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ARTICLE INFO ABSTRACT

Keywords: In this work, the influence of Ag additions into CrAIN coatings on the surface morphology, chemical composition,
CrAINAg coatings structure, hardness and oxidation behaviour was studied. Increasing the Ag content decreased the size of the
Stmc"}lre . morphological features and produced a more compact coatings. All coatings displayed a fcc structure typical of
gifiltciibondmg transition metal nitrides; the silver phase was indexed for the coatings with Ag concentration >8.6 at.%. XPS

results confirmed that Ag existed as nanoclusters within the coating structure. A maximum hardness of around
23 GPa was observed for the 8.6 at.% of Ag. The decrease of the hardness with further increase in the Ag content
was ascribed to the much softer character of this phase. The reference CrAIN coating displayed the best oxidation
resistance and the lowest onset point of oxidation. The good oxidation resistance of this coating was attributed to
the formation of a continuous and protective thin CrpOs layer on the top of the oxide layer. Ag additions
degraded the oxidation resistance of the coatings, since the diffusion of Ag to the top surface of the oxide scale
created extra paths for ions diffusion in the protective Cr-O layer. The formation of AgCrO, phase in CrAINAg9
coating, for the particular temperature of at 800 °C, was responsible for the low oxidation resistance of the
coating as compared to the same coating oxidized at 900 °C.

Mechanical properties

1. Introduction

In order to meet the global challenges faced by the machining in-
dustries in terms of higher productivity, superior quality, economic
competitiveness and development of eco-friendly products and tech-
nology, there has been a considerable research interest in the develop-
ment of high-performance cutting tools which are operating at very high
cutting speed to augment the productivity. Therefore, it is imperative
that the tool possesses high hardness and wear resistance to withstand
the elevated temperature arising during machining. One of the
commonly used techniques to mitigate the challenges of tool wear
during machining is the use of liquid coolants which can reduce the heat
generated during the machining operation and at the same time
decrease friction. However, most of the liquid coolants do not sustain
their properties and volatilize whilst operating in elevated temperatures,
becoming a matter of concern when its vapor condenses or reacts with
unrelated parts of the equipment. Another major drawback is the
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unfavourable impact of liquid coolants on the environment [1].

To circumvent the challenges associated with liquid lubrication, a
new family of coatings in the form of adaptive or chameleon types was
developed with the aim to automatically and reversibly adjust their
surface compositions for the reduction of wear and friction over a wide
range of working temperatures [2]. Therefore, these coatings have a
great potential to be used in environment-friendly dry machining over
that temperature range. The considerable research interest for nano-
composite thin coating and their potential applications in different do-
mains are primarily related to their superior mechanical and tribological
properties [3]. Such nanocomposite coatings typically consist of a hard
matrix that is highly oxidation resistant, such as CrN, CrAIN, TiAlN,
combined with specific elements (metals) which, diffusing up to the
surface, form a low friction tribo-layer (e.g., metals as Au, Cu, Ag) [4-8].

Although, soft noble metals like silver and gold are expensive, their
amount in these thin coatings is small enough to justify the cost-
effectiveness for use as solid lubricants. In particular, researchers
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found that silver has important tribological properties to meet the
requirement of a solid lubricant. Silver is very ductile at high tempera-
ture, allowing their plastic deformation and consequently allowing easy
shear between sliding surfaces and, thus, providing lubrication. Silver
also possesses thermochemical stability, such as oxidation resistance at
high temperature, which enables to sustain the lubricating performance
over a large range of temperatures [9].

Transitional metal nitrides are known for their good balance of
toughness and hardness; however, the frictional characteristics are not
very promising on dry machining operations. Several researchers have
attempted the incorporation of Ag in TiN [10], CrN [11], NbN [12], VN
[131, MoaN [14], to improve the tribological properties of these coatings
but results were not very promising.

According to the general observations, under high temperature op-
erations, Ag diffuses to the top surface of the coating forming clusters all
over the surface. The size of the clusters depends on the annealing
temperature [15,16]. Moreover, the amount of Ag transport to the sur-
face is dependent on the coating matrix [17,18]. Several studies
[11,18-20] have shown that the addition of dispersed Ag nano-particles
can improve the tribo-mechanical performance of CrN coating, resulting
in lower friction and better wear properties. The presence of Ag debris at
the tribological contact has been reported to be responsible for the high
temperature lubrication. However, the strong diffusion rate of Ag to the
surface often leads to the premature depletion of this element from the
bulk of the coating, compromising the lubrication properties and,
consequently, limiting their lifetime [8,17,21,22]. Protective thin layers
have been applied on the top of the coating [21] resulting in a multilayer
architecture [22,23] to control the release of the lubricating phase
during the tribological operations. Although some delay on the Ag
diffusion was achieved, such strategy did not show effectiveness due to
the consumption of the anti-diffusion top layer. An important point to be
remarked is the dependence of the properties and performance of Ag
rich coatings on the Ag concentration. Higher content of Ag resulted in
lower hardness, adhesion and oxidation resistance [23,24].

Chromium nitride (CrN) coating is widely accepted as hard, protec-
tive, wear-resistant coatings for cutting tools. Among other single
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transition metal nitrides, CrN does have a significantly higher oxidation
temperature, which is desirable for mechanical applications. To further
improve the oxidation resistance of CrN coatings, alloying the system
with other metallic elements such as Al has been successfully attempted
[25]. Chim et al. reported that CrN coating with Al additions has better
hardness and oxidation resistance than CrN, TiN and TiAIN coatings
[26]. Mehran et al. concluded that the incorporation of Al into the CrN
structure allowed producing denser coatings which enhanced the me-
chanical and tribological properties [27]. Alloying CrAIN with Ag
significantly improved the tribological properties compared to both CrN
and CrAIN coatings [7]. Although the CrAINAg coating displayed ample
tribological potential, their oxidation behaviour is yet to be explored in
detail. In general, the mechanism of oxidation of ceramic coatings due to
addition of Ag is relatively less investigated. Therefore, the present
research work aims to investigate the influence of Ag additions on the
structure, morphology, mechanical properties and essentially, the
oxidation resistance of CrAINAg coatings deposited by sputtering.
Particular emphasis was provided on in-depth characterization of oxide
layers at different temperatures.

2. Experimental procedure
2.1. Coatings deposition

The CrAINAg coatings without and with Ag incorporation were
deposited in a semi-industrial PVD coating system manufactured by Teer
Coatings Ltd., UK, localized at Instituto Pedro Nunes (IPN), a non-profit
private organization for innovation and technology transfer head-
quartered in Coimbra, Portugal. The schematic representation of the
coating chamber is shown in Fig. 1. The chamber has four cathodes
evenly distributed in relation to the centre of the chamber. Four targets
with 99.99% of purity were used in the depositions: two Cr targets
placed in cathode 1 and 3 facing each other and one Al target facing one
Ag target. The purity of all the used targets was approximately 99.99%.
During the deposition, the substrate table was rotating in the direction
from the cathode 1 to cathode 2. Silicon wafers (100) were used as
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Fig. 1. Schematic representation of the sputtering chamber used for the CrAINAg coating deposition.
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substrate for studying the coatings microstructure, chemical composi-
tion, structure and mechanical properties (hardness and Young’s
modulus), whilst, alumina substrates (10 x 10 x 1 mm) were used for
carrying out the oxidation tests.

All the substrates were ultrasonically cleaned with acetone and
ethanol for 15 min each before loading them onto the rotating substrate
table facing the targets. The substrate table was rotating at 10.5 rpm
during deposition. The size of each of the targets was 380 mm x 175
mm x 10 mm and the distance between the targets and the substrate was
150 mm. Prior to the depositions, the chamber was pumped down to a
pressure of 4 x 10~* Pa using a diffusion pump assisted with a rotatory
pump. Then, the substrates were etched by Ar ions for 40 min, applying
—600 V, frequency of 250 kHz and reverse time of 1.6 ps with a DC-
pulsed power supply (Pinnacle Plus, Advanced Energy) connected to
the substrate table. Simultaneously, the two Cr targets were cleaned by
applying a power 1000 W in each of them, whilst having the shutters in
front (for 20 min) and, then, the Al and Ag targets were cleaned for 20
min by moving the shutter to their front and applying a power of 1000 W
and 200 W to each of them. The Ar flow during cleaning was 35 sccm,
which gave a pressure of 0.25 Pa. Before final depositions, series of
interlayer/gradient layers were produced to improve the adhesion of the
coating to the substrates as follows: i) a Cr interlayer from the Cr target
placed in cathode 3 using a power of 200 W for 10 min, with 35 sccm of
Ar (deposition pressure of 0.26 Pa) and applying a pulsed negative
voltage bias of 80 V, frequency of 250 kHz and reverse time of 0.5 ps to
the substrate, ii) a gradient layer for 10 min, by progressively decreasing
the power applied to the Cr target, initially set at 2000 W, down to 1750
W and increasing, simultaneously, the powers applied to the other Cr
target from O up to 1750 W and to the Al target from O up to 3900 W. At
the same time, the N flow was increased progressively from 0 up to 31
sccm whereas the Ar flow was kept at 22 sccm. The total thickness of the
interlayer + gradient layer was 600 nm. The final coatings were
deposited by applying 1750 W to each of the individual Cr targets and
3900 W at the Al target, using the same pulsed bias as applied for the
inter-gradient layers. The silver content in the coating was changed by
increasing the power applied to the Ag target (0, 100, 200, 260 and 320
W). The Ar and N flows used for the depositions were set to 22 and 31
sccm, respectively. Purity of the Ar and Nj gases was around 99.9%. The
deposition pressure and deposition time were set at 0.41 Pa and 120 min
respectively for all the coatings. Deposition rate was calculated by
dividing the thickness of the coating by deposition time. Hereinafter, the
coating without Ag addition will be designated as CrAIN coating and the
coatings with Ag additions will be referenced CrAINAg-x coatings where
x represents the at.% of Ag. The coatings designation and a summary of
the deposition conditions are listed in Table 1.

2.2. Characterization

The thickness, surface and fractured cross-section morphologies of
the as-deposited coatings were characterized by field emission scanning
electron microscopy (FESEM, ZEISS Merlin Gemini2). The chemical
composition of the coatings was determined by wavelength dispersive
spectroscopy (WDS) in the same equipment. The structure of the coat-
ings was evaluated by X-ray diffraction (XRD, PANalytical Xpert)
working with Cu-Ka radiation. The XRD was programmed to operate at
current and voltage values of 40 mA and 45 kV, respectively. The XRD
diffraction patterns were either acquired in conventional or grazing
modes. The scanning range was from 20° to 90° using a step size of 0.04°
with 0.5 s acquisition per step. In the glancing incident measurements,
the incident angle was set to 3°. The XRD diffraction peaks were fitted
using a pseudo-Voigt function. The chemical bonding of the coatings
was analyzed by X-ray photoelectron spectroscopy XPS. The analysis
was carried out with a monochromatic Al Ka X-ray source (1486.7 eV),
operating at 15 kV (90 W), in FAT (Fixed Analyzer Transmission) mode,
with a pass energy of 40 eV for the region ROI and 80 eV for the survey.
Before analysis, the specimens were etched with Ar ions (2 keV) for 40
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Table 1
Coating denomination, thickness, elemental chemical composition and me-
chanical properties.

Sample CrAIN CrAINAg2 CrAINAg9 CrAINAgl2  CrAINAgl6
Coating 2.6 2.6 3.0 3.1 3.3
thickness
(pm)
Deposition 19.8 19.0 23.0 23.7 25.6
rate
(nm/min)
Plasma Substrate bias —600 V and 250 kHz (Pulsed DC) for 40 min
etching
Pulsed DC -80 V (250 kHz)
substrate
bias (V)
Ag power 0 100 200 260 320
input
(Watt)
Cr (at.%) 37.0 36.5 34.1 32.8 31.1
Al (at.%) 10.9 10.4 9.9 9.3 9.2
N (at.%) 50.0 48.8 45.7 44.1 42.1
Ag (at.%) 0.0 2.4 8.6 11.8 15.8
O (at.%) 2.1 1.9 1.7 2.0 1.8
Cr/Al ratio 3.4 3.5 3.4 3.5 3.4
Hardness 18.1 17.0 22.9 19.9 14.4
(GPa)
Young’s 280.5 278.7 £ 269.0 + 251.5 + 233.4 +
Modulus + 32.8 23.5 24.2 21.5 24.3
(GPa)

min to remove surface contaminations. The effect of the electric charge
was corrected using as reference the carbon peak (284.6 eV). The
deconvolution of spectra was performed using peak fitting with Gaus-
sian-Lorentzian peak shape and Shirley type background subtraction.

The Hardness and Young’s modulus of the coatings were assessed
using nano indentation with a Berchovich diamond indenter. Ultra-low
load of 15 mN was used to ensure that the depth of indentation was less
than 10% of the coating thickness in order to minimize the influence of
the substrate hardness. Measurements were carried out at 3 different
locations and the mean values were considered.

In order to determine the effect of Ag alloying on the onset point of
oxidation and on the oxidation resistance of the CrAINAg coatings,
thermogravimetric analysis (TGA) was carried out in a SETARAM Setsys
Ev 1750 thermogravimetric equipment. The coatings deposited onto
Al,O3 substrates were heated with a constant temperature ramp of
20 °C/min starting from room temperature and went up to 1200 °C to
assess the onset point of oxidation. During dynamic and isothermal
oxidation tests, the mass gain due to the oxidation was continuously
acquired by a microbalance within the TGA equipment having an ac-
curacy of 0.01 mg, at each interval of 2 s. The air flux used during the
tests was 50 ml/min. and the heating rate for reaching the isothermal
temperature was 20 °C/min. Isothermal tests were then conducted at
800 °C and 900 °C for 2 h in an oven to characterize the oxide scale
growth. Those temperatures were selected as they are in the range of
temperature expected to have in the final application where the coatings
will be applied (for example: tools for machining Ti alloys). After
isothermal oxidation tests, the surface and cross section morphology of
the oxide scale growth was characterized by SEM. Fractured cross sec-
tion of the coating was prepared by scratching the reverse side of the
coated sample by a diamond indenter followed by breaking. Elemental
maps distribution and elemental line profiles were acquired in some
cases to characterize the distribution of the elements in the oxide scale.
Finally, the types of oxides formed were characterized by XRD
diffraction.
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Fig. 2. Cross-section and surface morphology micrographs of the CrAINAg coatings for: a) and b) CrAlN, c) and d) CrAINAg2, e) and f) CrAINAg9, g) and h)
CrAINAg12 and i) and j) CrAINAg16 (substrate: silicon).
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3. Result and discussion
3.1. Chemical composition of coatings

The chemical composition of coatings as measured by WDS is listed
in Table 1. As expected, the increase of the power applied to the Ag
target allowed to produce coatings with progressive increasing of Ag
concentration. All the coatings displayed an approximate stoichiometric
composition in relation to (Cr,A)N when both Cr and Al metallic ele-
ments are considered. No significant variations on the Cr/Al ratio with
increasing Ag concentration in the coatings were observed, as listed in
Table 1.

3.2. Cross-section and surface morphology of the coatings

Fig. 2 shows the cross-section and surface morphologies of CrAIN
coatings without and with Ag additions. The reference CrAIN coating
displays a columnar morphology. The column tops consisted of aggre-
gates of smaller sized columns, originating features of ~320 nm wide.
This type of surface morphology was reported to be caused by the
limited surface diffusion due to the relatively low bombardment in-
tensity and low deposition temperature during the coating growth [28].
No changes on the cross-section morphology could be found with the
addition of 2.4 at.% Ag to the coating; however, a slight decrease of the
size of the surface features could be observed. Further increase of Ag
concentration in the coatings up to 15.8 at.% gave rise to a more
compact morphology and to a smoother surface. As reported in the
literature for other coating systems, Ag addition promotes an increase in
the number of nucleation sites, which may be the cause for the increase
of the coating’s compactness [15,29]. Brighter spots could also be
detected on the top surface of the Ag containing coatings, (shown in the
inset of Fig. 2f) and h)) which EDS analysis suggested to be Ag nano
clusters, in good agreement with other studies [15,30]. From Table 1
and Fig. 2. It is visible that the deposition rate of the coatings slightly
decreases for the first Ag concentration and then, progressively increases
with the progressive increase of the Ag content. Despite the expected
decrease of the deposition rate, due to the excess of N promoted by the
extra consumption of Ar at the Ag target, the further increase of the
coatings thickness is due to either the additional deposition of Ag or the
high sputtering yield of silver as compared to the AIN and CrN com-
pounds [31].

3.3. Structure of the coatings

The XRD diffractograms of the coatings in grazing incidence mode
are shown in Fig. 3a). The reference CrAIN coating displayed well
crystalline diffraction peaks assigned to a NaCl-type crystalline struc-
ture. According to the coating chemical composition, both Cr and Al
elements should occupy randomly substitutional positions in the fcc
lattice. In fact, according to the literature, the maximum solubility of Al
in the CrN structure was reported to be 77 at.% [32] and, above this
value, wurtzite phase started to be formed. Accordingly, the wurtzite
phase could not be detected in our coatings [33]. It is evident from the
XRD pattern of CrAIN coating that all the peaks are shifted to lower
diffraction angles in relation to the standard positions of the CrN and
AIN ICDD cards. This is indicative of the presence of compressive re-
sidual stresses, as reported in several studies [34,35].

The incorporation of Ag in the CrAIN reference coating promoted a
progressive increase of the asymmetry of the fcc diffraction peaks, with
the appearance of a right shoulder diffraction peak. A deep analysis of
these diffraction peaks allows fitting two contributions: one assigned to
the fcc CrAlN crystallites and the shoulder peak to the Ag nanoparticles.
An image depicting the deconvolution of the (111) and (200) XRD
diffraction peaks of CrAINAg9 and CrAINAg16 coatings, representative
for all the Ag rich coatings, is shown if Fig. 3b). In the case of the
CrAINAg16 coating, a shift of the fcc diffraction peaks to higher angles is
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Fig. 3. a) Grazing incident XRD diffraction patterns and b) Deconvolution of
the fec (111) and (200) diffraction peaks of CrAIN, CrAINAg9 and CrAINAgl6
coatings (substrate: silicon).

observed. This has been reported to be attributed to the incorporation of
high amounts of soft Ag on the structure which accommodates the
compressive residual stresses and, thus, shifts the fcc XRD diffraction
peaks to higher angles [15,36].

3.4. Chemical bonding

The XPS results of Cr, Al, Ag and N of CrAIN, CrAINAg9 and CrAl-
NAg12 as-deposited coatings are shown in Fig. 4. Three peak contribu-
tions with binding energies of 574.2 eV, 575.1 eV and 577.5 eV can be
fitted to the Cr 2p3/2 spectra of all the coatings, corroborating the
literature results on CrAIN based coatings [37,38]. The peaks cantered at
574.2 and 575.1 with full width at half maximum (FWHM) of 1.2 eV and
2.5 eV match the typical binding energies of the metallic Cr-Cr and
stoichiometric Cr-N [32,33]. On the other hand, the peak at 577.5 eV
can be assigned to Cr-O bonds [39], arising from the residual O con-
centration incorporated in the coating during deposition, in good
agreement with the coatings chemical composition, listed in Table 1.
Regarding the N 1s core level spectrum, two peak contribution could be
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Fig. 4. XPS spectra (a) Cr 2ps/s, (b) N 1s, (c) Al 2p, and (d) Ag 3ds, for the as-deposited CrAIN, CrAINAg9 and CrAINAg12 coatings. The green, scatter, and red lines
in the figures are the background correction, the XPS spectra of the samples and the global curve resulting from the fitting, respectively (substrate: aluminium oxide).

fitted: i) the peak at 396.6 eV associated with CrN bonding energy and ii)
the peak at 397.5 eV assigned to Al-N bonds [38]. The Al 2p core-level
spectrum of all the coatings can also be fitted with two peak contribu-
tions with binding energies of 73.8 and 75.1 eV, typical of Al-N and Al-
O, respectively [39]. Similarly, to the Cr-O bonding energy fitted to the
Cr 2p3/2 spectrum, the presence of the Al-O oxidation state can be
justified by the residual O concentration within the coating. Finally, the
two components centered at 368.1 and 368.7 eV can be fitted to the Ag
3ds,» core level spectrum of Ag rich coatings [40,41]. The former peak is
typical of Ag-Ag bulk metallic bonds [42] and the latter Ag-Ag bonds
from clusters with sizes smaller than 4 nm, respectively [29]. Similar

bands were observed in the literature for other sputtered coating sys-
tems (e.g. CrOAg) [29,43,44]. Increasing the Ag concentration in the
CrAIN coating did not change the position of any of the previously
identified chemical bonds in the different core level spectra, nor the
binding energy of the Ag-Ag metallic bonds, suggesting that neigh-
bouring of Cr/Ag atoms did not change. This behaviour may suggest that
Ag should be included in the coating as nanoparticles, with very small
sizes as suggested by the peak contribution at 367.9 eV in the Ag 3ds/»
peak, in good agreement with the brighter round features observed on
the top surface of the coatings, as shown in Fig. 2.



S.S. Rajput et al.

3.5. Hardness and elastic modulus

The influence of inclusion of Ag in CrAIN on the hardness and
Young’s modulus of the coating is depicted in Fig. 5. It can be observed
that CrAIN exhibited hardness and Young’s modulus of 18.1 + 4.1 GPa
and 280.5 + 32.8 GPa, respectively, which is inside the range of values
rereported by some other researchers [45-47]. The decreasing trend of
the E values with Ag addition is in accordance with the expectative,
since Ag, having a lower Young’s modulus than CrAlN, will progres-
sively decrease the value of this property. A similar trend would be
expected for the hardness due to the much softer nature of Ag in com-
parison to CrAIN. The incorporation of a higher amount of soft silver
clusters in the microstructure should induce a softening of the coating.
However, this decreasing trend is only confirmed in Fig. 5 from 8.6 to
15.8 at. % Ag. From O to 2.4 at.% Ag there was hardly any change in
hardness. However, a clear improvement of the hardness for the coating
with 8.6 at. % Ag (CrAINAg8) was observed. This increase in hardness
may be attributed to the i) slight grain refinement (Hall-Petch effect)
caused by the segregation of Ag atoms to the grain boundary of CrAIN
grains thus, restricting grain size increase, as observed by Cavaleiro et al.
for TiSiN coatings deposited with increasing Ag concentration [15] and,
ii) the change in the preferential orientation of the coatings when more
than 2 at.% Ag is added to CrAlN coatings. In fact, as in Fig. 3a) a change
from (200) to (111) preferential orientation is shown.

3.6. Oxidation process

3.6.1. Continuous oxidation in air

The dynamic thermogravimetric curves of CrAlN, CrAINAg9, CrAl-
NAg16 coatings are shown in Fig. 6. The onset temperature for oxidation
of CrAIN coating was around 750 °C as obtained by the change in the
slope of the curve. This temperature corroborates the work of Trindade
et al. [48], where a similar onset point of oxidation was observed for a
CrAIN coatings with similar chemical composition. According to the
elemental line profiles shown in Fig. S1a) of supplementary material, a
very thin oxide layer Cr-O rich has grown on the top of this coating,
responsible for the oxidation resistance. The O signal on the remaining
zone of the non-oxidized coating should be carefully analyzed since the
results may be inaccurate due to overlap between Cr L and O K lines. The
addition of 8.6 at. % of Ag to the CrAIN coating only slightly affected the
onset point of oxidation (700 °C); nevertheless, a higher oxidation rate
was reached revealing the negative influence of silver on the oxidation
performance. At ~1030 °C a plateau can be observed, followed by a
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Fig. 5. Hardness and Young’s modulus of the CrAINAg coatings with different
Ag contents (substrate: silicon).
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Fig. 6. Thermogravimetric oxidation weight gain of CrAlN, CrAINAg9 and
CrAINAg16 coatings performed at a constant linear temperature ramp (from RT
to 1200 °C at a rate of 20 °C/min) (substrate: aluminium oxide).

drop in the mass gain. Although this horizontal plateau could suggest
that the coating was completely oxidized, the cross-section SEM analysis
in combination with elemental maps distribution, shown in Fig. S1b) in
supplementary material, reveal that an oxide layer was formed on the
top, thicker than the one for reference CrAlN coating, but leaving
beneath still a thick non-oxidized layer. During the oxidation process, Ag
diffused to the surface, creating extra paths for ions diffusion and,
consequently, increasing the oxidation rate and the thickness of the
oxide scale. The observed decrease of the mass gain is likely due to the
evaporation of silver diffused to the surface, as observed by Cavaleiro
et al. [24] for TiSi(Ag)N coatings. This conclusion is corroborated by the
absence of Ag signals/vestiges on the oxidized layer as shown in the
elemental map distribution in Fig. S1b) in supplementary material.
Although, the evaporation point of bulk silver is indeed very high
2162 °C, when nanoparticles are considered, it is well known in litera-
ture that the size of the particles plays an important role in the decrease
of the melting and evaporation temperature of metals i.e. the lower the
size of the clusters, lower are the melting and evaporation temperature
points [49,50]. This was clearly observed by Asoro.et al. [51] who, by
in-situ TEM heating experiments, observed evaporation of silver nano-
particles starting at 580 °C. Thus, taking the literature into account the
decrease in mass gain after achieving a saturation in the oxidation mass
gain is likely attributed to the evaporation of Ag. With increasing the Ag
concentration to 15.8 at.%, the onset of oxidation strongly decreased
down to, approximately, 450 °C. Two oxidation processes are observed,
one up to ~800 °C and another from this temperature, up to ~1050 °C.
Above this temperature, similar to the CrAINAg9 coating a horizontal
plateau was formed followed by a decrease of mass gain. Thus, higher Ag
concentrations to CrAIN coating lead to a degradation of the onset point
of oxidation and oxidation resistance of the coatings. Cross section
morphology of the oxidized specimens and elemental maps distribution
in Fig. Slc) in supplementary material reveal the formation of a very
thick and complex oxide scale, however, a very small region of the
coating which was not oxidized can still be observed near to the inter-
face, showing that despite of this higher oxidation weight gain, the
coating was not totally consumed. On the basis of the dynamic oxidation
curves, one might conclude that the higher the Ag content in the coat-
ings, lower is the oxidation resistance. In order to understand the growth
of oxide scale, isothermal oxidation tests were performed at specific
selected isothermal temperatures for 2 h.

3.6.2. Isothermal oxidation
Fig. 7 shows the morphology and corresponding elemental lines
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Fig. 7. Cross section morphology and corresponding elemental lines distribution of CrAIN coating oxidized at: a) 800 °C and 900 °C (substrate: aluminium oxide).

distribution on cross section of oxidized reference CrAIN coating at
800 °C and 900 °C for 2 h. The CrAlN coating oxidized at 800 °C resulted
in negligible oxide scale as confirmed by the SEM image and the
elemental line profiles shown in Fig. 7a); a very thin layer, Cr-O rich,
was formed on the top of the coating, whilst no evidence of oxidation of

Al could be found as confirmed by the absence of Al signal in the oxide
layer. According to the XRD diffraction pattern shown in diffractogram
b) in Fig. 8a), this oxide could be indexed as Cry0O3 phase. It should be
pointed out that Al;O3 indexed in the XRD diffraction pattern, was from
the alumina substrate. The intense fcc diffraction peaks confirm the low
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Fig. 8. XRD diffractograms of oxidized coatings. XRD diffraction patterns of as-deposited coatings are plotted, too. Different oxide products were indexed according
to the following ICDD cards: (71-1125) - Al,03, (06-0504) — Cry03, (70-1703) — AgCrO,, (87-0597) — Ag, (32-0285) - CrO3. (Substrate: aluminium oxide).
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oxidation of the coating. However, a shift of the fcc diffraction peaks to
higher diffraction angles can be observed, which might be attributed
either to the release of residual stresses or to the release of Cr from the
fce structure, as shown by the oxidation process [48]. During oxidation,
although Al has more affinity towards O than Cr, due to the lower
enthalpy energy formation of Al,O3 (—378.2 kcal/mol) as compared to
Cry03 (—252.9 kcal/mol) [52]), Cr-oxide will be preferentially formed
due to the much higher Cr concentration in the coating. A continuous
protective CryO3 oxide layer was, thus, established on the top of the
coating slowing down the outward diffusion of Cr through the oxide
scale and, consequently, protecting the CrAIN coating from oxidation.
When the temperature was raised to 900 °C, the cross-section
morphology together with the elemental line profiles shown in
Fig. 7b) revealed the formation of a dual oxide layer: a compact Cr-O
oxide-rich layer on the top followed by a porous Cr-Al-O oxide layer
underneath. These results agree with the previous works, where, during
isothermal oxidation tests of coatings with similar chemical composi-
tion, a dual oxide layer was grown [53]. Nevertheless, the transition
from monolayer to dual-layer structure has been seen to be dependent
on the coating’s chemical composition and isothermal temperature
[54,55]. XRD diffraction pattern of the oxidized coating (see spectrum c)
in Fig. 8a)) revealed the formation of CryO3 and Al;O3 oxides. Although
AlyO3 signal was expected from the substrate, the diffractions peaks
from Al;O3 increased in intensity when compared to either the as-
deposited and the oxidized coating at 800 °C, suggesting the forma-
tion of additional Al,O3 oxide. The elemental line profiles, together with
the oxides detected by XRD, allowed identifying the outer layer as CryO3
and the inner layer as a mixture of CrO3 and AlyO3 phases. Similarly,
during the oxidation test at 800 °C, due to the higher Cr concentration in
the coating CryOg3 layer will start to grow on the top surface. However,
due to the enhanced diffusion at this temperature Al,O3 was also
formed. The oxidation proceeded by Cr ions diffusing outward the oxide
scale to the interface between oxide and open air and inward diffusion of
O [56]. Due to the Cr outward diffusion, a porous Cr-Al-O rich oxide
layer was left behind and a protective and continuous CryO3 oxide layer
was grown on top. Over time, the increase of the thickness of the oxide
scale would progressively slow down the kinetics ions diffusion.
CrAINAg9 coating oxidized at 800 °C (shown in Fig. 9a)) displayed a
thicker oxide scale than reference CrAIN coating tested at 900 °C, clearly
revealing a loss of the oxidation resistance when Ag is added to the
coating. On the top, a layer rich in Ag-Cr-O was formed, followed by a
Cr-Al-O rich layer with minor traces of Ag. The strong signal of the silver
mixed with Cr in the outer layer suggests a different oxidation
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mechanism in relation to CrAIN. Instead of having the preferential
oxidation of Cr from the CrAINAg material, the mixed AgCrO, oxide was
formed as confirmed by the XRD diffraction pattern (see spectrum b in
Fig. 8b)). Cry03 was also identified which was probably originated from
the Al-Cr-O oxide layer which shows a weak signal of Ag. The very
shallow diffraction peaks assigned to pure Ag suggests the existence of
pure Ag very probably from the non-oxidized coating. The surface
morphology of the oxidized coating displayed small plate-like features
homogeneously distributed on the surface (See Fig. S2a) in supple-
mentary material). As expected, no signs of Ag particles can be observed.

When the temperature was increased to 900 °C, unexpectedly, a
thinner oxide scale, when compared to 800 °C, was observed, suggesting
that this coating has a better oxidation resistance for higher tempera-
tures (see Fig. 9). A three-layer oxide scale was formed (Fig. 9b): i)
spherical agglomerates of Ag on top (see Fig. S2b) of supplementary
material), followed by ii) a very thin Cr-O layer and, underneath, iii) a
thick Cr-Al-O layer with minor signals of Ag. Contrarily to the temper-
ature of 800 °C, no AgCrO» phase could be detected by XRD (see spec-
trum c in Fig. 9), as confirmed by the cross-section elemental maps
distributions since no overlap between Cr, O and Ag signals was
observed on the top of the oxide scale (Fig. 9b)). According to the
literature, AgCrO, is very unstable and at temperatures higher than
850 °C, it decomposes into Ag and CryO3 phases [57,58]. Therefore, the
higher oxidation, observed for the CrAINAg9 coating at 800 °C, as
compared to 900 °C, is likely due to the AgCrO, phase, which impeded
the formation of the protective Cr-O layer as it was observed for the
CrAlN coating. AgCrO; layer was found to be discontinuous (see Fig. S2
in supplementary material) without providing an efficient barrier to ions
diffusion and, therefore, a protective character. At 900 °C, XRD shows a
pattern with most of the diffraction peaks very similar to the ones found
for CrAIN with the formed oxides being more protective and responsible
for the higher oxidation resistance at this temperature. In addition to
these peaks, strong intense diffraction ones assigned to Ag could be
detected in good agreement with the formation of the Ag spheres
observed on the top of the oxidized scale. Similar to 800 °C, the
elemental map’s distribution revealed that the majority of Ag diffused
out from the inner oxide scale. Cr,O3 and Al,O3 phases could also be
indexed in the XRD diffractograms, suggesting that the external Cr-O
layer was CroO3 and the Cr-Al-O rich layer was a mixture of CroO3
and Al,Og3 phases.

Similar oxide scale and phases (see XRD diffraction patterns e) in
Fig. 8) as for CrAINAg9 coating oxidized at 800 °C was also observed for
CrAINAgl6 coating oxidized at the same temperature. However, a

Cr-Ag-O rich layer

Cr-Al-O rich layer

Ag cluster

Cr-O rich layer

Cr-Al-O rich layer

Fig. 9. Cross-section morphology and corresponding elemental maps distribution of CrAINAg9 coating oxidized at: a) 800 °C and b) 900 °C (substrate:

aluminium oxide).
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thicker oxide scale was formed, in good agreement with the dynamic
oxidation curves which suggested an increase of mass gain due to
oxidation with increase in Ag content. For isothermal oxidation test at
900 °C, CrAINAgl6 coating was revealed to be totally oxidized (see
Fig. S3 in supplementary material). Similar oxide scale and phases, as
identified for CrAINAg9 coating at 900 °C, could be observed/detected.
The formation of bigger Ag spheres on top of the oxide scale (see
Fig. S2c) in supplementary material) suggests that in this coating the
diffusion of Ag to the surface was higher than for CrAINAg9 coating. This
clearly reveals that higher the Ag concentration on the coatings, higher
is the diffusion of silver to the top surface and, consequently, higher
paths for ions diffusion are open, thus, decreasing the oxidation resis-
tance. In all the isothermal tests, the possibility of evaporation of Ag
should not be ruled out since the Ag was primarily present in the form of
nanoparticles and could easily evaporate at current isothermal tem-
peratures as shown by references [24,51],

In conclusion, the oxidation of Ag rich CrAIN coatings proceeded in
similar way as pure CrAIN coating, however, the presence of Ag and its
diffusion to the surface, modified the Cr-O protective layer creating
extra ions diffusion paths and giving rise to a lower oxidation resistance.
In the case of CrAINAg9 coating oxidized at 800 °C, the oxidation
resistance was even lower as compared to 900 °C due to the formation of
a low ion diffusion protective AgCrO, phase on top of the oxide scale
layer. Although such phase was also formed in CrAINAgl6 coating
oxidized at 800 °C, the coating was totally oxidized at 900 °C. This was
caused by the higher amount of Ag on the coating which strongly
diffused to the surface as suggested by the dynamic oxidation curves
shown in Fig. 6 and confirmed by the surface morphology of the coating
shown in Fig. S2 in the supplementary material.

An attempt was made to compare the results of oxidation studies of
ceramic-Ag coatings reported in the literature. Oxidation during tribo-
testing of VCN-(Ag) coating was investigated by Bondarev et al. [59].
It was observed that the addition of Ag caused a reduction in oxidation
threshold and more intensive oxidation of the coating. Incorporation of
Ag reduced the onset point of the oxidation of VCN coating from 400 °C
to 325 °C and resulted in higher rate of mass gain during oxidation.
Cavaleiro et al. [24] reported that although introduction of Ag in TiSiN
coating did not change the onset point of oxidation (~800 °C), it
degraded their oxidation resistance. AL-Rjoub et al. [23] observed that
the onset point of oxidation of multi-layered TiSiN/TiAgN coatings was
700 °C and did not change with Ag additions. However, a lower
oxidation performance was observed with Ag additions. Considering
that the starting point of oxidation of the coatings studied in this work is
in the range of the values reported in the literature for other ceramics
systems, these coatings may be of interest in tribological applications.
Further studies will be devoted to their tribological and machining
performance.

4. Conclusion

The current research work investigated the influence of Ag addition
on the chemical composition, morphology, structure, mechanical
properties, and oxidation resistance of CrAINAg coatings. The Ag con-
tent was varied in the range from 0 up to 15.8 at.% with increasing the
power applied to the Ag target. SEM surface analysis also confirmed the
presence of Ag as small clusters. All the coatings displayed an fcc NaCl-
type structure characteristic of several transition metal nitrides. XPS
analysis confirmed the formation of Ag-Ag bond in the position of Ag as
nanoparticles. A maximum hardness of 23 GPa was observed for the
coating with 8.6 at.% of Ag. For the higher content of Ag, a reduction in
the hardness occurred owing to the softer character of the Ag phase. TGA
analysis showed that the onset point of oxidation of CrAIN coating was
reached at ~700 °C. Ag additions up to 8.6 at.% of Ag (CrAINAg9) did
not change the starting point of oxidation. However, further increase in
the Ag content (CrAINAg16) deteriorated the oxidation resistance by
either a much earlier initiation of the oxidation or higher rate of mass
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gain. The observed decrease of the mass gain after achieving a saturation
in the oxidation mass gain was attributed to the evaporation of Ag at
high temperatures. Isothermal oxidation results revealed the formation
of distinct oxide products depending on the coatings’ chemical compo-
sition and isothermal temperature. The reference CrAIN coating dis-
played the best oxidation resistance due to the formation of a continuous
thin Cr,03 layer on the top of the oxide scale. The additions of 8.6 and
15.8 at. % of Ag (CrAINAg9 and CrAINAg16 coatings) showed the for-
mation of an AgCrO; layer followed by a Cr-Al-O layer when the coating
was oxidized at 800 °C. The first was responsible for a low oxidation
resistance. For 900 °C, AgCrO; layer was not formed anymore. However,
at this temperature, spherical Ag particles could be observed at the top
of the oxide scale suggesting the diffusion of Ag to the top. Such, phe-
nomenon interfered in the formation of the protective Cr-O layer
creating extra paths for the ion diffusion and lowering the oxidation
resistance in relation to CrAIN. The current study clearly indicates that a
good balance of the mechanical properties can be accomplished with the
incorporation of 8.6 at.% of Ag in CrAlN coating with only a minor
sacrifice in oxidation resistance. This result allows envisaging the po-
tential of these coatings to be used in applications where silver can work
as lubricant without losing the necessary mechanical strength.
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