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Preface 

Following the progress in the development of the nano/micro-level experimental equipment local mechanical prop-
erties have become a very attractive subject for many researchers. It is well documented also by the growing atten-
dance of already 6th international seminar on Local Mechanical Properties. The seminar was held on November 
11th-13th, 2009 in Telč, South Bohemia. 

The 2009 year was organized by Dr. Jiří Němeček and his team from the Department of Mechanics, Faculty 
of Civil Engineering, Czech Technical University in Prague in cooperation with Technical University of Košice and 
West Bohemian University (ZČU Plzeň). It was attended by around 50 participants from both academia and industry 
covering several European countries (the Czech Republic, Slovakia, Poland, Switzerland, Germany, Bulgaria and 
Ukraine). The seminar followed well established traditions found in previous years in Košice 2004 and 2005, Plzeň 
– Nečtiny 2006, Brno – Šlapanice 2007, Herlany near Košice 2008. 

The scope of the seminar was focused on the presentation of research results in the field of experimental 
methods, material engineering, computations and modeling of material behavior and the assessment of its local me-
chanical properties at nano/micro-scale. Contributions on nanoindentation and other methods for hardness assess-
ment, measurement of deformations and stresses, time-dependent properties and related microstructure analyses 
(ESEM, AFM, XRD, etc.) are included in the contributions. 
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1. Introduction 
 
Along with conventional characterisation methods 

(chemical or phase composition, macrohardness, grain size 
distribution etc), the microhardness distribution pattern 
might be the quantitative metallography analysis tool to 
uniquely characterise the microstruture and quantify mate-
rial properties1.  

Microhardness testing is widely employed to conduct 
the study on individual phases, diffusion gradients, aging 
phenomenon, etc. The sensitivity of hardness measure-
ments (the ability to distinguish changes and thus struc-
tural components of the material) depends on many fac-
tors. One of them is the loading force which has to be se-
lected for a given microstructure. 

The main potential difficulty in microhardness meas-
urements concerns the possible dependence of microhard-
ness values on the test load. As the test load is reduced 
below a certain threshold, the measured microhardness 
value may tend to decrease or increase depending on the 
material2. The general principle is that the microhardness 
tests carried out on individual phases need to use as large 
a load as possible to ensure the repetitiveness of measure-
ments. However, for simple comparison of relative micro-
hardness, the values obtained at a fixed load can be used 
without the need to allow for a load dependence. Assum-
ing the above, the random microhardness measurements 
conducted under a small load can be applied to character-
ise and compare the changes in microstructure of alloys 
with different thermal history.  

The aim of this work is to use a microhardness inden-
tation technique to detect the effect of annealing process 
on microstructure evolution in creep resistant 0.3C-30Ni-
18Cr cast steel. 

 
 

2. Material and Tests 
 
The austenitic 0.3C-30Ni-18Cr cast steel with vary-

ing content of Nb, Ti and Si was used for investigations3. 
The content of individual elements varying within the 
chemical composition of the tested cast steel is shown in 

Table I. The samples were investigated in the as-cast and 
heat treated condition. The annealing process was con-
ducted at 900 °C for 300 hrs, then the samples were cooled 
down with furnace. 

 
The phase constituents were investigated by X-ray 

diffraction method on cross-sections and isolates extracted 
from the as-cast and annealed alloys3,4. The microstructure 
analysis was performed by optical and scanning micros-
copy.  

Microhardness tests were carried out by the Vickers 
method, pressing statically the indenter under a load of 5G 
and at the 100 times magnification of a Buehler Micromet 
2100 microhardness tester. The value of load was chosen 
basing on the results of the preliminary tests and studies. 
The measurements were taken on polished metallographic 
cross-sections of unetched specimens. One hundred ran-
dom measurements were taken for each alloy tested.  

The results of the measurements were processed with 
a Statistica software. 

 
 

3. Results and discussion  
 
The idea of applying microhardness measurements to 

describe the microstructure of austenitic cast steel is based 
on an assumption that different values of the hardness of 
individual phase constituents should give different modes 
on the histogram of microhardness distribution. One might 
also expect that changes in matrix due to the processes of 
precipitation, phase transformation and/or coagulation 
should leave their “fingerprints” on hardness distribution, 
too1.  

Before proper random microhardness measurements 
were taken, the preliminary tests had been done to estab-

APPLYING MICROHARDNESS TO MICROSTRUCTURE ANALYSIS 

Table I  
The content of Ti, Nb and Si [wt.%] in 0.3%C-18%Cr-
30%Ni cast steel 

Alloy no Ti Nb Si 

1 0.83 1.75 1.69 

2 1.00 0.03 1.82 

3 0.05 1.84 1.82 

4 0.70 3.00 4.00 

5 0.03 0.03 1.69 

6 1.07 1.59 4.26 

7 0.53 2.80 3.54 

8 0.30 0.55 1.57 

9 0.68 2.06 1.76 
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lish the best choice of the indenter load values. To achieve 
this goal, 60 random measurements were taken on one of 
the examined cast steel specimens applying the loads of 
50, 25, 10 and 5G. The results of the measurements in the 
form of respective histograms are shown in  Fig. 1a and b.  

The load of 50G gives a unimodal histogram of nor-
mal distribution. When the load is reduced, the run of the 
histogram changes. The distribution bar is reduced in 
height and enlarged in width. If the examined feature is 
microhardness of a single phase, a change of this type will 
suggest that the deviation of standard mean is increasing, 
and under such conditions reducing of load would practi-
cally make no sense. 

 

 

 
Fig. 1. Microhardness frequency distribution obtained for 
different load: a) 10, 25 and 50G, b) 5 and 10G 

 
When the random measurements are taken on 

a multi-phase material, which the examined cast steel cer-
tainly is, an increase in the value of the examined feature 
proves that what is measured is the hardness of a single 
phase constituent. And this is precisely what the carried 
out tests aim to do. To obtain complex information on 
alloy microstructure, it is necessary to answer, first of all, 
the question whether it is possible to distinguish between 
the individual constituents of this microstructure. This is 
why reducing the load seems to be a proper course in 
measurements of this type, especially when the target is, 
for example, the estimation of volume fraction of the indi-
vidual phase constituents. Smaller loads increase the prob-

ability of making indentations in the hard phase constitu-
ents, which have small size. 

An example of indentations obtained on the cross-
sections of alloys 2 and 3 under 10 and 5G load is shown 
in Fig. 2. As it has been assumed, the value of load should 
enable the indentation to be made in a selected monophase 
region only. For this purpose, the load higher than 5G 
seems to give too large indentations that extend through 
more than one phase, as can be observed, for example, in 
alloy 3, where the phase precipitates are very small, Fig. 2.  

The measurements of microhardness were taken on 
all the examined alloys by making 100 random indenta-
tions under a load of 5G. The results of the measurements 
were processed to form binary histograms which compared 
changes in microhardness distribution obtained for each of 
the examined alloys before and after the process of anneal-
ing. Considering the type of changes, the alloys and the 
respective histograms of hardness distribution were di-
vided into three groups: 
 alloys in which no changes occurred (alloys 1 and 3), 
 alloys which reduced the average matrix hardness 

(alloys  2, 5, 8 and 9), and 
 alloys which increased the average matrix hardness 

and reported a quantitative increase in hardness HV 
on the right side of the histogram (alloys 4, 6 and 7).  
The examples of histograms for each group are pre-

sented in Figs. 35. The range corresponding to the values 
below 100 HV was assigned to non-metallic inclusions or 
pores, often present in cast structure. The values above 
500HV were assigned to other phase constituents5. The 
matrix is represented in the histograms by bars of the high-
est frequency of occurrence, and they create the prevailing 
mode of the histogram. Using mean hardness values in 
a given range and percent fraction of the measured hard-

10 m

Alloy 3 - load 10G

10 m

Alloy 2 - load 10G

10 m

Alloy 2 - load 5G

Fig. 2. Indentations made on the cross-section of alloys with 
Nb (alloy 3) and with Ti (alloy 2) under a load of 10 and 5G 
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ness values in this range, the mean hardness of the matrix  
and its changes HV were calculated (Table II). Due to 
annealing, the mean matrix microhardness HV either 
remains unchanged or changes in different modes, assum-
ing positive or negative values. 

An increase of matrix hardness as well as 
a quantitative increase of the values corresponding to  
higher hardness levels (see Fig. 4) are related with the 
process of secondary precipitation and phase transforma-
tion occurring in the examined alloys3. This is the transfor-
mation of the simple MC type carbides (niobium and tita-
nium carbides) into a high-silicon G phase, accompanied 
by a considerable increase in the volume of the precipi-
tates, Fig. 6. The said transformation takes place within the 
temperature range of about 700950 °C. Its intensity de-
pends on the silicon content in alloy3,6 and on the content 
of Nb and Ti. Alloys with high content of these elements 
(alloys  4, 6 and 7) increase their hardness considerably. In 
alloys with the low content of Nb and Ti (alloys 2, 5 and 
8) a drop of HV has been reported to occur. 

Fig. 5. Histogram of microhardness distribution in alloy no 8 
in as-cast and annealing state 

Fig. 4. Histogram of microhardness distribution in alloy no 6 
in as-cast and annealing state 

Fig. 3. Histogram of microhardness distribution in alloy no 1 
in as-cast and annealing state 

Alloy no as-cast annealed  HV 

1 294 295 1 

2 277 247 30 
3 246 247 1 

4 291 353 62 

5 291 252 39 

6 310 331 21 

7 260 318 58 

8 343 315 28 
9 272 280 8 

Table II  
Microhardness of matrix , HV0.05 

9

as-cast

annealed

Fig. 6. Microstructure of alloy 6 in as-cast and annealed (900 °
C, 300 hrs) condition 



Chem. Listy 104, s267s270 (2010)                                     LMV 2009                                                                         Invited Papers 

s270 

Changes in matrix microhardness (HV) in function 
of the alloy chemistry were determined from a multi-
dimensional regression analysis and described with equa-
tion (1), Fig. 7. 

 
Very high correlation (R2 ~ 0.999) was attained, 

which is indicative of underlying interrelationships be-
tween the chemistry, materials history and composition of 
non-homogeneous matrix. 

In the group of the three examined elements, silicon 
is the one that has the greatest effect on changes in HV, 
Eq. (1). High content of this element results in an increase 
of the matrix hardness, the greater, the more of niobium 
and the less of titanium are present in cast steel. Titanium 
confers to the examined cast steel the highest resistance to 
phase transformations. With maximum content of tita-
nium, changes in matrix hardness due to the process of 
annealing are relatively small, Fig. 7. 

 
 

4. Conclusions 
 
The random measurements of microhardness under 

low loads enable complex evaluation of the microstructure 

of a multi-phase material. Detailed analysis of microhard-
ness distribution presented in the form of histograms en-
ables, among others, the following:  
 determination of mean matrix hardness, 
 evaluation of the effect of alloy chemistry on changes 

in the matrix hardness due to annealing, 
 tracing changes in microstructure caused by phase 

transformations and the secondary processes of pre-
cipitation through analysis of a quantitative increase 
in the value of HV. 
A possibility also exists to use hardness distribution 

as a tool for quantitative evaluation of the phase consti-
tutents present in alloy microstructure. Increasing the sen-
sitivity of measurements to improve the detectability of 
individual phases seems to be a key problem here. Because 
of the high hardness of phases present in the examined cast 
steel and their relatively small content, the applied method 
of microhardness measurements cannot allow further re-
duction of the load value and plotting a multimodal histo-
gram in which the individual modes would describe single 
phase constituents. A solution might be here the random 
measurements using the method of nanoindentation. 
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M. Garbiak (West Pomeranian University of Tech-

nology): Applying Microhardness to Micro-Structure 
Analysis 

 
The random microhardness measurements of the 

creep resistant 0.3C-30Ni-18Cr cast steel with a varying 
content of Nb, Ti and Si were applied to characterize the 
changes in microstructure due to annealing at temperature 
900 °C. The measurements were carried out using Vickers 
indenter and loading force of 5G. One hundred random 
measurements were taken from the metallographic cross 
sections for each alloy tested. The histogram analysis of 
changes in hardness distribution due to thermal processing 
of alloys was conducted with respect to the average hard-
ness of matrix and phase precipitates. Multivariate linear 
regression analysis was implemented to determine quanti-
tative relations between the changes in average microhard-
ness of matrix and chemical composition of alloy. 

 
 

Fig. 7. Influence of Nb, Ti and Si on changes in the micro-
hardness of matrix HV due to annealing;  
HV = 93.3 + 32·Si + 19.7·Nb + 45.4·Ti – 22.4·Si·Ti;  (1),  
R2 = 0.9998, F = 2902 
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1. Introduction 

 
Nanoindentation is a commonly used and accepted 

method for measuring local mechanical properties of the 
wide variety of materials ranging from biology to con-
cretes and nanomaterials. Although nanoindentation was 
developed only two decades ago, it is already widely ac-
cepted experimental technique. The reason is that it pro-
vides unique information on hardness and elastic proper-
ties from very localized sites, which are unavailable by 
other mechanical methods. The method has been already 
standardized for both bulk metallic materials (ISO 14577  
Part 1 through Part 3 and ASTM E2546)1,2 as well as for 
metallic and non-metallic coatings (ISO 14577 – Part 4)3. 
However, the nanoindentation measurements and espe-
cially data interpretation are much more difficult in the 
case of very thin films on substrates with different hard-
ness and elastic constants. Measurement on coatings re-
quires the penetration depth is less than half of the coating 
thickness, no cracking can occur and the hardness of the 
coating is evaluated as a maximum or the plateau that ap-
pears in the hardness – penetration depth curve. Additional 
requirements include tip calibration, surface roughness 
Ra < 5 % hc (hc is the penetration depth), and hc must be 
smaller than 1015 % of the film thickness to prevent sub-
strate influence3. To satisfy this requirement, indentation 
load has to be reduced to N or even nN range depending 
on the thickness and stiffness of the studied coatings. Par-
tial unloadings during the loading in cyclic mode or in 
sinusoidal mode with much higher frequency provide very 
useful methods for the determination of full hard-
ness  penetration depth curve and determination of the 
maximum or plateau indicating true hardness of the coat-
ing. Such techniques are available in most of the nanoin-
denter systems. However, the parameters of each nanoin-
dentation system, e.g. frame stiffness, frequency range, 

load accuracy, etc., are different, which affects the accu-
racy of the obtained data even if all testing parameters are 
identical. Additional effects that strongly influence the 
reliability of the obtained data involve the effects of the 
indentation size4,5, surface roughness6,7 different tip ge-
ometry7, effects of grain size, residual stresses etc.8. An 
earlier international round-robin9, which was organized to 
evaluate the consistency of the data among different labo-
ratories on the set of three different coatings indicated that 
the scatter within 714 % is achievable when the indenter 
area function is calibrated, thermal drift eliminated, the 
requirements on surface roughness fulfilled and full hard-
ness-penetration depth curve is known. This work was 
done on model samples with very low roughness specially 
prepared for this purpose. The required parameters are 
often not available in the real samples because surface 
roughness ≤ 3 nm in the case of 500 nm films is difficult to 
achieve. Moreover, the accuracy and possibilities of 
nanoindenters continuously increase and new types are 
being introduced. Besides dedicated nanoindenters from 
the well established producers, nanoindentation heads are 
available for atomic force microscopes (AFM) and univer-
sal stands. Nanoindentation can also be performed by di-
rect use of AFM tips. The comparison of the data obtained 
from such systems is not yet available. Therefore, the aim 
of the work is to investigate the consistency and reliability 
of nanoindentation data on a set of non-standard thin coat-
ings obtained on different types of nanoindenters. 

 
 

2. Experimental procedure 
 
Three different types of coatings were deposited on 

the polished hardened steel substrates by PE-CVD method: 
WC-C, Cr-C and TiN coatings with Ti sublayers. The mi-
crostructure of the coatings was investigated by scanning 
electron microscopy in order to estimate their roughness 
and thickness. The thicknesses were in the range from 300 
to 600 nm. Hardness range of these coatings was from 
several GPa up to 30 GPa. The set of three coatings on the 
substrates with the size of 20  20  3 mm3 were distrib-
uted to five participating laboratories, which included re-
search and university institutions as well as company labo-
ratories. The names of the participating laboratories are 
therefore intentionally denoted only as A, B, C, etc. The 
laboratories used different types of nanoindenters – three 
participants have dedicated nanoindenters and two labora-
tories used nanoindenter heads on the universal support 
and on the AFM base, respectively. Two basic modes were 
chosen for nanoindentation tests with the Berkovich in-
denter on the coatings:  single loading  unloading cycle 
with the loading up to 1.5 mN within   10 s, dwell time of 
10 s and unloading in 10 s, and – sinusoidal/cyclic mode 

A COMPARATIVE STUDY OF NANOINDENTATION MEASUREMENTS  
ON THIN COATINGS  
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with the maximum load of 10 mN reached within 20 s, 
dwell time of 10 s followed by unloading within 20 s. Be-
cause the testing conditions in the sinusoidal mode depend 
on the system possibilities, they were not identical in all 
laboratories. On the other hand, the tendency was to be 
close to the prescribed conditions. Two laboratories made 
over 180 indents for each coating, another 50 indents, then 
> 36 and the last laboratory made only one measurement. 
The last laboratory was therefore not included in the analy-
sis. Three laboratories supplied complete sets of data and 
plots and two submitted only a table with final data. All the 
data was collected at one site for an independent evaluation. 

 
 

3. Results and discussion 
 
SEM observations of the coatings revealed that their 

thickness was ≥ 500 nm while their surface roughness 
varied: Cr-C coating was the smoothest, TiN film exhib-
ited significant waviness with small amplitude.   W-C 
coating was similar to Cr-C but its amplitude seemed to be 
bigger. It also contained local delamination “buckles“. All 
coatings contained agglomerates which are larger than the 
features on the remaining surface. However, the roughness 
was not measured prior to indentation. 

The data provided by the participating laboratories 
included testing conditions, hardness and indentation 
modulus values with the corresponding standard devia-
tions. They are summarized in Tab. I. The data was ana-
lysed using two different approaches: pure statistical 
which is based only on the measured values and more ex-
perimental approach, when the loading  unloading curves 
or hardness  penetration depth curves are taken into con-

sideration to determine of the value of the corresponding 
parameter.  

Pure statistical approach indicates large scatter of the 
data and excessive differences among laboratories in some 
cases. Tab. II summarizes the scatter of the hardness and 
indentation modulus relative to the corresponding value 
reported by the laboratory. The scatter in single load-
ing  unloading mode in W-C coating is always above 
20 % in all laboratories, which is systematically larger 
than in the other coatings. Laboratory C even reported 
scatter > 150 % for hardness and around 80 % for indenta-
tion modulus. These values were considered problematic 
and they were not included in further analysis. Such a 
large scatter seems to originate from considerably larger 
set of indents made at this laboratory (around 200 indents) 
and consideration of all data without intentional selection 
rather than from the problems with the measurement. The 
smallest values of around 13 % are mostly obtained in Cr-
C coating followed by TiN coating. The differences among 
the laboratories in these two coatings are relatively small. 
The scatter values obtained for indentation modulus are 
often slightly lower than in the case of hardness values: 
hardness scatter in single mode is in the range from 9 % to 
66 % (153 % in lab. C) whereas that of indentation 
modulus is in the range 3.9 % to 49 % (79 %). 

Scatter range is approximately the same or slightly 
more narrow in sinusoidal/cyclic mode. Hardness scatter is 
from 6 % to 35 % whereas indentation modulus from 5 % 
to 32 %. Obviously, elastic modulus exhibits slightly 
smaller scatter than hardness. 

When single loading  unloading data from different 
laboratories are compared, the values from the laboratory 
A exhibit the lowest scatter and the highest scatter appears 

    Single (1.5 mode mN) Sinus mode/ Cyclic (10 mN) 

Sample Lab. HIT [GPa] EIT [GPa] HIT [GPa] EIT  [GPa] 

Cr-C A 12.9 ± 1.7 179.8 ± 11.7 12.7 ± 2.2 184.4 ± 14.9 

  B 19.0 ± 2.3 240.6 ± 21.3 12.9 ± 2.2 239.6 ± 48.0 

  C 15.2 ± 6.9 221.8 ± 71.6 18.2 ± 3.5 257.9 ± 31.3 

  D 
(0.5 mN) 

11.7 ± 1.8 
10.7 ± 1.9 

199.6 ± 15.0 
159.4 ± 14.3 

  

W-C A 14.2 ± 3.1 180.3 ± 23.0 13.2 ± 2.3 148.2± 22.6 

  B 23.9 ± 6.6 388. 8 ± 92.0 12.0 ± 5.0 at 80; 
16.0 ± 4.0 at 30 nm 

395.0 ± 156.0 at 80 nm 
327.1 ± 69.1 at 30 nm 

  C 3.9 ± 5.9 124.2 ± 98.6   

  D 10.7 ± 2.9 245.5 ± 52.6   

  E 3.1 18.7   

TiN A 5.2 ± 0.6 66.7 ± 2.6 5.1 ± 0.4 48.1 ± 15.2 

  B 7.8 ± 1.0 164.7 ± 14.1 5.8 ± 2.0 181.0 ± 51.0 

  C 5.6 ± 3.7 139.6 ± 68.6 7.8 ± 0.5* 175.2 ± 9.3 

  D 
0.5 mN 

5.7 ± 0.5 
6.1 ± 1.0 

161.2 ± 9.6 
135.4 ± 12.2 

  

Table I 
Summary of the nanoindentation data from the participating laboratories 
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in the data from laboratory C. In cyclic/sinusoidal mode, 
laboratory C reported the lowest scatter and laboratory B 
the largest. This may be due to larger number of indents in 
B and C compared to the number of indents in laboratory 
A and because laboratories B and C used maxima from 
depth penetration curves obtained in sinusoidal mode. 
Besides maximum scatter, the frequency of maximum and 
minimum values were considered to be negative and 
smallest scatter a positive in ranking the reliability of the 
data among the laboratories. Based on this approach, the 
data from laboratory A followed by laboratory D is the 
most consistent in single loading  unloading mode. Simi-
lar evaluation in cyclic/sinusoidal mode is more difficult, 
because this mode was not available in laboratory D and 
laboratory C provided data for only two coatings. Again, 
the data from laboratory A seems to be more consistent 
than that from laboratory B. When extrapolation to three 
measurements is used for the data from laboratory C, it is 
between the values obtained for A and B. 

The drawback of such evaluation is that it does not 
consider experimental differences: only 36 indents were 
considered in A case and 150200 indents were involved 
in B and C cases. The depth penetration curve from cyclic 
mode in A case often missed the maximum whereas it was 
usually pronounced in sinusoidal mode used in the labora-
tories B and C. According to the standard3, the maximum 
corresponds to the true value of the corresponding parame-
ter, but the extreme values were considered as negative in 
ranking consistency of the data on statistical approach. The 

necessity to involve experimental details in the evaluation 
of the consistency of the data is emphasized. 

The review of 180 load  penetration depth curves in 
Cr-C sample in single loading-unloading mode showed the 
range of penetration depths from 80 nm to maximum of 
around 430 nm, but most of the curves were grouped be-
low 80 nm. TiN coating, despite having slightly higher 
roughness exhibited very similar behavior. The situation 
was more complex in W-C coating. The range of the pene-
tration depths was the same as in Cr-C, but the curves 
were distributed without preferential grouping. It results in 
extreme standard deviations in this coating (see Tab. I and 
Tab. II). The trends for each coating in cyclic mode were 
analogous. 

Such behavior can be explained by the effects of sur-
face roughness. It was estimated at one of the laboratories 
from surface profiles. The average amplitude of the sur-
face profile in Cr-C sample was below 15 nm, but few 
occasional peaks with the amplitude up to 110 nm were 
present. In TiN, the amplitudes were usually from 20 to 
70 nm but the number of large peaks in the excess of 
200 nm was significant. Finally, the amplitudes in W-C 
coating were usually within the range of 150 nm with the 
peak values up to 500 nm. 

Obviously, the conditions for surface roughness de-
fined in ISO standard3 are not fulfilled. Penetration depths 
under load of 1.5 mN were usually < 100 nm and the 
maxima appeared in sinusoidal mode below the same 
depths. The condition of surface roughness Ra < 5 % of 
penetration depth means that the amplitudes of surface 
profile have to be < 5 nm. This was not achieved even in 
the case of Cr-C coating. However, because the difference 
between the required and actual roughness was not exces-
sive, only few indentation curves were strongly affected 
and most of the curves were within reasonably narrow 
band. The increase of surface roughness in TiN and W-C 
coatings led to deterioration of the conditions for the as-
sumed geometry of the contact between the surface and 
indenter tip and to the increase of the scatter of measured 
parameters. 

Despite the fact that the roughness of the studied 
coatings did not satisfy standard requirements, most of thin 
films on structural components would be in the same situa-
tion. Therefore, the ways to extract sufficiently reliable 
data from non-standard samples are essential for practical 
purposes. Careful selection of the main group of curves in 
single loading  unloading mode is the simplest but rather 
subjective approach suitable only for homogeneous mate-
rials. The location of indents only into flat and defect-free 
areas of the coating is another possibility. It can also be 
used in dual or multi-phase materials. Finally, sinusoidal 
mode and its detailed penetration depth dependencies offer 
much better resolution of „true“ values than cyclic mode 
where the maximum of the curve is often lost or as the 
single loading-unloading cycle when the resulting value 
depends strongly on the maximum load. The minimum 
depth to obtain reliable and physically meaningful data 
from sinusoidal mode on the coatings with the thickness of 

Table II 
The comparison of the relative scatter for the measure-
ments of hardness and indentation modulus from each 
laboratory. The underlined values were not considered in 
further analysis 

Lab./ 
sample 

Single 
  1.5 mN 

 mode  Sinus/ Cyclic 
      10 mN 

 mode  
  

  ±HIT [%] ±EIT [%] ±HIT [%] ±EIT [%] 

A 
Cr-C 
W-C 
TiN 

  
13.1 
21.8 
12.3 

  
6.5 

12.8 
3.9 

  
17.6 
17.5 
8.7 

  
8.1 
15.2 
31.5 

B 
Cr-C 
W-C 
TiN 

  
12.1 
27.5 
12.9 

  
8.8 

23.7 
8.6 

  
16.8 
24.8 
34.5 

  
20.0 
21.1 
28.9 

C 
Cr-C 
W-C 
TiN 

  
45.6 

(153.8 ) 
66.5 

  
32.3 

(79.4) 
49.1 

  
19.2 
 

6.0 

  
12.1 
 

5.3 

D 
Cr-C 
W-C 
TiN 

  
15.4 
27.1 
8.8 

  
3.0 

21.4 
5.95 
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500 nm is around 40 nm. It is more than < 20 nm found in 
the earlier mentioned round-robin9 achieved on coatings 
with considerably lower roughness. 

 
 

4. Conclusions 
 
The nanoindentation data from four (five) laborato-

ries on three different coatings with non-standard rough-
ness in single loading  unloading and cyclic/sinusoidal 
modes scatter from ~ 8 % to 30 %. Scatter up to 45 % or 
even > 100 % can be achieved depending on the extent of 
deviation of surface roughness from 5 % of penetration 
depth limit and the mode of loading (single load-
ing  unloading, cyclic, sinusoidal). The lowest scatter was 
measured in Cr-C coatings with the roughness close to the 
limit and the highest scatter in W-C coating with excessive 
roughness. Surface roughness seemed to be the major fac-
tor determining scatter and reliability of nanoindentation 
hardness and modulus. The analysis of each indentation 
test is essential when sufficiently large statistical sets of 
indents are evaluated without their preliminary localiza-
tion. The sinusoidal mode is preferred compared to the 
cyclic mode and single load-unload cycle in determination 
of true values on thin coatings. The depth limit for the 
determination of hardness and indentation modulus on the 
coatings with roughness above the limit of 5 % of hc is 
around 40 nm. 
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The comparison of the nanoindentation data from 

four (five) laboratories on Cr-C, W-C and TiN coatings 
with non-standard roughness in single loading-unloading 
and cyclic/sinusoidal modes indicates the scatter from 8 to 
30 % but the scatter > 100 % can be achieved when sur-
face roughness significantly exceeds 5 % of penetration 
depth limit. Surface roughness is the major factor 
determining scatter and reliability of nanoindentation 
hardness and modulus. The scatter can be reduced by care-
ful selection of meaningful indentation tests from suffi-
ciently large statistical sets or location of indents in the 
areas with low surface roughness. The sinusoidal mode is 
preferred compared to the cyclic mode and single load-
unload cycle. The depth limit for the determination of 
hardness and indentation modulus on the coatings with 
roughness above the limit of 5 % of hc is around 40 nm. 
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1. Introduction 

 
This paper is a continuation of the article Determina-

tion of parameters of viscoelastic materials by instru-
mented indentation1,2. These two papers have explained 
basic formulae for elastic-plastic materials and for viscoe-
lastic-plastic materials, where the deformations depend not 
only on the load magnitude, but also on its duration. Also 
recommendations were given there for the preparation of 
indentation testing of viscoelastic materials and for the 
evaluation of results. Two kinds of tests were recom-
mended: a long lasting test under constant load for obtain-
ing the constants in the creep compliance function, and 
a quick load-unload test for obtaining the “fast” elastic 
modulus and hardness, useful also for the decomposition 
of the time-independent component of the creep function 
into reversible and irreversible part.  

This last paper, based on the experience from actual 
tests, theoretical analysis and literature, brings first a more 
detailed discussion and instructions for indentation testing 
of viscoelastic-plastic materials and for the creation of 
suitable analytical models. The second part of the paper 
shows additional information obtainable from the nanoin-
dentation data: time course of apparent hardness, compo-
nents of indentation deformations, and relative proportions 
of the individual terms in the creep compliance function. 

 
2. Preparation of tests 

 
The tests should be arranged with respect to the char-

acter of the tested material and its potential use. The ar-
rangement regards especially the indenter kind and dura-
tion of tests. The stresses under a pointed indenter are very 
high, able to cause not only reversible viscoelastic deform-
ing, but also irreversible plastic and viscous flow. This 
viscous flow can sometimes last very long, longer than the 
time practicable with common nanoindentation devices. 
On the other hand, many viscoelastic or viscoelastic-
plastic materials are used for long term loading, but under 
rather low stresses. For such cases it is necessary to know 

the duration of reversible viscoelastic processes and 
whether the data from relatively short tests may also be 
used for long term loading. Reliable information of this 
kind can be obtained, for example, in tests with a spherical 
indenter, where the stresses are so low that no plastic de-
forming or irreversible viscous flow occurs. These tests 
can also reveal the yield strength or stress corresponding to 
the onset of permanent deformations. 

 
3. Finding optimum rheological model 

 
If a new material with viscoelastic-plastic properties 

is investigated, it is reasonable to fit the experimental h(t) 
data by various creep compliance functions (S+KV, 
S+2KV, S+3KV, S+D+KV, S+D+2KV, ..., in which S 
stands for a spring, D for dashpot, K and V for Kelvin and 
Voight units, respectively), and choose the model with the 
best fit (Fig. 1). The general form of the regression func-
tion for a pointed indenter is2,3: 

h2(t) = PKJ´(t) = 
= PK{C0 + cv (t – tR/2) + Cj [1 – j exp(– t /j)]}           (1) 

where h is the depth of penetration, t is time, tR is the dura-
tion of load increase from 0 to the nominal value P, K = /
(4 tan) is a constant for the indenter with the tip semian-
gle J´(t) is the creep compliance function (modified for 
the ramp loading), cv is the reciprocal of viscosity v of the 
dashpot (D) arranged in series with other elements, C0 is 
the compliance of the alone-standing spring (S) for time-
independent deformations, the constants C1,… are compli-
ances of the Kelvin-Voigt bodies (K-V), j are their retar-
dation times, and j are correction factors for the load in-
crease period (j = 1, 2, …n). The number n of the Kelvin-
Voigt bodies and the presence or absence of the viscosity 
term correspond to the used model. For practical procedure 
see Refs.2,3. The optimum parameters in each model can be 
found by the least squares method; subroutines for finding 
a minimum of a nonlinear function with several variables 
are present in various softwares; an example is Solver in 
Excel. 

For models with only a few constants (n ≤ 4), Solver 
easily finds the “best” parameters (C0, C1, 1…). In models 
with more than four constants, various „optimum“ values  
of parameters  are sometimes  found depending on their 

DETERMINATION OF PARAMETERS OF VISCO-ELASTIC MATERIALS  
BY INSTRUMENTED INDENTATION. PART 3: RHEOLOGICAL MODEL  
AND OTHER CHARACTERISTICS 

Fig. 1. Model of a viscoelastic-plastic body (S + D + 2KV) 

C 0 ,  E 0  Y ,  H 0    v,  c v     C 1 ,  1         C 2 ,   2
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starting values used in the search. The differences  be-
tween  the J(t)  curves  for  individual fits  are often practi-
cally negligible.  It is thus possible to choose fix retarda-
tion times j, scaled in decades; for example 1 = 1 s, 2 = 
10 s, 3 = 100 s, etc. Solver then seeks only the constants 
C0, C1, etc. In such cases, one should remember that C1, 
C2… are no true physical constants, but rather parameters 
in the model, valid only for some range of loading time.  

If several models give acceptable results, the particu-
lar model may be chosen with respect to its future use. 
Generally, the model need not be more complicated than 
necessary. For example, if a viscoelastic material will be 
used for applications with load lasting not longer than 
several seconds, the original universal complex model 
with several Kelvin-Voigt units and other terms, whose 
parameters were obtained in long-term tests, may be re-
placed by a simpler model with only three or four parame-
ters, provided the quality of fit is sufficient for the ex-
pected interval of load duration.      

When looking for a suitable model, one should keep 
in mind typical features of the response of a Kelvin-Voigt 
body (a spring in parallel with a dashpot in Fig. 1). Such 
body, whose response is described by expression Cj[1 – 
exp(– t/j)], is active within about two orders of time; 
roughly for 0.03 <  t /j < 3.0. For example, 1 – exp(–0.03) 
≈ 0.03; therefore, for t/j < 0.03, the body hardly started 
reacting, and until this time it behaves as if it were stiff. 
On the other hand, 1 – exp(–3) ≈ 0.95, so that for t/j > 3  
nearly the full deformation is reached, and the resultant 
response corresponds to the spring of compliance Cj alone. 

If the viscoelastic-plastic material is assumed to be 
used for long-lasting loads, it is important to ascertain 
whether the indenter movement into the sample stops dur-
ing the test (or exhibits the tendency to stop during a rea-
sonable time), or not. The former case occurs, e.g., in tests 
with spherical indenters and low contact pressures, while 
the latter case is common in tests with pointed indenters, 
where the maximum contact stresses exceed the limit for 
enforced irreversible viscous flow.  

If the indenter has stopped during the test, the number 
of K-V bodies should correspond to the number of time 
orders of this process. For example, if tstop = 1200 s, four 
K-V bodies (with retardation times e.g. 1 = 1 s, 2 = 10 s, 
3 = 100 s and 4 = 1000 s) are sufficient. In this case, the 
model may also be used for longer times.  

If the indenter continues penetrating into the speci-
men at the end of test, the number of Kelvin-Voigt bodies 
should correspond to the duration of test, and the model 
may be used only for simulation of processes not signifi-
cantly longer than this time. Extrapolation can be danger-
ous and large errors can appear; also the form of the creep 
compliance function J(t) plays a role (Fig. 2). Thus, if 
there is no obvious tendency to indenter stopping, the test 
should last as long as possible, its duration (hours, days, 
weeks…) being limited by the time-stability of the inden-
tation device.  

Also the load increase at the beginning of the test 
should be as fast as possible. The shortest retardation time, 
which can be revealed by the indentation test, 1, will not 
be significantly shorter than the duration of load increase, 
tR. Very short retardation times and processes with retarda-
tion times j significantly shorter than tR cannot be re-
vealed, and their parameters are „hidden“ in the 
„instantaneous“ compliance constant C0. (For t > 4i, all 
K-V bodies behave practically as a spring alone, and their 
compliances add up to the „ideally instantaneous compli-
ance C0,id“ and together make the „apparent instantaneous 
compliance C0“, obtained by fitting the h(t) curve from the 
test under constant load. (Note that the rate of loading 
under harmonic loading by ultrasound frequency is higher 
than in common loading in nano-indentation tests,  and 
also the values of elastic modulus, calculated from the 
velocity of sound propagation, are usually higher than 
those from indentation tests.)     

 
 

4.  Other characteristics from indentation  
into viscoelastic–plastic materials 

 
Indentation tests can provide more information, for 

example the time course of apparent hardness. Useful also 
is the information about various components of the pene-
tration depth, or about relative importance of individual 
deformation processes and their duration. 

 
Apparent hardness H(t) 

 
In nanoindentation tests, hardness is defined as the 

mean contact pressure under load, and characterises the 
resistance of material against penetration by another body. 
In viscoelastic materials, the mean contact pressure de-
creases with the time under (constant) load as  

H(t) = P / A(t)                                   (2) 

For a pointed indenter, A(t) = khc
2(t). Cheng and 

Cheng 4 have shown by finite-element modeling that the 
ratio of contact depth to the depth of penetration into vis-
coelastic materials is constant, independent on the rate or 

Fig. 2.  Indenter penetration into a polymer: measured data 
and curves for various rheologic models  
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duration of loading, hc/h = const. According to Eq. (1), the 
squared depth of penetration is directly proportional to the 
creep compliance function, h2(t) ~ J(t). Therefore, 

so that H(t)J(t) ~ P = const. Thus, if the „instant“ hardness 
H0 is known (from a quick load-unload test2, 3), the appar-
ent hardness H(t), corresponding to the time t under load, 
can be calculated as 

where J(0) = C0. Similar approach was used by Oyen 5. 
 

Components of indentation deformation 
 
For design of parts loaded by a highly concentrated 

(pointed) load it is useful to know various components of 
the total deformation (permanent, time dependent, etc.). 
This knowledge also helps in formulating demands on the 
accuracy of indentation testing of a particular viscoelastic-
plastic material. Best is the expression of individual quan-
tities in relative form. Figure 3 shows the typical points on 
the displacement curve during a long-term load-unload 
test: h1 is the depth at the end of quick loading, h2 is the 
depth at the end of the dwell under load, h3 is the depth at 
the end of quick unloading, and h4 is the final (residual or 
permanent) depth, measured long time after unloading. 
These characteristic depths of penetration (corresponding 
to the times t1, t2, t3, t4) can be used in defining the follow-
ing nondimensional quantities: 
h1/h2  = 
time-independent (“instantaneous”) component of the total 
deformation at time t2, 
(h2 – h1)/h2  = 
time-dependent component of the total deformation at t2, 
(h2 – h4)/h2  = 
total reversible component of the total deformation at t2, 
h4/h2  = 
total irreversible comp. of the total deformation at t2, 

(h2 – h3)/h2  = 
time-independent reversible component of the total defor-
mation at t2, 
(h3 – h4)/h2  = 
time-dependent reversible deformation related to the total 
deformation at time t2, 
(h2 – h3)/h1  = 
time-independent reversible component of the total time-
independent deformation (at time t1),  
(h3 – h4)/(h2 – h1)  = 
time-dependent reversible deformation related to the total 
time-dependent comp. of deformation at time t2, 
[(h2 – h1) – (h3 – h4)]/(h2 – h1)  = 
time-dependent irreversible deformation related to the total 
time-component of deformation at time t2, 
[h1 – (h2 – h3)]/h1  = 
time-dependent irreversible deformation related to the total 
time-component of deformation at time t2. 

 
Relative importance of individual deformation  
processes and their duration  

 
The elements in a spring-and-dashpot model can cor-

respond to various processes in the material, though these 
relations can be rather free. The individual constants C0, 
C1, C2… in the creep compliance function reflect the sig-
nificance of processes of various duration (characterised 
by retardation times 1, 2..), and can help in their identifi-
cation. Nondimensional expressions C1/C0, C2/C0… or C0/
C, C1/C, C2/C … express the relative proportions of 
individual processes, and are more universal than the pro-
portions of the components of the penetration. They can 
also be used to describe the spectrum of relaxation proc-
esses, common, e.g., in the characterisation of polymers 
exposed to periodic loading of variable frequency. 

 
 

5. Conclusions 
 
Viscoelastic-plastic response to load can be described 

by rheological (spring-and-dashpot) models and the corre-
sponding creep compliance function J(t). Standard creep 
compliance functions are very flexible. They can also be 
used in the commercial software for the finite element 
analysis. The parameters in the models can be determined 
from the time course of indenter penetration under con-
stant load. For more complex models, they are no true 
physical constants, but parameters valid for some range of 
loading time. The test should last till the indenter stops 
penetrating, or as long as possible (with regards to the 
application). Extra-polation of J(t) to very long times can 
sometimes cause significant errors. 

It is impossible to distinguish directly the reversible 
and irreversible parts of the „instantaneous“ compliance 
C0. The corresponding quantities E0 and H0 are better ob-
tained from separate tests with very fast loading and 
unloading.   

Indentation tests can provide more information, for 
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Fig. 3. Characteristic depths of penetration during indenta-
tion into a viscoelastic-plastic material  
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example about the time course of apparent hardness H(t), 
about the relative importance of various components of the 
depth of penetration, and about the relative importance of 
various deformation processes and their duration. 
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J. Menčík (University of Pardubice):  Determina-
tion of Parameters of Viscoelastic Materials by Instru-
mented Indentation. Part 3: Rheological Model and 
Other Chracteristics 

 
The paper is a continuation of two previous articles1,2 

on the characterisation of viscoelastic-plastic behaviour by 
nanoindentation. It explains the basic terms, shows 
characteristic features of the indentation response of these 
materials and brings  instructions for their testing by 
depth-sensing indentation and for the creation of suitable 
analytical (spring-and-dashpot) models. Then it shows 
further information obtainable from the nanoindentation 
data: time course of apparent hardness, components of 
indentation deformations, and relative proportions of the 
individual terms in the creep compliance function. 
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1. Introduction 

 
Nowadays, nanoindentation is a well established 

method used for obtaining quantitative data on elastic and 
inelastic material properties in small volumes, typically in 
submicron length scale. It is frequently used for extracting 
of intrinsic material properties of distinct phases that can 
be found in the microstructure of heterogeneous systems. 
Typical example of such system can be a composite mate-
rial consisting of prevailing matrix phase and individual, 
layered or fiber inclusions. The microstructure of compos-
ites can be well defined if mixing proportions are known 
in advance and if the phases do not chemically react. How-
ever, this is not a case of many structural materials like 
metal alloys, cementitious materials and others. In the later 
case, the distinction of individual phases and their adjacent 
mechanical properties is not straightforward and some 
indirect (deconvolution) method for finding of individual 
component properties has to be involved1,2. 

The extraction of material properties from nanoinden-
tation on a heterogeneous system often relies on the fact 
that the volume affected by an indenter is small enough 
not to mechanically interact with other phases. As a rule of 
a thumb, the indentation depth is usually chosen as 1/10 of 
the characteristic size of the measured inclusion or 
phase3,4. Then, indentation focused on the inclusion or 
statistical grid indentation can be employed to receive 
intrinsic properties. However, these methodologies can 
provide the access to intrinsic phase properties only in case 
that the indentation response of one phase is not influenced 
by another. In the literature, the solution of a mutual influ-
ence in the matrix-inclusion system is rather rare. The 
situation of phases with different stiffness was studied for 
thin films placed on a substrate e.g. by Gao et al.5. It was 
shown by Gao that the substrate effects are negligible if 
the stiffness mismatch ratio is: 

Esubstrate/Efilm [0.2; 5]                                           (1) 

as long as the indentation depth is smaller than 10% of the 
film thickness.  

The layered substrate-film system is not completely 



equivalent to the disordered structural multiphase materi-
als but it can be successfully used as the first estimate. 

The FE solution of the hemispherical inclusion (with 
radius R) surrounded by the matrix with different elastic 
modulus was solved by Kabele et al.6 (Fig. 1). Elastic 
modulus was calculated from the unloading curve by the 
Oliver-Pharr7 method at different penetration depths and 
for different ratios of elastic moduli. Fig. 1 shows the de-
pendence of the error in the resulting modulus on the pene-
tration depth h for different ratios of matrix (E1) and inclu-
sion (E0) elastic moduli. However, the presence of matrix 
with a different elastic modulus distorts the results. The 
error increases with increasing penetration depth and in-
creasing difference between elastic moduli of matrix and 
inclusion. 

For a typical ratio of h/R=0.1 the error in estima-
tion of elastic modulus by Oliver-Pharr method can be in 
the range 1325 % for the given stiffness mismatch ratio   
(E1E0)/E0 [1;5] as shown in Fig. 1 for the case of soft 
inclusion laying in a hard matrix (i.e. positive values in    
Fig. 1). In case of hard inclusion embedded in a soft matrix 
(negative values in Fig. 1) the situation is even worse and 
the error can be doubled. Due to problems with numerical 
stability of the FE model only a few values are plotted in 
the negative range of Fig. 1 but the general trend of larger 
errors is indicated here. 



ON THE EVALUATION OF ELASTIC PROPERTIES FROM NANOINDENTATION  
OF HETEROGENEOUS SYSTEMS  

Fig. 1. Effect of hemispherical inclusion. Top: Axially symmet-
ric FE model. Bottom: Normalized difference between the elastic 
modulus evaluated by Oliver-Pharr procedure (Eop) and the actual 
modulus of inclusion (E0) for different normalized indentation 
depths (h/R) and different ratios between matrix and inclusion 
moduli  (E1-E0)/E0 
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2. Methods 
 
In order to evaluate the mutual influence of phases in 

heterogeneous systems three types of samples (type A, B 
and C) based on soft epoxy, hard gypsum and the hardest 
zinc particles were prepared. The size of inclusions was 
chosen to be in micrometer range which is common in 
many composites. Separate samples of pure sample con-
stituents were also prepared in order to assess their intrin-
sic material properties. Nanoindentation was employed in 
all micromechanical measurements. Samples A and B 
represent the case of stiff inclusions embedded in a soft 
matrix and samples C the case of soft inclusions lying in 
a hard matrix. 

First, pure phases were indented and elastic proper-
ties in terms of reduced elastic moduli were evaluated7. 
Then, composite materials were indented by means of 
massive grid indentation in order to receive large statistical 
set of data from all phases. Large number (more than 300) 
of indents was performed on each sample and elastic prop-
erties were computed for individual imprints. The size of 
indents was chosen to be approximately less than 10 % of 
the characteristic inclusion size to minimize the effect of 
phase interactions. Individual results were analyzed again 
by standard method7. Subsequently, histograms of elastic 
properties of all phases were plotted and analyzed by 
means of statistical deconvolution1,2. 

If there were no interaction effects in composites the 
phase properties (found as peaks in histograms) should 
agree with intrinsic properties of the pure phases which 
was not the case as shown later in the paper. 

 
3. Sample preparation 

 
Samples of type A were made of gypsum matrix 

(dental gypsum powder Interdent® and water, 5:1 by 
weight, denoted as Gypsum1) mixed with hard zinc parti-
cles (see Fig. 2). These samples satisfy the condition given 
in Eq. (1). Samples of type B were prepared from soft 
epoxy matrix (Struers Epofix®) and zinc particles, exceed-
ing the condition of Eq. (1). For type C, hard gypsum ma-
trix was filled with soft Epofix particles obtained from 
grinding of the bulk Epofix material. Due to the addition 
of high surface particles into the composite the amount of 
water had to be increased for higher concentration 
(samples C2) to maintain workability (the water content 
was increased by 30 %, further denoted as Gypsum2). The 
average particle size of zinc was 3.43.9 m (samples A 
and B) and similarly of Epofix inclusions (samples C). 

Volume concentrations used for preparation of sam-
ples are summarized in Tab. I together with ratios of elas-
tic moduli between the phases. Mechanical properties were 
measured by nanoindentation of separate phases and in 
a composite (see Tab. II). Trapezoidal loading diagram, 
consisting of 10 s of linear loading (0.1 mN s1), 10 s of 
holding at constant peak force 1mN and 10 s of unloading 
(0.1 mN s1), was prescribed for all indents. The corre-

sponding maximum penetration depths varied according to 
the indented phase from 80 to 450 nm with an average 
around 150 nm for samples A, 300 nm for samples B and 
190 nm for samples C. The separation between individual 
indents was set 10 m. 

 
4. Results 

 
Estimates of elastic properties and volume concentra-

tions were obtained from statistical deconvolution in 
which two Gaussian distributions were optimally fitted 
into experimental histogram as illustrated in Fig. 4 for the 
sample A3. As expected, the estimates varied from that 
measured on pure phases depending on the stiffness mis-
match ratio and phase volume concentrations in the ma-
trix-inclusion system. 

It can be seen in Fig. 3 that the major peak in the 
probability density function moves towards higher values 
as the concentration of zinc in the gypsum-zinc composite 
increases. For higher concentration (A3) a significant sec-
ond peak appears in the histogram. It shows on the pres-
ence of the second phase (zinc) which could not be prop-
erly recognized for lower concentrations less than 11 % 
(A1 and A2). Similar situation can be found for Epofix-

Fig. 2. ESEM image of Gypsum-Zinc sample A3 (Zn=11%) 

Table I  
Concentrations of sample components 

Sample Gypsum 
[vol. %] 

Epofix 
[vol. %] 

Zinc 
[vol. %] 

 inclusionr

matrixr

E

E

_

_

A1 96.4  3.6 0.41   

A2 92.7  7.3 0.41   

A3 89.0  11.0 0.41   

B1  88.3 11.7 0.042   

B2  67.9 32.1 0.042   

B3  40.9 59.1 0.042   

C1 98.3 1.7  9.67   

C2 95.0 5.0  9.67   
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zinc system (Fig. 5). For concentrations higher than 
11.7 % (B2 and B3), two peaks can be found with the 
mean shifting to higher values. 

It has to be emphasized that neither the mean values 
of the peaks nor the volume concentrations do not strictly 
agree with those measured separately as shown in Tab. II. 
If the concentration of inclusions is small in the composite 
(case of A1, A2, B1 and C1) then the mean values evalu-
ated by deconvolution are relatively close to the real ones 
for the matrix phase. Properties of inclusions are not deter-
mined well in any case of hard inclusions embedded in a 
soft matrix (A and B). On the other hand, if the concentra-
tion of inclusions increases the error caused by mutual 
phase influence is also increasing rapidly both for inclu-
sions as well as for matrix properties.  

If inclusions are soft compared to the matrix (samples 
C) then the deconvoluted properties are in better agree-
ment with those measured separately for inclusions in 
terms of elastic moduli but the volume fractions are sev-
eral times overestimated. Addition of Epofix inclusions to 
Gypsum2 matrix causes creating of the second peak in the 
histogram as shown in Fig. 6 mainly for C2 samples. Er-
rors in the assessment of elastic properties and volume 
concentrations, computed as  

error= ,  
 
are shown in Tabs. III and IV for all matrices and inclu-
sions, respectively.  
 

S
r

S
r

C
r

E

EE )( 

Table II 
Elastic (reduced) moduli (GPa) of sample components and 
their volume fractions 

  Component 
 

Measured 
separately 

Measured in composite 

   Er
S [GPa] Er

C [GPa] [vol. %] 

A1 Gypsum1 42.83±10.49 44.76±6.82 94.4 

A1 Zinc 105 70.41±10.9 5.6 

A2 Gypsum1 42.83±10.49 45.43±6.60 84.9 

A2 Zinc 105 66.36±8.18 15.1 

A3 Gypsum1 42.83±10.49 50.06±8.69 76.1 

A3 Zinc 105 73.28±6.09 23.9 

B1 Epofix 4.43±0.45 5.35±0.87 94.1 

B1 Zinc 105 14.95±7.85 5.9 

B2 Epofix 4.43±0.45 4.99±0.86 71.7 

B2 Zinc 105 12.97±7.55 28.3 

B3 Epofix 4.43±0.45 7.36±1.99 69.5 

B3 Zinc 105 23.97±11.0 30.5 

C1 Gypsum1 42.83±10.49 41.09±14.25 93.9 

C1 Epofix 4.43±0.45 10.40±2.56 6.1 

C2 Gypsum2 42.23±14.98 29.77±16.89 73.9 

C2 Epofix 4.43±0.45 4.95±1.14 26.1 
Fig. 6. Experimental probability density functions of gypsum-
Epofix system (samples C)  

Fig. 5. Experimental probability density functions of Epofix-
zinc system (samples B)  

Fig. 4. Deconvolution of experimental probability density 
function of  gypsum-zinc system (sample A3) in two phases  

Fig. 3. Experimental probability density functions of gypsum-
zinc system (samples A)  
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5. Conclusions 
 
By a series of nanoindentation tests on different types 

of heterogeneous matrix-inclusion systems it was found 
that the mutual influence of differently stiff phases pre-
vents direct utilization of standard evaluation of elastic 
properties combined with the statistical deconvolution 
method in many cases. Although indent's dimension did 
not exceed 10% of the inclusion size their true intrinsic 
properties could be evaluated only if the inclusion was 
softer that the matrix (samples C2). Error in the estimation 
of elastic modulus was 11.7 % (Tab. III) in this case which 
agrees well with numerical results (13 %, Fig. 1) for the 
given stiffness mismatch ratio. 

Matrix properties could be estimated well if inclu-
sions were hard or soft and their concentration was low, up 
to 30 % (samples A1, A2, B1, B2 and C1). Otherwise in-

clusions can influence the estimated matrix stiffness espe-
cially in case of soft matrix filled with high concentration 
of hard particles (samples B3, error = 66.1 %, Tab. III). 

Volume concentrations were not estimated well in 
almost all studied cases, especially in case of inclusions 
where it can reach hundreds of percent. 

The presented study points out a very important ef-
fect of mutual influence of matrix and inclusion systems 
that can be considered as model systems of many natural 
composites including metal alloys, cementitious compos-
ites, inclusion reinforced composites, etc. If a heterogene-
ous system contains large differences in stiffness between 
the phases or the concentration of one phase is high com-
pared to others than the error in stiffness or concentration 
estimates can reach more than 100 %. Thus, the situation 
is more dramatic compared to layered systems (e.g. thin 
films on a substrate) 

 
Supports of the Czech Science Foundation (GAČR 

103/09/1748) and Academy of Sciences (IAA200710801) 
are gratefully acknowledged. P. Kabele and D. Davydov 
(CTU Prague) are acknowledged for their help with FE 
computations. 
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J. Němeček and J. Lukeš (Czech Technical Univer-

sity in Prague, Faculty of Civil Engineering):  On the 
Evaluation of Elastic Properties from nanoindentation 
of Heterogeneous Systems 

 
The paper describes errors that can be encountered in 

the estimation of elastic properties and volume concentra-
tions by nanoindentation of a heterogeneous composite 
system using standard methodology (Oliver-Pharr method 
and statistical deconvolution). Several examples of matrix-
inclusion systems (hard or soft matrices) showed on the 
importance of the knowledge of inclusion size, concentra-
tion and stiffness mismatch ratio of the phases. Standard 
procedures and estimates based on statistical grid indenta-
tion can lead to more than 100% errors for high concentra-
tions or high stiffness ratios as documented on several 
examples of artificial composites. 

Table III 
Errors in estimation of elastic moduli and volume concen-
trations for matrices  

Sample Matrix Error in Er 
a 

[%] 
Error in volume 

concentration [%] 
A1 Gypsum1 4.5 2.1 
A2 Gypsum1 6.1 8.4 
A3 Gypsum1 16.9 14.5 
B1 Epofix 20.8 6.6 
B2 Epofix 12.6 5.6 
B3 Epofix 66.1 69.9 
C1 Gypsum1 4.1 4.5 
C2 Gypsum2 29.5 22.2 

a +...overestimation, ...underestimation 

Table IV 
Errors in estimation of elastic moduli and volume concen-
trations for inclusions 

Sample Inclusion Error in Er 
a [%] 

Error in volume 
concentration [%] 

A1 Zinc 32.9 55.6 

A2 Zinc 36.8 106.8 

A3 Zinc 30.2 117.3 

B1 Zinc 85.8 49.6 
B2 Zinc 87.6 11.8 
B3 Zinc 77.2 48.4 
C1 Epofix 134.8 258.8 
C2 Epofix 11.7 422.0 

a +...overestimation, ...underestimation 
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1. Introduction 
 

It has been established that when polymers are irradi-
ated with elementary particles (electrons, neutrons, gamma 
rays, protons, alpha particles, X-rays or other particles, or 
their combinations) they inject energy into the material. E-
beam radiation is a form of ionizing energy which is char-
acterized generally by its low penetration and high dosage 
rates1. The energy from the electrons absorbed could pro-
voke some molecular or supermolecular changes and as 
a consequence leads to the structural modification of the 
irradiated materials. Moreover, the dosage of the radiation 
and not the dose rate is important in producing the desired 
improvement. 

In polymers such as polyamide, the irradiation pro-
duces competing reactions, scission or cleavage and cross 
linking depending predominately on the dosage of irradia-
tion, but also on the temperature, environment and on 
other conditions2,3. 

The cleavage reaction, which predominates at low 
irradiation doses, results in the breakdown of the long 
polymer chains into shorter ones. The cross-linking reac-
tion, which predominates at high irradiation doses, results 
in the association of the polymer molecules into a network 
structure. At intermediate doses there is a mixture of the 
two reactions. Cleavage normally results in a decrease of 
tensile strength and modulus of elasticity, whereas cross-
linking increases both the tensile strength and the modulus 
of elasticity. If the dosage is excessive, complete cross-
linkage may take place but the samples become brittle. It is 
desirable the dosage to be such as to enhance the cross-
linking without producing brittleness. According to the US 

Patent 4,015,133 the irradiation dosage should be between 
104  1010 rads4. 

The study reports on polyamide 6 samples irradiated 
by an electron beam and the changes in their microhard-
ness parameters provoked by irradiation. The aim is to 
establish the optimal irradiation dosage regarding  the me-
chanical properties of the material. The supposed struc-
tural changes during the radiation are described by the 
results from the microindentation studies. 

 
 

2. Experimental 
 

Material 
 
Polyamide 6 (PA 6) samples were supplied by Radici 

Plastics Ltd. The injection equipment was Battenfeld TM 
1000. The thickness of the samples is 2 mm, which guar-
antees no influence of the subtract hardness. The density is 
1.121.15 g cm3 and melting point is 215–220 °C. 

The preexposure doses were 100, 200, 400 and 600 
kGy at a dose rate of 22.4 kGy s1. 

 
Methods 

 
Vickers microhardness device (mhp –160 at micro-

scope UN–2) was used. The indentor was a regular square 
diamond pyramid, with top angle 136°. The measurements 
were provided at room temperature. Loads between 1.25
160 g were used.  

The microhardness methods used and characteristics 
measured were the following:  

Mayer's lines are a logarithmic dependence between 
applied load P and dimension of indentation diagonals d. 
This dependence comes from Mayer's power law: 

P = adn                                 (1) 

Respectively in a logarithmic form;      

lgP = lga + n lgd 

where a and n are physical parameters. Constant a depends 
on the strength properties and constant n depends on the 
plastic features of the investigated material. The slope of 
these lines n is sensitive to non-uniformity of the structure 
in the depth of the sample. When n < 2 or n > 2 it means 
that microhardness decreases or increases, respectively, in 
the depth of the sample. If n = 2 Vickers microhardness is 
approximately constant along the depth. 

Vickers microhardness MHV is a physical value char-
acterizing the local resistance against plastic deformation 
during penetration. It is connected with the irreversible 
component of the deformation and is calculated according 
to the equation:  

MHV = KP/d2               (2) 

MICROINDENTATION STUDY OF ELECTRON BEAM IRRADIATED POLYAMIDE 
SAMPLES 
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where d is the projected diagonal length of the imprint 
after releasing the indentor and K is a constant, depending 
on the geometry of the pyramid. 

Total microhardness MHT5, which is connected with 
the total deformation, includes elastic, plastic and viscoe-
lastic components. It is given by a similar equation: 

MHT = KP/D2           (3) 

where D is the projected diagonal length of the indentation 
in the loaded state. Thus defined this value can be consid-
ered as a measure for the total penetration resistance of the 
material.  

Microhardness profiles are dependences of the micro-
hardness as a function of the depth of indentation, h, re-
spectively, of the applied load, P. 

MHV=f(h); MHT=f(h);  MHV=f(P);  MHT=f(P)       (4) 

It should be noted that if in the depth h MHV, respec-
tively MHT, are determined, this value does not corre-
spond to the real microhardness exactly in this depth. This 
value includes microhardness properties of all the layers 
situated between the surface and this depth. 

 
 

3. Results and discussion 
 
Mayer’s lines 

  
Fig. 1 shows the Mayer’s lines and n  calculated 

from their slope parameter. For all samples n value is lar-
ger than 2, which shows the general tendency for hardness 
increasing in the direction perpendicular to the surface. 
This type of hardness nonuniformity is characteristic for 
semicrystal polymers because the crystals in the surface 
layers are not well formed compared with the inner layers 
as a result of faster cooling during sample preparation. 
Steric reasons also contribute to this tendency. All irradi-
ated samples have parameter n smaller than that of the 
initial material, which means the irradiation promotes di-
minishing of this undesirable tendency.  

  
 

Microhardness profiles 
  
Vickers microhardness profiles for all samples are 

revealed in Fig. 2. These dependencies specify how MHV 
values change in the direction perpendicular to the surface. 
As seen the above mentioned hardness increasing in the 
depth as a tendency is related predominantly to the surface 
layer (till h ≈ 80 m and P ≈ 40 g), then MHV values re-
main almost constant. For the nonirradiated sample MHV 
increases continuously in the whole investigated range of 
applied loads. Consequently the irradiation favours the 
structural equalization in the inner layers, but not that in 
the surface layers. 

The straight lines in Fig. 2b connect the MHV values 
for all samples measured at one and under the same load. 
Only the data for the sample irradiated with dose 600 kGy 
do not lie on the linear dependences. That means some 
drastic changes in the material structure take place in the 
interval 400600 kGy. 

It is interesting that these lines are almost parallel, 
except the line at 10 g, revealing that the MHV change 
with the indentation depth remains the same and does not 
depend on the applied load. 

If P = const → ΔMHV/Δh ≈ const.        (5) 

Fig. 3 presents the MHT profiles of the initial PA 
sample and the irradiated samples plotted versus applied 

Fig. 1. Mayer’s lines  
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Fig. 2. MHV profiles for initial sample and for samples irradi-
ated with different dose plotted vs. applied load (a) and vs. 
indentation depth (b) 
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load P (Fig. 3a) and versus indentation depth h (Fig. 3b). 
The trend of these curves could be interpreted as follows: 
Although the total microhardness is a local characteristic, 
it forms its values not only from the material layers which 
the indenter penetrates but also from a larger material zone 
under the indenter, where the material is deformed not 
only plastically but elastically as well. That is why at big-
ger applied loads, deeper penetration, respectively, usually 
the total resistance against penetration increases similar to 
the resistance increase in the compressed spring – the big-
ger applied load, the stronger resistance. 

The deviation from ideal straight line is due to the 
presence of the plastic deformation component, but the 
slope of these dependencies, if approximate to a straight 
line, could be a rough measure for the elastic properties of 
the samples. In this case the increasing of the irradiation 
dose improves the elastic properties.  

 
Influence of the irradiation dose 

 
Comparing Fig. 4a and Fig. 4b, presenting the influ-

ence of irradiation dose on Vickers microhardness and 
total microhardness respectively, it is evident that ab-
sorbed energy causes a different effect on these mechani-
cal characteristics. The fast electrons provoke increasing 
of MHV till about 400 kGy and then a decreasing, while 
MHT is almost not sensitive to irradiation dose.  

Knowing that Vickers microhardness characterizes 

plastic resistance against local deformation, for crystal 
polymers consisting of crystal and amorphous phases, this 
value could be considered as a constitutive from the inher-
ent contribution of each of the both phases. It is the so 
called additive law: 

MHV = f.MHVc + (1f)MHVa,                    (6) 

where f is the degree of crystalinity and MHVc and MHVa 
are the inherent Vickers microhardness of the crystal and 
amorphous areas. But as usual MHVa<<MHVc and practi-
cally could be ignored. 

MHV = f.MHVc,                      (7) 

 So, Vickers microhardness as a measure of plastic 
resistance against penetration depends predominantly on 
quantity and quality of the crystals. In this case irradiation 
influences mainly the crystal phase, respectively, the plas-
tic properties of the material and almost does not influence 
the elastic ones. As Vickers microhardness is in a power 
ratio to modulus of elasticity, E (MHV = aEb, a and b are 
material constants) MHV increase roughly signifies 
a modulus increase also. 

As mentioned in the introduction many authors prove 
that at small doses the scission processes prevail and 
crosslinking dominates at higher doses. It has been  estab-
lished for PE, and probably it is true for polyamides also, 
that Vickers microhardness is sensitive to molecular 
weight only for relatively short macromolecules (Mη<105). 
For larger molecules this parameter does not influence 

Fig. 3. MHT profiles for initial sample () and for samples 
irradiated with different doses plotted vs. applied load (a) and 
vs. indentation depth (b) 
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MHV values. Crosslinking on principle takes place in the 
amorphous zones increasing resistance against elastic de-
formation, but in our case of microindentation measure-
ment this effect is not remarkable. So, all chemical 
changes provoked by irradiation do not have direct influ-
ence on the micromechanical properties, but changes in the 
supermolecular structure, especially in the crystal phase, 
cause the changes in the micromechanical behavior. 

We suppose that the small quantity of the irradiation 
contributes to so called “irradiation annealing”6. It consists 
in decreasing the lamella defects and interlamella stresses. 
Also a little enlarging of the lamella thickness and improv-
ing the lamella surface take place on account of the mole-
cule ends or molecule loops.  

When irradiation doses are high the structural 
changes are related to the so called “radiation melting”6. It 
consists in pushing some defects or mayhems in the crystal 
lamella to its surface. Most probably it is due to the trans-
port of energy by excitons along the macromolecules and 
in this way the lamella surface becomes more defective, 
hence lamella thickness decreases a little. Destructions and 
crosslinkings occur simultaneously predominately in disor-
dered zones. Fig. 5 shows the scheme of the supposed 
structural changes.  

 
 

4. Conclusions 
  
Irradiation of polyamide 6 with an electron beam 

influences the mechanical properties in the following way:  
 Till about 400 kGy resistance against local plastic 

deformation increases, the module of elasticity in-
creases, respectively. This is due to changes in the 
crystal phase known as a “radiation annealing”. At 
higher doses Vickers microhardness and modul of 
elasticity decrease because of so called “radiation 
melting”. 

 Total microhardness does not change during the irra-
diation. 

 Microhardness profiles demonstrate nonuniformity in 
sample structure. Surface layers are softer than the 
inner ones. Irradiation prevents the undesirable ten-
dencies and leads to structural equalization in the 
inner layers, but not of the surface ones. 
 
Thе study was supported by the NSF  Bulgaria, 

(D002-138/2008-2011). 
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The study reports on PA samples irradiated by an 

electron beam and the changes in their microhardness pa-
rameters provoked by irradiation. It has been established 
that total microhardness is not sensitive to irradiation dose, 
while Vickers microhardness passes through a maximum 
for samples irradiated with dose of 400 kGy. That means 
that irradiation affects predominantly the crystal phase. 
The crystal structure passes through the so called 
“irradiation annealing”, followed by “irradiation melting”. 

Fig. 5. Scheme of supermolecular structure of the initial sam-
ple (a) and the supposed structural changes during irradia-
tion annealing (b) and radiation melting (c);  l – lamella 
thickness, x – interlamella distance  
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1. Introduction 

 
The size of the plastic zone at the tip of a crack is     

a very important factor in the fracture behavior of metallic 
materials. Depending on the size of the plastic zone, brit-
tle, quasi-brittle and ductile materials are differentiated. In 
the fracture of non-brittle materials nearly all the energy 
consumed is made up of the energy dissipated in the plas-
tic zone, and only a small fraction of it is spent in breaking 
bonds. Dimensional specifications for fracture toughness 
test specimens are based on the dimensions of the plastic 
zone. Therefore, studies of the crack tip plastic zone ap-
pear to be of fundamental importance in describing the 
process of failure from a macroscopic standpoint and in 
constituting the criteria of fracture1. 

The plastic zone size depends strongly on whether 
plane strain or plane stress conditions exist. In cracked 
bodies, plane stress conditions exist in thin sections. In 
thick sections, plane stress (σz = 0) conditions exist on the 
surface and plane strain (εz = 0) conditions exist in the 
interior. The 3-dimensional plastic zone in a thick section 
cracked body is schematically shown in Fig. 1. The state 
of stress (plane stress vs. plane strain) also depends on the 
extent of yielding. Large plastic zones cause unconstrained 
or free yielding. For example, if plastic zone is equal to the 
plate thickness, unconstrained yielding in the thickness 
direction will take place, causing plane stress conditions to 
develop. 

The sizes and shapes of the plastic zones calculated 
for plane strain (εz = 0) and plane stress (σz = 0) conditions 
are shown in Fig. 2. The plane strain plastic zone size is 
three times smaller than the plane stress plastic zone2. 

The strip yield model, also known as the Dugdale- 
Barenblatt model, assumes a long slender plastic zone in 
a nonhardening material under plane stress conditions. 
Thus, by necessity it is only valid for thin sheets2. The 
original analyses were performed for cracks in infinite 

sheets subjected to uniform stress. Therefore, the assump-
tion of a slender plastic zone is reasonable. The radius of 
the plastic zone, rp, is given by2,4: 

where σ – applied stress, Re – yield strength, a – crack 
length. 

If σ/Re << 1, rp may be approximated by: 

An increase in the notch radius would result in an 
increase in the size of the plastic zone and less constriction 
along the crack axis and vice versa. 

However, small changes in the notch radius do not 
have a large effect on the plastic zone. The effects of the 
notch radius on plastic zone are also smaller at higher ap-
plied stresses. 

DETERMINATION OF PLASTIC ZONE BY UCI TECHNIQUE ON THIN STEEL 
SHEETS  

Fig. 1. Three-dimensional plastic zone2  

Fig. 2. Plots of the plastic zones associated with plane stress 
and plane strain3 
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For small loads, an increase in tip radius results in an 
increase in the plastic zone size and vice versa. The influ-
ence of the notch radius on the plastic zone size becomes 
insignificant at high applied stresses1. 

The plastic zone size and shape can be predicted by 
measuring hardness along and across the unbroken liga-
ment5. 

 
 

2. Material and methods 

 
The materials used in this study are two grades of 

deep drawing thin steel sheets: XSG and HR 45, Fig. 3. 
XSG is deep drawing interstitial free steel with ferrite mi-
crostructure. HR 45 is microaloyed steel with ferrite-
pearlite microstructure. Samples from laser welded tai-
lored blanks (producer: Arcelor) were used for the experi-
ments. Thickness t and mechanical properties of the steels 
used are in Tab. I. 

 
 
 
 
 
 
 

  
The plastic zones were generated by stable crack 

growth. Stable crack growth was monitored with videoex-
tensometry techniques on the CT (Compact Tension, 
Fig. 4) specimens with a notch (tip radius 0.4 mm) and 
with an electrospark produced notch (tip radius 0.1 mm) 
respectively. 

Specimens were loaded by eccentric tension, 
whereby the deformation in the area around the notch was 
recorded by a non  contact displacement measurement  
a videoextensometry technique. 

Videoextensometry is an experimental technique for 
strain component measurement on the surface of speci-
mens. The technique enables to record the displacements 
of contrast dots. The specimen is illuminated by diffuse 
light and its surface is recorded with a camera. Contrast 

dots were applied properly in the recorded area. Opening 
of the notch was determined by continual recording of co-
ordinates of the centre of gravity of dots by appropriate 
software. 

The plastic zone-size and -shape is also determined 
by measuring hardness along and across the unbroken 
ligament. The procedure consists in simple hardness in-
dentation measurement ahead or around the crack tip and 
in determining the boundary of the plastic zone from the 
sudden variation in hardness. The hardness is measured 
using a low load hardness tester MICRODUR (Fig. 5) by 
Ultrasonic Contact Impedance (UCI) method6.  

UCI is an experimental method for indirect measure-
ment of hardness. A Vickers diamond is attached to one 
end of a magnetostrictive metal rod. The diamond tipped 
rod is excited to its natural frequency by a piezoelectric 
converter. The resonant frequency of the rod changes as 
the free end of the rod is brought into contact with the 
surface of a tested specimen. The change in the frequency 
is proportional to the surface area of the indentation. This 
relation depends also on elastic properties, given by elastic 
modulus, of the "indenter  specimen" system. 

UCI hardness test is easy and simply to use. A disad-
vantage of this method is that the tested object should be 

a) XSG                                           b) HR 45 

Fig. 3.  Microstructure of the steels used 

Table I  
Mechanical properties of the steels used 

Grade t 
[mm] 

Re 
[MPa] 

Rm 
[MPa] 

A 
[%] 

XSG 1.95 182 299 45.2 
HR 45 1.80 382 493 24.7 

Fig. 4. CT specimen with contrast dots in the recorded area 
around an electrospark produced notch 

Fig. 5.  Basic diagram of MICRODUR  

1 - Spindle  
2 - Motor 
3 - Spring  
4 - Bearing  
5 - Guiding sleeve 
6 - Resonant rod  
7 - Vickers diamond  
8 - Digital readout   
9 - Frequency discriminator  

10 - Amplifier  
11 - Test piece 
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heavy. The weight of the measured object should be at 
least 200 g (ref.7). This is the reason why thin sheets speci-
mens were fixed on another bulk piece of steel. Two adhe-
sive materials were tested and the more appropriate one 
was used in all experiments. 

 
 

3. Results 
 
Experiments were performed using two automotive 

zinc coated steel grades. The zinc coating affected the 
global hardness (HV 1) of the substrate  coating system, 
Fig. 6. The influence of the zinc coating is greater by 
HR 45, because this material is harder than XSG and the 
depth of indent is smaller.  

The zinc coating was removed using two different 
media. The hardness of steels without zinc coating does 
not vary with statistical significance in dependence on the 
removal medium used, Fig. 6. 

Indentations on sheet surface without zinc coating 
were realized with different spacing between the indents’ 
centers (0.2; 0.3; 0.5 and 0.7 mm). These distances are 
sufficient for individual indentations not to be affected by 
each other (Fig. 7). The distance between centres of in-

dents in the measurement of the plastic zones was 0.5 mm. 
The plastic zones generated by stable crack growth on the 
CT specimens with notch are shown in Fig. 8, 9. The plas-
tic zone of XSG is larger. The hardness of materials before 
deformation reaches the low limit of the range. This range 
shows the border of the plastic zone. 

The size of the plastic zone on the CT specimens with 
an electrospark produced notch was measured in the x-axis 
direction at different distances from the crack tip. Electro-
spark notch have smaller size of the plastic zone in the x-
axis direction in comparison with specimens with notch, 
Fig. 10. 

Fig. 6.  The influence of the zinc coating on hardness 

80

100

120

140

160

180

200

0,25

H
V

 1

XSG
HR 45

             with Zn coating                         without Zn coating                     without Zn coating
                                                                        (HCl)                                     (acetic acid)

100

120

140

160

180

200

0,1 0,3 0,5 0,7

distance between indents centre [mm]

H
V

 1 XSG 
HR 45

0,2

Fig. 7.  The relation between hardness and distance between 
centres of indents 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
0

1

2

3

4

5

6

7

8

x [mm]

y 
[m

m
]

175-190

160-175

145-160

130-145

115-130

HV 1

CRACK 

Fig. 8. The plastic zone of XSG at the crack tip 

Fig. 10. The relation between hardness and distance from the 
crack tip 

Fig. 9.  The plastic zone of HR 45 at the crack tip 
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In another work (ref.7), power relations between the 
hardness HV 1 and longitudinal deformation in uniaxial 
tension for investigated steels were found:  

Using these relations deformation was determined 
from hardness values, Fig. 11. These values are too high 
and do not math with real values. Using the videoexten-
sometry, deformation in the y-axis at the crack tip was 
determined at the base length of 4 mm  XSG: 38.3 % and 
HR 45: 22.4 %. The stress-state in the plastic zone differs 
from that in uniaxial tension, therefore the relation7 is not 
suitable to predict deformation in the plastic zone. 

 
 

4. Conclusions 
 
Automotive steels are usually coated with zinc coat-

ings. The zinc coating affects the global hardness of the 
substrate – coating system. 

The plastic zone of XSG (IF steel) measured on the 
CT specimen with a notch is larger than the plastic zone in 
HR 45 (ferrite-pearlite) steel. 

The CT specimen with electrospark notch has smaller 
plastic zone in x-axis direction in comparison with speci-
mens with notch. 

Using the power relations between the hardness HV 1 
and longitudinal deformation in tension it is not possible to 
predict deformation for another stress states. 

 

This work was performed within the framework of 
projects APVV - 032 -  07 and VEGA No. 1/4149/07. 
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The main goal of this paper is the determination of 

the size and shape of the plastic zone in thin steel sheets. 
The aim of experiments was to analyze the influence of the 
material and type of the initial crack on the dimensions of 
the plastic zone. 

The plastic zone size and shape is also predicted by 
measuring hardness (HV 1) along and across the unbroken 
ligament. The hardness is measured by using UCI 
(Ultrasonic Contact Impedance) technique. The hardness 
values varied in dependence on the material and the initial 
crack. In this paper, the CT (Compact Tension) specimens 
of two steel grades with a notch and with an electrospark 
produced notch were used. Specimens were loaded by 
eccentric tension, whereby the deformation in the 
area around the notch was recorded by non-contact dis-
placement measurement a videoextensometry technique. 
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1. Introduction 
 

Zirconium alloys are used in nuclear power genera-
tion primarily due to their low thermal neutron absorption 
cross section, good mechanical properties and corrosion 
resistance. They are used, for instance, for production of 
cladding tubes. Zirconium (Tt = 1.860 °C) is an allotropic 
metal with a low-temperature form  (hcp) stable up to 
about 860 °C and a high-temperature form  (bcc).  

Zirconium shows a high affinity for hydrogen, oxy-
gen and nitrogen, forming stable hydrides, oxides, nitrides 
and interstitial solid solutions.  

Other alloying elements are added to Zr for the pur-
pose of improvement of mechanical and corrosion-related 
properties: Sn, Nb, Al, Cu, V, Mo... High corrosion resis-
tance in alloys containing Nb (0.1 to 2 wt.%) can be 
achieved by preparing a microstructure with finely distrib-
uted -Nb precipitates on the -phase grain boundaries 
and within the matrix.  

During the operation of the VVER pressurised-water 
reactor, the outer wall of the tube is in contact with the 
cooling water at the temperature of 320 °C and the pres-
sure of 16 MPa, which results in Zr oxidation and release 
of hydrogen, part of which is absorbed by the alloy. The 
forming oxide creates a  water-metal barrier inhibiting the 
corrosion.  

A loss of coolant accident (LOCA) may occur in 
water-cooled reactors, which involves a failure of the main 
piping and a leak of the coolant. The loss of moderator 
then occurs within less than 10 seconds and the fission 
stops. The temperature of the fuel cladding rises to about 
1000 °C. A reaction between the steam and the cladding 
tube occurs, resulting in high-temperature (HTO). After 
certain delay, emergency systems flood the reactor with 
water and the fuel cladding tubes will be cooled down 
rapidly1.  

UJP Praha a.s. carries out simulations of this type of 
accident under laboratory conditions2. During heating, 
a portion of oxygen forms oxides, while the other portion 
dissolves in the metal.  

The amount of oxygen dissolved in the metal in-
creases with temperature and an oxygen concentration 
gradient forms. At higher temperatures, the -phase trans-

forms to the -phase, where  might contain certain maxi-
mum proportion of dissolved oxygen. Even at high tem-
peratures, oxygen causes the transformation of the -phase 
back to the hcp-phase termed -Zr(O) which remains sta-
ble during cooling. On cooling, the remaining -phase 
undergoes a transformation to the -phase (usually called 
prior 1,2).  

Microstructure of the material upon high-temperature 
oxidation and cooling consists of the ZrO2 oxide layer, 
oxygen-stabilized -Zr(O)-phase and the   -phase (prior 
). The -Zr(O) layer is very brittle, and thus it is the -
phase which provides the residual ductility and toughness 
of material3.  

 
2. Experimental 

 
The evaluated Zr-alloy contains: 1.01.1 wt.% Nb, 

840 ppm O, 100 ppm C, 20 ppm N and 3 ppm H. Tubes 
with the length of 30 mm, an outer diameter of 9 mm and 
a wall thickness of 0.6 mm were used as experimental 
samples. Specimens were subjected to high-temperature 
oxidation in steam (exposure temperatures: 1100 °C, 
1110 °C, 1150 °C and 1200 °C, exposure time: 0 to 
30 min) and quenched in a mixture of water and ice. Be-
fore this treatment, some specimens had been pre-oxidized 
at lower temperatures to simulate the state of material after 
certain period of service, see Tab. I.  

Upon high-temperature oxidation and quenching, the 
tubes were sectioned with a diamond-disc cutter at UJP to 
annular rings with the height of 3 mm and then embedded 
in resin and polished for metallographic observation. The 
specimen preparation and evaluation are described in the 
report2. Specimens were examined by an X-Ray diffracto-
meter and a scanning electron microscope with EDAX4.  

Nanoindentation measuring was carried out using   
Nano Indenter XP and a Berkovich indenter. With this 
equipment, it is possible to conduct an instrumented inden-
tation test recording the load-indentation depth curve (F  h) 
during loading and unloading phases and thus determine 
the indentation hardness, elastic modulus and other charac-
teristics. The indentation hardness is defined by the stan-
dard5:  

  
where Fmax is the maximum loading force and Ap is the 
projected indentation contact area.  

The indentation modulus of elasticity is defined 
by5:  
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where the indices i and s are related to properties of the 
indenter or the sample material (modulus of elasticity, 
Poisson ratio) and Er is reduced modulus of elasticity: 

  
where S is the contact stiffness (the initial slope of the 
unloading curve),  is a correction constant for the in-
denter shape (for Berkovich indenter:   1.034), Ap  is the 
projected contact area and hc is the contact depth: 

 
where  is constant dependent on the indenter geometry6. 

Indentations were made under the load of 8 mN in 
three or four parallel rows starting at the oxide-metal inter-
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face with a pitch of 5 m. Indentations were documented 
with a light microscope (Fig. 1a).  

The minmax intervals were recorded (Fig. 1b,c), 
with the assumption that they correspond with the  phase 
properties, then mean values were calculated.    

Calculated values of indentation hardness and 
modulus of elasticity of the  (prior ) phase are shown in 
Tab. I and Fig. 2 and 3. 

The indentation hardness generally increases with the 
temperature of exposure. It depends on higher oxygen 
content4.  

The indentation modulus of elasticity is nearly con-
stant: 112.2 GPa ± 3.0 GPa (standard deviation is approxi-
mately 3 % of the mean value). 

The ratio of measured values of indentation modulus 
of elasticity EIT and indentation hardness HIT is shown in 
Fig. 4. This ratio mostly decreases with the exposure tem-
perature.  

Pre-oxidized samples have slightly lower hardness 
and a slightly higher ratio of indentation modulus 
of elasticity and indentation hardness. Apparently, the 
oxide created during pre-oxidation with the thickness 2 or 

Table I  
Experimental samples and measured mean values 

Sample: 
temperature [°C] / 

thickness of pre-oxide 
[m]  / time [min] 

HIT 
[GPa] 

EIT 
[GPa] 

1100 / 0 / 3 3.76 ± 0.28 108.9 ± 2.9 
1100 / 0 / 6 3.98 ± 0.28 113.8 ± 5.1 
1100 / 0 / 9 4.11 ± 0.24 112.4 ± 3.9 
1100 / 0 / 15 3.82 ± 0.21 108.7 ± 3.3 
1100 / 0 / 30 4.34 ± 0.26 109.4 ± 3.2 
1100 / 2 / 3 3.50 ± 0.51 110.6 ± 4.0 
1100 / 2 / 6 3.96 ± 0.25 111.1 ± 4.3 
1100 / 2 / 9 3.86 ± 0.22 111.9 ± 4.3 
1100 / 2 / 15 4.23 ± 0.29 113.4 ± 3.6 
1150 / 0 / 0 3.14 ± 0.27 111.3 ± 3.8 
1150 / 0 / 3 3.98 ± 0.22 113.0 ± 3.7 
1150 / 0 / 9 4.62 ± 0.24 118.8 ± 4.2 
1150 / 0 / 30 4.83 ± 0.33 112.9 ± 5.1 
1150 / 10 / 0 3.28 ± 0.26 110.9 ± 3.7 
1150 / 10 / 3 3.90 ± 0.25 109.5 ± 3.8 
1150 / 10 / 6 4.30 ± 0.24 112.7 ± 3.8 
1150 / 10 / 9 4.27 ± 0.26 115.1 ± 4.3 
1150 / 10 / 15 4.01 ± 0.32 109.5 ± 4.2 
1150 / 10 / 30 4.50 ± 0.37 112.1 ± 7.3 
1200 / 0 / 3 4.67 ± 0.20 116.1 ± 3.0 
1200 / 0 / 6 4.61 ± 0.38 106.9 ± 1.9 
1200 / 0 / 9 5.44 ± 0.33 116.4 ± 3.6 
1200 / 0 / 15 4.98 ± 0.29 106.9 ± 3.0 
1200 / 2 / 3 4.27 ± 0.26 114.5 ± 2.4 
1200 / 2 / 6 4.28 ± 0.17 110.6 ± 3.4 
1200 / 2 / 9 4.36 ± 0.97 115.9 ± 3.6 

a 
 
 
 
 
 
 
 
b 
 
 
 
 
 
 
 
 
 
 
 
c 

Fig. 1. a) Micrograph of sample with exposition temperature 
1150 °C and time 6 min, b) measured value of indentation 
hardness, c) measured value of indentation modulus 
of elasticity 



Chem. Listy 104, s291s294 (2010)                                     LMV 2009                                                                        Regular Papers 

s293 

10 m slows down the degradation of mechanical proper-
ties of Zr alloys during high temperature oxidation with 
subsequent severe cooling. 

Samples were measured at UJP Praha by the pressure 
testing method at 135 °C and their ductility was deter-
mined2. Samples are considered brittle when their hardness 
is more than 4.3 GPa (see Fig. 5). 

 

 
3. Conclusion 

 
This paper deals with evaluation of local mechanical 

properties of a new Zr1Nb alloy using the nanoindentation 
method.  

Specimens were subjected to high-temperature oxida-
tion in steam and quenched in a mixture of water and ice. 
Before this treatment, some specimens had been pre-
oxidized at lower temperatures to simulate the state of 
material after certain period of service.  

The indentation hardness of the  (prior ) phase was 
determined and it was found out that the indentation hard-
ness increases with the temperature of exposure. On the 
contrary, the indentation modulus of elasticity is nearly 
constant so that the ratio indentation hardness and indenta-
tion modulus decreases with the temperature of exposure. 

The pre-oxidized samples have slightly lower hard-
ness and slightly higher ratio of indentation modulus 
of elasticity to indentation hardness. Therefore, the pre-
oxide slows down the degradation of mechanical proper-
ties of Zr alloys during high temperature oxidation with 
subsequent severe cooling. 

The indentation hardness correlates with ductility 
measured by the pressure testing method. 

 
This work was supported by project the MPO ČR no. 

2A - 1TP1/03. 
 

Fig. 2. Indentation hardness of samples with different expo-
sure temperature vs. exposure time (-p indicates pre-oxidized 
samples)  

Fig. 3. Indentation modulus of elasticity of samples with dif-
ferent exposure temperature vs. exposure time (-p indicates 
pre-oxidized samples)  

Fig. 4. Ratio of measured values of indentation modulus 
of elasticity EIT and indentation hardness HIT vs. exposure 
time (-p indicates pre-oxidized samples)  

Fig. 5. The ductility vs. indentation hardness of samples with 
different exposure temperature (-p indicates pre-oxidized sam-
ples)  
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O. Bláhová (New Technology Research Centre, West 
Bohemia University, Plzeň): Investigation of Local Me-
chanical Properties of Zirconium Alloys Using Nanoin-
dentation 

 
The paper deals with evaluation of a zirconium alloy 

developed for production of cladding tubes for nuclear 
reactor fuel rods. The specimens were subjected to high-
temperature oxidation (at various exposure times and tem-
peratures) and subsequently cooled. The process was 
a simulation of the loss of coolant accident (LOCA). Be-
fore this treatment, some specimens had been pre-oxidized 
at lower temperatures to simulate the state of material after 
certain period of service. The microstructure was docu-
mented by means of light microscope. Local mechanical 
properties (indentation hardness and modulus of elasticity) 
were tested by means of nanoindentation.  
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