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Abstract

Tungsten–tungsten carbide (W/WC) bilayers were produced by non-reactive DC magnetron sputtering at various substrate

temperatures between room temperature and 300 1C. The coatings were characterized in terms of morphology, structure and chemical

composition using several techniques such as X-ray diffraction (XRD), Raman Spectroscopy, Auger Electron Spectroscopy (AES),

Scanning Electron Microscopy (SEM), Energy Dispersive Spectroscopy (EDS) and Scanning Probe Microscopy (SPM) in the Atomic

Force Microscopy (AFM) mode. Bragg peaks corresponding to the (110) diffraction plane of the W phase and (111), (200), (220) and

(311) peaks corresponding to the cubic WC phase were identified. From the XRD analysis, a strong influence of the substrate

temperature on the grain size and crystallographic texture was observed; nevertheless, a poor influence on the lattice parameter and

microstrain was detected. Furthermore, different vibrational modes of the W–C structure and characteristic peaks corresponding to

O–W–O bonds were observed. Depth profile analysis was also carried out using AES, which revealed the presence of C, W, O and Fe.

Initially, carbon and tungsten were observed in the WC layers. After the films were totally etched, Fe from the substrate was detected.

However, the morphology was not significantly affected by temperature. An important result was the improvement in the coatings’

adherence when an interlayer of W was inserted. In this work, the bilayers’ behavior during annealing was also studied. The films were

observed to oxidize at approximately 600 1C.

& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Transition metal carbide thin films present excellent
properties such as high hardness, low wear and chemical
and thermal stability. Thus, they are frequently used in
cutting tools, thermal barriers and microelectronic devices
[1–3]. Tungsten carbide (WC) thin films exhibit a favorable
combination of hardness, above 18 GPa, a low wear
coefficient and a high corrosion resistance and oxidation
e front matter & 2013 Elsevier Ltd and Techna Group S.r.l. A
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temperature [4–7]. These properties are very useful in the
metallurgical industry and in developing thermal barriers
for nuclear reactors [7]; moreover, recent studies have
reported the incorporation of this material in fuel cell
cathodes and in electrocatalysts for alkane reforming and
isomerization [8]. The W–C phase diagram describes three
different carbide structures: a cubic carbide WC1�x phase
for 0.34rxr0.43 with a NaCl structure, hexagonal
stoichiometric monocarbide WC and second hexagonal
carbide W2C. The WC1�x and W2C phases are stable
between 1250 and 2500 1C, and hexagonal monocarbide
WC is the only thermodynamically stable phase at room
temperature [2,9]. Nevertheless, the formation and stability
of WC phases may depend on fabrication conditions;
ll rights reserved.
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therefore, many authors have focused on the synthesis
process of WC films using several physical vapor deposi-
tion (PVD) and chemical vapor deposition (CVD) techni-
ques [5], thereby obtaining certain WC phases or
combinations thereof. However, to improve some of the
physical properties of this material, it has been deposited
as bilayers and multilayers [6,8]. It is well known that one
of the most challenging issues associated with such pro-
tective coatings is their adhesion to substrates [10–12].
Normally their adhesion is strongly affected by residual
stress. The high residual stress generated in hard coatings
during the deposition process easily results in the detach-
ment of the coatings from substrates and limits their
practical use in applications that require superior hardness
[13]. Sometimes, the residual stress in hard coatings can
take on values on the order of 4 GPa [14]. Several methods
have been extensively used to improve the adhesion
between these coatings and substrates, such as ion bom-
bardment prior to deposition [15], the insertion of a metal
interlayer between the films and their substrates [16] and
coating in multilayers or compositional gradients [17]. The
insertion of a metallic interlayer is normally used to relax
the residual stress generated at the coating–substrate
interface.

The physical properties of thin films are often aniso-
tropic and are normally controlled by their specific micro-
structure, including the atomic ratio (stoichiometry) of
their components, crystallinity and preferred orientation,
which are complex functions of the deposition parameters
of a given growth method [18,19]. The substrate tempera-
ture has a strong influence on films’ structural and
morphological characteristics because these properties are
correlated with the thermal energy used to condense the
material on a substrate surface [20]. For instance, in their
study on W/WC coatings produced by pulsed vacuum arc
discharge. Ospina et al. [21] observed a structural and
morphologic evolution in the films.

This paper presents a study on W/WC bilayers deposited
on stainless steel substrates (316L) by a DC magnetron
sputtering technique at various substrate temperatures.
The effect of deposition temperature on the microstructure
and morphological and chemical composition of the
resulting coatings was analyzed. Moreover, the effect of
interlayer insertion on the films’ adherence was studied. A
post-annealing process was also applied to study the
oxidation of coatings.

2. Experimental setup

Tungsten and tungsten carbide (W/WC) bilayers were
deposited by a DC magnetron sputtering technique using
tungsten (6 N) and 50/50 tungsten carbide (6 N) targets
measuring 5 cm in diameter for the W and WC layers,
respectively. The coatings where grown on 316L stainless
steel substrates at various substrate temperatures (TS)
between room temperature (RT) and 300 1C. The sub-
strates were ultrasonically cleaned in acetone for 15 min.
They were held under a vacuum pressure of 10�4 Pa and
plasma cleaned for 15 min prior to deposition. The bilayer
deposition conditions were as follows: an operating pres-
sure of 6 Pa, a power density of 5 W cm�2, an Ar gas flow
rate of 20 sccm and a deposition time of 60 min.
Structural characterization was performed with a Bruker

AXS D8 advance X-ray diffractometer (XRD), using
grazing incidence with Cu-ka radiation (l¼1.5406 Å)
between 301 and 801, with increments of 0.02 made every
2 s. Auger electron spectroscopy (AES) was used to probe
the compositional chemical gradient of the deposited films.
An electron beam of 3 keV was used. The analysis was
carried out using 10 scans for each element, with steps of
0.5 eV and a step time of 50 ms. Depth profiles were
obtained using an Arþ ion beam with an energy of 5.0 keV
and current density of 30 mA/cm2 at a pressure on the
order of 6� 10�6 Pa. Raman measurements between
200 cm�1 and 1600 cm�1 were carried out with a LabRam
Horiba Yvon spectrometer featuring hole and slit widths
of 1000 mm, using the 473 nm line of a 20 mW DPSS laser.
For morphologic characterization (grain size), scanning
probe microscopy (SPM) in the atomic force microscopy
(AFM) mode was used. For this study, a Park Scientific
Instruments Autoprobe CP with silicon probes and ProS-
can image processing software were used. To obtain
topographic images of the films, AFM mode was
employed, using a silicon nitride (Si3N4) cantilever probe
with a spring constant of 0.16 N/m, a scanning speed of
1 Hz and an image resolution of 256� 256 pixels. Mea-
surements were carried out in 60% relativity humidity at
24 1C (room temperature). The results were obtained by
averaging five measurements taken at different points of
each coating. Energy dispersive spectroscopy (EDS) ana-
lyses was carried out using a Philips XL-30TMP scanning
electron microscope (SEM) with a standard EDAX probe
at an energy of 20 keV and a magnification of 200� .
Thickness and roughness measurements were also per-
formed with an Ambios Technologies XP2 profilometer,
using a distance of 0.4 mm and a range of 10 mm for
measuring roughness.

3. Results and discussion

3.1. X-ray diffraction

Fig. 1 shows the diffraction patterns of W/WC bilayers
deposited at TS from RT to 300 1C on 316L stainless steel
substrates. Bragg peaks corresponding to the (110) diffrac-
tion plane of W phase at 36.91 and peaks of the (111),
(200), (220) and (311) planes corresponding to the cubic
WC phase are presented [22]. The intensity, broadening
and shape of the peaks vary as a function of TS. To study
the evolution of W/WC bilayers’ microstructure, the lattice
parameter, crystallite size, microstrain and crystallographic
texture were analyzed.
Fig. 2(a) shows the variation in the lattice parameter as a

function of TS. No evident influence of TS on this
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parameter was observed, and the values were lower than
those reported in the literature for WC. The lattice
parameter calculated by FCC–WC phase simulation has
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Fig. 1. X-ray diffraction patterns for W/WC bilayers deposited by

magnetron sputtering on stainless steel 316L at different substrate

temperatures (TS).
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Fig. 2. Data obtained by XRD as a function of TS: (a) lattice parameter, (b
been reported to be a¼4.39 Å [8], while experimental
values between 4.22 and 4.27 Å have been reported
[9,23]. It is well known that the lattice parameter is highly
influenced by the stress in films. A decrease in the lattice
parameter indicates compressive stress [24]. To calculate
the crystallite size and microstrain, the double-Voigt
method was used, assuming a Voigtian (i.e., pseudo-Voigt)
profile for the experimental peaks.
Fig. 2(b) shows the variation in crystallite size as a

function of TS. In general, the crystallite size increases as
the adatom mobility and surface diffusion increase, favor-
ing nucleation and coalescence. This leads to a reduction in
the number of nucleation points [25–27]. An increase in
domain size implies a reduction in the number of domain
boundaries affecting lattice distortion and hence the
microstrain [28,29]. Domain boundaries represent sources
of high deformation in crystalline materials; thus, a
decrease in the number of domain boundaries involves a
diminution in the average microstrain, as shown in
Fig. 2(c). In the case of TS¼100 1C, this temperature
represents a crystal relaxation, showing a high reduction of
microstrain without affecting a number of domain
boundaries.
Texture analysis was also carried out, and the results of

this analysis for several reflections as a function of TS are
shown in Fig. 2(d). An increment in the texture coefficient
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Fig. 3. Diffraction patterns obtained for W/WC sample grown at

TS¼300 1C and treated with an annealing process at 200, 400 and 600 1C.
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(TC) in the case of the (200) crystallographic orientation
can be observed, while there is a slight reduction in TC
along the (111) and (311) orientation planes. In general,
the peak intensity of the (200) planes is greater than that of
others, including the (111) plane. This result has been
reported in several works carried out by Larsson et al. [30].
The fact, that the preferred orientation is favored for the
(200) direction rather than (111) can be explained by
taking into account studies carried out by Bruneaux
et al. [31] and later confirmed by Oh and Je [32] and Oh
et al. [33]. The model developed by these researchers was
used to explain changes in the preferred orientation
commonly observed with variations in layer thickness.
These studies suggest that he preferred orientation is
determined by the competition between two thermody-
namic parameters, free energy and deformation energy. It
was established that, for thicknesses below a certain critical
value, layers present a preferred orientation corresponding
to low surface energy. This argument is based on a large
number of broken bonds along certain planes. As the layer
thickness increases, the deformation energy increases,
while the surface energy is not significantly affected. As
will be discussed later, the thickness increases only slightly
as a function of TS [29]. It is assumed that the deformation
state is a consequence of elastic deformations produced
when new crystals are accommodated into sites occupied
by other previously formed crystals. It is also due to the
compressive residual stress generated during the deposition
process, caused by highly energetic particles that hit the
surface with large momentum, at high voltages and low
working pressures [34–36]. TS variations during the deposi-
tion process influence the evolution of texture: at low TS,
the mobility of surface adatoms is low and hence so is the
texture. Even for thick layers, the texture is determined
during the initial stages of deposition, when nucleation is
highly important. According to Thompson et al. [37], the
(111) orientation, which exhibits greater atomic packing, is
not favored (decreases) with increasing temperature; thus,
the mobility of adatoms increases. As TS increases, there is
greater adatom relaxation and accommodation, decreasing
the deformation energy associated with this specific orien-
tation. Considering that the surface energy is associated
with the (200) direction, not only can an increase in energy
as a function of TS be assumed but there is also greater
mobility in the grain boundaries because the growth
process is dominated by surface energy.

To study the evolution of W/WC bilayers submitted to a
post-annealing treatment in air at atmospheric pressure,
diffraction patterns at high temperatures were obtained for
the sample grown at 300 1C due to the good microstruc-
tural features of this sample. Fig. 3 shows the diffraction
patterns obtained for the as-deposited W/WC bilayer
heated at annealing temperatures (Ta) of 200, 400 and
600 1C. At Ta¼400 1C, the W and WC phases remained
almost unaffected. Nevertheless, at 600 1C, oxidation
(WO3) and a decrease in the WC peak intensities can be
observed, indicating the degradation of coating. According
to the results, the W layer is unaffected by the oxidation
process because it does not have direct contact with the
environment, while the WC layer undergoes strong
changes. Oxygen in the environment reacts with the coat-
ing at temperatures between 400 and 600 1C. According to
thermodynamics, it can be deduced that carbon is oxidized
to form volatile compounds, while W forms oxides that
remain on the surface [38].
3.2. Raman Spectroscopy

Fig. 4(a) presents Raman spectra for W/WC bilayers
grown on 316L stainless steel obtained at different TS. In
this figure, different vibrational modes of the W–C struc-
ture and characteristic peaks belonging to the bending
modes of O–W–O bonds at bands approximately
400 cm�1 are identified [39]. Although no oxide phases
were revealed by the XRD analysis, they may occur as an
amorphous phase. However, the characteristic D and G
bands of C bonds were not detected. This implies that the
highest quantity amount of carbon must be present in
W–C bonds belonging to part of the cubic structure, as
previously observed by the XRD analyses [40]. Moreover,
the presence of D and G bands in WC coatings is typical
when these materials are synthesized using hydrocarbides
as precursors (methane, acetylene, etc). For instance,
Radic et al. [41] synthesized nanocrystalline WC by
reactive DC magnetron sputtering with a gas mixture of
Ar and C6H6 and a tungsten target, varying the C6H6

percentage. As this percentage decreased, a reduction in
the Raman peak intensities corresponding to the D and G
bands of carbon was observed, and at low concentrations
of gas, these bands practically disappeared. In this study,
coatings were produced using a non-reactive process (only
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Ar was used as the working gas) and a WC target;
consequently, these bands were not formed. However,
bands located approximately between 700 and 800 cm�1

can be associated with stretching modes of W–C [42].
According to the analysis carried out by Yang et al. [42],
small band shifts at temperatures between 400 and 800 1C
can be related to changes in crystalline phases and also to
the amount of carbon in a sample. The coatings fabricated
in our study were produced at a TS below 300 1C; thus,
peak shifts can be neglected. The increase in the peak
intensities as a function of TS may be due to the increase in
the number of bonds corresponding to WC. This result is
in agreement with the experimental data obtained from the
XRD analyses that show an increment in the diffraction
peak intensities as a function of TS. In addition, according
to the results regarding film thickness, which will be
discussed later, the thickness increases as a function of
TS, generating a greater number of crystallographic planes.
In Fig. 4(b), three peaks associated with WC bands at
approximately 681.5, 809.2 and 880.9 are observed.
According to previous reports, the two first bands corre-
spond to the stretching mode of W–C [43] and the last one
could be associated with the stretching mode of WQC
bonds. The increase in band broadening with TS may be
due to the existence of a certain distortion in the lattice of
the crystalline structure, which could lead to a phase
transformation from FCC to HCP if TS continues to
increase [44,45].
3.3. Auger Electron Spectroscopy (AES)

The AES spectra in Fig. 5 show the elemental composi-
tion of the W layer and W/WC bilayer of the coatings
grown on 316L stainless steel at 300 1C. The atomic
percentage deduced from the surface and depth profiles
is presented in Fig. 5(a). The characteristic elements of the
studied materials and oxygen in the W layer are observed;
however, oxygen practically disappears in the W/WC
bilayer. This is because metals tend to form surface oxide
layers as a protection against corrosion [44]. The presence
of oxygen can also be attributed to sample contamination
that may have occurred when the sample was exposed to
the environment after deposition. The depth profile in
Fig. 5(b) shows the atomic concentration as a function of
depth during etching. The depth profile also shows the
presence of C, W, O and Fe. Initially, carbon and tungsten
from the WC layers were observed. From this profile, the
WC composition can be calculated quantitatively because
the thickness is greater than the resolution limit of the
equipment. As shown in Fig. 5(b), the W/C ratio is on the
order of 0.55/0.27–2. Neglecting contributions due to
oxygen and preferential sputtering effects, the WCx stoi-
chiometry can be determined, where x�0.27. This result
was confirmed by EDS measurements, which indicated a
carbon content of approximately 26.85%. This type of
stoichiometric analysis has been reported by Gubisch et al.
[46]. The literature reports stoichiometry values (x) similar
to those obtained in this work [47–49]. From the depth
profile, the layer thickness can be estimated. Assuming an
erosion rate on the order of 2 nm/min, the bilayer elements
disappear after approximately 415 min, revealing the pre-
sence of Fe, the layer thickness of which is approximately
830 nm. This value is similar to that obtained from SEM
and profilometry analyses, which will be discussed later. It
can be concluded that the thicknesses of the W and WC
layers are approximately 360 nm and 470 nm, respectively.
3.4. Scanning Electron Microscopy

Fig. 6(a) shows an SEM image of a WC film grown on
316L stainless steel at 300 1C without a W layer, this
figure shows delamination occurring in the film. To
improve film adhesion, a buffer layer is normally
employed in PVD processes [50] (see Fig. 6(b)) because
films are affected by the stress generated by a lack of
chemical synergy, crystalline structure coupling, lattice
parameter mismatch and differences in thermal expansion
coefficients.
In general, the type of interface formed between a

substrate and coating will dominate the adhesion behavior
[51]. In the case of nitride and carbide coatings deposited
on steel, metallic interfaces are often used to prevent



Fig. 5. (a) Auger electron spectra obtained for W and WC bilayers and (b) depth profile of W/WC bilayer grown at TS¼300 1C.

Fig. 6. SEM micrographs of (a) WC deposited on stainless steel 316L at TS¼300 1C, (b) W/WC coating grown at TS¼300 1C and (c) cross section

W/WC bilayer grown on stainless steel 316L at TS¼300 1C.
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graphitization, increasing chemical affinity and stabilizing
carbon–carbon bonds [52]. The functions of interfaces
generally include (i) improving the nucleation rate of the
ceramic layer [53,54], (ii) improving adhesion forces, (iii)
minimizing residual thermal stress [55], (iv) improving the
barriers to carbon diffusion to maintained a constant
concentration of carbon during nucleation and growth
processes [56] and (v) increasing structural compatibility
for the nucleation of WC crystals. In this study, the W
interface significantly improved the adherence of W/WC
coatings. The SEM in Fig. 6(c) shows the thickness of the
W/WC coating obtained at 300 1C. The thickness is
approximately 850 nm, similar to that obtained by depth
profile analysis. This image shows the columnar growth of
the bilayer, as reported in the literature for materials
grown by using PVD techniques [29].

3.5. Energy Dispersive X-ray Spectroscopy (EDS)

Using EDS, the characteristic M and L peaks of W, with
energy values of 1.779 eV and 8.395 eV, respectively, were
observed. In addition, peaks corresponding to 316L stain-
less steel substrate were identified. These peaks could be
observed because the penetration depth of the electron
Table 1

Atomic percentages (at%) of W and WC monolayers and W/WC bilayers de

C W

Monolayers

W – 35

WC 21.8171.1 70

Temperature (1C) C W

W/WC bilayers

RT 21.2270.5 59

100 23.2670.3 58

200 23.3970.4 58

300 26.8570.3 55

Fig. 7. AFM images of (a) W
beam was greater than the film thickness. EDS spectra
obtained for the WC layer reveal peaks corresponding to
W and C. Table 1 shows the concentration of all elements
presented in EDS spectra.
The dependence of W and C atomic percentages on TS

for W/WC samples grown on 316L stainless steel sub-
strates was determined. These values are shown in Table 1.
In all cases, the amount of tungsten is greater than that of
carbon. From the phase diagram [57], it can be concluded
that the WC stable phase is produced over a small range of
concentrations; therefore, the amount of carbon must be
controlled to obtain this specific WC phase [58]. These
results are in agreement with AES depth profile measure-
ments. The increase in TS facilitates the formation W–C
bonds and an increment in the carbon percentage is
observed. This can lead to the stoichiometric formation
of the hexagonal WC phase, according to the literature
[42]. It is necessary to take into account the fact that EDS
spectra include the contributions of both the WC and W
layers, leading to a higher W peak intensity. Upon
increasing the temperature, the WC layer thickness tends
to increase, as will be discussed later. This effect decreases
the effect of W layer on EDS emission that contributes
strongly to the total intensity of the tungsten peak.
termined by EDS.

O –

.2470.35 31.4672.5 –

.0170.68 8.1470.78 –

O W/C

.0970.2 5.5670.3 2.66

.6070.3 5.0070.4 2.52

.2870.2 5.5070.2 2.49

.5370.2 4.6370.4 2.06

and (b) WC monolayers.



Fig. 8. AFM images of (a) W/WC bilayer grown at RT, (b) W/WC bilayer grown at 100 1C, (c) W/WC bilayer grown at 200 1C and (d) W/WC bilayer

grown at 300 1C on stainless steel 316L.

Table 2

Roughness, grain size and thickness determined by atomic force microscopy analysis of monolayers and W/WC coatings

grown on stainless steel 316L at different TS.

Material Roughness (nm) Grain size (nm) Thickness (nm)

Monolayers

316L 54.6772.1 – –

W 8.0770.2 90.6670.3 780.34710.3

WC 6.9870.3 92.7870.5 730.04712.4

Temperature (1C)

W/WC bilayers

RT 7.0270.05 112.6770.04 834.00710.3

100 6.8670.03 110.7370.05 850.33710.1

200 6.8570.04 108.6870.03 876.3375.32

300 6.8470.03 98.3370.02 846.67711.3
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3.6. Atomic Force Microscopy (AFM)

AFM analysis allowed for the morphology of the coat-
ing surfaces to be studied and the grain size obtained.
Fig. 7(a,b) presents AFM images of W and WC mono-
layers grown at TS¼300 1C on 316L stainless steel. In
these images, a morphology typical of this type of coating
can be observed, presenting a grain size on the order of few
nanometers.
Fig. 8(a–d) shows AFM images of W/WC bilayers
grown at different TS. The grain size is shown in
Table 2. A slight diminution in grain size can be observed.
This reduction can be explained by employing the quali-
tative model proposed by Movchan and Demchishinh and
later modified by Martin et al. [59]. During film synthesis,
nucleation and subsequent formation of very small gran-
ular structures occur. When a layer is transformed into a
continuum material, surface diffusion allows adatoms to
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migrate between neighboring grains. In addition, crystals
with lower surface energy incorporate more material,
growing above neighboring crystals with higher surface
energy. This competition leads to a decrease in grain size
because larger grains contribute to the formation of new
grains or to the growth of smaller grains [60].

3.7. Profilometry analyses

Table 2 presents the RMS roughness and thickness of
the W, WC and W/WC bilayers as a function of TS. In
general, the roughness depends on several parameters, the
most important of which is the energy of the plasma-
generated species emanating from the target and striking
the substrate surface, the substrate temperature and the
coating composition [61].

The results show a slight tendency for the surface
roughness to decrease with increasing substrate tempera-
ture. As TS increases, the high thermal energy available in
the substrate contributes to the formation of new, larger
surface grains. Similar results have been observed in
studies by Devika et al. [62], who reported a decrease in
roughness with increasing TS. In Table 2, the thickness
also shows a slight increase as a function of TS.

4. Conclusions

W and WC monolayers and W/WC bilayers were
produced by DC magnetron sputtering at various substrate
temperatures ranging from room temperature to 300 1C.
The coatings were characterized in terms of composition,
structure and morphology.

The XRD analysis revealed the presence of BCC phase
of W and FCC phase of WC, presenting a greater lattice
parameter than that reported for bulk materials, which is
common in thin film growth. In addition, a preferred
orientation along the (200) direction was observed; this
effect was attributed to the small dimensions of the films,
which lead to a greater surface energy compared with the
deformation energy.

Chemical composition analysis was carried out by
Raman and Auger spectroscopy techniques. The Raman
spectra reveal the presence of W–O, W–C and WQC
bonds. Additionally, there was no evidence of D and G
bands corresponding to carbon. This may be because
hydrocarbides were not used for layers grown growth. A
depth profile analysis was carried out for W/WC bilayer
grown on steel substrates (316L), and the presence of W
and C was observed during the first few minutes of the
sputtering process. The stoichiometric concentration of
WC (�2) is similar to that indicated by EDS analysis.
From the depth profile analysis, the coating thicknesses
were also obtained and were similar to those obtained by
profilometry.

Using EDS, the atomic percentages of the components
of the bilayers were obtained. The results showed a lower
concentration of carbon relative to that of tungsten,
defining a non-stoichiometric phase. The carbon concen-
tration was observed to increase with the substrate tem-
perature, which could generate a slight increase in film
thickness. Morphology studies were carried out on W/WC
coatings grown at different substrate temperatures using
AFM, SEM and profilometry techniques. As TS increased,
a slight decrease in roughness and grain size was observed,
due to the competition between the forces affecting these
two properties, also, to the high mobility of adatoms and
the improvement in film packing. Profilometry revealed a
slight increase in film thickness with TS, due to increase in
the carbon concentration and the bond formation W–C.
SEM micrographs also indicated poor adherence of WC
monolayers on 316L substrates. This adherence is con-
siderably improved by the insertion of a W interlayer.
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