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I Historical Review

Historical Review

More than 80 years have passed since in 1919 the University Ljubljana in Slovenia
was founded. Technical fields were joint in the School of Engineering that included the
Geologic and Mining Division while the Metallurgy Division was established in 1939
only. Today the Departments of Geology, Mining and Geotechnology, Materials and
Metallurgy are part of the Faculty of Natural Sciences and Engineering, University of
Ljubljana.

Before War Il the members of the Mining Section together with the Association of
Yugoslav Mining and Metallurgy Engineers began to publish the summaries of their
research and studies in their technical periodical Rudarski zbornik (Mining Proceed-
ings). Three volumes of Rudarski zbornik (1937, 1938 and 1939) were published. The
War interrupted the publication and not until 1952 the first number of the new journal
Rudarsko-metalurski zbornik - RMZ (Mining and Metallurgy Quarterly) has been pub-
lished by the Division of Mining and Metallurgy, University of Ljubljana. Later the
journal has been regularly published quarterly by the Departments of Geology, Mining
and Geotechnology, Materials and Metallurgy, and the Institute for Mining, Geotech-
nology and Environment.

On the meeting of the Advisory and the Editorial Board on May 22nd 1998 Rudarsko-
metalurSki zbornik has been renamed into “RMZ - Materials and Geoenvironment
(RMZ -Materiali in Geookolje)” or shortly RMZ - M&G.

RMZ - M&G is managed by an international advisory and editorial board and is ex-
changed with other world-known periodicals. All the papers are reviewed by the cor-
responding professionals and experts.

RMZ - M&G is the only scientific and professional periodical in Slovenia, which is pub-
lished in the same form nearly 50 years. It incorporates the scientific and professional
topics in geology, mining, and geotechnology, in materials and in metallurgy.

The wide range of topics inside the geosciences are welcome to be published in the RMZ
-Materials and Geoenvironment. Research results in geology, hydrogeology, mining,
geotechnology, materials, metallurgy, natural and antropogenic pollution of environ-
ment, biogeochemistry are proposed fields of work which the journal will handle. RMZ
- M&G is co-issued and co-financed by the Faculty of Natural Sciences and Engineering
Ljubljana, and the Institute for Mining, Geotechnology and Environment Ljubljana. In
addition it is financially supported also by the Ministry of Higher Education, Science
and Technology of Republic of Slovenia.

Editor in chief
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Passivation of welded AISI 316L stainless steel

Pasivacija varjenega nerjavnega jekla AISI 316L
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Abstract: The paper deals with the results of passivation of welded AISI 316L au-

stenitic stainless steel. The effectiveness of passivation in a volume fraction
6.0 % HNO, solution containing the mass fraction of CuSO,-5H,0 2.0 %
was tested by potentiodynamic polarization. Polarization was carried out in
demineralized water before passivation and after it. At 80 °C demineralized
water induced pitting corrosion and passivation was undertaken to protect
the steel surface. As a result of passivation the pitting potential decreased.
The satisfactory protective properties of the passive film on steel surface
were found to agree with the high value of the pitting potential. After pa-
ssivation, the presence of white dotty agglomerations of copper atoms was
observed on the surface in the proximity of the melted zone.

Povzetek: Clanek obravnava rezultate pasivacije varjenega nerjavnega jekla

AISI 313L. Utinek pasivacije v volumenski 6-odstotni raztopini HNO,,
ki vsebuje Se masni delez 2 % CuSO,'5H,O smo preizkusali s potenci-
odinamicno polarizacijo. Polarizacija je potekala v deminerilizirani vodi
pred polarizacijo in po njej. Pri 80 °C deminerilizirana voda povzroc€i to¢-
kasto korozijo, pasivacija pa zagotavlja zasc¢ito povrsine jekla. Posledica
pasivacije je zmanjSanje potenciala za tockasto korozijo. Zadostna zascita
pasivacijskega filma plasti na povrsini jekla je v skladu z velikim potenci-
alom za tockasto korozijo. Po pasivaciji pa je znacilna prisotnost tockastih
aglomeratov bakrovih atomov v okolici vara.

Key words: stainless steel, passivation, pitting corrosion, morphology
Kljuéne besede: nerjavno jeklo, pasivacija, tockasta korozija, morfologija
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INTRODUCTION

Austenitic stainless steels find important
and manifold applications as construction
materials in chemical and petrochemical
industries, in oil and gas exploitation, shi-
pbuilding, food and drug processing, and
in water purification and distribution sy-
stems. Their chief characteristics are good
resistance to corrosion and elevated tem-
peratures, good cryogenic strength, and
low magnetic permeability!?. The AISI
304 and 316 austenitic stainless steels,
with their low-carbon 304L and 316L
grades, account for the largest fraction of
the world’s stainless steel production and
exploitation. Welding of stainless steels
causes formation of a very heterogeneous
melted zone because of impurities segre-
gated at delta ferrite/austenite interphases
and because of possible presence of secon-
dary precipitates (carbides, chi and sigma
phases, etc.)?.

Numerous investigations have shown the
impairment of the corrosive and mechani-
cal properties of the melted zone to be due
in the first place to the dominant attack of
corrosion at segregation sites, in dendrite
nuclei, at the austenite/delta ferrite interp-
hases, and at the interphases of the secon-
dary precipitates present in the zonel**.
In certain environments and conditions,
although belonging to a group of corrosi-
on-resistant materials, austenitic stainless
steels are prone to damage by corrosion,
i.e. pitting corrosion.

Among various metals that are used to
protect the surface of the water purificati-
on and distribution systems stainless steels
come first. In real-life operating conditions
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corrosion causes dissolution of the surface
layers of the construction material, enhan-
ces roughness and porosity of the surface,
and accounts for uneven distribution of
the alloying elements. To diminish those
effects the passivation process must be
carried out efficiently and on timel™. In this
work emphasis was placed on investigating
the effectiveness of surface passivation of
a welded joint (base metal, heat-affected
zone, melted zone) because of its specific
composition and microstructure.

EXPERIMENTAL

Investigation of corrosion behaviour was
performed on a weld joint from AISI 316L
austenitic stainless steel which formed
part of a water purification and distributi-
on system. The chemical composition of
the steel is given in Table 1. The choice
of measuring equipment, electrochemical
reactor, and auxilliary and reference elec-
trodes, and the preparation of the working
electrode were made in conformity with
ASTM standards!®”. The equipment for
electrochemical measurements consisted
of an EG&G PAR 273 A potentiostat/gal-
vanostat, a Cole-Parmer 12700-55 thermo-
stat, and an EG&G Corrosion Cell Sys-
tem, Model K47 electrochemical reactor.
A standard three-electrode corrosion cell
was used. A disc-shaped working electrode
(4 =1 cm?) was prepared from the AISI
316L weld joint. Welding was performed
under a protective argon flow. The weld
included the melted zone, the heat-affected
zone, and the painted fraction of the base
metal. An Ag/AgCl electrode served as the
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reference electrode, and the counter elec-
trode was a roller-shaped graphite electro-
de. Anodic potentiodynamic polarization
curves were recorded in conformity with
ASTM standards.

Table 1. Chemical composition of AISI 316L
steel in mass fractions, w/%

Tabela 1. Kemicna sestava jekla AISI 316L v
masnih delezih, w/%

Ni
11.27

C Si
0.023] 0.35

Mn | P S
0.7110.033]0.007

Cr
17.49

Mo
2.09

Electrochemical measurements were carri-
ed out in a real medium (demineralized wa-
ter, 80 °C) and the passivating in volume
fraction 6.0 % HNO, solution containing
the mass fraction of CuSO,-5H,0 2.0%.
In addition to electrochemical measure-
ments, a comparative examination of the
surface of welded and non-welded AISI
316L steel samples was performed with a
Jeol JSM-5800 scanning electron micros-
cope and an Oxford ISIS-302 chemical
analyser. The welded sample was exami-
ned without prior mechanical treatment,
whereas the non-welded one was polished
with a 1000 grit abrasive paper in Al,O,
(0.5 um) solution. The non-welded surface
was machined to conform to ASTM crite-
ria, to facilitate detection of defects due
to passivation, and to make electrochemi-
cal measurements easier to conduct. For
chemical cleaning the mass fraction 2 %
of citric acid solution with 5 % the mass
fraction of ammonia (1800 s, 80 °C) was
used. Passivation was carried out at 60
°C in the volume fraction 6.0 % of HNO,
solution containing the mass fraction of
CuSO,-5H,0 2 % for 3400 s.

RESULTS AND DISCUSSION

Electrochemical measurements combined
with surface analysis facilitated asses-
sment of the surface condition of the AISI
316L steel weld. With the two methods the
modifications produced by chemical cle-
aning and passivation could be followed
simultaneously. In this way it was possible
to establish a link between the corrosion
parameters (R, E, and E) and

] CORR? J CORR,
the morphological features of the surface.

Electrochemical measurements

Before testing the capability for passivati-
on of the 6.0 % HNO, solution containing
the mass fraction of CuSO,-5H,0 2 % with
the help of a potentiodynamic polarization
curve we first investigated how deminera-
lized water (real medium), at 80 °C, affec-
ted the surface stability of the AISI 316L
steel weld (Figure 1). We then determined
the corrosive properties of the steel in de-
mineralized water after passivation (Figure
2) and in the passivation solution (Figure
3). The general and pitting corrosion para-
meters as read from the potentiodynamic
polarization curves are listed in Table 2. In
practice, to be considered corrosion-resi-
stant, steel is expected to have achieved the
corrosion potential (£ .) before use. De-
fects on the steel surface due to long-term
use will initiate porosity and roughness. A
rough and porous structure will facilitate
oxidation and dissolution of the surface
layers, in other words it will become more
susceptible to pitting corrosion. The insta-
bility of the steel surface will produce as a
result a lower pitting potential (£). By un-
dertaking a timely protective treatment i.e.

RMZ-M&G 2008, 55
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Figure 1. Anodic potentiodynamic polarizati-
on curve for AISI 316L steel weld in deminera-
lized water before passivation, at the potential
scan rate of 5 mV s™!

Slika 1. Krivulja anodne potenciometri¢ne po-
larizacije zvara jekla AISI 316L v deminerili-
zirani vodi pred pasivacijo pri hitrosti menjave
potenciala 5 mV s!

passivation, the E, potential will be shifted
towards more positive values.

The values of general corrosion parame-
ters measured in demineralized water de-
monstrated that general corrosion did not
cause any major damage to the surface
of the AISI 316L steel weld. The general
corrosion rate of 4.530 - 102 mm a' was
taken to represent the average rate of de-
terioration of the weld surface. As well
as from the rate, general corrosion could
be assessed from the mass loss occurring
over the period of steel exposure to demi-
neralized water. Equivalent to the general
corrosion rate of 4.530 - 10° mm a ' was
a mass loss of 0.036 g dm?a'. It is well
established that a medium having a general
corrosion rate exceeding 0.127 mm a™!, or
a mass loss in excess of 10.087 g dm2a,
is not considered appropriate for use®® he
low values of general corrosion parameters
were proof that general corrosion was not

RMZ-M&G 2008, 55

Figure 2. Anodic potentiodynamic polarizati-
on curve for AISI 316L steel weld in demine-
ralized water after passivation, at the potential
scan rate of 5 mV s™!

Slika 2. Krivulja anodne potenciometri¢ne
polarizacije zvara jekla AISI 316L v demine-
rilizirani vodi po pasivaciji pri hitrosti menjave
potenciala 5 mV s

the reason why the surface of the welded
AISI 316L steel needed to be passivated
(Table 2). The chief reason for passivation
was the onset of pitting corrosion. The pi-
tting potential (Ep) at the steel surface was
0.228 V (Figure 1, Table 2). From Figure 1
it is evident that the £ value was too low
and the E —Eowm difference too small for
the weld surface to resist pitting corrosion.
The susceptibility to pitting corrosion of
AISI 316L steel was the main reason why
it was necessary to protect the steel surface
by passivation.

The passivation effectiveness of the vo-
lume fraction 6.0 % HNO, solution con-
taining the mass fraction of CuSO,'5H,0
2.0 % was evaluated using the parameters
from the potentiodynamic polarization cu-
rve recorded in demineralized water after
passivation (Figure 2, Table 2). The valu-
es of general corrosion parameters after
passivation indicated that the corrosion
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Figure 3. Anodic potentiodynamic polarization
curve for AISI 316L steel weld in passivation
solution, at the potential scan rate of 5 mV s
Slika 3. Krivulja anodne potenciometri¢ne pola-
rizacije zvara jekla AISI 316L v raztopini za pasi-
vacijo pri hitrosti menjave potenciala 5 mV s™!

rate decreased (from 4.530 - 103 mm a™!
to 1.204 - 10° mm a™'), i.e. that general
corrosion resistance increased. The pitting
potential at the passivated surface was hi-
gher (1.098 V) than the one at the nonpa-
ssivated surface (0.228 V). A rise in the £
value led to a higher £ — E . value (from
0.287 V10 1.063 V). The E and E — E
values indicated that the chosen passivati-
on treatment provided effective protection
against pitting corrosion to the AISI 316L

steel surface exposed to demineralized wa-
ter. However, unless the steel surface was
thoroughly rinsed with demineralized water
there was a risk of galvanic corrosion”. Gal-
vanic corrosion occurs when two dissimilar
metals, immersed in a corrosive medium,
come in direct contact and form a galvanic
couple. The greater the difference between
standard electrode potentials (£°) of indivi-
dual metals in the couple the more prono-
unced galvanic corrosion. After passivati-
on, the residual copper atoms (E° = 0.337
V) absorbed on the steel surface may have
formed microcouples with the steel consti-
tuents, iron (E° = —0.037 V), nickel (E° =
—0.250 V), and chromium (E° = -0.744 V),
and thus may have induced galvanic corro-
sion. To prevent this from hapenning it was
essential that the steel surface be thoroughly
rinsed after passivation.

Taking the volume fraction 6.0 %
HNO, solution with the mass fraction of
CuSO,-5H,0 2.0 % to be an efficacious
protective agent against pitting corrosi-
on, it was important to determine general
and pitting corrosion parameters for the
situation where the steel was exposed so-
lely to the passivation solution. Analysis

Table 2. General and pitting corrosion parameters of AISI 316L steel weld in demineralized
water before and after passivation, and in passivation solution

Tabela 2. Parametri splosne in tockaste korozije zvara jekla AISI 316L v deminerilizirani vodi
pred pasivacijo in po njej ter v raztopini za pasivacijo

. R/ b/ -b/ Eone! Jeors! Veore! E/
Solution kO dek/V dek/V \Y% (LAcm?) | mma’ v
Demineralized water |  0.251 0.312 0.152 -0.059 0.430 [4.530-103 0.228
Demineralized water .
L. 0.406 0.354 0.153 0.035 0.148 [1.204 - 103 1.098
after passivation
Passivation solution | 0.010 0.387 0.296 0.643 4.74 0.049 0.900

RMZ-M&G 2008, 55
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Figure 4. SEM micrograph of the initial surface of AISI 316L steel base metal (a)

and weld joint (b)

Slika 4. Mikrografiji zacetne povrsine jekla AISI 316L (osnovni material) (a) in

zvarnega spoja (b)

Figure 5. SEM micrograph of the surface of
AISI 316L steel after polishing

Slika 5. Mikrografija polirane povrsine jekla
AISI 316L; SEM

of the results obtained from the potentio-
dynamic polarization curve recorded in the
passivation solution demonstrated that the
passivation solution was more aggressive
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than demineralized water (Figure 3, Table
2). The aggressiveness of the passivation
solution was as expected because, were it
not so, the protection against pitting corro-
sion provided by the solution would not
have been effective. However, the adverse
effect of the passivation solution was still
not strong enough to cause the steel surface
to dissolve, i.e. to induce general corrosion
(Table 2). A general corrosion rate of over
0.127 mm a! was considered to be hazardo-
us to the steel surface!'”. The pitting poten-
tial value (0.900 V) was taken to prove that
the passivation medium was well chosen.

Of the methods used for protecting the steel
surface none has proved capable of comple-
tely stopping the process of corrosion. By
efficient and timely protection of the steel
surface only the rate of corrosion can be di-
minished. It is therefore essential to repeat
the protective passivation treatment after a
certain period. How often passivation needs
repeating will depend on a number of fac-
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Figure 6. SEM micrograph of the surface of AISI 316L steel base metal (a) and

weld joint (b) after passivation

Slika 6. Mikrografija pasiviranih povrsin jekla AISI 316L (osnovni material) (a)

in zvarnega spoja (b); SEM

tors: operating conditions of the water pu-
rification and distribution system, type and
frequency of welding, temperatures of the
media present in the system, temperature
stresses during exploitation, oxygen con-
tent in the system, reduced oxygen values,
etc!'l. Assessment of the steel surface con-
dition will therefore require not only labora-
tory studies but also real-life investigations
in water distribution systemst!?,

Surface analysis

Analysis of surface morphology of the AISI
316L base metal and weld joint was carried
out before and after polishing, and also af-
ter passivation (Figures 4-6). Initially, the
base metal surface showed the presence of
grooves as well as of impurities, cracks, and
dimples (Figure 4a). In the weld two zones
could be distinguished: the melted zone and
the zone adjacent to the melted zone (Figure
4b). The melted zone morphology was cha-
racterized by an even and compact struc-

ture (Figure 4b, right). The adjacent zone,
contrariwise, exhibited cracks and grain
boundaries (Figure 4b, left). Despite mor-
phological differences, a quantitative linear
analysis demonstrated equal proportions of
individual elements in the two zones (Figu-
re 7). Chemical cleaning helped reduce the
cracks’ width and achieve a more uniform
structure of the welded surface.

The polished surface of AISI 316L steel
was characterized by a smooth and uni-
form structure (Figure 5). After polishing
there were no signs of cracks or impurities
on the steel surface. The passivated surfa-
ce of the base metal exhibited an irregular
distribution of indentations (with a maxi-
mum diameter of up to Sum) (Figure 6a).
Quantitative linear analysis showed the
chemical composition of the steel surface
inside and outside indentations (dimples)
to be identical (Figure 8). The appearance
of dimples was the result of dissolution of
unstable surface sulphur in the acidic me-

RMZ-M&G 2008, 55
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Figure 7. Quantitative linear analysis of the initial surface of AISI 316L steel weld

joint

Slika 7. Kvantitativna kemicna ¢rtna analiza na zacetni povrSini zvara jekla AISI

316L; EDXS

dium, i.e. in the passivation medium.

The passivation process is known to reduce
not only localized sulphur concentration in
AISI 316L steel but also its total concen-
tration thus increasing steel resistance to
pitting corrosion!'?.. Increase in the pitting
resistance of the weld following passivation
was established by analysis of the parame-
ters obtained by potentiodynamic measu-
rements (Table 2). The passivated surface
in the close proximity of the melted zone
exhibited white dotty agglomerations and
slightly less pronounced grain boundari-
es in comparison with the nonpassivated

RMZ-M&G 2008, 55

surface. The structure was granular, with
grains having a smooth surface. Surface
analysis showed the granular agglomerati-
ons to consist of copper atoms (Figure 9).
Quantitative linear analysis of the steel sur-
face following passivation failed to show a
major difference in the content of individual
elements between the melted zone and the
adjacent zone (Figure 10). It may therefore
be concluded that the passivation medium
“attacked” the steel weld surface in a uni-
form manner. As a result of passivation all
steel constituents formed oxides without
prior dissolution. On the other hand, had
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Figure 8. Quantitative linear analysis of the passivated surface of AISI 316L steel
base metal

Slika 8. Kvantitativna kemicna ¢rtna analiza pasivirane povrsSine jekla AISI 316L
(osnovni material); EDXS

% culbi(cts)
2 0 10

Distance. pm

Figure 9. Quantitative linear analysis of small agglomerations on the surface of
AISI 316L steel weld joint

Slika 9. Kvantitativna kemicna Crtna analiza drobnih aglomeratov na povrsini
zvara jekla AISI 316L; EDXS
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Figure 10. Quantitative linear analysis of the passivated surface of AISI 316L

steel weld joint
Slika 10. Kvantitativna kemicna ¢rtna
AISI 316L; EDXS

dissolution taken place before oxidation
of surface atoms, quantitative analysis wo-
uld have shown an uneven distribution of
the alloying elements. The uniform surface
composition of the steel weld, by warran-
ting invariable ratios of chromium and iron
mass fractions, proved to be a measure of
effectiveness of passivation treatment!!>14,

Roughness measurements (R ) are often
used for testing the efficacity of passiva-
tion media. The postpassivation roughness
values were 1.6 pum for the melted zone,
0.37 pum for the painted zone, and 0.25 um
for the base metal. The painted area of the
passivated surface adjacent to the melted

RMZ-M&G 2008, 55

analiza pasivirane povrsine zvara jekla

zone exhibited a highest level of rough-
ness, being the site of highest exposure
to the negative effect of heat input during
welding. By failing to enhance surface
roughness, passivation helped prevent a
possible drop in surface stability of AISI
316L steel.

CONCLUSIONS

From the results of potentiodynamic mea-
surements and surface analysis of the AISI
316L steel weld exposed to demineralized
water it may be concluded that:
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General corrosion did not cause a major
damage to the steel surface.

At 80 °C demineralized water caused da-
mage to the steel surface inducing pitting
corrosion so that passivation treatment
in the volume fraction 6.0 % HNO, so-
lution containing the mass fraction of
CuSO,-5H,0 2.0 % was undertaken.
After passivation the general corrosion
rate diminished (from 4.530 - 10 mm
a'to 1.204 - 107 mm a™'), and general
corrosion resistance increased.

The pitting potential at the passivated
steel surface (1.098 V) was more positi-
ve than the one at the nonpassivated sur-
face (0.228 V). A rise in the pitting po-
tential was accompanied by increase in
E —E o value (from 0.287 V to 1.063
V) indicating that the chosen passivation
treatment provided efficacious protecti-
on against pitting corrosion.

The passivation solution was more ag-
gressive than demineralized water. The
noted aggressivity was insufficient to ca-
use dissolution of the steel surface.
After passivation the steel surface needed
to be thoroughly rinsed with deminerali-
zed water to prevent adsorption of copper
atoms on the welded surface and possible
occurrence of galvanic corrosion.

After passivation the surface adjacent to
the melted zone exhibited white dotty
agglomerations. Analysis showed the
agglomerations to consist of copper
atoms.

The painted portion of the passivated
surface adjacent to the melting zone
was characterized by the highest level
of roughness, being the site of the most
pronounced negative effect of heat input
during welding.
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Matevz FazarINc!, TATIANA VECKO PIRTOVSEK!, DAVID BOMBAC!,
GorAN KUGLER!, MILAN TERCELJ'

"University of Ljubljana, Faculty of Natural Sciences and Engineering, Department of
Material Science and Metallurgy, Askerceva cesta 12, SI-1000 Ljubljana, Slovenia;
E-mail: matevz.fazarinc@ntf.uni-lj.si, tpirtoviek@metal.com,
david.bombac@ntf.uni-lj.si, goran.kugler@ntf.uni-lj.si, milan.tercelj@ntf.uni-lj.si

Received: October 6, 2008 Accepted: December 8, 2008

Abstract: Knowledge on precipitation phenomena in the PK 324 duplex stainless
steel (DSS) is an important step in improving its final microstructure in the
production process. Due to increased content of Cr, Ni and C the DSS exhibits
complex microstructure, consisting of ferrite, austenite, intermetallic phases
(sigma) and carbides. Several tests were applied in order to obtain necessary
knowledge for improving the processing of the DSS. Aging-treatment tests re-
vealed that sigma phase precipitated in the range between 680 °C and 900 °C.
Additionally, the influence of cooling rates on the precipitation and transforma-
tion behaviour of samples, previously aged in the range between 950 °C and
1300 °C, has been studied. With sufficiently high cooling rates the precipitation
of sigma phase could be reduced to negligible values.

Izvle¢ek: Razumevanje izlocanja v dupleksnih nerjavnih jeklih PK 324 je pomemben
korak k izboljsavi kon¢ne mikrostrukture v procesu izdelave. Zaradi povisane
koncentracije Cr, Ni in C tvori ta vrsta jekel kompleksno mikrostrukturo, ki
je sestavljena iz ferita, avstenita, intermetalnih spojin (c-faza) in karbidov. Iz-
vedenih je bilo ve¢ razli¢nih preizkusov, ki so sluzili za nabiranje potrebnega
znanja za izboljSanje procesov izdelovanja teh jekel. S staranjem je bilo ugo-
tovljeno, da se o-faza izloCa v temperaturnem intervalu med 680 °C in 900 °C.
Dodatno je bila narejena Se analiza vpliva ohlajevalnih hitrosti na vzorce, ki
so bili predhodno starani v temperaturnem intervalu med 950 °C in 1300 °C.
Pokazalo se je, da se je mogoce izogniti izlo¢anju o-faze z zadostno visoko
ohlajevalno hitrostjo.

Original scientific paper
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INTRODUCTION

Duplex stainless steels, composed manly of
austenite and ferrite grains, posses excellent
corrosion resistance as well as mechanical
properties, i.e. good ductility and strength,
where austenite contributes to the ductility
while ferrite, which is harder, improves the
strength and the welding characteristics. In
the temperature range between 500 °C and
1100°Ctheprecipitation of secondary phases
such as sigma phase (c) - (FeNi), (CrMo)y
intermetallic compound, chromium nitride
(Cr,N), secondary austenite (y,) and Chi
phases (y) takes place in this type of stainless
steels. When the composition is changed in
the nominal concentration region the range
of precipitation usually changes. Larger
content of the ferrite-stabilizing elements,
such as Mo and Si promote the c-phase
precipitation during the cooling process,
while on the other hand the austenite-
stabilizing elements, such as Ni, Mn, C and
N reduce the o-phase precipitation. Type
M.C,and M,,C, carbides usually commence

2376
to precipitate at temperatures bellow 1100

°C or 950 °C, respectively. The precipitation
takes place on grain boundaries between
the ferrite and austenite grains as well as on
other incoherent boundaries (non-metallic
inclusions). The o-phase is one of the most
influential phases according to the Fe-Cr
binary system. It usually precipitates in
the temperature range between 600 °C and
1000 °C, is very brittle and consequently
increases the hardness of stainless steel but
decreases ductility, toughness, corrosion
resistance and consequently cold and hot
deformability. Cooling rate influences the
amount of precipitated carbides as well
as the amount of sigma and other phases
and consequently the obtained mechanical
properties. Thus an appropriate processing
parameters should be chosen in order to
obtain the desired properties of the stainless
steel in question that are needed in further
processing steps for its quality production.
After hot forming, cold forming is usually
applied during the manufacturing of items
whit fine dimensions (8 mm wire). The
cold formability of stainless steel is highly
influenced by present sigma phase as well

Table 1. Chemical compositions of various batches, used in our experiments
Tabela 1. Kemicna sestava razli¢nih Sarz, uporabljenih pri preizkusih

o = = = = = Y = = = =
1 D 13 0.12 0.39 | 29.66 1.87 10.00 | 0.17 | 0.003 | 0.028 | 0.024 | 0.15
2 190 0.10 0.22 30.1 1.96 9.66 0.32 0.02 | 0.032 | 0.006 | 0.19
3 cast 0.10 0.26 30.1 1.91 9.5 0.04 | 0.004 | 0.020 | 0.007 | 0.06

RMZ-M&G 2008, 55
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Figure 1. Observed macrostructures on the cross sections of the PK 324 DSS
ingot; a) in the ingot head (G), and b) in the ingot foot (N)

Slika 1. Opti¢na makrostruktura preénega prereza ingota jekla PK 324; a) glava
ingota (G) in b) noga ingota (N)

as by present carbides 14,

PK 324 is a ferrous alloy, usually used as
welding material, grouped among super
duplex stainless steel (DSS). Its produc-
tion is still characterised by appearance of
cracks as a consequence of precipitation
processes. Thus this paper presents the
results of influence of aging temperatures
and cooling rates on the transformation
and precipitation processes.

EXPERIMENTAL PROCEDURE

Applied materials, methods of characteri-
zation and analyses

The specimens made of PK 324 DSS and
applied in testing were cut from a rolled
wire with diameter @ = 13 mm (Batch no.
1), from a square rod (90 mm x 90 mm,
Batch no. 2) and from 380 kg ingots pre-
pared in a vacuum electric furnace (Batch

no. 3). Chemical compositions of the ap-
plied batches of the PK 324 DSS are given
in Table 1. They differed from the stand-
ard DSS since they contained higher mass
fraction of C (over 0.1 %), Cr (about 30
%), and Ni (about 10 %). An isopleths
cross section of the Fe-Cr-Ni ternary dia-
gram at 8 % Ni is given in Bl

(OM) ZEISS JENA VERT apparatus was
applied for the light microscopy. Muraka-
mi’s etchant (KLemm [5) was used to tint
o phase grey, a phase brown, carbides red,
green and blue, while y phase remained
uncoloured. Further, XRD was used to ver-
ify the percentage of phases in the micro-
structure. Chemical compositions of the
v, o, o phases and of carbides were deter-
mined with the EDS. Microanalyses were
performed using the Leitz - AMR 1600 T
scanning electron microscope and using
the PGT IV EDX system.

Figure la and b present the macrostruc-

RMZ-M&G 2008, 55



Processing of PK 324 Duplex Stainless Steel: Influence of aging...

423

Figure 2. LM micrograph of PK 324 DSS; a) initial as-cast ingot; b) as-wrought,
after 30 minutes of solution annealing at 1050 °C and subsequent water quenching
Slika 2. Posnetek mikrostrukture jekla PK 324; a) ulit ingot; b) predelan, po 30
min zarjenja na 1050 °C in po gaSenju v vodi

tures in the cross-sections in the ingot’s
head (in the text marked with G) and in the
ingot’s foot (in the text marked with N), re-
spectively. Figure 1a made evident that an
area 5 mm below the surface of the ingot
consists of globular grains. Towards the in-
got centre, a 10 mm wide area consisting
of dendritic grains can be observed while
the areas further towards the centre con-
tain equiaxial grains that gradually change
into globular grains in the centre of ingot’s
head. The macrostructure of the cross sec-
tion of ingot foot is presented in Figure 1b.
The 5 mm wide area of globular grains in
the outer part of ingot was clearly visible.
Towards the ingot centre this area is fol-
lowed by a 30 mm wide area of dendritic
grains that gradually change into equiaxial
grains and finally globular grains are found
in the centre of ingot’s foot.

The calculated value for Cr, /Ni, ratio
according to the equation given in ?!is 2.3,
pointing to the presence of both phases at
room temperature.

During the solidification process ferrite
dendrites form first. After the solidifica-
tion is complete the alloy consisted only of
ferrite grains. Further cooling causes the a

RMZ-M&G 2008, 55

— v transformation and afterwards, due to
the decreased solubility of C in austenite,
precipitation of carbides takes place. With
further cooling the decomposition of fer-
rite according to the & — o + y eutectoid
reaction takes place. During the cooling
process the precipitation of carbides and of
o phase also takes place. Final microstruc-
ture consists of y-phase in the interdendritic
spaces, phases a and v inside the dendrite
grains, intermetallic phases (phases ¢ and
y) and eutectic carbides. Figure 2a shows
the final as-cast microstructure of the batch
no. 3 taken from the ingot centre. Type
M.C, and M,,C, carbides predominately
precipitate on the a/y boundaries in the in-
terdendritic spaces (due to the segregation
of C during the solidification process) and
in a smaller extent also inside the grains
close to the a/y boundaries while c-phase
precipitates in the ferrite area. Measured
volume fraction of ferrite in the ingot cen-
tre was about 48 %, austenite about 52 %
and below 1 % of sigma phase and car-
bides at room temperature. In the samples
that were taken from the ingot surface the
volume fraction of ferrite was 45.2 %, of
austenite about 54.8 % and below 1 % of
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sigma phase and carbides.

In order to equalize fractions of ferrite and
austenite in the initial microstructure, all
the heat treated specimens were solution
annealed in an electric furnace at 1050 °C
for 30 min and quenched in water. Accord-
ing to the phase diagram given in refer-
ence P! for this temperature approximately
equal parts of a and y were obtained. The
obtained microstructure after aging heat
treatment of the as-wrought material is
presented in Figure 2b. The microstruc-
ture consists of approximately equal parts
of ferrite and austenite and carbides (M.C,
and M,,C,) which precipitated in austenite
and on the o/y interfaces. In austenite small
islets of ferrite were found as a mixture of
Widmannstétten microstructure and small
islets of austenite.

High temperature aging treatments and
cooling

After initial solution annealing the speci-
mens underwent various aging treatments
in the temperature range between 620 °C
and 1050 °C in 20 °C increments. The tem-

perature was kept constant for 30 min. All
the samples were quenched after the an-
nealing process. Samples from batch no. 1
were applied for these tests. Based on these
aging tests the temperature range of pre-
cipitation of sigma phase was determined.
Detailed data of all the test conditions,
characterizations, etc. that were performed
in the research are given in Table 2.

To analyze the influence of cooling rates on
the precipitation processes, the as-wrought
(batch no. 2) and as-cast (batch no. 3)
samples were quenched in water (with the
cooling rate of approximately 200 °C/s)
and cooled in air (with the cooling rate
of approximately 4 °C/s), respectively,
after they were aged for two hours in
the temperature range between 1000 °C
and 1300 °C. This served as a basis for
characterisation of the influence of cooling
rates (quenching in water, and cooling on
air) on the achieved microstructure. Longer
aging time (120 min) in the temperature
range between 900 °C and 1250 °C (1300
°C) was chosen instead of shorter aging
time (30 min) in the temperature range

Table 2. Applied aging conditions and applied tests
Tabela 2. Uporabljeni pogoji staranja in uporabljeni preizkusi

Temp. range Temp. range
620-1050 °C 900-1250 (1300) °C
Batch No. 1 2 3
.. wrought, wrought, )
Initial state wire @ 13 mm 190 m as-cast
Aging time (min) 30 120 120
Cooling water water, air water, air
Microhardness: Yes No No
measured
OM, XRD, EDS Yes Yes Yes

RMZ-M&G 2008, 55
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Figure 3. a) Volume concentrations of phases
vs. aging temperature in the temperature range
between 620 °C and 1050 °C, aging time of the
as-wrought specimen (@ = 13 mm) was 30 min
and b) the obtained LM microstructure of the
as-wrought sample aged at 800°C for 30 min,
B3%a,30% 0, 67%Y)

Slika 3. a) Prostorninska koncentracija faz v
odvisnosti od temperature staranja v obmodcju
med 620 °C in 1050 °C pri Casu staranja pre-
delanega jekla (@ = 13 mm) 30 min; b) mikro-
struktura, posneta z opti¢nim mikroskopom (3
% a,30 % o, 67 %)

between 620 °C and 1050 °C, since the
hot forming process usually takes place
in that temperature range. This meant also
longer holding times of workpiece at higher
temperatures. Consequently the influence
of cooling rate in the predetermined
temperature range on the precipitation
process was more relevant.

RMZ-M&G 2008, 55

RESuULTS

Stable microstructure, characterized by
a/y ratio, was obtained at 1050 °C and has
become thermodynamically metastable at
lower temperatures. This consequently re-
sults in the decomposition of ferrite phase
into austenite and sigma phase (o — y + ©).
Figure 3a presents volumetric concentra-
tions of phases vs. aging temperatures for
aging time of 30 min in the temperature
range between 620 °C and 1050°C. The
samples were taken from batch no. 1. The
sigma phase precipitated in the temperature
interval between 660 °C and 860 °C, reach-
ing maximum volume fraction of 39.5 % at
approximately 760 °C. Figure 3a makes ev-
ident that with the decomposition of o phase
the amount of ¢ and y phases increase. At
the aging temperature of 1050 °C the ob-
tained o/y phase ratio was approximately 1
and indicates that it remained the same as
after initial solution heat treatment. In Fig-
ure 3b the microstructure of the sample that
was aged for 30 min at 800 °C is presented.
The areas with (o — y + o) eutectoid are
clearly visible; the sigma phase commenced
to precipitate at the triple points as well as
on the grain boundaries (o/a and o/y) and it
grew into the interior of ferrite grains.

The authenticity of the mentioned phases
was also proved by micro-hardness meas-
urements. The micro-hardness values HV |
for ferrite (o) were in the range of 433525,
230-309 for austenite (y), austenite (Yy)
plus sigma phase (o) in the range of 630—
661 and of austenite (y) plus carbide (K) in
the range of 322—405. These values were
in agreement with the obtained results by
MARTINS et all 431,

As presented in Table 2, similar aging tests
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Figure 4. a) Volume concentration of phases
after the two-hour aging vs. the aging tempera-
ture (900—1250 °C); b) microstructure of the
specimen, aged at 1250 °C. As-wrought (2 90
mm), quenched in water, Batch no. 2.

Slika 4. a) Volumenska koncentracija faz po
dveurnem staranju v odvisnosti od temperatu-
re staranja (900-1250 °C); b) mikrostruktura
vzorca, staranega pri 1250 °C. Predelano jeklo
(1 90 mm), gaseno v vodi, skupina 2.

for 120 min were carried out with speci-
mens from the batches no. 2 and 3 in the
temperature interval 900 °C and 1250 °C,
being subsequently quenched in water and
cooled in air in order to analyze the influ-
ence of cooling rates on the precipitation
process. The volumetric concentration of
phases, depending on the aging tempera-
ture, is presented in Figure 4a. It was evi-
dent that volume fraction about 3.5 % of

o-phase appeared after 2 h aging at 900
°C. This could be ascribed to the increased
content of Mo in the batch no. 2 (w(Mo) =
0.32 %) compared to batch no.1 (w(Mo) =
0.17 %). In general, the content of ferrite
phase increased with the increasing tem-
perature. Intensive Y — O phase trans-
formation commenced at the temperature
around 1150 °C where at the temperature
of 1250 °C the volume fraction of ferrite
amounted to about 82 % but carbides were
predominately dissolved (Figure 4b). On
the other hand, the amount of ferrite in
general decreased at temperatures below
1050 °C (down to 900 °C).

After all the specimens were aged for 2 h at
selected temperatures in the range between
950 °C and 1300 °C they were cooled with
two different cooling rates. They were
quenched in water and cooled in air. The
obtained microstructures of the as-cast and
the as-wrought specimens are presented in
Figures 5 and 6, respectively.

During the cooling of the as-cast specimens
from the aging temperatures of 1300 °C
and 1250 °C in water, the austenite and
carbides precipitated predominately in
ferrite and on the o/o grain boundaries
(Figure 5a). At the lower cooling rate (i.e.
in air) carbides precipitated predominately
on the o/y grain boundaries and to smaller
extent in the ferrite phase (Figure 5b).
Precipitated austenite had Widmannstatten
morphology. The amount of precipitated
carbides increased with decreasing the
annealing temperature. The precipitation
of carbides and austenite took place
predominately on the o/y phase grain
boundaries (Figure 5c—d) and only a small
difference was observed in the obtained
microstructures of specimens that were
quenched in water and cooled on air.
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Figure 5. Obtained microstructures of the as-cast specimens of the batch no. 3
that were aged for 2 h at 1250 °C and consequently quenched in water (a) and air
cooled (b); aging at 1050 °C, quenched in water (¢), and air cooled (d), LM
Slika 5. Mikrostruktura, dobljena z opti¢nim mikroskopom vzorcev litega stanja, sku-
pina 3, starana 2 h pri temperaturi 1250 °C in gaSena v vodi (a) ter ohlajana na zraku
(b); staranje pri temperaturi 1050 °C gaSena v vodi (c) in ohlajana na zraku (d)

Similar results were obtained for the as-
wrought specimens, where the only differ-
ence was that carbides precipitated during
the quenching in water from the annealing
temperature of 1300 °C and 1250 °C to
smaller extent in the ferrite phase and to
greater extent on the o/y grain boundaries
(Figures 6a-b, compared to Figures 5a-b).
The annealing temperature and the cooling
rate influenced the morphology of the precip-
itated carbides in the as-cast as well as in the
as-wrought specimens. At higher annealing
temperature the morphology of precipitated
carbides was lamellar but with decrease of
annealing temperature the mentioned mor-

RMZ-M&G 2008, 55

phology slightly changed from lamellar to
spherical. This change occurred in the as-
wrought specimens that were quenched in
water from the temperature range between
1150 °C and 1100 °C (Figure 6d) while in
the specimens that were cooled in air this
phenomenon occurred already at approxi-
mately 1175 °C (Figure 6c).

With the decrease of aging temperature
(1050 °C) the amount of precipitated
carbides increased. They predominately
precipitated on the a/y grain boundaries
and their form varied from stick-shaped
to spherical. The morphology of precipi-
tates did not change only with the aging
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Figure 6. Obtained microstructures of the as-wrought specimens from the batch
no. 2 being aged for 2 h in the temperature range of 1300-1000 °C, and subse-
quently quenched in water or cooled in air; aging at 1250 °C, water quenching
(a), aging at 1250 °C, air cooling (b), aging at 1175 °C, air cooling (c), aging at
1150 °C, water quenching (d), aging at 1050°C, water quenching (e) and air cool-
ing (f), LM

Slika 6. Mikrostruktura, dobljena z opti¢énim mikroskopom predelanega jekla,
skupina 2, po dvournem staranju pri temperaturi 1250 °C, gasena v vodi (a) ter
ohlajana na zraku (b); staranje pri temperaturi 1050 °C, gaSena v vodi (c) in ohla-
jan na zraku (d); staranje pri 1050 °C in ohlajana v vodi (e) ter na zraku (f)
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temperature but also with the cooling rate
(Figures 6e—f).

Examination with the EDS revealed that
MB.C <type carbldes precipitated on the a/y
grain boundaries.

Table 3. Chemical composition (w/%) of phas-
es, and the ({o/y) distribution coefficient of el-
ements in the sample aged for 30 min at 1050
°C, batch no. 1

Tabela 3. Kemicna sestava (w/%) faz in razde-
litveni koeficient ({a/y) faz v vzorcih, staranih
30 min pri temperaturi 1050 °C, skupina 1.

w/% o v Carbides  [a/y
Cr 33.76 25.75 68.12 1.32
Mn 1.98 2.31 1.57 0. 86
Fe 55.78 58.71 20.17 0.95
Co 0.35 0.45 0.11 0.78
Ni 7.07 12.68 2.69 0.56
Mo 0.22 0.13 0.61 1.69

The amounts of a and y-phases depend on
the annealing temperature where as the
cooling rate showed a negligible influence.
Chemical analyses of austenite, ferrite
and carbides (M.C,) in the specimen that
was aged for 30 min at 1050 °C were per-
formed using the EDS microanalyzer. They
are presented in Table 3 together with the
(Io/y) distribution coefficient. The highest
difference of chemical elements content
between ferrite and austenite was found for
Mo and Ni, followed by Cr, Co, Mn and
Fe. Transformation of ferrite into austenite
took place only by diffusion of Cr and Mo
to certain regions (carbides) thus enriching
them and leading to the formation of sigma
phase. The regions that were enriched with
the mentioned elements due to segregation
were favourable for commencement of the a
— v transformation [°. The carbides (M,C,)
were mainly composed of Cr and Fe (see
Table 3). The presence of M.C, carbides
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was discovered on the base of transforming
the chemical composition of carbides from
mass fractions into molar fractions, taking
in account that molar fraction of carbon, N,
was obtained by subtracting the sum of mo-
lar fractions of the other alloying elements
that were composing carbides from the val-
ue 1. The calculated ratio between the sum
of molar fractions of chromium and iron
(2(Cr) + x(Fe)) and the x(C) was approxi-
mately 7 : 3 that indicated the presence of
M. C,-type carbides.

CONCLUSIONS

Precipitation behaviour in the PK 324 fer-
rous alloy at various testing conditions was
examined. Two aging treatment tests were
applied; shorter aging time (30 min) in low-
er temperature range (620-900 °C (1050
°C)), and longer aging time (120 min) in
higher temperature range (900-1300 °C).
The aged specimens in the higher tempera-
ture range were cooled with two cooling
rates; i.e. quenched in water and cooled in
air. The following conclusions, useful for
increasing the final quality of PK 324 fer-
rous alloy, can be stated:

e As-cast microstructure consisted of
austenite, ferrite, sigma phase and M.C,
and M,,C, carbides. The carbides were
mainly composed of Cr and Fe.

o The sigma phase nucleated on ferrite-austen-
ite interfaces and grew into ferrite grains.

o The sigma phase precipitated in the tem-
perature range of 660-860 °C, having
peak value of the maximal amount of 39.5
% at about 750 °C and it was then com-
pletely dissolved at about 900 °C. The
upper temperature limit of the ¢ phase
precipitation is depended on the chemical
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composition. The final hot forming steps

should be performed above 900 °C.
e The concentration of sigma phase could be
minimized if the cooling rate in the range
of its precipitation was high enough. This
would improve the cold deformability as
well as the final microstructure.
The 2 h aging process at about 1250 °C,
gave the content of ferrite above 80 %;
at around 1100 °C this content was re-
duced below 60 %, at around 1000 °C the
content was already below 50 %, and at
around 900 °C the content of ferrite was
even lower than 40 %.

PovzETEK

Raziskana je bila precipitacija v duple-

ksnem jeklu PK 324 pri razli¢nih pogojih

preizkusanja. Uporabljena sta bila dva pote-

ka preizkuSanja: kratki preizkus staranja (30

min) pri nizjih temperaturah (620-900 °C

(1050 °C)) ter daljsi preizkusi staranja (120

min) pri visjih temperaturah (900-1300

°C). Preizkusanci so bili ohlajani na sobno

temperaturo z dvema razli¢nima hitrostma
ohlajanja; gaseni so bili v vodi, drugi pa so
bili ohlajani na zraku.

Pri tem so bile dobljene naslednje ugoto-

vitve:

e Lita struktura je vsebovala avstenit, ferit,
fazo sigma ter karbida M.C,in M,,C,. Kar-
bida sta v vecji meri vsebovala Cr in Fe.

e Faza sigma je nukleirala na fazni meji
avstenit/ferit in je rastla v notranjost fe-
ritnih zrn.

e Faza sigma se je izloCala v temperatur-
nem obmoc¢ju med 660 °C ter 860 °C,
vrh (p = 39.5 %) pa je dosegla pri 750
°C. Popolnoma je bila raztopljena pri

900 °C. Ta temperatura je odvisna od
kemijske sestave in kaze na to, da bi se
morali zadnji vtiki med kovanjem izvesti
nad 900 °C.

e Koncentracijo izlocene faze sigma bi bilo
mogoce zmanjsati s pospeSenim ohlaja-
njem skozi podro¢je njenega izloCanja. S
tem bi se izbolj$ala preoblikovalnost v hla-
dnem ter kon¢na mikrostruktura izdelka.

e Dveurni proces staranja pri 1250 °C je
pokazal, da je v mikrostrukturi prostor-
ninski delez ferita vecji od 80 %. Pri
1100 °C je bilo ferita le e 60 %, pri 1000
°C 50 % ter pri 900 °C manj kot 40 %.
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The possibility of using soil instead of rock samples
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Abstract: In the area of the Pohorje Mts. (NE Slovenia, Eastern Alps) igneous com-
plex we tried to test whether the sampling of soil instead of fresh rock yields
adequate results for a petrological interpretation. In 22 locations granodiorite,
dacite, gabbro and lamprophyre with corresponding soil were sampled. Whole
rock and trace element analysis was performed using ICP — MS and — ES. A
statistical t-test showed that the major element content as well as Ba, Nb, Rb,
and Sr are generally significantly different in both media. On the petrological
diagrams based on these elements soil and rock samples from the same loca-
tion plot in different fields. In the case of major elements the use of soil sam-
ples instead of rock is not advisable. However for diagrams constructed with
immobile elements — such as diagrams for tectonic setting and REE patterns
— a soil sample might possibly be used quite safely in place of fresh rock.

Izvleéek: Na podrocju pohorskega magmatskega masiva (SV Slovenija, Vzhodne
Alpe) smo skusali preveriti, ali vzoréenje tal na mestu vzorcev kamnin daje
enakovredne rezultate za petrolosko interpretacijo. Na 22 lokacijah smo
vzorcili granodiorit, dacit, gabbro in lamprofir ter tla nastala na teh kamni-
nah. Vsebnost glavnih in slednih prvin smo dolocili z ICP — MS in — ES.
Statisti¢ni t-test je pokazal, da se vzorci znacilno razlikujejo po vsebnosti
glavnih prvin ter Ba, Nb, Rb in Sr. Na petroloskih diagramih, ki so zasnovani
na teh prvinah, se vzorci kamnin in tal uvr$¢ajo na razlicna podrocja. Upo-
raba vzorcev tal v diagramih, ki vkljucujejo glavne prvine, zato ni primerna.
V diagramih, zasnovanih z nemobilnimi prvinami — kot na primer diagrami
tektonskega okolja ter vzorci REE — pa lahko vzorci tal dokaj dobro nado-
mestijo vzorce kamnin.

Key words: geochemistry, weathering, petrological diagrams, soil, granodiorite,
Eastern Alps

Kljuéne besede: geokemija, preperevanje, petroloski diagrami, tla, granodiorit,
Vzhodne Alpe
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INTRODUCTION

The Pohorje Mts. (NE Slovenia, Europe)
consist of prevailing granodiorite pluton
with a small satellite gabbro body, a minor
dacite stock and several lamprophyre veins.
In previous years studies on these igneous
rocks have been performed to establish
their origin and genesis (ZurANCIC, 1997a,
b). During field work it has become obvious
that in a temperate climate at altitudes of
below 2000 m fresh rock samples are quite
difficult to obtain due to the rapid weath-
ering and formation of soil. Silicate rocks
are often covered by deep soil and vegeta-
tion. Sampling is limited to outcrops which
are not uniformly distributed. That is why
the reliability of petrological and statistical
studies may often be in question.

In this study we tried to test weather it
is possible to use soil samples instead of
fresh rock and still obtain authentic data
for a petrological interpretation. The appli-
cability of the different classification and
discrimination diagrams constructed with
data from the soil samples is discussed.

MATERIALS AND METHODS

Five kilogram samples of different igneous
rocks and the corresponding two kilograms
of'soil (the upper 20 cm) were collected. Al-
together, there were 22 sampling localities
distributed throughout the massive in ac-
cordance with the volume of different rock
types. Both media were collected as close
as possible to ensure that the soil was truly
a weathering product of the treated rock. In
randomly chosen locations replicate sam-
ples were obtained to control the sampling
quality. To control the quality of analytics
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some duplications were added. The chemi-
cal composition of three gabbro and two
corresponding soils, three lamprophyres
and their soils, five dacites with appropri-
ate soils and 16 granodiorites with 19 soils
were analyzed at the ACME Laboratories
in Vancouver, Canada. For an analysis of
major elements a 2 g sample was digested
in 5 % HNO, after a LiBO, fusion. The
contents were determined by inductively
coupled plasma — emission spectroscopy
(ICP — ES). For the trace elements analy-
sis, a 0.5 g sample was leached with 3 mL
of an HCl — HNO, - H,0 (2 : 2 : 2) mix-
ture at 95 °C for one hour, then diluted to
10 mL and analyzed using an inductively
coupled plasma — mass spectroscopy (ICP
— MS). According to the added replicates
and AGV-1 and RGM-1 standards the ana-
lytical error is below 10 % for the elements
used in the proceeding study (SiO,, TiO,,
ALO,, FeO,, FeO, MnO, CaO, Na0,

273 273
K,0, P,O,, MnO, LOI, Ba, Nb, Rb, Sc, Sr,
Th, V, Zr, Y and REE). For REE chondrite
the normalization values suggested by Na-

KAMURA (1977) were used.

RESULTS AND DISCUSSION

Generally in more basic rock types (gabbro
and lamprophyre) the mean values (Table
1) of the majority of analyzed elements are
higher in soils than in rock, while the op-
posite is true for more acid rocks (granodi-
orite and dacite). The situation is reverse
concerning data scattering i.e. standard
deviations (Table 2). These are higher in
soils formed on acid rock types and lower
in soils weathered from basic rocks. But
it should be noted that for both basic rock
types the number of observations is ex-
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Table 1. Mean values of major (%) and trace (pg/g) values in rock and soil samples from Pohorje
Mts. Number of observations: gabbro soil = 2, rock = 3, dacite soil = 5, rock = 5, lamprophyre

soil = 3, rock = 3, granodiorite soil = 19, rock = 16.

Tabela 1. Srednje vrednosti glavnih (%) in slednih (pg/g) prvin v pohorskih vzorcih kamnin in
tal. Stevilo opazovanj: gabbro (tla) = 2, kamnina = 3, dacit (tla) = 5, kamnina = 5, lamprofir (tla)
= 3, kamnina = 3, granodiorit (tla) = 19, kamnina = 16.

Gabbbro Gabbro Dacite Dacite Lamprophyre | Lamprophyre | Granodiorite | Granodiorite
soil rock soil rock soil rock soil rock
SiO, 57.95 54.57 54.31 67.99 52.93 56.82 58.53 68.59
TiO, 0.61 0.41 0.45 0.34 0.97 0.85 0.44 0.30
ALO, 11.50 8.01 13.61 15.58 16.91 16.99 13.89 15.97
Fe,O 2.55 2.75 1.79 1.67 4.04 2.63 1.70 1.29
FeO 2.08 2.24 1.46 1.44 3.30 3.42 1.33 1.41
MnO 0.11 0.15 0.06 0.06 0.14 0.11 0.04 0.07
MgO 6.49 12.27 0.66 1.03 2.62 4.74 0.64 0.96
CaO 6.51 14.01 1.79 3.10 1.80 6.04 1.91 3.23
Na,O 2.22 2.20 242 3.93 1.14 3.74 2.51 4.01
K,0 1.27 0.19 2.17 3.02 2.27 1.94 2.10 2.84
PO, 0.21 0.13 0.14 0.16 0.16 0.29 0.12 0.13
LOI 8.42 3.04 21.06 1.53 13.99 2.41 16.73 1.04
Ba 907.5 81.66 780.80 1124.60 611.66 1197.66 994.84 1246.81
Nb 9.25 11.56 14.16 2.80 14.83 6.93 13.38 7.66
Rb 37.40 9.90 82.10 110.00 120.56 62.85 73.57 103.67
Sc 39.50 69.33 4.60 5.28 16.66 20.33 4.36 4.31
Sr 440.45 417.33 326.92 509.60 206.96 822.80 426.79 666.84
Th 12.20 9.56 13.34 13.20 15.76 11.16 15.80 16.28
\% 141.50 143.33 40.40 36.40 138.00 106.33 41.15 32.31
Zr 89.65 64.36 156.64 164.60 181.83 150.30 162.53 156.52
Y 16.50 16.43 13.46 15.80 28.00 19.53 14.04 16.07
La 34.75 25.13 34.98 33.40 46.43 41.40 40.71 37.06
Ce 66.75 46.96 69.36 67.92 97.86 84.83 75.88 70.57
Pr 7.14 5.28 6.33 6.10 10.34 8.29 7.45 6.68
Nd 26.15 19.70 21.72 21.42 38.06 21.70 2542 23.33
Sm 5.25 430 3.58 3.72 7.63 5.50 4.16 3.98
Eu 1.23 1.07 0.79 0.99 1.59 1.51 0.87 1.04
Gd 4.05 3.73 2.62 3.24 6.36 4.70 2.96 3.22
Tb 0.53 0.49 0.38 0.42 0.88 0.59 0.41 0.43
Dy 3.09 2.93 2.36 2.28 5.36 3.47 245 2.54
Ho 0.58 0.55 0.46 0.41 1.02 0.63 0.46 0.46
Er 1.74 1.67 1.44 1.12 3.05 1.75 1.46 1.37
Tm 0.23 0.23 0.21 0.18 0.38 0.23 0.20 0.20
Yb 1.52 1.53 1.49 1.12 2.82 1.64 1.48 1.39
Lu 0.24 0.24 0.24 0.33 0.42 0.41 0.24 0.29
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Table 2. Standard deviations of major (%) and trace (ng/g) values in rock and soil samples from
Pohorje Mts. Number of observations is the same as in Table 1.

Tabela 2. Standardni odkloni glavnih (%) in slednih (ug/g) prvin v pohorskih vzorcih kamnin in
tal. Stevilo opazovanj je enako kot v tabeli 1.

Gabbbro Gabbro Dacite Dacite Lamprophyre | Lamprophyre | Granodiorite | Granodiorite
soil rock soil rock soil rock soil rock

SiO, 0.452 0.618 5.064 2.828 0.856 0.631 3.727 1.632
TiO, 0.021 0.015 0.071 0.068 0.070 0.201 0.186 0.076
ALO, 0.063 0.170 1.427 0.549 0.258 0.639 1.607 0.469
Fe,0, 0.007 0.015 0.313 0.723 0.297 0.573 0916 0.559
FeO 0.007 0.011 0.254 0.296 0.245 0.646 0.540 0.311
MnO 0.000 0.000 0.048 0.021 0.020 0.010 0.034 0.017
MgO 0.014 0.125 0.271 0.237 0.157 0.421 0.545 0.245
CaO 0.035 0.820 1.102 0.681 0.086 0.260 0.402 0.648
Na,O 0.042 0.057 0.295 0.235 0.257 0.226 0.544 0.208
K,0 0.021 0.141 0.273 0.253 0.100 0.302 0.275 0.570

2

PO 0.106 0.010 0.087 0.040 0.030 0.041 0.040 0.037
LOI 0.282 0.001 5.968 1.350 0.669 0.200 4.861 0.371
Ba 0.707 22.030 78.017 101.455 | 137.128 | 138.896 | 165.891 | 510.820

Nb 0.494 0.472 1.789 0.836 0.378 7.695 2.269 5.769

Rb 0.141 0.435 12.399 14.142 9.176 4.030 14.201 24.739
Sc 0.707 2.081 1.516 1.517 1.527 2.300 3.531 1.339
Sr 5.727 16.510 41.609 46.516 25.364 109.393 | 105.749 | 138.180
Th 1.555 3.629 1.289 2.387 1.501 2.020 3.975 3.469
\Y% 4.949 1.527 13.630 11.653 19.000 60.467 33.258 10.150
Zr 1.060 3.957 11.866 36.390 19.062 21.035 23.852 28.336
Y 1.131 0.650 3.870 1.643 3.593 1.858 4713 4.845
La 7.283 4.880 6.460 7.893 5.750 8.190 10.431 9.294
Ce 12.515 6.815 5.073 11.646 12.444 4.916 18.904 14.415
Pr 1.195 0.528 1.140 0.913 1.401 1.118 2.120 1.611

Nd 4.596 0.818 4.470 2.751 4.735 16.674 7.696 5.266
Sm 0.212 0.360 0.858 0.593 1.457 0.700 1.554 0.878

Eu 0.091 0.017 0.224 0.120 0.183 0.026 0.314 0.169
Gd 0.254 0.393 0.788 0.427 1.000 0.300 1.153 0.696
Tb 0.028 0.025 0.115 0.044 0.117 0.085 0.177 0.108

Dy 0.325 0.201 0.558 0.238 0.729 0.654 0.909 0.748
Ho 0.042 0.043 0.127 0.040 0.134 0.136 0.181 0.147
Er 0.091 0.142 0.351 0.130 0.376 0.444 0.491 0.484
Tm 0.028 0.015 0.047 0.044 0.064 0.063 0.066 0.065
Yb 0.084 0.051 0.297 0.178 0.215 0.338 0.400 0.425
Lu 0.007 0.037 0.019 0.232 0.043 0.253 0.047 0.123
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Table 3. t-values of comparison of soil and rock samples from Pohorje Mts. Number of observa-
tions is the same as in Table 1. * - value is statistically significant at 95 % probability level.
Tabela 3. t-vrednosti primerjave pohorskih vzorcev kamnin in tal. Stevilo opazovanj je enako
kot v tabeli 1. * - vrednost je statistino znacilna na 95 % stopnji verjetnosti.

Gabbro Dacite Lamprophyre Granodiorite
SiO, 6.50* —5.27* —6.32%* —9.99*
TiO, 12.63* 2.61* 0.94 2.76*
ALO, 26.49* —2.86* —0.18 —4.98*
Fe 0, -16.55% 0.35 3.79% 1.55
FeO —17.23% 0.12 -0.30 —0.48
MnO 0.08 2.75 —3.52%
MgO —61.69* —2.33% -8.17* —2.15%
CaO —12.25% -2.26 —26.74%* —7.35%
Na,0 0.34 -8.96* —13.13* —10.35%
K,0 10.19%* -5.10* 1.79 —4.98*
PO 1.50 —0.51 —4.47* -1.23
LOI 36.20* 7.13% 28.71* 12.85*
Ba 50.28* —6.00* -5.20%* -2.03
Nb —5.28% 12.85% 1.77 3.98%
Rb 82.50* -2.61%* 8.05* —4.50*
Sc —18.69* -0.70 -2.29 0.059
Sr 1.82 —6.54* —9.49%* —5.81*
Th 0.93 0.11 3.16* —0.37
\% —0.64 0.49 0.86 1.02
Zr 8.42* —0.46 1.92 0.68
Y 0.08 -1.24 3.62% -1.25
La 1.81 0.34 0.87 1.08
Ce 2.37 0.25 1.68 0.92
Pr 2.51 0.35 1.98 1.19
Nd 2.58 0.12 1.63 0.91
Sm 3.26%* -0.29 2.28 0.41
Eu 3.29% -1.73 0.74 -1.97
Gd 0.98 -1.53 2.75 -0.78
Tb 1.53 —0.68 3.44* -0.26
Dy 0.67 0.30 3.33% -0.28
Ho 0.76 0.83 3.52% 0.11
Er 0.61 1.90 3.85% 0.51
Tm —0.35 1.16 2.81%* —0.20
Yb -0.22 2.42% 5.09%* 0.67
Lu 0.05 —0.82 0.04 —-1.76
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tremely low so the data are not very trust-
worthy, and the results rather on the level
of indications.

The statistical significance of the differ-
ences has been checked by the t-test (Table
3). Mainly the differences are statistically
significant for all major elements except for
Fe, Mn and P, and for the most part for Ba,
Nb, Rb and Sr. REE seem to be unaffected
by weathering except for HREE in the case
of lamprophyre (where the observation
number is low and so the conclusion is not
so indicative). Between the soil and rock in
all four rock types the largest differences
are observed for the loss of ignition (LOI).
This is normal, since weathering includes
hydratation. What was less expected was
the statistically significant change in SiO,,
MgO and Rb in all four rock types. These
observations are well expressed on the
standard petrological plots.

Diagrams using major elements

In igneous petrology major elements are
used for different types of rock classifi-
cation. In recent times (WiLson, 1989) a
TAS (total alkalis/silica) diagram (Cox
et al., 1979) has also been used for plu-
tonic rocks. It is obvious in Figure 1 that
the rock samples plot in the appropriate
fields — granodiorite and dacite in the field
of granite and granodiorite, gabbro in the
area between gabbro and diorite and lam-
prophyre in the field of diorite. Yet the soil
samples show quite a different classifica-
tion. The majority of samples indicate a far
more basic character with less silica and
alkalis i.e. they all plot in the fields of di-
orite, the fields between diorite and gabbro
and some soils from dacites and granodior-
ite even in the field of gabbro.
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According to the silica saturation index
(THORNTON & TUTTLE, 1960), all rock sam-
ples are described as silica oversaturated,
which is supported by free quartz observed
in hand specimen and under the micro-
scope. On the contrary, soils from grano-
diorites and dacites seemed to be predomi-
nantly silica saturated or even under satu-
rated, which is not in accordance with the
true situation in the igneous body.
Saturation with aluminia is expressed with
the A/CNK (Al,0,/(CaO+Na,0+K,0)) and
A/NK (Al,0,/Na,0+K,0)) index (SHaND,
1947). In the diagram (Figure 2) granodior-
ites and dacites are in the field of peralumi-
nous rocks, close or even partly in the field
of metaluminous rocks. Gabbro and lampro-
phyre of a more pronounced mantle source
are, as expected, in the metaluminous field.
Again, the soil samples behave differently.
They showed a much more pronounced per-
aluminous character. Only soil derived from
gabbro is metaluminous. The same diagram
enables a distinction between I- and S-type
granites as proposed by CHAPELL & WHITE
(1974). In this case, the allocation of soil
samples far from their rock counterparts is
crucial. Instead of the I-type, the soils are
prevailingly classified as the S-type, with
the exception of soil from gabbro and one
soil sample from dacite.

The interpretation of trends and magma ev-
olution is performed with the use of Harker
diagrams (RoLrinson, 1993). In those dia-
grams the major and trace elements are
plotted versus SiO,. Figure 3 indicates that
normally there is much more data scatter
when using soil samples in place of fresh
rock samples. The low silica content in the
soil samples in comparison to adequate rock
samples is one of the main characteristics.
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Figure 1. TAS classification of rock (empty symbol%and soil samples (full sym-
bols) from the Pohorje Mts. m- gabbro, > dacite,

diorite.

Slika 1. TAS-klasifikacija vzorcev kamnin (prazni znaki) in tal (polni znaki) s
Pohorja. Il - gabbro, | dacit, ’ - lamprofir, @ - granodiorit.
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Figure 2. Aluminia saturation index and the I- and S-type division of Pohorje rock
(empty symbols) and soil samples (full symbols). Legend: see Figure 1.
Slika 2. Indeks nasicenja z glinico ter razdelitev pohorskih kamnin (prazni znaki)
in tal (polni znaki) v I- in S-tip. Legenda: glej sliko 1.

RMZ-M&G 2008, 55



The possibility of using soil instead of rock samples for... 439
4: """"" T T Ty 2 T T T T
O
; ] 3
3 @ -
; me O
9Q osaitld s e
X' o2k g ® g * o
®.e 0 o ' ¢
1:_ B E m Lol
Py
[ ]
3000 :::::::;::I:::!E‘f: - e 70 ::..::::::}::' T B B B
N o i L=
60 | ]
[ 1 50 F 3
@ 2000 b
& 9 el . ]
Q iKY
C T ®F ‘
1000 - ® o ] i o
8 20 - .
@ L OOO
¢ O 10 L 1
F @]
0-“||.“‘J|. '|P i Lis P P A A A D-‘."‘ E|II.‘ lll...‘m. LA i g
40 50 60 70 80 40 50 60 70 80
Sio, Sio,

Figure 3. Harker diagrams of Pohorje rock (empty symbols) and soil samples (full
symbols). Major elements in w(%), trace in w(ug/g). Legend: see Figure 1.

Slika 3. Harkerjevi diagrami vzorcev kamnin (prazni znaki) in tal (polni znaki) s
Pohorja. Glavne prvine so izrazene z w(%), sledne pa z w(ug/g). Legenda: glej

sliko 1.

In some instances (i.e. TiO, in Figure 3)
we can still trace the same trend as if using
rocks, but in others (i.e. K,O in Figure 3)
this information is completely missing. In
the soil samples with some trace elements
(i.e. Ba in Figure 3) we even observed
trends not shown by the rock samples. The
petrogenetic interpretation of such a trend
is, of course, misleading.

Trace elements

Although the statistical t-test indicates that
the Ba, Rb and Sr content in soils does
not reflect the amount of the mentioned
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elements in the rock, Figure 4 makes it
obvious that in the ternary diagram of EL
BouseiLy & EL Sokkary (1975) all the
samples fall within the same area.

PEARrcE et al. (1984) started with use of
geochemical parameters to distinguish
between the different tectonic settings of
basalts and granites. One of the conditions
for constructing such diagrams was that
the elements involved should not be sub-
ject to mobilization during weathering or
other alteration processes. The appropriate
selection of elements in tectonic setting di-
agram proposed by PEARCE et al. (1984) is
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Figure 4. Ternary diagram Rb-Ba-Sr of Pohor-
je rock (empty symbols) and soil samples (full
symbols). Legend: see Figure 1.

Slika 4. Trikotni diagram Rb-Ba-Sr pohorskih
kamnin (prazni znaki) in tal (polni znaki). Leg-
enda: glej sliko 1.
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clearly demonstrated in the Figure 5 where
the soil and rock samples overlap in the
field of volcanic arc granites.

REE patterns

REE show various degrees of mobility dur-
ing weathering or metamorphic alteration
(HuwmpHries, 1984; Price et al., 1991). They
could be even mobilized inside the soil pro-
file (NEsSBITT, 1979; SHARMA & RAJAMANI,
2000; Panamnr et al., 2000; AUBERT et al.,
2001). HREE are reported to be more mo-
bile than LREE (NEsBITT, 1979; BRAUN €t al.,
1998; Mmnarik, 1998; Auert et al. 2001,).
Figure 6 indicates that during weathering and
soil formation the REE patterns of each rock
type preserved their form as well as their REE
content, which is consistent with the work of
certain authors (SHARMA & Rasamani, 2000;
MucHANGos, 2006). There are some isolated

WPG

ORG

P | L TN T |

100 1000 2000

Y+Nb

Figure 5. Tectonic setting diagram of Pohorje rock (empty symbols) and soil sam-
ples (full symbols). Values in w(ug/g). Legend: see Figure 1.

Slika 5. Diagram tektonskega okolja Sr pohorskih kamnin (prazni znaki) in tal
(polni znaki). Vrednosti so izraZzene z w(pug/g). Legenda: glej sliko 1.
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Figure 6. REE patterns of selected Pohorje rock (empty symbols) and soil samples

(full symbols). Legend: see Figure 1.

Slika 6. Vzorec REE izbranih pohorskih kamnin (prazni znaki) in tal (polni znaki).

Legenda: glej sliko 1.

cases with a deviation from the original rock
pattern. In particular, there was one lampro-
phyre sample with a pronounced negative Eu
anomaly and a higher HREE fractionation,
which caused significant differences in the t-
test results (Table 3). In spite of low number
of samples for significant results, generally
with some precaution the REE data from the
soil samples can be used in the same manner
as rock samples.

CONCLUSIONS

During weathering and soil formation ma-
jor and some trace element (Ba, Nb, Rb and

RMZ-M&G 2008, 55

Sr) content becomes more or less changed.
In basic rock types (gabbro and lampro-
phyre) we noticed their increase, while in
more acid rocks (granodiorite and dacite)
we observed their decrease. Only Fe, Mn,
and P seemed to be an exception.
Consequently it appears inappropriate to
use soil samples instead of fresh rocks for
the majority of petrological classifications
—1.e. TAS diagram, silica and aluminia sat-
uration indexes, and the division between
I- and S-type granites. The use of Harker
diagrams based on soil samples is also
highly unreliable.

More promising appears to be the applica-
tion of soil samples in the construction of
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variation diagrams with less mobile ele-
ments. Diagrams such as Ba-Rb-Sr, or Rb/
(Y+ND) for the tectonic setting and REE
patterns do not show discrepancies be-
tween the soil and rock samples.

PovzETEK

Zaradi preperevanja in nastajanja tal se
bolj ali manj spremeni vsebnost glavnih in
nekaterih slednih prvin (Ba, Nb, Rb in Sr).
V bazicnih kamninah (gabbro, lamprofir)
je njihova koli¢ina narasla, v bolj kislih
(granodiorit in dacit) pa padla. Izjeme so
le Fe, Mn in P.

Zato je uporaba vzorcev tal namesto svezih
kamnin za vecino petroloskih klasfikacij
(TAS—diagram, indeks nasicenja s kre-
menico in glinico, lo¢evanje I- in S-tipa
granitov) neustrezna. Tudi uporaba Hark-
erjevih diagramov je pri talnih vzorcih sk-
rajno nezanesljiva.

Bolj ustrezna je videti uporaba talnih
vzorcev v primeru variacijskih diagramov,
ki temeljijo na manj mobilnih prvinah. Di-
agrami, kot so Ba-Rb-Sr ali Rb/(Y+Nb), za
tektonska okolja ter vzorci REE ne kazejo
razlik med kamninskimi in talnimi vzorci.
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Abstract: In this study we examine the distribution of heavy metals (As, Cd, Cu,

Pb and Zn) in paddy soil samples from Kocani Field (Macedonia) by ICP-
EAS and sequential extraction procedure. Very high concentrations of As
(42 mg/kg), Cd (5.6 mg/kg), Cu (99 mg/kg), Pb (892 mg/kg) and Zn (1134
mg/kg) were found in the paddy soil sample from location VII-2 in the
western part of Kocani Field, close to the Zletovska River, which drains
the untreated effluents of the Pb-Zn mine in Zletovo and is used for the ir-
rigation of the Koc¢ani paddy fields. The mobility potential of heavy metals
in the investigated paddy soil samples increases from As—Pb—Zn—Cu—Cd.
We concluded that the paddy soil sample from location VII-2 had highly
elevated heavy metal concentrations and revealed that the extraction char-
acteristics of heavy metals represents a serious environmental potential risk
for the surrounding ecosystems.

Izvlecek: V Studiji smo raziskovali razporeditev tezkih kovin (As, Cd, Cu, Pb

in Zn) v vzorcih tal rizevih polj (Kocansko polje, Makedonija) z uporabo
ICP-EAS in postopka zaporednega izluzevanja. V vzorcu iz lokacije VII-2,
ki se nahaja blizu reke Zletovske v zahodnem delu Kocanskega polja, smo
nasli zelo visoke koncentracije As (42 mg/kg), Cd (5,6 mg/kg), Cu (99
mg/kg), Pb (892 mg/kg) in Zn (1134 mg/kg). Visoke koncentracije tezkih
kovin so bile v vzorcu VII-2 zato, ker reka Zletovska odvaja neprecisc¢ene
odplake in odpadke z obmocja rudnika Pb-Zn Zletovo, kmetje pa jo upora-
bljajo za namakanje okolis$nih rizevih polj. V raziskovanih vzorcih narasca
potencial mobilnosti v naslednjem zaporedju: As—Pb—Zn—Cu—Cd. Na pod-
lagi zelo visokih koncentracij in izluZevalnih lastnosti tezkih kovin, prisot-
nih v vzorcu VII-2, smo ugotovili, da pomeni obmoc¢je okoli imenovanega
vzorca resno ekolosko groznjo bliznjim ekosistemom.

Original scientific paper

Determination of heavy metals in paddy soils (Kocani Field,
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INTRODUCTION

Environmental pollution by heavy met-
als from base-metal mining operations and
from abandoned mines can become a very
important source of contamination of soils
and poses a long-term risk to ecosystem
health (Apriano, 1986). Elevated concen-
trations of heavy metals can be found in and
around abandoned and active mines due to
the discharge and dispersion of the untreat-
ed mines waste materials into nearby agri-
cultural soils, food crops, riverine water and
stream sediments (JunG, 2001; Korre et al.,
2002; Leeetal.,2001; Liuetal., 2005; Lu &
ZHANG, 2005; Stvmons et al., 2005).

The chemical behaviour of heavy metals
in soils is controlled by a number of proc-
esses, including metal cation release from
contamination source materials (e.g., fer-
tilizer, sludge, amelter dust, slag), cation
exchange and specific adsorption onto the
surfaces of minerals and soil organic mat-
ter, and precipitation of secondary miner-
als (Manceau et al., 2000; McBRripE et al.,
1997; McBRripg, 1999; MoriN et al., 1999).
Only soluble, exchangeable and chelated
metal species in the soils are the labile frac-
tions available for plants (KABATA-PENDIAS,
1993). For this reason, the measurements
of the total amount of heavy metals in soils
should be complemented with the measure-
ments of the available fraction. A method
widely used to assess the lability of heavy
metals in soils and to provide detailed infor-
mation on the heavy metal binding forms is
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the leaching of soils by means of chemical
extractants. During recent decades, several
leaching/extraction tests have been devel-
oped and modified for these purposes in the
fields of geochemistry, marine chemistry
and agricultural sciences (Tack & VERLOO,
1995). Among the various sequential proce-
dures presented, the most widely applied is
that proposed by TEssIER et al. (1979).
Studies about heavy metal concentrations in
soil derived from the past and present min-
ing activities in Macedonia are very rare
(DoLenec et al., 2007). Consequently, very
little is known about the distribution and
concentrations of heavy metals in the soil
from different parts of Macedonia, which
could be affected due to historical and/or re-
cent base-metal mining. Such an example is
Kocani Field in eastern Macedonia, where
the base-metal mining history of the region
is very long and paddy rice (Oryza sativa
L.) is one of the main agricultural products
of the region. Previous investigations have
shown that the riverine water from the Zle-
tovska River and the Bregalnica River, used
for the irrigation of the Kocani paddy fields,
was contaminated with heavy metals as the
result of acid mine water and the untreated
effluents from the ore-processing facilities
from the Zletovo-Kratovo and Sasa-Torani-
ca ore district (SERAFIMOVSKI et al., 2005).
Therefore, it is very likely that the paddy
soil in this area displays raised levels of
heavy metals.

In this context, the present paper comprises
the following:
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(a) the determination of the total heavy
metal concentrations in paddy soil samples
from sampling points in Kocani Field;

(b) an application of the sequential ex-
traction method (leaching procedure) for
the definition of available fractions in soil
samples from the Kocani Field;

(c) the estimation of the heavy metal dis-
tribution and mobility characteristics in the
investigated soil samples and

(d) environmental risk assessment.

MATERIALS AND METHODS

Study area

Kocani Field, well known for its paddy fields
and thermal waters, is located in the eastern
part of Macedonia, about 115 km from the
capital city, Skopje. With an average length
of 35 km and width of 5 km, it is situated in
the valley of the Bregalnica River between
the Osogovo Mountains in the north and
the Plackovica Mountains in the south (Fig-
ure 1). The paddy soil of Kocani Field was
estimated to originate from the composite
material of the sediment derived from igne-
ous, metamorphic and sedimentary rocks
transported by the Bregalnica River and its
tributaries and deposited in the Kocani de-
pression (DoLENEC et al., 2007).

The broader region has a long history of
mining dating to the pre-Middle Ages,
with the most recent phase of mining star-
ting after the Second World War. The mi-
ning activities, the abandoned old mine
sites and bare tailings, the large amounts
of untreated waste material as well as the
effluents from the Pb-Zn Zletovo and Sasa
mines induced the expansion of heavy me-
tal loads across the entire region. The acid
mine waters and the untreated effluents

from the ore-processing facilities and the
tailings were discharged into the Zletovska
and Bregalnica Rivers, which were used for
the irrigation of paddy fields and therefore
represented a further pollution source that
could seriously affect the soil as well as the
food and feed crops of Kocani Field.

Soil sampling and analysis

The sampling of the soil was carried out
in autumn 2005 in order to investigate
the distribution and concentrations of the
potentially toxic heavy metals, including
As, Cd, Cu, Pb and Zn, related to the base-
metal mining activities of the region. The
soil was sampled from 5 locations across
the Kocani paddy fields. The sampling lo-
cations of the study area are shown in Fig-
ure 2. Near-surface soils were collected,
because it is not possible to distinguish
the A, B and C horizons in the agricultural
soil. Each soil sample was made up of a
composite of 5 sub-samples taken from
within a 1 m x 1 m square. After air-drying
at 25 °C for a week, the soil samples were
disaggregated, sieved to 2 mm and then
ground in a mechanical agate grinder to a
fine powder (< 63 um) for subsequent geo-
chemical analysis.

All the paddy soil samples were analysed
for their As, Cd, Cu, Pb and Zn concen-
trations in a certified commercial Cana-
dian laboratory (Acme Analytical Labora-
tories, Ltd.) after extraction for 1 h with
2-2-2-HCI-HNO,-H,O at 95 °C by induc-
tively coupled plasma mass spectrometry
(ICP-MS). The accuracy and precision
of the soil analyses were assessed by us-
ing international reference material such
as CCRMR SO-1 (soil) and USGS G-1
(granite). The analytical precision and the
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accuracy were better than = 5 % for the
analysed elements.

Sequential extraction procedure
Selected soil samples were also analysed
for the chemical partitioning of As, Cd,
Cu, Pb and Zn using a sequential chemical
extraction method (L1 et al., 1995; TESSIER
et al., 1979). The soil samples weighing 1
g were placed in screw-top test tubes. To
the sample was added 10 mL of leaching
solution, the caps were screwed on and
the tubes were subjected to the appropri-
ate extraction procedure depending on the
stage of the leach. For sequential leaching,
the sample was leached, centrifuged, de-
canted, washed and then the residue was
leached again, in a process of 5 steps from
the weakest to the strongest solution. The
sequential extraction procedure of heavy
metals is precisely described in Table 1.
After sequential extraction, the sample solu-
tions were analysed by a Perkin Elan 6000
ICP-MS for the determination of 60 or more
elements. QA/QC protocol incorporated a
sample duplicate to monitor the analytical
precision, a reagent blanks measured back-
ground and an aliquot of an in-house refer-
ence material to monitor accuracy.

RESULTS AND DISCUSSION

Heavy metal concentration

The total concentrations of heavy metals
(As, Cd, Cu, Pb and Zn) in the paddy soil
samples from Kocani Field together with
the assumed permissible level of heavy
metals adopted by the National Environ-
mental Protection Agency of Slovenia
(Uradni list RS 1996) and the maximum
allowable concentrations (MAC) of trace

elements in agricultural soil proposed by
the German Federal Ministry of Environ-
ment (1992) as well as the critical soil total
heavy metal concentration ranges given
by KaBaTa-PEnDIAS & PENDIAS (1984) are
presented in Table 2. The critical total soil
heavy metal concentration is defined as
the range of values above which toxicity is
considered to be possible.

The data clearly show that the paddy soil
samples from locations I-3, II-6, III-5 and
VI-4 contain slightly increased heavy metal
concentrations but the paddy soil sample
from section VII-2 in the vicinity of the
Zletovska River is highly impacted with
As, Cd, Cu, Pb and Zn. The concentration
values in paddy soil sample VII-2 strongly
exceeded the limit emission values reported
by KaBata-PEnDIAS AND PENDIAS (1984) and
the national environmental protection agen-
cies of Slovenia and Germany (Table 2).

Arsenic (As)

An elevated concentration of As (42.0 mg/
kg) was detected in the paddy soil sam-
ple from section VII-2, which significan-
tly exceeded the limit value of 20 mg/kg
reported by the Environmental Protection
Agency of Slovenia (Table 2).

Cadmium (Cd)

An increased Cd concentration (5.6 mg/
kg) was determined in the paddy soil sam-
ple from location VII-2. The limit emis-
sion value for Cu concentrations in soils
reported by the environmental protection
agencies of Slovenia is 1 mg/kg and of
Germany is 1.5 mg/kg (Table 2).

Copper (Cu)
A high concentration of Cu (99 mg/kg)
found in the paddy soil sample from sam-
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Table 1. Sequential extraction of heavy metals

Tabela 1. Postopek zaporednega izluzevanja tezkih kovin

Step Fraction Chemical reagents

1 water soluble distilled water

2 exchangeable and carbonate bound 1 M ammonium acetate

3 organic (oxidizable) 0.1 M sodium pyrophosphate

4 reducible cold 0.1 M hydroxylamine hydrochloride
5 reducible plus residual hot 0.25 M hydroxylamine hydrochloride

Table 2. Total elemental concentrations in the paddy soil samples of Koc¢ani Field: 1) critical soil
total concentration ranges given by KaBata-PENDIAS & PENDIAS (1984); 2) limits for elemental
concentrations in soil (Environmental Protection Agency of Slovenia (Uradni list RS 1996); 3)
maximum allowable concentrations (MAC) of trace elements in agricultural soils proposed by
the German Federal Ministry of the Environment (1992)

Tabela 2. Celotne koncentracije elementov v vzorcih tal rizevih polj: 1) kriti¢ne koncentracije
tezkih kovin v tleh, KaBaTA-PENDIAS & PENDIAS (1984); 2) mejne vrednosti tezkih kovin v tleh
(Agencija za okolje in prostor, Slovenija (Uradni list RS 1996)); 3) maksimalne dovoljene vred-
nosti slednih elementov v agrikulturnih tleh (Nemsko zvezno ministrstvo za okolje, 1992)

Concentration | c(As)/(mg/kg) | ¢(Cd)/(mg/kg) | ¢(Cu)/(mg/kg) | c(Pb)/(mg/kg) | ¢(Zn)/(mg/kg)
Location
1-3 18.7 0.5 40 81 162
1I-6 11.8 0.3 26 32 100
111-5 8.3 0.2 33 24 102
Vi-4 9.9 0.3 29 41 105
VII-2 42.0 5.6 99 892 1134
1 - 3-8 60-125 100-400 70-400
2 20 1 60 85 200
3 - 1.5 60 100 200
pling site VII-2 exceeded the limit emis- Zinc (Zn)

sion value of 60 mg/kg, suggested by the
environmental protection agencies of
Slovenia and Germany (Table 2).

Lead (Pb)

The highest Pb concentration (892 mg/kg)
was noticed in the paddy soil sample from
section VII-2 and it is above the limits
provided by the environmental protection
agencies of Slovenia and Germany (85
mg/kg and 100 mg/kg) and the limit val-
ues by KaBaTa-PENDIAS & PENDIAS (1984),
(100—400 mg/kg) (Table 2).
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A very elevated concentration of Zn (1134
mg/kg) highly exceeding all the limit val-
ues (200 mg/kg and 70-400 mg/kg, Table
2) was found in the paddy soil sample from
section VII-2.

All the studied heavy metals are important
ore-forming elements and are parageneti-
cally related to the Pb-Zn polymetalic min-
eralization of the Zletovo-Kratovo ore dis-
trict (Zletovo mine) predominately drained
by the Zletovska River (DoLEnEC et al.,
2007). However, in the case of the paddy
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soil sample from sampling location VII-2
in the vicinity of the Zletovska River and
Zletovo mine, it is clear that the continued
mining activities producing enormous un-
treated mining wastes from Zletovo mine
are the main source of As, Cd, Cu, Pb and
Zn contamination.

Sequential extraction (heavy metal
binding forms)

The highly stable forms contained in the
residual are unlikely to be released under
weathering conditions. On the other hand,
soluble, exchangeable and chelated fractions
are quite labile and hence more accessible to
plants and the food chain (KaABATA-PENDIAS,
1993). In the applied sequential extraction
procedure, the labile/residual fractions con-
sidered were: water soluble (1), exchange-
able and bound to carbonates fraction (2),
bound to organic matter — oxidizable fraction
(3), bound to amorphous Mn hydroxide — re-
ducible fraction (4) and bound to amorphous
Fe hydroxide and crystalline Mn hydroxide
—reducible and residual fraction (5).

The water soluble fraction includes highly
mobile and hence potentially available metal
species. The exchangeable fraction contains
weakly bound (electrostatically) heavy metal
species, that can be released by ion-exchange
with cations such as Ca**, Mg** or NH,". Met-
als in the exchangeable fraction are also very
available for plant uptake and therefore the
most labile. The oxidizable fraction releases
under oxidizing conditions metals linked to
organic matter within the soil matrix into
solution. The reducible fraction provides
unstable metal forms connected with amor-
phous Mn hydroxides, which are easily dis-
charged and approachable by the surround-
ing biota under reducing conditions. In the
reducible plus residual fraction, the metals

are bound to amorphous Fe hydroxides (re-
ducible part) and under reducing conditions
they are expected to be released into nature.
The residual includes naturally occurring
crystalline Mn hydroxide minerals, which
may hold heavy metals within their cristal-
line matrix. Thus, heavy metals are not likely
to be discharged under normal environmen-
tal conditions (DEan, 2007; FILGUEIRAS et al.,
2002; Fuentes et al., 2004; Kazi et al., 2002).
Figure 3 displays the results of the sequential
extraction procedure (heavy metal binding
forms).

Arsenic (As)

Assignificant fraction of As in the paddy soil
samples from all five sampling locations
was present in the reducible plus residual
fraction (5) and the oxidizable fraction (3)
(Figure 3A). The highest proportion of As
in the reducible plus residual fraction was
found in the paddy soil sample from loca-
tion VII-2 (64 %) and the highest part of
As in the oxidizable fraction was extracted
from the paddy soil sample from sampling
site I11-5 (42.45 %).

Cadmium (Cd)

Figure 3B shows that Cd from all the pad-
dy soil samples was strongly associated
with the exchangeable phase (2), closely
followed by the reduction phase (4). The
highest share of Cd in the exchangeable
phase was detected in paddy soil samples
from sites 1-3 (49.21 %) and VI-4 (47 %).
The dominant part of Cd in the reduction
phase was found in the paddy soil sample
from section I11-5 (68 %).

Copper (Cu)
Cu in all the paddy soil samples (Figure
3C) was almost entirely connected with
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the oxidizable fraction (3). The highest
part of Cu in the oxidizable fraction was
extracted from the soil sample from sec-
tion I11-5 (70 %).

Lead (Pb)

In the paddy soil samples, a large part of
Pb (Figure 3D) was bound to the reducible
plus residual fraction (5) and the second
most important fraction was the reducible
phase (4). The highest amount of Pb in the
reducible plus residual fraction was in the
paddy soil sample from sampling site I11-5
(54.46 %) and the highest share of Pb in
the reducible phase was found in the paddy
soil sample from section VI-4 (38.96 %).

Zinc (Zn)

The chemical partitioning of the Zn (Figure
3E) in the investigated paddy soil samples
displayed that Zn was mainly associated
with the reducible fraction (4) and weakly
with the reducible plus residual fraction
(5). The highest amount of Zn in phases (4)
and (5) was determined in the soil sample
from location II1-5 (49.19 % and 36.9 %).

The most exchangeable, highly mobile and
readily available element to biota in the
surrounding ecosystems in all the paddy
soil samples is Cd, closely followed by
Pb and Zn, mainly bound to amorphous
Fe and Mn hydroxides in the reducible
fraction. Pb and Zn are thus under reduc-
tion conditions thermodynamically very
unstable and available to plants. Cu is
dominantly linked to organic matter and
under oxidizing conditions is potentially
released into the environment. As is also
weakly bound to organic matter. However,
in larger proportions, As is connected to
amorphous Fe hydroxides, which are to

some extent leachable and thus potentially
bioavailable and furthermore to potential-
ly the least harmful, non-mobile residual
fraction (crystalline Mn hydroxides). Con-
sequently, the mobility characteristics and
potential of heavy metals in the investi-
gated paddy soil samples increases from
As—Pb—Zn—Cu—Cd.

In general, a high proportion of heavy met-
als in the non-residual fractions of all the
paddy soil samples may suggest a greater
contribution of anthropogenic metals.
From the environmental and utilization
point of view, it is notable that the paddy
soil sample from location VII-2 near the
Zletovska River and Zletovo mine, which
had highly elevated heavy metal concen-
trations exceeding the limits proposed by
the environmental agencies and KaBATaA-
PenDIAS & PENDIAS, (1984) and introduced
heavy metal mobility characteristics, rep-
resents a serious potential risk for the sur-
rounding ecosystems.

To assess the possible health risk, more
detailed studies on heavy metal contami-
nation in agricultural soils, irrigation and
drinking water, rice and other edible crops
as well as a dietary study of the local popu-
lation are needed.

CONCLUSIONS

The present study examined the distribution
of heavy metals (As, Cd, Cu, Pb and Zn)
in paddy soil samples from Kocani Field,
Macedonia. The heavy metal concentra-
tions were determined by ICP-EAS analysis
and heavy metal binding was defined with
the sequential extraction procedure.

The results showed that the paddy soil
sample (section VII-2) from the western
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part of Kocani Field in the vicinity of the
Zletovska River exhibited very elevated
concentrations of As, Cd, Cu, Pb and Zn,
which significantly exceed the limits pro-
posed by the Slovenian and German envi-
ronmental agencies and critical soil total
concentration ranges given by KaBara-
PexDias & Penpias (1984). The elevated
concentrations of As, Cd, Cu, Pb and Zn in
paddy soil sample VII-2 undoubtedly in-
dicate heavy metal contamination related
to mining activities and acid mine drain-
age impacted on the riverine water, whi-
ch is used by local farmers for irrigation
purposes.

The most exchangeable, labile and avail-
able element for plant uptake and further-
more for the possible contamination of the
surrounding ecosystem in all the paddy
soil samples is Cd, closely followed by Pb
and Zn. Elements Pb and Zn are mainly
linked to amorphous Mn hydroxides and
amorphous Fe hydroxides in the reducible
fraction and thus under reduction condi-
tions are very unstable and mobile. Cu is
dominantly bound to organic matter and
consequently released under oxidizing
conditions into the environment. As is also
weakly bound to organic matter. Howev-
er, in larger proportions, As is connected
to amorphous Fe hydroxides, which are
usually released from the soil and more
crystalline Mn hydroxides, which are not
expected to escape under normal environ-
mental conditions. The mobility potential
of heavy metals in the investigated paddy
soil samples increases from As—Pb—Zn—
Cu—Cd.

It was found out that the paddy soil sample
from location VII-2, with highly elevated
heavy metal concentrations and the re-
vealed mobility characteristics of heavy
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metals As, Cd, Cu, Pb and Zn, represents a
serious environmental potential risk for the
surrounding ecosystems.

To assess the possible health risk, more de-
tailed studies on heavy metal contamina-
tion in the surrounding ecosystems as well
as a dietary study of the local population
are needed.

PovzETEK

Izkoris¢anje nahajalis¢ kovinskih mine-
ralnih surovin in predelava rude sta po-
memben vir onesnazenja okolja s tezkimi
kovinami. Rudarjenje, drobljenje in
ne in odpadkov predelave je ociten vir
onesnazenja. PoviSane vsebnosti tezkih
kovin, ki izhajajo iz rudnikov kovin, so
zabeleZene na obmocju rudnikov in v nji-
hovi $irsi okolici, v okolnih tleh, pridelkih,
re¢nih in podzemnih vodah ter re¢nih se-
dimentih, kamor migrirajo zaradi dispergi-
ranja in odlaganja rudniskega odpadnega
materiala. Posledica tega onesnazenja so
velike povrSine onesnazene pridelovalne
povrsine. Posebno pozornost smo nameni-
li predvsem koncentraciji tezkih kovin v
pridelovalnih tleh, saj preko uzitnih rastlin
in prehrambene verige lahko vstopajo v
zivalski in ¢loveski organizem.

V studiji smo raziskovali razporeditev
tezkih kovin (As, Cd, Cu, Pb in Zn) v vzor-
cih tal rizevih polj (Kocansko polje, Ma-
kedonija) z uporabo ICP-EAS in postopka
zaporednega izluZevanja. V vzorcu iz lo-
kacije VII-2, ki se nahaja blizu reke Zle-
tovske v zahodnem delu Kocanskega pol-
ja, smo nasli zelo visoke koncentracije As
(42 mg/kg), Cd (5,6 mg/kg), Cu (99 mg/
kg), Pb (892 mg/kg) in Zn (1134 mg/kg).
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Visoke koncentracije tezkih kovin so bile
v vzorcu VII-2 zato, ker reka Zletovska
odvaja nepreciscene odplake in odpadke
z obmo¢ja rudnika Pb-Zn Zletovo, kmetje
pa jo uporabljajo za namakanje okoli§nih
rizevih polj. V raziskovanih vzorcih
narasca potencial mobilnosti v naslednjem
zaporedju: As—Pb—Zn—Cu—Cd. Na podlagi
zelo visokih koncentracij in izluzevalnih
lastnosti tezkih kovin, prisotnih v vzorcu
VII-2, smo ugotovili, da pomeni obmocje
okoli imenovanega vzorca resno ekolosko
groznjo bliznjim ekosistemom.
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Abstract: MS Excel is one of the most popular programs for tabular calculations.
As such, it is widely applicable in mine surveying. This work shows the
possibilities for creation and usage of the User Defined Functions (UDF),
which can replace classic forms, but also the possibility to transfer, by
using of those functions, data from Excel into the AutoCAD.
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INTRODUCTION

As we know, Excel is a program, which
is a part of Microsoft Office package. It is
one of the most applied programs and one
of the most popular programs for tabular
calculations. However, apart from process-
ing numerical data, Excel is also very use-
ful for the creation of charts, organization
of table lists, automation of complex tasks,
as well as for the data import from other
programs (WaLKENBACH, 2003). This all is
responsible that Excel is widely applied in
mining surveys, both scientific and engi-
neer discipline, which is, apart from per-
formance of appropriate surveys, based
also on the large number of calculations of
various complexity.

Excel and calculations in mining surveys
Mine surveying are a specific segment of
mining science and technique. If we would
like to define them in simple terms, then

Original scientific paper

this is a discipline by which necessary sur-
veys, calculations and display of recorded
mine areas and facilities on digital plans or
in the form of digital terrain model are to
be performed. In view of the large number
of calculations of various size and com-
plexity, the application of Excel in this
stage of mining and surveying works is
very significant.

During the earlier period of computation
technique (logarithmic tables and pocket
calculators), necessary calculations were,
for the reason of uniformity, easy reference
and reduction of computation errors, per-
formed on appropriate printed patterns —
forms. Those forms are being in use today,
as well, however, on a much lesser scale.
Excel has got a large number of already
made functions, which are divided into
nine categories (database functions, date
and time functions, financial functions,
information functions, logical functions,
lookup and reference functions, math and
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Figure 1. First page of trigonometry form number 10, made in Excel

trig functions, statistical functions, text
functions), which enable wide application
of this program for various fields.

Thanks to these functions, above all re-
garding the categories math and trig func-
tions and statistical functions, practically
all calculations to be performed within
mine surveying, regardless of their com-
plexity, can be performed in Excel. If we
add wide possibilities in organizing and
formatting of worksheets, it is no problem,
at all, to organize worksheets as existing
forms. In this way, visual identity of forms
is maintained both while working as while
printing.

Figure 1 shows how the first page of the
form number 10 looks like in Excel, which
is used to calculate temporary coordinates
of unknown trigonometric points by us-
ing the method of forward cut through
(Mwatovic, 2006).

Basic element of each worksheet is the
cell. There are 16777216 cells on one
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worksheet, which are distributed in 65536
rows and 256 columns (Excel 2007 has
1048576 rows marked with numbers, i.e.
the number of rows and columns is limited
by the memory of the computer and by the
available system resources). This is so big
space, that all existing forms can be put on
one worksheet and yet to have large part of
the cells free. However, a worksheet for-
matted in such a way would be inefficient
and not economical (imagine scrolling
or jumping on a worksheet such like that
while searching the appropriate form).
This can be resolved by adding and for-
matting new worksheets within one work-
sheet, or by formatting new worksheets.
Figure 1 shows several of totally seven
worksheets, that are used to perform the
complete alignment of coordinates of one
trigonometric point, as well as the assess-
ment of accuracy of the survey results and
coordinates of the unknown point, on the
model of the form number 10.
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By acknowledging the standpoint of single
individuals, according to which they do not
want to waste their time in order to search
for the appropriate worksheet, but also by
taking into account the fact that the largest
number of cells is actually occupied by pro-
visional results, which had their significance
only while calculation “by hand”, brings us
to the other application concept of Excel at
calculations in the field of mining surveys.

User Defined Functions (UDF) for the
solution of classic formulas

The other concept for the solution of the
problem is based on the application of
macro language called Visual Basic for Ap-
plications (VBA). The VBA macro (proce-
dure) may be either subprogram (Sub) or a
function. The Result of the VBA function
is a single result, and execution of those
functions is made from other VBA proce-
dures or in the manner, which is also used
by the other existing functions within the
Excel itself. To put it briefly, we are going
to create our own User Defined Functions
within the VBA (Vuri¢, BreceLs, 2007)
and (VuLi¢, DurGutovic, 2007), which are
to be used as any other existing function.
In this way, the number of the cells used
is significantly being reduced, since we
need only the cells with input and output
data (without hiding the columns and rows
where provisional calculations are made).
Also, the output data, just like the input
data, may be situated anywhere on the
worksheet in any cell.

VBA functions, which are newly created,
are stored in files with the extension x/a.
Those files are the so called Microsoft Ex-
cel VBA Add-In files, to which modules,
functions or other tools are to be added,
and which are created by users.

The download of those files into Excel may
be performed in two ways:
= open the new, empty worksheet, select
with Save As from the menu File, choose
option Microsoft Office Excel Add-In
(*xla) and set the desired name and lo-
cation;
= if the desired x/a file already exists some-
where in the computer, the download is
to be performed from the menu 7ools—
Add-Ins.
After file download, function writing or
correction of the functions already existing
is to be performed in VBA editor, which
is accessible from the menu 7Tools—-
Macro—Visual Basic Editor or by press-
ing key buttons ALT-F'11 (Figure 2).
The possibility of solution of particular
formulas within the mining surveys will
be, for the purpose of comparison, shown
on the example of calculation of temporary
coordinated of a trigonometric point by us-
ing the method of forward cutting. Func-
tion 7O10nap has the following shape:

Function TO10nap(ya As Double, xa As
Double, yb As Double, xb As Double, fiast
As Integer, fiamn As Integer, fiase As Dou-
ble, fibst As Integer, fibmn As Integer, fibse
As Double) As Variant

Dim fiadec As Double, fiarad As
Double, fibdec As Double, fibrad As Dou-
ble

Dim a As Double, b As Double, ¢
As Double

Dim yoa As Double, yob As Dou-
ble, yo As Double

Dim xoa As Double, xob As Dou-
ble, xo As Double

Dim toOut(1) As Double

Dim ro As Double

ro=157.29577951
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Figure 2. Preview of VBA Editor with the function TO10lp for calculation of
temporary coordinates by using the method of arch cross section
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Figure 3. Download of the TO10nap function

RMZ-M&G 2008, 55



460

GanI¢, A., PorpEvic, D., LEkovi¢, B.

fiadec = fiast + fiamn / 60 + fiase /
3600

fiarad = fiadec / ro

fibdec = fibst + fibmn / 60 + fibse /
3600

fibrad = fibdec / ro

a = (b - ya) - (xb - xa) *
Tan(fibrad)

b = b - ya) - (xb - xa) *
Tan(fiarad)

¢ = Tan(fiarad) - Tan(fibrad)

yoa =ya + (a/c) * Tan(fiarad)

yob =yb + (b/c) * Tan(fibrad)

yo = (yoa + yob) / 2

xoa=xa+a/c

xob=xb+b/c

xo = (xoa + xob) /2

toOut(0) = yo

toOut(1) = xo

TO10nap = toOut
End Function

The function TO10nap is to be requested
in the same way as any other already ex-
isting Excel function. By clicking on the
icon for Insert function, which is on the
Toolbar, a window for the selection of a
category, where the function can be found
(newly formed category User Defined) ap-
pears. After this, in the next window, the
selection of the function from the selected
category (figure 3) is made.

Subsequently, in the next window (fig-
ure 4), the arguments of the function, i.e.
worksheet cells, where those arguments
are located, are entered. In this case, the
coordinates y and x of the given points 4
and B, as well as oriented directions of
given points in relation to the unknown are
entered. Since the degrees, minutes and
seconds of oriented directions are located
within the separate cells, it is necessary,

while entering arguments of this function,
to locate ten cells, in which said input data
are located, which is also shown by the
afore mentioned procedure of this func-
tion.

As the result of those activities, the coordi-
nates of the unknown trigonometric point
(figure 5) will be obtained within previ-
ously marked cells for which we want the
printout.

As partially shown by the figure 3, the pro-
cedures for calculation of temporary coor-
dinates of trigonometric points by using the
method of backward cutting 7O10naz and
by using arch cross cutting 7010Ip (figure
2) are also written within those UDFs. Fur-
thermore, functions for calculation of both
grid bearings of sides 7O8ni and horizon-
tal lengths between side 708ni defining
points are also written. Functions, which
are used to solve triangles by using sine or
tangent theorem, are also made (70135,
TO13c, TOI13gama, TOIl4a, TOI4beta,
TOl14gama). Those functions are used to
calculate separate elements of triangles,
and there is no connection between them in
terms of obligation to maintain some order
of calculation or obligation to calculate all
elements. Due to the size of this function,
they are not shown during work.

Data transfer from Excel into Auto-
CAD

As already said at the beginning, one of
the main tasks of mining surveys is also
to display the space or the facility record-
ed in form of digital cards and plans or in
form of a digital terrain model. AutoCAD
is a standard for the development of digital
plans as well as other technical drawings,
so that, in terms of mine surveyings, the
idea of connecting Excel and AutoCAD

RMZ-M&G 2008, 55



Applicability of User Defined Functions in Mine Surveying

461

Function Arguments
TO Onap &
Ya B3 [s] = 7410046,7
%a 3 [ = 4m00sez, e
b s [Fis] = 74158845
*b 4 [ = 4m02352,00
Fast 03 = =
N help svailshle.
Fiast
Formula nesult =
Helo o thes Funciion o ][ cocn |
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Figure 5. Preview of a worksheet, in which the function TO10nap was used
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is very interesting. Our desire was to use
large calculation potentials of Excel, i.e.
to export those calculated data into Auto-
CAD.

A program called XLPoint Plus, which
is intended for the plotting of large num-
ber of points by using AutoCAD and 3D
model generation by using of coordinates
of points in Excel can be found on the In-
ternet. Since this program is not free to
download, UDFs were written, which, by
complying with the syntax of AutoCAD,
group the corresponding data from cells
and practically write down the AutoCAD
commands in Excel (points with UDF
pointW, lines with lineW, ellipses with el-
lipseW, etc) (http://www.geo.ntf.uni-lj.si/
mvulic/udf/vule4acad.xla).

Subsequently, the corresponding cells —
commands are copied (Ctr/+C), AutoCAD
is being opened and, within the command
line, copied commands (Ctri+V) are be-
ing transferred. At the same time, copied
points, lines, circles, ellipses, etc are being
plotted in AutoCAD.

CONCLUSIONS

MS Excel, a program for tabular calcula-
tion, has a very significant place within
mine surveying today. It is able to per-
form not only some auxiliary calcula-
tions, but also the complete solutions
for corresponding problems, as well as
complex equalizations based on matrix

calculus. All of this opens the possibility
for Excel to be alternative in situations
where there is no corresponding applica-
tion software available.

The objective of this paperwork was to
show that the User Defined Functions
may also be used for more complex calcu-
lations, i.e. that the use of one or several
functions created in this way can replace
the entire classic calculation formula. Of
course, this requires that the user has a
certain elementary foreknowledge in the
field of programming.

Due to its size, some functions are com-
pletely shown, and some of them are only
mentioned, namely those who are able to
show all benefits of the UDF in the best
way possible. In other words, functions
replacing those so called “trigonometric
formulas”, which are most frequently
used in mining surveys, are shown and
thus is the autonomy, simple applica-
tion, but also the ability and reliability of
functions created in this way is demon-
strated.

This is just one of the methods to solve
problems related to calculations in mine
surveying. Each user shall for him/her,
depending on his/her expertise, ability
and the desire, define how to solve a par-
ticular problem.

At the same time, it is necessary to em-
phasize again, a very simple method, by
which calculated values can be moved
into AutoCAD and to show calculations,
but also measurements, in 2D or 3D.
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MiLaN MEDVED!, EVGEN DERVARIC?, GORAN VIZINTIN?, JAKOB LIKAR?, JANEZ MAYER!

"Premogovnik Velenje, d. d., Partizanska 78, 3320 Velenje; Slovenia;
E-mail: milan.medved@rlv.si, janez.mayer@rlv.si
2University of Ljubljana, Faculty of Natural Sciences and Engineering,

Askerceva 12, SI-1000 Ljubljana, Slovenia; E-mail: evgen.dervaric@ntf.uni-lj.si,

goran.vizintin@guest.arnes.si, jakob.likar@ntf.uni-1j.si

Received: November 10, 2008 Accepted: December 8, 2008

Abstract: Complaints due to ground shaking and tremors were regularly ad-
dressed to the management of the Velenje Coal Mine. The micro-seismic
monitoring system was set up on the surface in the nearby urban areas and
also directly in the vicinity of mining activities. Results of these measure-
ments were carefully analysed and openly presented to the public together
with various safe vibration limit standards (national standards). The system
for automatic publishing of measurements immediately after the event re-
corded was also set up. This resulted in a drastic reduction of complaints.
Routine micro-seismic monitoring became part of the regular monitoring
of mining activities as some patterns of seismic response to mass mining

were revealed.

Izvle¢ek: Na Premogovnik Velenje so se redno naslavljale pritozbe zaradi pove-
Canega tresenja tal. Postavljen je bil mikroseizmicni sistem za spremlja-
nje tresljajev na povrsini, v bliznjih naseljih, pa tudi na odkopih. Rezultati
meritev so bili detajlno analizirani in predstavljeni zainteresirani javnosti
skupaj z raznimi standardi in predpisi za varno tresenje tal, ki veljajo v
posameznih drzavah. Taki predpisi in standardi v slovenski regulativi ne
obstajajo. Poleg tega je bil postavljen tudi sistem za avtomatsko zapisova-
nje podatkov o tresenju tal in objavljanje teh na spletnih straneh. Navedeno
je imelo za posledico drasticno zmanj$anje Stevila pritozb. Rutinske mikro-
seizmi¢ne nadzorne meritve tresenja tal so tako postale del obratovalnega
nadzora, saj so se pokazala dolo¢ena pravila pri seizmi¢nem odzivu okolne

hribine na rudarska dela.

Key words: rockbursts, seismicity, coal mine, longwall mining, caving, Velenje,

Slovenia, public response

Kljuéne besede: stebrni udar, seizmic¢nost, premogovnik, Siroko¢elno odkopava-

nje, rusenje krovnine, odziv javnosti
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INTRODUCTION

The Velenje coal basin has very thick layer
of lignite. Modern mining technology on
big excavation plates assures viability of
operation despite low combustion value.
The main consumer is the nearby thermo
power plant.

Mine tremors and even rockbursts follow
the excavation, although the geological
formation is soft. Seismic monitoring sys-
tems on the surface and in the mine gave
us invaluable insight into the processes
that took place at the excavation.

GEOLOGY OF COAL DEPOSIT

The lignite seam at the Velenje Coal Mine
extends under almost the entire Saleska
Valley, its deposit being 8.3 km long and
2.5 km wide.

— e

The thickness of the coal ranges from 20 m
to 160 m. The nearest coal is 60 m under
the surface, in the seam, which is 10 m to
35 m thick. The greatest amount of the coal
can be found at the depth of 290 m where
the thickest seam has been confirmed. The
coal layer is 100 m thick at the depth of
400 m. The north area of the coal seam in-
clines at the angle of 10° to 15°, and gradu-
ally becomes thinner in the depth from 100
m to 300 m, where in the south area it ends
up abruptly at the depth of 150 m under the
surface. The quality of the coal decreases
from the hanging wall to the footwall of
the seam. The lower calorific value for the
coal seam still being exploited is down to
7.5 MJ/kg. The longitudinal section of the
coal seam is shown in Figure 1.

River and lake alluvia consisting of sand
and clay, whose thickness totals 460 m at
the most, represent the hanging wall of the
seam. Immediately above the coal seam
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Figure 1. Longitudinal section of the coal seam (geomechanical interpretation)
Slika 1. Vzdolzni prerez skozi sloj premoga (geomehanski profil)
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Table 1. Geomechanical properties of different layers
Tabela 1. Geomehanske lastnosti razli¢nih slojev
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there are clay layers ranging from a few
hundred meters to minimum of six meters.
They prevent water inflow into haulages.
The footwall of the seam consists of clay
and marl lying on triassic limestone and
dolomites. In a hydrological sense, the de-
pression is extremely water bearing, espe-
cially in the Pliocene area.

The coal seam, in whose hanging wall and
footwall most roadways can be found, is
tectonically not much cracked, and the
fractures caused by sinking of the seam are
mostly of local character.

The whole formation is soft with low val-
ues of geomechanical properties. Brittle
failure of coal can be expected based on
experiences with laboratory compressive
strength tests. Geomechanical properties
are collected!" in Table 1.

MINING METHOD

The mining method used in Velenje Coal
Mine is known as Velenje Mining Method
and is unique in world mining technology.
The basic principle of work on the faces
was based on winning the lower and the
upper excavation part of the face at the
floor level height of 10—15 m.

The cracking of roof influences consider-
ably further mining. The first floor level
advances only with the lower excavation
part, and crushes the hanging wall and the
coal to the extent that efficient excavation
from the upper area is made possible with
the following floor level.

With the Velenje mining method the length
of longwalls amounts from 80 m to 210 m
and the length of panels varies from 600
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m to 800 m. Maximum face inclination in

the direction of advancing totals 15° and

7° inclined along the face.

Technological coal mining procedure is di-

vided into:

e winning the lower excavation section of
the coalface and

e winning the upper excavation section of
the coalface.

The double-drum shearer excavates the

coal in the lower section of the longwall

face.

The coal in the upper section of the face is

excavated by winning the coal through the

gate in the shield, or over the canopy of the

shield of the section.

Working cycle is completed when all the

coal from the upper excavation part is

extracted. The coal from the upper exca-

vation part is mined systematically after

a certain number of cuttings in the lower

part. The number of cuttings in the cycle

depends on:

o working height,

e coal face length,

e slope and inclination of the face,

e number of sectors in the upper excava-
tion section along the face and

e degree of coal crushing in the upper ex-
cavation section of the coalface.

The sequence of working phases is changed

with regard to what was stated above. They

can also be carried out simultaneously, in

case of favorable conditions.

Figure 2. Reported locations of seismic events
Slika 2. Prijavljene lokacije tresenja tal
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TREMORS AND MINING

Tremors regulary accompany longwall
mining. They are felt by local inhabitants of
the nearby town of Sostanj and village Pesje
which is only few hundred meters away
measured in horizontal distance from long-
wall faces (Figure 2). Most of the tremors
that were felt by local inhabitants were not
observed in the mine and also did not cause
any damage to the mine infrastructure. But
the local community has organized and start-
ed strong media campaign against the mine
authorities, which was from time to time
very disagreeable. Regularly new minor su-
perficial cracks were reported to the mine
and damage compensation was claimed.
After careful examination of reported dam-
ages it was found out that cracks were not to
ascribe to tremors and were rather ascribed
to other causes like uneven settlements of
foundation, changes in humidity and con-
structional reasons.

It was very difficult to explain to local in-
habitants that these cracks were not caused
by mining. The approach to the problem was
very systematical. First we started to collect
public response on a toll free phone line,
where every caller was asked to report the
location of event felt and the description of
event. Then all locations were summarized
and plotted on a map with relation to the
mine layout. In the centre of the areas with
greater density of complaints — in area of
Sostanj and Pesje - ground vibration moni-
tors were installed. The system is trigger
based. The trigger is set to 0.1mm/s which
is about 5 times less than the human sensi-
tivity to ground vibrations. This means that
we make sure that we do not miss an event
which can be felt by local inhabitants.

RESULTS OF MICRO SEISMIC MONITORING

The results of measurements soon revealed
that at most seismic active days three to
five seismic events were recorded with
maximum peak particle velocities from
2-3 mm/s at frequencies of 7-10 Hz. Typi-
cally recorded values were from 0.7 mm/s
to 1.1 mm/s at same frequencies. So most
of the tremors were weak which could not
cause any damage to the buildings.

When the results were presented to the pub-
lic, lot of skepticism and disbelief among
local inhabitants was present. Up to date
measurements were collected for period of
more than one year and sent to indepen-
dent and internationally acknowledged
blasting techniques and vibration expert.
In his “Experts opinion” it was officially
confirmed, that damage due to vibration
in terms of a reduction in utility values is
unlikely to have occurred. The vibrations
at recorded levels were not able to damage
buildings in a causal manner according to
standard DIN 4150™, However already ex-
isting damages could change. If damages
are found, it is to be assumed that other
causes are responsible for this damage.
We openly presented the conclusions from
“Experts opinion” and analyzed measure-
ments to the public. In the meantime we
also set up a system for automatic measure-
ments and publishing of results on compa-
ny’s web pages — which was the most con-
vincing proof that we are ready to assist
local inhabitants with information. In the
first months we received lots of calls imme-
diately after the tremor from people asking
where the results of measurements could
be seen. So instead of complaint calls we
are now receiving calls from people who
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Figure 3. Activity for December 2004 (a) and its display by hours in day (b)

Slika 3. Aktivnost decembra 2004 (a) in prikaz po urah (b)

—— . -
v o
- .
“-
v W
P— M - S Rt
o
LI
— e e #HM#._._.._.__._.._ —_—

L L]
- ..___..____W_ 1
)
TR
— et
-
. L
S ....._.___._._._W == e =
3 i [ [ i i " + [ # i
L - L - L e " — b L . La. d -

-

Figure 4. An example of the accelerogram recorded by the in-mine system. Time

is in seconds, amplitude in Volts.

Slika 4. Akcelerogram, zapisan z jamskim mikroseizmi¢nim sistemom. Cas je v

sekundah in amplituda v voltih.
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are interested in things like “What are safe
vibration limits”, “What are mm/s”, “What
other can cause cracks in my house”. To
answer these and other questions we have
supplemented web pages with answers to
these frequently asked questions. These
measures resulted in a drastic reduction of
complaints.

CHARACTERISATION OF EVENTS

Seismic monitoring system on the surface
and in the mine gave us invaluable insight
into the processes that took place.

Figure 3 displays seismic activity for De-
cember 2004 by days and by hour in day.
Stronger events occur in the beginning of
week and are connected with the cracking
of the console in the hanging wall that is
built for the weekend. With the constant and
not too fast progress of longwall the level of
activity decreases and the number of events
increases. The accumulated energy is re-
leased in smaller amounts!". We can see the
decrease of activity in the time of shifts in
Figure 3b (6, 14 and 22 o’clock). Relative
amplitude shown on figure 3 was used to
calculate energy of seismic events by con-
sidering distance and depth difference from
seismic event to seismic station.

Caving is the most critical process at coal
extraction. There have been studies of the
caving processes associated with the long-
wall mining, for example HATHERLY et al®*!.
Accurate location of the mine tremors is
possible only with the use of in-mine seis-
mic system. We have deployed also a mine
wide seismic system consisting of accel-
erometers and signal transmission to the
surface!'”. An example of accelerogram is
displayed in Figure 4.

Values are measured in Volts and a factor
of sensitivity 1/G = 9.684 m/(V s?) should
be used to convert values to ground vibra-
tion accelerations. The locations of events
are usually above the level of excavation!'?..
The process of caving is taking place in that
area. High stresses fracture the coal. The
process can be improved by destress blast-
ing or preconditioning (TopPERr et al ).

ANALYSIS OF FOCAL MECHANISM

Even if the shaking tremors were now
better described, some uncertainty still
remains. Especially the question, if all
big events are originated because of mine
works, or their natural origin still remains
unsolved. For these purposes the analysis
was widened and also the national seismo-
logical station was used for analyzing the
tremors (Figure 5). The question has its
reasons in facts that some stronger tremors
were also registered on the Slovenian seis-
mological stations and some were not. An-
other reason was that only for the national
seismological stations sensors orientations
data are provided well enough for the first
motion analysis. Because of these rea-
sons, the selection of events registered on
mine and Slovenian seismological obser-
vations network was needed. In fact there
were just few events which we were able
to prove that their origin was in the area
of mining works. For better understand-
ing of governing mechanism we decided
for an analysis of a fault plane solution. A
fault plane solution (or focal-mechanism
solution) is a method to identify the type
of an earthquake (Cox[®!, 1986). The fault
plane solution is constructed from the
detected signals of different stations and
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Figure 5. Seismological stations used for the analysis of focal mechanisms. Yel-
low stations had enough good signals for making the analysis.

Slika 5. Seizmoloske opazovalnice, uporabljene za analizo Zari§¢nega mehaniz-
ma. Rumeno oznaéene opazovalnice so dale dovolj dober signal za analizo.

gives insight into the type or the source
of the earthquake (normal fault, thrust
fault or strike slip). To accomplish a fault
plane solution, the azimuth as well as the
angle of incidence and the type of the first
wave (compression or dilatation), which
reaches the detecting station, is necessary.
The lower hemisphere projection of data is
used in the way that the azimuth is taken
as an angle and the angle of incidence is
taken as the length of a line. At the end of
the line a mark is placed depending on the
type of the wave.

Our aim was to identify, if the events ob-
served on the mine and national obser-
vations nets have manly their origin in
normal fault movements or there are also
components of thrust fault movements. If
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they would have their origin in thrust fault
movements their origin would be unlikely
due to the mining works. The events were
first compared on the basis of their frequen-
cy and calculated seismic moments. Seis-
mic moment is a quantity used to measure
the size of an earthquake (Aki®, 1966).
The seismic moment of an earthquake is
typically estimated using whatever infor-
mation is available to constrain its factors.
For earthquakes, moment is usually esti-
mated from ground motion recordings of
earthquakes (Westway?, 1992). In 1970
BRUNE!®! set up this relation of dislocation
along the fault:

u=(c/G)p -1 1)
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Where

o - effective stress (difference in effective
stress on a fault before and after disloca-
tion)

G - shear modulus

p - velocity of shear waves

R - distance between the hypocenter and
seismological station

7 - fault plane distance

t”-t-R/p

f=(5/0.8)"2 where S is a conversion fac-
tor of shear waves in compression waves

Using a Fourier transformation on the
equation (1) a equation (2) can be found
(Stankovic!, 1988):

u(©) = Rey /(r R)OB /G +0°) 2 )

The equation (2) is describing amplitude
spectra of dislocation on the free distance
from the fault plane. In the equation (2) a

logu{o)atR

16 T T T
10°2 1071 100
log @

Frequency (Hz)

Figure 6. Displacement spectra (BRUNE®
1970)
Slika 6. Spekter po Bruneju

factor (R 00) is defining a seismic waves we
are observing. The a and f are very well
known factors, usually f= 1 when S = 0.8
and oo =2.21 p/r. If we are calculating the
specter of dislocation movement along fault
using the equation (2) and putting the calcu-
lated values on abscise composed of log(w)
and ordinate of log(u (w)) we are getting the
diagram presented on the figure 6.

Looking at the equation (2) and taking in
consideration well known expressions for
seismic moment M_ = (18/7)or° and o* =
(14w/9) (B/r)* (BrUNE!®, 1970) and sending
o to 0 we can get the following equation:
u(®) = RoyM n(4npp’)” (3)
From the equation (3) we can see that the
seismic moment is depending on the spec-
trum of dislocation at low frequencies.
This implicit that the using the low spec-
trum frequencies we are able to compare
the events registered on the mining seis-
mological nets with those on the Slovenian
seismological net.

On the basis of theory shown before, only
few events could be identified on both ob-
servation networks. The uncertainty was
even greater if we looked at the first arriv-
als on the seismological stations. So at the
end only four events had data good enough
(Z1vec!'?l, 2005) for first motions analysis
(Figure 7).

It seems that in the four analyzed events
the normal movements are present in the
governing mechanisms of the tremors.
This can be associated with the dilatations
occurring due to the excavations of coal
seam. Because of data uncertainty we can
not for sure associate all big events with
the mining works but on the basis of first
analysis as some indications are strong
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Figure 7. Focal mechanisms of four events which were good enough for the first
motion analysis
Slika 7. Zari$¢ni mehanizem tirih dogodkov, katerih signal je bil dovolj dober za
analizo prvih premikov

enough that further work in this direction
will be done.

CONCLUSIONS

Mine wide seismic monitoring system be-
came essential part of mining surveillance
monitoring systems especially for mines
operating near urban areas. It serves with
data about time and intensity of recorded
seismic events at the locations where most
of complaints are coming from.

The surface station in the nearest village
Pesje and town of Sostanj convinced us
that the mine tremors don’t cause damage
to the buildings, as they are much smaller

RMZ-M&G 2008, 55

then allowed values according to the DIN
4150 standard. Independent experts opin-
ion confirmed that statement on the basis of
measurements for a period of more than one
year. A first motions analysis was also made
with the aim of better knowing of tremors
governing mechanism. It seems that some
big events had also the origin in the mining
works rather than in the natural geological
events.

We openly presented the conclusions and
made the results of on-line measurements
available to the public. So instead of com-
plaining calls we are now receiving calls
from people who are interested in things
like “What are safe vibration limits”, “What
are mm/s”, “What other can cause cracks
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in my house”. These measures resulted in a
drastic reduction of complaints.

Seismic monitoring helped us to gain back
information about the processes in the mine
and to get response of the coal formation to
the mass mining. The response is immedi-
ate and therefore it is controllable. It was
also found out, that some parts of the long-
wall face responded to mining with lower
intensity of seismic events than other. This
phenomena is especially noticeable at the
start of the longwall excavation.

With time the database of measurements
is increasing and also the knowledge base
in that area, so it is very important to keep
uninterrupted seismic monitoring of mining
operations also in the future.

PovZETEK

Na Premogovnik Velenje so se v preteklosti
redno naslavljale pritozbe zaradi povecane-
ga tresenja tal. Nacin reSevanja problemati-
ke je bil ve¢plasten in sistematien. Posta-
vljena je bila merilna oprema za spremljanje
dogodkov na povrSini, v bliznjih naseljih,
pa tudi na odkopih. Rezultati meritev so po-
kazali, da se dogodki dogajajo v materialu,
ki ima v geomehanskem smislu precej Sibke
karakteristike in ga je tezko vzrocno pove-
zati z nastajanjem dogodkov. V premogu, ki
je najtrsi, nastane le manjsi del seizmicnih
dogodkov. Meritve so obsegale tudi spre-
mljavo intenzitete vibracij tal na povrSini,
ne glede na to, od kod prihajajo. Za vse do-
godke brez izjeme je bilo ugotovljeno, da s
svojo intenziteto ne morejo povzrociti $ko-
de na gradbenih objektih, saj so presibki in
so v okviru najstrozjih tujih standardov. Do-
macih standardov, ki bi na nivoju danasnje-
ga stanja tehnike obravnavali problematiko

vpliva vibracij tal na povrsinske objekte, ni-
mamo, zato smo uporabili nemski standard
DIN 4150, ki je najstrozji. Rezultate me-
ritev v daljSem obdobju je ovrednotil tudi
ekspert s podrocja vibracij tal, ki je potrdil
pravilnost postopkov in rezultatov. Rezul-
tati meritev so vedno na vpogled okoliski
javnosti, ki jih ti dogodki motijo, skupaj z
razlago, ki pojasnjuje postopke in rezultate
meritev na za javnost sprejemljivem nivoju.
Pojasnjena je bila tudi osnovna dilema, ki
povzroca skrb zaradi tresenja tal, namrec¢
da je ¢loveska obcutljivost za vibracije ve¢
desekrat nizja od tiste, ki v najneugodne;jsih
razmerah lahko povzro¢i majhne razpoke
na objektih.

Navedeno je imelo za posledico drasticno
zmanjSanje Stevila pritozb glede tresenja
tal, saj je vsak dogodek izmerjen in tudi za-
pisan. Ni se Se namre¢ zgodilo, da bi se kdo
pritozil zaradi tresenja tal, ki ne bi bilo tudi
izmerjeno.

Nekateri od teh dogodkov so zapisani tudi
na veC postajah drzavne mreZe potresnih
opazovalnic, kar je omogocilo tudi bolj
poglobljeno analizo mehanizma izvora do-
godka. Ugotovljen je bil dilatacijski me-
hanizem nastanka seizmi¢nih dogodkov.
Seizmicnost je spremljana tudi z jamskim
sistemom. Primerjava podatkov s povrSine
in tistih iz jame je pokazala le delno skla-
danje dogodkov, kajti veliko ve¢ dogodkov
se zgodi na povrsini, v jami pa sploh niso
ugotovljeni oziroma so pod pragom zazna-
vanja inStrumentov. Po drugi strani pa lah-
ko z jamskim sistemom ugotovimo direkten
odziv na pridobivalna dela, kar nam daje
moznost spremljanja odziva hribine na ru-
darska dela. To je sedaj postalo pomemben
del obratovalnega nadzora, saj nam meritve
dajejo vpogled v intenzivnost odziva hribi-
ne in na dogajanje na povrsini.
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Determination of the adhesive fracture energy G . of structural
adhesives using DCB and Peel tests
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Abstract: Due to the increasing use of adhesively bonded load bearing joints in de-
manding Engineering applications, the failure properties of adhesives need
to be known.The fracture testing of adhesive joints has been developed to
yield engineering data used for comparative analysis between adhesives
and also the different substrates used. A large number of different tests have
been developed to measure the adhesive fracture toughness, G, of adhe-
sive joints. In this work two different types of test are presented, an elastic
plastic peel test and a double cantilever beam test, based on linear elastic
fracture mechanics (LEFM). Ideally, adhesive fracture toughness should be
a geometry independent value, a characteristic adhesive property.

Izvleéek: Zaradi vse vecje uporabe adhezivnih spojev v avtomobilski in letalski
industriji je poznavanje mehanskih lastnosti adhezivov izrednega pomena.
PreizkuSanje zlepljenih spojev z uporabo strukturnih adhezivov je bilo v
prvi vrsti razvito za pridobitev primerjalnih podatkov razli¢nih adhezivov in
podlag, uporabljenih pri spojih. Obstaja veliko razliénih geometrijskih ob-
lik preizkusov za dolocitev energije raztrzne zilavosti strukturnih adhezivov.
V tem delu sta predstavljena dva osnovna tipa geometrije, in sicer: elasto-
plasti¢ni odlus¢ni preizkus in preizkus z uporabo dvojnega konzolnega
nosilca (DCB), ki je osnovan na linearni mehaniki loma. Idealno je energija
raztrzne zilavosti adhezivov neodvisna karakteristicna veli¢ina adheziva.

Key words: fracture tests, adhesives, Peel tests, DCB test
Kljuéne besede: lomni preizkusi, adhezivi, odlus¢ni preizkusi, DCB-preizkusi

Review paper
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INTRODUCTION

Adhesive joints are an effective way of
connecting structural components such
as metals and polymers. Comparing to
the traditional joining techniques riveting
and welding adhesively bonded structures
experience many advantages. The most
important in aerospace and automotive
industry are weight savings and good dy-
namic fatigue properties ['l. The effective
bonding of sheet materials also makes it
very appealing for the packing industry.
There have been a large number of differ-
ent tests developed to obtain the fracture
resistance of structural adhesive joints !,
among them are two of particular interest
for this work: the double cantilever beam
bending test (DCB), which is based on a
linear-elastic fracture mechanics (LEFM),
and the elastic-plastic T-peel test, both
tests yield the adhesive fracture tough-
ness G.

Guidance on conducting fracture tests
is described in various standards, e.g.
for a DCB test geometry there is a Brit-
ish standard BS 7991 &I, the existing ISO
standards: ISO 8510-1 1990 B! and ISO
8510-2 1990 ¥ “Peel test for a flexible
bonded to rigid specimen assembly, Part
1 90° peel and Part 2 180°”, ISO 11339
1993 “180 peel test for flexible to flexible
bonded assemblies” (T-peel test), indi-
cate how to measure peel strength, force
per unit width for peeling. To determine
the adhesive fracture toughness from the
measured peel strength described in the
ISO standards, a special protocol was de-
veloped at the Imperial College, called
ICPeel V.
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DCB TEST PRINCIPLES

Introduction

One of the most frequently used test ge-
ometries for generating Mode I adhesive
fracture energy, G,., is the double can-
tilever beam specimen. In this test the
substrates, usually made from metal, are
bonded together with the adhesive and the
crack is propagated along the adhesive lay-
er in opening mode by pin loading at the
beam-ends. The method used to determine
the fractural resistance is based on linear
elastic fracture mechanics (LEFM). From
this test, both the resistance to crack ini-
tiation and propagation can be determined
and the resistance curve (plot of G . vs.
crack length) can be produced .

DCB specimen geometry

Generally a DCB test specimen is suited for
testing joints, where relatively thin sheets
of fibre composite materials are adhesively
bonded, but may also be used for metal-
lic substrates. A typical specimen used for
metallic substrates is shown in Figure 1.

Test procedure

Test is preformed under normal conditions
(23°C+£2°C,50% =5 %r. h.) on a ten-
sile testing machine, capable of producing
a constant cross-head displacement rate
between 0.1 mm/min and 5 mm/min in dis-
placement control. A special fixture is used
to introduce the load to the pins inserted
into substrate beams.

The tensile testing machine compliance
must be taken into account. If the machine
compliance is not known, it should be de-
termined using the calibrated specimens 2,
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Substrates Adhesive
, N/
q'—% \u r
B |
-
- I
! P

4 i -
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Figure 1: DCB test specimen geometry 2. Where: A4 - insert film length, distance
between the end of the specimen and the tip of the insert film, a - crack length,
distance between the load line and the tip of the crack, a, - initial crack length, a,-
precrack length, distance from the load line to the tip of the precrack, B - specimen
width, & - arm thickness, /_- adhesive layer thickness, / - specimen length.

Slika 1: Geometrija DCB-preizkuSanca. Oznake: 4 - dolzina vstavljenega traku,
razdalja med koncem preizkuSanca in zacetkom razpoke, a - dolzina razpoke,
razdalja med linijo obremenitve in vrhom razpoke, a, - zacetna dolZina razpoke,
a,- dolzina predrazpoke, B - Sirina preizkuSanca, / - Sirina konzolnega nosilca, &
- debelina adheziva, / - dolzina preizkuSanca.

During the test progress, recording of the
complete load versus displacement curves
are taken. At the same time the crack is
measured using a travelling microscope or
a video camera.

Analysis methods or determining the
values G, .

There are three analyses methods that
may be used to calculate G| from the
DCB test data, where | denotes Mode |
loading condition.

(1) simple beam theory (SBT),

(2) corrected beam theory (CBT), and

(3) experimental compliance method (ECM).
All of them are essentially derived from
Equation (2.1), and all require the monitor-
ing of load, crack opening displacement,
and crack growth to determine variation of

compliance with crack growth. A brief out-
line of every analysis method is discussed
at this point.

Simple beam theory.
The value of adhesive fracture energy G,
may be deduced from:

G, = _l P? ﬁ

2B da
where C is the compliance and is given
by load-line displacement(d)/load(P). The
compliance change with crack length was
derived by Mostovoy at al. [ where bend-
ing and shear deflection contribute to the
specimen compliance. The specimen was
treated as a pair of cantilever beams with
length a, representing the crack length,
measured from the point of loading. The

2.1)
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dC/da may be written as

dC 8 3a° 1
—=—(—*+-)
da EB KW h

(2.2)

where E is the flexural or tensile modu-
lus of the substrate. This value is quoted
for the standard grade materials, otherwise
should be measured from an independent
modulus test.

Inserting expression for dC/da into equa-
tion (2.1) gives G,.

2

a+1y

"\a..

. _']2!735}'2
“ EBW

(2.3)

This value can be further simplified if the
condition a? >> h?* is met, it means that the
crack length is much larger than the beam
arm thickness and deflection due to shear
stress can be neglected

Lo 2Pa’
“ EBW
where &, B, and E are the height, width

and Young’s modulus of the substrate, re-
spectively.

(2.4)

Corrected beam theory
The simple beam theory does not account
for the important effect of beam root ro-
tation, which affects compliance and G ..
It has been shown that this effect can be
modelled by adding a length, 4, to the
measured crack length B, Adhesive frac-
ture energy may be calculated using the
following equation

L, 3P% F

“ 2Ba+A) N
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(2.5)

where 0 is the measured load-line dis-
placement, F is a correction factor which
accounts for the reduction in bending mo-
ment caused by large displacements and N
is the load block correction. When piano
hinges are drilled directly through the sub-
strate, as is the case for metal substrates, N
= 1. Further information can be found ® 2
%1 where detailed explanations and deriva-
tion of the variables are provided.

Experimental compliance method

In order to estimate the change of compli-
ance in relation to crack growth, compli-
ance is plotted against crack length and
then curve fitted using the Berrys method
Pl which employs a power-law compli-
ance calibration
C=ka" (2.6)
where k and n are regression coefficients
determined from experiments. Differen-
tiating this equation with respect to crack
length, a, and combining the differential
with Equation (2.1) leads to

, nPd F
“ " 2Ba N

2.7)

ELASTO-PLASTIC PEEL TESTS

Introduction

Peel test is a widely used method for meas-
uring the peeling energy between flexible
joints . The level of the bond strength is
a critical issue since laminates act as engi-
neering structures, therefore it is very im-
portant to be able to control adhesive frac-
ture toughness. Ideally, adhesive fracture
toughness should be a characteristic adhe-
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sive property, independent of test geometry
such as the thickness of the peel arm or peel
angle . Due to the fact of wide application
of peel tests, several test geometries have
been used. Two particular forms used in this
work are the fixed arm peel test and T-peel
test (Figures 3, 4). Since the T peel test may
be seen as a two fixed arm tests combined,
the fixed arm peel test is analysed firstly and
then extended to T-peel test.

Peel specimen geometry

There are two basic types of test geometry,
a fixed arm peel test, and a T-peel test. The
specimen for the peel test should be of a
rectangular shape, where the two parts of
the joint have already been adhered but
where there is a region of unadhered mate-
rial (of nominal length 30 mm) Bl The peel
arms should be thick enough to withstand
the expected tensile force, their dimensions
are carefully measured and assembled with
great caution. The overall dimensions of
peel specimen need not be rigidly defined
but for many tests a total length of 100 mm
and width of 20 mm proves to be quite
satisfactory. An example of fixed arm peel
test geometry is shown on Figure 2. Mir-
roring the fixed arm geometry, about the
bond line, derives the T-peel test geometry.
Symbols used for peel geometry are given
below.

Experimental procedure

The choice of peel fixture is not unique but
the jig should incorporate a number of fa-
cilities. Most important among them is that
the fixture should be able to select the peel
angle in the range up to 180 °C. The peel
specimen is fixed at the bottom of the sup-
porting frame of the tensile testing machine
(Instron), and attached to the load cell and

the testing machine crosshead. A peel test
speed (crosshead speed) of 10 mm/min can
be used as a standard with a 90° peel angle.
However, the peel speed will be influenced
by the peel angle. For the fixed peel arm
testing, the peel arm is clamped to a load
cell and the specimen base is bolted to a
linear bearing trolley, which moves in the
horizontal direction as to keep the position
of the crack front constant. For the T-peel
specimens two clamps are used to grip the
specimen in position, with one clamp at-
tached to the testing machine load cell, the
other to the base of the machine.

Analyses of the fixed arm peel test

In order to peel one laminate from another,
or from a rigid support, requires energy in
the form of external work to be applied to
the laminate, Figure 3. Since the peel arm
may exhibit plastic or viscoelastic behav-

Figure 2. Fixed arm peel test specimen geom-
etry. Where, a - crack length, distance between
the load line and the tip of the crack, B - speci-
men width, 4 - arm thickness, & - adhesive
layer thickness, L - specimen length.

Slika 2. Geometrija enostransko vpetega
odlusénega preizkusanca. Oznake: a - dolzina
razpoke, razdalja med linijo obremenitve in
vrhom razpoke, B - Sirina preizkusanca, & -
Sirina konzolnega nosilca, 4 - debelina adhezi-
va, L - dolzina preizkusanca.
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Peel arm

(thickness /)

Laminate of width »

Peel force
P

@ Peel angle

Fixed arm of laminate

Figure 3. Fixed arm peel test specimen ©!

Slika 3. Enostransko vpet odluséni preizkusanec

iour, the historically used peel strength,
which was the governing factor in the peel
tests, was very geometry and material de-
pendent. ESIS protocol was written by
MoorEe aND WiLLIAMS B to transfer histori-
cally measured peel strength, which meas-
ures the strength of the adhesively bonded
joint, to adhesive fracture energy, which
is a measure of how well the two surfaces
are bonded together. The protocol used
was based on the work of KmrocH et al.
119 and Georaliou et al. ' where they used
the energy balance argument and derived
the adhesive fracture energy, which relates
external work added to the system (U, ),
strain energy stored in the peel arm (U),
energy dissipated during tensile deforma-
tion of the peel arm (U,) and the energy
dissipated during the bending of the peel-
ing arm near the peel front (U,).

G _L[dUe dU. dU, dU,

¢ _E da da da da

3.1)

Where G, stands for a geometry independ-
ent property and is a characteristic value
for a particular adhesive "', To convert
peel strength (P/mm) to adhesive fracture
energy, the following equation is used

G.=G-G,
RMZ-M&G 2008, 55

(3.2)

where G is the peel strength-measured
load, G, is the plastic arm energy caused
by bending the peel arm. When no tensile
strain in the peel arm is assumed, input en-
ergy G may be written as

. P

G 7 (1-cosB) (3.3)
If zero bending stiffness is considered, this
expression is also used as the adhesive
fracture energy, where @ is the peel angle
as shown in Figure 3.

This would be the case for a material of
infinite stiffness and no bending stiffness.
However, if there is an elastic-plastic de-
formation in the peeling arm, it is neces-
sary to have knowledge of the tensile char-
acteristics of the peel arm material and the
full expression for G, becomes

al P ¢ Bl
G, = E(I +& —cosO )—h_o[cdz -Gy (3.4)

where ¢ is the tensile strain, o is the stress,
h is the height of the peel arm and G, ac-
counts for plastic or viscoelastic bending
of the peel arm given by

14U,
B da

o
(Idb -

(3.5)
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Analysis of the T-peel test

In Figure 4, the specimen configuration of
T-peel-test is shown. The analysis adopts
the same steps as in the fixed peel arm,
except that now two peel arms are con-
sidered instead of one. If one peel arm
is stiffer than the other, as in the case of
unbalanced peeling, two different peel an-
gles are present rather then two 90° angles.
Since the angles are correlated via @ = &
— 6, only one angle should be considered.
The Equation (3.3) becomes:

N
G, =

=—(1 0
B( +cos0)

(3.6a)

(;2 = %(1 —cos6 ) (3.6b)
where subscripts 1 and 2 stand for each
peel arm. In a similar manner there will be
two forms of plastic peel arm dissipative
energy, which results in two forms of frac-
ture toughness energy expressions:

Gm = Gl _Gm

(3.7a)
T Peel force P
Peelarm ——M*
Specimen of width b
0 /
:jj”&_._
¢
— Peel arm 2

Figure 4. T-peel-test specimen [
Slika 4. Odlus¢ni preizkuSanec
v obliki ¢rke T ali T-odlu$¢ni
preizkusanec

G.,=G,~-G,, (3.7b)
The adhesive fracture toughness is simply
the sum of the last two equations:
Ge =G + G, (3.9)
When balanced T-peel test is assumed, @
=6 =90°, cosf becomes equal to zero, and
all the equations derived for fixed arm peel
test at 90° may be multiplied by 2, hence
describe the situation in T-peel test.

In order to determine G from peel tests,
elastic and plastic deformations are taken
into account, and two tests must be con-
ducted:

(1) Peel test

(2) Tensile test of the peel arm material
All the detailed calculations regarding peel
tests are given in references [ '* 'l and
while theoretical calculations can be very
complex, software that may be used to
conduct the calculation is available on the
Imperial College web site 2.

RESULTS AND DISCUSSION

In DCB experiment mild steel beam arms (£
=207 GPa) and ESP110 (E = 4 GPa) adhe-
sive were used. The geometry details of the
DCB test specimen are given in Table 1.
All data analysis were preformed using
the Microsoft Excel® spreadsheets, which
were written at Imperial College and can
be obtained freely from !?l. The spread-
sheets automatically performed all the data
reduction, plots and calculations of G, us-
ing the presented theory.
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Table 1. DCB-test specimen data
Tabela 1. Geometrijski podatki za DCB-
preizkuSanec

Label | [mm]
Specimen length L 190
Arm thickness H 20
Specimen width B 25
Initial crack length a, 50
Adhesive layer thickness h, 0.4

In Figure 5 a typical load versus crosshead
displacement curve is shown. Due to load
take up effects, there was initial non-linear
trace, which was removed by extrapolating
the linear part and resetting the intercept
to zero displacement. The first, linear part
up until maximum load applied, depicts
the elastic loading history before the crack
growth. During the crack growth the com-
pliance of the DCB is increasing and the
load is dropping. Another way of presenting
the results is via load versus crack growth,
starting at the beginning of the crack growth,
Figure 6.

When very stiff DCB specimens are tested,
significant displacement errors could be in-
troduced. For that reason a system compli-
ance value was measured and a correction
was made. Figure 7 shows the resistance
curves corrected for the effect of system
compliance via the three analyses methods
previously presented. The resistance curves
are constructed to show how the values of
G,. develop during crack growth. It may
be seen that SBT is in disagreement with
CBT and ECM, most likely due to incor-
rect assumptions made in SBT derivation.
Neglecting the crack root rotation, as is the
case in SBT derivation, may leads to sub-
stantial errors.

The initial and mean propagation values of
G, were directly deduced from the spread-
sheet, Table 2. The mean propagation was
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simply the mean of all the non-initiation G, .
values.

Table 2. Initiation and mean propagation val-
ues of G, for the DCB joints

Tabela 2. Zacetna in srednja vrednost napredo-
vanja G, pri DCB-spojih

Q NE [/_‘\ NE g NE
2% | 8= | =
3 Q =
] &) w‘
Initiation 345 434 458
Mean 636 978 977
propagation

For the peel test experiment the substrate
material was made of Aluminium-alloy
5754 (E = 69 GPa) and the adhesive used
was ESP110 (E = 4 GPa). Details of the
dimensions of the peel joints are given in
Table 3.

Table 3. T-peel-test specimen data
Tabela 3. Geometrijski podatki za T-odlus¢ni
preizkuSanec

Label | [mm)]
Specimen length L 295
Arm thickness H 1
Specimen width B 20
Initial crack length A 180
Adhesive layer thickness h, 0.4

An example of a typical load versus cross-
head displacement for a T-peel specimen
is shown in Figure 8. The load fluctuates
significantly with displacement during the
crack growth as the crack moves form one
substrate interface to the other (load is ex-
pressed in N per mm width as peel force).
The load versus crosshead displacement
trace for the 90° peel test differs consid-
erably from the T-peel trace as is shown
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Load versus Displace ment

0 02 04 06 08 1 1.2 14
Crosshead displacement (mm)

Figure 5. A typical load-displacement trace for a DCB joint I"!
Slika 5. Znacilen potek krivulje obremenitev-pomik ¢eljusti, pri DCB-spojih

Load versus crackgrowth

400.00 |

300.00 |

Load [N]
g
8
8

ABEOLO0 |- - =m == e e o e e e i e e e

1000.00 |

BOLD0 |- - - e e ~m e e e e e i e e e
0.00 ¢ : . . : . ; .

40 1] &0 70 80 a0 10 110 120
Crack growth [mm]

Figure 6. A typical load-crack growth trace for a DCB joint [
Slika 6. Znacilen potek krivulje obremenitev-rast razpoke, pri DCB-spojih
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Ge versusCrack length

120000

100000

80000

G [Jim#2)

40000

am
40 50 @ 70 ao a0 10 10 20

Crack length {mm)

Figure 7. A typical set of resistance curves for a DCB joint I"!
Slika 7. Znacilne krivulje raztrzne zilavosti DCB-spojev

Load versus Displacement

Peel Force (Nfmm)

0 il Esl @ a0 1 1D 10 %0
Crosshead displacement (mm)

Figure 8. A typical load-displacement trace for a T-peel test
Slika 8. Znacilen potek krivulje obremenitev-pomik celjusti za T-odluscni

preizkusanec
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in Figure 9. Only minor load fluctuations
with displacement during crack growth
are observed. It can be said that the load
reaches a steady state value after a certain
amount of crack growth.

Using the spreadsheet for peel tests and the
data obtained from the experiment the val-
ues of G, can be easily obtained, although
the calculations may look fairly complicat-
ed. Since the mean steady state peel force
is used in the calculations, the G, represents
the propagation value. It is almost impos-
sible to detect the beginning of the crack
growth for these tests therefore the initia-
tion value of G| is not attainable.

Table 4. Propagation values of G for the peel
tests

Tabela 4. Obremenitev in G, odlu$¢nih
preizkusov

From table 4 it may be seen that the adhe-
sive fracture toughness between T-peel and
90 ° peel tests differ greatly, which is most
likely due to an unsteady crack growth.
There is a combination of adhesive and
cohesive fracture, for which cohesive and
adhesive fracture toughness should be de-
termined.

CONCLUSIONS

Firstly, a LEFM-based approach was pre-
sented via DCB test geometry. To calcu-
late G . (Mode I loading condition) from
a DCB specimen, three methods were
presented. Corrected beam theory and Ex-
perimental compliance method both yield
accurate results, whereas Simple beam
theory can only be applied under specific

P/(N/mm) G/(J/m?) conditions.
T-peel 7.43 1370 Secondly, two types of elastic plastic peel
90° peel 5.00 922 tests were presented. Fixed arm peel test
Load versus Displacement
(]
5 (-’“—N—‘Mo—-—“"\—'_"'_‘—‘"—h-—‘-—'—'—_
E,l
z 4
8
8 2
i
o
2
1
o
o 10 a 30 Q0 50 &0 il a0 a0
Crosshead displacement fmm)

Figure 9. A typical load-displacement trace for a 90° peel test
Slika 9. Znacilen potek krivulje obremenitev-pomik Celjusti za 90-stopinjski

odluséni preizkusanec
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(90° peel test) and the T-Peel test were
introduced to show how the plastic de-
formation and root rotation of the beam
arms is accounted for in determining the
fracture toughness of adhesives. All the
steps needed to transfer experimentally
obtained data, peel strength to fracture
toughness of the adhesive, were outlined.
Additionally, the experimental results, the
load versus crosshead displacement trac-
es, were shown for DCB and Peel tests.
All data manipulations were made using
the Microsoft Excel® spreadsheets. It may
be seen that the SBT gives inferior results
comparing to CBT and EC methods.

The adhesive fracture toughness, G,
from the DCB and 90° peel tests agreed
well. On the other hand the value for the
T-peel test is higher, which is in disagree-
ment with the statement of characteristic
adhesive property. In order to obtain an
excellent agreement, further studies must
be performed, where special care must be
dedicated to the test specimen prepara-
tion and test procedure to ensure cohesive
fracture through the adhesive layer.

PovzETEK

Adhezivna sredstva so ucinkovit nacin
spajanja razli¢nih strukturnih elementov,
kot so kovine in polimeri. V primerjavi s
tradicionalnimi metodami spajanja imajo
adhezivni spoji Stevilne prednosti, med
katerimi so za letalsko in avtomobilsko
industrijo najpomembnejSa zmanjSanje
mase. Obstaja veliko razlicnih geometrij
preizkusov za dolocitev energije loma

RMZ-M&G 2008, 55

strukturnih adhezivov. V tem delu sta
predstavljena dva osnovna tipa geometrije:
elasto-plasticni odluséni preizkus in preiz-
kus zuporabo dvojnega konzolnega nosilca
(DCB), ki je osnovan na linearni mehaniki
loma. Natan¢na navodila in opis opravl-
janja razlicnih preizkusov so predstavljena
v razli¢nih standardih, npr. za DCB obstaja
BS 7991 B, za odlus¢ne preizkuse imamo
ve¢ ISO-standardov: ISO 8510-1 1990 B,
ISO 8510-2 1990 Min ISO 11339 1993. Za
izracun energije loma iz izmerjene sile pri
razli¢nih preizkusih je bil na Imperial Col-
legeu razvit ICPeel ) protokol.

Najbolj razsirjen preizkus za izracun en-
ergije loma, GIC, pri nacinu obremen-
jevanja I, je DCB-preizkus z uporabo dvo-
jnega konzolnega nosilca (Slika 1), kjer
sta konzoli navadno kovinski in razpoka
poteka vzdolz adheziva ob obremenitvi
lahko dolo¢imo odpornostno energijo
pricetka rasti in energijo rasti razpoke ter
izra¢unamo krivulje energije loma v odvis-
nosti od dolzine razpoke. Za izraun en-
ergije loma obstajajo tri teorijske metode:
(1) enostavna teorija konzolnega nosilca;
(2) popravljena teorija konzolnega nosilca;
(3) eksperimentalna metoda s podajnostjo
(ang. compliance).

Odluscni preizkusi se uporabljajo za
dolocanje odluscne energije pri fleksibil-
nih spojih, kjer je tezko lociti med energijo
loma adheziva in deformacijsko energijo
posameznih elementov spoja. Idealno
je energija loma adhezivov neodvisna,
karakteristicna veli¢ina adheziva. Med
razlicnimi geometrijami odlus¢nih preiz-
kusov sta v tem delu predstavljeni dve:
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enostransko vpet odluséni preizkusanec
(Slika 2) in odlus¢ni preizkusanec v obliki
crke T ali T-odlus¢ni preizkuSanec (Slika
4). Pri enostransko vpetem odlus¢énem
preizkusancu obstaja ve¢ variacij, ki
se razlikujejo v kotu med fiksiranim in
obremenjenim delom preizkusanca, npr.
90-stopinjski odlus¢ni preizkus (Slika 3).
V primeru preslikanja enostransko vpetega
odlus¢nega preizkusanca preko adhezivne
plasti dobimo T-odlus¢ni preizkusanec, kar
olajsa analizo odluscnih preizkusancev.
Pri DCB- preizkusih so bili uporabljeni
jekleni konzolni nosilci (E = 207 GPa) in
adheziv z oznako ESP110 (E =4 GPa) Ge-
ometrijski podatki DCB-preizkusanca so
podani v Tabeli 1.

Pri odlus¢nih preizkusih je bila kot podla-
ga uporabljena aluminijeva zlitina 5754 (E
= 69 GPa) in enak adheziv kot v prej$njem
primeru ESP110 (E =4 GPa). Vsi geometr-
ijski podatki, uporabljeni pri odlus¢nih
preizkusih, so zbrani v Tabeli 3.

Prikazane so znalilne krivulje obremen-
itev-pomik Celjusti za vse obravnavane
preizkuse (Slike 5, 8, 9). Na Sliki 6 je vi-
den padec obremenitve med potekom rasti
razpoke pri DCB- preizkusu. Za DCB-
preizkus so prikazane krivulje energije
loma (Slika 7), izracunane iz eksperimetal-
nih podatkov in z uporabo ICPeel-protoko-
la, ki obsega predstavljeno teorijo.

Iz Tabel 2 in 4 je razvidno, da se energija
loma adheziva med DCB in 90°-odlu$¢nim
preizkusom dobro ujema, medtem ko je
vrednost pri T-odlu$¢nem preizkusu visja
in se ne ujema z nacelom o karakteristi¢ni
lastnosti energije loma adheziva.
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Abstract: Black crusts are result of various chemical-physical reactions between

stone surface and environmental factors. Detailed characterization is re-
quired to determine causes and mechanisms of black crusts formation,
which enables us to chose appropriate cleaning method and prevent their
further formation. Statutes of Robba fountain, made of Carrara marble, are
encrustated by crusts which differ in composition, morphology and colour.
Composition of black crusts and deterioration of the Carrara marble statu-
ary has been investigated by means of optical, electron microscopy and
X-ray powder diffraction. Results demonstrated that in sheltered areas of
upper parts of the statues, gypsum crusts occur, while calcite crusts cover
lower parts of the statues which are within range of the fountain water. In
some samples, taken from the lower parts of the fountain, where moisture
is constantly present, endolitic green algae and Cyanobacteria are present.

Izvle€ek: Crne obloge nastajajo kot posledica kemiéno-fizikalnih reakcij med

povrsino naravnega kamna in razli¢nimi okoljskimi dejavniki. Da bi jih
lahko z najprimernejSo metodo odstranili in prepreéili njihovo nadaljnje
nastajanje, jih je treba natan¢no okarakterizirati ter ugotoviti mehanizem
njihovega nastanka. Na treh kipih Robbovega vodnjaka, ki so izklesani iz
carrarskega marmorja, so nastale obloge, ki se med seboj razlikujejo po se-
stavi, morfologiji in barvi. Vzorci so bili preiskani z opti¢no in elektronsko
mikroskopijo ter rtg-difrakcijo. Preiskave so pokazale, da so v zgornjih in
zavetnej$ih delih spomenika, kjer jih dezevnica ni izpirala, nastale sadrine,
v spodnjem delu vodnjaka, ki je v dometu dotoka vode, pa so se odlaga-
le kalcitne obloge. V nekaterih vzorcih, odvzetih na mestih, ki so bila v
dometu vodnega curka, so bili opazni mikroorganizmi, predvsem gre za
endolitske modrozelene cepljivke in zelene alge.

Review paper

Characterization of black crusts of Robba’s fountain statues,

2University of Ljubljana, Faculty of Natural Sciences and Engineering, Department of
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INTRODUCTION

Stones, used in the construction of build-
ings and monuments, eventually change
due to interaction of the stone surface with
various environmental factors to which it
is subjected. The form and intensity that
stone deterioration takes, depends on en-
vironmental factors and duration of expo-
sure. On stone surfaces different patinas,
efflorescence, soiling of particles from the
atmosphere and crusts may occur. These
encrustations are the results of either inor-
ganic or organic factors or an interaction
of both. They commonly occur as a syn-
chronous activity of different processes,
for example dissolution or oxidation of
minerals, soiling from the atmosphere, etc.
Nevertheless, several biological factors
and consequences of some previous resto-
ration interventions could be involved in
the process [!l. Encrustations on stone sur-
faces may differ in morphology and com-
position, which influences the appearance
of the colour.

The formation of black crusts on stone mon-
uments is an important process in stone de-
terioration. Black crusts occur due to vari-
ous chemical-physical reactions between
stone surfaces and different environmental
factors. The most important factors in crust
formation are atmospheric pollution and
the presence of moisture. Apart from the
aesthetical appearance, which is normally
unacceptable, such crusts may house vari-
ous microorganisms that can contribute
to the stone degradation ., Total carbon,
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present in crusts, has a carbonate and non-
carbonate fraction. The non-carbonate frac-
tion includes two different components, or-
ganic carbon of biogenic and anthropogenic
origin and elemental carbon that could orig-
inate from biogenic or anthropogenic sourc-
es > 9. The tendency in restoration practice
is to remove these crusts by the appropriate
cleaning method. For that reason, a detailed
characterization is required to determine the
causes and mechanisms of black crust for-
mation, to enable the choice of an appropri-
ate cleaning method and prevent their fur-
ther formation "'¥. Precise characterization
is important especially in the case of laser
cleaning (& 119,

Robba’s Fountain, the Fountain of the
Three Carniolian Rivers, is one of the
most important Baroque monuments in
Ljubljana, constructed in 1751 (Figure 1).
Elements of the monument consist of four
different natural stones; the architectural
part is made of two different Slovenian
limestones and conglomerates, while the
three statues are sculptured of Carrara
marble. Owing to accelerated deterioration
processes, affecting the monument espe-
cially in the last years, it has been decided
by conservators that the fountain should be
relocated into a museum.

The previous removal of black crusts was
carried out in restoration interventions in
1983 2, Since then new crusts have formed,
differing in composition, morphology and
colour. As part of a broader conservation—
restoration project, representative samples
from Carrara marble statues were taken in
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Figure 1. Marble statuary of Robba’s Fountain with marked locations of taken
samples; Photo: Valentin Benedik, fotodocumentation of Restoration Centre
Slika 1. Kipi Robbovega vodnjaka iz carrarskega marmorja z oznacenimi lokaci-
jami odvzetih vzorcev; Foto: Valentin Benedik, fotodokumentacija Restavrator-
skega centra
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2006 to characterize and study the marble
deterioration.

EXPERIMENTAL

With permission from the current authori-
ties, representative samples of black crusts
from each of the three marble statues shown
in Figure 1 were collected. Eleven samples
were taken from different locations of the
marble surfaces. Crusts were carefully de-
tached from the stone surface. On some ar-
eas it was possible to take crusts with stone
substrate.

Samples were studied with optical micros-
copy, using a standard petrographic micro-
scope NIKON eclipse E600 pol and scan-
ning electron microscopy (SEM JEOL 5600
LV with X-ray energy microanalysis).
Mineral composition of an average pow-
dered sample was determined by X-ray
powder diffraction, using X-ray diffrac-
tometer Philips PW3710 with Cu Ka ra-
diation and graphite secondary monochro-
mator. Data were collected at a voltage of
40 kV and current of 30 mA in the range of
2-70° (26), with a speed of 3 °/min. Miner-
al phases were determined using the com-
puter program Philips X Pert software.

RESULTS AND DISCUSSION

Macroscopical description

It is possible to distinguish four types of
crust, by morphology and colour, on the
sculptures: In the upper rough parts of the
sculptures poorly adhesive deposits due to
soiling by particles from the atmosphere
(type 1: sample RO75) are present. Com-
pact black crust, tracing (type 2: RO66,
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RO67, RO69, RO70 and RO71, RO73)
and changing (type 3: sample RO65) the
surface and white crusts (type 4: RO63),
changing the surface, occur within reach of
the fountain water, mostly on lower parts
of the sculptures. Black crusts (type 2:
samples RO68, RO76), tracing the surface,
are also present on sheltered areas of upper
parts of the sculptures.

Mineral composition

On the monument it is possible to distin-
guish two types of crusts by mineral com-
position. In general, one type of crust con-
sists of gypsum, while the other consists of
calcite (Tablel). Both types are described
in detail in the following text.

Table 1. Mineral composition of samples, de-
termined by optical, electron microscopy and
X-ray powder diffraction

Tabela 1. Mineralna sestava vzorcev, dolo¢ena
z opti¢no in elektronsko mikroskopijo v pre-
sevni in odsevni svetlobi, s SEM in z rentgen-
sko difrakcijo

Sample Prevailing mineral
RO63 micritic calcite
RO65 micritic calcite
RO66 laminated calcite
RO67 laminated calcite
RO68 gypsum

RO69 laminated calcite
RO70 laminated calcite
RO71 micritic calcite
RO73 laminated calcite
RO75 gypsum and calcite crystals
RO76 gypsum

Calcite crust

On the lower parts of the monument,
which are within range of the fountain
water, crusts are predominately composed
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of calcite (samples RO63, RO65, RO66,
RO67, RO69, RO70,RO71, RO73). These
crusts occur as well-known calc-sinters 2!
with parallel-banded layers. The majority
of crusts are laminated (type 2: samples
RO66,RO67, RO69, RO70, RO71, RO73)
probably due to seasonal precipitation of
calcite from water during the summer pe-
riod, when water circulates in the fountain.
They are also known as microstromath-
olitic carbonate crusts 2. Crusts consist of
white laminas of calcite crystals, elongated
perpendicular to the stone surface, which
alternate with black laminas rich in silica
(Figure 2). Silica-rich laminas equate to
winter time, when water circulation in the
fountain is absent and soiling of combus-
tion particles occurs. Silica is probably de-
rived from ash released by industrial sourc-
es, which is for the most part composed of
silicates. Thus, laminas of crust alternate
in colour and composition according to the
season of the year. Under the laminated
calcite layers a micritic zone is present,
which represents the deteriorated stone
surface (Figure 2a and 2b). Grains of mar-
ble are micritized and deeper decohesion
of marble grains is present. An unreacted
zone of marble is beneath this zone.

In some areas, lamination of calcite crusts is
absent; crusts are less dense and respective-
ly more porous (type 3 and type 4: samples
RO65, RO63). They consist of fine-grained
calcite — micrite. Several calcite and dolo-
mite grains are entrapped and form in areas
with inconstant water motion.

During calcite precipitation, soiling from
the atmosphere occurs as well, i.e. soil-
ing of anthropogenic particles, which are
entrapped in crusts and also result in the
black colour of the crust. Calcite crusts
contain spherical aerosols, which are rich

in iron and chromium (Figure 3). Lefevre
and Ausset ! reported that atmospheric
particles could originate from anthropo-
genic sources (ash, dust rich in Fe and Si-
Al, glass particles), sea (halite), terigene
sources (calcite, gypsum, alumosilicates)
and biogenic sources (spore, pollen). The
black colour is the result of mainly ash par-
ticles and dust *2¢, These particles often
contain metal oxides, which catalyze the
oxidation of SO, and consequently crust
formation 4. In fuel combustion various
black carbonaceous particles such as ash
and organic matter are emitted. Diesel en-
gines especially are an enormous source
of ash. The main component of ash, pro-
duced as waste material in burning coal
is silica, while liquid fuels emit porous
carbonaceous particles, i.e. ash ?7. As all
combustion sources produce black carbon
particles, this is the reason why the stone
surfaces blacken.

Gypsum crust

Crust on the upper parts of the statues,
above the range of the fountain water, con-
sists of gypsum (samples RO68, RO75 and
RO76). Gypsum crusts occur in sheltered
areas of the statues that are not exposed to
rain water. Crusts are present as compact
black crusts, tracing the surface (type 2:
samples RO75 and RO 76) or poorly adhe-
sive deposits (type 1: sample RO75). Gyp-
sum crystals fall in the range of 50 um to
100 um (Figure 4). Between crystals sev-
eral aerosols are present. Since soiling of
atmospheric particles rich in iron, nickel or
chromium could catalyze SO, oxidation,
which is present on stone surfaces, these
aerosols contribute to enhanced stone de-
terioration when the process is followed
by soluble salt crystallization, for example
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Figure 2. A transverse profile of weathered marble (sample RO 70), the laminated
calcite crust, where white laminae of calcite crystals alternate with black siliceous
laminae (zone A), as seen under transmitted light (a) and electron microscope (b).
Crust is followed by micritized zone (zone B), underneath unaltered marble is
present (zone C). Under the micritized zone etched calcite grains of marble are
noticed. (c) Decohesion between calcite grains and etched calcite crystals. Trans-
mitted light, crossed polars.

Slika 2. Profil preperele kamnine (vzorec RO70), cona A: laminirana kalcitna
obloga. Izmenjujejo se svetle lamine kalcitnih kristalov ter temne lamine, bogate
s silicijem. Cona B: mikritizirana povr§ina marmorja, cona C: nespremenjen mar-
mor; a) presevna svetloba, prekrizani nikoli, b) SEM, BSE. c¢) Dekohezija med ka-
clitnimi zrni in najedkani kalcitnimi kristali. Presevna svetloba, prekrizani nikoli.
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Figure 3. a) Aerosol, rich in Fe and Cr, SEM, BSE; b) chemical composition of
aerosol, EDX
Slika 3. a) Aerosol, bogat z zelezom in kromom, SEM, SE; b) kemi¢na sestava
aerosola, EDS

Figure 4. Crystals of gypsum in sample RO68 SEM BSE
Slika 4. Kristali sadre. Vzorec RO 68; SEM, BSE.
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gypsum formation %261,

The process of sulphation is one of the most
important reactions and contributes to cal-
cium carbonate deterioration [ and is al-
ready a well-known phenomenon 7270, A
crust of gypsum is formed as a result of the
reaction between water, calcite and sulphu-
ric acid. As gypsum crust is more soluble
compared to calcium carbonate substra-
tum BY, it remains on sheltered zones of
the monument, while on zones exposed to
rain it is washed out. The process of sul-
phation continues under the crust. A higher
solubility of gypsum compared to calcite
enables water infiltration and processes of
recrystallisation, but favours water reten-
tion under the crust as well 1332,

Presence of microorganisms

Investigation of samples with an optical
microscope showed the presence of cyano-
bacteria, green algae and lichen (Table 2).
Endolitic, unicellular or filamentous cy-
anobacteria, green algae and lichens colo-
nize lower parts of the fountain, which are
within range of the circulating water. Uni-
cellular green algae are, in some places,
already subjected to the process of fossili-
zation. On some samples of calcite crusts,
microorganisms and the consequences of
their activity are observable. These mi-
croorganisms are present on the surface
of calcite crusts, in calcite crusts or they
penetrate into the marble substrate. Fila-
mentous cyanobacteria and green algae in
sample RO69 form crust coating under the
laminated calcitic crust (Figure 5a). Fila-
ments are perpendicular to the stone sur-
face, penetrating into the marble. By pen-
etrating between the marble grains and by
etching crystals in the form of biopitting
they contribute to the physical and chemi-
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cal deterioration of marble (Figure 5b).
Sarro et al. ¥ reported that filamentous
green algae are frequently present in foun-
tains. It was reported 4 that cyanobacteria
and chlorophycea comprise the two of most
common groups of algae found on build-
ing stones, as endolithic habitats provide
good growth conditions in otherwise harsh
environments. Cyanobacteria and algae
are normally pioneers in colonizing stone
surfaces because they are autothrophic or-
ganisms 2233, Thus, organic matter, neces-
sary for the growth of heterotrophic organ-
ism is ensured by dead cells of autotrophic
organisms.

The presence of algae on stone surfaces
favours carbonatization as a result of the
process of respiration and fixation of CO,,.
Although all taxonomic groups of algae
and cyanobacteria are capable of contrib-
uting to carbonate precipitation, this is
especially seen in the case of green algae
and cyanobacteria [**-%¢!, On the other hand,
organic acids, which are produced in their
metabolic processes, could dissolute min-
erals.

Table 2. Groups of microorganisms, present in
crusts
Tabela 2. Skupine mikroorganizmov v oblogah

Sample | Microorganisms

RO63 lichen on calcite crust surface
ROG65 -

RO66 cyanobacteria

RO67 cyanobacteria and green algae
RO68 -

RO69 cyanobacteria and green algae
RO70 -

RO71 cyanobacteria and green algae
RO73 cyanobacteria and green algae
RO75 -

RO76 -
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Figure 5. a) Filamentous algae and cyanobacteria under laminated calcite crust.
Sample RO69, transmitted light, parallel polars; b) Effect of microbial activity in
the form of biopitting, sample RO70, SEM, SE

Slika 5. a) V spodnjem delu slike pod laminirano kalcitno oblogo so vidne fila-
mentne alge. Vzorec RO 69, presevna svetloba, vzporedni nikoli; b) posledice
delovanja mikroorganizmov v obliki luknji¢astega raztapljanja zrn kalcita — biopi-
ting; vzorec RO 70, SEM, BSE

Deterioration of marble

The deterioration can be expressed in a
simplified form as a function of the prin-
cipal parameters only. Distinction can
thus be made between parameters whose
effect is decidedly predominant and those
whose incidence is practically negligible.
The surface of Carrara marble is subject-
ed to various processes of deterioration.
In some areas a micritized zone (Figure
2a) is present, which is a result of several
factors, probably also due to activity of
microorganisms. The role of microorgan-
isms in micritizing processes is reported
by Kabanov B7. Mineral dissolution and
decohesion between calcite crystals is eas-
ily observable (Figure 2c¢), while on the
surfaces different crusts occur. Formation
of different crusts and biofilms is caused
by various mechanisms of marble deterio-
ration ¥, Crusts have a different thermal
expansion compared to marble substrate.
In repeated heating—cooling cycles, ten-

sion between the stone and crust occurs,
which leads to mechanical breakdown and
disintegration of the stone. As can be seen,
crusts can represent a habitat for various
microorganisms, which with their metabol-
ic products and growth affect and cause the
structure of marble to deteriorate. Chemi-
cal weathering is induced due to excreted
metabolic products, such as organic acids,
proteins, pigments and sugars %, Fissures
in the marble are enhanced due to swell-
ing caused by water absorption and growth
of the microorganisms present. It has been
reported 2, that biodeterioration of foun-
tains is mainly caused by the activity of
microalgae, which are generally pioneers
in the processes of biodeterioration. Their
action is direct and also indirect, since they
promote other mechanisms of deterioration
and the growth of other communities.
Erosion of marble surfaces in areas where
crusts are not present is enormous due to
acid rain.
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CONCLUSIONS

The statues of Robba’s Fountain, made
of Carrara marble, are covered by crusts
which differ in composition, morphology
and colour. Results have demonstrated that
two different crusts can be distinguished
by mineral composition. In sheltered areas
of upper parts of the statues, gypsum crusts
occur, while calcite crusts are present
within the range of water in lower parts of
the statues. The marble surface is subject-
ed to process of micritization of crystals,
which increases the specific surface of the
grains and consequently the reactive sur-
face. Above that zone, various crusts are
formed.

The lower parts of the fountain, which is
within water range, colonize endolitic, uni-
cellular or filamentous green, cyanobacte-
ria and lichens. These microorganisms are
present in calcite crusts or they penetrate
into the marble substrate. Continuous ex-
posure to moisture enables the existence
and growth of microorganisms on the mar-
ble, which contribute to its chemical and
physical deterioration by micritization of
the marble surface and calcite dissolution.
On the other hand, they could contribute to
the calcium carbonate precipitation from
the fountain water and thus calcite crust
formation.

Crust formation is cyclic with regard to
season and as a consequence to a period
of the marble being constantly wet from
the fountain’s water and to the quantity of
atmospheric particle soiling (dust, ash),
which blackens the marble surface. The
main factors resulting in crust formation
are atmospheric pollution and circulation
of the fountain’s water. Calcite crust could
also function as a protection of the marble
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surface, since calcite precipitation prevents
dissolution of marble and thus erosion of
the statues.

Detailed characterization enables an ap-
propriate cleaning method to be chosen for
crust removal and to prevent further for-
mation.
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PovzETEK

Povrsina kamnine, uporabljene pri gradnji
spomenikov in stavb, se z leti spreminja
zaradi interakcije kamnine z okolico, s ka-
tero je v neposrednem stiku. Vrsta in jakost
spremembe sta odvisni od ¢asa trajanja sti-
ka in od medija, s katerim je kamnina v sti-
ku. Na povrsini kamnine nastajajo razlicne
patine, oprhi in celo kompaktne skorje. S
skupnim imenom jih oznac¢ujemo kot oblo-
ge. Lahko so anorganskega ali organskega
izvora ali kombinacija obeh. Obloge pogo-
sto nastanejo zaradi hkratnega delovanja
razlicnih procesov, kot npr. raztapljanja
ali oksidacije kamnite podlage, usedanja
delcev iz atmosfere itd. Po navadi so po-
sledica kemiéno-fizikalnih procesov med
povrsino kamnine in okoljskimi dejavniki.
Nastanejo tudi zaradi Stevilnih bioloskih
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dejavnikov ter kot posledica preteklih re-
stavratorskih posegov (VazQues-Carvo et
al., 2007). Med seboj se lahko lo¢ijo tako
po morfologiji kot po sestavi, ki vpliva tudi
na njihovo barvo.

Crne obloge, ki jih najdemo na spomeni-
kih iz naravnega kamna, so s staliS¢a kon-
servatorsko-restavratorske stroke estetsko
moteCe, Skodljive za samo kamnino in
jih je treba z najustreznejSo metodo od-
straniti. V ta namen jih je treba natancno
okarakterizirati ter ugotoviti mehanizem
njihovega nastanka, da bi jih lahko pri-
merno odstranili in preprecili njihovo na-
daljnje nastajanje (VERGES-BELMIN, 1993,
MorpouLou et al., 1998, AUSSET&LEFEVRE,
2000, BuGini et al., 2000, MARAVELAKI-K A-
LAITZAKI, 2001, MARAVELAKI-KALAITZAKI,
2005, GIaverin et al., internet). Natanc¢na
karakterizacija je pomembna predvsem v
primeru odstranjevanja oblog z laserskim
¢isenjem (Pmi et al., internet, CATALANO
et al., internet, MARAVELAKI-K ALAITZAKI et
al., 1999, MaRrakis et al., 2000, BROBLET et
al., 2003, Marakis et al., 2003, POTGIETER-
VERMAAK et al., 2005).

Trije kipi Robbovega vodnjaka »Vodnjak
treh kranjskih rek« so izklesani iz carrar-
skega marmorja. Crne obloge na njih so
bile nazadnje odstranjene pri restavrator-
skih posegih leta 1983 z mikropeskanjem.
V tem Casu so nastale nove obloge, ki se
med seboj razlikujejo po sestavi, morfo-
logiji in barvi. Kot del konservatorsko-re-
stavratorskega projekta »Robbov vodnjak
— Vodnjak treh kranjskih rek« smo v letu
2006 odvzeli znacilne vzorce oblog na
kipih iz carrarskega marmorja za njihovo
karakterizacijo ter Studij propadanja te ka-
mnine v mestnem okolju.

Na kipih iz carrarskega marmorja po mor-
fologiji lahko lo¢imo $tiri tipe oblog. Gre

za ¢rne usedline atmosferskih delcev, ki so
slabo vezane na kamnito povr§ino in se po-
javljajo v zgornjih delih kipa na hrapavih
povrsinah. V spodnjem delu kipov, ki so
bili v dosegu tekoce vode vodnjaka, so bile
kompaktne temne obloge, ki sledijo relie-
fu kamnine, in temne ter svetle obloge, ki
spreminjajo relief kamnine. Kompaktne
temne obloge, ki sledijo reliefu kamnine,
so bile tudi v zgornjih delih kipov v zave-
tnejsih predelih.

Na spomeniku po sestavi lo¢imo dva tipa
¢rnih oblog, po morfologiji pa vsaj Stiri
razlicne vrste oblog. PovrSina kamnine
prepereva. Pojav oznacujemo kot mikriti-
zacija kamnine. Pri tem se specifi¢na povr-
S§ina zrn poveca in s tem reaktivna povrsi-
na. Nad to mikritizirano cono pa nastajajo
razli¢ne vrste oblog. V zgornjih predelih
spomenika, kjer je marmor v stiku z atmos-
fero, nastajajo sadrine obloge, v spodnjem
delu vodnjaka, ki je v dometu dotoka vode,
pa se odlagajo kalcitne obloge. V nekaterih
vzorcih, odvzetih z mest na vodnjaku, ki so
bili v dometu vodnega curka, so bili opa-
zni mikroorganizmi, predvsem gre za en-
dolitske modrozelene cepljivke in zelene
alge. Stalna izpostavljenost kamnine vlagi
omogoc¢a obstoj in rast organizmov v ka-
mnini, ki povzro¢ajo in pospesujejo propa-
danje — mikritizacijo in kasnejSe raztaplja-
nje kamnine. Rast oblog je cikli¢na glede
na letni ¢as in/oz. glede na obdobja stalne
omocenosti kamnine z vodo iz vodnjaka
ter glede na koli¢ino atmosferskih delcev
(prah, pepel), ki se vgrajujejo v obloge in
jih pri tem obarvajo. Glavni dejavniki na-
stajanja oblog so onesnazenost ozracja ter
voda. Kalcitne obloge lahko delujejo tudi
kot zascita povrsine, saj nalaganje kalcita
iz vode preprecuje raztapljanje kamnine in
s tem erozijo kipov.
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Natancna analiza sestave oblog in vzrokov
za njihovo nastajanje omogoca primeren
izbor uéinkovite metode Cis€enja in od-
pravljanje vzrokov propadanja. Pri izbiri
najucinkovitejSe metode moramo uposte-
vati doloCena merila, ki bi pripomogla k
izboljSanju stanja objekta. Metoda, ki jo
izberemo, ne sme povzro€iti neposredne

ali posredne Skode na kamniti povrsini.
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INSTRUCTIONS TO AUTHORS

RMZ-MATERIALS & GEOENVIRONMENT (RMZ- Materiali in geookolje) is a
periodical publication with four issues per year (established 1952 and renamed to RMZ-
M&G in 1998). The main topics of contents are Mining and Geotechnology, Metallurgy
and Materials, Geology and Geoenvironment.

RMZ-M&G publishes original Scientific articles, Review papers, Technical and Expert
contributions (also as short papers or letters) in English. In addition, evaluations of other
publications (books, monographs,...), short letters and comments are welcome. A short
summary of the contents in Slovene will be included at the end of each paper. It can be
included by the author(s) or will be provided by the referee or the Editorial Office.

* Additional information and remarks for Slovenian authors:

English version with extended »Povzetek«, and additional roles (in Template for
Slovenian authors) can be written. Only exceptionally the articles in the Slovenian
language with summary in English will be published. The contributions in English will
be considered with priority over those in the Slovenian language in the review process.

Authorship and originality of the contributions. Authors are responsible for originality
of presented data, ideas and conclusions as well as for correct citation of data adopted
from other sources. The publication in RMZ-M&G obligate authors that the article will
not be published anywhere else in the same form.

Specification of Contributions

Optimal number of pages of full papers is 7 to 15, longer articles should be discussed
with Editor, but 20 pages is [imit.

Scientific papers represent unpublished results of original research.

Review papers summarize previously published scientific, research and/or expertise
articles on the new scientific level and can contain also other cited sources, which are
not mainly result of author(s).

Technical and Expert papers are the result of technological research achievements,
application research results and information about achievements in practice and
industry.

Short papers (Letters) are the contributions that contain mostly very new short reports
of advanced investigation. They should be approximately 2 pages long but should not
exceed 4 pages.

Evaluations or critics contain author's opinion on new published books, monographs,
textbooks, exhibitions...(up to 2 pages, figure of cover page is expected).

In memoriam (up to 2 pages, a photo is expected).
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Professional remarks (Comments) cannotexceed 1 page, and only professional disagreements
can be discussed. Normally the source author(s) reply the remarks in the same issue.

Supervision and review of manuscripts. All manuscripts will be supervised. The
referees evaluate manuscripts and can ask authors to change particular segments, and
propose to the Editor the acceptability of submitted articles. Authors can suggest the
referee but Editor has a right to choose another. The name of the referee remains
anonymous. The technical corrections will be done too and authors can be asked to
correct missing items. The final decision whether the manuscript will be published is
made by the Editor in Chief.

The Form of the Manuscript

The manuscript should be submitted as a complete hard copy including figures and tables.
The figures should also be enclosed separately, both charts and photos in the original
version. In addition, all material should also be provided in electronic form on a diskette
or a CD. The necessary information can conveniently also be delivered by E-mail.

Composition of manuscript is defined in the attached Template

The original file of Template is temporarily available on E-mail addresses:
peter.fajfar@ntf.uni-lj.si,
barbara.bohar@ntf.uni-1j.si

References - can be arranged in two ways:

- first possibility: alphabetic arrangement of first authors - in text: (Borgne, 1955),
or

- second possibility: M numerated in the same order as cited in the text: example!!)

Format of papers in journals:
Le Borgne, E. (1955): Susceptibilite magnetic anomale du sol superficiel.
Annales de Geophysique, 11, pp. 399-419.

Format of books:
Roberts, J. L. (1989): Geological structures, MacMillan, London, 250 p.

Text on the hard print copy can be prepared with any text-processor. The electronic
version on the diskette, CD or E-mail transfer should be in MS Word or ASCII format.
Captions of figures and tables should be enclosed separately. Figures (graphs and
photos) and tables should be original and sent separately in addition to text. They can
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be prepared on paper or computer designed (MSExcel, Corel, Acad).

Format. Electronic figures are recommended to be in CDR, Al, EPS, TIF or JPG formats.
Resolution of bitmap graphics (TIF, JPG) should be at least 300 dpi. Text in vector graphics
(CDR, Al, EPS) must be in MSWord Times typography or converted in curves.

Color prints. Authors will be charged for color prints of figures and photos.

Labeling of the additionally provided material for the manuscript should be very clear and
must contain at least the lead author's name, address, the beginning of the title and the date
of delivery of the manuscript. In case of an E-mail transfer the exact message with above
asked data must accompany the attachment with the file containing the manuscript.
Information about RMZ-M&G:

Editor in Chief prof. dr. Peter Fajfar (tel. ++386 1 4250-316) or

Secretary Barbara Bohar Bobnar, un. dipl. ing. geol. (++386 1 4704-630),

Askeréeva 12, Ljubljana, Slovenia

or at E-mail addresses:
peter.fajfar@ntf.uni-1j.si,
barbara.bohar@ntf.uni-lj.si

Sending of manuscripts. Manuscripts can be sent by mail to the Editorial Office
address:
. RMZ-Materials & Geoenvironment
Askerceva 12,
1000 Ljubljana, Slovenia
or delivered to:
. Reception of the Faculty of Natural Science and Engineering (for RMZ-M&G)
Askerceva 12,
1000 Ljubljana, Slovenia
o E-mail - addresses of Editor and Secretary
. You can also contact them on their phone numbers.
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TEMPLATE

The title of the manuscript should be written in bold letters
(Times New Roman, 14, Center)

NAME SURNAME!, ...., & NAME SURNAMEX
(Times NEw Roman, 12, CENTER)

*Faculty of ..., University of ... , Address..., Country, e-mail: ...
(Times New Roman, 11, Center)

THE LENGTH OF FULL PAPER SHOULD NOT EXCEED TWENTY (20,
INCLUDING FIGURES AND TABLES) PAGES (OPTIMAL 7TO 15), SHORT PAPER
FOUR (4) AND OTHER TWO (2) WITHOUT TEXT FLOWING BY GRAPHICS
AND TABLES.

Abstract (Times New Roman, Normal, 11): The text of the abstract is placed here.
The abstract should be concise and should present the aim of the work, essential
results and conclusion. It should be typed in font size 11, single-spaced. Except
for the first line, the text should be indented from the left margin by 10 mm. The
length should not exceed fifteen (15) lines (10 are recommended).

Key words: a list of up to 5 key words (3 to 5) that will be useful for indexing or
searching. Use the same styling as for abstract.

InTRODUCTION (TIMES NEW ROoMAN, BoLb, 12)

Two lines below the keywords begin the introduction. Use Times New Roman,
font size 12, Justify alignment.
There are two (2) admissible methods of citing references in text:

1. by stating the first author and the year of publication of the reference
in the parenthesis at the appropriate place in the text and arranging the
reference list in the alphabetic order of first authors; e.g.:

“Detailed information about geohistorical development of this zone can
be found in: Antonijevi¢ (1957), Grubi¢ (1962), ...”
“... the method was described previously (Hoefs, 1996)”
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2. by consecutive Arabic numerals in square brackets, superscripted at the
appropriate place in the text and arranging the reference list at the end of
the text in the like manner; e.g.:
“... while the portal was made in Zopel® environment.”

MATERIALS AND METHODS (TiMEs NEw Roman, BoLp, 12)

This section describes the available data and procedure of work and therefore
provides enough information to allow the interpretation of the results, obtained
by the used methods.

REsuLTs AND DIscussiON (Times NEw Roman, BoLp, 12)

Tables, figures, pictures, and schemes should be incorporated in the text at the
appropriate place and should fit on one page. Break larger schemes and tables
into smaller parts to prevent extending over more than one page.

Concrusions (Tives NEw Roman, BoLp, 12)

This paragraph summarizes the results and draws conclusions.

Acknowledgements (Times New Roman, Bold, 12, Center - optional)

This work was supported by the ***%*,

REFERENCES (TiMmEs NEw Roman, BoLp, 12)

In regard to the method used in the text, the styling, punctuation and capitalization
should conform to the following:

FIRST OPTION - in alphabetical order

Casati, P., Jadoul, F., Nicora, A., Marinelli, M., Fantini-Sestini, N. & Fois, E.
(1981): Geologia della Valle del’Anisici e dei gruppi M. Popera - Tre
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Cime di Lavaredo (Dolomiti Orientali). Riv. Ital. Paleont.; Vol. 87, No.
3, pp- 391-400, Milano.

Folk, R. L. (1959): Practical petrographic classification of limestones. Amer. Ass.
Petrol. Geol. Bull.; Vol. 43, No. 1, pp. 1-38, Tulsa.

SECOND OPTION - in numerical order

" Treek, B. (2001): Solute transport monitoring in the unsaturated zone of the
karst aquifer by natural tracers. Ph.D. Thesis. Ljubljana: University of
Ljubljana 2001; 125 p.

el Higashitani, K., Iseri, H., Okuhara, K., Hatade, S. (1995): Magnetic Effects
on Zeta Potential and Diffusivity of Nonmagnetic Particles. Journal of
Colloid and Interface Science 172, pp. 383-388.

Citing the Internet site:

CASREACT-Chemical reactions database [online]. Chemical Abstracts Service,
2000, updated 2.2.2000 [cited 3.2.2000]. Accessible on Internet: http://www.cas.
org/CASFILES/casreact.html.

Povzerek (Times NEw Roman, 12)
A short summary of the contents in Slovene (up to 400 characters) can be written
by the author(s) or will be provided by the referee or by the Editorial Board.
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TEMPLATE for Slovenian Authors

The title of the manuscript should be written in bold letters
(Times New Roman, 14, Center)

Naslov ¢lanka (Times New Roman, 14, Center)

NaME SURNAMEL,.... , & NAME SURNAME® (TiMES NEW RoMAN, 12, CENTER)
IME PrivEek!, ..., IME PRuMEK® (TiMES NEw Roman, 12, CENTER)

XFaculty of ..., University of ... , Address..., Country; e-mail: ...
(Times New Roman, 11, Center)
XFakulteta. .., Univerza..., Naslov..., Drzava; e-mail: ...
(Times New Roman, 11, Center)

THE LENGTH OF ORIGINAL SCIENTIFIC PAPER SHOULD NOT EXCEED
TWENTY (20, INCLUDING FIGURES AND TABLES) PAGES (OPTIMAL 7 TO
15), SHORT PAPER FOUR (4) AND OTHER TWO (2) WITHOUT TEXT FLOWING
BY GRAPHICS AND TABLES.

DOLZINA I1ZVIRNEGA ZNANSTVENEGA CLANKA NE SME PRESEGATI
DVAIJSET (20, VKLJUCNO S SLIKAMI IN TABELAMI), KRATKEGA CLANKA
STIRI (4) IN OSTALIH PRISPEVKOV DVE (2) STRANL

Abstract (Times New Roman, Normal, 11): The text of the abstract is
placed here. The abstract should be concise and should present the
aim of the work, essential results and conclusion. It should be typed
in font size 11, single-spaced. Except for the first line, the text should
be indented from the left margin by 10 mm. The length should not
exceed fifteen (15) lines (10 are recommended).

Izvle€ek (TNR, N, 11): Kratek izvlecek namena clanka ter klju¢nih
rezultatov in ugotovitev. Razen prve vrstice naj bo tekst zamaknjen
z levega roba za 10 mm. DolZina naj ne presega petnajst (15) vrstic
(10 je priporoceno).

Key words: a list of up to 5 key words (3 to 5) that will be useful for
indexing or searching. Use the same styling as for abstract.

Kljuéne besede: seznam najve¢ 5 kljucnih besed (3-5) za pomoc pri
indeksiranju ali iskanju. Uporabite enako obliko kot za izvlecek.
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InTrRODUCTION — UvoDp (TiMEs NEw Roman, BoLp, 12)

Two lines below the keywords begin the introduction. Use Times New Roman,
font size 12, Justify alignment. All captions of text and tables as well as the text
in graphics must be prepared in English and Slovenian language.

Dve vrstici pod kljuénimi besedami se za¢ne Uvod. Uporabite pisavo TNR,
velikost ¢rk 12, z obojestransko poravnavo. Naslovi slik in tabel (vklju¢no z
besedilom v slikah) morajo biti pripravljeni v slovenskem in angleskem jeziku.

Figure (Table) X. Text belonging to figure (table)
Slika (Tabela) X. Pripadajoce besedilo k sliki (tabeli)

There are two (2) admissible methods of citing references — obstajata dve
sprejemljivi metodi navajanja referenc:

1. by stating the first author and the year of publication of the reference
in the parenthesis at the appropriate place in the text and arranging the
reference list in the alphabetic order of first authors; e.g.:

1. z navedbo prvega avtorja in letnice objave reference v oklepaju na
ustreznem mestu v tekstu in z ureditvijo seznama referenc po abecednem
zaporedju prvih avtorjev; npr.:

“Detailed information about geohistorical development of this zone can
be found in: Antonijevi¢ (1957), Grubi¢ (1962), ...”
“... the method was described previously (Hoefs, 1996)”

or/ali

2. by consecutive Arabic numerals in square brackets, superscripted at the
appropriate place in the text and arranging the reference list at the end of
the text in the like manner; e.g.:

2. z zaporednimi arabskimi Stevilkami v oglatih oklepajih na ustreznem
mestu v tekstu in z ureditvijo seznama referenc v Stevilénem zaporedju
navajanja; npr.;

“... while the portal was made in Zopel®! environment.”
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MATERIALS AND METHODS (TiMEs NEw Roman, BoLp, 12)

This section describes the available data and procedure of work and therefore
provides enough information to allow the interpretation of the results, obtained
by the used methods.

Ta del opisuje razpolozljive podatke, metode in nacin dela ter omogoca zadostno
koli¢ino informacij, da lahko z opisanimi metodami delo ponovimo.

RESULTS AND DISCUSSION — REZULTATI IN RAZPRAVA (T1MES NEw Roman, BoLp, 12)

Tables, figures, pictures, and schemes should be incorporated (inserted, not
pasted) in the text at the appropriate place and should fit on one page. Break
larger schemes and tables into smaller parts to prevent extending over more than
one page.

Tabele, sheme in slike je potrebno vnesti (z ukazom Insert, ne Paste) v tekst na
ustreznem mestu. Vec¢je sheme in tabele je potrebno loc€iti na manjse dele, da ne
presegajo ene strani.

Concrusions — SKLEPI (TiMEs NEw Roman, BoLbp, 12)

This paragraph summarizes the results and draws conclusions.

Povzetek rezultatov in zakljucki.

Acknowledgements — Zahvale (Times New Roman, Bold, 12, Center - optional)
This work was supported by the ...........

Izvedbo tega dela je omogocilo .........

REFERENCES - VIRI (TiMEs NEw Roman, BoLp, 12)

With regard to the method used in the text, the styling, punctuation and
capitalization should conform to the following:

Glede na uporabljeno metodo citiranja referenc v tekstu upostevajte eno od

naslednjih oblik:
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FIRST OPTION (recommended) — PRVA MOZNOST (priporotena) — in

alphabetical order (v abecednem zaporedju)

Casati, P., Jadoul, F., Nicora, A., Marinelli, M., Fantini-Sestini, N. & Fois, E.
(1981): Geologia della Valle del’Anisici e dei gruppi M. Popera — Tre
Cime di Lavaredo (Dolomiti Orientali). Riv. Ital. Paleont.; Vol. 87, No.
3, pp- 391-400, Milano.

Folk, R. L. (1959): Practical petrographic classification of limestones. Amer. Ass.
Petrol. Geol. Bull.; Vol. 43, No. 1, pp. 1-38, Tulsa.

SECOND OPTION — DRUGA MOZNOST - in numerical order (v numeri¢nem

zaporedju)

" Treek, B. (2001): Solute transport monitoring in the unsaturated zone of the
karst aquifer by natural tracers. Ph.D. Thesis. Ljubljana: University of
Ljubljana 2001; 125 p.

el Higashitani, K., Iseri, H., Okuhara, K., Hatade, S. (1995): Magnetic Effects
on Zeta Potential and Diffusivity of Nonmagnetic Particles. Journal of
Colloid and Interface Science 172, pp. 383-388.

Citing the Internet site:

CASREACT-Chemical reactions database [online]. Chemical Abstracts Service,
2000, updated 2.2.2000 [cited 3.2.2000]. Accessible on Internet: http://www.cas.
org/CASFILES/casreact.html.

Citiranje Internetne strani:

CASREACT-Chemical reactions database [online]. Chemical Abstracts Service,
2000, obnovljeno 2.2.2000 [citirano 3.2.2000]. Dostopno na svetovnem spletu:
http://www.cas.org/CASFILES/casreact.html.

PovzeTEK — SUMMARY (TiMES NEwW RoMAN, 12)

An extended summary of the contents in Slovene (from one page to approximately
1/3 of the original article length).

Razsirjeni povzetek vsebine prispevka v Anglescini (od ene strani do priblizno
1/3 dolzine izvirnega ¢lanka).
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