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The installations of the modern research equipment at the Institute of Metals and Technology are presented chron-
ologically, with an emphasis on electron microscopes with analytical techniques and spectroscopic methods. In 
parallel with the analytical techniques,there is a focus on the signifi cance of the results for industry as well as their 
scientifi c impact.  
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INTRODUCTION

Since its establishment in 1948, theInstitute of Met-
als and Technology (IMT, formerly known as the Metal-
lurgical Institute, MIL) has played a leading role in the 
fi eld of materials characterization. As a result, it has al-
ways been among the fi rst to implement the most ad-
vanced techniques and equipment into its research ac-
tivities.Techniques that enable the characterization of 
materials are essential for engineersand scientists in re-
search and development as well as in the control and 
testing of materials. There are many techniques, from 
the simple to the most sophisticated, and most of them 
were implemented at IMT for research very early, and 
IMT was often the fi rst in the region to begin using 
some of these techniques. 

Since the establishment of IMT in 1948, optical 
metallography has been one of the most important 
techniques used to characterize the structure of materi-
als by revealing the grain boundaries, the phase bounda-
ries, the distribution of inclusions and evidence of me-
chanical deformation. Image analysis (the quantitative 
analysis of geometrical properties) was implemented in 
microstructure analysis to minimize the infl uence of op-
erator fatigue, which reduces the reproducibility and ac-
curacy of manual measurements. Furthermore, with the 
era of digital cameras, progress in image analysis has 
made a signifi cant step forward.

Electron probe microanalysis (EPMA) enables us to 
combine structural and compositional analyses in a sin-
gle operation [1-3].The fi rst electron probe microanaly-
sis (EPMA) was demonstrated at the University of Paris 
in 1948 [4].In1969, the fi rst EPMA in Yugoslavia start-
ed working atIMT. Since then,IMT has played a leading 
role in electron optical methods in this region. In 1977 
the fi rst scanning electron microscope (SEM)was in-

stalled at IMT. This was very early;especially if we con-
sider that the fi rst commercial SEM became available in 
1965. The fi rst fi eld-emission scanning electron micro-
scope in Slovenia wasinstalled at IMT in 2004. A FEG 
SEM as a source of electrons for Auger electron spec-
troscopy was in operation even earlier, from 1997. 

The fi rst Auger electron spectrometer (AES) started 
to work at the IEVT institute in Ljubljana 1977, while at 
IMT an improved AES with XPS analysis was installed 
1997. Both techniques are electron and X-ray spectro-
scopic methods [5], respectively, and are surface sensi-
tive and therefore crucial for surface and grain-bounda-
ry studies [6]. The AES and XPS techniquesalso enable 
the study of fracture surfaces due to the possibilities to 
fracture bulk specimensin anultra-high vacuum [7].

The fi rst electron-diffraction-based technique in 
SEM was againfi rst put into operation at IMT. In 2005, 
the electron-backscatter diffraction technique (EBSD) 
was added to the FE SEM,which had been acquired one 
year earlier. The electron-backscatter pattern is formed 
due to the interactions of incident electrons with the 
crystal structure of the analyzed matter. The phenome-
non has been known since 1954; however, some modi-
fi cations weremade to improve the quality of the pat-
terns [8,9].The EBSD technique is used fororientation 
determinations, phase identifi cations and strain meas-
urements [10-13].

In 1999, IMT started using commercial software for 
image analysis, which becamea standard tool for quan-
titative microstructure analysis. 

PROGRESSIN THE USE OF MODERN 
RESEARCH EQUIPMENT AT IMT
EPMA

In the region of the former Yugoslavia, a line-scan of 
the segregation in steel was fi rst presented [14] in 1958 
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at the fi rst International Colloquium on Residuals in 
Iron and Steel, organized jointly by institutes from 
France, Germany and Yugoslavia. Scientistsfrom Yugo-
slavia started to use EPMA line scanning in 1962 and 
image scanning in 1967[15,16]. The fi rst EPMA started 
working in 1969 at MIL (Metallurgical Institute Ljublja-
na) and the fi rst result was a map analysis of non-metal-
lic inclusions of manganese sulphide and aluminium 
oxide. Results that were signifi cant for the development 
of industrial technologyand science (Figure 1) were 
achievedrelatively soon [17].It was found that thecalci-
um in a construction steel melt reacts with other non-
metallic inclusions and does not evaporate from the 
steel melt. This was one of the fi rst X-ray maps obtained 
using EPMA in Europe. 

Based on EPMA some very signifi cant results were 
obtained (Figure 2) concerning the homogenisation of 
chromium in steel with 1 % C and 1,5 % Cr [18]. It was 
found that thechromium segregation cannot be totally 
homogenised, because the reaction is driven by the ac-
tivity of chromium and carbon in an austenite solid so-
lution. 

In 1975 a survey of previous work was published 
[19]. A few years later a level of sensitivity equal to 10 
ppm was achieved by quantitative analyses. Already in 
1969, the use of EPMA analysishad spread to industry 
and research institutions in the whole of Yugoslavia and 
the results started to be used in research aimed at im-
proving steel,aluminium, and copper alloys, as well as 
in basic research in solid-phase chemistry, the physics 
of solids, geology and even dentistry. Based on the 
EPMA results the evolution of the composition of non-
metallic inclusions in steel was explained and better 
controlled, the homogenization time for several alumin-
ium and copper alloys was shortened by half, and the 
binary equilibrium diagrams for the carbides TIC and 
NbC and transition metals as well as some ceramic 
compounds were determined. It was also discovered 
that for a proper analysis of some types of glass,a larger 
electron beam diameter must be used to obtain a reliable 

quantitative composition. After a few years EPMA was 
also acquired by research institutions and universities in 
Zenica, Sisak and Belgrade as well as at the Jožef Ste-
fan Institute in Ljubljana.

The use of TEM and replica methods became insuf-
fi cient for projects related tomicrometer-sized and 
smaller microstructure features in alloys and fracturing 
micromorphology, and so in 1978 a SEM equipped 
EPMA and image analysis was acquired at MIL. Also, 
the use of similar SEMs expanded rapidly and several 
SEM+EPMA devices were in operation in Yugoslavia. 
A very signifi cant achievement based on theexplanation 
of fracturing events, properties and the change of prop-
erties with operating time in parts of thermal power sta-
tions was obtained.

AES/XPS Techniques

Answers to questions related to the change of prop-
erties and microstructure related tograin-boundary and 
surface segregations could not be provided by analyses 
with the available analytical devices as the depth of 
generation of the signal on the EPMA was much greater 
than the thickness of the segregation and an Auger elec-

Figure 1  Spherical, non-metallic inclusion in construction 
steel (mapping) rich in aluminium, silicon and 
calcium in the middle, surrounded by amembrane 
ofcalcium-sulphide [17]

Figure 2  (a)EPMA line scan of chromium and iron in a eutectic 
phase in steel with 1 % C and 1,5 % Cr. The com-
position corresponds to two carbides: Fe3C with 
chromium, which grows into the inner eutectic fi eld 
up to 21 % chromium; and a small carbide M23C6, 
which contains 55mas % iron. (b)Homogenization-
diagram [18]
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tron spectrometer (AES) became necessary. Therefore, 
a combined SEM/AES/XPS instrument, which enables 
SEM imaging of the sample surface, local AES analysis 
within the imaged area as well as XPS analysis of wider 
areas, was acquiredand put into operation.New analyti-
cal results and images were used in basic and applied 
research projects, for instancethe effect of the alloy 
composition, temperature and time on antimony,copper 
and tin surface segregation on the recrystallisation of 
grains and the texture of soft magnetic sheets;the effect 
of tempering temperature on phosphorus segregation; 
and the properties of heat-treated steel. It was shown 
that the segregation of certain elements from the IV A to 
the VI A group enriches the surface and the grain bound-
ary. Thus, by segregation, the surface energy decreases 
selectively, and so the difference in the total energy of 
the grain, which is the driving force for its growth dur-
ing recrystallisation, causes selective grain growth with 
a different spatial orientation. Figure 3 shows antimony 
enrichment caused by equilibrium segregation on the 
surface of non-oriented electrical steel [20]. Using AES 
techniques for segregation kinetics studies and the X-
ray diffraction method for texture analysis, it was shown 
that a certain amount of tin has a positive effect on the 
texture development [21].

The electron spectroscopy technique AES was suc-
cessfully applied in the characterization of plasma-as-
sisted chemical vapour deposition (PACVD)TiN/Ti(B-
N)/TiB2 coatings for hot-worked tool steels. Such sur-
face treatments are used for die casting and forging 
tools where high wear performances have to be achieved 
with multi hard fi lms. The understanding of their com-
position is important to develop such multi nano-layers. 
AES depth profi ling through such a multi-fi lms layer is 
shown in Figure 4 [22].

The AES technique is surface sensitive,which also 
enables a very small lateral resolution of detection. XPS 
is surface sensitive as well, but with a lower lateral reso-
lution. However, it gives information about the chemi-
cal state of the analysing elements due to chemical shifts 
in the spectra. Using XPS analyses it was possible to 

obtain information about the chemical states of hip 
prosthesis on rough and polished regions after the pros-
thesis had been removed from a patientas a result of 
aseptic looseningThe XPS results show small differ-
ences between the rough and polished surfaces. The 
passivelayers established on the surface of both regions 
contained the oxides of two main elements,i.e., Fe and 
Cr. The oxides of the alloying elements Ni and Mo, also 
contributed to the passivelayer. Calcium phosphate was 
also detected on both surfaces. Figure 5shows a detailed 
XPS scan over theselected binding-energy ranges for 
the polished surface of the hip prostheses. 

AES and XPS were also applied to study ultra-thin 
oxide layers and their formation on polished and sput-
ter-cleaned duplex stainless-steel samples. In one such 
study [24] these samples were exposed to 10-5 mbar of 
pure oxygen inside the vacuum chamber, or exposed to 
ambient conditions for 24 h, or plasma oxidized. The 
oxide layers thus produced were analyzed by XPS depth 
profi ling to determine the oxide layers’ chemical and 
chemical-state compositions with depth (Figure 6 and 
7). It was found that all the formation methods produced 
oxide layers with thicknesses in the range of nanometers 
with different traces of metallic components and with 
the maximum concentration of chromium oxide shifted 

Figure 3  AES diff erential spectra of maximum equilibrium 
antimony segregation obtained at 700 °C on the 
surface of non-oriented electrical steel alloyed with 
0.05 % Sb [20].

Figure 4  AES sputter depth profi le of the TiN/Ti(B-N)/TiB2 
multi-layered hardcoatings; (a) BE image showing 
the region of the AES depth profi le, (b) AES sputter 
depth profi le of the profi le of the TiN/Ti(B-N)/TiB2 
coatings showing an approximate 15 nm depth 
resolution [22]
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towards the oxide-layer–bulk-metal interface. A com-
mon characteristic of all the oxide layers investigated 
was a double-oxide stratifi cation, with regions closer to 
the surface exhibiting higher concentrations of iron ox-
ide and those more in-depth exhibiting higher concen-
trations of chromium oxide (Figure 7 and 8). AES and 
XPS were also used in the analysis of Ni-Ti based med-
ical shape memory alloys [25].

SEM/EBSD Technique

Reliable answers related to the effect of microstruc-
ture and the heat treatment of metals were sometimes 
questionable because of the problems related to the lack 
of a methodology for a reliable assessment of the space 

Figure 5  High-resolution XPS spectra from the polished-type 
surface; Cr 2p (a), Mo 3d (b), Ni2p (c), O 1s (d), Ca 2p 
(e), P 2p (f ) [23]

Figure 6  Cr 2p3/2 and Fe 2p3/2 high-resolutionXPS spectra fi tted 
with components corresponding to the diff erent 
chemical states of Cr and Fe [24]

Figure 7  XPS depth profi le at 90 L exposure in the preparation chamber(a), at 10800 L exposure in the preparation chamber (b), 
of the sample oxidized in ambient conditions for 24 hours (c) and of the sample oxidized in plasma (d) [24]
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orientation of single grains. For this reason the newly 
acquired SEM+EPMA was equipped with an EBSD de-
vice, enabling a determination of the lattice space orien-
tation of single grains in the microstructure of metals, 
the related lattice parameters and the possibility to de-
duce the elastic stresses related to the lattice parame-
ters. 

Signifi cant new information on the relations between 
the lattice orientations of the constituents of the micro-
structure was obtained, for example, information about 
the carbide types forming in steels used for steam tur-
bines, pipes and other components in power plants as 
well as their orientation relation to the matrix and a fur-
ther change of the chemical and phase compositions. 
The EBSD analytical technique was also successfully 
applied to explain the transformation of carbides during 
the annealing of non-equilibrium solidifying high-speed 
steel. Using EBSD it was shown that in ledeburitic tool 
steel at too high a casting temperature and at too low a 
cooling rate the additional precipitation of carbides oc-
curs, which signifi cantly infl uences the workability of 
such steel [26]. Plenty of different EBSD texture analy-
ses were performed in electrical steels in order to ex-
plain the infl uence of the alloying elements on the re-
crystallization. Last but not least, EBSD was used to 
detect the fi rst-forming nano-crystal phase in amor-
phous soft magnetic powders and give an explanation 
of the orientations of the dendrite arms [27].

The EBSD technique was originally invented to ana-
lyse the texture of polycrystalline materials. At IMT we 
started using this technique to follow texture develop-
ment in electrical steels that were produced at Acroni, 
Jesenice or to perform texture measurements on electri-
cal steel grades manufactured at IMT.

We showed[28] that the higher core losses can be 
explained by texture development and that besides the 

microstructural components, the nanostructure and na-
noprecipitates also have a crucial impact on the mag-
netic properties. In Figure 9 some texture results pre-
sented in key colour mode, pole fi gures and inverse pole 
fi gures are shown. 

A lot of very important results for industrial applica-
tions were achieved by using EBSD techniques as a 
phase-analysis technique. Ledeburitic tool steels have a 
relatively low workability. Selecting the correct casting 
and soaking temperatures as well as the cooling rate 
during solidificationimproves the intrinsic hot worka-
bility of some tool steels because these parameters 
influencethe crystallization, precipitation, dissolution, 
growth,distribution, fraction, size, and type of carbides 
[26]. Figure 10 shows the evolution of the microstruc-
ture at a certain cooling rate. 

IMT has a long tradition in researching the fi elds of 
steels and other materials used in power plants as pipe-
work, boilers and different turbine blades. Using the FE 
SEM equipped with EBSD and TEM the microstruc-
tures of creep-resistant steels exposed to high tempera-
tures for long periods were studied and some explana-
tions were proposed in order to predict the lifetime of 
different critical elements in the power- generating in-
dustry. The FE SEM enabled us to reveal all the details 
in the microstructures, for instance carbide precipitates 
as well as carbonitrades and some other phases (Figure 
11). Based on the EBSD analysis it was shown that na-
no-carbide particles could be detected and determined 
(Figure 12) and also the related space orientation of the 
carbides to the matrix phase (Figure 13) [29].

Our researchers proposed an improved power-law, 
stress-dependent, energy-barrier model for 9Cr–1Mo–
0.2V steel using short-term creep data (the small-punch 
method) [30]. Based on all these results we are develop-
ing a theoretical and semi-empirical dependency of the 
carbide precipitates’ growth rate on the composition 
and the temperature, and we are developing an improved 
and reliable relationship between size, spacing and car-
bide volume ratio, and creep rate. 

Figure 8  Fe/Cr atomic ratios calculated from XPS depth 
profi les for oxide layers prepared by 90 L exposure in 
the preparation chamber, 10800 L exposure in the 
preparation chamber, oxidation in ambient 
conditions for 24 hours and plasma oxidation (d). 
The horizontal line at 2,98 represents the calculated 
Fe/Cr atomic ratio in bulk DSS 2205 [24]

Figure 9  EBSD orientation maps of microstructures as well as 
the {100}, {110} in {111} pole fi gures and the {100}, 
{110}, {111} inverse pole fi gures of the sample with a 
lower core loss [28]
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(Figure 14) and separating different phases by defi ning 
the correct thresholds in the grey-scale histogram in the 
SE or BE image using image-analysis software. On the 
other hand, it can be done by EBSD mapping or even 
using a band-slope map, which shows the Kikuchi pat-
tern quality, and use the fact that the martensitic phase 
has a poor Kikuchi pattern [31]. Figure 15 shows some 
steps in the image analysis to obtain the separation of 
three different phases and to obtain the volume fraction 
of each phase. 

Figure 10  Microstructure obtained at a cooling rate of 0,25 
K/s for the AISI M42 tool steel. The spots show the 
locations of the EBSD analyses: the coarser lamellar 
eutectic type M2C, the blocky carbides type M2C 
and the spheroidized carbides type M6C in ferrite 
and the sticks of type Mo2C; (a) OM, (b) SEM, (c) 
EBSD, and (d) Kikuchi pattern for Fe3W3C, spot 1 in 
(c) [26]

Figure 11  SE images of the microstructure of X20CrMoV12.1 
steel (a) in the initial state and after annealing at 
800 °C for (b) 3 h, (c) 7 h, (d) 24 h and (e) 168 h [29]

A model based on micromechanical modelling and 
the modelling of microstructure evolution during opera-
tion is also being developed and thiswill have a great 
impact in the fi eld of creep-resistance prediction and the 
assessment of the remaining lifetime for critical compo-
nents operating in thermal power plants.

Using EBSD we proposed a method to assess the 
volume fraction of different carbides in steels. This can 
be done by capturing the image in the SEM in backscat-
ter mode (BEI) using a high current of the electron beam 

Figure 12  SE image of the specimen annealed for 24 h at 800 
°C and the corresponding EBSD patterns of two 
carbides solved as M23C6 [29]

Figure 13  EBSD orientation mapping of the specimen 
annealed for 24hours at 800 °C: (a) band-contrast 
image; (b) phasemap(blue – ferrite phase, red – 
Cr23C6 phase); (c) IPFs colouring in the x direction; 
(d) IPFs colouring in the y direction; (e) IPFs 
colouring in the z direction and (f ) colour legend 
for the cubic system [29].
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CONCLUSION
The Institute of Metals and Technology (IMT), for-

merly known as the Metallurgical Institute (MIL), has, 
throughout its history, invested heavily in state-of-the-
art research equipment and, what is even more impor-
tant, invested in the knowledge to use such sophisticated 
equipment. Therefore, IMT was, and still is, one of the 
leading institutes in the fi eld of metallic materials in the 
region. The researchers at IMT that have been using 
electron optical methods (EPMA, FE SEM equipped 
with EDS, WDS and EBSD) and electron and X-ray 
spectroscopic methods (AES and XPS) have been pro-
viding industry with excellent support and also provid-
ing an innovative approach and an increase in theoreti-
cal and applied knowledge in the fi eld of metallurgy and 
material science as well as in interdisciplinary fi elds 
and published them in numerous research articles.   
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