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Failure regions resembling geometrical shapes in sliding nanoindentation

of Si-C-N thin films used for N/MEMS
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The failure regions during sliding nano indentation of technologically important SiCN thin films resembled
geometrical shapes of Lemniscate and cardiod. An adhesive strength of 9GPa was estimated. The failure
followed two different stress regimes, one tangential responsible for the wear and the other axial responsible
for the film/substrate adhesion. EDS spectra of the scratched region shown complete adhesive failure.
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Sliding nanoindentation has been used to study the
adhesion and wear properties of thin films. These studies
are very significant for thin films used in devices based
on Nano/Micro electro-mechanical systems (N/MEMS). The
process consists of scratching the surface of the film with
a ramping load and recording the tractional response till
failure. The load at which the film fails is called the critical
load. The nature of the film/substrate (level of hardness),
the thickness of the films, loading rate, velocity, and stress
in thin films are factors responsible [1].

Si-C-N thin films are popular because of their oxida-
tion resistance, chemical inertness, piezoelectric properties,
and microwave absorbing capabilities. They have been
used extensively in N/MEMS, memory devices, electronic
packaging, optoelectronic devices, and microwave absorp-
tion [2–11]. The nanocrystalline phases of SiC, Si3N4, and
CNx are formed in Si-C-N [12].
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Figure 1. Lemniscate and Cardioid shaped failure zone during the scratch test

The sliding indentation or nano scratch tests were
done by Berkovich indenter present in the MTS (USA)
nanoindentation equipment. In scratching, the probe is
dragged across the sample surface keeping the force,
rate, length, and angle of the scratch in control. The
use of a lower load and smaller radius of the indenter
increases surface sensitivity and also provides high contact
pressure.
There are three contributions to the stress responsible

for coating detachment: Elastic-plastic indentation stress,
tangential friction stress, and internal stress. The failure
of coating in scratch tests depends on the hardness of both
the coating and the substrate. The critical load depends
on many factors like the mechanical strength (adhesion,
cohesion) of coating substrate composite, loading rate
scratch speed, and indenter tip radius indenter material.
The coating substrate-specific parameters that are important
for scratch adhesion are mainly substrate hardness and
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Figure 2. EDS spectra of the a) scratch track and b) coated zone

roughness, coating thickness, frictional coefficients between
coating and indenter, and internal stresses in the coating.
The critical load however gets influenced by intrinsic factors
(loading rate, scratch speed, tip radius, tip wear, and other

machine factors) and extrinsic factors (substrate and coating
hardness, modulus, surface roughness, friction) [13,14].
Static nanoindentations have been performed previously

on these films and analysis of the fractured region has been
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done in terms of geometrical shapes [15,16]. However,
interestingly, sliding indentation which is not localized as in
the case of static indentation has produced fractured regions
which can also be related to geometrical shapes.
The appearance of two different zones of failure indicates

the fact that there are two different aspects to sliding
indentation failure one which is governed by the tangential
stress causing the fractured region taking the shape of a
cardioid is more related to the wear property of the coating,
The axial stress just below the indenter is more related
to the film/ substrate adhesion and creates a failure region
resembling a lemniscate (Fig. 1).
Cardioid-shaped failure was also observed during scratch

tests similar to that reported during static indentation
(Fig. 1), which is due to the plastic zone near the crack
tip which has grown in size due to overload. We can find
the area of the failure region

(3
2π a2

)

as per the geometry.
The load applied was 50mN which gives an approximate
value of 9GPa as the adhesive strength. The adhesive failure
region inside the cardioid on the other hand resembles a
Lemniscate (r2 = a2 cos 2θ). It consists of two equal loops,
each symmetrical about the initial line, which divides each
loop into two halves. The only difference we have in the
scratch failure zone is that the number of lobes is not limited
to two and extends further. The periodic closing of the loops
is indicative of the fact that the stress responsible for fracture
is periodic.
The stress distribution beneath the indenter during sliding

indentation is much more complex than the static one and
requires further study including dynamic Finite element
modeling which we are working on.
EDS spectra of the scratch track with the corresponding

atomic and weight % of different elements reveal the
adhesive failure of the coating. The percentage of elements
like 72.2 atom % Fe, 17.7 % Cr, 1.95 % Mn, etc as shown
in Fig. 2 (a) indicates nothing but the SS304 whereas the
spectra of the coated portion shown in Fig. 2 (b) is nothing
but the elemental composition of the Si-C-N coating. Thus,
on scratching the coating got completely removed exposing
mere the stainless-steel substrate.
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