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Abstract. The aim of this paper is to identify performance indices for the design of coating systems,
using results from nanomechanical tests. The use of nanoindentation, nanoscratch and pin-on-disk
experiments applied to coatings for mechanical and tribological property estimation is presented. Then,
multiple performance indices, based on experimental and numerical results found in the litterature,
are listed in order to help the material selection and optimization of durability and performance of
coatings.
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1. Introduction
The use of coatings to improve surface properties of
components is constantly increasing [1, 2] and the
significance of material selection in coating systems
design is well recognized [3–5]. The definition of the
material combined with the coating structure is a key
step in the design process, particularly in the field
of surface protection from damage in mechanical sys-
tems [6]. In this context, the multiscale mechanical
stability of coatings on substrates can be character-
ized using nanomechanical experiments [7–12]. The
knowledge of the mechanical and tribological behavior
of the coating, the coating-substrate interface and the
substrate, enables the construction of selection maps
(material property or failure mechanism) [3, 13, 14].
Ashby’s methodology with specific performance in-
dices, as implemented in the GRANTA Selector soft-
ware [8, 15–17], can be employed for this purpose, see
Figure 1.
Selection maps help engineer coatings by linking

coating performance with its structure, material prop-
erty and the coating process (elaboration and surface
treatment).
A summary of mechanical and tribological prop-

erties extracted from experimental results, based on
nanoindentation, nanoscratch and pin-on-disk tech-
niques, is given in Table 1, below.
These experiments are often used to promote the

analysis of load (F) or contact stiffness (S) vs. ver-
tical displacement (h) or horizontal displacement (d)
curves, which can be coupled with corresponding mi-
croscopic observations of residual indents or grooves.
Schemes of residual imprints are given for each exper-
iment with the description of geometrical parameters
used in the equations. The indices n, t, ind, crit, max,
c, s, int and R in Equations 1 to 13, refer, respectively,
to the normal and tangential axis to the coating sur-
face, the indenter properties, the critical event (crack

formation, dislocation nucleation, etc.) associated
with a pop-in or a jump on the load-displacement
curve, to a maximum parameter value, the coating,
the substrate, the coating-substrate interface and to
the residual value. E’ in Equation 1 represents the
reduced elastic modulus with both indenter and mate-
rial elastic contributions. Knowing Poisson’s ratio, ν,
of the indented material and elastic properties of the
indenter, it is possible to estimate the elastic modulus
of the tested material using Equation 2. Alpha (α)
in Equation 5 is an empirical constant, usually taken
to be about 0.016, based on a fit to experimental
data. Finally, the coating thickness in Equations 7
to 9 is denoted t and the residual stress of the material
used in Equation 9, is referred to as σR . Based on
the combination of these materials properties, perfor-
mance indices (PIs) can be established to characterize
the performance of a material in a given application.
A non-exhaustive list obtained from the literature is
proposed, see Table 2, below.

Within Table 2, Fcrit in Equation 24 corresponds to
the critical load estimated during a scratch test, when
the penetrator is touching the substrate surface and
the coating no longer plays its protective role. These
criteria, defined as a function of the mechanical surface
solicitation, tend to describe a specific resistance of
the coating system. Based on the PIs in Table 2,
some examples of material property maps and failure
mechanism maps have been created for different case
studies. On one hand, property maps are usually
quantitative and directly plotted using experimental
results given in each reference papers, and on the other
hand failure mechanisms maps are qualitative and
based on a correlation between the observed failure
mechanisms trend and the level of different properties
or PIs. These results are presented and discussed in
section 2 below.
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Figure 1. Properties required for selection maps creation to support coating systems design.

2. Results and discussion
2.1. The case of homogeneous coatings
The first example of material coating selection is about
substrate surface durability and improvement by elab-
orating sol-gel coatings on glass and steel samples [22].
For these sol-gel coatings, the effective elastic moduli
as well as the hardness values, along the indentation
depth, were estimated using Equations 1 to 3. The
effect of substrate, of the presence of nanoparticles
(NPs) and of annealing at higher temperature were
studied. Then, the mechanical failure modes of sol-
gel coatings were investigated using both Berkovich
nanoindentation and nanoscratch technique. Micro-
scopic observations of residual imprints and residual
grooves show that both exhibit chipping in the case
of thick coatings, especially on glass substrate, and
no dramatic failure for thin coatings applied on both
substrates. It is found that the mechanical proper-
ties of the sol-gel and the mechanical stability of the
coatings on substrates are influenced dramatically by
the presence of nanoparticles and the thermal treat-
ment. The interfacial fracture toughness of sol-gel
coatings on substrate was estimated using Equations
9 to 11. Material property and failure mechanism
maps based on experimental results were then created
using performance indices from Table 2. These can
subsequently guide the sol gel coating selection, see
Figure 5. It appears that annealed sol-gel coating
containing NPs are the best candidates in this case,
offering mechanical protection with good adhesion.

2.2. The case of composite coatings
In the second example, a Particle Reinforced Metal
Matrix Composites (PRMCC) coating, deposited on
a steel substrate is studied for its protection against
corrosion and for its good wear resistance. These are
two properties of primary importance for mechanical
applications [9, 23]. A thick nickel coating contain-
ing micrometric Silicon Carbide (SiC) particles was
electro-deposited on a steel substrate from a suspen-
sion of SiC in a Watts-type Ni-plating bath. The tex-
ture and microstructure of the coating were examined
using electron backscatter diffraction combined with

energy-dispersive spectroscopy for phase differentia-
tion. The interfacial strength between the Ni matrix
and the SiC particles was investigated by nanoscratch
experiments. Grid nanoindentation technique coupled
with an image correlation-based targeted indentation
analysis and a statistical data treatment were em-
ployed. The mechanical properties of the composite
were quantified, and the mechanical properties of each
phase were extracted, using Equations 1 to 3. Fi-
nally, empirically knowing the material property of
the PRMMC coating (light blue bubble on Figure 6-
a) and of the raw reference materials (Ni and SiC
data from [15]), it is possible to create an Ashby map
and a failure mechanism map for this example (Fig-
ure 6). The green, dark blue and small orange dots
on the Ashby map are obtained using Voigt, Reuss
and Voigt-Reuss laws of mixture, with reference mate-
rial property. The conclusion of this example is that
PRMMC have very interesting mechanical properties
arising from the combination of a relatively ductile
matrix (less fracture) with harder reinforcing particles
(less wear).

2.3. The case of multilayer coatings

The third case study is based on the development of
multilayer structures with diamond-like carbon (DLC)
coating on the top surface to protect steel substrates
from wear [8]. In this framework, graded compositions
based on Cr/CrN/(Cr,N)-DLC and Cr/Cr-DLC coat-
ings were used to progressively increase the coating
hardness and to improve the adhesion of the DLC
layer. The mechanical and tribological properties of
these multilayer structures were obtained by nanoin-
dentation, nanoscratch, and ball-on-disk tribometer.
Using performance indices based on a mix of adhe-
sion, mechanical and tribological properties, material
property and failure mechanism maps were proposed
(Figure 7). Based on these results, the combination
of a thick DLC layer with a Cr base is a promising
solution for mechanical and wear protection, in the
case of steel substrates.
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Table 1. Summary of nanomechanical experiments and expected results for mechanical properties, adhesion and
tribological property calculations. CSM is for continuous stiffness measurement.
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Mechanical surface
solicitation

Criterion
definition PI definition Eq. Ref.

Blunt indentation

Yielding
resistance

H3

E2 (14) [15]

Cracking
resistance

K2
Ic −

(
1− ν2)
E

(15) [15]

Blunt scratch

Yielding
resistance

H3

E2 (16) [15]

Cracking
resistance

K3
Ic

E2 (1− 2ν)3 (17) [15]

Sharp indentation

Yielding
resistance H (18) [15]

Cracking
resistance

K4
Ic

H3 (19) [15]

Indentation and scratch
"Hard-film-on-soft-substrate"

Yielding
resistance

E
′1/3
c

E
′1/3
s

√
σe,s (20) [16]

Cracking
resistance K

2/3
Ic (21) [16]

Sliding contact Wear resistance
"elastic strain to failure"

H

E
(22) [11, 18]

Indentation or scratch Chipping
resistance Kint,Γ or U (23) [19]

Sliding contact Scratch resistance Fcrit

µ
(24) [8]

Sliding contact Wear resistance k (25) [20, 21]

Table 2. Non-exhaustive list of performance indices for coating system design.

Figure 5. a) Material property map and b) failure mechanism map for sol gel coating.

3. Conclusions
This paper presents mechanical and tribological de-
sign considerations of different coating systems and
investigates nanomechanical techniques and perfor-
mance indices bases methods for their assessment.
Through different case studies, the use of nanoinden-
tation, nanoscratch and pin-on-disk techniques are
presented for the characterization of mechanical sta-

bility for several coated substrates. The material
selection is based on a combination of experimental
results with material property and failure mechanism
maps. Finally, the knowledge of material (substrate
and coating), of the interface and of the surface coat-
ing property, coupled with failure mechanism analysis
is a keystone in the selection process for coatings
design application.
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Figure 6. a) Material property map and b) failure mechanism map for PRMMC coating selection.

Figure 7. a) Material property map and b) failure mechanism map for DLC multilayer coating.
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