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Silicon carbide coatings have been deposited by r.f. magnetron sputtering
on AISI 304LN stainless steel at four different substrate temperatures.
At the lowest substrate temperature of 300�C, the film was amorphous
whereas at a substrate temperature of 600�C a crystalline SiC phase was
obtained. However, at substrate temperature of 800�C, the films were
amorphous again. The tribological properties of the coatings were also
found to change with substrate temperature. The coefficient of friction was
found to be low for the crystalline films. Such a low value of coefficient of
friction is indicative of superior wear resistance. A higher coating thickness
enhanced the tribological properties while any surface roughness of the
substrate and coating was found to degrade these properties. Micro-Raman
spectra of the films varied with substrate temperature. Some phases were
found to disappear and new phases were observed in the wear track with
progressive sliding.

Keywords: magnetron sputtering; SiC films; phases; tribology; friction

1. Introduction

Silicon carbide coatings are technologically advanced materials characterised by high
hardness, wear resistance and low friction. In addition, their chemical inertness, high
thermal stability and dielectric properties are useful for applications involving
extreme sliding conditions [1]. High hardness and high toughness provide abrasion
and fracture resistance, aspects that further improve the tribological properties of
SiC coatings [2]. They can be deposited by a variety of techniques such as
laser-assisted deposition [3], dynamic ion mixing [4], plasma-enhanced chemical
vapour deposition [5] and magnetron sputtering [1,6]. Magnetron sputtering is an
efficient technique on account of its simplicity, high deposition rates and wide
acceptability to industry. Amorphous SiC mostly forms at low deposition temper-
atures, which has a hardness comparable to that of crystalline SiC [7,8].
Furthermore, because of its excellent mechanical properties, a-SiC has been also
used for a variety of high-temperature and machining applications, such as MEMS
coatings [9], dielectric copper diffusion barriers [10], sliding friction [11,12] and wear
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resistance [13]. It has been shown that the mechanical properties of a-SiC coatings
can be increased by different approaches including the control of composition [14].

In this study, changes in the structure of the coatings deposited by r.f. magnetron
sputtering are investigated as a function of substrate temperature. The role of
substrate temperature on the tribological properties of the coatings is studied and
Raman spectroscopy is used to correlate the tribological properties with evolution of
various phases occurring on the surface of coatings and in wear scars.

2. Experimental techniques

AISI 304 LN steel was used as a substrate in which to deposit the SiC. The films were
sputtered from a silicon carbide target using an r.f. magnetron sputtering system.
A discharge at a pressure of 3�10�3 mbar in high-purity argon gas with an r.f. power
of 100 W was maintained during deposition. The substrate temperatures used were
27�C, 300�C, 600�C and 800�C.The crystal structure of the coatings was examined by
GIXRD with an incidence angle of 1�. The linear reciprocating mode of a ball-on-
disk CSM tribometer was used to carry out tribological tests of the coatings.
A spherical steel ball (100Cr6 SS) of diameter 6mm was used as a sliding body to
measure the coefficient of friction with the normal load and sliding speeds kept
constant at 1N and 2 cm/s, respectively. Tests were performed under ambient
conditions (dry and unlubricated) with a relative humidity of 62%. The film
thickness and surface roughness were measured using astylus profilometer (Dektak
6M). The adhesive strength of the coatings was measured using a micro-scratch tester
(Revetest, CSM instruments, Switzerland). A spherical diamond indenter with a
radius of curvature of 200 mm was used to carry out progressive load scratch tests.
Micro-Ramanmeasurements were performed using a spectrometer (Horiba Jobin
Yvon) equipped with a microscope to record the phase evolution on the surface and
the wear tracks. For these measurements, laser radiation with a wavelength 514.5 nm
was used as an excitation source at a power of 5mW.

3. Results and discussion

The surface roughness of the coatings was found to be dependent on the roughness
of the substrate. At a high substrate roughness of 82 nm the coating roughness was
found to be 15 nm and with decreasing substrate roughness the coating roughness
was also found to decrease as shown in Figure 1. At a deposition temperature of
800�C, the surface of the coating was found to have an rms roughness of 21 nm; this
highvalue may arise from a combination of substrate roughness and roughness
induced by the high deposition temperature. Higher deposition temperature causes
larger grain sizes to occur, which in turn gives a rougher surface. The thickness of the
coating was found to be 1.6 mm at a deposition temperature of 300�C. This value is
found to decrease with deposition temperature. It was only 0.6 mm at a deposition
temperature of 800�C. The effect of coating thickness may also influence the
roughness parameters. With increase in thickness of the coatings, the effect of
substrate roughness becomes reduced.
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X-ray diffraction analysis of samples confirms that the deposition products are
�–SiC and free carbon, as illustrated in Figures 2a and b. There are three peaks in the
spectrum assigned as disordered sp3-carbon peaks (111) at 22.4� and �–SiC with
preferred orientation of (200) and (210) diffraction line 43.9� and 44.7�, respectively.
At low (27�C) and high (800�C) deposition temperatures in Figures 2a and d
respectively, these peaks are found to be absent owing to the formation of
amorphous compounds of SiC. At lower deposition temperatures, the adatom
mobility and the energy of the carbon atoms become low which restricts the
formation of crystalline SiC. At high deposition temperature, the formation kinetics
and kinetic energy of the various species of adatoms are expected to be higher,

Figure 2. XRD of SiC coatings at substrate temperatures of (a) 27�C, (b) 300�C, (c) 600�C
and (d) 800�C.

Figure 1. Substrates and coating surface roughness versus film thickness.
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leading to fractionation which also disrupts the formation of an ordered lattice
structure of SiC on account of stoichiometric defects in the coatings.

The coefficient of friction is found to vary with deposition temperature as shown
in Figure 3. In each figure, there are regimes of low and high friction as shown in
Figures 3a–c. Low-friction regimes are caused by sliding over the SiC coatings.
A clear transition stems from failure of the SiC layer, yielding high value of
coefficient of friction. This value is found to be unstable after a transition towards
the higher value, which is attributed to third body interaction with worn out SiC
particles from the deformed steel substrate. At low deposition temperature (300�C),
where the crystalline phase of SiC ispractically absent (Figure 2a), the value of the
coefficient of friction is found to be 0.25 in the lower regime. After �22 m of wear
distance, the coating is found to break down and the coefficient of friction
marginally rises to 0.27. In this condition, the wear rate is found to be
1.6� 10�7mm3/Nm. Coatings deposited at high substrate temperatures (300�C and
600�C) have a significantly lower coefficient of friction as seen from Figures 3b and c
where the crystalline phase of SiC is detected from GIXRD. These steady values
before the frictional transition were found to be lower by 0.054 and 0.092 at the
deposition temperatures of 300�C and 600�C, respectively. A reduced wear rate of
2.8� 10�8mm3/Nm is found in coatings deposited at a substrate temperature of
600�C. The wear rate rises to 4.7� 10�8mm3/Nm for coatings deposited at 300�C.

Figure 3. Coefficient of friction of coatings deposited at substrate temperatures of (a) 27�C,
(b) 300�C, (c) 600�C, and (d) 800�C.
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This value drops to 3.8� 10�7mm3/Nm for coatings deposited at 800�C. The coating
deposited at 800�C has minimum wear resistance with a high value of coefficient of
friction and an unstable friction curve. The higher wear rate is concomitant with a
high value of friction coefficient as shown in Figure 3d. The wear rate of the AISI
304LN substrate obtained under similar test condition is found to be
2.7� 10�6mm3/Nm. These experimental findings indicate that a low friction
coefficient is associated with improved wear resistance. In addition, a low coefficient
of friction is associated with low cohesive and easy shearability of the contacting
surfaces. Such materials display a low deformation of wear track. High wear
resistance impedes sliding after longer sliding distances. The transition between the
friction regimes is determined by the thickness of the coatings. With increase in
thickness, a steady value of the coefficient of friction persists over longer sliding
distances. It is seen from Figure 1 that the thickness of the coating is high for the
sample deposited at 300�C and for which a shift towards higher coefficient of friction
is found after a longer wear distance (� 49m). As seen from Figure 3c and for a
coating thickness of �1 mm, the transition in the value of the coefficient of friction
occurs rather early i.e. after a short sliding distance of �17m. This significant
difference in the coefficient of friction could also arise from either coating or
substrate surface roughness. It is also noted that the coefficient of friction decreases
with decrease in substrate and coating surface roughness. As shown in Figure 3a,
when the substrate and coating roughness are found to be high, a higher value of
friction results. A few sliding passes can smoothen the roughness and eliminate its
influence on the coefficient of friction. However, at a further sliding distance, the
substrate surface, which is otherwise shielded by the SiC coating, is exposed and
becomes a contributing factor. The roughness of the coating surface can be destroyed
during early passes of tribo-sliding and thus no longer have an effect on the
coefficient of friction. Figure 3d does not depict a low-friction regime. The altogether
absence of a low-friction regime arises from the amorphous nature of the coating on
the one hand, and on the other, from a built in higher surface roughness of �21 nm
in this �0.6mm coating thickness which is also low. After a few sliding passes,
coating failure is observed which increases the value of the coefficient of friction.
Three-body interactions also destabilise this value as shown in the figure. In the inset
of Figure 3d the evolution of the coefficient of friction of the steel substrate is shown,
which is significantly higher compared to that of the SiC coating. Even, after the
failure of the SiC coating, the coefficient of friction is significantly lower compared
to steel. This may be explained by the formation of a tribo-layer which prohibits
direct tribo-contact with the substrate during sliding [15]. The adhesive strength
between coating and substrate was measured using progressive load scratch tests.
Coating deposited at 300�C shows the highest adhesive strength of 18N which
decreases for the 300�C, 600�C and 800�C deposited films to 16N, 14N and 8N,
respectively. There is no direct correlation of the friction coefficient to the adhesive
strength of the coating with the substrate. The adhesive strength between the coating
and substrate is related to interfacial properties whereas friction is a surface property
of the material. Adhesion of the sliding surfaces is known to be an important factor
for the dissipation of frictional forces. Larger adhesion causes higher shear strength,
which is attributed to larger friction. Accordingly, the frictional force is known to be
a combination of effects from adhesion and deformation. The adhesive force
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between the contacts depends on the many factors, such as the chemical structure,
the atomic configuration, the potential energy and the roughness of the surface. The
surface energy is known to be less for crystalline compared to amorphous phases. To
establish the composition and phase-dependent wear resistance properties of such a
coating, micro-Raman spectral investigations on the coating surface and the
tribo-track were carried out. These are shown in Figure 4.

The Raman lines of silicon and carbon are strongly dependent on the structural
properties of the coatings, in particular, both the line position and the FWHM of the
transverse optical phonon mode are strongly dependent on the local order prevailing
in the silicon network. On the coating surface, the disordered form of sp3-bonded
amorphous carbon exhibits a line centred at 1437 cm�1 as shown in Figures 4a–d.
This peak occurs with high intensity and low broadening as shown in Figure 4b
and c. This disorder accompanying sp3-bonding is rather low [16]. The spectral line is
found to be feeble as shown in Figure 4d. Raman analysis did not reveal the existence
of sp2-bonding which is normally encountered in amorphised carbon networks.
Vibrational modes representing the formation of crystalline a SiC phase is also not
detected at the coating surface. It is known that stoichiometric SiC does not have a
Raman active vibrational mode at 514.5 nm [16,17]. After tribological tests, micro-
Raman spectra from the wear track shows significant differences compared to the
spectra obtained from the coating surface. Some new phases appear and some
existing phases disappear in the wear tracks. Peaks corresponding to the formation
of amorphous carbon are found to be absent in the wear track as seen from
Figures 4a, b and d. The sliding brings about wearing out of this surface layer.
In Figure 4c, it is seen that vibrational bands appear at 1368 cm�1 and
1595 cm�1corresponding to evolution of ‘disordered’ D- and ‘graphitic’ G- bands
of carbon networking [18]. A new phase indicated by the line at 532 cm�1

corresponds to the formation of amorphous silicon [8]. Peaks centred at 708 cm�1,
896 cm�1 and 944 cm�1 correspond to the formation of a SiC phase as shown in
Figures 4a, b and c. The weak feature at 804 cm�1 is assigned to the formation of SiC

Figure 4. Micro-Raman of surface and wear scars of coatings deposited at substrate
temperatures of (a) 27�C, (b) 300�C, (c) 600�C, and (d) 800�C.
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as presented in Figure 4d. These spectra reflect the phonon density of states, which
changes in the wear track during tribo-chemical reaction [16,19]. These spectral lines
correspond to SiC and free silicon in wear tracks. Formation of SiC with sp3-phases
as shown in Figure 4c bring about significant decline in coefficient of friction. This is
illustrated in Figure 3c.

4. Conclusions

Silicon carbide coatings were deposited by r.f. magnetron sputtering on AISI 304LN
steel at four different substrate temperatures. A clear transition from amorphous
silicon carbide to a crystalline phase of this compound occurred on changing the
substrate temperature from 300�C and 600�C, while at a higher substrate
temperature of 800�C, the coating was again amorphous. This is attributed to
the accumulation of defects and elemental deficiencies in the lattice caused by the
segregation of free silicon and carbon. The tribological properties of these coatings
are influenced by the relative proportions of the phases comprising the coating. The
coefficient of friction and wear rate were found to be least in the case of the
crystalline phase of SiC with the formation of sp3-bonding. These were found to be
0.052 and 2.8� 10�8mm3/Nm, respectively for the coating deposited at a substrate
temperature 600�C. Higher coating thicknesses caused a decrease in the friction while
surface roughness of both substrate and coating increased this value. Micro-Raman
spectra of the coatings varied with deposition temperature with the formation of a
tribo-layering on the wear track. This phase was found to reduce the friction. The
evolution of amorphous carbon in the wear track also reduces the friction.
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