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1. Introduction 

 
The plasma nitriding is a method of surface hardening 

using d.c. glow discharge to improve elemental nitrogen to 
the surface of steel with subsequent diffusion into the bulk 
of material1. Generally, two layers are created during plas-
ma nitriding process. The compound layer is consisted of ε-
Fe2-3N and γ-Fe4N phases2. This type of layer has been very 
hard, but unfortunately brittle with good friction and anticor-
rosion properties3. The thickness and hardness of γ´-Fe4N 
depends on quantity and quality of nitride-formed elements4,5.  

The composition of nitrided layers can be effectively 
influenced by chemical composition of nitriding atmosphere. 
The carbon alloy steels have been generally used in automo-
bile industry for their high hardness and strength. Low corro-
sion resistance sometimes limits their industrial application. 
Plasma nitriding process is a chemical-heat treatment widely 
used to increase the surface hardness, fatigue strength, wear 
and corrosion resistance of steels13. Parameters of plasma 
nitriding layer are not dependent only on process parameters 
of nitriding, such as duration, temperature, pressure, voltage 
and nitrogen potential, but also dependent upon the substrate 
alloy type and in this case of selected alloy on their micro-
structure6.  

The aim of study was to research the creation of nitrided 
layer inside the cavity with the diameter of 6 and 8 mm at 
pressure 4 mbar. This study deals with mechanical properties 
of nitriding layers inside the cavities after plasma nitriding 
process.  

 
2. Experimental 

 
Bars of 32CrMoV12-10 steel in an untreated state were 

cylinder bored with diameters of 6 and 8 mm. The samples of 
length 500 mm were heat treated (HT) in accordance with 
Tab. I.  

A microhardness of an untreated material of samples 
was 580 HV0,05. Plasma nitriding was carried out on PN 60/60 
RÜBIG appliance in accordance with following parameters 
from Tab. II. The charge was consisted of 2 cylindrical sam-

ples (cavities) which were plasma nitrided at the pressure of 
4 mbar for 6 hours. 

After plasma nitriding process, the samples with the 
diameters of 6 and 8 mm were cut off. The length of the first 
sample was 30 mm, each other was 12 mm. The lengths of the 
samples were 30, 42, 54, 66, 78, 90, 102, 114, 126, 138, 150, 
162, 174, 186, 198, 210, 222, 234, 246, 258 mm which is 
shown in Fig. 1. All samples were wet grounded using silicon 
carbide paper with grit from 80 down to 2000 and subsequent-
ly polished. 

Glow discharge optical spectroscopy (GDOES) meas-
urement was performed in the LECO SA-2000 optical emis-
sion spectroscopy analyser with argon glow discharge plasma 
excitation source and mentioned calibration of nitrogen: JK41-1N 
and NSC4A standards. The chemical composition of material 
was measured by GDOES/Bulk method and the nominal com-
position is displayed in Tab. III. The depth profile was evalu-
ated by GDOES/QDP method and is shown in Fig. 2.  

The microhardness was measured by Vickers micro-
hardness method on the automatic microhardness tester LM 
247 AT LECO at 50 g load and 10 s dwell time. The major 
Vickers microhardness numbers were derived from five meas-
urements such an average value according to Fig. 3 and the 
result is displayed in Fig. 4.  

Following equation was used for calculation of Nht 
thickness X (Eq. (1)) in accordance with DIN 50190 

Temperature [oC] 500 

Duration [h] 6 

Gas flow  H2/N2 [l.min-1] 24/8 

Bias [V] 530 

Pressure [mbar] 4 

Pulse length [µs] 100 

Procedure Temperature [°C] 
Salt quenching 940 
Salt tempering 650 

Table I 
Temperatures of heat-treatment 

Table II 
Parameters of plasma nitriding process 

Fig. 1. Image of cutting samples 
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standard8: 

where X is Nht thickness in mm, Y is the average microhard-
ness number from five indentation´s patterns in HV 0.05 [kg]. 

Confocal laser microscope LEXT OLS 3000 with out-
standing resolution of 0.12 µm and magnification range from 
120× to 12400× was used for observation and cross-structure 
documentation and compound layer evaluation. Cross-section 
structure of chemical etched material is shown in Fig. 4.  

Instrumental hardness measurements were carried out on 
a Zwick Universal testing machine with a hardness measure-

ment head (Zwick ZHU 2.5). The initial head speed approach-
ing the sample was 300 mm min1. After the head touched the 
sample, the approach speed of the diamond indenter until 
initial contact with the specimen was 50 mm min1. Indenta-
tions were made on the surface of sample. The tests were 
carried out at 100 N indenter loads. Working test force has 
been maintained for 12 s. The result values of universal hard-
ness were calculated as an average value of 5 measurements. 

The universal hardness was evaluated automatically by 
software (TestXpert®) and was expressed as volume hard-
ness9. Universal hardness was measured on HT nitrided and 
NHT nitrided samples (Fig. 5, 6).  

Vickers indentor was used for indentation test. Follow-
ing equation was used in calculating universal hardness HM 
(Eq. (2)). 

where HM is universal hardness in N mm2, F2 force at the 

C Mn Si Cr Mo V P S 

GDOES/Bulk 

0,30 0,47 0,25 2,95 0,89 0,28 0,002 0,001 

DIN standard 

0,30 

0,35 

<  

0,60 

<  

0,35 

2,80 

3,20 

0,80 

1,20 

0,25 

0,35 

<  

0,025 

<  

0,010 

Fig. 2. GDOES depth profile of plasma nitrided sample after 6 
hours 

Fig. 3. Image of measured specimen 
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Fig. 4. The chemically etched (by NITAL) confocal cross-sectional 
microstructure (diameter of 6 mm  in length 30 mm) with micro-
hardness depth profile of a plasma nitrided layer 

Table III 
Chemical composition of 32CrMoV12-10 steel 
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point of load application after dwell time in N, fIT is factor for 
indentor (26,43 for Vickers), h2 is indentation depth at the 
maximum force in mm9.  

 

 
3. Results 

 
Heat-treated samples with diameters of 6 and 8 mm, 

which were plasma nitrided at pressures of 4 mbar, were in-
vestigated and subsequently compared. 

Microhardness of depth profiles of plasma nitrided lay-
ers confirmed the enhancement of microhardness more than 
500 HV0,05 which is shown in Fig. 4. Nht thickness of plasma 
nitrided layer was measured in accordance with DIN 50190 
standard8. The samples with the diameter of 8 mm attained 
Nht thickness 0.10 mm in length 30 mm (Fig. 7). The values 
of Nht thickness irregularly decreased with increasing length 
of nitriding. Nht thickness was 0.02 mm in length 234 mm. In 
next sample, no nitrided layer was found. 

In case of cavity with diameter of 6 mm, in length 
30 mm the Nht thickness achieved 0.12 mm (Fig. 7). 

The last value of Nht thickness of nitrided layer 
0.04 mm was measured in length 138 mm.  

Nitrided layer was lengthened from 138 (cavity 6 mm) 
to 234 mm (cavity 8 mm) in order to increasing of diameter 

(Fig. 7). The length of nitrided layer in cylindrical cavity is 
decreased with the decreasing diameter of cavity.  

Evaluation of universal hardness measurement showed 
that plasma nitriding increase surfaces hardness of ferrous 
materials (Fig. 5, 6). Especially in Fig. 5, 6 are visible the 
changes of hardness of nitrided layers what is represented by 
higher depth of indentation. Also microhardness depth pro-
files (Fig. 4). 

 
 

 

4. Conclusion 
 

After plasma nitriding process the nitrided layers were 
created. This layer consisted of compound layer and diffusion 
layer (Fig. 4).  

The mechanical properties of created nitrided layer were 
researched and compared with no nitrided material. Experi-
ments showed that plasma nitriding process increase the sur-
face hardness about 100 % in case of material 32CrMoV12-
10. 

This fact is displayed in Fig. 4, 5, 6. The length of nitrid-
ing was 234 mm in case of cavity with diameter of 8 and 
138 mm in case of cavity with diameter of 6 mm (Fig. 8). 

Results of experiment show that diameter of cavity 
caused change of length of nitriding. It was proven that the 
diameter of cavity has remarkable influence on the plasma 
nitriding in length in accordance with Fig. 8. Peaks which 
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Fig. 5. Universal hardness – depth graph for nitrided heat-treated 
surface and nitrided non heat-treated sample 
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Fig. 6. Loading and unloading behavior on heat-treated nitrided 
and no heat-treated plasma nitrided sample 

Fig. 7. Nht thickness of various diameters after plasma nitriding 
process (pressure 4 mbar) 

Fig. 8. The diffusion profile of bored plasma nitrided samples 
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were established during plasma nitriding process concern of 
plasma density and content of nitrogen. Generally, thickness 
of compound layer, Nht thickness of diffusion layer and con-
centration of nitrogen are dependent each other.  

Experiment showed that plasma nitriding process is 
applicable not only for flat surfaces but for cavities too. Much 
hardness layers are created in HT materials than in NHT ma-
terials (Fig. 5, 6). These created nitrided layers improve corro-
sion resistance and mechanical properties of steel. 

 
The work was supported by a research project of the 

Ministry of Defence of the Czech Republic, project No. 
MO0FVT 0000404 and Specific research Modern materials in 
special technology. 
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The nitriding behaviour of heat-treated alloyed carbon 

steel was carried out on two cylinders samples with different 
diameters. The influence of microstructure and nitriding con-
ditions on the thickness and hardness of nitrided layer were 
investigated. Prior to nitriding, cylinders samples were 
quenched and tempered. Plasma nitriding was performed at 
500 °C for 6 hours with mixture of H2 and N2 in plasma ni-
triding furnace. Structure and mechanical properties of nitrid-
ed layers were characterized using optical spectrometry, opti-
cal microscopy and microhardness testing. Plasma nitriding 
process increased the surface hardness of samples by 100 %. 
The nitrided depth was also estimated using cross-sectional 
microhardness profiles. The results show that plasma nitriding 
creates a nitrided layer consisting of compound layer and 
nitrogen diffusion layer.  
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1. Introduction 
 

Nitriding is important industrial technology that is used 
to improve key properties of engineering components, espe-
cially the surface hardness, the fatigue strength and the wear 
and corrosion resistance1-5. The procedure is characterized by 
adsorption of nitrogen and its subsequent diffusion into the 
material bulk resulting in the formation of a thin brittle com-
pound layer (the so-called white layer) and a subsurface diffu-
sion zone harbouring a compressive residual stress field 
caused by the lattice distorsion. Due to the enhanced strength 
of the nitrided layer and restrained moveability of dislocations 
within the diffusion zone, the subsurface crack initiation and 
growth in the form of the so-called fish-eye crack is the pre-
dominant failure mechanism, usually in both the high-cycle 
fatigue (HCF) and the low-cycle fatigue (LCF) region. Analo-
gous fracture behaviour has been reported for other surface 
hardening procedures, such as carburization or shot peen-
ing6,7. Moreover, fish-eye crack is a typical feature of gigacy-
cle fatigue (GCF), where the transition of failure initiation 
from surface into the interior is connected with a significant 
change in the slope of the S-N curve8-10. 

In general, the fish-eye crack initiation is associated with 
an interior defect in the material. Most frequently, the crack 
initiates on the internal inclusion, usually by decohesion of 
the inclusion-matrix interface. The fish-eye crack looks bright 
to the naked eye or in the optical microscope, whereas the 
region outside seems to be grey. The difference in colour is, 
most probably, caused by the change of the growth micro-
mechanism from the fatigue crack propagation in the near 
vacuum to the environmentally assisted growth when the 
crack front approaches the low-toughness nitrided layer and 
causes its breaking3. In the GCF domain, the dark area (often 
termed ‘optically dark area’ or ‘fine granular area’) usually 
exists in the centre, inside which the crack initiation site is 
located.  Some authors attribute its origin to the microscale 
fatigue fracture caused by cyclic stress coupled with the inter-
nal hydrogen trapped by the inclusion, although the contro-
versy still exists in this matter9. 

 The question concerning the time span of the  
fish-eye crack initiation period in the GCF region has been 
tackled by several researches. The results of the deterministic 

model based on the Paris-Hertzberg-McClintock crack growth 
rate10,11, which have been recently experimentally confirmed 
by the infrared pyrometry measurements12, showed that the 
propagation stage of the crack constitutes only a small part of 
the total fatigue lifetime. In this paper, after a brief summary 
of main results of study on biaxial fatigue of nitrided steel, the 
microfractography is used to analyse the fish-eye crack propa-
gation mechanism and also to address the above mentioned 
question in the HCF domain by extrapolating the local crack 
growth rate curve to the overall fish-eye crack region. 
 
2. Experimental details 
 

The fatigue experiments were carried out on cylindrical 
specimens made of plasma nitrided high-strength low-alloy 
Cr-Al-Mo steel (equivalent to EN 37CrAlMo6). The chemical 
composition (wt.%) of the base material was as follows: 
C: 0.357 %, Mn: 0.468 %, Cr: 1.49 %, Mo: 0.194 %, 
V: 0.01 %, Cu: 0.072 %, Al: 1.4 %, W: 0.032 %, Si: 0.292 %, 
P: 0.006 %, S: 0.006 %, Fe: balance. Specimens were an-
nealed (920 °C, 25 min, air), quenched (930 °C, 25 min, oil) 
and tempered (650 °C, 25 min, air). The micropulse plasma 
nitriding was applied in two steps: cleaning (510 °C, 30 min) 
and nitriding (515 °C, 8 hours). The procedure resulted in 
yield strength σy = 870 MPa, ultimate tensile strength 
σu = 1020 MPa, and in the depth of the diffusion layer 
hdl ≈ 200 µm and the thickness of the white layer hwl ≈ 3 µm. 
The microstructure of the nitrided layer and the core region is 
presented in Fig. 1, the inclusions within the material ob-
served in the light and dark field are shown as Fig. 2. 

Fatigue experiments were carried out on the testing stand 
MZGS-200. Sinusoidal symmetrical bending (5 specimens), 
torsion (3 specimens) and synchronous in-phase bending-
torsion loading (15 specimens) were applied at a frequency 
f  = 29 Hz. All specimens were fractured in the HCF domain 
with the number of cycles to failure, Nf, in the range of 
(2.0×105; 6.1×106) cycles. The results of extended experi-

MICROFRACTOGRAPHY OF FISH-EYE FRACTURES IN NITRIDED STEEL  

Fig. 1. Microstructure of the the nitrided layer (left) and the base 
material in the core (right)  
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mental investigation of the influence of nitriding on the fa-
tigue life under biaxial fatigue loading and also under the 
conventional push-pull loading of different R-ratios were 
presented elsewhere5. Sufficient to note here that for all load-
ing regimes the micropulse plasma nitriding was found to 
increase the fatigue resistance by about 25 % in both LCF and 
HCF regions.  

Examination of fracture surfaces was performed in the 
scanning electron microscope (SEM). The spatial geometry 
and morphology of the fish-eye cracks were also studied by 
means of the optical profilometry and stereophotogrammetry.  
 
3. Results 
 

Fractographical examination revealed that all specimens 
failed due to the internal fish-eye type of fracture. The initia-
tion sites were always found at non-metallic inclusion located 
in the interior of the specimen. The average inclusion diame-
ter was 37±14 m and the distance of the centre of inclu-
sion from the free specimen surface, h, was in the range 
of 4201040 m. The stages of the crack initiation, the crack 
propagation and the final fracture were usually well defined, 
as shown in SEM image in Fig. 3.  

The studied fish-eye cracks were more or less of an ellip-
tical shape. Carefull analysis has shown, however, that the 
crack growth towards the free surface was always at least 

partially reduced due to the increasing residual compressive 
stresses13. This retardation effect was prominent especially for 
the fish-eye cracks initiated at inclusions in depths 
h < 0.7 mm. 

The deflection of the fish-eye crack plane from the plane 
perpendicular to the specimen axis was almost negligible (less 
than 5°) in the radial direction. On the other hand, the inclina-
tion angle in the tangential direction, t, varied as a function 
of the loading ratio z = τa / (σa + τa), where σa is the bending 
amplitude and τa is the torsion amplitude, Fig. 4. Despite the 
higher scatter of t for combined bending-torsion loading 
regimes, the crack front clearly tends to propagate under pure 
mode I loading. 

An example of the local fracture topography is shown as 
Fig. 5, where fracture profiles intersecting the centre of the 
fish-eye crack from Fig. 3 in the tangential and radial direc-
tions are plotted. Nearly same values of the root mean square 
roughness, Rq, calculated as the standart deviation of residual 
z-coordinates show similarity between both directions. 

The predominant role of mode I micromechanism has 
been confirmed by the presence of the striations field located 
in the immediate vicinity of the inclusion in the fish-eye cen-
tre, Fig. 6. The distinct striation pattern reveals a presence of 
a softer material near the inclusion, which could be created by 
a depletion of alloying elements and carbon due to their diffu-
sion towards the incoherent inclusion/matrix interface. Very 

Fig. 2. Inclusions within the material observed in the bright and 
dark field  

Fig. 3. SEM macrophoto of the fish-eye crack in the specimen 
fractured under combined bending-torsion loading regime with 
the loading ratio z = 0.27 (σa = 850 MPa, τa = 310 MPa, Nf = 
2.6×105 cycles)  

Fig. 4. The inclination angle, t, as a function of the loading ratio, z 

Fig. 5. Radial and tangential fracture profiles intersecting the 
centre of the fish-eye crack from Fig. 3  
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low striations spacing near the fish-eye centre (less than 
100 nm) reveals a continuous crack front propagation even at 
very low crack growth rates.  

Fig. 7 shows the plot of logarithm of the striations spac-
ing, d, vs. the logarithm of the root square of the crack length, 
a. Note the reasonable linearity suggesting that data are in the 
Paris region. It is generally agreed that in this region the stria-
tions spacing (microscopic fatigue crack growth rate) corre-
sponds to the macroscopic crack growth rate, da/dn, as exact-
ly one striation is formed at each applied loading cycle14. This 
fact may be used in the estimation of the timespan of the 
crack growth period. Following assumptions are made: 

(i) The crack grows into the specimen interior starting 
from the initial lentgth, ai, which is equal to the halfsize of the 
inclusion (13.6 m), up to the final length, af, equal to the 
halfsize of the fish-eye (450 m). The initial crack growth 
rate corresponds to conventional ‘operational’ definition of 
the fatigue crack growth threshold, i.e. 10-10 m/cycle. Since 
the transition short/long crack in the high-strength steels is in 
order of tens mm in magnitude, the crack can be assumed to 
be a long one already from the beginning. This is also sup-
ported by the existence of striations in the very vicinity of the 
inclusion/matrix interface. The number of cycles for crack 
growth outside the fish-eye can clearly be neglected.  

(ii) It is assumed that the crack growth rate is proportion-
al to the square root of the crack length (the dependence of the 
shape factor on the crack length is neglected). This simplifica-
tion seems to be reasonable particularly in the threshold re-
gion (the longest period very close to the inclusion), where 
neither the shape factor of the crack front nor the stress 
change too much.  

Consequently, the crack growth has been modeled by 
a simplified Klesnil-Lukáš type of relationship15: 

where B = (5.98 ± 4.62) × 10-8 and m = 4.80 ± 0.24 are con-
stants obtained by fitting striations spacing data (both a and d 
given in m units). By integrating this equation from the ini-
tial lenth ai to the final length af, it was found that the propa-
gation stage of the fish-eye crack is Np = <522, 15957> cy-
cles, which is 1~7 % of the total fatigue lifetime.  

 
4. Summary 
 

The microfractography has been used to analyse the fish-
eye crack propagation mechanism under biaxial bending-
torsion fatigue and to estimate the time span of the crack 
growth period. The analysis of the fish-eye crack orientation 
and the local roughness measurements leads to the conclusion 
that the cracks propagate predominantly by mode I micro-
mechanism. The extrapolation of the local crack growth rate 
to the overall fish-eye crack region revealed that the propaga-
tion stage of the fish-eye crack constitutes only 1~7 % of the 
total fatigue lifetime. 

 

The authors greatly acknowledge the financial support 
provided by Brno University of Technology (Project FSI-S-10
-64) and the Czech Science Foundation (Project 106/08/
P366). 
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Fig. 6. Microphotographs of mating fracture surfaces showing the 
striations near the centre of the fish-eye crack from Fig. 3  

Fig. 7. Plot of the logarithm of striations spacing, d, vs. the loga-
rithm of the root square of the crack length, a 
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K. Slámečka, J. Pokluda, K. Bonaventurová, 
and L. Čelko (Brno University of Technology, Faculty of 
Mechanical Engineering):  Microfractography of Fish-Eye 
Fractures in Nitrided Steel 

 
The paper presents results of the micro-fractographical 

study of fish-eye cracks that were formed in plasma-nitrided 
specimens under symmetrical bending, symmetrical torsion 
and biaxial in-phase bending-torsion loading regimes. Analy-
sis of the local striation field found near the inclusion in the 
center of the fish-eye crack together with the local roughness 
measurements support the hypothesis that the cracks propa-
gate predominantly by mode I micromechanisms. Moreover, 
the extrapolation of the local crack growth rate curve to the 
overall fish-eye crack region suggests that similarly to the 
gigacycle fatigue, the most of the fatigue life is spent on the 
initiation of the interior microcrack. 
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1. Introduction  
 

Micro- and nanoindentation study of nanostructured 
polymer composite materials is a modern scientific approach 
allowing simple and very fast determination of some im-
portant mechanical properties. There is a huge variety of pos-
sible interactions between polymer matrix and filler, and as 
a consequence there can be a wide range of behaviour in the 
mechanical properties of the composites. The additive law1 

applied to the components of the composite often deviates 
from the experimental results. For a common composition the 
real mechanical properties decrease with the increasing con-
tent of a filler2. However, in some composite materials, con-
taining fibres or oriented fillers, the reinforcing effect could 
be observed3,4. Nanocomposite materials occupy a special 
position among reinforced materials, e.g. when the reinforced 
effect is due to the large interfacial area and nano-dimensions 
of the filler, leading to manifestation of the scale factor5. 

The aim of this work is to use the micro- and nano-
indentation technique to determine the resistance against plas-
tic and elastic deformation of isotactic polypropylene (iPP) 
and nanocomposite filled with carbon nanotubes.  

 
2. Experimental 
 

 Material: A commercial masterbatch of 20 wt.% mul-
tiwalled carbon nanotubes (MWCNT) in polypropylene 
(Hyperion Catalysis Int.) was used. The dimensions of the 
nanotubes were: 10 to 15 nm in diameter and 1 to 10 m in 
lengths. Isotactic polypropylene (iPP) Buplen 6231 (Lukoil 
Neftochim) with density, ρ = 901 kg m3 was used as the ma-
trix polymer.  

The masterbatch was diluted to various carbon nanotube 
concentrations in the range of 0.05 to 3 wt.% with virgin iPP 
at a melt temperature of 200 °C. The composites were extrud-
ed and further calandered as sheets about 1.5 mm in thickness 
at a melt temperature of 230 °C. Samples with dimensions of 
10×10 mm were cut for microhardness measurements. 

Methods: The measuring equipment for micro-
indentation measurement was a mhp-160 Vickers micro-

hardness device supplied with a Vickers indenter and attached 
to a UN-2 microscope. Vickers microhardness and total mi-
crohardness were measured at a load of 20 g, 40 g, 80 g and 
160 g. The loading process consists in the loading time 10 s 
and the hold time 10 s. At least ten imprints were made for 
each point of the figures. The relative error for all microhard-
ness measurements is less than 5 %.  

It was established that the viscoelastic deformation 
component is, in relation to the elastoplastic component, neg-
ligibly small and consequently it was ignored in   these short-
term measurements. Due to the short hold time during the 
microhardness measurements the creep processes were also 
neglected. The following microhardness characteristics were 
measured: 

 Vickers microhardness (MHV), connected with the 
irreversible deformation component and providing infor-
mation about the plastic properties of the sample. MHV is 
calculated according to the equation:  

MHV = KP/d2                                                                                                 (1) 

where d is the projected diagonal length of the imprint after 
releasing the indentor, P is applied load and K is a constant, 
depending on the geometry of the pyramid;  

 Total microhardness (MHT), which can be considered 
as a measure of the local total material resistance against pen-
etration and related to the total deformation, including elastic, 
plastic and viscoelastic components6, is calculated according 
to the equation: 

MHT = KP/D2                                                                                                (2) 

where D is the projected diagonal length of the indentation in 
the loaded state.  

The measuring equipment for nanoindentation measure-
ment was the XP Nano Indenter supplied with a Berkovich 
indenter. All time-dependent measurements were made in the 
creep regime as an indentation under a step load (P(t)=PoH(t), 
where H(t) is the Heaviside unit step function) for a period of 
600 s and loading Po = 200 mN. The initial loading rate in the 
load range 0200 mN was 125 mN s1. The creep compliance 
D(t) can then be directly deduced7 from the equation: 

with displacement into surface h(t), constant Poisson´s ratio ν 
and effective face angle of the indenter α.  All measurements 
were performed at room temperature. Fig. 1 shows a typical 
loading diagram of the indentation creep test with a constant 
load (47 indents). 
 
3. Results and discussion 

 
Fig. 2 shows the MHV dependencies as a function of the 

filler quantity measured at various loads. The first MWCNT 
portions raise the microhardness very rapidly. After 0.1 % 
MWCNT this increase becomes smoother. These dependenc-
es can be approximated by two straight lines a and b with 
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different slopes as shown for the dependence measured at 
load 40 g, which means that the reinforcing effect of the filler 
is governed by a different mechanism. 

The theoretical Vickers microhardness values were 
calculated according to the parallel additive model applied 
often for polymer blends, compositions and semicrystal poly-
mers1. The following formula was used:  

MHV  =  wfMHVf + (1wf)MHViPP                     (4)  

where MHV is a composite microhardness, MHViPP and MHVf 

are the intrinsic microhardness of the pure iPP and carbon 
nanotubes respectively and wc is the filler fraction. The value 
of 1GPa was used for MHVf

1. The theoretical Vickers micro-
hardness values are plotted with dashed lines in Fig. 2. They 
are absolutely parallel to each other, as a result of the applica-
tion of the additive law, but an interesting fact is that they are 
almost parallel to the experimental data for composites con-
taining from 0.1 % to 1 % nanofiller. Hence in the area where 
MHV increases more smoothly the reinforcment mechanism is 
due to the principle of additivity. The rapid enhancement of 
MHV at very small MWCNT content can be attributed to 
changes in the crystal structure of the polymer matrix, i.e. to 
qualitative changes in the PP structure. Previous microscopic 
investigations8 and microphotographs have shown that the PP 
spherolites become smaller with the first portion of nanofiller. 

MWCNT concentrations higher than 1 % do not in-
crease the MHV values. On the contrary, the MHV values 
decrease. This is because of the occurrence of percolation 
processes and, as a consequence, there is lower filler activity. 
The percolation of the nanoparticles is proved by rheological 
measurements8. 

The influence of the MWCNT content on the MHT for 
various applied loads is shown in Fig. 3. Again there                   
is a considerable increase in MHT when there is a small quan-
tity of MWCNT and after a content of 0.1 % the increase 
becomes slower and the dependences can be approximated by 
two straight lines crossing at about 0.1 % MWCNT. The 
MHV and MHT increase expressed as a percentage are close 
together, in the range from 2025 %. Knowing that Total 
microhardness expresses general resistance against defor-
mation including reversible and irreversible deformation, and 
that MHV is resistance only against irreversible deformation, 

the similar percentage increase in MHV and MHT values 
means that the nanofiller predominately improves resistance 
against irreversible (plastic) deformation. According to many 
authors, plastic deformation during penetration in semicrystal 
polymers predominantly affects the crystal parts of the sam-
ple1. It can therefore be supposed that the nanofiller influ-
ences the crystal phase, strengthening its resistance against 
penetration. Changes in the crystal phase that could enhance 
the Vickers microhardness might be: increasing the quantity 
and/or the perfectibility of the crystals, increasing the lamella 
thickness or changes in allotropic modification. As was men-
tioned above, in this case the nanotubes are nuclei formation 
agents facilitating the crystallisation process, and they help to 
build the PP crystal phase with a better resistance against 
plastic deformation. Thus, rapid enhancement of the MHV of 
the nanocomposites at a very small MWCNT content can be 
attributed not to the inherent MHV values of the filler, but to 
changes in the crystal structure of the polymer matrix. After 
1% filler content, a slow decrease takes place. 

The results of the nanoindentation measurements of the 
concentration dependence of hardness (H) are plotted in 
Fig. 4. The curves pass through a maximum for samples con-
taining 0.1 % MWCNT. Fig. 5 shows the concentration de-
pendencies of modulus of elasticity E and instantaneous com-
pliance J, which pass through the extreme at the same concen-
tration. This trend of both characteristics is to be expected, 
because it is theoretically predetermined from the well-known 
correlation  between  Vickers hardness  and  modulus of elas-
ticity, MHV = a.Eb, where a and b are material constants. This 
power relation was extended for Total microhardness9 with 
various values of constants a and b. These results confirm the 
general validity of the dependences in this case for hardness 
determined by the Oliver-Pharr method. 

For comparison the three hardness characteristics MHV, 
MHT and H measured at loading 20 g as a function of the 
filler content of the nanocomposites are plotted in Fig. 6. The 
values of MHV range from 80 MPa to 100 MPa. The values of 
MHT range from 1,2 MPa to 2 MPa. The data for H occupies 
a medium position in the interval 2030 MPa. These at first 
sight large differences are due to a different approach for 
determining them and consequently their different physical 
nature. 
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 The value of MHT is calculated on the basis of the 
depth of indentation in the loaded state, and it includes elastic, 
plastic and viscoelastic material resistance against the pene-
trating pyramid, and also the total resistance of the deformed 
material in the vicinity of the pyramid, i.e. resistance against 
the so-called “sink-in” effect. 

 Hardness H, obtained by the Oliver  Pharr method, is 
calculated on the basis of the contact surface, or the contact 
depth, and so the influence of the „sink-in” effect is avoided. 
The physical meaning of this characteristic is similar to MHT, 
but its value is larger because the material deformation around 
the indenter is not taken into account.  

 The MHV values are the highest because they are cal-
culated on the basis of the diagonals of the relaxed imprint 
after the indenter is extracted, and so they express the re-
sistance only against plastic deformation. 

Viscoelastic creep compliance histories of the measured 
polypropylene nanocomposites derived from indentation 
creep tests according to7,10 (3) are plotted in Fig. 7. The num-
ber of implemented indents varied from 36 (MWCNT 3 %) to 
73 (MWCNT 1 %). In agreement with the statements relevant 
for instantaneous mechanical properties, the filler content 0.1 
wt.% MWCNT has the most positive influence on time-

dependent behaviour. The viscoelastic compliance history for 
the pure matrix represents the upper limit for all investigated 
filler contents.    
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4. Conclusions 
 
It has been established that small weight fractions of 

MWCNT, up to 0.1 %, significantly increase the Vickers 
microhardness and the Total microhardness, as well as the 
hardness obtained by the Oliver  Pharr method. The small 
filler content positively influnces also the time-dependent 
properties. This effect is due to changes in the crystal phase of 
the polypropylene matrix as a consequence of the nucleation 
effect of the MWCNT. This increases its resistance against 
irreversible deformation and raises its modulus of elasticity.  

 A further increase in MWCNT content in the compos-
it untill 1 % leads to a smoother increase in microhardness, 
obeying the additive law, i.e. there are no essential changes in 
the structure of the polymer matrix. 

The increase in the Total microhardness of the 
MWCNT/iPP nanocomposite is due to the increase of the 
Vickers microhardness.  

 A further increase in MWCNT content after 1 % leads 
to decreasing Vickers microhardness and Total microhard-
ness. After this concentration threshold, percolation processes 
take place and the effectiveness of the nanofiller decreases 
drastically. The total resistance against penetration even be-
comes worse than the total resistence of the non-filled sam-
ples. 

The different approaches of the two indentation meth-
ods and the correlation between the used indentation parame-
ters have been discussed in terms of their physical nature. 
 

This study has been supported by NSF- Bulgaria, (D002
-138/2008-2011) and by GAAV CR (grant No IAA 
200710801).  
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This paper reports on a micro- and nano-indentation 

investigation of iPP filled with multiwall carbon nanotubes 
(MWCNT) in the range of 0.13 wt.%. Vickers microhard-
ness and Total microhardness were determined using a mhp-
150 microhardness tester and a NU-2 light microscope. Elas-
tic modulus, instantaneous compliance and hardness were 
obtained using an XP Nano Indenter. It was established that a 
small weight fractions of MWCNT (0.1 wt.%) significantly 
improves the microindentation parameters. 
 A comparison of the results of the two measuring 
techniques showed a relatively large difference in hardness 
values. This may be related to the different physical nature of 
the measured microhardness characteristic. There is a discus-
sion presented of the similarity and/or difference in the micro-
hardness values from the viewpoint of the trend of concentra-
tion dependencies and also their physical peculiarities. 


