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A brief description of the basis principles of determination Young’s in-
dentation modulus and hardness by using of nanoindentation technique are
given. The detailed indentation technique and characteristic features of poly-
mer at room temperature are also discussed.
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1. Introduction

Scanning force microscopy (SFM), developed by G. Binnig et al. [1, 2], per-
mits to image surface of a broad scale of materials with nanometer resolution. This
technique is also suitable for surface characterization of organic materials [3, 4].
Contrary to other methods such as scanning tunneling microscopy (STM) and
transmission electron microscopy (TEM), it does not require any special prepara-
tion of the sample. One of the latest extensions of this technique is the nanoin-
denting SFM (NI-SFM) [5-8]. The HYSITRON-System, the first commercial rep-
resentative of nanomechanical test equipment of this type, takes advantage of an
electrostatic transducer to obtain the topography of the sample surface by SFM
in contact mode. Moreover, it is possible to investigate the local mechanical prop-
erties of samples [9] at any selected point. This technique has been successfully
used for the study of various nanomechanical properties of polymer single crystals
and amorphous polymer thin films, including elasticity [10, 11], hardness [12] and
viscoelasticity measurements [13, 14]. Depth sensing nanoindentation differs from
classical hardness measurements (Vickers, Brinell and Knoop) [15], where the im-
pressions are first generated, and then 1imaged using a microscopy technique. Load
and penetration depths are simultaneously recorded during both loading and un-
loading, resulting in a force-depth-diagram. This diagram provides much more
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information than a microscopy image of the impression since it tells us the “story”
of the elastic and plastic deformation with increasing load (Fig. 1) and permits
the determination of hardness and Young’s indentation modulus as a function
of penetration depth. Moreover, the hardness measurements can be made with
penetrations smaller than 1 pm.
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Fig. 1. Schematic representation of the force-depth curve for a nanoindentation proce-

dure. The symbol é representing an elastic deformation part of the indent.

In this paper, the principle of the determination Young’s indentation mod-
ulus and hardness will be briefly explained. An atomic force microscopy measure-
ments and characteristic features (Young’s indentation modulus, hardness) of the
polymer surface at room temperature are also discussed.

2. Experimental part
2.1. Ezperimental equipment

All experiments were performed using a Hysitron TriboScope (electrostatic
transducer) attached to a scanning force microscope with a controller Nanoscope E
of the Veeco Metrology Group. The heart of the testing instruments is a three-plate
capacitive force/displacement transducer. The three-plate capacitive design pro-
vides a high sensitivity, a large dynamic range, and a linear force or displacement
output signal. The sensor consists of two fixed outer electrodes (drive plates) which
are driven by AC signals 180° out of phase with each other. Since the drive plates
are parallel to each other and closely spaced with respect to the lateral dimensions,
the electric field potential between the plates varies linearly. Since the signals ap-
plied to the drive plates are equal in magnitude but opposite in polarity at any
instant, the electric field potential is maximized (equal to the applied signal) at
the drive plates and minimized (zero, the two opposite polarity signals cancel each
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other out) at the site centered directly between the drive plates. That allows us
to get “Z” information. Connecting high DC voltage to driving plates a user can
apply a defined force to the tip. This force is proportional to the squared DC
voltage. The tip is made of diamond having a shape of a cube corner (three-sided
pyramid). They were carried out at room temperature in air atmosphere. The
following parameters were obtained (Fig. 1): maximum indentation depth (Amax),
contact depth (h¢), depth of the remaining impression after complete unloading
(hy), maximal applied force (Fimax), nano-hardness and Young’s indentation mod-
ulus.

The key quantities to determine the mechanical properties are defined as
follows. The maximum indentation depth hpax includes elastic and plastic de-
formation. The depth at which the applied forces becomes zero on unloading is
called h¢. The depth h. is the contact depth at which the cross-section area A. is
taken to calculate hardness and indentation modulus. The nano-hardness of the
sample (Hy) is determined using the following formula:

Fmax

HN = Ac(hc)’

where Fiax 18 the maximum applied load and A is the cross-sectional area corre-
sponding to the depth h (see Fig. 1). The determination of the contact depth h.
is given by [16]:

F
he = hmax — 0.75—==
S

where S is the contact stiffness,

ar
dh’
with dF'/dh being the slope of the unloading curve at the initial point of unloading.

S =

The reduced Young’s indentation modulus F, is a measure of the elastic proper-
ties of the tip-sample system and can be calculated from the load-depth curves
according to the following formula:

1 T dF
Eo== [/ ———.
2V Ac(he) dh

For elastically deformable indenters, the reduced modulus F, can be generalized
and is defined as

1 1-v2 1-v

S

Er B Es Et ’

where Ey and vs are Young’s indentation modulus and Poisson ratio of the sample,
Ey and vy are Young’s indentation modulus and Poisson ratio of the indenter tip.
Since Fy is much higher than Eg the value of E, will hardly differ from Ej.
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2.2. Calibration of the nanoindenter

For a tip of ideal cube corner pyramid geometry the relation between inden-
tation depth (h) and cross-section area (tip area function A.) is

A = 2.598h%.

The tip does not have an ideal shape but is blunted due to micromechanical
generation of the tip shape and the use for imprinting into a material. A typical
value of the blunting radius of the tip is 100 nm and, though the tip is made
of diamond, the radius of curvature will increase during a frequent use. Thus,
the determination of the real relation Ac(h¢) is necessary for proper calculation
of nano-hardness and Young’s indentation modulus, particular in case of small
penetrations.

To calibrate the tip, a series of indentations of different loads and depths
into a specimen of known mechanical properties was performed. Then the area
A. as a function of depth can be determined such that the correct values of the
sample are obtained. Since hardness is a quantity that depends on real structure
of the material and is normally subject to an indentation size effect, this entity
1s not suited for calibration. Better suited is the elastic modulus which is hardly
influenced by nanoscopic defects and should be constant. The test specimen should
be homogeneous and isotropic, and should not be subject to chemical alterations,
i.e. oxidation. A suited material 1s fused quartz, which also gives a large elastic
redeformation on unloading (very ductile materials with a small contribution of
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Fig. 2. Area function determined by indentation of fused quartz.
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the elastic deformation to the total penetration, as copper, e.g., are not suited for
this purpose). A series of 50 tests was made on fused quartz with the following
parameters:

Young's modulus Ey = 72 GPa, Poisson’s number vy = 0.17.

This results in 50 data pairs (h;, Ac(hy)), ¢ = 1,...50. The data can then be
fitted to any suitable function. This function should include a parabolic term
(representing the ideal pyramid), a linear term (representing a spherical blunting)
and other terms characterizing tip truncation. We used a following expression [16]:

Ae = agh? + ajh + ash''? + azh'* + ayh'/® + agh'/1°

and determined following coefficients:

A = 3.37Th2 +4.12 x 10%h — 4.88 x 10%2h'/2 + 1.78 x 103h/16.

The calculated area function for our tip is shown in Fig. 2.

3. Results
3.1. Detection of 510y particles in polyethylene terephthalate matriz

The silicon dioxide 1s added to polymers as a filling material very often. The
aim of this process is changing mechanical properties or reduction of production
coast. Homogeneity arrangement of S102 particles in polymer matrix is also very
important. Generally, atomic force microscopy allows us to investigate arrangement
of particles added to composite, but the observation of topography only could lead
to some errors during analysis of filling material distribution in polymer.

The application of nanoindentation technique improves identification which
surface structure is built from which material. Mostly, on the measured sample
hardness and Young’s modulus for spherical structures are the same as for SiOa.
Figure 3a shows topography (2D image) of polystyrene sample with SiO2 particles
in a shape of spheres of diameter from 0.5 to 3 pym. On the ground of topogra-
phy 1image we could suggest that we can see one sphere on the polymer surface.
However, nanoindentation test on the surface of sphere (Fig. 3b) and test on the
surrounding surface (Fig. 3¢c) give us identical mechanical parameters which are
typical of polystyrene. It was nano-hardness of about 0.15 GPa and Young’s mod-
ulus of 2.3 GPa. Hence, nanoindentation technique allows getting more precisely
information about the observed structures of materials in nanoscale.

3.2. Recognition of components in polymer composite

Recognition of components on a sample built of two materials with similar
mechanical properties is much more complicated. A mixture of two polymers can
be an example of such material. In this instance when mechanical properties are
almost the same, it can turn out that we need to make tests also on pure (non
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Fig. 3. Detection of SiO2 spheres in polystyrene matrix.
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Fig. 4. Detection of polymers distribution in polystyrene/butyl rubber mixture. Places
marked as A contains polystyrene, B — rubber. On the diagram are shown typical

force-depth curves for both materials.

mixed) materials. It allows us to identify structures not only from mechanical
properties, but also from the shape of force-depth curve. If differences between
measured materials are more significant we can simply identify structures by de-
termining their mechanical properties. Figure 4 shows an image of the surface
polystyrene /butyl rubber mizture. Spots marked as A are built from polystyrene,
B indicated butyl rubber. There are points of real measurement. The measured
values of Young’s indentation modulus for polystyrene are 2.22 GPa and 0.1 GPa
for butyl rubber, nano-hardness — 0.15 GPa and 0.01 GPa, respectively. These
values are the same as the data from the literature [17, 18]. In this way, we can get a
map of the mechanical properties for investigated sample which shows distribution
of components on a sample surface.

4. Summary

The application of nanoindentation technique allows us to define precisely
mechanical properties of polymers. Local measurements enable recognition, which
kind of material is built on a surface of the sample. Thanks to nanoindentation
technique we receive more information about the structure of the sample than we
can get using atomic force microscopy.
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