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A B S T R A C T   

This work investigates the structure evolution of a multilayered TiSiN/TiN(Ag) coating with heating, oxide scale 
growth, diffusion processes occurring during oxidation, and changes in the structure and chemical composition 
of the non-oxidized zone. The coatings have a multilayered structure with a bilayer periodic thickness of ~40 
nm. The TiN(Ag) layer consists of fcc TiN and Ag crystalline phases, where Ag nanocrystallites are homogenously 
distributed at the TiN grain boundaries. The TiSiN layer consists of fcc Ti–Si–N solid solution grains and an 
amorphous a-SiNx phase which segregates at the Ti–Si–N grain boundaries. In-situ hot-XRD analysis shows that 
the first signs of oxidation occur at 800 ◦C, when rutile-TiO2 starts to form. The oxidized part of the coating is Ag 
depleted, except the top layer terminating the structure, which contains some 1–3 nm Ag clusters. Ag diffuses 
towards the surface from oxidized zones. The cross-sectional analysis also shows no signs of recrystallization and 
structural changes, except for stress relaxation in the non-oxidized part after annealing at 800 ◦C. No Ag 
redistribution or diffusion is found in the non-oxidized part, even close to the interface with the oxide layer, 
which suggest effectiveness of the multilayered design to mitigate uncontrolled Ag migration towards the 
surface.   

1. Introduction 

Silver (Ag) is one of the most commonly used high-temperature solid 
lubricants among soft metals used to dope transition metal nitride, 
carbide, and carbonitride coatings. Ag is known to be chemically inert 
and immiscible in transition metal nitride and/or carbide coating sys
tems [1–3]. Whilst the ceramic and carbide matrices ensure high hard
ness values, wear, oxidation resistance and thermal stability, Ag works 
as a solid lubricant phase due to its softness and low shear modulus. As 
reported in the literature, the addition of Ag in ceramic matrices en
hances their overall tribological performance and lifetime [4–13]. Ag 
diffuses out to the surface of the film, establishing an Ag-rich tribolayer, 
which reduces friction and protects the coating from wear. Nevertheless, 
such improvements were shown to be short-lived due to the rapid 
release of the metal, its quick depletion from the entire volume of the 
coating, and the consequent loss of the low friction tribolayer after short 

operating periods. In general, Ag diffusion has also been shown to 
decrease the oxidation resistance of coatings, limiting their use at high 
temperatures. On the other hand, in TiAlSiN(Ag) [14] and TiNbCN(Ag) 
[15] coating systems, an improvement of the oxidation resistance of the 
coatings alloyed with Ag was found. This is due to the segregation of Ag 
metallic particles at the sites of coating cracks and oxidation, as well as 
chemical changes in the composition of the top oxide layer, which 
hinders inward O diffusion. Thus, as many studies point out, the chal
lenge is to adequately control lubricant transport, with sufficient 
oxidation resistance, to allow both low friction and wear over long pe
riods, in order to protect the surface of components utilized in different 
industrial fields. According to the literature, silver diffusion is influ
enced by the operating temperature, and the coating chemical compo
sition, structure, and morphology [1,16–18]. 

Herein, the authors demonstrated that the TiSiN system, deposited 
either as a monolayer or in a multilayered configuration, offers the 
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possibility to tailor and control Ag diffusion from the entire volume of 
the coating. The amorphous SiNx phase in the nanocomposite structure 
of the TiSiN layer acts as a barrier against diffusion [19–22], allowing Ag 
release to be tuned to a certain extent (depending on the chemical 
composition and architecture of the coating). The multilayered design of 
this coating system was shown to be more promising in controlling the 
Ag diffusion and oxidation resistance when compared to monolayer 
TiSiN(Ag). However, the oxidation resistance, diffusion processes 
occurring during annealing of multilayer TiSiN(Ag) coatings, and 
changes in the structure and chemical composition of the non-oxidized 
coating zone are not explored. Therefore, the understanding of those 
phenomena is of great importance in order to optimize the lubricious 
phase release, and in the design of coatings with long-term lubrication 
for high-temperature tribological applications. 

This work presents a detailed investigation of the structure evolution 
of a multilayered TiSiN/TiN(Ag) coating concomitant with heating, 
oxide scale growth, diffusion processes occurring during oxidation, and 
changes in the structure and chemical composition of the non-oxidized 
zones. 

2. Experimental 

A multilayered TiSiN/TiN(Ag) coating was produced by DC reactive 
magnetron sputtering, using two high purity (99.9 %) Ti targets (100 ×
200 mm) placed in a chamber with two cathodes facing each other. One 
of the targets has holes of 15 mm in diameter and 19 mm depth 
distributed uniformly in the target erosion zone; 8 of those holes were 
filled with Si pellets. This target was used to produce the TiSi adhesion 
layer, TiSiN gradient layer with increasing N concentration, and the 
TiSiN layers of the multilayer architecture. In the second target, 5 Ag 
pellets were placed in the holes to produce the TiN(Ag) layers of 
multilayer architecture. This number of pellets was selected to produce 
layers with approximately 14 at.% Ag. The multilayered architecture 
was ensured by the slow rotation of the substrate holder, rotating at the 
center of gravity of the chamber. The detailed description of the depo
sition parameters is presented in our previous work under the coating 
name of ‘S1’ [23], whilst a summary of the deposition parameters and 
the main properties of the coating are presented in Table 1. 

The multilayered TiSiN/TiN(Ag) coating was isothermally oxidized 
in air at 800 ◦C for 2 h, in thermogravimetric analysis equipment. This 
temperature was selected based on the isothermal oxidation curves 
published in [23], where the first signs of oxidation is reported. 

The cross-section lamellae from the as-deposited and oxidized coat
ings were prepared by focused ion beam (FIB) milling with Ga+ ions 
using a dual-beam Helios NanoLab 660 microscope (FEI). Transmission 
electron microscopy (TEM) studies were carried out using a Tecnai F20 
(FEI) microscope and a Titan Themis3 (FEI) microscope equipped with a 
windowless Super-XG1 EDS detector (Thermo Fisher Scientific). Elec
tron diffraction patterns were processed using CrysTBox software and 
the obtained d-spacings were used for the lattice parameter calculations 

[24]. The structure of the film was complemented by X-ray diffraction 
(XRD) analysis using Cu Kα1 radiation (λ = 1.54060 Å, 45 kV and 40 
mA), acquired in grazing mode. 

The influence of the temperature evolution on the structure of the 
coating was evaluated using in-situ high temperature X-ray diffraction 
(XRD) in open air at temperature steps of RT, 600 ◦C, 750 ◦C, 800 ◦C, 
850 ◦C, 900 ◦C, 950 ◦C, and RT after cooling down, using Co Kα radiation 
(1.789010 Å) equipment, acquired in conventional Bragg-Brentano 
mode. After performing each step, a holding time of 5 min was given 
for thermal stabilization, followed by an acquisition time of 45 min with 
a constant temperature ramp of 20 C/min. 

The chemical states of the as-deposited and oxidized coatings were 
evaluated using X-ray Photoelectron Spectroscopy (XPS). The analysis 
was carried out with a monochromatic Al Kα 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. 
The effect of the electric charge was corrected using the adventitious 
carbon peak (285.0 eV) as reference. The analyses were performed for 
the samples as received and after Ar+ etching for 35 min. The peaks of 
the spectra were fitted using a Gaussian–Lorentzian peak shape and 
Shirley type of the background subtraction. 

3. Results and discussion 

3.1. Structure of the as-deposited coatings 

Since this work is tightly connected with TEM results, before the 
main discussion of coating structures it is beneficial to highlight the TEM 
sample behaviour and evolution with time. The point that must be 
emphasised here is the long-term behaviour of the FIB lamellae fabri
cated for the investigations. The main TEM results presented were 
collected during the 24 h after FIB lift-out and polishing of each lamella. 
Fig. S1 in the supplementary information shows the evolution of the 
sample structure with time. It is obvious that silver diffusion and 
agglomeration into spherical particles take place over time. This hap
pens due to the very small thickness of the lamella, and the appearance 
of a shortcut for Ag to diffuse toward the side walls of the lamella, and 
further surface diffusion and agglomeration [7]. The authors tried to 
minimize the time-affected changes in the samples and collected TEM 
results as fast as possible. 

Bright field (BF) TEM and high-angle annular dark-field (HAADF) 
STEM images of the cross-section morphology of the as-deposited TiSiN/ 
TiN(Ag) multilayered coating are shown in Fig. 1a. The total thickness of 
the coating including the TiSi and the gradient TiSiN adhesive layers is 
2.6 µm. The multilayered coatings are designed with a periodic bilayer 
thickness of ~40 nm, as clearly displayed in the HAADF image in Fig. 1b. 
The EDS elemental maps of the multilayered coatings are shown in 
Fig. 1c, where it is possible to observe that the 20 nm thick brighter layer 
is TiN(Ag), whilst the 20 nm darker layer corresponds to TiSiN. The 
terminating (last) layer of the multilayered coating is the TiSiN layer as 
planed during the depositions. The thick dark layer on the top is the 
protective tungsten layer, deposited for FIB lamella preparation. 

With the EDS analysis, it was possible to precisely acquire the 
average chemical composition of the individual layers in the multilay
ered architecture. The average concentration of the elements across the 
TiN(Ag) layer is the following: 34 at.% Ti, 51 at. % N, 14 at.% Ag, the 
TiSiN layer contains 31 at.% Ti, 15 at.% Si, and 54 at.% N. The analysis 
showed that both layers have an over-stoichiometric composition (i.e., 
Me/N < 1). 

The XRD diffraction pattern of the as-deposited coating obtained in 
grazing incidence mode (GIXRD) is displayed in Fig. 2a. The diffraction 
peaks located at a 2θ of 36.7◦, 42.6◦, and 61.9◦ are assigned to the 
(111), (200), and (220) diffraction peaks of the fcc phase with lattice 
parameters very close to TiN (ICDD card no. 00-87-633), respectively. 
These peaks are raised from the cumulative signals of TiN-based fcc 
crystallites in the TiN-Ag, and TiSiN layers. Low intensity diffraction 

Table 1 
Deposition parameters and properties of the coating.  

Deposition parameters and selected properties of the coating 

Number of Ag rods (1.0 cm in diameter) 5 
TiSi target power density (W/cm2) 6.5 
Ti (Ag) target power density (W/cm2) 6.5 
Substrate pulsed bias voltage (V) − 60 
Working pressure (Pa) 0.34 
Rotation speed for TiSi + TiSiN gradient layers (rotation/min) and 

deposition time 
18 
24 min 

Rotation speed for TiN(Ag) + TiSiN multilayers (rotation/min) 
deposition time 

0.9 
1 h:20 
min 

Hardness (GPa) 26 ± 2 
Young’s modulus (GPa) 288 ± 13 
Elastic strain to failure - H/E 0.09  
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peaks located at a 2θ of 38.1, 44.4, and 64.2◦ can be indexed as the Ag 
phase (ICDD card no. 00-001-1167). 

The electron diffraction (SAED) pattern of the selected area acquired 
using a large aperture is presented in Fig. 2b. The bright diffraction rings 
in the SAED pattern correspond to the fcc structure. Since the lattice 
parameters of the crystalline phases presented in the multilayered 
coatings are very similar to each other, the observed pattern is a su
perposition of the signals from the fcc TiN, fcc Ag (TiN-Ag layer) and 
TiN-based fcc phase presented in TiSiN layers. HAADF STEM image and 
the EDS mapping of Ti and Ag signals, shown Fig. 3a and 3b respectively, 
confirming the presence of Ag. The light-grey areas in the HAADF image 
belong to silver-rich regions (all EDS maps are shown in Fig. S2 of the 

supplementary file). EDS mapping suggests that the light-grey areas in 
the HAADF image belong to silver-rich regions and that this phase exists 
in the structure as free nanocrystals that are not chemically bonded with 
other elements in the coating. Similar results were reported for different 
ceramic-silver coating systems containing Ag [8,15,25–27]. Finally, the 
azimuthally integrated SAED pattern exhibits peaks from the (111), 
(200), and (220) planes of the fcc lattice. The calculated lattice 
parameter of 0.417 nm does not characterize a particular phase but 
describes the as-deposited coating structure for further comparison with 
the annealed one. 

Summarizing the data from HAADF STEM, EDS mapping, and BF 
TEM (Fig. 3c) it was possible to identify-three different crystalline 
phases in the coating: TiN grains and Ag in the TiN-Ag layer, crystalline 
TiN with Si in solid solution (Ti–Si–N), and an amorphous phase in the 
Ti–Si–N layer. The HRTEM insets in Fig. 3d show the fringe contrast of 
these identified crystal phases. It can be seen that the Ag nanocrystals 
([001] zone axis) are characterized by a distorted crystalline structure, 
the TiN grain ([110] zone axis) in the TiN-Ag layer exhibits a crystalline 
structure with a lot of defects and some disordered/amorphous grain 
boundaries, and the Ti–Si–N grain consists of crystallites a few nm in 
size surrounded by amorphous phase (Fig. S2b). 

Nano beam diffraction (NBD) with a spot size of around 5–6 nm al
lows us to obtain electron diffraction from individual nanolayers; lattice 
parameter values of 4.16 Å and 4.19 Å were found for the TiSiN and TiN 
(Ag) layers, respectively. The calculated values are in good agreement 
with the SAED results shown previously, in which the lattice parameter 
lies in the range of the average value between the lattice parameter of 
the two different layers. The lattice parameter values are lower than that 
of a typical TiN phase reported in the literature [28,29], which is 
0.424–0.425 nm. Theoretical and experimental results show that an 
increase of Si concentration in Ti1-xSixN coatings leads to a decrease of 
fcc solid solution phase lattice parameters, as Si can substitute Ti atoms 
in the metallic sublattice [30,31]. On the other hand, Si can also form a 
SiNx amorphous or crystalline phase between TiN grains [29,30,32,33]. 

In our coating, the TiSiN layer displays crystalline and amorphous 
zones, which taking into account the deposition temperature (<150 ◦C) 
and the Si concentration in this layer (~15 at.%), the presence of Si both 
in solid solution in the TiN lattice as well as the formation of SiNx 

Fig. 1. TEM cross-section morphology in (a) BF TEM and (b) HAADF STEM 
imaging modes, as well as (c) elemental distribution in the as-deposited TiSiN/ 
TiN(Ag) multilayered coating. 

Fig. 2. (a) XRD diffraction patterns of the as-deposited coating deposited on 
Al2O3 substrate, obtained in grazing mode and (b) SAED pattern of the as- 
deposited coating. 

Fig. 3. (a) HAADF STEM image of the as-deposited TiSiN/TiN(Ag) coating 
structure, (b) EDS map showing the distribution of Ti and Ag, (c) BF TEM image 
of the as-deposited TiSiN/TiN(Ag) coating structure, and (d) HRTEM images 
(with 1 nm scale bar) of the different phases in the coating. 
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amorphous phase is expected. The lower values of lattice parameters 
obtained by NBD when compared to values typical for TiN (Ti1− xSixN) 
[30] can be attributed to the presence of intrinsic compressive stresses, 
which is quite common for magnetron sputtered TiSiN coatings [34,35]. 
On the other hand, in the TiSiN layer, the presence of Si in solid solution 
in the TiN lattice also contributes to the lattice parameter decrease due 
to the small atomic radius of Si compared to Ti. The TiN(Ag) layers 
reveal a slightly higher lattice parameter value. This fact can be asso
ciated with the presence of soft Ag clusters and grains located in TiN 
grain boundaries, which provide partial relaxation of the accumulated 
stresses [12] and a less distorted lattice due to the Si absence [30]. 

For further discussion of the oxidation and diffusion processes it is 
important to summarize the structure of the as-deposited TiSiN/TiN(Ag) 
multilayered coatings. The TiN(Ag) layers consist of fcc TiN crystallites, 
and free metallic Ag is located in TiN grain boundaries. The TiSiN layers 
consist of fcc Ti–Si–N solid solution crystallites surrounded by a-SiNx 
phase, which of the great importance for high-temperature performance 
of the coatings. 

3.2. Evolution of coating structure with oxidation 

The evolution of the microstructure during heating, which directly 
affects mechanical and tribological properties of the coatings, was 
tracked using TEM and in situ XRD diffraction analysis. Fig. 4 shows the 
obtained diffractograms; no extra peaks except the (111), (200), and 
(220) ones from the fcc phase are found in the as-deposited state. 
Indeed, there are no structural changes observed after annealing below a 
temperature of 800 ◦C. The peaks associated with the Ag are also 
detected in the XRD diffractograms, and strictly increased with 
increasing annealing temperature, suggesting the agglomeration of Ag 
on the top surface of the coating, as will be seen later (Fig. 5b). The first 
signs of oxidation are observed at 800 ◦C, where several low intensity 
peaks related to the rutile TiO2 phase (ICDD card no. 76-0649) are re
ported. With a further temperature raise, the intensity of the rutile peaks 
increases, whilst diffraction peaks assigned to the fcc TiN phase lose their 
intensity. The oxidation of the fcc matrix phase is fully accomplished at 
950 ◦C, where only the rutile TiO2 phase can be detected by XRD. It is 
also worth mentioning that diffraction peaks of Ag and TiO2 at high 
temperature are shifted to lower diffraction angles due to the thermal 
expansion of the lattice. However, the peaks are shifted back to the 
original positions after cooling down from 950 to 25 ◦C. 

Furthermore, surface SEM analysis of the as-deposited and annealed 
coating (at 800 ◦C for 2 h, the temperature which promoted the first 
structure changes) is shown in Fig. 5. The as-deposited coating reveals a 
fairly smooth surface with insignificant defects, whilst the annealed 

coating displays a rough morphology with spherical features grown on 
top. EDS analysis conducted on the features revealed that they corre
pond to Ag particles. This corroborates the SEM picture shown in Fig. 5b, 
where the growth of the spherical particles on the top-most part of the 
oxide scale are seen clearly. 

In order to gain further insight into the microstructure, phase and 
elemental composition of the cross-section of the oxidized coating, TEM 
investigations were conducted. The HAADF STEM cross-section image of 
the oxidized coating and its corresponding EDS elemental distribution 
maps are shown in Fig. 6. An oxidized layer of ~330 nm thick is formed 
on the top (Fig. 6a), meaning that at a temperature of 800 ◦C only a small 
part (~15 % of total thickness) of the coating is oxidized. Fig. 6b 
overviews the interface between oxidized and unoxidized coating and 
two distinctive regions are observed: 1) regions with sharp interface 
(mainly) (Fig. 6c), 2) transition regions where oxidation has been star
ted, labelled as O-attacked (Fig. 6d). 

The fully oxidized layer above the interface is composed of Ti, O and 
Si, while the N is confirming the surface oxidation and release of N from 
the structure (Fig. 6b). The average composition of the oxide scale is 
summarized in the table inserted in Fig. 6b, it can be seen the Ti/O ratio 
is close to TiO2 phase. The EDS elemental maps also revealed that the 
multilayered architecture of the coating is preserved, as it is possible to 
distinguish two types of oxide layer resulting from the oxidation of the 
TiSiN and TiN(Ag) layers, respectively. The expansion of the individual 
oxidized layers is attributed to a larger volume of oxide phases 
compared to pristine nitride phases. 

The Ag particles were partially removed from the top surface of the 

Fig. 4. In situ XRD spectra of the oxidized coating deposited on FeCrAlY alloy at 
different temperatures, including a magnified picture of the range of 2θ 40–46◦, 
showing the shift and the increase of Ag peak with increasing annealing 
temperature. 

Fig. 5. Surface morphology of the: (a) as-deposited and (b) oxidized coating, 
showing the Ag out diffusion. The inset in (b) is a SEM cross-section of the 
oxidized coating with Ag EDS map. 
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oxidized coating by Ga ions during FIB polishing, but they are still 
clearly presented in the cross-section view as shown by the EDS Ag map 
in Fig. 6b. The oxidized zone of the coating is Ag depleted. According to 
the EDS maps, it can be seen that silver from the oxidized zone diffuses 
out to the top surface of the oxide scale and forms agglomerates. Some 
Ag also diffuses out from the top adjacent non-oxidized layers. The silver 
diffusion to the top surface of the oxide layer was observed for other Ag- 
doped ceramic coatings during oxidation. Meanwhile, there is no gen
eral rule how Ag diffusion affects the oxidation resistance of the ceramic 
coatings, and it appears as tradeoff between two mechanisms. Ag 
diffusion to the surface i) creates extra paths for ions diffusion and, 
consequently, increases the oxidation rate and the thickness of the oxide 
scale [23,36] or ii) causes Ag to segregate at coating defect sites, slowing 
down the inward diffusion of oxygen atoms, and increasing oxidation 
resistance [14,15]. 

The chemical composition of the non-oxidized TiSN and TiN(Ag) 
layers underneath the oxide layer and adjacent to the interface region of 
the oxides layer remains the same as the as-deposited coating (Fig. 6c 
under the dashed line showing the interface). This implies that TiSiN 
layers hinder the fast Ag outward diffusion towards the non-oxidized 
zone. Meanwhile, some zones of O-attacked interface were captured as 
well (Fig. 6d). From the EDS analysis of a TiN(Ag) layer adjacent to the 
oxidized/non-oxidized coating interface, the first step of the oxygen 
diffusion can be tracked. The TiN(Ag) layer adjacent to the interface 
(Fig. 6d) reveals two characteristic areas: one with Ag and another 
without Ag. According to EDS analysis taken from the boxed areas 
(zones 1, 2, 3 in the table on Fig. 6d), diffusion of O (~8 at.%) in the TiN 
(Ag) layer is enough to trigger the outward Ag diffusion, and its con
centration becomes zero in the O-containing part of the layer, while O- 
free parts still possess around 8 at.% of Ag (almost the same as the as- 
deposited state). Thus, it can be assumed that Ag release is not only 
temperature activated. Another important factor that promotes Ag 
diffusion from the nitride matrix towards the oxide scale is the differ
ences in Ag wettability of nitride and oxide phases. Formation of the TiN 
(Ag)/oxide interface accelerates the Ag diffusion due to the fact that Ag 
does not wet TiN. The Ag wettability of TiO2 is noticeably lower (lower 
contact angle), indicating a hydrophilic state [37,38]. These differences 
in contact angles may explain a phenomenon whereby Ag covers 

preferentially oxidation sites on the surface of partially oxidized TiN- 
based coatings instead of non-oxidized parts [15]. 

Finally, by analyzing the topmost zone of the oxidized coating 
(Fig. 7), it can be assumed that the nanoscale segregation takes place on 
the sample surface. Indeed, areas enriched in Ti and depleted in Si are 
found on the top surface, suggesting the formation of separated TiO2- 
based and SiO2-based oxides, as observed in monolithic TiSiN coatings 
[28,39,40]. At the same time oxygen is distributed homogeneously 
across the oxide scale (Fig. S3). G. Greczynski et al. reported this phe
nomenon for single layer Ti1-xSixN coatings with 0.13 ≤ x ≤ 0.31, where 
Si-rich coatings exhibit a formation of the glassy layer, which consists of 
complex Me–Si–O [39–42]. In the present study we assume the well 
pronounced segregation of TiO2-based and SiO2-based oxides takes 
place at top surface of the oxide layer, as shown in the Fig. 7 (magnified 
map of the boxed area in Fig. 6a). 

Another important point that has to be raised is the location of the Ag 
agglomerate on the top surface of the coating after oxidation. Elemental 
mapping shows that the Ag agglomerate sits on the TiO2-based surface. 
This effect was observed for the Ag-doped ceramic during oxidation, 
where silver segregates at the sites of coating defects or oxidation, 
slowing down the inward diffusion of oxygen atoms, and increasing 
oxidation resistance [14,15]. 

Fig. 8a presents the BF TEM contrast of the oxide scale with a mark 
where the diffraction pattern was acquired. SAED taken from the oxide 
layer of the top of the annealed multilayered TiSiN/TiN(Ag) coatings 

Fig. 6. Cross-sectional HAADF images and corresponding elemental maps of the oxidized TiSiN/TiN(Ag) multilayered coating. (a) Low-mag image, (b) overview of 
the oxide scale, (c) sharp interface between oxide scale and unoxidized coating, (d) O-attacked interface. 

Fig. 7. EDS elemental maps of the top part of the oxide scale after oxidation 
annealing. Presented area is marked by grey box in Fig. 6a. 
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(Fig. 8b inset) shows a ring pattern. All signals belong to the poly
crystalline rutile TiO2 phase. Rutile (110), (011), (111), (121), and 
(002) reflections are identified in the SAED pattern; no other crystalline 
compounds are observed in the oxide layer. However, according to the 
EDS maps shown in Figs. 6 and 7, regions enriched simultaneously with 
Si and O are also presented. This phase is well known to be amorphous 
and therefore its presence does not significantly contribute to electron 
diffraction pattern. The presence of amorphous regions is clearly visible 
in the HRTEM image of the oxide layer (Fig. 8b), supporting this theory. 
The presence of amorphous complex Ti–Si–O oxide should not be 
discarded, as in some zones of the elemental maps of Fig. 7, overlapping 
of the Ti, Si, O signals is perceived. G. Greczynski et al. detected this 
disordered phase after oxidation of monolithic TiSiN coatings. 

Fig. 8c shows HAADF image of the entire cross-section of the oxide 
scale with 3 boxed areas of interests: terminating TiSiN layer after 
oxidation (green box), TiSiN layer after oxidation in the middle part of 
the scale (orange box) and oxidized/non-oxidized interface (turquoise 
dashed box). The HAADF image (Fig. 8d) coupled with EDS maps 
(Fig. S4a) of the terminating oxidized TiSiN layer clearly show that some 
segregations into TiO2-based and SiOx-based oxides have also taken 
place within former Ti–Si–N layers. The topmost layer reveals a 
composite structure with two types of regions both < 10 nm in size: i) 
one enriched by Ti and ii) another enriched by Si. This layer also con
tains spherical Ag particles, 1–3 nm in diameter, scattered across the 
entire terminating top layer. Nevertheless, concentration of silver is very 
low, local EDS analysis of the area with nanoparticles shows only 1 at.% 
of Ag (Fig. S4a). One can notice that the terminating top layer is thicker 
compared to other oxidized layers. Probably this is attributed to the fact 
that initial oxidation starts at solid/gas interface and TiO2 growth and 
expansion are not restricted. In this way, some porosity in terminating 

layer cannot be excluded consequently creating a place for Ag, that is 
why 1–3 nm Ag particles are scattered only in this top layer after 
oxidation. 

In the TiSiN layer after oxidation in the middle part of the scale Ag 
particles are almost absent, which confirms the diffusion of Ag towards 
the surface (Fig. 8e). Also, the segregation of TiO2-based and SiOx-based 
oxides is more pronounced along the vertical direction (main diffusion 
route), as reported by Y. Moritz et al. for oxidized TiSiN coatings [28]. 
The EDS mapping of this area indicates an obvious segregation (see 
Fig. S4b in supplementary file). In this case the segregation occurs in 
former Ti–Si–N layers in the nano-laminated structure, as was detected 
for bulk TiSiN coatings [19,28]. We assume that the processes in indi
vidual Ti–Si–N layers can proceed in a similar way to a bulk ceramic in 
the Ti–Si–N system, where oxidation starts from fcc Ti–(Si)–N crys
tallites that are oxidized to TiO2. The titanium deficiency in the crys
tallites close to the coating’s surface (due to outward diffusion of Ti) 
causes an increase in the nitrogen dissociation partial pressure, which is 
released in a gaseous form. Pores, formed because of coalescence of the 
vacancies induced by the motion of Ti and N, can appear in the sites of 
former Ti–(Si)–N crystallites [43]. Then, a-SiNx phase is oxidized by 
the vacancy oxidation or by displacement reaction with the formation 
silicon oxynitride at the first stage and with formation of SiOx in the 
later stage of oxidation process [44,45]. We suppose, that the TiSiN/TiN 
(Ag) multilayered coatings demonstrate similar diffusion/oxidation 
mechanisms. In the as-deposited state, homogeneous distribution of Ti is 
observed, while after oxidation the Ti signal becomes more intensive in 
former TiN(Ag) layers (Fig. 6b and Fig. 8f). Once O reaches the TiN(Ag) 
layer (which has lower oxidation resistance and can be transformed into 
TiO2 faster than in the Ti–Si–N layer), the driving force for Ti diffusion 
from non-oxidized regions appears. EDS analysis of the oxidized/non- 
oxidized interface shows decrease in Ti concentration in the TiSiN 
layer adjacent to oxide scale (Fig. 8f). Titanium diffusion is faster than 
oxygen diffusion through the newly formed rutile crystals [19,46]. In the 
same way, the re-distribution mechanism of Ti and Si can happen on the 
nanoscale in Ti–Si–N layers (Fig. S3) [43,47]. 

The EDS profiling under the oxide part of the coating, showing the 
distribution of the elements through the coating thickness, is presented 
in Fig. 9a and b. The chemical composition of the non-oxidized TiSiN 
and TiN(Ag) layers underneath the oxide layer and adjacent to the 
interface region of the oxides layer remains stable. Additionally, the 
multilayered design of the TiSiN/TiN(Ag) coatings prevents the Ag 
“sweating” that often occurs even immediately after deposition of the 
coatings [48–50]. It is noteworthy that no nanoscale segregation or 
recrystallization in individual non-oxidized TiN(Ag) layers is detected, 
even in the very top of the non-oxidized part of the coating (Fig. 9 c and 
d). 

The structural changes occurring in the non-oxidized part of the 
coatings were investigated by electron diffraction (SAED, NBD). Pro
cessing of NBD patterns from individual nanolayers after annealing gives 
lattice parameter values of 0.423 nm and 0.422 nm for the TiSiN and TiN 
(Ag) layers, respectively, as shown in Fig. 10. The increase of the lattice 
parameters for the annealed coating compared with the as-deposited one 
from 0.416 to 0.423 nm and 0.419 to 0.423 nm may be attributed to a 
relaxation of stresses in the coating. The SAED technique, which aver
ages lattice parameters from individual layers, also indicates relaxation 
of compressive stresses after annealing. It is important to notice that the 
TiSiN layers show more dramatic changes in lattice parameter values 
with annealing, which points out that this layer was under a higher level 
of stresses as compared to the TiN(Ag) one. 

To support the TEM results, which give no precise information about 
the chemical bonds between elements, XPS analysis was conducted. The 
XPS core-level spectra of Ti 2p, Si 2p, N 1s, Ag 3d, and O 1s of the as- 
deposited coating are shown in Fig. 11. For the Ti 2p core level spec
trum (taken from the as-deposited surface) a contribution of three 
components is found. The peaks centered at 458.8 eV, 456.9 eV and 
455.1 eV are assigned to Ti–O (IV), Ti–O (lower oxidation state) 

Fig. 8. (a) Cross-sectional BF TEM image of the coatings after oxidation 
annealing, (b) HRTEM image of the oxide scale, (c) HAADF overview of the 
oxide scale, (d) HAADF image of the former Ti–Si–N layer that terminates the 
multi-layered structure, and (e) HAADF image oxidized Ti–Si–N layer in the 
middle of the oxide scale. 
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denoted as TiOx, and Ti–(Si)–N, respectively [51,52]. Here it is 
important to note that the exact environment of Ti atoms in the 
Ti–Si–N system is hard to interpret, since binding energies for Ti–N 
and Ti–Si–N solid solution are rather similar [53,54]. The presence of 
oxide components is due to oxygen absorption and oxidation after 
sample storage under ambient atmosphere. Eventually, after the Ar+

etching, the Ti–Si–N component dominates the spectrum. The Ti 2p 
core level spectrum after oxidation shows peaks ascribed to Ti–O (IV), 
and the spectrum reveals a shoulder from lower Ti oxides or a mixed 
Ti–O–Si oxide after etching [55]. This difference in environment of Ti 
atoms on the surface and after etching matches the above-mentioned 
TEM data, where segregation of TiO2-based and SiOx-based oxides is 

more pronounced on the surface of the oxide scale. The Si 2p core level 
spectra exhibit a contribution of Ti–Si–N and Si-N components, which 
confirm the co-existence of Si in Ti–Si–N solid solution and in amor
phous SiNx matrices. Oxidation leads to the formation of Si-O bonds, and 
the Ti–Si–N and Si-N peaks disappear as expected. The N 1s spectra, 
before and after etching of the as-deposited coating, reveal peaks 
centered at 397.2 eV due to N in Ti–Si–N [39,53], with the small 
contribution from a peak assigned to the N–Si at 398.0 eV also present 
[56–58]. After the annealing, N is absent in the oxide scale, what was 
actually seen by EDS. The Ag 3d spectrum shows a low intensity signal in 
the as-deposited state, while oxidation triggers Ag diffusion towards the 
surface and the intensity increases significantly. The Ag 3d spectrum of 
the oxidized coating can be deconvoluted into two components centered 
at 368.3 and 368.5 eV, with different FWHM values, which corresponds 
to values typical of Ag–Ag bulk metallic bonds and Ag-Ag bonds from 
clusters, respectively [59–62]. This suggests that Ag can be presented in 
the coating as metallic grains and clusters, which agrees with the TEM 
data discussed earlier. The most interesting feature of the O 1s spectrum 
is found after oxidation, when an obvious separation of the O–Si and 
O–Ti peaks occurred. This confirms a segregation of TiO2-based and 
SiOx-based oxides. After the etching of the oxidized coating, the O 1s 
spectrum is similar to that of the as-deposited coating. 

4. Conclusions 

In this work, the structure evolution caused by high-temperature 
oxidation, oxide scale growth, diffusion processes and changes in the 
structure and chemical composition of the non-oxidized zone of a 
multilayered TiSiN/TiN(Ag) coating designed for high temperature ap
plications are investigated. 

The following conclusions can be drawn: 

Fig. 9. (a, c) HAADF images and (b, d) corresponding EDS elemental distribution profiles showing an absence of redistribution of the elements after annealing.  

Fig. 10. The fcc lattice parameters obtained using SAED (average from the 
large area) and NBD (from individual layer) techniques. 

Fig. 11. X-ray photoelectron spectroscopy of the as-deposited and annealed coatings before and after Ar+ etching.  

A. Bondarev et al.                                                                                                                                                                                                                              



Applied Surface Science 609 (2023) 155319

8

1) The multilayered design of the coating can hinder the undesirable 
diffusion of Ag from the volume of the coating towards the surface 
with heating.  

2) Oxidation of the multilayered TiSiN/TiN(Ag) coating starts at 800 ◦C 
with the formation of crystalline rutile TiO2 and amorphous SiOx- 
based oxide. These phases tended to be segregated.  

3) No signs of recrystallization of pristine fcc TiN + fcc Ag phases in TiN 
(Ag) layers and fcc Ti–Si–N solid solution and a-SiNx phases in 
TiSiN layers is detected in the non-oxidized part of the coatings after 
2 h annealing at 800 ◦C.  

4) In the multilayered TiSiN/TiN(Ag) coating the oxidation kinetics are 
controlled by inward diffusion of O and outward diffusion of Ti. Ag 
diffusion towards the surface is temperature activated and driven by 
wetting of oxide phases.  

5) Diffusion of Ag from the oxide scale to the surface tends to 
agglomerate on the TiO2-based sites. 
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