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A semi-industrial magnetron sputtering system was employed to deposit a series of W-Ti-N/Ag composite films
with varying Ag content, aiming to provide practical parameters for industrial-scale PVD applications. The films
were deposited by DC sputtering a W + 30 wt%Ti alloy target and an Ag target in an Ar and N3 atmosphere. The
results indicated that the composite films, regardless of Ag content, exhibited a face-centered cubic (fcc)
structure and consisted of a three-phase mixture of WyN, TiN and Ag. The Ag particles were embedded within the

crystalline grains of solid solution of (WTi)2N and (TiW)N, resulting in grain refinement and increased interface
density in the films. The predominant cross-section fracture of the Ag-alloyed was identified as transgranular.
Both hardness and elastic modulus of the composite films gradually decreased with the Ag content due to the soft

nature of the Ag phase.

1. Introduction

As modern industry continues to evolve, the challenges of energy
consumption and resource wastage caused by wear have become
increasingly severe, posing significant obstacles to global efforts toward
green and sustainable development [1,2]. Lubrication is essential in
minimizing friction and wear; however, conventional lubricants such as
oil and grease are not only environmentally detrimental but also
restricted in their temperature range, rendering them insufficient to
meet the growing demand for eco-friendly, wide-temperature lubrica-
tion solutions [3,4]. Over the past two decades, the development of
efficient solid lubricating film materials for harsh service environments
based on the concept of adaptation to meet the increasingly diverse and
multi-condition green lubrication needs has been a hot and cutting-edge
topic in the field of surface engineering [5].

Due to their exceptional hardness and wear resistance, transition
metal or its nitride films have been extensively studied and have been
industrially applied in fields such as cutting tools and molds [6,7].

Tungsten was reported as one of the most representative candidates for
the protective hard application, with the amazing melting point of
around 3422 °C [8] and excellent hardness of about 25 GPa for the W
nano-structured film [9]. Therefore, combination with other nonmetal
elements, such as N, C and B, for synthesizing the W—N [10], or W—C
[11], or W—B [12] composite film using the processes of RF/DC sput-
tering [13-17] or CVD [18], was considered as the effective method to
enhance the mechanical and tribological properties [19]. The phase
structure of the composite film was significantly influenced by the
nonmetal element content in the films [20]. For instance, the phase of
the WNy films was changed from bec-W for the N content below 9 at.%,
to a mixture phases of bec-W with fec-W3N for the N content in the range
of 12-15 at.%, then to a single fcc-W,N for the N content ranging from
30 to 50 at.%, finally to hcp-WN with a N content above 55 at.% [21].
Among these materials, nitride films such as W2N hold significant po-
tential for high-temperature self-lubricating applications due to their
ability to in-situ generate Magnéli phases with a layered structure during
high-temperature friction [22]. As a result, they have attracted
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significant attention in the field of solid lubrication [23]. At present, the
design and fabrication of composite (multilayer) films by incorporating
additional elements, known as modulation layers, is a widely adopted
strategy to enhance the overall performance of W2N films. This method
significantly enhances key properties such as mechanical strength,
corrosion resistance, and wear resistance, effectively meeting the
increasingly demanding requirements of advanced applications,
including dry cutting and high-temperature lubrication [24]. For
example, Beltrami et al. [25] successfully designed and prepared a CrN/
WsN multilayer film with excellent mechanical strength and corrosion
resistance by alternating deposition of a corrosion-resistant CrN layer
and a high-hardness W)N layer. Braga et al. [26] compared the me-
chanical properties of W-Ti-N films on nitrided steel and non-nitrided
steel and found that the introduction of Ti elements into the W3N ma-
trix can improve the hardness and corrosion resistance of the Wo(Ti)N
film. Inspired by the “nc-TiN/a-SiNy” model [27], our research team
employed magnetron sputtering technology to introduce a controlled
amount of Si into the W2N matrix. This process leads to thermodynamic
spinodal decomposition, resulting in a nanocomposite structure where
W:N nanocrystals are embedded within an amorphous SisNa atomic
layer [28]. The mechanical properties of this type of film have been
greatly improved [29]. Furthermore, we also prepared W-Ti-N films
using W-20wt.%Ti composite targets by magnetron sputtering technol-
ogy. The results show that the film hardness can reach up to 50 GPa
[30]. Additionally, Ag is often added to hard nitride films as a lubricant
agent to achieve wide temperature self-lubricating properties [31-37].
This type of nitride-based film materials containing Ag have been widely
studied, for instance, TiN-Ag [38], NbN-Ag [39], VN-Ag [40], etc.
What’s more, the addition of a small amount of Ag to the nitride matrix
can also enhance the mechanical properties to a certain extent, due to
the combined effects of grain refinement and coherent strengthening
[41].

Building on the current research, the addition of Ag to W-Ti-N thin
films is anticipated to further enhance their mechanical properties.
However, there have been relatively few studies focused on this specific
combination. In addition, most research on Ag-containing nitride thin
films utilizes small-sized targets in laboratory settings. To progress to-
ward industrial applications, this study employs rectangular targets that
closely resemble those used in industrial-scale equipment, along with
semi-industrial magnetron sputtering technology, to fabricate W-Ti-N/
Ag composite films. This study investigates the effect of Ag content on
the microstructure and mechanical properties of the films, aiming to
bridge the gap between laboratory research and practical, large-scale
production.

2. Film deposition and measurements

The W-Ti-N/Ag composite films without and with Ag addition was
deposited in a semi-industrial magnetron sputtering system (Teer
Coatings Ltd., UK). Four cathodes connected with separated DC power
supplies were evenly distributed in relation to the center of the chamber.
Four targets with a purity of 99.9 % were mounted on the cathodes: two
Ti target in the cathodes facing each other, and one Ag target facing one
W + 30 wt% Ti alloy target. The size of each of the targets was 380 x
175 x 10 mm and the distance between the targets and the substrate was
150 mm. Silicon wafers were used as substrates, and were ultrasonically
cleaned in acetone and ethanol for 15 min respectively. Then the
cleaned substrates were put onto the substrate holder facing the targets.
The schematic diagram of the deposition system is shown in Fig. 1. The
substrates were etched in Ar' ions bombardment for 20 min under
pulsed bias of 270 V at 0.5 Pa; the basic pressure was below 9 x 10-5 Pa.
Then, the targets were cleaned under Ar (50 sccm), with a power of
1000 W, for 10 min to remove the contaminants on the target surface.
After that, a pure Ti interlayer (1000 W for both Ti targets for 10 min)
was deposited on the substrates by moving the shutter in the front of Ag
and W + Ti alloy targets. Subsequently, a gradient interlayer was
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Fig. 1. Schematic diagram of semi-industrial magnetron sputtering system.

deposited by moving the shutter in the front of W + Ti alloy target (the
power was increased from 0 to 1000 W) for 5 min. Following this, ni-
trogen gas was introduced into the chamber at a flow rate of 8 sccm, the
shutter was moved in the front of both Ti targets. The W-Ti-N/Ag
composite films with varying Ag content were deposited by fixing the W
+ Ti alloy target power at 2000 W, and adjusting the Ag target power for
0, 150, 175, 250, 350, and 450 W, respectively. During the deposition, a
pulsed bias was kept at the substrate holder at —70 V (with the current of
0.15 A, power of 11 W, reverse times of 0.5vs, and frequency of 250
kHz), the substrate rotation speed was 10 rpm, the deposition time was
set at 60 min, and no substrate heating was intentionally applied.

The elemental composition and the cross-section morphology of the
films were characterized by Scanning Electron Microscope (SEM, ZEISS
Merlin Gemini2) and its corresponding Energy Dispersive Spectrometer
(EDS, Oxford, INCA Energy) system. The film’s phase structure was
characterized by X-Ray Diffraction (XRD) using a PANalytical X’Pert Pro
diffractometer working in conventional mode. The main parameters
used were as follows: (1) Cu Ka is the X-ray source, and the passing
energy is 160 eV; (2) The 20 angle range is 30-80°, and the scanning
speed is 1°/min. An X-ray photoelectron spectrometer (XPS, ESCA-
LAB250XI, Thermo Fisher, USA) was used to characterize the chemical
bonds of the film, and the C 1 s peak at 284.8 eV was used as the
reference peak to correct the XPS spectrum. Before characterization, the
sample was etched to remove the influence of surface oxidation on the
test results. The contaminants of the sample surface were removed using
a gentle Ar" beam, sputtering at a primary energy of 800 eV at an angle
of ~70 from the surface normal, held for 5 min, after the base pressure
was below 2 x 1077 Pa. The fitting of spectra was performed using the
XPS CASA software, in which an adjustment of the peaks was performed
using peak fitting with Gaussian-Lorentzian peak shape and Shirley type
background subtraction. The cross-sectional microstructure of the
composite film with different Ag content was investigate through a
transmission electron microscope (TEM, Tecnai G2 F20, FEI, USA), with
an acceleration voltage of 200 kV. The preparation of the TEM specimen
can be carried out following these steps: (i) the specimen on the sub-
strate of silicon wafer was cut and glued each other on the side of the
films; (ii) the glued sample was polished on both sides using diamond
sandpaper to decrease the thickness to ~0.1 mm; (iii) then, the sample
was further polished to meet the requirement of measurement using the
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Ion Beam Thinner system (GATAN 691, GATAN, USA) after attaching a
molybdenum ring on the surface of the sample. The film thickness and
film curvature radii were measured using the profilometer (DEKTAK-XT,
Bruker, Germany), and then the residual stress of the films with different
titanium content was calculated based on the Stoney’s Eq. [42]. A
nanoindentation tester (Micromaterials nano test Plataforma 1, UK)
equipped with a diamond Berkovich indenter was used to characterize
the film hardness and elastic modulus. The specific parameters were as
follows: (1) Maximum loading force was 5 mN; (2) Holding time was 10
s; (3) Loading and unloading speed was 0.1 mN/s. To ensure the accu-
racy of the test data, 2 different areas were selected on the sample sur-
face and 15 measurements were performed respectively, and the
average value was taken.

3. Results and discussion
3.1. Elemental compositions and microstructure

Table 1 presents the EDS measured elemental compositions of the
reference W-Ti-N film and the W-Ti-N/Ag composite films deposited at
varying Ag target powers. The reference film contains approximately
46.3 at.% W, 24.9 at.% Ti, 27.4 at.% N, and 1.4 at.% O. The (W + Ti) to
N ratio is around 2.6, indicating significant N vacancies, consistent with
previous findings on magnetron-sputtered W-N-based films [43,44].
Additionally, the optimized W/Ti ratio of about 1.9 in this system has
been shown to enhance toughness while maintaining high hardness
[45].

As for the W-Ti-N/Ag composite films, the Ag content increases
gradually with the rise in Ag target power but does so nonlinearly. There
is a threshold between 175 and 250 W, beyond which Ag content in-
creases significantly, indicating a more pronounced Ag deposition. This
results in decreased W, Ti, and N content, while O content remains stable
at around 2 at.%. The W/Ti and (W + Ti)/N ratios remain stable up to
175 W but decrease after surpassing 250 W, reflecting changes in film
composition with higher Ag addition.

Fig. 2 shows the XRD spectra of the W-Ti-N reference film and the W-
Ti-N/Ag composite films with different Ag contents. The figure also lists
the positions of the standard peaks of fcc-W3N, fce-TiN and fcc—Ag,
according to PDF-65-0715, 25-1257 and 65-2871 to analyze the film
phase composition. As shown in this Fig., six diffraction peaks appear
near 37°, 40°, 42°, 59°, 69°, and 73° in the XRD spectrum of the ternary
W-Ti-N film, of which the diffraction peaks at 40° and 59° correspond to
the transition layer Ti, and the diffraction peak near 69° comes from the
silicon wafer substrate. In addition, the remaining three diffraction
peaks are contributed by the crystal planes parallel to the sample surface
in the deposited film, but the positions of the corresponding standard
peaks of TiN and W,N phases at the above three angles are very close.
Therefore, it can be inferred from the spectrum that the W-Ti-N film
exhibits a fcc structure, but it is difficult to determine the phase
composition of the film. From the asymmetric shape of the diffraction
peaks, it can be inferred that the three diffraction peaks can be split into
two peaks, fcc-TiN and fcc-W3N, so the film may be composed of two
phases, fcc-TiN and fcc-W3N. The XRD spectrum of the W-Ti-N/Ag
composite film showed three diffraction peaks from the deposited film
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similar to the reference one. What’s more, when the Ag content is higher
than 26.7 at.%, the film shows a diffraction peak with very low intensity
near 62°, which corresponds to the (222) crystal plane of fcc. Further-
more, compared with the W-Ti-N reference film, the diffraction peak of
the W-Ti-N/Ag film gradually shifts to higher angles with the increase of
Ag content, which may be related either to the formation of fcc-Ag phase
in the films, or to the residual stresses.

Fig. 3 shows the XPS spectra of W-Ti-N/Ag films with different Ag
contents, which are used to analyze the chemical bonding state of the
films. Fig. 3(a) shows the full XPS spectra of films with Ag contents of 1.7
and 11.0 at.%, in which six different elements appear, namely W, Ti, Ag,
N, O and C. Cls is the calibration peak [46], and the other elements are
all from the deposited films, which is consistent with the characteriza-
tion results in Table 1. Before the formal XPS characterization, although
the sample was slightly etched to remove surface adsorption and oxide
scale, the W and Ti sputtered out during the film deposition process may
react with the residual oxygen and water vapor in the deposition
chamber to produce a small amount of oxidized phase, resulting in the
presence of O in the spectrum. Fig. 3(b) shows the W4f XPS spectrum of
the film. There are three peaks in the spectrum, with the peak near 41.6
eV belongs to W 5p3/2 [47]. The remaining two peaks belonging to W4f
can be split into four peaks. Among them, the two peaks at 35.6 and
37.8 eV have the highest intensity and belong to the W—N bond, for
W3N [48]; and the two peaks with lower intensity near 36.1 and 38.2 eV
correspond to the W—O bond in WO3 [49]. Fig. 3(c) is the XPS spectrum
of Ti 2p. Two peaks appear in the spectrum, each of which can be split
into three peaks, for a total of six. Among them, the peaks at 454.5 and
460.3 and the two peaks near 455.8 and 461.3 eV are Ti—N bonds in TiN
[50]. The two peaks at 457.3 and 461.9 eV are Ti—O bonds in TiO3 [51].
According to the two XPS peaks in the Ag 3d XPS spectrum shown in
Fig. 3(d), it can be split into two peaks, which are Ag—Ag bonds near
368.1 and 374.1 eV respectively [52]. Fig. 3(e) shows the N 1 s spec-
trum. There is an XPS peak in the spectrum, which can be fitted into four
peaks, namely: W—N bond at 397.3 eV [53], Ti—N bond at 397.8 eV
[54], Ti-O-N bond at 399.2 eV [55], and satellite feature at 399.5 eV
[56]. According to the integrated intensity shown in the figure, it can be
seen that the main nitride phase in the film is W5N. In addition, Fig. 3(f)
shows O 1 s XPS spectra. An original peak appears in both spectra, which
can be fitted into three peaks, namely Ti—O [57] at 529.9 eV, W—O
[58] at 530.8 eV, and Ti-O-N [59] at 532.4 eV.

Fig. 4 shows the SEM images of the W-Ti-N film and the interface of
the W-Ti-N/Ag film with different Ag contents. Regardless of the Ag
content, the cross-section differentiates clearly the film, the interlayer
and the substrate. GLAD morphological characteristic (glanding angle
deposition) could be observed. The semi-industrial magnetron sputter-
ing system was applied to deposit the film, and the substrate holder in
the chamber was too big to parallel to the surface of the target and,
thereby resulting in the gentle GLAD morphology of the film. As the Ag
content increases, the thickness of the film gradually increases. Since the
film is deposited by increasing the Ag target power for a constant
deposition time, more Ag atoms are sputtered leading to thicker films. In
addition, the Ag content also effects the cross-sectional characteristics of
the film. In the cross-sectional image of the W-Ti-N reference film in
Fig. 4 (a), a classical dense columnar structure can be observed, and

Table 1
Elemental compositions of W-Ti-N reference film, and W-Ti-N/Ag composite films with various Ag target powers.
Target Power of Ag(W) Chemical composition (at.%) W/Ti (W + Ti)/N
w N Ag Ti [¢]

0 46.6 + 2.3 269+ 1.3 0 251 +1.2 1.4 +0.1 1.9 2.7
150 459 + 2.3 26.0 £ 1.3 1.7+ 0.1 245+1.2 1.9+0.1 1.9 2.7
175 45.7 £ 2.3 25.0 £ 1.2 2.7 +0.1 249 +1.2 1.8+ 0.1 1.8 2.8
250 39.3+ 2.0 26.0 £ 1.3 11.0 £ 0.6 226 +£1.1 1.7 £ 0.1 1.7 2.3
350 31.1t1.6 226 +1.1 26.7 £ 1.3 18.4 + 0.9 1.1 +0.1 1.7 2.2
450 286+ 1.4 20.2 £ 1.0 326 t1.6 16.4 + 0.8 23+0.1 1.7 2.2
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Fig. 2. XRD patterns of the reference W-Ti-N film and the W-Ti-N/Ag films with various Ag content.

most of the columnar crystals are about 200 nm wide. Two completely
different zones, one smooth and another rough, can be observed (see
detail in Fig. 4(a)). The proportion between both zones can be roughly
calculated as half / half. The cross-sectional morphology of the film with
an Ag content of 1.7 at.% is shown in Fig. 4(b). The film still presents a
dense columnar crystal structure, but the width of the columnar crystal
is significantly reduced compared to Fig. 4(a); its value is roughly within
50-100 nm. Although the refinement of the columns has significantly
reduced compared to the reference one, the proportion of rough zones in
the film cross-section has increased significantly; it is difficult to observe
any smooth cross-section zone. When the Ag content in the film is 26.7
at.%, the cross-sectional characteristics of the film have changed
significantly, and the results are shown in Fig. 4(c). The classic columnar
crystal structure of the nitride ceramic film material completely disap-
pears, the cross-section is rough.

To further investigate the effect of Ag on the evolution of film
microstructure, cross-sectional TEM characterization was performed on
W-Ti-N/Ag film samples with different Ag contents. Among them, the
cross-sectional TEM results of the film with an Ag content of 1.7 at.% are
shown in Fig. 5. The film shows a dense structure with some diffusely
distributed darker zone (Fig. 5(a)). Based on previous TEM research
results on nitride ceramic films containing soft metals, such as TiN/Ag,
the darker zone may be attributed by the soft metal particles embedded
in the nitride matrix [60]. To achieve this, selected area electron
diffraction (SAED) was performed in both areas with (area I) and
without (area II) black particles. Area I SAED is shown in Fig. 5(b),
where the diffraction rings near the projection spot are the densest,
indicating that the spacing between the crystal planes of the physical
phases corresponding to the three diffraction patterns is very small.
After calculation and comparison with PDF-65-0715, 25-1257 and
65-2871, the diffraction patterns correspond to the corresponding
crystal planes of fcc-TiN, fcc-WoN and fec—Ag. The specific indexes are
shown in the figure. This indicates that in region I, the film is fcc and
three phases coexist. The SAED results of region II are shown in Fig. 5(c).
Unlike region I, only two groups of diffraction patterns corresponding to

fee-TiN and fce-W3N appear in the spectrum at this time. This indicates
that two phases co-exist in the film of region II. By comparing the SAED
results of the two regions, it can be inferred that in region I, the particles
with relatively high contrast are soft metal Ag, which is consistent with
our previous TEM characterization structure. The HRTEM photograph of
area I in Fig. 5(a) is shown in Fig. 5(d). Three groups of obvious lattice
fringes appear in this HRTEM image, defined as I, II and III from top to
bottom. The IFFT of the above three lattice fringes are shown in Fig. 5
(e), (f) and (g), respectively. According to the interplanar spacing, the
corresponding crystal plane indices can be determined to be (111) and
(200) crystal planes of fcc—Ag, fce-TiN, and fce-W5oN, respectively. It is
important to note that the fcc-Ag in this HRTEM image is very large and
no complete grain boundary can be observed in the field of view, which
is inconsistent with the TiN/Ag composite film we reported previously
[38].This is related to the semi-industrial magnetron equipment we
used, because in this equipment, we placed a rectangular target of Ag
and prepared the composite film by rotating the sample stage, instead of
using a small laboratory target and confocal method to prepare the film
as before. Unlike Fig. 5(d), only two different types of lattice fringes
appeared in the HRTEM image from area II of Fig. 5(a), and their cor-
responding IFFTs are shown in Fig. 5(i) and (j) from top to bottom.
According to the measured crystal plane spacing, the upper half of the
HRTEM image belongs to fcc-W,N (111), and the lower half belongs to
fce-TiN (111). No lattice fringes corresponding to fcc-Ag were observed,
which is consistent with the result of Fig. 5(e).

In order to study the microstructural characteristics of the film with a
higher Ag content, the cross section of the W-Ti-N/Ag film with an Ag
content of 26.7 at.% was characterized by TEM, and the results are
shown in Fig. 6. It can be observed from the TEM image of the film cross
section given in Fig. 6(a) that the film presents a dense structure. A large
number of black particles appear in the thin area of the film, which may
belong to the soft metal Ag. In addition, the lower film thickness, in
relation to that of Fig. 4, is due to the bombardment of Ar ions during the
polishing of the sample using ion thinning system. The SAED spectrum
of region I is shown in Fig. 6(b). Three groups of diffraction rings
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corresponding to different phases appear in the spectrum. For the
diffraction ring closest to the projection spot, it come from fcc-TiN, due
to tis largest value of plane spacing. The (111) and (200) crystal planes
of the three phases of fcc-TiN, fcc-WoN, and fce-TiN are marked in the
figure. The HRTEM image of the black particle in area I of Fig. 6(a) is
shown in Fig. 6 (c) to confirm that the particle is Ag. According to the set
of lattice fringes shown in Fig. 6(c), the interplanar spacing is 0.234 nm,
corresponding to the fcc-Ag (111) crystal plane.

Studies of W-Ti-N films with varying Ti contents reveal that when the
W/Ti ratio is below 4.2, the fcc-TiN phase forms, leading to the coex-
istence of two phases in the film: fcc-TiN and fcc-W2N [61]. Therefore,
the W-Ti-N reference film discussed in this paper is expected to exhibit a
fee structure with two coexisting phases: a solid solution of Ti in fcc-W2N
and a solid solution of W in fcc-TiN. Due to the close proximity of the
standard peak positions for fcc-W2N and fcc-TiN, the XRD spectrum of
the reference sample displays three diffraction peaks at 37°, 43°, and
73°. However, the asymmetric shape of the diffraction peaks suggests
that these peaks are composed of overlapping contributions from fcc-
W:N and fcc-TiN phases with the same crystal plane indices. This

microstructural characteristic of the comparison sample is also
confirmed by the HRTEM and SAED results presented in our previously
published papers. It is widely accepted that the soft metal of Ag is
difficult to dissolve in the nitride ceramic lattice [62]. Hence, even when

the Ag content is extremely low, such as 1.7 at.%, the Ag—Ag bond
corresponding to the Ag phase can be detected in the W-Ti-N/Ag film
(XPS results). As a result, Ag is distributed within the W-Ti-N matrix in
the form of particles. Therefore, all W-Ti-N/Ag films exhibit a fcc
structure with three phases coexisting of WsN, TiN, and Ag.

Based on the above results, we can explain several experimental
phenomena that have not been fully explained in this section:

(i) For XRD spectrum, the left-right asymmetry of the deposited
diffraction peak is caused by the coexistence of three phases. The three
diffraction peaks of the same crystal plane are very close, resulting in the
left-right asymmetry of the measured deposited diffraction peak.
Compared with nitride ceramics, Ag has a large thermal expansion co-
efficient [63]. During the cooling process after the deposition of the film,
greater thermal stress will be generated. According to the thermal stress
calculation formula [64], the thermal stress at this time is tensile type
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Fig. 4. Cross-sectional SEM images of the W-Ti-N/Ag films with various Ag content: (a) 0 at.% Ag, (b) 1.7 at.% Ag, and (c) 26.7 at.% Ag.

(the calculated value is all positive), which will cause the diffraction
peak to shift to higher angles as the Ag content increases. Additionally,
the formation of fcc-Ag in the film also contributes to the shoulder at
higher angles since standard fcc-Ag XRD peaks are also located at higher
angles.

(ii) For the cross-sectional SEM image, Ag is observed as particles
distributed within the W-Ti-N matrix, as confirmed by the TEM results.
During film growth, these Ag particles hinder the development of the
original columnar crystals and act as nucleation sites for new grain
formation [64]. Consequently, with the increase of Ag content, the
width of the film columnar crystals becomes smaller and smaller, and
when the Ag content is high, such as 26.7 at.% Ag, the film completely
loses the classic columnar crystal structure of the nitride ceramic matrix.
The smooth cross-section of the film is dominated by brittle intergran-
ular fracture, while the rough cross-section is dominated by more plastic
transgranular fracture. Due to the incomplete coordination between the

grains and the difference in atomic arrangement, higher energy is often
accumulated at the grain boundaries [38]. Therefore, under the action of
external stress, after the crack initiates, it is easy to expand along the
grain boundary direction, resulting in intergranular fracture, and the
cross section is relatively smooth. Ag has excellent ductility, and the
addition of Ag particles in the W-Ti-N matrix makes the crack extend to
the grain boundary and deflect, which hinders the further growth of the
crack. As a result, with the addition of Ag, transgranular fracture dom-
inates the fracture of the film cross section. When Ag content is 26.7 at.
%, the columnar crystals of the film disappear, and almost no smooth
cross section is observed. In addition, as the Ag content increases to 2.7
at.%, the ratio of (W + Ti)/N decreases, and the defects in the lattice
increase, which will further prevent the initiation and expansion of
microcracks and improve the resistance to plastic deformation.

(iii) Regarding TEM results, it reveals that even at a low Ag content of
1.7 at.%, the Ag particles in the film exhibit relative large sizes, as entire
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0.241 nm
W,N (111)

0.201 nm
W,N (200)

Fig. 5. Cross-sectional TEM image of W-Ti-N/Ag film with Ag content of 1.7 at.% (a), and its SAED spectra in region I (b) and region II (c), HRTEM image in region I
in (a) (d) and its corresponding IFFT spectra (e-g), HRTEM image in region II in (a) (h) and its corresponding IFFT spectra (i, j).

particles are not discernible within the HRTEM field of view (Fig. 5d).
This finding contrasts with our previous reports where Ag nanoparticles,
approximately 8 nm in diameter, were observed in TiN-Ag films con-
taining <5 at.% Ag [38]. Additionally, an epitaxial growth of Ag-SiNy
layer on the MoyN template was clearly detected in HRTEM image for its
layers smaller than 6 nm [65]. These films were synthesized using a
magnetron co-sputtering system, utilizing separate Ti and Ag targets
with diameters of 75 mm [66,67]. In contrast, the present study uses a
rectangular Ag target to deposit films in a semi-industrial magnetron

sputtering system, with the substrate rotating to achieve uniform film
coverage. During deposition, even though the Ag target operates at low
power, the large surface area of the target results in a substantial amount
of Ag being sputtered onto the substrate. Moreover, there is no simul-
taneous sputtering of W or Ti to inhibit Ag mobility. As a result, Ag
atoms freely diffuse across the substrate, leading to aggregation and
particle growth. As deposition continues, further growth occurs,
resulting in the formation of larger Ag particles.

In summary, the W-Ti-N/Ag film consists of three coexisting phases:
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Fig. 6. TEM image of the cross section of W-Ti-N/Ag film with an Ag content of
26.7 at.% (a), SAED at region I (b), and HRTEM image of black particles (c).

fee-TiN, fce-W2N, and fcc—Ag. As the Ag content increases, the film’s
resistance to plastic deformation improves, while both the number and
size of Ag particles increase.

3.2. Mechanical properties

Fig. 7 indicates the hardness and elastic modulus of W-Ti-N/Ag
composite films with different Ag contents. As shown in the figure, the
hardness and elastic modulus of the W-Ti-N film are 39 and 400 GPa,
respectively. Both the hardness and elastic modulus of the W-Ti-N/Ag
film gradually decrease with increasing Ag content. When the Ag
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Fig. 7. Hardness and elastic modulus of the W-Ti-N/Ag composite films with
various Ag content.
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content exceeds 25 at.%, the hardness and elastic modulus remain
relatively stable, averaging around 10 GPa.

The measured residual stress of the reference W-Ti-N film is in the
state of compressive state with a value of approximately —1.9 GPa.
However, its value is gradually decreased by the addition of Ag, from
about —1.8 GPa for the film with the Ag content of 1.7 at.% to around
—0.9 GPa for the film at 32.5 at.% Ag. The residual stress of the as-
deposited film is mainly influenced by two factors: the intrinsic stress,
and the thermal stress [68]. The addition of Ag could significantly in-
crease the residual thermal stress due to its higher thermal expansion
coefficient [69] and, thereby reducing the residual compressive stress of
the films.

The main factors affecting the hardness of the W-Ti-N reference film
are as follows: (i) Intrinsic hardness of the two phases: W-Ti-N is
composed of two phases, WoN and TiN. According to the elemental
composition analysis, W2N is the main phase. Since the hardness of WoN
(36 GPa [70]) is higher than that of TiN (21 GPa [38]), the overall
hardness of the W-Ti-N composite film is primarily determined by the
W>N phase. (ii) Solid solution strengthening: During the deposition
process, the solid solution of Ti in the W5N lattice and the solid solution
of W in the TiN lattice cause the lattice distortion of the two phases,
resulting in an increase in hardness. (iii) Grain refinement: During the
film growth process, the appearance of the TiN phase hinders the growth
of the W,N grains to a certain extent. At the same time, WyN also pre-
vents the growth of the second phase TiN, resulting in grain refinement
in the film [71]. (iv) Residual stress: The as-deposited film’s residual
stress exhibits a compressive state, and this results in the enhancement
on the hardness.

As mentioned above, the addition of Ag leads to the appearance of a
third phase fcc-Ag in the film. Although the presence of Ag at the WoN
and TiN grain boundaries during the film growth process can signifi-
cantly (i) refine the average grain size of the film and (ii) increase the
number of interfaces, hindering crack propagation, the extremely low
intrinsic hardness of Ag compared to W-Ti-N film causes the overall
hardness of the film to gradually decrease with the increase of Ag con-
tent (<20 at.% Ag).

The elastic modulus of the film is primarily affected by the strength
of the chemical bond. The addition of Ag has minimal impact on the
lattice parameters of WoN and TiN (Ag is difficult to dissolve in the
nitride ceramic lattice [72]). Therefore, the extremely low elastic
modulus of Ag causes the elastic modulus of the film to gradually
decrease with the increase of Ag content.

Ag has been widely used as a lubricant additive in nitride hard films
to enhance their self-lubricating properties [39]. Recent studies have
further shown that even small amounts of Ag can improve the me-
chanical properties of these films [73], a result typically attributed to
grain refinement caused by the incorporation of Ag [41]. In this paper,
the addition of Ag significantly reduces the width of columnar grains,
yet the hardness of the film gradually decreases with increasing Ag
content. This suggests that while fine grain strengtherning may occur, it
is insufficient to counteract the reduction in hardness caused by the
inherently low hardness of Ag agent. This finding indicates that the
enhancement on mechanical properties observed in nitride ceramic
films with low Ag content may be influenced additional mechanisms
beyond fine grain strengthening. Our group has previously shown,
through the investigation on the Ag-SiN,/Mo,N-SiNy multilayered films,
that when the Ag-SiNy layers is reduced to below 6 nm, they grow
coherently with the MosN template [65]. The possibility of the forma-
tion of the coherent structure in the nitride-based films containing soft
metal was also proved by a case of study of TiN-Ag composite/multi-
layered films [41]. The results confirmed that the Ag nanoparticles/
layers with a size of approximately 4 nm could epitaxially grow with the
TiN templates. This coherent growth leads to enhanced mechanical
strength, which we identified as the primary factor contributing to the
improvement in mechanical properties. In this study, the W-Ti-N/Ag
composite films display Ag particle sizes significantly larger than 6 nm at
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an Ag content of 1.7 at.%, due to the specific deposition method used. As
a result, coherent growth does not occur, which explains the absence of
mechanical property enhancement, even at low Ag content. These
experimental results further support our earlier conclusion that the
enhancement of mechanical properties in ceramic films containing small
amounts of soft metals is primarily governed by the size of the soft metal
particles, rather than their concentration. This insight offers a new
perspective for the future design of such film materials.

4. Conclusion

Alloying hard nitride-based ceramic matrices with soft metal of silver
by magnetron sputtering technology is considered one of the most
promising strategies for real industrial applications. However, there is
limited literature providing actual parameters for industrial-scale PVD
methods in the context of such film systems. In this paper, a series of W-
Ti-N/Ag composite films was designed and developed using a semi-
industrial magnetron sputtering system, and the influence of Ag con-
tent on the microstructure and mechanical properties was systemically
investigated through SEM/EDS, XRD, XPS, TEM, and nano-indentation
analyses.

The results indicated that the reference W-Ti-N film exhibited a
dense columnar structure with a dual-phase of fcc-WsN, and fee-TiN.
The addition of Ag gave rise to a third phase, fcc—Ag, which formed
as particles embedded within the crystalline grains of the solid solution
of (WTi)2N and (TiW)N. The dense columnar structure persisted in W-Ti-
N/Ag composite films with Ag contents up to 26.7 at.%. However,
beyond this level, the columnar structure disappeared, though the film
maintained a dense morphology. Grain refinement, increased interface
density, and the ductility of Ag contributed to the predominant trans-
granular fracture mode observed in the cross-sections of the Ag-doped
films. Nevertheless, the expected enhancement on hardness and elastic
modulus from Ag, particularly at extremely low content below 5 at.%,
was not observed, since the TEM measured size of Ag particles exceeded
the critical value for coherent strengthening. As a result, both the
hardness and elastic modulus of the composite films gradually decrease
with the Ag content due to the soft nature of the Ag phase.
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