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Abstract

The experimental model permitting the detection of coating non-homogeneity is
suggested for standard depth sensing indentation tests.

It is assumed that the shear modulus varies arbitrarily with depth in a
nanostructured coating. It is defined a notion of the stiffness as a function of radius of a
contact zone for nanostructured coating coupled with homogeneous half-space, which
makes it possible to classify the non-homogeneity of a coating.

Using numerical examples, the influence of different laws of shear modulus
variation in a coating on the stiffness is studied.

1. Introduction

The protection of materials by means of non-homogeneous coatings is now a well-
established technology, and is an extremely versatile means of improving component
performance [1]. Coating elasticity is a crucial parameter for the performance and
reliability of a coated part. The determination of mechanical properties arises when one
wants to control the coating quality.

At present nano-indenters are high-precision instruments which allow the
performance of non-destructive tests on thin non-homogeneous coatings. But the
interpretation of such test results is still under development. In this paper a
mathematical simulation of standard nano-indentation tests is presented. The
predictions from this simulation for different non-homogeneous coatings are reported.

The elastic contact problem, which plays a key role in the analysis procedure, was
originally considered in the late 19th century by Boussinesq [2] and Hertz [3]. Hertz
analysed the problem of the elastic contact between two spherical surfaces with
different radii and elastic constants. His now classic solutions form the basis of much
experimental and theoretical work in the field of contact mechanics.

In the early 1980's, it was realised that load and depth sensing indentation
methods could be very useful in the measurement of the mechanical properties of very
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thin films and surface layers, and instruments for producing submicron indentations
were developed.

Oliver, Hutchings, and Pethica [4,5] suggested a simple method based on
measured indentation load-displacement curves and knowledge of the indenter area
function (or shape function); that is, the cross-sectional area of the indenter is related
as a function of the distance from its tip.

The shortcoming of these methods is that precise evaluation of the elastic
modulus is performed only for samples with constant elastic modulus at depth. In
the case of a non-homogeneous coating coupled with a homogeneous half-space, the
obtained modulus is some mean of both the elastic modulus of a coating and the
elastic modulus of a substrate.

Suresh et al. [61 proposed the method based on the finite element simulation for
estimation of Young's modulus variations through a compositionally graded layer by
recourse to spherical indentation.

The problem of properties investigation of non-homogeneous materials attracts
the attention of many researchers by its actuality and complexity, mathematically as
well as experimentally [6,7]. Published solutions of a contact problem for non-
homogeneous materials were constructed in most cases numerically (using finite
element method).

In this work the authors suggest the value of the numerical-analytical method.
This method makes it possible to more deeply analyze the cause of problems which
arise in investigation of mechanical properties of non-homogeneous nanostructured
materials. Derived analytical expressions, which define the solution of the contact
problem for a non-homogeneous coating coupled with homogeneous half-space
degenerate into the classic Hertzian solution in the case of homogeneous half-space. In
numerical examples, the stiffness of a material has been considered and analysed. The
relation between the law of shear modulus variation with depth and the stiffness of a
material as a function of radius of a contact zone is presented.

For the determination of properties of a non-homogeneous coating the size of
contact zone of an indenter with a coating is an essential value in contrast to that of a
homogeneous material. In this paper it is shown that the experiment which is
performed with a view to investigate the elastic properties of a non-homogeneous
coating should at least be carried out for contact zones commensurate with the
thickness of a coating (from 1/4 T to 4T, here T is the thickness of a coating).

To analyse the non-homogeneous character of a nanostructured coating it is
necessary to determine the dependence of the stiffness value from the size of a contact
zone for the wide range of its variation. However an experiment should be carried out
within the limits of the linearly elastic deformation of a material. Depth sensing
indentation tests using the set of spherical indenters with different diameters settle this
problem.

2. Formulation of the contact problem simulating an indentation test

A non-deformable spherical indenter of radius R is impressed into a surface F, of a
non-homogeneous elastic half-space 2, by a normal force P (Fig. 1). Cylindrical (r, •pz)
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coordinates are bound to the half-space. It is assumed that all deformations are elastic
and that the size of the contact zone, a, is small with respect to the radius R of the
sphere, and that friction force does not exist between the indenter and the surface of
half-space.

The spherical indenter surface is approximated by a quadratic shape z = Vj(r)
=f8 r2 in the vicinity of the original point of contact. This approximation is valid for
small contact radii, a<O.JR for homogeneous solids [6], which covers essentially all
practical cases of elastic spherical indentations.

z

P

z2a r~ ~

Figure 1. Scheme of indentation test.

The half-space is not loaded outside the indenter. Under the action of the normal
force, P, the indenter moves a distance U along the z axis.

We assume a Poisson ratio, v is a constanto and consider the shear modulus, G(z),

in the half-space to exhibit a well defined variation. The shear modulus can thus be
arbitrarily continuous or a piece-wise continuous function of the depth z, as thus
expressed as follows:

1. G(z) = G.(z), - TT5 z•__ 0

(1)

2. G(z) = G.(-T)= Go, - ao < z < -T

Let us denote Go(0)=Gl. Under the above assumption, the boundary conditions
have the form:

z=O" :zr=Zzt =O, cz=O, r>a, (2)

w--(r)= X- NJ(r), r _5 a
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Here w is the displacement along the z axis, while rzr, rzg , and cyz are the

radial, tangential and normal stresses respectively.
Using the method of works [8,9,10], the solution to the contact problem was

constructed and the relation between an impressing force and the size of a contact zone
was determined [11].

a 3G1 2 Gox- +N-

ID- + C, (-cosha, + a,-sinh a)RI-v(3G, ~la

Here Ci and ai are certain constants defined by non-homogeneity laws.

3. The Stiffness Concept of the Depthwise Non-homogeneous Material

As a result of the penetration of the indenter into the non-homogeneous material we
can obtain the relation between the impressing force and the displacement of the
indenter. These values by themselves are not very informative, as it is difficult to use
these values to determine the existence of the non-homogeneous layer on the surface of
the foundation.

We define an expression which is referred to as the stiffness of the material

3 P
4 aX(1 - v)

where a is the contact zone radius, X is the displacement of the indenter, v is the
Poisson's ratio. For the homogeneous material the stiffness is a constant, equivalent to
the shear modulus of the foundation [12].

For the non-homogeneous material, S(a) is a function dependent upon the size
contact zone.

4. Testing method for determination of the non-homogeneity of a material

Our aim is to detect the character of the non-homogeneity of a material by using
standard indentation measurements.

The method described here is based on a spherical indenter and aims at
investigating the elastic properties of materials. Thus, the test must be carried out
under elastic deformation only. This is the basis of the method, and it allows the depth
distribution of material properties to be investigated.

Practically all existing materials deform elastically in a narrow range of loading.
One of the starting problems is the determination of that range.

The goal of the test is to determine the force-displacement relation for the
penetration of a non-deformable spherical indenter into the continuously non-
homogeneous coating coupled with a homogeneous half-space. To guarantee the non-
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destructive character of the test, it is necessary to fulfil the following condition : the
stresses must not exceed the elasticity limits.

5. Numerical Results

The numerical analysis has been carried out for non-homogeneous nanostructured
coatings which have applications in magnetic recording systems, printing industries
and motor engines. In this case, the value of the ratio of the shear modulus on the
coating surface to the shear modulus in any interior point of substrate (denoted n ) was
bounded such as

1/3.5 < n < 3.5

Shear modulus is assumed to vary with depth, according to the relation

S=Gof 
() -T _<z _<0, (3)

G =G. z ___-T, i = 1,2,3,4

f( =3.5, f2(W=.'

31 2.5'

f, 3 -z35 + 2.5 -, f 4 (ý 1-2.5-
T 3.5 3.5T

Fig. 2 shows the values fi ( Z /T (i = 0,1,2,3,4) which characterise

non-homogeneity laws described above.

- .1 15 .0f3z" f3(z,)

0.0 0•1o 0.0
.31

01 -110M S4

Figure 2. Nonhomogeneity laws describing the variation of
shear modulus with depth.
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Fig. 3 shows graphs S(A-) /SIO Q(.=T/a) - the ratio of the stiffness of non-

homogeneous coatings, S, to the stiffness of substrate - a homogeneous half-space, So
for the 5 cases given in Fig. 2. To make the graph more descriptive we present them
using a logarithmic scale. The curve numbers correspond to the variation laws of
elasticity modulus.

S/SI.

3.2

1 0

L4 2

Figure 3. Graphs of the ratio S(X')/So for the cases shown in Fig 2.

Fig. 3 shows that by using the results of non-destructive indentation experiments
we can evaluate the variation of elasticity modulus with depth. Moreover, it shows that
this kind of test gives the possibility of distinguishing changes in surface layer
properties not only in terms of being softer or harder, but also in terms of the variation
of elastic properties of coatings with depth (blended or layered). A potential application
of interest is the characterisation of compositionally modulated multilayers in
microelectronics [13].

The values on the graphs are obtained from calculations in which the contact
zone, a, is varied from 1/16 Tto 16 T This is practically impossible to reproduce in one
experiment within elastic deformations limits. Hence, the solution of the problem of
extrapolation of values obtained for the narrow interval of indenter penetration values
and, respectively, of contact zones on the whole domain of definition is of great
interest.

It is obvious from Fig. 3, that the middle region of the stiffness change graph is
the most informative (1/4 T._< a _!•4 7).

6. Conclusion

In this work the estimation of relevant parameters for the non-destructive testing of the
mechanical properties of non-homogeneous coatings has been carried out. The method
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is based on a depth sensing indentation test performed within the elastic limits of the
tested coated materials.

The method presupposes the mathematical simulation of the testing process that
involves the penetration of spherical indenter into a functional non-homogeneous
coating with an arbitrary variation of the elasticity modulus along its depth.

This method permits the interpretation of indentation test results performed in the
elastic deformation region on non-homogeneous coatings by existing standard
equipment.

From the point of view suggested in this paper regarding the testing method for
determination of non-homogeneity of a coating, we analysed similar experimental data
presented in the paper of Suresh et al. [6]. In this work the authors considered two
kinds of coatings which correspond with above mentioned laws 3 and 4 - linear
increasing and linear decreasing laws. The authors simulated a non-homogeneous
coating by the model of a material with elastic properties varying exponentially with
depth. Presented data correspond to small values of a contact zone in our terms, e.g. X,
>29.2, X2 > 13.3 (here X=T/a, TI=2.92 umn, T2=1.33 amn, a<O.l amn). Such values of
X conform to the very beginning of the stiffness curve and correspond with properties
of practically homogeneous material and reflect properties only of layers attached to
the surface layer. In other words, the experimental data do not give the opportunity to
observe the non-homogeneity variation with depth because of small variation of a
contact zone.

The main conclusion of our work is that in the investigation of non-homogeneous
coatings, the size of a contact zone should vary at least up to the value comparable with
the thickness of coating.
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