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Although micro- and nanoindentation seems to be very simple, in fact it is a very complicated process regarding the deformation 

mechanism as well as the changes in the material’s structure under the indenter. The material’s response to the penetration gives valuable 
information about structural peculiarities of the samples investigated.  The penetration deformation causes formation of a permanent imprint 
after indenter releasing and elastic and time dependent viscoelastic imprint restoration. Molecular and supramolecular structure of  polymer 
based materials is very various and complicated, so the structural interpretation of the material response becomes relatively difficult. 
Special attention is paid to the properties of the epoxy/carbon nanotubes composites, which were prepared by two different processing 
modes: without functionalization (mode I) and with functionalization of the filler (mode II). We use Depth Sensing Indentation (DSI) test and 
Positron Annihilation Lifetime Spectroscopy (PALS) as a adequate approach to the mechanical characterization and determination of 
structural peculiarities of the nanocomosites. It has been established that microindentation measurement are sensitive to microvacancies but 
not to free volume holes with nanodimentions. Nanocomposites prepared by mode II in spite of larger free volume holes (FVH) manifest 
higher microhardness characteristics because the nanotubes treated with PEPA become more massive and in a peculiar manner reinforced 
by thin polymer layer wrap.   
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CARBON NANOTUBES 

1. INTRODUCTION 
Although micro- and nanoindentation seems to be very 

simple, in fact it is a very complicated process regarding the 
deformation mechanism as well as the changes in the material’s 
structure under the indenter. The material’s response to the 
penetration gives valuable information about structural 
peculiarities of the samples investigated.  

The penetration deformation causes formation of a 
permanent imprint after indenter releasing. The classical, 
conventional indentation test is based on direct measurements of 
the residual impression left in the sample surface after the 
removal of the load. The hardness thus measured gives 
information about the resistance against plastic deformation. 
The most used characteristic for scientific investigation in the 
field of microindentatin is Vickers hardness (Vickers indenter is 
a square pyramid with opposite faces at an angle of 136o), and 
hardness with a Knoop  indenter (rhombohedral-shaped 
diamond indenter, which long diagonal is seven times as long as 
the short diagonal.) For nanoindentation the common indenter is 
a Bercovich pyramid (115° triangular pyramid indenter) as well 
as a Vickers indenter. 

The polymers have a rather complicated molecular and 
supramlecular structure. The pure polymer could be amorphous 
or semicrystals. The large molecules in the amorphous one are 
in disorder state with different quantity of physical or chemical 
entanglements or crosslinking. The semicrystals one possesses 
crystal and amorphous part and the crystal phase consists of 
special imperfect blocks named lamellae. 

There are some investigated and well established relations 
between Vickers microhardnes and paramertes characterizing 
the polymer structure as a degree of crystallinity, lamella 
thickness, lamella perfection, hardness of the crystal phase, 
polymorphous forms, micro cavities, Curie transition, etc.  
 The modern indentation test is based on the measurement of 
load–displacement curves at a constant loading speed. The 
methods is known as a depth-sensing indentation (DSI) or 
instrumented indentation testing (IIT) and allows to establish 
directly the indentation elastic modulus, indentaton creep, 
plastic and elastic part of indentation work, dynamic hardness 
and Martens hardness which reveals how the material responds 
to plastic, elastic and viscoelastic deformation components of 
the sample during the test, indentation hardness according the 
model of Oliver Pharr etc. Combining all these indentation 
properties, showing how the material responses to the indenter 

penetrating it is possible to obtain indirect information about 
material’s structure.  

The aim of this article is to illustrate how microindentation 
measurements are sensitive at the dispersion level and to 
distinguish the good and bad dispersion of the nanoparticles. It 
also aims at demonstrating how only on the base of two 
nondestructive methods (DSI and PALS-Positron Annihilation 
Lifetime Spectroscopy) it is possible to obtain information about 
the structure of rather complicated polymer nanocomositions. In 
our case the object of investigation is the supramoleculare 
structure of polymer nanocoposites based on epoxy resin and 
multiwall carbon nanotubes (MWCNTs). 

2. EXPERIMENTAL 
 
2.1.Material 

Еpoxy/carbon nanotubes composites were prepared by two 
different processing modes: without functionalization (mode I) 
and with functionalization of the filler (mode II).  

Mode I - MWCNTs were premixed directly in the epoxy. 
Further on, the appropriate amount of epoxy/amine was added to 
the dispersions with subsequent curing for preparation of 
epoxy/MWCNT nanocomposites. 

Mode II – MWCNTs were functionalized by amine groups 
by mixing polyethylene polyamine (PEPA) directly in the amine 
hardener at a high speed mechanical stirring and intensive 
ultrasonication.  

2.2. Investigation methods 

2.2.1 Microindentation measurement 

The measurements were performed on a Dynamic Ultra 
Micro Hardness Tester DUH-211S from Shimatzu Japan 
according to standard (ISO 14577-1). The test conditions were: 

Regime - load- unload; 
The indenter - Vickers pyramid;  
Loading speed – 14 mN/s; 
Maximum force P - 200 mN; 
All measurements were performed at room temperature.  
The following microhardness characteristics ware measured 

measured using a load-unload test : 
-Dynamic hardness (DH) [1]:              

                                 DH = a F/h2,                                      (1) 

where (F) is the value of the instant load, a is a constant, h is a 
indentation depth.  
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- Martens hardness [1] (HMs) was determined from the 
slope (m) of the increasing force/indentation depth curve.  

                             HMs = 1/(26,43.m2)                              (2) 

-Indentation hardness [2] (Hit) according to the model of 
Oliver-Pharr is a measure for the resistance to permanent 
deformation. 

                                  Hit =P /24,50hc2,                              (3) 

where hc is the depth of contact of the indenter with the test 
piece.  

Vickers microhardness (MHV*) is calculated according to 
the equation:  

                              MHV* = kP/d2,                     (4) 

where P is the applied load, d is the projected diagonal length of 
the imprint after the indenter realising and (k=18544) is a 
constant dependent on the geometry of the pyramid.  

2.2.2. PALS Measurement 

Measuring the lifetime of positrons (PALS) is a method of 
positron spectroscopy and is one of the most sensitive methods 
for analysis of free volume sizes in various materials. Positrons 
(e +) are usually obtained using a radioactive source - isotopic 
beta plus decay. The most commonly used source is Na 22. 
Essentially PALS acts as stopwatch with picoseconds precision. 
After entering a polymer, an energetic positron is slowed down 
by interactions with the matter and at the end of its track either 
annihilates or forms a positronium atom (Ps). Ps is a hydrogen-
like state of a positron and an electron and exists in two states: 
para-positronium (p-Ps) and ortho-positronium (o-Ps), 
corresponding to the spin orientations  (anti-parallel and 
parallel) of the consisting particles. 

The intrinsic lifetimes of o-Ps and p-Ps in a vacuum 
correspond to 142 and 0.125 ns. In condensed matter, the former 
can be located in a free volume hole and annihilates due to so-
called pick off process in a few nanoseconds, the value of which 
depends on the hole size.  

A semi-empirical relationship, derived from Nakanishi and 
Jean [3] associates radius, R, of the free volume for supposed 
spherical symmetry, where Ps is localized, with the lifetime of 
o-Ps: 
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where λB = 2 ns-1 is the spin averaged annihilation rate of Ps, 
and Ro = 0.1656 nm is experimentally determined parameter. 

PALS spectrometer used was a standard system for 
matches. Used time-amplitude converter is Canbera 2145. The 
spectrometer showed resolution ~ 265 ps (FWHM) for 8,192 
channels and channel width of 20.4 ps. Two pieces of the 
sample in sandwich geometry with source between them were 
measured for 24 hours for each type. 

For analysis of the recorded PALS spectra  the program 
LT9 was used [4]. We used three components: the first was 
fixed at 0.125 ns, which is the lifetime of p-Ps, the second is in 
the (0.335-0.342) ns range and is associated with the 
annihilation of free positrons, and the third component with a 
lifetime of about 1.8 ns is lifetime of o-Ps due to pick-off 
annihilation. When processing the spectra with LT9 program we 
suppose that the third component is not discrete, but a 
continuous one  

with lognormal distribution characterized by a mean value and 
deviation from the mean (STD). In this study we are interested 
in free volume and therefore further analysis focuses on the third 
component. Measurements were performed in air at room 
temperature. 

3. RESULT AND DISCUTTIONS 

3.1. DSI measurements 

Fig. 1 demonstrates the concentration dependences of some 
microhardness characteristics obtained by instrumented 
indentation testing.  HMs and DV represent the general material 
resistance against local penetration. These curves lie under Hit 
curve which represents resistance against irreversible 
deformation and as a physical meaning should correspond as a 
trend to Vickers microhardness.  
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Fig. 1a. Influence of the amount of filler on microhardness 
characteristics of epoxy nanocomposites obtained by mode I. 

0,00 0,05 0,10 0,15 0,20 0,25 0,30

60

80

100

120

140

160

180

200 Regime 2

 

 

M
ic

ro
ha

rd
ne

ss
 [M

P
a]

Carbon nanotubes content [%]

 DH
 HMs 
 Hit
 MHV*

 

Fig. 1b. Influence of the amount of filler on microhardness 
characteristics of epoxy nanocomposites obtained by mode II. 

Samples prepared by mode I (without pretreatment of the 
nanofiller) showed worsening of the microhardness performance 
at low concentrations of filler, while samples with functionalised 
filler (mode II) have a completely different behavior. Their 
microhardness characteristics increase at very small nanofiller 
concentrations (0.03%). Increasing the filler amount reduces the 
microhardness. 

This trend of the dependencies can be explained by the 
following structural changes in the nanocomposites: 

- When carbon nanotubes are functionalized in advance, 
they are better dispersed in the composite because of better 
interfacial contact with the matrix and therefore there are less 
defects of vacancy type. 

- The next deterioration of microhardness characteristics for 
the composites filled up to 0.08% for both groups of samples 
could be attributed to the fact that initially dispersed particles 
begin aggregation, forming follicles through the thin polymer 
wrap. 

- Further increasing in the concentration over 0.08%, leading 
to an increase in microhardness characteristics for both groups is 
due to the formation of a net structure between the follicules, 
which obviously has a greater resistance to the indenter 
penetration. 
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Fig. 2 presents the microhardness profiles, i.e. the change 
the dynamic hardness as a function of the indentation depth for 
composites containing 0,03% MWCNTs (a) and 0,08% 
MWCNTs  (b) as well as the virgin epoxy resin. 
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Fig. 2а Microhardness profiles of epoxy / MWCNTs composites 
with different filling rates for samples obtained in mode I.  
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Fig. 2 б Microhardness profiles of epoxy /MWCNT composites 
with different filling rates for samples obtained in mode II. 

It was found that: 
 All samples have higher surface hardness. The 

abnormal growth of DH at very shallow depths of penetration is 
usually attributed to the imperfection of the tip of the pyramidal 
indenter.  

 The trend of microhardness profiles in the 
intermediate area between the inner layers with constant 
hardness and abnormal area gives information on structural 
heterogeneity. This is the area where the scale factor in 
microindentation measurements can be manifested. This idea, 
which enables the assessment of the homogeneity of the 
samples, was proposed and described in detail in by our working 
group [5] and is schematically illustrated in Fig. 3. 

 

 

 

 

 

 

Fig. 3. Schematic illustration of the reasons for the 
manifestation of the scale factor in an indentation 
experiment. 

If the defects are vacancy type, then the microhardness 
would start increasing in small indentation depth because the 
indenter would pass through non-defective areas and measured 
microhardness can get closer to that for ideal, defect-free 
material.  

In the light of the above idea the filler influence on the 
microhardness in the case can be described as a consequence of 

a good or bad matrix-filler contact. When the contact is bad 
defects of vacancy type may occur. 

Scale factor manifestation is at lower depths for composites 
prepared in mode II. Therefore there are fewer defects, which 
indirectly confirms the good contact between the epoxy matrix 
and carbon nanotubes. 

3.2. PALS measurement 

Fig. 4 shows the mean o-Ps lifetime and standard deviation 
depending on the content of carbon nanotubes studied for both 
modes. As a secondary axis is an average dimensions of the 
nanopores. The corresponding intensities are given in fig 5. 

 The data show that the introduction of filler into the epoxy 
matrix leads to a slight increase of free volume at low 
concentrations (up to 0.03% for mode II and 0.08% for mode I), 
followed by a stabilizing or even decreasing of the free volumes 
for samples containing 0.3 % CNTs.  
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Fig. 4 Mean lifetime and STD of o-Ps as a function of the 
content of MWCNTs prepared under mode I and II. As a 
secondary y-axis is set the average size of FVH calculated by 
formula (5) 
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Fig.5 o-Ps intensity as a function of the content of MWCNTs 
prepared under mode I and II. 

Interpretation of the data on the influence of the filler on o-
Ps intensity is more complicated because the carbon in all its 
forms - diamond, graphite, nanotubes, etc., is an inhibitor of the 
formation of positrons and this can lead to masking the real 
results. It can be expected that increasing the concentration of 
carbon nanotubes would reduce the intensity of o-Ps and this is 
indeed the case for samples prepared in mode I. However, for 
the specimen prepared by mode II initially a slight intensity 
increasing (filling up 0.03%) is observed, instead of the 
expected reduction. The followed reduction of o-Ps intensity for 
MWCNTs concentration till 0.3% is with the same slope 
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dependence as for the specimen prepared by mode I, i.e. both 
samples possess the same sensitivity to the nanotubes. 

This feature can be explained by a specific role of the PEPA 
(polyethylene polyamine) layer on the filler. This layer blocks 
the centers on carbon nanotubes surface which acts as inhibitor 
for positrons. Gradually reducing the intensity after 0.03% 
cannot allow making a definite conclusion if the concentration 
of free volume decreases or it is an effect of inhibiting of o-Ps 
formation.  

3.3. Comparing the result of DSI and PALS  
The results of PALS, compared with micromechanical 

studies allow  some additional assumptions about the structural 
feature and mechanical behavior of the samples at the molecular 
level. 

The results for samples of mode I are logical: Between non-
functionalized carbon nanotubes and polymer matrix occur 
defects of vacancy type. That increases the size of the nanopores 
and a deteriorates the  microindentation characteristics: 
hardness, modulus, etc. 

For samples prepared by mode II, there is an obvious 
disagreement between microindentation research and PALS 
results. For small filler concentrations microindentation 

characteristics improved, which, we suppose, is due to the 
amino functionalized nanotubes and corresponds to the better 
interface contact with the epoxy matrix. However, PALS 
research shows larger nanopores and higher o-Ps intensity, i.e 
contrary to our expectations. This discrepancy in both studies is 
possible only when some change becomes in inherent hardness 
of the matrix and/or of the filler. We have shown in former 
publications [6,7] that microhardness characteristics are more 
sensitive to the own hardness of constituent components rather 
than to the size or quantity of vacations. In this case, it is 
logically to assume that carbon nanotubes treated with PEPA 
become more massive and in a peculiar manner reinforced by 
thin polymer layer wrap. Fig. 6 illustrates schematically the 
structural peculiarities of the samples above discussed.  
1-Epoxy/MWCNTs (Mode I) Small concentration of the filler 
2-Epoxy/MWCNTs (Mode I) Higher concentration of the filler 
3-Epoxy/MWCNTs (Mode II) Small concentration of the filler 
4-Epoxy/MWCNTs (Mode II) Higher concentration of the filler 
5- Epoxy/MWCNTs (Mode II) Small concentration of the filler 

(Idea according to PALS results) 
6- Epoxy/MWCNTs (Mode II) Higher concentration of the filler 

(Idea according to PALS results) 
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Fig. 6 Scheme of the structural peculiarities of the samples above discussed 

 

4. CONCLUSIONS 

At small concentration of carbon nanotubes and when they 
are functionalized in advance, they are better dispersed in the 
composite because of better interfacial contact with the matrix.  

At concentration between 0.03 % - 0.08 % the deterioration 
of microhardness characteristics could be attributed to the fact 
that initially dispersed particles begin aggregation, forming 
follicules through the thin polymer wrap. 

Further increasing in the concentration over 0.08%, leading 
to an increase in microhardness characteristics for both groups is 
due to the formation of a net structure between the follicules.  

Nanocomposites prepared by mode II in spite of larger free 
volume holes manifest better microhardness characteristics 
because nanotubes treated previously with PEPA become more 
massive and in a peculiar manner reinforced by thin polymer 
layer wrap.   

Microindentation measurements are sensitive to 
microvacancies but not to free volume holes with 
nanodimentions 
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