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Abstract

A new mechanism of the nanoidentation process

Nanoindentation is one of the most significant methods for studying the
mechanical properties of solids and thin films in submicron regions and surface
layers . The process of nanoindentation consists of elastic and elastoplastic
deformations. In this process, a very important point is the transition of the elastic-to
elastoplastic deformation. There are several hypotheses concerning the nature of this
abrupt transition, the most important of which are the homogeneous generation of
a dislocation under the indenter and the plasticity mechanism, realized through the
diffusion mobility of nonequilibrium point defects . But these hypotheses cannot
explain the fact, that in a precession study of the dependence of the penetration
depth of an indenter on a sample from a load, regions with an abrupt increase in
the penetration depth of the indenter with a constant load value are observed .

"Despite a great body of experimental data collected to date, complete clarity
in the mechanisms of loss of elastic stability under nanocontact deformation has not
yet been achieved" . In addition, during nano-and microindentation, an increase in
the hardness of the material is observed with a decrease in the depth of penetration
of the indenter into the material which occurs when the load decreases . The nature
of this dependence is still not clear.

In this paper, new mechanisms of the above phenomena are proposed. These
mechanisms are based on new ideas about the role of chemical bonds in the motion
of atoms (molecules) in condensed media described in the molecular-potential
theory. In contrast to the molecular-kinetic theory, according to which for the atom
(molecule) to change its location in the condensed media, a kinetic energy
fluctuation near the given atom must be formed to overcome the potential barrier,
the molecular-potential theory requires the appearance of potential energy
fluctuations near a given atom to reduce the chemical bond energy, which
corresponds to a decrease in the height of the potential barrier. To be overcome by
the atom (molecule). It should also be borne in mind that in condensed media the
electrons participating in the creation of a chemical bond can be in two quantum
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states.

Being in one of the quantum states, they increase the energy of the chemical
bond (bonding states), whereas in the other they reduce it (antibonding states). The
decrease in the energy of the chemical bond occurs due to the appearance of
antibonding quasiparticles - excited free electrons and holes - near a given atom. In
accordance with the theory of molecular orbitals of chemical bonding extended to
solids and liquids, the energy spectrum of electrons consists of bonding and
antibonding bands. In semiconductors, these bands are separated by a band gap,
while in metals they are overlapped. The presence of an electron in the bonding
band increases, and its absence (hole) decreases the chemical bond. The strength of
the chemical bond of a given atom (molecule) with neighboring atoms is determined
by the difference between the bonding and antibonding electrons located near it.
The smaller this difference, the weaker the chemical bond, and when the difference
is zero, the chemical bond disappears (sublimation, evaporation, boiling) .

Thus, the transfer of an electron from the bonding to antibonding band (in
metals, transitions occur between the Fermi level  and the bottom of the
antibonding band - this energy distance is referred to as pseudo band gap) means a
decrease in the chemical bond of the substance (i.e., if it is a solid body, it should
become softer and increase in size, which is proved experimentally). The transfer of
electrons can be accomplished in various ways. In any case, the motion of the atom
will be facilitated. In its chaotic motion, an electron and a hole can be brought near
a certain atom with a probability of n/ Na (n is the concentration of antibonding
quasiparticles, and Na is the total concentration of the atoms of the substance) in
different P quantities (potential energy fluctuation) with probability (2/Va) and
weaken differently the chemical bond. The greater the concentration of antibonding
quasiparticles at a given temperature, the greater the probability of the atomic
motion and the more intense the observed process will be. And when the critical
concentration of antibonding quasiparticles is reached, ny = Na m7Ma (m" is the

effective mass of the quasi-free electron, Ma is the mass of the atom (molecule) of
the substance), the melting process begins, regardless of the manner the antibonding
quasiparticles have been generated.

The molecular-potential theory made it possible to explain all the phenomena
observed in the effects of hardness changes under the influence of light
(photomechanical effect-PME), electric current or field (electromechanical effect-
EME), temperature (thermomechanical effect-TME), magnetic field
(magnetomechanical effect-MME), i.e., their dependence on the intensity and
spectral composition of light, temperature, type and concentration of impurities, etc.

When the nanoindenter contacts the surface of the studied sample, there occur
sufficiently high pressures that change the energy spectrum of the electrons
participating in chemical bonding, which is manifested as a change in the relative
position of the energy bands on the energy scale. In different crystallographic
directions, the bands shift differently, but in some direction, the bonding and
antibonding bands always approach each other, and the concentration of
antibonding quasiparticles increases at constant temperature. In the area of contact
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between the indenter and the sample, a local decrease in the distance between the
bands and an increase in the concentration of antibonding quasiparticles take place,
which facilitates the motion of atoms (molecules), i.e., the formation of point
defects. However, when the critical concentration of antibonding quasiparticles is
reached, local melting occurs, which leads to an abrupt increase in the depth of
penetration of the indenter under the influence of a constant load. This, of course,
increases the contact area, resulting in a decrease in pressure and, accordingly, in
concentration of antibonding quasiparticles, and the melting process stops.
Therefore, to further increase the depth of indenter penetration, the load must be
increased. With the further increase in the load, the situation described above may
occur and a new abrupt increase in the penetration depth of the indenter, etc., may
take place.

It is clear that the load intensity at which the abrupt increase in the
penetration depth of the indenter occurs will depend on the nature and processing
of the material, the geometry of the indenter tip, the loading rate and the
temperature of the experiment that will affect the formation of antibonding
quasiparticles. With increasing temperature, thermal transitions of electrons will
also contribute to the achievement of a critical concentration of antibonding
quasiparticles. Therefore, an abrupt increase in the depth of penetration of the
indenter will occur at lower loads, which is observed experimentally. With an
increase in the loading rate, the equilibrium critical concentration of antibonding
quasiparticles does not have time to be reached, for which purpose an increase in
the load is required, which is observed experimentally. The experimental data on
the trixotropic effect also confirm the mechanism of an abrupt increase in the depth
of penetration of the indenter under the action of a constant load due to local
melting: the appearance of humps of an amorphous substance in the material at the
indenter penetration interface which in its structure is very similar to a solid frozen
after melting.

To explain the dependence of hardness on the depth of indentation, let us
consider how the strength of chemical bonds varies in the direction from the surface
to the volume. Extreme atoms on the surface have unsaturated chemical bonds - the
excessive electrons which bind to the neighboring side atoms, and a phenomenon of
dimerization type is observed. This excessive negative charge density flows over the
chemical bonds of atoms located deep from the surface, decreasing with depth the
faster, the smaller and the dielectric constant of the substance.

Thus, an increase in the negative charge density towards the surface increases
the strength of the chemical bonds and, consequently, the hardness , which is
observed experimentally . This mechanism is proved by the fact that if we somehow
increase the concentration of antibonding quasiparticles on the surface reducing
thereby the strength of the chemical bonds, so that the concentration antibonding
quasiparticles on the surface of the sample be maximum and fall down deep into the
bulk of the sample, the hardness on the surface must be lower than in the depth. In
the indentation process, the surface of the studied sample was illuminated in one case
by strongly absorbable monochromatic light and in the other-by white light
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penetrating to a considerable depth. As can be seen from the figure, in the first case,
the hardness on the surface, where the concentration antibonding quasiparticles is
maximum, is lower than at the depth, where antibonding quasiparticles are not
generated by light. The dependence of the increase in hardness deep from the surface
coincides with the decrease in the concentration of antibonding quasiparticles
generated by light. In the second case, light, penetrating to the entire studied depth
of the sample, generates antibonding quasiparticles fairly uniformly, and a decrease
in hardness occurs evenly throughout the whole depth of the sample. These data, in
our opinion, prove unambiguously the correctness of the proposed mechanism.

Thus, it has been shown that under the action of an external force, in this case
an indenter, the bonding and antibonding zones converge and the formation of
antibonding quasiparticles - excited free electrons and holes, which reduces the
energy of chemical bonds. This makes it easier to change the location of the atoms,
which in the beginning creates point defects and as the external force increases, the
material melts and breaks down .
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