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ABSTRACT 

Transition metal chalcogenides with lamellar structure are known for their use in 

tribological applications although limited to vacuum due to their easy degradation in 

presence of oxygen and/or moisture. Here we present a tailored WSex coating with low 

friction (0.07) and low wear rates (3×10-7 mm3 Nm-1) even in ambient air. To 

understand the low friction behaviour and lower chemical reactivity a tribological study 

is carried out in a high vacuum tribometer under variable pressures (atmospheric 

pressure to 10-8 mbar). A detailed investigation of the film nanostructure and 

composition by advanced transmission electron microscopy techniques with nanoscale 

resolution determined that the topmost layer is formed by nanocrystals of WSe2 

embedded in an amorphous matrix richer in W, a-W(Se).  After the friction test, an 

increased crystalline order and orientation of WSe2 lamellas along the sliding direction 
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have been observed in the interfacial region. Based on high angle annular dark field, 

scanning transmission electron microscopy and energy dispersive X-ray analysis, the 

release of W atoms from the interstitial basal planes of the a-W(Se) phase is proposed. 

These W atoms reaching the surface, play a sacrificial role preventing the lubricant 

WSe2 phase from oxidation. The increase of the WSe2 crystalline order and the buffer 

effect of W capturing oxygen atoms would explain the enhanced chemical and 

tribological response of this designed nanocomposite material. 

 

1. INTRODUCTION 

 

Smart surface engineering and coating technologies have improved over the years and 

now they can be used to meet the increasingly stringent and multi-functional 

applications needs of operational conditions of engine systems, advanced machining 

and manufacturing applications.1-4 Specifically, by designing and using smart 

tribological coating architectures, researchers have already pioneered the development 

of a variety of nano-composite and/or nano-structured coatings providing longer 

lifetime and enhanced performance under variable working conditions.5,6 Poor or 

inefficient lubrication may result in high friction and wear losses, which can, in turn, 

adversely affect the fuel economy and durability of engines and tools. When used on a 

lubricated surface, a solid lubricant film may substantially increase the load-bearing 

capacity and lubricity of that surface by shearing easily. If liquid lubricant fails, solid 

lubricant can carry the load and prevent direct metal-to-metal contact. Lamellar solid 

lubricants (such as MoS2, graphite, hexagonal boron nitride) and soft metals (such as 

Ag, Au, In, Sn, Pb) in the form of thin films or added to oils and greases in the form of 

nanoparticles can increase their anti-friction and anti-wear capabilities.7-9 
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Transition metal (TM) sulfides (MoS2, WS2) are well known for their lubricant 

properties. The low friction is attributed to their anisotropic layered structure, where the 

adjacent lamellae with strong covalent bonding interact through relatively weak Van der 

Waals forces. The orientation of the basal planes parallel to the surface in contact 

provides the easy inter- and intra-crystalline slipping. The sliding process induces a 

preferred orientation in the contacting layer, so that (002)-oriented transfer layer and 

basally oriented sulfide wear tracks are generated during the steady state.10 However, 

their application is limited to vacuum or dry environments because of the sensitivity to 

humid air.11 When the S-TM-S planes are oriented perpendicular to the substrate (that 

is, in the (100) orientation), the exposed edges of these atomic planes are exposed to the 

atmosphere and oxidized. Improving this tribological performance has been an active 

area of study particularly for space components that require testing or storage periods on 

Earth. Increased wear resistance and load bearing capacity has been reported by 

alloying with metals (Ti, Au, Pb, Ni, Cr)12 or non-metals (N or carbon)13. As an 

alternative, nanoscale multilayer (metal/MoS2
14, MoS2/WS2

15) or composite films, with 

mixed hard and soft lubricant phases (MoS2/WC16; WS2/WC/DLC14; TiN/MoSx
18; 

TiCrBN/WSex
19; WS2/ZnO20; TiSiN/WS2

21) have been also studied in the past. One of 

the most studied systems have been the transition metal dichalcogenides mixed with 

carbon by Polcar & Cavaleiro by co-sputtering of the metal sulfides or selenides with 

graphite.22,23 

Metal selenides are less studied than sulfides although they have been also 

object of intense study due to their self-lubricant properties,24-29 applications in 

photovoltaics30 or ultralow thermal conductivity31. They have similar layered crystal 

structure formed by Se-W-Se platelets although with higher axial ratio of lattice 

parameters which facilitates relative motion between layers32. They exhibit lower 
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average friction coefficients22 and have demonstrated to be less sensitive to moisture in 

the environment.22,24,26 As a metal, W is preferred to Mo, as WO3 is slightly more 

protective than MoO3 and provides lower friction coefficient (0.2-0.3 vs. 0.5-0.6, 

respectively)33. They show similar drawbacks than their metal sulfides: low hardness, 

low adhesion to the substrate and lacking bearing capacity as well as high wear rate and 

friction coefficient in humid air. The influence of oxygen in the alteration of the friction 

mechanism is still controversial. The formation of a surface tribolayer by reorientation 

of the basal planes parallel to the surface would avoid the combination of the oxygen 

with the dangling bonds34.  

In previous work, a tailored microstructure of a WSex coating was deposited by 

non-reactive magnetron sputtering with argon using a WSe2 target, and a time-

dependent d.c.-pulsed bias. The microstructure was formed by three different sub-layers 

and a variable Se/W ratio along its growing direction (W rich on bottom and Se rich on 

top). This designed engineered architecture was responsible for good mechanical 

properties (H= 5 GPa; E=90 GPa), low friction (0.07) and low wear rates in ambient air 

(3×10-7 mm3 Nm-1).35 In this paper the tribological properties are measured in the high 

vacuum tribometer CATRI © IK4-TEKNIKER under variable ambient pressures 

(atmospheric pressure to 10-8 mbar). A particular nanostructural study by advanced 

transmission electron microscopy and analytical tools with nanometric resolution will 

enable to determine the friction mechanism under variable surrounding atmosphere. The 

improved performance of this tailored WSex lubricant material is highlighted and 

discussed for tribological applications. 

 

2. EXPERIMENTAL SECTION 
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Tribological tests have been carried out in the CATRI © IK4-TEKNIKER HV 

tribometer with a 3-mm 100Cr6 ball with variable surrounding atmosphere 

(atmospheric pressure to 10-8 mbar). The WSex samples deposited onto a silicon 

substrate were supported in a vertical oscillating rod that moves in the sliding direction. 

A mechanical action is exerted to the sample by a static pin mounted at the end of a two 

positioning stage (Y,Z) device. The Z-stage is used to apply the normal load while the 

Y-stage is used to carry out multiple parallel measurements on the flat sample. 

Reciprocating tests were done at 1N of applied load (maximum contact pressure of ~1 

GPa), stroke length of 2 mm, and 2 mm/s of linear speed during 1250 cycles. Long 

duration tests were performed in a ball-on-disk CSM tribometer using a 6-mm 100Cr6 

ball at 5 cm/s of sliding speed and 2 N of applied load during 150000 and 250000 

cycles. 

Raman spectra measurements (200-1800 cm-1) were carried out with a LabRAM 

(Horiba Jobin Yvon) spectrometer equipped with a true confocal microscope, a charge-

coupled device detector and a He-Ne laser (532 nm) working at 2.5 mW to avoid 

sample damaging. All the samples were analyzed with 100 s exposure times and 

aperture openings of 100 μm using a 100× magnification.  

For the advanced microstructural characterization and elucidation of the friction 

mechanism, cross-sectional specimens prepared by FIB were investigated before and 

after the friction test using a FEI TECNAI G2 F30 S-Twin high resolution transmission 

electron microscope operating at 300 kV operated at 300 kV, with 0.2 nm point 

resolution, equipped with a HAADF detector with 0.16 nm point resolution from 

Fischione Instruments, and a X-Max EDX detector from Oxford. 

 

3. RESULTS AND DISCUSION 
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3.1 Tribological test results. Previous publications on tungsten diselenides have 

reported a better moisture resistance and chemical stability than metal sulfides (MoS2 or 

WS2). In our previous work35 we found an excellent low friction behavior (below 0.1) 

either in air (RH=30-40%) or dry nitrogen (RH<7%). In order to complete the study of 

the dependence of the tribological properties with the surrounding media, further tests 

were performed in variable controlled atmosphere inside a high-vacuum (HV) 

tribometer. Figure 1 displays the friction curves obtained in atmospheric pressure, and 

two HV values (4×10-7 and 3.5×10-8 mbar), HV-1 and HV-2, respectively. In dry 

ambient, the friction coefficient decreases and steadies around 0.04 while in air, the 

value is higher although below 0.1 as commented previously. 

Figure 2 reports the evolution of the friction coefficient while changing the 

atmospheric pressure in a dynamic way from HV to atmospheric, and then back to HV. 

It can be observed that the friction coefficient does not alter significantly despite of the 

drastic change of the surrounding media. The average friction coefficient obtained for 

the entire test is 0.05. The lack of dependence of the tribological response for this type 

of material represents a significant improvement in respect to DLC and MoS2 

conventional lubricant solid materials. In these cases, the presence of oxygen or water 

molecules leads to a degradation of the low friction conditions and may cause final 

failure8,36. Although the main use of this layered materials as lubricants is under 

vacuum, this higher chemical stability of the tungsten selenide appears advantageous for 

situations where the films are exposed to air (during handling or storage) before final 

application. 

According to the friction curves shown in Figure 1 for HV-1 and HV-2, a 

running-in period is observed for 200-300 cycles where friction rises up to a maximum 

level of 0.07, before a sudden decrease and stabilization around 0.04. These running-in 
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stages are usually associated to removal of surface asperities, native oxide layers and 

transfer film build-up. With the aim of dilucidating the influence of ball counterface 

modification, an interrupted friction test was carried out, stopping at the top of the 

friction curve. Then, the sample position was changed and a new test was begun using 

the same ball to slide onto new fresh surface. The obtained results are shown in Figure 

3. The friction coefficient follows exactly the same trend, displaying a transition period 

before stabilization. This result proves the needs of film surface modification in order to 

achieve the ultra-low friction regime. 

With the aim of determining the life performance and wear rate of the developed 

lubricant for the foreseen tribological application, a long duration test was carried out in 

dry nitrogen atmosphere at higher linear speeds in a rotative pin-on-disk using M2 steel 

substrates. Figure 4 reports the friction evolution until reaching the film failure. This 

process occurred at about 2×105 cycles. Up to this moment very stable and steady-state 

regime is denoted. Measurement of the film wear track at this point reveals a wear depth 

of around 450 nm. This value is higher than the thickness of the top lubricant region (I) 

ranged in 300 nm indicating that the change of tribological behavior is associated to the 

consumption of the lubricant material. With the aim of establishing the film wear rate a 

shorter test of 1.5×105 cycles was carried out. The friction coefficient remained stable 

and constant enabling the estimation of the film wear rate. The obtained value was 

2×10-8 mm3/Nm and the wear track depth was found to be about 185 nm confirming that 

the lubricant layer has not yet worn through. 

 

3.2 Nanostructure and chemical composition. To have an insight on the solid 

lubricant mechanism and their dependency upon the ambient environment, the sample 

was studied from a structural and compositional point of view using high resolution 
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transmission electron microscopy (HRTEM), high angle annular dark field (HAADF) 

and energy-dispersive X-ray spectroscopy working in scanning TEM mode (STEM), 

before and after the friction test in ambient air. A representative cross-section HAADF-

STEM or Z-contrast image of the coating is depicted in Figure 5a where the signal 

intensity is proportional to Z3/2∙t (where Z is the atomic number and t is the sample 

thickness). Three main regions with different intensity are observed (labelled as I, II and 

III). In the intermediate region (II) a subdivision into three thinner layers is also found. 

Figure 5b plots the intensity profile of the HAADF signal along the marked line in 

Figure 5a as well as the atomic percentage of W and Se atoms obtained from the EDX 

spectra measured using a probe of less than 1 nm.  The bottom layer (III) is mainly 

composed of metallic W and the Se content is sequentially increasing along the second 

and third regions up to a maximum in the topmost layer. These changes account for the 

different intensity observed in the HAAD-STEM image (cf. Figure 5a). The average 

Se/W ratios obtained by integrating the EDX spectra in the different regions are 

depicted in Figure 5c. This layered structure is consequence of the modulated pulsed 

bias applied to the substrate during film growth. Thus, Figure 5d displays the variation 

of the applied negative voltage going from 55 to 0 V in steps of 5 V/h. Thanks to this 

sequence a modulation in chemical composition and mechanical properties can be 

achieved as demonstrated in our previous publication.35 This tailored architecture is 

providing the coating with good adhesion to the substrate, film density, mechanical 

support and chemical composition for the foreseen tribological application.  

Figure 6a presents a higher magnification Z-contrast image of the region I 

measured with higher resolution. Grains with higher intensity of 6-10 nm size are 

embedded in a matrix of uniform contrast. A detail of this granular structure and the W 

and Se elemental distribution obtained from the EDX spectra measured along the 
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marked line are depicted in Figures 6b and 6c. According to the profiles, the W signal 

rises when crossing the bright grains indicating a higher W content in comparison to the 

surroundings where the W and Se signals remain comparable. The oxygen signal is very 

low and does not experiment significant changes along the profile. The calculated 

average Se/W ratios are ranging from 1.0-1.3 (inside) to 1.6-1.7 (outside the bright 

grains). This top layer is the responsible of the good tribological behavior as 

demonstrated in the first part. The friction coefficient remains below 0.1 while this layer 

is sustaining the contact as demonstrated in the tribological part. The failure of the low 

friction regime occurred when entering in the second segment (II) where Se/W is 

around 1. 

The HRTEM study of region I shows the presence of lattice fringes, as can be 

observed in the representative image of Figure 7. D-spacing in the range of 6.7 to 7.6 Å 

has been measured in different micrographs as can be seen in Figures 7a and 7b. These 

values are consistent with the distance between two sheets of the lamellar structure 

(platelet) of the hexagonal WSe2 phase (i.e. (002) spacing). This platelet structure gives 

rise to the appearance of packs of wires with different orientation that sometimes are 

curved due to the presence of defect dislocation.27, 37 The size of the ordered WSe2 

domains is around 3-6 nm which correspond to 6-10 platelets. Moreover, lattice fringes 

of 2.4 and 2.8 (not shown) Å have also been measured in different locations of the layer, 

(cf. Figure 7c) that can be associated to the planes (103) and 110  of the hexagonal 

WSe2 phase respectively. A d-spacing of ~2.2 Å, measured in some small crystals of 

around 2 nm size can be assigned to the family planes (110) planes of the bcc W phase 

(Figures 7b and 7c). 

As the size of the ordered WSe2 domains (3-6 nm) is smaller than the size of the 

W-rich grains (6-10 nm) observed in the Z-contrast images, one can associate the matte 
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zones in Figure 6a to ordered WSe2 domains and the brighter ones to the W-rich ones. 

We should remember that Se/W ratio was less than the stoichiometric 2 in the 

crystalline domains. While these regions will be referred to as WSe2, the WSe1.6 or 

WSe1.7 should be noted. This Se deficiency is not unusual and has been previously 

observed in sputtered metal chalcogenides (selenides or sulfides).19,23,27,28 Likewise, in 

the regions whereas W atoms are predominant, Se is present at Se/W ratios of 1.3-1.3, 

and will be hereafter called as W(Se). In the HRTEM images the distances between the 

ordered WSe2 domains are around 6-10 nm, similar to the size of W(Se) grains 

measured in the Z-contrast images. These areas seem to be amorphous suggesting that 

an excess of W induces an amorphization of the WSe2 structure. A similar trend has 

been reported in Ti-WS2 films38 when the Ti intercalation between lamellas prevented 

the crystalline order of the WSe2 phase. Additionally, the increase and dispersion of the 

interlamellar distance over the theoretical value for a stoichiometric WSe2 phase (6.49 

Å) support the incorporation of W atoms inside the structure. This increased separation 

between the basal planes can lead to a friction coefficient reduction by weakening the 

van der Walls force between the basal planes.27  

As a result, one can conclude that the sliding contact area is defined as a 

nanocomposite formed by non-stoichiometric (Se deficient) nanocrystalline WSe2 

surrounded by amorphous W(Se) grains, a-W(Se). Tungsten atoms can be thus 

intercalated up to certain level between the WSe2 sheets constituting the ordered WSe2 

fringes detected in the HRTEM pictures. After reaching a certain level of incorporation, 

additional W atoms may be located outside the crystalline domains forming an 

amorphous phase WSex (x<2) and small nanocrystals of metallic W. The presence of 

some tungsten oxides in specific points cannot be totally discarded as in certain 
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locations 3-8 at.% of oxygen was measured. W3O phase has been pointed out as 

contaminant in a previous publication.24  

 

3.3 Friction mechanism. The contact area of wear track formed after the friction test in 

air was also chemically and structurally analyzed. A cross-section of the film was 

prepared in the form of a thin lamella by focused ion beam (FIB) technique (see scheme 

in Figure 8a). In Figure 8b a representative cross-section TEM image of the WSex film 

in the contact region is shown. A thin protective Pt cap formed by two layers is covering 

the top surface. The contact interface presents a wavy profile due to the abrasion of 

surface asperities during the friction process together with some cracks perpendicular to 

the film surface. Figure 9 shows the comparison of the HAADF-STEM images before 

and after the friction tests obtained from the interface region. The nanocomposite 

nanostructure nc-WSe2/a-W(Se) remains after the test but a diminution in the density of 

W(Se) grains in general and a certain accumulation of them in the surface in direct 

contact with the ball are observed.   

The HRTEM images obtained for the same contact region (Figure 10) reveal an 

increase of the order and alignment of the WSe2 domains induced by friction. Similar 

phenomena have been reported in amorphous disordered carbon and metal 

chalcogenides used as lubricant films.22, 37, 39-41 The film structure under pressure and 

relative motion, evolves towards a situation where it minimizes the resistance to shear 

by alignment of the WSe2 basal planes parallel to the wear scar surface. The size of the 

ordered domains grows to 7-14 nm (corresponding to 12-16 platelets) and the measured 

interlamellar distances ranges between 6.8 and 7.8 Å. The increase of the order and 

alignment of the WSe2 regions is simultaneous to the decrease in density of W-rich 

grains commented before. This increased crystallinity of the WSe2 domains is carried 
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out at the expense of a diminution of the a-W(Se) regions. However, in the topmost 

layer the agglomeration of W atoms can be explained by the consumption of the WSe2 

phase in the lubrication process. The remaining W atoms are thus exposed to air 

forming tungsten oxides as WO3 identified by Raman spectroscopy in the debris 

particles. The presence of this metallic phase, susceptible to be easily oxidized in the 

contact, helps to preserve the lubricant behavior of the WSe2 phase and diminish the 

chemical sensitivity in ambient air. 

A further study of the surface modifications induced by friction was done by 

using Raman confocal spectroscopic analysis on the film wear track. In Figure 11a it is 

shown the Raman spectrum taken at the end of the long duration test run in dry nitrogen 

depicted in Figure 4b in comparison to that measured for the initial film. The first 

observation is the narrowing of the characteristic peak of W-Se bonds at 260 cm-1. The 

development of the associated bands at 375 and 515 cm-1 owing to WSe2 is also found. 

This supposes an induced structural arrangement of the WSe2 structure upon friction in 

agreement with the HRTEM analysis of the wear track. Figure 11b presents the Raman 

spectra of the wear tracks as a function of the surrounding environment. This 

comparison allows concluding an enhanced signal of the abovementioned peaks in the 

sequence (atmospheric pressure, HV-1, HV-2). This indicates that in the absence of 

residual gas the increase of the crystallinity and alignment of the WSe2 nanocrystals are 

favoured. These results confirm and support the structural arrangements observed by 

transmission electron microscopy and the decrease of the friction coefficient by easy 

shear of the basal planes oriented parallel to the wear scar surface. 

 

4. CONCLUSIONS 
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Surface engineering has enabled the design of a tailored architecture based on W-Se 

suitable for low friction and wear properties. This developed material decreases the 

oxygen and moisture sensitivity as compared to well-known solid lubricants for vacuum 

and space applications, such as MoS2. This functional coating is formed by a multiple 

architecture comprised of a bottom layer rich in W (ensuring a good mechanical support 

and adhesion strength to the steel substrate); an intermediate segment formed by three 

sub-layers (allowing a gradient transition towards the functional lubricant topmost 

layer) and a toplayer formed by a nanocomposite structure based on nanocrystals of 

WSe2 and amorphous W(Se) phase. The friction coefficient is found to be below 0.1 

even in ambient air. The Raman and HRTEM analysis has proven that the tribological 

stresses are operative hundreds of nanometers below the contact interface although the 

most relevant changes affect the interfacial layer (5-10 basal planes). Advanced 

transmission electron microscopy evidenced that the friction process produces an 

increase of the crystalline domains and alignment of the WSe2 platelets parallel to the 

surface. The interstitial W is released from the interlamellar space and diffuses to the 

surface where it oxidizes in case of ambient air. These sacrificial W atoms help to 

prevent the oxidation of the WSe2 phase in ambient conditions supporting the improved 

performance of this system as a solid lubricant film with less oxygen sensitivity. 
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FIGURE CAPTIONS 

Figure 1. Evolution of the friction coefficient of WSex film vs. number of sliding cycles 

for ambient air (103 mbar), HV-1 (4x10-7 mbar) and HV-2 (3.5x10-8 mbar). The average 

friction values obtained for the three conditions are 0.04±0.02 (HV1), 0.05±0.03 (HV2) 

and 0.08±0.02 (Patm). 

Figure 2. Evolution of the friction coefficient of WSex film vs. number of sliding cycles 

at variable pressure in the tribometer chamber. 

Figure 3. Influence of the surface modification before stabilisation of the friction 

coefficient. The ball rubbed in the first part is lifted up and placed on a new fresh 

surface. 

Figure 4. Long duration friction tests carried out in dry nitrogen until sudden rise in 

COF value (a) and just before it (b). 

Figure 5. a) TEM cross-section of the WSex coating displaying the gradient functional 

layered architecture; b) STEM/HAADF variation and atomic composition across the 

profile marked in Figure 5a; c) Se/W ratio for the different sublayers observed in Figure 

5a; d) Variation of the applied negative voltage to the substrates during the growth time 

in hours. 

Figure 6. a) Z-contrast image of the top-most layer;  b) Detail at higher magnification 

showing two bright grains; c) intensity of W and Se signals measured by EDX along the 

marked profile of Figure 6b. 

Figure 7. (a), (b) and (c) HRTEM micrographs showing the different interplanar 

distances found in the WSex samples. The digital diffraction patterns obtained from the 

marked squares are depicted as insets. 
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Figure 8. a) Scheme of the wear track and FIB cross-section; b) TEM image of the 

cross-section obtained by FIB. 

Figure 9. Comparison of the HAADF-STEM images before (a) and after the friction 

tests (b) obtained from the interface contact region. 

Figure 10. (a) and (b) HRTEM images obtained from the contact region. An increase 

ordering and alignment of the basal planes is marked inside the squares. The digital 

diffraction patterns obtained from the marked squares are depicted as insets. 

Figure 11. a) Raman spectra obtained from the wear track after long duration 

tribological test run in dry nitrogen in comparison with the initial one; b) Raman spectra 

measured from the wear track obtained under atmospheric, HV-1 and HV-2 

environments. 
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