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Abstract: Titanium dioxide and other reactive metal compounds are reduced by more reactive metals to form
pure metals. These are expensive and time consuming processes which makes these metals very expensive.
Many of these metals and alloys have excellent properties, high strength, low density and very good corrosion
resistance, but their use is restricted by its high cost. Electro-deoxidation is a very simple technique where an
oxide is made cathodic in a fused salt of an alkaline earth chloride. By applying a voltage, below the
decomposition potential of the salt, it has been found that the cathodic reaction is the ionization of oxygen from
the oxide to leave a pure metal, rather than the reduction of the ion alkaline earth ion element. Laboratory
experiments have shown that this approach can be applied to the reduction of a large number of metal oxides.
Another important observation is that when a mixture of oxides is used as the cathode, the product is an alloy of
uniform composition. This is a considerable advantage for many alloys that are difficult to prepare using
conventional technology.

INTRODUCTION
Metals that are prepared by the reduction of a metal compound by a more reactive metal include, the
reduction of titanium and zirconium chlorides by magnesium, the reduction of niobium pentoxide by
aluminium and the reduction of potassium tantalum fluoride by sodium. Some of these metals are
plentiful in the earth's crust. For example, titanium is the ninth most common element in the earth's
crust and the fourth most common structural metal after aluminium, magnesium and ironfl]. At the
present time, there are two ways of producing titanium and zirconium - the Kroll and Hunter processes.
These processes are very similar in that both start with titanium tetrachloride. The Hunter process uses
sodium and produces a powdered metal whereas the Kroll process uses magnesium and the product is
denser. The difference in morphology is entirely due to the mechanism of reduction as identified by
Okabe and Sadoway [2]. In a very careful analysis it was shown that sodium can dissolve to a certain
extent in molten sodium chloride and this makes the salt an electronic conductor so that the reactions
4Na = 4Na+ + 4e

(1)

Ti4+ + 4e = Ti

(2)

and

can take place throughout the melt and a fine powder is produced. Conversely, with the Kroll process,
there is negligible solubility of magnesium in magnesium chloride, so that the magnesium chloride
remains as an ionic conductor and is electronically insulating. In this case the only way the electrons
for the reactions to transfer is in contact with a metallic conductor so that the titanium essentially grows
into a massive but porous sponge. The two reactions, in this case, are:
2Mg = 2Mg2+ + 4e

(3)

Ti4+ + 4e = Ti

(4)

It is considered that the Kroll process produces a better product for the production of ingots so that this
process predominates over the Hunter process. However, there are several disadvantages with all
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metallothermic processes and these are that the processes can only be operated on a relatively small
scale, employ hazardous materials and are very labour intensive. In the Kroll process for the extraction
of titanium, the initial step is the loading of magnesium ingots into a steel reactor, which is then welded,
shut. The reactor is then heated to 1173 K and the titanium tetrachloride allowed to react for two/three
days to produce titanium sponge. The titanium tetrachloride vapour is fed into the reactor very slowly
to prevent overheating due to very exothermic nature of the reactants. When the reaction has been
completed and all the magnesium consumed to give magnesium chloride, which is tapped off, the vessel
is allowed to cool, the weld is broken, and the titanium is removed.. As there is always some entrained
magnesium chloride. This is removed by vacuum distillation at 1300K. As the product ingot of sponge
is inhomogeneous it is either crushed or thoroughly mixed or the outer few cms of the ingot are
removed and scrapped. Overall, the world's largest reactors only produce, on average, about one
tonne/day and this should be compared to other metal production methods where thousands of tonnes of
metal are produced per day. The overall process from the carbon chlorination of the impure oxide to
the production of a few tonnes of metal can take nearly three weeks. At some plants the magnesium
chloride by-product is electrolysed to produce chlorine for the carbochlorination step and magnesium
for the reduction step. In order to produce these reactive metals, two independent metal reduction
processes are used.
For most other methods for metal extraction, such as reduction by carbon or electrolysis in a molten salt
or an aqueous solution, just require reduction and refining for the less electropositive elements and
refining and reduction for the more electropositive elements. It is obvious that the production of
elements that can only be prepared by metallothermic reduction are, therefore, far more costly than
other reduction methods.. As well as the costs associated with reduction, the downstream costs are also
significant as many of these metals are highly reactive and require many remelting steps especially if
homogeneous alloys are required. In the case of titanium, the post reduction steps increase the cost by a
further factor of four making titanium alloys very expensive when compared to steel and aluminium
alloys. The overall result is that although titanium is very common in the earth's crust, its high cost
greatly restricts its application in spite of its excellent properties of low density, high strength and
corrosion resistance. There are innumerable possible applications if the price of titanium alloys could
be reduced to close to that of the other common metallurgical alloys. The same argument can be
applied to many of the other metals produced by metallothermic reduction.
As soon as the Kroll process became established in the 1950s, William Kroll predicted that his process
for titanium would be replaced by an electrolytic process within fifteen years[3]. This has never been
achieved even though there have been several attempts to produce titanium by an electrolytic process.
Most of the processes have concentrated on the electrochemical reduction of a titanium chloride[4-6],
although recently, Ginatta has proposed the concept of reduction from fluoride salts [7to produce liquid
titanium rather than a solid product]. There are several problems associated with titanium tetrachloride,
as its boiling point is 439 K, whereas most salt mixtures are not molten until heated to around 800 K.
The tetrachloride has either to be reduced electrochemically or by reacting it with titanium to obtain the
dichloride which is less volatile and, therefore, has a higher solubility in the melt. In electrolytes
containing titanium dichloride, there are two possible anodic reactions:
2CT = C12+ 2e
(5)
or
Ti 2 + =Ti 4 + +2e

(6)

Thermodynamically, reaction (6) is the favoured reaction and the Ti4+ can then diffuse back to the
cathode where the following reaction can take place:
Ti4* + 2e = Ti2+

(7)

Proceedings of 3rd BMC-2003-Ohrid, R. Macedonia

REDUCTION OF TITANIUM DIOXIDE AND OTHER METAL OXIDES BY ...
or can be lost as the tetrachloride. The net result is that considerable quantities of electrical energy are
consumed but no titanium is produced. The oxidation of Ti2+ can be prevented by a diaphragm
surrounding the anode which allows the diffusion of the faster diffusing chloride ion but restricts the
diffusion of the slower moving titanium ion. However, probably the greatest problem is at the cathode
where, due to the high temperature, the electrochemical reactions occur at a faster rate than the mass
transfer of the ions and this leads to a very dendritic deposit that offers a very high surface for
graphite
'rod

Kanthal
wire

pellets of HO2

graphite crucible

Fig. 1 Schematic representations of two electrolytic cells
for electro-deoxidation of titanium dioxide in molten
calcium chloride.

oxidation. Also it is not mechanically strong so that when the cathode is removed form the melt, some
dendrites may become detached from the cathode. This applies whenever metals are deposited below
their melting points from molten salts. What is needed is an innovative electrochemical method, which
overcomes these problems.

ELECTRO-DEOXIDATION OF TITANIUM
In the early 1960s, Ward and Hoar published some very interesting results on the removal of impurities
from molten copper by making the it the cathode in a bath of molten barium chloride [8]. Surprisingly,
it was found that elements that formed anions, such as oxygen, sulfur, selenium and tellurium, ionized
and were removed from the copper. The overall cell reaction was assumed to be:
Cu2X + BaCl2 = 2Cu + BaX + Cl2

(8)

In 1993, Okabe and co-workers used a similar approach to remove oxygen, down to very low levels,
from several reactive and rare earth metals [9-12]. Again, in order to explain the results, it was assumed
that the voltage generated a calcium activity at the cathode and the calcium reacted with the dissolved
oxygen to form calcium oxide that dissolved, at a low activity, in the calcium chloride melt. It should
be noted that, unlike the vast majority of chlorides, the alkaline earth chlorides demonstrate substantial
solubility for their respective oxides [13].
For most metals there is very limited solubility of oxygen in the solid state but for the Group IV
elements, there is substantial solubility of oxygen in the metal [14]. This means that whenever the
group IV elements are fabricated at elevated temperatures in an oxidising environment, a surface
coating of oxygen rich titanium, harder and more brittle than pure titanium metal, is formed as well as a
surface oxide coating. Conventionally, the alpha-case, as it is called, has to be removed by either
grinding the layer away or leaching in an aggressive leachant. Both methods result in change in the
dimensions of the artefact and creation of disposal problems for the grindings or leachant. A far better
technique would be to remove the oxygen electrochemically, which would not result in a change in the
dimensions of the artefact. This was achieved by Chen et al in a pure calcium chloride melt using
oxidised titanium samples by applying a voltage, below the decomposition potential of calcium
chloride, between the cathodic titanium and a carbon anode [15]. The process was simply monitored by
removing samples after known periods of time and performing a microhardness profile close to the
surface of the sample. Oxygen affects the hardness of titanium so that it was easy to detect the level of
oxygen in the titanium [16]. Cyclic voltammetry was used to define the cathodic reactions that were
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taking place. These measurements demonstrated that, on increasing the cathodic potential, the first
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Fig. 2 Comparison of current variations with time
during electrolysis of TiO2 pellets in molten CaCfe in
(a) the left and (b) the right cells of Fig 1.

reaction to occur was the ionisation of oxygen followed by the deposition of calcium. It appeared that it
was not necessary to invoke the presence of calcium in order for the reaction to occur. The cathodic
reaction is simply:
(9)
And is termed electro-deoxidation.

TITANIUM DIOXIDE REDUCTION
As oxygen was removed from titanium, it was hypothesised that it might be possible to reduce oxides
using the same technique although the mechanism might be different, as removal oxygen from the
lattice of an insulating oxide is unlikely to the same as the removal of oxygen dissolved in a
electronically conducting metal. Titanium dioxide pellets, about 1 cm in diameter and 5 mm thick,
were made from quarter micron titanium dioxide powder by either pressing or slip casting and then
firing to give sufficient strength to survive in the molten salt. The pellets were either placed into a
titanium crucible or suspended on a wire in the melt, as shown in Fig. 1. A voltage lower than the
decomposition potential of calcium chloride, was applied and it was found that, almost immediately, the
current quickly rose to several amperes, which was dependent upon the number of pellets in the crucible
(Fig. 2). The current then fell over a period of a few hours to a plateau value that was independent of
the number of pellets. On removal from the crucible, the pellets had changed from white, the colour of
titanium dioxide, to a dull grey.
Examination under the scanning electron microscope showed that the product was titanium metal,
containing a small amount of oxygen [17, 18] as is shown in Fig. 3. It should be noted that the particle
size had grown from a quarter micron powder to 2-10 micron granular titanium product. These results
have been repeated at QinetiQ, Farnborough, UK on a kg scale with similar results. At QinetiQ, the
oxygen content of the titanium was reduced to about 60 ppm in 24 hours. The product was also very
uniform in composition, unlike the sponge produced by the Kroll process [18].
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Subsequently, it was found that many compounds between calcium oxide and the various oxides of
titanium are present before TiO forms. It is thought that the peak in the current is due to formation of
these compounds and the current -time plateau is where the reduction of TiO to titanium metal takes
place [20].. (An example of such behaviour is shown in the insert of Fig.2b, however, it was also
observed that surface metallisation of the oxide pellet also contributed to the initial current peak) Once
all the titanium dioxide has been reduced to titanium monoxide, the process then slows considerably as
the rate of oxygen removal is dependent upon the diffusion of titanium from the interior of the granules
to the titanium/molten salt interface. At this stage, it is proposed that the oxygen ionises at the
interface, dissolves in the calcium chloride, and then diffuses through the capillaries to bulk salt, where
convective mass transfer takes the oxygen ions to the anode where discharge takes place. The anodes,
used in the laboratory experiments, were made from a relatively inert form of carbon, and only a small
fraction of the evolved oxygen reacted with the carbon; most was evolved as oxygen.
At the end of the experiments, the pellets were simply withdrawn from the melt and allowed to cool.
Calcium chloride solidifies at 1045 K so that the salt, which has penetrated throughout the pellet
solidifies and essentially prevents the titanium from undergoing oxidation and as the solubility of
calcium chloride in water is extremely high (1.59g/ml of H2O) it a simple operation to remove the salt.
As well its high capacity for oxygen ions and its substantial solubility in water, there are two other
important advantages. And these are that it is available as a high purity waste product from the
chemical industry and its toxicity is the same as sodium chloride so that there are no hazards associated
with its handling or disposal.

REDUCTION OF OTHER METAL OXIDES
As metallothermic reduction is fairly common, it is obvious that this approach can be applied to other
systems. Table I shows the ionisation potential of the oxygen from various oxides relative to the
deposition of calcium from calcium ions. As calcium forms one of the most stable oxides and, as
Okabe and co-workers [9-12] have shown, the activity of calcium oxide in the melt can be maintained
at a very low value, this leads to the conclusion that almost any oxide can be reduced by this approach.
A significant number of other metal oxides have been reduced in our laboratory and these include,
zirconium oxide, hafnium oxide, nickel oxide, chromium oxide, niobium oxide, cerium oxide, tantalum
oxide, silicon dioxide and uranium oxide[20]. Many of these reduce in a similar way to titanium
initially forming a series of calcium oxide- metal oxide compounds, which are an integral part of the
process but are purely transient. However, there are some exceptions. For example, zirconium oxide is
an insulator and, as the sole valence state of zirconium is four, it is difficult to introduce defects into the
oxide structure. From an examination of a partially reduced pellet, it was found that the reduction
started adjacent to the lead wire, and then propagated quickly on the surface of the pellet, leading to the

Fig. 3 SEM image of the microstructure of
an electro-deoxidised TiO2 oellet.

formation of a porous zirconium metal surface layer which, by further reduction of the oxide, gradually
grew through out the pellet. A similar mechanism was observed during the reduction of silicon dioxide.
As the zirconium metal that is formed is porous and the particles are in contact with each other, the
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whole pellet becomes conducting and the porosity ensures that there is adequate three phase boundary
between the salt, insulating oxide and the electronically conducting metal phase.
Zirconium metal is very similar to titanium in that it has considerable solubility for oxygen in the solid
state and, therefore it takes several hours for the oxygen to diffuse in the zirconium granules to the
metal/salt interface.
Another striking difference with titanium dioxide reduction is with chromium oxide as there is no
solubility of oxygen in chromium metal. In this case, the current time profile is completely different, in
that the current rises to a maximum and then falls or remains to a constant until all the oxide has been
reduced. When this has occurred, the current falls quickly with time (Fig. 4). As the process does not
rely on diffusion in the solid state, the reduction to pure chromium occurs within 2~6 hours depending
on the applied voltage and temperature [20],
The other difference that was noted was when the melting point of the metal was relatively close to the
temperature at which electro-deoxidation was performed, as in the case of uranium, the reduced metal
forms a sintered dense phase with internal porosity. However, it should be stressed that the enclosed
pores were completely free of salt [20].

ALLOY PREPARATION
From the work on pure oxides, it became evident that only the anionic species were removed from the
oxide. From the point of metal refining, this is a disadvantage as no refining of other metals will take
place but, on the other hand, this opens up the opportunity for the direct production of alloys, perhaps
alloys that cannot be made by any other route. Several alloys have been synthesised simply by mixing
the oxides in the correct proportion and reducing by electro-deoxidation and these include Ti-6A1-4V,
NbTi, NiTi, Ni3Al, Nb3Sn, NbTa and Ti-Fe, [20]. In all cases, the oxides were mixed by ball milling
and made into pellets that were lightly sintered so some porosity remained but the pellets were
mechanically sound. After reduction, the composition, determined by EDAX analysis, was found to be
uniform across the samples except for the Ti-6A1-4V, which, as expected, consisted of the alpha and
beta phases. In this case there was a slight loss of aluminium form the alloy due, it was thought, to the
formation and vaporization of aluminium trichloride. However, rather surprisingly, the microstructure
was the reverse of the normal microstructure for this alloy, [20] in that the beta phase had precipitated
around the alpha phase rather than the alpha phase precipitating around the beta phase. The reason for
this is that the electro-deoxidation takes place completely in the solid state starting with a mixture of
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Fig. 4 Comparison of current variations with time
during electrolysis of O2O3 pellets (about 3 g) in
molten CaCfe at 950°C in the right cell of Fig 1.

oxides and as the oxygen is gradually removed from the system the composition of the alloy moves
across the phase diagram form the oxygen rich alpha region to the alpha plus beta region. In the cases of
the intermetallic compounds, such as Ni3Al, X-ray diffraction proved that the correct phases had
formed. Furthermore, when the superconducting properties of the NbTi and Nb3Sn were determined the
superconducting/normal transition occurred at the precise temperatures described in the literature.
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As well as aluminides, it was also found possible to prepare carbides, borides and silicides by either
starting with a mixture of carbon and the oxide or a mixture of oxides in the case of the borides and
silicides.
This method of alloy production can be contrasted with the other electrochemical methods for the
production of alloys using molten salts. In these other cases where the melts contain a mixture of
cations, it is very difficult to get the metals to co-deposit in the correct ratio unless it is arranged that the
electrode potentials for the deposition for each of the metals is identical [21]. This is very difficult as it
is impossible to form stable complexes in molten salts so as to dramatically change the deposition
potentials. With the case of electro-deoxidation, the electrode potentials are far less important, except
for defining the order of reduction.
Again, in the production of alloys, it is observed that the calcium oxide metal oxide intermediate
compounds formed as an integral part of the reduction process. The oxide compounds will reduce in
the order of stability with the least stable oxide being the first to reduce. Due to the very short diffusion
distances and the high reactivity of the reduced metals, alloying readily occurs.

POWDERS
The product of the reduction of many of the metal oxides was of the form of grains that are lightly
sintered together, which can easily be ground to a powder. One of the surprising features is that the
powders are of remarkably uniform size and composition [20]. Varying the particle size of the
precursor and the time and temperature of the reduction process can vary the size.

COMPARISON WITH EXISTING TECHNOLOGY AND DEVELOPING
TECHNOLOGIES
Electro-deoxidation can be compared with the conventional methods of reducing metal oxides.
Compared to the Kroll process, the feed is an oxide that can be obtained via the chloride or sulfate
routes giving the process greater flexibility. In the case of the sulfate process, it is possible to use some
of the intermediate products making the feed material cheaper. It is also possible to use ores such as
rutile and ilmenite but in this case the product is an alloy of titanium and iron and some other elements
but as the starting material is very cheap compared to pigment grade titanium dioxide, there may be
incentives to examine the properties and applications of such alloys. The starting material is a solid
rather than a gas, as in the case of titanium tetrachloride, and no obnoxious gases are involved and if an
inert anode is selected the only products are oxygenand metal. The form of the metal is similar to Kroll
sponge but of higher and more uniform purity and the oxygen content of the metal can be accurately
controlled, depending on the time of electro-deoxidation Nitrogen may also ionise during electrodeoxidation, depending on the electrolyte, and, therefore, nitride inclusions should not form. One can
imagine the cells to be modular and therefore, there should be a greater throughput with less labour and
far less pollution. The product is also of a size that spontaneous combustion should not take place
unlike the fines from the Kroll and Hunter processes. The downstream processing of Kroll sponge is
also very expensive in that some alloys are difficult to make, either due to reactivity of one of the
components or the density difference of the individual elements, which means many remelting steps to
ensure homogeneity. This is expensive when electron beam melting has to be used. With electrodefoliation, the alloys are of very uniform composition and can be used directly.
Most titanium powders are made from high purity titanium and it is difficult to avoid contamination
with oxygen. Powders, both of pure metals and alloys, can simply be made by the electro-deoxidation
technique. As these powders will be considerably cheaper than conventional powders this may increase
the application of powder metallurgical techniques and the manufacture of near net shape components.
It should also be possible to remove the oxide layers and alpha case from swarf and scrap, allowing a
greater degree of recycling.
Compared to the other electrolytic techniques that have been tried in the past two decades for
production of titanium and other Group IV elements, electro-deoxidation is much simpler. The starting
material is an inert oxide rather than a volatile chloride and the products of the electrolysis process are
oxygen, if an inert anode is used, and a granular product, which is relatively resistant to oxidation. This
can be compared with the highly dendritic nature of the cathodic product when conventional
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electrolysis takes place in molten salts. Lastly, there is no concern regarding the number of valence
states of the cation, as it is the oxygen that ionises and not the cation. In fact, a multiplicity of valence
states is an advantage as it means that the oxide is unlikely to be stoichiometric and, therefore,
electronically conducting. It is also possible to produce alloys directly by simply starting with a
mixture of oxides.
Recently a similar method has been developed by Ono and Susuki [22]. In the Ono and Susuki (OS)
process, calcium chloride, containing calcium chloride, is electrolysed to produce calcium and this
reacts with the titanium dioxide to titanium metal with the calcium oxide dissolving in the salt. The
perceived problems with this approach is that it is difficult to control the rate of reaction so that this can
lead to the solubility limit of calcium oxide being exceeded contributing to the entrapment of oxide
which is difficult to remove. The second disadvantage of this approach is that the deposited calcium
can dissolve into the melt raising the electronic conductivity of the melt making the electrolysis process
relatively inefficient.
Okabe has also introduced a new approach where calcium vapour is allowed to reduce a preform of
titanium dioxide containing calcium chloride [23]. The advantage of this approach is that the calcium
oxide dissolves in the calcium chloride making it easier to leach. However, at the present time, calcium
is a relatively expensive metal so unless it can be produced cheaply, it is difficult to see how this
process can be economic.

PRESENT STATE OF DEVELOPMENT OF THE PROCESS
Most of the results presented in this paper were obtained in the laboratories of the Department of
Materials Science and Metallurgy, University of Cambridge. The University has patented the
technology for titanium and have licensed it to QinetiQ who have sub-licensed it to British Titanium
pic. QinetiQ have their own pilot plant and intend to go into powder production in 2004. British
Titanium pic has a pilot plant facility in Cambridge. Recently, DARPA awarded a substantial contract
to TIMET Corporation to build a pilot facility in the US. The technology for non-titanium metals
Cambridge. All the pilot facilities in the UK are producing several hundred gramme samples per batch.

CONCLUSIONS
Electro-deoxidation, where an oxide is made a cathode in molten bath of alkaline earth chloride, in
particular, calcium chloride, is shown to be a simple method for the reduction of many metal oxides to
their metals and appears to offer advantages, both in ease of operation and economics, over
metallothermic reduction using sodium or magnesium. As the reductant is essentially the electron,
there is no contamination of the metal by the reagent. The product is a granular sponge which can
either be processed directly or converted into powder. It should be emphasised that this is a generic
technology that can be applied to a large number of metallic oxides.
Alloys and intermetallic compounds can simply be made by the electro-deoxidation of a mixture of
oxides. This can have considerable advantages where there are density differences between the alloy
components and where one of the components has a very high melting point compared to the other
components. Electro-deoxidation may reduce the cost of making alloys and may create opportunities
for novel alloys to be synthesised with unique and valuable properties.

References
1. "Handbook of Extractive Metallurgy", Ed Habashi, R, Wiley-VCH, Weinheim (1997).
2. Okabe, T.H. & Sadoway, D.R., "Metallothermic reduction as an electronically mediated reaction". J.
Materials Research Vol. 12, pp.3372-21 (1998).
3. Kroll, J.W., 'The Present State of Titanium Extractive Metallurgy", in Transaction of the
Metallurgical society of AIME, Vol. 215,pp.546-53, (1959).
4. Gobel, G. et al., In Titanium'80, Science and Technology, Proc 4th Int. Conf. Titanium, Kyoto 180
(eds. Kimura, H. & Izumi, O) 1969-1976 (The Metallurgical Society of AIME Warrendale 1980)
5. Opie, W.R & Moles, O.W., "A basket cathode electrolytic cell for production of titanium", Trans.
Met. Soc. AIME, Vol. 218, pp 246-9, (1960).
8

Proceedings of 3rd BMC-2003-Ohrid, R. Macedonia

REDUCTION OF TITANIUM DIOXIDE AND OTHER METAL OXIDES B Y ...
6. Ginetta, M.V., "Method of producing metals by cathodic dissolution of their compounds". US Patent
4,400,247 (23 August 1983)
7. Ginetta, M.V., "Why produce titanium by EW?", Journal of Metals, Vol. 52(5), ppl8-20, (2000)
8. Ward, R.G. & Hoar, T.P., 'The electrolytic removal of oxygen, sulfur, selenium and tellurium from
molten copper", J. Inst, of Met., Vol. 90, pp.6-12, (1961).
9. Okabe, T. H. et al, "Electrochemical deoxidation of titanium", Met. Trans., Vol. 24B pp.449-55,
(1993).
10. Okabe, T. H. et al., "Electrochemical deoxidation of yttruim-oxygen solid solution", J. Alloys and
Compounds, Vol. 237, pp. 150-4, (1996).
11. Okabe, T. H. et al., 'Thermodynamic properties of oxygen in Ln-0 (Ln = La,Pr < Nd) solid
solutions and their deoxidation by molten salt electrolysis", J. Mining and Materials Processing Institute
of Japan, Vol. 114, pp.813-8, (1998).
12. Hirota, K. et al., "Electrochemical deoxidation of RE-O(RE=Gd,Tb,Dy,Er) solid solution", J. Alloys
and Compounds, Vol. 282, pp. 101-8, (1999).
13. Boghosian, S. et al., "Oxide complexes in alkali alkaline-earth chlorides", Acta Chem., Scand., Vol
45,pp.l45-7,(1991).
14. Binary Alloy Phase diagrams, Ed Massalski, T.B., ASM International, Materials Park, Ohio, (1990).
15. Chen, G.Z. et al., "Cathodic deoygenation of the alpha-case on titanium and alloys in molten
calcium chloride", In Press Trans. Met. Soc. B.
16. Lacombe, P., "Corrosion and oxidation of Ti and Ti alloys", eds. J.C. Williams and A.F. Belov, in
Titanium and Titanium Alloys —Scientific and Technological Aspects, Vol. 2, pp. , 847-80, Plenum
Press, New York, (1982).
17. Chen, G.Z. et ah, "Direct electrochemical reduction of titanium dioxide to titanium in molten
calcium chloride", Nature, Vol. 407, pp.361-4, (2000).
18. Ward-Close, M. & Godfrey, M., Private communication.
19. Gruber, H. & Rrautz, E., "Magnetoresistance and conductivity in the binary-system titanium
oxygen. 2. Semiconductive titanium oxides", Phys. Status Solidi A, Vol. 69, pp.287-95, (1983).
20. Unpublished results, Materials Chemistry Group, Department of Materials Science and Metallurgy,
University of Cambridge.
21. Lantelme, F., Derja, A, & Kumagai, N.J., "Electroreduction of Ni2+ and Fe2+ in a fused electrolyte
formation of a 2-component alloy and the role of the underpotential deposition", Electroanal. Chem.,
Vol. 248, pp.369-80, (1988).
22. Suzuki R.O., Teranuma K & Ono K, "Calciothermic reduction of titanium dioxide and in-situ
electrolysis in molten CaCl2", .Met. Trans B, Vol 34B, pp287-95, (2003)
23. Okabe T.H., Oda T. & Mitsuda Y. 'Titanium powder production by perform reduction process".
Presented at Ti-2003 (Hamburg July 13-18, 2003)

Proceedings of 3rd BMC-2003-Ohrid, R. Macedonia

MK0400021
SIMULATION OF THE DUCTILE DAMAGE UNDER THE METAL FORMING

SIMULATION OF THE DUCTILE DAMAGE UNDER THE
METAL FORMING
Professor A.A.Bogatov
Metal forming department of the Urals State Teshnical University-Russia,
Ekaterinburg, 620002, Mira st.19. E-mail: omd@mtf.ustu.ru
Abstract: Potenciality of metal forming is limited by ductile damage. The damage degree is estimated by the
scalar value a>, that is equal to O(co=O) before plastical strain and is equal to l(co=l) at the macrocracs moment.
There are two criteria that describe micro damage. The value 0)=C0* corresponds to the generation of micro voids
that couldn't be recovered by recrystallization but do not reduce the metal strength. The value (i>=(0*.
corresponds to the generation of micro voids that reduce the metal strength and material longlife. The models of
metal damage accumulation under pure and alternate strain also the model of metal damage recovery under the
recrystallization are developed. The speciment testing at high loading parameters gives the basic equations of the
ductile damage mechanics. All of that gives the method to study ductile damage under the metal forming. The
methodology damage nucleation and growing is shown on various examples: the void and crack development in
the areas ductile damage and unlimited ductility; mathematical simulation of the metal damage under the sheet
and wire drawing and others. The problems of physical simulating at the ductile damage under metal forming are
shown too in this paper. The method and equipment of metal damage physical simulation are proposed.

1 INTRODUCTION
A moment of metal damage is usually conditioned with the reach of critical values of load P = P«,
stressCT=CT»,effective shear strain A = A*. On the right parts of these equations there are empirical
characteristics of material and on the left part there are certain operators which characterize the load
process. Deformation criterion A = A* is widely used for analyses of metal damage under metal
forming [1]. The fault of such method is so the critical values (P«, o\, A*) are not constants but depend
on strain conditions [2, 3]. Experiments of P. Bridgman show the relation between A. and hydrostatic
pressure, and experiments of S. Manson allow to establish the influence of the amplitude of the
alternate strain A, on a critical value A». Sometimes it is established that ductility of the materials is
increased if the formation of new micro voids can be stopped or diminished [4]. A development of the
mechanics of metal damage can be related with a duktilty diagram [5]. This method was applied in the
proceedings [6, 7] by the creation of the metal damage accumulation models under the pure and
alternate strain, the defect recovery model under the recrystallization and testing of the given models
at the various load conditions of the specimens.

2 MODELS OF THE METAL DAMAGE ACCUMULATION AND
RECOVERY
The mechanics considers a strained body as a continuous medium, despite micro voids and micro
cracks originated by casting or by deformation. The dimensions and the density of the volumetric
micro defects spread at the macroscopic material particle of a strained body are estimated by a scalar
value (0 called metal damage.

2.1 MODEL OF METAL DAMAGE ACCUMULATION UNDER THE PURE
STRAIN
To study the metal damage accumulation under the metal forming a conception of defect free body is
used where co = 0. It corresponds to the beginning of the plastic strain when T = 0. The metal damage
rate dco/dA is equal to 0 at x = 0. Here the value A is an effective shear strain the material particle
accumulates moving along its trajectory:

10
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(1)
H is an effective shear strain rate

(2)
where e,j - are the tensor strain rate components. At the moment of macro cracking (T = tf) metal
damage co is equal 1 (co = 1) and metal damage rate dco/dA is inversely to the limited ductility Af (the
effective shear strain of the pure strained specimen at the constant values of thermal and mechanical
parameters):

da _ a
~dA~~A

(3)

where a and Af are empirical functions which characterize properties of strained material depending
upon the stress parameters o/T and μα, the effective shear strain rate H and temperature 6. Here a is a
middle normal stress, T is effective shear stress:

(4)
where sy are deviatoric stress components and μCT is the Lode's parameter:
J

22

(5)

At the random moment of the plastic strain of the material particle (T = t) the metal damage rate is
equal

da _ aA"-1
dA~ Aaf

(6)

The relationship Af(o7T) at certain constant values of μ<J, the temperature 0 and the effective shear
strain rate H is as shown in fig.l.
A/

Completely
ductile material

Da

Brittle raateiial

Fig.l. Diagram of the ductility
Fig. 1 distinctly shows the specific areas of material behaviour such as brittle fracture where cr/T >
(o7T)b; ductile fracture where (o7T)d < o~/T < (o7T)b; the area of the unlimited ductility oVT < (o7T)d
Proceedings of 3 r d BMC-2003-Ohrid, R. Macedonia
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where the recovery of volumetric defects prevails (Af —> oo). While estimating the Lode's parameter μCT
influence on the ductility diagram A((o7T) we use the specimens tests under the axial symmetric faa =
-1), plain faa = 0) strain and the axial symmetric compression &„ = 1 ) . The parameter o7T is set
constant by controlling the pressure p in the testing chamber according to a certain law. It is possible
to approximate the ductility diagram with the equation below:

A / = exp

(7)

where bi, b>2, b 3 , b 4 are material constants.

2.2 MODEL OF METAL DAMAGE ACCUMULATION UNDER A ALTERNATE
STRAIN
Most of the metal forming processes have alternate strain which consists of several (n) stages of pure
strain. The metal damage at the end of i-th stage and at the beginning of the (i + l)-th stage are equal.
The metal damage rate (dco/dA) at the beginning of each stage decreases to zero at the moment of time
T = tjit can be found with equation (6). So after n stages of alternate strain the metal damage can be
found with the following equation:

r=1 0

l\p

where A* is the amplitude of alternate strain at the i-th stage. The function a(c/T) is determined by
means of specimen tests for alternate torsion where o7T is constant during each test. The equation
below approximates test results:
a = a0+Cr,

(9)

where ao and c are material constants.

2.3 MODEL OF METAL DAMAGE RECOVERY UNDER THE
RECRYSTALLIZATION
It is known that during the recrystallization a new grain structure is formed and the volumetric defects
recover. However, a certain number of the largest defects just reduce their sizes and still remain in the
metal. The value of residual metal damage coo = 0) - Aco determines its influence on metal strength and
longlife. The metal damage recovery diagram Aeo(co) is shown in fig.2.
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Fig. 2. Diagram of the metal damage recovering (a) and metal strength decrease by micro voids and micro cracks
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The diagram shows that all the deformation defects recover after the recrystallization in the area 0 < co
< co*. In the area co. < co < co.* the deformation defects remain in the metal after the recrystallization
however the strength characteristics do not reduced. If co*. < co < 1 then the value Aco « co and the
residual metal damage coo —> CO thus the metal strength reduces. So it is possible to introduce two
criteria of the metal micro damage in order to analyse the metal forming processes: CO = CO. and co =
co... The metal forming modes should be of such a character lest the damage of the material particle co
under the plastic strain exceed a value co...

3 DUCTILE CRACK DEVELOPMENT
Let the crack at the initial moment has the length 2c<> with a curve on the radius r0. Consider a defect
deformation under a plain strain. The defect perimeter does not reduce but the radius either increases
or decreases thus defect dimensions can be defined as 2c and r at the instant moment. Stress and strain
conditions along the front of the defect development for ideal-ductile material are defined as T = xs. In
the polar coordinate system (p, cp) on the free forces surface o"PP|p=r = 0 then u<^ = ±2xs;
aa = ±r s .
The stress sign is defined from physical point of view that stress is positive if the defect radius
increases and it is negative if defect radius decreases. The radial equilibrium equation is

p

dp

The Mises's equation is
(11)

an-a33=2xs.

Resolving (9) and (10) together the stress parameters can be determined: μCT = 0; and o7T is

S ( ± l
T

^

+

| .

(12)

r)

There is a radial metal flow at the defect area when v<p = 0. A radial strain component can be
determined by solving the uncompressive material equation

^ +^
dp p

0

(.3)

with satisfaction of boundary condition vplp=r = + vo = const and defect radius can be determined as
follows r = ro ± VOT. At the moment T = t we have v p = ± v o r/p. Thus the effective shear strain rate can
be determined as
H=2v0-^.

(14)
i

The maximum value H™,* = 2vo/r is at the peak of the crack. Fig.3 shows a slip-lines field at the peak
of the crack and the relations between the parameters o7T, H/Hmax and coordinate p.
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Fig. 3. The slip-line field, stress parameter oTT and effective shear strain rate at the defect area
The relation between the effective shear strain and coordinate p can be found with equation.
(15)
where r0 and ri are the values of defect radius before and after the deformation.
Fig.4 shows various ways of defect development bound up with the metal damage.

Fig. 4. The scheme of two ways of defect development bound up with metal damage
At the front of crack development the metal damage accumulation takes place and at the moment co =
1 a new crack is formed with the radius rV a - for the crack which is transformed to a void, b - for the
void which is transformed to a crack. If the defect radius reduces under the deformation and (o"/T)d >
2,14 then the crack closes and recovery occurs.

14
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4. METAL DAMAGE PHYSICAL MODELLING
The metal damage accumulation in the material particle at the actual metal forming process can be
substituted for the specimen test if similarity criteria are satisfied at each instant. The similarity (μ^n
= (Ha)m can be satisfied by choosing the proper specimen test mode. For the axial symmetric strain ^ o
= -1) the tensile tests of the cylindrical specimens with the neck or with the soft layer are
recommended. For the plain strain processes Cμ^ = 0) the torsion, tensile and bending tests of plain
specimens are recommended. If necessary notches of various shapes can be utilized. For the axial
symmetric compression processes Cμ^ = 1 ) the thin plates plastic bend with the high pressure liquid
through the round die is suitable. While performing the specimen test in the chamber with liquid
pressure control the similarity (o7T)n = (o7T)m is satisfied. The effective shear strain in the testing
specimen must be the same as in the given metal forming process (Am = An). Besides the similarity
criteria Aj = idem, n = idem must be satisfied for the alternate strain. Found by equation
(16)

where 71- is the number of alternate strain stages; j\CO • is the metal damage reduction under
recrystallization at the j-th cycle of plastic and heat processing; K is the number of cycles the metal
damage at the actual metal forming process as well as in specimen test will be equal (com = con). This
can be provided in case that the same chemical and phase consistency as well as the metal structure
and the scale factor including are available. The advantage of the metal damage physical modelling is
that actually any of the cold metal forming processes mode can be reproduced by the specimen test in
the chamber with high load parameters controlling [7]. The metal damage identification after the cold
strain or after the cold strain and annealing is carried out when examining the specimen fracture in
further tests. In those tests the strained specimen having deformation defects is subjected to brittle
fracture influenced by the stress concentrator, low temperature and dynamic load. The fig.5 shows
ductile damage tracks as the volumetric micro voids and micro cracks at the background of the brittle
fracture.

Fig. 5.The cold strain voids (a, b, c) and voids after annealing (d, e, f): a x (0, (a, d); co. < o < CO.* (b, e);
co > co,* (c, f)

rd
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These tracks show the residual metal damage level after the various specimen test programs are
fulfilled.

5. TECHNIQUE AND EQUIPMENT FOR MODELLING
Physical modelling of metal damage while metal forming is accomplished by means of testing a
specimen at special machines having a chamber of high pressure. The pressure in the testing chamber
reaches up to 1000 MPa and the temperature rises up to 1250 °C. The temperature while testing is
held to be constant and pressure in that chamber is controlled by a certain law according to changes of
the parameter (o7T)n along the trajectory of its movement at actual metal forming process. In fig.6 is
shown the scheme of testing machine having chamber of high pressure.
The main feature and its advantage appears to be that specimen (9) fixed between the lower plunger
(10) and the container (8) can be affected by independent and controllable load parameters such as
pressure of operating liquid p, speeds of axial transfer of the container and rotation of the lower
plunger. As it been mentioned above the way, the way of testing and the specimen configuration are
defined by the type of metal forming process studied. For example, wire drawing process has μ c = -1.
The appropriate way of modeling is thought to be tension of cylindrical specimens. At thin sheet
rolling where μ o ~ 0 the torsion of cylindrical specimen and strain of a flat one can be used as
modeling testing. When axial symmetrical sheet stamping where μ ^ s l , then compression of
cylindrical specimen or plastic bend of thin plate by high pressure liquid through round or elliptic die
is could be used as modeling testing. To keep the experimental parameters constant (a/T = (a/T)» =
const) which is necessary for making a plasticity diagram Af(oYT) the pressure should be controlled
according to a defined law. The load factors for the tensile case (17), for the torsion (18), for the
plastic bend (19) are:

Fig.6. The scheme of testing machine with the high loading parameters chamber
(17)

P =

16

T=\ —

(18)
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(19)
where (o7T)« is given from the conditions of the experiment, m = b/a is axis relation of the ellipsis like
die, g and b are empirical coefficients which characterize specimen material strengthening.

6. METAL DAMAGE PHYSICAL MODELLING AT WIRE DRAWING
On wire drawing Lode's parameter ^ = -1 then the tensile of cylindrical specimen under the pressure
controlled can be used as modeling testing. The studies of strain state show its alternating character in
the areas of deformation focus entry and outflow. Therefore the modeling experiment Involves the
specimen tension being imposed by alternating torsion. When choosing the specimen load parameters
one should take into account some other peculiarities and modes of actual wire drawing process. They
are the backward tension O"o, torsion momentums Mo and Mi applied to the blank and to the wire and
the way of the blank is set in the load device under drawing — extrusion and so on. It should be noticed
that the program of modeling testing of specimens depends on the location of the material particle in
the cross-section of a wire. To calculate the regimes of specimens load for physical modelling the
metal forming processes we could recommend using special purpose software.
The objective functions in the modelling test are structural levels of mechanical and physical
properties of material with respect to ways and regimes of wire drawing. Studies of origin,
development, coalescence of micro voids and micro cavities and some times their "recovery" as well
are of great scientific and practical importance.

7. CONCLUSIONS
The models of nucleation and the grow of the ductile metal damage under pure and alternate strain as
well as the metal damage recovery models, criteria of micro and macro damage supposed to give the
methodology of metal forming analyses. The method and equipment of metal damage physical
modelling is proposed. When modelling it is possible to solve the problems which are important both
for theory and technology development, the metal structure and properties improvement, formation of
strained texture and operating characteristics of metal production. The method of physical modelling
of the various metal forming processes can be performed by the universal testing machine having the
high specimens load parameters.
I have to say many thanks Prof.L.Rodionova help to translate the paper.
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Abstract: This paper presents the results of research on the high-temperature sulphuric acid pressure leaching of
nickel silicate ore from the deposit "Rudinci". The aim of the research was to determine optimal parameters of
the leaching process. As well, the effect of KMnO4 on iron precipitation and purification of the leach solution
was investigated. Beforehand, according to the results of both chemical and mineralogical characterization of the
ore "Rudinci", the way of its processing and the leaching agent were chosen and the main chemical reactions of
the leaching process were determined.

INTRODUCTION
Nickel production is based on processing of sulphide and oxide ores. Thanks to possibility of their
flotation, nickel sulphide ores are less complicated for processing than oxide ores. However, the main
world nickel resources are oxide ores. Also, the nickel production from marine nodules consisting of
oxide minerals, with about 3% (Cu + Ni + Co), becomes increasingly important [1]. The nickel
recovery from the low-grade oxide ores is an actual problem of the nickel metallurgy.
The nickel oxide ores are mostly low-grade ores with high content of moisture and useless minerals
(SiO2, MgO, CaO, A12O3, etc.). Many researches indicated the impossibility of the nickel minerals
concentration from these ores by physical methods. Therefore, these ores are manufactured directly by
both, pyrometallurgical and hydrometallurgical processes. The pyrometallurgical processes demand
the considerable energy consumption and mostly used process of them is ferronickel smelting. The
ferronickel smelting in a conventional electric-furnace is generally limited by the SiOz/MgO ratio or
iron content in the ore. Operation in the electric-furnace generally requires a SiO2/MgO ratio not
greater than 2 and an iron content of not more than 20% [2].
The hydrometallurgical processes make possible the complex processing of low-grade nickel oxide
ores with energy savings. Today's ammonia leaching processes are improvements of the original
Caron process started in Cuba [3]. The Caron process involves the reduction of the ores at
temeperatures between 700 and 800 °C followed by leaching with ammoniacal carbonate solution
under aerobic condition. During the time, this process has been modified in order to increase the Ni
and Co recoveries from the ores and many variations of the original Caron process exist in the world
today. The US Bureau of Mines process [4] and the UOP process [5] use various additives, which
include sulphur and chlorides. It is considered that these additives prevent the formation of nickel
unsoluble forms during the ore reduction. Valix and Cheung studied the influence of elemental sulphur
additions on the nickel laterites reduction and reported that the sulphure presence markedly improved
the Ni and Co extractions from the ores.
The acid pressure leaching process of laterites started in Moa Bay, Cuba, in 1959 [7]. The Moa Bay
process includes the sulphuric acid leaching of nickel ores at about 250 °C, the phase separation and
the nickel sulphide precipitation by hydrogen sulphide. The temperatures above 200 °C make possible
to achieve maximal iron precipitation and good purity of leach solution. A considerable leaching
degree of both Ni and Co (93-95 %) may be achieved by applying the Moa Bay process for treatment
of nickel laterites.The AMAX process is an improvement of the Moa Bay Process which provides
lower sulphuric acid consumption during the leaching. The savings of sulphuric acid is achieved by
preliminary roasting of the ore in presence of elemental sulphur.
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There are substantial reserves of nickel ores in Serbia. These ores can be divided in three regions:
Zapadna Morava region, Sumadija region and Mokra Gora region.
Vucurovic [8] studied ammonia leaching process of the nickel silicate ore "Rudinci" from the Zapadna
Morava region. He suggested as optimal the ore reduction roasting at 800 °C for 2 hours. Also, he
reported that CO was more efficient reduction agent in comparison with H2: the nickel recovery from
the ore reduced by CO was about 70 % Ni and from the ore reduced by H2 was 60 % Ni. Addition of 2
% CaCl2 during the reduction by H2 led to the increase of the nickel leaching degree from 60 to 64.5 %
Ni.
This paper presents the results of research on the high-temperature sulphuric acid pressure leaching of
the nickel silicate ore "Rudinci". The aim of the research was to determine optimal parameters of the
leaching process. Besides, the effect of KMnO4 on iron precipitation and purification of the leach
solution was investigated.

CHEMICAL PROCESSES
Sulphuric acid leaching of nickel ores in autoclave is based on selective dissolution of Ni and Co from
the ores. With increase of temperature and pressure, the solubility of nickel and cobalt sulphate
increases, while the solubility of aluminium, magnesium and ferric sulphate decreases. In this way the
selective dissolution of Ni and Co from the ore can be achieved and the leach solutions with low iron
content can be obtained, which makes their further purification easier.
The goethite dissolution occurs by formation of ferric sulphate:
FeOOH + 3H+

Fee3+ + 2H2O

(1)

which immediately hydrolizes at temperatures above 200 °C by iron precipitation as hematite and
arising of sulphuric acid:
2Fe3+ + 3H 2 O-+Fe 2 O 3 (s) + 6H+

(2)

The reaction given above makes it possible to reduce consumption of sulphuric acid due to its
regeneration during iron precipitation. Also, in this way can be achieved a high [Ni]/[Fe] ratio in the
leach solution because the nickel dissolved by Eq. 3 does not precipitate at these high temperatures.
NiO + 2 H + ^ N i 2 + + H2O

(3)

The behaviour of aluminium during the leaching is similar to iron, i.e. it first dissolves and then
hydrolizes with precipitation of alunite.
Magnesium oxide from the ore reacts with sulphuric acid with formation of MgSO4 whose solubility
decreases when the temperature increases.

EXPERIMENTAL RESULTS
CHEMICAL AND MINERALOGICAL ANALYSIS OF ORE "RUDINCI,,
For experimental studying of nickel silicate ores leaching at high temeperatures and pressures the ore
from the deposit "Rudinci" with 1.29 % Ni was used.
In order to investigate in detail the characteristics of the ore, its chemical composition was determined
(table 1) and the microphotographs of prepared ore samples were taken.
Table 1. Results of chemical analysis of the ore "Rudinci"
Element
Ni
Co
Fe
Al
Cr
Mg
WT,%
1.29
0.045
15.74
2.12
3.04 0.75
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Mn
0.37

Ca
1.00

Na + K
0.08

Si
25.34
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In the Figures 1 and 2 are presented microphotographs of prepared ore samples in need of qualitative
characterization and perceiving mutual relations of present minerals. This ore belongs disintegration
crust deposit and the main minerals are garnierite, probably nontronite and nepouite as secondary
nickel recipient minerals, and milerite as primarly. Garnierite is an important ore of nickel, consisting
essentially of hydrated silicate of magnesium and nickel, perhaps H2(Ni,Mg)Si04 + water, but very
variable in composition, particularly as regards the nickel and magnesium, not always homogeneous.
Amorphous. Very similar to garnierite is nepouite, but it has crystal structure. XRD and ER analyses
are required for precise determination. Chromite, hematite and limonite - goethite are the other
minerals in this paragenesis. Average contents of nickel and cobalt in the ore is 1.29% Ni and 0.045%
Co.

Fig.l. Silicate (garnierite) matrix

Fig.2. Characteristic mineral shape of milerite

DETERMINATION OF OPTIMAL LEACHING PARAMETERS
The sulphuric acid leaching of the ore "Rudinci" at temperatures below 100 °C and under atmospheric
pressure showed that iron conten in the final solutions was from 8 to 10 times greater than nickel
content, which complicated purification of the solutions and nickel separation from the solutions. In
order to attain a high leaching selectivity, further investigation is aimed to the sulphuric acid leaching
of the ore at high temperatures in the autoclave.
From the experimental results the following parameters were determined as optimal for the autoclave
leaching process of the ore "Rudinci":
• temperature: 220 - 240 °C,
• leaching time: 120 min,
• phase ratio (S:L): 1 : 1.5,
•
•

initial concentration of H2SO4: 210 - 220 g/1,
pressure: 2.3 - 3.3 MPa.

These temperatures are sufficient to secure good leaching selectivity and the nickel leaching degree of
95 %Ni. The higher initial concentrations of H2SO4 than optimal cause the considerable increase of
iron dissolution, while the nickel leaching degree insignificantly increases, which does not justify
growth of initial solution acidity.
Influence of the ore granulometry on the nickel leaching dissolution was studied for three different
fractions under following leaching conditions: 220 °C, 120 min, initial concentration of 210 g/1 H2SO4
and phase ratio (S:L) of 1 : 1.5. Obtained results are shown in table 2, from where it can be seen that
decrease of particles size almost does not effect on the nickel leaching degree. For that reason, the ore
granulometry of 100% - 0.833 mm was taken as satisfactory.
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Table 2. Effect of ore granulometry on leaching of nickel and iron
Ore

Concentration in leach solution, g/1

Ni leaching

granulometry

Ni

Fe

free H2SO4

degree, %

100% - 0.833 mm

8.40

3.85

31.0

93.85

100%-0.35 l m m

8.52

4.12

30.3

94.72

100%-0.147 mm

8.70

4.00

30.0

95.10

PURIFICATION OF LEACH SOLUTIONS FROM IRON
The solutions obtained by leaching under optimal conditions contained 8 - 8.5 g/1 Ni, 2.0 - 3.9 g/1 Fe,
25 - 35 g/1 H2SO4,105 - 135 g/1 MgSO4 and 0.06 - 0.10 g/1 Co.
To decrease iron content and improve Ni/Fe ratio in the final leach solution, during the leaching
KMnO4 was added as oxidant for Fe2+ ions. In experiments where the ore was leached without
KMnO4, the final solutions contained almost equivalent concentrations of Fe2+ and Fe3+ ions. The
addition of KMnO4 has been an attempt to transform whole soluble iron to ferric form, because at
temperatures above 210 °C ferric sulphate hydrolizes and iron precipitates as hematite (Eq. 2).
The weight of KMnO4 used in the experiments was 0.5 %wt from the ore mass. The influence of
KMnO4 on Ni/Fe ratio in the final leach solution was studied in a temperature range from 210 to 240
°C and under constant following conditions: leaching time of 120 min, initial concentration of 220 g/1
EfeSCXt, ore granulometry of 100% - 0.833 mm and phase ratio (S:L) of 1 : 1.5. The obtained results are
presented in Table 3.
Experimental results (table 3) show that oxidation of Fe2+ to Fe3+ by KMnO4 improves quality of the
leach solutions. However, if the leaching process is carried out at 240 °C, addition of oxidant is not
necessary, because the leaching solution with iron content of about 2 g/1 is obtained even without
KMnO4 presence at this temperature. The iron content of 2 g/1 in leach solutions enables easy and
effective their further processing.

Table 3. Influence of KMnO4 on leaching of nickel and iron
Temp.,

Fe leaching degree, %

Fe content in solution, g/1

Ni/Fe ratio in solution

°C

with KMnO4

without
KMnO4

with KMnO4

without
KMnO4

with KMnO4

without
KMnO4

210

2.46

3.79

2.75

4.24

3.05

1.98

220

1.90

3.77

2.08

3.87

4.15

2.24

240

0.92

1.77

1.02

1.95

8.79

4.39

CONCLUSION
This investigation indicates that the sulphuric acid leaching process of the nickel ore "Rudinci" at high
temperatures and under high pressures gives satisfactory results with respect to the nickel leaching
degree and the leaching selectivity. As optimal leaching conditions were determined following
parameters: temperature from 220 to 240 °C, initial concentration of H2SO4 from 210 to 220 g/1,
leaching time of 120 min, phase ratio (S:L) of 1 : 1.5 and ore granulometry of 100 % -0.833 mm.
Under optimal conditions, the nickel leaching degree of about 95 % Ni was achieved and the leach
solutions with iron content of 2.0 - 3.9 g/1 were obtained. The ore granulometry of 100% -0.833 mm is
optimal because the futher decrease of the particles size does not influence on the nickel leaching
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degree. Addition of KMnO4 during the leaching has as a result decrease of iron content in the leach
solution, which makes further processing of the solution easier.
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PROCESS OF COKELESS WITHOUT WASTE TREATMENT
OF DIRECT VANADIUM ALLOWING STEEL MELTING
Lisienko, V.G., Droujinina, O.G., Morozova, V.A.., Ladigina, N.V., Yusfin Yu.S. and Parenkev A.E.
Urals State Technical University, Mira str., 19, Ekaterinburg, Russia
Moscow Stell and Alloys Institute, Leninskii av.,4, Moscow, Russia
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Abstract: The development of new methods of steel production are now conducted with the purpose of energy
consumption and harmful emissions reduction. The choice of technology and equipment in this case plays a
cricinal role. It is well known that vanadium alloying steel has increased service properties.
The known classical scheme of vanadium steel melting is very power-intensive, as includes such powerintensive processes as blast furnace process and chemical processing of vanadium slag therewith sintering and
by-product coke processes are accompanied by significant harmful emissions. In so doing the vanadium losses
may run to 60%.
In view of requests of environment protection and economical efficiency the new process of cokless without
wastes processing of vanadium-bearing raw material with direct vanadium allowing of steel - LP-process is
developed. Its purpose is the melting on the basis of vanadium-bearing titanomagnetite of vanadium allowing
steel with increase of vanadium concentration in steel and diminution of vanadium losses without application
coke and natural gas with use of any coals and carbon-bearing wastes.
LP-process consists of three aggregates and corresponding processes: process of liquid-phase reduction, process
of vanadium-bearing pellets metallization in the shaft furnace, and process of alloying steel melting in the arc
electric furnace.
The obtained results have shown, that the LP-process is more energy saving on a comparison with other methods
of vanadium allowing steel production.

1. INTRODUCTION
In the well known classic schemes of vanadium steel melting the following plan is used: blast furnace
with vanadium cast iron melting - converter with steel and converter vanadium slag production chemical processing of vanadium slag with pertaoxide of vanadium production - ferroalloy production
with ferrovanadium making - melt of steel in the electric arc furnace with ferrovanadium use.
However this process is very power-intensive, it includes such power-intensive processes as blast
furnace process and chemical processing of vanadium slag, besides in present very long production
chain 68-70% of vanadium is lost. In this process deficient expensive coke also is used, the production
which one is attended by considerable harmful pollutant emission [1].
LP- process has following advantage. Melting of steel alloyed by vanadium, with increase of
vanadium concentration in steel and decrease of vanadium losses without coke and gas application
with usage any coals and carbon-bearing wastes. At vanadium-bearing titanomagnetite treatment
additional steel alloying by chromium, titanium, nickel, cobaltous, molybdenum and other components
of allow, slag production with the content of a vanadium, titanium, aluminum, magnesium, radium and
dispersed elements. Cost price of production reduction, environmental pollutant emission decrease [24].

2. DESCRIPTION, KEY FEATURES AND BENEFITS OF PROCESS
In known cokeless method of vanadium steel melting vanadium pellets arc produced with subsequent
their use in the electric arc furnace with vanadium steel production. However in this process reduction
gases obtained at conversion of expensive high-calorie fuel - natural gas arc used and in metal scrap
of electric are furnace commodity steel scrap and cast iron arc used, that reduces vanadium
concentration and increases the content of cooper in steel [1].

54

Proceedings of 3rd BMC-2003-Ohnd, R. Macedonia

PROCESS OF COKELESS WITHOUT WASTE TREATMENT OF DIRECT VANADIUM ...
In LP-process contrary to indicated process vanadium-bearing raw material, for example, vanadium
pellets with the content of vanadium up 0.4-0.5%, proceed the reduction stage in metallization
furnace, for example, in the shaft furnace, and as a reducer hot reduction gases (HRG) are used,
obtained at gasification of carbon-bearing material, for example, energy coal or any carbon-bearing
waste materials in liquid melting bath by process of liquid-phase reduction of iron and other elements
(fig.l). Gasificator there with works in, so-called, mixing mode, i.e. with simultaneous reception
HRG, and also metal half-product with the content of vanadium up to 0.5% and slag. In gasificator the
carbon-bearing material, for example, energy coal or any waste products, and also vanadium-bearing
ore raw materials, for example, Kachkanar vanadium-bearing titanomagnetite ore, vanadium-bearing
pellets or briquette are loaded and oxygen is feeded. Vanadium-bearing half-product (cast iron), slag
from gasificator and also metallized vanadium-bearing raw materials, for example, pellets are used as
the charge of electric arc furnaces with reception of vanadium-bearing steel (content of vanadium up
to 0.5-1.5%). The export gas of shaft furnace is used for combustion in fuel-oxygen burners of electric
arc furnaces, that extraly allows to reduce the flow rate of natural gas usually applied in such fueloxygen burners. Therewith commodity steel scrap and cast iron in the charge of electric arc furnaces is
not used that increases the content of vanadium and decreases the content of cooper in steel [2-4].

Ore Raw Material
Export Gas
Coal

Ore Raw

Gasificator
MLR
HRG

Bubbling Slag
O2

Blow of Bath
*~

Electric Arc
Furnace

Slag

Half-Product

Fig.l. Process of cokeless without waste treatment of vanadium-bearing ore raw material with direct vanadium
allowing of steel LP-process melting (direct allowing)

Thus, key features of LP-process:
•

Reduction of losses of vanadium and increase of its concentration in steel (by content of cooper
reduction) by the same content of vanadium in initial charge;

•

Cokeless process without applying natural gas with use any carbon-bearing fuels, including energy
coals and wastes;

•

At applying titanomagnetites - additional steel by many elements alloying and slag reception with
the content of a series of alloying elements;
Low energy expenditure at the expense of applying of hot reduction gas, hot pellets, half-product
and slag;

•
•

Reduction of the cost price of production and harmful environmental pollutant in an atmosphere
for the score of cokeless process and without wastes technology.
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3. STATUS AND BASIC PARAMETERS
The technology is founded on results of experimental-industrial meltings held by the Moscow
Institute of Steel and Alloys on the PLR-unit (Process of Liquid-Phase Reduction) of Lipetsk
metallurgical Concern [5], and also on results of experience of vanadium-bearing pellets metallization
in the shaft furnace of Beloretskiy metallurgical plant with subsequent their use in electric arc furnace
held by the Ural Institute of Metals, VN1TMT (Scientific Resoilrcher Institute of Metallurgical Heat
Technic), USTU (Urals State Technical University) [1] and other organizations.
The basic parameters of treatment vanadium-bearing ore raw material in LP-process:
•
•

Vanadium-bearing ore raw (for example, titanomagnetite) up to 2.01 /1 of half-product;
Output of reduction gas - up to 2.2 m3 / kg of coal (in recalculation on energy coal);

•

Temperature of gas at outlet of gasificator - up to 1300 °C, at inlet of shaft furnace from 850 to
1050 °C;

• The content in reduction gas: CO - 50%, H2 - 30%;
• The flow rate of hot reduction gas - 2000-2700 m3/t of pellets;
• The flow rate of blow in gasificator with content of oxygen 52 - 64% up to 0.5 m3 / m3 of gas;
• Degree of pellets metallization - 90 - 93%;
• The content of vanadium in steel - 0.5 - 1 . 5 % .
The basic prediction productivities of experimental-industrial LP-unit:
• Gasificator with the area of hearth 20 m2;
• Outlet of gas from gasificator - up to 60000 mVh;
• Outlet of metallized pellets - up to 30 t/h;
• Volume of shaft furance - 160 m3;
•
•

Melting of vanadium steel by 40% melallized pellets in charge - 43 t/h;
Electrical arc furance capacity - 50 t.
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IMPROVEMENT OF BLAST FURNACE BURDEN SIEVING FOR
PURPOSES OF INCREASING PRODUCTIVITY AND REDUCTION
OF COKE SPECIFIC CONSUMPTION
Dr Ljuban Japic, D. Sc. Mech Engineer-The Institute for Metallurgy, SARTID, Smed.
Republic of Serbia
Mr Aleksandar Vasic, M.Sc.Met.Engineer-The Institute for Metallurgy, SARTID, Smed.,
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Abstract: This work describes the technical and technological solution of sinter sieving that would significantly
increase sieving efficiency and therefore gain higher productivity and reduce blast furnace coke specific
consumption in comparison with the current situation
Lower system of blast furnace burden in "Saitid", Smederevo, has 18 vibro-sieves installed for sinter ores with
purpose of adding sinter and separation of gummer (size -5+0 mm) Performed tests have shown that current ore
sieves operate with insufficient sieving efficiency After the analysis has been done a calculation was made and a
sieve for one bunker selected. The results obtained by testing one installed sieve, during trial operation, have
been presented. They prove rationalization and justification of application of this technical solution.
Key words: ore sieve, sieving efficiency, productivity

INTRODUCTION
Lower system of blast furnace burden in "Sartid", Smederevo, has 18 vibro-sieves installed for sinter
ores with purpose of adding sinter and separation of gummer (size -5+0 mm).
It has been evaluated that current ore sieves operate with low sieving efficiency. This effects
unfavorably furnace productivity and fuel consumption. Causes of insufficient separation of low
fractions could be: inappropriate sieving surface, too big grid angle, shape of bright surfaces (grid),
thick layer of material at sieve grid.
With aim to increase furnace productivity and reduce specific consumption of fuel an assignment for
finding a better technical solution has been defined. It is solving of problem of small fractions
separation. It is also necessary to prove economic justification of chosen solution.
1.

SORTING SINTER AND CHOICE OD TECHNICAL SOLUTION

SORTING SINTER DURING PREPARATION OF INSERT FOR BLAST FURNACE
Burdening of blast furnace, BF2 with burden material is being done with automatic burdening system,
consisted of upper and lower burdening system. Lower burdening system collects materials form
stationary bunkers, bunker loading platforms into skips. Upper burdening system performs burdening
from skips into blast furnace operating area.
Lower burdening system or system of automatic collection of materials is consisted of set of
mechanisms that perform collection, dosing per weight and charging into skip, coke, ore materials,
additions and also collects gummer of coke and ore materials outside bunker loading platform
Transportation of sinter, ores and additions of side bunkers towards ore scales for each loading
platform is being done with rubber conveyors.
Small fractions of sinter and ore -5+0mm, which are object of reviewing here, bellow right bunker
side sieve and left bunker side sieve are being transported to re-processing at sinter plant.
Main goal of this work is to increase blast furnace productivity and reduce coke specific consumption
by more effective separation of gummer ie sepaiating grain sizes smaller than 5mm This kind of
sorting, at Blast furnace, is being done with sieve whose effectiveness, according to data we have, is
not satisfactory. Here, when saying sieving efficiency we think of successfulness in sieving in
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comparison to ideal sieving, which could be done with total separation of classes of sizes smaller than
openings at sieve sieving surface [1]. Therefore, with markings from image 1, we can note that
efficiency or sieving effectiveness is, [2], [3], E:
Image 1. - Scheme of sieving process
(1)

U-u
From mass result further could be noted,
U=D+R

(2)

U u = D-d + R-r

(3)

Previous two equations, since content of lower class of size in "D"(image 1) is 100 further derivation
show sieve efficiency, E:
E=

—

10 4 [%]

(4)

u •(IOO-Γ)

Content of size lower class in input material "U" and content of size lower class of over-grid product
"r" we determine by sieving samples in laboratory for sieve whose efficiency we want to determine.
Main characteristics of current - referenced sieve, no 182A-Gr on bunker 24/2 are:
m3/h;
%;
m2;
kW,
mm;
kg.

- Productivity (over-grid material)
100-125
- Sieving efficiency
45-50
- Dimensions of sieving surface
21
- Installed power
4.5
- Dimensional measurements
368x1910x1490
- Mass
5600

Sieving surface is shaped like mesh with grid distances of 5mm and total light surface of 25%. Grid
declination angle is 20°. Swing is leaning on springs, and whole sieve is positioned on wheels fixed to
rails Considering remarks set in this assignment we approached to evaluation of current condition of
ore sieves 182 A-Gr function and testing of sieve efficiency.
Taking correctly samples [2], we effected testing of efficiency for referenced sieve (equation (4)) and
we obtained efficiency results: 6.37%; 10.00%; 36.2%, (Table 1). Explanation for such a low
efficiency, in comparison to declared one (45-50%) should be sought in facts that sieving surface
2
gradient is relatively big (20°), sieving surface small (2.1 m ), sieve length is short so at that angle ore
restrains for short time and mesh gets clogged quickly (characteristics of basic sieve surface). Also, it
is obvious that sieve is overloaded since material layer is up to 200 mm high and grains do not have
time to divide during motion and almost entire material goes to " R " (image 1), and sieve operates like
a feeder. Another assumption is that declared sieving efficiency could be reached at current sieve
(E=45-50%), but with some other materials and flow. Any case, we have confirmed assumption that
sieve 182 A-Gr is not satisfactory for this purpose. Therefore we started selection of new sieve.
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Uu

I'U- mass of input raw material, t.
:R- mass of over-grid product, I
iv- content of lower class of size in input raw material, }%]
r- content of lower class of size in over-grid product, [%]
d- content of lower class of size in under-grid product,(%J
D- mass of under-grid product, t

Image 1. - Chart- of sieving process

70"

Image 3. - Detail on sieve mesh L-34235
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1.2.
POSSIBILITY OF SIEVING EFFICIENCY INCREASE BY SIEVE REPLACEMENT AND
BUNKER RECONSTRUCTION

With aim to select new sieve a calculation will be done starting from a fact that capacity, Q=125m3/h
is satisfactory and that real sieve efficiency E=50% could be sufficient
Therefore, assignment is to calculate required sieving surface and this will be a starting point for sieve
selection. Sieving requirements, characteristics of material that is being sieved and characteristics of
sieves at the market have to be considered.
Capacity of vibrating sieves is proportional to sieving surface, [3], that is,

Qv=K-q0-F,

(5)

Whereas:
Qv - capacity of drive, m3/h;
K - coefficient that include sieving conditions;
q0 - unit sieve capacity m / m • h ;
F - sieving surface, m2.
Unit capacity for sieves with holes "a" bigger than 3 mm and less than 40 mm could be calculated with
formula (6) [3].

q 0 =24-log-^[m 3 /m 2 -ri]

(6)

Then:
q0 = 2 4 - l o g - ^ - = 1
Coefficient, K includes eight factors that influence sieve capacity, [3], that is:

Further, coefficients K b K2,.... Kg are being calculated and taken from tables [3]. Then
K = 0,94 • 0,7 • 6,25 • 0,7 • 1,0 • 1,0 • 0,95 • 1,0 = 2,734
q 0 =10,987 [ m 3 / m 2 - h ]
Qv=K-q0F,

F =- ^ - =
K-q0

^

= 4,16[m2]

2,734-10,987

Therefore, necessary sieving surface is 4,16m2. If we go back and see that current sieves have sieving
surface of 2,1m2 and that sieving efficiency is much lower (E=10-36,2%) from this here presumed
(E=50%), then it is clear that these can not satisfy requirements of separating low fractions -5+0mm.
Next step would be, based on calculated sieving surface (F0 to select sieve from producer's catalogues.
Families of worlds best sieve producers have been considered.
Analysis determined that sieves type L-34235 have best characteristics. And besides we have two
sieves of this kind with technical documentation for their production. Besides, installment
measurements are such that with relatively small sinter bunker reconstruction installment will be
possible.

2.

RESULTS OF TESTING SIEVING EFFICIENCY OF SELECTED SIEVE

Based on the analysis from previous point selected sieve has been installed at bunker 24/2. It required
the following to be done: bunker reconstruction, moving of sieve L-34235 for 250 mm forth in relation
to previous sieve position, adjustment of blinds and settlement of bunker opening, positioning of
protective plate and increase of fanning efficiency of micronized sinter and dust [4]
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Image 2 shows vibration sieve L-34235 with basic characteristics and bunker reconstruction and
image 3 shows detail of this sieve mesh that proved to be better comparing to mesh of referenced
sieve.
Image 2. - Vibration sieve L-34235 with basic characteristics
Image 3. - Detail of sieve net L-34235
Starting up new sieve (image3) we determined functionality and we performed efficiency testing.
Testing results have been shown in table 1.
Table 1. — Summary of sieve efficiency testing results
Sam
Sieve
Date a
Bunker Efficienc Time of
pie
scale
sample
type
y
filling
has been
E(%)
taken
1
2
5
6
4
3
b.b.
182 A
6,57
2'30"
03.07/9
28/2
Gr
7
1.

28/2

10,00

2'30"

28/2

36,2

2'30"

3.

182 A
Gr
182 A
Gr
L-34235

24/2

18,52

T15"

4.

L-34235

24/2

80,35

2'10"

23.09/9
7

5.

L-34235

24/2

46,6

l'50"

24 09.'9
7

6.

L-34235

24/2

40,3

1,54"

7.

L-34235

24/2

51,82

1'54"

30.09.'9
7
02 10.'9
7

2.

01.07.'9
7
01 07.'9
7
18.09.'9
7

Basic characteristics of vibration sieve L-34235
- Productivity (not less)
- Sieving surface (8 segments)
- Light surface
- Grid opening dimensions
- Motor power
- Grid declination angle
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are:
270
4,77
25
5x32
15
10°

Note

Sample
taken,
according
to
estimation, when average sinter
grain size
Sample taken at the beginning of
bunker discharge

Masses 1, 2, 3 and 4 (max.
amplitude):
Bunker opening: 330mm, without
"blind"
Minimal amplitude:
Bunker opening 220mm, without
"blind"
Masses: 2;4;
Bunker opening: 220mm, without
"blind"

Masses- 1;5;
Bunker opening: 220mm, without
"blind"

m-Vh
->
m~

%
mm
kW
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1 - vibro sieve; 2 - slide gate; 3 - sinter bunker; 4- flange
Image 2. - Vibration sieve 1-34235 with basic characteristics

Table 1 shows that for less charging time we have sieving efficiency over 50%, which is
satisfactory. Further, there is not clogging of holes at sieving surface after sieving. Testing of
sieve has been performed using % of sieve sieving surface, hence moving sieve (around
250mm) sieving efficiency will be more improved.
3.
EFFECTS AND ECONOMIC-FINANCIAL ANALYSIS
Main goal of this work was, using more efficient removing of gummer of class size -5+0mm from
sinter, to influence to reduction of coke specific consumption and increase of blast furnace
productivity. Based on data of J. P. Volkov "Technologist-blast furnace worker", Manual, Moscow
1986 Page 251, lowering content of fraction 0-5mm, the following can be obtained:
- Increase of furnace productivity
- Reduction of coke consumption

For 5 to 10%
1,5%
1,0%

For 10 to 15%
2%

1,5%

For 20 to 25%
2,5%
2,0%

Hence, first we need to determine, how many percentages sinter low fraction content that goes into
blast furnace can be reduced by installment of new sieves.
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Tests have determined sieving efficiency (Table 1) of current sieves (we will mark them as sieve "A")
and sieves that are proposed to be substitution (marking "B")- Therefore in worst possible case sieve
"A" sieving efficiency is EA=36,2%, and sieve "B" sieving efficiency EB=51,82%
Therefore for planned annual consumption of iron of 971.268 t, if for one ton of iron it takes 827,4 kg
of sinter, mass of input raw material u=803.627,14 tons. Then according to equation (1) relation of
calculated contents of lower class of size for sieve "B" and sieve "A" amounts:
DA
12.945
This means that sieve "B" i.e. proposed sieve L-34235 separates for 43% more gummer comparing to
sieving with current sieve "A" Based on this and according to already shown scale effects would be at
least.
- Increase of furnace productivity
1,5%
- Reduction of coke consumption
1,0%.
Economic part of the project [6] has been done according to procedure of Common methodology for
justification of investments (Official Gazette 50/87) and we will provide only abstracts in here.
Blast furnace production increase effects are calculated based on fixed costs reduction and total price
per production unit. For calculation of these effects the following expenses have been treated as fixed
costs gross earnings, production services expenses, depreciation costs, non-material expenses.
The investment realization, bunker reconstruction and replacement of 18 ore sieves, will enable the
following economic-financial parameters:
Savings will be made during entire economic life;
Financial flow is positive in entire economic life,
Internal rate of profitability is even 135%;
Invested means will be returned even in second year of economic life.

CONCLUSION
1.

2

Analysis and tests performed have confirmed assumptions that there is a problem of
unsatisfactory separation of sinter low fractions that can be solved by installment of new sieves
and bunkers reconstruction.
Economic-financial analysis shows justification of replacement of ore sieves at lower burden
system that will bring extremely favorable financial effects
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NIOBIUM, TANTALUM AND TITATNIUM EXTRACTION FROM
NATURAL AND TECHNOGENIC RAW MATERIALS OF THE KOLA
PENINSULA BY LIQUID-LIQUID EXTRACTION METHODS
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Abstract: Such rare metals as niobium and tantalum are important strategic materials underlying many of the
modern advanced technologies. Since the extraction and processing of rare metal concentrates from own deposits has diminished abruptly in recent years, it is essential to look into the possibility of extracting these elements
from various production wastes. This work discusses liquid-liquid extraction and purification of niobium, tantalum and titanium from process solutions of loparite, perovskite and sphene concentrate decomposition with sulphuric and hydrochloric acids; niobium from lithium niobate production wastes decomposed by hydrochloric
acid; and tantalum from tantalum capacitor and heat-resistant alloy wastes.

The titanium-tantalum-niobates of the Kola peninsula have a complex composition and low niobium
and tantalum concentrations. The contents of principal components in the local rare metal sources is
presented in Table 1.
Table 1.
Content of principal components (%) in loparite, perovskite and sphene [1]
Component

Mineral
Loparite
(pegmatites)
Perovskite
(Afrikanda)
Sphene
(Yukspor)

TiO 2

Nb 2 O 5

Ta 2 O 5

La 2 O 3

ThO 2

Fe 2 O 3
o6m.

CaO

SiO 2

Na 2 O

39,3

9,5

0,7

32,9

0,7

0,8

4,4

0,5

6,9

54,4

1,2

3,2

0,1

1.8

38,05

0,4

0,3

36,7

0,4

0,6

-

1,8

27,7

28,8

0,5

Since the concentrate composition is complex, they are to be treated by a comprehensive technology in order to extract all the valuable components and reduce the wastes and losses to the minimum. Therefore the creation of efficient comprehensive technologies, meeting present-day requirements, is still topical.
The scarcity of rare metals can also be compensated by involving into processing of various rare metal
wastes of Murmansk region enterprises, since very often the contents of rare elements in them exceeds
those in natural raw materials.
So, the radio electronic engineering factory in the city of Apatity, Murmansk region, used only a small
part (20-30%) of lithium and niobate crystals grown there. These substantial wastes are due to discarded parts contaminated by impurities and parts having a disturbed structure and mechanical defects.
In this connection it is highly desirable to create a technology for the processing of LiNbO3 wastes
that will turn out products to be used as feed materials for lithium niobate.
One of the technogenic sources of tantalum is electronic scrap containing up to ~ 99% of tantalum
(wastes of tantalum-based capacitors), as well as wastes of multi-element heat-resistant alloys with the
tantalum contents of up to -18%.
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A special role in solving the problem of a comprehensive processing of mineral and secondary raw
materials is played by processes of purification from impurities and fine separation of close in properties elements. Here the crucial place is occupied by hydrometallurgical processes, especially the process of liquid-liquid extraction, which in turn depends on the method of rare metal raw materials decomposition.
This work has studied the possibility for liquid-liquid extraction of rare elements from the following
kinds of rare metal raw materials:
niobium, tantalum and titanium from process solutions resulting from loparite, perovskite and
sphene concentrate decomposition by sulphuric and hydrochloric acids;
niobium from solutions resulting from lithium niobate production waste decomposition by hydrochloric acid;
tantalum from tantalum capacitor wastes;
tantalum and other rare elements from heat-resistant alloys.

NIOBIUM, TANTALUM AND TITANIUM EXTRACTION FROM
LOPARITE CONCENTRATE
Loparite concentrate of the Lovozero deposit located on the Kola peninsula is one of the most strategically important of the Russia's rare metal sources. Loparite has been thoroughly studied; a dozen of
flowsheets have been offered for its processing, two of which, based on hydrochloric and sulphuric
ones, have been commercially realized [2].
A highly promising method for loparite decomposition involves leaching with concentrated hydrochloric acid [2,3,4]. The peculiar feature of the hydrochloric leaching is dissolution of all the valuable
components of this mineral.
We have suggested a method for loparite concentrate decomposition by hydrochloric acid (22-34%
HC1) at 70 - 99°C and atmospheric pressure [5]. The HC1 content in process solutions is ~ 6 mole/1.
Next one is faced with the problem of how to isolate niobium, tantalum and titanium from rare earth
elements to produce pure niobium and tantalum compounds.
To achieve this, various extracting agents have been tested: alcylphosphoric acid (D2EPHA); neutral
acid-containing extragents, such as high-molecular spirits, ketones; anion-exchange extragents (longchain amines). The studies have demonstrated that rare elements can be effectively separated from rare
earth elements contained in concentrated process solutions (HC1>9 mole/1) by using liquid-liquid extraction with aliphatic spirits - octanol, decanol, and alcylphosphoric acid -D2EPHA in an inert dilutant (Table 2).
Unlike spirits and other reagents (Table 2), extracting titanium, niobium and tantalum only in the
range of high HC1 concentrations, D2EPHA is fairly efficacious in extracting rare elements in the entire acid range studied (1,45-12 M HC1). The extract accumulates strong helate metal complexes due
to the presence in them of two extraction-wise active groups P=O and OH [7]. Effective titanium, niobium and tantalum re-extraction from the organic phase on the basis of D2EPHA calls for a powerful
complexing agent, such as the F- ion.
Liquid-liquid extraction of rare and rare earth elements was carried out from a hydrochloric process
solution obtained by the method [5] containing (g/1): TiO2 - 62,0; Nb2O5 - 9,6; Ta2O5 - 1,0; REE 55,8 with the HC1 concentration of 6M. Under these conditions and the organic to water phase ratio
O:W = 1:1 with a reagent containing 40% D2EPHA in an inert dilutant we achieved an almost 100%
extraction of titanium, niobium and tantalum to the organic phase. The residual content in the raffinate
after two extraction stages was (g/1): TiO2 - 0,008; Nb2Os <0,01; Ta2O5 < 0,01. No rare earth elements
were found in the organic phase.
Rare elements were re-extracted by 36%-56% HF solutions to produce concentrated fluorometallate
solutions of titanium, niobium and tantalum containing 250-375 g/1 of the oxide sum applicable for
selective isolation of high-purity niobium and tantalum solutions. Re-extraction of high-purity niobium and tantalum compounds in fluoride solutions may involve extragents of different classes, for
instance, spirits (octanol, decanol) [2], ketones (TsGN, MEBK), amines, etc. [6].
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Table 2
Liquid-liquid extraction of titanium, niobium and tantalum from hydrochloric process solutions with
various dilutants
Extractant

HC1HCX

Metal concentration in feed solution

Extraction to the organic phase, R
%

MOJIfc/jI

Ti

Nb

Ta

Ti

Nb

Ta

Decanol

10,0

21,0

3,5

0,29

93,4

99,9

92,0

Octanol

ti

it

n

91,4

93,8

89,5

It

it

II

M

II

Octanol

9,0

49,9

7,3

0,66

89,9

91,2

87,1

Octanol

6,0

51,3

8,1

0,5

49,1

20,3

3,7

CHN

11,78

34,0

4,1

0,43

17,4

30,3

19,9

MEBK

it

n

it

tr

II

II

li

it

35,5

61,0

46,6

Acetophenone

ii

it

it

it

II

it

II

it

0

92,4

4,4

TAA

9,9

57,0

6,35

0,56

8,5

40,1

10,6

40%D2EPHAin
kerosene

10,05

22,0

3,4

0,19

99,9

99,85

97,4

40 % D2EPHA in
octanol

8,0

62,3

12,1

1,4

96,1

95,3

91.1

40 % D2EPHA in
octanol

6,0

60

11.0

1,0

94,3

91,7

90,5

NIOBIUM, TANTALUM AND TITANIUM EXTRACTION FROM
PEROVSKITE AND SPHENE CONCENTRATES
The liquid-liquid extraction of niobium, tantalum and titanium involves the process solution of
perovskite decomposition with sulphuric acid [7] with the contents (g/1): 1,7 Nt^Os; 0,04 Ta2O5; 14,6
TiO2; 6,2 Fe2O3; 900 H2SO4. At the first stage of extraction D2EPHA in an inert dilutant was used.
The extraction degree to the organic phase was, respectively: 98,9 Nb2O5; 99,8 Ta2O5; 99,8 TiO2. Metals from D2EPHA-based extracts were re-extracted by 200 g/1 NH4F or 100-150 g/1 HF solutions
with a simultaneous concentration of rare elements in the re-extract. The degree of valuable component concentration to the fluoride re-extract was approximately 5 at a virtually total extraction of niobium, tantalum and titanium. The fluoride re-extracts were used to precipitate the metal oxide sum by
ammonia to obtain, finally, a semi-product - a rare metal concentrate (RMC). Moreover, niobium and
tantalum were selectively extracted from fluoride solutions. The samples of niobium and tantalum oxides obtained corresponded to the requirements placed on pure products in terms of basic impurity
contents.
The flowsheet of extraction stage developed for perovskite was used for sphene as well.
We have looked into the possibility to produce rare metal concentrate from three sulphuric acid solutions from the sphene concentrate process containing (g/1): 0,65 - 1,5 Nb2O5; 1,0 -7,45 TiO2; 9,5-11
mole/1 H2SO4. The extraction was carried out in 40% D2EPHA in an inert dilutant or its mixture with
3% TBP (in order to improve the process hydrodynamic indices) at O:W = 1 :2. During the reextraction with a 200 g/1 NH4F solution at O :W = 5:1 the degree of metal concentration to the fluoride
re-extract was 8 - 10. Metal hydroxides were precipitated from re-extracts by ammonia with the production of RMC. When RMC is extracted from sphene concentrate containing 1 g/1 TiO2, it contains
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more than 50% Nb(Ta)2O5. So, RMC obtained from sphene is a concentrated starting material for niobium and tantalum compound production.

NIOBIUM EXTRACTION FROM LiNbO3 PRODUCTION WASTES
Liquid-liquid extraction of niobium and lithium was conducted in solutions obtained by lithium niobate waste decomposition by HCI in an autoclave by the method described in [4] and containing (g/I):
10-30 Nt^Os; 2,5 -7 Li2O; HCI - 8-11 mole/1. The highest coefficients of niobium distribution were
obtained when D2EPHA was used in an inert dilutant. The niobium content extracted to the organic
phase was substantial and it was separated from lithium. Using hydrochloric acid at the stage of selective extraction of niobium permits an easy recovery of lithium chloride remaining in the raffinate by
converting it, for instance, to carbonate. Hydrochloric acid was regenerated by direct evaporation. Using Hfevap at the stage of re-extraction permits to transfer niobium to the fluoride solution for subsequent production of niobium oxide.
Niobium can also be extracted from concentrated in metal and acid chloride solutions by using highmolecular spirits (Table 2), octanol in particular. In contrast to alcylphosphoric acids, spirits are good
extractors for hydrochloric acid, especially in the range of high HCI concentrations. Therefore, in order to rule out the adverse effect of competing extraction of HCI, the extragent was preliminarily
brought into contact with a respective HCI aqueous solution to equalize the hydrochloric acid equilibrium concentration with the starting one. The advantage of extragents of the spirit class lies in that
they enable to carry out the process of niobium re-extraction with water. In three stages of reextraction a quantitative transition of niobium with its simultaneous concentration in water has been
achieved.
The advantages of HCI in lithium niobate waste recovery over the earlier applied HF and H2SO4 [7]
is serious. It provides an easy regeneration of HCI by evaporation and utilize the chloride (neutral)
lithium solution by converting it to carbonate.

LIQUID-LIQUID EXTRACTION OF HIGHLY PURE TANTALUM
FROM ELECTRONIC SCRAP BY USING CARBONIC ACID
DIMETYLAMIDES
We have studied the possibility of obtaining high-purity Ta2O5 from tantalum capacitor wastes containing 97.2% of tantalum by dissolving them in 40% HF followed by purification of the resulting tantalum solution from impurities by extraction with carbonic acid dimetylamides (DMA) of C10-C13 fractions synthesized at research and production entity Lenneftekhim. As distinct from traditionally applied extragents [6] (highly soluble and volatile (T°flash=49°C) and MDBK (T°flash=24°C)), DMA
have a high flash point (183°C) and low solubility in acidic and alkaline solutions. The result was selection of optimal conditions for tantalum extraction by DMA from fluoride solutions permitting to
completely extract tantalum in two stages. Scrubbing was effected by a solution containing (g/1):
H2SO4 -100; HF - 50 at O:W=2:1 and tantalum was re-extracted by an ammonium fluoride solution.
After drying and calcination we obtained a Ta2C>5 sample with the impurity content (ppm): Fe - 5 ; Ni
<2; Cr<2; Co<5; Pb-5; Sn<5; Ti-6; Zr<5; Ca<10; Mo<5; V<5; Al<5; Mn<2; Mg<2; Cu<5; Si<10.

THE PRODUCTION OF HIGHLY PURE TANTALUM FROM HEATRESISTANT ALLOY WASTES
Wastes of a heat-resistant alloy containing Ta~18%, Wo~30%, Mo~3%; Cr~2% were decomposed by
sintering with soda, which was followed by leaching with water. The obtained solutions contained the
bulk of tungsten, molybdenum, chromium and iron. The degree of element extraction to the solution
was >90%. Tantalum and hafnium were extracted by 0.3% and 1,7%, respectively.
Tantalum selective extraction was performed from a fluoride-sulphate solution obtained by dissolving
a residue containing practically all of tantalum and hafnium and using carbonic acid dimetylamides of
fraction C10-C13 as extracting agents. The degree of tantalum extraction in three stages was 99,7%. Re-
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extraction was conducted by ammonium fluoride. In terms of controlled impurities the obtained tantalum pentoxide samples are referred to 'special purity' class.
So, it is safe to say that liquid-liquid extraction is an attractive method for comprehensive recovery of
secondary and natural rare metal sources.
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THERMODYNAMICAL ANALYSIS OF (Fe-O-Cl) SYSTEM
Tasev M.., Mitrovski I
Tehnolosko - Metalurski Fakultet
Rudjer Boskovic str. 16, Skopje, Macedonia
Abstract: Today, the control and the regulation of the processes of metalurgy of metal extraction, or other kind of
their chemical thermical treatment, should be based on previously well studied and defined parameters for efficient
work.
While projecting new technologies or optimizing the existing ones, the scientific approach is based on the treatment
of an enormous number of information and data.
The chemical thermodynamics with the previous thermodynamical analysis also has a great part in this. Most often
it's all about complex systems, making analysis applying the classical method assumes great work, yet the results
derived from the analysis are not always clearly visible.
In this scientific work, based on literature data for the necessary thermodynamical values, a thermodynamical
analysis was made on the system Fe-O-Cl.
When making the analysis, the program "THERMANAL" specialized on the Institute of Extractive Metalurgy
(TMF-Skopje) was used as software.
With this analysis, the areas of stability of pure condensed phases in the system Fe-O-Cl, are defined, depending on
the potential of the gas species at a constant temperature of 833 and 881 K, and the results are given graphically in
the plain l o g P a [for]—logP o [bar] and the Gibbs triangle of concentrations.

INTRODUCTION
It is known that during etching process of thin steel strips with hydrochloric acid in rolling mills it is
derived a dissolution rich with iron chlorides and a small amount of other metals.
During regeneration process of hydrochloric acid by high temperature hydrolysis of iron chloride (FeCl2)
according to
2 FeCl2 + 2H2O + Vz O2 = Fe2O3 + 4HC1
(1)
it is derived a fine disperse F e ^ dust and a insignificant quantity of chlorides and oxichlorides of other
metals in condensed condition.
From the great number of ways to valorize this quality raw material from a metalurgic aspect, it was
decided to study the process of low temperature reduction with hydrogen leading to chemically clean and
active iron powder.
During the parameters composing that open a possibility of defining of all segments of the reduction
process derived from the existing goal in this ease is also:
- previous thermodynamical analysis of the condition in the Fe-O-Cl system i.e. determination of the
thermodynarrucal stability of the condensed phases depending on the composition of the gas phase.

SYSTEM Fe-O-Cl
The condition of the condensed phases aFe, FeCl2, ocFe203> Fe3O4 will be analyzed here, using
thermodynamical calculations based on literature data [1,2,3] added in table (1).
For 7^600 K, the substance FeCl3 is stable only in gas condition (Ppech

>

P° )• *n

tn s

'

system,

equilibrium condition is a function of three intensive values: PQ , PQ\ and T. If we use one extent of
liberty, for example r=const., then with B=l [4] in the equation
F=K-P-B+2
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we can determine the variance of the equilibrium conditions in this system in the log Pa

- log Po

plain. In the equation (2) the number of components K is to be calculated from the number of substances
and the number of linear independent chemical reactions R or
K= S-R.
(3)
For example, the coexistence of the condensed phases FeCl2/Fe3O4, is given with the chemical reaction:
3FeCl2 + 2 O2 = Fe3O4 + 3 Cl2
(4)
first the variance of the coexistence of these two phases should be determined:
S=4; FeCl2, Fe3O4, O2) Cl2
R=l; chemical reaction (4)
P=3; two condensed phases FeCl2, Fe3O4 and one gas phase mixture (O2-CI2)
B=l; condition T=const.
The equation (3) derives K=3, and successively from the equation (2) the system is monovariant (F=l).
The position of this coexistence line for T=const in the log Pcl — log Po plain is determined by the
equation for Kp of the chemical reaction (4)
logP c/2 =

2

(5)

For F=l, the equilibrical condition, i.e. the coexistence of the condensed phases FeCl2 and Fe3O4, can be
moved at any point of the coexistence line determined with the equation (5) through an arbitrary variation
of only one intensive value: PQ or PCi .
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Figure 1. Phase diagram of the system Fe-O-Cl at T-=833 K
Variance of the coexistence of the condensed phases Fe3O4 and Fe2O3 will be determined. This
coexistence is given by the chemical reaction
6 Fe2O3 = 4 Fe3O4 + O2
(6)
For this equivalence follows that
S=3; FezOs, Fe3O4, O2
R=l; chemical reaction (6)
P=3; two condensed phases and one gas phase
B=l; condition T=const
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From equation (3) K=2, so applied in the chemical reaction ( 6) F=0 - nonvanant condition is completed.
This means that the equilibrium condition is determined only by the intensive values PQ2 and T. This is
because Cl2 does not participate in the chemical reaction (6). For constant temperature, position of Pg in
the plain log Pcl

— log Pg is exactly determined by the temperature:

log P02 = log Kp(6) = const.
The position of the coexisting line in the previous equation is independent from the variation of PQ

Fβ Cl

Figure 2. Gibbs concentration triangle of the system Fe-O-Cl at T=833 K

-U
Figure 3. Phase diagram of the system Fe-O-Cl at T=881 K
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Figure 4. Phase diagram of the system Fe-O-Cl at T=881 K
By the same procedure can be proved that the coexistence of condensed phases Fe/FeCl2, given with the
chemical reaction
FeCl2 = Fe + Cl2
(8)
for T=const. represents a nonvariant condition. The position of the coexisting line for this equality in the
plain log PCi ~ log Po is exactly determined by the temperature:
log Pcli = log Kp(S) = const
ci

F*Cl 2

Figure 5. Gibb's concentration triangle of the system Fe-O-Cl at T=881 K
For a system of six (n=6) condensed phases according to equation m = \^J, maximal number of
coexisting lines m is 15 (equality of two condensed phases), while from equation I = \£) maximal
number of possible triple points / (coexistence of three condensed phases in same point in the plain
logPCT2 for T=const.) is calculated to be 20.
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Implementation of the classical method for determination of stability areas of condensed phases (pure
substances) in the plain log PCi - log Po at T=const is practically inapplicable because of the size of
that calculation procedure in this system with 15 possible coexistence lines and 20 possible triple points.
The graphic-analytical method suggested by I. Barin [5] gives a good view and essentially reduces the
procedure of analytic calculations for systems with lower number of coexisting lines and triple points. Yet,
for an analysis of this system, this method requires a large calculation procedure.
Today, from this reasons, a commercial software systems with a thermodynamical database built inside,
are used for this kind of analysis. The analysis of the system Fe-O-Cl for T=833 K and T=881 K in this
scientific work was made by thermodynamical data presented in table (1) and with the aid of software
program "THERMANAL" [6].
Results of the thermodynamical analysis are graphically presented on pictures (1, 2, 3, 4 and 5). From the
phase diagrams, presented on previous pictures, it's visible that the coexistence of FeCl2 with Fe-oxides
Fe x O y , is thermodynamically stable. At the same time, it is remarkable that with oxidation of FeCl2 with
oxygen gas, at given temperature and composition of the gas phase, the quantity of FeCl2 that has not been
oxidized yet is thermodynamically stable on the limit with derived Fe-oxide or oxichloride. In other
words, the coexistence of FeCl2 with other condensed phases of this system is thermodynamically stable.
Table 1. Literature thermodynamical data of standard forming enthalpy, standard enthropy, molar heat
capacity and the change of phase transformation enthalpy
Cp = a + bT + c T z
J/mol K
S°(298)
Interval
AH0 (298)
substance
Reference
5
J
T[K]
J/mol K
c 10"
kJ/mol
a
b 10
27.769
273 - 1033
27.154
17.489
Fe(cc)
[2]
Feo947 0
- 266.270
-2.803
48.785
8.368
298 -1650
57.589
[2]
-1118.385
208.916
298 - 866
Fe 3 O 4
146.440
86.266
[2]
Fe 3 O 4
transformation (ex/3) at 866 K AH° = 0
[2]
200.832
866- 1870
Fe 3 O 4 Cβ)
[2]
77.822
98.282
- 14.853
298 - 953
87.466
FeA (a) - 825.503
[1]
FeCl2
-342.251
-4.895
79.245
8.703
298 - 950
117.989
[1]
FeOCl
- 408.568
76.567
[1]
O 2 (g)
205.037
29.957
4.181
- 1.674
298 - 3000
[2]
0.2510
2.845
298
3000
222.965
36.903
Cl 2 (g)
[1]
HC1 (g)
-92.312
4.602
26.527
1.088
298 - 2000
186.786
[1]
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Abstract: The paper presents framework a part of by now obtained results of the authors studies in the period
1967(68) - 2002 about possibilities for obtaining new high-strength and wear resistant cast alloys on Fe-C base
(complex alloyed steels and cast irons of different systems with different structure, reflected in over 125 articles,
15 inventions (patents) and other scientific studies. The paper includes summarized results and discussion.
Key words: new austenite steels and cast irons , mechanical characteristics, wear resistance.

1. INTRODUCTION
The intensive progress of world science imposes the necessity to create new materials and alloys with
high physical-mechanical and exploitation characteristics with simultaneous decrease in material
energy and other expenses for achieving high quality. Development of machine building as a strategic
sector is inevitably connected to the creation of ever newer and more effective technological and
ecological processes in foundry. Bulgarian methods with gas counter pressure (MOMGP) presents a
fundamental innovation for great potential possibilities to develop and solve actual-priority Global
problems of Mankind; creation of technological and ecological as well as economically profitable
machines and devices, new materials (alloys) and their products [1-4]. One of the most perspective
directions of MOMGP is creation of new machine-building materials (steels and cast irons), alloyed
with volatile elements [1-5]. N is the most common in Nature gas and residual product of a number of
industrial production, processing the unique property to substitute expensive and deficit elements like:
Ni, Cu, Co, (Mn) etc. and to improve some physical - mechanical and exploitation characteristics in
times, not in percentage, completely corresponds to some of the challenges and the outlined Global
problems of Mankind for the present and future. This shows that possibilities for obtaining of new Ncontaining alloys aimed at casts are many times bigger than defformable steels [5-6]. In the Institute of
Metal Science - BAS are carried out profound studies not only on possibilities for obtaining new N
alloyed deformable steels, but new cat steels and cast irons as well.[5 j .

2. SUMMARISED RESULTS AND DISCUSSION
The published data are related mainly to stainless deformable steels. Information on cast alloys with
high C concentrations over 0,l-0,4wt.%C of Fe-Cr-Mn-C-N system with and without N and over
equilibrium N concentration is practically non-available [5]. We studied (%wt): 0,1 to 3,5-4.2%C; 0,32(4)%Si; 0,4(7)-28%Mn; 0 to 32-35%Cr; 0,01 to 1,2-2,1%N. (Author's Patents RB: 31141;23369;
24330; 24883;49451;51734;48283;24141;24142;24881;26110;21917)

2.1. MECHANICAL PROPERTIES AND WEARRESISTANCE OF NEW CAST
ALLOYS
Austenite is the most economical basis for creation of new alloys with special properties: non
magnetism, wear resistance, heat resistance, corrosion resistance, etc., combined with high mechanical
characteristics and plasticity. The systems Fe-Cr-Mn-C-N and Fe-Cr-Mn-C as a whole and as a basis
for creating new alloys with special properties are not studied enough. Below we present results of
some economicall alloys.
2.1.1. MECHANICAL CHARACTERISTICS OF WEAR RESISTANT CAST ALLOYS OF THE
SYSTEMS Fe-Cr-Mn-C-N AND Fe-Cr-Mn-C:
The problem linked to obtaining of cast nonmagnetic alloys of the austenite class with high values of
the yield strength (a<n) is very topical. The values of o"02 of classic austenite wear resistant steels of
Hatfield type (C110Mnl3) are low (to 35-40.107Pa)[5], Values of a02 in classic Cr-Ni austenite steels
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of the type C10Crl8Ni9Ti are lower [5]. We studied cast austenite alloys in wide range of variation of
the basic components; securing after high temperature austenitization (1100-1200 °C) austenite and
austenite - carbide structure [5]. C=0,09-3,5wt.%, below l%wt .Si, to 10-30% wt. Mn, to 0,114%wt.Cr, 0,05-l%wt.N, below 0,09% wt.P and S. Some of the steels and cast irons are additionally
alloyed with V,Mo,Al,Pb at general sum to 2,5% austenitization and quenching in water of 11001200°C.pdtents RB 31141, 49451, [5]. IT is established that austenite can be strengthened with N and
C separately or together with both elements. N increases the strength tensile under equal other
conditions with 4-6.107Pa every 0,1 wt. %N. Some interesting results are present in tabl.l.
Mechanic characteristics after homoganisation+queching of some N-alloyed steels tabl.l
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On statistical basis we obtained mathematics models which help evaluate the influence of the sum E
C+N in the range 0,18-1,8 wt.% on the strength tensiler and yield strength (002) in cast alloys
containing (wt.%): 12-14%Mn, 4-6%Cr, 0,4-0,6%V, 0,25-0,5%Mo, 0,15-0,2%Al. Carbon has been
changed within the range 0,09-1,15% and N=0,08-0,9%. The following regression equations have
been obtained after 47 - 48 experiments: 1. For the strength tensile aB=36,66+45,28 (C+N) - 10,24
(C+N)2; for the yield strength <jO2=17,O35 + 50,95 (C+N) - 13,97 (C+N)2. The elongation 65 varies
within the range 10-13% up to 30-35%, impact strength (ak) from 4-6 to 17-20.105Pa j/m 2 . The
hardness varies within the range 200-300HB. The influence of plastic characteristics higher than that
of N [5]. In N, C+N austenite alloys (steels) can be reached higher plastic characteristics compared to
only carbon steels. This reveals possibilities and perspectives for regulation of strength and plastic
characteristics when introducing C and N in the melt separately or together in IC+N at different ratios
C/N or N/C [5-6]. We obtained high and medium - alloyed with Cr cast austenite steels, which after
high temperature homogenisation and quenching possess yield strength up to 3-4 times higher than
that of classic austenite Cr-Ni steel of the type C10Crl8Ni9Ti and up to 1,5-2 times higher than that of
the famous Hatfield steel C110Mnl3, patent claim RB31141. Cast alloys of the system Fe-Cr-Mn-C(N) with austenite-carbide structure after high temperature austenitization and quenching possess high
mechanical properties (<JB reaching 80-90.107Pa, hardness to 500-600//5) and lower plasticity (5j and
ak) depending on quantity, shape, size, distribution and type of residual carbide phase. Decreasing Mn
quantity first come the unstable under deformation steels, then we reach martenzite (ferrite) class, at
Mn content below l-3wt.%.Table 2 presents some generalised data on strength tensile (aB), yield
strength (cfa), elongation (5s), impact strength (ak) and hardness of N-free and N-containing cast
austenite alloys from the different phase areas of the systems Fe-Cr-Mn-C-N and Fe-Cr-Mn-C. The
advantages of alloys in the respective phase areas (y, y+k, k -carbide) are obvious-steels and cast irons,
containing N in comparison with alloys of the same phase areas with C, without N [5] - patent claim
RB31141 and RB49451. At one and the same sum IC+N for steels of y - area, better strength
characteristics and especially plasticity have those containing less C.
This shows that N creates conditions for obtaining better plastic characteristics towards C, and up to
higher content, irrespective of the fact that both elements form solid solutions of introduction. The
mechanism of influence of both elements on strength and plastic characteristics has been theoretical
presented in [5-6]. It is determined by the similarities and differences in the influence of C and N [5].
For example: at the sum IC+N =1,5-1,6 wt.% and 4-7wt.%Cr, uB is 1,55-1,65 times better than N free
steels with the same sum SC+N, i.e. containing 1,5-1,6 wt.%C; aQ2 is 1,35-1,5 times better and 85
under the same conditions is 9-14 times better than that of alloys not containing N or at 1,5-1,6 wt.%C.
Impact strength (a^) under the same conditions is 3-5 times better. The differences in hardness are
minor. Hardness of high carbon steels without N at 1,5-1,6%C is with 45-87 HB higher, than that of N
containing with sum IC+N =1,5-1 wt. %.. This means that N increases hardness to a smaller extent
which is not equal to strengthening. Nitride phases are thermo dynamically more unstable than carbide
ones. Under austenization (1150°C) N is completely in the solid solution and C can remain under the
form of residual carbides [5].
Comparative results from table 2 show that when introducing only C in the melt high <yB and high uO2
can be reached unlike the introduction of (C+N) but at considerably lower plastic characteristics. High
values of <T02 in austenite alloys of the system Fe-Cr-Mn-C-N without N are obtained at lower C
content (0,18 - 0,55 wt.%C) and higher Cr content. This is significant from economic point of view,
with advantage towards N containing. Irrespective of the fact that C increases O02, N - containing
alloys have certain advantage, having higher values in this characteristics (O02) even at higher values
of plastic characteristics (5s and ak) . With one and the same composition and equal C and N content
the extent of strengthening is higher in N-containing cast austenite steels, tabl.1,2.
2.1.2. WEAR RESISTANCE OF COMPLEX ALLOYED HIGH-STRENGTH AUSTENITE CAST
ALLOYS
The basic factors determining wear resistance are phase, respective chemical composition. Various
processes of wearing reflect in different ways on formation of structure, respective on wear resistance
[5-6]. According to enhanced wear resistance criterion the phases and structure components graduate
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as follows: ferrite, perlite, sorbite, troostite, martenzite. Austenite is contradictory evaluated because of
insufficient research. Austenite of steels of the type C10Crl8Nil0 is corrosion resistant but poorly
wear resistant even in conditions of wear and corrosion. Austenite of steels of the Hatfield type
(C110Mnl3) is highly wear resistant under strike pressure and poorly corrosion resistant and heat
resistant which makes them inappropriate for work in complex conditions of wearing. The attempt to
improve wear resistance of steels of type C110Mnl3 by additional alloying with carbideforming even
with stabilising austenite elements of substitution or by diminishing the austenite stability in cold
deformation conditions (strike pressure) has not given any positive results. Improvement of some
properties (<xa, HB etc.) is accompanied by decreasing of other (plasticity, strike elasticity- resistance
against fine destruction under strike pressure or repeated plastic deformation etc.). Obviously until
Mechanic characteristics of wear-resistant alloys; 12-16 % Mn, with and without N
Table 2.
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stabilising austenite elements of substitution or by diminishing the austenite stability in cold
deformation conditions (strike pressure) has not given any positive results. Improvement of some
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properties (<JB,, HB etc.) is accompanied by decreasing of other (plasticity, strike elasticity- resistance
against fine destruction under strike pressure or repeated plastic deformation etc.). Obviously until
recently (patent RB31142, RB49451, RB51734 etc.) scientists considered C (along with Mn) for the
only and most important element determining wear resistance of steels of the Hatfield type, resp.
possibilities for strengthening and reaching of optimum combination between strengthening and
plastic characteristics. Hens we should expect that strengthening of austenite under the influence of C
and N should lead to improvement of wear resistance. Under interaction between abrasive particles
and details surface, there is processes of surface plastic deformation, microcutting or surface
microdistruction. Similar processes take place under friction wearing. Under strike pressure there is a
surface settling which according to the extent of stability leads to strengthening and obtaining of
surface deformation martenzite. Because of this the increase in strength, hardness extent of
deformation strengthening and resistance towards fine destruction leads to improvement of wear
resistance of Cr-Mn austenite containing C and N separately and together. For testing of wear
resistance we used two methods; 1) of friction- by laboratory machine "Schoda-Savine", 2) weight
method-wearing under abrasive, hidroabrasive and strike abrasive pressure, combined with certain
strike pressure (Personally developed laboratory machine). Basic studies are after austenitization and
quenching in water. We made an attempt to test wear resistance of alloys of both studied systems after
following "ageing". Summarised results of the studies on wear resistance of cast austenite alloys of
the system Fe-Cr-Mn-C-N boil down to; [5] (patents Claim RB31141, RB49451 etc. 1. Increasing the
content of C, N, SC+N, Mn, Cr and the pressure of crystallisation, wear resistance of austenite cast
alloys containing 1-8(12,) wt.% Cr improves. It is obtained the following regression equation for
wearing (W, μm 3 ) by" Shcoda-Savine" method; 45.105Pa; 0,6-1,2 wt.%Si; 1150°C/H2O: a)W*-wear
resistance, P-pressure; W*=f(C,wt%)=179,204C4 -1524,604C3+4591,278C2-5865,909C + 3222,174
(0,15<C<3,2 wt.% N=0,4-0,6wt.%, Mn=16-18wt.%,Cr=6-7,5wt.%), b)W*= f(Cr,N, wt.%) = 78,486.Cr+441,932N +1124 (0,5<Cr<13,5wt.%; 0,04<N<lwt.%N; Mn=16 -18 wt%, C= 0,70,8wt.%), c) W*=f(Mn,N,wt%)=10,167Mn2 - 225,65Mn + 6159.103N2 - 1313.1(fN - 355,87Mn.N +
3.889.103 (10<Mn <28wt.%, 0,2<N<lwt.%, C=0,55-0,7wt.%, Cr=4-5wt.%), d)W*= f(N,wt%)
=999,8UN2 - 2579N + 2255 {5< P.105Pa <45. N=f(P)= 0,019P+ 0,048}. The alloys (steels and cast
irons) with austenite-carbide structure after austenization [5] have better wear resistance than steels
with monophase austenite structure but have worse plastic characteristics. Increasing Cr content up to
12-14wt.% in alloys containing 16-18 wt.% Mn, 0,7-0,8 wt.%C. Wear resistance is slightly improved.
The slight influence of Cr, Mn and pressure is explained with the determining action of the absorbed
under their effect N. We obtained medium and low alloyed with C cast austenite alloys with ZC+N
0,&-lwt..%, which after austenitization and quenching possess higher yield strength and better wear
resistance than the classic austenite Hatfield steel (C110Mnl3); up to 1,5-2 times (separate parts up to
3-5 times) in alloys with austenite structure and up to 4-6 times (separate parts even more) in cast iron
and many times better wear resistance than classic Crt-Ni austenite of the type C10Crl8Nil0. We
determined the ratios between the component at which after high temperature austenization and
quenching is obtained optimum combination between mechanical characteristics and wear resistance
and good corrosion resistance (to grade 4 according to RB standard BSS17043-89).
-Steels with austenite structure (y -area, wt.%). patents RB31141:RB49451 [5]: a) stable structure
(C=l,3-0,5%; N= 0,06-0,9%, Si=0,8-l,2% Mn=28-ll%; Cr=8-0,l%; S,PZ0,l.%, b) unstable structure
- under deformation; C=0,4-l,2%, N<0,2%, Cr=0,7-l%, Mn= 6-10%, S, P<0,l%. The stable, as well
as the unstable can be additionally alloyed preserving their monophase structure after austenitization
and quenching, with V up to 0,5-1,5%, Mo to 0,5-1%, Al up to 0,5-0,8%, Pb up to 0,4%, W to 0,3-1%
etc., separately and in combination to 2-2,5%.Patents RB31141,RB49451. After austenitization and
quenching in water they have following mechanical characteristics; aB=70-110.107Pa, aO2=5O-82.
107Pa, <5j up to 40-30%, ak up to 25-20.105 J/m2. Improvement of wear resistance towards Hatfield
steel C110Mnl3 under equal conditions: a) after austenitization and quenching in water at 1150°C up
to 1,5-2,5 times (separate part to 3-5 times), b) after following heating and cooling down (ageing) at
700°C - to 2-4 times, c) after cooling down at negative temperature (minus 65°C) up to 1,5 - 2,5 times.
-Alloys with austenite- carbide structure (V+K - areahpatents RB31141,RB49451[1,12,14-18,23]. Cast
irons with composition (wt.%): C=2,8-3,6%; Si= 0,7-2%,Cr=10-15%; Mn=10-15%, N=0,04-0,5%, S,P
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<0,l%. For higher strike depending on certain conditions of exploitation. Mechanical characteristics
after austenization and quenching at 1100-1150°C; crB=50-80.107Pa; ak = 1,4-0,5. 10s J/m2; 400-600
HB. Improvement of wear resistance towards C110Mnl3 to 4-6 times separate parts even more. In
order to improve the mechanical characteristics and wear resistance these cast irons can be
additionally alloyed with carbide and nitride - forming (Mo, V, W, Nb, Ti, Zr etc.), authors patent
RB49451, RB31141 etc. and for regulation strength and plastic characteristics can be introduced
additionally stabilizators of austenite forming solid solutions of substitution; Ni, Cu etc. and C and Si
content can be decreased to 1,5-2,2%C and 0,4-0,9% Si, Patent RB 51734. Ageing (700°C)
deteriorates and cooling down at negative temperatures (minus 65°C) improves wear resistance of
steels in y - area [5,6,10]. Low Kr alloyed (l-8wt.%) dispersion hard steels possess better wear
resistance than medium or high Cr alloyed ageing on the mechanism of interrupted separation [5]
-Alloys of system Fe-Cr-Mn-C-without N, [25.261, patents RB31141,RB49451. It is determined that
from N-free cast austenite alloys of the system Fe-Cr-Mn-C obtained cast alloys with better wear
resistance in comparison with some traditionally used in practices samples: martensite quenched and
tempered, austenite Mn and Cr-Ni steels. We obtained cast austenite alloys of that system having up to
4-9 times better wear resistance than steels C45, containing only 0,45 wt.%C (quenched in oil and
tempered at 450°C) up to 4-5 times austenite steel C45Cr20Nil2Mn2Si2. Best wear resistant in
combination with good mechanic characteristics shows alloy 1,52%C, 12,5 wt.%Cr and 15 wt.%Mn.
This is what show the general comparison between wear resistance and mechanical characteristics of
austenite cast alloys of the systems Fe-Cr-Mn-C-N and Fe-Cr-Mn-C: l.The best wear resistance after
austenitization and quenching in both systems show cast irons with residual austenite chromium
eutectic, including carbides of the type Me7C3. Wear resistance of steels with monophase austenite
structure after austenitization and quenching of both systems is almost one and the same. 2.After
ageing the wear resistance of austenite alloys of the systems Fe-Cr-Mn-C containing N deteriorates
and of the N-free alloys improves. This is due to different characteristics of separating phase: carbides
and nitrides (carbon-nitrides). Interestedly ageing alloys of both systems have poorer complex of
mechanic and exploitation characteristics (wear resistance etc) in comparison with continuously
ageing mechanism (diffusion or non-diffusion) [5]. 3. In austenizated and quenched condition N containing austenite alloys possess better complex of strength plastic characteristics and wear
resistance in comparison with N-free. Plastic characteristics and yield strength in steels of y - area are
better than those in N-free alloys of the same area, tabl.2. This confirms the advantages of Ncontaining austenite alloys. Nitrogen austenite alloys can be used for stronger pressurised (strike)
details, casts or products obtained through plastic deformation as well as for more effective lightening
of details, machines and devices. Besides some Mn austenite steels low Cr alloyed (of the type
C110Mnl3, Mn20 etc.), N-free alloys of the system Fe-Mn-Cr-C can be used basically forcasts. 4.The
advantages of N-free alloys on austenite basis from the system containing above -equilibrium
quantities N is that they can be obtained and founded in existing aggregates and devices in
atmospheric conditions. This advantage is not big enough, especially having in mind the challenges of
today and next century when there will be larger and more severe requirements towards production
from ecological point of view [5]. The other advantages of free founded austenite alloys is that they
can be strengthened and improved in wear resistance through "ageing"(continuous, ageing) [5]. a) Is
it determined that from N-free cast austenite alloys of the system F-Cr-Mn-C can obtained founded
alloys with better wear resistance in comparison with some traditionally used in practices samples:
martenzite quenched and tempered, austenite Mn and Cr-Ni steels. We obtained cast austenite alloys
of that system having up to 4-9 times better wear resistance than steels C45, containing only 0,45
wt.%C (quenched in oil and tempered at 450°C) up to 4-5 times better than steels C110Mnl3
(quenched) and up to 4-6 times better than that of austenite steel C45Cr20Nil2Mn2Si2. Best wear
resistance in combination with good mechanical characteristics shows alloy (wt.%) 1,52%C, 12,5 %Cr
and 15%Mn. b) Optimum combination between mechanic characteristics and wear resistance after
austenization and quenching at 1150°C is obtained at following ratios between component in wt%: a)
steels: C=0,65-l,6 %; Cr=10-20%, Mn=14-16%; aB=45-76.107Pa; Go2=33-65.107Pa\ S5=8,5-l,6%;
ak=15-3,5.ltf'J/n?, 260 - 360HB. Improvement of wear resistance towards steel C30(0,3%C) up to 2,5
- 4 times (separate parts to 5 times) towards steel C45 (0,45%C) up to 4-5 times), towards C110Mnl396
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to 1,5-2,5 times (separates parts to 3-4,5 times) towards austenite steel C45Cr20Nil2Mn2Si2 - to 2-3,5
times; b) cast irons; C=2-2,6; Cr=12-18%; Mn=14-16%; Si below 0,3-0,6%; aB=36-60.107Pa, 400600HB. Improvement of wear resistance towards steel C30 up to 3-5 times (separate parts to 9-12
times), towards steel C45- to 4-9 times towards C110Mnl3 - to 4-6 times, towards
C45Cr20Nil2Mn2Si2 - to 5-6 times. 5. Experimental results confirm the qualitative and quantitative
deference's in influence of C and N on mechanical characteristics and wear resistance [5].

2.2. NEW N-CONTAINING HIGH STRENGTH AND WEAR RESISTANT CAST
ALLOYS IN OTHER METAL SYSTEMS
Alloys can be obtained in atmospheric conditions with and without N and higher pressure with above
equilibrium quantities N. We obtained austenite cast irons in the system Fe-Mn-V-(Cr)-C-N with
invertible microstructure, having comparable wear resistance and better plastic characteristics (ak) in
comparison with studies austenite alloys of the systems Fe-Cr-Mn-C and Fe-Cr-Mn-C-N we obtained
patent for innovation RB48293. The best combination between strength and plastic characteristics and
wear resistance come at following ratio components in wt%; C=2,l-2,8%; Si=0,4-0,9%; Mn=10-22%;
V=4-ll%, N=0,04-l,3%; S, P, below 0,05-0,09%. After austenization and quenching in water at
1130°C-1200°C posses following mechanical characteristics; aB=40-64.107Pa, ak-0,7-2,^105 J/m,
36-51 HRC [5] RB48293. Improvement of wear resistance towards Hatfield steel C110Mnl3 (by the
method "Shkoda-Savin") up to 2,7 times and in conditions of abrasive-hidroabrasive wearing
combined with moderate strike pressure up to 3-3,5 times better than that of steel CI 10Mnl3 and to 33,2 times towards quenched and tempered steel C45. Successful experiments about attempts of
substitute part of the expensive and deficit V for Cr have been carried out. After austenization and
quenching in water at 1130°C following characteristics are obtained; aB=48-96.107Pa, S5=0,8-5%, ak
=0,7-2,4.105 J/m, 33-56HRC. Improvement of wear resistance under abrasive wearing with certain
strike pressures - to 3,5-8 times towards steel C110Mnl3 and up to 3-7,3 times towards steel C45.
Invertible structure with optimum mechanical properties and impact strength is obtained at sum E
Cr+ V=13-17,[5], Cast irons of the system Fe-Cr-C-(N) have more rude structure and big quantity of
carbide mass increasing the brittle's. Under equal quantity of carbide phase in the cast irons from the
systems Fe-Cr-C-(N); Fe-Cr-Mn-C(N) and Fe-Mn-(Cr)-V-C-N advantages are on the side of V cast
irons, thanks to more favourable distribution, shape and high hardness in strengthened elastic austenite
matrix

2.3. INDUSTRIAL TESTING AND INSTALMENTS OF NEW COMPLEX ALLOYED
ALLOYS
Results of long laboratory studies (1967/68/ - 2001) show that cast alloys of investigation systems are
characterised basically as high strength and wear resistant. 14 patents and innovations have been
protected. Those containing 12-14wt.%Cr possess also corrosion properties in some media [5]. They
concern new alloys outlining a wide range of the basic components (wt.): from 0,05 -0,1% to 3,5-4,2
%C, 0,4 to 28-30%Mn, 0 to 30-35%Cr, from 0,01 to 1,3-2,1%N. Additional alloying is used
separately or together in different combinations with carbide and nitride forming and austenite
forming. We carried out continuous sen industrial testing industrial production and consumption of
casts working under abrasive wearing, somewhere in combination with PH=6-8 and definite strike
pressure from light to strong variables: spades for fraction - throwing cameras in foundry production,
casts for machines, producing ceramics and fireproof materials and details, hammers for parcellation
of coal, stones, minerals for high pressurised machines, machines working under variable pressure
(links, tracks, teeth for excavators), casts for sectors of mining industry, cement industry etc.(claws for
breakers, facing coatings, for mills, hydrocyclones, separators, grinding bodies etc.). Industrial testing
confirm results from laboratory research [5].

2.4. DIRECTIONS FOR APPLICATION OF DEVELOPED COMPLEX - ALLOYED
ALLOYS
All developed alloys are suitable for work in contact with following abrasives (in dry and wet
conditions - PH=6-8; soil, sand, coal stones, minerals, asphalt, cinder okaline, middling slime,
agglomerate, ores, concentrates, clinker, cement, forming materials and mixtures for metallurgical and
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foundry product, ceramics ad fireproof materials and mixtures, hidrotransport, pneumotransport,
inertmaterials etc. The main direction is substitution of traditionally used; cast iron type "Nihard";
"Climax alloy", austenite steels of the Hatfield type, Cr-Ni steels and piling up in layers, martenzitequenched carbon steels etc. Steels with monophase austenite structure and most of all N-containing
after homogenisation and quenched are appropriate for non-treatable with cutting instruments highly
pressurised (strike, variable) cast and details obtained after plastic deformation, working in conditions
of wearing, erosion, cavitation, as well as for lightening of details, machines and devices. Steels and
cast irons with austenite carbide structure are suitable for non-treatable with cutting instruments, casts
working in conditions of abrasive, hidroabrasive, strike" abrasive, combined with compression,
corrosion mechanical wearing. Vanadium cast iron with invertible structure - for founded and forget
products working under variable pressure and wearing. Industries consumers are mainly the sectors of:
power engineering, building and constriction Materials mining metallurgy and foundry (dome and
rolling production, agglomeration, coal and are mining) as well as general and special machine
building [5]
Acknowledgement: The work has been carried out under Republican contracts TH295 and TH717 of
the Ministry of Education and Science of Bulgaria with man co-ordinator the author Dr Eng.
B.V.Kolev

3. Literature
l.Kolev B.V. Fundamental Bases of Ecoproblems and Ways for their Resolving in Industrial
Manifactore-Metalludgy, Metal Casting, etc. I-St intern. Foundry and Envir. symp. Proc. Istanbul,
Nov. 1998, pp.97-104.
2.Kolev B.V. Ecologo-Technological Trends - New Conceptual and Practical Possibilities for the
Development of Metallurgy and Metal Casting During the Next 21C. I-St intern. Foundry and Envir.
symp. Istanbul, Nov., 1998, pp.33-43.
3.Balevsky A.T..Y.D. Nikolov. Production Method for Castings of Gas Metal Alloys. Inventor's
certificate, N13649, Bg
4.Balevski A.T., I.D.Nikolov. Produc. Equipment for Casting of Gas Metal Alloys. Inventor"s
certificate, N13849, Bg.
5 Kolev B.V. New Complex Alloyed Alloys on Fe-C Bases. Book, BPS-publisher, ISBN954-9782-417, Sofia, 2001, pubkished 2003.

98

-

Proceedings of 3rd BMC-2003-Ohrid, R. Macedonia

MK0400027
AUSTENITE-MARTENSITE TRANSFORMATION IN ADI BY PLASTIC DEFORMATION

AUSTENITE-MARTENSITE TRANSFORMATION IN ADI BY
PLASTIC DEFORMATION
Rsrc.Asst. Cem AKCA*, Rsrc.Asst. Murat LUS*, Asst.Prof. Nilgun KUSKONMAZ*
Yildiz Technical University, Department of Metallurgical and Materials Engineering, Davutpasa Campus, Istanbul, Turkey

Abstract: In this article, retained austenite-martensite transformation occurred after plastic deformation and
parameters that affect martensitic transformation in ADI is observed. Beside the technical and commercial advantages of ADI, martensitic transformation provides lower production costs and superior mechanical properties
such as hardness and wearing resistance. In order to study this phenomenon, austempered GGG60 specimens are
subjected to a fatigue test that causes plastic deformation. Afterward the specimens are investigated with metallography, mechanical testing and x-ray diffraction techniques.

INTRODUCTION
The most important recent advance in commercial ductile iron production is austempering. Austempering is a heat treatment process that depends on changing microstructure to bainite. Austempering
steps are as follows:
" Austenitizing around 900°C depending on the chemical composition,
• Rapid cooling to isothermal holding temperature which is 235-450°C range,
• Holding at austempering temperature depending on the desired composition,
• Cooling to the room temperature.
Austenitizing temperature and time, austempering temperature and time, amount of alloying elements
affects the mechanical properties gained after austempering directly. As many of the authors indicate,
austempering time and temperature is the most effective factor among all (4,5,6).
At the first step, the matrix is transformed to austenite and the carbon solubility of austenite increases.
After cooling to the isothermal holding temperature, the carbon-enriched austenite is transformed to
bainite or bainite and carbides depending on the temperature. If the carbon content of the austenite is
high enough so that a predictable amount of retained austenite can be held in the structure.
Retained austenite is subjected to the austenite-martensite transformation by plastic deformation. Surfaces of the most rotary parts of machines are subjected to wearing and some parts like wheels and
earth moving machines' tips are subjected to plastic deformation.
Martensitic transformation is a key property on the touching faces of these kind parts due to the need
for extra strength (7). Bainitic microstructure with a maximum amount of 40% retained austenite is a
very important property for the machining processes (1). Occurrence of martensitic transformation in
normal working conditions is a factor for reducing production costs in a comparison to the alternative
materials such as forged steel and railway steels (2). Martensitic transformation occurs in the highly
plastically deformed sites of the parts. Amount of plastic deformation can be reached to 25% (3). Under the forces resulting plastic deformation, austenite-martensite transformation occurs especially in
the sliding planes and the intersection points of twinning sites. These are the sites that are subjected to
reduce the energy of the system quickly and this is done by two mechanisms: sliding and twinning.
Potential energy held in these sites can easily be lowered by sliding or twinning. Sliding and/or the
intersection of twinning planes act like martensite nucleation sites and martensitic transformation
generally start along these sites (8).
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EXPERIMENTAL
The preparation of the ductile iron in this study was carried out in an induction furnace (Inductotherm™) of 30kW capacity, 9600 Hz working frequency and equipped with a silica crucible. Casts
were poured as a 30mm diameter and 30cm length rod in GGG60 specification. Afterward each
specimen is machined in 14 mm diameter and 10 mm height cylinderical wheel-like shape as in the
Fig. 1.

Fig. 1 Solid-state drawing of specimens from front and back view.
Chemical composition of the specimens is as follows:

%c
3.67

%Si

%Mn

%P

%S

%Cr

%Cu

%Mg

2.7

0.38

0.51

0.10

0.084

0.26

0.045

Table 1 Chemical compositions of specimens.

All of the specimens were austenitized at 900°C and austempered at 375°C. As the austempering temperature rises, the percentage of retained austenite increases. But above 375°C a few amount of martensite is being formed during heat treatment process (1). Temperatures above 375°C were not used
due to this reason. Austenitizing time was 30 minutes to provide austenite to enrich approx. 2% C (3).
Austempering time was chosen as 55 minutes to provide maximum amount of retained austenite as
approx. 40%. Each three specimens were tested with a rotary test apparatus under 25 kg/specimen
load for plastic deformation. Fig.2 shows the test apparatus.
Fig. 2 Test apparatus used plastically deforming
specimens.
Standard metallographic techniques were
used in the specimen preparation for lightmicroscopy examination. Nital 2 was used as
etchant and all micrographs were taken at
x500 magnification. The x-ray powder diffraction data were collected on a Rigaku
DMax 2200™.

RESULTS AND DISCUSSION
The light-microscopy metallography of the austempered ductile iron used in tests is depicted in Fig. 3,
where a bainitic distribution and some typical nodular graphite morphology is shown.
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* Fig.3 Upper bainitic microstructure at x500 magnification (Nital

Fig.3 discloses the microstructure induced by the isothermal
transformation of austenite to bainite. Dark platelets indicate the bainite and the light fields indicate retained austenite. Fig. 4 shows the microstructure after deformation. Finer
martensite-bearing microstructure can be observed.

Fig. 4 Microstructure of martensite after deformation (x500, Nital
2).

The existence of martensite phase in the microstructure was
proven by means of X-ray diffraction techniques. Fig. 5
shows the X-ray diffraction pattern from three different
section in the specimen powders: surface (most deformed),
middle and center (least deformed).

Martensitic transformation was only observed from the
surface sites. Martensitic transformation due to the machining was not observed in the inner parts of the specimens. This indicates that the transformation was
induced by only the plastic deformation made by the test apparatus.
Fig. 5
X-ray
diffraction pattern showing the
peaks
from
outer,
middle
and inner parts.
The martensite
peak can only be
seen at 78 deg
from the outer

2 0 (degree)
AFCC

D

0 Body-cenlered Tetiagonel
(Martensile)

7: eo
28

Fig. 6 Closer look to the martensite peak on the pattern of the outer
pjjpf
V

The peaks acquired from outer, middle and inner parts of the
specimen are printed on the same pattern for the ease of observation. Martensite peak is only seen on the first pattern at
78 deg. In the image analysis stage, amount of the retained
austenite is measured by means of image analysis techniques
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on a Leica DMRX microscope and Leica image analysis software. Avarage 19.09% decrease was
measured for the amount of retained austenite after deformation.

CONCLUSIONS
1. Retained austenite to martensite transformation under plastic deformation is proved.
2. Martensitic transformation during plastic deformation of retained austenite was achieved about
20%.
3. Nearly 50% of retained austenite was transformed to martensite due to the plastic deformation
4. The transformation can be occurred on ADI alloys within the range of plastic deformation before
cracking.
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Abstract: The mechanical behaviour of an austenitic stainless steel has been studied in this work, by means of
two techniques: disk pressure embrittlement test (French standard NF E 29-723) and special biaxial tensile test.
Specimens for both techniques are embedded disks, loaded by a continuously increasing gas pressure until
rupture. Tests have been performed at various temperatures, between 18°C and 655 °C, with loading speeds from
0.06 to 7 MPa/min. Their main results have been recorded as relationships between gas pressure and specimen
deflection until its burst or cracking. Other observations (fracture, microstructure, etc.) are performed to assess
the structural evolution with the temperature.
The influence of hydrogen is evaluated by the comparison of the rupture parameters of specimens tested similarly
under helium and hydrogen. The embrittlement index, E.I is determined as the ratio of the rupture pressures
under helium and hydrogen taking into account also the effects of the loading speed and the gas purity.
It has been noticed that the mechanical behaviour of the steel is strongly influenced by the apparition of a second
phase in the austenitic structure: the deformation induced martensite, a', which presence is identified by
microscopic observations and X-ray diffraction. At room temperature, the steel presents a relatively high
sensitivity to the hydrogen embrittlement (2.20 < E.I < 2.40), while, with the temperature increasing, together
with the reduction of the martensitic transformation, it was observed a rapid diminution of this sensitivity.
Obtained results allow to define the performance of this steel for thin walls applications, as it is the case of
expansions bellows in the chemical industry.

1. INTRODUCTION
Usually - hydrogen gas embrittlement problems are considered to be not so crucial in austenitic
structures as in ferritic or martensitic materials [1, 2]. However, some unstable austenitic stainless
steelscan present unexpected variations of their behaviour in function of the loading mode, working
environment and temperature. The characterisation of such behaviour by standard tensile testing
appears often as not representative of what really happen in service conditions, especially in the case
of pressure vessels. For this reason it is became necessary to apply a specific testing system, which7
could enable the evaluation of the material properties in conditions better related to its utilisation ones
[3-6]. By means of such system, in this work it is intended to characterize the behaviour of an
austenitic stainless steel, in relation with its possible use for expansion bellows and hydrogen vessels
in the chemical industry.

2. EXPERIMENTAL TECHNIQUES AND INVESTIGATED MATERIAL
The hydrogen embrittlement is evaluated by the disk pressure testing, according to the French
standard NF E29-732. The specimen is an embedded disk ( 0 58 mm), loaded by continuously
increasing pressure of gas until rupture or cracking. The embrittlement index (E.I.) is defined by the
ratio of rupture pressure under helium, pHe and under hydrogen, pH2(E.I. = pHe/pHb).
The evolution of the mechanical behaviour with the temperature and the simultaneous effect of
hydrogen are studied by biaxial tensile tests. These tests are performed following the same principle
of disk testing, but with an increased radius (r = 4 mm) in the embedding zone, intending to localise
the maximum loading at the disk pole and to obtain biaxial stresses in the cupola (Figure 1).
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Disk deflection |

Figure 1:

Disk pressure cell for biaxial tensile testing.

Tested disks are been subject to macroscopic examinations, while the characterisation of the structure
and metallurgical parameters is realised by optical microscopy, SEM and X-Ray diffraction.
The investigated material is an AISI321 Stainless Steel, which composition (Table 1), corresponds to
the grade X6CrNiTi 18 -10 and to the index 1.4541 of the European standard EN 10088.
Table 1:

Chemical composition of the investigated AISI 321 stainless steel
Ti
Mn
Cr
Mo
S
Ni

c
0.038

0.52

1.47

17.65

8.98

0.31

0.4

N
0.014

3. HYDROGEN EMBRITTLEMENT AT 20 °C
3.1

RESULTS OF STANDARD TESTS

There are performed three disk tests under helium and three others under hydrogen, with loading
speeds (pressure increase rates) from 0.06 MPa/min to 6 MPa/min. Rupture pressures and
embrittlement indexes as functions of loading speeds are shown on Figure 2. In order to evaluate the
effect of hydrogen purity on the embrittlement of the steel, there are performed other tests,
substituting the tightening metallic O-ring with an elastomer O-ring. Their results are shown on
Figure 3
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3.2. OBSERVATIONS AND ANALYSES
Fracture surfaces of disks tested with helium and hydrogen are examined by SEM fractography. It was
observed that with helium the fracture of the steel is ductile with typical dimples of deformation. On
the contrary, with hydrogen, the fracture is a brittle one, of type transgranular with secondary cracks.
Microscopic observations have demonstrated that in deformed zones of disks tested under helium as
well under hydrogen, it appears a second phase, with needle-shaped grains.
Through X-Ray diffraction analysis it is found that this phase has a BCC unit cell with lattice
parameter a = 2.8749 A. On the base of these data it was ascertained that the observed second phase is
a'-martensite.
An indirect confirmation of the nature of this phase was also the appearance of magnetic behaviour of
the steel after its plastic deformation.

3.3. DISCUSSION
- Obtained results clearly show that hydrogen has an embrittlement effect on the investigated steel,
which index, E.I., is higher than 2 for all the range of loading speeds.
- The pronounced sensitivity to hydrogen of this steel, explains the relatively low influence of the
loading speed on the embrittlement index. Anyhow, the direction of this influence responds to that
ascertained by other studies as well [4].
- The sensitivity to hydrogen of the steel is conditioned by its stability, which index, A, can be
calculated according to a "modified Post and Eberly formula" [1]:
A = Ni + 0.5 Mn + 35 C - 0.0833 (Cr +1.5 Mo - 20)2 - 12
For the investigated steel, it follows that the stability index is A = - 1.25. Such value characterises it as
disposed to the martensitic transformation, even at temperatures sensibly higher than Ms.
Consequently, it can be affirmed that this steel, during the test, is subject to a strain-induced
martensitic transformation, which parameter, Md00/50), can be calculated by the Angel's formula [7]:
Md(30/50) = 413 - 9.5 Ni - 13.7 Cr - 8.1 Mn - 9.2 Si - 18.5 Mo - 462 (C+N), where Md(3O/j>o) is the
temperature at which 50% a'-martensite is formed after a true tensile strain (e), of 30%.
For the chemical composition of the investigated steel, it follows that Md 00/50) = 39°C. Taking into
account the fact that the disks deflection preceding the rupture, is equivalent to a true tensile strain, of
about 52% [8], it can be deduced not only that during disk pressure tests at room temperature (i.e.,
below Md) it is formed an amount of a'-martensite, but also that this amount must be greater than
50%.
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The embrittlement effect, stimulated by the martensitic transformation, is also considerably
influenced by the hydrogen purity. Figure 3 indicates that for low loading speeds, the rupture pressure
under hydrogen is higher when tests are performed with an elastomer O-ring; that means that the steal
can be easily passivated. This passivation leads to the E.I. decrease of about 30%: from E.I. = 2.3, for
pure hydrogen (tests with a metallic O-ring), to E.I. = 1.56, for polluted hydrogen (tests with an
elastomer O-ring).
Together with the increase in loading speed, the passivation effect decreases, as result of its
backwardness towards the creating of new deformation surfaces.

4. BEHAVIOUR IN BIAXIAL TENSILE TESTING
4.1. TEST RESULTS
There are performed 17 tests with helium at various temperatures, between 18°C and 650°C. Disks are
heated inside the test cell with heating speed of 3 °C/min and than they are pressured with loading
speed of 6 MPa/min (Figure 4). Other tests are performed to study the influences of the loading speed
and hydrogen at three temperature levels: 20 °C, 300 °C and 600 °C (Figure 5).
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4.2, MACRO AND MICROSCOPIC EXAMINATIONS
The disks tested at 300°C and 600°C present the common microstructure of a deformed austenite,
where it is not observed the presence of the a'-martensite. While macrographs of the disks ruptured at
600°C, with a low loading speed (0.15 MPa/min), show a network of fine cracks on the disk cupola
and in its embedding zone; micrographs of these zones evidence the presence of precipitations on the
grain boundaries and intergranular cracks.

4.3.

DISCUSSION

4.3.1 THE EVOLUTION OF THE MECHANICAL BEHAVIOUR WITH THE TEMPERATURE

The rapid decrease of the rupture pressure, pHe, on the first section of the pHe - T curve (up to about
150°C), accompanied by an insignificant diminution of the rupture deflection, must be related to the
decrease of a'-martensite amount [9]. In fact, taking into consideration the value of Md 00/50),
calculated for the investigated steel (39°C) and the average temperature extent of the martensitic
transformation [10], it can be deduced that the upper limit of the martensite formation is between 130
and 160°C; such limit responds to the moment when the pHe - T curve changes its course (at about
150°C).
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The simultaneous decrease of the rupture pressure and deflection (more marked for the deflection) on
the second section of this curve (200 °C - 450 °G), when martensite is no more created, responds to
the normal decrease of the mechanical properties as effect of temperature increasing.
On the third section of the pHe - T curve, above 500°C, the rupture pressure decreases and the rupture
deflection increases because the material becomes subject to annealing processes [10].
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4.3.2 THE INFLUENCE OF THE LOADING SPEED AND HYDROGEN
This influence depends on the temperature and we can specify it for three levels, 20°C, 300°C and
600°C.
Temperature 20°C: With helium the influence of the loading speed is small, like it was for the
standard test. On the contrary, with hydrogen it appears that the rupture pressures increase
significatively when the loading speed is increased from 4 to 7 MPa /min.
The higher stress concentration that is realised during the standard test, due to the small radius in the
embedding zone (r = 0.5 mm), leads to the formation of a higher density of dislocations, which are
"vehicles" of the hydrogen diffusion in the material [4]. That is the reason why during the standard
test, even for low loading speeds, the quantity of the hydrogen that enters in the steel is sufficient to
cause its embrittlement. While, for the biaxial tensile testing (r = 4 mm), as the density of dislocations
is lower, the necessary time to introduce the same quantity of hydrogen will be longer; that explains
the displacement of the loading speed influence threshold toward lower values.
This reasoning can be applied also to explain the differences of embrittlement indexes found by two
kind of testing: E.I. = 2.40 for the standard test and E.I. = 1.29 for the biaxial tensile one. So, the
standard testing, imposing the deformation of the steel in more severe conditions brings better into
evidence the embrittlement effect of the hydrogen.
Temperature 300 °C: The absence of the embrittlement effect and the inconsequential influence of the
loading speed must be explained by the martensite absence. It is evident that the austenite structure in
itself is not sensitive to hydrogen.
:
Temperature 600 °C: The decrease of rupture pressures together with the disk deflection, for small
loading speeds (< 1 MPa/min) give evidence of an embrittlement phenomenon. But on its base it can't
be the hydrogen effect, not only because values of pHe and pH2 are quite similar, but also for the fact
that at 600 °C, as well as at 300 °C, there is not created any amount of martensite. The reasons of this
embrittlement must be found in the beginning of precipitation processes, as it is revealed also by
microscopic examinations.
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5. CONCLUSIONS
The disk pressure tests evidence the fact that the AISI 321 stainless steel is sensitive to hydrogen
embrittlement (E.I. > 2), but this sensitivity is not so pronounced to exclude flatly it from any
application in which the working environment contains hydrogen. It is advisable to avoid the use of
this steel in direct contact with pure hydrogen, while, under mixed atmospheres (containing
hydrogen), as a result of passivation, the steel behaviour may be compatible with defined safety
norms.
The sensibility to hydrogen is due to the steel propensity to martensitic transformation induced by the
plastic deformation. After the passing of the martensitic transformation zone (above 150°C), the
influence of hydrogen becomes negligible.
The range of heating temperatures up to about 600°C, within which there is a normal decrease of the
steel strength (not depending on the time), can be considered as permissible for its use. While, above
this limit, because of the rapid decrease of the rupture pressures, related to precipitation phenomena
and accentuated with the time prolongation, the use of this steel may be not safe.
The disk pressure testing, used also as biaxial tensile testing is a sensitive and reliable method; it
allows to study different phenomena and parameters in order to qualify materials for specific
applications, which working conditions (pressure, hydrogen presence, temperature...) are better
simulated by it than by other testing systems.
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Abstract An analysis of the mechanical properties of improvable steel C. 1531 and relationship with micro
structural features in the present work is made. The mechanical properties (hardness and impact toughness) are
related to the parameters of improvement process (the temperature of austenitization T a , the temperature of
tempering T o , as well as the time of tempering t o ). Optical microscopy analysis was applied to examine the
microstructure characteristics of as-received and heat-treated specimens.

INTRODUCTION
Heat treatment can appreciably change the properties of steel, its effect on mechanical properties
being most important. Steel as annealed, normalized or tempered (Tt em p>400 °C) consists of lamellar
ferrite and carbide (cementite) inclusions. Ferrite has a low strength and high ductility, whereas
cementite has a high hardness (around HBS 800) and zero values of elongation and reduction. The
fact that iron-base alloys with more than 0.01% carbon have an increased strength and reduced
plasticity should evidently be attributed to the strengthening effect of carbide inclusions. The quantity
of carbide particles of a constant size depends on the carbon content in steel (directly proportional to
the carbon content in carbon steels). This is why the values of strength in steels increase and the
values of ductility diminish with increasing carbon content [1].
In order to obtain the best combination of mechanical properties in hardened steel, it is essential to
form a fine-acicular martensitic structure, which is possible only if the original austenitic structure is
also fine-grained [1].
Two-stage heat treatment, in which the final structure is formed from martensit rather than from
austenite, i.e. hardening followed with tempering, makes it possible to vary the strength properties of
steel within a wide range from the maximum in as-hardened state to the minimum in as-annealed
state; it is important that a steel thus treated has better plasticity and ductility properties than ordinary
treated (products of decomposition of austenite) [2].
Obviously, a two-stage heat treatment procedure appreciably improves the whole complex of
mechanical properties of steel. Therefore this method can be called improvement (or more properly,
thermal improvement) and it is the principal type of heat treatment for medium-carbon structural
steels.

EXPERIMENTAL
A cold drawn steel rod with 20 mm diameter was used. The chemical composition of steel is given in
Table 1 and the mechanical properties in delivery state (guaranteed by manufacturer) are given in
Table 2.
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Table 1. Chemical composition of the investigated steel
Type of
steel

C

Mn

Si

S

P

CΓ

Ni

Mo

N

C.1531

0.470

0.560

0.240

0.017

0.016

0.050

0.030

0.005

0.006

Table 2. Mechanical properties of steel in initial (cold drawn) state

Type of steel

Reh(MPa)

R m (MPa)

A(%)

C.1531

682.00

701.00

12.20

Standard procedure for heat treatment, according to literature data [3, 4], was applied to the
specimens of investigated steel i.e.:
- austenitizing at temperatures ranging from 820 to 850 °C and constant time of
austenitization-30 min.; quenching in water.
- tempering at temperatures ranging from 550 to 650 °C and time of tempering 30 to 120 min.
A resistance chamber furnace for annealing for austenitization before quenching and tempering was
used.
The hardness of the specimens was determined using the Rockwell hardness test and the Charpy
impact test for impact toughness values. The microstructure was investigated using light microscopy.

RESULTS AND DISCUSSION
At the beginning, the hardness and impact toughness values in initial state were determined
and the results are presented in Table 3. The microstructure of the steel in cold drawn state
(typical ferrite-pearlitic structure) is shown on Figure 1.
Table 3. Hardness (HRB) and impact toughness (KV) values of steel in initial state
Measurement

1

2

3

Mean value

HRB

95

92

95

94

KV (J), 20 °C

12

15

14

13.67
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Figure 1. Microstructure of investigated steel in
initial state (cold drawn) ferrite-pearlitic structure,
X 500.

Table 4. Hardness values (HRC) of
specimens quenched from three different
temperatures

In order to establish the dependence of
austenitizing temperature on the hardness,
three temperatures of austenitization (820, 835
and 850 °C) were chosen. The results for
hardness
measurements
of
quenched
specimens are shown in Table 4. It's obvious
that the temperature of austenitization in the
investigated region has no great influence on
the hardness of quenched specimens, i.e.
approximately same hardness values are
obtained for different temperatures of
austenitization.
Figure
2 shows
the
microstructure (tetragonal martensite) of the
quenched specimen.

WBffl&L

Temperature of austenitization, °C
Quenched
specimens

820

835

850

Rockvell hardness, HRC
1

2
3

4
5
6
7
8
9
10

11
12
Mean
Value

56
57
56
53
59
59
57
61
57
57
58
55
57.08

55
59
55
58
60
56
58
59
56
59
60
58
57.75

61
60
59
59
58
58
60
62
53
53
58
59
58.33
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Figure 2. Microstructure of quenched specimen tetragonal martensite, X 500.

Further,
previously
quenched
specimens were subjected on tempering
process (different temperatures and different
times) and the obtained hardness values are
presented in Table 5 and the values for impact
toughness in Table 6.
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Table 5. Rockwell-hardness values (HRC)
of tempered specimens

Table 6. Impact toughness values (KV) of
tempered specimens

Treatment
Ta/To/xo

2

3

Mean
value

Treatment

1

T/TQ/TO

1

2

3

Mean
value

820/550/30
820/550/120
820/650/30
820/650/120
835/600/5
835/600/30
835/600/75
835/600/120
850/550/30
850/550/120
850/650/30
850/650/120

22
23
19
15
24
21
20
18
25
25
16
13

26
23
18
15
25
20
19
19
23

25
25
18
15
24
21
19
19
24
23
17
15

24.33
23.67
18.33
15.00
24.33
20.67
19.33
18.67
24.00
24.00
17.00
14.00

820/550/30
820/550/120
820/650/30
820/650/120
835/600/5
835/600/30
835/600/75
835/600/120
850/550/30
850/550/120
850/650/30
850/650/120

111
122
142
147
112
135
140
144
118
105
142
142

115
119
130
155
114
138
140
146
114
110
157
156

115
116
137
142
114
138
140
140
112
112
145
147

113.67
109.67
136.33
148.00
113.33
137.00
140.00
143.33
114.67
109.00
148.00
148.33

L_

2

4

18
14

The microstructure of tempered steel is shown
in Figure 3. As one can see, an acicular
structure is retained even at this, relatively
high, tempering temperature.

Figure 3. Microstructure of tempered specimen,
structure of tempering, X 500.
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The obtained results for hardness and
impact toughness values are graphically
presented on Figure 4 and 5. Figure 4 clearly
shows the softening effect. It is obvious that
increasing the tempering temperature results in
increasing of impact toughness values and
decreasing of hardness values. This is
expected behaviour, for this type of steel, due
to the diffusion
and lattice relaxation
processes occurring during tempering process.
Namely, diffusion of carbon atoms through
supersaturated
α-solution
(martensitic
structure) and precipitation of intermediate
carbides takes place at the beginning of the
tempering process and a disturbance of
coherence at carbide-matrix boundaries and
relief of elastic micro stresses, later. At higher
tempering temperatures the formation of
cementite particles and their coarsening and
spheroidization takes place. Figure 5 shows
the time dependence of mechanical properties
at constant (600 °C) tempering temperature.
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Figure 5. Dependence of hardness and impact toughness values on
time of tempering at To=600 °C

CONCLUSION
Heat treatment of C. 1531 (Ck 45) carbon steel shows normal regularity in mechanical
properties (hardness and impact toughness values) changes. So, hardness values steadily
decrease with tempering (softening effect); the influence of tempering temperature being more
pronounced compared to the time of tempering process. This is result of the diffusion and
lattice relaxation processes occurring during tempering.
The same holds also for impact toughness value changes during tempering. Impact toughness
remarkably increases with tempering (KV 100 -=-150 J) compared to cold drawn state (KV 12
-f 15 J) and normalized specimens (KV 48 -4- 52 J).
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ECOLOGY - FUNDAMENTAL BASES AND WAY'S FOR
DECISION OF PROBLEMS
D-r Eng.Bogomil Velikov Kolev-Institute of Metal Science-Bulgarian Academy of Sciences 67
"Shipchensky Prohod" str. 1574 Sofia, Bulgaria
Abstract: The metallurgical sciences (material science) are closest to the Geology. Therefore there are close to
the ultimate explanation and diagnostics of the natural processes and phenomena in the Earth and in the
Universe. They are called upon the other sciences (industries) and society to present the general way's for
solution of the global problems including ecological ones. By solution of these problems always has to be take
account of the fact that the Earth is a cosmic body on which surface "Terrestrial" and "Space" industries and
technologies are developed.
Keywords: Global Ecology, Metallurgy, Geology, Nature, Classification of mutagenes and cancer provoking
agents, Hypothesis, etc.

INTRODUCTION
The solving of the Global problems of our Planet, including this related to the ecology could be
impossible without profound and complex research after all problems concerning the Origin, the
Genesis of the Universe, Solar system, Earth (Planets) of their evolution reaching the Biosphere and
Bio and Psychogenesis and the development of the intelligent mind respectively. On the end of the 20'
111
and the beginning of 21"St century the mankind (M) is confronted with the dilemma "To be or not
to be" The wrong and deformed ideas and actions resulted serious problems, which may lead to
catastrophes and disasters including this related to the ecology [4-6]. The above mentioned danger
calls for necessity of Planetary control over the mining and energy production. The paper includes
summarised result of long time author works: Analysis non presented in the literature [1,2,3,19-21,
25,26] and references in [4-18,22-24} too.

2. DISCUSSION
2.1. THE FUNDAMENTAL PHILOSOPHICAL RESOURCES OF METALLURGY
AND MATERIAL SCIENCE IN EXPLANATION OR SOME PROCESSES AND
PHENOMENA IN SUPREME MODES OF THE MATER'S MOTION.
On the base of the newly determined position of the metallurgical sciences (material science) by
sciences classification in line with the Chemistry and Geology (Cosmogony), which was shown for
first time 1987 by the author an attempt for generalised presentation of some fundamental analysis
concerning the explanation of processes and phenomena in the supreme modes of matter's motion
geological (cosmogonical), biological and social [4-6]. The contemporary knowledge in the field of
the metallurgical sciences, the obtained experience in the field of the new gas metallurgy, volatile
elements metallurgy, under pressure in line with the achievements of the so called "classical"
metallurgy may corroborate the "Big-Bang" hypotheses under variation of the basic parameters of
specific material system chemical composition, temperature, Pressure (P) [4-8]. According to the
aforesaid an explanation of the Origin and Evolution of the Universe can be found and a programme
for monitoring, regulating and control over somme importance terrestrial processes can be outlined..
For example - Global Ecology. Let us assume the Earth was built in along period of time after the Big
Bang, when the matter's (material system's) temperature under the corresponding pressure was fallen
down to degree allowed the consequent chemical element's fusion starting at the hydrogen, the
beginning of simple and complex interactions and formation of simple and complex structure after
reaching the sufficient quantity as well. The changing from the gaseous state into liquid one is related
to condensation [4-6,9,10]. Information ad specific data concerning analysis of the processes related to
the Origin and Evolution of The Universe (Earth) are contemporary non available. On [4-6] is
presented an analysis of a specific (Fe-based) material system by heating and cooling. The temperature
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and pressure varied from - 273°C and complete underpressure up to high and supreme high values
which characterised the processes, before the Big Bang and are typical for the stars (Earth).[4-6,8,9,12.
Let us assure that the Earth is a cast with spherical form:
2.1.1. SOLIDIFICATION: PRINCIPLE PROCESSES, STRUCTURE OF THE EARTH LAYERS
According to the summary of the complex material system's processes simulation show in [4-6,9,
13,14,27] it was found the laws of Henry, Sieverts and Raul (and with their deviations) begins an
emission of gases and other volatile elements from the melt of the "Cast Earth"; Ar, He, H2, O2 etc.,
were emitted. In the melt remained a definite quantity of the volatile elements: Ca,K,Na,Li,Mg,Zn.
Most probably the water steam were formed at temperature of ~1000°C. One part of the existed O2
took part in the H2O formation, the rest O2 took part in diverse reduce processes depending on the
correspondent temperature and pressure. Oxides, silicates, spineless, etc., were formed [4-6,13,27].
The solidification of the cosmic bodies (Earth, planets) have been flower depending on the distance
from the correspondent star, on the location in the Galaxy and in the Universe. This determines the
aggregate state of the "gas-sphere" and hydrosphere (if such exists) [4,6]. One part of the gas shell of
Earth was formed before and the rest part during and after the solidification. The solidification flows
according to the known physical laws [4-6,12-14,27]. The solidification was not initiated
simultaneously at the whole surface. Its initiation have been depended on the location of the elements
and correspondent simple and complex material systems, In fact on the correspondent constitutional
diagrams [4,5,9,12-14,27] High melting - point elements crystallised at first. The eutectic points
crystallised at last. Similar point could be formed in wards the volume at the definite depth.
Pyrotectical reaction formation of simple and more complex chemical compounds could be observed.
Of importance are the declination of the solidification range (e.g.: left or right of the initial point etc.),
and the cosmic parameters [4-7-9,12-14,27]. The solidification begins at the locations where the heat
exchange is very likely. ~VC00\m$ and Verification were determined by the parameters shown in
[4,6,12,14,27] At first the solidification part (crust) was unsteady and was disposed to destruction and
correspondent processes [4-6,12,14,27] The head transition from the melt towards the solidificated
part (crust) is possible only by crystallisation of definite layers characterised by high temperatures and
specific "stormy" reactions. By crystallisation of each new layer a significant heat energy was
emitted. This energy could heat again definite locations (e.g.by extremely declined solidification
ranges, eutectic points [6,7,9,13,27]. Let us simulate terrestrial solidification process on very small
scale- spherical cast [4,6,27]. According to the similar structure of Earth the cast can be separated in
three concentric regions. The solidification of all the planet flows without extra melt feeding, which
could compensate the volume deficit due to the shrinkage. In this model found the contribution of tht
metallurgical sciences in expounding of some basic processes, phenomena and cataclysms may be
found. Let us examine the solidification process in II region between 0 80 and 0 4 0 mm .[6]. The
volume Viiquid can be presented by the equation (1):
VUquid=f (D3 - d3) = ^i<512 - 64) = 235cm3)

(1)

3

lcm (1 cubic cm.) steel melt under solidification temperature has weight of app. 7g. The whole
weight of the melt in the II region is 235 x 7 = 1645g. After solidification and, cooling the above
mentioned weight doesn't change, but the volume of the solid metal is:
VSOhd=-yy = 21 Icm 3 (lcm 3 by 18°C weight 7,8 g.)

(2)

As result a shrinkage is formed . The V SChnukage can be presented as follows:
Vshmikage= Viiquid -VsoIld = 235-21 l=24cm3
(3)
This volume depends on the solidification range, on the spherical volume. Actually Vshrjcage is smaller
because the metal crust shrinks. There are some minerals which expand their volume by solidification.
Vshnkage depends on the pressure values in depth as well. Toward the centre (the core) and especially in
the border's regions the shrinkage most probably decreases [6]. The shrinkage formation depends on
and is determined by a lot of parameters: type of substance, chemical composition temperature,
pressure, density, etc. [4,6,12,14,27]. By simultaneously metal solidification in big volume and
without additional feeding similar to the planetary process) some small sized shrinkage (caves)
towards the central region can be formed A concentric shrinkage doesn't form. In this case the melt
120
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could not fill the gaps among the growing crystals (Geo-formation) building "bridges" among the
separate shrinkage's. The shrinkage's can be classified as external (valleys, seas and oceans) and
internal (surface or more deeper caves, concentrated or dispersed). The temperature gradients by the
solidification initiation and the later established one are relevant for the type of the shrinkage's. The
heat abstraction land (mountains) - hydrosphere - trough can exert influence on the heat centre toward
which the shrinkage's will be concentrated. Simultaneously with the solidification a gas (volatile
elements) emission can be observed [4,6-8,12,14,27]. The gas can be emitted from the melt if the
external pressure: HPatmOsphenc=Pexternai < EPsoiuted • ( t n e complete pressure of the gases in a specific
system - a part of the reservoir [6-8,14,27]. In accordance with the saluted gas quantity and AP=PsoiutedPextemai gas emission flow normal or with flare[6-10,ll,27] The gas bubbles (space) in the volume of
the liquid Earth (planet, star) moving with a definite speed towards the surface are formed if:
SPa+Pb+Pc+Pd

) > SP atm0S p h enc+HY+2a/r+a B ter re s t n a l crust (layer)

(4)

where; Pa,Pb.Pc»Pd are the partial pressures of the corespondent gases; Hy-is the hydrostatic (material
static) pressure of the melt with relative weight y at depth H. Hma* = r - Earth (planetary, stellar) radius;
2o7r- is the pressure due to surface stress forces (a-Surface stress, r-bubble radius-empty space) AP/Fis the strength of the cms t(layer) GB=G(p E/RT= ^jr 6

. The gassol vability can be presented by the

Sievert's law [4,6-8,14,15,27] and by the established deviates instead of -JP, P" (n= 1/2-1 for the
diatomic gases [14,15,27]: H2;O2;N2, etc. So-Proportionality grade under standard temperature and
pressure values; Pgase- part, pressure of the corespondent gas; R- is the gas constant per mole; T- is the
temperature in °C. The processes related to the kinetic like diffusion, mass exchange, transport by
saturation and evacuation are outlined as a model in [4-6,8,9,14]. Within the solidification range the
balance "gas-melt" is distributed [6-8,14-17]. The quantity of the emitted gas and other volatile
elements depends on the width and declination of the solidification range. The quantity of the emitted
gas and other volatile elements depends on the width and declamation of the solidification range .The
gas concentration of the unsolidificated melt within the solidification range can be shown by:
Psol.e

qm

iqm

; the gas concentration

in the solididiucated part is,:

solid ~ So^PSol -e
' ^ n e solidification within the range [4,14-17,27] flows by one
and the same pressure Psoi,d: The initial gas concentration in the melt before the solidification Sin,t,ai will
be:
s

FPIe-Q*oi/2RT™i

s fp~,

P~Ql,il2R'Ue'

+

^initial TOO
8
loo
V i U U 8)
(5)
Let " g " is the quantity of solidificated melt at the melt at the moment of first gas bubble formation in
the conditionally selected melt -100 kg. The part of the solidificated melt at the moment of the first gas
bubble formation can be presented as "G"(G=g/100)
s

^

- Qlu]/2RTlu,

-Qsoi,2RTsol

*<l

r^-

fl

-Qllql2RTUq

After analysis of (6) it was found that in case of G=0 at the moment of first gas bubble formation the
cast will have a maximal cavity grade. In case of G=l the cast (Earth) will solidificate as compact
body. The expression out of the bracers will be constant for the specific melt. It presents the
disposition of the multicomponent melts to gas emission according to [4-6,9,14,27]. This is valid for
the planetary model as well. By Earth (planets) a solidification flows during which G varies within the
range 0-1 depending on the P extremal and the quantity of the solidificated mass. This cause significant
cavity grade towards the surface, characterised by presence of gas pockets, pores, less compactness,
middle cavity grade's region and very compact core [4-6,12,14,16,17]: The gas pockets have smooth
internal walls in contrast to the schrinkages. By obtaining and casting of the expression out of brackets
in (6) presents the what type of constitutional diagrams can and have to be obtained with the
corespondent gas (N2) or volatile elements (Zn) [6,12,14,17,27]: This the future of the gas and volatile
elements metallurgy [7,12,14-17,27].G=1 ti^Psol =—-Qn"!nsTsji •T h e
Soe
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diatomic gases before the solidification is: Simtiai — S0JP^

Uq

.e

are substituted in (6) the following will be established: ^- = e

Tiot

Tu<1

Uq

*;

; If the last two expression
(7)

The eq. (7) shows the gas pressure above the solodificated cast "Earth"(planets) or definite region of
its wombs to prevent the gas emission in the free molecule state as cavities, pores, caves, etc. The eq.
(6) and (7) can explain the processes and phenomena in the macrocosmos.[4-6,8,9,12,14].
2.1.2. ABIOGENIC AND BIOGENIC SYNTHESES
In [4-6,9,11,14] an attempt was made for detailed presentation of a model concerning a Fe-based melt
with Earth (cosmic) Origin consisting the base boiphile elements (C,O2,H2,N2,P,S) and additional
biophile elements (K,Na,Ca,Li) and some biohalogen ones (Ch, F2). By the meanse of the aforesaid
the preliminary preparation of the seemingly self organised substrate for the later Biogenesis of Earth
(planets !?..) still by the flowing of the metallurgical reduction processes is presented. According to
the [4-6,9,11,14] the consecutive element synthesis is as follows, General reactions in the Genesis.
These are reaction in the abiogenic and biogenic synthesis having curistic, prognostic, predictive
importance. Thus in the ."biological engine" have to be realised "gasing-degasing (oxidationreduction) processes like in the general reaction shown [6,11]
a)Gazing reaction (oxidation by O2)
T°C P T

xR + yS<
' ' )R x S y +Q
(8)
where, R-reagents (Li,Na,K,Ca,Mg-basic biogenetic, but Al,Si,Mn,Cu,Cr,Ti,V,etc.,by the affinity and
tendency to gazing (oxidation).[ll,14]; S-gases (O2,H2,N2,Cl2,F2-)- basic biogenic; RxSy- simplead
complex products (oxides, nitrides, chlorides, fluorides, oxihidrides,... including, carbo oxihemoglobin
in the organisms, that cannot transport O2, etc). Q- calorific effect.
b)Degassing (reduction); Reductors are C (graphite, coals) and Me, including basic elemebts
in the organisms and Fe alloys with aromatic graphite structure [4-6,9,11,14]
T°C P T

T°C P T

RxSy+kC <
> xR+CkSy; RxSy+Me<
——>Me x S y
(9)
CxSy and MexSy- reduction products based on C and Me respective; {additional elements in proteins,
DNA, RNA, according to their quantity and affinity to " S " during the metabolism, which can
participate in reactions (8,9) with " C " Me=R} including mutagenes and cancer - provoking agents
[11]- If the gas is O2, N2 compound similar to the CKHy are hydrocarbons which are substrate source of
organic compound similar to the CnH2n+2 (initial CH4). Similar are the reactions if the gas is C»2,N2, etc.
The hydrocarbons can be found in significant quantities in the Earth crust of min the petroleum [4-6,
9,13,14]. An evidence of such reactions give us the volcanic gases: CO, CH4, NH3, CO2, H2O, H2S, etc
[4-6,9,13,14]. In the Earth depth by temperature of 1000°C quantity of free or by temperature above
1000°C of bounded H2O can be expected [4-6,9,12,14] According to [4-6,9,12,14,27] a significant part
of the coals are products of solid phase reaction. The rest elements (0,l%w.t) In the live forms have
big atomic mass: Fe, Zn, Cu, Co, Mo,Mn,Ni, [9,14]. In case simultaneously presence of O2, H2, C, N2,
the products will be of CxOyHzNt type These are organic elements and structures basic for the living
forms, DNA, RNA [11]. The transition from abiogenic to biogenic synthesis in the evolution cooling
curve according [4-6,9,11,14] requires appropriate thermodynamically parameters: temperatures
(continuously kept in the embryonic period - birth of the live cell-36-37°C for example), appropriate
pressure and optimal accumulation of abiogenic substrate, moisture etc. One part of this substrate is
burnt out, the rest is accumulated under the surface slag by the solidification and solid phase reaction
[4-6,9,11,12,14,27]. The carbon has aromatic structure and enables the incorporation of other elements
like K, Na, etc.[4-6,9,14,18.27]. The above presented general reactions can be released in historical
aspect [4-6] on other planets similar dislocated as Earth and under the above mentioned appropriate
conditions. The analysis shows that the biogenic synchs is possible only under laboratory conditions.or
after Major cataclysm reproducing the processes after the Big Bang [4-6,9,11,12,14,18]. It is assumed
that the process "abiogenic-biogenic" synthesis flows spontaneous up to exhausting of the substrate
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abilities and synchs conditions [4-6,9,11,14,18], In [4-6,9,11,24,27] an attempt was made for proving
that reaction (8) and (9) are reinvent to all sciences and especially to the material science, to the
Geology and Cosmogony, Biology., Ecology, Philosophy respectively.
2.1.3.CATASTROPHICAL EARTH PROCESSES. GENERAL EXPLANATION [1,2,3,18,19,25,26,27]
a) Prerequisites. Processes before, during and after solidification according equation (4). If
AP=0 the processes flows normal, if A P » 0 the process is "stormy"(process similar to the Sun flares
can be observed), the earth crust is destroyed at the beginning of the solidification (latter volcanic
activity and magma motion could be observed); if AP<0 (high external (pressure) the gases and
volatile elements will be held in the melt, part of theses will take part in the solidification to (5), (6) [19,12,14,16,27]. These are similar to the processes in the Earth depth). The above mentioned and the
analysis in [1-9,12,14,16,18] show the realised "gassing-degassing" surface reactions before, during
and after the solidification. By the first publication of the present hypotheses (1987-88), the density
change could not be explained by the geosciences [1,2,3-6,9,13,14,18,27]. According to [4-6,12,14,16,
18,27] this can be result from the phase transitions; change of the chemical composition, temperature,
pressure in one specific constitutional diagram (with limited solvability) (Fe-C) [4-6,9,13,14,27],
reaching the critical gas or volatile elements concentration (saturation), phase borders by complete
insolubility (Fe/Me), (Me/MeO, for example Fe/FexOy-complex oxides spiels (slag's) probably
silicates, minerals phase borders by transition from one to another aggregate state [4-6] or by
lamination (at the beginning) under influence of centrifugal, tangential, gravity forces etc. (this is
similar to two- layer rotary casted pipes) [4-6,9,10,12-14,18,27] A significant part of the potential
energy is accumulated on the phase borders due to the dislocation mechanism. Until the period 19871988 it was assumed that the core in [4-6,13,18,27] is in solid state. That is possible [12]. The change
of melting (crystallisation) T°C of metals and alloys (materials) is one of the fundamental effects of P
on the phase equilibrium the structure and properties respective [12,27]. The hypothesis for
superplastic liquid or semiliquid state of the core is very attractive (possible) [4-6,9,13,27]. The
existence of the core in supercompact steam state or more high temperature aggregate state according
to [4-6,9,13]. As prerequisites can be observed the radial and tangential volume shrinkage's (the
expanding in other directions as well) before, during and after solidification's solid phase reactions:
segregation, transformation, dislocation, mineralization, liquefaction of volatile and other gases, all
possible manifestations of "incorporation" phenomenon in the Nature [6,18,27]. Accumulation and
segregation of matter, emission of energy, possible remitting of definite regions, diffusion and
diffusion free processes, obtaining of matter residue - non transformed, kinetic processes, according to
the fundamental philosophical curves in [4-6,9,12,13,27]. Thermal methastability of the phases - initial
and additional stress relaxation local continental and global motion of the Geoformation in
correspondence with the universal (according the authors view point) dislocation mechanism as far as
various sized internal and external cracks appear. Cyclic process replication after relaxation (a definite
time interval is not obligatory), possible contact of H2O (free or bounded) with the melt petroleum or
other combustible gases, nuclear reactions - artificial are possible [4-6,9,13].
b) Explanation of some ancient mysteries: Ice Age, Flood; Subsidence and raising of the earth
blankets; The subsidence of Atlantis and other land [2] All these events can be explained by aforesaid
detailed argument in [4-6,9,12-14,18] These are related to the complex solidification, absence of
feeding for composition of the volume deficit, irregular heat release in the land and hydrosphere
formation of shrinkage's- extertmal:ocean lowland and hills, displacement of the heat and magnetic
centres, sinking of land, water, combustible gases, petroleum and other liquids volatile minerals,
stormy reactions by interaction with the melt, emission of maximal quantity of energy, influence of
AP, flares, cracks formation, penetration of lava toward the surface (reaction-air, water, etc.), dust
loading of the atmosphere (outer space), chilling, flooding of the depressions with sea water, huge
waves, heavy rainfalls, warming of definite regions, ice thawing, iceberg drift, possible changing of
Earth axis declination, cosmic catastrophes, magnetic changes.etc. [4].
c)Volcanic activity. Contribution to the explanation of monitoring and control mechanism.
Directions. The volcanic activity is characterised by processes in the liquid phase-local heating,
possible eutectic point, cracks formation, etc. The above mentioned is presented in details in [4-6,
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9,12,14,18]. The basic explanation is given by the equations (4-6) and by AP. The potential difference
is the motion source [4-6]. An attempt was made to be proven that the motion of the light (probably
AP bendet the light and space), plasma, gas, ions, liquid, dust flows from higher to lower pressure. The
speed is determined by the AP values(mass, temperature, aggregate state). In the solid Earth (probably
in the Universe as well) the motion flows according to the dislocation theory [4-6,12,14,18,27]. The
volcanic activity can be simulated with the counter pressure casting and especially with low pressure
casting methods [10,14,27]. The partial melting region can be compared with the melt holder in the
counter (low) pressure cast machine, the volcanic chinned with the sprue channel and the earth surface
with the atmospheric pressure mould. On the ground of the casting rate control methods used by
counter pressure casting new directions for monitoring and control over this "natural" activity of
"pulsing". Earth can be developed [4-6,8-10,13,14,27].
d) Tectonic processes earthquakes and similar processes in the Galaxies and UniverseContribution to the explanation of the mechanism causes etc. Prior to the publishing of the hypothesis
presented in [4-6,9,11,13,14,18] in the period 1987-1988 the Geology sciences could not present an
explanation of the above mentioned processes. It was assumed that then cause is related to unknown
stress [1-6,14,24,26,27]. The stress sources can be explained by the knowledge of the metallurgical
sciences (material science). The mechanism of the processes can be explained by the dislocation
theory [14,18]. The stress sources are presented above in 3.1.3 a,b,cand in [4-6,9,12,14,18,21,24] The
process flow can be described as follows: Local, block, to global dislocation drift in homogen and
heterogen sized, structured and oriented geological formation. Reaching of a obstacle; energy
accumulation on the block and phase borders and layers [4-6,9,13,14,18,27]. Extremely dangerous are
Mochorovitch's border's [3,4]. Stress initiation due to the internal pressure in the melt, equations (47). By overcoming the obstacles a colossal energy is released related to the drift of land (geological
formations), appearance of cracks and destruction .A local melting is possible. The appearance of
stress in the transcontinental free space - cracks in definite geological formation is possible [4,6,9,13,
14,18]. Local dependence on volcanic activity. Prior to the period 1987 in the available geological
publication it was assumed that a dependence between volcanic activity and earthquakes does not exist
[4,6,14,25]. The thermal processes and solid phase reactions exert influence on the magnetism [4,6,
27]. A relaxation of stress as result of the unique natural phenomenon "incorporation" follows [4-6,
18,27]. The basic processes according [4-6] are related to emission or accumulation of energy and
matter [4-6,9, 13,14,18]. At last but not at least the artificial nuclear tests can accelerate some tectonic
processes related to the dislocation mechanism. As result the artificial and the natural stresses could
lead to chain catastrophes. In [4,6,14,18] are presented the ways for preventing this basing on some
solutions for control of volcanic activity. The volcanic activity attenuation on every planet depends on
its mass. If the planet is not completely districted at the end of solidification process the earth quakes
will attenuate in the time [4,6,14]. The above mentioned danger put the necessity of planetary control
over the mining and energy production. Particularly important are the evidences of telescope Hubbell
[11.14L

2.2. REFERENCE TO THE POSITION OF METALLURGICAL SCIENCES
(MATERIAL SCIENCES) AND THEIR ROLE FOR RESOLVING GLOBAL
FUNDAMENTAL PHILOSOPHIC NATURE AND CONCRETE ECOLOGICAL
PROBLEMS.
According to the author for the first time the metallurgical sciences are brought out their traditional
presentation as technical sciences [19,20] placing them amok the fundamental-philosophical giants
like Chemistry and Geology (Cosmogony) [4-6,9,13]. In this way by applying the traditional
fundamental - philosophical methods simple and convincing explanation to a number of unknown
processes and phenomena in the Micro and Macrocosm's and especially in the high organised matter
are provided [4-18].
After begging of so called Scientific Technical Revolution and particularly the "Man-Society (S)"
succeeded in "decapsolating" (explaining) a significant part of the inter - terrestrial phenomena and
processes and "brought them to the surface"(made them useful) by means of various industrial
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processes and technologies, agriculture, transport, etc. [4-18] After definite incubation period in the
fudametal-philosiphical kinetic curve [4-6,9,1-3,9,13,14,15] the atmosphere (probably as well as the
near space), the hydrosphere, the soil were changed drastically. According to the diagram 10-10a .the
above mentioned fact led to do disturbance of balance in the ecological systems, genotype, life style.
As result some new diseases appear and appearance of other may be expected [4-6,9,11,18,25,27].
Logic( <-> Mathematics) <-> Mechanics <-> Physics <-> Chemistry <-> Materialsience <-> Geology <->
Biology <-> Social form
(Metallurgy) (Cosmogony) (10)
Geology <-> Social Form <-> Industry (consumption) <-> "Brought" up to the surface
(10a)
(Nature) (mankind <-> Society) (Industry <-> Consumption) Biotechnology - bioproducts
Biosphere
Geotechnology - geo-products
Noosphere
Building - building materials
Earth's bowels
/decapcolating /
Metallurgy - metals and alloys
Earth's crust
explaining
Chemical Industry - chemicals
Soil
Physics, Technologies :hydroWater
electric- heat,-nuclear ,X-rays,Air(Outer Space)
Agriculture
laser beam faceless, power plants
Biology
Transport
Mechanics-mechanical engineering-all
Plants
-air
types of machines andequipment.
Animals
-water
Mathematics - compuers, electronic
Birds
-road
machines
Fishes
Logic-paper, books, etc.
The above mentioned civil materials and industries belong to the complex military sciences and many
times more dangerous technologies and industries. The detailed explanation of the diagrams 10-10a is
presented in [9,13,14,22]. The considering of the diagrams from left to the right shows the way of
cognition, in other words the way of natural processes explanation by the means of the corespondent
sciences including the phenomena of high organised matter [4-6,9,13,18,22]. Figuratively
"Diagnostics" of the "pathogenic" processes as well as modelling in the corresponded industries
(consummations) [7-14]..The analysis from right to the left outlines the methods and the ways for
balance recovering in the Nature (Ecological systems) without negative influence on the Nature,
industry (Consumption) [4-6,9-14,18,22]. Up to now the Mankind-Society acts from left to the right
according the diagram 10-10"a At the present time and in the near future the human beans as highest
form of intelligence life manifestation have to create a new active philosophy valid for all spheres of
life and in perfect harmony with the nature if they want to survive and to advance on the way of
progress [4-6,9-14,18,22.27].
The metallurgical sciences (material science) are closest to the geology (cosmogony) in both direction
of considering the diagram 10-10'a, Therefore there are close to the ultimate explanation and
diagnostics of the natural processes and phenomena in the Earth and in the Universe. They are called
upon the other sciences (corresponded industries) and society to present the general way for solution
of the global problems including ecological ones. By solution of these problems always has to be take
account of the fact that the Earth is a cosmic body on which surface "Terrestrial" and "Space"
industries and technologies are developed [4-6,9-14,18,22,27]. It is proved also that the future
industrial development (especially the development of the industries simulated interterestrial or
cosmic processes) will follow three basic directions [6]:
a) Recovering of the natural balance by providing or the necessary conditions for the
development of the correspondent sciences (industries). In opposite to the disturbing order according
the diagram 10-10a underfully utilisation of the waste products [4-6,9,12,13,18,22]. Solving of the
natural phenomena and acceleration of the regeneration rate based on mass transport and motion
mentioned above and "rejection" and "purification by utilisation of the natural "chimneys" on the
Earth - Volcano's, in the atmosphere, hydrosphere and in the other space. Utilisation of the hydrogen
universality in the Universe, of the cosmic mechanisms and principles for control and monitoring of
the processes similar to the "heart-lungs-kidney"system, the "vacuum-atmospheric" pressureextreme high pressure respectively [4-6,5-11,18,22,27}
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b) Hermetical capsolation (locking) of the industrial processes. All produced waste products
are connected to global aspirating system characterized by high efficiency; fully utilization of this wast
products according to diagram 10,10a similar to the interterrestrial processes [4-6,9-11,27]]. Bringing
of the modern trchnologies in fully harmony and recovering of the natural balance in the ecological
systems, full control [6,9,10,27]
c) By utilizing of the methods and principle of the terrestrial technologies monitoring of the
Earth as well as controlling and regulating of the atmospheric, hydrospheric, surface and depth
processes should be exercised. By keeping in balance of the chemical (structural) composition and
other parameters: pressure, temperature, etc. By realising of controllable balance in the chemical
composition, structure, thermodynamically, kinetic and transport parameters for the development of
living forms (humans) [4-6,8-14,18,22,27].

2.3. METALLURGY (MATERIAL SCIENCE) OF IRON BASED ALLOYS AND
ECOLOGY-BIOLOGY
On the base of comparing critical analysis on presented in the literature, on the influence of the basic
bioelements in the Fe alloys and the organisms as a contribution are present the related between them
general "gasing-degasing"(oxidation-reduction) processes and discuses (ageing, malformations, etc.)
both in the alloys and organisms are due to accumulation of some elements (structures). As a result an
attempt is made to classificate for the first time of mutagenes and cancer and provoking agents in basic
and additional. [11,14,18,24].
A.Basic. Containing the basic bioelements in the organisms according to 1.group. Gases; CO,
CO2, NH3, NxOy, CnH2n+2, SO2, HCL, HF...etc. 2.group. Solid natural organic substances; and other
organic and inorganic. 3 group. Liquid natural-petroleum, oil and its products, benzpiren...etc. 4 group.
Artificially created by the organic substances, a) polycyclic substances- carbohydrates b) aromatic
amines;.c) chlorates carbohydrates (pesticides), insecticides, fungicides, herbicides..etc. d} Nitrozo
substances; el alcohol and tobacco, phenol and cresol substances; x) other organic substances, k)
organic substances: composition of soil, water, drinks, plats, vegetables, animal products, food...etc.
B.Additional. 1 .group. Physical factors- electric-magnetic, X- ray uv, ionising and other type
of emissions with earth and cosmic origin, 2 group. Biogenic factors: Disturbing of the functioning of
different autonomic systems (chronic, hormonal, psychic and hereditary diseases. The factors from the
first and particularly from the second group could provoke disturbances in the metabolism, to
desequilibrium in [11,14,18,24]., 3.group Chemical elements non - containing the basic bioelements
(C,O,H,N), inorganic. Genetic risk are Cr, Ni ,Cd, Pb, B, Hg and their composition with biophilic
elements, participating in the composition of the basic bio structures: NiCl2,, NiS, CaCrO4 [11,14,18,
21,24] as well as their transformation in volatile organic substances could provoke deaturation of the
proteins, malignant formations. Could provoke transformations in the cell structures chromosomal
aberrations, etc. [11,21,24]. Ni (Cu) does not bond with DNA (composed by C,H,N,P,...). Similar is its
behaviour in the alloys too [7,8,14,16,17] and provokes gene mutations [11,21,24]. Ni could be
provoke aneoplodity [8,23]. The scientific materials of the author presented in the National Oncology
Centre of Bulgaria (1987-1988) [11,18,24] gave stimulus for publishing of [21].

2.4. ECOLOGO-TECHOLOGICAL TRENDS, NEW CONCEPTUAL AND
PRACTICAL POSSIBILITIES FOR THE DEVELOPMENT OF METALLURGY,
METAL CASTING AND OTHER INDUSTRIAL PRODUCTION DURING THE 21Stc
On the basis of conceptual analysis and critical survey of the existing achievements in metallurgy and
taking in to consideration the personal study and the long time author's researches, relying on the
fundamental philosophic information, derived for the first time, is made an attempt for scientific
forecasting of the future metal sciences development, respectively productions in harmony with
Nature. The aim of the study is to substantiate the creation and development of ecological methods
and technological shames for the complex metallurgical treatment of different melts (metals, alloys
and other non-metallic materials in casting machines and equipment ensuring treatment and casting
under various qualitative and quantitative pressure values such as: vacuum (different values depending
on the materials - up to high vacuum), atmospheric pressure (Pat-), high pressure (high, super high),
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while the entire technological cycle from charging up to the removal of the ready products,
manufactured for rolling and shaped casting is done in closed well sealed machines and equipment,
providing 100% catch of the harmful dust-gas emissions and waste products utilisation. The formulae
"vacuum - (atmospheric pressure.) - pressure" assures treatment of melt at least 6 basic metallurgical
variety. [8,10,14,22,23,27]

CONCLUSION
The analysis proves that the society is reedy to solve the global problems according to their priority. In
the present and future development all will be determined by the organisation, control and interaction
mode of sciences (in this number of army), industries, and society. If we miss the present opportunity
our surviving and the future progress of the mankind and the harmonisation with the nature will be
moot point. Completely new active philosophy should be necessary. The metallurgy will play a
important part in the present and future "confrontation" of society with the only and most important
"enemy"- the lack of knowledge of the Nature (the micro and macro-cosmic phenomena).
Acknowledgement: The work has been carried out under contract TH 295 and 717 of the Ministry of
Education and Science of Bulgaria with director - author.

References
1 Dimov A.,P.Toromanova.Vavedenie v Chimitchnata i metallurgitchna technologia i Ecologia.
Technika, Sofia, 1988.
2. Frazer J. Folk-Lorell in the old testement. Prevod , angliiski by Zv. Petkov. Izdatelstvo OPh 1989
and Nikolov St. Drevnite Tcivilizatcii .Zagadki, hypotezi. Narodna prosveta. Sofia, 1979
3..Ivanov J., Osnovi na Geologiata, Nauka i izkustvo, Sofia, 1978.
4.Kolev B.V. The Position of the Metallurgical Sciences in the Interaction with other Sciences for the
Solution of Problems Connected with the Motion Forms of the Matter and their Fundamental
Philosophical Role in Explanation of Processes and Phenomena on the Earth (Planets) and in the
Universe. Second Nat. Conf. with intern, particip., ECO-90 Russe.1990. Central Nat. Labr. of
Technology (TCNIRD), Sofia, 1990, N°Hg416/90
5.Kolev B.V. Global Problems, Organisation Forms and fundamental Philosophical Directions for
Solving of Ecoproblems. 4 Th . Nat .Conf. with intern, particip..Topical problems in Eviroment
Protection, ECO"*1 Russe. 1990. Central Nat. Labr. of Technology (TCNIRD) Sofia, 1992, papers
1994No.Hfll27695, Hfll28/95; Hfll29/95
6.Kolev B.V. The Fundamental Philosophical Resources of Material Science and Metallurgy in
Explanation of some Processes and Phenomena in Supreme Modes of the Matter's motion.
Development of metallurgy in the Balkans at the beginning of the XXFSt Century. Final Documents.
Varna,1996, vol.4, pp.296-304. 1 s t inern. Foundry and Enviroment. symposium. Istanbul, 1998
7. Kolev B.V. Results from Investigations on Structure and Properties of Iron Based Cast Alloys and
Forecasts. 8™. Intern. Metallurgy and materials Congr. Istanbul, 1995, vol.2, pp.1007-1021.
8. Kolev B.V. Alloying Processes of the Fe-C Based Alloys with Volatile Elements (N etc) Mecha
nism, Kinetics and Ecology Trends. 10'n' Intern, metallurgy and materials congr. Istanbul, 2000, vol.1,
pp..235-243
9. Kolev B.V. Fundamental Bases of Ecoproblems and ways for their Resolving in Industrial
Manufacture -Metallurgy, Metal Casting, etc.l'St intern foundry and environment symposium.. Procc.
Istanbul, 1998, pp.97-104.
10. Kolev B.V. Ecology-Technological Trends, New Conceptual and Practical Possibilities for the
Development of Metallurgy and Metal Casting During the Next 21' St Century. 1 s t Intern .foundry and
e environment symposium. Procc, Istanbul, 1998, pp.33-43.
11. Kolev B.V. Metallurgy, Metalscience of Iron Based Alloys and Ecology. Procc. 1" St
Intern.,Foundry and environment symposium..Istanbul, 1998, pp.141-150.
12. Kolev B.V. Effects of Pressure and N on Structure Formation of some Fe-C Based Casting Alloys.
Theor. analysis. Metallurgy and new materials researches, vol.VII, 4/1999, pp.34-49
Proceedings of 3rd BMC-2003-Ohrid, R. Macedonia

127

ECOLOGY - FUNDAMENTAL BASES AND WAY'S FOR DECISION OF PROBLEMS
13. Kolev B.V. Global Problems of the Mankind- Solving Possibilities. 8_Th. Nat. conf of high military
school "T.Kableskov, Procc, 1995, pp.256-269
14. Kolev B.V. Possibilities for Production, Structure Formation and Properties of some Fe-C Based
Cast Alloys, Alloyed with Nitrogen. Thesis - Dissertation, Institute of metal science. Bulgarian
academy of sciences. Sofia, 1985 and Kolev B.V. New complex cast alloys on Fe-C bases.
(Dissertation), Institute of Metal Science.Bulgarian academy of sciences. Sofia, 2001.
15. Kolev B.V. Deviation from Sieverts Low-Theoretical Problems Related to N Absorption by Fe-C
Based Alloys under Pressure 2"nod Balkan conf. with Intern, part. Development of metallurgy in the
Balkans at the beginning of the 21' St c , I"* vol. Bucharest, 2000, pp. 111-115
16.Kolev B.V. Influence of Basic Components and Pressure on Absorption and Retention of N in Cast
astenite Alloys of the Fe-Cr-Mn-C system.2"nd Balkan conf. on metallurgy, Bucharest. 2000, p.101-110
17. Kolev B.V. New Cast Irons and Steels, Alloyed with Nitrogen under Pressure- Experim. Results,
Discussion and Prognostications.Metallurgy and New Mater. Research., vol.VITI, No2, 2000, pp.14-37
18. Kolev B.V. The Phenomenon "Introduction" in the Nature and Fundamental Philosophical
Motion, Dialectic Relation Between Forms of Movement of the Matter and a Basic Moment in some
Quantitative Accumulation.2~nd Scientific Conf. with Intern. Part..Present problems of environment
protection ECO"90 Russe,1990, Reports, CLSTI (central technical library-Sofia, N°Hgl65/90)
19..Kedrov B.M.Science Classification, voll. Engels and his predecessors, Moscow,1961, russiun
20. Kedrov B.M.Science Classification. Marx's forecast for the science in the future. Moscow, 1965,
Science classification ,vol. II, Science lenin up to the present day, Moscow, 1965. Russiun.
21. Nikolov Ch., L.Chernozemsky and D.Benova. Mutagenes and Cancer-Provoking agents. Genetic
and Cancer Risk. Nauka and izkustvo, Sofia, 1998. Bulgarian
22. Kolev B.V. Global Problems, Organisation Forms and Fundamental Philosophical Directions for
Solving of Ecological Problems, 4"Th Nat. Conf. with Inter. Part. "Topical Problems in Environment
Protection"ECO, Russe, 1994. Nat. labr. of Technology (TCNIRD) Sofia, 1994.; Hfl 127/95 Bulgarian
23. Kolev B.V. Some New Possibilities for Ecological improvement in metallurgy and foundry. 3TlL
Nat. conf. with inter. part.'Topical Problems in EnviroraProtection, Russe,1994 .sign.N0 H^ 128/95
24. Kolev B.V.On a Hypothesis Looking for Dialectic Relation Between Processes and Phenomena in
the on Living and Inliving Nature, between Metallurgy and Biology, Respectively.. 2"d Sci. conf. with
inter, part, present ECO'90, Russe, 1990, Nat. labr. of technoI.(TCNIRD), Sofia, sign.Hg 164/90
25. Stainov.S H. Mineralogy. Technika, Sofia, 1983. Bulgarian
26. Shklovskii. Vselena, Mir,Razum, Nauka, Moskva,. 1987. Russiun.
27.. Kolev B.V. New Complex Alloyed Alloys on Fe-C Bases. Book, BPS-publisher, ISBN954-978241-7, Sofia, Bulgaria, 2001, published 2003. Bulgarian

128

Proceedings of 3rd BMC-2003-Ohrid, R. Macedonia

MK0400031
HARDNESS AND STRUCTURE CHANGES AT SURFACE IN ELECTRICAL....

HARDNESS AND STRUCTURE CHANGES AT SURFACE IN
ELECTRICAL DISCHARGE MACHINED STEEL C 3840
Z. Karastojkovica, Z. Janjusevic b
a - Polytechnic Academy, High Technical School, 11070 Novi Beograd, Bui. Avnoja 152a
b - Institute for technology of nuclear and other mineral raw, 11000 Belgrade, Franse
d'Eperea 86.
Abstract: The electrical discharge machining (EDM) of both hard and soft materials became an important technique
in industrial applications. This technique has an advantage in producing of structural/tool parts of complex geometry.
The EDM is based on electrical phenomena, when the treated surface undergoes to erosion. The first step in EDM,
the melting of thin surface layer, frequently is neglected. In this paper the changes of hardness and structure at
surface layer, after EDM is applied on steel C 3840, will be discussed.
The steel C 3840 was quenched and tempered to hardness of 63 HRC, at surface, and than machined by electrical
discharging. The changed, white, layer is just a product of melting and decarburization processes. The white layer is
registered at surface by using a metallographic investigation. Hardness profile is measured from surface to the
interior of material. The achievement of local high temperatures during EDM is resulting on melt and erosion of
material. Besides of these effects, during EDM were happened some minor but not a neglectible effects, primarly on
structure changes on treated surface. It would be espected that melting, even an evaporation of melted metal, and
further the phase transformation have an important influence on the starting structure.
Key words: Electric discharge machining, white layer, structure and hardness changes

1. INTRODUCTION
Dynamic developments in some specific industries (as like: avio, cosmic, nuclear, and also in plastic
moulding) have resulted in application of large number of new materials and tools. A large number of
these materials are characterized by one or more next properties: high hardness, high strength (yield point
or tensile strength), a considerable corrosion resistance, reliable mechanical properties (especially
toughness) at high or at cryogenic temperatures, and similar demands. The production of such machine
parts, both structural and tool parts, from material of mentioned properties than became a pretty
complicated and rather expensive. The using a conventional production methods, for example as turning
and/or milling, became a hardly feasible, first from technical demands and secondly from the economic
effects.
One of the successful technologies for manufacturing very hard but a soft material represents the Electric
Discharge Machining (EDM) method. While the traditional manufacturing methods by cutting are based
almost on the mechanical principles, then the EDM is based on the electrochemical phenomenon.
Even though an English scientist (Pristley) has discovered (1770) the erosion effect, during electrical
discharging the material, this effect has not attracted any serious attention for a along period of time. After
a decades and centuries, the Russian engineer Boris Romanovich Lazarenko has developed (1943) EDM
technology. After a while, this technology is broaded all over the world.
When an electrical spark is established between working piece (anode) and tool (cathode) the discharging
becomes extremely intensive, even uncontrolled with local overheating. This heating will change not only
the structure of parent material but a local remelting will happened. For the better understanding the
influence of EDM on metal, in this paper will be discussed more detailed some metallurgical changes in
steel C 3840, which belongs to a group of tool steels with stabile dimensions and relatively high hardness
values after quenching and tempering.
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The observed structural changes will, among other things, influenced on toughness loss and on
dimensional stability of treated material. All of these occurrences at EDM will decrease the expected
working time. On the basis of registered behavior during EDM here will be given some recommendations
for avoiding an undesirable effects, i.e. for removing the layer with changed structure.
Here is examined the steel but there are signs1 that structure changes of processed material should be
rigorously restricted if they are existing on eroded components intended to use in avioindustry. Changes in
fatigue of material, especially in avioindustry, may have lead to a catastrophic result.
The application of EDM technology is constantly growing and by author's opinion there is missing of
necessary knowledge for successful manufacturing of neither machine or tool part, from the raw material
to the desired geometry. There is hope that here discussed EDM of C 3840 steel will be interesting for
every one who is dealing with machining (turning, milling, grinding) but for all others who are involved in
quenching, and particularly in chemical heat-treating (like nitriding), etc. For EDM, the chosen steel C
3840 is eroded by using a copper electrode with positive polarity and an average current of 25 A.

2. ELECTRIC DISCHARGE MACHINING
First examinations of EDM were provided on studding the erosion in electric contactors due to electric
spark. For making a difference, the electric erosion in such contact elements represents a harmful effect.
During examination of erosion in mentioned contactors, they were submerged into liquid dielectric, and
explorers (Lazarenko at all) were found small dotted parts of eroded metal at the bottom of the dish. The
origin of dotted material leads to the electrical discharge appearance, and the whole method is named
electrical discharge machining. The principle of EDM is pretty simple and necessary equipment is shown
at Fig. 1.

5 $
Fig. 1. Scetch of equipment for electrical discharge machining
The working part (4) is connected as an anode and tool is connected as a cathode (3). For establishing the
EDM process serves a condenser batteries (2), so that charging of condenser is regulated by using a
rheostat (1).
The room between anode and cathode is full of dielectric fluid (5). The electric discharge depends from
the distance anode-cathode, further from kind of impulse signal, and of course from another properties of
working material and dielectric liquid.
Physical, electrical and metallurgical processes which have take place during EDM in dielectric fluid can
be divided as follows: a) mechanism of discharging, b) time developed discharging in channel, c) energy
distribution, d) heat transfer processes and e) material transfer processes.
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On EDM phenomena a great influence have a type and shape of impulse between electrodes, and this fact
make investigations more complex. The thermal effects of electrical discharging on hardness and structure
changes onto eroded material will be subject in this paper.

3. CHANGES IN STRUCTURE
So high temperatures will, no doubt, lead to changes in structure. Used steel is quenched and tempered to
hardness of 63 HRC, with structure of tempered martensite. As a consequence of breaking the impulse
current, melted metal is undergoing to rapid solidification just on the periphery of crater. Partially
evaporated metal will, also as a consequence of breaking the impulse current, condensed. After these have
happened, the surface may have look as overweld surface. Out of melting zone, the temperatures are
indeed lower but they are still on the high level than temperatures of tempering of steel. This tempering is
caused by EDM and this assumption is agreed by metallographic examination of eroded surface, as can be
seen from Fig.2.
Melted and solidified metal and partially condensed vapor, as a cloud at Fig. 2, have made a thin layer (1).
Such layer may have greater roughness that previously layer. By selection the proper values in EDM (as
like: current, impulse, polarity and other electrical parameters) it's possible to get a finished layer with
lower roughness than grinded surface. The high spark temperature may have led to local evaporation, even
a carbon from the treated surface. This is known as a decarburization process.

1. solidifield and condensed layer
2. white layer

^pfc^^^^Siy?

J.;-': i;;lTs.;i':-«4.*5?*:'£';'*^'

3. tempered layer

Fig.2. Metallographic structure at surface of qunched and eroded steel C 3840, x 400

If decarburization takes place the amount of ferrite in the steel will be increased. After rapid cooling is
applied than on the melted surface will be produced so called "white" layer. Such white layer consists of
cementite carbide, austenite and ferrite. Just below the white layer will be quenched layer, according to
Fig. 2. Further, the third layer from the center of spark is tempered layer. This tempering is of course a
result of electric discharging of base material. The tempered (or annealed) material always has o lower
hardness than quenched material.

4. TEMPERATURE AND HARDNESS CHANGES
The electric spark or an arc can produce a high local temperature. The exactly determination of
temperature distribution around the electric discharging practically is impossible, firstly from missing data
about heat transfer (i.e. conductivity), secondly from the beginning configuration at electrode's surface,
etc.
The temperature changes are indeed responsible for hardness changes in treated material. The temperature
gradient during discharging constantly is decreased from the center to the spark/arc periphery. Developing
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heat is divided on heating the base material, melting and even a evaporation of treated material. But, if an
electric discharging is provided for a long time than stationary state will be established. In such stationary
state a new-formed heat will not lead to melting or evaporation. From that reason it's clear that impulse
current must be used during electric discharging.
By using a detailed calculation of temperature distribution it's possible to determine boundanes between
liquid metal, zone of phase transformation in solid state (if they are existing) and tempering zone. The
tempering zone is of particularly interest for quenched (hardened) steel. The nature of temperature
distribution, i.e. termical zones, is shown at Fig.3.

Fig. 3. Distribution of main termical zones in material during EDM
The point-like source (1) is emitting heat at equidistant manner on all sides. The heating of work piece (2)
is a direct function from distance between electric current source and work piece: when the distance is
decreasing the heating is more intensive, and vice versa. Zone of largest heating is signed by arc a-a, see
Fig. 3, and this zone at the same time is a melting zone. Further heat transfer is signed by concentric arcs
b-b, v-v and g-g, according to heat waves.
The temperature distribution at point just under impulse current source is a function of impulse energy,
distance from the heat source, density of working material, and other parameters, which can be found in
appropriate literature1. High temperatures in the center of spark will lead to evaporation of some
components from melted and overheated liquid metal. In other zones some another metallurgical changes
may happened. From this reason, the hardness will be also changed. The nature of hardness change is
shown at Fig. 4.

63 Re

2. Solidified layer
("white layer")
3.1 Unquenched
marthenzite
3.2 Over quenched
marthenzite

/Um

(a) Transformed layer

Fig. 4. Hardness profile at surface after EDM, steel C3840
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Lower hardness just below the surface can be explained by remeltmg and evaporation process, firstly by
losing the carbon contest. The depth of layer with changed hardness, marked (2) as at Fig. 2, is about 10
μm, see Fig. 4. The greater lowering of hardness is registered at tempering zone, zone 3 from Fig. 2. The
range of lowering hardness in this case is about 120 μm, marked as (a) at Fig. 4. After distance (a) the
hardness is again 63 HRC, i.e. on the level of parent material (quenched and tempered).

CONCLUSION
Achieving of high local temperatures during EDM has a favorable influence on melting and erosion of
metal, and on that way it's possible to shaping raw material to the desired geometry. Besides of positive
effects in EDM for obtaining a desired shape, there is existing one minor but not neglected effect: under
the influence of high local temperatures the structure at the surface is undergoes to change, as registered
by metallographic examinations. As a consequence of melting and rapid solidification a white thin layer is
formed. Hardness and structure are changed after application of EDM.
The appearing of white layer, especially when the tool steel is working material, may cause the limitations
in usage of such tool. From that reason, in eroded tool steel becomes necessary to remove mentioned
white layer. For removing this white layer in technological list operations must be predicted one
mechanical operation (fine grinding or grinding +polishing) with a satisfactory allowance for final
machining.
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Abstract: The objective of this study is to present to international technical circles a summary of some basic
current scientific and applied results of the author's investigations on absorption and retention of nitrogen (N*),
structure formation of new Fe-based high strength cast alloys.
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INTRODUCTION
Bulgarian methods of gas counter pressure (MOMGP) presents a fundamental innovation for great
potential possibilities to developed and solve actual priority Global problems of Mankind; creation of
technological and ecological as well as economically profitable machines and devices, new alloys
(materials) and their products [1-4,17]. On the most perspective directions of MOMGP is creation of
new machine-building materials (steels and cast irons), alloyed with volatile elements. MOMGP
outlined the principal fundamental possibilities and directions for development of the new gaseous
metallurgy with volatile elements and substance. In IMS are being carried out profound not only
studies on possibilities for obtaining N alloyed steels for deformation, but new cast alloys as well. The
work proves that the possibilities for producing of such new cast alloys for foundry are considerably
greater than that of steels for deformation.

2.SUMMURISED RESULTS AND DISCUTION
2.1. ALLOYING PROCESSES WITH VOLATILE ELEMENTS: MECHANISM,
KINETICS, AND ECOLOGY TRENDS
We worked out and enriched new characteristics (parameters) theoretical model, connected with,
mechanism of process of gas absorption S2 (N2*) by multicomponent melt of Fe-C basis. The existing
boil down to process in pure Fe. We discuss mainly problems linked to adsorption - vacuuming stages
of absorb gas S(N*) are observed on differentially aim to determine limiting speed process. We
introduced new parameters characterising heterogeneous process-pressure P, difference in pressures
AP giving movement of gas S2(N) balloon (absorb process is equal to that concerning melt transport).
Surface tense "a", diameter of balloons "d", depth of bath (layer)- ,,X"- thickness and alloying
diffusion coefficient "D", number free places in melt clusters "n", time "r", availability of active
surface elements, earth speed "g", TC, etc. We show analytically and prove practices advantages of
saturation gas - volatile elements, well as vacuum by volume of melt than different ways of treating by
surface. The first worked out in 1967(68)-71 theoretical method to introduce N2 and N* - containing
substances and to create first laboratory installations to treat ferrous metals and alloys with volatile
elements in MOMGP. After wards (1987-1993) it gives possible to correctly and well prognosticate
future concepts to develop metallurgy and casting not only in new gas metallurgy (metallurgy with
volatile elements), but in classic (carbon) metallurgy. On basis on newly formulae "vacuumpressure" which model in embrace Nature processes, are ideas presupposing possibilities to create
new ecology - technology schemes to work new machines, installations and other device for
metallurgy and foundry according to today's development of civilisation and challenge of 21 Century
[1-4,17]. According to analysis and examples, theoretical model can use as base to develop it or
another theory to explain process or phenomena in Macrospace since basic factors charactenzing it
substance - composition TC, P and of parameters and characteristics creating 2 basic states- liquid
and solid. Proofs are many and later which say the same previously promulgated hypothesis.[1,17]
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2.1.1 .STAGES OF SATURATION PROCESSES WITH GASSES (N*)
On the bases of the above at saturating the melt gases S2(N2*) can be identified by 7 basic
stages. Every of which has own velocity (V), [1,17]: Vtotai = V 2 = j _ _L _L i—i—i—r

0)

Simplify we take limiting -agents R* diffusion. Fik's low says gas saturation on and vacuum by surface
melt is slow and long - lasting process. Vtoua=V4= DF melai.gas(Cvor Csuriace)/X
(2)
where Vlomi particles on surface of zone "metal-gas" for given time, D - coefficient diffusion of
particles as agent melt. F-melai.gas- area of interface surface. "X"- thickness of layer melt, Cvo;, Cmri.average concentration of agents in melt in volume and surface layer. As of eq. (2) limitathing stage
(velocity) coned express by other characteristics of liquid state. Coefficient of diffusion D=Dae'E/RT,
number atoms kinetics by Frenkel (n=Ne'E/RT), time of stay of atoms (ions) in potential gaps (T=TO e
E/RT
) solubility (degas) of gases according to Siviert's low and registrated deviations of it (S=S0P"e'E/RT
at n=1). All these characteristics are exponential dependent on T°C and activate energy (E=PV0, Ppressure Vo- volume of the vacancies).
Vj= V4=DoeE/RT Fmet-gas(Cvol- Csur)/X - express with D
(3)
Vs<=V4=Don Fmei-gas(CVoi-Csur)/XN- express with"n" and number of atoms N
(4)
Vz= V4=D0vo FmeHas(Cvoi-Csur)/Xv- express with''v"
(5)
V£= V4=DoToF met-Sas(Cwi-Csur)/Xr- express with, V
(6)
VZ=V4=D^ Fmel.gai(Cvor Qurj/XSoP"- express with " S " and ,,P"
(7)
Summary. Decreasing 1°C, Fme,.gai, concentration gradient in general case eq.(2), respective
increasing "X" size of bath of general number atoms "N", i.e. volume, viscosity "v", time "t" and
total pressure "P", process velocity Gus down. "X"-size hinders move of agents "R" and viscosity v
improves it, when decreasing. Going from some relation of "D" acting for "P", D=RT/8v (S-free may
of atoms ) and v= voePVo/RTis obtain D=RT/8voePWRT[l, 17].
Taking in eq, (2) we have:
Vz= V4=RTFmel.gJCvol-Ciur)/XSvyVo/RT
(8)
2.1.2.TREATING MELT THROUGH ITS VOLUME
Second basic way to gas saturate with gas S (N*) and degas (vacuum) is melt treat through its volume
of general hydrodynamic we see here place takes turbulent diffusion, which can see total stream of
diffusion:
VIvoI=(D+Kd) F met.gas dc/dx
(9)
where Vx voi-wtai diffusion stream, D - coefficient of molecular diffusion- cm2/sek, Kj- coefficient of
turbulent diffusion - cm2/sek, F meiai-gai surface of cutting - cm2, dc/dx - concentration gradient.
Equation (9) is derive of equation (2). Analyse process diffusion trough melt surface, many thoughts
show necessity of turbulent process to speed diffusion (velocity) and ease mass - change, i.e.
efficiency. Turbulent move is created differently, as in Nature or by Human: mechanic, molecular gas,
physic, chemical, electrochemical, electrodynamics, gravitation, centralfuming powers [1-4,17].
Turbulent move ease mass changes in both direction. It goes up surface of cutting Fme,.gas, lessens
thickness X of layer in grinding. Of equation (2) and its enriched developed form by (8) of (10) we see
that degree of absorb gas resp. degree of degas is due to characteristics of balloon form: max.
numbers, min or optimum velocity of swimming up, min or optimal diameter "d".
Vjv^cgfa-ptrf/v
(10)
where, c- coefficient for available active elements, g- earth speed, pm pg. thickness of melt and of gas
(gases), d - balloon diameter, v - cinematic viscosity. Conclusions of equation of Laplas for connect
between balloon diameter (d) and pressure difference. AP{d~4a ZAP) and exponential regulation of
T°C of viscosity v, number of vacancy in cluster of melt "n", resp. of number of atoms (ions)- N,
determine mass, of thickness (d=N/n) coefficient diffusion, time viscosity, gas solubility of total
pressure by Sievert's law and observations by us deviations (P, AP) we obtain equations (11-17):
Vswm=cg(pm-pg)16&!/(AP)2voeEyRT- express with v, VC, P=l
(11)
Concluding by regulation of v from P, V and T°C, regularity eq.(13) becomes eq.(15)
PVo/RT
Vswim=cg(pm-pg)16a:i/(AP)2ve
- express with "P", " v "and "n"
(12)
2
2
Vsmm=cg(pm-pg)16o n/(AP) v0N - express w i t h ' V and "N"
(13)
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Vswm=cg(pm-pg)16c?D/(AP)2vD0- express with "D";"v"
(14)
Conclusion by above known regularity for D by high P we obtains:
PWRT
VnmH=cg(pm-pg)16<flRT/(APfDo8vde
- express with TC, R, P, Vo
. (15)
z
2
VSMm=cg(pm-pg)16o rc/(AP) voTexpress with "r"
(16)
V-cgiPm-p^ierfS/iAPfvSoP* - express with solubility of S and P
(17)
Tchickness p, depending of atomic number "n" and " N " and qualitative and quantitative alloying by
nitride formation etc. elements, as well as surface pressure to 1950°C. p and o~ influenced by alloying
elements [14,17]. This especially for complex alloyed with V, Nb, W, Mo, Mn, Ni, Al etc.[l,17].
The bigger the difference smaller balloon, sizes ,,d'' and speed with be low as contact time we will
have melt together with atomic of those alloying elements expected by effectively use the alloying gas
according to the laws of gas S (N*) to saturate and vice versa - to degas. Diameter of balloons can very
effectively be changed by AP:
AP=P}i - P2t
(18)
where, Pr pressure out of balloon, acting contraction down-]', P2- pressure inside it, acting contraction
upt, making good place to move forwards. Pi hinders movement. It is important to say that same
difference AP (pneumatic), but in macrostate is due to movement, i.e. transport of melt down-up to the
manage tube in different old and news idea shemes of MOMGP [1,4,17]. Thus we make theoretical
base for movement and transport of light elementary parts, plasma, gas liquid and solid mass, powder
or ice in macrostade [1-4,17].
Note [171: In substitution the meaning of diffusion coefficient "D" of the well known "StocksEinstein" relation ( D = N' ^nrr),

where; r - effective reduced radius diffusion particles of agent R,

N - Avogadro's coefficient, T| - dynamic viscosity, r|=vp) we will get interesting theoretical equations:
a) for VIFV/*, Treating melt trough its surface; V2 = VAR* = R™"£~r"1 (Cvol
b) for Vsmm balloon with "r", treating melt itsvolume Vsmm =

- Csurf )

(18a)

^

3. RETAINING OF UNDER AND OVER EQUILIBRIUM (TO THE
ATMOSPHERIC PRESSURE) NITROGEN QUANTITIES BY
SOLIDIFICATION.
Examination of the solidification process of based N-alloys in the temperature range within liquids and
solids was proved that compact (cast with definite mass) alloy can be produced is solidificated melt
quantity at the moment of first gas (N2*) bubble formation G tends to 1. This can happen with pressure
increasing during solidification process. The N melt concentration (solidification range) is" in
accordance with Phqmd [5,17]. By G=0 the cast is maximal defected (pores are available). By G=l the
cast is compact G=l, in case of:
(P*oiJa = Nmma/NoeQsoUd/2RTsoUd
or by observing
Nmlial=N(/Pul,uld)I/2e-Qliquid/2R\quid
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Equation (20) determines the ratio between pressure of the melt before crystallisation in alloying with
gaseous elements (N*), Pnqud and pressure over metal in crystallisation (PSOhd), retaining the absorbed
N* This equation can be assumed as a consequence of Sieverts law and is an exception in points
diagrams Fe-Me-C-N where there is no interval of crystallisation. Equations (19) and (20) can be used
for analysis of problems connected with dissolving and retention of other two-atoms gases and
gaseous elements. According to our studies Pm in eq.(19) must take the form of P* (x=l/2-l).
Equations (19) and (20) have some fundamental philosophical possibilities for explanation of
processes and phenomena of the Macroworld [1-4]. They are also experimentally confirmed. Based on
the assumed methods we created apparatuses, machines and appliances for its application [4,17]. It can
also be applied in all available machines operating under pressure. As a results of its use we obtained a
number of patents and invention certifications for casting non-alloyed low and high alloyed Fe-C
based alloys containing above equilibrium quantities of N* 2
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4.REVIATIONFROMSIEVERT'S LAW.
An attempt is made for a new theoretical grounding of the N solubility (absorption) in Fe based melt at
variation of the partial gas (N*) pressure in the gas phase and variation of the observed deviations from
Sieverts law trough personal studies and studies of other scientists [14,15,17]. For that purpose in the
classical equation of the law new characteristics are introduced which connect the liquid and solid
physical state: number of vacancies (n), viscosity (t]), density (pm) diffusion coefficient (D), surface
tension (a) and others that strongly change under the action of pressure (P) and temperature (VC), the
increasing N content and the qualitative and quantitative presence of the other additions and alloying
elements. [1,5,6,17]. Proceeding from the results and analysis in [1,5,6,17] from the number of cluster
vacancies (n), diffusion coefficient (D), and viscosity (t]) expressing by emr and assume the values of
activation energy at elevated pressure E=PAV [1,6, 7], where AV=Vi-V2; Vi and V2- resp., volume within and with P [1,6,7], the N* solubility according the Sieverts law N*=N0P1/2eE/2RTcan be presented:
N*=NoPxepav/xRT;
if x = 1,thenN*=NJ>ep*v/RT
(21)
N*=NOPX n/m=NoPI/pm
- expression with n, m, (pm)
(22)
N*=N0PXD/Do
-expression with difusien coefficient D
(23)
N*=N0PxT](/ri
-expression with viscosity r\
(24)
where Do, No, t]o- coefficients, x-1/2-1; if in (4) we express the density, pm by the mass and volume V,
then N*=NoP*V/m or N*=NoPx/pm; pm=m/V (mass/volume), m - number of atoms or mass, V- volume
Proceeding from the well known dependence for D and r\ at elevated P[l,6]
D=RT/8t], where;
rj=r]oe PAV/RT; D=RT/8r]e PAV/RT then the N* solubility we obtain:
N*=NOPX RT/Do8r]r,e pmRT (25)
where, epmRT=f( r\/r\o; m/n; DJD) and 8 - length of atoms free run.
It is seen in eq. (25) that the sum of the pressure P and temperature T°C, effects both positively and
negatively the N* solubility in the corresponding thermal dynamic conditions. In other words, eq.(25)
take into account the melt structure which undoubtedly changes under the action of P and T°C.
Unfortunately, the liquid "phase diagram" is not sufficiently well known and yet less the effects of P
and T°C on it are not known. The alloying elements effects the above said parameters in different
ways at the respective P and N* and this affects the N* solubility. The latter is result of the effect of the
above said factors. It is supposed that these equations could serve also as a base for development of
methods to determine the solubility of the 2 atoms gases. The above said could serve as a base for
development of old and working out new theories and methods without negation and rejection on the
available ones. The possibilities (n) to N-absorption of phases (cc, y, a+y, MexCy, MeJNTy) are different.

5. EFFECTS OF PRESSURE (P) AND NITROGEN(N*) ON
STRUCTURE FORMATION OF Fe-C BASED ALLOYS.
An attempt is made for contribution to the theory of structure formation in alloy crystallisation under P
on the basis of experimental material for conventional gravy and white cast irons and complex alloyed
cast alloys (cast irons and steels) crystallised under P in N2* atmosphere. The most general principal
problems related to structure formation under the joint effects of P and N (as active gas) are
developed. The P, N* (Vcooiing) act in the same direction during crystallisation of castings of ferrous
metals and alloys [7,17]: they decrease surface tension, increase under-cooling, decrease the distance
(the difference between stable and metastable systems in Fe-C diagrams of state) exert considerable
effect on the equilibrium curves of phase transformation, increase the number of nuclei (nucleation
centres), increase density, refine grains, decrease liquation processes in grains, show tendency of
equalising the structure (and properties) in castings cross-sections of various thickness, increase the
elements concentrations in the grains (solid solution), increase dislocation density. Pressure- P and N*
increase melt viscosity, decrease diffusion (in crystallisation), increase the quantities of bonded C and
N*, stabilise cementite and austenite [7,17]. In grey cast irons P and N* increase the quantity of Cbonded>
pearlitize the matrix, determine tendency to crystallisation with chilling, refine graphite lamellae by
whirling them. At certain values of Vcooling, P and N* in dependence of the composition and quantity of
graphitizers C and Si a more compact graphite form could be obtained. P and N* affect also structure
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formation of complex alloyed cast alloys on Fe-C base.The most essential effect is the extension of yarea and austenite stabilisation and affecting the various solid solution reactions in primary and
secondary crystallisation (result of heat treatment). On the one hand they delay the diffusion processes
and stabilise austenite and on the other hand favour some processes as a consequence of: increase of
defects in the structure (vacancies, dislocations etc.), grain refinement, decrease of internal crystal
liquation. Each of the above said factors can dominate, i.e. one has the determinative role depending
onthe alloy composition and structure transformations, etc. Crystallisation obeys the general laws of
crystallisation processes. It starts with the appearance of fluctuations in the liquid phase, centres of
crystallisation respectively (for the conventional grey cast irons the graphite nuclei are important while
in complex alloyed alloys the additives - carbides, nitrides, carbide-nitrides, etc.)[7,17]
_
T

2oT

melt

QAT

After replacing in (27) Tmei, =f[P,N) in equation Clousius-Klapeiron [7,17] we obtain:
ladt
(28)
V)dP
where rcr - radius of the critical nuclei, a - surface (inter-phase) tension at the boundary "melt-crystal",
AT - under cooling of the melt when nucleation of the crystallisation centres is performed, Vj, V2volume of lkg of solid and molten phase respectively. AT, a, AV= f(P,N)[7], If we proceed of the
most simplified form of Sievert's law ( N* = k-J¥) after differentiation (N2*=k?P; dP=2/k2 N*dN;
dP=KNdN) and replacement of dP eq.(28) we obtain eq.(29) :

2adt
rcr =

—

AT(V2-Vx)kN
dN
Ak = 32<7 [K>NdNAT(v2-.Vl)\ ; \

(29)

= 32(7

k

where Ak- work for forming, rcr - homogenous formation

]

° '2~° U~

): Ak=16

[rNdNM-VO

J

where A^-work for heterogeneous forming of rCT- crystallisation on the impurity, G12 —o 1,3 ~O2,3respectively surface (inter phase) tension at the boundary "under cooling melt-crystal", "under cooling
melt-impurity", "crystal-impurity"

6. IN VOLUMETRIC NITROGEN INCORPORATION AND
RETAINING CAPACITY OF BASIC MATRIXES.
6.1 FERRITE (PERLITE) MATRIX (EUTECTIC. S c « 0,9 - GREY CAST IRON.
According to the published data capacity up to 0,02-0,03% wt N* have been reached [8,9,17].
Author's research shows under P within range 35-45.105 Pa up to 0,08-0,lwt N*% can be reached
[8,9,17]. Incorporated N* quantity corresponds to the N* quantity according to the constitutional Fe-N
and Fe-(Me)-C-N diagram [9,17]. By introduction of nitride forming elements (nitrated FeMn with
approximately 5,5% N* - content) following is valid:
lg 58,8CN-0,14CMn ,
(31)
Where, C^ is N*content in %; CMn is Mn-content in wt.% [9,17]. N*incorporation degree T|N expressed
with quantity (q) of introduced nitrated is as follows [9,17]: r]N=20,4 + 14,578q - 4,456 q2
(32)

6.2. AUSTENITE MATRIX. ALLOYS OF Fe-Cr-Mn-C-N (Fe-Cr-C-N) SYSTEMS.
Maximum N* interstitial does not exceed 1,5-2, 2wt % according to recently examination of the
author [9]. The maximum solubility in y- solid solution probably correspond to the Fe-N and Fe-(Me)C-N constitutional diagrams. The results of the experimental studies about influence of C, Cr and Mn
on the absorption of N* in alloys of the Fe-Cr-Mn-C- system under crystallisation pressure 45.105Pa
138
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and Piiqiud/PSoi.d =0,888 are shown in [5,9]. Treating by nitrated FeCrMn -8,2 wL%N* at T°C=1500°C.
The analysis of the experimental data shows that the influence of C, CΓ and Mn on the absorption of
N* in the studied range may be interpreted analytically by the following mathematical models:
1. Influence of C on the quantity of preserved N in alloys: wt%, 5,6-6,6% Cr; 15-17% Mn), 6-1,3 %Si:
a) 0.094<C<3,3%
N*=0,9100228exp(0,711364.C)
(33)
b) 0,094<C<l,40 %
N*=l,03788 exp.(-0,93937714.C)
(34)
c) l,730<C<3,30 %
N*=0,478624(-0,4175258.C)
(35)
Space-centred and face - centred lattice under definite thermodynamically and kinetic conditions of the
equilibrium state probably incorporate and retain as many N* atoms as is the number of vacancies (n)
in the correspondent lattice [5,9,17]. The N* accorporation under influence of C from alloyed y- solid
solution and under pressure within range 40-45.105Pa obeys the law for liquid Fe under pressure of
0,79.105Pa [5,9]. The dependence of C influence on O2 and H 2 incorporation is similar [1-4,17].
2.1nfluence of Cr (3,9-13,75%) on the quantity of absorbed N* in alloys containing (wt.%): 0,6-0,8%C,
14-17%Mn; 0,8-l,25%Si,
N*= 0,07668 + 0,1048.Cr
(36)
3.1nfluence of Mn (5,05-27,02%) on the quantity of absorbed N alloys containing (wt.%) 0,6-0,8%C;
5,5-5,7%Cr; 0,7-l,5%Sz
N*= 0,071935 + 0,0300639.Mn
(37)

7. SUMMMURY OF SOME INVESRIGATION RESULTS ON THE
STRUCTURE.
On the basis of the experimental observations in the time 1967(68)-2001 a condition is reached and it
is found that in the existing conditions of gas counter pressure Bulgarian casting method and the joint
effect of P and N*, N* has the determinative role. Pressure effect is indirect, trough the nitrogen. The
above stated structure changes under the action of P and the absorbed under itseffect active gas,
nitrogen, determine also considerable changes (several times) in the physical and mechanical
characteristics and in the operational qualities of the Fe-C base cast alloys N* alloyed under pressure,
the conventional non-alloyed and particularly in the complex alloyed ones. The theoretical problems
could developed could further the clarification of some problems of crystallisation of planets and
structure formation under the action of pressure (e.g.) explanation for the high density of the Earth
core [1-4]. For unexplainable reasons the efforts of scientists are concentrated on the production of
deformable stainless and dispersion-hardening steels. Information on cast N* alloys are practically non
available. According to the author's view the possibilities for producing of such new cast alloys are
considerably greater.

7.1. GREY CAST IRON (EUTECTIC. S c = 0,9)
Under pressure P increasing within range 18-36.105Pa the structure variations in the grey cast irons are
not qualitative different from the published related to the atmospheric pressure of 0,79.105 Pa [8-10].
Quantitative differences for higher pressures, N* respectively are found [5,17].Ferrite and Perlite
microhardness increase [8,9,10]. A grain refinement of graphite to a degree which enables coagulation
and a fracturing of the phosphate eutecticum have been observed .

7.2.AUSTENIT CAST ALLOYS OF THE Fe-Cr-Mn-C-N*, Fe-Cr-Mn-C SYSTEMS
These systems are unstudied with exception of the sharp angle sown on fig. 1-3. In particularly
information for the range over 0,l-0,4%C is non available [9,17]. Though the systems have been
investigated in wide range of basic component variation alloying (wt.%): (of 0,1 to 4%C, of 0 to
30%Cr, of 0<01 to 1(2)%N*, of 10-28% to 0,4%Mn) with and without additional alloying. The
structure have been examined after casting, austenitisation and quenching. In general the structure may
be evaluated as solid phase reaction. The left side of this reaction presents the structure after casting.
The right side presents the structure after austenitisation - quenching.
YunSaturated+MexCy+MexN(y)+MeMe+a+ (T->Y'salruraled+MekCi+(MeMe)'+
a'+ &
(38)
where, Ymsaturated is unsaturated solid solution and yiaturated is saturated one; Me x C y and Me^d primary
thermodynamically stable or unstable carbides, secondary (eutectic) according to the carbide forming
elements quantity and affinity, Me3C is dissolved, Me 7 C 3 and Me23C6 are stable; MexCy >MekC\ >O;
rd
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carbides-nitrides of Mex(CNy)y type are obtained by additional alloying with "V" or after pressure
increasing; for intermetalic compounds is valid o£>a'>O; for α-phases before and after austenitisation
and quenching is valid <r>cr'>C. /'saturated region is widened and becomes more stable during the
austenitisation, Me x C y - quantity decreases and Me x N y is dissolved as thermodynamically unstable.
MeMe, a, a decreases. The nitrogen and carbon atoms incorporated in the y- solid solution facecentred lattice widen the austenite region and stabilise the y- solid solution [9,17].
Phase region allowing producing of new alloys or Fe-Cr-Mn-C-N and Fe-Cr-Mn-C-N systems are
determined (fig.l, fig.3) [9,17]. Probably the curves on fig.3 are identical to the " S E " lines. With Crcontent decreasing the eutectic point moves right to higher C - content region and downwards to lower
temperature region. The maximal C solubility by the eutectoid temperature is within range of 1,7 up
to 2,2 wt.%. The maximal N* solubility has to be under near eutectoid temperature because of the left
inclined SE-line. The Mn has an opposite influence .With the Mn-content decreasing to 0 moves left
to higher C-content regions, and up wards to higher temperature regions. Probably by all
concentration variations of Mn, E-point is situated within range of 1,7 to 2,2 wt.%, fig 1-3 [9,11,17] In
the alloys of Fe-Cr-Mn-C system MexNy are not found in the left side (18). These form with γ^aturated
non-magnetic pseudo perlite [9] in the alloys of the systems with N content. Non magnetic perlite can
be formatted by yunsaturated +MexCy (eutectic) under low speed cooling, as well as by γ-msaiumted + MexCy
(secondary) + MexNy The phase of Me3C (Fe3N, Fe4N) type are ferromagnetic. The registration of this
eutectic is contribution to the metalscience.

7.3. ALLOYS OF THE Fe-Cr-C-N SYSTEM.
We studied a large number cast alloys with different ratio of components in wt%: C= 1-4,2%, Cr=432%, N*=0,02-2,l%, Mo=0,01-3%, v=0.001-1%, Ni or Cu=0,01-2,5%, Nb=0,001-0,3%, W=0,01-l%,
B=0,001-0,3%, Ce and/or Mg and/or Zr 0,01-0,5% and the rest is Fe (patent claim RB49451), [9,12,
13,17]. Additional alloying elements have been introduced separately or togheder in combinations of
1,2,3,4.... Summary sing general conclusions: Cast alloys of the system Fe-Cr-C-N can be obtained in
atmospheric conditions, as well as under pressure. It is determined that N* lowers critical points,
decreases the quantity of Ferro magnetic phases, increases the quantity of residual austenite, widens
the y- area stabilises austenite, makes grains smaller, acting in one direction with the velocity of
cooling in one direction with the velocity of cooling during crystallisation in shape and pressure and
slows down the diffusion process, suppresses disintegration especially in reversion (ageing),
strengthens the matrix with its two basic forms (installed in the solid solution and chemically
connected, i.e. increases the strength characteristics and hardness to certain optimum values depending
on duration, temperature, cooling and solid phase reactions preserves its strike elasticity and unlike C
does not deteriorate it (in the studied values to 0,8-0,9%%N*, improves possibilities for quenching and
wear resistance and can substitute expensive and deficit elements austenite former (Ni, Cu, Mnj, even
carbide and nitride forming increasing hardness (hardenability): V, Mo, W etc. improves resistibility
to slotting and treatability with cutting instrument [12,13,17]

7.4 .COMPLEX ALLOYED CAST ALLOYS IN OTHER METAL SYSTEMS.
Experimentally proved are the possibilities for creation of new complex alloys with high mechanical
characteristics and wear resistance on the basis of strong carbon and nitride - forming capabilities of
vanadium, V+Cr, V+Cr+Mn. Alloys can be obtained in atmospheric conditions with and without N
and under higher pressure with above equilibrium quantities N*. We obtained austenite cast irons in
three systems Fe-(Mn)-V-(Cr)-C-(N) with invertible structure, having comparable wear resistance and
better plastic characteristic in comparison with studied austenite alloys of the system Fe-Cr-Mn-C and
Fe-Cr-Mn-C-N. COur patent claim RB 48293).
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8. THERMAL STABILITY OF THE AUSTENITE ALLOYS OF THE FeCr-Mn-C-N, Fe-Cr- Mn -C, Fe-Mn-Cr-C-N, Fe-Mn-Cr-C, Fe-Mn-C-N, FeMn-C (Fe-Mn-N), Fe-Cr-C-N SYSTEMS
An attempt to be developed the principal processes of thermal instability under heating and cooling of
austenitised and quenched Ni- free austenite alloys [9,11,14,15,17]. It was proven, that the solid phase
reactions are determined mainly by: supersaturated grade of the solid solution with C and N* as well
as by their interaction with the existing substitution elements - carbide and nitride - forming elements,
depending on their quantity, affinity and mobility (diffusion coefficient, atom characteristics). It was
made an attempt to be proven that: a} the reactions are determined by the equilibrium state diagrams
(polithermal cross-sections: content, temperature, pressure, time), by " C " curves respectively; b)
eutectoid reactions exist by heating and cooling; ci depending on the content and initial magnetic or
non magnetic perlitic (eutectic) structure could be obtained - a mixture or a composite, which includes
ferrite or austenite plus carbides, nitrides, carbonitrides; dQ in case of carbide, nitride, carbonitride
extraction or dissolving in the solid solution, the critical points are displaced right-left and upwards downwards ("pulse like") on the equilibrium lines and phase domains (widening - shrinking). The
influence effect of the chemical compound and other factors is additive related to the volume changes.
It was proven, for the first time, that the ageing process could flow with (Y<=>oc) or without polimorfic
transformation: decomposition. The elaborated problems are of fundamental science and practical
significance.
- It has been determined that increases in Cr and Mn contents lead to decreases in Ferro magnetic
phases quantity after ageing of quenched cast alloys of the systems Fe-Mn-Cr-C-N, Fe-Mn-Cr-C.
-It has been determined that predominant release of Cr and Mn in carbides towards the solid solution
in typical not only for primary crystallisation of alloys of the Fe-Cr-C, resp. Fe-Mn-C systems, but is
also typical for secondary phase transitions, connected with solid-phase reactions under heating and
cooling of the austenitic quenched cast alloys of the Fe-Mn-Cr-C (N) systems.
-The included needle-like phase is of carbide type with probable stoichometry Fe(sMn54C2o, hexagonal
lattice and parameter's: a=5,55A°,c=6,98A°. Preferred extraction surface{lll} at angles multiple of
30° The mechanisms non diffusion in packages [16,17]

9. DEVELOPMENT, PERSPECTIVE AND PROGNOSTICATION
Based on current investigations a new prospective has been outlined in metallurgy and all Metallurgy
related sciences as it has been forecast in the period of 1967 to 1975 and proved in the period of 1978
to 1985(87), developed and proved during the period 1988-1999 [1-16]. If 4000 years before the
Human race unconsciously began to mix the little C atoms with the bigger Fe ones, now at the end of
20-111' (beginning of 21"St) century we have got an experience consciously to govern, regulate, control
and make forecast concerning the little and volatile N atoms mixing with the Fe atoms separately or in
combination with C and others alloying elements. A conclusion has been reached that one and the
same iron-based (alloys) grade with approximate by similar properties (quality) can be and will be
produced (up to certain concentration) by at least 3 different metallurgical processes: only with C, only
with N, with ZC+N at various different C/N, N/C ratio. The sum is being constant [1-17]. It is
assumed that differences below eutectic point are quantitative. The further development will be
determined by the investigation C and N* effects on the basic systems: Fe-C; Fe-N; Fe-C-N; and FeMe-(Me'...)-C; Fe-Me-(Me'..)-N; Fe-Me-(Me\..)- C- N [14,17]. As in "classical" carbon metallurgy
can be observed the trend for complete " C " burning out on one hand and " C " inserting with
objective the producing of " C " steels, cast irons, Fe-alloys on the other hand. Similar is the situation
in the Af*-alloying. In the future the development of vacuum metallurgy will be outlined aimed the
complete elimination of the volatile elements (N*) and as result some new heat and corrosion resistant
alloys for the rocket industry will be obtained. Beside that the pressure metallurgy will be developed
in the field of N*-alloying and N-steels, cast irons and Fe-alloys, including alloys of C+N systems [117] will be produced by full satisfaction of the ecological requirements [14].
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PROPERTIES OF HOT ROLLED STEELS FOR
ENAMELLING
Dragica Gavrilovski, Milorad Gavrilovski
Sartid Institute for Metallurgy, Goranska 12, 11300 Smederevo, Serbia & Montenegro
Abstract: The results of an investigation of the structure and properties of experimental produced hot rolled
steels suitable for enamelling are presented in the paper. Hot rolled steels for enamelling represent a special
group of the steels for conventional enamelling. Their quality has to be adapted to the method and conditions of
enamelling. Therefore, these steels should meet some specific requirements. In addition to usual investigation of
the chemical composition and mechanical properties, microstructure and quality of the steel surface also were
investigated. The basic aim was to examine steels capability for enamelling, i. e. steels resistance to the fish
scales phenomena, by trial enamelling, as well as quality of the steel - enamel contact surface, to evaluate the
binding. Also, the changes of the mechanical properties, especially the yield point, during thermal treatment, as
a very specific requirement, were investigated, by simplified method. Good results were obtained confirming the
steels capability for enamelling.

1. INTRODUCTION
Hot rolled steels belong to the group of steels for conventional enamelling, but represent a special
area. In comparison with cold rolled steels, they are less suitable for enamelling since they show a
higher hydrogen permeability, and therefore, a higher susceptibility to fishscales occurrence. The
effects of cold rolling in achieving an appropriate structure and reducing the hydrogen permeability
are not present here. The coefficient of hydrogen diffusion has a higher value than that in cold rolled
steels [1,2].
Hot rolled steels can substitute cold rolled steels for certain application, first of all in one-side
enamelling, such as manufacturing of boilers, reservoirs, silos and similar equipment.
The main reason for production of hot rolled steels for enamelling is to provide lowering of production
costs. Elimination some phases of cold rolling, such as rolling, annealing and skin-pass rolling
contribute to shortening of the production process [3].
The results of an investigation of the properties of experimental produced hot rolled steels for
enamelling are presented in the paper

2. EXPERIMENTAL
Trial production of hot rolled steel suitable for enamelling, with required properties, for certain
application, instead of cold rolled steel, was the task. In order to achieve these specific requirements,
and regarding that this steel grade is not standardized, the chemical composition and temperature
regime of hot rolling, with high coiling temperature, were proposed [4]. Microalloyed steel was rolled
in the semicontinuous hot mill in strips with thicknesses of 2,0 and 2,5 mm. Hot rolled strips were
pickled in order to provide better surface quality.
The chemical composition, mechanical properties, microstructure and capability for enamelling, first
of all fishscale resistance, of produced hot rolled steel, were investigated.

;

•Mi-
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3. RESULTS AND DISCUSSION
The obtained chemical composition of steel is presented in Table 1.
Table 1. Chemical composition
Elements (mass.%)
Si
Mn
0.0300.0130.2300.0060.006Range
0.017
0.050
0.315
0.018
0.014

Cu
0.0150.044

Al

TI
0.0400.056

0.0250.053

All elements are in the projected concentration ranges.
The mechanical properties and mechanical properties after thermal treatment are presented in Table 2.
Table 2. Mechanical properties
Mechanical properties
Mechanical properties
(after thermal treatment)
Rm(MPa)
A(%)
Re (MPa) Rm(MPa)
, A (%)
Re (MPa)
343
292
37
325
36
339
356
290
37
331
35
342
301
344
37
353
335
35
297
37
352
342
325
34
306
344
38
366
34 345
292
40
325
360
36
358
297
40
333
361
36
358
351
40
360
333
36
300
360
297
43
316
36
360
272
45
346
36
344
298
The determination of the tensile properties changes, first of all of yield strength changes, during
enamelling process, was customer's request [5]. It is very important for further steel processing that
yield strength does not decrease during enamelling. A simplified method was used for testing the
changes of yield strength during thermal treatment [3]. The obtained results show that all values of
yield strength after thermal treatment are higher than before.
The effect of thermal treatment on the yield strength is presented in Fig. 1.
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Fig. 1. Effect of thermal treatment on the yield strength
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The microstructure of the samples, according to the metal lographic examinations, is of the ferritecementite type, with separated coarse plates of cementite at the grain boundaries, which are
characteristic for high coiling temperatures. Ferrite grain size is 8-9 (ASTM).
Capability for enamelling of produced hot rolled steel was investigated by trial one-side enamelling of
steel samples and subsequent thermo-shock was carried out. Enamelled samples were inspected
visually. The steel is resistant to fish scaling. Also, it was obtained satisfactory binding between steel
and enamel. The produced hot rolled steel is capable for enamelling.

4. CONCLUSION
The properties of experimental produced hot rolled steels for enamelling were investigated. The results
show that projected chemical composition and temperature regime of hot rolling were obtained. The
values of yield strength are increased after enamelling process. The produced steel is resistant to fish
scaling and capable for enamelling.
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THE CORROSION BEHAVIOUR AND STRUCTURE OF
AMORPHOUS AND THERMALLY TREATED Fe-B-Si ALLOYS
R Raicheff, V. Zaprianova, E. Petrova
University of Chemical Technology and Metallurgy, 8 Kl. Ohridski Blvd., 1756 Sofia,
Bulgaria
Abstract: The corrosion behaviour of magnetic amorphous alloys Fe7gB13Si9, Fe8iBi3Si4C2 and Fe67Coi8Bi4Si
obtained by rapid quenching from the melts are investigated in a model corrosive environment of IN H2SO4. The
structure of the alloys is characterized by DTA, SEM, TEM, X-ray and electron diffraction techniques. The
dissolution kinetics of the alloys is studied using gravimetric and electrochemical polarization measurements. It
is established that the corrosion rate of the amorphous Fe67Co18Bt4Si alloy is up to 50 times lower than that of
Fe78Bi3Si9 alloy and the addition of cobalt leads to a considerable reduction of the rates of both partial corrosion
reactions, while the addition of carbon results only in a moderate decrease (2-3 times) of the corrosion rate. It is
also shown that the crystallization of the amorphous Fe78Bi3Si9 alloy (at 700°C for 3 h) leads to formation of
multiphase structure consisting of crystalline phases a-Fe and Fe3(B,Si). After crystallization an increase of the
rate of both hydrogen evolution and anodic dissolution reactions is observed which results in a considerable (an
order of magnitude) increase of the corrosion rate of the alloy.

1. INTRODUCTION
The amorphous metallic alloys are accepted as perspective materials with valuable magnetic, electrical
and mechanical properties. They possess also the necessary preconditions for revealing of high
corrosion resistance - homogeneous structure characteristic with absence of grain boundaries,
segregations and other defects of the crystalline state.
The amorphous alloys on iron basis containing metalloids Si and B already find application as soft
magnetic materials. The substitution of the conventional electrotechnical Si-steels with amorphous FeB-Si alloys in the cores of distributing transformers could lead to an increase of the maximum
transformed power (up to 60%) and considerable economy of electric power [1-3].
Improvement of the magnetic properties of those alloys may be obtained by addition of carbon or
alloying with cobalt as well as by thermal treatment of the alloys [4,5].
The effect of thermal treatment on the electrochemical corrosion behavior of Fe-B-Si alloy is only
scarcely studied. The polarization measurements of Fe77i5BisSi7,5 in neutral borate solutions are
performed and it is pointed out that heating of the alloy at temperatures 650-700°C leads to some
decrease of its ability to passivation [6].In general, one should expect that a multiphase crystallization
of amorphous Fe-B-Si alloys will result in an increase of the corrosion rate as already established for
amorphous alloys of the types Fe-Ni-Cr-P-C [7], Fe-Ni-B [8], Ni-P [9] and Ni-Ti [10].
The aim of the present work is to study the corrosion behaviour of amorphous Fe^B^Sig, FegiB^Si^
and Fe67Coi8Bi4Si1 alloys as well as the effect of thermally induced structural changes (crystallization)
on the electrochemical corrosion behaviour of amorphous Fe7gBi3Si9 alloy.

2. EXPERIMENTAL
The samples of amorphous Fe78Bi3Si9 , FegiBnSL^ and Fe67Coi8Bi4Sii alloys were produced in the
form of ribbons (4(^m thick) by rapid quenching from the melts. Samples of the as-quenched
FeTsBnSig alloy were subjected to heat treatment in evacuated quartz tubing at 700°C for 3 hours.
The structure of the alloys was characterized by XRD (PW1730/10 diffractometer), TEM (EM-400
Philips) and DTA (Paulik apparatus). The XRD measurements were performed using monochromatic
CuKa ( l = 1,5478A ) radiation.
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The corrosion experiments were carried out in a corrosive environment of IN H2SO4 at room
temperature. The dissolution kinetics of the alloys was studied by gravimetric measurements
(Sartorius Analytical weights). The average corrosion rates were estimated from the linear
approximation of the experimental weight-loss - time curves using an Excel computer program.
Polarization measurements were carried out using the potentiodynamic technique (EG&G Princeton
Applied Research Potentiostat 263A ) at a potential sweep rate of 20 mV/min and a three-electrode
cell with a specially designed electrode holder for flat specimens [11]. All potentials were measured
with respect to the saturated calomel electrode (SCE).

3. RESULTS AND DISCUSSION
3.1. CORROSION BEHAVIOUR OF AMORPHOUS FE-B-SI BASED ALLOYS
The kinetic curves of dissolution of the amorphous alloys Fe78Bi3Si9,Fe8iBi3Si4C2 and Fe67CoigBi4Sii
in IN H2SO4 are shown on Fig. 1.The experimental results show that all alloys investigated dissolve
actively and the process of dissolution could be approximated to a linear relationship . The steady-state
corrosion rates of the alloys calculated from the kinetic curves are shown in Fig.2. As seen the rate of
dissolution of Fe67Coi8Bi4Sii alloy is much lower in comparison with the rates of Fe8iBi3Si4C2 and
especially of Fe78Bi3Si9 alloys.

K,g/sqm.h

Figurel: Kinetic curves of dissolution of amorphous
Fe 78 B, 3 Si 9 (l), Fe8IB,3Si4C2(2) and Fe67ColgB14Sii
(3) alloys in IN H2SO4

Figure 2: Corrosion rates (K) of
amorphousFe78Bi3Si9 (1), Fe8iBi3Si4C2
(2) and Fe67Coi8Bi4SJi(3) alloys

Taking Fe78Bi3Si9 as a base alloy, the addition of 2%C to the alloy decreases its corrosion rate by a
factor of about two. This result seems to be in contrast to the corrosion resistance of crystalline iron
alloys at their corrosion with hydrogen depolarization - an increase of the rate of hydrogen evolution.
reaction and the corrosion rate in acid solutions with increase of the carbon content in the alloy (i.e.
the number of cathodically active graphites and carbides inclusions) is usually observed. The present
study however shows that there is no such beneficial effect of carbon on hydrogen evolution reaction
when it is uniformly distributed in the amorphous matrix. This results is in agreement with the
beneficial role of carbon in decreasing corrosion rates of the some other amorphous alloys reported in
the literature [12]. The effect of cobalt on the corrosion rate of the alloy is much higher - the alloying
of amorphous Fe-B-Si alloy with 18% Co increases its corrosion resistance about 50 times.
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Figure 3: Potentiodinamic polarization curves of amorphous Fe78Bi3Si9 (1),
and Fe67Co18B14Sii (3) alloys in IN H2SO4

The main results from the electrochemical measurements are illustrated in Fig.3.As it is seen, the.
effect of alloying with cobalt on the electrochemical corrosion behaviour of the alloy is much more
expressed than that of carbon, what is in agreement with the results from weight-loss measurements.
Cobalt leads to a decrease of the rate of both partial corrosion reactions-hydrogen evolution and anodic
dissolution, thus lowering the overall corrosion rate of the amorphous Fe-B-Si alloy in acid solutions.

3.2. EFFECT OF THERMALLY INDUCED STRUCTURAL CHANGES OF
AMORPHOUS FE78B13Sl9 ALLOY ON ITS CORROSION BEHAVIOUR
3.2.1. THERMAL STABILITY
The thermal stability of the amorphous Fe7gBi3Si9 alloy is studied by differential thermal analysis. The
DTA-curve (Fig.4) is characterized by well expressed exothermic peak at 650 °C and a prepeak at 630
°C associated with the two-stepped crystallization of the alloy. The DTA data allows the determination
of the parameters of thermal treatment of the alloy.

600

700

800

Temperature, (*C)

Figure 4: DTA-curve of as-quenched Fe7gB13Si9 alloy
(heating rate 10°C/min)
3.2.2. CRYSTALLIZATION
The X-ray diffraction patterns of as-quenched and heated at 700 °C Fe78Bi3Si9 alloy samples are
shown in Fig.5. As it is seen, the well formed diffuse halo pattern of XRD diagram for as-quenched
sample (curve 1) illustrates the amorphous state of this sample. The thermal treatment of the alloy at
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temperature higher than the crystallization temperature results in formation of a multiphase crystalline
structure composed of a-Fe and iron borides and silicides - Fe3(B,Si) (curve2).The same phases were
determine in other investigations [13] on the crystallization of an alloy of the type Fe-Si-B. The
transmission electron microscopy observations showed that the microstructure of the alloy after
thermal treatment is polycrystalline with an average diameter of the crystals of about 200 nm.

60

40

20, (degrees)

Figure 5: X-ray diffraction patterns for as-quenched (1) and
heated (2) at 700°C/3h
3.2.3. EFFECT OF CRYSTALLIZATION ON THE CORROSION BEHAVIOUR OF THE ALLOY

The kinetics curves of dissolution of as-quenched and thermally treated Fe78Bi3Si9 alloys in IN
H 2 S0 4 are shown in Fig.6. The corrosion rate of the crystallized alloy (cf. also Fig.7) is about an order
of magnitude higher than that of the amorphous as-quenched alloy. The crystallization of the alloy
leads to an increase of the rates of both partial corrosion reactions - hydrogen evolution and anodic
dissolution, thus enhancing the overall corrosion rate of the alloy (Fig.8).
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Figure 6: Kinetic curves of dissolution of
Fe7gBi3Si9 amorphous (1) and crys-talhzed
(2) alloys in IN H2SO4
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The lower dissolution rate of the amorphous Fe78Bi3Si9 alloys in comparison with that of the
crystallized alloy is obviously related to the features of the amorphous state - a homogenous
structure and absence,of grain boundaries, dislocations, kink sites and other surface defects
characteristic for the crystalline state [7-10,14]. The crystalline phases formed during
crystallization (a-Fe and iron borides and silicides - Fe3(B,Si)) show a higher catalytic activity for the
hydrogen evolution reaction than the amorphous alloy (cf. Fig.8) which is an additional factor for
increasing the corrosion rate of the crystallized alloy in acidic environments.

Figure 8: Potentiodinamic polarization curves of amorphous (1)
and crystallized (2) Fe78B13Si9 alloys in IN H2SO4
The data in the literature for the electrochemical properties of iron silicides and borides however are
largely missing in order to make a quantitative assertion of the mechanism for enhanced corrosion of
the crystallized alloy.

4. CONCLUSION
On the basis of the results in the present study the following conclusions could be made:
(i) The amorphous Fe-B-Si alloys show low corrosion resistance and active anodic dissolution in
acidic media. The addition of carbon and especially of cobalt to the amorphous Fe-B-Si alloy however
improves considerably its corrosion resistance;
(ii) The thermal treatment above the crystallization temperature of the amorphous Fe7gBi3Si9 alloy
results in formation of multiphase crystalline structure composed by a-Fe and iron borides and
silicides-Fe3(B,Si);
(Hi) The crystallization of the amorphous Fe78Bi3Si9 alloy leads to an increase of the rates of both
partial corrosion reactions - hydrogen evolution and anodic dissolution, thus decreasing considerably
the corrosion resistance of the alloy in acidic media.
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WELDING PROCEDURE SPECIFICATION FOR ARC WELDING
OF St 52-3N STEEL PLATES WITH COVERED ELECTRODES
S.Cvetkovski, Faculty of Technology and metallurgy - Skopje
D. Slavkov, Faculty of Technology and metallurgy - Skopje
J. Magdeski, Faculty of Technology and metallurgy - Skopje
Abstract: In this paper the results of approval welding technology for arc welding of plates made of St 52-3N steel
are presented. Metal arc welding with covered electrode is used welding process. Test specimens are butt welded in
different welding positions PA,PF,Pcand PD. Before start welding preliminary welding procedure was prepared. After
welding of test specimens non destructive and destructive testing was performed. Obtained results were compared
with standard DIN 17100 which concerns to chemical composition and mechanical properties of base material. It
was confirmed that in all cases mechanical properties of welded joint are higher than those of base material, so
preliminary welding procedure (pWPS) can be accepted as welding procedure specification WPS for metal arc
welding of St52-3N steel.

INTRODUCTION
Welding is a special process which requires the coordination of welding operation in order to establish
confidence in welding fabrication and reliable performance in service. The tasks and responsibilities of
personnel involved in welding related activities, e.g. planning, executing, supervising and inspection,
should be clearly defined. Welding is considered a special process in the terminology of standards for
quality systems. Standards for quality systems usually require that special processes be carried out in
accordance with written procedure specifications. So welding procedure specifications are needed in order
to provide a well-defined basis for planning of the welding operations and for quality control during
welding. It can be said that Welding procedure (WP) is a specified course of action to be followed in
making a weld, inducing reference to materials, preparation, preheating (if necessary), method and control
of welding and post-weld heat treatment (if relevant), and necessary equipment to be used. But as first
Preliminary welding procedure specification (pWPS) has to be prepared. Preliminary welding procedure
specification is a tentative welding procedure specification, which is assumed to be adequate by the
manufacturer, but which has not been approved. Welding of test pieces is needed for approval of a
welding procedure specification and has to be carried out on the basis of a preliminary welding procedure
specification. If standard requirements are fulfilled, welding procedure specification (WPS) become a
document providing in detail the required variables for a specific application to assure repeatability.

PRELIMINARY WELDING PROCEDURE (pWPS)
The preliminary welding procedure specification was prepared in accordance with EN 288-2. It specuv
tolerance range for all the relevant parameters.
The base material are plates with thickness 30 mm, made of St 52-3N steel. This steel belongs to fir&t
group of steels, according to EN 288 as can be seen below:
Steels with a minimum yield strength Reh < 360 N/mm2 and with analysis not exceeding, in %:
0,24 (0,25 for castings)
cSi =
=
0,60
Mn =
1,70
Mo =
0,70
C —
0,045
p=
0,045
Any other single element =
0,3 (0,4 for castings)
All elements total =
0,8 (1,0 for castings)
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As a welding process metal arc welding process with covered electrode is choosen (111 EN 24063).
Covered electrode EVB 50 intended for welding of carbon and low alloyed steels with yield strength till
610 N/mm2 is recommended to be used a filler material for welding. Before start with welding, drying of
electrodes at temperature of 300 °C/2h is recommended.
Welding has to be done in 4 different positions according EN 288 which designation is shown at figure 1.

PA flat

P F vertical upwards

P c horizontal-vertical

PE overhead

Figure 1. Welding positions for different specimens (Butt welds)
For those welding positions and thickness of base material, groove preparations like on the figure 2 are
given.

1

n
i

a
b
Figure 2 Groove preparation for specimens P A ,PF and PG (a) and Pc (b)
Recommended preheating temperature is 100 °C (determined by method of Seferian). The edges of
welding plates are grinded before start of welding.
Used welding parameters are given in tables 1-4, and figures 3.
lable 1 Number of runs and order of filling out the groove for PA welding position
Voltage
Type of current / polarity
[V]

Travel
speed
[mm/min]

Run

Process

Electrode
diameter

Current
[A]

1

Traveling

EVB50 (t>3.2

110-120

19-20

DC/inverted polarity

100 -105

2

Traveling

EVB50 <()4

180 -190

22-23

DC/inverted polarity

105-110

3

Traveling

EVB50 <J»5

230 - 240

23-24

DC/inverted polarity

90 - 95

4

Traveling

EVB50 <1>5

230 - 240

23-24

DC/inverted polarity

95 -100

5

Traveling

EVB50 <>
t 4

180 -190

22-23

DC/inverted polarity

105-110

6

Traveling

EVB50 <))4

180 -190

22-23

DC/inverted polarity

105-110

7

Traveling

EVB50 <H

180 -190

22-23

DC/inverted polarity

120 -125
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Table 2 Number of runs and order of filling out the groove for P F welding position

Voltage
Type of current / polarity
[V]

Travel
speed
[mm/min]

Run

Process

Electrode
diameter

Current
[A]

1

Traveling

EVB50 03.2

110-120

19-20

DC/inverted polarity

55-60

2

Traveling

EVB50 $4

150 -160

20-21

DC/inverted polarity

70-75

3

Traveling

EVB50 (])4

150 -160

20-21

DC/inverted polarity

70-75

4

Traveling

EVB50 <|>4

140 -150

20-21

DC/inverted polarity

80-85

5

Traveling

EVB50 04

140 -150

19-20

DC/inverted polarity

75-80

6

Traveling

EVB50 04

140 -150

19-20

DC/inverted polarity

75-80

7

Traveling

EVB50 04

130 -140

19-20

DC/inverted polarity

70-75

Table 3 Number of runs and order of filling out the groove for P c welding position

Voltage
Type of current / polarity
[V]

Travel
speed
[mm/min]

Run

Process

Electrode
diameter

Current
[A]

1

• Traveling -

EVB50 03.2

110-120

19-20

DC/inverted polarity

75-80

2

Traveling

EVB50 04

150 - 170

20-21

DC/inverted polarity

120 -125

3.

Traveling

EVB50 05

200-210

22-23

DC/inverted polarity

175 - 180

4

Traveling

EVB50 04

200 - 210

22-23

DC/inverted polarity

165 -170

5

Traveling

EVB50 04

160 -170

20-21

DC/inverted polarity

220 - 225

6

Traveling

EVB50 04

160 -170

20-21

DC/inverted polarity

125 -126

7

Traveling

EVB50 04

170-180

20-21

DC/inverted polarity

125 -130

8

Traveling

EVB50 04

160 -170

20-21

DC/inverted polarity

125-130

Table 4 Number of runs and order of filing out the groove for PE welding position

Process

Electrode
diameter

Current
[A]

1

Traveling

EVB50 03.2

110-120

18-19

DC/inverted polarity

70-75

2

Traveling

EVB50, 04

140 - 150

20-21

DC/inverted polarity

90-95

3

Traveling

EVB50 05

200 - 210

22-23

DC/inverted polarity

85-90

4

Traveling

EVB50 04

130 - 140

19-20

DC/inverted polarity

70-75

5

Traveling

EVB50 04

130 -140

19-20

DC/inverted polarity

85-90

6

Traveling

EVB50 04

130 -140

19-20

DC/inverted polarity

90-95

7

Traveling

EVB50 04

120 - 130

19-20

DC/inverted polarity

65-70
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Type of current / polarity
[V]

Travel
speed
[mm/min]

Run
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m

PF

•''41--'-*

\

Pc
PE
Figure 3 Number of runs and order of filing out the groove for different welding position

WELDING PROCEDURE TEST
Making and testing of test pieces representing the type of welding used in production are in accordance
with EN 288-3. The welder who undertakes the welding procedure test satisfactorily in accordance with
EN 288-3 is approved for the appropriate range of approval given in the relevant part of EN 287.
Test piece
The welder assembly to which the welding procedure will relate in production shall be represented by
making a standardized test piece or pieces. The test piece for butt welding of steel plates, like in our case,
is in accordance with figure 4. The length of the test piece shall be such as to provide for the appropriate
test specimens as given in Table 1.
Welding of test piece
Preparation and welding of test pieces were carried out in accordance with the pWPS, and under the
general conditions of welding in the production which they shall represent. Standard EN 288-2 defines a
format for the welding procedure specifications for arc welding of metallic materials, which is considered
to fulfill the requirements in current standards for quality systems as regards procedure specifications.
Test pieces for all welding position were prepared. Dimensions of test pieces are like on the picture 4.

a = 3t; minimum value 150 mm b = 6t; minimum value 350 mm
Figure 4 - Test piece for a butt weld of plates
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EXAMINATION AND TESTING
The testing includes both nondestructive examination (NDE) and destructive testing which shall be in
accordance with the requirements of Table 5.
Table 5 Examination and testing of the test pieces
Test piece
Type of test
Extent of testing
Footnote
Butt-weld
100%
—
Visual
d
100%
Radiographic or ultrasonic
a
Surface crack detection
100%
Transverse tensile test
2 specimens
b
2 root and 2 face
Transverse bend test
f
specimens
Impact test
c
2 sets
Hardness test
Macro-examination
required
1 specimen
Penetrant testing or magnetic particle testing. For non-magnetic materials, penetrant testing.
2 root and 2 face bend test specimens may preferably be substituted by 4 side bend test specimens for / > 12 mm.
c
Not required for parent metals:
- ferrtic steels with Rm 430 N/mm! (R* 275 N/mm2);
- group 9 steels.
R« is defined in the relevant product standard.
Ultrasonic testing is only applicable for ferritic steels and. for t > 8 mm.
c
Testing as detailed does not provide information on the mechanical properties of the joint. Where these properties are relevant to the
application an additional approval shall also be held e.g. a butt weld approval.
One set in the weld metal and one set in the HAZ. Required only for t > 12 mm and only for parent metals having specified impact
properties or when required by the application standard. If a testing temperature has not been specified, testing shall be performed at
room temperature.

NON DESTRUCTIVE TESTS
Visual control and radiographic testing were carried out to all test specimens. Unalowed defects were no
detected. The root and the face of welded joints are with regular shape.
DESTRUCTIVE TESTS
Machining probes for destructive testing from test specimens is given in figure 5.
Specimens and testing for transverse tensile testing for butt joint are in accordance with ISO 4136. One
probe for each specimen (welding position is used). Comparing obtained results (Table 6), and the values
for mechanical properties according to DIN 17100 standard (R^ = 345; Rm = 490-r630; A5(%) = 22t, 201),
it can be seen that obtained results are in all cases higher than the values for base material.
~ - Gitcans 2s -va
1

i

E

A-'M 2 !tr
- - HMK! t*C tHSif«ar.l

s<

I!
i

I

Figure 5 Machining probes of test specimens for a butt weld in plate
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Table 6 Results of transverse tensile testing of test specimens for different welding positions
As
Reh
Rm
Specimen
[N/ram2]
[N/mm2]
[%]
366
515
26.1
PΑ
PF

365

520

25.2

Pc

364

519

26.0

PE

369

523

25.8

Specimens and testing for bend testing for butt joints shall be in accordance with EN 910. The bending
angle should be minimum of 120°, and in our tests angle of 180° were obtained. Two probes were
prepared from each test specimen. As can be seen from Table 7 all results are allowed.
Table 7 Result of bending test
Specimen
Bending 180°
PΑ

allowed

PF

allowed

Pc

allowed

PE

allowed

Test specimens and testing for impact tests for butt joints are in accordance with EN 288-3 for position of
specimens and temperature of testing, and with EN 875 for dimensions and testing. Testing of base metal,
welds and HAZ was performed. Machining probes for impact testing is shown in figure 6. Test
temperature was -20 °C. Minimum value for impact energy, according Din 17100 is 27 J. It can be seen
from Table 8, that all results are much higher than this value. Significant differences between obtained
results can be explained by heterogeneity of microstructure, because welding was performed with many
runs.

INotch

NolcJi

i

Figure 6 Machining probes for impact testing of welded joints
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Table 8 Results of impact testing of test specimens

Specimen

PΑ

PF

Pc

PD

Base metal

HAZ

Weld

104

97

106

85

97

174

96

71

156

89

146

115

70

152

120

70

158

112

101

147

132

100

150

147

102

153

153

86

154

141

80

125

137

63

137
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The method of hardness testing shall be in accordance with EN 1043. The Vickers method HV10 was
used. The indentation was made in the weld, the HAZs and the base metal. Maximum hardness values
allowed with standard for this group of steel is 380 HV10 (without heat treatment).
Measured hardness values on test specimens are following:
Weld: 159 - 179 HV10
HAZ:
159-183HV10
Base metal 136-140 HV10
Those values are much lower from the values given in standard, and confirmed good welding parameters.
Metallographic testing
The test specimen for macro-examination was prepared and etched on one side in accordance with
EN 1321, to clearly reveal the fusion line, the HAZ and the build up of the runs. Unallowed defect were
no detected. Detailed microstructural examination was carried out to detect characteristic
microconstituents in welded joints, figure 7 (a-e). Microstructure of weld metal (fig 7a) consists of
proeutectoide ferrite which forms at higher transformation temperatures, at the boundaries of primary
austenite grains. Inside the grains, acicular ferrite is formed. This microconstituent enables high tensile
properties and very good impact toughness. Microstructure of coarse grained HAZ consists of ferrite and
bainite and generally has worsened properties, especially impact toughness (7b). The best mechanical
properties has fine grained HAZ which consists of equiaxed bainitic-ferrite grains, figure 7c. Intercritically
HAZ, formed as results of non complete y/a transformation is shown at figure 7d. It could have worsened
properties as a result of martensite forming during subsequent cooling. Striped ferrite-pearlite
microstructure is presented at figure 7e.
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a

*V

'
^15?^^.1-'«*

• e

Figure 7(a-e) Microstructure of test specimen PA, x500 a. weld metal b. coarse grained HAZ c. fine grained HAZ d.
Intercritically HAZ e. base metal

CONCLUSIONS
Basic idea of this paper was preparing of welding technology for steel plates made of St 52-3N in
accordance with EN 288 standard.
Concerning that, preliminary welding specification was written following standard requirements.
Test specimens for butt welds in positions PA, PF> P c and PD were prepared and welded according
preliminary welding procedure specification.
Non destructive and destructive tests were carried out to test specimens. Radiographic and visual
inspection didn't reveal presence of any significant imperfections. Results of mechanical properties of
welded joint were compared with requirements of DIN 17100 standard, for base material.. It was
confirmed that test results are higher than standard's requirements.
So, preliminary welding specification, become approved welding procedure for metal arc welding of steel
plates, made of St 52-3N plates.
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PREAGING EFFECTS IN THERMOMECHANICALLY
TREATED 6201 ALLUMINIUM ALLOY
Zlatanka P. Martinova
University of Chemical Technology and Metallurgy, Kl.Ochridski Blvd. 8a, Sofia 1756,
Bulgaria
Abstract. In this work the aging characteristics of aluminum alloy 6201 (Al-0, 62%Mg-0, 56%Si) subjected to
new dimension of thermomechanical treatment (TMT) was investigated. TMT employed stepped aging
according to the scheme: solution treatment, water quenching, pre-aging at low to intermediate temperatures,
cold working with 75-95% deformation and final artificial aging at 170°C - 200°C. Differential thermal analysis
(DTA) and differential scanning calorimetry (DSC) analysis to examine the precipitation and dissolution
reactions during continuous heating of samples with different pre-aging treatments were used. The main
commonality between each DSC curve obtained from pre-aged and deformed samples at 20°Cmin'1 was the
appearance of broad exothermic peak, centered at approximately 250°C. This suggests an overlap of several
reactions, occurring within the same temperature interval. Most likely, these are the precipitation of
strengthening P", P' phases, recovery/ recrystallization and some reversion of GPI zones. The tensile properties
and electrical conductivity of the wires were determined after deformation and after isothermal artificial aging.
The changes of the properties are discussed in terms of structure development at every stage of TMT and
according to the current two-stepped aging theories.

I.

INTRODUCTION

Wrought heat treatable Al-Mg-SI alloys are very valuable in their use as a structural material in many
applications as well as for the conductors employed on overhead power transmission and distribution
lines. Since the strengthening and the required properties in term of specific final application are being
developed during artificial aging, structural changes that occur during the precipitation process and
structure of precipitates continue to be a focus of practical and scientific interest. Although the aging
sequence is generally accepted [1, 2, 3] as:
Al supersaturated solid solution —> G.P I zones -> P"needies -> P'rods -> β Mg2Si plates
Several authors in recent works show the more complicated character of the precipitation process,
especially in the initial stage. Dutta and Allen [4] proposed clustering of Si atoms [4], Edwards et al.
[5] - separate Si and Mg clusters and formation of Mg/Si co-clusters. Additionally, several
investigations [5, 6-9] show signs of the formation of other precipitates. It is well known that the
aging kinetics and precipitation-hardening behavior of a great number commercial Al-Mg-Si alloys are
significantly influenced by the initial stages of precipitation, natural aging and pre-aging treatments at
elevated temperatures [10-16]. Plastic deformation of as-quenched alloys also exerts a great effect on
aging response and kinetics, [17, 18]. Industrial practice utilizes work hardening through cold working
with age hardening, which is a feature of Al-Mg-Si alloys in standard thermomechanical treatments T8
and T9, T10. There are a few reports, however, concerning the combined effects of pre-aging at low to
intermediate temperature and cold working, especially with high (>30%) degree of applied
deformation. Jahn and Chang [19] reported that 30 min pre-aging at 135°C combined with 60% cold
work improves the tensile properties of 6201 alloys, but pre-aging combined with 80% cold work leads
to detrimental effect on the strength. TMT, which includes solution treatment, pre-aging at 140°C for
20 min, drawing with 95% and final aging at 175°C for 4 hours is found to enhance beneficially
tensile and electrical properties of the wires of the same alloy grade [20]. In an early work Benedyc
[21] also showed high strengthening maintained in Al- 0,75 % Mg2Si and commercial 6061 alloy. It is
obvious, that just as in the case of double aging treatments, the effects of pre-aging on precipitation
sequence and hardening behavior during TMT of Al-Mg-Si alloys may be positive or negative
depending on the number of factors (i.e., alloy composition. Mg2Si content, pre-aging temperature and
time, degree of deformation). The underlying mechanisms, however, are still not completely
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understood. The present study investigates the effect of pre-aging and deformation on the aging
response of thennomecanically treated Al-0,62%Mg- 0,57% Si (6201) alloy.

II.

EXPERIMENTAL PROCEDURE

The composition of the used for the study alloy used is shown in Table 1. The alloy was continuously
cast and hot rolled (according to the commercial Properzi method) down to 9,5mm-diameter rod.
Samples of the rod were homogenized at 530 c C for 4 hours, followed by water quenching (Q). Part of
the rods were held at ambient temperature (25 CC) for times up to 500 hours (N A) and then drawn (7595% reduction in diameter) to wire (D). Other rods were pre-aged at 60, 90 and 120°C for 15 min to
hour Pi) and then cold deformed to wires. Both naturally aged and pre-aged wires were finally aged
(Pn) at 170 and 200°C for various time periods. These samples are abbreviated to Q-Pi-D-Pu.
Table 1

Chemica com position of the alloy (wt %)

Mg

Si

0,6175 0,5644

Fe

Cu

Ni

Ti

Zn

Cr

Al

0,2300

0,0517

0.0034

0,0120

0,002

0,0013

Bal.

Differential thermal analyzes (DTA) were carried out on specimen machined from 9,5 mm rod using
Netch DTA equipment, immediately after quenching and after NA. The heating rate was 10°C min"1.
Differential scanning calorimetry (DSC) was used on selected pre-aged and deformed materials as a
function of pre-heated time and the degree of deformation to measure variation in the aging kinetics.
DSC was also used on the selected pre-aged and naturally aged wires (Q-P1-NA). The instrument was
Perkin Elmer Model DSC-2 and in all cases the heating rate was 20°C min"1. A JEOL-7A
Transmission Electron Microscope (TEM) was used to characterize structural changes on every step of
TMT. The tensile properties in each condition were measured according to standard methods.
Electrical resistivity was measured using Double Thompson Bridge.

III. RESULTS AND INTERPRETATION
A. DTA measurements in quenched and naturally aged condition
A typical DTA curve obtained immediately after quenching is shown in Fig.l.
M
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Fig. 1. DTA and DDTA curves in
as quenched O- temper
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Fig. 2. DTA curves from the alloy in
Q - NA temper. A -24hrs. B-354 hours
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There are four exothermic peaks, including a broad one with a maximum at 76°C, at 268°C, ~301°C,
460°C (doublet at 434°C), interpreted as formation reactions, and 3 heat absorption peaks at ~ 222°C,
~344°C, and 523°C, interpreted as re-dissolution processes. Based on published DTA [12] and more
recent numerous DSC data, reported in the literature for other Al-Mg-Si alloys [13, 23, 24], the
exothermic reactions result from the formation of G.P.-zones, P" (G.P.-II zones), metastable P' and P
phases, correspondingly. The endothermic reaction near 222°C results from the dissolution of coclusters (G.P.-I zones). It must be noted that the peak positions are close to those in DSC curves
obtained for different Al-Mg-Si alloys and thus confirm the complex precipitation sequence found in
this alloy system.
DTA curves for the undeformed alloy after 24 hours and 2 weeks NA are shown in Fig.2. The
endothermic reaction near 240°C that precedes the exothermic peak at 280°C is assumed to arise from
the dissolution of clusters (G.P.-I zones) present in the microstructure prior to DTA analyses. This
peak becomes smaller with increasing holding time, which indirectly points out the increased stability
of zones. The clustering process continues for a long time at ambient temperature [13] and it is likely
that the small exothermic peaks still appearing on DTA curves up to 195°C are due to formation of
GP-I zones during continues heating.
B. Differential Scanning Calorimetric Analysis following
deformation

various pre-aging treatments and

After solution treatment and water quenching, specimens were held for a period of 15 min to one hour
at temperatures 90 to 120°C in oil and then deformed with 75-95% deformation. Some of the obtained
DSC curves are shown in Fig. 3 and 4. The peak temperatures and enthalpy change for the observed
reactions after different pre-treatments are summarized in Table 2. No evidence of precipitation and
dissolution reactions is recognized up to around 225-230°C at heating rate 20°min"1. This suggests
high stability of the highly developed zone and dislocation structure. The main characteristic of each
DSC curve is the appearance of a broad exothermic peak centered at around 250°C, which is slightly
displaced to lower temperature with increasing of pre-aging temperature and degree of deformation.
The broadness of the peak implies that there might be overlap of several reactions, which occur in the
same temperature interval. These are most likely the precipitation of p", 3' strengthening phases, and
recovery / recrystallization. Small doublet endothermic bumps on the peak indicate that some
reversion of smaller GP-I zones also take place. Another endothermic peak in the range from 336°C to
407°C is detected on the DSC and DTA curves obtained from Q-PI (90°C)-D (75%) and Q-NA (500
hrs) - D (75%) samples. Unlike, the materials pre-aged at 120°C did not show such heat release effect
neither during heating directly after deformation, nor when natural aging is interposed after or before
deformation (Figure 4).

Q-P-420CM5min-D75%

Q-P-e0C/60min-D75%
KAN RATS.

60

SCAH RATE*

2S.M

110 160 210

260 310 350 410
TEMPERATURE < n

460

510
DSC

Fig 3. DSC thermogramm from the alloy
Pre-aged at 90°C for 60 min and
Deformed with 75% reduction
Q-PI 90° /60min-D 75 temper
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Fig. 4. DSC thermogramm from the alloy
Pre-aged at 120°C for 15 min and
deformed with 75% reduction
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Table 2. Temperature ranges of the DSC peaks and total heat effects at various pre-treatments
Exothermic reaction 2

Exothermic reaction 1
Pretreatment
No
conditions

From
°C

To
°C

Min
°C

Enthalpy From To
change

Min

Enthalpy
change J/g

1.

Q^tNA-D75

223

299

253

5,82

2.

Q-500NA-D75 225

289

250,8

2,344

353

407,9

374

1,339

3.

O-Pl9o°/lh -D75

226,4

308,3 261,9

3,76

365

382

382

1,12

4.

Q-Pl9o°/,h-D87

216,0

307,6 259,7

4,353

336,1 390,3

368,9

0,995

5.

QPW/1S-D75

227,8

320,0 256,5

4,186

6.

Q-PIi2o°/i5-D87

223,4

308,3 256,8

4,395

7.

0-PI 1 2 0 °/ I 5 -.D95

227,8

298,1 252,7

3,558

8.

Q-PIl20°/l 5 -

223,5

327,6 252,1

3.725

-

-

Q-Pl20 /lh"

221,8

290,4 253,03 4,312

-

D959.

NA 15da)5 -D95

C. Structural changes during TMT
Fig. 5 shows bright field TEM micrographs after 30 min pre-aging at 120°C. Likewise in natural aged
specimen precipitate particles are not seen in the bright field images. After deformation high density of
dislocation is introduced. 75% deformation leads to formation of substructure, which is a mixture of
elongated cells and uniformly distributed dislocations, while after 95% deformation the substructure
shows imperfect cellular character (see Fig. 6), very similar to those observed in Q-NA 500 hrs- D
95% condition [24]. The precipitates are not recognized in highly dislocated structure but specific
dislocation distribution suggests pinning effect of preexisting zones. Aging at 170°C for 4 hours
induces the precipitation in the entire volume of the grains. Most of the particles are needle-shaped
Cβ"). Rod-shape particles Cβ')-are also present, some in contact with dislocation. On this stage
substructure remains highly dislocated, unrecrystallized (Fig.7).

Fig 5.Microstructure after
pre-aging 30 min at 120°C
<~j p r 120"30min

37500x
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Fig 6. Microstructure of pre-aged
and cold deformed alloy
Q-PI 120o3<klil -D95%
TEM 15000x

Fig 7.Microstructure after 4hr
at 170°C final step ofTMT,Q_pjl20o 30 min j-,120o 30 min
TEM15000X
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D. Strength /conductivity changes
Deformation leads to work hardening both in naturally and higher temperature pre-aged alloys. Higher
strengthening after deformation is achieved by prolonged natural aging and higher degree of
deformation. Table 3 gives the tensile strength, elongation and electrical conductivity after
deformation and after final artificial aging. The precipitation processes accompanied by recovery in
the deformed matrix restore the plasticity and electrical conductivity. At higher temperature of PH
electrical conductivity regenerates faster, but recovery/ recrystallization processes are enhanced.
Aging at 200°C, which is close to the onset temperature of the exothermic peak on DSC curves leads
to substantially increment of electrical conductivity in less than 1 hour artificial aging but causes faster
softening. As the Table shows, when pre-aging at 90- 120°C alone or with natural aging is interposed
between quenching and plastic deformation the samples exhibit higher electrical conductivity after
final aging at 170°C for 4 hours than those thermomechanically treated after prolonged natural aging.
Table 3 Tensile strength elongation and electrical conductivity in different tempers
Temper
D = 75%
D = 87%
D = 95%
Q+P.+D +P,,
Rm,
A% Y,
Rm,
A
Rm,
A
Y>
Y,
MPa
Mpa
MPa
m.om mm
m.om 'mm
m.om'mm 2
p

yOoJUmin

r\

308
350

2,5
5

28,60
29,85

352
336

3
6

27,82
30,17

328
334

1,5
5,0

28,34
30,43

323
327

2,5
6,0

29,05
30,67

P, 1 2 0 0 l i +NA J M h +D 354
379

3
7,5

28,12
28,82

369
388

3
4

28,12
29,16

365

26,90
28.72

3,5
6,5
5,0
2,5
50
3,5
2,5
4,0

27,35
29,60
31.64
27,95
29,98
30,56
27,30
28,66

387
359
297
393
382
365
401

367

3,0
6,5

365
377
316
386
395
356
390
363

383
378

2
6

26,03
27,65

373
372

4,0
6,0

26,54
27,62

387
370

344
321

5,0
2,0

27.70
30,90

349

3,5
3,0

26,58
31,44

356
317

p 170oC4h

p I70oC4h

p I70oC4h
. r> 200oC 1 h
p 170oC4h
,r> 200oC30h

NA 3 3 4 b +D
p 170oC4h
p

NA

200oC45min
50Oh

+D

p

I70oCU

p

200oC 45 min

p

200oC45ran

NA 4 b +D

335

361
357
365
339

371
337

1.5
6

28,86
31.01

2,5
4,5

28,30
31.57

2,5
7,5
4,5
4
4,0
3,5
2,0
5,5
3.0

27,70
30,20
32,37
27,80
30,27
30,53
27.66
30,14
31,71

1,5
7.5
5,0
4,0
5,0

27,51
29,30
31,74
28,54
32.38

IV. SUMMARY
Based on the present DTA results and available literature data it can be concluded that the
precipitation sequence of quenched commercial 6201 alloy consists of several stages. Like in most of
the Al-Mg-Si alloys three types of precipitates (P", P', (P) form following initial clustering reactions. It
is prove by now [5, 14] that Mg and Si atoms aggregate together by natural aging or pre-aging up to
100°C thus forming co-clusters or G .P. zones (they are co-clusters, with size and solute content high
enough to give contrast in TEM images [14]). This process is diffusion controlled and governed by
excess vacancy concentration. As the NA or elevated temperature pre-aging precedes the number of
co-clusters (zones) increases and the solute concentration in the matrix decreases. The shift of the
endothermic peak temperature from 222°C in quenched alloy to 240°C after 2 weeks N A indicates
that the zones being dissolved are of larger size and more stable. The size and solute concentration in
clusters (zones) influence their thermal and mechanical stability as well as their ability to act as
Proceedings of 3rd BMC-2003-Ohnd, R. Macedonia

165

PREAGING EFFECTS IN THERMOMECHANICALLY TREATED ...

precipitation seats. The high amount of deformation applied in preliminary formed zone structure
leads to a/' work hardening, which depends not only on the degree of deformation but on the zone
development during pre-aging b/ change in aging kinetics in the following PI1 step of TMT as it
follows from DSC analyses. NA after quenching generally is considered as detrimental both in T6 and
T8 treatments. The effects of elevated temperature pre-aging on properties obtained after TMT
repotted so tar are also inconsistent. Our results in table 3 (which are part of the extended
investigation) implies that there might be a proper pre-aging time and temperature in conjunction with
deformation and a definite PII conditions under which a good combination of properties could be
attained.
The
existing
kinetic theories [10, 25] for the two stepped aging are based on the concept of a critical temperature
for every specific alloy (Tc, actually G.P.-I zones solvus temperature) and critical size of precipitates
formed on pre-aging treatment. Hence, beneficial effects of two stepped aging could be attained if a
great number of clusters (zones) are developed during pre-aging treatment and majority of them has
size above critical one, capable to grow and transform in p" strengthening phase during higher
temperature artificial aging. In the case of TMT with pre-aging the mutual influence of the preexisting
precipitate and dislocation structure, the heterogeneous precipitation on dislocations, the extent of
work hardening and recovery/ recrystallization are factors of importance.
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Abstract: To provide an understanding of how compositional variations affect the microstructural parameters
associated with the coarse intermetallic (EM) particles and in turn the fracture toughness in AA 7000 aluminum
forgings, the microstructural and fractographic analysis together with mechanical tests were carried out using
three industrially produced Al-Zn-Mg-Cu alloys with different contents of impurities (Fe+Si). Light optical
microscopy and image analysis were used to quantify the volume fraction, size and distribution of all soluble and
unsoluble coarse (> 0 , ^ m ) EM particles identified in the corresponding R-C and L-R planes for T73-type heat
treatments by selective etching and energy dispersive X-ray spectroscopy analysis. These quantitative data were
correlated to plain strain fracture toughness, K,c, with the results being used to produce useful information on
alloy design and thermomechanical processing via microstructural control. The simultaneous scanning electron
microscope observation of fracture surface features and estimation of area fractions of different fracture modes
in the plastic zone segments of test specimen showed that multiple failure mechanisms occur with the coarse
voiding at intermetallics becoming more important as the fraction of coarse IM particles increases. Quantitative
assessment of the relevant microstructural and fractographic parameters will be utilized for developing and
verifying a multiple micromechanisms-based model for fracture toughness.

1. INTRODUCTION
High-strength aluminum alloys of the AA 7000 (Al-Zn-Mg-Cu) series are widely used for structural
applications, due to their good combination of specific strength and fracture toughness [1]. However,
the critical fracture toughness properties, especially in the short transverse direction may be seen as
questionable, since the fracture resistance is influenced by a number parameters including a range of
microstructural features, which are controlled by chemistry and processing [1-4]. Furthermore,
microsructural anisotropy associated with wrought materials may influence failure mode depending on
load and crack orientation [2].
Thus, it is now recognized that the coarse particles of intermetallic (EM) phases are generally
detrimental to the fracture" properties. This is associated with the fact that although the fracture
processes in precipitation-hardened AA 7000 alloy products involve multiple micromechanisms, the
decohesion and fracture of these particles, which are brittle and have weak interfaces, is the first step
in the sequence of events that lead to the overall fracture of material [1,2,5]. The remaining fracture
path is partitioned between intergranular fracture and microvoid-induced transgranular fracture.
The undesirable coarse particles with sizes in the range of 1 to 20 μm are IM phases of two types: (a)
unsoluble Fe- and Si-bearing phases formed during solidification process, and (b) normally soluble
phases containing alloying elements do not completely dissolve during homogenization and solution
treatment [1]. In order to improve the toughness, it is necessary to achieve the lowest levels of coarse
IM particles. The removal of the excess amounts of the soluble particles can be obtained by controling
the all stages of processing. But, limits to reduction of the Fe and Si impurities are set by cost and
availability of high purity materials. Consequently, these impurities are always present in the
commercial alloy. They react with Al and alloying elements such as Mg and Cu to form a large
number of phases [6]. In addition, these alloys contain Mn and Cr, which may also be present in the
form of coarse EM particles, since they combine with Fe, Si, and Al.
Therefore, it is of interest to predict the variation of the fracture properties as a function of the
microstructural parameters such as volume fraction of the coarse EM particles, their size and space
distribution. However, most of the available informations are concerned with the properties of
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wrought alloys. Systematic and in-depth quantitative microstructural and fractographic examinations
of commercial AA 7000 alloys in the form of thick-section plate and forgings have not been widely
conducted. It is the purpose of this contribution to report a microstructural and fractographic
investigation of the effect of compositional variations on the attributes associated with the coarse IM
particles and fracture toughness of a modern AA 7000 alloy (high-zinc variant) forgings in the
overaged condition as a function of test orientation. The failure mechanisms are identified and
individual contributions to overall fracture are quantitatively assessed. The data are then used to obtain
a relationship between microstructural parameters and plane-strain fracture toughness, with the results
being utilized for the modeling of toughness.

2. EXPERIMENTAL PROCEDURE
Three industrial alloys with Zn, Mg, and Cu levels broadly in the range of AA 7049 composition were
received in the form of hot-forged ~ 50-mm-thick pancake-type plates. The chemical composition of
each alloy is given in Table 1. The contents of alloying elements are very near to the nominal ones.
The only difference in composition between alloys is the total (Fe+Si) content, which increases
gradually from alloy 1 through alloy 3.
Table 1. Chemical composition of the investigated alloys (in mass.%).
Elements

Alloy
Zn

Mg

Cu

Mn

Cr

Zr

Ti

V

B

Fe

Si

1

7.45

2.47

1.53

0.25

0.17

0.15

0.015

0.003

0.003

0.12

0.11

2

7.30

2.26

1.55

0.29

0.18

0.13

0.015

0.007

0.003

0.16

0.09

3

7.65

2.26

1.55

0.25

0.18

0.11

0.017

0.005

0.003

0.26

0.11

All three alloys were solution treated at 460°C for lh, water-quenched, and aged to T73 temper. The
two-step T73 overaged treatment consisted of aging the specimens for 5h at 100°C and 5h at 160°C.
Light optical microscopy (LOM) and image analysis were used to characterize the microstructure of as
heat-treated plates. Metallographic sections were taken from the corresponding R-C and L-R planes.
The specimens were prepared using standard metallographic techniques. A selective etching and
energy dispersive X-ray spectroscopy (EDS) analysis performed on a scanning electron microscopy
(SEM) were used to identify the present IM phases. The volume fraction of all soluble and unsoluble
coarse IM particles, Vv, their size expressed by the average intercept length, L, and mean free path., A,
characterizing the space distribution were estimated by the line-intercept method. The measurements
were carried out on 500 uniformly sampled microstructural frames observed at magnification 1000
times. Plane-strain fracture-toughness tests were performed according with the ASTM E399 on the
specimens of corresponding R-C and L-R orientations; i.e. on the single-edge-notched three-point
bending specimens (SEB) of R-C orientation and compact-tension (CT) specimens of L-R orientation.
The specimens were fatigue precracked according to the ASTM standard specifications. In all cases,
three specimens were tested. The KiC values for R-C orientation specimens were obtained from the Jintegral data. The 7/c was evaluated with the unloading compliance technique and so using a single
specimen for each J!C result. The 7-integral and crack growth, Aα, were calculated in accordance with
the ASTM El 152 and ASTM E813. On a broken specimens SEM fractographic examination were
performed to evaluate the fracture mechanism. The fracture surface morphology was studied in the
central region of the plastic zone ahead of the fatigue precrack. The area fraction of microvoid-induced
transgranular fracture regions, AAl, intergranular fracture regions, AAl, and coarse IM particles, AAp,
were estimated. The planimetric area measurements were performed on the SEM fractographs by
tracing the areas on a digitizing tablet. These measurements provided the data to quantify the
contributions of different fracture micromechanisms to the plane-strain fracture initiation process as a
function of the purity degree and specimen orientation.
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3. RESULTS AND DISCUSSION
3.1 ANALYSIS O F M I C R O S T R U C T U R A L DATA
Typical microstructures of simple uniaxially forged material after full heat treatment are illustrated in
Fig. 1.

_ ' " • * • -

'(c)
Figure 1. Optical microstructures of the overaged alloy 3 (a),(c),(d) and alloy 1 (b) observed in R-C (a),(c) and
L-R planes (b),(d) etched in 10% H3PO4 at 50°C for 5 min (a) and Keller's reagent at 20°C for 5 s
(b),(c),(d). Type of phases: A = Mg(Cu,Al,Zn)2, B = S-CuMgAl2, C = Mg2Si, D = (Cu,Fe,Mn)Al3 or
(Cu,Fe,Mn)Al6, E = Al7Cu2Fe, F = (Cu,Fe,Mn,Cr)Al7, G = (Fe,Cr,Mn,Cu)3SiAlI2.

All forgings show deformed dendrite cell structure with coarse IM particles having 1.27- to 2.
average size, Fig. la. As expected, relatively coarse and closely spaced precipitates mostly situated on
the grain boundary surrounded by the precipitate-free zones (PFZ) were also observed. The TEM
characterization of precipitation in AA 7000 alloys by previous authors [1,2] indicates that these
particles are variants of the r|-Mg(Cu,Al,Zn)2 phase. In the Al-rich matrix, there was a dense
population of uniformly distributed dispersoids [1,2,4] and fine precipitates of r) and r\' phases [1,2]
that contributed to precipitation hardening. On the other hand, the coarse EM particles are
inhomogeneously distributed and aligned in the direction of prevailing deformation, as observed on
the metallographic plane of L-R orientation, Fig. lb. The micrographs also illustrate IM particles that
are irregularly shaped and of different types, Figs, lc and d. The combined use of metallographic and
EDS analysis indicates that these particles are of the following types: (a) soluble Mg(Cu,Al,Zn)2, SCuMgAI2 and most often observed Mg2Si, (b) Fe-bearing phases Al7Cu2Fe, (Cu,Fe,Mn)Al3 and a very
little of (Cu,Fe,Mn)Al6, (c) Cr-bearing phase (Cu,Fe,Mn,Cr)Al7, and (d) another type of Si-containing
phases (Fe,Cr,Mn,Cu)3SiAli2.
The identified phases were found in all three alloys, however, variations in the composition caused a
large changes in their fraction and morphological characteristics. This observation was also supported
by image analysis. As it can be seen from the data presented in Table 2, the alloy 3 had the highest
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percentage of coarse particles with an average of 0.79 vol.%, while the alloys 1 and 2 had similar
volume fraction, varying between about 0.52 and 0.58 vol.%. The significant increase in amount of
coarse particles, serving as the crack initiation sites is a direct consequence of an increase in total
(Fe+Si) content. For all alloys, namely, the volume fraction of phases containing Al, Mg, Cu, and Zn
(Mg(Cu,Al,Zn)2 and S-CuMgAl2) is lower than ~ 0.15 vol.%. Note also that, since the Si content is
practically unchanged from one alloy to the other, the volume fraction of Mg2Si particles is constant.
This implies that Fe content plays an important role in the formation of coarse particles. The volume
fraction of gray particles (Fe-containing phases) increases almost linearly with the increase in the Fe
content. As a result, the coarse particles are distributed on the shorter distances. These features can
provide planes of easy crack growth, thereby reducing the matrix capacity to deform.
Table 2. Results of image analysis and plane-strain fracture-toughness tests
Alloy

Plane

Kic
(MPa-m1/2)

AA*

R-C

45.50

ND***

L-R

43.16

R-C

42.63

1

P
I
T

0.152
0.278
0.570

P
I
T

0.299
0.304
0.397

2
L-R

40.96

R-C

40.53

3

ND***

IM phase characteristics
L
Vγ
(vol.%)
^m)
fam)
MgZn2+S
0.159
1024.8
1.63
Fe-rich**
o>227
883.5
2.00
Mg2Si
0.125
1.74
1394.1
MgZn2+S
0.147
1.56
1054.7
Fe-rich**
0.236
2.08
878.0
0.144
M g 2 Si
1.94
1350.0
MgZn2+S
0.048
2685.6
1.29
Fe-rich**
0.357
557.0
1.99
0.094
Mg2Si
1.70
1806.7
0.095
MgZn2+S
1.27
1333.8
Fe-rich**
0.440
2.06
465.5
0.134
Mg2Si
1.92
1425.1
1363.4
MgZn2+S
0.119
1.63
Fe-rich**
0.590
409.8
2.43
Mg2Si
0.147
1.95
1318.7
MgZn2+S
0.046
3031.4
1.38
Fe-rich**
0.532
2.37
444.3
Mg2Si
0.146
1434.8
2.09
fracture regions (t), intergranular fracture region (i), and
Type

P
0.378
I
0.287
T
0.335
* Area fractions of microvoid-induced transgranular
coarse constituent particles (p)
** Fe-rich phases = Al7Cu2Fe + (Cu,Fe,Mn)Al3 + (Cu,Fe,Mn)Al6 + (Cu,Fe,Mn,Cr)Al7 + (Fe,Cr,Mn,Cu)3SiAI12
*** ND = not determined
L-R

37.67

3.2 TOUGHNESS BEHAVIOR
Table 2 shows how reducing the total (Fe+Si) content and thereby removing most of the coarse IM
particles improves K^. As expected, the alloy 1 with a lowest (Fe+Si) content of 0.23 mass.%
possessed the highest toughness. By increasing the impurity level from 0.23 to 0.25 mass.% and in
turn the volume fraction of the Fe- and Si-containing particles from 0.380 to 0.574 vol.%, the KJC
value in the R-C orientation decreased approximately by 6.5 %. Since the alloy 2 has a Si content that
is 0.02 mass.% lower than that of the alloy 1, this indicates that a large variations in coarse particles
amount and fracture toughness can occur with a relativelly small changes in the Fe content. The
toughness decreased further in going to the purity of 0.37 mass.%. The drop in fracture toughness, due
to the presence of undesirable particles in quantity for 0.298 vol.% greater than those in microstructure
of alloy 1 is almost 1 1 % .
This trend is similar to that observed for the L-R orientation. But, although the amount of the damaged
particles has the most important influence, a more probable explanation of the toughness degradation
in this work may be based on the synergistic effect of coarse particles volume fraction, their sizes and
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spacing. It can be seen that, as the (Fe+Si) content increases the particles sizes increases, while the
mean free path decreases, with a concomitant decrease in toughness. Thus, the average particles sizes
vary between 1.70 and 2.08 μm for the alloys 1 and 2, no distinct variation of Fe-containing particles
width with orientation of metallographic plane were observed, whereas for the alloy 3, particle sizes
seem to vary from 1.95 to 2.43 μm, with only minor differences between R-C and L-R orientation
planes. It should be noted that the Fe-containing particles were larger than those of Mg2Si phase and
hence more detrimental for K/c although a contribution from other phases particles cannot be ruled
out. Namely, larger particles cracked more often. Also, particles aligned in the loading direction are
more prone to this type of damage. Therefore, coarse particles distribution is of particular importance.
Metallographic work showed that the spacing of the week paths is also affected most (at least for the
R-C orientation plane). Decreasing the particles amount leads to increase the mean interparticle
distances. The A value increases by 60 to 80 %, going from alloy 3 to alloy 1, causing the absence of
the most particle stringers and decrease in the extent of coarse voiding at IM particles. Comparison of
the R-C and L-R orientations indicates that for a given degree of purity the fracture toughness changes
with direction of testing. All three alloys showed higher toughness in the R-C orientation specimens,
as compared to that of the L-R. This toughness anisotropy is particularly noted for alloy 3 with a
highest (Fe+Si) content. The Ktc value in the R-C direction is higher for 7 % than the short-transverse
value. It is primarily attributable to the anisotropic orientations of coarse IM particles. This is
consistent with the previously reported results [1,5] indicating that the alignment of these particles
seriously reduces K!C and is more effective than the other possible paths of weakness, e.g. the
precipitated grain boundaries. Since coarse particles are brittle and fracture or separate from the matrix
when the local strain exceeds a critical value, they provide preferential crack paths ahead of a crack
loaded to develop high stress intensity. When this high stress intensity is applied, the presence of these
preferential crack paths decreases the energy needed to propagate the advancing crack. Hence, the
toughness degradation was attributed to acceleration of the crack initiation and growth by the damaged
particles.
The relative contributions of different fracture modes to the plain-strain fracture initiation process
(and, therefore, to KiC) were determined from the fracture surfaces of the failed toughness specimens.
The SEM observations of the fracture surfaces revealed the multimechanistic nature of the fracture
process with a competition between coarse voiding at IM particles and transgranular/intergranular
failure. The controlling mechanism varies with alloy purity, with combined transgranular/intergranular
shear fracture dominanting in the alloy 1 (Fig.2a), and coarse voiding becoming progressively more
;
important as the (Fe+Si) content increases (Fig.2b).

(a)

(b)

Figure 2. SEM micrographs showing the R-C fracture plain of the alloy 1 (a) and the L-R fracture plain of the
alloy 3 (b).
Namely, the transgranular microvoid induced fracture generated by the formation of voids around the
matrix precipitates was observed in all cases. The shear planes were covered with fine dimples,
rd
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commonly associated with very fine particles. Many extremely fine dimples representing areas of
extensive deformation that precedes ductile fracture were observed on the walls of the large dimples
associated with aggregates of IM particles, most of which have fractured. However, the places called
ridges at which the crack had changed its direction of propagation can also be identified. Higher
magnification examination showed that they appear to be formed from the grain boundary. These flat
intergranular areas were characterized by a fine population of shallow dimples. Coarse grain boundary
precipitates could be seen within some of them. The presence of ridges suggests a competition
between the intergranular and transgranular shear-fracture mechanisms, although enhanced grainboundary failure has not been observed.
The damage observations revealed that, in spite of a general similarity of the fracture surfaces for the
alloy 1 through alloy 3, there appears to exist significant differences. Crack propagation modes and
toughness levels are dependent on the extent to which primary void growth continues prior to a
secondary failure mode (i.e., intergranular and transgranular shear failure), causing coalescence. Since
primary voids initiate at coarse IM particles, it may be expected that an increase of (Fe+Si) level,
which in turn increase the amount of these particles leads to increased number of fractured particles,
and therefore, a smaller extent of intergranular/transgranular shear fracture. Figure 2b illustrates this
point very clearly. The quantiative data presented in Table 2 confirmed these observations. The area
fraction, AAh of the microvoid-induced transgranular fracture decreases systematically with the
increase in the volume fraction of the Fe- and Si-containing particles, while the area fraction, AAp, of
the coarse IM particles on the fracture surface increases, leading to a decrease in the fracture
toughness.

4. CONCLUSIONS
The quantitative microstructural and fractographic data showed that the coarse Fe- and S-containing
particles had a strong detrimental effect on the fracture toughness of overaged Al-Zn-Mg-Cu forgings.
The drop in Kic was consistent with a change in the dominant failure mechanism, from
intergranular/transgranular shear to extensive coarse void growth as the (Fe+Si) content increases from
0.23 to 0.37 mass.%. This effect was attributed to the amount, size and spatial arrangement of the
coarse IM particles. The orientation dependence of the fracture toughness due to morphological
anisotropy in the microstructure is demonstrated.
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Abstract: The results of the effect of small addition (0.25 at.%) of Ge on aging kinetics of a complex aluminum
alloy containing (wt.%) 5.9% Cu, 0.28% Si and 0.6% (total amount of Fe, Ti, Mn, Zr and V) are presented in
this paper. Aging was performed at 190°C in the interval ranging from lOmin to 256h. Hardness measurements,
light (LM), transmission electron microscopy (TEM) and differential scanning calorimetry (DSC) were used for
microstructural characterization during aging. It was shown that the maximum of hardness in alloy containing Ge
was achieved three times faster than in the alloy without Ge. TEM results clearly revealed that the accelerated
kinetics should be ascribed to heterogeneously nucleated Si-Ge particles serving as sites for dense and fine
distribution of 0' strengthening precipitates. Accelerated kinetics of aging was accompanied by increase in
hardness.

INTRODUCTION
In commercial Al-Cu based alloys the elements Si, Mn, Be, Ge, Sn, Ag and Cd have all been used to
modify the dominant precipitation reaction [1-5]. Results of Hornbogen and co-workers [6-8] clearly
demonstrated that in Al-Si-Ge alloys much finer (almost an order of a magnitude) Si-Ge precipitates
may be achieved than in Al-Si and Al-Ge binary alloys. Very recently, Mitlin et al. [9-11] tried to
modify the reaction of precipitation in Al-Cu alloy by the simultaneous addition of small amounts of
Si and Ge (in total of 0,5 to 2at.%), with the idea to control the kinetics of aging. It should be
mentioned that the effect of Si and Ge on the reaction of precipitation was studied using experimental
quarternary Al-Cu-Si-Ge alloy. However, elements such as Zr, V, Ti Mn, and Fe are always present in
commercial aluminum alloys in order to control the grain size and to increase the temperature of
recrystallization [12]. The effect of these elements on the chemical compositon of present phases and
alloy properties must not be neglected. The aim of this paper was to study the effect of small additions
of Ge on: (a) the microstructure and hardness, and (b) kinetics of precipitation of a complex
aluminium alloy.

EXPERIMENTAL
A commercial 2219 aluminum alloy (fully corresponding to ASTM standard), produced by Kaisser
Aluminum, was used as a starting material. The chemical composition of this alloy was modified
since the total concentration of Si and Ge was anticipated to be about 0,5at.%, with the Si/Ge~l
relation. Two experimental alloys were produced by this microalloying process, i.e.: one alloy
(designated as 2219S) with higher concentration of Si than the standard ASTM alloy, and another
alloy (designated as 2219SG ) with additions of both Si and Ge. Vacuum emission spectroscopy was
used to determine chemical composition of alloys, which is shown in Table 1. Concentration of most
important elements is emphasized by framing.
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Table 1: The chemical composition of investigated alloys (wt.%)
Element
2219S [at.%]
2219SG [at.%]
2219 ASTM
5,91 [2,52]
5,90 [2.52]
Cu
5,8-=-6,8
0,69 [0,26]
Ge
0,51 [0,49]
0,28 [0,27]
Si
max 0,2
Fe
0,24
0,26
max 0,3
Mn
0,29
0,28
0,2*0,4
0,01
Mg
max 0,02
0,01
Zn
0,06
max 0,1
0,05
Ti
0,02-r0,l
0,08
0,08
Zr
0,12
0,13
0,l-r0,25
V
0,09
0,09
0,05-r0,15
CΓ
0,007
0,007
Melting, microalloying with «master-alloys» (Al-12 wt.%Si and Al-50 wt.%Ge) and casting were
performed in one-chamber vacuum induction furnace «Degussa». Pouring was done in a graphite
crucible. After machining, ingots were homogenized for 48h at 500°C and hot-rolled to thickness of 2
mm. After hot-rolling, the heat treatment of samples was as follows: annealing at 500°C for 24 h,
water-quenching, holding at room temperature for 9 days (natural aging) followed by artificial aging
at 190°C in the interval from lOmin to 256h.
Vickers macrohardness was measured using with a load of 98, IN. Microstructural characterization
was performed by the light microscope (LM) «Zeiss Axiovert 25» and the transmission electron
microscope (TEM) «JEOL 200 CX» operated at 200 kV. For light microscopy samples were etched in
a Keller solution consisting of 2 ml HF (48%), 3 ml HC1 (cone), 5 ml HNO 3 (cone.) and 190 ml H 2 O.
Samples for TEM were thinned to electron transparency using twin-jet apparatus. The electrolyte was
25% solution of HNO 3 in C2H5OH. Only one set of samples was studied by TEM: aged for longer
times (150h) for both alloys.
Samples of alloys 2219S and 2219SG (quenched and held at room temperature for 3 months) were
examined by differential scanning calorimetry (DSC). The measurements were made using a "DSC-4
Perkin Elmer" calorimeter. Calorimetric curves were scanned in the temperature range 50-370°C. The
heat capacity, Cp, measurements were performed using sapphire samples as standards [13-15]. The
mean value of the least three scans, recorded by DSC at heat rate of 10°C/min were taken for each
sample.
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RESULTS AND DISCUSSION
LIGHT MICROSCOPY
The microstructure of quenched samples is shown in Fig. la,b. It is obvious that quenching did not
produce a homogeneous microstructure which normally corresponds to the supersaturated solid
solution. The presence of several phases of different morphology may be seen in the matrix of both
alloys. The most prominent phase which appear in both alloys is in the form of light (marked P),
plate-like particles (about 10um in size) with rounded edges. In addition, rod-like particles (marked R)
formed in parallel rows can be seen in the microstructure of 2219SG alloy (Fig. lb).

.' - -...• I

Figure 1: Light microscopy. Microstructure of quenched samples, (a) alloy 2219S; (b) alloy 2219SG.

CHANGE OF HARDNESS DURING AGING
Change of hardness of 2219S and 2219SG alloys as a function of aging time at a constant temperature
(190°C) is shown in Fig. 2. Hardness of alloys slightly decreases at the beginning of aging (up to lh
for alloy 2219SG and 0,5h for alloy 2219S), which may be ascribed to reversion [16], i.e. to the
dissolution of GP zones formed during the previous process of natural aging. Later, a rapid hardening
occurs yielding a maximum of hardness of about 100 HV after 8h of aging for alloy 2219SG, and
80HV after 24h for alloy 2219S. It was found that the maximum hardness in alloy 2219 SG (with Ge)
was achieved three times faster than in the alloy 2219S (without Ge). During longer aging times
hardness decreases, which indicates that over-aging prevails as the operating process. Hardness of
2219SG is higher through the whole aging interval.
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Figure 2. Change of hardness during aging at 190°C.

TRANSMISSION ELECTRON MICROSCOPY

Figure 3.

TEM micrograph of alloy 2219SG. (a) Bright-field image showing edge-on 8' particles and rounded
Si-Ge particles; (b) bright-field image showing inclined 6' precipitates and Si-Ge precipitates
(indicated by arrows); (c) dark-field image obtained using the 1-12 e, reflection near [110]A| zone
axis.
.
'
•

Images of a sample of 2219SG alloy after ageing for 150h at 190°C (over-aged condition) are shown
in Fig.3. The dark rounded particles are Si-Ge and edge-on are 8' particles (Fig.3a). The Si-Ge
particles act as nucleation sites for G' precipitation (indicated by arrows in Fig. 3b). The dark-field
image (Fig.3c) shows irregularly inclined 8' particles in the matrix. Small addition of Ge promotes not
only accelerated aging kinetics due to the presence of Si-Ge particles which serve as favourable sites
for precipitation 8' particles, but also increases the level of hardness compared to the alloy without
Ge.
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Figure 4. TEM micrographs of alloy 2219S. (a) Bright-field image; (b) dark-field image, showing 8'
precipitates, using a 1-12 e, reflection near [110] zone axis.
The microstructure of alloy 2219S after aging for 150h is shown in Fig. 4a,b for comparison. It is
obvious that the morphology and the distribution of 0' particles are different than in alloy 2219SG.

DSC ANALYSIS
The results of C p measurements are shown in Fig.5 for both alloys studied in this work. The observed
pronounced changes in Cp values with temperature are the result of the distinct changes in the
microstructure. These changes correspond to hardness and TEM results. Peaks ("A") in the lowertemperature section of thermograms may be ascribed to the dissolution of GP zones formed during the
room temperature aging (natural aging). Peaks of both alloys lie at the same temperature (145°C).
However, the higher-temperature section peaks ("B") appear at different temperatures (215°C for
alloy 2219SG and 230°C for alloy 2219S). The values of Cp for alloy 2219SG are much higher than
for alloy 2219S in this section of thermograms. Peaks ("B") are connected with the appearance of a
metastable phase.
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Figure 5. Variation of Cp with temperature for the studied alloys.
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CONCLUSIONS
Applying microalloying, i.e. by adding a very small amount of Ge (0,25 at.%) to a complex Al-Cu
alloy (designated as ASTM 2219) and varying the concentration ratio of Si and Ge, changes of
microstructure and hardness of two experimental alloys 2219S (without Ge) and 2219SG (with Ge)
have been achieved. Small addition of Ge accelerates aging kinetics due to the presence of Si-Ge
particles which serve as favourable sites for precipitation of 8' particles, but also increasing hardness
compared to the alloy without Ge. At the same time, the addition of Ge results in a change of Q, for
values especially in the higher-temetarure section of thermograms.
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INFLUENCE OF TEMPERATURE AND Mg CONTENT IN
Al-Mg ALLOY ON THE DEFORMATION DISCONTINUITIES
S.A.Risteska, J.K Mickovski, Faculty of Technology and Metallurgy,
The University St.Ciril&Methodious, Skopje, Macedonia
Abstract: The paper presents the results of the experimental estimation of the discontinuities phenomenon on
the deformation curve at applying the single shaft released test of the cylindrical samples, dependant on the
temperature and alloys upsetting rate, realised on the alloy's AlMg5 and AlMg3, which represent the non-heat
treatable alloy's group. The tests are performed at the temperature of 25°C, 50 °C~ 75 °C, 100 °C, 150 °C and
200 °C and the upsetting rate after reduction of 5.50 and 100mm/min using the electronic hydraulic press, type
SCHENCK-Hidrauls PSB. The deformation interval has been defined as the starting and closing point of the
deformation discontinuities at the tested temperatures and the upsetting rate.
Key words: AlMg5 alloy, AlMg3 alloy, deformation by upsetting, deformation temperature, and upsetting rate.
INTRODUCTION
The task of this paper is to study the dynamic deformation aging meaning discontinuous relaxation
which on the other hand is reliable prove about the reaction between dislocation and the atmosphere of
the dissolved atoms.
The paper presents the basic characteristics defining the discontinuities Ec, Ek, Aα and Ae. The
influence (effect) of different parameters of discontinuities relaxation of the polycrystalline materials
indicates certain regularities, which is not the case with the mono crystals. But according to the former
theoretical studies it is still difficult to explain certain phenomenon, for example experimentally
obtained activating energy very often does not coincide with the value of the activating energy in the
diffusion gaps of the basic metal. For the time being this inclination is explained by the assumption
that the diffusion makes movements in pairs [1,2] not of the individual gaps or it is presumed that the
energetic connection exists between the gaps and the dissolved atoms [3,4].
It should be point it out that the Cotterel's theory has been successful in illustrating the phenomenon
of discontinuous relaxation in many interstitial and substituting alloys, but in fact was not successful in
explaining many details of discontinuous relaxation, even when steel was in question. It is probably
connected with insufficiently known processes of dissolved atoms transport and the method of their
separations on the dislocation points or the biggest issue is the deficiency of the adequate model.
EXPERIMENTAL
It has been conducted the released pressing of AlMg3 and AlMg5 alloys with different percentage of
Mg-atoms on aluminium base. The following parameters were set during the test:
T= 25°, 50°, 75 °, 100°, 150° and 200 °C
V= 5,50, 100mm/min, maximum force of 130 000 N; the samples used during the test are
plain -parallel cylindrical samples ,size ho =20 mm and do= 12 mm.
The pressing was conducted with the hydraulic press, type SCHENCK-Hidrauls PSB, which alone or
with a help of a writer draws the curve F- Ah, further used for experimental test.
RESULTS AND DISCUSSION
The basic parameters used to determine the characteristics of discontinuous relaxation are Aα and Ae;
Ae deformation between two subsequent discontinuities and Ao -strained amplitude following the
phenomenon of each separate serrations. These two parameters determine the serrations
(discontinuity) size. The data found in the literature about the influence of T, e and e3 of Ao and Ae is
mainly for A-type of discontinuity and for B and C type there is no evidence, which is comprehensible
being difficult to measure these values for that type of serrations.
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It is very difficult for our test to estimate Ae because of the close ratio on the curve, but what can be
roughly seen and concluded from the curve, not accurate and data supported, is that Ae increases with
the deformation extent point and its value is bigger with faster upsetting rate and decreased
temperature. The experimental results confirm the above and for all serrations (discontinuity) types
emerging during our tests, that is A+ B and C- type as independent.
The following pictures - graphs will show the dependence of Aα of e, T and e of two alloy types with
data readings from the graphs, submitted to the test with different percentage of Mg-atoms as
substituting dissolved atoms of the basic metal Al. The graphs are obtained on estimation bases, which
mean the readings from the previously obtained graph received by the machine during the pressing
action of the above alloys with the previously set temperature and upsetting rate.
Few temperatures are presented but the same applies for the mid temperatures.
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Graph l.The influence of Aα from the deformation extent point, upsetting rate and temperature, AlMg3 alloys.
It should be noted that here emerge two shapes of relaxations of two alloys under set parameters; Ctype appears at low upsetting rate (5mm/min) and A+B type at higher upsetting rate (50,100 mm/min).
The graph 1 presents that AoSc increases with the rise of the strain extent point of G-type serrations (C
emerges at the lower upsetting rate of 5 mm/min), and with upsetting rate drop but with the increase
of the temperature (deformation strengthening curves)
As it can be seen from the graph presenting the AOSC+B increase with the rise of strain extent point at
A-types of discontinuances (A+B emerges at higher upsetting rate, 50mm/min) and with the decrease
of the upsetting rate and temperature (interrupted curves).
From the graph 2 (a,b,c,d,g) ACTSC increases with the raise of strain extent point for C type serrations
(discontinuities) (C emerges at lower upsetting rate, 5 mm/min) and with the drop of upsetting rate
and increased temperature.
As it can be seen from graph AcSc +B increases with the raise of the strain extent point for A+B type of
discontinuities (A, B emerges at lower upsetting rate 50mm/min) and with decrease of both upsetting
rate and temperature.

186

Proceedings of 3"* BMC-2003-Ohnd, R. Macedonia

INFLUENCE OF TEMPERATURE AND Mg CONTENT IN Al-Mg ALLOY...
AIUjS

AIMgS

0

S

to

15

20

25

30

35

40

a)

45

b)
AIMJ5

AIMgS

B 30

v)

g)
MMg5

20C

100C

0
I50C
10

15

20

25

d)
Graph 2. The influence of Ao of strain extent point, upsetting rate and temperatures, AlMg5 alloys.

The increase of Ao with deformation can be explained taking into consideration the increase of
diffusion rate with deformation and temperature. Namely the deformation curve flow and the diffusion
rate increase because of the creation of new gaps, so after certain deformation (critical point of
deformation) the diffusion rate enables dissolved atoms to congregate around the dislocation creating
atmosphere that at certain extend are blocking the dislocations. But dislocation can easily get rid of the
atmosphere and to be active again taking into consideration that the atmosphere is very diluted.
Because of this the strain change is small. With further increase of the deformation and gap
concentration they will tend to locate in the core of dislocation thus strongly blocking it (saturated
atmosphere). Dislocation will tend to separate from the atmosphere, and to achieve this, higher strain
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is needed; Acc increases. The increased concentration of dissolved atoms that strongly block the
dislocation (atoms in the core of dislocation) it is clear that the alloy with higher percentage of Mg
dissolved atoms; the change of ACT with deformation and temperature is rather higher then in the alloys
with lower percentage of Mg. In reference to the above the saturated dislocation can be achieved easier
if the concentration of dissolved atoms is higher. The temperature with increased diffusion rate
influences the increase of Aα. This applies only on C-type serrations emerging at lower rates, as can be
seen from the graphs this dependence from temperatures is reverse to the second type of serrations
(discontinuities) and it is obvious that it can not be explained as the above method of temperature
influence on
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Graph 3. Influence of Ec and Ek from the rate and
temperature, AlMg5 alloy

Graph 4. Influence of Ec and Ek from the rate and
temperature, AlMg alloy

As it can be noticed from the graphs the value of Ec and Ek for alloy ALMg5 are lower compared to
that of alloy ALMg3; in fact Ec emerges earlier (earlier start of alloy serrations with higher Mg
percentage), while Ek starts earlier (early disappearance of discontinuities).
Ec of ALMg3 and ALMg5 alloys increases with the raise of upsetting rate, while Ek decreases with
the increase of the upsetting rate.
Ec of ALMg3 at v=5mm/min drops with the raising temperature, but for v=50,100 mm/min increases
with the raising temperature; Ek drops with the increase of the temperature at v=50.100 mm/min,
while at v=5 mm/min increases with the raise of temperature. This inversion is due to the different
discontinuous shapes for ALMg3, while for ALMg5 at v=5 mm/min C- type emerges and at v=50.100
mm/min A+B type occurs.
Ec of ALMg5 at v=5 mm/min decline a little bit (it is almost constant) with raising temperature, but
for v=50.100 mm/min increases with raising temperature; Ek decreases with raising temperature at
v=50.100 mm/min, but for v=5 mm/min drops up to T=100 and then increases with the raise of
temperature presenting the minimum value. This inversion is due to the difference in serrationsdiscontinuities for v=5mm/min, when C- types emerge; and for v=50.100 mm/min, A+B, C- types
emerges.
Ec AND Ek DEPENDENCE UPON ALLOY COMPOSITION
The influence of Mg percentage on Ec and Ek is displayed on graphs 4 and 3 and as it can be noticed
Ec and Ek are higher for alloys with lower Mg percentage (ALMg3) compared to ALMg5 at same
temperature and upsetting rate; that can be easily explained by the fact that the alloy with higher Mg
percentage, because of higher representation of Mg atoms, is with earlier emergence of Ec and much
earlier disappearance of discontinuities (Ek), compared to alloy with less Mg percentage where higher
strain extent point is required (longer period) for Mg atoms to block the dislocations resulting in
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higher strain extent point, the discontinuities will occur meaning that Ec will be higher in alloys with
higher Mg percentage.
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Graph 5. The dependence of Ec from the type of the material (Mg percentage) and temperature.
As it is displayed on the graphs (Graph 5 and 6) Ec and Ek is less in alloys with higher percentage of
Mg, AlMg5 compared with AlMg3.
The general rule is valid for polycrystals, which means with higher concentration of dissolved atoms
we got less Ec and Ek. The size of the effect is expressed in higher concentration of dissolved atoms
and it is valid for both monocrystals and polycrystals. Certain knowledge found in literature,
connected to the fact that activating energy of the discontinuous relaxation is changing along with Mg
content.

Graph 6. The influence (effect) of Ek depending on the type of the material (Mg percentage) rate and
temperature
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SUMMARY
The summary is extracted from the experimental testing of discontinuous relaxation of AlMg alloys
during the released pressing.
During the released pressure at the tested temperature interval for both alloys there is total
disappearance of discontinuities even at the highest temperatures for lowest rate, but only for AlMg3
which is not the case for AlMg5.
Increasing the upsetting rate the discontinuities disappear. This phenomenon can be explained by the
fact that at higher upsetting rates, dislocations move with higher speed, dissolved atoms cannot
congregate and they avoid the dislocations, which means discontinuous do not emerge at higher rate.
Aα increases when upsetting rate drops and at increased strain extent point; but the raise of
temperature (for C-shape) or with heat drop (A+B-shape).
Ec occurs earlier and it is less at AlMg5 alloy, compared to AlMg3 alloy (less Mg percentage)
explained by the fact that alloy with higher Mg percentage, because of the higher concentration of
dissolved atoms in the basic metal, much earlier and on lower strain extent point Mg atoms will
congregate around the dislocations, which will cause blockage of their movements (discontinuous will
occur); Ek appears earlier in the alloy with higher Mg percentage.
The dependence of Ec and Ek from the temperature is also subordinated to the discontinuous types.
Ec of AlMg3 and AlMg5 alloys increase with the raise of the upsetting rate, while Ek decreases with
the increase of the upsetting rate.
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FOAMING OF ALUMINIUM WITH AND WITHOUT TiO2
ADDITION
S.Tan and T.Ozturk
Department of Metallurgical and Materials Engineering
Middle East Technical University
06531, Ankara, Turkey
Abstract: A study was carried out into the formation of aluminium foams via powder processing route.
Aluminum powder compacts both in pure form and Al-5%TiO2 were foamed at temperatures ranging from 675
to 800°C. Foaming agent TiH 2 was mixed with powders typically with 0.6 wt % in two different sizes.
Experiments have shown that foaming in excess of 120 % is possible both with pure Al as well as in Al-TiO2. It
is found that with coarse TiH2, with and without TiO2, Al expands more, implying that there may be a certain
size below which particles may not participate in the foaming process. It is further found that with the use of
high temperature there are internal reactions between foaming agent and aluminium as well as between TiO 2
and Al. This is with the result that with TiO 2 added system foaming becomes more temperature dependant than
the pure Al.
Key words: Aluminum foam, powder processing, foaming agent size, TiH2, TiO2, macrostructural control.

^INTRODUCTION
In recent decades there has been much emphasis on lightweight materials and structures. Therefore
metallic foams together with other cellular materials are becoming an important group of materials
within themselves. In addition to their lightness, metallic foams have additional properties such as
energy absorption, heat insulation etc.
Metallic foams can be produced with a variety of techniques [1]. Of these, foaming, based on powder
processing is quite common [2]. This typically involves mixing of a suitable foaming agent with
metallic powder, followed by compaction and finally foaming. Aluminium and its alloys due their
already low density are particularly attractive for foaming. Foaming agent is normally titanium
hydride (Tir^) that decomposes at temperatures above 550 °C.
Foaming of aluminum in its pure form is not very common. Normally it is necessary to add some
additives such as nitrides, carbides and oxides that .act as stabilizing agent. These additives may be
added as they are or may be formed in situ as is the case with Ca addition to form CaO [3]. In the case
of alloys, such additions may not be necessary since, when foaming is carried out between solidus and
liquidus, the solid fraction that remain in the system may act as stabilizing agent. As reported by
Webben et al.[4],stabilizing agent contributes the foam stability by three possible mechanisms: by
increasing viscosity, by decreasing surface tension, by delaying liquid film rupture. Various systems
[5-8] have successfully been foamed e.g. AISi, AlCuMgSi AlSiCu and AlMgSi
The current work uses TiH 2 in two different particle sizes and examines the foaming of aluminium
with and without stabilizing agent, i.e.TiO2. Emphasis is on structural changes that occur during
foaming which may be important so as to exercise control over the process.

2.EXPERIMENTAL PROCEDURE
Powders used in this study were Al (27 μm) and TiO2 (<1 um). TiH 2 ,44 μm in size, was used as
foaming agent. To examine the effect of TiH2 size on foaming, it was ground to below Sμ!!! via ball
milling for 24 hours with ball to powder ratio 10:1
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Table 1: Systems for Foaming

Al
AI
Al
Al

System
- unmilled TiH 2
- 24 hrs milled TiH 2
- unmilled TiH 2 - 5 wt % TiO 2
- 24 hrs milled TiH 2 - 5wt % TiO 2

Temperature of Foaming
675°C & 725°C
675°C & 725°C
750°C&800°C '
750°C & 800°C

Metal powders of composition specified in Table 1 were dry mixed for one hour with a shaker (ball to
powder ratio: 1/2). Powders were subsequently consolidated by hot swaging at
400°C. This
temperature was selected based on desorption tests at which there was no noticeable hydrogen release
from TiH2. For swaging, mixed powders were enclosed into a copper tube of 22 mm in diameter and
hot swaged down to 6.6 mm.
Swaged samples were cut into pieces approximately 10 mm in length for foaming experiments.
Foaming was carried out in a preheated vertical tube furnace in which temperature were controlled
with ± 5 °C. For pure systems, foaming temperatures were 675°C and 725°C, and with TiO 2 addition,
750 c C and 800°C.
Volumes of sample before and after foaming were measured by Archimedes principle and the change
was used as a measure of foaming.

3. RESULTS AND DISCUSION
Typical macrostructures of as swaged powder compacts are shown in Figurel.The micrographs were
recorded in backscattered mode and therefore TiH 2 and TiO2 where present appear bright. Structure
as seen in longitudinal section indicate that swaging leads to a good consolidation of powders, Figure
l(a) Samples with TiO 2 addition when examined at transverse section shows a cloud like distribution,
Figure l(b). Thus, TiO 2 which had extremely fine size (< ^ m ) could not be homogenously distributed
among Al powders. Agglomerated TiO 2 particles enclosed within Al powders, see Figure l(a), are
distributed into the cloud like morphology given in Figure l(b) as a result of swaging deformation.
Structural examination on as swaged samples showed that there are instances of particle cracking in
consolidated samples, Figure l(c). Thus, there is some degree of TiH2 size reduction during swaging,
especially for coarse TiH 2 addition. Such observations have also been reported in other similarly
deformed heterogeneous systems [9]. With coarse TiH 2 addition, swaged samples show a distribution
of TiH2 sizes up to 50 μm. With fine TiH 2 additions , the sizes are normally in the order of 2-3 μm
and occasionally can reach sizes up to 10 μm
Results of foaming experiments for pure aluminium carried out at 675°C and 725°C are given in
Figure 2(a) and (b) respectively. A value of approximately 120 % foaming is achieved at both
temperature.
An example of foamed structure is given in Figure 3 .where region in between the pores show a welldefined solidification structure with embedded bright "TiH 2 " particles. Whether these particles are
TiH2 or Ti, i.e. they released their hydrogen, could not be determined. It is interesting to note that
"TiH 2 " particles observed in-between the pores are not as large as those observed in the original
swaged samples. A careful examination on the sizes of "TiH 2 " showed that although there were few
exceptions, the particles were mostly of sizes close to or less than 10-15 μm.
At 725°C, there is clear indication of internal reaction between the host and added particles. Figure 4
shows originally TiH 2 particle feeding a pore at one of its edge, partially transformed, verified by
local elemental analysis, into Al2Ti.
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Figure 1. Macrostructures of Al-5 wt% TiO2 in swaged condition. Ti containing phases, i.e. TiO2 and foaming
agent TiH2 appear bright, (a) and (c) refer to longitudinal, (b) and (d) refer to transverse cross-section. Note
cracking of TiH2 in (c)
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Figure 2. Foaming in Al containing either coarse(solid) or fine(dotted) TiH 2 , see text for details,
a) at 675°C and b) at 725°C
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Figure 3. Structure of Al, foamed at 675 °C. Note Ti
rich particles close and away from pores

Figure 4. Structure of AI, foamed at 725°C. Note Ti
rich particle at a bay of a pore.
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Figure 5. Foaming in Al - 5wt% TiO2 containing either coarse (solid) or fine (dotted) TiH2, ,see text for detail
. a) at 750°C and b) at 800°C

(a) 750 °C

(b) 800° C

Figure 6. Structure in Al-5wt% TiO2. a) 750° C . Note gray( intermetallic) region enveloping bright Ti particle, b)
800° C, note that all particles appear gray

194

Proceeding of 3rd BMC-2003-Ohrid, R. Macedonia

FOAMING OF ALUMINIUM WITH AND WITHOUT TiO2 ADDITION

Samples with TiO2 addition required much higher temperatures for foaming. Thus, foaming
experiments were carried out at 750 and 800°C. Results are reported in Figure 5. Unlike the case of
pure Al reported above, the temperature of foaming produces a pronounced effect on the degree of
foaming achieved.
Structural examination showed that there are pronounced internal reactions at these temperatures;
particles of originally TiH2 or TiO2 compositions were partially or totally transformed into
intermetallics of Al and Ti. An example of partial transformation is given in Figure 6 that refers to
750°C and that of complete transformation at 800°C in Figure 6(b).
In samples foamed at both 750 and 800°C, there is no clear evidence for the presence of TiO2. This is
also probably due to internal reaction between Al and TiO2. It is well known that the two constituents
react with each other starting from approximately 600°C giving rise to formation of TiO and A12C>3.
According to Feng and Froyen [10] at temperatures above 700°C TiO further reacts with Al producing
the same AI3T1. Thus TiO2 added system is much more complex than that of pure aluminium. These
complex internal reactions changes the solid content of the system and thus its viscosity in a manner
that is dependent on temperature (as well as on time). This is probably the reason for the temperature
dependant behavior of TiO2 added systems in foaming

4.CONCLUSION
With the current investigation into foaming of Al with the use of TiH2 the following can be concluded;
1- TiH2 particles of less than a certain size do not seem to participate in the foaming process. The
existence of such critical particle size require further investigation.
2- Especially at high temperatures, foaming agent and Al matrix react with each other giving rise
to the formation of high melting point intermetallics. The formation of such intermetallics
modifies the viscosity of the liquid and thus may affect the foaming process.
3- With respect to selection of additives, The possibility of internal reaction between the additive
ami the host,, should be taken into account which can lead to greater volume fraction of solid
content and thus greater viscosity than that aimed for, as is the case with TiO 2 .
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EFFECT OF THE VARIOUS MODIFIERS ON THE
DURABILITY OF ALLOYS OF EUTECTIC SILUMINE
Snezana Tripkovic*, Srdjan Markovic**, Zagorka Acimovic**
* HC "Petar Drapsin", 11400, Kralja Petra 1134
** Faculty of Techniques and Metallurgy, Belgrade
Abstract: The aim of the study is to provide more quality castings, using new means and introducing new
elements in the shape of modifiers of piston alloy AlSil2CuMgNi, as well as providing the more economical
production process.
During the experiment two groups of pistons were casted in the same conditions. The first group of pistons was
modified with sodium, and the second group with strontium. The casting was performed in three phases, for both
groups. The first casting was performed after modifying the material; the second 90 minutes after modifying and
the third 180 minutes after modifying. The tensile characteristics, hardness and microstructure were examined on
the^asted and equally heat treated pistons.
The control of the mechanical properties and microstructure showed that period of modifying for pistons
modified with sodium lasts 90 minutes, and in the case of pistons modified with strontium, there are no changes,
not even after 180 minuets after modifying.
Key words: modifying, tensile characteristics, microstructure, eutectic

INTRODUCTION
Complex silumine alloy for processing of pistons for diesel engines AlSil2CuMgNi belong to the
group nonstandard aluminum casting alloys. In this study, a part of performed researches is presented
which applies to the study of possibility of applying strontium as modifier of this piston alloy. In other
words, these researches included the study of possibility of replacing sodium - the old modifier of
piston alloy, because of his very short period of modification.

1. EXPERIMENT DESCRIPTION
The experimental part of the thesis was performed in Holding Company "Petar Drapsin" A.D.
Mladenovac, in the piston foundry of the Cylinder Assemblies Factory. During the experiment, alloy
AlSil2CuMgNi was processed, Table 1, which was prepared, namely, modified in two methods: with
0,05% Na and 0,06% of Sr. In previous piston production, exclusively sodium was used as modifier.
As modifier based on sodium, Modicalit S / "Termit" Domzale was used. Modification by strontium
was performed by preliminary alloy AlSrlO.
Table 1. Average value of the chemical composition of tested pistons
1
Si I Cu I M g I N i I Fe I Mn
Zn
12.13

1.07

0.76

0.95

0.50

0.03

0.04

Ti
0.02

The experiment was carried out so that the pistons modified with sodium, in the first case, and
strontium, in the second case, casted in different time intervals from the moment of modification (10,
90 and 180 minutes after modifying the liquid melt). By testing all the pistons we could examine the
period of modifying of those two modifiers.

2. RESEARCH RESULT
In Table 2, values of the mechanical properties of pistons modified with sodium are presented,
depending on the time of modified melt standing.
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Table 2. Mechanical properties of pistons modified with sodium, depending on the melt standing
Time of standing
of the melt (min)

Rm
(N/mm2)

HB
(2/250/30)

A5
(%)

10

286.5

131

0.895

90

232

112.6

0.84

180

200

104.6

0.62

The microstructure of piston samples casted 10 minutes after melt modification shows modified
structure which is composed of multicomponent grain type eutectic and dendritic α-solid solution,
Figure 1.
On the samples casted 90 and 180 minutes after modification, uneven structure was noticed, which is
composed multicomponent grain type eutectic, which became already rough, partially small needle
type, and dendritic α-solid solution, Figure 2. Separating of small round crystals of primary silicon are
noticed on some samples, Figure 3. This means that these samples show insufficiently modified
structure, in other word, that the modifying period of sodium began to pass.
10 minutes after modification with Na, uneteched, xlOO

90 minutes after modification with Na, uneteched, xlOO
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Figure 3. The microstructure of piston casted 180 minutes after modification with Na, uneteched, xlOO

Table 3. presents the values of mechanical properties of pistons modified with strontium, depending
on the time of standing of modified melt.
Table 3. Mechanical properties of pistons modified with strontium, depending on the melt standing
Time of melt
Rm
HB
A5
standing
(N/mm2)
(2/250/30)
(min)
The microstructure of pistons samples casted for 10, 90 and 180 minutes after modifying with 0.06%
strontium show the same structures, composed of multicomponent grain type eutectic and small
dendritic α-solid solution uniformly disposed on the sample section, Figures 4, 5 and 6?*By comparing
showed structures of pistons modified with strontium, we can conclude that modifying doesn't weaken
even after three hours of melt standing.
10 minutes after modification with Na, uneteched, xlOO

Figure 5. The microstructure of piston casted 90 minutes after modification with Na, uneteched, xlOO
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3. DISCUSSION AND CONCLUSION
By comparing the average values of the mechanical properties of pistons modified with sodium, casted
10 and 90 minutes after the modifying, Table 2, it is noticed that there is a drop of the mechanical
properties caused by the standing of the melt and passing the modifying period. The drop of the
tensile strength is 13.59%; the drop of the hardness is 14.05% and the drop of relative elongation is
6.14%.
By comparing the relation of the mechanical properties of pistons casted 90 minutes after modifying
and those casted after 180 minutes, it is concluded that the standing of the melt in the period between
90 and 180 minutes provokes further decrease of the mechanical properties: tensile strength 13.79%,
hardness 7.1% and relative elongation 26.19%.
Finally, by comparing the mechanical properties of pistons casted straight away after modifying and
those casted after 180 minutes, Table 2, it is noticed that there is a drop of the mechanical properties
caused by the standing of the melt and passing the modifying period. The drop of the tensile strength
is 25.12%; the drop of the hardness is 20.15% and the drop of relative elongation is 30.72%.
The microstructures of pistons modified with sodium, casted 90 and 180 minutes after modifying,
show uneven, insufficiently modified structure that tells us that the period of modifying with sodium is
passed.
Analyzing the pistons modified with strontium and by comparing their mechanical properties for
pistons casted 10, 90 and 180 minutes after modifying, we can see that the mechanical properties
withhold high values, Table 3.
By comparing the average values of the mechanical properties of pistons casted straight away after
modifying and those casted after 90 minutes, Table 2, it is noticed that there are some minimal
changes caused by the standing of the melt,, namely: the drop in tensile strength is 0.2%, hardness
stood the same and the drop in relative elongation was 1%.
Also, by comparing the average values of the mechanical properties of pistons casted straight away
after modifying and those casted after 180 minutes, it is noticed that there are some minimal changes
caused by the standing of the melt, namely: the drop in tensile strength and hardness is 1% and the
drop in relative elongation was 9.67%.
The microstructure of the piston samples casted 10, 90 and 180 minutes after modifying with 0.06% of
strontium are the same, so we conclude that modifying hasn't weaken even after three hours.
Considering all these results we can see that using strontium as permanent modifier of the piston alloy
AlSil2CuMgNi can save us time as well as money in piston production.
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EFFECT OF STRAIN RATE AND TEMPERATURE ON THE
DEFORMATION BEHAVIOUR OF AlMgSi0.5 ALLOY
DURING UPSETTING
S.A.Risteska, J.K Mickovski, Faculty of Technology & Metallurgy,
The University St.Cyril&Metodious, Skopje, Macedonia
Abstract: The results and discusions of the experimental estimation of the deformation strengthening
phenomena at applying the single shaft released pressing of the cylindrical samples, in dependence on the
temperature and alloys upsetting rate of AlMgSi0.5 alloy are presented in this work. The tests are performed at
the temperature of 25 °C, 50 °C, 75 °C, 100 °C, 15Q^C and 200 °C and the upsetting rate after reduction of 5, 50
and lOOmm/min using the electronic hydraulic press, type SCHENCK-Hidrauls PSB. The deformation interval
has been defined as the starting and closing point of the discontinuities of the tested temperatures and the
upsetting rate.
Key words: AlMgSi0.5 alloy, deformation by upsetting, deformation temperature, and upsetting rate.

INTRODUCTION
Dynamic strain aging is a reinforcement process of metals, occurring as a reaction result (effect)
among dissolved atoms and dislocations, and it is known as Portevin-Le Chatelier's effect. Dynamic
strain aging occurs at strain tension, pressure and torsion at determined temperature interval and
upsetting rate. After reaching certain extent point, critical strain extent point, discontinuities emerge,
noticed as picks on the curve read by x-y machine writer on force-congregation (shrinkage)
coordinates (F- Ah) [1-7]. According to Cotrell, discontinuities relaxation starts with the equalization
of the movement rate of dissolved atoms with the rates of dislocation movements. In this manner at
one moment the concentration of dissolved atoms around the dislocations increases so much, causing
their total blockage. In that case the number of active (mobile) dislocations suddenly will decrease the
reason for the increase in number of the rest of active dislocations The increment of dislocations is
followed by the strain (tension) increase, which will be registered by the machine writer as higher
force. But quickly the tension will be reached so the blocked dislocations are released and start to
move or new dislocations originate increasing the number of active dislocations. The numbers of
active dislocations increase rapidly so the tension (strain) is rapidly decreased, which is read by the
writer as curve slope. The process repeats causing discontinuity (curve picks). Whether the
discontinuities will appear depend on the temperature and upsetting rate and of alloy type, the quantity
of magnesium's dissolved atoms in the alloy.

EXPERIMENTAL
AlMgSi0.5 rod shaped, diameter9 0.5 mm has been taken to perform the test. Parts 16 mm long was
cut out the rod. In order to remove the internal strains and to provide equal starting structure the pieces
were glowed on 100°C for two hours. The final dimension of the cylindrical samples are 16x9.5mm
plain parallel ready for released forge pressing.
Strain (deformation) with released forge pressing was conducted with hydraulic press, type
SCHENCK-Hidrauls PSB in the laboratory testing for the physical properties in the company
Eurocompoziti -Prilep, which look is presented on the figure 1
The utilized alloys possess the physicochemical properties present in table 1.
The test is conducted at the temperature of 20°C, 50°C, 75 °C, 100 °C, 150 °C and 200 °C, three
upsetting rates of 5, 50,100 mm/min to maximum force of 130 000 N.
The tests indicate that the graphs drawn by the press on the graph force-height, reductions, and the
discontinuities has been noticed.
• (-r-
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Picture 1. Hydraulic press, type SCHFNCK-Hidrauls PCB

Table 1. Chemical and Mechanical properties of Al-Mg experimental material.
Alloy per
Chemical content of element.5 , %
DIN1725
Si
Fe
Cu
Mn
Cr
Zn Ti
Pos.
AlMgSi0.5 0.3-0.6
0.35 0.3
0.5 0.4-0.7
0.3
0.2 0.1
0.5

Quality
Stretched

Mechanical properties
RmN/mm2
Rpo2N/mm2
:209
191

Total
0.15

Mn+Cr
n.d.

A,o%
11

The test samples are placed on smooth foundation metallographic, polished, hardened plates specially
manufactured for this purpose. The surface during the test is not lubricated. The most essential for
working under such conditions is the samples should be plain parallel and the smooth front surface
well-manufactured and polished in order force to be equally transferred through the volume of the
sample.

RESULTS AND DISCUSSION
The objective of this paper is to explain the phenomenon of discontinuities during the pressing and
their disappearance at defined temperature and upsetting rate during the released pressing as well as
the appearance of the critical strained extent point.
The strained curves during the released forge pressing of AlMgSi0.5 are written by the x~y writer,
coordinates force-shrinkage (F- Ah) presented on the following pictures.
Figure 2 presents the strain curves obtained during the released pressing of the tested alloy AlMgSi0.5
at T=20°C and upsetting rate of 5, 50, 100 mm/min. It has been noticed that the discontinuities emerge
at three upsetting rates. The types are C, A+B.
Figure3 presents the strain curves obtained during the released pressing of the tested alloy AlMgSi0.5
at T=50°C and upsetting rate of 5, 50, 100 mm/min. It has been noticed that the discontinuities emerge
at three upsetting rates. The types are C, A+B.
Figure 4 presents the strain curves obtained during the released pressing of the tested alloy AlMgSi0.5
at T=75°C and upsetting rate of 5, 50, 100 mm/min. It has been noticed that the discontinuities emerge
at three upsetting rates. The types are C and A.
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Figure 5 presents the strain curves obtained during the released pressing of the tested alloy AlMgSi0.5
at T=100oC and upsetting rate of 5,50,100 mm/min. It has been noticed that the discontinuities emerge
at rate of 5,50 mm/min and disappear at the highest rate (100 mm/min. The type is C.

Flcm=6250N

Ah lcm=0.625mm

Figure 2

T=20°C

Figure 3

T=50°C

Flcm=6250N

Ah lcm=0.625mm

Figure 4 T=75UC

Figure 5 T=100uC

Flcm=6250N

S^

Ah lcm=0.625mm

Figure 6 T=150°C
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Figure 6 presents the strain curves obtained during the released pressing of the tested alloy AlMgSi0.5
at T=150°C and upsetting rate of 5,50,100 mm/min. It has been noticed that the discontinuities emerge
at rate of 5,50 mm/min and disappear at the highest rate 100 mm/min. The types are C, A+B.
Figure 7 presents the strain curves obtained during the released pressing of the tested alloy AlMgSi0.5
at T=200°C and upsetting rate of 5,50,100 mm/min. It has been noticed that the discontinuities emerge
at rate of 5,50 mm/min and disappear at the highest rate of 100 mm/min. The types are C and A+B.
Out of the test result it can be determined that Ec is a critical strain extent point as starting moment of
discontinuities and final deformation (Ek) when discontinuities end. Ec and Ek differ from each other
at different upsetting rate and temperature, and can be read from the curves. The estimated values Ec
and Ek are presented on the table 2. The values are determined for individual rates and temperatures.
Table 2 The determined values of beginning (Ec) and ending JSk) of discontinuities appearance on
upset samples depending from temperature and upsetting rate.
V
Ec
Ek
V
T (°C)
Ec
Ek
T (°C)
(mm/min)
(mm/min)
17.8%
70.3%
100
50
66.4%
.
20
5
35.15%
25.4%
' 50
5
71.52%
150
50
64.5%
46.875%
75
5
37.89%
72.26%
200
50
48.82%
68.35%
100
39.28%
5
69.53%
20
100
54.69%
42.97%
150
5
35.59%
68.4%
52%
50
100
45.6%
200
44.14%
5
69.53%
75
100
47.5%
50.6%
20
• 50
23.83%
/ don't/
67.77%
100
100
/don't/
50
50
25.4%
67.2%
/ don't/
150
100
/ don't/
75
50
30%
62.2%
200
100
/ don't/
/ don't/
From the above table 2, it can be noticed exactly where discontinuities disappear and where exactly
they emerge at set temperatures and upsetting rate. The dependence of Ec and Ek from temperature, by
constant value of upsetting rate is present on figure 8.
AIMgSiO 5
80

175

200

Figure 8. The effect of temperature and appsetting rate on Ec and Ek for free pressed alloy AlMgSi0.5.
The obtained results demonstrate that along with Ec and Ek two more parameters Aα and Ae are used
to determine the characteristics of discontinuous relaxation; Ae deformation between two subsequent
discontinuities (one after another) and Ao - tension amplitude following the appearance of each
individual discontinuity. These two parameters determine the size of discontinuities. Data found in
literature about the effect of T, e and s , of Aα and Ae are mainly of A-shape discontinuities; for B and
C it is difficult to find data which is comprehensive taking into consideration the difficulties to
measure the values for this type of deformation.
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Some data can be found for the behavior of Aα and Ae for B and C-shape. According to Schade [8],
As of B relaxation increases linearly with the strain extent point and is not dependent on the upsetting
rate. Chernock [9] considers that C-shape creates maximum amplitude, which does not depend on
strain. Me McCormick's results [10] demonstrate that Ae of C-shape relaxation increase linearly along
with the deformation and Ac does not change during the deformation.
It is impossible to study Ae deformation between two subsequent discontinuities during the test
because the most frequently C and B-shape of relaxation are in question and because according to our
results obtained from the machines the reduction ratio is so small that it is impossible to notice clearly
and accurately how As is influenced by the strain extent point, temperature and rate.
AIMgSiO 5
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Figure 9. The influence of Ac of strain extent point, upsetting rate and temperatures, ALMgSi0.5 alloys.

According to our test results for AIMgSiO.5 alloy, AO"SA+B a n d Aa Sc increase with the drop of the
upsetting rate and the increase of strain extent point and temperature, but because there is no
distinctive single type of discontinuities at one rate usually They are of mixed types up to certain strain
extent point for set temperature, the reason why their appearance is incomplete; with other words the
effect of temperature at constant rate can not be entirely explained; see graphs for Aα with e%.
The increase of Aα with deformation can be explained taking into consideration the increase of
diffusion coefficient with deformation and temperature. Namely the flow of the strain curve and
diffusion coefficient increase because of the creation of new gaps so after the defined deformation
(critical strain extent point) the diffusion rate enables the dissolved atoms to congregate around the
dislocation creating the atmosphere which to a certain point blocks the dislocations. But dislocation
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can be easily released from the atmosphere and again to be active (mobile) because of the diluted
atmosphere. That is the reason why the tension change is small. With further increase of deformation
and gap concentration more of them will be located into the dislocation's core (nucleus), thus strongly
blocking it (saturated atmosphere). Dislocation tends to separate from the atmosphere and to activate
the above higher tension is required; Ao increase alongside with the increase of the strain extent point.

SUMMARY
The most tests of dynamic strain aging and the phenomenon of the strain aging were examined on the
base of stretching (extensibility), but it is less or rarely examined at pressing. The summary from the
experimental tests of discontinuous relaxation of AlMgSi0.5 alloy will be as follows:
• Within the frame of tested temperature intervals for the alloy during the released pressing there is
no total disappearance of discontinuities; the discontinuities occur even at the highest temperature
and the lowest rate.
• Discontinuities disappear at the highest rate after T=75°C. This phenomenon can be explained by
the fact that at higher rates the strain dislocations move with higher speed; dissolved atoms can not
" _ congregate and avoid dislocations; which means discontinuities do not appear at higher rate and
lower temperature.
• The tests reveal that discontinuities disappearance requires very high temperature during the
pressing processes.
• According to the graphs discontinuities appear at certain strain extent point they are not present till
the end of the process, but they disappear at a certain strain extent point even at every temperature
and upsetting rate.
• When and at which strain extent point they emerge and disappear depends on the temperature and
upsetting rate, The graphs present that at higher temperature the strain extent point where
discontinuities disappear is smaller and strain extent point, critical strain extent point remains the
same; while at increased deformation rate the strain extent point or starting point of discontinuity
increase , but the strain extent point where the discontinuous disappear is decreased, fact easily
noticed on the graphs.
• Aα increases when upsetting rate drops with the strain extent rate increased and temperature
increase (for C-type) or with heat drop (for A+B Type).

References
1] Jovan K.Mickovski, Fizicka metalurgija 2 dePSkopje 1995
[2] George.E.Dieter, Mechanical Metallurgy, International student edition, Mc-Graw-Hill Kogakusha ,
ltd, Tokio, 1976
[3] J.M.Robinson and M.P.Shaw, Mat. Sci. Eng.,A174 (1994) 1-7
[4] Dj. Drobnjak, Fizicka metalurgija,Fizicka cvrstoce i plasticnosti 1, TMF, Beograd,1990
[5] R.E. Sanders Jr.,S.F.Baumann and H.C.Stupf, Aluminium Alloy-Physical
Properties, vol. .m,EMAS, West Midlands, UK.1986 1441-1484.

and Mechanical

[6] Mirjana I. Dudukovska.Doktorska disertacija, TMF Skopje,1999.
[7] Endre Romhanji "Mehanika i metalurgija deformacije metala" TMF Beograd ,2001.
[8]BJ.Brindley, DJ.H.Correroy and R.W.Honeycombe, ActaMet.,10 (1962) 1043
[9] W.Charnok, Phil Mag.,20 (1969) 427
[10] P.G.McCormick, ibid., 19(1971) 463

206

Proceedings of 3rd BMC-2003-Ohrid, R. Macedonia

MK0400043
TESTING OF DEGREASING COPPER THIN STRIPS AND...

TESTING OF DEGREASING COPPER THIN STRIPS AND FOILS IN
COILS BY HEAT TREATMENT IN THE PROTECTIVE ATMOSPHERE
Snezana Jovanovic, Zorka Trmcic, Ljubinko Pantelic
Valjaonica Bakra Sevojno, 31205 Sevojno, Srbija i Crna Gora
Abstract: Contemporary production of half hard copper thin strips and foils of dry surface, temper F24 /DIN
17660/ consists of : final rolling -degreasing - final slitting. Copper and Brass rolling mill Sevojno does not
feature degreasing device after cold rolling process for thickness under 0,2 mm. So, in order to achieve above
mentioned temper, tests were made to degrease strips in coils by heat treatment in the protective atmosphere.
Analysis of results showed, that after two-stage heating /300° C,60 min and 330° C,30 min /.using rolling oil
with boiling range < 300° C, strips remain in requested half hard temper with bright surface and residual oil up
to 0,32 mg/dm2.

INTRODUCTION
Customers specific orders for dry surface thin strip half hard temper is technical -technological
problem for foil and strips for thickness under 0,2 mm.
Proposed solution with heat treatment is based on estimate that distillation range of rolling oil is
sufficiently under temperature point for beginning of deoxidized copper recrystallization.

METHOD OF EXPERIMENTS
Semisyntetic rolling oil Shell Fenela TD 81, used in experiments, has following physical-chemistry
characteristics:
-Density at 15° C, kg/m3

ASTM D 1298

804

-Kin. viscosity at 40° C, mm2/s

ASTMD 445

2.21-2.79

-Boiling range, ° C

DIN

51751

240-278

-Content of hydrocarbons, %
IR-method
CA=0 CP= 52,25 CN= 47-75
IR specter of oil shown of Fig.l is measured on model PERJQNELMER 682 /absorption band for
aromatics 1612cm'1 and for paraffin's 725cm"V.

rU
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Fig.l IR specter FENELA TD 81 oil
Modified standard method was used for determination of residual oil, which includes, measurement of
samples surface and dissolving of oil in high purity CC14. Mineral oils, obtained with this method, are
210
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hydrocarbons compounds, wich can be extracted and determined on IR spectrometer in waves range,
from 3200 cm"2 to 2700 -2
Calculation of concentration of oil is according to equation:

p-d
where: CM . concentration of oil, mg/dm2
p - surface of sample, dm2
Vr - volume of CC14, ml

d- thickness of sample, cm

Ef-CEs band 2959 cm'1
E 2 -CH 3 band 2924 cm 1

Mentioned boiling range of oil /240-2780 C/ is a base for the experiment for degreasing
surface, as deoxidized copper in that temperature range, does not provide conditions for
beginning of recrystallization (1), Fig.2.Also, many published articles confirm that the
temperature recrystallization of of deoxidizes copper grows up with increased impurities in
solid solution. During heating for hot rolling process, copper slabs have temperature above
800° C and are after hot rolling quickly cooled, so impurities remain in solid solution. The
result is increased temperature of recrystallization, which is suitable for our method of
investigation.
/3O

O
1kO

.

T

760

750

300

320

JW

160

5S0

.
i<00 1*70

4W

1,60

480 'C S0O

temperature ,[°C]
Fig.2 Temperature recrystallization for Oxygen free copper (a) and deoxidized copper (b,c,d)
for different deformation percentage.Time of annealing 25 min.

Reduction atmosphere in annealing furnace is obtained by gas-generator device using propane - butane
hydrocarbons. Chemical analysis of oxidation products is controlled on model PERKENELMER F17
by Gas chromatography method, Fig.3.
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Fig,3 Gas Chromatogram of reduction atmosphere
( 60/80 Molecular Sieve SA; HW 100°C;
Program: Tt =30° C, 4min and Tf=140° C,
Sens H2 x 16; O2 X 1; N2 x 32; CO x 4)
Composition: H 2 -l,8 %; O2=0,006Vo;
Ar< 1%; CO= 3.5%;
CO2= 112%.

RESULTS AND DISCUSSION
Out of customers order (range of thickness 0.14 to 0.18 mm) we chose 0.18 mm thick and 300 mm
wide strips for experiment.
After final rolling on half hard temper the test strip was heat treated The conditions and the results of
experiments are shown in Tab.l Furnace diagrams of heat treatment are shown on Fig.4 and Fig. 5.IR
specter of residual oil after heat treatment is shown on Fig.6 and Fig.7.
Tab.l Conditions and results of experiments ; T- Annealing temperature; T-time on Annealing
temperature
Condition of T=200° C,
T=300° C, T= l h
T=260° C, T= lh
experiment
x= 10 min
T=300° C, T= 30 min
T=300° C, T= 30 min
6
7
No.of sample
2
3
4
1
5
1
293,0
Rm, N / m m
298,6
301,1
298,3
294,5
A, %
35,0
35.5
30.5
29.5
34,0
94.1
78.8
93,8
55.5
55.6
66.6
87.1
HV03
K 2 /mm 2
deforma. struct. deformation structure
deformation structure
0-0.32
Residual oil,
residual oil
2,2-26.6
mg / dm2
visible
Fig.6
Fig.7
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Fig.5. Furnace diagram for annealing
copper strip 0.18 X300 mm (300°C ;
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Fig.6. IR specter of residual oil after
heat treatment (260°C ; 60 min -first
step and 300°C; 30 min - second step)
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Results and visible bright surface of samples confirmed that on samples No. 7 and No.8. (Tab.l) dry
surface quality is achieved, as same as customer required.

CONCLUSION
Technological process which in final phase includes heat treatment of deoxidized copper(300°C ; 60
min -first step and 33O°C;3O min-second step),can achieve required degreased surface, using rolling oil
with boiling range < 300° C.

Reference
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2. J.M. Boechat, Z. Metallkde.76(1985) H3. p.185-191.
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5. Analysis of Permanent Gases and Light Hydrocarbons-SUDELCO p. 1883.
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INFLUENCE OF DEFORMATION DEGREES AT ROLLING ON
THE ANNEAL HARDENING EFFECT OF CAST CuZn ALLOY
Svetlana Nestorovic and Ljubica Ivanic
Technical Faculty Bor, University of Belgrade
Abstract: Investigated cast copper alloy containing 8at%Zn of a solute. For comparison, parallel specimens
made from cast pure copper. Copper and copper alloy were subjected to cold rolling with different a final
reduction of 30,50 and 70%.
The cold rolled copper and copper alloy samples were isochronally and isothermally annealed up to
recrystallization temperature. After that the values of hardness, strength and electrical conductivity were
measured and X-ray analysis was performed.
These investigations show that anneal hardening effect at alloys was attained under recrystalhzation temperature
in the temperature range of 180-300°C, followed with an increase in hardness The amount of strengthening
increase with increasing degree of prior cold work. Also the X-ray analysis show the change of lattice parameter
during annealing when anneal hardening effect was attained.

1. INTRODUCTION
The strength properties of cold-worked substitional solid solutions are increased upon annealing up to
the recrystallization temperature in several Cu based alloys systems. This strengthening effect is
termed anneal hardening and is mainly applied to copper alloys when producing spring materials for
electro-mechanical devices. Three general trends can be noted which characterize the phenomenon in
all alloys systems. The amount of strengthening, which acompanies aging, increase with increasing
degree of prior cold work, the strengthening increase with increasing substituional element
concentration, the strengthening due to aging is decreasing function of the plastic strain at which the
stength is measured.
The mechanism responsible for this hardening effect is investigated in several copper based alloys
after cold rolling and annealing below recrystallization temperature [1,2].
Also, this strengthening effect is attained at several sintered copper based alloys after cold rolling and
annealing to recrystallization temperature [3,4,5,6,7].

2. EXPERIMENTAL PROCEDURE
Investigated cast copper alloys containing 8%Zn of a solute, produced in laboratory for casting. For
comparison, parallel specimens made from cast pure copper.
Copper and copper alloy weighing aproximetly 2 kg, were melted in a furnace and cast in copper
molds with dimensions 80x80x30 mm. The cast alloys were homogenized at 850°C for 24 hours in a
graphit and made samples with dimension 80x30x7mm on the erozimat aparature. After that the cold
rolling was carried out on the samples with intermediate anneals at 500°C for 1 h, a heat treatment of
500°C for 2 h followed by an ice-water quench was given. After that the copper and copper alloy were
subjected to cold rolling with different a final reduction of 30, 50 and 70%.
The cold rolled copper and copper alloy samples were isochronally and isothermally annealed up to
recrystallization temperature, during which the values of hardness, strength and electrical conductivity
were measured and X-ray analysis was performed.
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3. RESULTS AND DISCUSSION
3.1. COLD ROLLED CAST SAMPLES
Hardness of sintered copper and Cu-Zn alloy during cold rolling increase with deformation degree due
to deformation strengthening (Fig.l). Some higher hardness values were obtained for alloy, than for
copper. Maximum values for hardness for copper is 126 HV but for alloy is 155 HV (deformation
degree 70 %) i.e. maximum of work hardening was attained for the CuZn alloy.

Fig. 1. Dependence of hardness of cold rolled samples on deformation degree
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Fig 2. Dependence of electrical conductivity on deformation degree
Figure 2. shows the changes of electrical conductivity during cold rolling i.e. the dependence of
electrical conductivity on deformation degree. It can be seen, that the electrical conductivity for pure
copper is higher than for alloy CuZn. Also fig. 2. shows that electrical conductivity for alloy slowly
decreases with the deformation degree. However, it is known that the increase in cold working results
in a decrease in electrical conductivity.
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Figure 3 and 4. show the dependence of hardness on annealing temperature for the cast and after that
cold-rolled copper and copper alloy samples with deformation degrees 30,50,70%. Fig. 3. shows that
the recrystallization temperature for the copper for all applied deformation degree is above 200°C,
because the hardness decrease On the figure 4. can be seen that for the alloy recrystalization
temperature is above 350°C, also for all applied deformation degrees, i.e. the alloying element Zn
cause an increase in recrystallization temperature in comparison with pure copper.
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Fig.3. The change in hardness of cold rolled copper with annealing temperature
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Fig.4. The change of hardness of CuZn alloy with annealing temperature
Figures 4 shows that in the temperature range of 180-300°C, for the alloy CuZn, the hardness values
increase for all the applied deformation degrees (30, 50, 70%). On the temperature of 240° C, the
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hardness values increase for 11HV for deformation degree of 30%, for 20HV for deformation degree
of 50% and for 30HV for deformation degree of 70%. The hardness values increase remarkably for
70% deformation degrees for the alloy CuZn. It can be explained by the fact that the amount of
strentghening effect i.e. anneal hardening effect increase with increasing degree of prior cold
work.(10).
This effect has been investigated mainly in the cast copper-base alloys containing AI, Ni, Au,
Ga, Pd, Rh and Zn (2). The results would tend to support the hypothesis that solute segregation to
dislocation, analogous to the formation of Cottrel atmospheres in intersticial solid solutions, is
primarily responsible for anneal hardening phenomenon (1,2).
Figure 5 shows the change of electrical conductivity of copper and copper alloy CuZn with
annealing temperature. During annealing the samples after cold rolling, the values of electrical
conductivity of copper slowly increase with annealing temperature due to recovery and
recrystallization. Electrical conductivity of alloy increase above 180°C temperature, due to anneal
hardening effect Bader at al.(l) obtained the similar results by electrical resistivity measurements.
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Fig.5. The change of electrical conductivity of cold-rolled samples
of copper and copper alloy with annealing temperature

CONCLUSIONS:
1. The alloying element zinc were found to have a pronounced effect on the increase the
recrystallization temperature of the cold rolled copper alloy CuZn.
2. The anneal hardening effect was attained at alloy CuZn, under recrystallization temperature in
the temperature range of 18O-3OO°C followed with an increase in hardness and electrical
conductivity.
3. The amount of strengthening increases with increasing the degree of prior cold work.
4. Anneal hardening may be considered as a genuine hardening mechanisms in analogy to the
other basic hardening mechanisms such as work, grain size, solid solution and dispersion
hardening.
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5. The results can be applied to derive the composition and processing variables which determine
the practical use such as the strengthening effect of copper alloys.
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INITIATION OF ENVIRONMENT PROTECTION
MONITORING SYSTEM IN ENERGETIC SECTOR OF
SARTID IRON & STEEL FACTORY
Mci. Eng.Jovan Janjic
Dipl.Eng*. Zoran Ivanovic
SARTID Iron & Steel factory
Goranska str, Smederevo
Serbia and Montenegro
Abstract: Energetic sector in SARTID Iron & Steel factory includes complex systems for production,
transformation and distribution of all kinds of energy and fluids, supplying all other production divisions. As
that, energetic sector has large influence in environment. Incorporating quality system ISO 14001 in SARTID
factory, with special care we are working on environment protection monitoring system. Having started with
this, as first we are working on implementation of monitoring system for air pollution from our emitters of
exhausted gases issued from incineration of blast furnace (BF) gas, natural gas and crude oil. Constant recording
of air pollutant emissions from our boilers have became standard procedure now. This monitoring system is
based on software package, where input data are permanently measured flow of fuels, fuel composition and
quality of combustion As a result, in each time we know quantity of emitted exhausted components - CO2, CO,
SO2, (NO)X Another monitoring system that we are implementing right now is some simpler, being used for a lot
of smaller BF or natural gas consumers

INTRODUCTION
Having supplied a lot of different BF and natural gas consumers, we concluded that many small
combustion chambers and burners such as flare stacks, heating pots, furnaces, gas cutters and others
placed in various systems all around factory, have no regulation of incineration process except
temporary manual. Analyzing this problem we concluded that except energy losses, much bigger
problem exists as environment pollution - mainly with incomplete combustion of BF gas.
As automatic regulation of incineration based on exhaust analyzers would be expensive for us to
implement because of large number of places we should cover, we decided to utilize existing
equipment such as fuel flow-meters, air flow-meters, thermometers and available PCs in several
different ways and to try some kind of monitoring and regulation with this. Results that we are
achieving are monitoring and regulation on not so high level but very precious for us.

SOME SIMPLE MONITORING SOLUTIONS
t

At the schemes bellow are presented some of very simple but valuable solutions that allow us to have
much better view in combustion of each small burner that we cover all around factory.
Each PC from scheme covers several burners jumping in short time from one to another. When
disturbance in some burner appears, PC edit alarm note with information of burner and type of
disturbance. Then manual fixing of problem follows.
These systems prove us that even without large investments, existing equipment could be combined in
new ways giving us completely new solutions and higher quality of process control.
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1. Monitoring system for gas incineration in open atmosphere (flare stacks, open heaters)

Logic flow chart:

Input data:
1. Gas flow
2. Flame temp.
r

Conversion in digital
signals

Processing of data in
PC
y

yes

ALARM output:
, Flame extinct - FIX IT/

r

Gas flow exists but
flame temperature
extremely went down

no

o
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2. Monitoring system for gas incineration with controlled air/oxygen adding (small
furnaces, gas cutters, stoves)
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Logic flow chart:

Continuously Input data:
o Gas flow
Air/oxygen flow
Flame
ameitemp.
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\Gas fuel composition

Processing of data in
PC

yes
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/

ALARM output:
Flame extinct - FIX ]

Oxygen/air and gas
flows go out from
calculated area of ideal
fnpl / air ratin
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METHOD FOR ALUMINUM DROSS UTILIZATION
Assis.Prof.B.Lucheva, Assoc.Prof .Dr. R.Petkov and Assis.Prof.Tz.Tzonev
University of Chemical Technology and Metallurgy, 8 Kl. Ohridsky Blvd., Sofia, Bulgaria
Abstract: A new hydrometallurgical method has been developed for metal aluminum utilization from secondary
aluminum dross. Secondary aluminum dross is a powder product with an average of 35% aluminum content
(below lmm). It is waste from primary aluminum dross pyrometallurgical fluxless treatment in rotary DC
electric arc furnace.
This method is based on aluminum leaching in copper chloride water solution. As a result an aluminum
oxychloride solution and solids, consisting of copper and oxides are obtained. In order to copper chloride
solution regenerate hydrochloric acid is added to the solids. The process is simple, quick, economic and safe.
The aluminum oxychloride solution contains 56 g/1 A12O3. The molar ratios are AI:C1=O,5; OH:A1=1. The
solution has 32% basicity and 1,1 g/cm3 density. For increasing the molar ratio of aluminum to chlorine
aluminum hydroxide is added to this solution at 80°C. Aluminum hydroxide is the final product from the
secondary aluminum dross alkaline leaching
As a result aluminum oxychloride solution of the following composition is prepared: A12O3 - 180 g/1;
A1:C1=1,88; OH:A1=4,64; basicity 82%; density 1,22 g/cm3, pH=4-4,5.
Aluminum oxychloride solution produced by means of this method can be used in potable and wastewater
treatment, paper making, in refractory mixture as a binder etc.

INTRODUCTION
The object of this study is secondary aluminum dross, which result from a primary aluminum dross
pyrometallurgical fluxless processing in a rotary DC electric arc furnace [1]. It is a powder product
with an average of 35 % metal content and of chemical composition as shown in Table 1.
Table 1:

Metal chemical composition, %
Al
90,28

Mg
0,00

Mn
0,34

Si
5,93

Fe
1,10

Cu
1,82

Zn
0,53

Table 2 provides the element composition of secondary aluminum dross, which is analyzed by AES
ICP following alkaline melting and leaching as well as by the classical chemical methods.
Table:I:
Al
63,57

Element composition of secondary aluminum dross, %
Mg
3,83

Si
2,68

Mn
0,11

Fe
1,22

Cu
0,63

Zn
0,18

Ti
0,31

Ca
0,79

Na
0,12

S
0,26

P
0,01

K
0,13

Aluminum is found in the dross mainly as metal aluminum - 31,5%, aluminum nitride - 9,5% and
aluminum oxide - 49%. In addition, the dross contains minor amounts of oxides and other components
of Ti, Cu, Fe, Ca, Zn, S, K and Na.
The metal content in the dross depending on the granulometric composition varies as follows:
- lmm+0,63mm

49,65%;

- 0,63mm+0,25mm

47,55%;

- 0,25 mm

25,00%;

-0,1 mm

13,56%.

Secondary aluminum dross is valuable and less expensive raw material because of its high metal
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content and it can effectively be utilized for different aluminum salt production.
The purpose of this study is to investigate the possibility for secondary aluminum dross utilization for
aluminum oxychloride production, which has several industrial applications - in the cosmetics
industry as an active ingredient, as tanning agents and as flocculants for water treatment, in the
preparation of refractory substances and inorganic fibers.

EXPERIMENTAL
Aluminum oxichloride has traditionally been obtained by chemical processes such as double
conversion of other basic aluminum salts, by partial hydrolyses of anhydrous aluminum chloride, by
thermal split-off of hydrogen chloride from aluminum chloride-hexahydrate or by reaction of
aluminum hydroxides. Aluminum oxichloride has also been prepared by electrochemical processes,
which require the use of a specially prepared electrolysis cell, involving high-energy costs. On the
other hand, special precaution must be taken regarding protection of the environment [2,3].
The purpose of the present research work is to investigate the aluminum recovery from secondary
aluminum dross by copper chloride solution.
On the aluminum surface there is always a protective layer of aluminum oxide. In the copper chloride
solution chloride ions destroy the oxidic surface layer of aluminum after:
Al 2 O 3(sobd) +2Cl- a q ) + 3 H 2 O ^ 2 A l ( O H ) 2 C l ( a q ) +2OH- a q )

(1)

The reaction between metal aluminum free of the oxidic layer and copper chloride solution is a very
complex one. The most probable reactions that take place are:
2Al(solld) + 3CuCl 2(aq , - » 2AlCl 3(aq , + 3Cu(solld)

(2)

2Al(solld) + 6H 2 O -> 2Al(OH) 3(aq , + 3H 2(gas)

(3)

Thus the overall reaction can be written as follows:
4Al(sohd) +3CuCl 2(aq) + 6 H 2 O - > 2 A l C l 3 ( a q ) +3Cu(SOIld) +2Al(OH) 3 ( a q ) +3H 2 ( g a s )

(4)

The reaction between A1C13 and A1(OH)3 can be expressed as follows:
2AlCl 3(aq} + Al(OH) 3(aq , -> 3Al(OH)Cl 2(aq}

(5)

AlCl 3(aq) +2Al(OH) 3 ( a q ) ^ 3 A l ( O H ) 2 C l ( a q )

(6)

AlCl 3(aq) +5Al(OH) 3 ( a q ) - » 3Al 2 (OH) 5 Cl ( a q )

(7)

or the most generally:

(3n-m)AlCl 3 ( a q ) +mAl(OH) 3(aq) ^3Al n (OH) m Cl ( 3 n _ m ) ( a q )
The total reaction can be described if the equation (2) is multiplied by

(8)
, and equation (3) - by

m

— and sum up them.
3nAl(sol]d) + l,5(3n - m)CuCl 2(aq , + 3mH 2 O ->
3Al n (OH) m Cl ( 3 n . m ) ( d q ) +l,5(3n -m)Cu ( s o l l d ) +l,5mH 2(gJS)

(9)

The reaction (9) takes place in two steps: cementation and electrochemical dissolving of aluminum.
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The cementation (equation 2) is a process of replacement of Cu(II) ions from the solution by
noble aluminum. The electric potential relations of Cu (II) and aluminum ions determine
thermodynamic possibility for this process. The standard electric potential of less noble aluminum
1,66V in comparison to the nobler copper +0,34V. The cementation process goes on until the
electric potentials become the same.

less
the
is two

The following reaction may run off:
+Cu ( s o l l d ) + 2 C l - a q )

2CuCl

(10)

(rthd)

in small measure
CuCl(solld)+Cl-aq)^[CuCI2]-aq)

(ID

in addition

£,,

(12)

During the second step of the process, the less noble aluminum is in metallic contact with the more
noble copper in an aqueous aluminum oxychloride solution. In this way, a galvanic couple is formed.
Aluminum is dissolved by galvanic action and goes into the solution and at the same time hydrogen is
deposited at the nobler element.
The started copper chloride solution is 1M. Five samples of 20 ml are taken from this solution and
then aluminum is added to them. The reacted quantity of aluminum is investigated as a function of
time. The results are represented in Figure 1. The first step of the process is exothermic. The lack of
blue colour when ammonia is added to the solution indicates that the copper concentration is low
(below 100 ppm) and aluminum is effective in removing the copper from the solution.
As seen from Figure 1 only 90 min are sufficient for copper reduction. After that aluminum is
dissoved electrochemically by means of galvanic element. The second step of the process carries out
very slowly at room temperature and atmospheric pressure, which from practical point view is
unacceptable.
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Figure 1:

- Stoichiometry quantity of aluminum for cupper reduction

Reaction between metal aluminum and 1 M copper chloride solution

The choice of conditions for aluminum dissolving in copper chloride solution is determined by the
desired type of aluminum oxychloride and by the desired aluminum concentration in the solution. For
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this purpose the following particular cases of reaction (9) are considered:
•

n=1 and m=1
(13)

3Al (sohd) +3CuCl 2 ( a q ) + 3 H 2 O -> 3Al(OH)Cl 2 ( j q ) +3Cu (solld) +l,5H 2 ( f l i )
•

n=1 and m=2
3Al(solld) +l,5CuCl 2 ( j q ) + 6 H 2 O ^ 3 A l ( O H ) 2 C l ( a q ) +l,5Cu (solld) + 3H 2(g , is)
•

(14)

n=2 and m=5

6Al(solld) +l,5CuCl 2 ( i i q ) + 1 5 H 2 O - > 3 A l 2 ( O H ) 5 C l ( a q ) +l,5Cu (solld) +7,5H 2 ( g a s )

(15)

The conditions of the reactions for aluminum oxychloride prepared with a defined aluminum
concentration are shown in Table 3.
Table 3:

Different conditions of preparing aluminum oxychloride

Aluminum
dross
Aluminum (25%
Oxychloride
metal
g/1
aluminum)
g
100
400
75
300
A1(OH)CI2
50
200
25
100
100
400
75
300
A1(OH)2C1
50
200
25
100
100
400
75
300
A12(OH)5C1
50
200
25

100

CuCl2, Reduced
copper, g
g/l
497,93
373,44
248,96
124,48
248,96
186,72
124,48
62,24
124,48
93,36
62,24
31,12

235,33
176,50
117,67
58,83
117,67
88,25
58,83
29,42
58,83
44,13
29,42
14,71

Dissolved
Dissolved Al
Pulp
Al during
during
density,
first step, g second step,
g/l
g
66,66
49,99
33,33
16,66
33,33
25,00
16,66
8,33
16,66
12,50
8,33
4,17

33,34
25,01
16,67
8,34
66,67
50,00
33,34
16,67
83,34
62,50
41,67
20,83

535,33
401,50
267,67
133,83
417,67
313,25
208,83
104,42
358,83
269,13
179,42
89,71

H 2 ,l

20,74
15,56
10,37
5,19
82,96
62,22
41,48
20,74
103,70
77,78
51,85
25,93

The reactions (10)-(12) run off intensively at normal conditions up to a moment when the first step is
completed. As shown in Table 1 the degree of metal aluminum recovery during the first step is the
highest when the final product is AI(OH)C12 - 66,66 %, while at A12(OH)5C1 it is only 16,66%.
The least amount of hydrogen is produced in reaction (10) - only 0,5 g-mol, while according to
reaction (12), from 1 g-mol dissolved Al, the hydrogen is 2,5 times more.
The quantity of cemented copper and insoluble oxides from aluminum dross determines the pulp
density (Table 1). The least amount of copper is reduced after a reaction (12) in comparison with
reaction (10) in which the cemented copper is 4 times more.
Thus, the reaction leading to formation of A1(OH)C12 of 25 g/l aluminum concentration in solution can
run safe and within short time. However, a disadvantage of this solution is low aluminum
concentration.
Three fractions - 1+0,63; 0,63+0,25; -0,25 mm are dissolved in 1M copper chloride solution. The
process is violent, because of the exothermic character of the cementation and aluminum nitride
hydrolysis. In order to prevent strong gasing, the reaction vessel is cooled with water maintaining the
process temperature at about 60° C. The process goes on for two hours. At these conditions aluminum
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nitride practically is not hydrolysed [4]. Thus it prevents the release of ammonia. The pulp is left to
stay overnight and then it is filtered to remove the remaining solids. The results are presented in Table
2.
The solid phase is calcinated at 200-300°C to transform cemented copper to a copper (II) oxide, which
dissolves easier in hydrochloric acid. The started solution is regenerated by hydrochloric acid adding
to_calcined solid phase.
Aluminum from aluminum dross is in 50% excess according to the stoichiometry quantity (as shown
in Table 2) for the copper reduction. The aluminum concentration in the resulting solution is
determined (by complexometric titration), as well as the concentration of chlorine (by titrimetric
method). The recovery degree of aluminum in solution is lowest at finest fraction -0,25 mm., probably
due to the fact that the cathode aluminum surfaces are covered with separated copper, which makes
difficult aluminum dissolving. In order to ensure free aluminum surface the process should be
accompanied by stirring. However, with such stirring fine particles are formed and they stay in the
solution after filtration.
'
As a result of experiments three solutions are obtained with almost equal aluminum concentration. The
solution properties are shown in Table 4.
Table 4:

Properties of aluminum oxychloride solution, produced by dissolving aluminum dross in
copper chloride
Al,

Fraction
-0,25 mm
-0,63+0,25 mm
-1+0,63 mm

A12O3,

&
29,31
29,65
27,71

g/1
55,37
56,00
52,34

CI,
&
1AM
76,24
74,47

A1:C1

A1:OH

0,49
0,51
0,52

1,04
0,96
0,93

Density,

g/cm3
1,0967
1,0976
1,0965

Basicity,
%
32,00
34,67
35,67

pH
3,9
3,9
3,9

These solutions are collected into one solution of 28,71 g/1 aluminum concentration and 75,24 g/1
chlorine concentration. The resulting aluminum chloride can be described as A1(OH)C12. This solution
has no practical use because of the low aluminum concentration, respectively molar ratio A1:C1 H
A1:OH.
For increasing molar ratio A1:C1 greater than 0,5 experiments have been carried out. For this purpose,
three samples of 100 ml have been used and different quantity of aluminum hyroxide added at
temperature 80°C. Alkaline leaching of secondary aluminum dross forms this aluminum hydroxide. As
a result three types of aluminum oxychloride solution are prepared (Table 5).
Table 5:
Solution

Properties of aluminum oxychloride solutions
A1(OH)3,

g

started
8
15
22

1

2
3

Al,g/1
28,71
55,90
80,00
100,50

A12O3,
g/1
54,23
105,60
151,12
189,83

CI,
&

75,24
72,69
72,73
73,3

AI:C1

OH:A1

0,50
1,01
1,44
1,88

1,00
2,01
2,31
4,64

Density,
g/cm

Basicity

pH

1,1

34

1,12
1,19
1,22

66,98
76,92
82,26

3,9
4,0
4,0
4,2

Aluminum oxychloride solutions as per the experiment (Table 5) can be described as follows:
solution 1
solution 2
solution 3

A1(OH)C12
A1(OH)2C1
A12(OH)SC1.

AES ICP analyzes solution 2 from Table 4 for determining impurity concentration. The results are
shown in Table 6.
Table 6:

Impurity concentration of aluminum oxychloride, mg/1
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Pb

Zn

Cu

Ni

Co

Cd

Na

K

Mg

Ca

<50

191

112

<10

10

<10

768

<200

1157

1575

The process for increasing molar ratio A1:C1 is simple and quick, up to 10-12% aluminum
concentration in solution. In other conditions - higher temperature and higher pressure it may be
possible to achieve ratios greater than two.
Aluminum oxychloride solution produced according this method can be effectively used in potable
and wastewater treatment. For this purpose Al2(OH)5Cl (solution 3) is investigated as a coagulant for
raw water treatment. The experimented dose of the coagulant produced using the proposed method is
2,23 mg A1A The results are presented in Table 7.
Table 7:

Performance of aluminum oxychloride A12(OH)5C1 as a coagulant at temperature 19,8°C

Before
treatment
After
treatment

Water
turbidity,
mg/1

pH

Water color
Pt-Co Scale

14,1

7,1

0,8

7,0

Ca,
mg/1

Mg,
mg/1

20

Total
hardness
of water
mg-eq /I

<5

0,70

7

4,256

CONCLUSIONS
1.
New hydrometallurgical method has been developed for utilization of metal aluminum from
secondary aluminum dross. This method is based on aluminum leaching in copper chloride
water solution. The process is simple, quick, economical and safe.
2.
Resulting solution of aluminium oxychloride Al(OH)Cl2 can be treated with aluminum
hydroxide for increasing aluminum concentration in solution, depending on the desired final product.
3.
Aluminum oxychloride A^COH^Cl produced according to this method can be effectively used
as a coagulant in water treatment.
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THE ELECTRICAL CHARACTERISTICS OF COPPER
SLAGS IN A 270 KVA DC ARC FURNACE
Bora Derin, Fihz Cinar §ahin and Onuralp Yiicel
* Istanbul Technical University, Faculty of Chemistry and Metallurgy, Department of Metallurgical Engineering, Maslak, Istanbul-TURKIYE

Abstract: The electrical resistance of slags is the main criteria to determine the design and the operation conditions of slag resistance furnace (SRF) depending on temperature and composition. In this study, a 270 kVA DC
electric arc furnace were used to determine the electrical characteristic of molten ancient copper slags. The specific conductivity of the slag was estimated by using furnace geometric factor given in the literature as an empirical formula and by using furnace resistance measured during smelting of the copper slag with or without different
additives such as coke, CaO and AI2O3.

INTRODUCTION
In pyrometallurgical furnaces, heating is supplied from fuel, electrical energy or ore itself. In practice,
the electric arc furnaces, where the electrical energy is used, are classified into three types: open arc,
submerged arc and slag resistance furnaces. Open arc furnaces, where the electrical energy is converted to heat by the resistance of air, are generally used for smelting processes. In submerged arc
furnaces, electrodes are immersed in a mixture of ore feed or coke The slag resistance furnaces
(SRF), where the resistance of slag layer converts the electrical energy to heat, are used for smelting
and also reduction purposes [1].
The electric resistance between two electrodes in SRF is important factor for furnace design and performance [1-3] and can be defined as following equation:
/,
<y

cm'1
Q l .cm r

where R: furnace resistance, fg: geometric factor, and o: slag electrical conductivity. The furnace
geometric factor, being linearly proportional to (R), is a function of diameter of the electrode (d), the
depth of immersion (h), electrode spacing (s) and the depth of slag layer (H).

fg=f(d,h,s,H)

(2)

According to the calculations of Nielsen on salt solutions [2,4], the furnace geometrical factor of a
system is described in Eq. 3 as an empirical formula and it can be applied to such an arc furnace system shown in Fig 1.
=
Js

0,3034 x [(ff-/i)/</]°- 45
d
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Top
^electrode

Bottom
electrode
Figure 1. Schematic diagram of a direct current slag resistance furnace (DC-SRF)
An approximate amount of 2 million tons of copper smelting slag has been lying on the northern part
of Turkey-Kure dating back Genoese Times. This nickel free slag contains 0.4 % Co and 0.82 % Cu.
OUE main studies were about recoveries of valuable metals such as cobalt, copper and iron from the
ancient slag via pyro and hydrometallurgical methods [5-14]. While smelting the slag using DC arc
furnace, we also gathered electrical information via computer and data acquisition systems attached to
the furnace. Present study is subjected to determine the electrical characteristics of the molten ancient
kiire slag, and of which compositions were changed with flux and coke additions at different temperature. The results were also compared with previous published literature.

EXPERIMENTAL STUDY
RAW MATERIALS
The chemical composition of the ancient kiire copper slag which was used as a raw material in our
studies was given in Table 1. In the experiments, coke containing 78.5 % fixed carbon, 3.64 % volatile substances, and 17,6 % ash was used as a reductant material where as, CaCCh and AI2O3 (99.5%
purity) were used as fluxing additives.
Table 1:

Chemical composition of the ancient Kure copper slags

Components
Co
Cu
Zn
Fe
S

Weight (%)
0.4
0.82
0.15
47.8
1.5

Components
SiO 2
A12O3

CaO
MgO
NiO

Weight (%)
26.1

6.8
0.7
1.0
0.02

EQUIPMENTS
Experimental works were carried on a laboratory scale, mono phase, submerged direct current (DC)
electric arc furnace with 270 kVA. Computer and data acquisition systems were used to measure voltage, current, temperature and the precision ruler. Schematic diagram of a DC arc furnace installed in
one of ITU laboratories are given in Figure 2. While graphite bottom electrode is fixed in the refractory material of the crucible, top graphite electrode has the ability to move in vertical axis. Top electrode positioned into molten slag where as molten metal in the crucible contacts with the bottom electrode. MgO monolithic refractory was used for protection of furnace sidewalls from slag erosion.
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Figure 2.

The Schematic of DC Electric Arc Furnace with 270 kV A.

EXPERIMENTAL PROCEDURE
The 25, 30 and 150 kg-weight samples of Kiire slag with or without additives were charged into EAP
crucible for reduction smelting. Tap to tap time was select as at most 50 min. At selected intervals,
submerged type of Pt-PtRhlO thermocouple was introduced to the crucible to measure the temperature
of the molten slag. In the taping stage, the metal and slag temperatures were also measured with an
optical pyrometer. Chemical compositions of the metal and slag samples were determined by using
Perkin-Elmer 1100B ASS.
After the charge were completely melted, the height of the molten slag layer (H) and the depth of immersion of the top electrode with 10 cm-diameter (d) were measured with a precision ruler connected
to the movement apparatus of the top electrode. Height of the slag layer (H) was determined by submerging the top electrode to the level where the voltage is zero (where the top electrode connects with
bottom electrode or metallic phase) and pulling back the top electrode to the level where the open arc
released (where the tip of the top electrode contacts with air). After these measurements, the experiments were continued into normal smelting conditions keeping the immersion level of the electrode
constant (h).

RESULTS AND DISCUSSION
The geometric factor and the specific conductivity of the slags were calculated using Equation (1) and
(3), respectively. Electrical values measured during smelting of 120 kg of slag without additives and
the calculated values were given in Table 2. In this experiments (Run: 106), no metallic or matte
phase were observed in the crucibles. The slag temperatures were measured as -1440 °C. Mean specific conductivity of the slags was calculated as 1.848 Q'Vcm"1. The relationship between currentvoltage variations and the distance between the electrodes were plotted in Figure 3. As can be seen,
when the distance between electrodes is zero, the short-circuit occurs at 15 V and 2000 A. The power
applied to the furnace is kept constant at 60 kW using a potentiometer. Moving the electrode upwards
increases the voltage and decreases the current. At the surface of the slag layer, the voltage reaches its
maximum and the current reaches its minimum values.
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The Measured and Calculated Electrical Values of Ancient Kiire Slag (Run=106, d=10

Table 2.
cm)

H, cm
measured
29
24
19
14
9
4
0

H, cm
measured
29
29
29
29
29
29
29

V
measured
15.0
20.0
25.0
27.5
32.0
37.5
90.0

too
90 -

A

R,n

measured
2000
1800
1650
1575
1450
1360
700

measured
0.0075
0.0111
0.0154
0.0175
0.0220
0.0275
0 0190

fg, cm'1
calculated
0.0180
0 0260
0.0336
0.0425
0.0571
-

c, ST'cm"1
calculated

Omean, J r W
calculated

-

1.622
1.689
1.919
1.932
2.076

1.848

Electrode Immersion Depth, cm.
0
29
i

i

<("-*• Open Arc

80
70

> 60

« 5°
3 40
30
20 -

10
n

i

i

2500
2000
1500
Current, A
The relationship between current-voltage variations and the distance between the electrodes
500

Figure 3.

Short Circuit
i

1000

The measured and calculated electrical values of the ancient kiire slag with additives were given in
Table 3., Since metallic phases were obtained in the bottom of the crucibles in each experiments, in
addition to electrodes and conjunction cables, effect of metallic phase were also neglected in the calculations because of their high electrical conductivities.
Table 3. The Measured and Calculated Electrical Values of Ancient Kiire Slag with additives
(d=10cm)
Run

Additives
%

35
105
110

22
10
11
12
36
41

10 coke
10 coke
10 coke
10 coke
10 coke, 2 CaO
10 coke, 4 CaO
10 coke, 6 CaO
10 coke, 5 AI2O3
10 coke, 20 A12O3

Slag Composition, ( %)
FeO
A12O3 CaO
SiO2
38.28 42.03
8.69
1.46
32.73 46.28
7.50
1.37
32.73 46.28
7.50
1.37
36.10 44.18
8.23
145
42.20 28.67
8.77
1.60
41.75 28.31
9.00
6.09
39.11 31.58
9.06
8.69
42.67 30.81 18.91 160
34.50 25.36 34 75 0 29

h
cm

H
cm

5.00
11.00
12 57
6 20
1.10
2 70
2.14
3.80

9.50
23.40
21.65
9.50
9.50
9.50
9.50
10 50
11.50

5.10

f-

R

cm"1
0.0250
0.0326
0.0270
0.0340
0.0476
0.0350
0.0385
0.0320
0.0292

0.0321
0.0403
0.0250
0.0290
0 0321
0.0250
0.0250
0.0860
0.0250

n

a
Q-'cm"1

0.78
1.16
1.08
1.17
1.48
1.40
1.54
1.12
1.17

T
°C
1250
1320
1327
1388
1443
1421
1470
1399
1315

The relationship between slag temperature and conductivity were also plotted in Figure 4. As can be
seen, increasing temperature also increases the specific conductivity of the slag. In Figure 5, the results of the entire study were compared to those of previous published data. It can be seen that electrical conductivity of the slags that we obtained with/without additives are strongly similar to those of
fayalite-based slags.
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Figure 4. The Temperature vs. Slag Conductivity Diagram of the Copper Slags
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Figure 5. The Variation of Electrical Conductivity of Different Slags with Temperature.

CONCLUSIONS
The electrical resistance values of the molten ancient Kiire copper slags were measured during smelting conditions with or without additives in a DC electric arc furnace. The specific conductivities of
the slags were calculated using empirical formula known as "furnace geometric factor". Mean specific
conductivity of the slag was determined as 1,85 Q'^cm 1 at 1440 °C. Addition of coke, AI2O3 and CaO
resulted to change in specific conductivity between 0.78 and 1.56 ff'.cin"1 at temperatures of 1250 to
1470 °C. The specific conductivity of the slag tends to increase with increasing temperature.
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Abstract: Simultaneous extraction of copper and indium with chelate extractants (LIX84 and D2EHPA) was
described. Stechiometry of metal-organic complexes examined using the method of equimolar ratios resulted in
CuR2 and InR3 forms of hydrophobic extracting species. A linear correlation was obtained between logarithm of
distribution coefficients and chelate agents and pH, respectively. Selectivity is generaly higher with higher
concentrations of chelate agents in the organic phase, and is decreased with increase of concentration of
hydrogen ions in feeding phase.

INTRODUCTION
Extraction of metal ions with selective extractants has a great significance in small hydrometallurgy
plant due to potentially high efficiency and economics [1]. The solvent extraction may be used for
copper and indium recovery from low grade ores, and also for the recovery from raw materials,
secondary materials, and scraps [2].
In aquaouus phase metals most often exist in form of ions and as such are inconvenient for extraction
with nonpolar organic extractant. Modification of ions with the aim of transferring into suitable
hydrofobic forms is mostly accomplished by complexing metal cations with suitable chelate anion in
order to get a neutral complex.
Due to presence of chemical reaction, the coefficient of distribution which can be used as a measure of
extraction efficiency is very dependant on concentrations of reactants and products in the system.
The organic phase in the process of metal extraction by reactants complexing, mostly consists of three
components: extractante (chelatic egense), solvent and a modifier.

1. THEORETICAL BACKGROUND
Since indium and copper are present in small concentrations, it can be considered that polynuclear
complexes of MRn type are built. If LIX84 and D2EHP are expressed as HR, copper and indium as M,
extraction of copper and indium with this extractants dissolved in kerosene can be expressed as
follows:

M "+ + n(im\

+

(1)

p ( r

(2)

= MR „ {HR \ + nH

Equilibrium constants of extraction are:

Hyphens above designate components in the organic phase.
Distribution coefficient of an m component, in water and organic phases is defined by ratio of
concentration in the organic phase towards the concentration of the same component, in the aqueus
phase in equilibrium.
The extent of extraction depends of initial concentrations of metals and acid (sulphuric acid) in
aqueous phase. It was shown that indium extraction takes place in wide temperature range with
temperature increase, which indicate that process has exothermal character [3].
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Mathematically, distribution of metal ions, Mn+ as extracted in the presence of chemical reaction (Eq.
1), can be expressed as follows:

^

J

J

^

l

H

'

r

(3)

Using logarithms, this may be expressed as:
\ogm= logKex+ n log[(ffi?)2] + npH

(4)

By plotting:
logm=/{[(ffl?) 2 ]}
(5)
a straight line is obtained for constant values of pH. KeX can be determined from the value of intercept
on ordinate.

2. EXPERIMENTAL
2.1: CHEMICALS, REAGENTS AND SOLUTIONS
Di-(2-ethyl hexyl) phosphoric acid, (D2EHPA, Fluka) and 2-hydroxy -5-nonylcetophenon oxim (LIX
84, Henkel Co.) in kerosene were used without previous treatment. Indium (metal), NH3cOnc and
CH3COOHgiac were used for adjusting pH in the range from 4 to 10. Na2SO4 was used for maintaining
constant ionic strength of feeding solution. H2SO4 was used for dearomatization of kerosene. NaOH
was used for adjusting pH of feeding solution. HNO3 was used for reextraction of metals from organic
phases. H2O was used as a diluent for all aquaous solutions. Kerosene was used like a solvent for
preparing organic solutions. Prior to use, dearomatization of kerosene was done. The folowing
solutions were used: [Cu2+]r=78.7-103 mol/dm3 for determination of capacity of organic phase,
[Cu2+]i=1.0-10~2 mol/dm3 in the feed phase, [In3+Ji=l-10"2 mol/dm3 in the feed phase, [LIX 84],,=20%
in the organic phase, [D2EHPA]a=10% in the organic phase.

2.2. PROCEDURE
2.2.1. EXTRACTANT CAPACITY.
Extractant capacity was determined by successive mixing of 10cm3 fresh solution of Cu2+ in 0,5
mol/dm3 NaHSO4 solution with 5% D2EHPA solution in kerosene (for D2EHPA) or with 10%
solution LEX 84 in kerosene (for LIX 84), with volume ratio aqueus phase-organic phase 2:1, at
constant pH value and constant temperature (t =25 °C). Ten solutions of copper (one after another)
were balanced with one solution of organic phase in a separating funnel for 10 minutes and with
periodical mixing. pH value of Aqueus solutions was adjusted by adding H2SO4, NaOH, or Na2SO4,
and is controlled by using pH-meter (Iskra MA 5725). For adjusting pH value from 4 to 10,
CH3COOH and NH3 were used. After phases separation from 3 cm3 of organic phase, copper was
reextracted with 30 cm3 of 3,0 mol/dm3 NHO3 and copper concentration is directly measured by
atomic absorption spectrometry (AAS) (PYE Unicam SP9).
2.2.2. SPECTROPHOTOMETRIC EXAMINATION OF METAL COMPLEXES.
Characterization of the metal complex, formed in the extraction process is done by the method of
continual variation of equimolar solutions [3, 4], as well as the method of molar relations [5]. The
intensities of AAS absorbance were measured in the function of molar part of chelate agent (HR) in
the organic phase and metal (Xm) in the aqueus phase at constant total concentration [M+HR]=5,0-103
mol/dm3. With the method of molar relations, metal concentration was 1-10"3 mol/dm3. The aquaeus
phase (10cm3) which contains Cu2+ or In3+ ions of concentration from 0,5 to 4,5 -10~3 mol/dm3 in 0,5
mol/dm3 solution of NaHSO4 in distilled water and organic phase (10cm3) which contains LIX 84 or
D2EHPA solution in kerosene with concentration from 0,5 to 4,5-103 mol/dm3 are extensively mixed
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in the separation funnel for 10 minutes. After phase separation the aqueus phase is filled up to 50 cm3
with distilled water and metal concentration in the aqueus phase was determined by the AAS method.
Concentration of metal in the complex form in the organic phase was determined by disintegration of
complex and striping the metal ions into the aqueus reextraction phase. Then, 10 cm3 of this solution
was diluted with distilled water up to 25 cm3 for spectrophotometric measurments. With the method of
molar relations, concentration of ion metal in the aqueus phase was maintained constant (1-10"3
mol/dm3) and HR concentration in the organic phase was changed in the range from 1,9 to 12-10°
mol/dm3. Complexation and AAS measurments were performed in the same way.
2.2.3. PROCEDURE FOR MONITORING THE EXTRACTION EQUILIBRIUM.
Aqueus solutions of metal ions were prepared by dissolving of metal indium and CuSO4-5H2O in
0,5-10"3 mol/dm3 solution NaHSO4 in distilled water. The PH value of these solutions was adjusted by
adding H 2 SO 4 , NaHSO4 and Na2SO4. Organic solutions contain LEX84 or D2EHPA diluted in
dearomatic kerosene. Equal volumes (10 cm3 ) of organic and aqueus phases were taken into the
funnel for separating and intensive mixing with periodical interruptions 20 minutes, at room
temperature (25 °C). Upon phases separation, metal ion concentration was determined as described
above. Some of the samples are additionally diluted in order to get absorbancy in the linear calibration
range. Equilibrium pH of aqueus phase were controlled with pH-meter.

3. RESULTS AND DISSCUSION
3.1. ACTIVE COMPONENT IN THE ORGANIC PHASE
For studying mechanisms according to which the extraction process is going on, it is necessary to have
right knowledge about nature and properties of all chemical species present in the system. Since the
extraction of a vast number of metals with participation of complexing reactives of (HR) type, where
LIX 84 and D2EHPA belong, takes place with presence of chemical reaction, it is very important to
know concentration of all participants in the reaction. D2EHPA and LIX 84 represent commercial
extractant, where D2EHPA is one of the most often used extractant for extraction of great number of
metals and LIX 84 is a new one and very selective towards copper, is within the group of so-called βdikeones (or hydroxyoximes). For the both of above mentioned extractant when obtained from
commercial sources, with no previous treatment, exact concentration of active chelate component in
extractant has to be determined. There are more methods for determination of active component in
multi-component extractants. Here, a simple method using the copper extraction from fresh aqueus
solutions were employed. The obtained results are shown in Fig. 1 as a relation of copper quantity
transfered into the organic phase and volume of the organic phase, depending on pH of a fresh aqueus
copper solution. Maximum at the curve which shows dependence of copper concentration in the
organic phase from initial pH value of aqueus phase represents the capacity of the organic phase at the
given temperature.
From Fig. 1 it can be seen that curves reach
maximum at pH=10,7 for LIX 84 and pH=10,l
for D2EHPA, whereas the maximum capacity of
the organic phase is: 61,7-1O"3. mol/dm3 for LIX
84 and 78,2-10"3 mol/dm3 for D2EHPA. From
these values, concentration of active components
in extractant can be determine assuming the
sthechiometry MRn (n=2 for copper, n=3 for
indium): (a) 1.23 mol active component/1 dm3
LIX 84, (b) 1.59 mol active component /I dm3
D2EHPA.

o

pH

Fig. 1. Maximum capacity of extractants for
systems: Cu2+, 0,5 mol/dm3 NaHSO4/HR (in
kerosene),
t = 25°C
rd
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The active component represents the chelate agent HR, the concentration of which is relevant for
transportation of solute from water to organic phase. For solutions with D2EHPA it is the
concentration of di-(2-etyl hexyl ) phosphoric acid, and 2-hidroxy-5 nonialacetophenon oxym
concentration for commercial LIX 84 solutions.

3.2. SPECTROPHOTOMETER ANALYSIS OF METALS COMPLEXES
Having done active component determination, stechiometery MRn was assumed, where n=2 for copper
and n=3 for indium was taken. Metal+chelate agent ratio in the metal complex, has to be confirmed,
however, prior to further consideration of the two-phase multi-component system, since a wrong
assumption leads to impossibility for process analysis. Stechiometry was considered with conventional
spectrophotometer analysis using either method of continual variation of equimolar solutions or
method of equimolar ratios. Only exceptionally high concentrations of D2EHPA and LIX 84 in
kerosene as well as of their complexes with copper and indium give colored solutions, which can be
analyzed to a certain extent spectrophotometericaly in the visible part of spectrum. In a wide range of
concentrations of these components, the molecular absorbance spectrum in a range of wavelengths
^.=400-750 nm, do not have, or have just negligible intensity. However, for determination of
stechiometry coefficients it is enough and also suitable to observe change of concentration of metal
ions only. The method of continual variation of equimolar solutions of metals in water and HR in the
organic phase, for 4 individual cases is shown in Fig.2. From Fig. 2 it can be seen that maximums of
absorbance appear at xin=0.25 for indium and xcu=0.33 for copper in both cases which show molar
relations in complexes In/HR and Cu/HR, 1/3 and 1/2, thus confirming InR3 and CuR2 stechiometry,
respectively. Confirmation of this stechiometry was done by the method of equimolar relation (Fig. 3).
Fig. 3 shows that all four dependencies rise linearly in the beginning, reaching the plateau at the value
3 for indium with both extractant and 2 for copper with the same extractants. The crossings are clearly
defined, sinde the process of atomic absorbance is in question. Only in the case of indium extraction
with LK84, crossing is not sharp and absorbance values are veryy low, which in a certain way, can be
used as an indicator of process efficiency, i.e. a ability of LIX 84 to chelating indium, respectively.
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Fig. 2. Continual variations of equimolar
solutions of metals in the aqueus phase and
chelate agents in the organic phase
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complexes by the method of molar ratio
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Fig. 4. represents log distribution coefficient in extraction equilibrium as a linear function of the
concentration of chelate agent in the organic phase. The folowing KeX values were obtained: KeXiin.
D2EHPA = 2,5-10"3 mol/dm 3 , KeX,Cu-D2EHPA = 1.4-10'3 mol/dm 3 , Kex.ln.uX84 = 1,9-10"3 mol/dm 3 , KexCu-LIX84 =
1,1.
From Fig. 5 it can be seen that degree of separation varies with pH change. Separation factor can be
calculated from the relation of distribution coefficients in equilibrium, as follows

(6)
Separation factors at different pH values are shown in the Table I.
Table I. Separation factors in the extraction process for different pH.

pH
. 2,0

2,5
3,0

LIX 84
-4,1
-3,9
-3,7

D2EHPA
3,2

3,7
4,2

The values in Table I show a high selectivity of copper and indium in extraction with LIX 84 and
D2EHPA. This selectivity can be ascribed to differences in KeX. Generally, it can be concluded that for
the mentioned systems, due to the presence of chemical reaction, the reactants concentrations have a
huge influence on the process. Accordingly, these parameters should be kept under controlled.

4 CONCLUSION
Several general conclusions can be brought about the process of simultaneous extraction of copper and
indium.From the point of view of process efficiency, the equilibrium constants and concentrations of
present chemical species have a great influence. Selectivity of process can change towards increase or
decrease with changing values of single parameters, which are included in mathematical expressions
for elementary process in the system. Examination of copper extraction from acid sulphate solutions
with D2EHPA and LIX 84 shows that used chelate extractant have a great importance for selectivity,
which points out that a great attention should be paid to selection of chelate agents, during the
optimization process. Selectivity is higher in higher concentrations of metal ions in feeding chelate
agents in the organic phase, and is decreased with increase of concentration of hydrogen ions in
feeding phase. All the changes of selectivity caused by change of the mentioned parameters are limited
up to certain levels. During simultaneous copper and indium extraction with D2EHPA
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Fig. 4. Distribution coefficient
vs.
concentration of chelate agent in the organic
phase, pH=2,5; [Mn+]=l,0-10"3 mol/dm3, a)
HR=D2EHPA, b) HR=LIX 84

Fig. 5. Distribution coefficient vs. pH of the
aqueus phase. [Mn+]=l,O10"3mol/dm3, a)
[HR=D2EHPA], b) [HR=LIX84]

the same trends with changes of concentration and rate of streaming phases are observed. It is needed
to know that all the mentioned considerations are derived for the given systems and experimental
conditions as well, and the situation can be significantly different under other conditions. However,
many derived conclusions can be used for designing and optimization extraction of other metal ions,
with other acid chelate extractant.
Apart from new chelate agents and introducing of additional components in the organic phase
(modificators, sinergystic agents), in future research, a particular attention should be paid to
examination of influences the other parameters (which are not included in this study), as well as to
numerical solving of theoretical models.
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THERMODYNAMICS OF THE HEATING OF TITANIUM
MAGNETITE CONCENTRATE IN THE PRESENCE OF DIFFERENT
ALKALI SALTS
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Abstract: Thermodynamics of the processes of heating of titanium magnetite concentrate in the presence of
6% Na2CO3, 6% Na2SO4 and 6% NaCl has been studied using the EMF method and X-rays analysis. The
experiments were carried out in the temperature range 973 K - 1273 K. Functional relationships as lnP'o2 = f(T)
and EMF = f(T) for the processes taking place within the concentrate were described for a fixed temperature
range. The X-ray and Mossbauer spectroscopy analysis of the end products of the mixture with 6% Na2CO3
shows Fe3O4(51.31%), FeO (26.86%), Fe2O3 (15.46%) H NaFeO2 (6.38%). The free phases of vanadates can not
be observed probably because they are formed in quantity less than 5%. So they can not be marked on the X-ray
patterns. The X-ray analysis of the end products of the mixtures with Na2SO4 and NaCl presents decreasing of
the magnetite and wustite quantities because of hematite increasing. The oxygen partial pressure data of the
mixture with 6% Na2CO3 show that the galvanic cell registers not only Po2 on the border F e ^ , ^ FeO and also
Po2 (CO2) and Po2 of the new phase (NaFeO2). It was found out that the processes running by heating of the
mixture with Na2SO4 are carried on the border Fe3O4<=>FeO at the temperatures above 1073 K The experimental
lgPo2 results for mixture with 6% NaCl (Table 4) are lower than theoretically calculated for Fe3O4<=>FeO
equilibrium. It is due to the fact that the chlorine is a strong oxidant and contributes to increase of the part of
Fe2O3 quantity.

I. INTRODUCTION
During the past years with the decrease of the rich iron ore reserves or their depleted titaniummagnetite and magnetite concentrates have been and are orfe of the important metallurgical materials.
This is due to the ore polymetal character, their considerable distribution and large deposits, the low
sulphur and phosphorus contents, the possibilities for the open mining and no complicated dressing
schemes. Except iron containing materials, magnetite and titanium-magnetite are concentrators of the
valuable elements, such as titanium and vanadium. The valuable properties of these elements and their
compositions as well as their increasing consumption for metallurgy, chemical industry, airplane
construction and space technique etc., demand a complex method for the initial polymetalic materials
processing for maximum recovery and utilization [1]. All technological schemes of the magnetite and
titanium-magnetite ores processing begin with a dressing stage, of the product, which is a magnetite or
a titanium-magnetite concentrate, hi the world practice there are two main technological methods for
the magnetite and titanium-magnetite concentrates processing with purpose of vanadium recovery.
These are hydrometallurgical and pyrometallurgical methods. The hydrometallurgical process begins
with vanadium recovery. Its principle consists in the vanadium connection in water solution of alkali
compositions most often as sodium vanadate.
In this paper an attempt is made to define some thermodynamic characteristics of the heating of the
magnetite concentrate in the presence of different alkali salts using the EMF methods with a solid
electrolyte and X-ray analysis.
In the EMF method an experimental EMF is measured, and from it the partial pressure of O2 at an
electrode (Po2) exp rnay be calculated from
lg (PO2) exp = lg (PO2)ref. - nFE / ( 2.3RT)
It is then assumed that this (Po2) exp is due to an equilibrium reaction at the electrode, of some form
such as
A <=> B + O2
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If aA = aB = 1 the equilibrium constant K = (Po2)exP • Then a quantity (AG)exp may be inferred from
,=2.3RT[lg(Po 2 )]

It is hoped that the calculated values of (AG)exp may provide some light on the reaction taking place at
an electrode when a titanium-magnetite concentrate is mixed with alkali salts.

II. EXPERIMENTAL
The thermodynamic study of the complex polycompound systems, which contain ferrous oxides and
other oxides (TiO2 and V2O5) using the EMF method is of special interest both for research and
metallurgical practice. Thermodynamics of the system Fe-Na-0 was investigated by different authors
[2-5]. The phase relationship in this system is studied [4] in the temperature ranges 500 °C - 1400 °C
and the oxidation potential of the solid solution at equilibrium with the Na2O - FexO is measured by
means of a galvanic cell. The thermodynamics of Na2Fe204, Na2FeO2 and Na4FeO3 formation and the
function A G ° T = f(T) is also studied.
The investigations of Katsutoshi Ono and Joichiro Moriyama [6] using the EMF method have enabled
the deduction of the Gibbs free energy for ferrotitanites (Fe2Ti04, FeTiO3) in the temperature range
800-1300°C. Sun Kang and Zhang Lei [7] have obtained the temperature dependence of the Gibbs free
energy for Fe2Ti309 and Fe 2 Ti0 5 using the EMF method with solid electrolyte.

1. MATERIALS AND APPARATUS
Titanium-magnetite concentrate is obtained by magnetic separation of irregular ore-bearing gabbro
from the Samokov region (Bulgaria). Its chemical composition (in mass %) is as follows. Fetotai 65.79; (Fe3O4 - 81.83; Fe2O3 -9.09); V2O5 - 0.3 -r 0.4; TiO2 - 1.16; A12O3 - 1.68; SiO2 -2.62; CuO 1.20; MgO-0.80; CaO-1.20.
X-ray analysis of the initial titanium-magnetite concentrate shows the magnetite phase as a basis, and
a small quantity of hematite. Mossbauer spectroscopy analysis corroborates these data. The single
phases containing titanium and vanadium are not discovered.
The heating thermodynamics of titanium-magnetite concentrate with 6%Na2CO3, 6%Na2SO4 and
6%NaCl mixtures in the temperature range 973K-1273K using the EMF method and X-ray analysis is
studied. The contents of alkali salts are selected so as to be close to some references and to our
investigation with different quantities of Na2CO3.
ZrO2(+CaO) was used as a solid elecrolyte and Ni/NiO (1:1) as a reference electrode. The AG°T(Ni
O) values reported by a number of authors [8-10] are very close to each other. The following equation
has been used for calculating AG°T(NiO) in this paper.
Ni + V4O2=NiO

(1)

AG°T( NiO ) - -233651 + 84.893xT , J / mol
The galvanic cell used may be described as follows
Pt I magnetite concentr (Fe3O4,Fe2O3), alkali | | ZrO2(CaO) I I NiO,Ni | Pt
P'o2
P"o2
[lg P"o2 = -24406/T + 8.867, calculated from AG°T(NiO)]
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The basic arrangement of the experimental cell is shown in Fig. 1. The values of EMF and temperature of the
cells were obtained from a recording device whose accuracy is ± 0.2%. Two independent Pt/Pt (10%Rh)
thermocouples were used to control the temperature of the tube furnace and within the cell. The reference
electrode Ni/NiO was mounted within the zirconia tube while the sample was arranged outside. A platinum wire
was placed around the solid electrolyte and it was in contact with the sample. The other Pt wire was in contact
with the reference electrode. The EMF measurements at the accordingly temperature were continued while in the
system
come
equilibrium.
The
medium
velus
of
measurements
were
remarked.

-Pt
= Pt-Pt/Rh
AI2O3 ZrO 2 (CaO)

Quartz

Ni/NiO

Sample

Fig. 1. Schemate presentation of the galvanic cell

2. EXPERIMENTAL RESULTS AND DISCUSSION
The overall cell reaction can be written as the sum of the reactions occurring at the cathode and anode.
The cathode reaction is
NiO + 2e -> Ni + O2

(2)

The anode reaction is
3FeO + Cr = Fe3O4+ 2e"

(3)

The partial pressure of the oxygen was determined by the equation
E = 2.3 RT/2 F (lgP"o2 - lgP'o 2 )
lg P / o 2 = -10092 E / T - 24406 / T + 8.867

(4)
(5)

where E is the measured EMF, [V]; R - gas constant, 8.314 [deg-K^mol"1]; n - number of electrons
taking part in the reaction; F - Faraday is constant, 9.650xl04
[kJ C g.equivalent"1] ; lgP"o2 oxygen partial pressure of reference electrode; lgP'02 - oxygen partial pressure of the system studied.
The obtained thermodynamic results in the equilibrium phase research performed by heating
of titanium magnetite concentrate with alkali salts are listed in Tables 1, 2, 3, 4. The functions of
lgPo2 = f(T) and EMF = f (T) are obtained from experimental data.
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Table 1. Thermodynamic data obtained by the heating of titanium-magnetite concentrate alone
lgPO2

E,

T

lgP'o2

theoretical

[V]

[K]

exp.

(Fe 3 0 4 o3Fe0+0 2 )

0.432

853

-24.85

-25.62

-405334

0.460

1003

-20.10

-19.80

-379755

0.536

1073

-17.92

-17.63

-361734

0.548

1173

-16.65

-14.99

-373465

A G°x ,exp. [J/mol]

lgP'o2 = -4.43x 10"5 T2 + 0.12 T -91.39;
EMF = 0.0004 T + 0.0892, [V] (B=0.8733); B - coefficient of correlation
Table 2. Thermodynamic data obtained by the heating of the titanium-magnetite concentrate with
6%Na2CO3
E,[V]

T,
[K]

lgP'o2
exp.

Theoretical data for lgPo2 calculated for the pure compounds
Fe3O4<^>FeO

Fe-Na-0

CO+1/2O2=CO2

Fe2O3

A G°T, exp.
[J/mol]

0.800

943

-25.57

-21.91

-23.63

-22.19

-14.75

-461084

0.760

1023

-22.49

-19.15

-22.02

-19.74

-12.20

-439955

0.620

1073

-19.71

-17.63

-21.14

-18.39

-10.81

-404382

0.440

1173

-15.73

-14.99

-19.60

-16.05

-8.37

-352818

0.336

1213

-14.05

-14.05

_

-15.21

-7.51

-325893

lgP'02 = 0.0422 T - 65.36, (B=0.9989); B - coefficient of correlation
EMF = -0.0019 T + 2.6799 [V], (R=0.9828);
Table 3 . Thermodynamic data obtained by the heating of the titanium-magnetite concentrate with 6%
Na2SO4
E,[V]

T,
[K]

lgP'o2

Theoretical data for lgPo2 calculated for the pure compounds

exp.
Fe 3 O 4 «FeO

Fe-Na-0

SO2+1/2O2=SO3

Fe2O3

A G°T, exp.
[J/mol]

0.060

913

-18.42

-24.73

-24.27

-7.2

-15.82

-321587

0.072

973

-16.96

-20.82

-22.99

-8.78

-13.75

-315617

0.212

1073

-15.86

-17.63

-21.14

-11.03

-10.81

-325737

0.328

1173

-14.75

-14.99

-19.60

-12.92

-8.37

-330993

0.448

1273

-13.85

-12.76

-14.51

-6.31

-337388

-

lgPo2 = 0.0104 -27.08 (B=0.9988); B - coefficient of correlation
EMF = 0.0012 T - 1.132, [V] (B=0,9991);
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Table 4 . Thermodynamic data obtained byat the heating of the titanium-magnetite concentrate with
6% NaCl
E,[V]

T,
[K]

lgP'o2
exp.

Theoretical data for lgPo2 calculated for the pure
compounds
Fe3O4<=>FeO

Fe-Na-0

Fe2O3<=> Fe3O4

A G°T, exp. [J/mol]

0.220

848

-22.53

-25.86

-25.92

-18.39

-365397

0.096

943

-18.04

-21.91

-23.63

-14.75

-325378

0.092

1033

-15.66

-18.83

-21.84

-11.91

-309322

0.040

1173

-12.28

-14.99

-19.67

-8.37

-275445

lgPo2 = 0.0307 T - 47.79 (B=0.9849); B - coefficient of correlation
EMF = 2xlO"o6T2 - 0.0046 T + 2.64,[V]

The oxygen partial pressure was measured in the temperature range 853K-1173K. The
obtained experimental data for AG°T and lgP'02 shows that by the heating of titanium magnetite
concentrate the processes are carried on the border Fe3O4<=>FeO . They are close to the theoretically
calculated data [11] at the temperature range 853K-1073K as well as to the results of other authors
[12,13] for the equilibrium Fe3O4<=> FeO + '/2O2. The X-ray patterns of the final products show mostly
magnetite wustite and a small part of hematite.
X-ray analysis as well as Mossbauer spectroscopy of the end products for the mixture with
Na2CO3 show the phases of Fe3O4 (51.31%), FeO (26.86%), Fe2O3 (15.46%) and NaFeO2 (6.38%).
The X-ray patterns of the mixtures with Na2SO4 and NaCl show predominant phases of Fe3O4, FeO,
increased content of Fe 2 O 3 and also a new phase of NaFeO2. The free Na2O phase and vanadates can
not be observed probably because they are formed in a quantity less than 5%. So they can not mark the
X-ray patterns.
The oxygen partial pressure of the mixtures was calculated with EMF measurements at the
temperature range 848K -1273K. The experimental lgP'o2 data for mixture with 6% Na2CO3 (Table 2)
are higher than theoretical calculated only for equilibrium Fe3O4<=>FeO. It is due to the fact that the
cell measures the sum oxygen potential (CO2 oxygen potential obtained by the dissociation of Na2CO3,
oxygen potential of a small part of hematite, oxygen potential of a new phase of NaFeO2). It is used
The reference [3] was used for the thermodynamic data of the lgPo2 calculation of the system Fe-NaO. The experimental lgPo2 data for mixture with 6% Na2SO4 (Table 3) are close to the data of
equilibrium Fe3O4<=»FeO above 1073K. Since SO3 oxygen potential is rather high (Table 3) that the
gas mixture of reaction SO2 + l/2O2 =SO3 does not influence on the experimental obtained data for
lgPo2. The experimental lgPo2 results for mixture with 6% NaCl (Table 4) are not close to the
theoretically of the Fe3O4<=>FeO equilibrium. It is due to the fact that the chlorine is a strong oxidant
and contributes to increasing of Fe2O3quantity.

III. CONCLUSION
1. The experimental data of the oxygen partial pressure of the mixtures with 6% Na2CO3, 6%Na2SO4
and 6%NaCl are defined with the galvanic cell. It was found out that by heating of the mixture
with Na2CO3, the processes run mainly on the border F e 3 0 4 o F e 0 . The experimental data of the
oxygen partial pressure are sum of the oxygen partial pressure of equilibrium Fe3O4<=>FeO, of CO2
oxygen partial pressure and oxygen partial pressure of the new phase NaFeO2. It was found out
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that the processes passing by the heating of the mixture with Na2SO4 are developed also on the
border Fe3O4<=>FeO above the temperature 1073 K. The experimental data obtained by heating of
the mixture with NaCl are lower than the calculated for equilibrium Fe3O4«=>FeC). It is due to the
fact that the separated chlorine is a strong oxidant and the part of hematite increases in comparison
to the other mixtures.
2.

The X-ray analysis as well as Mossbauer spectroscopy of the Na2CO3 mixtures end products
show the phase of Fe3O4 (51.31%), FeO (26.86%), Fe2O3 (15.46%) and NaFeO2 (6.38%). The Xray pattern of the Na2SC>4 and NaCl mixtures show mainly the phases of Fe3O4, Fe2O3 and small
parts of FeO and NaFeO2. The single phases of vanadates are not identified.

3. The functions lgPc^ = f(T) and EMF=f(T) describe well enough the processes of heating of
magnetite concentrate in presence of 6 % Na2CO3, 6 % Na2S04and 6 % NaCl. They are obtained
for different temperature ranges.
4. It was found out that that EMF method is suitable for the thermodynamic study of the mixtures
with sodium carbonate. The method is not very suitable for the mixtures with Na2SO4 and NaCl
because of the high oxygen partial pressure of the gases separated during the heating process.
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DIRECT ALUMOTHERMIC OBTAINING OF VANADIUM
ALLOYS OUT OF WORKED-OFF VANADIUM CATALYSTS
M. Marinov, R. Paunova
University of chemical technology and metallurgy
Department of ferrous metal and material science, Bulgaria
Sofa-1756, "Kl. Ohridski" 8, Blvd. e-mail: marinov@uctm.edu
Abstract: In the production process of H2SO4 the oxidation of S0 2 up to S0 3 is accompanied by utilization of
vanadium catalyst, in which the vanadium content is 8% to 10%. The chemical composition of the raw catalyst
depends on the bearer type, that usually is as follows: V2O5*12Si02*0,5Al2O3*2K2O*3BaO*2KCl
In the course of its work the catalyst bears thermic, mechanical and chemical deactivating. The mass production
of H2SO4 and relatively short interval of catalyst utilization premise a huge annual quantity of vanadium content.
If we take into account that the vanadium content in natural vanadium materials is not more than 1 %, the
deferred and worked-off vanadium catalysts can be estimated as a potential source of vanadium. On the other
side, the worked-off catalysts are ecologically unfriendly and the deferred catalysts may infect the environment.
In addition, the production of special alloys in metallurgy workers consumes substantial quantities of vanadium,
which price per kilo reaches 13 $/kg, depending on the market status In relation to the aforesaid fact vanadium
content calculation of worked-off catalysts is a problem with strategic meaning, especially for such countries with
no or minimum vanadium sources
There are a lot of researches over the utilization of worked-off contact mass, either as recycling to raw catalyst,
or as chemical obtaining of V2O5 and its ongoing utilization in chemistry or metallurgy But, due to technical
difficulties and high production costs, these methods are not widely used
The current work is an attempt to estimate the possibility in direct alumothermic process of worked-off catalysts
to obtain vanadium containing alloys without any former chemical treatment A comparison analysis of V2O5 and
ferrovanadium prices has been also made, concerning the international market. In this work we make a material
and thermic balance of Al-thermic obtaining of vanadium alloys out of catalysts, the factors that influence over
the process and conditions of the process itself.

INTRODUCTION
In the course of its work the catalyst bears thermic, mechanical and chemical deactivating. The mass
production of H2SO4 and relatively short interval of catalyst utilization premise a huge annual quantity
of vanadium content [1]. If we take into account that the vanadium content in natural vanadium
materials is not more than 1 % [2-4], the deferred and worked-off vanadium catalysts can be estimated
as a potential source of vanadium. On the other side, the worked-off catalysts are ecologically
unfriendly and the deferred catalysts may infect the environment. In addition, the production of
special alloys in metallurgy workers consumes substantial quantities of vanadium, [5, 6] which price
per kilo reaches 13 $/kg, depending on the market status. In relation to the aforesaid fact vanadium
content calculation of worked-off catalysts is a problem with strategic meaning, especially for such
countries with no or minimum vanadium sources.
There are a lot of researches over the utilization of worked-off contact mass, either as recycling to raw
catalyst, or as chemical obtaining of V2Os and its ongoing utilization in chemistry or metallurgy. But,
due to technical difficulties and high production costs, these methods are not widely used.
The current work is an attempt to estimate the possibility in direct alumothermic process of workedoff catalysts to obtain vanadium containing alloys without any former chemical treatment.

METHODS AND EXPERIMENTS
In calculation of balanced models for obtaining vanadium alloys we use the following average prices
CIF western European port for V2O5 and FeV- 80%, [7] /table 1/:
We accept average price of 3.70 S/kg V2O5 and 11.85 $/kg for the vanadium content in FeV. The sea
transportation costs are estimated for a 20-tons container from Amsterdam to port Burgas and amount
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to 850 $. The costs for intermodal transport from Burgas to a place nearby Sofia are calculated on 1 $
per kilometer basis for the aforesaid container. Same transportation disbursements are valid also
concerning the vanadium catalysts from "Neohim" SA - Dimitrovgrad to Sofia. The price of the
catalyst is assumed as zero.
Table 1. Prices of V 2 O 5 and FeV-80%, CIF western European port, $/kg
FeV-80%
9.26
10.6
8.36
8.4
9.4

V2O5
3.82
4.85
3.12
3.01
3.7

years
1999
2000
2001
2002
mean

In Al-thermic obtaining of ferrovanadium and its balance calculations as a base for comparison is
used Al-thermic model, calculated for out-of-furnace method of obtaining with technical V2O5, [8 101 composed of 90 % V2O5 and 40 % V in the alloy /balance 1/. The calculations for the other
models are made electro-AI-thermic by usage of deactivated vanadium catalyst, namely - obtaining of
FeV reaching the highest percent of vanadium in the alloy /balance 21, obtaining of FeV-40 %
/balance 3/ and obtaining of FeSiV (40 % V,30 % Si) /balance 4/.
The composition of stock materials is shown in Table 2. For facility's sake we accept that V reduces
and passes into the alloy 98 %, 1 % in the slag, 1 % in the gas phase, Fe 2 O 3 reduces 100 %, SiO 2 - 80
%, CaO passes 100 % in the slag, P - 75 % goes into the metal. Also we accept that metallurgic lime
contains 99 % CaO, Al goes into the alloy 2 % of its weight, directed for reduction. We use the
following rounded atomic /A/ and molecular/M/ weights: A V - 51, A Fe - 56, A Al - 27, A V2O2- 16;
MV2O5-182.
Table 2. Chemical composition of charge_materials
Charge
Chemical composition %
materials
SiO 2
CaO
Si
V 2 O 5 Fe 2 O 3
c
1.Technical 90.0
3.4
1.2
1.2
P2O5
-

v2o5

2.V
6.86
catalyst
3. Metallurgic lime
4. Ferrosilicon
6. Al granules
7. Fe segments

P
-

Fe
-

Na 2 O
3.93

A12O3
0.82

0.18

3.41

54.3
8

K2O
6.71

-

-

99
-

-

-

-

-

75.0

0.15

0.05

0.1

-

-

0.08

0.02

24.8
0.02
99.0

-

Volitile
components
Other components
4,02
SO 3
23.88

1
Al - 99.8

0.8

RESULTS AND DISCUSION
The summarized data of material balances 1, 2, 3 and 4 are shown in Table 3 - cost items - technical
V2O5, worked-off vanadium catalyst, Al granules, Fe segments and lime; output items - alloy, gas
phase and slag and uncommitted.
The calculated data of thermal balances are shown in Table 4, namely output items - heat of Al
oxidation, CaO.SiO2 and FeSi forming; cost items - heat for dissociation of V2O5, Fe2O3, SiO2,
brought out with the slag and alloy, heat for warming-up and vaporization of K2O, Na2O, SO3 and
loses through the masonry.
The data used for a comparison of material and energy costs in production of ferrovanadium alloys
are shown in Table 5.
The material balance of FeV-40 % obtaining by alumothermic out-of-furnace method shows the
following expense of charge_materials: technical V2O5 - 809 kg/t alloy, Al granules - 395 kg/t alloy,
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Fe segments - 555 kg/t alloy, lime 324 kg/t alloy. The obtained alloy, slag and gas phase are
respectively 1000 kg, 1027 kg and 7 kg.
The cost and output items, calculated by the material balance are considered normal, according to the
used references.
When using vanadium catalyst, its quantity increases considerably in the slag, due to the lower
content of leading component - V2O5 in comparison to the technical V2O5.
The other charge materials are changing as follows in balances 2, 3 and 4 in comparison to the basis
material balance: Al granules - 704 kg, 576 kg, 897 kg; lime - 7820 kg, 5387 kg, 5382 kg, Fe
segments - in balances 3 and 4 - 262 kg, 7.42kg. The quantity of slag phase increases in large degree
in the output compared to that in the basis balance.
The thermal basis balance /using the technical V2O5/ shows minimal surplus of heat of 101861 kJ/t
alloy (27.85 kW.h/t alloy), which is within normal limits in that process. The output of heat is formed
96 % of Al oxidation of V2O5 oxygen . The heat loses for the base reducing reaction - reduction of
V2O5 - are 54 %, slag warm-up - 19 %, loses through masonry and maw 13 % and for heating the
metal - 1 1 % .
Table 3. Material balanced models "Alumothermic obtaining of vanadium alloys".
Electroalumothermic FeV-58%
BA
Alumothermic FeV-40%
LA
Kg/t
Kg/100 kg
Kg/t
Kg/100 kg
N
Components
%
V-content
%
V-content
alloy
alloy
CE
Technical V2O5
38.85
C
100.00
809.26
0
V-catalyst
15408.32
100.00
64.38
ST Al granules
18 95
2.94
48.78
394.76
4.57
704.16
S
Fe segments
555.07
26.65
68.59
15.54
Lime
323.70
50 75
7819 72
32.67
40.00
Total
100.00
155.32
23932.20 100.00
257.37
2082.79
48.01
O
Alloy
123.57
1000.00
6.49
100.00
4.18
Slag
49.33
17611.71
73.59
126
95
1027.35
114.30
u
0.35
33.81
5209.55
21.78
0.9
7.28
TP Gas phase
2.31
0.72
110.94
0.46
Uncommitted
48.15
5.95
U
100.00
155.32
23932.20
100.00
Total
257.37
2082.79
T
Electroalumothermic FeSiVBA
Components
Electroalumothermic FeV-40%
LA
40%V and 30% Si
N
Kg/t
Kg/100 kg
Kg/100 kg
Kg/t
CE
%
%
V-content
alloy
V-content
alloy
10604.45
62.78
V-catalyst
65.03
100.00
C
100.00
10615.71
O
897.14
5.31
3.42
Al granules
8.46
5.43
576.43
ST Fe segments
7.42
0.04
0.07
2.47
262.21
1.56
S
31.86
Lime
31.99
50 75
5381.76
50.75
5387.47
16890.77 100.00
Total
16841.82
100.00
159.28
158.65
5.92
Alloy
5.94
9.43
1000.00
0
9.42
1000.00
12195.12
72.20
12143.31
72.10
115
114.39
u Slag
21.23
Gas
phase
21.31
3585.37
33.81
3589.17
33.81
TP
Uncommitted
0.65
1.04
110.29
0.65
1.03
109.34
U
Total
16841.82
100.00
159.28
16890.77 100.00
158.65
T
In the other-balances the relative weight of the input and output items is considerable in comparison
of the basis balance, due to the lower content of V2O5 in the catalyst and the big amount of brought
ballast material.
The heat output in thermal balances 2, 3 and 4 decreases more than twice compared to the basis model
and it forms respectively 16 %, 14 % and 32 %.
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Table 4. Thermal balance models "Alumothermic obtaining of vanadium alloys"
B
A
L
A
N
C
E
O

u
T
P
U
T

C
O

s
T
S

Alumothermic FeV
40%

Alumothermic FeV
40%

Alumothermic FeSiV
40%V and 30% Si

Processes

Heat from oxidation of Al
From V2O5:2Al+3/2O2 = A12O3
From Fe2O3: 2Al+3/2O2 = A12O3
From SiO2: 2Al+3/2 O2 = A12O3
Heat from forming of CaO.SiO2
Heat from forming FeSi
Total
Heat for dissociation of V2O5
Heat for dissociation of Fe2O3
Heat for dissociation of SiO2
Heat content of FeV
Heat content of slag
Heat for warming and vaporization of K2O
Heat for warming and vaporization of Na2O
Heat for warming and vaporization of SO3
Heat loses through masonry and maw
Total
Lack of heat
Power consumption
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Alumothermic Fe 58%

Kw.h/t
alloy

%

Kw.h/t
alloy

%

Kw.h/t
alloy

%

Kw.h/t
alloy

%

3046.29
80.29
39.80
0.57
0.73
3167 68
169123
38.91
31.02
358.37
610.37
409.48
3139.38
Surplus
27.85
-

96.18
2.54
1.26
0.02
0.02
100 00
53.87
1.24
0.99
11.42
19.44
13.04
100.00
-

4426.90
1528.80

46.98
16.23
36.76
0.03
100.00
10.76
3.26

358.37
10463.45
127.33
74.56
779.10
7797.61
22796.96
13374.49

1.57
45.90
0.56
0.33
3.43
34.20
100.00
-

43.26
14.94
8.44
33.17
0.19
100.00
10.38
3.14
2.84
2.20
44.30
0.54
0.32
3.30
32.99
100.00
-

3046.72
1052.17
3220.54
2121.72
28.72
9469.87
1688.52
511.43
2485.42
358.37
7245.35
87.63
51.31
536.20
5365.85
18330.08
8860.21

32.17

3463.70
3.07
9422.47
2453.43
743.11

3049.95
1053.28
595.33
2338.85
13.12
7050.53
1690 32
511.97
462.02
358.37
7214.58
87.73
51.37
536.77
5371.55
16284.68
9234.14

34.00
22.40
0 30
100.00
9.21
2.79
13.56
1.96
39.53
0.48
0 28
2 93
29.27
100.00
-

-

15027.52

-

10375.44

-

9955.29

-

11.11
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Due to high content of Fe2O3 in the catalyst the heat output is considerable in its reduction with Al. It
represents 16 %, 14% and 11 % from the total thermal output.
The heat loses redistribute and go mainly to the heat, brought out with the slag in 45 %, 44 % and 40
% and through the masonry and the maw. A huge lack of heat appears, which is compensated by
additional energy consumption of 15027 kW.h/t alloy, 10375 kW.h/t alloy, 9955 kW.h/t alloy.
Taking into account the high price of V /around 10000 $/t/ and the costs, for instance in production of
electrolytic Al 16000-18000 kw.h/t at price 1300-1400 $/t, the calculated relative energy consumption
in the processes of reproduction of vanadium catalyst is considered normal.
Table 5. Comparative material and energy costs in alumothermic obtaining of vanadium alloys.
Alumothermic FeV 40%
Components

V2O5 from technical V2O5
V2O5 from V catalyst
Al granules
Fe segments
Lime
Energy, kw.h/t alloy
Alloy FeV
Metal V

Price $/kg

3.769
0.1822
1.650
0.07
0.03458
0.072
80% FeV
import 9.40
V-import
11.85

Price, $

Quantity kg/t
alloy
728.23
394.76
555.07
323.70
1000.00

2745.07
651.35
38.85
11.19
3446.46

1.00

8.6162

Alumothermic FeV 40%
Components

V

4.6590

728.24
576.43
262.21
5387.47
10375.47
1000.00

132.69
951.11
18.35
186.30
747.03
2035.48

1.00

5.09

1.00

Price $/kg

3.769
0.1822
1.650
0.07
0.03458
0.072
80% FeV
import 9.48
V-import
11.85

1.00

Electroalumothermic
FeV58%
Quantity kg/t Price, $
alloy
727.47
132.55
897.14
1480.28
0.52
7.42
5381.76
186.10
9956.34
716.86
1000.00
2516.31

Quantity
kg/t alloy
V2O5 from technical V2O5
V2O5 from V catalyst
Al granules
Fe segments
Lime
Energy, kw.h/t alloy
Alloy FeV

Electroalumothermic
FeV58%
Quantity kg/t Price, $
alloy
1057.01
192.59
1161.86
704.16
270.41
7819.72
1082.01
15027.93
1000.00
2706.86

Price, $

6.2908

The comparative estimation of material costs and energy consumption in alumothermic out-of-furnace
and in-furnace obtaining of ferrovanadium alloys shows that the cost price of one ton alloy varies as
follow: first balance 3446 $, second balance 2707 $, third balance 2035 $ and forth balance 2516 $
/the cost price is calculated taking into account only the material costs and power consumption/.
The price of a kg vanadium is 8.62 $ using the base model with usage of technical V2Os in
comparison to 11.85 $ of the imported vanadium /the price is calculated only on the base of materials
and energy consumption/. From the three balance methods with the use of vanadium catalyst the
higher cost prices in obtaining has FeSiV - 6.29 $/kg, followed by the alloy with 40 % FeV - 5.09
$/kg. The lowest cost price has the maximum vanadium content alloy - the one of 58 % - namely 4.66
$/kg vanadium.
The analysis show, that the best solution would be to produce maximum vanadium content alloy
/balance 3/, because its cost price is the lowest.
Proceedings of 3rd BMC-2003-Ohrid, R. Macedonia

287

t* , DIRECT ALUMOTHERMIC OBTAINING OF VANADIUMALLOYS OUT OF WORKED-OFF

We could expect decrease in the cost price in balance 4, if we calculate and take into account the Si
price, as the alloy contains 30 % Si.

CONCLUSION
A method for calculation of electroalumothermic material and thermal balanced models for obtaining
of ferrovanadium alloys out of worked-off vanadium catalyst is developed.
We have calculated material and thermal balances of a/ alumothermic out-of-furnace obtaining of
FeV-40 %; electroalumothermic obtaining of FeV of deactivated vanadium catalyst when b/ reaching
out the maximum highest vanadium content in the alloy; c/ obtaining of FeV - 40 %; d/ FeSiV
(40%V,30 %Si) obtaining.
The principal possibility for electroalumothermic obtaining of FeV -58% and FeSiV-40 %V, 30% Si
of worked-off vanadium catalyst has been established.
The calculated material and energy costs fro obtaining of ferrovanadium catalyst are considerably
-lower than the respective imported alloys.
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STUDYING POSSIBILITIES OF USING ON-LINE MODEL
FOR MONITORING THE PROCESSES OF OBTAINING
TUNGSTEN BASED MATERIALS
Z. Andjic, A. Vujovic, M. Tasic
The Scientific-Research Center, Nikole Pasica 26, 31000 Uzice, Serbia and Montenegro
Abstract: In this paper the research is shown in the field of finding out a suitable on-line model for monitoring
processes of obtaining tungsten based materials With this aim, during experiments, tungsten based materials
were used, which were heat treated at different temperatures during the same time periods, whereupon their
comparative analysis was made.
A laboratory plant was designed and results were obtained which point out the possibility of using examined online model and its correlating with physical mechanisms occurred in the very material during the process.

THE SO FAR RESEARCH
That due to the changes occurred in the material, it comes to the sudden release of the accumulated
deformation energy, manifested through mechanical waves. The mechanical waves are transferred
through the material and are detected by sensors. The very phenomenon of mechanical waves
generation because of a part of deformation energy release in the material is called acoustic
emission.(1,2)
Considering that all the materials which are used for construction purposes (metals, alloys, glass,
ceramics, wood, concrete and polymers) produce, under certain conditions signals of acoustic
emission, therefore this method can be used very successfully, as follows: ( ' ,4>
when examining tensile strength,
for control of structural composition and material properties,
when examining stage transformations in the material,
for controlling vessels and piping,
for controlling aircraft and cosmic constructions,
when examining welded joints,
when examining fractures,
when monitoring material fatigue,
when monitoring fracture development at low temperatures,
when monitoring material solidification.(5)

THE GOAL OF RESEARCH
Production of parts by powder metallurgy procedure, starting from mixture of powders of
corresponding components, is basically founded on sintering, where more or less porous polycrystall
materials are obtained. The sintering process can occur at temperatures below the melting point of a
material - sintering in solid phase and at temperatures at which the liquid phase appear, which
originates as a consequence of melting components which more easily in the given system - sintering
in the presence of liquid phase.
Due to high complexity of the sintering process and impossibility of direct realizing of all the
mechanisms, which characterize this process and thereby influence the quality of the obtained product,
the basic goal of the research is studying possibility of monitoring the sintering process by acoustic
emission method. This would, upon more detailed research, enable control and guiding of the
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process, i.e. determining optimum sintering temperature, monitoring the porosity degree at different
temperatures, determining the beginning of liquid phase formation, i.e. the temperature at which its
formation occur, the knowledge of which is of the essential significance for the process itself.

THE EXPERIMENTAL PROCEDURE
The experimental research was performed in the laboratory conditions at The Scientific-Research
Center from Uzice.
During experiment execution, the W-5Ni-2.5Fe compact was used for monitoring the sintering process
by acoustic emission method. Upon the characterization and homogenization of the initial powders,
the samples were cold isostatically pressed at the pressure of 100 MPa.
In the initial stage, the research included defining the laboratory installation, as well as monitoring the
sintering process of the same compacts at different sintering temperatures and in the same sintering
times by acoustic emission method along with their comparative analysis.
In Figure 1., the laboratory installation used for monitoring the sintering process by acoustic emission
method is shown.

Acoustic
Boat with a sample
Emission
Detector
Figure 1. - The scheme of the laboratory installation of the monitoring the sintering process by acoustic
emission method
Plotter

The sample, placed in the boat is inserted into the sintering furnace and the conductor of acoustic
emission signals is fixed onto the boat. The conductor is in the form of rod. With the aim of providing
good conductivity of the acoustic emission signals and loss decrease, the system boat - signals
conductor is made of the same material (refractory steel). Sintering was performed in the protection
atmosphere of hydrogen in the pipe furnace with one working pipe.
As a sensor, a piezoelectric plate of the HP 77090A type was used. The total amplification of the
acoustic emission signals is different from 5000 up to 10000. The frequent response of the amplifying
degree from 100 kHz up to 3 MHz is limited by using a filter which had no influence to the total
amplification and resonance area of the sensor.
-^
Processing the acoustic emission signals was performed by the ring-down counting method recorded
by a sensor.
The ring-down counting method recorded by sensor is based on counting each surpass of decision
bringing level by a signal obtained at the sensqjr exit: The advantage of this method is that the number
of the decision level surpasses in one event increases with the amplitude of that event.
The total number of oscillations recorded by the sensor is led through amplifier to the HP 7090A
plotter, which has A/D converter in itself.
During experiment execution, by the acoustic emission method, the process of sintering
W-5Ni-2.5Fe compact is monitored at sintering temperatures of 700, 800, 900, 1000 and 1200 °C
within 30 minutes.
The parameters set at the acoustic emission detector are as follows:
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- amplifying
- clock
- counter
- continual signal
- decision bringing level

10000 x10
0,1s
every first
1

THE EXPERIMET RESULTS
The obtained results of the research show it is possible to use the acoustic emission method for
monitoring phenomena occurred during sintering process.
In Table 1. the results of examining density of the pressed and sintered samples, as well as relative
density change, as the measure of the system activity are shown.
Table 1. - The results of examining density of the pressed and sintered samples
TS,°C
pi, g/cm3
xs, min.
ps, g/cm3
Sample
8.44
1
30
700
8.78
8.47
30
800
8.85
2
8.46
30
3
900
8.89
8.47
30
1000
10.73
4
30
8.45
1200
12.28
5

Ap/p, %
3.87
4.29
4.84
21.06
31.60

In the following diagram, dependence of the acoustic emission signal - time at sintering W-5Ni-2.5Fe
compact at the temperature of 700°C for 30 minutes, is given and in Figure 3., the microstructure of
the corresponding sintered sample is shown.
Signal AE x 102 (V)

10

15

20

25

Time, min
Figure 2. - The photo of the acoustic emission signal during sintering W-5Ni-2.5Fe compact at 700 °C, 30
minutes
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Figure 3. - The microstructure of the sample sintered at 700 °C for 30 minutes
In Figure 4 the diagram of dependence of the acoustic emission signal - time during sintering W-5Ni2.5Fe compact at the sintering temperature of 1000 °C for 30 minutes is shown, and in the Figure 5.,
the microstructure of the corresponding sintered sample is presented.
Signal AE x 102 (V)
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Figure 4. - The photo of the acoustic emission signal during sintering W-5Ni-2.5Fe compact at 1000 °C, 30
minutes
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Figure 5. - The microstructure of the sample sintered at 1000 °C for 30 min.
Densification process of heavy metal alloys is exceptionally slow, up to the temperature of app.
900 °C (Table 1), considering that it is bound primarily to diffusion at the particle contact surfaces of
the corresponding initial powders mixture. In addition, the densification process is considerably made
difficult by a high share of porosity and relatively low sintering temperatures (Figure 3). Analyzing
the diagram of dependence acoustic emission signal - time during sintering W-5Ni-2.5Fe system at the
sintering temperature of 700 °C for 30 minutes (Figure 2), it can be concluded that at the beginning of
the sintering process an increase of the acoustic activity is observed up to the sintering process
finalization.
At the diagram of dependence acoustic emission signal - time during sintering W-5Ni-2.5Fe system at
the sintering temperature of 1000 °C for 30 minutes an increase of the acoustic activity is observed at
the very beginning of the process and which is registered at the previous sample as well, which refers
to accomplishment of the contact between some particles of the initial powders mixture. In addition,
the diagram analysis indicates considerably more intensive acoustic activity compared to the samples
sintered at lower temperatures during the same time (30 minutes).
With increasing sintering temperature, at constant time, it comes to acceleration of diffusion processes,
primarily bound to the two-phase solid Ni-Fe matrix (Figure 5) up to the formation of final
microstructure of the heavy metal alloy, which is characterized by the two-phase system with solid W
particles and solid Ni-Fe-W (γ-matrix), solution as a less present binding phase.
In the region of higher temperatures, when diffusion mobility of atoms is high, a complex acting of all
diffusion mechanisms of mass transportation happen, which are responsible for the sintering process
itself. With the sintering temperature increase, acting of these mechanisms is more intensive, which
directly influences formation of a contact between some particles, increase of a contact surface, closed
pores formation and grain growth (Figure 5). Based on this, it can be concluded, of course, that a more
intensive acoustic activity at the samples sintered at higher temperature, is a result of exceptionally
complex acting of all the diffusion mechanisms, which characterize sintering process , but which get
considerably more intensive with the temperature increase over 900 °C.
Enclosed herewith, there is an analysis of the relative density change, as a measure of the system
activity (Table 1) which indicates that the density of the sintered samples changes very little up to the
temperature of 900 °C and after that it significantly increases.

CONCLUSION
Based on the obtained results, the conclusions can be made, as follows:
The results were obtained which point out the possibility of using examined on-line model and its
correlating with physical mechanisms occurred in the very material during the process;
At the diagram of dependence acoustic emission - time at the beginning of sintering, increase of the
acoustic activity is observed which is associated with the initial stadium of sintering during which a
contact between some particles of the initial powders mixture is accomplished and which is primarily
associated with the diffusion at contact surfaces of these particles.
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By comparing the diagrams of dependence acoustic emission r time for the samples sintered at
different temperatures, a more intensive acoustic activity is observed during sintering at higher
temperatures, which is a result of more complex acting of all the diffusion mechanisms which
characterize the sintering process.
Considering that W-Ni-Fe alloys are characterized in a way that the liquid phase appearance is
expected in the interval from 1450 °C to 1490°C, the further investigations would be directed towards
monitoring of the phenomena, occurred in this temperature interval by the acoustic emission method.
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Abstract: In this project the results of the researches abot the influence of the four types of ceramic coatings of
the evaporating patterns (on the basis of talc, muhte, zircon and cordiente) on the talc of the Lost Foam process
and the castings quality are presented. For the valid evaluation of the results, some parallel examinations of the
quality of castings obtained by casting in sand were carried out.

INTRODUCTION
The Lost Foam process is relatively new technology which offers numerous advantages in relation to
the sand casting - better use of metal, decrease of elimination of nucleus in formation of internal
surfaces, cleaning and machine processing of castings. In contrast to casting in sand moulds, models
and pouring systems, which are commonly made of polystyrene in this process, remain in the mould (
after it has been made) till the metal has been poured. For successful production of castings by this
method, it is necessary to establish balance in the system:evaporative pattern- ceramic lining-liquid
metal- sand.
Polymer desintegration is an endothermic proces which causes sub-cooling in the metal front.This can
result in porous and rough surface of castings. As the main function of the lining is to produce casting
quality surface,ceramic lining for Al- alloys has to insulate heat from the front of metal to be poured
into the"full mould".
The liquid metal casting velocity during the pouring into the "full mould" compared to the casting
velocity during the pouring into the sand mould is lower and is limited by the decomposing and
evaporation speed of the model. The pouring temperature is the primary factor of the influence on the
decomposing speed of the model. The higher temperatures increase the decomposing speed of the
model as well as the speed of gas and liquid formation, and pressure increase in metal. The pouring
temperature has to be determined in correlation with the type of polymer out of which the model is
made, primarily by comparing the model density [1-5].
In addition to the pouring temperature and model density, significant factor influencing casting quality
are the type and thickness of the model refractory lining, sand permeability for mould making as well
as casting and* pouring - system construction To obtained positive effects in the process, these
parameters have to be determined in advance for each exact casting and demands lengthy research
[5,6].

CERAMIC LININGS FOR THE LOST FOAM PROCESS
There are several kinds of evaporative pattern linings with different thermophysical
characteristics,which are specially designed to meet a number of requirements of the Lost Foam
casting process (Figure 1).
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Figure 1 .Basic ceramic lining properties in the Lost Foam process.
Accoding to the data, the world known companies engaged in ceramic linings production and
application invest considerable resources in systematic research on various ceramic materials for
refractory fillers,selection of suitable materials for additives which keep suspension stable, and
materials for binding system.
One of the main tasks of ceramic linings is to enable removal of desinteration products and
evaporation of polystyrene patterns ,which is carried out in the pattern contact with liquid metal during
pouring.They also have to prevent metal penetration into the mould.
Selection of ceramic lining is carried out in accordance with the types of metal and alloy to be
casted,i.e.casting temperature.Higher casting temperatures enable faster
process of pattern
desintegration and evaporations well as more gas accumulation which has to be removed from the
mould.This calls for thicker lining layers and higher lining perviousness.Acccording to the
researches,lining thickness is in the range of 0.1-0.7mm.When thicker linings are used,their
imperviousness decrease ,which can cause a series of faults in obtained castings.
Ceramic lining presented in this project are the subject of long - lasting research and are given on the
basis of original recipes. It should be pointed out that cordierite has not been applied in the process of
casting so far.
Cordierite is classified as a special ceramic insulating material. It is a finely porous material,
composed of oxides MgO, A12O3 and SiO2. Cordierite as a mineral 2MgO-2Al2O3-5SiO2 is very rarely
found in nature so it is generally obtained synthetically for industrial needs. Synthesis of cordierite can
be obtained directly from oxides MgO, A12O3, SiO2 or from natural raw materials which carriers of
these oxides. For these purposes, raw materials such as kaolin, talc and technical clay material are
used. Cordierite melts at temperatures 1460 - 1550°C. Cordierite masses have a short baking interval
and this is on of the basic problems in the production of cordierite ceramics. If baking is performed
below the optimal temperature, a sufficient quantity of cordierite will not be formed, and if it is
performed above the optimal baking temperature, part of the formed cordierite will be decomposed to
mulite and metasilicate of magnesium. In both cases, this will have negative effects on the technical
characteristics of cordierite [7-9].
In the aim of expanding the interval of the synthesis condition and improving a number of properties
within these experiments, an additive for the cordierite mixture was used - feldspar in the amount 5%.
In the way, the interval of the synthesis condition was expanded to 40 - 60°C. The widespread
application of cordierite ceramics is a result of, firsty due to its properties - low inductive capacity,
low thermal expansion coefficient, high resistance to thermal shock and good mechanical properties.
Cordierite ceramic belongs to the group of materials which has a very low thermal expansion
coefficient, thermal stability and is used as an insulating element and detail in electrothcermics [8-11].
Talc is a magnesium hydrosilicate of which the general formula can be show as H2Mg2(Si03)4 or
Mg6(OH)4(Sig02o) with A12O3, FeO, NiO, CaO as impurities. Hardness according to the Mohs scale is
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1, and density is 2,6 - 2,8 g/cm\ Talc is used in many industrial branches due to its properties of low
hardness, sticking ability (surface lining), high melting point, chemical inertness, low electrical
conductivity, distinct capability to absorb greases, dyes resins and low electrical conductivity, distinct
capability to absorb greases, dyes, resins and low hydroscopicity [1].
Mulite (3Al2O3-2SiC>2)is formed by clay annealing. It is resistant to chemical agents and has a
relatively low coefficient of the thermal expansion, possesses high fire resistance and resistance to
thermal shock. It is used for manufacture of fire resistant coats.
Zirconium (ZrSiO4) possesses high properties of fire resistance. Coats based on this material offer
greatest resistance to penetration of metal into the mould, provide casting surface of high quality,
show minimal reaction with all materials and their oxides (dross) except manganese steel. Previous
paractice of using zirconium coats in steel casting of good quality showed excellent results. Use of
ZrSiC>4 as fire resistant loader of linings for the Lost Foam process appeared adequate with castings of
complex shape where high quality of surface was requested [1].

EXPERIMENT
For research, polystyrene models in the form of stepped tests and plates were used. After casting, test
bars were cut out from a particular places on the castings and used for investigation of structural and
mechanical properties. Castings were carried out in the form of "clusters", i.e., with greater nubmer of
models located at the central conductor, in order to get greater number of castings under the same
conditions.
After drying, the lined patterns were placed into steel moulding boxes,and covered with free quartz
sand of 0,26 grain size.Casting was carried out after moulding.The alloy AlSilOMg was used for
testing at casting temperature 730°C.Preparation of the liquid metal was done by rafination of
salt,RAFALIT S,supplied by TERMIT,Domzale,0.l7o of the casting mass, followed by degasification
with 0.3 7 0 briquetted C2Cl6(Termit, Domzale) and modification with 0.05°/o natrium.After hardening
and cooling ,the castings were shaken out of moulds and tested.
The refractory linings for the Lost Foam process were made on water base, and within their
composition they had (table 1) :
Table 1. Composition ceramic linings
Composition (%)

Designation
of lining

refractory powder
Z

Zirconium: 90

T

Talc: 88

M

Mulite: 90

C

Cordierite: 92

binder
Bentonite: 3-4
Bindal H: 5-6
Bentonite: 5-6
Bindal H: 6-8
Bentonite- 3-4
Bindal H: 5-6
Bentonite: 1-2
Na 5 P 3 O l0 :6-l0

agents for keeping suspension
stability
Dextrin 0,5-1
Lucel: 0,5-1
Dextrin: 0,5-1
Lucel: 0,5-1
Dextrin: 0,5-1
Lucel: 0,5-1

carboxymethil cellulose :0,5-l

Parameters of pattern polymer lining,20kg/m3 density:
- suspension density: 2g/cm3,
- temperature: 22 °C,
- slow suspension mixing during lining application to the pattern,at lOmin.rate,
- lining technique:immersion,pouring, brush application,
- drying: first layer: I.5h, final layers: 24h in the air,
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For valid evaluation of the Lost Foam process application, some parallel investigation on the
samples obtained by sand casting (mark: S) were carried out.
Structural and mechanical investigations were carried out on obtained samples. Ultrasonic
EHO METHOD was used for establishment of possible failures.

RESULTS AND DISCUSSION
After casting AlSilOMg alloy,and shaking the castings out of moulds,it was found that the
castings were accurate copies of the pattern. There were neither piercing of ceramic
lining,metal penetration into sand, norsand sintering.Casting surfaces were bright and clean
so that no machining was necessary. Results of structural and mechanical investigations show
that within boundaries predicted by the standard fort his type of the alloy, it could be seen that
there are no basic differences in values of mechanical properties between samples cast with
coating based on cordierite and the samples cast with coating based on talc, mulite and
zirkonium, showing that cordierite, as fire resistant loader, can successfully replace talc in
manifacture of aluminium parts.
Figure 2 shows the dependence of mechanical properties on the thickness of coating layer
based on cordierite. At the same time, a slight decrease of S sample properties could be
noticed (fig.3). It is caused by the presence of corrosion in castings, which is characteristic for
the Lost Foam process.
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Figure 2. Mechanical characteristics of sample C

Figure 3. Mechanical characteristics of sample S
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Ticker coating layers influence the slight decrease of mechanical properties, which is explained by
decreased porosity due to lesser permeability of the coating. Ultrasonic investigations indicated that
samples cut out from stepped test bar with thickness of cross section above 30 mm, shows not only
greater porosity, but the course grain structure, as well. Taking into account that decomposition of
polystyrene model is endothermic process, it was expected that crystallization would be done in
conditions of subcooling and that more dispersive structure would be obtained. Relatively coarser
structure that was obtained, shows that subcooling moderated the isolated effect of applied ceramic
coatings. All samples were of dendrite - cellular structure, finer in the surface zone of the castings.

CONCLUSION
For the purpose of obtaining castings by the Lost Foam process, it is necessary to adjust technological
parameters of the process in order to enable complete decomposition and evaporation of the model and
avoid the appearance of casting failures such as porosity and short pouring. Because of that, models of
smaller density (under 20 kg/cm3) should be used with finer polystyrene gain and with thinner coating
layers. Application of cordierite samples as refractory fillers during manufacture of refractory coatings
for sand moulds and cores as well as of refractory linings for the Lost Foam foundry process showed
positive effects. Futher investigations should be continued towards production of more efficient
suspension binder concentrates with a new suspension binder. Development of the cordieritebased
refractory lining can contribute to the development of Lost Foam process, which represents one of the
newer foundry technologies intended to the production of responsible parts in automotive and air craft
industries.
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Abstract: Preparation of fine tungsten powder from scheehte (CaWO^ by self-propagating high-temperature
synthesis (SHS) and mechanical induced self-sustaining reactions (MSR), using aluminum and magnesium as
reducers has been described. Changes of the chemical composition, structure and morphology were investigated
by-atomic spectrophotometry, X-ray diffraction (XRD), energetic dispersive spectroscopy (EDS) and scanning
electron microscopy (SEM). After leaching with 20% aqueous solution of hydrochloride acid, tungsten powder
was obtained of a purity of (>99.9) and particle size below 500 nm with a significant quantity of particles smaller
than 100 nm

INTRODUCTION
Tungsten powder has been usually produced by somewhat circutious route from wolframite (FeWO4)
or from scheehte (CaWCU) ore [1]. In the case of wolframite, ore is dissolved in acid and the tungsten
separated from impurities by lime precipitation as CaWO4. The precipitated CaWO4 or scheelite is
dissolved in acid and precipitated using ammonia to form ammonium tungstate which is subsequently
calcined to WO3 which is reduced to metal with hydrogen. The powdered tungsten is pressed into bars
that are sintered (in hydrogen) to produce massive tungsten. Bars so produced are mechanically
processed further by hot swaging and hot drawing. Arc melting may be used for producing larger
ingots. Curently tungsten is produced by the reduction of WO3 at 1273 to 1373 K with carbon, H 2 ,
calcium, or by the hydrogen reduction WFe at about 873 K. This methods of tungsten powder
preparation is complex and expensive and new methods should be developed. Ones of very attractive
technique of tungsten powder and compounds preparation are SHS and MSR. SHS and MSR are
simple and attractive techniques for production of some advanced materials, based on strongly
exothermic reactions between their constituents. Over the past 35 years, many metallic, ceramic and
composite materials in particulate and compact form have been synthesized by SHS [2-5] and MSR
[6-8] processes. In this paper we report the results on preparation of fine tungsten powder of high
purity from scheelite, using magnesium and aluminum as reducers, by SHS and MSR.

EXPERIMENTAL
Two sets of experiments were carried out. The first in which the SHS was ignited by a tungsten
filament and the second in which the synthesis was ignited by mechanical milling (MSR). The starting
components, scheelite and reducers (magnesium and aluminum), added in amount of 30 mass.%
exceeding the stoichiometric one, were used in all cases. Scheelite and magnesium particles were
~10(^m and aluminum ones ~35μm in size. In the case of SHS, scheelite and magnesium (aluminum)
were homogenized in a laboratory planetary mill for 3 hours, and then pressed at 280 MPa to form a
cylinder 25 mm in diameter and about 15 mm in height. As-prepared cylindrical samples were placed
in a laboratory self made reactor [9] and the reaction was ignited in an argon atmosphere.
In the case of MSR, scheelite and magnesium were poured into steel vials of a volume of 0.5 dm3 and
the ball size was varied (5, 8, 10, 14, 16, 20, 30 and 41.2 mm diameter). The starting mass of the
powder was -10 g and of balls -500 g, so that the ball to powder mass ratio was always -50. The
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prepared samples were treated in a Retsch type PM4 laboratory planetary mill with a main disk rate
(Wp) of 170, 200 and 230 rpm. The incubation time prior combustion (tig) was determined by
measuring the changes in the vial wall temperature.
The SHS and MSR reaction products (the samples previously ground in the planetary mill in the case
of SHS) were leached in a 20% aqueous solution of hydrochloric acid at 353 K for 30 min. After
washing, repeated several times, the precipitate was dried at 353 K for 3 hours and finally analyzed to
determine its chemical composition using an atomic spectrophotometer and XRD. The size and
morphology of individual particles of tungsten and their chemical composition "in situ" were
determined using a SEM and EDS.

RESULTS AND DISCUSSION
The chemical analysis of the samples performed after leaching revealed tungsten powders of high
purity (>99.9 %). The XRD analysis confirmed that in both cases pure tungsten powder was obtained,
with characteristic diffraction maximum at the angle positions for tungsten. In Fig. 1, X-ray
diffractograms of the samples taken before and after reductions and after leaching, are presented. As
can be seen, the reduction of scheelite with either of the reducing agents was complete and all
accompanying components (excess of the starting components, or reaction products) were removed by
leaching.
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Fig. 1: XRD patterns for the SHS samples reduced by magnesium (a) and aluminum (b) and MSR samples
reduced by magnesium (c).
The SEM and EDS analyses of tungsten powders produced in the case of SHS are shown in Fig. 2.
Tungsten powders obtained by each of the reducing agents were similar in size and morphology, but
of different agglomeration degrees. In both cases, tungsten particles were almost spheroidal in shape,
and the individual particle size was predominantly up to 100 nm, with a considerable amount of
smaller or larger agglomerates of -500 nm in size. The same results are presented in the other papers
[10-12].
By observing the SHS process and analyzing the sample surface after combustion wave propagation, a
difference in the mechanisms of combustion wave propagation was established, responsible for
different agglomeration of individual particles. In the case of reduction with aluminum, the
combustion wave propagation mechanism was in a steady state mode. The unreacted molten
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aluminum filled in the hollows, made after combustion wave propagation, forming a rather compact
sample which could hardly be ground and individual tungsten particles separated during the leaching.
Quite contrary, the combustion wave in the case of reduction by magnesium propagated in a spin
mode, which was a result of magnesium tendency towards sublimation, forming after propagation a
layered structure of a great porosity which made the separation of individual tungsten particles during
leaching easier.
VflMa
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Fig. 2: SEM and EDS analyses of tungsten obtained by SHS reduction with magnesium (a) and aluminum (b).

Fig. 3 illustrates the influence of ball diameter and cop on time needed for MSR ignition. Increasing cop
from 170 to 230 rpm is decreasing tig. This is in a direct relation with the dissipation energy of the
given process [13-14]. Increasing ball diameter to 16 mm is decreasing tig, further increasing of ball
diameter doesn't have significant influence on tjg.
A SEM micrograph of the tungsten powder obtained by MSR is presented in Fig. 4. Different
individual tungsten particle agglomeration in comparison with to the tungsten powder obtained by
SHS is obvious. Agglomerates are much softer, as can be expected bearing in mind that the
mechanical milling, due to attrition and mixing, increases the interfaces between the reactant particles
without product barriers (between un-reacted layers), but the particle size is similar.
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Figure 4: The SEM analyses of tungsten
powder obtained by MSR
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CONCLUSION
Fine tungsten powders with particles smaller than 500 nm, a considerable amount even smaller than
100 nm, were obtained by SHS and MSR techniques. Combustion wave propagation mechanisms in
SHS are different depending on the reducing agents used. The result is a more pronounced
agglomeration of individual tungsten particles in the case of reduction by aluminum. Soft
agglomerates obtained by MSR is a consequence of the reaction, taking place in the "fluidized-bed"
conditions. Increasing ball diameter to 16 mm is decreasing tlg, further increasing of ball diameter
doesn't have significant influence on t,g.
No significant influence of the reducing agents, the way of ignition (SHS or MSR), ball diameter and
main disk rate on the size and shape of particles has been observed.
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A STUDY ON THERMAL AND MECHANICAL PROPERTIES
OF MECHANICALLY MILLED HDPE AND PP
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* Department of Polymer Science and Technology, Middle East Technical University 06531,
Ankara, Turkey
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Abstract: In this study, mechanical mixing of HDPE and PP was performed via ball milling. Prepared
compositions were 75/25 , 50/50 , 25/75 w/w HDPE/PP. Milling time and ball to powder ratio (B/P) were kept
constant and system was cooled by adding solid CO2 to improve the milling efficiency. To compare these
systems with traditional methods, mixtures were also melt mixed by Brabender Plasti-Corder. Both milled and
.melt mixed systems were examined with DSC for thermal properties and tensile testing for mechanical
properties Results are discussed by comparing milled , melt mixed and as-received polymers. It is observed
that, unlike ball milled systems, in melt mixed systems mechanical properties are composition dependent. In
addition , ball milling results in amorphization of both polymers and very high amounts of PP (75wt %) creates
very amorph HDPE structure.
Key words: Ball milling, HDPE, PP, polymer mixture.

INTRODUCTION
Polypropylene (PP) and high density polyethylene (HDPE) are the most commercial thermoplastic
materials used in many applications. Elastic properties of PP makes it a good choice for structural
applications. However, because its glass transition temperature (Tg) [1] is relatively high (-20°C),
mechanical properties of PP gets worsen as temperature decreases. Low Tg (-110°C) [1] and 60-80 %
crystallinity of HDPE makes it suitable when good impact and mechanical properties are required at
low temperatures.
Low temperature mechanical properties of PP can be improved by blending it with HDPE. However,
PP and HDPE are not miscible.[2] At molecular levels, phase separation is observed which leads to
inferior mechanical properties. In the literature lots of additives are used for compatabilization of
PE/HDPE blends [3]. These additives are incorporated into blends in low amounts to improve
interfacial adhesion between polymer phases in melt state.
Recently, ball milling is employed to immiscible polymers to enhance compatibility of phases in solid
state. Since the method involves more than one material, it is also referred as mechanical alloying.
Apart from phase compatibility, decrease in molecular weight , grafting of polymer chains and
amorphization of crystal polymers are also observed in some ball milled polymer mixtures [4,5,6]
.Results of ball milling are strongly material and process dependent. Effect of ball milling on various
polymer systems have been investigated such as PET-PBT [7], PMMA-PI and PMMA-PEP [8], LCPPET [9].
In ball milling of polymers, process conditions are adjusted such that both polymer milling and phase
miscibility are observed simultaneously. To achieve this, polymers should be crushed and diffused
into each other. By their nature, at ambient temperatures most polymers are found to be above their
Tg and behave in a ductile manner which prevents milling. Thus to obtain efficient milling, system, in
which polymer is milled, should be cooled down near or below Tg. Solid CO2 of which solid-gas
transition temperature is - 78.5°C at 1 atm is can be used for this purpose.
The aim of current work is to examine the effect of ball milling on PP- HDPE systems in terms of
mechanical and thermal behavior. For this purpose, ball milled and melt mixed polymers were
compared with each other.
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2. EXPERIMENTAL PROCEDURE
MH 418 PP, S 464 HDPE are commercial grade raw materials supplied from Petkim. Some physical
properties of polymers are given in Table 1. Studied compositions are given in Table 2.
Table 1. Physical Properties of PP and HDPE
Polymer
Density (g/cm3)
0.880
PP
HDPE
0.940
a: 190°C, 2.16 kg

Melt Flow Index (MFI)a
1.77
0.31

Tg(°C)
-20
-110

Table 2. Studied Compositions
Compositions
Pure PP
Pure HDPE
25 PP
50 PP
75 PP

PP wt %
100
25
50
75

HDPE wt %
100
75
50
25

To prepare melt mixed systems according to their percentage ratios , polymer granules were hand
mixed and then melt mixed by Brabender Plasti-Corder .In all systems, mixing time, rotation rate
and mixing temperature were 15 minutes, 45 rpm and 190°C, respectively. The working temperature
was chosen such that both polymers are in molten state without any degradation during mixing.
Solidified polymer mixtures were hot pressed in the form of sheets at 190°C and water cooled.
Dumbbell shaped tensile test samples were prepared from them.
For milling, as received polymers were firstly grinded below 30 mesh (^Oμ!!!) to increase the
efficiency of milling process. For each system, 1 gram of polymer mixture was milled with 30 g of
stainless steel balls. (B:P=30.l).In each time , system was cooled by adding approximately 10 g of
solid CO2 into milling chamber just before start of the milling operation. Under these conditions ball
milling was carried out for 15 minutes. Milled polymers were than hot pressed at 190°C and tensile
specimens were prepared in a similar manner with melt mixed systems.
Specimens of both melt mixed and ball milled polymers were subjected to tension tests by Lloyd LR
5K with a rate of 50 mm/min. Thermal properties were studied by Dupont Thermal Analysis 2000
DSC 910 S. Samples were heated from room temperature to 200°C at 10°C/min heating rate.

3. RESULTS AND DISCUSSION
Tensile testing on 5 specimens of all compositions were averaged and the results discussed for both
melt mixed and ball milled systems. Young's Modulus , strain at break and work to break values were
measured to investigate the mechanical behavior of mixtures. Obtained data are given in Figure 2.

rd

Proceedings of 3 BMC-2003-Ohrid, R. Macedonia

311

A STUDY ON THERMAL AND MECHANICAL PROPERTIES OF MECHANICALLY...

1400 T- —

03 pure
1200

• melt mixed
• ball milled

pure PP

pure HDPE^ 25 PP.
Composition

50 PP

75 PP

Figure 2a.Young's Modulus Values of Pure, Melt Mixed and Ball Milled Systems

25 PP

50 PP

75 PP

Composition

Figure 2b.Strain at Break Values of Melt Mixed and Ball Milled Systems
It was observed that pure polymers have approximately equal Young's modulus values. In common
sense, melt mixing didn't change the stiffness except 75PP system. For this composition the value
drops down to 650 MPA. On the other hand , for ball milled samples it can be said that Young's
modulus is not affected from the composition the value of which lies between 550-450 MPa.
However, it is clear that ball milling results less stiff material than melt mixed.
Pure PP and HDPE have strain at break values 366% ,636 % respectively. As seen in Figure 2b strain
at break values indicates a sharp decrease for both melt mixed and ball milled systems. Generally, for
melt mixed and ball milled systems this value does not exceed 10 %.
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Figure 2c.Work to Break Values of Melt Mixed and Ball Milled Systems
Work to break values of pure PP and HDPE are 37 J and 113 J respectively. It can be seen from Fig
2c ,in melt mixed systems, as the amount of HDPE decreases , work required to break samples also
decreases. This property can be attributed to the high energy absorption capability of HDPE. This
linear relation , however, is not observed in the ball milled systems.
DSC studies gave valuable information about the thermal properties of polymers and effect of
processing conditions. In all DSC thermograms, each polymer showed its own endothermic melting
peak. It is observed that Tm is not effected from the processing condition, melt mixed or ball milled.
Another valuable data obtained from the DSC thermograms are the % crystallinity of the polymers.
The crystallinity percentage of polymers was calculated according to Eq. (1) .The values for complete
crystallinity are given in literature ( 198 J/g for PP [5] and 285.8 J/g for HDPE[10]). The percent
crystallinity is calculated by:

%Crystallinity =

Atf
A// l00%crtstalline

xlOO

(1)

DSC peaks show that crystalline amount is strongly process dependent Effect of process on
crystallinity of PP and HDPE is given in Figure 3.
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Figure 3a. Effect of Process Method on Crystallinity of HDPE
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Figure 3b. Effect of Process Method on Crystallinity of PP

It is obvious in Figure 4 that ball milling decreases the crystallinity of the polymers. Compressive and
shear deformation introduced during ball milling probably destroys the regular arrangements of
polymer chains. The amorphization of polymers is material dependent. However, in our case the
polymer was melt mixed or ball milled with another polymer which may also affect the amorphization.
Figure 4 explores the situation.
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Figure 4a. Crystallinity of Melt Mixed Systems
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Figure 4b. Crystallinity of Ball Milled Systems
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In Figure 4a , the general trend is increase in crystallinity with increasing PP amount. On the other
hand , in ball milled systems , high amount of PP results very low crystallinity in HDPE. An inverse
relation between crystallinity content of polymers , as PP amount increases , can be figured out. The
change in HDPE crystallinity is more clear.

4.CONCLUSIONS :
In this study effect of ball milling on HDPE and PP mixtures were examined. Tensile tests and DSC
studies were carried out to characterize the systems mechanically and thermally . Ball milled samples
were compared with melt mixed systems to figure out the milling.
From the literature it is known that these two polymers are immiscible and without a compatibilizer
blends of these polymers have low mechanical properties. Tensile tests showed that ball milling does
not make a contribution to improvement of mechanical properties. In all mechanical tests it is
observed that mechanical properties are composition dependent in melt mixed systems. However, for
ball milled systems , composition does not affect the mechanical properties. Low percent strain and
moderate Young's Modulus values are indication of high immiscibility of the phases.
It should be noted that at ball milling temperature PP is in glassy state whereas HDPE is above its Tg.
Therefore, the processes caused PP to fracture in brittle manner. It would not be wrong to say that the
deformation in PP is largely in macro scale. However, deformation of chains and crystals is more
dominant for HDPE. From the DSC results, it can be observed that HDPE is more sensitive to ball
milling conditions. An increase in PP content makes HDPE less crystalline which supports that in
HDPE micro scale deformation is more dominant. It can be thought that glassy PP contributes the
destroy of crystalline regions of HDPE especially at high PP compositions.
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Abstract: In the paper we present results of the investigation of the influence of mechanical activation of
ceramic powders- talc and alumina, on the quality of refractory linings for casting applications. It is shown that
additional fine grinding of ceramic powders increases the quality of the refractory lining. Grinding and activation
of the particles with various granulations contributes to the creation of the homogenous continuous layer of
refractory lining on the sand moulds and cores, as well as on the evaporating polystyrene patterns for
applications in the Lost foam casting process. Refractory linings obtained within the activation of particles
procedure have better adherence to moulds, cores and evaporating patterns.
Key words: machanical activation, ceramic powders, refractory linings

INTRODUCTION
The subject of the material science is the investigation of the depedence of technology , on the
structure and properies of materials as well as their electro-magnetic and mechanical influences. The
large number of transitions that occur while mechanical energy is applied on materials has led toward
the development of a new scientific discipline-mechanochemistry. Mechanochemistry has been
developing for 30 years and it studies the initiation and the acceleration of chemical reactions in
gasses, liquids and solids under the influences of mechanical energy. The novel state of a material
achived when mechanical force is applied, is called "activated". If during process of increasing the
reaction capability a material remains chemically inactive the process is called mechanical activation.
Mechanical activation includes changes of the energy state, structure and chemical properties of
materials subjected to mechanical forces under the dispergation in the absence of other reactant. In the
presence of other reactant, among particles that participate in friction or collisions, there is
mechanochemical reaction as a consequence of mechanical activation, which further induces the
change of the composition or the structure of a material [1-3].
Mechanical activation of materials has been used worldwide with the goal of increasing the surface
energy of grain materials, which enables chemical reactions in solid. Activation of materials using
mechanical forces could be represented as multistage process, where at each stage materials change
physical and chemical parameters, as well as the accumulated energy.
Energy of mechanical activation is spent on the work for expansion of microcavities, which causes the
grain deformation, and on the energy needed for creation of new surfaces. Products of mechanical
activation have various energetic characteristics, and these characteristic are to large extent a function
of mill types or so called mechanoactivators and of conditions of their work. Major roles in the process
have power of milling device, mass of grinding bodies and frequency of working system. Among the
technological parameters of the process it is important to mention capacity and time. The system
capacity actually reflects the influence of type of raw material on mills in the grinding process. The
size of initial raw material is less influential technological parameter. Mechanical energy of balls
influences all processes in the mill. The work needed for achieving material grinding is called specific
grinding (or mechanical activation) work, which dimensionally can be obtained from the ratio of
energy and mass, the energy being one expended for the process. Mechanical work in the mill is
expended on the change of specific area of the mixture of mineral grains which is being grinded This
mixture of mineral grains accumulates energy - potencial energy, increased internal energy due to
breaks and cracks, and increased specific surface energy [4-7].
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REQUIREMENTS OF REFRACTORY LININGS PRODUCTION IN
FOUNDRY
Foundry linings are integral part of casting production, since thay provide a quality surface of castings
without glued and baked sand.
For sand moulds and cores refractory linings are used with alcohol as solvent. During transportation
and storing of linings, processes of separation, sedimentation and alcohol loss occur due to
evaporation. Alcohol linings are mixtures of refractory materials in isopropil alcohol with suspension
agent and corresponding binding system. With development of casting engineering, a demand for
quality linings is increasing- for use of new refractory fillers, suspension agents and binders as well as
improving manufacturing technology.
Refractory linings for application in Lost foam casting process must satisfy a number of specific
demands as follows:
•
corresoding refractoriness of linings,
•
permeability should be compatible to that of sand which is used for mould making:
highly permeable lining is used for rougher sand while medium and low permeable linings are
used for finer sand,
•
quick drying,
•
dried layer should be visible on the pattern,
•
lining should easily stick to the pattern,
•
there should be a possibility of controlling and adjusting lining layer thickness,
•
appropriate strength, resistance to abrasion, resistance to cracks during storage,
resistance to bending and deformation during mould making,
•
if rougher sand is used for mould making and a high casting temperature, then the
refractory lining layer should be thicker [4].
Most modern refractory linings, depending on the purpose, represent complex mixtures of over 15
components. Four basic components are refractory powder, liquid carrier or solvent, binders, and
agents for maintaining suspension. On the marcet, the linings are delivered under commercial names,
and their composition and manufacturing technology are well-kept business secrets. There are various
types of linings, especialy made to satisfy numerous requirements of different castings procedures,
type of material, which is cast and castings configuration. However, there is a permanent need for
futher research in order to achieve a choice of optimal type and lining thickness for materials and
configuration of the castings obtained by the Lost foam casting process.

EXPERIMENT
We performed experimental investigation of mechanical activation on talc samples (T) and alumina
samples (A), which are used as a powder for refractory lining. The chemical composition of T and A
is given in table 1.
Table 1. The chemical composition of samples T and A
Designation

T
A

SiO 2
61,86
0,02

A12O3
4,21
98,90

Fe 2 O 3
1,28
0,03

CaO

MgO
31,68

Na 2 O

1,07

-

-

0,045

-

Phisical characteristics of samples T and A are given in teble 2.
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Table 2. Phisical characteristics of samples T and A
Designation
Density Hardness
Melting
g/cm3
(Mosh)
point, °C
T

2,6-2,8

1

1547

Specific
heat,
kJ/kgK
0,19

A

3,3

9

2016

1,13

Heat
conductivity
W/K 879 °C

Application

2,4

2,59

Steel,
Mg
alloys
Iron, A1-, Cualloys

Mechanical activation of powders from initial granulation of 40μm is performed in the vibrational mill
with balls made Cr-Ni steel, with capacity of 1-15 kg/h as well as the vibrational mill with metalic
rings made Cr-Ni steel with capacity of 1-6 kg/h. The activation time for series is 15, 30, 45 and 60
minutes. In each trial we performed dry grinding. Filling mill coeficient with balls was 70%, with
specific expanded energy in the range of 100-4000 kWh/t. Less energy was required for talc, because
talc has significantlly lower hardness.

RESULTS AND DISCUSSIONS
After mechanical activation in mills we performed the characterization of ceramic powders. The
average size of talc particle, after the 15 min. long activation, was in the range l-5μm. On the other
hand, the average size of alumina particle subjected to the 60 min. long activation was
Figures 1. and 2. provide difractiograms for samples T and A.

T-tolk
H - hi or 11

10 0

2Q0

30 0

<00

WO
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Fig.l.Diffractogram of sample T

=:«.

Fig.2 Diffractogram of sample A
A x-ray diffractogram of samples T (fig. 1.) shows the dominant presence of talc.
A x-ray diffractogram of samples A (fig. 2.) shows the dominant presence of alumina.
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Further, we created refractory linings made of activated ceramic powders, with water basis and binder
based on bentonite, and the substrate for suspension conservation Bindal H, lucel , dextrin.
Investigations performed while refractory linings are applied indicate that linings: a) easily adhere to
the surface of moulds, cores and evaporable patterns, b) homogeneously flow down the surfaces, c)
easily get dry, don't allow formation of cracks. Comparative analysis of refractory linings made from
ceramic powders with and without mechanical activation respectively indicates that former have
superior quality and characteristics.

CONCLUSION
Refractory linings obtained from activated ceramic powder of talc and alumina show superior quality
with respect to refractory linings made from ceramic powdres without mechanical activation.
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C H A R A C T E R I S T I C S AND T H E R M A L S H O C K STABILITY
OF REFRACTORIES
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Abstract: Thermal stability of the refractory material with the content of 60 % A12O3 was investigated. Water
quench test (JUS.B.D8.319.) was applied as experimental method for thermal stability testing. Damage of porous
materials is commonly related to a modification of mechanical strength that is mostly a reduction. This is linked
with* characteristics related to pore space. Mechanical characteristics are considered such as compressive
strength, dynamic modulus of elasticity and resistance parameters resulting from resonance frequency
measurements, as well as ultrasonic velocity.
Key words: alumina based refractories, dynamic Young modulus, fracture resistance parameters, thermal
stability

1. INTRODUCTION
Thermal shock stability dictates refractory performance in many applications. In many instances, a
two -fold approach, i.e. 1) material properties [1-8] or/and 2) heat transfer conditions [8-13] is taken to
characterize thermal shock behavior of the refractories. As an alternative, information on the thermal
shock behavior of refractories can be obtained by experimental means. One test for this purpose,
which is highly popular because of its simplicity, consists of quenching appropriate specimens from an
oven temperature into a medium such as water, liquid metal, oil, or fused salts maintained at a lower
temperature.
Damage of porous materials is commonly related to a modification of mechanical strength that is
mostly a reduction. This is above all linked with characteristics related to pore space. One has to
realize what type of test procedures and also criteria are all available and come into consideration for
any corresponding correlation. On one hand, structure-related characteristics such as pore volume and
pore size distribution can be cited here as well as some discrete values deduced therefrom, but also
water absorpcion, saturation coefficient and diffusivity. Whereas on the other hand, mechanical data
are considered such as compressive strength, dynamic modulus of elasticity resulting from resonance
frequency measurmets, as well as ultrasonic velocity.
Thermal quenching of the refractories leads to the crack nucleation and/or propagation resulting in loss
of strength. Since the formation of the cracks has profound influence on the ultrasonic velocity and the
Young modulus of the material, measuring either of these properties can directly monitor the
development of the thermal shock damage level.

2. EXPERIMENTAL PROCEDURE
The ultrasonic technique can be used to characterize selected properties of refractories because sonic
pulses travel trought a medium at a rate that is directly affected by the material properties, and internal
structure. Comparing similar materials sonic pulses will travel faster trought the densier samples,
although the interpretation of the results can also be affected by the presence of internal flaws, voids or
cracks. The measurment of ultrasonic velocity was done using the equipment OYO model 5210
according to the standard testing ( JUS.D.B8.121.). The transducers were rigidly placed on the two
parallel faces of the cylindrical specimen using vaseline grease as the coupling medium. The ultrasonic
320
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velosity was then calculated from the spasing of the transducers and the waveform time delay on the
osciloscope.
By determining the bulk density, and ultrasonic velosity it is possible to calculate the dynamic Young
modulus using the equation:

(1)
where:Vp - ultrasonic velocity of longitudinal waves (m/s),Vs - ultrasonic velosity of transverzal
waves (m/s)^ - Poasson ratio and p - density (kN/m3). The value μ was given at 0.2 and assumed not
to change with the development of thermal shock damage. According to the literarture [14,17] and
previous work [18-26] that will not be grate restriction.

2.1.

MATERIAL

The refractory samples used in the present study were obtained directly from commercial producer.
This type of refractory was used in several previous studies in which a number of physical properties
related to their thermal shock behavior were measured [17-26].
Table I. Thermal and Mechanical Properties of the Samples Studied
Parameter

value

A12O3, (%)

60

Density, p (g/cm3)

3.05

Thermal conductivity, k (W/mK)

1.62

Specific heat, c (kJ/kgK)

1.06

Thermal expansion coefficient, a (%)

0.8

Compressive strength, a p (MPa)

54

Young modulus, E ( GPa)

16.70

Thermal stability (number of quench experiments, N)

18

3. RESULTS AND DISCUSSION
The effect of the thermal quenching on the ultrasonic velocities is given on the figures 1. and 2. From
the figures, as well as from the regression analysis very good correlation was obtained between
degradation of the ultrasonic velocity caused by the thermal shock. These results suggests that
changes in ultrasonic velocities colud be used as nondestructive monitoring the thermal shock damage
in material caused by thermal shock.
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Figure 1. UIstrasonic velocity (Vp) of longitudinal
vawes versus number of cycles of teh quench
experiment (N)

Figure 2. UIstrasonic velocity (Vs) of transverzal
vawes versus number of cycles of quench experiment
(N)

The effect of the thermal shock fatique on the Young modulus is shown on the figure 3. The good
agreement between decrising the Young modulus and number of cycles suggests that thermal shock
damage could also be quantitatively evaluated nondestructively by measuring the dynamic Young
modulus. Unfortunatly, coefficient of correlation is in this case lower than it was in comparison the
ultrasonic velocity with the number of cycles (Table II).
The calculated values of dynamic Young modulus must be considered as an aproximation, but there
are certain ocasions where experimental E measuments are not feasible, and a calculated value at least
yelds a usable number .The results from literature [16] indicates thet the percent difference between
experimental and calculated values can range between ±5% to ±10%. With the simplicity of the
method it should be always be possible to generate a usable modulus of elasticity value for a refractory
product, although it must be remembered that there may be a significant error in the values obtained.
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Figure 3. Dynamic Young modulus as function of
number of cycles of the quench experiment (N)

Figure 4. Compressive strength (o, MPa) degradation
as function of number of cycles of the quench
experiment (N)

As the very good results were obtained monitoring changes in ultrasonic velocites, that was used for
the correlation of strength degradation caused by thermal shock. Expression for the strength
degradation was used [14], described as:

(2.)
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where o~0 - is compressive strength of the material before exposure material to the theraml shock
testing and n - material constant ( n = 0.488, ref. 14.). High values of coefficient of correlation
suggests that degradation in strength during thermal stability testing is in strong correlation with the
water quench test experiment results.
Thermal shock stability of the refractories could be presented using resistance parameters [1-4]
Fracture and damage resistance parameters were calculated from thermal and mechanic properties
listed in Table I., and usual equations were used for fracture resistance parameters (R = a ( 1 - v) / E
a and R = k R) as well as for the damage resistance parameters (R'" = E/a^(l-v) and R"" = y R'").
Degradation of resistance parameters due to the degradation of strength, were also presented in figure
5.
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Fig.5. Resistance parameters behavior as function of number of cycles of the quench experiment (N), A - first
fracture resistance parameter, B - second fracture resistance parameter, C - first damage resistance parameter, D
- second damage resistance parameter.

From the figure 5. excellent correlation between fracture resistance parameters degradation with the
number of cycles of the quench experiment was oserved (Table II). Higher values of fracture
resistance parameters are expected for the higer value of number of cycles of the water quench test.
Damage resistance parameters versus nuber of cycles show the opposite corretaltion. Higher values of
damage resistance parameters are expected for the lower values of number of quench experiment.
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Table II: Regression statistics for the observed correlations
Regression
Statistics
Multiple R
R Square
Adjusted R
Square
Standard Error

Vp-N

Vs-N

Edyn-N

a-N

R-N

R'-N

R'"-N

R""-N

0.922
0.851
0.801

0.987
0.970
0.966

0.872
0.760
0.680

0.946
0.895
0.860

0.948
0.898
0.865

0.948
0.898
0.865

0.986
0.973
0.964

0.987
0.973
0.963

333.9

42.16

3.670

3.18

1.88

3.06

0.959

0.014

5. CONCLUSION
.Monitoring of thermal shock damage development in refractories by nondestructive method is of
much industrial significance in relation to productivity as well as safety. Sonic measurment is very
usefull tool to solve this problem since the advantages are:
Type of instrument is small, portable and operates on either line or self-contained battery
power.
Results of the method could be obtain very fast, and as they are related to damage, the damage
level in material could be predicted with very good accourance.
There is a great diversity of more potencial applications, limited only by imagination of the
user.
The non-destructive evaluation of refractory products by sonic measurments has proven to be a very
useful characterization tool. Thereby it is posible to generate qualitative and/or quantitative results,
several examples are presented in this paper. Physival properties that are commonly correlated with
ultrasonic measurments are apparent porosity, bulk density, permeability, modulus of rupture and cold
crusging strength. Calculable material properties based on ultrasonic velocity data, include modulus of
elasticity , such as resistance parameters were also cosidered for analysis.
Results presented in this study suggests that the resuts of the sonic measurments could be used for
prediction of damage level in specimen due to the thermal shock. Monitoring the damage level could
be obtained using the decrising of the ultrasonic velosity. Also, as the results in the Chapter 4. suggests
the decrining of the Young modulus could be also used for the same purpose. The lower values of the
coefficient of correlation with the water quench results in that case suggests more acurate analysis,
possibly combined with other correlation to get more accurate prediction. Strength degradation in
material due to thermal schoking also could be evaluated, with very strong correlation with the number
of cycles of the quench experiment (N). Prediction of strength degradation could be very useful
parameter to know for life time prediction of material.
Fracture resistance parameters degradation caused by quench experiments was also observed with
excellent correlation with the number of cycles of water quench test. Damage resistance parameters
showed the opposite bahavior, and growth of the parameters caused by quench experiments was
observed.
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Abstract: The electrodeposition conditions of mono- and bi-layer protective systems consisting of galvanic zinc
and Zn-Co alloy additionally treated with chromating solutions are described and discussed. Some of the
separate layers contain electrophoretically included nanoparticles (size 300 - 700 nm) of copolymers The latter
are prepared using special modeling process and consist of polypropylene oxide - PPO - and polyethylene oxide
- PEO. These composite layers and their peculiarities are investigated using SEM studies before and after
corrosion treatment in 5% NaCl. An important effect was established - some nanoparticles hold back metal ions
during the electrocrystallization and after the chemical passivation take part in the microstructure of the
chromating film forming a net of micropores on the whole surface. The latter leads to the conclusion about
increased protective ability of the multi-layer coating containing zinc as a final layer.

INTRODUCTION
Galvanic coatings of zinc and its alloys with Ni, Co and Mn are mainly used in practice to protect steel
and iron elements and details [1-5] - the latter often additionally treated in chromating or phosphating
solutions. A new tendency is the usage of electrochemical nanotechnologies to obtain composite layers
with included nanoparticles of copolymers. Their presence in the metal matrix in high amount spread
the corrosion processes on a greater surface (including the zones with particles) and this holds up the
destruction in the depth of the coating. Another way to realize higher corrosion resistance as well as
protective ability is a bi-(multi-)layer galvanic system containing Zn, Zn-Co and/or another coatings
[6,7]. Composite layers in multilayer systems lead to better corrosion parameters towards the protected
iron substrate, which is very important for its exploitation at conditions with higher corrosion
aggressiveness.

ELECTROLYTES AND DEPOSITION CONDITIONS
The composite layers are electrodeposited from zinc and Zn-Co electrolytes that contain
nonconductive although positive charged particles with sizes 300-700 nm electrophoretically
incorporated in the metal matrix. These particles are prepared using a special technology and consist
of polypropylene oxide (PPO) - hydrophobic nucleus - and polyethylene oxide (PEO) - linear
molecules with M=8400, symmetrically connected to the nucleus. The electrolyte compositions for
electrodeposition of the galvanic coatings used are:
- slightly acidic zinc electrolyte - lOOg/1 ZnSO4 7H2O; 30g/l (NKO2SO4; 25g/l H3BO3; additives
AZl(50ml/l) and AZ2(10 ml/1); pH ~ 4.5 - 5.0; zinc anodes.
- slightly acidic zinc-cobalt electrolyte - lOOg/1 ZnSO4.7H2O; 120g/l CoSO4.7H2O; 30g/l NH4CI; 25
g/1 H3BO3; additives ZC1(2O ml/1) and ZC2(2 ml/1); pH ~ 3 - 4; zinc anodes.
Composite layers are electrodeposited from the same electrolytes and under the same conditions (2
A/dm2, 22°C), with addition of lg/1 polymer particles. The whole thickness of the galvanic layers as
well as of the multilayer systems is aboutl2 urn - the commonly accepted thickness of protective zinc
coatings used on ferrous metals

INVESTIGATING METHODS AND MODEL CORROSION MEDIUM
The peculiarities of the composite layers are investigated using SEM studies on some drops of
dissolved particles in distillated water and in the electrolytes themselves as well as of the sample
surfaces before and after different corrosion treatment in 5% NaCl.
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EXPERIMENTAL RESULTS

a ^
*" * ^>

b

Fig. 1. SEM studies of organic particles with nanosizes:
a - after dissolving in a distUlated water;
b—after 24 hours in the zinc bath..

On copper nets coated with special membranes is situated a drop of the investigated electrolyte for 24 hours period.
After it's drying it is observed using electron microscope (TEM regime, 60 kV). Fig. la shows the polymeric
nanoparticles in distillated water - the latter retain their initial sizes although after dissolving in the zinc electrolyte
they increase on the average of 300 - 700 ran and more (Fig. lb). Moreover, in the part of the hydrophilic "crown"
the water molecules are probably removed from the zinc cations and the particles charge positive. A circumstantial
evidence for this is their inclusion in the cathodic coating after the electrophoretical transportation in the electrolytic
bath toward the negative electrode.
On Fig. 2a are demonstrated SEM studies of the surface of zinc galvanic coating. The included particles have
spherical form and cover a small part from the whole surface with average sizes of 400 - 500 nm. Their
brighter color means they are protruded zones on the surface and show metal characteristics as a result of the
zinc electrodeposition. In the middle of their upper part the metal layer is probably thinner or some of the
particles do not contain electrodeposited zinc. The latter is illustrated on Fig. 2b with one enormous big
particle. On Fig. 2c is demonstrated the surface of the coating, dissolved in 5%.NaCl at corrosion potential
Ecorr ~ -1050 mV during 5 hours. Very interesting phenomenon is that the particles remain in the layer and do
not pass in the electrolyte during the process. Rarely some more dissolved zones on the metal surface could be
also registered.
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a

Fig. 2. SEM studies of the surface of galvanic zinc:
a -corrosionally non-treated sample with incorporated organic nanoparticles;
b - corrosionally non-treated sample with one enormous big nanoparticle;
c - dissolved in 5% NaCl at Ecorr during 5 hours.

Different is the situation after intensive external polarization. On Fig. 3a are shown some characteristic
surface zones after anodic dissolution at Ea —940 mV and ia = 10 mA/cm2 during 5 minutes. More
surface damages could be registered mainly near the particles. This effect is probably a result of the
presence of internal stresses and deformations in the metal structure near the included particles. After 10
minutes polarization only in different zones could be registered nanoparticles - Fig. 3b - and after 15
minutes the damages are greater with presence of some craters (all of the particles pass in the solution) Fig. 3c. As a result of the dissolution the corrosion processes are relative uniformly distributed on the
whole metal surface without deep damages.
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Fig. 3. Surface morphology after anodic polarization in the model medium
a - anodic dissolution for 5 minutes;
b - anodic dissolution for 10 minutes;
c - anodic dissolution for 15 minutes;

On Fig.4 are demonstrated the type and surface morphology of chromated with iridescent yellow
solution galvanic (Fig. 4a) and composite zinc (Fig. 4b and 4c - different magnifications). A typical
microporous net could be observed on the metal surface known also from other our investigations and
from the literature - Fig. 4a. This layer is 20 nm thick and appears at aggressive conditions at low pH.
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Fig. 4. SEM studies on the surface of chromated samples:
a - chromated and corrosionally nontreated galvanic zinc;
b, c - chromated and corrosionally nontreated galvanic zinc with incorporated organic
nanoparticles

During the chromating process more of the particles incorporate in the newly appeared surface film
that also shows microporous net like the pure Zn - Fig. 4a and 4b. The whole length of the pores in
both cases is high and has positive effect for increasing of the corrosion resistance and protective
ability. This is very important for the practice and could be used for zinc coatings as well as for
multilayer systems based on zinc alloys.
On this figure and also on Fig. 2a could be seen the non-metal zone (more dark) at the top of the
particles - in this zone is placed the nucleus of the particle consisting of PPO. In the surrounding area
(more white) are symmetrically situated the PEO molecules. The latter can explain some of the
peculiarities during the corrosion of these passivated composite layers and is very important for the
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usage of the coatings in the electron industry as well as during exploiting at different conditions.
The electrodeposition of Zn-Co with included nanoparticles PPO-PEO from a slightly acidic
electrolyte is also possible. Some of the polymer particles are incorporated in the metal layer, although
in small amounts compared to the pure zinc. Their anodic behavior under anodic dissolution is closed
to this of the pure zinc. After chromating with iridescent yellow solution the particles take place in the
passive layer although with another surface appearance.
The combination of pure galvanic and composite coatings in multilayer systems and their finishing
(chromating, phosphating) will lead to a considerable increase of the whole protective ability
compared to the chromated zinc with the same thickness. This effect could be regarded as a result of
two events:
the ability for the bilayer system Zn-Co(3%)/Zn (established from us in our former
investigations) to decrease the anodic dissolution rate at high anodic polarization;
the delay of the corrosion damages in the depth of the zinc composite layers containing
nanoparticles.

CONCLUSION
The results mentioned above lead to the conclusions that the including of organic nanoparticles in the
metal matrix demonstrates positive influence on the whole corrosion resistance of the system galvanic
coating/substrate. This effect could be greater after combination between pure galvanic and composite
layers in special constructed multilayer systems.
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Abstract: In domestic foundries production of acid resistance high silicon cast iron quite defined and because of
that is with small productivity and many defect products.
Process monitoring is with problems, because of that material is hard and brittle so sampling for caracterisation
is difficalt, expet of chemical analysis. That is reason for non destructive testing application, mainly ultrasonic.
Key words: FeSi alloys; casting, ustrasonic testing,structure:grain size, attenuation.

INTRODUCTION
Serious problem at many areas of metal materials application and main factor of production costs is
corrosion, a g. metal damage caused by chemical action of environment. Corrosion is caused by
chemical reaction and because of that corrosion rate is in relation with temperature and reactants
concentration and reaction products. Also, mechanical stresses and errosion are factors contributing to
corrosion rate.
When choosing material for technical construction with corrosion ressistance requierement, it's usefull
to take account all condition and rules, find appropriate corellation behaind material properties - all
corrocion aspects - economical and ecological aspects
Special problem is research in whole production process, manufacturing technologies and production
of parts with appropriate structural, structural, chemical and mechanical properties, e.g. production of
parts with required quality under the best economical conditions. On this base, it was planned to
research castings production with special properties like resistance to acids and with better resistance
to abrasion.
High silicon iron in cast form with resistance to acid is modern way of production. This type of
corrosion resistance iron contains more than 14,5% Si. It is hard and brittle, so casting with grinding
the best process for manufacturing of different parts.
High hardness values of high silicon cast iron is reason for good abrasion resistance, but at the same
time, low strength and high brittleness are reasons for mechanical impact and thermal shocks
sensitivity.
It's important to note that construction of this type castings is very different, that there are not
domestic standards and that production of these parts depends of manufacturers of equipment for
chemical industry in first order. Many chemical industry factories, for different acids production,
many needs for high silicon cast iron satisfied by importing. Taking account high price of these
castings to their mass unit, it's possible to conclude cost level.
With aim to check casting quality, it's possible to applicator appropriate NDT methods for surface
defects presence and homogeneity testing.
In this case, ultrasonic testing is applied on test piece, special step sample containing 7 steps with
different thickness about 10 to 70 mm.
Material structure control is based on sound attenuation and wave velocity throw testing object.
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CHARACTERISTICS OF CORROSION RESISTANT HIGH SILICON
CAST IRON
High silicon cast iron or acid resistance iron contains up 14% to 18% silicon. This type iron is aimed
for acid environment exploitation, mainly for centrifugal pumps, equipment for sulphuric acids
(blades, mixer and other), reaction apparatus, compressors etc.
This material production is with number of difficulties: internal stresses, cracks, porosity and on the
end with many defect products. Also, it's impossible to make better some characterizes by thermal
treatment. Because of specifically process and material, it's necessary to take care at high silicon cast
production, on choose of raw material, meting process, manufacturing of moulds and cares and casting
process.

CHARACTERISTICS AND APPLICATION
Corrosion resistant high silicon cast iron is standardized to BS 1591; 1949 which contains data about
chemical analysis and heat treatment.
Table 1: Chemical analysis of corrosion resistant high silicon cast iron
C%
Mn %
S%
P%
Si%
standardized

0,35-1%

14,25-15,25%

max 1,0%

max 0,1%

max 1,0%

the most
used

0,5-0,8

14-16

0,03-0,8

0,007

0,1

With higher content from Si, corrosion resistance is bigger with simultaneously loosing of relatively
good mechanical properties and mach inability. Because of that, for an application it's necessary to
specially decide on chemical analysis of this material.
The Si Content has to be between 14 and 16%, reason for it is presence of continual protection film of
SiO2.
This film is easy formed on casting surface because of great affinity Si to oxygen.

STRUCTURE
Ferrum with strong energy with Si makes solid solution, lowering meting point of Fe. Temperature
interval between liquidus and solidus is so small, so it's difficult to form Si segregation.
Silicon is an element which makes smaller y area of ferrum. Because of that, modification points are
on higher temperatures, so 17% Si moves these for 50°C. It's reason for forming of rough gain during
annealing, recristallisation and quenching.
Carbon influence on Fe/Si system diagram so that doesn't change present phases configuration, but
makes smaller solidificaation interval of system and also Si content at the eutecticum. Carbon present
in highsilicon cast microstructure exixts like lamellar graplut in form fine lamellas, rough lamellas and
in form of small bars. Sometimes in microstructure carbide is present, specially in case rapid cooling,
imidiatelly after solidification.
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Fig. 1: Microstructure of high silicon cast iron
Mechanical properties and corrosion resistance are lower with growing of grain size, specially
intercristalline corrosion resistance lowering.

TEHNOLOGICAL CHARACTERISTICS
Highsilicon cast iron has good castability. This characteristic is connected with higher Si content. Pry
the rule, for casting, the most usable alloy is with eutectic content which is the best because of low
melting point and small solidification temperature interval.

CORROSION RESISTANCE CNARACTERISTICS
Corrosion resistance characteristics of high silicon cast depends on formed film silicon dioxide (SiO2).
Ferrum atoms excretes from silicon-ferritic lattice and residual Si atoms are oxidized so the form
protection film of silicon oxide which stops further corrosion.
High silicon cast iron is resistance on sulphuric and nitrogen acids action by very large range of
concentrations and temperatures, and also on mixes of sulphuric and nitrogen acids.
High silicon cast iron is resistance on phosphoric acid action at room temperature, organic acids at all
temperatures and concentrations nitrogen oxides at higher temperatures, carbon disulfide, solution of
higher temperatures, solution of aluminium chloride, aldehyde and other arressive mediums.

SAMPLE TESTING
Chemical analysis of sample is: C-0,5%; S-0,014%; Si-15,32%;

TEST RESULT AND ANALISYS
Longitudinal ultrasonic waves relacity is meaused on known way with probe MB2F on thickness
24mm (2 sample step). Average value of these ways velocity is 2.478m/s.
It's known that material structure (grain size, form and grain orientation) effects on ultrasonic
penetration. If the grain size in similar to flowing wave length, than this effect is greater. Ultrasonic
waves attenuation is great and is greater with transversal than longitudinal waves because of their
nature.
Wave diffraction is with dominant effect on attenuation. On grain boundaries refraction and
transformation wave is presented so that relation usefull signal / noise is smaller in this type of
material and it's possible to divergence wave from the main beam.
Beside of that, if the material in transverse cross is anisotropical, than problem of the wave
propagation is greater, e.g. testing / meauserement is more difficult because of new unknown data.
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But, by the other side, and for these materials it's possible with ustrasonic method (it's known that this
method is comparative method of testing), by ultrasonic propagation, give some important material
data.
In this sample testing, the aim is to determine conditional / comparative grain size on different
thickness of sample. For conclusion it's necessary to use meauserement results and metallurgic
/metallographic knowledge.

6
5
4
70,7mm

3
62,3mm

53,6mm

2
44,2mm

34,4mm

1
24,0mm

13,4mm

Fig. 2. Test results

Table 2: Test results
Attenuation 2
First echo with
Step
Second echo db
db/mm
amlification db
14
0,66
32
1
26
0,333
2
42
0,228,
3
30
46
4
40
56
0,181
50
0,149
5
66
60
6
74
0,133
There are many defects - it's not possible to determine attenuation
7
Attenuation on step "l"-(the smallest thickness) is not valid for analysis. Reason for it is presence of
inclusions which checks "3" and "4" bottom echo.
According to meauserement values of attenuation it's seen that attenuation, is the smallest on the cross
with the biggest thickness, where was able to measure highness of second echo.
According to metalographoc analysis samples which were with thickness range up 12 to 50 mm, it was
seen following:
• structure of all tested thickness samples, consists of graphite form I (JUS C. A3.020);
• graphite orientation changes depending on thickness; on the part with the smallest thickness is
A and D, sometimes E, but on the part with the biggest thickness, only A (JUS C. A3.020);
•

graphite size is different depending on thickness 5/7 in sample with the smallest thickness and
3/6 on sample with the biggest thickness.
On samples with relatively small thickness (about 10 and 20 mm) it's seen dendrite porosity.

CONCLUSION
It's known fact that correlation between structural characteristics of metallic materials like grain size,
microconstituent type, graphite size and form, intercrystalline corrosion etc by one side and some
subcharacteristics of ultrasonic wave in material ( attenuation, diffraction, reflection etc), by other
side.
Comparing results of ultrasonic and etalographic testing, it's able to say that present relation between
attenuation value and "fine" structure. Cooling rate which is the smallest on sample with the biggest
thickness (compared thickness is 50 mm) declare assumption that structure is finer by slower cooling.
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These preliminary testing could be substrate for further research with aim to establish rules of
correlation between attenuation and grain size, which would be very usefull for production testing of
castings in foundry.
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Abstract: Electrodeposition of carbon on an nickel electrode in molten salt has been investigated with the aid of
scanning electron microscopy (SEM) and cyclic voltammetry, using molten LiCl, as a base electrolyte with
adding of 1 and 5 % of Li2CO3. Commercial nickel wire was used as a cathode and graphite crucible as the
anode electrode. A cyclic voltammograms for an nickel electrode indicates that the deposition or discharge of
carbon at the cathode occurs at potential range of - 0.8 to -1.7 V. Further, SEM observations showed that
morphology of the carbon at the cathode is in the form of a fairly hard black deposit. It was found that the quality
of-the deposit depends by the cathode surface, applied overpotential, content of lithium carbonate and the
thick*ness of the carbon film.
Key words: electrodeposition, carbon film, nickel electrode, molten salts,

1. INTRODUCTION
Currently carbon is used as an anode material in several electrochemical processes, due to its
properties such as high heat resistance, corrosion resistance in oxidation conditions and low cost. If a
cohesive carbon film on a metal substrate is obtained, the corrosion resistance and/or thermal
resistance of the surface of the metal substrate may be greatly improved because the corrosion
resistance or thermal resistance of carbon is superior to that of metal.
The standard method for preparing carbon films is chemical vapour deposition (CVD), but it is very
expensive because of the high temperatures involved (1500 °C). Thus, electrodeposition of carbon on
usual substrates such as cooper, nickel could be a promising alternative, because of the lower
temperature of the process.
Several authors [1- 4,] have reported the formation of carbon films by electrolysis in molten salts. Two
different mechanisms have been proposed for the electroreduction of these ions:
1. The first mechanism is two steps reduction of carbonate CO32'ions into carbon
CO32" + 2e -> CO2 + O2CO22" + 4e -> C + 2O2
2. The second mechanism in one step reduction of carbonate CO32" ions into carbon
CO 3 2 ' + 4e -> C + 3 0 ^
This wark presents a study of the electrochemical reduction of carbonate CO32" ions into carbon in
LiCl-Li2CO3 media at a temperature of 700 °C. Finally, some carbon deposits were obtained on a
nickel electrode.

2. EXPERIMENTAL
The experiments were carried out in a cylindrical graphite cell (external: 15.0 cm height and 9.0 cm
diameter; internal: 14.0 cm height and 7.0 cm diameter, Graphite Technologies, high density grade) as
the container of the molten salt electrolyte. The crucible served as the anode while a nickel wire was
inserted into the electrolyte (1.0 mm diameter) to act as a cathode. 20 mm in length of the cathode was
exposed to the electrolyte to give an initial cathodic surface area of 0.07 cm2. The cathode was
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surrounded with to a ceramic sheath, to prevent electrical contact between the cathode and anode
which can be caused by floating of lithium on the surface of the electrolyte. In these experiments LiCl
+ Li2CO3 salt was used at a temperature of 700 °C.
The cell was used inside a sellable Inconel tube reactor with a water cooled jacket and heated by a
vertical 1600 °C Lenton furnace which was equipped with a programmable controller (see Fig. 1). The
salt was always thermally pre-dried in an argon atmosphere inside the Inconel tube at 250 °C for at
least 2 h and was then melted in an argon atmosphere. The electrolysis was controlled by a Farnell
LS30-10 autoranging power supply. The cathode was inserted into the melt, deposited and after the
electrolysis time lifted above the salt inside the tube and left to cool under inert atmosphere below 100
°C.
After each experiment, the cathode was removed and washed with water and 1 M HC1. The deposits
were inspected by electron microscopy, using JEOL 6340F (SEM, 10 kV),

Argon gas
lOOcrrf/rrin
Water cooling

Gas-tight Ineonel
Reaction tube
Furnace
Cbrarric sheath
OU.=4.0mm
ID. =2 mm
Salt

Mckelcathode
Diarreter 1.0 mm
•Carbon crucible
QD.=90mm
LD.=70 mm
H= 150 mm
h =130

Fig. 1. A shematic diagram of the experimental set-up for molten salt electrodeposition.

3. RESULTS AND DISCUSION
3.1. CYCLIC VOLTAMETRY
Cyclic voltammetry is often the first experiment performed in an electrochemical study on a material
used as an electrode. For that reason, before the process of electrolysis was done, some curves were
recorded for each system.
The polarization curves obtained at a scan rate of 100 mV/s in pure molten LiCl, as a base electrolyte
and LiCl + 1 % and 5 % of Li2CO3 by weight, on a nickel wire, are shown in Figs. 2, 3 and 4. It is
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obvious that metallic lithium deposition or reduction, figure 2, on the nickel electrode occurs at a
potential of- 1.9 V at 700 °C.
The voltammogram shown on figures 2 and 3, shows that the electrochemical reactions occurs as a
result of quantity of added lithium carbonate is completely different from that occurring in pure
lithium salt [2]. It is obvious, from the voltamogram, that 1% and 5 % of lithium carbonate added in
the melt, exhibits the occurrence of some other electrochemical process at the cathode. This means
that some early electrochemical reaction starts at a potential of around -0.8 V. This early cathode
reaction probably occurs as a result of carbon discharge at this potential.
The curves clearly illustrate that addition of carbonate causes marked changes in the experimentally
obtained voltamograms[2,5]. This suggests the occurrence of an early electrochemical reduction
process. The process has a cathodic current peak or plateau at approximately - 0.8 to - 1.7 V that is
directly proportional to the added concentration of L12CO3.
It is worth emphasizing that the cyclic voltamograms presented in figures 3, 4 and 5, confirm that
discharge of carbon is the first electrochemical step to occur in the process.

3.2. ELECTRODEPOSITION OF CARBON
The preceding results show that the reduction of CO32" ions occurs in potential range of-0.8 to - 1.7
V. In order to confirm the reaction around this potential, and characterize the electrolytic carbon
deposits obtained, some potentiostatic electrolysis runs were carried out at a potential of -1.3 V and
temperature of 700 °C on nickel electrodes. The electrolysis time was limited at 30 and 60 seconds.
The morphology of the deposits obtained under the conditions presented above are shown at Figs.5
and 6. From SEM images of the surface of the carbon deposit it seems that the whole surface of the
nickel is covered.
Furthermore, Fig. 5, shows that the morphology of the deposit or the film formed at the cathode
surface is quite smooth. The observation shows that after the cooling of the cathode at the surface a
thick mixed film of carbon and salt is formed. To avoid this problem the method of washing and the
solution were changed. The next samples were washed with 1M HC1 in ultrasonic bath. Obtained
results are shown at Fig. 6. SEM image presented on Fig. 6 show, that the new method used for
washing successfully removes the salt from the surface. This confirms that the thin film was formed
by the salt due to raising of the nickel wire from the electrolyte.
It is obvious (Fig. 6), that the whole surface is covered with carbon deposit, but the morphology of this
deposit is different than previous one. The surface looks like polycristaline deposit and is not smooth
as a previous one.
The observation of the samples shows that the differences between them are caused after the
electrolysis during the cooling time and also because of a methods used for washing.
It is also worth to mention that this deposit is formed inside the crucible, during the process of
electrolysis at the temperature of 700 °C.
Notice that in these experimental conditions, the salt included in the deposit can be removed only by
washing of the deposit with solution of 1M HC1 in an ultrasonic bath. It seems that the washing off the
deposit decreases somewhat the adherence of electrodeposited carbon.
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Fig.2. Cyclic voltamogram for a nickel electrode in molten LiCl at a scan rate of v = 100 mV/s at 700 °C.
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Fig.3. Cyclic voltamogram for a nickel electrode in molten 99% LiCl + 1 % L12CO3 at a scan rate of
v=100mV/sat700°C.

Fig.4. Cyclic voltamogram for a nickel electrode in molten 95% LiCl + 5% Li2CO3 at a scan rate of
v = 100 mV/s at 700 °C.
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Fig. 5. SEM images of Carbon film obtained potentiostaticaly on nickel wire in molten LiCl + 5% Li2CO3 at
temperature of 700 °C. The film is washed with water. Magnification: a) 100x and b) 500x. Time of deposition
30 seconds. Overpotential • = - 1.3 V.

Fig. 6. SEM images of Carbon film obtained potentiostaticaly on nickel wire in molten LiCl + 5% Li2CO3 at
temperature of 700 °C. The film is washed with 1M HC1. Magnification: a) 100x and b) 500x. Time of
deposition 30 seconds. Overpotential D = - 1.3 V.
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4. SUMMARY
From the results presented in this work, we can summarize:
•

Carbon films can be prepared by electrochemical reduction of carbonate ions in molten
LiCl + Li2CO3,

•

The obtained carbon is in the form of fairly hard black deposit and fairly good adherence
at the substrata. It was found also that the deposit is mixed and covered with low quantity
of solidified salt.

•

The salt formed at the surface can be removed with washing. The best solution for
washing is 1M HC1,

A further investigation will concern the influence of the experimental conditions (temperatures,
current density or potential applied) on the morphology of the carbon deposits correlated with an
investigation on the appearance and growth of the layer
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Abstract: Thermal films on titanium surface were formed by heating titanium samples in air at atmospheric
pressure. The optical constants, thickness and structure of the formed films at various temperatures and times of
heating were investigated by ellipsometry and Raman spectroscopy. The complex index of refraction and the
thickness of generated films were determined by comparing the experimental loci A and 4* obtained by ellipsometric
measurements with theoretical computed A vs *P curves. It was found that the thickness inhomogeneity and porosity
of formed films increase with increasing temperature and the duration of the thermal treatment Beyond a certain
critical temperature, the appearance of some Raman bands and changes in their intensities, indicated that the film
transformed from amorphous to microcrystalline and crystalline structure.

INTRODUCTION
Titanium belongs to the group of transition metals with unfilled d-orbits and shows great affinity for
oxidation. That is why, the surface of titanium is always covered with a very thin oxide layer-film
(between 2 and 6 nm) so called "natural film". This film is a very bad electronic and ionic conductor and it
is very effective barrier for further oxidation or corrosion.
Increasing the thickness of previously formed "natural film" i.e. further oxidation of titanium can mainly
be achieved by increasing the temperature and the time of oxidation or by electrochemical oxidation.
The objectives of this work were by using ellipsometry and Raman spectroscopy to study vanous structure
transitions dunng thermal oxidation of titanium surfaces and to determine their optical properties and
crystalline structure.

EXPERIMENTAL
The titanium samples with punty of 99.7 % had the cylindrical shapes with 0 = 20 mm and h = 10 - 15
mm. Before each measurement the samples were firstly mechanical polished and afterwards
electropohshed to mirror brightness.
The ellipsometric measurements were carried out after finishing the oxidation and cooling the samples
spontaneously to room temperature (in disicator).
The oxidation was performed in temperature range from 100 °C to 600 °C during the period of 30 sec to
maximum 1.8 105 nun.
By Raman spectroscopy through the metallographic microscope the incidence laser beam was centered
onto surface oxide films and then Raman shift was monitored.

RESULTS AND DISCUSSION
ELLIPSOMETRY
Ellipsometry is one of the most convenient techniques for the measurement of the thickness and refractive
index of thin films on solid surfaces. By ellipsometric measured parameters A and ¥ for various
temperatures and time of heat treatments, the film thickness and refraction index were simultaneously
calculated.
Figure 1 shows the variations of ellipsometric parameters A and 4* during the thermal oxidation of
titanium earned out at lowest investigated temperature of 100 °C.
By fitting the experimentally gained values of the ellipsometric parameters A and *¥ with theoretical ones,
the thickness dand complex refractive index ft = n (1-ki) were determined.
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Fig.l. Dependence of ellipsometric parameters A and *F during the thermal oxidation of Ti at 100 °C

At lower temperatures, up to 300 °C, optical constant k is around zero. At higher temperatures, above 300
°C, oxide film is nonhomogeneous, it shows defects within itself, thus the value of the k grows.
Figure 2 shows the variations of the ellipsometrical measured parameters A and ¥ during the thermal
treatment of titanium samples for temperature of 600 °C
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Fig.2. Dependence of ellipsometric parameters A and ¥ during the thermal oxidation of Ti at 600 °C

Kinetic analyses were also carried out to verify the influence of the temperature on the kinetic law of the
film thickness growth. At relatively low temperatures of oxidation (up to 300 °C) a film with constant
thickness (up to 20 nm) was formed, no matter how long the oxidation last. The average oxidation velocity
grows with temperature as well as the thickness of oxide film up to 150 nm.
Table I shows the data of oxidation velocity as a function of temperature for separate film thickness.
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TABLE I.
Oxidation velocity of titanium as function of temperature
(at separated thickness)

t(°C)
350
400
450
500
550
600

v/cms"1
dote. =5nm •*- 20nm
1.23310"

10

1.663 10 1 0
7.1710"

10

2.11310"

9

7.9510"13
1.1210""

10

1.3410"10

7.05T0"10
9

^oks. =60nm -J- 150nm

5.7810"11
3.3510"

2.87'10"

rfoks. =20nm -*• 60nm
2.9210"12

-

-

2.1710"9

6.410"9

As per data from Table I could be conclude that the average oxidation velocity of titanium at atmospheric
conditions grows with temperature. Also, the dependence of In Vav - y^

was determined for different

oxide thickness (1,2,3), shown on figure 3.

-IB

Fig. 3 Dependance of the average oxidation velocity In Vnv from yL, for film thickness: 1 (5- 20 nm);
2 (20 - 60 nm); 3 (60 - 150 nm)

RAMAN SPECTROSCOPY
The Raman effect is a satisfactory alternative procedure to the standard X-ray and electron diffraction
techniques for detection of crystal structure.
The natural oxide films of an electropolished titanium surface were studied and have shown that the oxide
film was TiO 2 which correspond to rutile structure.
The Raman spectra on the. sample heated at a temperature of 100 °C did not show any active Raman
bands. Raman spectra of Ti samples heated at 500 °C for 30, 180 and 360 min. are shown in figure 4.
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Fig. 4 Raman spectra of ti heated for various times at 500 °C :
(1) 30 min ,(2) 180 and (3) 360 min.
Only two bands, located ata 447 and 612 cm"1 correspond to modes of TiO 2 , rutile phase.
As shown in figure 5, the band intensities increased if the Ti samples were heated at a temperature of 600
°C. At this temperature a complete Raman spectrum of TiO 2 with rutile structure develops within 30 min.
Three strong bands can be distinguished in the spectrum (143, 447, 612 cm' 1 )
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Raman spectra of Ti heated at 600 °C for 360 min.
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CONCLUSION
Thermal films on titanium surfaces were formed by heating titanium in air at atmospheric conditions. The
optical constants, thickness and structure of the formed films at various temperatures and time of heating
were investigated using ellipsometry and Raman spectroscopy.
The natural oxide film which spontaneously forms on electropohshed Ti surfaces has an amorphous
structure.
The thickness of the oxide films grows with the temperature and duration of the treatment At the same
time the optical characteristics of the film change. Oxidation velocity grows with the temperature. Up to
500 °C the structure of the film is amorphous TiO2, while above this temperature the amorphous film
transforms only to rutile structure.
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Abstract: An electrochemical model for crack propagation in film-covered metals, based on the film- rupture
concept in stress corrosion cracking (SCC) of metals and quantitative electrochemical kinetics considerations, is
presented and discussed. Using a general expression relating the rate of crack propagation with the
electrochemical parameters of metal-environment systems, it is shown that the crack propagation rate depends on
the rate constant of the metal dissolution reaction at the film-free crack tip, the ratio between the rate constants of
the cathodic and metal dissolution reactions at the outer metal surface as well as on the reversible potentials of
the cathodic, metal dissolution and film-forming reactions involved. It is also shown that the model can be
applied for calculating the rate of crack propagation and explaining the differences in SCC behaviour of various
metal-environment systems as well as for defining electrochemical conditions favourable for SCC

1. INTRODUCTION
The realization of the importance of the electrochemical factors in SCC of metals has stimulated the
interest in electrochemical mechanisms of SCC. Several mechanisms of SCC have been proposed [113] and they all rely on the concept that SCC is a result of an intensive and highly localized corrosion
attack on the metal under stress - the crack grows because of the high rate metal dissolution at the
crack tip, while the dissolution at the crack walls as well at the outer metal surface is much slower
The function of the stress is to provide active surface sites for such a localized corrosion and to
prevent the dissolution reaction from becoming stifled by film forming.
The strain-assisted dissolution mechanisms rely either on the electrochemical activity of the strained
regions in the metal or on the rupture of the protective film. When a protective film is formed on the
metal surface, it is considered [1-3,6-13] that the stress in the underlying metal (most probably the
plastic strain) may bring disruption of the film to expose bare metal, thus providing localized
dissolution with high current density at the newly exposed surfaces. In the case of absence of
protective films (metals in an "active" state) it is established [14-17] that the stresses in excess of the
yield stress of the material may also produce locally enhanced activity. The local plastic strain causes
slipping which reveals slip edges and in some metals (e.g. iron, molybdenum) - high-index planes as
slip steps at which the dissolution rate is considerably higher (1-2 orders of magnitude) than that at
rest of the surface. It is also shown [17] that in the presence of protective films, the slip-steps
dissolution effect is usually overwhelmed by much larger effect of film fracture followed by bare
surface dissolution.
The strain-assisted dissolution mechanism has been applied to a wide variety of SCC systems and has
assumed great importance in the practice [2,6-8,11-13]. As the reliability of engineering structures
becomes more and more important, it is becoming essential to develop a database that will make
possible a predictive capability for metal-environment interactions.
Despic and Raicheff [18-20] have applied quantitative electrochemical kinetics considerations to the
problem of SCC both in the presence and in the absence of protective surface films. The aim of the
paper is to present an electrochemical model for crack propagation based on those considerations and
the film-rupture concept in SCC, to examine the effect of the main electrochemical parameters on the
susceptibility to SCC as well as on the rate of crack propagation.
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2. MODEL FOR CRACK PROPAGATION
If the strain-assisted dissolution mechanism of SCC is assumed to be operative, the electrochemical
model for crack propagation could be schematically represented as in Fig. 1. The crack growth occurs
by dissolution of metal with high rate at the active crack tip, while the rate of dissolution at the outer
metal surface as well as at the crack walls is much lower because of the filming. The function of the
stress is to cause fractures of the protective film, thus providing active sites for a highly intensive and
localized dissolution. Therefore, the effect of the applied stress on the rate of metal dissolution could
be express by the rate constant, i.e. the exchange current density of the anodic dissolution reaction at
the crack tip which is proportional to the number of electrochemically active surface sites and depends
on their activity. The maintenance of crack tip "active" (film-free) depends not only on the
electrochemical conditions but also on the rate at which new metal surfaces are exposed by plastic
strain, i.e. on the strain rate [15,17], which is assumed to be constant in the present model.

stress

stress

Figure 1: Schematic model of a propagating stress-corrosion crack in film-covered metals
The rate of crack propagation V could be related to the metal dissolution current densities at the crack
tip IMC and the outer (filmed) metal surface iMF:
V

UMC ~ iMF )
n )
zFp
where A is the atomic weight of the metal, z - the number of electrons transferred per atom dissolved,
F - Faraday's constant and p - the density of the dissolving metal.
This expression assumes a continuous dissolution at the crack tip. In the case of film-forming
environment, this means that the strain rate is high where A is the atomic weight of the metal, z - the
number of electrons transferred per atom dissolved, enough to maintain bare surface conditions at the
crack tip or the time during which the crack tip is relatively inactive is a small proportion of the total
time of dissolution. If this is not so, then the frequency of film rupture at the crack tip should be taken
into account as suggested by Ford [11]. In this case Eqn. (1) gives the maximum crack propagation
rate at given electrochemical and strain conditions.
Actually the crack propagation rate should depend also on the associated cathodic (depolarization)
reaction which need to produce a current sufficient to balance the anodic currents at the crack tip and
the rest of the surface.
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In the case of dissolution of metal at an active crack tip ("active" state metal dissolution), the current
density iuc can be related to the corrosion potential Ecl>rr according to the well-known relationship of
activation controlled electrode kinetics [21]:
i

i

r

ex

P

~ EM

MC=( o)MC p[-jfiT

(2)

where (IO)MC is the exchange current density for the metal dissolution reaction at the crack tip, aM the transfer coefficient and EM - the reference potential to which i0 pertains, i.e. the reversible
potential of that reaction.
When metal dissolution occurs at film-covered surface ("passive" state metal dissolution), the
exponential relationship between the anodic dissolution current density iMF and the potential reflects
an ohmic control of the process in the high field operating across the passive film (usually oxide in
nature) [22], i.e.
IMF = \lo IMF

ex

P

(XMFF a
-EF)
RT 8 'corr

where £> is the reversible potential of the film-forming reaction, (IO)MF - the dissolution current
density at that potential, aMF - the transfer coefficient (usually aMF ~ 0,5 -cf.[22]), S - the thickness of
the passive film and a - the width of the energy barrier for ionic diffusion across it.
Assuming that the cathodic reaction is also under activation control, a kinetic relationship similar to
Eqn. (2) can apply to the depolarization current density at the crack tip, iDC. (This assumption is
obviously a limitation of the model, since e.g. oxygen reduction in many cases could be under
diffusion or mixed control. At the same time, the continuous "opening" of the crack under tensile
stress and "sucking in" fresh electrolyte render the mass-transport limitations within the crack less
probable [7]). Unless the protective film is electronically nonconducting (and hence the cathodic
reaction completely inhibited), the depolarization current density iDF at the film-covered metal surfaces
should be governed by the same type of kinetics equation [21,22]. Thus, the current densities iDC and
iDF can be also related to the corrosion potential as
a F
i

DC=(io)DCexP

D
RT

(E

corr

(4)

l

DF =

RT

where ED is the reversible potential of the depolarization reaction, (IO)DC and (io)oF are the exchange
current densities for that reaction at the crack tip and the film-covered metal surface respectively, aD
and ccDF are the corresponding transfer coefficients.
In general, the corrosion potential Ecorr can be obtained from the equality of the total anodic current
and the total current of the depolarization reaction. However, not in all cases Ecorr could be extracted
explicitly. Still at the beginning of crack development, Ecorr can be assessed neglecting the currents at
the crack tips (since the surface area of the crack tips is certainly many orders of magnitude smaller
than the area of the rest of the metal surface) as

exp-

FE'corr _ (to)'DF {a/S)x +aL
+(a/S)aMFEF
F aDFED
MF
.exp
RT
{a/5)aMF+aDF
RT
>MF
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When Eqn. (6) is introduced in Eqns. (2) and (5) and those replaced in Eqn. (1), taking into account
that for filmed metals iMC » *W (i-e. the second term in Eqn. (1) can be neglected), the expression
for the rate of crack propagation is obtained as:
'DF

(-'J,MF

zFp

]

.

•UMC

with

[a/8pMF+aDF
•p
—(Qi^DFED
Kl

+ QlaMEF

-

3. DISCUSSION
It is seen from Eqns. (7) - (9) that the rate of crack propagation V depends on the electrochemical
parameters of the partial corrosion reactions involved. The rate V is basically determined by the
specific rate of metal dissolution at the crack tip. The susceptibility to SCC, however, depends also on
the ratio between the exchange current densities of the depolarization and metal dissolution reactions
at the outer surface as well as on the value of Kj (i.e. the reversible potentials of the metal dissolution,
film-forming and cathodic reactions).
Eqn. (7) indicates also that the susceptibility of a given metal to SCC will be higher, the larger the
ratio (io)DF/(i0)MF is. This means that protective films possessing both high electronic and low ionic
conductivity as well good electrocatalytic activity for whatever depolarization reaction involved would
favor crack development at conditions of local breakdown of the film. The passive films on iron and
steels usually possess relatively a good electronic conductivity and low ionic one, so one can expect
that the presence of passive film on the metal surface would hamper the metal dissolution but it will
not affect strongly the rate of the cathodic reaction (associated with electron transfer only).
The model could be used for calculation of the approximate rate of crack propagation. Thus, it is
established [25-27] that low-carbon steels undergo SCC in orthophosphate solutions at pH = 4,0-6,0
and ordinary temperature with a rate of crack propagation in the range 1.10"9- 6.10"9m/s. Using Eqn.
(7) and the following parameters [21-23]: aM = 0,5, EM= -0,44 V, ED = -0,24 V (hydrogen evolution as
a depolarization reaction), EF = 0,36 V, (io)DF=l0's A/cm2, C'JMF=10" 10 A/cm2and (in)Mc=W6 A/cm2
(cf. also [17]), a reasonable value of 4.10"9 m/s is obtained for the rate of crack propagation in the steel
(iron) in 1M NaH2PO4 solution (pH = 4,0 and 25°C).
It is also known that low-carbon steels develop SCC in hydroxide solutions with a crack propagation
rate in the range 2.10"8 - 5.10 s m/s [1,2]. Eqn. (7) and the following parameters [21-23]: aM= 0,5,
aDF - 0,5, EM = -0,44 V, ED- 0,39 V (oxygen reduction as a depolarization reaction), EF= -0,2 V,
(io)DF=W13 A/cm2, (io)MF=l0'l° A/cm2 and fi'J wc =10' 6 A/cm2 [17] render a value of 3.10"8 m/s for the
rate of crack propagation in the steel (iron) in NaOH solution (pH = 14,0 and 25°C). Thus, a good
agreement between the calculated and experimentally observed values of crack propagation rate in
low-carbon steels is obtained for both cases of SCC.
If crack propagation is considered for one and the same material in two media, both causing passivity
but with different electrocatalytic activity of the passive films formed (i.e. different (io)oF values), one
should expect a faster crack propagation for the environment where the specific rate of the
depolarization reaction is higher. This may account for the fact [1,2,23-25] that the rate of crack
propagation in mild steels in nitrate solutions (5.10"8 - 6.10"7 m/s) is 1 - 2 orders of magnitude higher
than that for the same steels in phosphate environments (1.10"9 - 6.10"9 m/s). If by any reason the
activity of the filmed surface for the cathodic reaction increases (e.g. increase of electronic
conductivity of the film), an increase in the susceptibility of the metal to SCC is also to be expected.
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Fig 2: Dependence of crack propagation rate Von the ratio (UDFAUMF
Proceedings of 3rd BMC-2003-Ohnd, R. Macedonia

and K, at (i0)MC = io" (a); 10' A/cm (b)

353

AN ELECTROCHEMICAL KINETICS APPROACH TO THE CRACK PROPAGATION...
Thus, the crack propagation rate depends on the specific rate of the cathodic reaction at the outer metal
surface
As the activity of the metal surface for dissolution process is increased (i.e. (7JA*F value is increased) as
a result of diminishing in the protective properties of the film, the second term in Eqn. (1) will also
increase (it can not be any more neglected) and the rate of crack propagation will decrease. If the
surface exhibits relatively high activity, the tendency to SCC will decrease and may even vanish. This
conclusion is in accordance with the findings [28] that SCC of austenitic stainless steels does not occur
if the corrosion rate is higher than 0,2 - 0,25 mm/year. This may also account for the effect of CF ions
on the susceptibility of mild steels to SCC in film-forming environments [29] which is obviously
related to the detrimental effect of CF ions on the protective properties of the surface film as well on
the rate of its repair after mechanical fracture. Thus, it is established [30] that small additions of
chlorides in nitrate solutions tend to produce general corrosion and to inhibit SCC of mild steels.
Finally, the model could be applied to develop a database for the environmental effect on the
susceptibility of film-covered metals to SCC. The crack propagation rates were calculated at various
electrochemical conditions using Eqn. (7) and literature data for the electrochemical parameters. The
analysis of the data for relevant metal-environment systems has shown that those parameters change
usually in the following range: ED= 0 - +0,8 V; EM= -1,7 - +0,3 V; EF= -1,0 - +0,6 V; (io)DF/(io)MF
=10"3-102 and (io)MC =10~7-10~3 A/cm2 [21-23]. Assuming [22] also aM ~ aMF = 0,5, aDF - 0,5 and
(a/5) = 0,01- 0,1 (which renders Qi ~ 1,0), three-dimensional graphic plots of the rate of crack
propagation V as a function of the ratio (QDFAQMF and K; (cf. Eqn. (7)) were also obtained. Typical
plots of the rate V are shown on Fig.2 for two different rates of the localized dissolution. It is seen that
the susceptibility to SCC decreases considerably at values of the ratio (IO)DFAQMF less than about 1,0.
At higher values of this ratio, the rate of crack propagation is in the range 10"9 - 10"7 m/s and its value
depends strongly on the parameter K;.
At low rates of localized dissolution (i.e. small (IO)MC values, cf Fig.2-a), the electrochemical
conditions would be favourable for crack development only for metals with very negative potentials
(e.g. Al, Mg, Ti, Zn, Fe and their alloys) and in environments only where the oxygen reduction is a
depolarization reaction, i.e. conditions that render large Ki values (in that case Kj >10 3 ). The tendency
to SCC for those metals will be higher the larger the ratio between the exchange current densities of
the depolarization and metal dissolution reactions at the outer surface is.
At higher rates of localized dissolution (cf. Fig.2-b), however, the SCC zone at {IO)DA^O)MF >l,0
extends practically for all values of Kj >l,0. Thus, the electrochemical conditions would be favourable
for SCC of a wide range of metals (even those metals with less negative or positive potentials)
corroding in environments where the oxygen reduction as well as the hydrogen evolution may develop
as a cathodic reaction. In this case also, the tendency to SCC depends on the ratio (QDFAQMF • Those
results indicate that environmental conditions where the oxygen reduction develop as a depolarization
reaction would be more favourable for SCC of a susceptible metal system since they need a localized
corrosion attack with much lower rate for developing of cracks in comparison to the conditions where
the hydrogen evolution is a cathodic reaction.
One should note that the expression (6) applies only to the beginning of crack development or to large
metal components (surfaces) with few cracks, where the currents at the crack tips are never significant
in comparison to those at the outer metal surface, i.e. the corrosion potential is defined primarily by
the phenomena at the outer metal surface.

4.CONCLUSION
An electrochemical model for crack propagation in film-covered metals based on strain-assisted
dissolution concept in SCC as well as on quantitative electrode kinetic considerations is presented and
discussed. Using a general expression relating the rate of crack propagation with the electrochemical
parameters of metal-environment systems, it is shown that the crack propagation rate depends on the
exchange current density of the metal dissolution reaction at the film-free crack tip, the ratio between
the exchange current densities of the cathodic and metal dissolution reactions at the outer metal
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surface as well as on the reversible potentials of the cathodic, metal dissolution and film-forming
reactions involved.
The results of the present study show that the models could be applied in: (i) calculating the
approximate rate of crack propagation for various SCC systems; (ii) explaining the differences in
susceptibility to SCC and SCC behaviour of various metal-environment systems; (Hi) developing data
for the environmental effect on the susceptibility of metals to SCC and on the rate of crack
propagation, etc.
The electrochemical parameters, especially for the systems of practical interest, however, are largely
missing and additional data of the type presented here are need in order to make a full assertion on the
quantitative aspects of the model presented.
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RAMAN SPECTROSCOPY USED FOR STRUCTURAL
INVESTIGATIONS OF ANODICALLY FORMED ZrO 2
Zagorka Koneska, Irena Arsova
Faculty of Technology and Metallurgy - St. Cyril and Methodius University,
Rudjer Boskovic 16, 1000 Skopje, R. Macedonia
Abstract- The structure of the oxide formed on Zr (99% + Hf) with anodic oxidation at different potentials in 1
mol/dm3 H3PO4 and 2 mol/dm3 KOH solutions were investigated using Raman spectroscopy Normally the
anodic oxides of Zr form only crystals. Under certain circumstances, amorphous anodic ZK>2 can be observed.
Amorphous phase is observed for the anodically formed zirconium oxides in H3PO4. The oxide formed in KOH
at potential of 80 V, where sparks appears on the Zr electrode showed crystalline structure.

INTRODUCTION
Most engineering metals and allows oxidize under ambient conditions to form a very thin passive
oxide layer, the stability of which in aqueous conditions varies with pH and electrode potential [1].
Because they are so thin, passive films are difficult to study but thicker films of a similar character
may be grown by artificially maintaining the high electric field associated with the formation of thin
films, so producing anodically formed or anodic films [2]. These thicker films are of commercial
importance as well as scientific interest. Anodic oxide films have considerable commercial importance
both for corrosion protection and such applications as capacitors and thin windows for electronic
devices, radiation counters and radiation sources. Generally the anodic oxides are not crystalline. The
anodic oxides of valve metals Ta, Nb, Al and Ti can all form glasses and crystals, but normally the
anodic oxides of Zr and Hf form only crystals. Under certain circumstances, glassy or microcrystalline
anodic XxOi can be observed [3]. The ZrO2 amorphous phase is observed by C. Urlacher [4] when it is
prepared by sol-gel process.
Highly sensitive and non-destructive techniques are increasingly required in order to understand the
microstructure of the oxide films. Raman spectroscopy is one of the most useful characterization tools
because of its non-destructive nature.

EXPERIMENT
Polycrystalline zirconium (99%+Hf) rod (1.2 cm2) purchased from Alfa was used as working
electrode. The electrode surface were wet-ground to 1200 grit using SiC paper and were polished on
metallurgical clots with diamond paste of 9 and 3 μm. The polishing with 3 μm diamond paste left a
mirror-like surface. Among the different polishing sessions, the electrode was subjected to ultrasonic
cleaning. After polishing the electrode was 30 seconds anodically oxidized at different potentials
(50 - 150 V) in 1 M H 3 PO 4 and 2 M KOH solutions.
The solutions were made from A.R quality chemicals and twice distilled water. The solutions were
purged with high-purity argon during the anodic oxidation.
Renishaw Ramascope with red laser 632.8 nm with power 1 MW was used in the investigations.

RESULTS AND DISCUSSION
In these work the anodic oxides formed on Zr in H3PO4 and KOH are investigated using Raman
spectroscopy. It is well know that zirconium oxide has three well defined polymorphs: the monoclinic
baddeleyite phase, which is stable up to about 1100 °C, the tetragonal phase, which appears during
annealing treatment up to 1200 °C, and the cubic phase which the compounds adopt at about 2370 °C
[5]. Under certain circumstances, amorphous ZrO2 can be observed, but zirconium oxides obtained by
heat-treatment are crystalline. The Raman spectrum of heat-treated Zr at 1200 °C is shown in Fig.l.
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The bands appear at around: 179, 192, 224, 304, 335, 347,384, 434, 477, 504, 538, 560, 616 and 638
cm*1 which are characteristic for the monoclinic phase. These positions of the bands are in good
agreement with the assignation with C.Urlacher [4]. In monoclinic ZrO2 (space group P2i/c), all atoms
lie in general positions. Eighteen modes are expected to be Raman active [6]. Most of expected bands
are identified in our investigations.
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Fig.l Raman spectra of heat-treated Zr at 1200 °C

Anodic oxide films on Zr were formed in 1 M H3PO4 at potentials of 50, 70 and 150 V. Formed films
were investigated using Raman spectroscopy. The Raman spectra for the anodic zirconium oxide
formed at different potentials in 1 M H3PO4 are presented in Fig: 2, 3 and 4. Normally the anodic films
on Zr are crystalline. These spectrums are characteristic for the amorphous films. It is well known that
the phosphorus can be incorporated in oxide film during the anodization. Crystallization is slower in
the presence of impurities. This may be because impurities are more easily tolerated by glassy
materials than by crystals and consequently, to obtain crystals, longer range diffusion is required rather
than a simple local rearrangement. In anodic films, impurities from the electrolyte present in the outer
layers have been associated with the slower crystallization.
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Fig.2 Raman spectra of ZrO2 formed in H3PO4 at 50 V
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Fig.3 Raman spectra of ZrO2 formed in H3PO4 at 70 V
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Fig. 4 Raman spectra of ZrO2 formed in H3PO4 at 150 V
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The oxide formed on Zr electrode in KOH solution at potential of 80 V showed crystalline structure.
At this potential sparks appears on the electrode surface. Because the potential at which the emission
of sparks and/or local gas evolutions commenced is breakdown potential , we can say that the
potential of 80 V is breakdown potential for the oxide formation in the 2 M KOH. The Raman spectra
for this oxide are shown in Fig.5 (Raman spectra recorded at the part of the electrode without spark)
and Fig.6 (Raman spectra recorded at the spark point), picture 1. On this spectrum, Fig.6 six lowintensity bands appear at around: 178, 190, 334, 381, 478 and 641 cm"1.
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Fig.5 Raman spectra of ZrO2 formed in KOH at 80 V
The spectrum recorded at the spark point where white powder appears on the electrode surface Fig.7,
showed well defined band at around: 179, 192, 223, 308, 334, 348, 383, 477, 504, 537, 560, 615 and
638 cm"1, some as the bands appears at the heat-treated Zr at 1200 °C. Formation of crystalline
materials at the point of their breakdown is the result of localized high temperatures occurring at
breakdown when large currents flow in limited areas.

Picture 1. Microstructure of Zr after anodizatoin at 80 V in 2 M KOH (xlOOO)
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Fig.6 Raman spectra of Z1O2 formed in KOH at 80 V (spark point)

CONCLUSION
The structure of the anodic oxide films formed on Zr in H3PO4 and KOH solutions were investigated
used Raman spectroscopy. The oxides formed in H3PO4 are amorphous because the impurities are
incorporated in the oxide.
Raman spectrum of the oxides formed in the KOH is characteristic for the monoclinic phase.
Formation of crystalline materials at the spark point, same as the formation on the heat-treated Zr is
the result of localized high temperatures occurring at spark point when large currents flow in limited
areas.
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INFLUENCE OF SOME ADDITIVES TO THE KINETICS OF
Zn-CRYSTAL GROWTH ONTO CONTINUOUS HOT DIP
GALVANIZED STEEL
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* AD Ladna Valavnica, 16 Makedonska Brigada N° 18 , 1000 Skopje, R. Macedonia
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Abstract: In this work we made attempt on determination of the gefree, of influence, of the different types of
additives on zinc spangle growth during forming of zinc coating, at the process of continues hot deep galvanizing
of steel strip.
All investigations were made at cold rolling mill plant "Ladna Valavnica" - Skopje - HDG line. Additives were
implied manually using hand pump directly on full hard strip, just before annealing furnace. The way of treating
the-strip means that upper side of the strip was treated while bottom remained untreated. Three types of additives
were"used in unchanged state as well as their mixtures.
Analysis of the results included macro photograph of the surface, microphotograph of the zinc coating as wall as
different attempts of mathematical models. During investigation all technological parameters (cleanness of the
strip from the emulsion marks, temperatures of the different zones of the furnace, temperature of the molten zinc
and chemical composition of the zinc pot) remained at their constant values.
Key words: zinc spangle, zinc coating, fullhard strip, HDG, addit

1. INTRODUCTION
Hot dip galvanizing of steel means applying of zinc layer over steel surface (full hard) with target of
corrosion protection. Zinc layer is made of intermetalic fazes of zinc and iron, with characteristic
crystals (zinc spangle) at the surface layer. Spangle is creating during growth of Zn-nucleuses in form
of dendrite during crystallization of liquid Zn. Special interest from commercial and scientific aspect
for galvanizing industry represent the possibility for growth control of surface crystals.
Therefore, many scientific works are made in which different factors are determined that have
influence over growth kinetics of zinc crystals. Among the others are: the rate of cooling during
crystallization of liquid zinc, chemical composition of melted zinc, degree of cleanness of full hard
strip etc.
In this work is animated influence of certain additives on forming and growing of zinc crystals at the
galvanized strip surface. These additives were applied manually at the surface of full hard strip,
before preheating zone of furnace.
From the taken steel samples were made micro and macro photographs of zinc layer. The duplicate
samples have been weakly corroded using HC1 with purpose of getting better contrast of the zinc layer
surface, and with that possibility of better recognizing the grain borders as well as their size. Parallel
measurements were done at the side treated with additives and side not treated with additives. Finally,
comparison and conclusion are made for the influence of additives over growth of zinc crystals.
During experimental work all other technological parameters were kept constant: cleanness of the
strip from emulsion residues, temperature of different zones of the annealing furnace, temperature of
melted zinc, chemical composition of melted zinc etc.
One of the main goals of this work is finding mechanism for control of the growth of zinc crystals at
the galvanize layer. One who works in steel industry probably knows that through the year's most
consumable way of control the spangle growth was by controlling the lead concentration in the pot.
Main defect beside price of used lead and difficulty of it is applying, is represented in very slow
reaction (several days waiting before some substantial result come). That inter period is characterized
with non-clear big zinc crystals, which not presents any interest. Installing of equipment for "mini
spangle" became best way for control of growth of zinc crystals. With use of the so-called equipment
you don't have to take care about concentration of lead m the pot with melted zinc. There are few
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types of equipment for mini spangle from which most famous is model elaborating the method of
accelerated cooling of the galvanized surface immediately after leaving of pot using water steam, as
well as the model where is achieved forming of extremely large number of zinc nucleuses with
blowing of zinc powder on the galvanized strip. The only disadvantage of this equipment is price for
buying the equipment and supplying with the raw materials (steam, zinc powder, compressed air) as
well as difficulties with maintenance.
If all this is taken in concern, additives like regulators of growth can be economically very acceptable
because of their low price, incredible low consumption, small expenses for production of equipment
for applying of these solvents over steel strip.
All experiments for this work were made in A.D. "Ladna Valavnica" - Skopje on the Hot Dip
galvanizing line.

2. EXPERIMENTAL WORK
Controlling of the growth of zinc crystals in Ladna Valavnica is with reason that most domestic and
foreign buyers (from EU countries) desired specific visual look of zinc spangle on the surface of steel
(big-normal spangle mostly for domestic market and minimized for the others). For solving of this
problem team was formed from qualified personal that worked in finding of most adequate way. As
result of the work of this team, cheapest solution was found, which at the same time can be easily
adapted to the present galvanizing line. Although the main goal of the team was reached i.e. we find a
way of control of the spangle growth this was not the end. The results obtained during the
experiments pointed out that capacity of the presented work gives possibilities for further
investigations. So, after finding that certain components, in this case simple degreaser, can cause a
sudden change on the process kinetics, we started to think about the reasons. Delivering the
components of the degreaser as a unique unities helped us a lot in understanding this phenomenon.
The adopted way of working starts to direct the project into the next phase of determination of
separate influence of the components-ingredients of the degreaser (additives). What looks simple at
the beginning becomes a very serious matter after all. It was clear that some special components down
into the degreaser, and moreover into the additives purposely added to degreasers can affect a lot the
way steel surface reaction with molten zinc. In this work are taken in concern two additives indicated
as most influencing. Same additives are spread over surface of full hard strip manually with hand
pump, just before entering in preheated zone of the oven. After completion of the process of
galvanizing this sprayed pieces were removed and examined parallel from both sides (treated and
untreated).
Additives used for the sake of the experiment are with following technical terms: RIDOLINE 2260 IT
- (additive A) and P3 UPON 5800 - (additive B). From the finished spectrophotometric analyses we
found out that composition of additives represent mamly ions of Na, K and P. Additives are in
concentrated liquid condition (additiv.e A and B) and before they were applied on strip they were
dissolved with demi water. On that way, liquids were produced with different concentration of each
additive: 1%, 0,75%, 0,5% and 0,25% solution, as well as combination of different additives. From
these solutions in this work are taken only part of the samples treated with combination of 0,5%
solution from A additive and 1% solution from B additive - sample No. 1 and I1, and sample 2 and 2',
where:
1 - sample treated with A additive ( 0,5%);
1' - sample not treated with additive, but opposite side of sample 1;
2 - sample treated with combination of A and B additive (0,5% + 1%);
2' - sample not treated with additives, but opposite side of sample 2.
In tables shown below are shown basic dimensions of samples, thickness of zinc layer, as well as
technological production parameters.
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Table 1
Sample No.

dimension (mm)

thickness at Zn layer (Dm)

additive concentration (%)

1

0,6 x 100 x 100

14

0,5

r

0,6 x 100 x 100

11

0

2

0,6 x 100 x 100

12

0,5+ 1

2'

0,6 x 100 x 100

10

0

Table'2
sample No

preheater
(°C)

1
1'
2
2'

laboratory

cooling zone

CO

CO

Pi

CO
Ti

T2

Ti

T2

T3

T<

z,

z2

z3

1110
1130
1110
1130
1110
1130

1170
1180
1170
1180
1170
1180

860
870
860
870
860
870

870
880
870
880
870
880

870
880
870
880
870
880

850
860
850
860
850
860

620
630
620
630
620
630

500
510
500
510
500
510

410
420
410
420
410
420

1110
1130

1170
1180

860
870

870
880

870
880

850
860

620
630

500
510

410
420

620
630
620
630

P*
CQ

P2

P3

V

TCO

CO

CO

(m/min)

atZn

450
460
450
460
450
460
450
460

560
570
560
570

450
460
450
460

620
630

770
780
770
780
770
780

560
570

450
460

54
55
54
55
54
55

620
630

770
780

560
570

450
460

54
55

Through the processing of samples chemical composition of pot with melted zinc was:
Table 3

%

AI

Pb

Fe

Zn

from 0.180
to 0.200

from 0.055
to 0.065

from 0.025
to 0.035

to 100

From samples, macro-photography was made on which can be seen size of zinc crystals on surface
from different side of full hard strip. With purpose of better notifying differences in size of crystals of
zinc surface, samples were purposely corroded with 10% HCl. On that way only surface zinc coating
was corroded and with that glance of coating was lost.
From samples corroded with HCl also was measured size and surface of zinc crystals. Measurement
of size of crystals was made upon circle method and diameter method. Results are shown in table 4.
From there the difference in size of the zinc crystals from both sides (treated and non-treated) of
galvanized surface can be easily seen. Relative enlargements are in range between 80-100% for
surface of zinc crystals and 30-60% for diameter of zinc crystals.
From samples, was made macro-photography of zinc layer on surface from different side of full hard
strip.
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Fig. 1 Sample 1 treated with 0,5% solution of additive
A.

Fig. 2 Sample I , untreated with additives - the opposite
side of sample at fig. 1.

4
te *-

Fig. 3 The same sample from the fig. 1 but contrast
edge with 10% HC1.

.

,,

Fig. 4 The same sample from the fig. 2 but contrast
edge with 10% HC1.

VS\^^

Fig. 5 Sample 2 treated with combination (0,5% + 1%
solution) of additives A and B.
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Fig. 6 Sample 2' untreated with additives - the opposite
side of sample at fig. 5.
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Fig. 7 The same sample from the fig. 5, but contrast
edge with 10% HC1.

Fig. 8 The same sample from fig. 6, but contrast edge
with 10% HC1.

Table 4

1
1"
2
2'

Fm, mm2
14.4
7.1
17.3
9.5

Fig. 9 Galvanized layer of sample 1 treated with
additive A (0,5%), x 500.

Dm, mm
3.9
2.9
4.2
2.6

Fig. 10 Galvanized layer of the sample 1' untreated
with additive-the opposite side of the sample 9, x 500.

,**

Fig. 11 Galvanized layer of sample 1 treated with
additive A (0,5%), x 500.
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Fig. 12 Galvanized layer of the sample 1' untreated
with additive-the opposite side of the sample 11, x 500.
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Fig. 13 Galvanized layer of sample 2 treated with
additive A + B (0,5% + 1%), x 500.

Fig. 14 Galvanized layer of the sample 2' untreated
with additive-the opposite side of the sample 13, x 500.

Fig. 15 Galvanized layer of sample 2 treated with
additive A + B (0,5% + 1%), x 500.

Fig. 16 Galvanized layer of the sample 2' untreated
with additive-the opposite side of the sample 15, x 500.

4. DISCUSSION
If performed experiments are analyzed, it is clear that pretreatment with additives on steel full hard
surface, allows accelerated growth of zinc crystals during crystallization on zinc surface and forming
of so-called zinc spangle. At the macro-photographs (from pic.l to 8) differences in size of zinc
crystals are obvious. Relative differences are determined with help of measurement of size (diameter)
and surface of zinc crystals on galvanized surface with circle method and diameter method.
Measurement of surface of zinc crystals (in mm ) of sample treated with A additive shows substantial
enlargement of side which is treated with additive for at least 100%, at the same respect sample
treated with combination of A and B additive shows enlargement of surface for about 80%.
Meanwhile, measurement of diameter of zinc crystals (in mm) of sample treated with A additive
shows relative enlargement of diameter of side treated with additive for 30 %, while on sample treated
with combination of A and B additives relative enlargement of diameter of zinc crystals is 60 %.
During the process of hot deep galvanization appearance of many intermetalic phases between layer
of steel and zinc (a-phase, G- phase, di~ phase, z- phase, h- phase) is declared many years ago. From
introduced pictures can be concluded that certain recedes exist in structure of zinc coating from both
sides of strip. At first glance looks like that at samples with large zinc crystal prevails thin coating of
intermetalic phases, while at samples with small zinc flower large coating of intermetalic phases.
From microphotography's (pic.9 to 16) also can be seen difference in thickness of the galvanized
coating on samples treated and not treated with additives. Galvanized coating at samples with large
crystal look thinner in comparison with small crystal samples (it is still not clear is it coincidence or
Proceedings of 3rd BMC-2003-Ohrid, R. Macedonia
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rule). It is noticeable that on certain parts intermetalic coating is very loose, and that at samples with
large crystals growth of zinc spangle is preferably surface directed. Surface energy is reason for
accelerated two-dimensional growth of grains treated with additives.
What was already done presents only beginning of the much more serious scientific work-clarifying
the mechanisms of kinetics of the growth of zinc crystals. Right mechanism of growing as well as
influence of additives on crystal growing will be subject of scientific examination furthermore.
Through experiments, despite of all taken care in maintaining certain constant conditions
(technological parameters), in certain moments under still unknown reasons additives shows only
small influence on crystal growing. This will be subject of further work as well.

5. CONCLUSIONS
-

-

Size of zinc crystals at continuously hot dip galvanized coating can be controlled using pretreatment on steel's full hard surface with additives: RIDOLINE 2260 IT- (additive A) and P3
-UPON-5800- (additive B)
While same production conditions, applied additives provides bigger zinc spangle (larger
crystals)
Concentration of additives is not decisive factor for enlargement of zinc crystals
Enlargement of treated zinc crystals using A-additive is 100%, while using combination of A
and B additives enlargement is 80%
Coating with large zinc crystal is characterized with narrower intermetalic layer with positive
influence on zinc-steel adhesion, feature very crucial for quality of galvanized steels
More likely is that the way of growing of treated zinc crystals is preferentially by surface
component of total energy
Keeping in mind that the price of additives is relatively low, and their consumption in the
process of galvanizing is almost ignored, use of additives as regulators of zinc crystal growth
has potential to introduce one very acceptable method in the modern steel industry.
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INTRODUCING OF CHROMELESS PROTECTION
TECHNOLOGY FOR HOT DIP GALVANIZED AND
PLASTICIZED SHEET IN COLD MILL A.D. PLANT IN SKOPJE
Panovska Liljana, Arsovski Angel, Sekuloski Predrag
AD Ladna Valavnica, 16 Makedonska BrigadaN0 18, 1000 Skopje, R. Macedonia
Abstract: From the experiences of many well known companies, but also having on mind the legislative of the
European Union about the direction which will take in the future, and using our own experiences we have come
to a conclusion that the process of substitution compounds in which the chromium is found in a shape of its
hexavalent ion, is an imperative, as for better environmental protection, so for accomplishing economic effects,
and improvement of the products.
In other words, we have in plan to make changes in the existing technology for pasivisation of the galvanized
coils and the chemical preparation of the pre-painted coils before the process of applying primer, by ejecting
chromate compounds in which chromium is hexavalent, and its substitution with non-harmful compounds. Also
we predict substitution of the standard chromate primer with universal chromate-free primer. There are planned
laboratory experiments in some of the institutes of the companies, which manufacture chemical products of this
type (Henkel, BASF, Akzo Nobel and others) as well as semi-industrial and industrial trials at our plant In the
frame of this project the focus will be in a direction of inventing pigments that do not contain strontium
chromate, and who will provide best correlative characteristics in a function of the quality of the pre-painted
product.
Introducing a green label on the products will mean direct ecological influences (no need of expensive
procedures for reduction and refining) on the environment Putting out of use the means, which contain
hexavalent chromium gives benefits in the possibility of finding sophisticated buyers (manufacturers of householding products and their decoration) as well as more aggressive marketing appearance on the West European
market.

1. SCIENTIFIC GROUNDS OF THE PROCESS OF CHEMICAL
PROTECTION OF GALVANIZED AND PRE-PAINTED COIL
The dominant technology for corrosive protection of galvanized products as well as final phases of
chemical treatment of pre-painted coils on the use of chemicals which contain hexavalent chromium as
basic element. Reasons for its massive use are based on the following:
attractive-decorative surface,
excellent adhesion of the color upon the metal surface,
exceptional corrosive protection,
economical effects.
On the other side Cr6+ in the shape of compound of strontium may be found as a pigment in the
process of manufacturing primer, the first layer of polish between the metal and the covering
decorative color, which has the function to provide good adhesion among them. That is one of the
most important characteristics for the quality of the pre-painted coil.
Numerous advantages that offer Cr6+ for the mentioned processes bring a chain of dangers, as toxic
and carcinogenic characteristics, which manifest very harmful on the human health.
From these reasons the legislative of the EU is more and more determined on less usage of products
which contain Cr6+. Therefore, leading chemical companies in the past years are focused on invention
of substitute of Cr6+, which will not influence the product quality.
One of the possible substitutes of Cr6+ in the process of pasivisation of galvanized coils is Cr3+ in the
shape of dichromate of Na and K, which has not toxic and carcinogenic characteristics. As a salt has
the following characteristics: possibility of various coloring, applicable, creates light coating, good
conductivity and enables better corrosive resistance.
Except these substitute of Cr6+ with Cr3+ there are actions of pasivisation of galvanized coils, which
do not contain chromate at all. Those are different organic films, inorganic salts and oxides of Al, Ti,
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V, Mo, W, Co, Ce, Zr, oxides of the type of silicates, phosphates, organ-metals, and so called multi
steps, which are a combination of the pre-mentioned.
Considering the chemical treatment of the pre-painted coils, although the efforts in invention of
substitutes of Cr6+ are dating from the 70-ties, the instantaneous development has been reflected in
the third generation of substitutes, silans. Silans are compounds, which do not contain heavy metals,
and enable good adhesive power and exceptional anticorrosive protection. In this moment there are
primers, which do not contain strontium chromate.
The target of the project presents a strategy of the company for adding the sign "green product" of the
galvanized and pre-painted coils through using the existing technical quantum in possession of the
factory. Involving new procedures for chromate-free protection of galvanized products and using
chromate-free primer_for pre-painted products of Cold Mill -Skopje leads to necessity of performing
large research.
Special advantage related to our competence from the region is the fact that only we will be able to
manufacture this type of products. According to some internal analyzes the expectations are increasing
the income from the production of galvanized and pre-painted coils up to 30%.

2. DESCRIPTION OF THE EXISTING TECHNOLOGY AND
PERSPECTIVES FOR ITS SUBSTITUTION
The existing technology for anticorrosive protection by the galvanized products as well as final phases
of chemical treatment on pre-painted coils is based on the use of chemicals, which contain hexavalent
chromium as basic element. Reasons for its mass use are based on the following:
attractive-decorative surface of the galvanized coils
excellent adhesion of the color upon the metal surface of the pre-painted coils
exceptional corrosive protection
economical effects
A scheme of the coil coating line is given in fig. 1.
PLANT DATA;
EXIT SECTION
Strip width
Strip thickness
Speed"
Capacity

max. 1600 mm
0,4 -1,5 mm
max. 120m/min
150000 to/a

ENTRY SECTION

ROLLCOATERS
PRIMER AND TOP COATI

DIPPING SECTION
SPRAYING SECTION
STRIP CLEANING
AND PRETREATMENT

For anticorrosive protection of the galvanized coil in the moment is used chemical compound
PASERITE 225-W (produced by Henkel) which contains hexavalent chromium. This resort is a
concentrate, diluted with water till some defined concentration for use. This solution with nozzles is
spread upon the galvanized coil over the small collector tank. For uniform spreading of the solution on
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the surface of the coil are being used rubber, wiping rolls. Right after the solution has been spread
upon the surface, with hot air galvanized coil is being dried on a temperature of 50C.
The preparation of the coil on the pre-painting line is going in three phases:
1.
2.
3.
4.
5.
6.

Use of solution of alkali detergent - degreaser (RIDOLINE 72)
Rinsing with water
Alkali pasivisation with solution of GRANODINE 1303
Rinsing with water
Final pasivisation of the coil with DEOXYLYTE 41
Drying the strip with air before applying the first layer of primer

As first generation of the compounds that may substitute chromium, compounds are hydrofluotitanic,
hydrofluocirconic or hydrofluosilitium acid on the base of polyakrili polymers. But, the experiences
have shown that performances of these compounds are not consistent, and the products are unstable.
Second generation of chromate-free compounds, are organic and inorganic polymers structurally
bound with hydrofluotitanic and hydrofluocirconic components. On this way are obtained many stable
products, with adhesion and corrosive protection comparable on the use of chromate protection.
As a newest generation in the use of chromate-free protection are the silans. Silans are compounds,
which do not contain heavy metals, and enable good adhesive power and exceptional anticorrosive
protection.

Siliconized Polyester!

iPolyurethanel

I High Durable Polymerl

PVC-Plastisole
Acrylates

Chromate-free
niversal Primej
Electrogalvanized Steel I
Hot-Dip Galvanized Steel

Fig. 2 Compatibility of the chromate free universal primer

Dry adhesion
Wet adhesion

Coverage

Flexibility

Corrosion Protection

Universal Compatibility
Compatibility to chromatefree pretreatment

Fig. 3: Comparison of initial and new chromate-free universal primer
Implementing chromate-free chemical preparation of the coil leads to a necessity of the use of
chromate-free universal primer who is compatible with all top-finish technologies.
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Implementing chromate-free protection of the galvanized and pre-painted coils brings to a necessary
expert collaboration with Henkel at first place (whose products we use in the moment). Henkel in its
palette of products has announced production of this kind of products, which may be tested on our
plants. Also for the use of chromate-free primer with chromate-free technology for anticorrosive
protection we must collaborate with the companies: DUGA, BASF, Akzo Nobel ant others, in order to
make an introduction on the domestic and European market as manufacturers of Eco-products.
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