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In this work, the effect of Ag content on the morphology, structure, mechanical properties,
thermal stability, and oxidation resistance of multilayered TiSiN/TiN(Ag) films, with Si
concentration in the range of 6.3—7.0 at.%, is investigated. The coatings are deposited by DC
reactive magnetron sputtering, with increasing Ag content from 0 to 13.9 at.%. All coatings
exhibit a face-centered cubic structure (f.c.c NaCl type) and the Ag diffraction peaks pro-
gressively increase with increasing Ag content. The hardness and the reduced elastic
modulus of the as-deposited films decrease with increasing Ag; these mechanical prop-
erties are higher after annealing at 800 °C in protective atmosphere due to the improve-
ment of the crystallinity of the films. The multilayered architecture of the coatings
promotes a good barrier against Ag diffusion towards the surface in protective atmosphere.
Ag addition does not influence the onset point of oxidation of the films, but it degrades the
oxidation resistance due to the Ag diffusion during the oxidation process, which promotes
extra paths for ions diffusion.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

reactivity between the workpiece and the tool, the low heat
conductivity of some hard to machine materials [2—6], the
build-up edges [5,7], and the severe shear stresses [7]. There-

The unsuccess of low friction coatings as diamond-like carbon
and transition metals compounds for high speed machining
under dry conditions, motivated the research on the self-
lubricant coatings produced by PVD as a possible solution for
overcoming those problems [1]. To accomplish this objective,
the solid-lubricant coatings should contribute for solving major
problems occur during dry machining, such as, the chemical
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fore, self-lubricant coatings, by protecting the tools and
improving their operation performance under dry machining
conditions [8], are potential solutions for several specific ap-
plications in the aerospace and automotive industries.
Self-lubricant coatings should combine a set of properties
difficult to achieve in a simple material such as, high

2238-7854/© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

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


http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:abbas.al-rjoub@dem.uc.pt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmrt.2021.04.040&domain=pdf
www.sciencedirect.com/science/journal/22387854
http://www.elsevier.com/locate/jmrt
https://doi.org/10.1016/j.jmrt.2021.04.040
https://doi.org/10.1016/j.jmrt.2021.04.040
https://doi.org/10.1016/j.jmrt.2021.04.040
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2021;12:2340—-2347

2341

toughness, low friction, good wear-resistance and thermal
stability at high temperature [8,9]. Most of the current self-
lubricant coatings are deposited as monolayers or multilay-
ered coating systems consist of a high mechanical strength
and oxidation resistance of binary or ternary nitrides and/or
carbonitrides of transition metals such as: Ti, Cr, W or Ni,
alloyed with (i) soft metals (V, Ag, Au, Cu, Ni, etc), (ii) fluorides
(CaF,, BaF,, and CeFs) and (iii) metal oxides (V,0s, Ag;M0,0;)
(see the comprehensive papers in the literature of Voevodin
etal. [9], Zhu et al. [10] and Aouadi et al. [11]). The soft element/
compound at the surface works as a lubricious material dur-
ing machining, leading to a decrease in the friction and
improving the wear performance [12—15]. Despite of the better
wear performance and the decrease of the friction, many of
these coatings still do not meet the requirements for high
speed machining due to the fast diffusion to the surface of the
elements responsible for the lubrication. Therefore, there is a
need to find alternatives for better control of the release of the
lubricious phase. A multilayered nano-structured arrange-
ment properly designed can work as an efficient barrier to the
lubricant diffusion. Moreover, due to the so-called superlattice
effect, multilayered coating systems have also been reported
to promote better mechanical properties, thermal stability
and oxidation resistance in comparison to their correspond-
ing monolayered films [16,17]. In our previous work [18], the
influence of Ag alloying on the morphology, structure, me-
chanical properties, thermal stability and oxidation resistance
of multilayered TiSiN/Ti(Ag)N films with low Si and Ag con-
centrations was studied. The TiSiN layer in the multilayer
architecture revealed to be an efficient barrier to the Ag ions
diffusion under vacuum conditions. However, under oxygen
atmosphere, Ag concentration decreases the oxidation resis-
tance of films due to the Ag diffusion during the oxidation
process, which promotes extra paths for ions diffusion and
gives rise to a less protective Ti—Si—O layer. Multilayered
TiSiN/TiSi(Ag)N films with TiSiN layers with higher Si con-
centration may provide a better barrier to the ions diffusion
either due to the presence of Si;N, phase [19] and/or due to the
formation of a Ti—Si—O layer richer in Si, both with better anti-
diffusion properties. Such configuration may also allow to
increase the Ag concentration in the films, which is required
to provide a proper lubrication behavior, without compro-
mising the blocking of the lubricious phase diffusion.

The aim of the present work is to study the effect of Ag
addition on the morphology, structure, mechanical proper-
ties, thermal stability and oxidation resistance of multilayered
TiSiN/TiN(Ag) films with TiSiN and Ti(Ag)N layers with high Si
and Ag concentrations, respectively.

2. Experimental

The TiSiN/TiN(Ag) multilayered films with different Ag con-
tent were deposited by DC reactive magnetron sputtering. The
chamber has two facing up magnetron cathodes with two
high-purity (99.9%) Ti targets (10 x 20 cm); (i) one has holes of
1.5 cm in diameter distributed uniformly in the target erosion
zone filled with 8 Si pellets, used to deposit the TiSi, TiSiN
gradient layer, and TiSiN layers; (ii) In the other one, the holes
of 1.0 cm in diameter were filled with Ag pellets, to increase

the Ag content in films, and was used to deposit the TiN (in the
case of reference coating) and the TiN(Ag) layers. Three coat-
ings were produced (S0, S1 and S2 with 0, 8.8 and 13.9 at.% of
Ag, respectively) by filling the holes of the second target with
0, 5, and 10 Ag pellets, respectively, while the remaining holes
were filled with Ti pellets. The substrates were: i) FeCrAlY
alloy (12 x 8 x 1 mm), to evaluate the thermal stability after
annealing, the hardness and the reduced elastic modulus, the
structure, as well as the morphology, thickness and chemical
composition, ii) Al,03 (10 x 8 x 0.5 mm) for oxidation resis-
tance tests and, iii) polished-e 25 x 0.5 mm AISI 316 to calcu-
late the residual-stresses of the coatings.

The substrates were ultrasonic cleaned in acetone and in
alcohol for 15 and 10 min, respectively, and assembled on the
substrate holder in the chamber. The chamber was vacuumed
down to the base pressure of 2.5 10~ Pa, and the substrates
were etched for 50 min in Ar atmosphere (pulsed bias of
—500 V and frequency of 250 kHz). During the etching time,
both targets were shuttered and cleaned simultaneously
(Par = 0.27 Pa, 800 W applied to each target). An interlayer and
a gradient layer were deposited to improve the adhesion in
two steps: i) deposition of a 300 nm adhesive-layer of TiSi (Ar
flow of 11 sccm, power density of 6.5 W/cm? pulsed bias of
—60 V, working pressure of 0.27 Pa and deposition time of
12 min), and ii) deposition of a 230 nm TiSiN gradient layer (Ar
flow of 11 sccm, N, flow increasing from 1 up to15 sccm, power
density of 6.5 W/cm? pulsed bias of —60 V, reaching the final
working pressure of 0.34 Pa and deposition time of 12 min).
Then, the final multilayer-structure was grown immediately
(6.5 W/cm? on each target, Ar flow of 11 sccm, N, flow of 15
sccm, pulsed bias of —60 V, working pressure of 0.34 Pa and
deposition time of 1 h 20 min). These deposition parameters
were used for all coatings, excepting the number of Ag/Ti
pellets in the Ti target. Depending on the individual layers
deposition rates, the rotation speed of the substrates holder
was lowered from 18 rpm (used for the inter/gradient layers)
to 0.9 rpm to produce the TiN(Ag) and TiSiN multilayer
structure with a thickness period of ~50 nm (i.e. 25 nm each
layer).

Cross-section and surface morphologies as well as the
thickness of the films were analyzed by SEM. Chemical
composition in random zones of each film’s surface was
assessed by EDS with an acceleration voltage of 10 keV.

The structure of the films was studied by XRD diffraction
using a Cu K«1 radiation (A = 1.54060 A, 45 kV and 40 mA) in 20
range of 20°—80°, acquired in conventional diffraction mode.

The hardness (H) and the reduced elastic modulus (E) of the
films were measured by nano-indentation using a Berkovich
diamond pyramid indenter. The indentation depth was <10%
of the films thickness, to eliminate the substrate effect, and
the tests were carried out with applied loads of 15 mN. A total
of 16 measurements for each sample were performed.

The residual stress of the films was calculated from the
deflection difference between the coated and uncoated
stainless-steel substrates, using the Stoney’s equation.

To study the thermal stability, the coatings were annealed
in an oven at 800 °C for 2 h in a protective atmosphere (Ar -
balance + H, - 5 vol%).

Theeffectofthe Agalloyingon the onset oxidation pointand
the oxidation resistance was studied by thermo-gravimetric


https://doi.org/10.1016/j.jmrt.2021.04.040
https://doi.org/10.1016/j.jmrt.2021.04.040

2342

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2021;12:2340—-2347

analysis (TGA). The onset point of oxidation of each film was
determined by heating the films from room temperature up to
1200 °C with a constant temperature ramp of 20 °C/min, using
50 ml/min of 99.99% purity air. The oxidation weight gain was
measured at a regular 2 s intervals in a micro-balance with an
accuracy of 0.01 mg. The isothermal oxidation tests were per-
formedinair atmosphere for 2h ata temperature dependingon
the determined onset of oxidation.

3. Results and discussion
3.1. Chemical composition

The chemical composition of the multilayered TiSIN-TiN(Ag)
films evaluated by EDS is presented in Table 1. All films show a
(Ti+4/3Si)/N ratio very close to 1 indicating that N is being
bonded following TiN and a-SiN compounds. Nevertheless,
the presence of Si in solid solution should not be discarded.
Indeed, it is well known from the literature that the structure
of the TiSiN films depends on the deposition conditions and
on the Si concentration in the films. This system has been
reported as consisting of i) a substitutional solid solution of Si
in the TiN structure (not predicted by the Ti—Si—N phase di-
agram) [20—22], ii) a nanocomposite structure composed by fcc
crystals of TiN encapsulated by a very thin Si—N amorphous
phase [23] and iii) an amorphous structure in the case of high
Si concentrations [24]. The solid solution structure has been
reported to be formed due to kinetically limited growth con-
ditions, promoted by the low deposition temperature and/or
the absence of ion bombardment. Under such conditions, Si
adatoms reaching the surface of the growing film, do not
possess enough energy to move/diffuse, thus remaining in-
side the TiN lattice. Above this threshold value, the Si—N
phase starts to form. According to J. Houska et al. [24], who
conducted classical molecular dynamics simulations to pre-
dict thermodynamically preferred structures of Ti (50-x)SixN,
the maximum Si content incorporated onto the TiN lattice has
been reported to be ~4 at.% of Si. Above this threshold value,

Table 1 — Chemical composition measured by EDS and
main properties the films.

Sample S0 S1 S2 TiSiN
Monolayer
N at% 51.2 46.8 44.1 51.8
Ti at% 42.1 37.4 35.7 37.6
Si at% 6.7 7.0 6.3 10.6
Ag at% 0 8.8 13.9 0
(Ti+4/3Si)/N* 0.997 0.999 1.0 0.999
Residual stress (GPa) —4.24 -1.84 -0.8 =
Residual stress (GPa) —3.91 -0.15 —-0.03 =
after annealing
Hardness (GPa) 32+4 26 + 2 18 +2 =

Reduced elastic 322 +22 288+ 13 252 +24 -
modulus (GPa)
Elastic strain to 0.10 0.09 0.07 —

failure - H/E

@ This ratio was calculated considering that Ti and Si are combined
as TiN and Si3N, nitrides, respectively.

the Si—N phase starts to form. Thus as current films were
produced at considered low deposition temperature and/or
low mobility condition, either presence of Si in solid solution
and formation of a-SiN phase is expected [25].

When the Ag pellets are incorporated in the Ti target, the
concentration of Ag increases progressively in the films with
the consequent decrease in the Ti concentration. Both Si and
Ag contents are, comparatively, much higher than the values
achieved in our previous work [18]. The higher Si concentra-
tion leads to, as it will be shown later, an improvement on the
mechanical properties, thermal stability and oxidation resis-
tance of the coatings. Similarly, the increased of the Ag con-
tent also can have a positive impact on either the wear
performance or the decrease of the friction coefficient of the
coatings. The Si concentration of the individual TiSiN layer of
the multilayered structure should be close to 10.6 at.%, as
measured in the thick monolayer TiSiN film deposited with
similar conditions as the multilayered films.

3.2.  Morphology and structure of the coatings

The cross-section and surface morphologies of the multilay-
ered structure, with increasing Ag content in the films, are
shown in Fig. 1. The reference TiSiN/TiN multilayered coating
of this work shows a denser columnar grain growth, extend-
ing from the substrate to the surface, than the TiSiN/TiN
multilayered coating deposited in the previous work [18].
When the Ag concentration increased, the columnar structure
progressively disappears and the films become denser as
shown in Fig. 1b and c. Contrarily, the surface morphology of
the films evolves in a different way; the sample SO shows a
tiny and compact cellular-like structure (Fig. 1d), while the Ag
incorporation progressively changes to a well-defined cauli-
flower structure (Fig. 1e and f). As shown in the cross-section
images (a-c), the thickness of the films increases with
increasing Ag content, as expected due to the higher sput-
tering rate of silver than Ti. The period thickness of the
coatings is around 50 nm (i.e. 25 nm each layer) as calculated
from the high-resolution of (a-c) images.

The XRD patterns of the as-deposited multilayered TiSiN/
TiN(Ag) coatings and their corresponding TiSiN monolayer
acquired in the conventional mode are displayed in Fig. 2a—d).
Broad TiN peaks are formed from the cumulative signals of
the TiN(Ag) and TiSiN layers, which reveal that the coatings
exhibit a face-centered cubic structure phase (fcc NacCl type),
as the peaks positions are well fitted with the TiN ICDD card
no. 00- 87-633. However, the major contribution for the in-
tensity of the peaks should come from the TiN(Ag) layer since,
as shown in Fig. 2d, the TiSiN monolayer with 10.6 at % ex-
hibits low crystallinity with very broad diffraction peaks
(quasi-amorphous structure). This agrees well with the model
proposed by Patscheider et al. [20], who reported that TiSiN
coatings with Si concentrations higher than ~ 10 at.%, are
quasi-amorphous. On contrast, the coatings with low Si con-
centrations in our previous work [18] exhibit crystalline
diffraction peaks. Ag-diffraction peaks are also detected in the
XRD patterns and their intensities progressively increase with
increasing Ag contents. The addition of Ag leads to small
shifts of the (111) TiN peak to the right due to the release of the
residual stresses, as shown in Table 1, which can be due to the


https://doi.org/10.1016/j.jmrt.2021.04.040
https://doi.org/10.1016/j.jmrt.2021.04.040

JOURNAL OF MATERIALS RESEARCH

AND TECHNOLOGY 2021;12:2340-2347

2343

Fig. 1 — Cross-section and surface morphology of SO to S3 multilayered coatings: a-c) cross section SEM images and their
high-resolution images, showing the nano-multilayer structure and d-f) top surface images.

presence of the Ag softer phase in the TiN structure, allowing
locally the plastic deformation of the material and the release
of the residual stresses. No Si—N crystalline phases are
detected in the XRD patterns, suggesting the amorphous

Y— Substrate
| K] | ] * | ] *

Intensity (a.u.)

30 35 40 45 50 55 60 65 70
)

Fig. 2 — XRD diffraction patterns of the coatings obtained in
the conventional mode.

character of the Si—N phase, as reported in several works of
coating systems contianing Si [20,26—29].

3.3.  Hardness and thermal stability
The values of hardness (H) and the reduced elastic modulus (E)

of the as-deposited and annealed at 800 °C films are presented
in Fig. 3. The reference TiSiN/TiN coating (S0) film in the as-
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Fig. 3 — a), H and E of as-deposited and annealed films at
800 °C for 2 h.
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Fig. 4 — XRD diffraction patterns of the coatings in as-
deposited and after annealing at 800 °C for 2 h, acquired in
conventional mode.

deposited status reveals the highest values of hardness
(32 GPa) and reduced elastic modulus (322 GPa). These values
are in the range of the values reported by Xu et al. [30], who
deposited TiN/TiSiN multilayered system, although with a
lower period. Cao et al. [31] deposited harder TiN/TiSiN
multilayered coatings (~40 GPa) with a superlattice period of
12 nm. Introducing Ag into the films decreases the H and E
values due to the inclusion of a softer phase. Despite of the H
and E values are higher in the current work than in our pre-
vious one with lower Si and Ag concentration [18], the trend of
hardness decrement is the same. After annealing, H and E
values of all films increases due to the improvement of the
coatings’ crystallinity, as reported in the XRD patterns ac-
quired in conventional mode shown in Fig. 4; the patterns do
not reveal major changes except the small increase of the
peaks’ intensities. The small shift to higher diffraction angels,
of the TiN peak positions after annealing is due to the release
of the residual stresses of the films, as presented in Table 1.

-
Coating

Ag
Si
Interlayer

Substrate

Fig. 5 — Cross-section SEM image of annealed S1 coating
and its corresponding EDS line depth profiles.

As shown in Fig. 5, the elemental line profiles through the
cross-section and the chemical analysis on the surface of the
annealed films (only S1 is shown in the figure) reveal no
accumulation of Ag at the surface; the elemental profile re-
mains constant through the films, emphasizing the good
control of the Ag diffusion. The concentration of the other
chemical elements also remains constant across the thick-
ness of the films. Indeed, the multilayer structure remains
visible after annealing, as shown in the magnified insert in
Fig. 5.

3.4. Continuous and isothermal oxidation in air

Thermo-gravimetric analysis (TGA) tests were carried out for
all films to study the effect of the Ag addition on the onset
point of oxidation and on the isothermal oxidation resistance.
As shown in Fig. 6a, the onset point of oxidation is not affected
by the Ag addition (~760 °C). The oxidation kinetics of the
reference TiSiN/TiN coating (SO) consists of three steps, i) for
temperatures lower than 1000 °C, the oxidation weight gain
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Fig. 6 — a), Thermo-gravimetric oxidation rate of S0, S2 and
S3 compared with the TiSiN/TiN and TiSiN/TiN(Ag 3.2 at%)
from previous work [18], performed at a constant linear
temperature ramp (from RT to 1200 °C at a rate of 20 °C/
min) and b) their isothermal TG curves of coatings exposed
at 800 °C for 2 h.
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E- TiN ®e-Ag V-TiO *_ Substrate temperature as it is typical with this oxidation test procedure
% v ;v 2 * v (continuous increasing of the temperature until the complete

oxidation of the coating); (iii) for temperature close to 1150 °C,
the curve shows strictly higher oxidation rate. The first two
n steps suggest two different oxidation mechanisms taking

place, the firstis related with the formation of a less protective

‘ | oxide layer than in the second.

j ; Although it is not so well marked, these two steps can also
‘ L be observed in the Ag-containing coatings, with the transition
1 being occurring at approximately 900 °C. Due to the presence

of Ag the formed oxides are not so protective and the coatings

completely oxidize for lower temperatures.

In comparison with our previous work [18], the oxidation
resistance is significantly improved (compare the coatings
A— performance in Fig. 6a) due to the higher Si concentration in
—_ e =i the TiSiN layers of the coatings now produced. The presence
24 28 32 36 40 44 48 52 56 60 of higher amount of SiNx phase in the grain boundaries of the

2009 TiN grains works as a barrier against the oxygen diffusion and
limit the oxidation of TiN. Indeed, the presence of Si gives rise
to denser coating’s morphology and less defects which, indi-
rectly, make more difficult the reactive species movement
with the consequent improvement in the oxidation
resistance.

When isothermal tests are concerned, as shown in Fig. 6b, all
evolves with a progressive growing of the oxidation rate; ii) for coatings except the reference one obeyed to a parabolic law of
temperatures higher than 1000 °C, an inversion in the growing oxidation. The Ag alloyed coatings (S1 and S2) show strictly
trend of the oxidation rate occurs; the oxidation rate starts to higher parabolic rate constant than the reference TiSiN/TiN
be again very low and, thereafter, grows exponentially with ~ coating (S0). However, these coatings show much better

Intensity (a.u.)

Substrate,\f

e

LGP S S S

Fig. 7 — XRD diffraction patterns acquired in grazing
incidence mode for oxidized S0, S1 and S2 coatings at
800 °C for 2 h. (XRD diffraction of Al,0; substrate is also
provided in the figure).
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Ag depleted zone
820 nm

: -
2 )

Fig. 9 — Cross section EDS elemental maps distribution of the S2 coating after oxidation at 800 °C for 2 h.

oxidation resistance than those of previous work [18]. This
behavior is due to the higher Si concentration as itis reported in
several studies about the oxidation of Ti—Si—N coatings (e.g.
[32,33]), which showed the role of Si for improving the oxidation
resistance of coatings.

XRD diffraction patterns shown in Fig. 7 reveal that all the
oxidized films show a mixture of rutile TiO, and TiN peaks,
suggesting that all films are only partially oxidized. The in-
tensities of Ag peaks of both Ag-containing coatings increase
after the oxidation tests. The cross-section analysis and the
elemental map distribution shown in Fig. 8 and Fig. 9, respec-
tively, confirm the oxides layers grown on the top surface of the
films with thicknesses of ~450 nm, 1.0 pm and 1.3 um for SO, S1
and S2, respectively. The EDS elemental maps distribution of
the S2 film, after oxidation at 800 °C for 2 h shown in Fig. 9,
confirms the oxidation on the top of the coating and, most
importantly, the presence of Ag accumulated in the top of the
oxide layer, corresponding to the under focused big grains
shown on the upper part of Fig. 8c. These grains are in the origin
of the narrow and high intensity Ag peaks in the diffraction
patterns. The oxidation makes the Ag to segregate to the sur-
face leaving behind a ~820 nm depletion zone of Ag. The
accumulation of Ag on the surface during the coating’s degra-
dation is a promising signal that this solution can work as self-
lubrication. Similar behavior was observed in our previous
work both TiSi(Ag)N monolayer [34] and TiSiN/Ti(Ag)N multi-
layered system [18], but with lower Ag and Si contents. An
important point to be remarked in relation to previous TiSiN/
Ti(Ag)N multilayered system [18] is that, besides the better
oxidation resistance of the current, the multilayer structure of
the remaining non-oxidized film is maintained after the
oxidation test as shown in the magnified image of Fig. 8c.

4, Conclusions

In this work, the effect of Ag alloying of multilayered TiSiN/
TiN(Ag) coatings on the morphology, structure, mechanical
properties, thermal stability and oxidation resistance is re-
ported. The coatings are produced by DC reactive magnetron
sputtering, with increasing Ag contents from 0 up to 13.9 at%.
All coatings have N content close to the stoichiometry of the
possible formed nitrides, exhibit a face-centered cubic struc-
ture (f.c.c NaCl type). The Ag diffraction peaks are progres-
sively more intense with increasing Ag content in the films.
On the other hand, the hardness and the reduced elastic
modulus of the films decrease due to the incorporation of the
softer Ag in the structure. Annealed samples at 800 °C in
protective atmosphere result in higher hardness and reduced

elastic modulus, in comparison to the as-deposited films, and
reveal an excellent thermal stability, e.g. the multilayered
structures promote a good barrier for Ag diffusion towards the
surface. Ag addition does not influence the onset point of
oxidation of the films, but it degrades the oxidation resistance,
due to the Ag diffusion during the oxidation process, which
promotes extra paths for ions diffusion.
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