous efforts and researchworks have been devoted to de-
velop new coating systems with better mechanical properties, thermal
stability, oxidation and tribological performance. The improvement of
the properties of coatings were achieved by different approaches, such
as: (i) alloying basic coating systemswith a third, fourth or fifth element
(e.g. TiSiN [3], TiAlCrN [4], TiAlSiN [5], TiAlBSiN [6]), (ii) developing
coatings with multilayer structure (superlattices) or stack layers (e.g.
TiN/TiSiN, CrN/TiN [7,8], TiSiN/TiAlN [9,10], TiAlN/CrN [11], AlN/TiN
[12], TiAlN/TaAlN [13], TiN-TiCN-TiZrN [14] and titanium/CFRP/alumin-
ium [15], (iii) developing coatings with nanocomposite structure (TiSiN
[16], TiAlSiN [17], TiAlCrSiN [18] and VCN-(Ag) [19]) and, (iv) develop-
ment of self-lubricant films as monolayers or multilayered structure
(e.g. TiSiN(Ag) [20], Ti-MoS2 [21], Ti–Al–V–N [22], TiSi(V)N [23],
TiSiN/Ni [24], Ag/AlN [25], Cu/W [26], TiSiN/WS2 [27], TiSiN/Ag [28]
and TiAlNyVN [29]). Self-lubricant coating systemswith release of lubri-
cious species have shown an enormous potential to be applied on these
components since they are able to increase their performance and to re-
duce or even eliminate the use of harmful liquid lubrication. However,
such a solution does not yet allow to meet the need for high speed ma-
chining and green manufacturing required for machining those mate-
rials due to: i) their failure at high temperature due to low oxidation
resistance and ii) the high temperatures result in strong elements diffu-
sion, leading to the rapid depletion of the lubricious agent and the
inoperability of the component (see comprehensive papers in the liter-
ature of Voevodin [30], Stone [31] and Aouadi [32]). Thus, the challenge
is the adequate control of the lubricant transport to allow low friction
and wear over long-term periods. The authors of the current paper in
a previous work designed a new self-lubricant coating by combining
the nanocomposite structure of TiSiN films (TiN nano-crystallites em-
bedded in a thin amorphous SiNx matrix) alloyed with Ag to fulfil this
goal [22,33]. The results showed that the nanocomposite structure of
these films worked as an efficient barrier to the Ag diffusion, although,
a zone depleted in Ag just some nanometers below the sub-surface of
the film could be observed.

Coatings produced asmultilayered can offer bettermechanical prop-
erties than coatings produced as monolayer structure due to the so
called superlattice effect [34]. Additionally, the performance ofmultilay-
ered coatings has been reported to be improved in relation to their cor-
responding monolayered films for many coating systems [34–36],
either due to their better mechanical properties or owing to the crack
deflection which often lead to the failure of monolayer coatings [34].
In this work, we produced multilayered TiSiN/Ti(Ag)N films with in-
creasing Ag concentration to evaluate the capacity of the TiSiN layer in
the multilayered structure for working as an efficient barrier against
the Ag diffusion, with the final goal of observation if the multilayer
structure can work as an efficient design for producing coatings with
long term lubrication. The diffusion of silver was evaluated by thermal
stability tests at protective atmosphere and oxidation resistance tests.
Influence of Ag on morphology, structure, mechanical properties of
films were also investigated.

2. Experimental

Multilayered TiSiN/TiN(Ag) coatings with increasing Ag concentra-
tion were deposited by d.c. reactive magnetron sputtering, working in
unbalanced mode, composed by two magnetrons facing each other.
Two targets (100× 200mm)were used in the depositions: one high pu-
rity Ti (99.9%) target, containing 5 mm diameter holes evenly distrib-
uted through the preferential erosion zone of the target (race track),
and another a high purity composite TiSi (99.9%) target with chemical
composition of 88 at.% of Ti and 12 at.% of Si. The amount of Ag on the
films was increased by filling the open holes on the Ti target with 0, 4,
8 and 11 Ag pellets, being the remaining holes filled with Ti pellets. A
coating with 0 pellets of Ag (i.e. all holes were filled with Ti pellets)
was produced for reference purposes. Different types of substrates
were used on the depositions: i) polished FeCrAlY alloy substrates
(20 × 10 × 1 mm, for thermal annealing tests, hardness and Young's
modulus assessment, X-ray diffraction (XRD) and energy dispersive X-
ray spectroscopy (EDS chemical composition), ii) Al2O3 substrates for
thermo-gravimetric analysis (TGA), iii)WC substrates for adhesion crit-
ical loads evaluation (scratch tests) and iv) polished ⌀ 25 × 0.5mmAISI
316 substrates to measure the coatings residual stresses.

Prior placing the substrates in the chamber, they were ultrasonically
cleaned in acetone and in alcohol for 15 and 10 min, respectively. The
substrates were thenmounted in a substrate holder, placed at the center
of the chamber, positioned 13 cm from the targets. The chamber was
closed and pumped down to a pressure lower than 4 × 10−4 Pa. Before
starting the depositions, the substrates were etched for 50 min in an Ar
atmosphere by applying a pulsed bias of 500 V and frequency of
250 kHz to the substrate. At the same time the composite TiSi and Ti
(Ag) targets were cleaned by applying a power of 800 W to each target,
having the shutters in front of them to avoid cross contamination with
the substrates. The flow of Ar used for the etching and cleaning process
of the targets was 11 sccm which gave a pressure of 0.28 Pa. In order
to improve the adhesion of final films the following sequence of inter-
layer/gradient layers were produced: i) 300 nm TiSi adhesive layer pro-
duced from the TiSi composite target applying a power density of 6.5W/
cm2, Ar flow of 11 sccm, and a pulsed bias −60 V and 250 kHz during
12 min, giving a pressure of 0.30 Pa and ii) a 250 nm gradient TiSiN
layer produced keeping the same power as for the interlayer, with in-
creasing N content each minute up to reach the final pressure of
0.35 Pa. After the interlayers, the multilayer structure was grown by ap-
plying 6.5 W/cm2 on Ti(Ag) and TiSi targets, using 11 sccm of Ar and 13
sccm of N (corresponding to a deposition pressure of 0.35 Pa or a partial
pressure PN2/PAr of 0.17) and applying a pulsed bias of−60 V. All the de-
positions were carried out with the same deposition parameters; the
only feature changing was the number of Ag/Ti pellets at the Ti target.
The rotation speed of 18 rpm, used for the inter/gradient layers deposi-
tion, was decreased down to 0.9 rpm to ensure the production of TiN
(Ag) and TiSiN single layers in the multilayer structure with approxi-
mately 15 nm and 19 nm in thickness (period of 34 nm), respectively.
The deposition time was set as 1 h and 15 min for all of the depositions
in order to produce coatings with approximately 3 μmof total thickness,
including inter/gradient layers. A summary of the deposition conditions
for the growth of the coatings is shown in Table 1. Hereinafter, the coat-
ingswill be referenced as Sx,where x represents the silver concentration
measured on the multilayered films. Some monolayered films of TiSiN
and TiAgN were deposited too, to estimate the Si and Ag concentrations
in the individual TiSiN andTiAgN single layers of themultilayer structure
as well as to support the XRD diffraction results discussed later. The
cross-section/surface morphologies and the thickness of the coatings
were studied by scanning electronmicroscopy (SEM). Chemical compo-
sition of films was evaluated by energy dispersive spectroscopy (EDS).
Due to the overlapping between the Ti Ll and N Kα X-ray energies in
EDS, monolayered TiN and TiSiN films, deposited with increasing Si con-
tents,with the chemical compositionmeasured by electron probemicro-
analysis (see our previous works [37]), were used as standard for EDS
measurements calibration. The measurements were performed on ran-
domly regions of samples surface with an acceleration voltage of 10 keV.

The structure of the films was evaluated in a X'Pert Pro MPD diffrac-
tometer with Cu Kα1 radiation (λ=1.54060 Å, 45 kV and 40mA) in 2θ
range of 20°–80 °C. The XRD diffractograms were either acquired in
grazing and conventional diffraction modes.

The adhesion of the films on polishedWC substratewas evaluated in
a scratch tester equipment by scratching the films with a linearly in-
creasing force from 5 to 70 N, scratch speed of 10 mm/min and loading
speed of 100N/min. The scratch-test apparatus has a spherical Rockwell
C indenter of radius of 0.2 mm. The critical loads were determined by
optical microscope analysis according to the standard for scratch-test
evaluation.



Table 1
Deposition parameters and main properties of the coatings.

Sample S0 S1 S2 S3

Number of Ag rods – 4 8 11
TiSi target power density (W/cm2) 6.5 6.5 6.5 6.5
Ti (Ag) target power density (W/cm2) 6.5 6.5 6.5 6.5
TiSi target voltage (V) 540–604 589–612 583–607 572–595
Ti(Ag) target voltage (V) 589–598 532–541 531–565 535–563
TiSi target current density (mA/cm2) 12.0–10.8 11.0–10.6 11.1–10.7 11.4–10.9
Ti(Ag) target current density (mA/cm2) 11.1–10.9 12.1–12.0 12.2–11.5 12.2–11.6
Rotation speed for TiSi + TiSiN gradient layers (rotation/min) and deposition time 18

24 min
18
24 min

18
24 min

18
24 min

Rotation speed for TiN(Ag) + TiSiN multilayers (rotation/min) deposition time 0.9
1 h:15 min

0.9
1 h:15 min

0.9
1 h:15 min

0.9
1 h:15 min

Residual stress (GPa) −4.1 −2.7 −2.5 −1.4
Residual stress (GPa) after annealing at 800 °C −1.9 −1.4 −1.1 −0.1
Hardness (GPa) 26 ± 4 22 ± 4 19 ± 2 18 ± 4
Young's modulus (GPa) 334 ± 28 297 ± 33 293 ± 22 286 ± 23
Elastic strain to failure - H/E 0.078 0.074 0.063 0.062
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The hardness and Young's modulus of the samples deposited on
FeCrAlY alloy were evaluated by depth-sensing indentation technique
(Micro Materials NanoTest) using a Berkovich diamond pyramid in-
denter, taking into account the indentation depth, which was kept
b10% of the coating's thickness, to avoid the effect of the substrate.
The tests were performed using applied loads of and 15 mN. 16 mea-
surements were performed for each sample.

The deflection difference between coated and uncoated stainless-
steel disks was used to calculate the residual stress of the films using
the Stoney equation.

Thermal stability of coatings was evaluated at 800 °C for 2 h in an
oven in protective atmosphere (Ar - balance + H2 - 5 vol%). Then, the
surface and cross section morphology of coatings was characterized by
SEM, the structure checked by XRD diffraction and the hardness and
Young's modulus by nanoindentation.

Thermogravimetric analyses were conducted to the films deposited
onto Al2O3 substrates to determine the influence of Ag additions on the
onset point of oxidation and oxidation resistance of the coatings. To de-
termine the onset point of oxidation, the films were heated from room
temperature up to 1200 °C with constant temperature ramp of 20 °C/
min, using 50 ml/min of 99.99% purity air. The oxidation weight gain
was evaluated at regular 2 s intervals using a micro-balance with an ac-
curacy of 0.01 mg. After determining the onset of oxidation, isothermal
oxidation tests were conducted in air atmosphere for 2 h at 800 °C. The
oxide phases formedwere characterized by XRD diffraction and by SEM
analysis; the surface and cross section of the oxidized films were
observed.

3. Results and discussion

3.1. Chemical composition

The chemical composition of multilayered TiSiN/TiN(Ag) coatings as
measured by EDS is shown in Table 2. As expected, the incorporation of
Ag rods to the Ti target leads to the progressive increase of Ag concen-
tration in the films and decrease of the Ti + Si concentration. However,
the progressive decrease of the (Ti + Si)/N ratio suggests that over-
stoichiometric films are being produced when Ag is added to the
Table 2
Chemical composition of the coatings measured by EDS.

Sample N at.% Ti at.% Si at.% Ag at.% (Ti + Si)/N

S0 49.3 46.1 4.6 0 1.03
S1 49.4 45.1 4.6 0.9 1.01
S2 49.9 43.9 4.8 1.4 0.98
S3 50.2 42.3 4.3 3.2 0.93
films. As the partial pressure PAr/PN2 and total pressure are the same
in all the depositions, the increase of N concentration in the films can
be, likely, attributed to the replacement of Ti by Ag pellets at the drilled
Ti target. As Ag has no affinity for nitrogen, when Ti pellets are replaced
by Ag ones, less Ti area is available, being expected an increase of the
targets poisoning. Therefore, an excess of N is possible in the film as
well as a decrease of the sputtering rate with the consequent decrease
of the deposition rate as it will be discussed later. Although maximum
Ag content measured in the films was 3.2 at.%, in the individual Ti(Ag)
N layers of the multilayer structure the content is slightly higher than
the double of that value. Global Si content in the multilayer film was
kept in the range of 4.3–4.8 at.% corresponding to a double Si percentage
in the TiSiN individual layers of the multilayer structure.

3.2. Morphology and structure of the coatings

Cross section and surface morphology of multilayered coatings with
increasing Ag content is depicted in Fig. 1. Coatings displayed a multi-
layer structure with columnar growth extending from substrate up to
the top surface of thefilm. The period thickness of the coatings is around
34 nm, independently of the Ag content. Increasing the Ag content, pro-
gressively densifies the cross section morphology of the TiN(Ag)/TiSiN
multilayered films, in good agreement with the considerable reducing
of the globular top surface features. S0 reference film shows a well-
defined cauliflower type surface morphology with grains aggregation
to form flat larger structures. As the Ag content increased up to 1.4 at.
% (Fig. 1k), the size of these flat structures shrinks and smaller crystal-
lites are formed with granular surface morphology. However, the coat-
ing with 3.2 at.% of Ag exhibits a tetrahedral and pyramid-like structure
which, according to the work of Zhang et al., suggests larger gaps be-
tween neighboring TiN pyramids [38]. Although an increase of the de-
position rate would be expected with the incorporation of Ag pellets
at the Ti target, due to the high sputtering rate of silver as compared
to Ti, an opposite trend was observed. This behavior can be explained,
as above described, by the higher target poisoning due to the replace-
ment of Ti by Ag pellets. Besides the higher N content in the films, as
shown by the (Ti + Si)/N ratio in Table 2, a decrease of the sputtering
rate of the poisoned layer is expected. Therefore, in spite of the much
higher sputtering rate of Ag pellets, this factor is not enough to counter-
act the decrease of the fluxes of sputtered Ti and N species from the tar-
get with the consequent global decrease of the deposition rate.

The XRD diffractograms of as-deposited multilayered TiSiN/TiN(Ag)
coatings acquired in conventional mode are shown in Fig. 2 a) to d). The
XRD diffractogram of a monolayered TiAgN film deposited from the Ti
target with high number of Ag pellets is also plotted (spectrum e)). All
multilayered coatings exhibit a face-centered cubic structure (f.c.c.
NaCl type TiN phase ICDD card no. 01-087-0633)with a (111) preferred



Fig. 1. Cross section and surface morphology of multilayered coatings: a–d) high resolution cross section SEM images of S0 to S3 coatings showing the nano-multilayer structure with
superlattice period of ~40 nm, e–h) low resolution cross section SEM images of S0 to S3 coatings showing the their thickness and i–l) top surface images of S0 to S3 coatings.
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orientation. Ag alloying increases the intensity of the (111) diffraction
peak, suggesting the formation of a more pronounced (111) texture.
Ag incorporation to films progressively decreases the level of residual
compressive stresses, as presented in Table 1. However, no shift of the
XRD diffraction peaks to higher diffraction angles were noticed. As the
XRD diffraction peaks result on the superposition signals from the lat-
tice parameters of the individual Ti(Ag)N and TiSiN layers in the multi-
layered structure, suggesting that a part of silver can be incorporated in
the TiN lattice of the TiN(Ag) layer, counteracting the effect of the de-
crease of the compressive residual stresses. The decrease of residual
stresses with Ag additions is likely due to the incorporation of Ag as a
softer phase in the TiN structure which allows the residual stresses ac-
commodation. This corroborates well with our previous [20] and other
works, where the influence of Ag alloying on other coating systems
was evaluated [28,39]. No Si-N crystalline phase was detected by XRD.
For deposition performed at low mobility and/or bombarding condi-
tions, as it is the present case, incorporation of Si in solid solution in
the TiN matrix is expected [40]. Nevertheless, according to Houska
et al. [41] the maximum Si content able to be incorporated into the
TiN lattice is approximately 4 at.% and, above this threshold, the Si-N
phase starts to form. Thus, despite of the global Si content in the multi-
layers films was in the range 4.3 to 4.8 at.%, in the single TiSiN layer it is
much higher being expected that the presence of Si could be either in
solid solution or as a Si-N phase. The absence of Si-N phase in the XRD
diffractograms is correlated with its amorphous character as observed
by different authors who have developed and studied Ti-Si-N films
[16,20,23,33,42]. Ag diffraction peaks are also absent from the XRD
diffractograms. Considering that in monolithic TiAgN coatings we
could only detect Ag for contents ≥6.4 at.% (see vestiges of a peak posi-
tioned at ~38.1° at spectrum e) in Fig. 2)), the absence of Ag signal on
the multilayered films is attributed to the presence of very small nano-
particles undetectable by XRD, as reported by Ju et al. [43], who con-
ducted deep TEM studies on TiN-Ag films.

3.3. Adhesion critical loads, mechanical properties and thermal stability

The substrate-film adhesion of the coatings is essential for testing
their mechanical properties and thermal stability, especially at high
temperatures. All coatings showed a very good adhesion to the sub-
strate (Fig. 3). No type of failure was detected for TiSiN/TiN reference
film; however, when Ag was added, a failure by coating chipping -
Lc2, could be detected. Globally, a small decrease of Lc2 load was ob-
served with increasing Ag content. This behavior can be attributed to
the decrease of the toughness of the films with silver addition, as sug-
gested by the decrease in elastic strain to failure parameter, as shown
in Table 1.

Hardness and elastic modulus of the as deposited and annealed at
800 °C coatings are shown in Fig. 4. As expected, the as deposited refer-
ence sample S0 shows the highest hardness (26 GPa) and elastic
Young's modulus (334 GPa) among all the coatings. These values are
similar to those of the work of Wo et al. [44,45] who deposited TiN/
TiSiN multilayered coatings with similar period thickness. Xu et al. [7]
and Cao et al. [8] achieved harder TiN/TiSiN multilayered coatings, in
the range of 40 GPa, but their coatings superlattice period was lower,
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10.3 nmand12 nm, respectively. Ag doping, progressively decreases the
H and E values of multilayered films. This is an expected result, due to
the inclusion of a softer and less stiff phase in the coatings, and it is in
accordance with our previous work on the effect of Ag additions on
the nanocomposite structure of Ti-Si-N films [20]. Other works also
showed similar trends for the addition of Ag when alloying different
coatings systems [28,42,46]. Annealing treatment globally increases
the H and E values of the coatings, which can be attributed to the in-
crease of films crystallinity, as shown by the XRD diffraction patterns
obtained in conventional mode (Fig. 5), where no major changes were
observed, with the exception of an increment of the peaks intensities.
In spite of the annealing, no Ag diffraction peaks could be detected, re-
sult that, again, is attributed to the small amount of Ag in the coatings.
Elemental line profiles acquired through the cross section, as well as
Fig. 3. optical microscope images of the scratch tests carried out for coatings
chemical analysis on the surface of the annealed films, did not allow de-
tecting any preferential accumulation of Ag close to the surface (see
Fig. 6), suggesting that out-diffusion of this element is not occurring.
The concentration of the other chemical elements also remained con-
stant across the thickness of the films. Therefore, in vacuum conditions
this multilayer structure offers an efficient control of Ag, which can be a
lubricious element, diffusion to the surface. It should be highlighted that
similar annealing treatment applied to TiSiAgN coatings deposited with
a nanocomposite structure in our previous work [20], also did not pro-
mote any change on the elements distribution in cross section. How-
ever, the EDS elemental mapping after protective annealing recorded
the diffusion of Ag from a region close to the top was observed, leaving
behind a very thin Ag depleted layer. Multilayer structure seems, thus,
to offer a better barrier to Ag diffusion than nanocomposite structure.

3.4. Continuous and isothermal oxidation in air

Thermo-gravimetric analysis (TGA) tests were performed to S0 and
S3 films to evaluate the influence of Ag additions on either the onset
point of oxidation or the isothermal oxidation resistance. The onset
point of oxidation of selected coatings was evaluated by heating the
coatings up to 1200 °C in air, at a constant temperature ramp of 20 °C/
min and then cooled down to room temperature, whilst their
deposited on tungsten carbide substrates, in the load range of 5–70 N.
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Fig. 6. a) Cross-section SEM image of annealed S3 coating and b) its corresponding EDS
line depth profiles.

Fig. 7. Thermogravimetric oxidation rate of S0 and S3 performed at a constant linear
temperature ramp (from RT to 1200 °C at a rate of 20 °C/min) and, in the inset, the
isothermal TG curves of coatings exposed at 800 °C for 2 h.
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isothermal behavior was evaluated at 800 °C for 2 h (Fig. 7). The onset
point of oxidation of reference film is around ~700 °C. Ag alloying does
not change the onset point of oxidation. This corroborates our previous
workwhere the addition of Ag to the nanocomposite TiSiN films did not
affect the starting point of oxidation. However, this point is lower, by
150 °C, than the monolayer nanocomposite films studied in our previ-
ous work [33]. The low onset oxidation point of current coatings is pri-
marily due to the presence of the TiN(Ag) layers in the multilayer
arrangement which have much lower oxidation resistance (reported
to be ~500 °C [47]) than any TiSiN film. The oxidation starting from
the top surface and going down will take place layer by layer with a
high rate in the Ti-N(Ag) layer and a lower rate in the Ti-Si-N layer. In
the latter, the formation of Si-O or a mixture of Ti-Si-O protective
oxide layers is responsible for ruling the oxidation performance of
TiSiN films [48,49]. However, the very low thickness of this layer (in
the order of 20 nm) makes difficult the formation of the continuous
and protective oxide scales. Therefore, the barrier to the species partic-
ipating in the oxidation process (either Ti4+, Si4+, Ag2+ or O2– ions) is
much less effective than in the thicker monolithic TiSiN with the conse-
quent lower onset point of oxidation. Above the onset point tempera-
ture, the oxidation mass gain increases slowly in the temperature
range of 750–900 °C. A sudden mass increase is then observed above
this temperature up to the complete oxidation of the films occurring
at ~1120 °C.

Isothermal oxidation tests were carried at 800 °C for both coatings,
as seen in insert of Fig. 7. Both samples obey to a parabolic law of oxida-
tion. However, Ag rich coating displayed a much higher parabolic rate
constant than the TiSiN/TiN reference film.

The grazing XRD diffractograms of oxidized films are displayed in
Fig. 8. TiSiN/TiN film shows diffraction peaks assigned to rutile TiO2

and TiN crystallites revealing that the film was not totally oxidized. Dif-
fraction peaks from the Al2O3 substrate could also be detected. No
crystalline silicon-containing oxides were detected by XRD, suggesting
their amorphous character as reported by different authors who also
studied Si-containing coatings [47,50]. The cross-section morphology
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Fig. 9. Cross section morphology (left-hand side) with corresponding and e
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of the oxidized film shown in Fig. 9 reveals the presence of an oxide
scale with a total thickness of ~1.1 μm. According to the elemental
lines analysis two zones can be distinguished: i) a very thin layer of
TiO2, corresponding to the sharp features on the top surface, and ii) a
continuous and compact layer below, composed by Ti-Si-O, suggesting
a mixture of Si and/or Ti oxides. This result is in line with the global ox-
idation of monolithic TiSiN films deposited as either solid solution or
nanocomposite structures, for which the oxidation starts with a Ti-O
layer growth on the top of the sample, followed by a Si-O or a mixture
Ti-Si-O protective layers depending on the Si content in the films
[47,50].

Concerning theXRDdiffraction of oxidized S3 coating, similar phases
as those indexed for the reference S0 film could be detected. In addition,
peaks assigned to Ag could be detected. The Ag detection is in accor-
dance with the analysis performed at the oxidized surface of the film,
where agglomerates of silver (round features), could be observed, as
shown in insert of Fig. 9b. Cross section morphology and EDS line pro-
files taken across the coating thickness (Fig. 10) revealed the formation
of a dual oxide layer, as for the reference S0 film. However, bigger crys-
tals of TiO2 on the surface suggests a stronger Ti diffusion to the surface,
as also shown by the thicker oxide scale, confirming the lower oxidation
performance of the coating in the isothermal curve. The elementalmaps
confirm the accumulation of Ag in the top of the oxide scale as well as a
thin layer, underneath, depleted of this element. This layer makes the
interface with the remaining non-oxidized film and is attributed to
the Ti-Si-O oxide. As its thickness is higher than the period of the as-
deposited films, this means that silver diffuses from the remaining
non-oxidized film to the interface with the oxide scale. Similar layer
was observed by the authors for TiSiNAg films deposited with a nano-
composite structure [33]. Similarly, to the TiSiN/TiN reference film, Ti-
lemental EDS line profiles (right-hand side) of: a) S0 and b) S3 films.



Fig. 10. Cross section EDS elemental maps distribution of the S3 coating after oxidation at
800 °C for 2 h.
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O is formed firstly due to either the higher affinity of Ti than Si for oxy-
gen or themuch higher content of Ti than Si on the films, leaving behind
a Ti-Si-O layer. However, due to the additional outwards diffusion of Ag,
additional paths for ions diffusion will be created, i.e. Ag will interfere
with the formation of a compact and protective Ti-Si-O layer, allowing
higher fluxes of the species intervening in the oxidation process. Then,
higher parabolic oxidation rates were measured for the Ag-containing
coating.

Despite of the lower oxidation resistance of S3 coating, it should be
highlighted that in the non-oxidized part of the film a constant signal
of Ag is displayed; the Ag diffusion to the top, forming the agglomerates
shown in Fig. 9b, simply results from the progressive oxidation of Ti and
Si, leaving Ag unbonded and then, is free to move. Constant signal of Ag
in the remaining film suggests that TiSiN layer in the multilayer struc-
ture offers an efficient control of the release of the lubricious phase,
being a potential coating solution to provide long term lubrication, hav-
ing practical interest in the industry. Transmission electron microscope
(TEM) studies of the developed coatings are planned in the future to
achieve further insight into coatings (micro)structure as well as on the
importance of annealing treatments in the interfaces between the
layers.

4. Conclusions

The present work reports on the influence of Ag additions on the
morphology, structure, mechanical properties, thermal stability and ox-
idation resistance of multilayered TiSiN/Ti(Ag)N films deposited with
low Ag contents (from 0 to 3.2 at.%). The results showed that all Ag
rich films are over-stoichiometric as a result of the progressive poison-
ing of the target caused by the replacement of Ti by Ag pellets at the Ti
target. As a consequence, a decrease of the deposition rate was also ob-
served, despite of the higher sputtering rate of Ag as compared to the
one expected from the Ti pellets. All coatings exhibit a face-centered
cubic structure with a (111) preferred orientation; Ag alloying gives
rise to amore pronounced (111) texture. All coatingswerewell adhered
to the substrate; only one type of failure on the Ag rich coatings, Lc2 –
first coating chipping, was possible to be identified, occurring for
lower Lc2 values with increasing Ag addition. Hardness and Young's
modulus of the films decreased with increasing Ag content due to the
incorporation of softer Ag on the structure. Annealing treatment at pro-
tective atmosphere promoted an increase of the hardness and Young's
modulus of the films. No diffusion of silver or change on the elements'
distribution across the film thickness were observed which reveals a
good thermal stability of the films. Ag alloying does not affect the start
point of oxidation of films; however, oxidation resistance of Ag-
containing films is lower as shown by isothermal oxidation tests carried
out at 800 °C. SEM, togetherwith XRD analysis, showed the formation of
a dual oxide scale: on top rutile crystals and below a Ti-Si-O layer. The
size of rutile crystals and the thickness of the inner Ti-Si-O layer increase
with Ag incorporation due to the easier ions diffusion promoted by the
additional Ag diffusion.
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