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FOREWORD

Dear friends of the Institute of Materials Research SAS,
in the year 2010 we mark the occasion of the 55th anniversary of
the moment when, based upon the decision of the Board of
directors of SAS, the history of our present-day institute began to
be written. The institute originally came into being as the
Laboratory of Mechanical Engineering and Metallurgical
Technologies SAS (1955), later it was affiliated with the
Metallurgical faculty at the Technical University in Košice, as the
Laboratory of metallurgical technology (1963) and from the year
1970 continued as the independent institute SAV under the
name Institute of Experimental Metallurgy SAS and concentrated
upon research and development work in the field of powder
metallurgy and rolled low-alloy steels. Gradually it became
focused on the research and development of modern
progressive materials, until eventually in 1992 it changed its name
to the present-day Institute of Materials Research of the Slovak
Acadamy of Sciences (IMR SAS).
Currently working at IMR SAS are 70 scientific and research
workers, post-graduate students, technicians and administrative
workers. The institute has been successful gaining and realizing
the domestic VEGA and APVV projects and attention is devoted
to international scientific-technical cooperation. In the past, the
institute took part in realizing projects from the 5th EU framework
program (4 projects), the 6th framework program (2), 1 NATO
project, 3 projects within the framework of the EUREKA program,
6 projects within the COST program. Currently, the institute is
working on 4 projects in the 7th framework program of the EU and
other international projects.
The institute has been exceptionally successful in gaining
resources from EU structural funds. At present the institute is
realizing 5 projects in the role of main partner (from those 1 of the
center of excellence) and 5 projects as a partner organization.
One significant place within the activities of the institute is
reserved for its cooperation with all three of the universities which
have their seat in Košice. In cooperation with TU Košice and UPJŠ
Košice the institute provides the 3rd level of university education
(doctoral study) in the fields of Physical Metallurgy and Material
Engineering and Marginal States of Materials. Cooperation at
the project level is under development with the University of
veterinary medicine and pharmacy. The institute develops
important activity in the area of doctoral and post-doctoral
study for students from abroad as well (Egypt, the Czech
Republic, Hungary, Poland, and Spain).

In the preamble it is not possible to point out all the successes
which the institute has achieved. On the following pages
however you may in detail read of the work of the institute and
the results of the scientific teams over the previous 5 years.
I would like to thank all of the present-day workers as well as the
former colleagues who contributed to making the present
Institute of Materials Research SAV a noteworthy workplace of
science and research. My thanks are due also to the research
and industrial partners for their cooperation over the past years. I
wish all of us a successful step into the upcoming period, ready
to meet new challenges.
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As to the significant standing of IMR SAS as a scientific-research
and expertise place of work, it is reflected in its cooperation with
industrial partners in the Eastern Slovak region and within Slovakia
for the resolution of concrete problems within industrial work.
Among the noteworthy partners are included U.S. Steel Košice, s.
r. o.; Železiarne Podbrezová, a. s.; ALCAST, a. s., Snina, SPINEA, s.
r. o., Prešov; Embraco Slovakia, s. r. o.; REGADA, s. r. o., Prešov;
POTRUBIE, a.s. Košice, the institute is also invloved in cooperation
with LOT a.s. Tren ín (the former VLTSÚ, and SLI Košice).
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A PROFILE OF THE INSTITUTE OF MATERIALS RESEARCH
SLOVAK ACADEMY OF SCIENCES
IMR SAS in brief
The Institute of Materials Research of SAS became during 55

The scientific outcome of the Institute is approximately 120

years of its existence one of the leading institutions of Central

scientific publications/year (4 monografies, 25 CC publications,

Europe

46 non-CC journal publications, 45 proceedings), 1-2 patents,

in

the

field

of

powder

technologies/materials,
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160 citations/year (115 WOS, 45 other).

nanomaterials and ceramic matrix composites.
The predecessor of the Institute was the Laboratory of

The IMR SAS currently coordinating or participate on in total 10

Mechanical Engineering and Metallurgical Technologies at the

projects from the Structural Funds of the EU. During the last five

Technical University in Kosice, established in 1955. In 1970 it was

years, the IMR SAS has been involved in a large number of EU

incorporated into the Slovak Academy of Sciences as the

projects within 5th FP, 6th FP and 7th FP, EUREKA, COST, PHARE,

Institute of Experimental Metallurgy. The scientific research

INTERREG, etc. but also NATO and others. The IMR SAS cooperate

conducted at the Institute at that time was in the fields of

with many national and international partners. The results of

powder metallurgy and in the development of the rolled low-

these collaborations have been regularly published in high level

alloyed steels. The Institute has grown gradually and is oriented

international journals and presented at the world and European

towards the research and development of advanced materials.

conferences.
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Deputy Director:
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Head of Scientific Departments

So in 1992, to reflect these developments, its name was changed
to the Institute of Materials Research of the Slovak Academy of

Our work in research is based on experiences and knowledge

Sciences (IMR SAS or IMR).

collected over many years and is focused on primary research

Doc. Gejza Rosenberg, CSc.
+421-55-7922 443
grosenberg@imr.saske.sk

as well as on the interests of our partners. An overview of our
The scientific orientation of the Institute (staff 84, incl. 3 professors,

research achievements and appropriate contacts can be found

5 DrSc., 33 PhD.) is focused on the development and testing of

on the following pages.

RNDr. František Ková , CSc.
+421-55-7922 446
fkovac@imr.saske.sk

new materials (physical and mechanical properties and the
deformation and fracture characteristics of different materials at

We would like to continue inviting researchers and industrial

low, room, and high temperatures) and of new technologies

partners for further collaboration and to use our services.

with

potentional

applications

in

transportation,

energy,
Head of Laboratories

information technology, etc.
The main research activities of the Institute are in the field of
advanced steels, advanced powder technologies/materials,
structural
materials.
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The main capital investment in year 2006 was together with TU of
Košice acquisition of the scanning electron microscope JEOL
JSM-7000F. In 2009 the atomic force microscopy AFM Dimension
ICON by Veeco Instruments and High Temperature Tribometer by
CSM Instruments.
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PLASTICITY DEGRADATION OF LOW CARBON STEELS AT HIGH
TESTING TEMPERATURES

gentle drop of the reduction of area at a level higher then 80 %.
The reduction of area decrease assessed as grade „2“represents
a decrease of about 60 % and grade 3 about 30 – 40 %. The
grade 4 was chosen for an extremely high plasticity drop on a
very low, sometimes non-measurable value. The highest
decrease of reduction of area amongst studied steels (grade 4
in Fig.5) was observed for the steel with an increased content of
boron, 0.006 %.

In the VEGA project No. 2/4174/04, (2004 – 2006) the high
temperature properties of 27 commercially produced low
carbon steels in the as-cast state were investigated by high
temperature tensile tests in a temperature region from 800°C up
to the melting temperature. The phase transformation
temperatures of the experimental material were evaluated,
namely the temperature dependence on the grain boundary
mobility, changes in the secondary phases, and degradation
mechanisms of the microstructure at the highest temperatures of
the solid phase existence. The influence of trace elements on
high temperature mechanical properties and mechanism failure
in steels was also investigated. A model of the temperature
degradation of mechanical properties with quantification of the
characteristic temperatures of plasticity degradation was
proposed.
It is known that the various surface defects (such as in Fig.1), can
occur during low carbon steel casting which subsequently can
negatively influence the quality of final products, especially the
flat ones. The study of high-temperature properties of material
and the subsequent modification of technology is one of the
ways to eliminate them. The high temperature test was focused
mainly on the study of temperature intervals of degradation of
strength or plasticity properties.

elements. Specimens were heated in the protecting atmosphere
of argon. The testing equipment as well as a detail view of the
specimen heating technique is documented in Fig.2.
As can be seen in Fig.3a, with increasing the test temperature
the high-temperature strength of the low carbon steels decrease
more or less continually.

The fracture surface formed in the regions with reduction of area
drop was studied by light microscopy (Fig.6 cross section to
fracture surface) and scanning electron microscopy (Fig.7). It
follows from the fractographic study that characteristics of the
intercrystalline fractures at lower and at the highest
temperatures were different. At lower testing temperatures,
decohesion and ductile intercrystalline fractures were formed
(Fig.6a and Fig.7a,b).

To evaluate the degradation of high-temperature properties,
tensile tests are often used, where parameters such as zero
strength temperature and zero plasticity temperature are usually
used as a criterion. The zero strength temperature is a limit
temperature, below which there are measurable ultimate
strength values. The zero plasticity temperature is lower than the
zero strength temperature, since measurable plasticity values
only exist in a material without the presence of liquid phase
(Fig.2).

The main aim of the work was to quantify the plasticity drop
evaluated by statistical analyses of the reduction of area values.
The reduction of area values drop was established at lower
testing temperatures, from 850 up to 1190°C, and at the very
high ones, from 1290 up to 1410°C (Fig.3a and 3b).
Characteristic points tx and th, were determined on the curve of
reduction of area values vs. temperature. The plasticity decrease
regions under the tx as well as above the th temperatures are
critical for the formation of defects (Fig.4). These parameters
were then statistically analyzed. At temperatures t d tx and t t th
there was a drop of plasticity and fractures with a higher or lower
portion of intercrystallinity were formed at these temperatures.
Reduction of area values in the austenite region (J-region at
temperatures tx d t d th, Fig.4) were high, mostly above 99 %.

Analyses of high-temperature reduction of area values showed a
preferred influence of As and B on the tx temperature and
increase by mechanism of intercrystalline fracture of austenite.
On the other hand, at the temperatures t t th was
unambiguously determined only the influence of phosphorus
(above 1320°C and it was also found that the th temperature is
also most probably influenced by the grain size. At the
temperatures from about 1200°C up to the melting temperature,
fractures with several morphologies are formed in the plasticity
degradation area.
In specimens tested at the highest temperatures, fractures were
often formed on molten boundaries of austenite or
ferrite
grains (A type fractures in Fig.8a). The occurrence of variable
morphologies, which are in Fig.8b was relatively frequent. These
fractures, which are fine-grained from the microscopic point of
view, are formed by separation in the original interdendritic
spaces. The B type fractures were more frequent in steels with
medium or higher carbon contents and in steels with higher Mn
content. Specimens with this fracture morphology had, in certain
cases, reduction of area as many as several tens of per cent. At
the highest test temperatures, the articulation of the B type
fractures was not so marked. The group C (Fig.8c) includes
typical intercrystalline fractures with smooth or less folded facets,
which are formed on austenite or -ferrite grain boundaries. The
group D (Fig.8d) includes fractures with relatively large facets,
which are markedly folded by more or less parallel parts. The D
type fractures were observed in steels with lower carbon content
in the austenite and -ferrite coexistence area. They are formed
at the gamma-delta phase interface.

The plasticity drop at very high temperatures was accompanied
by
formation
of
intercrystalline
decohesion
fractures,
interdendrite fractures, and fractures with mixed morphology
(Fig.6b; and Fig.7c,d). The interdendrite fracture formation was
promoted by increasing the C and N content in the steels.

The tests were realized on equipment consisting of a tensile
tester, high frequency generator and measuring and control
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Decrease of the R.A. values at temperatures t d tx was classified
by the grades from „1“ to „4“ (Fig.2). The course „1“represents a
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Evaluation of mechanical properties and microfractographic
failure behavior of galvannealed coatings in relation to
individual Fe-Zn intermetallic phases.
The use of zinc for coatings on steel sheets enables prolonging
the service time of the steels, and Zinc protective coating sheet
steels in building and machine industries, including automotive
industry, continuously increases. The effective possibility to
improve the properties of zinc coatings on the steel sheets
consists in the use of additional annealing after galvanizing, socalled galvannealing. By this process, almost all pure zinc is
transformed into the mixture of various Fe-Zn intermetallic
phases. The content of iron within individual phases is given by
equilibrium diagram in Fig.1, and are: * (17.5-31.3 %), *1 (19-25 %),
G (8.2-13.5 %), ] (6.0-7.2 %) and phase K (zinc-rich solid solution)
with approximately 0.04 % iron.

References
Šev ík, A. - Šev íková, J.: The Study of a Drop of Plasticity
Behaviour of the As-Cast Low Carbon Steels in Gama-Alpha
Transformation Region, Journal of Metals, Materials and Minerals,
15, 2005, 2, s.25-29
Šev ík, A. – Mikolaj, D. - Šev íková, J.: Plasticity Degradation and
Fracture of the As-Cast Low Carbon Steels during Tensile Tests at
High Testing Temperatures Transactions of the Universities of
Košice, 2005, 3, s.19-26
Šev ík, A. - Šev íková.: Fractures of As-Cast Low-Carbon Steels in
the Plasticity Degradation Area at High Testing Temperatures
Journal of Metals, Materials and Minerals, 16, 2006, s.13-19
Šev ík, A. – Macurák, J. - Šev íková, J.: High Temperature
Mechanical Properties of the As-Cast Low Carbon Steels and
their Prediction, Metalurgija, 45, 2006, 1, s.17-20
THE FORMATION AND DEVELOPMENT OF Fe-Zn PHASES IN THE
COATINGS OF STEEL SHEETS.
The project VEGA, No. 2/6206/26, (2006 – 2008) and the project
APVV No 0629-06 were also oriented to the study of formation
and development of Fe-Zn phases in the coatings of galvanized
steel sheets determined primarily for the automotive industry. The
role of individual Fe-Zn intermetallic phases in hot dip galvanized
and annealed coatings and the possibility of improving the
properties of the coatings of the galvannealed steel sheets were
specified. New authentic knowledge about mechanism failure
of individual intermetallic phases in the galvannealed coating
steel, as well as dependence of the shear strength of the Zn
coating of IF steel on the relative phase composition of the
coatings upon the heat treatment conditions were also
determined.
The main goals of the projects were the following:
x Evaluate various techniques, identification of individual
intermetallic phases
x Quantification of temperature-time annealing parameters
after galvanizing for individual intermetallic phase growth.
x Analysis of temperature-time dependence of intermetallic
phases growth with the aim to explain their particularities in
relation to the chemical composition of steel substrate
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The coating obtained by galvannealing processing is
a heterogeneous layer which can be considered as a composite
consisting of a metallic coating that is joined to the steel
substrate through successive brittle intermetallic phases with
different properties. The final properties of Fe-Zn coating depend
mainly on their phase composition. For example the * phase with
high iron content is a very hard phase, achieving easy
weldability, but has bad formability and poor corrosion
resistance. Therefore, it is very important for individual phases in
the coatings to be known accurately, identify and recognize
their formation and growth patterns. Phase composition and
structure of commercial galvannealed zinc coatings on steel
substrate were studied using optical microscopy, SEM, EDX and
Mossbauer spectroscopy. Analyses of IF-Ti steel using RTG
diffraction enable monitoring of the presence of phases Fe2Al5
and Fe3Al separately. It was confirmed by Mossbauer
spectroscopy, that the growing of delta phases occurs
simultaneously with the end of phase zeta. For identification of
individual phases there were also used a combination of various
methods to a great advantage. Using these techniques, it was
confirmed that by means of polarized light it is possible to detect
the presence of residual phase eta (Fig.2a) and using the
interferential-contrast (Nomarsky interferential contrast in an
optical microscope) it is possible to perform the topography of
phases delta and gama1 (Fig.2b and 2c).

Influence of temperature-time annealing on the formation and
growth of individual Fe-Zn intermetallic phases in the coatings
was realized on conventional low carbon steels, IF steels and
HSLA - microalloyed steel. Differences were found in the Fe-Zn
reaction, resulting from various chemical compositions of steel
substrate. It has been confirmed that the rate of reaction is the
fastest for IF steel. The role of Ti, Nb and P in IF steels was judged,
intended for the ”outburst” formation. The role of the Fe-Al
inhibition layer in the coatings of hot-dip galvannealed steel
sheets was also investigated, and the relation between the
existence of Fe-Al layer and outburst structure in dependence on
the chemical composition of IF steels was confirmed. Formation
and development of Fe-Zn compounds in coatings of three
industrially produced hot dip galvanized steel sheets were
investigated by means of additional annealing at temperatures
450°C, 500°C and 550°C during 10 and 60 seconds. Changes to
the microstructure coating after annealing (450°C/60s and
500°C/60s), observed in the investigated steels (IF-Ti steel, marked
as
A:
0,004C+0,08Ti;
IF-P-Nb
steel,
marked
as
B:
0,004C+0,048P+0,045Nb+0,0028Ti; low carbon steel, marked as C:
0,04C+0,35Mn;) are given in Figure 3. Both, IF-Ti and Ti-Nb-P IF
used galvanized steel materials and were free of any
intermetallic compounds before additional laboratory annealing
(only K phase as in Fig.2b).

Higher reactivity of IF-Ti steel with low P content was confirmed
by rapid * phase reaction as well as a slight outburst reaction in
the early stages of heating (annealing 450°C/10 s). Only frontal
diffusion of Fe-Zn compounds was observed for other annealing
parameters. The surface of this annealed steel was defect-free.
The reactivity of Ti-Nb-P IF steel was suppressed by higher P
content, resulting in the frontal growth of Fe-Zn compounds
without phase presence (Fig.3). Simultaneously, strong outburst
reactions with an undesirable appearance of the surface were
present for all used annealing parameters.
The shear strength of galvannealed coatings on IF-Ti steel also
was appreciated. The deformation and fracture behavior of Znbased coatings on steel sheets depends on factors such as grain
size, crystallographic orientation, temperature, coating thickness
and phase composition of the intermetallic layer. Among other
phases, special attention must be given to the interfacial layer,
namely the most brittle * and *1 phases, containing the highest
iron content. By additional annealing we have obtained samples
with various ratios of individual intermetallic phases in the
coatings, Fig.4.

The annealed coatings of the IF-Ti steel were typical in their
unevenly developed layer of the * phase (Fig.3). The growth of *
phase is connected with a drop of Al content in the coating. The
experimental results showed the highest adhesion strength for
sample, containing in the outer part of the coating a large
amount of the ] phase (more than 60 %) and a thin layer of the *
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phase in the steel/coating interface (Fig.4), and that higher
strengths were typical for substrates with thickness of the * phase
up to 1 Pm. With thickness of the * phase more than 1 Pm
adhesion strength of the coating decreased and with an
increasing of the actual thickness above ~ 2 Pm shear strength
again increased. Also found was which type of gamma phase
(*1 or *) is adjacent to the steel substrate is essential for the
supposed mode of failure. The atomic arrangements * and *1 of
phases are quite different (*1 - fcc and *1 - bcc lattice) and
have different properties. Metallographic analysis shows that if *1
phase is present in the coating, it can exist in two different
morphologies, like a separate phase, Fig.5a or part of the G
phase, Fig.5b.

In Fig.2 is described the effect of level annealing temperature on
strength values of steels.

In the case of separate *1 phase, whenever the * phase exists,
the *1 phase is always found to be located on the top of * phase
and no mixture of (*+*1) was observed. A clear-cut phase
boundary between * and *1 phases is always observed. In such
cases the * phase growth was observed at the expense of *1
phase during longer times of annealing. As listed above, if the *
phase with thickness up to 1 Pm was present, failure of the
coating by powdering, however if the * phase with thickness
above 1 Pm was present, failure of the entire coating by flaking
was observed, Fig.6a. On the other hand, although thick *1
phase (with thickness around 5 Pm) was present in the
steel/coating interface, no flaking was observed, such coating
failed by powdering in the layer of the d phase, Fig.6b.

MICROSTRUCTURE-MECHANICAL PROPERTY RELATIONSHIPS OF
DUAL-PHASE STEEL SHEETS
During the period of 2008-2009 the main activity of scientific
department VO1, within the projects VEGA, No. 2/6206/26, (2006
– 2008) and VEGA, No. 2/0195/09 (2009 – 2011), was focused
upon research of the interdependence between microstructural
variables and the mechanical properties of dual phase ferriticmartensite low carbon steels. Dual phase (DP) high strength
steels have a number of unique mechanical properties such as
continuous yielding, low yielding ratio, high work hardening rate
and high uniform, total elongation. On the other hand, they do
not show in each case a sufficiency of properties under dynamic
loading conditions and, similarly to other AHS steels, the dual
phase steels could also significantly alter the mechanical
properties if they are exposed to elevated temperatures.
Therefore, the main goals of the projects were the following:
x Investigate the influence of the conditions of annealing
(holding time and cooling rate) on the interdependence
between microstructure-properties of dual phase steels.
x Determine the influence of the conditions of intercritical
annealing and the chemical composition of steel on their
microstructure and the strength-plasticity properties.
x Examine the combined effect of cold rolling and conditions of
intercritical annealing and investigate the possibilities of
improvements of the relationship between strength–ductilitytoughness-fatigue resistance (including the BH or BH2 effect).
x Investigate the possibility to optimize the strength-plasticity
properties by two-stage heat treatment.
The current trend in the automotive industry is to reduce vehicle
weight for the purpose of enhancing the safety and durability of
vehicles. As fuel economy standards continue to rise, more
automakers will look for ways to incorporate new steel material
and process technologies into future automobile designs. In the
past years there was growth in the search and use of new
Advanced High-Strength Steels (AHSS). According to the data
presented by Ducker Worldwide at the American Iron and Steel
Institute’s in March 2007, the content of AHSS in North American
light vehicles is projected to increase from the current level of 9.5
percent to nearly 35 percent in year 2015 (Fig.1). While now
more than half of the vehicles produced worldwide contain
some amount of AHSS, and it is expected that on autobody
construction the DP steels will register from all AHS steels the
biggest growth of consumption (approximately 70%) in the next
5th years.

The annealing effects on the changes of yield stress was more
significant in contrast to Rm, however, lower values V0,2 than in
received state were observed at temperatures above AC1
(temperatures of intercritical annealing), Fig.3.

The value of increase of yield stress, caused by annealing effect
at temperature t d 250°C represents the value of BH effect, and
in the case of pre-deformed samples (H = 2 %) it represents the
value of BH2 effect. In Fig.4 is described the effect of various
annealing cycles on the strength-plasticity properties by means
of the tensile diagrams.

Increasing strength is usually followed by decreasing of ductility,
hence the PP parameter, PP = Rm x A50 [MPa.%], was used for
quantification of effects of various processing treatments on the
change of strength - plasticity properties of steels, Fig.5. It was
also found, that in comparison to S355 steel and two types of
HSLA steels at annealing temperature lower than 800°C, DP 600
steel has the highest PP values.

This clearly shows that type of gamma phase, adjacent to the
steel substrate is essential for the supposed mode of failure. While
thick * phase results in the failure of the entire coating by flaking,
thick separate *1 phase is not flaked, but the coating is
powdered in the region of the phase.
References
Kollárová, M. - Džupon, M. - Leško, A. - Parilák, .: Metalurgija, 46,
2007, 1, 9-14.
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Strength of Galvannealed Coatings on Ti-IF Steel, In:
Fractography 2006, Stará Lesná, 15.-18.10.2006. 477-481
Kollárová, M. - Džupon, M. - Leško.: AMS, 13, 2007, 891.
Kollárová, M. – Zmrzlý, M. - Schneeweiss, O. – Parilák, . – urišin
J.Characterization of phase composition in the coatings of
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Hradec nad Moravicí, Tanger 2007, CD-ROM.

12

By means of a bend test it was found that DP600 steel in
received state has higher reserve plasticity than deep drawing
steel (V0,2 = 240 MPa, A50 = 38%). On the other hand, the DP 600
steel in contrast to S355 steel and two types of HSLA steels shows
a low stability of properties while treated by increased
temperatures. A decrease of ultimate strength of DP steel was
already observed at annealing temperature t = 350°C (for longer
times as early as t = 250°C).

Figure 6 confirms high ability of DP steel to deformation
hardening not only in the full range of deformation. By
comparing of hardening curves measured on DP steel and HSLA
steels (with comparable strength) we can see, that for increase
of the Rp0,2 in value about 800 MPa it is necessary to apply
deformation H = 60 % at HSLA steels, but only H = 20 % at DP steels.
The first well-marked signs of strength decrease of samples after
cold rolling with reduction H = 5 to 60 % as the effect of 10-minute
annealing, were observed at temperature near 450°C. The final
effect of opposite strength-ductility changes is documented in
Fig.7 by means of changes of PP parameter.

All experimental results oriented on the combined effects of the
cold rolling and/or annealing (including intercritical annealing)
on the strength-ductility properties are in Fig.8.

From Fig.8 it follows that the interdependence between
maximum available values of strength and ductility can be
described by means of empirical equations: A50=60-Rm/20 or
Rm=1200-20.A50. It is well-known that low carbon steels have a
region of critical deformation generally in the range H = 5 to 10 %,
sometimes 15 %. It was shown that DP 600 steel at annealing
temperatures around AC1 could also reach high growth of grain
at deformation around 20 % (Fig.9).

Specific properties of DP 600 steel in comparison with HSLA steel
are shown in Fig.6, which document the effect of cold rolling on
a change of values Rp0,2 and Rm.
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MICROSTRUCTURE AND MECHANICAL PROPERTIES
OF STEELS
It was revealed, that formation of coarse grained structure does
not need to effect negatively the strength-plasticity properties of
steel (expressed by PP parameters), but it could change the
resistance of steel against cyclic strain. The effect of annealing
temperature on the change of fatigue resistance of the DP 600
steels, measured on samples with and without the predeformation H = 18 % (fatigue resistance was expressed by
number of cycles needed for sample failure, at loading stress
amplitude a = 470 MPa), is shown in Fig.10. The Figure shows that
in temperature range t = 350 - 650°C the effect of annealing
temperatures on fatigue resistance is not explicit, in comparison
with the effect on values Rp0,2 or Rm. Fig.10 also shows that in the
entire range of observed temperatures, the higher resistance
against cyclic loading respond to the states of deformation
hardening except for the samples annealed at temperature t =
740°C (microstructure of samples in Fig.9).
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It was found that they have in comparison with the intercritical
annealed samples only (Fig.12, HT-2 in comparison HT-1), the
homogenous fine grained structures after the two-stage heat
treatment, which results in better strength-plastic properties and
higher toughness values.
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As noted previously, the strength properties of DP steels are
primary affected by volume fraction of martensite (VFSP), but
they are also dependent on carbon content in martensite. With
increasing the temperature of intercritical annealing (tIA), volume
fraction of martensite increases and concurrently the level of
strengthening of the steel. On the other hand, increasing the tIA
temperature decreases the carbon content in austenite and
consequently decreases hardness and brittleness of martensite.
This contradictory effect increasing the tIA temperature can show
non-existent dependency of strength characteristics on type of
annealing cycle. However, the different states of microstructure
connected with the type of annealing cycle (HT – 1 and HT – 2 in
Fig.11) can affect other steel characteristics. It was found that DP
steel with different ferrite grain size and volume fraction of
martensite may have identical strength – plastic properties,
however they can have completely different resistance to brittle
fracture (Fig.10, Fig.11).
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Within the project was also studied the effect of two-stage heat
treatment (before intercritical annealing were samples annealed
at 900°C and cooled in water (Fig 12, HT-2).
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SCIENTIFIC ORIENTATIONS

The main projects in the period 2005-2009

MAIN RESULTS

The department is scientifically oriented to theory of
microstructure and crystallographic texture development in
steels during thermal and thermo-deformation treatment
processes. Investigation is related with grain boundary motion
phenomena, thermal and deformation activated grain growth
processes,
kinetics
of
microstructure
development,
precipitation kinetics, interaction of grain boundary with
secondary phases and alloying elements, study of restoration
processes (dynamic and static recovery, recrystallization after
hot and cold rolling processes). Attention is paid to
plastometric modelling and simulation of real thermaldeformation processes and their interpretation by means of
substructure change, analysis of selective nucleation and
texture development during grain growth. The low carbon
steels (electro-technical grain oriented and non oriented,
deep-drawing, constructional high strength steels, TRIP steels,
multifunctional, etc.) are the scientific orientation of the
department, see Fig.1.
In cooperation with the producers and end-users the
department designs novel chemical conceptions and up-todate technological processes to achieve challenging specific
combinations for the final properties of steels. Such processes
are as follows: high magnetic induction and good heat
conductivity, demanding electromagnetic properties, high
strength and fatigue strength, high strength, good plasticity
and fracture toughness etc.

Projects supported by Ministry of Education of Slovak Republic:
I.
APVV-51-024405
„Development
of
unconventional
microstructures in isotropic electrotechnical steels “/2006-2008/,
II. LPP-0174-06 „Strain induced grain boundary migration in
electrotechnical steels“ /2006-2009/
III. VEGA – 2/7195/27 „Deformation and diffusion induced grain
boundary motion during cube and Goss texture development
in Fe-Si ferrite” /2007-2009/4,
IV. VEGA, project No. 2/0138/10,
Name: „Microstructure design of progressive isotropic
electrotechnical steels“,
International Project:
VI. SK-CN-01506 „ Columnar Microstructure development in
non-oriented electrical steels „ /Sino-Slovak Scientific and
Technological Cooperation/ /2006-2007,
VII. No. SK-UA-0024-09 Ukrainian-Slovakian Scientific and
Technological Cooperation „Studies of diffusion of modifying
atoms and microstructure of metal-based and semiconductorbased alloys„.
Projects supported in framework of Structural Founds of Europe
Union program:
VIII. Project code: ITMS 26220220037, call: OPVaV-2008/2.2/01SORO (Transfer to practice the knowledge and technology
obtained by research and development).
“Technology of preparation of electrotechnical steels
possessing high permeability for high effectivity electromotors”
/Main investigator/,
IX. Project code:ITMS 26220220061, call: OPVaV-2009/2.2/02SORO (Transfer to practice the knowledge and technology
obtained by research and development).
“New materials and technologies for energetic” /Coinvestigator/,
X. Project code: ITMS 26220220064, call: OPVaV-2009/2.2/02SORO
“Research Centrum for Combinated and Renewable
Resources of Energy” /Co-investigator/.

Microstructure design in NO electrical steels
Taking into account the directional anisotropy of physical
properties in the crystallographic lattice of ferrite (bcc) and the
fact that isotropic electrical steels (IES) are mainly used in
circuit electromagnetic field, it is necessary to provide
crystallographic isotropy in the plane of the sheet in order to
provide good final magnetic properties. According to our
opinion, the further possibility to improve the quality of
electrical steel can be conducted by increasing the cube
texture component. An easy direction of magnetization in
lattice K8 is [100]. For IES, it is necessary to provide maximal
intensity of the texture components with easy directions of
magnetization as well as their isotropic distribution in the plane
of the sheet. From the standpoint of crystallographic
structure/order this means cube orientation - (100)[0vw] texture
component.
The above-mentioned texture state has not been achieved so
far. It is important to underline that our maximal effort in the
field of research and development of IES is concentrated on
the achievement/increase of the cube texture component
intensity in the plane of the steel sheet.
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Mathematical modelling,
Torsion plastometry, plastometric simulation,
Experimental simulation of time-temperature
expositions in controlled atmosphere,
Light microscopy,
Digital image analysis,
TEM, SEM, EDX, EBSD,
X-ray analysis,
Crystallographic texture and orientations analysis,
Nano indentation methods,
DSC, DTA TG analysis.

Methodology used by the department
Taylor Factor direct and indirect evaluation by means of both
EBSD measurements and nano-indentation techniques,
Investigation of second phase nano-particles in electrotechnical steels by means of TEM, SEM techniques,
Residual stress evaluation in dependence on grain orientation
by combination of both X-ray analysis and EBSD measurement
techniques,
Microstructure and texture design in laboratory materials in the
context of future industrial application of the developed
treatment technique by means of model cold rolling and heat
treatment in different atmospheres.
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International:
Technical University of Ostrava, Czech Republic
Vitkovice R&D, Czech Republic
Department of materials science, Shanghai University, China
Research Institute for Solid State Physics and Optics, 1525
Budapest , Hungary
Institute of Physics, ASCR, Na Slovance 2, 18221 Prague, Czech
Republic
Institute of Electron Physycs National Academy of Science of
Ukraine, Universytetska 18, 88 000, Uzhgorod, Ukraine
In framework of Ukrainian-Slovakian Scientific and
Technological Cooperation. (granted project)
Institute of Metals and Technology, Lepi pot 11, SI-1000
Ljubljana, Slovenia
Preparing a common projects
Industrial:
US Steel Košice Ltd.
EMBRACO Ltd. Slovakia
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Fig.1 Conventional microstructure.
Considering the fact that IES is made by hot and cold rolling
processes the texture state before final annealing is a
dominant factor influencing further properties of the steel. The
presence of (111)[0vw] deformation texture component has a
negative influence on final magnetic properties.
We have confirmed the fact that the distribution of the
deformation texture component in primary recrystallized steel is
non-uniform, with maximal intensity in the central part of the
steel thickness. The magnetically appropriative crystallographic
orientation (100) is chiefly located in the subsurface region. The
maximal intensity of the following magnetically appropriative
direction (110) corresponds to the 1/3 half thickness region of
the steel sheet.

4 0
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6 0
8 0

)

High intensity of
cube omponent

7

Domestic:
Institute of Experimental Physics, SAS
Technical University Košice
Technical University Žilina
Institute of Mechanics and Mechanical Devices, Bratislava
STUBA, Electrotechnical faculty, Bratislava

H

9

Cooperation
Schema 1. Scientific focus of the department.

During growth of primary recrystallized grains under
conventional heat treatment conditions, homogeneous grain
growth process takes place through the steel thickness. Hence
during the grain growth it is likely that a proportion of particular
crystallographic orientations is unchangeable or the unwanted
(111) orientation could increase drastically as presented in Fig.
1.
The originality of our attitude rested in the fact that the high
intensity of the cube texture component in steel can be
achieved by controlled columnar grain growth process from
the surface of sheet (with high cubic nuclei density) towards
the mid-plane.

8 0

Fig.2 Columnar microstructure.
This procedure provides preferable cube components in the
final microstructure as well as eliminating development of
grains with deformation texture components in the midthickness part of the sheet.
The columnar grain growth in steel can be activated by two
processes. The first one is associated with a diffusion controlled
grain boundary motion (DCGM) at a critical temperature
gradient through the steel thickness. We have shown in our
previous works [1] that the nucleation and consequent growth
of columnar grains are proceeded by applying both high
heating rate (>10 °C/s) and stepped schedule of annealing
regime (see Fig. 2). This phenomenon is the explanation for the
influence of the C gradient on both sides of the high-angle
boundary upon boundary movement. As is known, the degree
of the segregation saturation of Si, especially in (100) plane, is in
inverse proportion to the C amount. Considering the fact that
segregation enthalpy of Si is notably lower than that of C, a
small local fluctuation of C can cause considerable change to
the Si amount. On the other hand, a higher local concentration
of Si acts as a D-phase stabilizer. We assume that this
phenomenon can be the reason for the columnar grain growth
in the steels by the DCGM mechanism.
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1200qC
850 qC

400 qC

SR

15-25qC/hr

Dry 100% H2

W t 75% H +25%N

40 60 hr

50-60 hr

Processing time ~ 100 - 120 hours

Fig.7 Conventional heat treatment process.

ND
Fig.3 Diffusion-controlled grain.
Figure 3 presents the microstructure achieved through DCGM
mechanism, which possesses a high intensity of the cubic
texture component /component H/ and decreased intensity of
the deformation texture component (111)[0vw], /component
J/.
For the wide range of the chemical composition of IES, with an
amount of Si from 0.5 to 0.3 wt%, and consistence of C in the
range of 0.02-0.05 wt%, the time –temperature parameters and
composition of the decarburization atmosphere were
estimated, in such a way so as to achieve the columnar
microstructure with an increased cubic texture component.

RD

Acomulated deformation
energ
1
P
UPb 2
2

Fig.6a IPF map representing the start of columnar grains in cross
– section plane.

E(111)>E(110)>E(100)
Taylor - factor
M

TD

Fig. 5 Dependence of grains micro- and nano-hardness on their
orientation.

RD
Fig.4 IPF map of the investigated sample after application of
impress deformation of ~2.2% and heat treatment at 900ºC for
2 min.
The second process to achieve the intensity of the cube
texture component in steel is a strain induced grain boundary
motion mechanism (SIGM). This mechanism in combination
with the critical temperature gradient through the steel
thickness provides columnar grain growth from the surface. A
critical value of deformation Hcr invokes the primary
recrystallization in material.
The heating rate V should be higher than Vcr in order to start
the columnar grain growth process. The polygonal
microstructure development takes place as V<Vcr. Here we
used as the main driving force of grain growth the deformation
energy in the particular grains /see Fig.4/.
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By means of the nano-indentation method, the strain stress
curves were obtained for predefined grains with chosen
orientations /see Fig. 5/. It was shown that particular
deformation stress in the plane sheet leads to maximal
deformation in the grains possessing (111)[0vw] orientation. As
was shown, the grain boundaries move along the deformation
gradient increasingly. This fact was used for an increase of
cubic texture component or the Goss one, and at the same
time decreasing the unwanted deformation component. Figs.
6a and b present the columnar microstructure obtained
through SIGM mechanism. The mentioned mechanism is
particularly beneficial for vacuum degassed IES steel with
carbon content under 0.01% wt. The conducted work resulted
in a definition of the exact deformation and the time
temperature parameters for achieving the columnar
microstructure in the vacuum degassed IES with Si content from
1 to 3 % wt.

Fig.6b IPF map representing the columnar grains in cross –
section plane.
Selected papers
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The Fe-3%Si GO steels have the dominant crystallographic
texture orientation {110}<001> in the sheet plane. There are two
main types of the GO steels: the conventional one (CGO) and
the highly oriented steels (HGO). The average deviation of the
Goss texture from the ideal one is about 7q in the case of the
CGO and around 3q for the HGO one.
The R&D in the field of GO steels is focused on two main issues.
The research activities are targeted on superior GO products
with lower losses, higher permeability, on the other hand it is
directed at finding new low cost processes for the GO steels
production.
In the field of GO steels research our attention was paid on
obtaining new knowledge from the matter of Goss texture
evolution under dynamical heat treatment conditions.
Furthermore, the main goal was to develop a technological
process that would lead to low cost production of a new
grade of the GO steels. An essential condition for abnormal
grain growth development of Goss oriented grains during their
thermal activation was the presence of second phase
particles. The presence of these particles in primary
recrystallized matrix plays a vital role of the normal grain growth
inhibitors. The equilibrium between driving and retarding forces
are capable of overcoming just the grains with {110}<001>
orientation. In general, the full explanatory theory of this
abnormal grain growth has not been revealed yet.

Processing of Grain Oriented Electrical Steels
The issue of Goss texture formation in GO steels is one of the
major investigation objects particularly in context of worldwide
production costs reduction trend. It is necessary to underline
that the process of the final microstructure and texture
development requires a precise understanding of structure
formation phenomena in the entire cycle of the production
route. Moreover, it requires an enormous production cost. All
this is revealed in both the product price, that is five times more
than that for IES, and the low numbers of producers, see Fig.7

Fig.8 Proposed processing route.
While solving the issue of the selective growth of Goss grains,
we mainly focused on the problem of the driving force
problem. In order to achieve the Goss texture development
the strain induced grain boundary motion /SIGM/ mechanism
in combination with optimization of distribution parameters of
the inhibition system. The phenomenon, used during Goss
texture development, rests in the fact that, there is a
relationship between slip system initiation in a particular grain
and its crystallographic orientation in the sheet plane during
the deformation process. This relationship can be expressed by
the so-called Taylor factor, that proportional to the intensity of
the deformation energy for the stated deformation conditions.
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The plane {110} is the plane of the easiest slip plane in Fe-3%Si
steel. During the deformation process the gradient of
deformation energy occurs between particular grains. Under
specific conditions it is assumed that the highest value of the
deformation energy can be achieved in grains with
deformation texture component (111) and lower in Goss and
cube texture components. The assumptions were confirmed by
our experimental procedure performed with EBSD method on
the Fe-3%Si GO steels. This local gradient of deformation was
used as a contribution to the driving force of grain boundary
motion. The grain boundary movement was directed from the
area with low intensity of deformation energy to one with a
high value of this parameter. It means that the grain with Goss
orientation developed at the expense of the rest of the grains
with {111}<uv0>. Experimental results shoved that it is possible,
by means of SIGM mechanism, drastically /at least by one
order of magnitude/ to increase the kinetic of abnormal grain
growth development of the Goss grains in the GO steels.
The gradient of deformation energy in stage of the abnormal
grain growth commencement could be ensured in two ways.
The first process was application of low deformation reduction
/up to 8%/ ensured by cold rolling of material after the primary
recrystallized state. The next step was heating the material up
to the abnormal grain growth development temperature. It
should have been done without allowing restoration processes
to be occurring. This would lead to the elimination of driving
forces for Goss grain growth.

A proposed mathematical model was capable of calculating
maximal deformation stresses with dependence on chemical
compositions, temperature and deformation speed. This was
done for a wide range of chemical composition construction
steels. Moreover, the presented model can predict threshold
values of deformation resistance during a rolling process.
According to our opinion, a significant contribution in the area
of macrostructure evolution is the development and
interpretation of an original method called anisothermal
interrupted test /AIT, see Fig. 11/. This method for properly
chosen testing parameters allows us to obtain information
about the start and kinetic of particular structure development
processes such as: dynamical recovery and recrystallization,

a

Tab.1. Measured magnetic properties of the GO steels

Proposed

1.47

1.89

0.85

P1,7
[W/kg]
1.17

Conventional

1.37

1.84

0.9

1.28

Process

J300 [T] J800 [T] P1,5 [W/kg]
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static recovery and recrystallization, phase transformation in a
wide range of temperatures. As an example, Fig. 12 shows
deformation stress data measured at deformation level M=0.05
which were obtained by an AIT test. From the comparison of
both dependences we can assume that the reinforcing
process and at the same time the accumulation of
deformation are hindered between 975 and 825qC in the
present steel. The phase transformation take place under
825qC.
Fig.14 Behavior of mean value of deformation stress mean
during simulation test.

Cooling

Fig.10 SETARAM plastometer at Research Institute in Vitkovice.

1 ,5 0 0

Fig.11 Anisothermic interrupted test (AIT).

Gear

Inductive heating

1 ,0 0 0

Fig.13 Simulation of rolling process for alternative mode rolling
of IF steels.

Pyrometer

Torsion meter

0 ,5 0 0

S train

Fig.9 Microstructure (a), texture (b) of the GO Steel.

20

8 7 1 °C
140

20

Within very close cooperation between USS Kosice, Research
Institute in Vitkovice and TU Ostrava, we have focused in great
detail on deformation resistance of steels during hot rolling and
plastometric simulation of the hot rolling processes. Strain
resistance data obtained during hot shaping of steels provide
knowledge about strengthening and restoration processes and
help in optimization of deformation processes with the aim to
obtain a required microstructure.
Due to long time cooperation with the Research Institute in
Vitkovice, particularly with Ing. J. Bo uta, CSc. and Prof. Ing. I.
Schindler, CSc. from TU Ostrava, our scientific workers could use
the torque plastometer SETARAM /see Fig. 10/. Hence, it was
possible to work out original procedures and obtain new
knowledge about structure development processes in
construction steels processed under hot rolling conditions.

The other possibility of Goss texture development is to produce
a gradient of deformation energy between particular grains.
This was done through control of the kinetic of polygonization
and restoration processes in the material passed high
deformation reduction. It means the time temperature
parameters of the heat treatment procedure should have
been optimized. This had to be in such a way as to ensure the
gradient
of
retained
deformation
energy
in
the
commencement stage of abnormal grain growth.
On the basis of the obtained knowledge a low cost production
route for GO steels was proposed, which is schematically
presented in Fig. 8. This procedure was patented under the
number P.Numb:SK20070000150 20071206 . Fig. 9 shows the final
microstructure and its crystallographic orientation which was
archived by the patented method. Tab. 1 presents a
comparison of electromagnetic properties of materials with

IF
160

40

Selected papers:

Deformation resistance and simulation of deformation
processes

b

process of the stated deformation in the case of high
deformation changes. That is why we chose a constant
deformation speed for the entire simulation process.

Stress, MPa

identical chemical compositions treated by the conventional
process and by the patented low cost one.

Fig.12 Comparison of stress values 0.05 (at
of AIT and ST.

=0.05) from series

As a key moment, during the use of the plastometric tests
performed for modeling of the real rolling process, we consider
the extrapolation the values of the trough deformation
resistance obtained from simulation test to be the real rolling
speeds. Calculation of technological mean flow stress MFSmill
from the value of the mean flow stress obtained by simulation
process MFSlab can be expressed by the equation 1:
Where
MFSmill is the value of the mean flow stress at deformation
speed ἐmill
MFSlab is value of the mean flow stress at deformation speed
ἐlab
T is the absolute temperature

A simulation test represents a modeling simulation of a real
rolling process with the aim to keep the main thermodeformation parameters as precisely as possible. It is possible to
provide precise control of the requested rolling temperatures,
deformation level and interoperating times. Fig. 13 presents a
strain versus deformation behavior from the simulated rolling
process of an IF steel sheet. Maintaining the real values of the
deformation speed is quite problematic during the entire
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Fig.15 Calculation of rolling forces.
We showed that the speed coefficient is a function of
temperature and value of the deformation speed. Fig. 11
shows MFS values, obtained by simulation test experiment, and
extrapolated to the real deformation speeds.
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The reliability of our experiments was checked through
comparison of the rolling forces obtained during a real rolling
process and one calculated by simulation test. During the
calculation the equations 1 and 2 were used. Deviation of the
calculated and measured values was lower than 5% /see Fig.
12/. Taking into account the inhomogeneity of the
temperature through the steel thickness, it is very good result.
Selected papers:
Dzubinsky, M; Kovac, F; Petercakova, “New form of equation
for deformation resistance prediction under hot rolling industrial
conditions”.,A, Scr. Mater, Vol. 47 Iss. 2 Pp. 119-124.
Kovac, F; Dzubinsky, M; Boruta, J, “Prediction of low carbon
steels behaviour under hot rolling service conditions”, Acta
Mater., Vol. 51 Iss.6 Pp. 1801-1808.
Kovac, F; Dzubinsky, “Prediction of deformation resistance of
low carbon steels during hot rolling “,M, Metall. Vol. 42 Iss. 1
pp.15-20.

on grain boundaries and its size Rp, volume fraction vp and
mutual distance between the precipitates in grains dp. In
consideration of lifetime, it is necessary to ensure the thermal
stresses to be the function of the microstructural characteristics
Rg, t Rp, vp, dp, which analytically can be expressed by the
function Rg=f(t, Rp,vp,dp).
and
Comparison
of
the
functions
Rg=f(t,Rp,vp,dp),
F(Rg,t,Rp,vp,dp,W,T)=0, from which the second one results from
computing and experimental simulation, leads to the possibility
of estimation of so-called critical time. The critical time
represents the part of the lifetime related to the introduced
resistive impact of the thermal stresses. The method can be
applied to different types of composite materials.
In regard to the existence of the thermal stresses, which occur
as a result of precipitates` coexistence in grains with
microstructural characteristics Rp, vp, dp, the presented projects
also focused on:
estimation of analytical models of hardening in precipitate and
grains subjected to pressure or tensile mechanical load, that
induced by introduced “precipitate” and thermal stresses,
estimation of analytical models describing the energetic
barriers in a single precipitate and grain influenced by e.g.
dislocation movement and induced thermal stresses “from
precipitates”
analytical fracture mechanics which include:
analytical estimation of the critical radii of the precipitates,
which leads to initiation of the crack in precipitate or in grain
analytical estimation of function describing the shape of the
crack in precipitate or in grain
analysis of crack propagation, the analysis outcomes from the
behaviour of the curve integral from energy density in
precipitate and in grain.
Selected papers
Monograph
[1] Ceniga, L.: Analytical models of thermal stresses in
composite materials I. Nova Science Publishers, New York, 2008,
ISBN: 978-1-60456-085-5.
Chapter in monograph
[2] Ceniga, L.: Analytical Model of Thermal Stresses and
Analytical Fracture Mechanics in YBaCuO Superconductor. In
Superconductivity: Research, Technology and Applications.
Nova Science Publishers, New York, 2008, in press.
CC publications
[3] Ceniga, L.: A new analytical model for thermal stresses in
multi-phase materials and lifetime prediction methods. Acta
Mechanica Sinica 24 (2008) 189–206, DOI: 10.1007/s10409-0070132-z.
[5] Ceniga, L.: Analytical models of thermal-stress induced
phenomena in isotropic multi-particle-matrix system. J. Thermal
Stresses 31 (2008) 862–891, DOI: 10.1080/01495730802194425.
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Analytical models of thermal stresses in composite materials
Analytical-(experimental)-calculating method related to the
prediction of lifetime of the composite materials exposed to
thermal stresses occurring:
as a result of a difference in coefficients of thermal expansion
of the composing materials,
as a consequence of differences in lattice parameters of the
composing materials that are transformed during progressing
phase transformation,
The method originates from the experimental and
computational simulation of such parameters as: time –
temperature
dependence
of
composite
material’s
microstructure development. The microstructure is described
with average grain size Rg, thickness t of the phase segregated
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Mission

CASE STUDY

The department deals with the processes running at inner
surfaces, boundaries, and in the matrix. It focuses mainly on the
segregation and precipitation phenomena that influence
material properties after the thermal and /or thermaldeformation exposures, e.g. heat treatment, creep, high
temperature exploitation, welding, etc. Consequently, the
mechanisms of microstructure degradation and fracture are
studied. Regarding the materials of the last decade, the
department has been mainly oriented on all kinds of steels for
energy industry components. In the theoretical field, work is
focused on thermodynamic calculations of equilibrium phases in
studied materials, microstructure evolution, particle growth,
redistribution of elements at interfaces (welds), etc.
The department runs a creep laboratory and carries out the
creep tests.
Recent and present activities
Research and development
R&D activities have been carried out in the framework of
national and international projects. The scope of investigation
can be divided in three main areas, two of them belonging to
applied research, the last one in basic research:
1. development and testing of advanced high alloy steels and
their weld joints,
2. investigation of hydrogen embrittlement mechanisms and
influence on metal alloys and weld joints
3. thermodynamic and kinetic calculations of the investigated
systems and completing and verifying the database of the
thermodynamic parameters by means of the CALPHAD method
for systems with boron.
We participated in the COST actions 536 and 538 (2004-2009)
developing and testing new modified 9-12 Cr steels and Nibased alloys.
Similar topics were undertaken in APVV project no. 99-045105
“Weldability of creep resistant steels of new generation for
energy units with higher efficiency”, 2006-2009.
National VEGA projects have been focused on the investigation
of properties of the mentioned materials and welds at high
temperature and stress, oxidation and hydrogen environment,
including mechanisms of material degradation and fracture.
Concerning the thermodynamic database, the ternary system
Fe-B-V has been studied.
Namely: VEGA 2/4181/04 “Influence of segregation and
precipitation processes on fracture toughness of weld joints of
advanced alloyed steels for energy industry”, 2004-2006.
VEGA 2/7197/27 “Influence of annealing parameters on the
microstructure and properties of heterogeneous weld joints and
bends of modern steels for energy industry”, 2007-2009.
VEGA 2/6207/26 “Thermodynamic analysis of binary and ternary
systems with boron”, 2006-2008
Cooperation
All applied research topics are undertaken in cooperation with
industrial partners, who prepare and supply the samples of
experimental material and welds and participate, also during
investigation and testing. They are mainly SES, a.s. Tlma e, ŽP,
a.s. Podbrezová and VÚZ, PI, a.s. Bratislava.
We have been cooperating also with other institutions abroad.
Ranked among our closest partners are e.g. IPM AS CR in Brno,
SVUM Praha, and ITM Ljubljana.
PhD study is an important part of our activities.
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Activities planned for the next 5 years
Research and development
During next five years the R&D activities of the department will
be focused on investigation of the advanced 2.5Cr-W-Mo-V and
9-12% Cr-Mo-W-V-Nb steels and the similar (ferrite/ferrite) and
dissimilar (ferrite/austenite) weld joints in order to suppress their
degradation (life extention) during the high temperature
exploitation. Special attention will be paid to the processes at all
kinds of interfaces, which are known to play an important role in
their damage and rupture. The topic is solved in the frame of
VEGA project (no. 2-0128-10 for 2010-1012). We have also
submitted a project proposal to the APVV agency with the title
“Study of degradation processes in dissimilar welds in
dependence of PWHT”.

Cracking at a main steam pipe gland steam connection
Introduction
In the framework of COST Action 538 we cooperated at the case
study working in the area of metallography investigation. Low
alloy steel 0.5Cr-0.5Mo-0.25V pipe (wall thickness 60 mm) failed
after 197,000 hour service at 565°C. The heat treatment
according to BS3604 (1963) consisted of normalizing at 950-980°C
and tempering at 660-710°C / 3 h with an initial hardness value
170 HV . Fig.1 illustrates the cross section of the pipe wall with
longitudinal crack. The current hardness was 117 HV.

Average ECD: 24.18 Pm (equivalent circle diameter), Average
ASTM: 8.1
Inner side: Total grains: 129, Average size: 368.94 Pm2
Average ECD: 21.67 Pm (equivalent circle diameter), Average
ASTM: 8.5
According to thermodynamic calculations of equilibrium phases,
the material at 838 K should consist of BCC phase (ferrite), MC,
M2C, and M7C3 carbides, Fig.4.

In the field of basic research we continue in completing the
database of thermodynamic parameters- system Fe-B-C and
consequently the quaternary Fe-B-C-V system. VEGA project
“Thermodynamic description of B-C and Fe-B-C systems”, 20092011.
Cooperation
Bilateral cooperation with ITM Ljubljana in the project SK-SI-002908 “Ternary system Fe-B-C modelling and thermal embrittlementcontribution to Cr-Mo steel study”, 2009-2010.
We would also like to widen further our international
cooperation. With this in mind, a project proposal for bilateral
cooperation with College in Dunaújváros was submitted to APVV
agency.
Selected publication (2005-2009)
VÝROSTKOVÁ, A. – JEDINÁKOVÁ, M. – SVOBODA, M. –
HOMOLOVÁ, V. – PECHA, J.: Lavesphase in 9% Cr-Mo-W steel for
energy industry, Acta Metall. Slovaca, 11, 2005, 76-85
PECHA, J. - VÝROSTKOVÁ, A. - JEDINÁKOVÁ, M.: Welding of
martensitic steel P92 in energy industry, Weding - Sva ování, 54,
2005, 3, s.68-76
JANOVEC, J. SVOBODA, M. – KROUPA, A. - VÝROSTKOVÁ, A.:
Thermal induced evolution of secondary phases in Cr-Mo-V low
alloy steels, J. Mater. Science, 41(2006), 11, 3425-3433
HOMOLOVÁ, V. – VÝROSTKOVÁ, A.: Phase analysis of model FeB-V alloys, Acta Metallurgica Slovaka, 13, 2007, 242-246
MANDZIEJ, S.T. – VÝROSTKOVÁ, A. – SOLAR, M.: Accelerated
creep testing of new creep resisting weld metals, in: Proc. of 3rd
International conference on Integrity of High Temperature Welds,
April 2007, London, IOM Communication Ltd., 165-174
VYROSTKOVÁ, A.- HOMOLOVÁ, V. - PECHA,J. – SVOBODA, M.:
Phase evolution in P92 and E911 weld metals during annealing,
Mat. Sci. Eng. A 480, 2008, 289-298
MANDZIEJ, S. T.- VÝROSTKOVÁ, A.: Evolution of Cr-Mo-V Weld
Metal Microstructure during Creep Testing – Part 1: P91 Material,
Welding in the World, vol. 52, No. 1/2, 2008, 3-26
FALAT-VÝROSTKOVÁ-PECHA-SVOBODA:
Microstructure
and
creep behaviour of dissimilar ferritic/austenitic transition weldjoint with Ni-based filler metal, Brno, Kotle 08
BLACH, J. - FALAT, L - ŠEVC, P., Fracture characteristics of
thermally exposed 9Cr-1Mo steel after tensile and impact testing
at room temperature, Engineering Failure Analysis, 2009;16:13971403.
L. FALAT - A. VÝROSTKOVÁ - V. HOMOLOVÁ - M. SVOBODA:
Creep deformation and failure of E911/E911 and P92/P92 similar
weld-joints, Eng. Failure Analysis, 2009;16:2114-2120.

Fig.1 Crack in the pipe wall.

Fig.4 Equilibrium composition at 838 K.

Results
Three methods were used to investigate the microstructure of the
pipe, light microscopy (LM), scanning (SEM) and transmission
(TEM) electron microscopy. The microstructure consisted of
ferrite+carbide mixture, with large Fe-rich M23C6 particles at the
grain boundaries and MX and Mo2C carbides in the matrix.
Large voids found at the grain boundaries were always
connected with large oxi-sulfide impurities often connected with
the carbide particles. The crack had an unambiguously
intercrystalline character, Fig.2.

a-LM

b-TEM-replica

c-SEM

Fig.2 a-cracked grain boundaries, b-large Fe-rich particles at
grain boundaries, c-voids at impurity particle.
Another typical feature of the microstructure was the grain size
heterogeneity and the difference in the grain size between the
inner and middle part of the pipe wall, Fig.3.

a-LM

b-EBSD

c- EBSD

Fig.3 a-mixture of large and fine grains, b, c- grain size in the
middle and inner part of the pipe wall, respectively.
Many large polyhedral recrystallized grains with dense
populations of fine particles in the grain interior were observed in
middle of the wall. On the contrary, this kind of grain in the inner
side had an uneven shape with still visible smaller grains to be
absorbed. EBSD results at the condition of > 5 ° misorientation as
follows:
Middle: Total grains: 105, Average size: 459.09 Pm2

The microstructure was fully recrystallized, with low dislocation
density and practically without any subgrain structure, Fig5.

Fig.5 Substructure of the exploited material: particles embeded
in the matrix and grain boundaries, and low dislocation density.
Additional measurements of microhardness (HRC) in the middle
and both outer and inner areas of the pipe wall were performed.
The results are as follows: out 153, middle 156 inner area 186 .
Also an impact toughness test was done at room temperature
with a result of 158 J.cm-2. Relatively high value of Charpy-V
toughness was explained by the microstructure consisting of
almost 50% of fine grains. The failure mechanism was in all cases
cleavage combined with ductile tearing. On the fracture
surfaces of the samples with a notch opened at lower
temperatures the open voids and cracked Fe-rich particles at
grain boundaries, rows of parallel plains and other interesting
features were observed, Fig.6.

Fig.6 Some typical features found on the fracture surfaces.
Concluding remarks
The described results and their analysis were used to prove the
opinion of the consortium concerning the cause of the
premature material failure. This was ascribed to the combination
of over-tempering and fatigue.
The work was done in 2008-2009 in the framework of the COST
Action 538 under the leadership of Dr. David Allen and William
Gamble. We would like to thank Milan Svoboda from IPM Brno
for his help with TEM and EBSD analysis.
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INVESTIGATION OF SIMILAR AND DISSIMILAR WELD JOINTS -PART I

INVESTIGATION OF SIMILAR AND DISSIMILAR WELD JOINTS -PART II

Demands on the thermal efficiency increase in power plants
have been the driving force in development of high chromium
ferritic creep-resistant steels. E911 and P/T92 steels belong to one
of the latest advanced materials developed in the class of 9-12
Cr steels. Weld joints as the most sensitive parts of a structure are
of a high interest, because of the requirements for joining similar
“old” and “new’ materials and/or materials with different
chemical composition. The investigation is focused on the
behaviour and properties of all parts of the joint: base metals
with HAZ, weld metals, and the joint itself.

In both cases the Cr-rich M23C6 and (V, Nb)–rich MX particles
have been documented for all investigated conditions. Laves
phase was found only in the annealed states at 625°C. The
experimental findings are in accordance with results of
thermodynamic calculation, Fig.2, E911- left, T92 - right.

The cross-weld creep tests were carried out at 625°C with initial
applied stresses of 100 and 120 MPa. Both weld-joints ruptured by
the „type IV cracking failure mode” in their fine-grained heataffected zones (FG-HAZ). A detailed SEM-investigation of FG-HAZ
microstructures of E911 and P92 weld joints was done. In both
cases the microstructures consisted of decomposed lath
structure with coarse precipitates of Laves phase and Cr-rich
M23C6 carbides, Fig.1.

Phase evolution in weld metals during long term annealing
The welds were prepared by TIG and MMA methods, post weld
heat treated (PWHT) and annealed at 625°C for 1, 3, and 9
thousand hours. The chemical composition of commercially
prepared materials used is given in Tab.1.
Tab.1. Chemical composition of experimental materials.
N
.09
.05
.07
.04
.04
.05

Tempered microstructure of both weld metals is macroscopically
heterogeneous. The areas of former columnar grains with typical
martensite structure comprising large packets of laths alternate
with inter-bead heat affected areas with smaller polyhedral
grains of finer martensite. No delta ferrite has been observed.
On the microscopic level, inhomogeneity of particle distribution
is characteristic, the localities with more and less intensive
precipitation in the matrix can be found. After 9000 h annealing
(bottom) the former austenite, packet, and some of lath
boundaries are almost continuously decorated with large
particles compared to the PWHT conditions, as Fig.1 shows.

Fig.2. Isothermal section of phase diagrams at 625°C.
In the low row the amounts of phases at 300-1200 K is shown. This
information is important because of MX positive effect on the
creep strength and Laves`s phase more or less negative
influence on mechanical properties and fracture toughness.
The hardness values measured for all investigated states are
illustrated in Fig.3.
P92-HV10

E911-HV10
240
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PWHT

210
200

1000h
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180

9000h
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160
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HV10

Chemical composition [wt.%]
Si Mn Cr Mo Ni W Nb
.2 .51 9.1 0.96 .25 0.98 .082
.25 .6 8.8 1.0 .7 1.0 .05
.38 .45 9.0 1.0 .7 1.0 .06
.15 .42 9.1 0.46 .22 1.78 .058
.37 .45 8.8 0.4 .6 1.6 .06
.2 .6 8.8 0.5 .7 1.6 .05

HV10

C
.11
.11
.1
.1
.11
.11

Creep failure of high Cr steels is generally caused by a loss of
strength originated from accumulated microstructural damage
such as coarsening of precipitates and critical decrease in
dislocation density due to thermally-activated recovery processes accompanied by growth and coalescence of creep
cavities. In the case of weld-joints the situation is more complex,
also because of the heat affected zones (HAZ) present.

240
230
220
210
200
190
180
170
160
150

applied stress [MPa]
Fig.1 Large Particles of Laves and M23C6 at the boundaries.
In T92 joint the grains of -ferrite were observed in the area of the
fusion zone and continuing across the coarse-grained HAZ,
however without any evidence on the cavity formation at the ferrite, Fig.2.

1000h
3000h
9000h
PWHT

1

5

9

13

17

21

25

29

33

37

41

The achieved results can be summarized as follows:
- After the PWHT ferrite, M23C6, and MX phases were found.
Delta-ferrite was not detected.
- Laves phase was found in all annealed states.
- Thermodynamic calculations predict ferrite, M23C6, MX, and
Laves phase as the equilibrium phases in both weld metals.
- Chemical composition of Laves phase is close to the
equilibrium from the beginning of its existence. Laves phase in
P92 weld metal contains more tungsten and less molybdenum
(53W:7Mo) than that precipitating in E911 weld metal
(41W:16Mo).
- Major metallic elements in M23C6 carbide are Cr, Fe, W, and
Mo. Their content is similar for both weld metals.
- The chemical composition and volume fraction of MX particles
is nearly constant in both weld metals.
- Hardness of the weld metals does not change substantially
after annealing.
- The annealing led to a decisive reduction of impact energy at
room temperature ascribed to the large austenite grain size
after welding and very coarse Laves phase and M23C6
particles precipitated on interfaces.
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Published: A. Výrostková, V. Homolová, J. Pecha, M. Svoboda,
Mater. Sci. Engn. A 480, (2008), 289-298, done under the VEGA
project 7/7197/27 and COST536-0022-06.

Fig.4 Substructure in E911-left and T92-right weld joints.
likely due to its higher tungsten content which thermally stabilizes
the Laves phase. Minimum creep rates of P92 weld are lower
than those of E911 for both applied stresses used. However, the
difference between the creep rates of the studied welds at 100
MPa is less pronounced. This may indicate that with decreasing
applied stress, the difference in creep behaviour of the studied
welds also decreases. The change of the creep deformation
mechanism with decreasing stress may be a possible reason for
the described behaviour.
Tab.1. Creep characteristics of studied welds.

Fig.3 Cross-weld hardness, E911-left, T92-right.

Fig.1 WM microstructure of E911 –left, T92-right column.

The results of creep tests are given in Tab.1. The creep resistance
of P92 weld is significantly higher than that of E911. Its creep life
after testing at 120 MPa is approximately two times higher. The
higher creep resistance of P92 weld-joint is

Microstructure and creep rupture of the welds

Microstructure of E911/E911 and P92/P92 similar joints weld metal

Steels and filler
metals
BM
E911
wire
electr
BM
P92
wire
electr

Creep behaviour of E911/E911 and P92/P92 similar weld joints

coarse particles, P92 BM still preserves its lath structure with fine
precipitates, Fig.4.

Fig.2 Presence of -ferrite in HAZ of T92 weld-joint.
The density of creep cavities in both studied welds was relatively
low.
After the creep test the hardness profiles of E911 and P92 weldjoint were also measured. Both welds exhibit a steep hardness
gradient in their HAZ regions, Fig.3.

weld-joint
(E911/E911)
(P92/P92)

100
έmin [%/s]
1,39 x 10-7
8,33 x 10-8

120

τ [h]

έmin [%/s]

τ [h]

2353
4528

1,97 x 10-6
3,61 x 10-7

573
1174

The obtained results can be summarized in the following
conclusions:
x Both investigated welds exhibit significant microstructural
heterogeneity due to the presence of different weld regions
such as WM, HAZ, and BM.
x In P92 weld a considerable amount of G-ferrite was revealed.
However, no cracking or cavity nucleation was observed at Gferrite/matrix interfaces.
x The obtained values of stress exponents are 8 and 14.5 for P92
and E911 weld, respectively, and indicate dislocationcontrolled creep deformation mechanism. Whereas the lower
stress exponent of P92 weld indicates low stress regime of
creep, the higher n-value of E911 weld indicates high stress
regime at the same testing conditions.
x The creep properties of P92 weld are superior to those of E911
weld. The better creep resistance of P92 weld is likely due to its
higher tungsten content, resulting in more stable Laves phase
precipitates.
x Both welds ruptured in IC/FG-HAZ regions by „type IV
cracking” failure.
The work was published in the form:
L. Falat, A. Výrostková, V. Homolová, M. Svoboda: Creep
deformation and failure of E911/E911 and P92/P92 similar weldjoints, Engineering Failure Analysis 16 (2009, 2114-2120,

Fig.3 Cross-weld hardness profiles: E911-left, T92-right.

and carried out in the frame of VEGA project no. 2/7197/27 and
APVV project no. 99/045/105 with support of SES,a.s. Tlma e.

The lowest measured hardness in the FG/IC-HAZ region corresponds well with the localities of creep fracture.
Concerning the substructure, there are rather big differences.
Whereas E911 BM contains completely recrystallized grains with
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INVESTIGATION OF SIMILAR AND DISSIMILAR WELD JOINTS -PART III

REEVALUATION AND EXTENSION OF THE DATABASE FOR
THERMODYNAMIC CALCULATIONS OF SYSTEMS WITH BORON

The first produced D/J welds have been manufactured by fusion
welding using the filler materials based on austenitic steels. The
most serious problem in these welds was associated with carbon
migration from ferrite to austenite driven by carbon activity
gradient (known as „up-hill” diffusion). To overcome this problem,
the alternative Ni-based welding consumables have been
introduced, with low carbon solubility to suppress carbon
depletion on the side of ferrite base metals.
Another problem of high Cr material welds is the type IV
cracking, typical failure mode in creep conditions. The use of so
called “full PWHT” could be a way to avoid this form of rupture.
The influence of PWHT regime on Creep behaviour of dissimilar
T92/TP316H ferrite/austenite weld joints
The weld joints between ferritic steel T92 and non-stabilized
austenitic steel TP316H were prepared by the TIG method using
the Ni-based filler metal Nirod 600. The welds were investigated
in the classical PWHT state as well as after full PWHT consisting of
re-normalization and tempering.

For thermodynamic calculations of complex steels the gaps in
the database of parameters concerning boron was ascertained.
This led to the decision to extend the existing database.
Modelling of Fe-B-V ternary diagram
Fig.3 Results of creep test after two PWHT regimes.
The coalesced creep cavities and cracks are clearly visible
along the interface together with intensive precipitation in T92
steel close and parallel to the T92/Ni WM interface referred to as
„type I carbides”, Fig.4. The interfacial creep damage is caused
by a progressive growth and inter-linkage of the interfacial
precipitates which act like crack nucleation sites, and
decohesion along the „type I carbides” is likely to be the
controlling failure mechanism of creep fracture in this case. The
formation of interfacial precipitates was found to be closely
related to the redistribution of alloying elements across the weld
metal interface.

The system is based on the interaction (comparison of modelled
and experimental results (CALPHAD method), assessment and
fitting of the parameters) between the modelling of respective
binary and ternary systems, and the preparation of model alloys
and their exact phase analysis. The required phase equilibrium
will be achieved by long term annealing of the alloys. First, a
database of thermodynamic parameters, necessary for the
calculation of phase diagrams by Calphad method has been
created. The binary system B-V has been modelled for B as an
interstitial element. Then the model has been extended to the
ternary Fe-V-B system, Fig.1.

The use of classical PWHT fully preserved the heterogeneity of
microstructural gradient in the ferritic steel HAZ which typically
led to a premature creep failure by type IV cracking mode.
Contrarily, the application of full PWHT eliminated the critical HAZ
region and changed the creep failure mode to the „interfacial
cracking” between the ferritic steel and Ni-based weld metal.

Fig.3 Liquidus surface prediction.

68Fe-27B-

32Fe-13B-55V

3

7

50Fe-41B-

22Fe-44B-

5
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Fig.4 WM/T92 interfacial rupture after the full PWHT.

Fig.1Macroview of the structure at Ni-T92 interface after aclassical and b-full PWHT.
In Fig.1a a typical HAZ region consisting of the coarse-grained
(CGHAZ) and fine-grained (FGHAZ) parts can be seen. The
microstructure after the full PWHT is much coarser, without signs
of former HAZ, Fig.1b.

The substructure of ferritic (T92) regions of the investigated
T92/TP316H weld joints was characterized by TEM at the location
beneath the creep fracture. The substructure of T92 ICHAZ after
4060 hours of creep at 625°C / 100 MPa contains fully
recrystallized polygonal grains with coarse precipitates (Fig.5a).
In contrast, the substructure of T92 region close to the T92/Ni WM
interface still contains laths and relatively finer precipitates
(Fig.5b) even after 5143 hours of creep at 625°C / 120 MPa. The
described substructural differences can be directly related to the
differences in creep resistance of the studied weld joint in
different PWHT states.

The microstructure of Ni WM after both PWHT regimes is very
heterogeneous with respect to the size, morphology and
distribution of grains and precipitates (NbC and Cr23C6 carbides).
The size of precipitates in the fully treated microstructure is
significantly finer compared to the classical PWHT, fig.2.

Fig.1 Prediction of ternary diagram on the basis of binary data
Altogether 24 ternary alloys were prepared from high purity
ingredients, isothermally aged at 1353 K and 903 K for two and six
months, resp.
The phases in the as received and aged states were analyzed by
means of light microscopy, scanning electron microscopy, EDS,
WDS, EBSD and X-ray diffraction.

Fig.4 Microstructure of selected alloys annealed at 903 K.

68Fe-27B-5V

3

32Fe-13B-55V

5

50Fe-41B-

7

Figure.2 shows the isothermal sections of the Fe-V-B diagram at
1353 and 903 modelled using the results of experimental
measurements. Figure.3 illustrates the prediction of a liquidus
surface.
Figs. 4, 5 illustrate the microstructure of selected alloys.

1535 K

903 K

45Fe-34B-

20

Fig.5 Substructure under the fracture surface.

Fig.2 Microstructure of Ni-based WM close to the interface with
T92 steel after the (a)classical and (b)full PWHT.
Creep tests were done at 625 and 650°C. The results are
schematically plotted for both PWHT regimes in Fig.3 including
the location of a rupture, which is type IV cracking in T92 FG HAZ
and WM-T92 interface after the classical and full treatment,
respectively.
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From the obtained results, selected conclusions are:
• The microstructure of the austenitic steel (TP316H) is only slightly
affected by the PWHT conditions.
• The microstructure of Nirod 600 after the full PWHT is
significantly affected by the grain boundary migration and the
re-precipitation processes.
• Creep rupture behaviour of the investigated D/J weld joints is
controlled by their ferritic part. Creep failure modes are the
„type IV cracking” and the „cracking at T92 / Ni WM interface”
for the welds after the classical and the full PWHT, respectively.
• The creep-resistance after the full PWHT is significantly higher
than after the classical PWHT.

Fig.2 Calculated isothermal sections of the diagram.
Results achieved can be summarized in the following
conclusions:
1. Boron was modelled as an interstitial element in the FCC and
BCC solid solutions and all borides were modelled as
stoichiometric phases with respect to boron.
2. V5B6 phase for which the parameters have been missing the
SSOL database was incorporated into the diagram.

Fig.5 Microstructure of selected alloys annealed at 1535 K.
3. An unknown ternary phase “T” found and modelled as a
stoichiometric phase with respect to boron using three-lattice
model, and with formula (V)0.32(Fe)0.28(B)0.4. The chemical
composition found is about 30Fe-30V-40B in at. %.
4. Experimental results are in good agreement with calculations.
The work has been supported by Slovak Grant Agency (VEGA)
under grant No. 2/0042/09.
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The department is focused on the fundamental research in the
area of microstructure development and mechanical properties
of iron-based sintered materials, with an accent on advanced
conception of high strength sintered steels, composite powder
materials with special physical properties, and PM tool steels with
thin, single or multi-layered, PVD coatings. The topics of
investigation can be divided into three main areas –
development of modern, economical and environmentally
friendly Cr-Mn-Si alloyed sintered steels, micro-composite
materials based on iron powders coated by inorganic/organic
insulating layers and on progressive surfacing of tool steels, as
well.
RECENT AND PRESENT ACTIVITIES
Research and Development
R&D activities have been carried out in the framework of
national and international projects.
The VEGA projects Microstructural Substance of Fatigue and
Tribological
Properties
of
Sintered
Steels
(2/3207/23),
Microstructural Fracture Mechanics of High Strength Sintered
Steels
(2/6209/26)
and
Initiation,
Subcritical
Growth,
Coalescence and Propagation of Fatigue Microcracks in
Sintered Fe-Cr-Mn-Mo Steels (2/0103/09) have been focused on
the FeCrMo(Mn)-C steels with the aim to define optimal
chemical and processing conceptions resulting in high
mechanical properties fulfilling the requirements of the
automotive industry. The topic of the next VEGA projects - Study
of Coated Surface Layers of Tool Steels prepared by Powder
Metallurgy 2/5144/25) and Study of Characteristics of PVD
Coatings on the Tool Steels prepared by Powder Metallurgy and
their Behaviour at Machining of Sintered Materials (2/0109/08)
was a study of progressive surfacing of tool steels. Basic
correlation between the microstructure and properties of
materials based on coated powders was the topic of VEGA
projects - Investigation of Correlation between Properties of
Individual Coated Powder Particles and Behaviour of Powder
Mass, Green Compacts and Sintered Materials made of such
Particles (2/6208/26) and Processing, Structure and Properties of
Metal
Matrix
Composites
Originating
from
Coated,
Nanostructured or Amorphous Raw Materials (2/0129/09).
Microcomposite materials, their preparation, processing and
properties have been studied in the framework of VEGA project Compaction of Microcomposite Materials based on Iron Powder
(2/0149/09), as well as in APVV-0490-07 project Compactizing,
Microstructure and Properties of Microcomposite Materials
based on Coated Fe Powders (2008-2010) and LPP-0246-07
project Compactizing and Properties of Microcomposite Powder
Materials (2009-2011).
In cooperation with UPJŠ Košice and TU Košice the department
team was involved in national projects VP-MŠ 1/2118/05, VP-MŠ
1/0043/08, VP–MŠ 1/3219/06 and 1/0464/08.
PhD study is an important part of department’s activities; during
the years 2005-2009 there were 5 PhD students.
The department team is involved in the edition of the journal
Powder Metallurgy Progress (PMP) [edited by IMR SAS from
December 2001 quarterly].
Co-operation
The department team participated in the EU 6FP projects 6FP/MSCF-CT-2004-012578 “PM Training Courses” (2007 and
2009), EUR/06/C/F/PP-84700 “Design Criteria for the Production of
High Specification Components using Powder Metallurgy”,
EUREKA E! 3437 PROSURFMET “Progressive Surfacing of Metallic
Materials”, part “Modifications of Surfacing PM Tool Steels”.
In the framework of scientific bilateral projects the Department
cooperated with Politecnico di Torino [“Microstructure and
Mechanical Properties of Micro- and Macrograded Eco-friendly
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(Fe-Cr-Mn-Mo) Porous Materials” and “Controlled Development
of Micro and Macro-graded Microstructure of Sintered Steels for
Improving of Wear and Fatigue Properties” (2005-2009)], with
Vienna University of Technology [“Sintered Iron-Base Alloys with
Microgradient Structure” (SK-AT-01306)] and with Institute of
Metal Science BAS Sofia „[High Temperature Liquid Phase
Sintering of Cr-Mo-Mn Steel”, A New Method for Producing of
Carbides of Refractory Metals (B, W and Ti)”, “Investigation of
Behaviour of Carbon Coated Alloyed Powders during Sintering
Process” (2005-2009].
The Department has a close cooperation with industry [Höganäs
AB Sweden] and leading European organizations [TU Vienna,
University of Trento and University of Carlos III in Madrid] - projects
Höganäs Chair III “Fundamental Study of Mn Containing PM
Steels with Alloying Method of both Premix and Prealloy” (20052008) and Höganäs Chair IV “Masteralloy Systems in PM”(20082011).
Other collaboration with industry is focused on expertise for
NAREX eská Lípa, Czech Republic, PROTOOL, CR, TRW, a.s.
Da ice, CR, MIBA Sinter Slovakia, Dolný Kubín, SR, Konštrukta
Tren ín, SR, Regada, Prešov a.s., SR.
The department has an active cooperation with University of
Bradford and University of Mining and Metallurgy in Krakow,
Czech Technical University in Prague, University of West Bohemia
in Pilsen, Institute of Mathematics of the Academy of Sciences of
the Czech Republic and others.
Proposed strategies and methods to be applied
¾ Predicted alloy design and enhanced liquid phase sintering for
high performance structural PM steels using software ThermoCalc, DICTRA, and JMatPro.
¾ Nano-and micro chemistry of interfaces in microstructure of
sintered steels alloyed with elements sensitive to oxygen.
¾ Microstructural Fracture Mechanics of sintered steels under
fatigue loading.
¾ Preparation of composite powders based on iron coated with
various layers (metalic, ceramic and polymer); examination
and theoretical analysis of basic properties of powders.
¾ Compaction of composite powders. Testing and analysis of
mechanical, electric and magnetic properties of compacted
composite materials.
¾ Application of selected types of PVD coatings on PM high
speed steel substrate (layers - TiN, TiAl multi and nanocoatings); analysis of mechanical properties of coatings
including tribological properties.
¾ Research of the cutting process with respect to friction
parameters of the couple – coated cutting tool/sintered
material as a workpiece.
Conferences and workshops
The department team was a main organizer of:
¾ the international conferences “DFPM” (2005 and 2008)
¾ PM Summer Schools for young researchers from Europe in
Košice, 2007 and 2009 (6FP project)
¾ Höganäs Chair Seminar 2006, “Wear and Machinability” (2006)
¾ Workshop “Fractography - Principles and Application” (2009).
Selected publications (2005-2010)
DUDROVÁ, E. - KABÁTOVÁ, M. - BUREŠ, R. - BIDULSKÝ, R. WRONSKI, A.S.: Processing, Microstructure and Properties of 24%Mn and 0.3/0.7C Sintered Steels. Metallic Materials/Kovové
materiály, 43, 2005, 6, p.404-421
ŠALAK, A. - SELECKÁ, M. - DANNINGER, H.: Machinability of
Powder Metallurgy Steels. Cambridge: Interscience Publ., 2005,
536 p.
JAKUBÉCZYOVÁ, D. - FÁBEROVÁ, M.: The Structure and Properties
of the PM Material Vanadis 30 with Surface Treatment. Journal of
Materials Science, 40, 2005, p. 4889-4891.

DEVELOPMENT OF ENVIRONMENTALLY AND ECONOMICALLY
ADVANTAGEOUS Cr AND Mn-ALLOYED SINTERED STEELS
Macro-and micromechanical behaviour of sintered steels under
static and/or dynamic loading is controlled by the metal matrix
microstructure, porosity and quality of interfaces located at prior
particle surfaces. High strength potential of Cr-Mn alloyed
sintered steels is given by the formation of very favourable
pearlite-bainite-martensite structures. On the other hand, in the
case of Cr-Mn alloying increases the predisposition to
contamination of the grain/prior particle boundaries by oxide
phases during the sintering. For this reason it was necessary to
focus the investigation on the following problems: thermodynamic calculations of maximal permitted partial

pressures of CO/CO2/H2O in atmosphere required for preventing
Cr and Mn oxidation during the sintering cycle with experimental
verification in the manner of continual monitoring the contents
of CO/CO2/H2O in a sintering atmosphere, - identification and
interpretation of chemical and diffusion processes with respect
to microstructure formation of the Fe-Mn-C powder mixed
systems, - the peculiarities of micromechanical behaviour of
porous sintered microstructure under static and dynamic
loading. The main results are summarized as follows:
Correlation between thermodynamics and sintering
Thermodynamic calculations were performed using the
Outocumpu HSC Chemistry 5.0 database for the temperature
1120qC. The phase stability diagrams (Fig.1 and Fig.2) for Mn-O-H
and Mn-O-C systems respectively, at the temperature 1120ºC,
shows high requirements for sintering atmosphere purity.

Fig.1. Mn-O-H stability diagram Fig.2. Mn-O-C stability diagram
at 1120ºC.
at 1120ºC.
Several simple algorithms for reaction energy calculations allow
theoretical evaluations of the required sintering atmosphere
composition for preventing Mn and Cr alloyed steels from
oxidation during every stage of sintering. Considering the
reduction of Mn-and Cr-oxides by solid carbon during the
sintering in 90%N2/10%H2 atmosphere, the maximum pressures of
active gases which can be tolerated in the system, was
calculated by considering free enthalpy changes
G0 at
absolute temperature T. In this way the partial pressures,
pCO=0.495 bar, pCO2=2.58*10-4 bar, pO2=1.57*10-18 bar pH2O=1.23*
10-4 bar and pCO=0.01674 bar, pCO2=5.16*10-7 bar, pO2=7.18*10-22
bar, pH2O=6.75*10-6 bar for reduction sintering of Cr and Mn
alloyed steels were calculated.
More information: HRYHA, E. - DUDROVÁ, E.: The sintering
behaviour of Fe-Mn-C powder system, correlation between
thermodynamics and sintering process. Chapter 8, INTECH, in
press, 2010.
Sintering behaviour of the Fe-Mn-C mixed powder system
Sintering behaviour of the Fe-0.8Mn-0.5C powder system at
1120qC for 30 min in a gas mixture of 7%H2/93%N2 with the inlet
dew point of -60qC was studied using specimens with a density of
~7.0 g/cc. Three powder mixtures of the same composition were
prepared on the basis of fully pre-alloyed with 0.8 wt.% of Mn
powder (B) and admixed with high-purity electrolytic
manganese and medium carbon ferromanganese (A) was
performed. All the powder mixtures were prepared on the base
of water atomized steel powders produced by Höganäs AB,
Sweden.
Sintering atmosphere monitoring setup (Fig.3) enables
performing an in-line high-sensitive measurement of the
CO/CO2/H2O-contents in exhaust gases during heating.
Isothermal sintering and cooling which provides to establish the
pressure balance between oxidizing/reducing gases (p(O2);
CO2/CO, H2O/H2) according to Ellingham-Richardson diagram
and thus create a full picture of what happens during the entire
sintering cycle.
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5

4

N2-H2

2
1

7

6

1- gas cylinder (N2-H2 mixture); 2- liquid
nitrogen dryer; 3- molecular sieve dryer; 4hygrolog (inlet dew-point); 5- furnace
(LAC-LHR A-type); 6- CO/CO2/H2O
analyzer; 7- computer.

Fig.1. Compaction state.
Fig.5. Sintered microstructure of the Fe-0.8%Mn-0.5%C admixed
(a) and pre-alloyed (b) systems; 1120°C/30 min.

Fig.3. Setup for monitoring the sintering atmosphere.
For both admixed and prealloyed Fe-Mn-C systems there can be
seen three peaks in the dew point profile (Fig.4a): at ~120°C
which is attributed with the water removal from the samples; the
largest peak at ~350°C during the degassing which is linked with
the desorption of physically bonded water [by particles,
lubricant and graphite; also moisture, and hydroxide
dissociation] - for the system based on powder B the second
peak split at two peaks which also show the contribution of
surface iron oxides reduction by H2 that starts at this temperature;
the peak, linked with the reduction of surface iron oxides. Above
720°C the carbothermic reduction begins to play a dominant
role.
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Fig.4. Dew point (a) and CO (b) profiles in the container during
sintering for both admixed and prealloyed systems.
t, min

Two peaks are observed on the CO-content profile (Fig.4b): the
first in the range of 720-850°C, which is linked with the reduction
of the surface iron oxides by plain graphite; the second peak at
the beginning of isothermal sintering is associated with the
reaction of dissolved carbon with internal Fe oxides. Higher Mn
content in as-prealloyed powder retards the reduction processes
(second peak for B+0.5C system is three times less than for system
A+0.8Mn+0.5C) because internal oxygen mostly forms
manganese oxides that are more stable than iron oxides, which
results in a more complicated and slower reduction processes.
CO peaks for both systems are accompanied with traces of CO2.
Obtained monitoring of the dew point and CO contents in
different part of the furnace indicated that accurate information
about the atmosphere changes can be achieved only within
the container with samples. Outlet atmosphere monitoring gives
only general information about the flowing sintering atmosphere
composition.
Sintered microstructure of the Fe+0.8Mn+0.5C admixed powder
systems consists of ferrite and pearlite (Fig.5a). The complicated
sequence of microstructure constituents around Fe-Mn residuals austenite, which in direction to the particle centre changes to
martensite and bainite, is a consequence of Mn concentration
gradient due to diffusion processes. The results of SEM+WDX
analysis showed that Mn travels through iron matrix up to ~60 m.
Linear EDX analysis showed that Fe-Mn residuals are complex
contaminations, formed by MnS and complex Fe-Mn-Si-O oxides.
It is also significant to note the presence of dot inclusions at the
grain boundaries in areas near to Fe-Mn residuals. The
microstructure of the prealloyed systems (Fig.5b) consists of
evenly distributed pearlite/ferrite in nearly equal proportion.
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Fig.2. Sintering: 770qC/3 min.

The microstructure in compaction state (Fig.1) consists of hard
angularly shaped Fe-Mn particles embedded into the iron matrix
particles. Sintering at 770qC for 3 minutes results in small changes
of Fe-Mn particles (Fig.2) - the interior part of the Fe-Mn particle is
surrounded with Mn-depleted surface area, but enriched by Fe
and C, thus forming carbides and having a thickness of ~6 μm;
the Fe-Mn particle is further surrounded by Mn-enriched
austenite, with a thickness 0.5-2 μm.

Fig.6. Sintering: 1220qC/3min.

Fig.7. 1220qC/30min.

The microstructure resulting from sintering at 1220 0C for 3 minutes
(Fig.6) is heterogeneous, consisting of ferrite areas surrounded by
pearlite, bainite and martensite, depending on the local Mn and
C contents. The thickness of these areas is 6-13 μm, with Mn
content 4-10%. Fine pearlite and bainite areas along both prior
iron particle surfaces and ferrite grain boundaries have a
thickness up to 6 μm with Mn content ~2 %. The microstructure
after sintering at at 1220qC for 30 min is more homogeneous
(Fig.7) consisting of martensite-bainite-pearlite structures with
some ferrite islands.
The real depths of Mn [and carbon] solution in iron are greater
than the values calculated from bulk diffusion data, Fig.8.

Fig.6. Non-etched microstructure of the Fe-0.8%Mn-0.5%C
admixed (a) and pre-alloyed (b) systems; 1200°C/30 min.
The negative effect of the oxidized residuals of manganese
carrier particles and high microstructure heterogeneity in
admixed systems (Fig.5a and Fig.6a) is reflected in the higher
amount of oxide inclusions with their negative effect on
mechanical properties. Lesser results were obtained for the
admixed with electrolytic manganese system due to more
intensive manganese sublimation and resulting oxidation at
lower temperatures. The observed high brittleness of admixed
systems is connected with intergranular failure connected with
Mn-oxide formation on grain boundaries. Due to the lower
sensitivity to atmosphere purity, homogeneous microstructure
and absence of large pores [left by manganese carrier particles]
in the case of pre-alloyed systems, (Fig.6b), the result is a superior
quality of sintered product.
Sintering process requirements for obtaining high-quality PM
parts from manganese pre-alloyed powders should be fulfilled by
modern sintering furnaces which can make them strong
competitors to the currently used high-performance diffusion
alloyed powder grades.
More information:
HRYHA, E. - DUDROVÁ, E.: Materials Science Forum, 534-536,
2007, p.761-764
Contact: hryha@chalmers.se, edudrova@imr.saske.sk

Fig.3. Sintering: 1040qC/3 min.

Fig.4. Sintering:1072qC/3 min.

The sintering at 1040qC for 3 minutes (Fig.3) results in the
formation of a Mn enriched area surrounding the Fe-Mn particle
with thickness ~2 μm, greater than the calculated bulk diffusion
value [see Fig.8]. Mn-alloyed areas (1-2 μm) can be observed
along both the iron particle surfaces and some ferrite grain
boundaries. The Fe-Mn particle consists of markedly visible Mn
depleted surface areas. The microstructure after sintering at
1072qC for 3 minutes (Fig.4) comprises Fe-Mn particles
surrounded by Mn-enriched areas with non-uniform thickness,
ranging from 2.5 to 4 μm. The depth of Mn solution at iron
particle surfaces and ferrite grain boundaries now reaches some
2 μm. The prior Fe-Mn particle now consists of a middle area
[remnant of Fe-Mn] surrounded by a dark grey phase with Mn
content of 37-43% and C content of about 4 %, identified as a
iron-manganese cementite.
Thermodynamic Thermo-Calc calculations (Fig.5) indicate that
the lowest possible temperature to generate a liquid phase in
the Fe-Mn-C alloys occurs at 1077qC corresponding to the
composition of 4.03 wt%C-30.3wt%Mn-65.67wt%Fe.

Microstructure Development in Fe-Mn-C powder system
Microstructure evolution in Fe-3Mn-05C compacts based on the
iron, ferromanganese (Fe-Mn) and graphite powder mixture was
observed after sintering at 770, 1040, 1072, 1170, and 1220qC,
respectively. Cylindrical specimens [13x10 mm3] with a density
of 7.0 g·cm-3 were heated in N2 rich atmosphere [25H2/75N2] with
the inlet dew point of -550C to these respective temperatures,
held for 3 min and quenched under protective atmosphere to
room temperature. Interior sections were examined after every
heating step using LOM and SEM equipped with an EDX analyzer
(Fig.1 – Fig.7).

Fig.8. Calculated and measured depths of Mn solution in iron.
Figure 8 shows that Mn solution depths in the iron lattice are
greater than those calculated for Mn volume diffusion. This
indicates that a different solid state Mn diffusion mechanism
operates in this sintered steel.
The main results are summarized as follows:
There are two distinctly different solid state mechanisms of Mn
diffusion and microstructure evolution in Fe-Mn-C alloys based on
mixed powders: volume diffusion and diffusion-induced grain
boundary migration (DIGM).
The microstructure resulting from the sintering of mixed Fe-FeMnC powders is heterogeneous, consisting of martensite-bainitepearlite-ferrite structures with residual pores [located mainly in
martensite areas] left by Fe-Mn particles. The results clearly
confirmed that it is necessary to apply other more suitable
alloying modes in Fe-Mn-C powder alloys for improving
mechanical, mainly fatigue properties.
More information:
DUDROVÁ, E. - KABÁTOVÁ, M. - MITCHELL, S.C. - BIDULSKÝ, R. WRONSKI, A.S.: Microstructure Evolution in Fe-Mn-C during
Sintering. Powder Metallurgy, Vol.53, 2010, No.3, pp.244-250.
Contact: edudrova@imr.saske.sk, mkabatova@imr.saske.sk
Fracture Micromechanics of Sintered Steels

Fig.5. Thermo-Calc equilibrium isothermal section for the ternary
Fe-Mn-C system.

Fatigue studies of structural Powder Metallurgy (PM) materials
generally have followed the approach adopted for wrought
materials, but some important differences need be noted. Most
PM steels contain porosities above 7% and, not only the E
modulus, are lower than for wrought counterparts, so are antifatigue and toughness properties. PM material’s strength need
not be much lower than of their wrought counterparts, but, as
fracture toughness of sintered steels is typically 20-35 MPam1/2,
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also smaller are the critical crack sizes. This need not be a major
disadvantage, as PM components are generally small, typically
automotive parts.
Studies of static subcritical crack growth in PM Fe-1.5Cr-0.2Mo0.7C steel allied with data from surface replication, enabled
investigation of the initiation, growth, coalescence and
propagation of such cracks, modelled as semi-elliptical
according to Irwin’s analysis. This work has been focused to
fatigue loading [simple plane bending] at 24 Hz with R=-1 giving
fatigue strength ~240 MPa. Nucleation of microcracks, their
growth and the coalescence in fatigue loading was analyzed.
Stress amplitudes, S, of 260 and 312 MPa were selected for
detailed examinations of the progressing failure mechanism,
including a calculation of the increasing stress intensity factors,
Ka. For the S=312 MPa, the fatigue testing was interrupted at 100
cycles and at a further 29 cycle Ns until failure after 49900 cycles.
For each N, surface replicas were made in the regions where
maximum stress was applied.
Metallographic and fractographic examination identified the
failure-originating site, which was associated with the crack
system observed on the “last” pre-failure micrograph. Detailed
examination of the eventual failure region showed nucleation, at
various Ns, of 18 microcracks, their subcritical growths and
coalescences with continuing cycling to form a critical crack
a=2.25 mm deep (Fig.1).

MICROCOMPOSITE MATERIALS BASED ON COATED IRON
POWDERS

“crack system D” shows Fig.2. In this failure mechanism, 18 cracks
were nucleated and progressively joined before the final
coalescence of the 2 systems into the catastrophic crack.
Examination of replicas removed at successively lower N showed
that frequently non-propagating microcrack paths were mainly
along prior particle boundaries but also along particle
boundaries, transgranular and along and across cementite
lamellae, e.g. Fig.3.

Fig.3. Examples of the effect of microstructure on (micro)crack
initiation (a) and growth (b).
The schematic plots of log da/dN-log K dependence (Fig.4) for
microcracks and the growing fatigue crack showed that
microcracks growth and coalescence is a stepwise process. Thus
it proposed that the Paris-type analysis can be applied only to
the last segment of such plots; it means for a growing crack, from
~0.5 to ~3.0 mm.

Fig.1. Crack development between 45 000 and 49 900 cycles:
coalesced 18 microcracks giving c~1.5 mm.

Ecological social thinking demands new advanced technologies
for production of materials with specific properties according
market requirements. In many cases these are achieved by a
suitable combination of two or several components, usually with
different chemical nature, which will form the composite
materials. The raising trend of the energy and raw material prices
increases the need to exploit new advanced technologies into
which belongs also powder metallurgy (PM). PM is able to
process different powder materials and their combinations, such
as – powder metal/non-metal/ceramics/chemical compounds,
graphite, and polymers and thus prepare various nonconventional materials, such as e.g. powder composite soft
magnetic materials. One of the possibilities for preparation of
“core/shell” materials with an insulating layer is the sol-gel
method. The required shape of the final product is achieved by
compaction and heat treatment. Compacting of composite
coated powders represents „critical technological point“ that
needs an exact definition of compacting parameters, at which
high powder densification, without failure of the insulating
coating, is achieved. Research was focused on preparation
methods of iron/ceramics and iron-polymers composite
powders, the compaction and study of selected properties.
Preparation of coated powders iron/ceramics
Two coating methods (phosphate and sol-gel) were developed
and applied on carbonyl iron particles. The effect of FePO4 and
ceramic (Al2O3 and SiO2) coating on the morphology of
carbonyl iron micro-particles was studied. For preparation of
FePO4/Fe powders the phosphate method was used.
Precipitation method of coating: FePO4 coating (400 nm):
solution - (acetone and H3PO4) - drying at 60°C and calcination
at 400°C for 3h (pyrolysis) - Fe4(P2O7)3 o FePO4.

Each [micro]crack size stress intensity factors, Kas, were estimated
and, at the end of Stage II, for the coalesced crack it appeared
to reach K1C,, independently estimated to be ~36 MPa.m1/2.
SEM cross-sectional micrographs of carbonyl iron micro-particle
coated with alumina (left) and silica (right); a,c – dried at 100qC
 xerogel coating, b,d – calcined at 400qC  amorphous
coating; a,b – colloid, c,d, - polymer.
Fig.4. The dependence of log da/dN-logKa for microcracks
and the growing fatigue crack.

Fig.2. An example of coalescence and growth of the selected
“(micro)crack system D”.
These experiments have clearly demonstrated that, as in static
loading of this PM steel, fatigue failure is the result of growth and
coalescence of numerous surface [micro]cracks. An example for
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The results showed the similarity of subcritical crack growth at
static and fatigue loading of Fe-1.5Cr-0.2Mo-0.7C sintered steels
was identified on the basis of microscopic analysis of the crack
nucleation and crack propagation.
Subcritical growth of short cracks in microstructure of sintered
steels is discontinuous and exhibits „step“character. Paris analysis
can be applied only for a final stage of the crack growth.
More information:
KABÁTOVÁ, M. - DUDROVÁ, E. - WRONSKI, A.S.: Fracture
Micromechanics of Static Subcritical Growth and Coalescence
of Microcracks in Sintered Fe-1.5Cr-0.2Mo-0.7C Steel. Powder
Metallurgy, 49, 2006, 4, p.363-368
KABÁTOVÁ, M. - DUDROVÁ, E. - WRONSKI, A.S.: Microcrack
Nucleation, Growth, Coalescence and Propagation in the
Fatigue Failure of a Powder Metallurgy Steel. Fatigue and
Fracture of Engineering Materials and Structures, 32, 2009, p.214222
Contact: mkabatova@imr.saske.sk, edudrova@imr.saske.sk

SEM cross-sectional micrographs of phosphated carbonyl iron
micro-particles: (a) dried at 60°C together with EDX analyses of
Fe, P and O.
Sol-gel method (Al2O3/Fe and SiO2/Fe powders):
Coating by Al2O3: colloid (polymer) sol o xerogel o Al2O3
coating
colloid sol - (H2O, Al(OR)3 and peptizer HNO3
polymer sol - (C2H5OH, Al(OR)3 and hydrolyse reagent H2O)
drying at 100°C and calcination at 400°C for 3h (pyrolysis)
([AlO4Al12(OH)24(OH2)12]7+) – Al13 polycation o J-AlOOH o J-Al2O3
Coating by SiO2: colloid (polymer) sol o xerogel o coating
colloid sol - (H2O, Si(OR)4 and peptizer HNO3
polymer sol - (C2H5OH, Si(OR)4 and hydrolyse reagent H2O)
drying at 100°C and calcination at 400°C for 3h (pyrolysis)
SiO2 -(x+y)/2(OH)x(OC2H5)y + 6yO2 o SiO2 + (5y+x)/2H2O + 2yCO2

It was determined that coated Fe particles have a spheroid
shape with shell/core structure. Coating presents nanolayers with
different thickness (100-800 nm) and core is carbonyl Fe.
Characteristic zones were observed in phosphate (100 nm) and
Al2O3 (150 nm), eventually SiO2 (300 nm) coatings on Fe particles
after drying: the first layer (goethit -FeOOH), middle layer
(Fe3(PO4)2·4H2O, boehmit -AlOOH and Si(OH)4) and the third
one (lepidocrocit -FeOOH).
In coated Fe powders after calcinations, at 400°C by X-ray
analysis, was indicated an amorphous, ev. nanocrystalline
structure of FePO4, -Al2O3 and SiO2.
In calcined phosphate (400 nm) and ceramic Al2O3 (500 nm), ev.
SiO2 (600 nm) coatings there were identified different layers: the
first one (hematit -Fe2O3), the second one (amorphous FePO4,
-Al2O3 and SiO2 compounds) and the third one (magnetit
Fe3O4).
In ceramic coatings on Fe micro-particles after drying and
calcination there were observed and identified small spheroidic
particles of oxyhydroxides and oxides of Fe, Al and Si at a size of
~ 10-100 nm.
These methods were also applied for Fe powder ASC100.29 of
natural granulometry with particle size up to 160 Pm that was
studied in terms of compressibility and microstructure. At present
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of bakelite and better envelopment of Fe particles with bakelite,
eventually joining Fe particles by means of bakelite resulted in a
more than twofold increase in bending strength in comparison
with the value reached after the curing at 120ºC for 3 min.

friction coefficient

S1

Values of bending strength and hardness.
Temperature
120oC
150oC
180oC

Compaction time
3 min
5 min
15 min

HV 10
50.5
62
70.6

TRS [MPa]
9.1
25
33.4

4 mm
2 mm

0,2
0,1
0
2000

4000

6000

8000

10000

12000

14000

S3

COMPACTION AND PROPERTIES OF MICROCOMPOSITE MATERIALS
IRON/POLYMER

0,9
0,8
0,7
0,6
0,5
0,4
0,3
0,2
0,1
0

6 mm
4 mm
2 mm

0

2000

4000

6000

8000

10000

12000

14000

laps

Fracture surface and detail of fracture surface after cracking.

Compressibility of iron-polymer system
Powder mixtures were prepared from ASC100.29 iron powder
(ASC) and phenol-formaldehyde thermoset resin with mineral
filler.
Fracture surface and detail of fracture surface after cracking
and cleavage failure.
After curing at the temperature of 180ºC for 15 min, bakelite
enveloped Fe particles during its hardening, and in some cases
bakelite surface even copied the Fe particle surfaces. During the
bending strength test there was observed a cracking of bakelite
with brittle cleavage mode and numerous secondary cracks.
The relatively marked increase in hardness and bending strength
as well indicated that bakelite was hardened to a “glassy” state.
Magnetic Properties

Compressibility curves of basic powders and composite powder
system.

0,6
0,5
0,4
0,3

laps

Contacts: hbrunckova@imr.saske.sk, mkabatova@imr.saske.sk

Subject of the research is material based on thermoset resin with
iron powder as filler. These materials are interesting for electroinsulating properties and they are attractive candidates for
various technical applications. For achieving the required
material properties it is necessary to know the mechanism of
compaction process, which depends on powder particle
geometry and deformation ability of the powder system.

0,8
0,7

0

friction coefficient

there are experiments prepared for analysis of magnetic and
electric properties.
More information:
Project APVV-0490-07: Compactizing, Microstructure and
Properties of Microcomposite Materials based on Coated Fe
Powders.
BRUNCKOVÁ, H. - KABÁTOVÁ, M. - DUDROVÁ, E.: The Effect of
Iron Phosphate, Alumina and Silica Coatings on the Morphology
of Carbonyl Iron Particles. Surface and Interface Analysis, 42,
2010, p.13-20

The peak permeability of the sample S is higher than that for the
sample A. The slope (reflected the peak permeability) slightly
decreases in the frequency range 2 kHz-50 kHz for both
materials. The form of the hysteresis loop of the sample S
indicates that total losses and coercivity increase significantly
with the frequency when compared with sample A.

Microstructure
The microstructure of composite compacts was studied using
LOM techniques.

Total losses Pt as a function of the frequency f for the sample
A, and S measured at maximum flux density Bm = 0.05 T, 0.1 T
and 0.2 T.
Acknowledgement
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More information:
KOLLÁR, P. - FÜZER, J. - BUREŠ, R. - FÁBEROVÁ, M.: AC magnetic
properties of Fe-based composite materials. IEEE Transactions on
Magnetics, 46, 2010, no. 2, s.467-470
Contacts: rbures@imr.saske.sk, mfaberova@imr.saske.sk
PROGRESSIVE SURFACING OF METALLIC MATERIALS
Today, deposition of films is seen by some tool manufacturers as
the least important aspect from the time point of view. Its
importance is therefore often ignored. The aim of these
submissions is to provide descriptions of laboratory testing
methods and link them to findings from industrial application.
Modifications of surfacing PM tool steels and evaluation
adhesion – cohesion properties
Thin layers were applied to the substrate surface by PVD
technology using the cathode arc method. We evaluated the
properties by powder metallurgy (PM) produced tool steels after
deposition of thin TiN and TiAlNmulti layers onto its functional
surface. The quality of thin layers on the specimen surface was
analyzed by the basic mechanical – tribological properties:
microhardness, thickness of layers, resistance to wear and
adhesion (Calotest, pin-on-disc, scratch test).
Wear character of the coated system was specified by
laboratory Calotest and pin-on-disc test.
a

The graphical record of the friction coefficient of: a) TiN layer
(μmean = 0.559) and b) TiAlNmulti layer (μmean= 0.593).
Data obtained from tribological test showed excellent adhesive
properties of layers applied on tools – the layers exhibited good
adhesiveness. Suitable properties of the substrate and highquality final preparation of its surface before deposition of the
thin coat guarantee good service properties of the coated tools
and parts, regarding their resistance to the mechanical stress
under operational conditions.
Study of characteristics of PVD coatings on the tool steels
prepared by powder metallurgy and their behaviour for
machining ferrous materials - analysis of the effect of the noncoated and coated inserts on the service life in the machining of
selected materials based on iron.
Operational properties of tools/components at present are
subjected to demanding economic requirements with respect to
their service life and performance, reliability of their failure-free
function and mainly cost savings. Research of the cutting
process with respect to friction between the workpiece and
cutting tool especially in powder metallurgy has been lacking.
The aim of the work was study of technological properties by
durability test of the workpiece material (steel ISO 683/1-87) and
the cutting tools mainly in the area of their contact. The
durability test (cutting test according ISO 3685-1999) was realized
under conditions that simulated service conditions for wear of
produced tools.

b
Typical shape of cutting tool, scheme of turning (ISO 3685-1999)
and model of turning holder Narex S25R – CSKPR 12.

The track after Calotest a) TiN and b) TiAlNmulti layers, LOM.
a
Microstructure of ASC/30ATM
green compact at
mechanical homogeneous,
LOM – polarized light.

Microstructure of ASC/30ATM
green compact at
homogeneous, LOM polarized light.

Mechanical Properties
After curing at the temperature of 150ºC for 5 min the hardness
values indicated that the process of bakelite hardening was
more complex than that at 120ºC for 3 min. Increased hardness
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Hysteresis loops of the sample A and S measured at maximum
flux density Bm = 0.1 T and frequency f = 50 kHz.

b

View of cut tip after turning operation.

The track of the wear a) TiN and b) TiAlN layers, LOM.
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250
225
lower cutting speeds

200
175
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Chosen for the simulation was a simplified model of two regions,
where one of them had a solid FCC phase and the other one
had a liquid phase. Diffusion between these two regions was
simulated at 1200qC for 30 min (1800 s).

b)

a)

higher cutting speeds

150
125
100
75
50

The obtained digital high resolution greyscale images were
standardized by set up gamma correction for each image to
eliminate light deviation. From the series of standardized images
we created a stack of images for analysis. Processing of a stack
of images rather than dealing with them individually suppressed
the subjective error during the thresholding of images from one
series.

Plot of specimen for studying Master Alloy behavior and image
of the etched specimen after sintering.

25
0
MM

PM

PM-TiN-

TiAlN

MM

PM PM-TiN- TiAllN

Type of cutting tip

MM – cutting tools of melt metallurgy; PM – cutting tools of
powder metallurgy; PM – TiN – TiAlN coatings;
Durability of cutting tools at higher and low cutting speeds.
Cutting tools produced via PM were deposited using physicalvapor-method by thin layers on the Ti-Al-N basis. Wear resistance
was increased by application of thin and hard layers.
Improvement of the durability evaluated at high and low cutting
speed represents 40 - 65%. The condition for achievement of the
highest values of wear resistance, not only against this kind of
abrasion, is full encompassment of technology for layer
deposition.
More information:
JAKUBÉCZYOVÁ, D. - SAVKOVÁ, J. - BLÁHOVÁ, O.: Evaluation of
the properties of thin AlTiN and TiAlNmulti layers applied on PM
materials. 5th conf.„Coatings and Layers“, Rož. p.Radh., 2006,
Dig. Graph. 2006, p. 72-75
JAKUBÉCZYOVÁ, D.: Evaluation of Durability for Cutting Edge on
PM Tools Coating by PVD-method. Manufacturing Engineering, 7,
2008, no. 2, p.21
JAKUBÉCZYOVÁ, D. - HAGAROVÁ, M. - DŽUPON, M.: Application
of modern PVD layers on cutting tools produced by powder
metallurgy methodsIn.: 9th Int. Symp. of Croat. Metall. Soc.,
METALLURGIJA, vol. 49, no. 3, July/September 2010, p.202.
Contacts: djakubeczyova@imr.saske.sk, mselecka@imr.saske.sk
APPLIED TECHNIQUE
Concurrently with basic research there also were developed
and applied specific methods for the prediction and
quantification of studied phenomena: Thermodynamics and
kinetics of heterogeneous systems for the prediction of
microstructure formation of complex alloyed sintered steels;
Image analysis, stereology and statistics for quantification of
microstructure and phase distribution; Fractal geometry methods
for wear process characterization.
Dictra simulation and observation of microstructure formation in
alloyed sintered steels
Requirements in development of new types of materials and
improving their properties have been the main driving forces to
develop theoretical software that can be used for prediction of
a material’s behavior. One of such software package is DICTRA,
which is a tool for accurate simulation of diffusion and phase
transformations in multicomponent heterogeneous systems.
In this work DICTRA was used for simulation of Mn diffusion from
Mn-containing Master Alloy into iron matrix. The simulation was
performed using thermodynamic and kinetic databases SSOL4
and MOB2, respectively. Results obtained were verified by
experimental observation of microstructure formation in sintered
steel consisted of a compacted mix of both iron powder
(commercial Höganäs ASC100.29) and complex Mn-containing
Master Alloy powder designed for transient liquid phase sintering.
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Image Processing

Model of two regions between which manganese diffusion
takes place.
Results of the simulation are presented in the form of a Mn
concentration profile and a position of interface between iron
FCC phase and liquid Mn-containing Master Alloy. According to
the obtained results, manganese can diffuse to a depth of ~32
μm into iron matrix at 1200qC for 30 min.

a)

In areas near the interface semi-quantitative EDX analysis was
performed and Mn concentration profile was created to analyze
changes in concentration and diffusive distance. The origin of
diffusion distance in concentration profile was defined by an
approximate measurement of hole diameter and cannot be
assumed as absolute origin, since the hole was drilled
mechanically with a some precision (error could be to 10 μm
and even more). Furthermore, prior interface between the
Master Alloy and iron matrix was “washed off” due to the liquid
phase formation during sintering. Consequently, origin of diffusive
distance in concentration profile is only relative with a precision
around 10 μm.

HSS STN 41 9830 with Nb addition
HIP-ed powder
etched 4% NaOH in a saturated solution
of KMnO4
OLYMPUS GX71, camera DP71
Sample B image 21

Thresholded image ready for
measurements

Mask of pores

carbide

pore

matrices

b)
a)

b)

Segmented image of carbides
Watershed mosaic

Manganese concentration profile (for simulation time 1800 s and
position of the interface.
Identifying position of the interface during whole simulation time
was helpful in understanding the processes involved. A graph of
the interface position is presented. During the first seconds of the
simulation, the interface moves fast in direction of the FCC
region and after approximately 10 seconds of the simulation it
changes direction of movement to the opposite. From that time
the interface starts to move slowly in the direction of liquid region
of the Master Alloy. This phenomenon can be explained by the
fact that at the beginning of the simulation the gradient of
alloying elements is very high at the interface (and activities of
alloying elements are also very high). Therefore the alloying
elements start to diffuse into FCC iron matrix very quickly
increasing their content at the border area and maintaining
liquid phase there, that is thermodynamically more stable at
these conditions. But over some time the concentrations of
alloying elements start to decrease at the border areas due to
their diffusion into FCC matrix and the liquid phase turns into solid
FCC phase. The interface starts to move in the direction of liquid
region slowly. This phenomenon is an explicit fact of a transient
liquid phase formation.
To verify results obtained from the simulation, special cylindrical
“diffusive pair” specimens “ASC100.29+Master Alloy” were
made. At first, a green compact of ASC100.29 iron powder was
pressed at 300 MPa to create the possibility to drill a 1.5 mm hole.
Then a little amount of the Master Alloy was put in the hole and
re-compacted at 600 MPa. Such prepared specimens were
sintered at the temperature 1200qC for 30 min. Afterwards
sintered specimens were grinded and polished with subsequent
detail analysis of microstructure and chemical composition in
areas of the Master Alloy location utilizing SEM with EDX detector.

Measured carbides and fitted ellipses
SIZE & SHAPE

Image 4080x3072
pixels
gamma correction

Image of interface between the Master Alloy and iron matrix
and Mn concentration profile of areas near the interface
estimated by EDS.
The figure shows a light optical image of the interface as well as
the concentration profile of manganese. The maximum diffusion
distance of manganese is around 45 μm as shown in the
concentration profile. But this value varies in different places of
the specimen since manganese diffuses faster at grain
boundaries creating features like “tongues” at the interface.
Some small deviations in manganese concentration are also
connected with non-homogeneous distribution of manganese
though some secondary phase presence as well as its different
content at grain boundaries when compared with the grains
themselves.
More information:
SHYKULA, P. - DUDROVÁ, E. - FRYKHOLM, R. - BENGTSSON, S.:
“Theoretical DICTRA Simulations and Experimental Observation
of Microstructure Formation in Complex Alloyed Sintered Steels”,
JUNIOR EUROMAT 2010, Lausanne, Switzerland
Contact: pshykula@imr.saske.sk
Quantification of carbide distribution in high speed PM steels
Properties of high speed steels depend on size and shape
characteristics of carbides, but no less important is the
distribution of carbides in the bulk of the material. The goal of this
paper was to find usable geometric parameters for description
of size, shape and spatial distribution of carbide phases. An
image analyzer DIPS 5.0 and ImageJ was employed for analysis
of size and shape characteristics. The watershed algorithm was
used for space segmentation. Size and shape of carbides and
their spatial 2D distribution was quantified using geometric
characteristics: Area, Perimeter, axes of fitted ellipse, circularity
and the Feret diameter.

pores thresholding
subtract mask of
DIPS 5.0 and ImageJ
Image processing and analysis
Analysed ~50 images per sample
Area 920x120 mm
Magnification 1000
Measured mosaic and fitted ellipses
PLANAR DISTRIBUTION

Processing for Image Analysis.
Image Analysis and Statistical Evaluation
Area is the carbide area. Perimeter is the length of the outside
boundary of the carbide. Major and Minor are the primary and
secondary axis of the best fitting ellipse. Angle is the angle
between the primary axis and a line parallel to the x-axis of the
image. Circularity is 4S(area/perimeter2) also known as a shape
factor. A value of 1.0 indicates a perfect circle. As the value
approaches 0.0, it indicates an increasingly elongated polygon.
Feret's Diameter is the longest distance between any two points
along the carbide boundary. Values in the histograms are
related to the size and shape characteristics of the empty space
around the carbides in the planar section of the sample. Smaller
values of the Area and Feret diameter indicate higher density of
carbides.

Frequency histograms and statistical parameters of the planar
distribution of carbides in sample non-optimal HT.
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Statistical evaluation of the size distribution of carbides showed
16-35% differences between the samples. The shape factor of the
samples was roughly identical, which means that the heat
treatment influenced the size and distribution of carbides but not
their shape. The coefficient of variation represents the ratio of the
standard deviation to the mean, and it is a useful statistic for
comparing the degree of variation from one data series to
another, even if the means are drastically different from each
other. The results are in good compliance.

On the use of fractal geometry methods for the wear process
characterization
The progressive damage and material loss, which occur on the
surfaces of components sliding over each other, represent an
important limitation on the operating life of machines. During a
typical sliding wear test, the frictional force experienced by the
tip sliding over the disc behaves quite irregularly. A plot of
frictional force (coefficient of friction) as a function of time
(sliding distance) resembles a fractal. This offers the possibility to
use the fractal concepts for data processing.

Lm ( k )

nli ( N , m , k )

N 1
nli ( N , m, k ) k

1.0

¦ P (m  ik )  P (m  (i  1)k ) .

2

i 1

The term (N-1)/ nli(N,m,k)k represents the normalization factor for
the curve length of a subset time series. The length <L(k)> of the
curve for the time delay k is defined as the average value of
k lengths Lm(k). If <L(k)> v k-D, then the curve analyzed is fractal
with the dimension D.
Si3N4 ball-on-Si3N4/SiC nano-composite disc experiment
Higuchi`s algorithm proved the friction coefficient as a function
of sliding distance (time) has the property of a fractal curve. The
fractal dimension of this curve increased with increasing wear
rate gained in a particular wear test. This indicates a possible
correlation between the wear rate and the fractal dimension of
the friction coefficient trace.
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BUREŠ, R. - FÁBEROVÁ, M.: Heat Treatment Influence on Carbidic
Phase Distribution and Hardness of PM HSS with Niobium
Addition. Powder Metallurgy Progress, 7, 2007, 4, s.198-204
Contacts: rbures@imr.saske.sk, mfaberova@imr.saske.sk
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Frequency histograms and statistical parameters of the planar
distribution of carbides in sample optimal HT.
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Evolution of friction coefficient during the wear tests: Fe-2Mn0.85Mo-0.5C sintered under a) industrial and b) laboratory
conditions. Insert in figure (b) visualizes an irregularity of the curve
by presenting part of it on a different scale.
More information:
KUPKOVÁ, M. - KUPKA, M. - RUDNAYOVÁ, E. - DUSZA, J.: On the
Use of Fractal Geometry Methods for the Wear Process
Characterization, Wear, 258, 2005, pp.1462-1465
KUPKOVÁ, M. - ACTIS-GRANDE, M. - KUPKA, M. - DUDROVÁ, E. ROSSO, M.: On the Use of Fractal Geometry Concepts for
Evaluating the Wear Behaviour of Ductile Materials. Application
to Mn Mo Sintered Steels. Powder Metallurgy Progress, 5, 2005, 1,
pp.27-36
Contact: mkupkova@imr.saske.sk

Coefficient of friction as a function of sliding distance. D
represents the corresponding fractal dimension of the friction
coefficient trace.
2.0
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Coefficient of variation of mean area of Voronoi cell in
dependence on image placement.
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Spatial 2D distribution of carbides in a matrix depends on heat
treatment of the materials. The differences in the numerical
parameters confirmed this fact. Deviation between spatial
distributions characteristics of the samples were ~16-32%. The area
of cell in the watershed mosaic was the most sensitive geometric
parameter. Secondary peaks in histograms of planar distribution
resulted from the presence of numerous small regions and
represented high density of carbides. The watershed algorithm is a
usable segmentation technique suitable for evaluation of spatial
2D distribution of carbides in a matrix. It can be concluded that
the image analysis technique used, followed by statistical
evaluation of the results, are sufficiently sensitive to indicate the
deviation between different states of the respective material and
could be used for quantification of size and spatial 2D distribution
of the carbides.
More information:
BUREŠ, R. - SAXL, I. - FÁBEROVÁ, M.: Quantification of carbide
distribution in PM tool steels with niob addition. In: MSMF6. 6th
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Fractal dimensions of friction coefficient traces vs. wear rates
for a system consisting of Si3N4 ball dry sliding against the
Si3N4/SiC nanocomposite disc. (Sliding velocity 0.1m/s, applied
loads 10, 15, 20 N and sliding distances 600, 900 m).

Data processing
In a typical pin on disc experiment, the coefficient of friction
irregularly fluctuates around its mean value. The fluctuations
result probably from the fractal failure of subsurface material. So,
the friction coefficient evolution can represent a non-stationary
process. Such signals are quite difficult to process properly in a
standard way (e.g. by means of Fourier analysis). But a fractalbased study can still be carried out.
For this reason, the Higuchi’s algorithm was used as it is one of
the most robust methods to compute the fractal dimension of
discrete time series and provides the most accurate estimates of
this dimension. This algorithm is briefly sketched below.
Consider μ(1), μ(2),…, μ(N) the time sequence to be analyzed.
From a given time series, k new time series

Pm
k

are constructed,

defined as follows:

Pm
k

^P (m), P (m  k ), P (m  2k ),..., P (m  n ( N , m, k )k )`
li

for m=1,2,…,k.
Here nli(N,m,k) stands for the lower integer part of (N-m)/k. m
indicates the initial time value, and k represents the discrete time
interval (delay) between points. For a time interval equal to k,
one gets k sets of new time series. For each of these curves or
time sequences the length of the curve is defined as:

WC-Co tip-on-Mn-Mo sintered steel disc experiment
The Fe-2Mn-0.85Mo-0.5C steels sintered under different
conditions were investigated by dry sliding tests. It was proven
that the friction coefficient as a function of sliding distance had
the property of a fractal. In general, the fractal dimension of
friction coefficient trace tended to increase with increasing wear
rate. As the samples are capable of plastic deformation, the
measured mass wear rate seems to be not very suitable for
quantifying the wear process intensity. The volume wear rate
seems to be a more promising candidate.
.
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An example of how the coefficient of friction evolves with
time t or sliding distance v×t.
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3D diagrams were used for better visualisation of differences
between heat treatments (HT) of the samples. Straight and
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fractal dimension

Schematic sketch of „ball-on-disc“ wear test. is coefficient
of friction, FT is tangencial and FN normal force, v is sliding
speed.
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The department is focused upon the study of nanocrystallized
materials with metal matrix. Activities of the department are
oriented mainly toward the matter of synthesis and
investigation of microstructures of dispersion strengthened
systems with a nanostructured matrix. Members of the
collective are the authors of patents # 282462 and # 285928
concerning the preparation of nanocrystalline powders on the
basis of copper by the mechanical-chemical method, as well
as patent # 286871, which concerns powder compacting with
a defined neutral level position. The study of microstructure is
realized mainly by the method of X-ray diffraction analysis in
combination with transmission electron microscopy and
measurements on a synchrotron. The research is aimed at
clarifying the relationships of development of the
microstructure during preparation and processing volumetric
nanocrystalline materials intended for high-temperature
applications and its reflection upon the physical and
mechanical properties.
The basic research is geared toward modelling microstructure
and analysis of physical and mechanical properties of metal
composites. The creation of complex microstructural models is
confirmed on real materials. The creep of metal composites is
evaluated in dependance on external factors and in
dependance on microstructural parameters. The role of the
interphase boundary, stress and fracture models are
calculated, valid for metal composites during the effects of
increased temperatures. Research of nanocrystalline materials
is also oriented on the development of nanomaterials
prepared by the SPD (severe plastic deformation) method.
Physical and mechanical properties of selected metal
materials, as well as analysis of nanostructural parameters is
carried out with the aim of determining mechanisms of the
process.
The collective has or is participating in the following
international projects:
• 4. FP EU INCO-COPERNICUS CV 96-0750 „MicroAlu“ (19972000); within the framework of realizing the project there was,
with the contribution of an EU purchased the X-ray
diffractometer Philips X`Pert Pro, enabled the realization of
measurements for ferrous and non-ferrous materials in situ
during temperature load, measuring in a protective
atmosphere or in vacuum,
• 5. FP EU G5RD-CT 2000-00341 „AluSiForm“ intended for the
matter of powder aluminium alloys for high temperature
applications (2001-2004),
• 7. FP EU FP7-211536-2 „ MAMINA “ oriented on Ti alloys (20082012).
The department works in close cooperation with its partners
abroad:
• Deutsches Elektronen - Synchrotron DESY Hamburg
• Matematický ústav Akademie v d eské republiky
• Tallinna Tehnikaülikool, Tallin, Estonia
• Fraunhoffer-Gesellschaft Institut für Ang. Materialsforschung
PMA Dresden, Deutschland
• Ústav fyziky materiál Akademie v d eské republiky, Brno
Three doctors of science work in the department, three
scientific workers, three specialized workers, and three PhD
students from abroad.
The most interesting results of projects undertaken over the last
five years:

displays lower hardness (HB = 80 - 90) and strength (Rp 0.2 = 145
to 167 MPa; Rm = 240 to 250 MPa), which is a reflection of the
recrystallization
processes
underway
while
processing
nanocrystalline powder on the compact. Nonhomogeneous
bimodal structure induces the mechanism of deformation
hardening, which stabilizes tensile defomation, leading to
a good ductility with values of 20 – 22 %.

Development and structural stability of nanocrystalline grain
(VEGA 2/4172/04)
The development and thermal stability of nanocrystalline
copper grain, concretely in the Cu – Al2O3 and Cu – MgO
dispersion strengthened materials (content of dispersoid 1, 3
and 5 vol.%) prepared by a combination of mechanical milling
with chemical transition of precursors. By this method were
created powder particles with an average size of Cu crystallite
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11 nm and very fine secondary phases -Al2O3, or MgO
(particle size under 40 nm). In the case of Cu - Al2O3 material, in
the powder matrix uniformly distributed -Al2O3 nanoparticles
effectively strengthen grain boundries during compaction
comprised from pressing, sintering, forging and the subsequent
extrusion.
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TEM images and electronograms of Cu - 3 vol.% MgO material
(a) and Cu – 3 vol.% Al2O3 material after extrusion.
Compacting led to a certain coarsening of the initial crystallites
(11 nm), but the newly-formed structure in the compact
remained in the nanometric range (around 25 nm). Observed
in the extrusion material was the creation of elongated grains
in the direction of the extrusion and equiaxed grains in
a perpendicular direction to the extrusion. An increasing
volume fraction of secondary phase led to the suppression of
the deformation texture as well as reducing the average size of
the crystallite.
The Cu - Al2O3 material is distinguished for its stability of structure
to the temperature 800ºC, which can be considered a very
good result. Phase analysis of the electron diffraction pattern
verified that the material was comprised of (fcc) Cu and very
fine (fcc) -Al2O3 phase, which do not undergo during the
course of heat treating material any phase transitions.
In the case of Cu – MgO the particles of the secondary phase
are less effective barriers against grain growth as a result of
their inclination to coagulate, even sintering during the
compacting of powder, resulting in recrystallization processes.
The main cause of the undesired coarsening MgO is the weak
coherence of the particle/matrix interface. An expanding
matrix during thermal loading eliminates the „weaker gripped“
MgO, some fine particles are displaced and aggregate. After
extrusion the Cu – MgO system is characterized by marked
deformation texture and non-homogenous structure with a
bimodal grain size, in which neighbouring sections created by
nanometric grains with groups of recrystallized, balanced
micrometric grains (around 1 μm). This coarse-grained structure
is formed in places where large, coarse particles MgO (50 nm –
250 nm) are found. The material has thermal stability only up to
200ºC. Such a lowered structure stability is characteristic for
monophase nanomaterials and points to MgO not being the
most suitable for stabilizing copper nano-grains.
Resulting from the homogenous, nanocrystalline structure in the
Cu – Al2O3 compact is a very good hardness (HB = 130 to 179
depending on the crystallite size) and tensile strength (Rp 0.2 =
255 to 494 MPa; Rm = 306 to 546 MPa), but a very low ductility
(A5 = 2 %). The dislocation deformation mechanism, which is
active above 100 nm, cannot have an effect on the smaller
grains, and it seems that the presence of small defects of
a critical dimension (micopores, cracks) may lead to brittle
failure with a little deformation. On the other hand Cu – MgO

0.2 = 356 MPa; Rm = 437 MPa) thanks to the matrix grains
ranging in a nanometric scale with an average size of 78,6 nm.
Average size of the crystallites in the Al – 1 vol.% Al4C3 alloy has
the value 128,7 nm, the result of which is decreased hardness
(HV10 = 68) and tensile strengths (Rp 0.2 = 212 MPa; Rm = 256
MPa). The strengths of both composites measured at
temperatures from 20ºC to 500ºC are decreased almost linearly
with increasing temperature or crystallite size. The average size
of the crystallites at 500ºC is for Al – 12 vol.% Al4C3 finer (186 nm)
than for Al – 1 vol.% Al4C3 (250 nm). The higher volume fraction
of dispersoid effectively helps to suppress deformation texture,
characteristic for extruded rods. The result is microstructure
created by fine fragmented equiaxed grains in the direction of
the extrusion, as well as perpendicular to the extrusion. Particle
clusters occur in the Al matrix with content 12 vol.% Al4C3, or
coarsened particles (above 50 nm), which are not effective
from the viewpoint of dispersion strengthening, despite this the
material still has adequate properties. Hence we propose
reducing the Al4C3 content under 5 vol.% and we presume the
material maintains excellent thermal stability and very good
mechanical properties.

Comparing hardness in dependance on temperature for pure
coarse-grained Cu and for ultrafine Cu-MgO and Cu-Al2O3
materials.
As a result of comparing the structural characteristics of the
systems studied, the selection of a suitable type of secondary
phase in relation to the matrix is one of the determining factors
for stabilizing the nanostructure of the initial powder. Fine and
uniformly distributed particles with a good bond to the matrix
effectively strenghten grain boundaries during heat treatment.
Reflecting the homogeneous ultra-fine structure of the
compact are then high strength characteristics, but on the
other hand low ductility of material, which limits its practical
applications. Based upon results it appears the ductility could
be improved by controlled creation of structure with
a biomodal size of grains, in which will be submicron grains
embedded into nanocrystalline matrix. Optimizing the powder
preparation and its subsequent compacting in particular,
which reduces or even eliminates porosity and impurity,
enabling measurement of actual mechanical properties of the
material, and will lead to further improvement of the product`s
final characteristics.
URIŠIN, J. - URIŠINOVÁ, K. - OROLÍNOVÁ, M. - SAKSL, K.:
Preparation and Microstructure Evolution of Nanocomposite
Powder Copper. International Journal of Materials and Product
Technology, 23, 2005, 1/2a, 42-68.
URIŠIN, J. - OROLÍNOVÁ, M. - URIŠINOVÁ, K.: Nanocrystalline
Cu-5 vol.% Gama-Al2O3 Material. Powder Metallurgy Progress,
5, 2005, 1, 37-49.
Extruded dispersion strengthened Al – Al4C3 powder alloy
containing 1 and 12 vol.% Al4C3 was in situ investigated for the
structural stability of the ultrafine aluminium matrix at
temperatures from 20ºC to 500ºC and after cooling to room
temperature. Both materials display minimal changes in
crystallite size and hardness after annealing samples at 500oC
and their subsequent cooling to 20oC, which is caused by the
presence of ceramic Al4C3 particles with size around 30 nm,
which help to strenghten grain boundaries and to retard the
recrystallization and grain growth at elevated temperatures by
direct interaction of nanoparticles with moving dislocations.
Phase analysis of electron and X-ray diffraction patterns
confirmed the presence of two thermal stabile phases, those
being (fcc) Cu and rhomboedric Al4C3. The Al – 12 vol.% Al4C3
alloy has good hardness (HV10 = 120) and tensile strength (Rp

TEM image of material after extrusion (longitudinal direction):
(a) Al – 1 vol.% Al4C3, (b) Al – 12 vol.% Al4C3.

TEM image of material (longitudinal dir.) after annealing
500°C / 1h: (a) Al – 1 vol.% Al4C3, (b) Al – 12 vol.% Al4C3.
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X-ray diffraction pattern of the Al – 4 vol.% Al4C3 material at
ambient temperature, phase analysis (longitudinal dir., Pttemplate of sample).
The size of the crystallites in the system with 12 vol.% Al4C3 is 78
nm and is lower than for 4 vol.% Al4C3, value for the amount of
microstress is cca 1.3.10-3, dislocation density 5.6 m-2 is greater
than for 4 vol.% Al4C3 and the material showed only nominal
texture. A sufficient amount of effective Al4C3 particles with
a mean free path of 165 nm proved positive for the formation
of homogeneous nanostructures retarding the recrystallization
processes by suppressing mobility of the boundary by direct
interaction with dislocations. Anchoring dislocations and
strengthening the grain boundaries prevents cross slip and
effectively represses the rotation of crystalline lattices and the
creation of texture in the process of extrusion.
After in situ heating to 773 K the size of crystallite increases, the
microstress values fall and the dislocation density compared
with the state after extrusion. After reverse cooling to ambient
temperature all parameters are identical with the original
status, as a result of the creation of new, thermal inductive
dislocations in the vicinity of the secondary particles, so those
materials may be characterized as thermal stable to 773 K. The
texture created during extrusion for both materials remains
unchanged in the entire temperature interval measured.
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X-ray diffraction pattern of the Al – 4 vol.% Al4C3 material at
ambient temperature, at 773 K and reverse cooling
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C o u n ts
3600 12lo _ 293.rd
1600
400
0
3600 12lo _ 773.rd
1600

70

80

0
3600 12lo _ 293a.c..rd

OROLÍNOVÁ, M. - URIŠIN, J. - URIŠINOVÁ, K. - BESTERCI, M. SAKSL, K.: Structural Analyses on AlSi26Ni8 Rapidly Solidified Alloys.
High Temperature Materials and Processes, 27, 2008, 61-72.
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X-ray diffraction pattern of the Al – 12 vol.% Al4C3 material at
ambient temperature, at 773 K and reverse cooling
(longitudinal dir.).

The influence of the various conditions of extrusion (I 25 mm
and I 40 mm) for texture creation was studied in the AlSi26Ni8
powder alloy. The initial powder, as well as the extrusion
materials were analyzed by means of SEM with EDS point
analysis. Combined with the X-ray diffraction method
the presence of fine Al3Ni phase was confirmed in the
extruded materials.

X-ray diffraction pattern of the Al – 12 vol.% Al4C3 material at
ambient temperature, phase analysis (longitudinal dir., Pttemplate of sample).

Microstructure development was analyzed during ECAP
process in DS Al – 4 vol.% Al4C3 material in comparison with
technically pure cast aluminium.
Formation of the substructure during ECAP was influenced by
the gradual accumulation of deformations from the individual
ECAP transformations. In the DS system there occurred
a significantly marked refinement of structure compared to the
pure Al due to dislocations anchored inside and along grain
boundaries by fine Al4C3 particles, stabilizing the grain
boundaries and suppessing possible recrystallization. DS Al
structure is characterized by grains sized from 100 to 200 nm
after two ECAP passes. In pure Al it influences the formation of
substructure during deformation, most likely acheiving an
almost equilibrium state between the creation and annihilation
of dislocations, as well as fluent movement of dislocations by
cross slip to the grain boundaries, which can absorb them. The
resulting structure of pure Al after 12 ECAP passes is dislocation
cell with average size of sub-grains 1 m.
Texture development in the ECAP process was varied in both
tested materials and the materials showed different
deformation ability. Texture creation after the ECAP was
influenced by the original – initial texture of the alloys.
New approaches and methods utilizing the highly-intensive
synchrotron radiation as well as photon radiation from a free
electron laser were applied for evaluating the microstructure of
amorphous and nanocrystalline materials at the atomic level.
Results of the study were published in scientific journals with a
high degree of impact factor.

a)

b)

SEM image of initial AlSi26Ni8 powder (a), as-extruded material I
25 (b).
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In both cases texture was created by deformation. The
dominant orientation of Al (111) was markedly perpendicular
to the direction of the extrusion, and in the direction of
extrusion Al (100). The deformation texture remained during
the thermal load from 298 K to 773 K with the subsequent
cooling to ambient temperature. The small number of very
fine, thermal stabile Al3Ni particles with non-homogeneous
distribution in the Al matrix was unable to prevent the rotation
of crystalline lattices during deformation treatment and
suppress such texture creation, it was able however to block
the movement of crystalline lattices during thermal loading.
Adjustments to the preparation of the powder alloy must take
place to achieve complete transformation Ni to fine and
uniform distribution of Al3Ni particles.

400

URIŠIN, J. - OROLÍNOVÁ, M. - URIŠINOVÁ, K. - BESTERCI, M.:
Texture of Extruded Al-Al4C3 Material. Kovové materiály, 45,
2007, 269-274.
OROLÍNOVÁ, M. - URIŠIN, J - URIŠINOVÁ, K. - BESTERCI, M. SAKSL, K.: Structural Analyses of Dispersion Strengthened
Material on Aluminium Base. High Temperature Materials and
Processes, received January 15, 2009.
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Study was done on the influence of the amount of dispersoid (4
and 12 vol.%) on the development of microstructure in
dipersion strengthened (DS) Al – Al4C3 alloy during extrusion
and the subsequent thermal load from 298 K to 773 K.
Mean diameter size for strengthened particles of Al4C3 is 30 nm
for both materials. In a system with 4 vol.% Al4C3 the average
free path between particles is 485 nm. The size of the Al
crystallites for individual crystallographic planes runs between
72 to 218 nm, values of microstress are found between 0.6 up
to 1.1.10-3 and dislocation density from 6.3.1013 to 5.7.1014 m-2.
The parameters correlate with each other, the largest
discrepancy is between the values at the yield levels (111).
Plastic deformation induced the formation of marked texture
(111) in a perpendicular direction and texture (110) in the
direction of the extrusion.
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Study of structure of nanocrystalline dispersion strengthened
materials with metal matrix
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For hypereutectic Al-Si-Ni composite alloy prepared by inert
gas atomization and processed into compact rods by PM
technology, there was confirmed by qualitative X-ray
diffraction analysis the creation of intermetallic Al3Ni phase
already in the process of preparing the powder alloy and
completely finishing its transformation in the compact. The
presence of fine Al3Ni particles is important from the viewpoint
of raising the thermal stability of the Al matrix. The result is a fine,
homogeneous, thermal stabile structure, made up of a solid
solution D (average size of Al crystallites is 115 nm),
distinguished by good strength characteristics (Rp 0.2 = 325
MPa; Rm = 370 MPa). For improving the mechanical properties,
workability, as well as toward improving the heat dimensional
stability of the material, there is a marked contribution by the
creation of blocky particles, primary crystals of Si with
a diameter 1- 6 m which are uniformly distributed in the Al
matrix and which do not grow during the thermo-deformation
powder treatment at the compact. This is a marked difference
from the conventional preparation of the cast alloy, where
crystallization of the primary silicon phase takes place at
an extensive thermal range, the result of which are great
needle-like or platy particles with a tendency to segregate
inside the mould.
SAKSL, K. - URIŠIN, J. - OROLÍNOVÁ, M. - URIŠINOVÁ, K. LAZÁR, P.: Structural Study on Al-26 Mass% Si-8 Mass% Ni
Powder. Journal of Materials Science, 40, 2005,1975-1978.
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URIŠIN, J. - OROLÍNOVÁ, M. - URIŠINOVÁ, K.: Prášková
metalurgie hliníku. Encyklopedie hliníku. Ed. Š.Michna a kol..
D ín : Alcan, s.r.o. 2005, 568-595.
URIŠIN, J. - URIŠINOVÁ, K. - OROLÍNOVÁ, M. - BESTERCI, M.:
Microstructure Stability of Al – Al4C3 Materials at Elevated
Temperatures. High Temperature Materials and Processes, 25,
2006, 3, 149-155.
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JÓVÁRI, P. - SAKSL, K. - PRYDS, N. - LEBECH, B. - BAILEY, N. MELLERGARD, A. - DELAPLANE, R. - FRANZ, H.: Atomic Structure
of Glassy Mg60Cu30Y10 Investigated with EXAFS, X-Ray and
Neutron Diffraction, and Reverse Monte Carlo Simulations.
Physical Review B, 76, 2007, 054208.
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KANÁSZ, R. - BEDNAR ÍK, J. - SAKSL, K. - NICULA, R. - STIR, M. LATHE, C.: In Situ Energy Dispersive X-Ray Diffraction Analysis of
the Temperature-Pressure Stability of Co-Fe-(Ta,W)-B Alloys.
Acta Physica Polonica A, 113, 2008, no. 1, 79-82.
SAKSL, K. - VOJT CH, D. - URIŠIN, J.: In-Situ XRD Studies on Al-Ni
and Al-Ni-Sr Alloys Prepared by Rapid Solidification. Journal of
Alloys and Compounds, 464, 2008, 95-100.
COUET, S. - SCHLAGE, K. - SAKSL, K. - RÖHLSBERGER, R.: How
Metallic Fe Controls the Composition of its Native Oxide.
Physical Review Letters, 101, 2008, 056101.
MICHALÍK, Š. - SAKSL, K. - SOVÁK, P. - CSACH, K. - JIANG, J.:
Crystallization of Zr60Fe20Cu20 amorphous alloy. Journal of
Alloys and Compounds, 478, 2009, 441-446.
NAGLER, B. - SAKSL, K.: Turning solid aluminium transparent by
intense soft X-ray photoionization. Nature Physics, 5, 2009, 693696.
NELSON, A. - SAKSL, K.: Soft x-ray free electron laser microfocus
for exploring matter under extreme conditions. Optics Express,
17, 2009, 18271-18278.
COUET, S. - SCHLAGE, K. - SAKSL, K. - RÖHLSBERGER, R.:
Morphology of the interfaces between transition metals and
their native oxides: role of interdiffusion processes. Physical
Review B, 79, 2009, 085417.

BALLÓKOVÁ, B. - HVIZDOŠ, P. - BESTERCI, M. - IVAN, J. ZUMDICK, M. - BÖHM, A. - WEISSGÄRBER, T. - KIEBACK, B.F.:
International Journal of Materials and Product Technology, 22,
2005, 4, 322-327.
BESTERCI, M. - BALLÓKOVÁ, B. - HVIZDOŠ, P. - SCHOLL, R. BÖHM, A.: Journal of Materials Sciencie, 40, 2005, 3869-3871.
BALLÓKOVÁ, B. - BESTERCI, M. - HVIZDOŠ, P.: High Temper.
Mater. and Processes, 28, 5, 2009, 271-276.

Microstructure evaluation and physical and mechanical
properties analysis of dispersion strengthened systems
VEGA: 2/5142/25
Tested at various temperatures and deformation rates was the
deformation process of Al - Al4C3 composites, with a different
volume fraction of Al4C3 phase. At temperatures of 673-723
K and the highest applied deformation rate 10-1 s-1 a significant
increase in ductility was observed. According to the results of
the transmission electron microscope analysis, this behaviour is
probably the result of dynamic grain polygonization, slip and
grain rotation, partial recrystallization and dislocation creep in
the tested system, known as deformation induction dynamic
recovery. Increased volume fraction of secondary phase in the
observed composite changed the deformation mechanism
from the prevailing slide along the grain boundaries to mainly a
mechanism of grain rotation.
Grains may move or rearrange (see figure) by two
mechanisms: slide along grain boundaries (a) and rotation (b).

from 20 to 100 nm, were identified by transmission electron
microscope. Two Pt-Y2O3 composites were prepared from
recycled Pt waste by using powder mettalurgy techniques and
mechanical alloying. Two distinct time periods were applied for
milling. High temperature deformation resistance of the
experimental material was characterized by means of pressure
creep and the influence of the milling period was investigated.
The creep deformation of the material milled for 24 h was
usually half of the deformation of another material under the
same conditions. We attribute such excellent resistance to
creep to the better distribution of Y2O3 particles.

APVV 20-027 2005
Fracture micromechanisms of nanocrystalline Cu prepared by
ECAP method were analyzed. From the analysis it appears that
the number of ECAP passes has an influence on the fracture
micromechanism. For ECAP passes in the range 1-14 a
transcrystalline ductile fracture occurred, after the 15. and 16.
pass a mixed fracture (transcrystalline ductile fracture with
intercrystalline facettes). The probable causes of the distinct
fracture mechanisms were explained. The figure shows the
dependence of the size of the indentation of the fracture on
the number of ECAP passes.
Creep curves of Pt-Y2O3 material.
BESTERCI, M. – HVIZDOŠ, P. - SÜLLEIOVÁ, K. – EDTMAIER, CH.:
Materials and Design, 28, 9, 2540-2543, 2007
BESTERCI, M. - ŠLESÁR, M. - SÜLLEIOVÁ, K. - IVAN, J. - ZBIRAL, J.:
High Temperature Materials and Processes, 24, 2005, 1, 79-83
Also studied were the high temperature properties of monolith
MoSi2 and MoSi2 composite dispersion strengthened by SiC
nanoparticles. Materials were prepared by powder metallurgy
methods using high temperature controlled reaction sintering
(CRS).
Creep tests were carried out on the four-point bend and in
pressure with the aim of allocating high temperature properties
of the experimental materials. Comparison of materials showed
that incorporation of SiC nanoparticles into the MoSi2 matrix
caused an increase in creep resistance for temperatures to
1473 K for applied stress from 50 to 100 MPa. Stress exponent (n)
of the composite, measured after compresive creep was 1.27
(1273 K) resp. 3 (1473 K).
The relationship between deformation rate and applied stress is
characterized by empirical equation (1).

§ Q ·§ V · § b ·
const. exp¨  A ¸¨ ¸ ¨ ¸
© RT ¹© E ¹ © d ¹
n

H

p

(1)

where R is the gas constant, (R = 8,314472 J.K-1.mol-1), T is
absolute temperature in v K, QA is activation energy, kJ.mol-1, V
– stress, b – Burgers vector, E – elastic module, d – grain size, p,
n – material constants, n is the stress exponent.
(a)

(b)

BESTERCI, M.- VELGOSOVÁ, O.: Science and Eng. of Composite
Mater., 13, 283-290, 2006.
VELGOSOVÁ, O. - BESTERCI, M. - KULU, P.: High Temperature
Materials and Processes, 24, 2005, 3, 183-187
BESTERCI, M. - LOFAJ, F. - VELGOSOVÁ, O.: International Journal
of Materials and Product Technology, 22, 2005, 4, 263-273.
BESTERCI, M. - VELGOSOVÁ, O.: Kovové materiály, 43, 2005, 3,
229-237.
composites
were
preparation,
Studied
for
Pt-Y2O3
microstructure and creep. A fine-grained Pt matrix was
identified by optical microscope. Some grains are polyhedric
with a size of 2 Pm, others elongated with a length of 15 Pm
and width 2 Pm. Y2O3 particles and/or clusters of particles sized
> 1 Pm, were identified at the fracture surface and particles
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Nanostructure development in metal materials by bulk severe
plastic deformation with relation on physical and mechanical
properties

occur
through
the
failure
of
large
(A2,B)
and decohesion of small (A1) particles.
c) A further load increase leads to growth of cracks by
coalescence cavitate in the direction from the surface
to the middle of the sample. The cracks can be
parallel or perpendicular to the direction of the load,
depending on the volume fraction of the particles.
d) The final fracture, i.e. the connection of the side cracks
in the direction of the load, takes place in various thick
rows depending on the volume fraction of carbidic
(Al4C3) and oxide (Al2O3) particles.

Model of fracture mechanism.
BESTERCI, M. - VELGOSOVÁ, O. - IVAN, J. - HVIZDOŠ, P. KOHÚTEK, I.: Kovové materiály, 46, 3, 2008, 139-143.
BESTERCI, M. - VELGOSOVÁ, O. - IVAN, J. - HVIZDOŠ, P. KVA KAJ, T. - KULU, P.: Kovové materiály, 2009, 47, 221-225.
Analysis of the fracture surfaces identified two fracture
mechanisms in dependence upon the amount of
accummulated plastic deformation by repeated ECAP
passses. Fracture surfaces to the 14. ECAP pass (90q
channel angle) have a transcrystalline character with
dimple morphology. With a growing number of passes the
size of the dimples drops, while the number of dimples is
increased. Coalescence dislocations and changes in the
grain boundaries triple points shown by the growing
number of profiles and the amount of deformation they
are probably fracture mechanisms influencing fracture
initiation, i.e. the first stage of ductile fracture occurring.
Growth and coalescence of cavities are controlled by the
usual mechanisms. Surfaces of a mixed fracture with
intercrystalline facettes are typical after more than 14
ECAP passes. It is assumed that the microcracks on the
high angle boundaries and depletion of plasticity are the
causes of the different deformation mechanisms.

Microstructure and nanostructure metallic materials prepared
by SPD methods
VEGA 2/0105/08
The deformation and fracture mechanisms of Al-Al4C3
nanomaterials with 4 vol.% Al4C3 phases were analyzed using
the „in-situ“ technique of tensile tests in a scanning electron
microscope. It was shown that deformation process caused
the break up of large Al4C3 particles and decohesion of the
small ones. The final fracture course is influenced by the
boundaries of the nanograins, through which expand the main
crack in the direction of the outer surface of the sample.
Based upon the microstructural changes observed in the
deformation process, there was proposed the following model
of fracture mechanism (not a general model, but a model
resulting from our experiments):

BESTERCI, M.- SÜLLEIOVÁ, K.- KVA KAJ, T.: Kovové materiály, 46,
2008, 309-311.
BESTERCI, M. - KVA KAJ, T. - KO IŠKO, R. - BACSÓ, J. SÜLLEIOVÁ, K.: Metalurgija. ISSN 0543-5846, 2008, 47, 4, 295-299.

Creep rate as a function of applied stress, temperatures 1273 K
and 1473 K, compresive creep.

Next, on the basis of microstructural changes observed in
the deformation process of Al-Al4C3 material, was
proposed a fracture mechanism model, where:
a) Microstructure of the initial state is characterized by
Al4C3 and Al2O3 particles, categories A1, A2 and B,
whose geometric parameters (l, h, d) depend on their
volume fraction.
b) With increasing tensile stress local cracks appear
mainly on the side surfaces of the samples, which

a

b

c

d
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a)

Microstructure of the initial state is characterized by
Al4C3 and Al2O3 particles, categories A, B and C,
whose geometric parameters (l, h, d) depend upon
their volume ratio.
b) With increasing tensile stress local cracks appear
mainly on the side surfaces of the samples, which
occur by failure of large (B) and decohesion of small
(C and / or A) particles.
c,d) The further increase in deformation of nanocomposite
materials` nanograin boundaries start to play an
important role. Because the volume ratio of these
boundaries is high, the size of particles B and C equals the
size of the matrix, cracks extend mainly along the
nanograin boundaries.
BESTERCI, M. - VELGOSOVÁ, O. - PEŠEK, L.: International Journal
of Materials and Product Technology, 28, 2007, 3/4, 448-467.
BESTERCI, M. – VELGOSOVÁ, O. - IVAN, J. - KVA KAJ, T.: J.
Mater. Sci., 45, 2010, 4073-4077.
The creep of the composite was studied on the basis an
aluminum matrix hardened 4 vol.% Al4C3 phase at
temperatures 623 and 723 K by “small punch” test with
constant intensity. The composite was tested in two different
states: (i) in state gained by mechanical alloying with hot
extrusion (HE) as the final operation (ii) in the ECAP state, which
was earlier hot extruded. ECAP did not increase resistence to
creep. Reduction of load force of equal deflections in rate is
not very significant. The ECAP process of the presented
composite, at which it arrives at a significant strengthening at
lower temperatures, is not accompanied by weakened
resistance to creep at elevated temperatures.

Dependence of minimal
deflection rate on applied
force.

Dependence of time period to
fracture on applied force.

„Small punch“ tests of mechanical alloyed and ECAP-ed Al
composite were carried out in a constant force mode at
elevated temperatures. Force reliance on minimum deflection
rate and time to fracture are qualitatively comparable with the
analog dependence of hot extruded material. ECAP does not
increase creep resistance. The minimum deflection rate is two
orders faster than in the HE material. Reliance of force on the
minimum deflection rate can be described by the term
threshold force. Threshold force in ECAP-ed material is
approximately 5 N lower than in HE material. The difference
G1 / n vs. F in HE and ECAP materials may be explained on the
basis of various grain sizes for both materials.
DOBEŠ, F. - MILI KA, K. - BESTERCI, M. – KVA KAJ, T.: J. Mater.
Sci, 45, 2010, 5171-5176.
DOBEŠ, F. - MILI KA, K. - BESTERCI, M.: High Temperature
Materials and Processes, 26, 2007, 3, 193-199.
Studied next were microstructure parameters of monolithic
MoSi2 and composites based on MoSi2 with a different volume
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fraction of secondary particles (SiC, Si3N4). Distribution of
phases in heterogenous microstructure has a great influence
on the resulting mechanical properties of materials studied.
Microstructure of the studied systems was described by the
method of small angle neutron scattering (SANS).

Measuring scattering curves (points) for individual materials is
comprised of three data files for the different Q-ranges and for
individual materials. Models of scattering curves (lines) were
aquired from the corresponding individual files of modelled
parameters simulated for all Q-ranges. The lined Q-3 curve
indicates a propensity to “Porod scattering” for the used
“endless electron flow” of experimental equipment.
From the results of evaluations on the microstructure of
monolithic MoSi2 and composites on the basis of MoSi2 by SANS
method, are the following conclusions:
• The method of high resolution SANS is suitable for
quantitative study of the microstructure of intermetallic
compounds on a wide scale from 10 nm to 1 Pm. For a
definate interpretation of dispersion results it is important to
combine optical and phase analysis. Values gained by the
SANS non-destructive method are statistically relevant
microstructural parameters over the entire extent of the
material studied. Those characteristics may be directly
dependent on other physical properties of materials and/or
the parameters of material preparation and the subsequent
processing.
• Volume fractions of secondary phase in the individual
composite materials determined by SANS method are close
to nominal values, even when they are systematically higher
for composites with SiC particles. This discrepancy is caused
by dispersion on other material heterogeneities, e.g. on the
pores. On the contrary, the volume fraction of secondary
particles in the composite with contents of Si3N4 particles was
lower than nominal values, which caused particle clusters of
Si3N4, which were identified in the material. As a result, the
model of spherical particles is insufficient for large irregular
particle clusters and small volume fractions. This is in
accordance with the observed distribution of the sizes of
particles.

NANO STRUCTURED MATERIALS

possible to measure hardness and some mechanical properties
of very small objects, e.g.:
• Overall deformation energy W, elastic energy Wel and work
of plastic deformation Wpl,
• Indentation module of elasticity EIT, which is compatible with
Young`s module of elasticity,
• Indentation creep and relaxation.

Dependencies between hardness, HM, and overall
deformation work, W, during matrix and particle indentation (i
particles, Fmax=2 mN, matrix, Fmax=5 mN, particles, Wx
3,95).
The DSI method is suitable for determining local mechanical
properties of phases in particle-matrix systems. It must be
explained to what extent is the influence of particle size on the
results obtained. Some mechanical properties were specified
for mechanically alloyed composites on the basis of Al-Al4C3.
Instrument hardness of Al4C3 particles was 5-7 times higher than
the Al matrix. Indentation module of elasticity E for the matrix
(80 GPa) and particles ( 400 GPa) corresponds well with data
from literature. Over the course of loading, Al4C3 particles
absorbed up to 24% of the overall deformation work in the form
of elastic energy, whereas the Al matrix only 11%.
BESTERCI, M. - PEŠEK, L. - ZUBKO, P. - HVIZDOŠ, P.: Materials
Letters, 59, 2005, s.1971-1975.
BESTERCI, M. - VELGOSOVÁ, O. - PEŠEK, L. - ZUBKO, P.BALLÓKOVÁ, B. - KVA KAJ, T.: Acta Mechanica Slovaca, 13,
2009, 100-107.
ZUBKO, P. - PEŠEK, L. - BESTERCI, M. – VADASOVÁ, Z.: Kovové
Materiály, 47, 1, 2009, 39-42.

BALLÓKOVÁ, B.- ŠAROUN, J.- BESTERCI, M.- HVIZDOŠ P.: Kovové
mater., 47, 2009, 375-380.
BALLÓKOVÁ, B.-BESTERCI, M.- ŠAROUN, J.: In: Materiál v
inžinierskej praxi 2008. 7. vedecko-technická konferencia.
Her any, 15.-17.1.2008. Ed. M. Mihaliková, J. Štaba. Košice : HF
TU 2008, s.47-51.
The method of depth sensing indentation (DSI) is an
experimental method of measuring hardness founded on the
basis of a continuous measuring of force (F) in dependence on
the depth of the impression (h) during the test. The current level
of experimental technology enables determining, measuring
and regulating force load at the level PN and depth of
indentation with the precision of a few nm. In this way it is
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The department is oriented on solving research and technology
problems with un-predetermined outputs which have
fundamental significance for the development of scientific
discipline – research and development of electroceramic and
other progressive materials. Research projects are focused on
study of the synthesis of electroceramic materials and inorganic
phases with different physical-chemical basis whereas the
determined aim of study is the final application with specific
electrophysical (piezoelectric, semiconducting, magnetic, etc.)
respectively electrochemical properties. The research aimed
upon the analysis of relations between microstructure and
properties of ceramics and examination of processes which
influence these relations. The significant attribute of department
is its orientation on synthesis materials using the sol-gel processes,
development of knowledge in the field of thin layers and novel
experimental procedures for analysis of their properties. In the
department, the research and development of materials and
biotechnologies for making medical and pharmaceutical
procedures more effective have started recently. Prepared
ceramics, composites or cement like biomaterials can be utilized
in reconstructive and regenerative medicine as implants which
replace hard tissues in body.
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The aims in the presented period were focused on the
mechanism of sol-gel processes, PZT or PMN gel transformation to
perovskite phases and microstructure formation in thin
ferroelectric films.
The effect of acetic acid on the [Pb(Zr,Ti)(OAc)x(OR)y] acetatealkoxide precursor preparation by chelating of organic Pb, Zr
and Ti alkoxides was evaluated. Sols were formed by hydrolysis of
acetate-alkoxides with ethylene glycol and transformed by
polycondensation to a gel at 80°C. Results showed that to
prepare a viscous, polycondensed, stoichiometric PZT gel, the
optimum molar ratio of (Pb+Zr+Ti) to the acetic acid is 1:7 with
the hydrolyzing factor of 0.68 and ethylene glycol as a
hydrolysing agent and a pure perovskite phase Pb(Zr0.53Ti0.47)O3 is
formed by calcination at 500°C (Fig.1). At low acetic acid
concentrations, two-phase regions are formed in the gel, which
were demonstrated by the simultaneous formation of a
perovskite phase and a metastable pyrochlore phase (Fig.2). It
was confirmed a high acetic acid concentration causes the
decrease of the Pb and Ti contents in the gel and the formation
of a pyrochlore phase up to 500°C. The rise of the hydrolyzing
factor by adding H2O or NH3 (aq) to ethylene glycol results in the
formation of a less viscous PZT gel with a degraded starting
stoichiometry of Pb:Zr:Ti.
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Fig.2. XRD diffractograms of PZT nonstoichiometric (py and pv
phase and stoichiometric (pv phase) ceramics (upper curve).
A similar method as in the case of PZT was applied for the
PbMgNb(OAc)x(OR)y precursor synthesis from Pb and Mg
acetates and Nb-ethyleneglycol-tartarate (Pechini) complex.
The sol was formed after hydrolysis by various additions of water
at 80 oC and following it was transformed by polycondensation
to PMN two-phase gel. Final phases were formed during
calcination at 500°C (Fig.3). Results verified the PMN calcinate
prepared by the calcination of the PMN gel with the high
addition of water at 500°C contained metastable B-pyrochlore
phase only. In two-phase PMN calcinates, the partial
decomposition of pyrochlore phase to perovskite PMN phase
was found at sintering temperatures above 1100 oC. Besides, a
linear decrease in densities of PMN ceramics with the pyrochlore
phase content in PMN calcinates was observed. In
microstructures of two-phase ceramics sintered at 1200 oC and
prepared from calcinates with higher pyrochlore phase content,
large grains of pyrochlore phase in fine grained perovskite matrix
were found. The strong effect of PbO excess on the
microstructure of PMN ceramic was observed (Fig.4). The
maximal value of r = 4200 (at 1 kHz) was found in the ceramic
sample with the highest content of perovskite phase and density
of ceramics.

Fig.3. Morphology of PMN particles prepared with molar ratio of
EG/TA = 22/4 at 500°C.

Fig.1. TEM micrograph of PZT calcinate nanopowders prepared
from stoichiometric PZT gel at molar ratio of (Pb+Zr+Ti) to acetic
acid AcOH equals 1 : 7.
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The influence of an iron addition into the PMN system on the
microstructure of final ceramics was studied. Lead magnesium
niobate-lead
iron
niobate
(1-x)Pb(Mg1/3Nb2/3)O3xPb(Fe1/2Nb1/2)O3(1-x)PMN-xPFN system, where x = 0.0-1.0, was
prepared using sol-gel synthesis by mixing acetates Pb, Mg and
Fe with Nb-ethylene glycol-tartarate complex at 80°C.
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that the more porous structure was formed at low sol
concentration and the number of cracks in films rises with the sol
concentration (various stabilizer solution amounts).

Fig.4. The SEM fracture surface microstructures and
dependences of the relative dielectric permitivity on the
temperature at frequencies of 1,10 and 100 KHz of PMN
ceramics sintered at 1200°C prepared from calcinates (a )
pv+py phase, (b) PbO+pv phase and (c) py phase.
Single pyrochlore phase (Pb1.83Mg0.29Nb1.71O6.39 or Pb3Nb4O13) was
formed by the calcination of gels at 600°C. that were partially
decomposed to perovskite phase at sintering temperatures of
1150°C and 1250°C. The maximum bulk density in ceramic
samples increased with both sintering temperature and the
content of PFN phase in samples. The optimum sintering
temperature of PMN-PFN is shifted from 1200°C to 1150°C in
comparison with the sample with PMN stoichiometry. In
microstructures of PMN-PFN ceramics sintered at 1150°C, the
bimodal grain size distribution was observed with small grains of
globular shape and larger grains of regular or octahedral shape.
The results verified that the more complex types of pyrochlore
phases were present in ceramics (Fig.5).The perovskite phase
content in PFN ceramics (up to 50 vol %) can be effectively
raised by the Pb excess in the precursor.

Fig.5. The SEM fracture surface microstructures and
dependencies of the relative dielectric permitivity on the
temperature at frequencies of 1,10 and 100 KHz of PMN
ceramics sintered at 1200°C prepared from calcinates (a )
pv+py phase, (b) PbO+pv phase and (c) py phase.
The devepoled methods for the Pb(Zr0.52Ti0.48)O3 (PZT) sols synthesis
were applied in ferroelectric thin film preparation procedures
whereas the sol-gel route was modified using stabilizer solution
(n-propanol+ 1,2-propanediol). The sols were deposited by spincoating onto platinized Al2O3 or SiO2/Si substrates. There was
described the mechanism of the microstructure formation with
morphologicaly different perovskite particles in PZT thin films
influenced by the substrate. In the microstructures of PZT/Pt/Al2O3
or PZT/Pt/Si/SiO2 thin film surfaces, the rosette, rectangular or
spherical perovskite phase particles with columnar structure on
the film cross-section were observed (Fig.6). It was confirmed
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(chloroform). These composite types were used for analysis of
the possibility of controlled tetracycline release. As it has been
shown by experimental works, the maximal amount of
tetracycline released from composite samples can be controlled
by the concentration of tetracycline in loading solution or by
open porosity. The tetracycline release rate decreases with the
content of PHB in composite ceramic samples which
corresponds with the rise in the amount of PHB or thickness of
PHB layers displaced in pores of ceramics. The concentration of
tetracycline in the phosphate buffer saline solution depended
almost linearly on time after the first seven hours from the start of
release for calcium phosphate ceramic samples with 2.4 wt %
PHB. Tetracycline release is a diffusion controlled process (Fig.B).

Fig.8. AFM topography micrographs of 2-layered PZT thin film
deposited on Pt/Al2O3 substrate after sintering at 650°C, 3D (5u5
Pm).

Fig.6. 2-layered PZT thin film prepared from 1.0M PZT sol and
deposited on Pt/SiO2/Si substrate after sintering at 650°C: (a)
XRD diffractogram (pv - perovskite phase,  - SiO2/Si substrate
and R - Pt ) and (b) SEM cross-section micrograph.
The effect of coating thickness on particle morphology in the PZT
thin films on both substrates was studied. It was shown that the 1layer PZT/Pt/Al2O3 thin film microstructure with micrometer-scale
rosette particles differs from the 1-layered PZT/Pt/Si/SiO2 thin film
microstructure composed of small spherical particles (~ 40-100
nm) (Fig.7).
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BIOMATERIALS
In the framework of national projects, the preparation of porous
calcium phosphate ceramics and composites with different
fractions of porosity (up to 50 vol%) was studied [1,2]. The
obtained calcium phosphate ceramics had fiber- like randomly
oriented texture and the microstructures of ceramics are similar
to ones observed in bone tissues (Fig.A).

Fig.B.Variation of TTC concentration with time during the TTC
release from composite ceramic samples to phosphate saline
buffer solution at pH = 7.4 and temperature 37 C.
Experimental data (a) and their fittings using Higuchi’s
equation (b). Samples with 48 % open porosity, no PHB present
(1), 49 % open porosity, 0.7 mass % of PHB (2), and 52 % open
porosity, 2.4 mass % PHB (3).
The process of the brushite layer preparation on Ti or graphite
substrates was evaluated. Besides the possibility of calcium
phosphate coatings, formation by electrochemical and
electrophoretical methods was analysed. The microstructure
brushite coatings and particle morphology can be modified by
the simultaneous deposition of brushite and gelatine on graphite
cathode. Large channels were observed in coatings at higher
concentrations of gelatine and high current densities in
microstructrure as the resulting viscous solution and thicker
compact depositions which make hydrogen bubbles more
difficult to release from a graphite surface. After annealing
coatings in argon, the size of needle-like brushite particles
decreased and small spherical or regular shaped particles of
CaO were formed. The transformation of brushite to
hydroxyapatite and CaO were found after mutual interaction
with graphite or products of thermal decomposition of gelatin in
an inert argon atmosphere (Fig.C) [3] .

Fig.7. SEM micrographs of the surface of thin PZT film prepared
from 1.0M PZT sol on Pt/SiO2/Si (a) and Pt/Al2O3 (b) substrate after
sintering at 650°C.
The microstructure and particle morphology were modified after
coating the second and third layer whereas two forms of
perovskite phase particles were observed: big rosette structures
(~ 1-5 μm) composed of small angular particles (~50-120 nm)
with 30 nm pores and equiaxed rectangular particles (~ 0.5-1.5
μm).

Fig.A. Microstructure of porous calcium phosphate ceramics.
Calcium phosphate ceramics prepared from nanocrystalline
apatite looking calcium phosphate were composed from
hydroxyapatite and Etricalcium phosphate (ETCP) after sintering
at 1150°C and from D- and E-TCP after sintering at 1250°C.
Polyhydroxybutyrate (PHB) biopolymer layers are distributed
homogeneously in samples after evaporation of diluent

Fig.C Morphology and EDX analysis of particles in calcium
phosphate coating after thermal treatment at 850°C in Ar.
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The two-stage process of the calcium phosphate layers
deposition – the plate-like brushite particles electrochemically
deposited in the first stage and electrophoretically coated by
the hydroxyapatite layer in the second stage – on titanium
substrate was studied in more detail [4]. The results showed that
compact calcium phosphate layers with different thickness,
roughness and morphology can be prepared by this method
(Fig.D).

in compressive strength (Fig.I). The calcium phosphate cement
compressive
strengths
are
more
influenced
by
the
hydroxyapatite particle morphology than their crystallinity.

of 39°C whereas the stoichiometric hydroxyapatite as
thermodynamically the most stable form of calcium phosphates
was obtained in the solution without an addition of Ca2+ions,
after long-time hydrolysis only.

Fig.H. Dependence of cement setting time on KH2PO4/H3PO4
ratio and time from which cement pastes are resistant to wash
out.

Fig.F. X-ray diffraction patterns of calcium phosphate powders:
a- HAP, b- pure DCPD, c- in solution with an addition of 0.5g
Ca2+/ 2 h, , d- in solution with addition of 0.5g Ca2+/ 4 h, e- in
solution with an addition of 0.5g Ca2+/ 48 h.
Fig.D. Morphologies of deposited calcium phosphate layers
(brushite + hydroxyapatite, 10 PA/cm2) on titanium substrate
after annealing at 850°C/10 min. in argon.
Because of large shrinkage of the second hydroxyapatite layer
during annealing, only a thin coating of hydroxyapatite on
brushite forms the final calcium phosphate layer without any
cracks. The main phases after thermal treatment of depositions
in argon from 800 to 960°C were ETCP, ECa2P2O7 and TiO2. The
phosphorus enriched regions (probaly TixPy phases) are formed
up to 3Pm distance from the titanium substrate surface in the
annealing process, which causes the reduction in the content of
phosphorus in calcium phosphate coatings. Calcium phosphates
in annealed depositions can be transformed to hydroxyapatite
by hydrolysis at pH=10.8. The results showed good bioactivities of
coatings during soaking in simulated body fluid (SBF)(FigE).

In pure aqueous solution at applied pH, the surface nucleation
of hydroxyapatite and gradual transformation of brushite by the
dissolution-precipitation mechanism were confirmed. The
addition of Ca2+ions into the solution causes the acceleration of
brushite conversion to calcium deficient hydroxyapatite forms
(Fig.G). The stoichiometric hydroxyapatite is created after 24
hours from the immersion of brushite into the reactive solution. As
it was shown, the transformation in this case is carried out inside
of particles of powder brushite as well. This study contributes to
understanding how processes proceed e.g. during tetracalcium
phosphate biocement hardening, where brushite or monetite
represent one cement mixture component and brushite is
probably present in the starting stage of the new bone tissue
formation.

The effects of phosphoric acid and chitosan additions to
concentrated (1.5 mol dm 3) KH2PO4 solution as a hardening
liquid on setting characteristics, compressive strength and
microstructure of tetracalcium phosphate-dicalcium phosphate
cement in 100% humidity, or after soaking in SBF solution, were
studied [6]. The analysis of the reaction course in 100% humidity is
interesting at the start of hardening (this can simulate the
insertion of cement paste into body) and the study of
transformation processes in SBF can be important for longtime
application of cement in body. Besides this, attention was
focused on the analysis of reaction products from the point of
view of KH2PO4 as an accelerator of the hardening process. In
comparison with cement prepared using the pure KH2PO4
hardening liquid, a higher brushite amount in cement and faster
tetracalcium phosphate interaction with H3PO4 modified KH2PO4
hardening liquid were found in a very short period, from the
hardening liquid addition to starting cement mixture. The pH rose
faster in cement with KH2PO4 hardening liquid than in cements
with more acidic KH2PO4+H3PO4 hardening liquids. Higher
hydrogen phosphate content was observed in cements with
KH2PO4+H3PO4 hardening liquid. The phosphoric acid addition to
KH2PO4 caused a lowering of resistance to disintegration and an
increase in setting times of cements, which allows the possibility
for their control (Fig.H).
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Fig.E. Morphologies of calcium phosphate coatings prepared
at 800°C after biomimetic treatment in SBF solution for 4 days.
The kinetics of brushite conversion to calcium phosphate
(hydroxyapatite-like phase) in basic aqeous solutions and the
effect of calcium ions were evaluated [5]. The results of
experimental works showed that the calcium deficient types of
hydroxyapatite (Fig.F) are formed by the transformation of
brushite in aqueous solution with initial pH = 10.8 at temperature
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Fig.G. The changes of pH solution and Ca/P ratio in final
products during brushite hydrolysis at a temperature of 39 C
and initial pH 10.8 without addition of calcium ions, curves 1
and 2 (- - -) and with addition of calcium ions (0.5 g/120 mL),
curves 3 and 4 (—).

Fig.I.Changes in cement compressive strengths during soaking
in SBF for various times.
Cement with pure KH2PO4 hardening liquid was resistant to wash
out immediately after mixing (around 2 min). Chitosan addition
to KH2PO4+H3PO4 hardening liquid in an amount around 1wt.%
did not affect decrease in setting time or improvement of the
disintegration behaviour of cement. Compressive strengths were
around 80–100MPa in cements soaked in SBF without a chitosan
addition, and chitosan caused an approximately 15% decrease
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CHARACTERIZATION OF RARE-EARTH DOPED Si3N4/SiC
MICRO/NANO-COMPOSITES

SiC particles are situated at the grain boundaries rather than in Si3N4 grains in the composite containing Lu additive.

Peter Tatarko, Ján Dusza and Pavol Šajgalík
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Fig.2. Hardness values of investigated Si3N4 and Si3N4-SiC
materials.
On the other hand, intragranularly located SiC particles were
observed more frequently in the La-doped composite. We can
presume that lower viscosity liquid phase (larger ion of RE3+) tends
to form intragranular SiC particles whereas higher viscosity (smaller
ion of RE3+) promotes formation of intergranular particles of SiC.
8

Monoliths Si3N4
Composites Si3N4 + SiC

7

1/2

Microstructure, mechanical and functional properties of
monolithic ceramics, ceramic matrix composites, nanocomposites, layered composites and coatings. Wear and high
temperature characteristics of brittle materials (creep, slow
crack growth, oxidation, etc). Fractographic failure analysis and
prediction of the life-time and reliability of brittle materials. Prestandardization and standardization activities in the framework
of ESIS and VAMAS.

20

KIC [MPa.m ]

Research area:

Silicon nitride (Si3N4) based ceramics are most often used as
structural
components
especially
for
high-temperature
applications. The high-temperature properties of Si3N4 based
ceramics strongly depend on the oxide additives used for the
densification. The rare-earth oxide additives are considered as
the ideal additives for Si3N4 ceramics due to their high melting
point and because they control the
phase transformation
rates of the Si3N4, the grain growth anisotropy and the aspect
ratio of the -Si3N4.
Si3N4-SiC nanocomposites have been developed recently in
order to improve hardness, strength, as well as resistance to
creep, oxidation and corrosion of Si3N4 ceramics.
The aim of the present work is to study the influence of various
rare-earth additives on the microstructure and mechanical
properties of the Si3N4 monoliths and Si3N4/SiC micro/nanocomposites sintered with the same rare-earth oxide additives
(La2O3, Nd2O3, Sm2O3, Y2O3, Yb2O3 and Lu2O3).
The starting mixtures of the set of six Si3N4/SiC micro/nanocomposites consisted of the following powders: D–Si3N4 (grade
SN–E10, UBE Industries, Japan), amorphous SiO2 (50 m2g–1, Aerosil
OX–50, Degussa, Germany), carbon black (1000 m2g–1, Cabot)
and different rare–earth oxides RE2O3 (RE = La, Nd, Sm, Y, Yb, or
Lu). All compositions contained the same atomic amount of RE
element. The amount of SiO2 and C was calculated to achieve
5 vol. % of SiC after “in situ” carbothermal reduction process.
Simultaneously, a set of six reference monolithic Si3N4 materials
with the same composition of sintering additives were prepared
in order to compare the microstructure and mechanical
properties.
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Fig.3. Fracture toughness values of all studied Si3N4 and Si3N4-SiC
materials.

Fig.1. Microstructures of the monoliths sintered with a) La2O3; b)
Lu2O3 and composites sintered with c) La2O3; d) Lu2O3.
Bulk bodies of 65 mm x 65 mm x 5 mm were then hot-pressed at
1750°C with a load of 30 MPa and 0.15 MPa pressure of nitrogen
for 1 hour.
Bimodal microstructures were observed for all Si3N4 monoliths and
all Si3N4-SiC micro/nano-composites that consist of elongated Si3N4 grains embedded in the matrix of much finer Si3N4 grains.
Fig.1 shows the characteristic microstructures of monolithic Si3N4
and Si3N4-SiC composite sintered with the largest ionic radius of
RE3+ (La3+) and with the smallest one (Lu3+). The composites
additionally contain globular nano and submicron sized SiC
particles, intragranularly located in the Si3N4 grains or
intergranularly between the grains. The microstructures of the
composites were always finer compared to the microstructures
of the monoliths because the SiC particles hinder the growth of
the -Si3N4 grains during the evolution of microstructure. From the
microstructural observations using SEM and TEM it seems that the

The hardness of the composites was higher than those of the
monolithic Si3N4 (Fig.2). This can be attributed to the finer
composite microstructures as well as to the presence of harder
SiC particles in the Si3N4 matrix. Hardness increased with the
decreasing ionic radius of RE element in both the monolithic and
composite materials.
The fracture toughness measured by IS method was lower in the
composites because of their finer microstructures (Fig.3). It is
known that in such microstructures there are fewer possibilities for
toughening mechanisms.
The fracture toughness increased with decreasing ionic radius of
RE3+ (Fig.3). The materials doped with Lu exhibited the highest
aspect ratio of -Si3N4 grains and also the highest fracture
toughness in both monoliths and composite materials. On the
other hand, the materials with lower aspect ratio exhibited lower
fracture toughness except the monolith and composite doped
with Sm. Probably the different chemical composition of the
intergranular phase (apatite phase Sm10(SiO4)6N2 was detected
by X-ray analyses) compared to other materials (RE2O3 or
amorphous phases) can be responsible for the lowest fracture
toughness of this materials.
The mean four-point bending strength of studied monoliths and
composites are illustrated in Fig.4. The strength values slightly
increased with decreasing ionic radius of rare-earth elements,
except the Si3N4 doped by Y2O3 which exhibited the highest
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strength value. The SEM observations revealed pores and
inclusions of Fe as the critical flaws in both monolithic and
composite materials. In addition, an agglomerate of SiC grains
and non-reacted carbon zones were often observed in the case
of Si3N4-SiC composites.
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main creep mechanism in these materials. It seems that the creep
mechanisms in all studied materials are probably diffusion through
the intergranular phase connected with the solution/precipitation
and grain boundary sliding.
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Fig.4. Strength values of investigated Si3N4 and Si3N4-SiC
materials.
The Si3N4 with La2O3 and Sm2O3 additive exhibited the lowest mean
strength among all monoliths and similarly the Si3N4-SiC doped with
La2O3 and Sm2O3 exhibited the lowest strength among all
composites. This can be attributed to the fact that the
technological flaws were the largest in these materials compared
to the other systems as well as to the weaker interfacial strength.
Weak interfaces could induce a growth of natural flaws to critical
size at lower loads and thus yield, for a given flaw population,
lower bulk strengths.
The refined microstructure of micro/nano-composites did not result
in higher strength compared to the strength of Si3N4. This is caused
by the present processing flaws in the composites in the form of
agglomerates of SiC grains and non-reacted carbon areas whose
negative effect was more significant than the influence of the finer
microstructure.
Wear resistance was evaluated by ball-on-disc method of
tribology. Figure 5a shows the average friction coefficient
recorded during the test. It can be seen that the friction
coefficient increased with increasing ionic radius of RE3+. Similarly,
the wear volume also increased with increasing cation radius of
rare-earth element (Fig.5b). Wear resistance of composites was
always higher because of the beneficial effect of harder SiC
particles. We can conclude that the materials (monolith as well as
composite) sintered with the rare-earth element with the smallest
cation size (Lu2O3), i.e. the materials with the highest hardness and
fracture toughness and with the strongest bond in the glass
network, exhibited the highest wear resistance among all studied
materials. This higher bonding strength restricts the dropping of
individual silicon nitride grains during the wear experiments.
Wear mechanism was similar for all the studied materials and this
transition zone consists of the combination of features observed for
mechanical wear (micro-fracture) and tribochemical reaction.
The tribochemical reaction area is characterized by a relatively
smooth surface and the micro-fracture area is characterized by a
rough surface and accumulated wear debris.
The monoliths as well as the composites containing the smallest
ionic radius of RE3+ (Lu), the largest radius of RE3+ (La) and materials
sintered with the middle-sized of radius of RE3+ were chosen for the
creep resistance measurements. It was observed (Fig.6) that the
creep rate at 1300°C is almost 1 order of magnitude lower for Ludoped composite in comparison with Lu-doped monolith and
almost 2 orders of magnitude lower than La-containing monolith or
composite. The stress exponent was calculated from the slope of
strain-stress dependencies for all studied material. Its value was
close to 1 in all cases indicating diffusion (non-cavitation) as a
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Generally, strength of ceramics is degraded by the flaws which
are a priori present in the material as the result of an inadequate
processing route or flaws introduced during the surface finishing
of the specimens/parts. Due to the brittle character of ceramics
their fracture occurs suddenly when the stress intensity factor at
the crack tip, KI, reaches the critical value KIC.
The relationship between failure stress or strength Vf, flaw size a,
and fracture toughness KIC is given by the Griffith based
relationship:

Vf

Lu Yb

Y
0.90

La

Sm Nd
0.95

1.00

0.00
0.80

1.05

0.85

0.90

0.95

1.00

1.05

3+

Ionic radiusof RE [Å]

3+

Ionic radius of RE [Å]

Fig.5. Average friction coefficient a) and wear volume b) of all
materials.
No positive effect of SiC particles on the creep resistance was
observed in the La-containing composite. This can be explained
by the fact that SiC particles are located intragranularly rather
than intergranularly in this material. On the other hand, more
intergranularly located SiC particles in Lu-doped composite have
more beneficial effect on the creep resistance. The SiC particles
located between the Si3N4 grains hinder the grain boundary
sliding and hence improve the creep resistance. Another reason
for the improved creep resistance is that SiC particles change
the shape and chemistry of the grain boundaries and grain
boundary phases.

K IC ,
Y a

(1)

where Y is a numerical constant dependent on the loading
geometry and flaw depth.
The fracture surface of the ceramics after bending/tensile test
has some reproducible features such as fracture origin, mirror,
mist and hackle regions, which can be quantitatively related to
a stress at the fracture. Fracture mirror presents a relatively
smooth area that surrounded fracture origins and simplify finding
the location of the fracture origin. The empirical relation
between the fracture mirror size and the stress at the origin, Vf, is
given by:
(2)
A V R ,
j

f

SiC

Fig.2. SEM microstructure of plasma etched nanocomposite.
there was an obvious change in roughness relative to the mirror
(mist-hackle boundary). Fracture mirror size as a function of
fracture stress was plotted in order to determine the mirror
constant A0.

j

where Rj is the mirror radius, represents the boundaries at which
mist (inner mirror constant Ri) or hackle (outer mirror constant Ro)
occur and Aj is the corresponding mirror constant.
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Fig.1 Characteristic features on the fracture surface.
The aim of the work is:
• to study room temperature fracture of a Si3N4-SiC
micro/nanocomposite,
• to characterize the strength limiting flaws/fracture origins,
• to find relations between the strength values, fracture
toughness and fracture origins.
The studied material was prepared by carbothermal reduction
of SiO2 in order to achieve 5 wt % of SiC after densification.
Samples were hot-pressed under a specific atmosphere,
mechanical pressure, and heating regime at 1750 °C for 2 h.
Characteristic microstructure of the experimental material is
illustrated in Fig.1.
Thirty specimens with dimensions 3x4x45 mm3 were tested in four
point bend at a cross-head speed of 0.5 mm/min. The
characteristic strength and Weibull modulus were computed
using the linear regression method of two-parameter Weibull
theory. SEM and EDX analyses were used to localize and to
characterize the fracture origin. The shape of the fracture origin
was approximated by an ellipse, the minor and major axis length
were measured for the volume-located flaws, and the depth
and the width were measured for the surface-located flaws. In
the case of equiaxed flaws, the diameter was measured. Values
of flaw shape factor, Y, were estimated in accordance with
ASTM C 1322. Outer mirror radii, R0, were measured as a distance
from fracture origin to the point where hackle commenced and

Fig.3 Labelled Weibull plot.
Weibull distribution of the measured four point flexure strength
values of the investigated nanocomposite is shown in Fig.3. Using
the two-parameter Weibull statistics the characteristic strength of
material was V0 = 675 MPa and Weibull modulus was m = 6.4.
Following fractographic analysis revealed that one reason for
the relatively low characteristic strength is the presence of
processing flaws in the materials as is described in Fig.3, the cocalled Labelled Weibull plot. In most cases the location of the
fracture origins/flaws was in the volume (42%) of the specimens,
but they were also located near the surface (23%), on the
surface (20%), and at the edges (15%). Fracture origins were in all
cases processing flaws, machining induced flaws were not
found. Study of the size and shape of the fracture origins
revealed that their sizes were in the wide range from 5 Pm to 460
Pm, with the mean value of about 35 Pm. Their shape was mostly
elliptical, but circular-shaped fracture origins were also observed.
Fractographic analysis of the fracture surfaces of failure
specimens combined with EDX analysis revealed two main types
of processing flaws acting as failure initiating flaws in the studied
material. The first type of fracture origin was a porous region,
often connected with another type of flaw, Fig.4a. The second
type of fracture origin was clusters of large SiC grains; Fig.4b.
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Equation (1) can be used for calculation of the flaw size, c,
assuming that the stress at the origin at fracture and fracture
toughness of the material are known. Fracture toughness
measured by the standard single edge V-notch beam method
has a value of 3.75 ± 0.53 MPam1/2.

constants were found for monolithic silicon nitride, there is no
information concerning the fracture origins and the surrounding
areas of the nanostructured Si3N4-SiC ceramics.
This paper presented another method to estimate the fracture
toughness using the Griffith relation and experimentally
determined origin sizes. The value of fracture toughness
estimated from the relation between the flaw size and fracture
stress at fracture origin was found as 3.74 ± 0.75 MPam1/2. This
value is surprisingly consistent with the value measured using
standard SEVNB technique. The difficulties in the estimation of Y
factor for the individual defects and the fact that the origins
have different composition/microstructure than the surrounding
area caused a higher scatter of results. But mean value is equal
to the value from the SEVNB method.
140
volume flaws
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120

surface flaws
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FRACTURE CHARACTERIZATION OF LAYERED CERAMICS
Tibor Köves and Ján Dusza
One of the often used approaches to improve structural
reliability of advanced ceramics is the laminar composites
approach which promotes crack deflection at the interlayer
boundaries and/or utilizes compressive residual stresses
generated during cooling down from the sintering temperature
because of the differences in thermal expansion coefficients
between layers of different composition - the laminar structure
approach.
The aim of the present investigation is to study and to compare
different methods for the residual stress evaluation and to study
the influence of the residual stresses on the fracture toughness
anisotropy and crack propagation in the individual layers and
through the layers of a Al2O3 / Al2O3 + ZrO2 layered composite.
The residual stresses were investigated in the middle, at the outer
surface, and at the corner of specimens. As the first step a 3D
solid model was constructed and overall dimensions were
prescribed.

80
60

Fig.2 FEM mesh, and residual stress distribution for the 1/8th part
of the Al2O3 – Al2O3+Zr2O specimen.
where K is the stress intensity factor,
- characteristic stress, Y geometric function, a - crack size, KIC - fracture toughness.
An external crack in a component is considered. The distribution
of the stress perpendicular to the crack area in the uncracked
component along the location at the crack is V(x). The stress
intensity factor for this stress distribution is given by :
a
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Fig.5 Plot of calculated and measured flaw size.

Fig.4 Porous region connected with a large SiC grains a), large
SiC grains b).
In Fig.5 the calculated and measured (on the fracture surface)
origin sizes were compared. In most cases the measured size of
origin is larger in comparison with the calculated origin size.
According to Quinn and Swab there are three main reasons
which can cause c calc  c meas : crack tip blunting, the use of 2dimensional crack models and stress gradients. Stress gradient
and the crack blunting could be excluded. The stress at the
origin was used, not the maximum nominal stress. The SiC
nanoparticles theoretically could effect crack propagation and
cause a similar effect as crack blunting, but according to the KIC
value, this is not the case. The common practice is to model
origins with circumscribed circles or ellipses, or semicircles and
semi-ellipses as was used in this contribution. Use of the twodimensional model for the three-dimensional origin can lead to
discrepancies. Generally it is valid that the value of Y for a threedimensional model is less than or equal to the Y for a pennyshaped origin of the same cross section area. The utilization of
the two-dimensional model and overlarge Y factor caused the
calculated origin size to be underestimated.
Using the empirical relation for the fracture mirror size and the
fracture stress at the fracture origin, equation (2), it is possible to
obtain information concerning the mirror constant of the
material, Fig.6. The slope of the line is the outer mirror constant
(determined from mist – hackle boundary) and the value of this
constant is 8.02 ± 0.61 MPam1/2. This value is in good accordance
with the measurement on the similar silicon nitride monolithic
ceramics. Although enough results of the value of mirror
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Fracture Strength (MPa)
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Fig.1 Macrostructure of the specimen (A) and microstructure of
both layers (B, C) and their boundary (D).
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Fig.6 Plot of fracture stress versus the square root of the mirror
size.
x Using fractographic methods the fracture origin – their size and
location can be relatively easily determined
x Fractography with EDX analysis enables determining the type
of strength limiting flaws
x Using fracture mechanics the value of fracture toughness and
mirror constant can be calculated
x Flaw size can be computed from fracture mechanic analysis.
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Characteristic micro- and macrostructure of the individual layers
and boundary are illustrated in Fig.1. The cross-section of the
specimen with thinner Al2O3 layers (dark area) and thicker ZTA
layers (bright area) is illustrated together with details of the
individual layers (Fig.1B, C) and of the layer boundary (Fig.1D),
respectively. The thickness of the Al2O3 layers was 193 ± 5 m
while that of Al2O3 + ZrO2 was 529 ± 15 m.
Using theoretical approaches for the residual stress in the Al2O3
layer of the Al2O3/ Al2O3(60%)+ZrO2(40%) composite a value of
VAl2O3 = V1 = – 405MPa (compression), and in Al2O3+ZrO2 layer
VAl2O3+ZrO2 = V2 = 148MPa (tension) was calculated, Fig.2.
Using experimental/indentation approach for the residual stress
in the Al2O3 layer of the Al2O3/ Al2O3(60%)+ZrO2(40%) composite,
a value of VAl2O3 = – 214.2 MPa was obtained.
Comparing the residual compression stresses received from
different methods we can say that the calculated stresses using
the analytical model and FEM are in very good agreement, and
the experimentally measured value is lower comparing to these.
According to the results of FEM there are significant differences
in the residual stress values in the middle, at the surface or at the
corner of the specimen. The highest residual stresses (both
tension and compressive) are in the volume, on the surface the
residual stresses are lower and the stress distribution is different as
well.
According to the Griffith failure criterion:

K

V  Y  a t K IC

where h (x,a) is Weight function.
The integration has to be performed along the crack length from
x = 0 at the surface until x = a. The weight function h(x,a)
depends only on the geomery of the component. For an edge
crack in a bar, the weight function given by :
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where W is width of specimen.
Every material has its own fracture toughness value, this is a
Kintrinsic. The apparent R-curve given by:

K RC

K intrinsic  K residual

The apparent R-curve behavior of the investigated
material/specimen is illustrated in Fig.3 with the layer thickness of
the Al2O3 layer of 193 m and the layer thickness of the
Al2O3+ZrO2 of 529 m.

Fig.3 Apparent R-curve for 193 m width of Al2O3 and 529 m
width of 60 vol% Al2O3 + 40 vol% ZrO2 (ZTA) layers.
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ZrO2

ZrO2

CNF

ZrO2

ZrO2

Fig.2 Grain boundaries ZrO2/ZrO2 in a) HP composite with a CNF
at the interphase and b) with a disordered graphite at the
interphase.
In Table 1 the basic properties of the monolithic zirconia and for
the HP and SPS composites are presented. The hardness of all of
the composites (with both volume fraction of CNFs and
prepared by HP or SPS) is significantly lower compared to the
hardness of the monolithic material. The hardness of the SPS
materials is higher at both CNFs volume fractions compared to
the hardness of the HP composites which is in good correlation
with the measured densities.
Table I. Properties of the investigated materials.
HV 1
K Indent.
System/
Density
kg/mm2
MPam0.5
Properties
g/cm3

Fig.1 Microstructures of the a) characteristic shapes of the
carbon nanofibers; b) defects in the form of clusters of CNFs on
polished surface of the HP; c) HP ZrO2 + 2vol% CNFs composite,
thermally etched d) matrix in HP ZrO2 + 2vol% CNFs composite,
high magnification.
The SEM and TEM analysis revealed that the outer diameter of
the nanofibers varied from 50 nm to 600 nm and the length of
the fibers varied from several micrometers to several tens of
micrometers. Two types of fibers were identified; hollow pipe
shaped and bamboo shaped fibers as shown in Fig.1a. The hot
pressed monolithic zirconia was fully dense but the ZrO2-CNFs
composites contained porosity, which was associated with
clustering of the carbon nanofibers. Relatively large numbers of
CNF clusters were observed on the polished and fracture
surfaces of the composites in Fig.1b. In Fig.1c, d there is the
microstructure of the HP ZrO2-2.0 vol.% CNF. The monolithic
zirconia consists of submicron/nanometer sized grains
with randomly occurring defects in the form of pores with
dimensions of approximately 100-200 nm. The microstructure of
the composite consists of a similar or an even smaller grained
matrix with relatively well dispersed CNFs in the matrix, the
locations of the burned out CNFs during thermal etching. In
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ZrO2 HP
ZrO2 +
2.0%CNF-HP
ZrO2 +
3.3%CNF-HP
ZrO2 +
2.0%CNF-SPS
ZrO2 +
3.3%CNF-SPS

6.05
5.2

1400 ± 28
820 ± 30

6.24 ± 0.1
5.5 ± 0.17

Electrical
conductivity
S/m
630 ± 149

5.0

654 ± 25

4.75 ± 0.24

985 ± 200

5.68

968 ± 42

6.4 ± 0.42

391 ± 117

5.52

802 ± 38

5.2 ± 0.35

813 ± 273

The indentation toughness decreased after the addition of CNFs
to the zirconia except for the SPS composite with 2.0 vol% of
CNFs where a slight improvement has been found Fig.3.
The electrical conductivity increased significantly from a very low
value (it was not possible to measure the exact value of the
zirconia because of the limitations of our measurement
equipment) to the maximum value of 985 S/m for the HP
composite with 3.3vol% of CNFs. The electrical conductivity the
HP composites exhibit in all cases is higher compared to the SPS
materials. This is surprising considering the higher density of the
SPS composites in comparison to the HP composites.
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One of the potential applications of carbon based filamentous
nanomaterials is in the form of reinforcement in polymer and
ceramic composites where they produce improved mechanical
and functional properties. To date only limited work on systems
like silicon nitride or zirconia has been done. Furthermore, the
reinforcing element has mainly been CNTs and only a few
investigations have involved carbon nanofibers. Therefore the
potential advantages of CNFs compared to CNTs (price, shape,
morphology) as reinforcing elements is still largely unexplored.
Besides their functional properties, the investigations on
ceramic/CNT or CNF composites focused on their basic
mechanical properties such as hardness, strength and fracture
toughness but only limited work on their tribological
characteristics was attempted. In these studies it was observed
that the friction coefficient was reduced through the addition of
CNTs to the ceramic matrix.
The aim of the present work was to study the effect of the
addition of carbon nanofibers on the tribological properties of
hot-pressed zirconia/1.07wt% carbon nanofiber composite.
The composite was prepared using a commercial ZrO2 powder
(TZ-3Y, Tosoh, Japan) and carbon nanofibers (1.07 wt %).
Specimens in the form of disks with diameter of 10 and 20 mm
were die-pressed and then hot-pressed at 1300 °C and 40 MPa in
argon. As a reference material, monolithic ZrO2 was prepared
under similar conditions.
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Fig.3. Friction coefficient and wear rate as functions of the
applied load.
Both materials exhibited stable friction, which did not depend on
the sliding speed. The main wear mechanism in the zirconia is
self-polishing by low intensity abrasion.

Fig.4. Detail of the wear track in ZrO2+CNF composite showing
CNFs pulled out and transferred film on the worn surface.

Zr

a

Zirconia
grain

b

Carbon
nanofiber

Zr
Fig.1. Microstructure of the experimental material: ZrO2/ ZrO2
grain boundary in the ZrO2+CNF composite (HREM).
The wear test was carried out on a commercial scientific
tribometer using the ball-on-disk technique. As friction partners,
alumina balls with 6 mm diameter were used. Load of 1 and 5 N
and various sliding speeds were applied. Testing was done in air,
at room temperature in dry conditions. The friction coefficient
and wear rates were measured and the damage of the worn
parts was studied.
0.6

ZrO2

0.5

Fig.5. Schematic illustration of wear and carbon tribofilm
formation in ZrO2+CNF composite. Polished surface before the
wear test -(a), and tribofilm formation during the wear test - b).
In the composite some of the CNFs with larger diameter were
ground at both applied loads, and the resulting graphite
together with the crushed pulled out CNFs created the
transferred film, Fig.5. The excellent friction coefficient of the
composite is related to the smearing of this film over the contact
area, which permits easy shear and then helps to achieve a
lubricating effect during sliding.
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In the last few years new ceramic/carbon nanotube composites
have been developed and a number of authors have reported
improved mechanical and functional properties in the case of
ceramic/CNT composites compared to the monolithic material.
Three main problems have been recognized during these
investigations; dispersion of the CNTs in the matrix, densification
of the composites and degradation of the CNTs. Conventional
mixing of CNTs with the matrix powder requires long milling times
which may damage the CNTs. Alternative processing routes
have been investigated that result in better dispersions and
reduced damage of CNTs. These include in situ growth of CNTs
during the processing or ceramic synthesis in situ on CNTs.
Regarding the densification of the composites, authors have
mainly used hot pressing (HP) or spark plasma sintering (SPS). Hot
pressing often results in incomplete densification because the
CNTs inhibit the densification, especially at higher volume
fraction of CNTs. It has been reported that using SPS improves
densification.
The aim of the present contribution is to investigate the influence
of the two different sintering routes and carbon nanofiber
addition on the microstructure, the mechanical and electrical
properties of zirconia/carbon nanofiber composites.
The processing steps of the materials preparation and the
characterization/testing methods are described in [1]

TRIBOLOGICAL BEHAVIOR OF CARBON NANOFIBER/ZIRCONIA
COMPOSITE
friction coefficient

Ján Dusza, Gurdial Blugan, Jerzy Morgiel, Jakob Kuebler, Fawad
Inam, Ton Peijs, Michael J. Reece, Viktor Puchý

monolithic zirconia the grain boundaries were clean interphases
between two ZrO2 grains with no secondary phase. In the
composites beside these grain boundaries we found two other
types of boundaries illustrated in Figs. 2a and 2b. The first was a
ZrO2 / ZrO2 boundary with a carbon nanofiber with a diameter of
approximately 20 nm (Fig.2a) and the second (Fig.2b) a ZrO2 /
ZrO2 boundary with disordered graphite, resulting from the
degradation of CNFs during the powder preparation and
sintering .

friction coefficient

HOT PRESSED AND SPARK PLASMA SINTERED ZIRCONIA / CARBON
NANOFIBER COMPOSITES
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Fig.2. Friction coefficient during the testing of the ZrO2+CNF
composite at 1 N load compared to the results for the
reference material at 10 cm/s.
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INDENTATION CREEP OF A FREE-STANDING EB-PVD TBC

CREEP LABORATORY

CERAMOGRAPHY LABORATORY

V. Jan, F. DorĀáková, J. Dusza and M. Bartsch

at the Structural Ceramics Department

at the Structural Ceramics Department

Thermal barrier coatings (TBCs) are used in advanced gas
turbines as insulating materials with sufficient thickness and
durability in order to sustain a substantial temperature difference
between the internally cooled load bearing alloy and the
coating surface.
The aim of work was to study the indentation creep behaviour of
a free-standing thermal barrier coating material under different
temperatures and loads in air, and to investigate and
understand the microstructure changes under these conditions.
The experimental material was prepared at the IMR DLR Köln,
Germany. A technique using a flat cylindrical indenter with
diameter of 2 mm was used for indentation creep tests.
After the creep test, specimens were broken into two parts and
both fracture surfaces and polished sections were studied with
the aim to investigate the creep mechanisms.

The creep laboratory is concentrated on the mechanical testing
service of advanced ceramic materials at temperatures up to
1500°C. This laboratory contains 3 lever-arm creep frames. Each
is equipped with a furnace for conducting tests at elevated
temperature.

The ceramography laboratory is equipped with the basic
machine for the proper sample preparation which is the essential
if true microstructure is to be observed, identified, documented
and measured.
The laboratory contains the low speed cutting machine, grinder
and polisher Struers, and equipment for the preparation of thin
foil for the TEM observation.

Tests methods:

Fig.2. Creep curves measured at different temperatures with 50
MPa load. Strain rates are noted with the curves.

• Creep in four-point bending mode, compression and
indentation creep up to 1500°C
• High temperature bending strength measurements up to
1500°C
• Measurement of stable crack growth at elevated
temperatures up to 1500°C
• Measurement of thermal shock resistance
Modes of Creep Testing:

Fig.1. Undeformed profile of the specimen - several layers with
columnar crystals are visible and detail of the undeformed
profile – the sub-layer of fine, shorter crystals is visible.
The as-received material consisted of three consecutive layers of
EB-PVD deposited crystals (fig.1). The thickness of the layers
varied between 500 and 200 Pm. Each of the layers consisted of
two sub-layers. The lower sub-layer consists of fine crystals, which
form sets that have a common point of crystal growth beginning
and have a thickness of about 20 Pm. Above this sub-layer of
fine crystals a sub-layer of coarse columnar crystals is formed.
According to the creep results the creep deformation is minimal
for the temperatures in the interval from 1100°C to 1200°C and
reasonable deformation takes place only at temperatures
above 1200°C. The strain rate (impression rate) is changing in the
interval from 1.56 10-8 to 2.06 10-7 mm/s. The values of strain rates
systematically grow with higher temperatures and higher strains,
which is evidence concerning the applicability and
reproducibility of the indentation testing method for this material.
The stress exponents calculated for the investigated range of
temperatures are illustrated in fig 3. The stress exponents are
changing in the interval from 0.05 to 1.12. No influence of
applied stress on the strain rate was found at the temperature of
1100°C with the calculated stress exponent of 0.06. At the
temperature of 1200°C the value of the stress exponent was
found still to be very low (0.42) and only at the highest
temperature was found a value for the stress exponent higher
than 1. The values of activation energies were also low, varying
in the interval from 215 to 329 kJ/mol. Three different structural
changes were possible to identify comparing the undeformed
and deformed specimens. First, the lower part of each layer
consisting of fine crystals with high porosity was compressed and
the crystals sintered to form what appears to be a compact
layer. Fig.4 shows the uncompressed porous layer of fine crystals
that is compressed and sintered during the indentation creep
test. The second mechanism was the bending of the lower ends
of the bigger crystals above this newly sintered layer. Third, the
long stiff crystals, which form the majority of the TBC ceramic
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Fig.3. Stress exponents calculated for the investigated
temperatures.
layers, did resist the load very well, however, when they were not
exactly parallel with the applied force, the crystals slip on each
other and started to lay down, resulting in further overall
deformation of the specimen.

Bending Creep

Compressive Creep

Preparation method:
Sectioning – Low speed cutting machine – most commonly used
are metal bonded diamond cutting wheel, although for very
brittle and sensitive ceramics - resin bounded cutting wheel are
recommended.
The grinding and polishing machine (Planopol Pedemax Struers)
for manual or semiautomatic preparation of ceramic specimens.
Different specimen holders can be used for clamping various
kinds of shapes of specimens. The machine allows preparation of
materials with different hardness and toughness using various
polishing cloth and diamond suspensions with grind size from 15
m to 0.25 m.

Indentation Creep

Equipment:
-

HTTF-1 (SSL) furnace – four point bending test of ceramic
materials subjected to loads typically in the range of 0.25 to
1.0 kN and temperatures up to 1500°C under a controlled air
atmosphere.

-

HTTF-2 (SSL) furnace – compression testing system for
operation to 1500°C in air atmosphere with fully articulating
fixtures for 4-point bend testing, feature rigid support frames
with integral high temperature furnace systems rated to a
load capacity of 1 kN.

-

HTTF-2 furnace – four point bending creep test mode with a
load capacity of 1 kN and temperatures up to 1500°C under
air atmosphere. The furnace is equipped with a continuous
load system for the high temperature four-point bending
strength measurements.

Thin foil preparation for observation of microstructure using
Transmission Electron Microscopy (TEM). The following
equipments are required for sample preparation:
• ultrasonic disc cutter – allows cutting of 2.3 and 3mm (in
diameter) TEM disc
• disc grinder – reduce the thickness of the TEM disc to around
100 m
• dimple grinder – reduces the thickness of the central region of
TEM disc to approximately 20 m

Fig.4. Detail of the sub-layer at base of the columnar crystals
that is being densified (polished specimen).
Microstructure investigation of a EB – TBC system and indentation
creep tests of a free-standing samples of 8-YSZ EB-PVD deposited
layers used as TBC topcoats were carried out at temperatures
from 1100 to 1300°C with stresses 30 – 70 MPa. The indentation
creep technique was found suitable for the characterization of
the creep behavior of free standing thermal barrier coatings.
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LABORATORY OF ATOMIC FORCE MICROSCOPY

LABORATORY OF INSTRUMENTED INDENTATION

LABORATORY OF TRIBOLOGY

THIN SOLID FILMS LABORATORY

at the Structural Ceramics Department

at the Structural Ceramics Department

at the Structural Ceramics Department

at the Structural Ceramics Department

Atomic force microscopy (AFM) or scanning force microscopy
(SFM) is a very high-resolution type of scanning probe
microscopy, with demonstrated resolution on the order of
fractions of a nanometer. It allows users to reconstruct very
precise 3D representation of topography of the observed
surface, and to observe mechanical, electrical and magnetic
properties of materials.

Instrumented indentation / nanoindentation is a technique
where in the course of the indentation process, a precise record
of the depth of penetration and loading force is kept during
loading and unloading. Then hardness, stiffness, elastic modulus
and other mechanical properties as functions of depth can be
calculated.

The laboratory of tribology performs testing and evaluation of
friction and wear of materials.

The Thin Solid Films laboratory performs research and
development of hard and wear resistant tribological coatings.

Equipment:

Equipment:

High Temperature Tribometer, by CSM Instruments
Measuring method: Pin-on-disc;
Dry sliding or in lubricant;
On air or short testing in protective
atmosphere

Hybrid PVD/PE CVD system

Equipment:
Equipment:
AFM Dimension ICON, by Veeco Instruments

Technical specifications
• Motorized XY-stage
• Samples max 120 mm radius
• Max scan size 100x100 m
• Low noise, insulated hood
• Video: 508-4010x
• Tube scanner – movement in 3 directions
Modes of operation
• Contact mode (also in fluids)
• Tapping mode (amplitude, phase imaging)
• Lateral Force Microscopy (LFM)
• Friction Force
• Force Modulation
• Magnetic FM
• Electric FM, Surface Potential Detection
• Dynamic modulation
• Nanoindentation
• Piezoresponse
• Scanning Tunneling Microscopy
• Peak Force QNM – quantitative nanomechanical mapping of
material properties

Table Top Nanoindentation Hardness Tester – TTX NHT2, by CSM
Instruments

Technical specifications
• Motorized programmable XY-stage (prec. 1μm)
• Various tip geometries
• Load resolution 40 nN
• Instrumented indentation testing from 0.1 to 500 mN
• Dynamical mechanical analysis
• Continuous Multicycle modes
• Sinus loading mode

Technical specifications
• Ball: 6 mm diameter
• Steel, hardmetal, Al2O3, Si3N4, ZrO2
• Static loading: 0.1 – 10 N
• Maximum friction force: 10 N
• Friction force resolution: 5 mN
• Temperature: up to 800 °C (up to 1000 °C with auxiliary
furnace), ± 3°C
• Rotation:
o
Rate: 0,3 – 500 rpm
o
Maximum diameter: 30 mm
o
Maximum torque: 450 mN.m
• Output: friction coefficient, wear depth

Technical parameters
• Electron Beam Gun – Output max. 10 kV/1.2A
• Magnetron with 10 cm diameter 1kW/ 13,56 MHz
• Sublimer
• Bias max. 5 kV/ 3 A
• Gas filling system Ar, N2, C2H2, H2
• Rotating and planetary movement
• High rate of deposition 0.01 - 10 m /min
Activities
• Preparation of transition metals nitrides and carbides coatings
• Development and research of nanocomposite WC/C and
CrC/C systems prepared by the PE CVD method from
organometallic precursors

Quantification by profilometry and microscopy:
• Stylus profilometer Mitutoyo SJ-201
o
roughness and line profiles
o
resolution 0.01 m

TEM + microdiffraction

WC0.82
~500nm

WC coating on high-speed steel
(FIB prepared sample)

SAED pattern from the coating
area (marker)

Continuous Multicycle Loading – load-penetration curve and
analysis of depth profiles of hardness and modulus of elasticity
Atomic resolution on a mica sample.

72

• Measuring optical microscope with PC workstation

Identification of SAED pattern
(JEMS software)

Microdiffraction patterns showing nanocrystalline character of
deposited thin films.
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Microstructural and Chemical Analysis

The laboratory of microstructural and chemical analyses
(LMCHA) belongs to the Laboratory departments of IMR SAS.
Head: Ing. Juraj urišin, CSc.
jdurisin@imr.saske.sk
+421-55-7922 435

Vice Head: RNDr. Peter Ševc, PhD.
psevc@imr.saske.sk
+421-55-7922 401

Specialization
The major objective of LMCHA research group is to investigate
microstructural and chemical properties of metal and ceramic
materials in relation to their physical and mechanical properties,
by using light and electron microscopy techniques, X-ray
diffraction and chemical methods. LMCHA involves itself
activities focused on fundamental material research,
collaboration with universities, research institutes and industrial
subjects on national and international levels. Special attention is
traditionally devoted to the East Slovak region.
Test methods

Helena erve áková
hcervenakova@imr.saske.sk
+421-55-7922 454

LMCHA is experienced in preparation of a relatively large area of
powder and compacted materials - metals, ceramics and
composites and the determination of:
• microstructure and morphology via light microscopy and
electron microscopy
• grain/crystallite size and strain, internal stresses

Automatic grinding and polishing machine
• electrochemical polishing of metal (composite) materials

• hardness and microhardness

Róbert Džunda
rdzunda@imr.saske.sk
+421-55-7922 424

• qualitative and quantitative chemical analysis trough EDS and
AAS methods
• IC, DSC a DTA analysis
• development of chemical analytical methods
• chemical synthesis of materials
• phase composition and crystal orientation via EBSD and TEM
techniques

Stanislav Kalina
skalina@imr.saske.sk
+421-55-7922 428

• phase qualitative and quantitative analysis by X-ray diffraction
analyses
• electric properties measurements
• covering metal and ceramic materials by the PVD method
• fractography and failure analysis

Želmíra Kandrá ová
zkandracova@imr.saske.sk
+421-55-7922 438

Electrochemical polisher
• ion bombing of metal and ceramic material

Karol Kova
kkoval@imr.saske.sk
+421-55-7922 424

RNDr. Ján Mihalik
jmihalik@imr.saske.sk
+421-55-7922 403
Sample preparation

Edita Ridar íková
eridarcikova@imr.saske.sk
+421-55-7922 438

Metallographic cuts for microstructure observation and analysis
(light and electron microscopy) can be prepared by the
following techniques:
• mechanical polishing of metal, ceramic and composite
materials
Ion polishing system
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Optical microscopy

Scanning electron microscopy

Transmission electron microscopy

X-ray diffraction laboratory

The scanning electron microscopy (SEM) provides topographical
and compositional information about samples at much greater
magnifications and depth of field than is possible with light
microscopy. The combination of SEM Jeol JSM 7000F with
analytical units EDX, EBSD Oxford Instruments provides unique
qualitative and quantitative datasets suitable for detail
chemical/elemental and phase compositions.

The transmission electron microscopy (TEM) is used to
characterize the microstructure of materials with very high spatial
resolution. Information about the morphology, crystal structure
and defects, crystal phases and composition can be obtained
by a combination of electron-optical imaging, electron
diffraction and small probe capabilities. The transmission electron
microscope uses a high energy electron beam transmitted
through a very thin sample.

The X-ray diffraction laboratory provides very valuable
crystallographic information about a wide variety of materials
e.g.: metal, ceramic and composite specimens. It is capable of
determining phase compositions, quantitative portions of phases
(in some favorable cases) and crystallite size together with
macro/micro stresses. Measurements can be carried out at
elevated temperatures in protected atmosphere or vacuum,
investigating phase transformation of ferrous and non-ferrous
materials. The laboratory is equipped with an X-ray
diffractometer from Philips X`Pert Pro.

Microstructures are studied by optical microscopy for
dimensional measurements down to 1 micrometer. The method
includes bright field, dark field, polarized illumination, differential
interference contrast observations. Obtained images are
recorded in digital form by camera. The laboratory is equipped
with two kind of metallographic microscopes: Olympus GX 71
and Neophot 32.

The laboratory is equipped by TEM Tesla BS 500 having
accelerating voltages 90 kV. Sample preparation for TEM
generally requires more time and experience compared to the
SEM technique. Specimens for TEM must be sufficiently thin (in
range of tens of nanometers) in order to be transparent for
incoming electrons. Thus, thin foils are prepared by
electropolishing and by focused ion beam methods.
Observation of carbon replica is also both desired and frequent.

Optical microscope Olympus GX 71

Scanning electron microscope Jeol JSM 7000F
Similar equipment for routine work with magnification up to
20 000 is the SEM Tesla BS 340 with EDX unit.

Transmission electron microscope Tesla BS 500
X-ray diffractometer Philips X`Pert Pro

Optical microscope Neophot 32

Scanning electron microscope Tesla BS 340
Information from SEM can be displayed in a variety of ways, such
as spectra, numerical data, line scans and X-ray dot maps
showing the distribution of elements.

Carbon coating machine

Microhardness tester LECO LM700AT
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High temperature chamber for in-situ XRD experiments

Equipment for sample coating
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Microstructural and Chemical Analysis

Mechanical Testing

Chemical laboratory
The main objective of the chemical laboratory is to develop new
analytical methods for non standard materials, provide the
elemental qualitative and quantitative analyses and develop
synthesis process of new inorganic materials.

Head: RNDr. Miroslav Džupon
mdzupon@imr.saske.sk
+421-55-7922 453

Present key equipment at LMCHA
• JEOL JSM-7000F Multi-Purpose High Performance Thermal Field
Emission SEM, the Schottky type field emission electron gun
makes it possible to achieve a very stable electron beam, the
microscope is equipped by Oxford Instruments Analytical Units:
o

EDS system - providing elemental analysis from submicron volume.

o

EBSD unit - for phase identifications and crystal
orientation analysis.

Ing. Ladislav Ková
lkovac@imr.saske.sk
+421-55-7922 491

• SEM Tesla BS 340 with EDS unit LINK
• TEM Tesla BS 500, 90kV
o

Automatic grinding and polishing machine Buehler

o

Simultaneous thermal analysis NETZSCH STA 449 F1 Jupiter

• Electrolytic polishing equipment
• Ion polishing equipment - preparation of thin foils for TEM
• X - ray diffractometer Philips X`Pert Pro equipped with:
o

High temperature camera up to 16000C,

o

Ultrafast detector - X`Celerator; (100x faster then the
conventional scintillation or Geiger type)

o

Diffracted beam monochromator (for scanning materials
containing Fe)

• Light microscopes – Olympus GX 71, Neophots
• Microhardness tester – Leco
• Atomic Absorption Spectrometer (AAS)
• Precise Impedance Analyzer – AGILENT 4294A

78

79

Mechanical Testing

Technology and Design

•
•
•
•

Specialization
The Department of Mechanical Testing is concentrated on the
mechanical testing service of compact, powder metallurgy and
advanced ceramics materials in the temperature range from
-196°C to 1400°C. Measuring parameters are linked with the
national standards. The Department of Mechanical Testing also
participated in development and research of the new test
methods.
Test methods

Tensile strength
Bend strength
Hardness test
Fatigue test

Head: Ing. Vladimír Katana
vkatana@imr.saske.sk
+421-55-7922 418

c) Advanced ceramics Fig.3.
•
•
•
•
•
•

Impact bending test
Bending strength test
Measurement of stable crack growth
Fracture toughness SEPB, SEVNB
Measurement of Young’s modulus
Hardness test by Vickers, Knopp and Rockwell

Vice Head: Dušan Mochnacký
+421-55-7922 499

a) Ferrous, non – ferrous metals and their alloys, welded joint,
plastic materials Fig.1.
x
x
x
x

Tensile test
Brittleness test
Break test
Impact bending test

Marek Gonc
+421-55-7922 499

Milan Novák
+421-55-7922 499

Fig.3.

Fig.1.
•
•
•
•
•
•

Uniaxial tensile creep test up to 600°C
Tensile test at high temperatures up to 1400°C
Tensile test at low and high temperatures
Hardness test by Vickers, Brinnell and Rockwell
Impact bending test at low and high temperatures
Fracture toughness test at static load (KIC , IC, JIC)

• Measurement of stable crack growth at room and high
temperatures up to 1450°C
• Creep in bending, compression and indentation creep up to
1450°C
• Thermal shock resistance
Interconnection of test equipment with the national standards
For attestation and calibration of the tests performed at the
Department of Mechanical Testing, the services of the national
legal metrology or accredited laboratories are used.
Cooperation

b) Powder metallurgy Fig.2.
• Impact bending strength
• Strength test in uniaxial tension

In general, cooperation with production is oriented on:
• Complex materials expertise in material engineering of steels,
non – metals materials on an aluminous base and die – casting
casts. Evaluation and optimization of the mechanical
properties for materials in real production conditions.
Proposing applications for new progressive materials.

Jozef Novák
+421-55-7922 499

Jozef Prevuž ák
+421-55-7922 499

Štefan Siládi
+421-55-7922 499

• Expertise operating of materials in a limited state at the
production conditions (abrupt fracture, loss of function
properties, accident, loss of service life & reliability).
• Performance of mechanical tests of the aluminium casts for
the automotive industry, mainly measurements of permanent
deformation after tension load.
• Work is oriented toward a wide range of industrial companies
such as Alcast a.s., Mops Press s r.o., Bohler-Uddeholm s.r.o., US
Steel s.r.o. Košice, Železiarne Podbrezová a.s. and others.
Fig.2.
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Technology and Design

Technology and Design

The department of Technology and Design emerged through a
combining of the mechanical workshop and the department
of powder technology for the purpose of effectively meeting
the needs of the institute and fulfilling commercial agreements.
The department is comprised of three divisions:
a/ division of mechanical workshops and maintainance
machinery:
•
•
•
•

4 lathes Ø 250-1000
4 mills 600x 400x400
electro-spark cutter EIR 005 800x250x250
2 plane grinders 500x200

activities:
• pressing test samples
• measuring powder properties and PM compacting
• pressing components for commercial contracts
c/ division of thermal processes and sintering
machinery:

machinery:

• continuous sintering furnace FHD 200x150, 1250°C, reduction
atmosphere N2 + H2
• tube sintering furnace for carbolite Ø 100, 1250°C,
atmosphere N2 + H2
• Mars furnace ovens
• chamber ovens 300x300 t 1500°C

•
•
•
•

• quenching to 1200°C and sintering to 1250°C in a reduction
atmosphere 90% N2+ 10%H2 with dew point -50°C and more

b/ division of powder technologies
6x100 t hydraulic presses
1x 45 t hydraulic press
1x shredder 10 t
equipment measuring powder properties and PM samples

activities:

Team of operators

activities:
• mechanical repairs of resident instruments and equipment
• flow of materials and production of test samples (threaded
and flat tensile test specimens, notch samples, special micro
tensile specimens)
• design and production of tools for powder samples and for
parts manufactured by PM
• design and production of fixtures and equipment required
for other departments
• commercial activities – production of components for
external organizations
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Informatics Computers and Applied Mathematics

Head: Ing. Radovan Bureš, CSc.
rbures@imr.saske.sk
+421-55-7922 415

Ing. Marek Ko ík
mkocik@imr.saske.sk
+421-55-7922 414

Informatics Computers and Applied Mathematics

Informatics  e-library, institute databases, internal information
system
Computers ¤ LAN, 9 servers, 10 virtual servers ~80 PC,
~20 notebooks, computers connected to equipment –
hardware, software
Applied Mathematics q image analysis, stereology, statistics,
scientific calculations in connection with scientific departments
INFORMATICS
Development and periodic updates of the IMR databases:
• publication activities of IMR
• internal database of Institute employees
• work time registration
Intranet information portal of IMR:

Head of Library: Mgr. Katarína Ondrejová
zis@imr.saske.sk
+421-55-7922 409

• the publication of minutes from meetings (head, scientific
board, presidium of SAS etc.)
• accounting of central network printing and telephone calls
• current information about project budgets
• directives of the management of IMR
Sub-department – Library:

Jarmila Vendráková
zis@imr.saske.sk
+421-55-7922 409

• monitoring of publication and citation of IMR
• e-library services
• library statistics
APPLIED MATHEMATICS

Virtualization of servers and applications
We utilize virtualized servers for e-mail, web and network
management services. The virtual education laboratory of
microstructural analysis integrate scientific analytical software
for material science such as xrd databases, an analytical and
reporting system for scanning electron microscopy including
EDS and EBSD analysis. Applications for mathematical and
physical modelling of processes in material science and
technology were integrated into the laboratory of computing
materials engineering. Mechanical engineering, chemical
thermodynamics and kinetics are the main topic of virtualized
workstations. Virtualized applications are shared in LAN. Users
can utilize virtual applications after installing the small utility for
remote connection to their computer. Advantages are
centralized maintenance, upgrades and backup of installed
software and databases.
The basic ideas of virtualization are sharing applications,
optimization of hardware and software utilization, minimization
of downtime and backup of critical data. In present days we
are realizing virtualization of all LAN servers with the goal to
create a cluster of virtual servers.
However, virtualization requires reliable hardware infrastructure.
We started to build a new optical backbone for LAN. A fast
network will be necessary for two videoconferencing rooms.
These new multimedia rooms are prepared for better
communication and co-operation of IMR with project partners
and education. Videoconferencing hardware and software
enable sharing live images and sounds from laboratories and
offer higher quality for presentation of scientific results to the
workgroup, student and public.

• Image Analysis – Stereology – Statistics: development of
methods for evaluation and quantification of microstructure
and fracture of materials.
• Thermodynamics calculations: definition of the boundary
condition of experiments - sintering and heat treatment of
materials.
• Algorithmization and digitizing of the scientific data e.g.
creep testing, continuous monitoring of compaction process
of PM materials, heat treatment thermo-cycle.
COMPUTERS
Intranet - Local area network (LAN) of IMR consists of the file
server, application server and print server based on the Novell
Netware operating system. Secure firewall with IP address
translation isolating the Extranet area (web and mail server)
from LAN.
File server is dedicated to data storage and sharing for the
users and work groups. The application server based on Novell
ZenWorks provides pre-installed executable applications to LAN
users such as antivirus protection, graphic viewer and editor,
web browser, e-mail client, translator and dictionary and other
office applications depending on requirements. The print server
is based on a color laserjet network printer and accounting
system.
The last five years have been focused on a transformation of
network infrastructure from comercial to open source software
products with the same or better functionality. We also paid
attention to monitoring and remote control of the network.

Library

Within the framework of the ERDF project “Modernizing of
infrastructure and internal edu-laboratory equipment for better
condition of educational processes” from year 2009 to 2011,
began the modernization of infrastructure for information and
communication technologies of institute.
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Informatics Computers and Applied Mathematics
RETROSPECTIVES
Participation in international and domestic projects

Multilateral International Projects
Project name:
Programme:
Coordinator:
Scientist in
charge at IMR
SAS:
Realised:

Prof. M. Anglada, Universidad Politechnica
de Catalunya, Barcelona, Spain
Prof. RNDr. Ján Dusza, DrSc.

Project name:

PM Training Courses

Programme:

Marie Currie Conferences and Training
Courses Action)
Prof. Ing. udovít Parilák, CSc. (Doc. Ing. Eva
Dudrová, CSc.)

Scientist in
charge at IMR
SAS:
Coordinator:

Mr. J. Wroe, EPMA, Shrewsbury, UK

Realised:

2005-2008

1.9.2002 – 31.8.2006

Project name:

Project name:

Polar Electroceramics (POLECER)

Programme:

Competitive and Sustainable Growth
Programme (GROWTH)
RNDr. Vladimír Kova , PhD.

Programme:
Coordinator:

Scientist in
charge at IMR
SAS:
Coordinator:
Realised:
Project name:
Programme:
Scientist in
charge at IMR
SAS:
Coordinator:
Realised:

Ms. Wanda Wolny, Ferroperm
Piezoceramics A/S, Kvistgard, Denmark
1.4.2002 – 31.3.2006
Electromechanical Characterisation of
Ferroelectric Thin Films under
Nanoindentation
Improvement of Human Potential
(GROWTH – 5RP)
RNDr. Vladimír Kova , PhD.
Dr. Michael Reece, Queen Mary University
of London, Materials Department, U.K.
3.3.2003 – 2.3.2005

Project name:

Network for Nanostructured Materials of ACC

Programme:
Scientist in
charge at IMR
SAS:
Coordinator:
Realised:

FP6
Prof. RNDr. Ján Dusza, DrSc.

Project name:
Programme:
Scientist in
charge at IMR
SAS:
Coordinator:
Realised:
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Structural Integrity of Ceramic Multilayers
and Coatings
RTN, FP5

Prof. RNDr. Ján Dusza, DrSc.
1.8.2004 – 1.8.2006
Knowledge-based Multicomponent
Materials for Durable and Safe
Performance
FP6 NoE
Prof. RNDr. Ján Dusza, DrSc.
Prof. W. Nowacki, Institute of Fundamental
Technological Research, Warsaw, Poland
1.10.2004 – 1.10.2008

Scientist in
charge at IMR
SAS:
Realised:
Project name:
Programme:
Coordinator:
Scientist in
charge at IMR
SAS:
Realised:
Project name:
Programme:
Coordinator:
Scientist in
charge at IMR
SAS:
Realised:
Project name:

Programme:
Coordinator:
Scientist in
charge at IMR
SAS:
Realised:

Carpatian Virtual Research and Innovation
Centre
HUSKUA
Prof. Dr. László Tóth, Bay Zoltán Institute,
Miskolc
Prof. RNDr. Ján Dusza, DrSc.
01/2006 – 12/2008
Macro, Micro and Nano Aspects of
Machnining
ITN, FP7-PEOPLE
Prof. Dr. Joachim Rösler, Technische
Universität Carolo Wilhelmina zu
Braunschweig, GER
Ing. Karel Saksl, DrSc.
11/2008 – 10/2012
Early recognition, monitoring and integrated
management of emerging, new technology
related risks
INTEGRISK, FP7
Institute of Materials Research, SAS
Prof. RNDr. Ján Dusza, DrSc.
11/2008- 10/2012
Reinforcement of research potential of the
Department of Materials Engineering in the
field of processing and characterization of
nanostructured materials
FP7-REGPOT
Faculty of Technology, University of Novi
Sad, Serbia; Prof. Vladimir Srdi
Prof. RNDr. Ján Dusza, DrSc.
5/2008 – 4/2011
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Participation in international and domestic projects

Project name:

Improving the research capacity of the
Institute of materials research in Košice
Programme:
FP7
Coordinator:
Institute of Materials Research, SAS
Scientist in charge Prof. RNDr. Ján Dusza, DrSc.
at IMR SAS:
Realised:
1.3.2009 / 28.2.2010
Project name:
Programme:
Coordinator:
Scientist in charge
at IMR SAS:
Realised:

Hard nanocomposite coatings
MNT-ERA.NET
Institute of Materials Research, SAS
Prof. RNDr. Ján Dusza, DrSc.
1.1.2009 / 31.12.2011

National Centres
Name of the
center:
Coordinator:
Scientist in charge
at IMR SAS:
Realised:

Centre for nanostructural materials
Institute of Materials Research, SAS
Prof. RNDr. Ján Dusza, DrSc.
1.10.2002 / 30.9.2010

Structural Funds of the EU
Project name:

Centrum of advanced materials with nano
and submicron sized structure
Coordinator:
Institute of Materials Research, SAS
Scientist in charge Prof. RNDr. Ján Dusza, DrSc.
at IMR SAS:
Realised:
20.5.2009 / 30.6.2011

RETROSPECTIVES
Scientific activities

Monographs
ŠALAK, A. - SELECKÁ, M. - DANNINGER, H.: Machinability of
Powder Metallurgy Steels. Cambridge : Interscience Publ., 2005,
536 p.
CENIGA, L.: Analytical Models of Thermal Stresses in Composite
Materials II. Nova Science Publishers. New York 2007, 204 p.
CENIGA, L.: Analytical Models of Thermal Stresses in Composite
Materials I. New York : Nova Science Publishers
SAKSL, K.: Structure and stability of rapidly solidified alloys. Doctor
of science thesis. Košice: ÚMV SAV 2009, 143 p.
Scientific Papers in Regular Journals Currented by the ISI-web of
Science
- 2005 JANOVEC, J. - KROUPA, A. - SVOBODA, M. - VÝROSTKOVÁ, A. GRABKE, H.J.: Evolution of secondary phases in Cr-V and Cr-MoV low alloy steels. Canadian Metallurgical Quarterly, 44, 2005,
p.219-232
KOVAĔ, V. - REECE, M.J. - BUSHBY, A.: Relaxation Processes in
Dielectric and Electromechanical Response of PZT Thin Films
under Nanoindentation. Ferroelectrics, 318, 2005, p.55-61
BRIANÿIN, J. - BRUNCKOVÁ, H. - MEDVECKÝ, Ĕ.: Acetate Sol-Gel
Synthesis of PMN Ceramics from Nb-Ethyleneglycol-Tartarate
Complex. Ferroelectrics, 319, 2005, p.11-18

JAKUBÉCZYOVÁ, D. - FÁBEROVÁ, M.: The Structure and Properties
of the PM Material Vanadis 30 with Surface Treatment. Journal of
Materials Science, 40, 2005, p.4889-4891
BESTERCI, M. - BALLÓKOVÁ, B. - HVIZDOŠ, P. - SCHOLL, R. - BÖHM,
A.: Creep Behaviour of MoSi2-HfO2 Composites. Journal of
Materials Sciencie, 40, 2005, p.3869-3871
DUSZA, J. - KOVALÿÍK, J. - HVIZDOŠ, P. - ŠAJGALÍK, P. - HNATKO,
M. - REECE, M.J.: Enhanced Creep Resistant Silicon-Nitride-Based
Nanocomposite. Journal of the American Ceramic Society, 88,
2005, 6, p.1500-1503
SIDOR, J. - KOVÁÿ, F.: Microstructural Aspects of Grain Growth
Kinetics in Non-Oriented Electrical Steels. Materials
Characterization, 55, 2005, p.1-11
BESTERCI, M. - PEŠEK, L. - ZUBKO, P. - HVIZDOŠ, P.: Mechanical
Properties of Phases in Al-Al4C3 Mechanically Alloyed Material
Measured by Depth Sensing Indentation Technique. Materials
Letters, 59, 2005, p.1971-1975
JANOVEC, J. - SVOBODA, M. - VÝROSTKOVÁ, A. - KROUPA, A.:
Time-temperature-precipitation diagrams of carbide evolution in
low alloy steels. Materials Science and Engineering A, 402, 2005,
p.288-293

KMECOVÁ, M. - MEDVECKÝ, Ĕ. - BRIANÿIN, J. - BRUNCKOVÁ, H.:
PZT Ceramics Prepared from Mechanically Activated Calcinate.
Ferroelectrics, 319, 2005, p.35-44

DANNINGER, H. - PÖTTSCHACHER, R. - BRADAC, S. - ŠALAK, A. SEYRKAMMER, J.: Comparison of Mn, Cr and Mo Alloyed Sintered
Steels Prepared from Elemental Powders. Powder Metallurgy, 48,
2005, 1, p.23-32

BESTERCI, M. - ŠLESÁR, M. - SÜLLEIOVÁ, K. - IVAN, J. - ZBIRAL, J.:
Microstructure, Mechanical Properties and Fracture of Pt-Y2O3
Composites. High Temperature Materials and Processes, 24, 2005,
1, p.79-83

DIKO, P. - KRA UNOVSKÁ, S. - CENIGA, L. - BIERLICH, J. ZEISBERGER, M. - GAWALEK, W.: Microstructure of Top Seeded
Melt-Grown YBCO Bulks with Holes. Superconductor Science and
Technology, 18, 2005, p.1400-1404

HVIZDOŠ, P. - BESTERCI, M. - ŠLESÁR, M. - EDTMAIER, Ch.:
Compressive Creep Testing of Pt-Y2O3 Composites. High
Temperature Materials and Processes, 24, 2005, 3, p.189-192

ŠUPICOVÁ, M. - ORI ÁKOVÁ, R. - KUPKOVÁ, M. - KABÁTOVÁ, M.:
Electrolytical Modification of Fe Hollow Spheres by Cu, Ni and NiCu Binary Coating. Surface and Coating Technology, 195, 2005,
p.130-137

VELGOSOVÁ, O. - BESTERCI, M. - KULU, P.: Effect of Strain Rate
and Temperatures on Mechanical Properties and Fracture
Mechanism of the Dispersion Strengthened Al-12Al4C3 Systém.
High Temperature Materials and Processes, 24, 2005, 3, p.183-187

KUPKOVÁ, M. - KUPKA, M. - RUDNAYOVÁ, E. - DUSZA, J.: On the
Use of Fractal Geometry Methods for the Wear Process
Characterization. Wear, 258, 2005, p.1462-1465

SPITAS, V. - BESTERCI, M. - MICHELIS, P. - SPITAS, C.: Shear Testing
of Al and Al-Al4C3 Materials at Elevated Temperatures. High
Temperature Materials and Processes, 24, 2005, 3, p.145-152

BESTERCI, M. - VELGOSOVÁ, O.: The Influence of Volume
Fractions of Particles on Enhanced Plasticity of Al-Al4C3
Composites. Kovové materiály, 43, 2005, 3, p.229-237

KOVAĔ, V. - REECE, M.J. - BUSHBY, A.: Ferroelectric/Ferroelastic
Behaviour and Piezoelectric Response of Lead Zirconate Titanate
Thin Films under Nanoindentation. Journal of Applied Physics, 97,
2005, p.074301-1-7

DUDROVÁ, E. - KABÁTOVÁ, M. - BUREŠ, R. - BIDULSKÝ, R. WRONSKI, A.S.: Processing, Microstructure and Properties of 24%Mn and 0,3/0,7C Sintered Steels. Kovové materiály, 43, 2005, 6,
p.404-421

SIDOR, J. - DŽUBINSKÝ, M. - KOVÁÿ, F.: Contribution to
Quantification of Highly Inhomogeneous Microstructures. Journal
of Materials Science, 40, 2005, p.6257-6262
SAKSL, K. - ĉURIŠIN, J. - OROLÍNOVÁ, M. - ĉURIŠINOVÁ, K. - LAZAR,
P.: Structural Study on Al-26 Mass% Si-8 Mass% Ni Powder. Journal
of Materials Science, 40, 2005, p.1975-1978
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LOFAJ, F. - DORÿÁKOVÁ, F. - HOFFMANN, M.J.: The Effect of
Nitrogen on Viscosity of La-Si-Mg-O-A Glasses by Compressive
Creep and Dilatometry. Journal of Materials Science, 40, 2005,
p.47-51

- 2006 ORI ÁKOVÁ, R. - ORI ÁK, A. - ARLINGHAUS, H. - HELLWEG, S. KUPKOVÁ, M. - KABÁTOVÁ, M.: Study of Coating Distribution onto
Metallic Hollow Particles. Applied Surface Science, 252, 2006,
p.7030-7033
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Scientific activities

MEDVECKÝ, Ĕ. - ŠTULAJTEROVÁ, R. - PARILÁK, Ĕ. - TRPÿEVSKÁ, J. ĉURIŠIN, J. - BARINOV, S.M.: Influence of Manganese on Stability
and Particle Growth of Hydroxyapatite in Simulated Body Fluid.
Colloids and Surfaces A, 281, 2006, p.221-229

KABÁTOVÁ, M. - DUDROVÁ, E. - WRONSKI, A.S.: Fracture
Micromechanics of Static Subcritical Growth and Coalescence
of Microcracks in Sintered Fe-1,5Cr-0,2Mo-0,7C Steel. Powder
Metallurgy, 49, 2006, 4, p.363-368

ŠAJGALÍK, P. - LEN ÉŠ, Z. - DUSZA, J.: Layered Composites with
Self-Diagnostic Ability. Composites B, 37, 2006, p.515-523

BESTERCI, M. - VELGOSOVÁ, O.: The Influence of External Factors
on Enhanced Plasticity of Al-Al4C3 Materials. Science and
Engineering of Composite Materials, 13, 2006, 4, p.283-290

BALLÓKOVÁ, B. - HVIZDOŠ, P. - BESTERCI, M. - ZUMDICK, M. BÖHM, A.: Creep testing of MoSi2 - Bases Composites. High
Temperature Materials and Processes, 25, 2006, 3, p.139-142
ĉURIŠIN, J. - ĉURIŠINOVÁ, K. - OROLÍNOVÁ, M. - BESTERCI, M.:
Microstructure Stability of Al-Al4C3 Materials at Elevated
Temperatures. High Temperature Materials and Processes, 25,
2006, 3, p.149-155
ŠAJGALÍK, P. - HNATKO, M. - LEN ÉŠ, Z. - DUSZA, J. - KAŠIAROVÁ,
M.: In Situ Preparation of Si3N4/SiC Nanocomposites for Cutting
Tools Application. International Journal of Applied Ceramic
Technology, 3, 2006, 1, p.41-46
ŠAJGALÍK, P. - HNATKO, M. - LOJANOVÁ, Š. - LEN ÉŠ, Z. PÁLKOVÁ, H. - DUSZA, J.: Microstructure, Hardness and Fracture
Toughness Evolution of Hot-Pressed SiC/Si3N4 Nano/Micro
Composite after High-Temperature Treatment. International
Journal of Materials Research, 97, 2006, 6, p.772-777
ŠALAK, A. - VASILKO, K. - SELECKÁ, M. - DANNINGER, H.: New
Short Time Face Turning Method for Testing the Machinability of
PM Steels. Journal of Materials Processing Technology, 176, 2006,
p.62-69
KUPKOVÁ, M. - KUPKA, M. - STROBL, S.: Determination of the
Effective Young´s Modulus of Cellular Materials from Hollow
Bronze Spheres by means of Dynamic Resonant Method. Journal
of Materials Science, 41, 2006, p.7045-7051
JANOVEC, J. - SVOBODA, M. - KROUPA, A. - VÝROSTKOVÁ, A.:
Thermal-induced evolution of secondary phases in Cr-Mo-V low
alloy steels. Journal of Materials Science, 41, 2006, p.3425-3433
BARINOV, S.M. - RAU, J. - NUNZIANTE CESARO, S. - ĉURIŠIN, J. FADEEVA, I. - FERRO, D. - MEDVECKÝ, Ĕ. - TRIONFETTI, G.:
Carbonate Release from Carbonated Hydroxyapatite in the
Wide Temperature Rage. Journal of Materials Science: Materials
in Medicine, 17, 2006, p.597-604
KUPKA, M. - KUPKOVÁ, M.: Size-Dependent Effective Flexural
Modulus of Homogeneous Tubes with Different Tensile and
Compressive Stiffnesses. Journal of Physics D, 39, 2006, p.40974103
KAŠIAROVÁ, M. - DUSZA, J. - HNATKO, M. - ŠAJGALÍK, P. - REECE,
M.J.: Fractographic Montage for a Si3N4-SiC Nanocomposite.
Journal of the American Ceramic Society, 89, 2006, p.1752-1755
LOFAJ, F.: Creep Mechanisms in Quasi-Plastic Silicon Nitride by
Instrumented Indentation. Journal of the European Ceramic
Society, 26, 2006, p.3933-3942
KAŠIAROVÁ, M. - DUSZA, J. - HNATKO, M. - ŠAJGALÍK, P.:
Microstructure and Fracture-Mechanical Properties of Carbon
Derived Si3N4+SiC Nanomaterials. Materials Science and
Engineering C, 26, 2006, p.862-866
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ORI ÁKOVÁ, R. - ORI ÁK, A. - ARLINGHAUS, H. - HELLWEG, S. KUPKOVÁ, M. - STRE KOVÁ, M.: TOF-SIMS Depth Profiling Study of
Corrosion Propagation in Coated Hollow Spheres. Surface and
Interface Analysis, 38, 2006, p.833-837
JANOVEC, J. - SVOBODA, M. - DOLINŠEK, J. - GODEC, M. - BURŠÍK,
J. - DUSZA, J.: Microstructure Characterisation of Al65Cr28Fe7
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2005
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High Temperature Behaviour of Coatings and Layered Ceramics.
Layered, Functional Gradient Ceramics, and Thermal Barrier
Coatings: Design, Fabrication and Applications. Maó, Minorca
Island, 11.-16.6.2006. Ed. M. Anglada a kol.. B.V. 2006, s.227-241
- 2007 DUSZA, J.
Ceramic Nanocomposites.
Carpathian Virtual Institute for Research and Innovation. Summer
School. Miskolctapolca, 28.-30.8.2007. Internet 2007, s.web
KAŠIAROVÁ, M. - DUSZA, J.
Fracture and Fractography of Si3N4-SiC Nanocomposites.
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Sons, Inc. 2007
ĉURIŠIN, J. - OROLÍNOVÁ, M. - ĉURIŠINOVÁ, K. - BESTERCI, M. ŠEVC, P.
Vplyv množstva sekundárnej fázy na prednostnú orientáciu
štruktúry v systéme Al-Al4C3.
Transactions of the Technical University of Košice, 2007, mimor. .,
s.341-350
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MEDVECKÝ, Ĕ.
Bio-Materials.
In: Design and Capabilities of PM Components and Materials. A
Residental Training Course for Young Materials/Design Engineers.
Vol. 2. Košice, 23.6.-1.7.2007. EPMA 2007, s.537-552
DUSZA, J.
Ceramic and Metal-Matrix Composites.
In: Design and Capabilities of PM Components and Materials. A
Residental Training Course for Young Materials/Design Engineers.
Vol. 2. Košice, 23.6.-1.7.2007. EPMA 2007, s.319-354
DUDROVÁ, E. - KABÁTOVÁ, M.:
Microstructural Defects and Properties.
In: Design and Capabilities of PM Components and Materials. A
Residental Training Course for Young Materials/Design Engineers.
Vol. 2. Košice, 23.6.-1.7.2007. EPMA 2007, s.513-535
- 2008 -

ROSSO, M. - DUDROVÁ, E. - ACTIS-GRANDE, M. - BIDULSKÝ, R.
Wear Characteristics of Vacuum Sintered Cr-Mo-[Mn]-[Cu]-C
Steels.
RoPM 2009. 4th International Conference of Powder Metallurgy.
Craiova, 8.-11.7.2009. Ed. L. Brandusan. Cluj-Napoca : Risoprint
2009, s.33
ĉURIŠIN, J. - OROLÍNOVÁ, M. - BESTERCI, M. - ĉURIŠINOVÁ, K. KVA KAJ, T. - SAKSL, K.
Texture evolution of Al and Al - 4 vol. % Al4C3 materials during
ECAP process.
Transactions of the Universities of Košice, 2009, no. 4, s.126-133
DUSZA, J.
Fractography of brittle materials.
In: Fractography - Principles and Application. Proceedings of the
workshop. Košice, 11.-13.5.2009. Košice : ÚMV SAV 2009, s.89-114

KOVÁÿ, F. - STOYKA, V. - SCHINDLER, I. - BO UTA, J. - ŠPOK, M.
Microstructure and Texture Development in Electrotechnical
Steels Treated under Unconvetional Processes after Cold Rolling.
35 let innosti odborné spole nosti Ocelové pásy a úloha
Výzkumu tvá ení ve Vítkovicích, nyní Materiálový a metalurgický
výzkum, s.r.o. 64. pracovní seminá . Malenovice, 21.-23.10.2008.
B.V. 2008, s.50-62
DUDROVÁ, E.
Fractures and Fractography. Design and Capabilities of PM
Components and Materials.
PM Training Courses. Vol. 1. Acqui Terme, 21.-29.6.2008. EPMA
2008, s.261-288
STOYKA, V. - ĉURIŠIN, J. - KOVÁÿ, F.
Application of Electron Back-Scattering Diffraction Techniques
for Investigation of Electrotechnical Steels at IMR SAS.
EBSD Workshop. Dob any, 3.-4.11.2008, s.CD ROM
DUDROVÁ, E.
Consideration to Mn Alloyed Sintered Steels.
Höganäs Chair Seminar. Madrid, 4.-5.9.2008.
http://groups.google.com/group/hoganas-chair?hl=es 2008
- 2009 LOFAJ, F. - N ME EK, J. - BLÁHOVÁ, O.
A comparative study of the nanoindentation measurements on
thin coatings.
Local mechanical properties 2009. 6th international seminar.
Abstracts. Tel , 11.-13.11.2009. B.V. 2009, s.CD
DUDROVÁ, E. - ACTIS-GRANDE, M. - KABÁTOVÁ, M. - BIDULSKÝ, R.
- ROSSO, M.
Improvement of mechanical properties of Fe-Cr-Mo sintered
steels.
RoPM 2009. 4th International Conference of Powder Metallurgy.
Craiova, 8.-11.7.2009. Ed. L. Brandusan. Cluj-Napoca : Risoprint
2009, s.37
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Awards and honours

Defended PhD. thesis

International

-2005- 2008 -

M. Besterci - Promotion of Honorary Doctors within 18. TUT 90th
anniversary programme, Promotor Priit Kulu, 17. 9. 2008
- 2009 M. Selecká – Silver diploma, from Scientific-Technical Union of
Bulgaria
Appreciation for long-term collaboration in the area of sintered
material and for the contribution to the powder metallurgy
development, there is a long-term cooperation with the Institute
of Metal Science of Bulgarian Academy of Sciences in Sofia
In Slovakia
- 2006 J. Dusza - certificate of merit within the contest „Vedec roka SR
2005“ awarded by the Journaliste-Studio Bratislava, 15. 3. 2006.
J. Sidor - certificate of merit within the contest „Vedec roka SR
2005“ awarded by the Journaliste-Studio Bratislava, 15. 3. 2006.
- 2007 M. Besterci – platinum plaque awarded by Faculty of Civil
Engineering, The Technical University of Košice.
- 2008 J. Dusza, F. Lofaj, P. Hvizdoš, V. Koval, M. Kašiarová – Prize of the
Slovak Academy of Sciences for research-scientific activities,
18.6.2010.
K. Saksl - certificate of merit within the contest „Vedec roka SR
2007“ awarded by the Journaliste-Studio Bratislava, 18. 3. 2008.
- 2009 J. Dusza – “Scientist of the year” honour awarded within the
contest „Vedec roka SR 2008“by Journaliste-Studio Bratislava, 23.
1. 2009.
J. Janovec – “Professor of the year” honour awarded by rector of
the Slovak University of Technology in Bratislava.
E. Dudrová - certificate of merit within the contest „Vedec roka
SR 2008“ awarded by the Journaliste-Studio Bratislava, 23. 1.
2009.
K. Saksl - certificate of merit within the contest „Vedec roka SR
2008“ awarded by the Journaliste-Studio Bratislava, 23. 1. 2009.
L. Falat – medal "ARTIS STUDIUM PRAEMIAT" awarded by dean of
the Faculty of Metallurgy, The Technical University of Košice.
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Ing. Františka DorĀáková
Fyzikálno-mechanické vlastnosti oxynitridických skiel
Supervisor: RNDr. František Lofaj, CSc.
Scientific field: Material engineering and threshold state of
materials
Ing. Vladimír Simkulet
Vplyv prídavkov mangánu na vlastnosti molybdénom
legovaných ocelí
Supervisor: RNDr. Marcela Selecká, CSc.
Scientific field: Material engineering and threshold state of
materials
Ing. Viktor Petrychka
Grain Boundary Motion in Vacuum Degased Non-Oriented
Electrical Steels (Pohyb hraníc z n vo vákuovaných
neorientovaných elektrotechnických oceliach)
Supervisor: RNDr. František Ková , CSc.
Scientific field: Material engineering and threshold state of
materials
Ing. Miroslava Jedináková
Posúdenie vlastností zvarových spojov progresívnych ocelí
používaných v energetike z h adiska ich dlhodobej
mikroštruktúrnej stability
Supervisor: Ing. Anna Výrostková, CSc.
Consultant: Ing. Jozef Pecha, CSc.
Scientific field: Material engineering and threshold state of
materials
Ing. Daniel Mikolaj
Vplyv chemického zloženia na vysokoteplotné vlastnosti liateho
stavu nízkouhlíkových ocelí
Supervisor: Ing. Pavol Marek, CSc., hos . doc.
Consultant: Ing. Antonín Šev ík, CSc.
Scientific field: Material engineering and threshold state of
materials
RNDr. Mária Kollárová
Štruktúra a vlastnosti zinkových vrstiev na oceliach pre
automobilový priemysel
Supervisor: prof. Ing. udovít Parilák, CSc.
Consultant: doc. Ing. Jozef Billy, CSc.
Scientific field: Material engineering and threshold state of
materials
Ing. Silvia KraĀunovská:
Vplyv parametrov prípravy masívnych YBa2Cu3O7-ǅ supravodi ov
na ich mikroštruktúru a vlastnosti
Supervisor: Ing. Pavel Diko, DrSc.
Consultant: prof. Ing. Michal Besterci, DrSc.
Scientific field: Physical metallurgy
-2007Ing. Lucia ÿajková
Pevnos a húževnatos moderných vysokopevných spekaných
ocelí.
Školite : doc. Ing. Eva Dudrová, CSc.

Scientific field: Material engineering and threshold state of
materials
Mgr. Eduard Hryha
Fundamental study of Mn containing PM steels with alloyng
method of both premix and pre-alloy
Supervisor: doc. Ing. Eva Dudrová, CSc.
Scientific field: Material engineering and threshold state of
materials
RNDr. Volodymyr Stoyka
Pohyb hraníc z n a mikroštruktúrny dizajn progresívnych
elektrotechnických ocelí
Supervisor: RNDr. František Ková , CSc.
Scientific field: Material engineering and threshold state of
materials
-2008Ing. Alexandra KovalĀíková
Štúdium mikroštruktúry a mechanických vlastností materiálov na
báze SiC
Supervisor: prof. RNDr. Ján Dusza, DrSc.
Scientific field: Material engineering and threshold state of
materials
Ing. Jana Špaková
Indenta né metódy štúdia vlastností konštruk ných keramických
materiálov.
Supervisor: prof. RNDr. Ján Dusza, DrSc.
Scientific field: Material engineering and threshold state of
materials
Ing. Lucia HegedĬsová
Kontaktná pevnos a únava keramických materiálov.
Supervisor: prof. RNDr. Ján Dusza, DrSc.
Scientific field: Materials
Ing. Beáta Ballóková
Štruktúra a mechanické vlastnosti kompozitov na báze MoSi2
Supervisor: prof. Ing. Michal Besterci, DrSc.
Consultant: RNDr. Pavol Hvizdoš, CSc.
Scientific field: Physical metallurgy
-2009Ing. Katarína Buriková
Štruktúrna podstata multifázových ocelí.
Supervisor: doc. Ing. Gejza Rosenberg, CSc.
Scientific field: Materials
Ing. Ladislav Falat
Mikroštruktúra a creep heterogénnych D/J zvarových spojov.
Školite : Ing. Anna Výrostková, CSc.
Scientific field: Materials
Mgr. Ivan Petryshynets
Strain Induced Grain Boundary Migration in Electrotechnical
Steels
Supervisor: RNDr. František Ková , CSc.
Scientific field: Materials
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Members of the editorial boards

Events

Scientific Journals published Abroad
Prof. Ing. Michal Besterci, DrSc.
Guest Editor: Int. Journal of Materials and Product Technology,
Great Britain
Prof. Ing. Michal Besterci, DrSc.
Member of editorial board of journal “Int. Journal of Materials
and Product Technology”, Great Britain
Prof. Ing. Michal Besterci, DrSc.
Member of editorial board of journal “High Temperature
Materials and Processing”, Izrael

- 2005 27.August – 1. October 2005
International conference “Deformation and Fracture in Structural
PM Materials - DF PM 2005“, took place in congress centrum of
hotel Academia in Stará Lesná. The conference was organised
jointly by the Institute of Materials Research, Slovak Academy of
Sciences, Košice, Slovakia and Vienna University of Technology,
Austria under the auspices of European Powder Metallurgy
Association. Main sponsor Höganäs AB, Höganäs, Sweden,
Number of registered participants 75, Number of countries 15,
Number of sessions 6, Number of oral presentations 33, Number
of posters 11

19. November 2005
IMR SAS host international workshop members of “Associated
Phase Diagram and Thermodynamics Committee”.
7. June 2005
Within celebration of 50 years of the IMR SAS, were organized a
ceremonial session of the Scientific Board in form of seminars.
10. November 2005

Prof. RNDr. Ján Dusza, DrSc.
Member of editorial board of journal “Key Engineering Materials”
Prof. RNDr. Ján Dusza, DrSc.
Member of editorial board of journal “Structural Integrity and
Durability”
Prof. Ing. Ĕudovít Parilák, CSc. (2005-2008)
Member of editorial board of journal “Powder Metallurgy and
Metal Ceramics” publisher I.N. Frantsevich Institute for Problems
of Materials Science, National Academy of Sciences of Ukraine,
Kiev, Ukraine
“The day of open door” was organized on the institute.

- 2006 7. -9. July 2005
IMR SAS Košice organized together with TU Wien Austria and TU
Cluj, Romania “Third International Conference & Exibition on
Powder Metallurgy „RoPM 2005“ in Sinai, Romania. On the
conference more than 100 contributions were presented by
scientist from 17 countries.
12. to 14. November 2005
IMR SAS co-organized international conference „ALUMINIUM
2005“. On the conference 46 contributions were presented by
scientist from 10 countries.
8.-10. November 2005
Within 6th FP EU project NENAMAT workshop “Nanostructure
Materials for Functional, Structural and Bio/Medical Application”,
was organized in Brno, Czech republic.
13. - 16. February 2005
Within 6th FP EU project NENAMAT workshop was organized in
order to mobilize human and material resources in the field of
nano-structured materials.
13.-15. júna 2005
IMR SAS co-organized 6. seminar
materiálov” in Her any, Slovakia.
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“Príprava

3.-6. April 2006
COST 536-WG meeting and MC meeting
Meeting of coordination and management boards in High
Tatras, Stará Lesná, 72 participants from 16 countires.
14.-17. May 2006
international conference “NANOVED 2006”
the aim of the conference was to provide a forum for
researchers around the world to present papers concerning
development and characterization of nanostructured materials.
Promote information exchange inside the research community,
with processing engineers, and users in the field of production,
design, and application of nanostructured materials. Discuss the
possibilities of collaboration of Institutes and Companies from
different European countries in the frame of the 7th Frame Work
programme of EU in the field of development and testing of
nanostructured materials. Number of registered participants 170,
Number of countries 14, Number of oral presentations 45,
Number of posters 81.

keramických
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Events

Events

24. November 2006
Scientific colloquium “Centrum progresívnych materiálov v
Košiciach“ organized within “The day of open door” at IMR SAV
Košice, 82 participants.

14. December 2007
“Workshop for technological transfer”, organized within the
project INTERREG III C in Miskolctapolca, Hungary.
18. October 2007
Opening workshop “Centra rozvoja vzdelávania“
at IMR SAS, Košice.
30. October 2007
Information day KMM-NoE for participants from Košice region
organized at IMR SAS, 28 participants.
- 2008 -

19.-21. February 2008
IMR SAS organized winter and summer school within the ESF
project “CENTRUM ROZVOJA VZDELÁVANIA”. Number of
participants 107.
28.8.2008
IMR SAS organized final workshop within the ESF project
“CENTRUM ROZVOJA VZDELÁVANIA”, Number of participants 65.
7. – 10. September 2008
IMR SAS organized III. international conference “Fractography of
Advanced Ceramics “in the Congress Centre located in the
hotel ACADEMIA. On the conference participated 91 scientists
from 20 countries.

21.-30. June 2008
Summer school “PM 2008” organized at IMR SAS. Training
courses/lectures focused on powder metallurgy were given to
young Materials/Design Engineers. Number of participants ~ 300.
19.-20. May 2006
Colloquium Höganäs Chair Seminar 2006 „Machinability and
Wear“ organized within the project Höganäs Chair III. Number of
participants 45, Number of oral presentations 10.
15.-18. October 2006
Conference with international participation “Fractography 2006”
was held in the Congress Centre located in the hotel ACADEMIA.
Number of registered participants 119, Number of countries 8,
Number of sessions 6, Number of oral presentations 48, Number
of posters 24.

- 2007 23. Jun - 1. July 2007
Summer school “PM 2007” organized at IMR SAS. Training
courses/lectures focused on powder metallurgy were given to
young Materials/Design Engineers.

12.-14. February 2008
Winter school “HUSKUA” within the project INTERREG III A
organized by IMR SAS at the Congress Centre located in the
hotel ACADEMIA. Number of participants 47.
22.-26. June 2008
IMR SAS co-organized “8th International Symposium of Croatian
Metallurgical Society - SHMD 2008” in Šibenik, Solaris Holiday
Resort, Croatia.
Number of registered participants 900, Number of countries 44,
Number of oral presentations 615.
27. November 2008
“The day of open door” was organized on the institute.

19.-22. October 2008
IMR SAS organized international conference “Deformation and
Fracture in Structural PM Materials - DF PM 2008 “ in the Congress
Centre located in the hotel ACADEMIA. On the conference
participated 69 scientists from 11 countries.
Number of oral presentations 28, Number of posters 17.

10. – 12. October 2007
IMR SAS co-organized 5. international conference “ALUMINIUM
2007“ in Doksy-Staré Splavy, Czech republic. On the conference
57 contributions were presented by scientist from 7 countries.
2. – 4. May 2007
IMR
SAS
co-organized
13.
international
symposium
“METALOGRAPHY´07“ in ” in the Congress Centre located in the
hotel ACADEMIA. On the conference participated 250 scientists
from 20 countries.

7. - 9. November 2006
Workshop „New Trends of Scanning Electron Microscopy in
Materials Research“ was organized at IMR SAS. Lectures were
given by experts from JEOL Europe and Oxford Instruments
companies with practical demonstrations. Total number of
participants 92, from 25 organisations.
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9. February 2007
Workshop “Projects generation workshop”, within the project
INTERREG III C organized at IMR SAS Košice.
28.-30. August 2007
Summer School, organized within the project INTERREG III C in
Miskolctapolca, Hungary.

13. November 2008
IMR SAS together with domestic grant agency APVV organized
“InformaĀný deě k problematike 7. Rámcového programu EÚ
pre prioritu NMP na rok 2009“.
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HOW TO REACH US

Events

- 2009 18-20. March 2009
IMR SAS organized 1. scientific colloquium within the 7. FP EU
DEMATEN "Mikroštruktúra a lomové mechanické vlastnosti
nanokryštalických materiálov". Number of participants 23
student from 4 countries.

8.-11. November 2009
Conference with international participation “Fractography 2009”
was held in the Congress Centre located in the hotel ACADEMIA.
Number of registered participants 81, Number of oral
presentations 26, Number of posters 28.

11.-13. May 2009
IMR SAS co-organized workshop “Fractography - Principles and
Application”. Nuber of lectures 8.

13. November 2009
“The day of open door” was organized on the institute.
By railway and tram
From Košice main railway station:

GPS coordinates of IMR SAS
22.-26. June 2009
IMR SAS organized “Powder Metallurgy Summer
sponsored by European Powder Metallurgy Association

+48o 73’ 36:95”,+21o 23’ 83:71”
School”

12. – 14. October 2009
IMR SAS co-organized 6. international conference “ALUMINIUM
2009“ in Doksy-Staré Splavy, Czech republic. On the conference
were presented 98 contributions.

By car
Slovakia is now in the process of connecting its key cities by
express motorways, but this project will not be complete for few
years. However, smaller roads are generally in good condition.
Roads are marked as in Western Europe. You don't have to pay
any taxes or fees. For orientation see the maps.

• at the stop StaniĀné námestie (in front of Railway station) get
on the tram No. 2 or No. 6, get off at the stop Dom umenia,
• at the stop Dom umenia get on the tram No. 7 and get off at
the stop Štadión TU - final stop. The IMR SAS is across the street
Watsonova on the left.
You can buy the ticket (30 min) in the automatic ticket machines
at Stani né námestie or by sending an empty SMS message to
the number 1166 before getting on the tram.

By air plane
• From Košice international airport take a taxi directly to
Watsonova 47 distance is (approximately 5,5 miles or 9 km)
• Or use a bus No. 23 to stop Dom umenia
• at the stop Dom umenia get on the tram No. 7 and get off at
the stop Štadión TU - final stop. The IMR SAS is across the street
Watsonova on the left.
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