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Abstract 

Polymer–carbon nanotube (CNT) composites are promising structural materials due to high formability, good 
mechanical properties and high electrical conductivity. The main targets of polymer–CNT composite research 
are to reach a homogeneous distribution of the CNT in the polymer, and to achieve a high adhesion between 
CNT and polymer. The resulting properties were less frequently investigated till now, for example 
nanoindentational hardness and Young’s modulus have not been studied to our knowledge. Nanoindentation was 
chosen as method of investigation, because it requires a small piece of sample material and it is nearly damage 
free. Beside an MWNT free reference samples with 2, 4, and 6 wt% of multiwalled carbon nanotubes (MWCNT) 
were produced using the master batch dilution method starting from a composite with 15 wt% MWCNT. 
Nanoindentation investigations showed an increase in hardness and Young’s modulus of the samples by 
increasing the MWCNT concentration. This increase was about twice the weight fraction of MWCNT in the 
nanocomposite samples. 
Keywords. Nanocomposite; carbon nanotubes; multiwalled carbon nanotubes; polycarbonate; nanoindentation; 
hardness; Young’s modulus; nanomechanical properties; pile–up. 

Abbreviations and notations 
AFM, atomic force microscopy  HB, hardness 
CVD, chemical vapour deposition hc, contact depth  
CNT, carbon nanotube PC, polycarbonate  
Er, Young’s modulus MWCNT, multiwalled carbon nanotubes 
ISE, indentation size effect   

1 INTRODUCTION 

Polymer–carbon nanotube (CNT) composites are promising candidates to exploit the outstanding 
properties of carbon nanotubes in construction materials with high mechanical [1–5] and good 
electrical properties [6–7]. The main target of CNT–polymer composite research nowadays is to 
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reach a homogeneous distribution of the CNT in the polymer and to achieve an adequate adhesion 
between CNT and polymer [8–10]. 

In context with the availability and prices of CNT, there is a need for methods using small 
sample amounts in order to get information about the mechanical performance of such composites. 
For standard mechanical test methods, like tensile testing, it is not easy to work out the required 
number of standard samples when having only small amounts of CNT and the corresponding 
nanocomposites. Consequently, alternative methods are often used for determining mechanical 
properties [1,4,9,11]. In this work, nanoindentation was used to determine hardness (HB) and 
Young’s modulus (Er) of the samples. 

In ancient times, hardness was used to determine the purity of valuable materials: pure gold and 
silver are extremely soft if really pure, gemstones are in contrary extremely hard. The first hardness 
scale, the Mohs empirical hardness scale was established to determine the hardness of minerals. 
Modern hardness test was developed around 1900 as a materials testing instrument, first of all to 
determine the quality of construction materials. A hard indenter body is pressed by a predefined 
load into the sample, and the so called contact pressure is calculated. This quantity is the quotient of 
the maximal load over the cross sectional (in some standards the whole surface) area of the relaxed 
indent crater. The contact area is determined optically by measuring the dimensions of the indent’s 
impression [12–14]. In hardness test a rule of thumb exists: in order to obtain correct data, the 
sample should have a ten times higher thickness than the indent’s depth. As the thickness of the 
tested plates or coatings decreased in the past decades, the technique has been changed for enabling 
measurements with smaller and smaller penetration depts. Milestones of this development are the 
development of micro–hardness test by combining an optical microscope with the hardness tester, 
and the development of the nanoindentation as a depth sensing test method [15–16]. In 
nanoindentation experiments the indenter is pressed into the sample according to a predefined load–
time program. The area of contact is calculated from the contact dept. This is the depth where the 
load is getting zero on the unloading arm of the load curve. The Young’s modulus of the sample is 
also determined in these experiments, and it is proportional to the slope of the unloading curve at 
maximal load. 

The aim of this work was to investigate the mechanical properties of CNT–polymer composites 
by nanoindentation. The nanoindentation was chosen as method of investigation, because this 
method uses small pieces of sample material, and it does not require specially machined samples. It 
is shown that the hardness and Young’s modulus of the composite is increasing with the 
multiwalled carbon nanotubes (MWCNT) content. AFM images of the indents were also taken 
which indicated that the deformation of the samples changes slightly with the variation of MWCNT 
concentration. 
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2 MATERIALS AND METHODS 

2.1 Nanocomposite preparation
Beside an MWNT free reference polymer composites containing 2, 4 and 6 wt% of MWCNT 

were prepared by melt extrusion starting from a commercially available master batch of 
polycarbonate with 15 wt% MWCNT (provided by Hyperion Catalysis Intern. Inc, Cambridge, 
USA). The MWCNT are produced by chemical vapor deposition (CVD) and have diameter in the 
range of 10–15nm consisting of 8–15 graphite layers [17]. The composite granules as well as the 
base polycarbonate (PC) have been subsequently compression molded at 260°C into plates with a 
diameter of about 70mm and a thickness of about 1mm. Prior to processing the materials were dried 
at 120°C in vacuum for 4h. The polycarbonate used has a zero shear viscosity of 600 Pa s at 260°C. 
It has to be mentioned that all the samples filled with MWCNT were electrically conductive [18] 
having volume conductivities higher than 0.01S/cm. This indicates a kind of percolated network of 
MWCNT within the polycarbonate matrix, which is expected to get denser at higher MWCNT 
loading. The dispersion of MWCNT in the samples is quite homogeneous, as described in work of 
Satapathy et al. [19]. 

2.2 Nanointendation 
The nanoindentation instrument we used in this work was a Nanoscope IIIa scanning probe 

microscope equipped with a Dimension 3100 AFM head and with a Hysitron TriboScope 
nanoindenter head. It is possible to image the nanoindentation impression by replacing the two 
heads against each other. The Triboscope head is also able to image the sample surface with the 
indenter tip; this method however distorts the image slightly, and the imaging speed should be 
reduced considerably. The indentation samples were simply cut from the sample plates, and glued 
on stable steel sample holder using special wax glue. 

Figure 1. Cyclic loading program used in indentation experiments. 

2.3 Cyclic indentation method
To obtain as much experimental data as possible, we used the so–called “cyclic loading” method. 

The indenter tip was first loaded to 10% of the nominal value, this load was hold for 5seconds, and 
unloaded to 5% of the nominal load. In the next cycle it was loaded to 20%, hold and unloaded to 
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5%, and so on, as it is shown in the load program in Figure 1. This cyclic loading method enables to 
evaluate the hardness and Young’s modulus in all unloading arms of the loading curve, resulting in 
10 data pairs in each indentation. 

Figure 2. Load curve of an indentation experiment. 

Figure 3. Principal schema of 4x4 array of indentations, numbers on each 
indentation triangle indicating order and maximum load in N of the indentation. 

The loading curve is shown in Figure 2 leading to a total time for each cyclic loading of about 
70s. The method is applicable only to samples, which do not show the work hardening effect. For 
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polymer composites this requirement is fulfilled, consequently this cyclic method accelerated the 
work considerably without influencing the accuracy of the measurement. In each run sixteen cyclic 
indentation experiments were carried out on a 4×4 matrix of indentation sites covering an area of 
about 50×50 m (see Figure 3). During each run the maximal load increased from 1000 to 4000µN 
covering a broad range of indentation depths. Since positioning of the sample/indenter for the next 
cycle needed about 85s, the total time needed for each 4x4 matrix was about one hour. After each 
run the surface of the indented area was imaged in the AFM mode of the Hysitron nanoindenter 
showing the 16 impressions in the (sometimes considerably rough) surface of the sample (Figure 3) 
(this imaging took about one quarter of the time requirement of the experiment). 

3 RESULTS AND DISCUSSION 

The evaluation of each load curve delivers 10 different values of hardness, Young’s modulus, 
and penetration– or contact–depth values. The hardness and the Young’s modulus are plotted 
against the calculated contact depth in Figures 4 and 5, respectively. 
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Figure 4. Hardness as function of contact depth in the sample with 2wt% MWCNT. 
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Figure 5. Young’s modulus as function of contact depth in the sample with 2wt% MWCNT. 

The data obtained for a sample with 2wt% MWCNT are shown in Figures 4 and 5, but all other 
samples show a similar behaviour: the hardness and Young’s modulus is increasing with 
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penetration depth at low penetration under about 500nm, and reaches a constant value above about 
1µm penetration. This effect is called the indentation size effect (ISE). It may have many 
influencing factors, as a soft surface layer on top of the sample, surface roughness, indenter tip 
rounding, and so on. All the data contain a considerably high spread due to the roughness of the 
samples. The increase in values with penetration depths at low depths is caused by a surface effect 
in the sample, but the increased spread of data in this range is due to intrinsic error caused by the 
surface roughness. 

We used the hardness and the Young’s modulus averaged for the contact depths higher than 
500nm as standard measure of hardness and Young’s modulus of the sample. These data are shown 
in Figures 6 and 7 as function of the MWCNT concentration of the composite. Both mechanical 
properties are increasing with MWCNT content linearly, and the relative increase in mechanical 
properties is about twice the MWCNT weight concentration. 
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Figure 6. Hardness as function of MWCNT concentration in the nanocomposites. 
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Figure 7. Young’s modulus as function of MWCNT concentration in the nanocomposites. 

The AFM images of indented areas are shown in Figure 8. So called pile–ups surround the 
indents in the PC sample as shown in Figure 8a. These small bumps are composed of the material 
pressed away by the indenter. This effect increases the measured hardness and Young’s modulus in 
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depth sensing indentation experiments. The pile–up increases the contact area compared to the 
calculated one (based on the assumption of a flat sample surface), and in consequence the calculated 
hardness and Young’s modulus values are larger than the real ones. This effect is the largest in 
Figure 8a, taken on the pure PC sample, more or less pronounced in Figure 8d and in Figure 8e 
taken on samples containing 6 and 15wt% CNT respectively, and the effect is small in Figure 8b 
and in Figure 8c with 2 and 4wt% CNT respectively. The effect should be investigated more in 
detail in order to evaluate the piling–up effect, and determine the exact hardness and Young’s 
modulus values. 

Figure 8. AFM images of the indented surfaces of pure PC (a), PC with 2wt% MWCNT (b), PC with 4wt% MWCNT 
(c), PC with 6wt% MWCNT (d), and PC with 15wt% MWCNT (e). 

Pile–up is influencing the measured hardness and Young’s modulus in depth sensing 
nanoindentation experiments. The pile–up increases the area carrying the load compared to the flat 
surface, consequently the measured hardness and Young’s modulus of an indent surrounded by a 
pile–up bump are smaller than the real ones. Based on measurement of the pile–up height, the 
decrease of the measured values are less than 10%, which is in the range of the measurement error, 
so we do not carried out a correction for the pile–ups. 
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4 CONCLUSIONS 

Polycarbonate – MWCNT composites has been manufactured by melt extrusion starting from a 
commercially available masterbatch of PC with 15 wt% of MWCNT produced by CVD process. 
Extensive nanoindentation experiments were carried out on the samples cut from the PC–MWCNT 
composites. Young’s modulus and hardness of polycarbonate nanocomposites containing MWCNT 
were found to increase nearly linearly with MWCNT content in the investigated range of 
concentration. The relative increase of these mechanical properties is about 2 times the MWCNT 
weight concentration of the composites. So–called pile–ups were revealed around the 
nanoindentation impressions by AFM investigation in all samples. These pile–ups were most 
pronounced in the pure PC sample, however within the nanocomposites, the samples with higher 
MWCNT concentration showed larger pile–ups. Piling–up is reducing the Young’s modulus and 
hardness of the samples, but this effect is expected to be small (<10%). It could be also shown that 
nanointendation is a suitable method in order to characterize the mechanical properties of 
nanocomposites containing carbon nanotubes using small sample amounts. 
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