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1. Introduction 
 
       It is well known that the apparent hardness of a solid 
usually depends on the applied test load. This phenomenon, 
known as the indentation size effect (ISE), involves a de-
crease in the measured apparent hardness with increasing 
applied test load, i.e., with increasing indentation size. The 
works focused mainly on the analyses of the micro- or macro-
hardness data and little effort has been devoted to examine the 
applicability of these equations to the nanoindentation data 
obtained using instrumental indentation test1.  
      The instrumental hardness, “H“ is defined as the ratio of 
the peak load, Pmax, to the project area of the indentation im-
pression, Ac,  

where hc is  the contact depth most often determined by Oli-
ver and Pharr method2.  

The most widely used empirical equation for describing 
the ISE is the Meyer’s law, in the form:  

where A and n are constants that can be derived directly from 
curve fitting of the experimental data in the relationship ln hc 
vs. ln Pmax. If n < 2 there is an ISE on hardness and when n = 
2, the hardness is independent of the applied load.  

According to Hays and Kendall3 there exists a minimum 
level of the applied test load, W, named the test-specimen 
resistance, below which permanent deformation due to inden-
tation does not initiate, and only elastic deformation occurs. 
They introduced an effective indentation load, Pef f = Pmax - W, 
and proposed the relationship; 

where W and A1 are constants independent of the test load for 
a given material. 

Li and Bradt in their PSR (proportional specimen re-

sistance) model4 suggested that the test-specimen resistance, 
W, during indentation is not a constant, as was proposed by 
Hays and Kendall, but increase linearly with the indentation 
size and is directly proportional to it according to the relation-
ship; 

and the effective indentation load and the indentation dimen-
sion are therefore related as follows:  

where the parameters a1 and a2 can be related to the elastic 
and the plastic properties of the test material. The term a2 in 
the linear fits describes the load independent hardness, so 
called „true hardness“, H0.  

The coefficients of the proportional specimen resistance 
(PSR) a1 and a2, can be evaluated through the linear regres-
sion of  “Pmax/hc“  versus  “hc“,  

For the nanoindentation test with a Berkovich indenter, H0 
can be calculated: 

Gong et al.5 suggested a modified PSR model based on 
the consideration of the effect of the machining-induced resid-
ual stresses at the surface during the indentation in the form 

where a0 is a constant related to the surface residual stresses 
associated with the surface machining and polishing and a1 

and a2 are the same parameters as in the PSR model. Similar-
ly, the parameters of the modified PSR were obtained by con-
ventional polynomial regression of the plot P vs. d and H0-
values were calculated according to the equation: 

The aim of the present work is to investigate the load 
dependence of the measured instrumental Berkovich hardness 
of Al2O3-SiC composites, to examine the ISE using different 
models and to compare this to the ISE observed during con-
ventional Vickers hardness test. 
 
2. Experimental procedure 
 

The materials used in this investigation were alumina (A) 
and Al2O3-SiC composites with the addition of 5 vol.% (A5) 
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and 10 vol.% (A10) SiC,  processed at the University of Ox-
ford, United Kingdom6. 
        The CMCTM (Continuous Multi Cycle) method was ap-
plied using Nano Hardness Tester (CSM-Instruments SA) 
with Berkovich diamond indenter. In each test run, the indent-
er was driven into the specimen surface under a peak load 
gradually increased from 5 mN to 400 mN, unloaded gradual-
ly to 10 % of the peak load after being held at peak load for 
10 s, and then driven again into the  specimen surface to 
a higher value of the peak load.  At least 15 test runs were 
recorded on each sample. 
 
3. Results and discussion  
 

The results of the hardness measurement and of the ap-
plied ISE models are illustrated in Fig. 1 and in Table I. The 
hardness decreased with increasing peak load and exhibited a 
typical indentation size effect which was most evident for 
alumina (n = 1.62). The behaviour of the composites is very 
similar, (n = 1.68 and n = 1.70). These results are in good 
agreement with the results of conventional Vickers hardness 
tests (from 1 N to 49.05 N), performed on the same materials, 
according to which the most significant ISE is in alumina 
(n = 1.83) and in the composites the ISE is less pronounced 
(n = 1.92 and n = 1.93) (ref.7).    

By comparing these results it is visible that the ISE is 
more pronounced during the instrumental test in the lower 
interval of applied loads. As regards the indentation module, 
for alumina the values decrease with increasing load from 
approximately 300 GPa to 100 GPa and for composites from 
500 GPa to 300 GPa. The ISE of various types of ceramics 
has recently been investigated using nanoindentation data 

measured in the peak-load range from 7.5 to 500 mN by Peng 
et al.1. Our results show good agreement with their results in 
the case of Hays - Kendall model, however the values ob-
tained for W are too high, mainly for the composite with 
10 vol.%  of SiC. According to the results, both the PSR and 
modified PSR models underestimate the true hardness for 
alumina and overestimate the true hardness for composites. 
For ceramics investigated in the present work the PSR model 
applied for conventional Vickers hardness data results in the 
best estimation of true hardness values7.  
 
4. Conclusions 

 
The load-dependence of the nano/micro instrumental 

Berkovich hardness of alumina and    Al2O3-SiC composites 
has been investigated. Similar ISE was found as in the case of 
conventional Vickers hardness test for all systems. The Hays -
 Kendall approach results in high W values and the PSR and 
modified PSR models in low true hardness for alumina and 
high true hardness for composites. 
 

This work was supported by APVV LPP 0174-07, VEGA 
2/0088/08 and MNT-ERA.NET HANCOC. 
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The load dependence of instrumental Berkovich hardness 

has been investigated and the indentation size effect has been 
analyzed during the hardness test of alumina and Al2O3-SiC 
nanocomposites in the load range from 5 mN to 400 mN. As 
regards the load dependence of hardness the results are in agree-
ment with the results of conventional Vickers hardness test.  

Table I 
Best-fit results of the parameters  

Meyer´s 
Law Eq. (2) 

         n 
  

Hays-Kendall approach 
Eq. (3) 

PSR model 
Eq. (6) and Eq. (7) 

Modified PSR model 
Eq. (8) and Eq. (9) 

W (mN) A1 (mN/
nm2) 

a1 (mN/
nm) 

a2 
(mN/nm2) 

HV0 
(GPa) 

a0 
(mN) 

a1 (mN/
nm) 

a2 
(mN/nm2) 

HV0 
(GPa) 

A 1.62 3.03 3.53 ×10-4 0.0764 3.02 ×10-4 10.7 ±5.7 -8. 37 0.149 2.23 ×10-4 9.75 ±3.8 

A5 1.70 8.84 5.82 ×10-4 0.0615 5.23 ×10-4 20.7 ±3.0 -7.39 0.129 4.41 ×10-4 20.79 ±9.1 

A10 1.68 17.38 6.31 ×10-4 0.0582 5.74 ×10-4 21.3 ±2.1 -5.61 0.108 5.09 ×10-4 24.19 ±9.9 

Fig. 1.  Influence of Pmax on hardness  
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1. Introduction 

 
      Hardness is one of the most important selection criteria 
for structural ceramics for engineering applications. However, 
hardness and microhardness of ceramics including Si3N4 vary 
widely, depending on the densification method, porosity, 
chemical composition, crystallographic orientation, etc. In 
addition in many cases an indentation size effect (ISE) has 
been found: the measured hardness increases with decreasing 
indentation load. Although relatively much effort has been 
devoted to  understanding  the hardness of polycrystalline 
Si3N4  based ceramics, the number of investigations of the 
microhardness of  - and -Si3N4  single crystals is signifi-
cantly lower and only little attention has been  paid to the 
hardness of individual grains in sintered polycrystalline Si3N4  
(ref.1,2). 
      The aim of the present contribution is to study the influ-
ence of the grain orientation and indentation load on the 
Berkovich indentation hardness and modulus of individual 
grains of a Si3N4 poly-crystal in a load range from 10 to 
70 mN. 
 

2. Experimental procedure 
 

Si3N4 ceramics with Y2O3 as sintering additive was pre-
pared by hot pressing at IACH SAS Bratislava3. 
       The hardness measurements were performed using Nano 
Hardness Tester (CSM-Instruments SA) with Berkovich dia-
mond indenter ( = 65.3 ± 0.3°). The indentation hardness 
and modulus, HIT, EIT were obtained by standard method in 
a load range from 10 mN to 70 mN. For a particular load at 
least five indentation tests were recorded on each grain. Large 
Si3N4 grains with the basal plane (0001) parallel to the sample 
surface, or with prismatic planes [e.g. (1010), (1120)] parallel 
to the sample surface, were selected for the indentation, 
Fig. 1. The hardness and ISE was evaluated according to the 
procedure described in (ref.4). Beside the stepwise loading 
regime single indentations have been realized, too, Fig. 2.  
 

3. Results and discussion  
 
The material has a bimodal grain size distribution, with 

large grains up to 10 m in diameter and small ones < 1 m in 
diameter.  
 

         
Fig. 1. Schematic illustration of the planes used for Berkovich 
indentation 

INDENTATION SIZE EFFECT IN BASAL AND PRISMATIC PLANES  
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The results of the indentation hardness HIT measurements 
are summarized in Fig. 3. Similarly, as in the case of conven-
tional Vickers test1 there exist a significant difference in the 
instrumental indentation hardness measured on the basal and 
prismatic planes. The hardness on both planes increases with 
decreasing load, however this dependence is more pro-
nounced at  prismatic planes ( n = 1.64 and n = 1.8).  
       Similar behavior was found for indentation modulus EIT 
according to Oliver and Pharr method (see Fig. 4), which also 
decreases with increasing loads for both planes. The indenta-
tion modulus measured at prismatic planes is also higher than 
the modulus of basal planes, however the difference is signifi-
cantly lower than in the case of indentation hardness.  
      Previous studies tried to relate the Meyer’s index, n, to the 
microstructure parameters. Babini et al.5 in the study on the 
Vickers hardness behaviour of hot-pressed Si3N4-based ce-
ramics found that the n value increases as grain size increases. 
Applying the Proportional specimen resistance4 (PSR) model 
to the experimental results describe the load independent, so 
called „true hardness“, which was found for Si3N4 prismatic 
and basal planes, 15.3 ± 5.5 GPa and 13.75 ± 3.5 GPa, respec-
tively. In this model, the test-specimen resistance to perma-
nent deformation is assumed not to be a constant, but increase 
linearly with the indentation size. It seems that this model 
slightly underestimates the hardness at both planes of silicon 
nitride. Traditional Vickers hardness as a function of the in-
dentation load and of grain orientation was studied in individ-

ual grains of a gas pressure sintered6 (GPS) polycrystalline 
silicon nitride using indentation loads in the range from 1 to 
50 g. The indentation load size effect (ISE) was more evident 
in the prismatic planes of the grains which is in good agree-
ment with our results. Similarly we confirmed that the thresh-
old load for indent formation is below 5 mN for both basal 
and prismatic planes of Si3N4 grains. As regards the indenta-
tion modulus, our results are different comparing to the results 
of Hay et al.7 who found significantly higher indentation mod-
ulus for the basal planes of -silicon nitride grains than for the 
prismatic planes.   
 

4. Conclusions 
 
A distinct indentation size effect was found for the in-

dentation hardness in individual silicon nitride grains of a 
polycrystalline silicon nitride.  This effect was slightly more 
pronounced for prismatic planes (n = 1.64) of the grains com-
pared to the basal planes (n = 1.8). The indentation modulus 
decreases with the increasing indentation   load.  
 

This work was partly supported by APVV LPP 0174-07, 
APVV-0034-07, VEGA 2/0088/08 and MNT-ERA.NET HAN-
COC. 
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The influence of the grain orientation and indentation 
load on the indentation Berkovich hardness in individual 
grains of a Si3N4 polycrystal has been investigated. A distinct 
indentation size effect was found with n = 1.64 for prismatic 
planes and n = 1.8 for basal planes. The indentation modulus 
is slightly higher at prismatic planes in comparison to the 
basal planes.  
 

Fig. 4. Indentation modulus versus the peak load 
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1. Introduction 
 

During the last 20 years we can observe a substantial 
increase of different soft drinks and fruit juices’ consumption. 
According to Lussi1 the consumption of these beverages in 
Europe is more than 50 % of total nonalcoholic drinks con-
sumption. The majority of these beverages contain citric, 
phosphoric, carbonic acids. Their pH is usually lower than 
4.0.  

Frequent consumption of acid beverages may lead to 
dental erosions2. Erosive potential of these drinks depends on 
the low pH level as well on buffer capacity – as the amount of 
alkaline, which is necessary for drink’s acids neutralization. 
The remaining components of food and beverages such as 
calcium, phosphate and fluoride may further reduce their 
erosive potential.  

Our work is aimed to determine both soft drinks and fruit 
juices influence on the physical properties of dental enamel. 
The original Czech soft drink Kofola, Coca Cola and an or-
ange juice were chosen for testing. In addition  the influence 
of yoghurt on the dental surface was also investigated.  
 
2. Experimental details 

 
40 enamel samples (531.5 mm) were prepared from 

buccal and oral intact surfaces of freshly extracted human 
molars using a micromotor and a diamond disc with copious 
water cooling. After extraction the teeth were disinfected in 
0.5 % solution of chloramin T. Buccal as well as oral surfaces 
of the teeth were polished with Opti Disc Polishing Discs 
(KerrHawe, Switzerland) from Medium up to Extra Fine. 
Prepared specimens were retained in the mineral solution of 
this content: 1.5 mmol l1 CaCl2, 1.0 mmol l1 KH2PO4, 
50 mmol l1 NaCl at temperature 4 °C. The enamel samples 
were randomly assigned to 4 groups (n = 10). Each of the 
groups was initially used as baseline. After that the samples of 
all the groups were immersed to 4 different solutions. The 

first group samples were immersed into the original Czech 
soft drink Kofola (Kofola, a.s., Krnov, Czech Republic), se-
cond group into Coca Cola (Coca-Cola HBC Czech Republic, 
s.r.o.), third group of samples into orange juice (Hello, 
Nivnice, Czech Republic) and fourth group of samples into 
natural yoghurt (Olma, Czech Republic).  

The values of pH and buffer capacity were determined 
using pH meter InoLab pH 730 (InoLab, Germany). The de-
termination of buffer capacity was based on a standard addition 
of basic solution of ammonium hydroxide, c = 0.2 mol l1. From 
the change of pH, buffer capacity was determined.  

The determination of total calcium level in yoghurt was 
based on a volumetric method. As a chelation agent, the solu-
tion of ethylendiaminetetraacetic acid (EDTA) was used at the 
concentration of 0.2 mol l1. Exactly 0.5 g of respective yo-
ghurt was added to 10 ml of water and sonificated 5 minutes 
at 25 °C. Suspension was then filtrated and calcium was de-
termined using Murexid as indicator. 

The nanoindentation experiments were performed using 
NanoTest NT600 instrument3 equipped with Berkovich in-
denter using the indentation load of 10 mN with loading/
unloading rate of 0.5 mN s1. Six indentations per test were 
performed on each specimen with spacing of 30 m.  The 
hardness and reduced elastic modulus were determined from 
indentations curves according to the analysis developed by 
Oliver and Pharr4. The average values of hardness and re-
duced elastic modulus were calculated at least from 
4 independent measurements. 

Nanoindentation measurements were performed on each 
specimen before (base-line) and after the treatment of investi-
gated beverages and yoghurt. The specimens were immersed 
for 5 min. Subsequently they were rinsed with distilled water 
for 10 s and immediately dried by air. All of the beverages 
and yoghurt had room temperature. Optical microscopy was 
used in order to measure the same enamel area before and 
after the treatment. 

  
3. Results 
  

The average values of enamel nanoindentation hardness 
and effective elastic modulus are depicted in Fig. 1 and Fig. 2. 
The white/gray bars represent mechanical properties before/
after 5 min exposure of different beverages and yoghurt. It is 
apparent that enamel hardness and modulus decrease after 
exposure to investigated soft drinks and orange juice. The 
most significant reduction of hardness was observed for Coca-
Cola 43.6 ± 14.4 % and orange juice 41.7 ± 3.4 %. Kofola 
leads to the hardness decrease of 33.4 ± 5.1 %, whereas yo-
ghurt effect is not significant. In spite of the yoghurt‘s pH is 
4.40, it does not erode the dental surface. The yoghurt im-
proves hard dental tissues because it contains calcium and 
phosphate, which are the common components of hard dental 
tissues.  

The values of pH and buffer capacity are summarized in 
Tab. I. The content of calcium in the yoghurt was approx. 
50 mg/100 g. 

EFFECT OF SOFT DRINKS ON ENAMEL MECHANICAL PROPERTIES  
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5. Conclusion 
 
Acidic foodstuffs and beverages are considered as risk 

factors in the dietary erosions of teeth. Our results show that 
hardness of human enamel was significantly decreased after 
5 min exposure to acid beverages (Kofola, Coca-Cola, orange 
juice). The most significant reduction of hardness was ob-
served for Coca-Cola 43.6 ± 14.4 % and orange juice 
41.7 ± 3.4 %. Acidic food as yoghurt did not erode the enam-
el, because of its mineral content (calcium and phosphate). 
 

The authors gratefully acknowledge the support by the 
Operational Program Research and Development for Innova-
tions - European Regional Development Fund (project 
CZ.1.05/2.1.00/03.0058 of the Ministry of Education, Youth 
and Sports of the Czech Republic).This work was also sup-
ported by the Academy of Sciences of the Czech Republic, 
research project No. KAN301370701, project 1M06002 of Mi-
nistry of Education, Youth and Sports of the Czech Republic. 
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The tooth enamel is exposed to various mechanical and 

chemical factors. In this respect, the dental erosion connected 
with dietary factors is of considerable importance. The aim of 
this in vitro study is to investigate the effect of specific soft 
drinks (Kofola, Coca-Cola), orange juice and yoghurt on me-
chanical properties of human molar enamel. Hardness and 
reduced elastic modulus were measured using nanoindenta-
tion technique. It was found out that the exposure of enamel 
to soft drinks leads to degradation of mechanical properties. 
Short time (5 min) exposure to Coca-Cola resulted in 
43.6 ± 14.4 % degradation of enamel strength. Acidic food as 
yoghurt did not erode the enamel, because of its mineral con-
tent (calcium and phosphate). 

Beverage/food pH Buffer capacity 

  [] 103 [] 

Kofola 2.65 1.52 

Coca-Cola 2.60 1.58 

Orange juice 3.74 5.26 

Yoghurt 4.40 2.02 

Table I 
Summary of pH and buffer capacity of different beverages 
and yoghurt 

Fig. 2. Enamel effective elastic modulus before and after 5 min 
exposure to different beverages and yoghurt 
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Fig. 1. Enamel nanoindentation hardness before and after 5 min 
exposure to different beverages and yoghurt  
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1. Introduction 
 

Advantages of magnesium alloys are high specific 
strength and specific stiffness, but major problem limiting 
their use in structural applications is the high corrosion sus-
ceptibility1,2. Studies concerning effect of corrosion on the 
mechanical behaviour are limited and they are mostly focused 
on corrosion fatigue. Experiments considering mechanical 
loading of component with prior corrosion damage are also 
important. They simulate situation, when components are put 
into operation after corrosion exposures (e. g during their 
processing or shipping). Local corrosion attack act as stress 
concentrator, facilitates defect initiation and reduces the life-
time of a component3. 
 
2. Experimental material 
 

The experimental material used was magnesium alloy 
AZ31 (2.68 % Al, 1.1 % Zn, 0.35 % Mn, 0.01 % max. other -
each), obtained by the method of squeeze casting. The basic 
mechanical properties established via tensile test are given in 
Table I. 

From the results of a local analysis of chemical composi-
tion and from data in the literature1,4 it follows that the struc-
ture of alloy AZ31 is formed by solid solution δ, intermediate 
phase γ (Mg17Al12), eutectic, and AlMn-based particles. 

3. Corrosion degradation 
 

Corrosion degradation of test specimens for fatigue 
testing and reference specimens for the determination of cor-
rosion rate was carried out in a spray of neutral 5 % solution 
of sodium chloride.  

The corrosion rate of flat reference specimens was es-
tablished on the basis of mass losses as 0.12 mm/year. From 
the viewpoint of local corrosion attack it was established that 
the depth of corrosion attack in the reference specimens corre-
sponded to 91 μm for an exposure time of 480 h, and 213 μm 
for an exposure time of 1000 h. The maximum depth of corro-
sion attack in the fatigue specimens was 257 μm for the 
480 hour exposure and 864 μm for the 1000 hour exposure.  

 
4. Cyclic deformation response 
 

The fatigue behaviour of bare and pre-corroded (480 and 
1000 hour exposure) magnesium alloy AZ31 in the stress 
amplitude control mode was determined on a servo-hydraulic 
testing system. Experiments were conducted in the range of 
proof stress amplitudes from 30 to 110 MPa at a constant 
frequency of 3 Hz, or 20 Hz for amplitudes lower than 
65 MPa. The symmetrical sine cycle (R = 1) was used. The 
number of cycles to fracture, Nf, was determined on the basis 
of the criterion of the 5 % change of effective modulus Eeff. 

Fractographic analysis of uncorroded fatigue specimens 
revealed that fatigue cracks initiated preferentially at inclu-
sions. In the pre-corroded specimens, crack initiation and 
crack growth occurred at the area with maximum local corro-
sion attack (Fig. 1). 

Experimental points of the cyclic deformation curve 
(Fig. 2) were fitted to exponential regression function (1) 
while equation (2) was used to establish the cyclic yield point 
Rp0.2´ (Table II). It follows from Fig. 2 that due to corrosion 
degradation the cyclic plasticity of the alloy under study was 
not affected and that the material hardened cyclically, which 
is also corroborated by the Rm/Rp0.2 ratio, which is greater than 
the value 1.4. 

  

CYCLIC DEFORMATION RESPONSE OF AZ31 MAGNESIUM ALLOY AFTER 
CORROSION DEGRADATION  

Table I 
Tensile properties of AZ31 alloy 

  E 
[GPa] 

Rp0,2 
[MPa] 

Rm 
[MPa] 

A [%] Z [%] 

AZ31 38.3 64.2 174 8.8 9.0 

Fig. 1. Fracture surface of pre-corroded fatigue specimens after a, 
480 hrs exposure b, 1000 hrs exposure  

                                                                 (1) 
 

 
                                                     (2) 

’n
ap

’
a εK=σ 

’n’
p0 K=R 0,002´,2 
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The Woehler-Basquin and the derived Manson-Coffin 
curves are shown in Fig. 3. Each dependence relation is fitted 
in standard way by means of regression analysis by an expo-
nential curve (equations (3) and (4)) and the fatigue parame-
ters established are given in Table III. 

  

  
From the obtained dependence of stress amplitude and 

plastic deformation amplitude on the number of half-cycles to 
fracture it follows unambiguously that with increasing time of 
corrosion degradation the fatigue lifetime decreases. This 
effect is given by the local corrosion attack on the surface, 
which is responsible for the easier initiation of fatigue cracks 
with subsequent propagation of the leading crack. Fatigue 
crack initiation is more pronounced at lower loading-cycle 
levels. 

Due to the larger local corrosion attack in the case of 
longer corrosion time the Woehler-Basquin curves get slightly 
steeper and the exponent of fatigue strength b increases. The 
major differences between the obtained fatigue strength σf and 
fatigue ductility εf may be due to the structural and chemical 
heterogeneity of the cast material. 

5. Conclusions 
 

Cyclic deformation response was not affected by local 
corrosion attack. 

It follows from the Basquin relation that the fatigue life 
curve steepness increases due to larger local corrosion attack. 
The steepness of the curves in Manson-Coffin’s relation is not 
affected markedly by the corrosion exposure, while εf

' de-
creases at the same time. 

The fatigue limit for 105 cycles drops due to corrosion 
degradation from 52.1 MPa in as-cast state to 47.5 MPa after 
480 hours and further down to 38.4 MPa after 1000 hours of 
corrosion. 

Fatigue life decrease due to local corrosion attack result-
ing in notch effect related with local increasing of cyclic plas-
tic deformation and reduction of crack initiation phase to 
smaller number of cycles. 
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K'  [MPa] n' [-] Rp0,2
' [MPa] 

426.04 0.233 100.32 

Corrosi-
on [h] 

σf
' [MPa] b [-] εf

' [-] c [-] 

0 410.52 -0.169 1.454 -0.787 

480 411.92 -0.177 1.312 -0.813 

1000 425.3 -0.197 0.696 -0.785 

Table II 
Parameters of cyclic deformation curve 

Fig. 2. Cyclic deformation curve 

     (3) 
 
 
          (4) 

b
f

’
fa )(σ=σ 2N

c
f

’
fap )(ε=ε 2N

Table III 
Fatigue parameters 

Fig. 3a. Woehler-Basquin curves 

Fig. 3b. Derived Manson-Coffin curves 
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Cyclic deformation response and low fatigue behaviour 

of bare and pre-corroded magnesium alloy AZ31was studied 
under stress amplitude control. Pre-corroded specimens had 
been exposed to spray of 5 % solution of sodium chloride for 
480 and 1000 hours.  

Fatigue limit drops from 52.1 MPa to 47.5 MPa 
(480 hrs) and 38.4 MPa (1000 hrs). Fatigue life decrease due 
to corrosion damage is pronounced at low stress amplitudes, 
whereas the durability attained at higher amplitudes is practi-
cally the same. 
 
 
 



Chem. Listy 105, s790s791 (2011)                                     LMV 2010                                                                                    Posters 

s790 

MICHAELA DUDÍKOVÁa, DANIEL 
KYTÝŘb*, TOMÁŠ DOKTORb, and ONDŘEJ 
JIROUŠEKb 

 
a Czech Technical University in Prague, Klokner Institute, 
Šolínova 7, 166 08 Prague 6 – Dejvice, b Academy of Sciences 
of the Czech Republic, Institute of Theoretical and Applied 
Mechanics, Prosecká 76, 190 00 Prague 9, Czech Republic 
dudikova@klok.cvut.cz 
 

Keywords: roughness reduction, sample preparation, confocal 
microscope, surface roughness criteria 

 
 
1. Introduction 
 

Results of microscopic material testing (e.g. nanoinden-
tation) are highly influenced by the precision of sample prepa-
ration. This paper is focused on optimizing of the preparation 
of sample surface for nanoindentation. Two different types of 
material were considered in this study. First one, a representa-
tive of porous material trabecular bone was chosen. As repre-
sentatives of compact materials samples of fibre composite 
and asbestos-free plates were used. Surface average roughness  
smaller than 50 nm is requested for successful nanoindantion 
for abovementioned three types of material. The change in 
surface roughness was monitored during the preparation pro-
cess by confocal microscope. Effect of grain size, load and 
duration time of grinding on surface roughness was analyzed.  

 
2. Materials and methods 
 

Tested samples (6 specimena in a group for each materi-
al) were fixed by cold mounting. Using low shrinkage Epoxy-
Cure (Buehler, Ltd., Düsseldorf, Germany) mounting com-
pound with hardening time 6 h. TegraPol-11 (Struers, Ltd., 
Willich, Germany) grinding and polishing machine with max-
imal speed 120 rpm and maximal grinding head force 20 N 
was used for surface preparation. Diamond grinding discs 
with grain size 35 and 15 µm and monocrystalline diamond 
suspension with grain size 9, 6, 3 and 1 µm were used for 
grinding following the empiciral grinding rule1 of half grain 
size in the next step. According to Buehler's recommendation2 
grinding head force 5 N, speed 120 rpm and duration time 
240s was used in each step. For the final polishing aluminum-
oxide Al2O3 suspension with grain size 0.05 µm was used. 
The influence of grinding and polishing to surface roughness 
is depicted in Fig. 1. 
 
 
3. Roughness analysis 
 

Monitoring of the roughness reduction was performed 
using a Confocal Laser Scanning Microscope LEXT 

OLS3000 (Olympus, Inc., Tokyo, Japan). This device per-
formes the reconstruction of the scanned surface using a laser 
beam. Results of the scanning are represented by a 2D matrix 
of heights, calculated surface characteristics (e.g. average 
roughness, mean squared roughness, largest peak height, lar-
gest valley depth) and high resolution images. The physical 
size of the scanned area was 640×480 with magnification 
480×. 

The roughness analysis using the 2D matrix of heights 
was performed in regions corresponding with the size of 
a rectangle covered by the array of indentors used for 
nanoindentation tests3,4.  
 
4. Optimization of the polishing procedure 
 

Satisfactory values of final roughness were obtained, but 
a low roughness reduction by grinding using 9, 6 and 3 µm 
suspensions was observed. Therefore changes in the grinding 
procedure were suggested. The influence of grinding head 
force on abrasion rate and surface roughness was analyzed. 
Achieved abrasion rates are listed in Tab. I. 

Influence of pressure force on surface roughness was not 
observed. In accordance with these results, the grinding step 

MONITORING OF MATERIAL SURFACE POLISHING PROCEDURE USING  
CONFOCAL MICROSCOPE  

Fig. 1. Grinding procedure before optimization 

Abrasive type Load 
[N] 

Abrasion 
[μm min1] 

15 μm diamond  disk 5 20 ± 3 
15 μm diamond  disk 10 35 ± 4 
3 μm diamond  suspension 5 1.1 ± 0.2 
3 μm diamond  suspension 10 1.7 ± 0.4 
3 μm diamond  suspension 15 2.4 ± 0.4 

Table I 
Abrasion rates for different abrasive types 
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with grindstone-size 6 µm was omitted and duration time of 
the other steps was optimized. The improved grinding proce-
dure is described in Tab. II. 

The region of low reduction of surface roughness was 
removed (Fig. 2). 
 

 
5. Conclusions 
 

In this work, optimization of grinding procedure for 
three representative materials for microstructural testing was 
performed. Roughness reduction during the original grinding 
procedure was monitored using a confocal microscope and 

according to the obtained results the procedure was opti-
mized. In case of the initial concatenation of grinding steps 
a slow progress in the middle of the procedure was observed. 
Number of grinding steps was reduced and optimal forces and 
grinding times were estimated. Using the optimized polishing 
procedure equal values of final surface roughness were 
reached and shorter time (26 % reduction) and with smaller 
amount of grinding substances (14 % volume saving) re-
quired. 
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Article deals with monitoring and optimization of rough-
ness reduction procedure used for preparation of samples for 
nanoindentation tests. The aim of the research was to measure 
roughness reduction effect of various combination of grind-
stones, polishing time, pressure and speed. Suitable procedure 
with respect to time and cost for three different materials was 
proposed. For porous materials trabecular bone was chosen, 
fibre composite as and asbestos-free plates compact ones. 
Roughness measurement was performed by contactless meth-
od using a confocal microscope. Number of grinding steps 
was reduced and optimal forces and times of grinding were 
estimated. 

Abrasive/size Load 
[N] 

Speed 
[rpm] 

Time 
[s] 

35 μm diamond  disk 5 120 120 
15 μm  diamond  disk 5 120 120 
9 μm diamond suspension 15 120 360 
3 μm diamond suspension 10 120 240 
1 μm diamond suspension 5 120 240 
0.05 μm SiO2 suspension 2.5 100 300 

Table II 
Optimized grinding procedure 

Fig. 2. Optimized grinding procedure 



Chem. Listy 105, s792s793 (2011)                                     LMV 2010                                                                                    Posters 

s792 

ANNAMÁRIA DUSZOVÁ, PETER HORŇÁK, 
VLADIMÍR STOYKA, PAVOL HVIZDOŠ, 
FRANTIŠEK LOFAJ, and JÁN DUSZA  
 
Institute of Materials Research of SAS, Košice, Slovak 
Republic  
 

Keywords: WC-Co, microstructure, hardness, ISE 

 
 
1. Introduction 

 
Cemented carbides are widely used as cutting, forming 

and machining tools in different areas of industry because of 
their high hardness and strength, good fracture tougness and 
excellent wear resistance. Their mechanical properties are 
determined by their microstructure parameters but are also 
dependent on the testing methods1.  

Hardness is one of the most important characteristic of 
cemented carbides. The apparent hardness of ceramics and 
ceramics based composites depends on the applied test load, it 
decreases with increasing load, which is called “load size 
effect” or “indentation size effect” (ISE). The hardness on the 
other side strongly depends on the microstructure of these 
materials and exhibits significant scatter, especially at low 
indentation loads2. 

The aim of the present contribution is to study the influ-
ence of the applied load on the hardness, indentation modulus 
and their scatter in WC-Co systems with different microstruc-
ture parameters during the instrumental hardness test in the 
load range from 5 mN to 440 mN. 
 
2. Experimental procedure 

 
The experimental materials were supplied by Pramet 

Sumperk. Four systems have been prepared using standard 
processing routes with different microstructure parameters. 
Their microstructure has been evaluated using standard 
ceramographic procedures – cutting, grinding, polishing and 
SEM observation, (Fig. 1.) The microstructure parameters as 
volume fraction of Co binder – fCo, mean grain  size of WC – 
DWC, mean free path in binder – LCo and contiguity – CWC, 
have been calculated using standard point/line analysis3. 

The CMCTM (Continuous Multi Cycle) method was 
applied using Nano Hardness Tester (CSM-Instruments SA) 
with Berkovich diamond indenter. In each test run, the indent-
er was driven into the specimen surface under a load gradual-
ly increased from 5 mN to 450 mN with 10 stops at prede-
fined loads. At each stop the indent was unloaded gradually to 
10 % of the load after being held at that load for 10 s, and 
then driven again into the specimen surface to a higher value.  
At least 15 test runs were recorded on each samples. Single 
cycle indentations have been realized in the same load inter-
val. The calculation of the indentation hardness and the evalu-

ation of the ISE have been realized according to the methods 
described4. Traditional Vickers hardness was measured in the 
load interval from 0.98 N to 298 N. 

 
3. Results and discussion  

 
Characteristic microstructures of systems WC-Co 35 

and WC-Co 60 systems are illustrated in Fig. 1 
and the microstructure parameters for all investigated materi-
als together with their Vickers hardness are summarized in 
Tab. I.   
 

 
According to Table I, the volume fractions of the binder 

are similar in  WC-Co 20, WC-Co 35  and WC-Co 110 
(around 11.0 vol%) and only  WC-Co 60 has significantly 
higher fCo with the value of 35.3 vol%. 

The results of the instrumented indentation test are illus-
trated in Figs. 2-4. The increased value in hardness at the 
highest penetration depth is Fig. 2 an artefact. It seems that 
the ISE is not significant for the studied materials. In all sys-
tems however the scatter in hardness values increased with 
decreasing load significantly, especially at loads below 100 
mN. The hardness values of the WC-Co 20, WC-Co 35 
and WC-Co 110 are very similar within the whole load range. 
The lowest ISE was observed in the system WC-Co 110. 

The lowest hardness was found in WC-Co 60 for all 
indentation loads. The indentation modulus decreased 
with increased loads for all systems, with evident differences 

MICROSTRUCTURE PARAMETERS VERSUS INDENTATION SIZE EFFECT  
IN WC-Co HARDMETALS 

Fig. 1. Characteristic microstructure of the systems WC-Co 35 
and WC-Co 60 (bright – WC, dark – Co)  

  fCo 
[%] 

DWC 
[m] 

LCo 
[m] 

CWC 
[] 

HV30 
[kg mm2] 

WC-Co 20 12.5 1.51 0.34 0.39 994/12 

WC-Co 35 10.7 1.69 0.29 0.37 1191/31 

WC-Co 60 35.3 1.07 0.76 0.23 826 /13 

WC-Co 110 10.8 0.81 0.20 0.52 1330/39 

Table I  
Microstructure parameters and Vickers hardness with stand-
ard deviations of the studied WC-Co systems 
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between systems, and with a probably strong relationship to 
the individual microstructure parameters.   

The scatter in traditional Vickers macro hardness at 
loads > 0.98 N is caused mainly by the scatter in indent size 
measurement. Below 100 mN, when the indent size became 
smaller, the volume of the deformed area below the indents 
contains less WC grains and Co areas with different size/
properties and the scatter is increasing. At very low loads (cca 
10 mN), the indent size is comparable or smaller than the DWC 
and LCo and the scatter is significant, caused by the very dif-
ferent hardness and elastic modulus of the individual phases. 

Recently Bonache et. al5 found differences as high as 
100 % in the hardness and indentation modulus of WC crys-
tals measured at different crystallographic orientations. Our 
preliminary results partly confirmed these facts. This can 
contribute additionally to the high scatter at very low loads, 
which will be the object of our future investigation.         

 
4. Conclusions 

 
The differences in microstructure parameters of  the 

studied WC-Co systems, beside the system 60, result only in  
relative small differences in their hardness but in larger differ-
ences in their indentation modulus. The volume fraction of 
binder, fCo determines the hardness at higher loads and the 
mean free path in binder, LCo, mean grain size of WC, DWC, 
and the crystallographic orientation of WC grains the nano-
hardness at loads < 25 mN. The ISE is more significant in the 
case of instrumented modulus. 
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The influence of the applied load on the hardness, inden-

tation modulus and their scatter in WC-Co systems with dif-
ferent microstructure parameters has been investigated. The 
indentation size effect was not significant and the microstruc-
tures influenced more significantly the indentation modulus. 
The scatter in hardness values increases at low indentation 
loads. 

Fig. 2. Influence of the load on the hardness for WC-Co 35 
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Fig. 3. Influence of the load on the hardness for all systems 
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Fig. 4. Influence of the load on the indentation modulus 


