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Abstract: At the beginning of the XXI century the anthropogenic uncontrollable industrial activity continuously disturbs the equilibrium of
the planet formed for millions of years. A number of metals of vital importance decrease calamitously or disappear completely. The desire
for high profits on behalf of a definite group of people leads to disappearing of fertile areas and whole mountains. This imp oses the sensible
part of humanity to undertake measures to return part of the breached balance.

This elaboration suggests several innovative technologies for use in metallurgy and foundry as well as technologies for mechanical
engineering, which ensure saving of material sources and achieve significant ecological effect on the environment.

The proposed technologies represent a complex of classical and modern methods for obtaining, processing and use of mineral and energy
earth resources. Methods for utilization of some metal wastes to obtain fit for use products are also indicated.
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1. Introduction

The development of human civilization is determined by the
available energy and raw material resources of the Earth. The
interaction between the natural and socioeconomic factors and the
not always reasonable and prospective human activity in the XIX,
and especially in the XX century, were the reason for the
threatening reduction of the amount of continental ore resources.

Current data prove that by the year 2000 mankind has exhausted
25 to 75% of the continental metallogenic potential, including 45 to
75% of the reserves of Pb, Sn and Ag, 25% of Au and up to 45% of
Cu, Ni, Co, Zn, Mn and Al [1].

Recently the conducted investigations on the environmental
aspects of the extraction of mineral and energy raw materials have
revealed many results concerning the residual presence of important
metals in the Earth’s crust. This is true especially for manganese,
which is the main and strategic raw material in the production of
steel and cast iron, as well as for some non-ferrous metals — Cu, Co,
Ni, etc. [2].

Nature represents a self-regulating and self-controlling but
fragile system. The harsh human intervention is an external factor in
it and it makes its best to reject this interference or to neutralize it to
a certain extent. This implies that if man does not make steps in the
right direction, nature itself will do the things necessary to return in
its original state. One of the ways to mitigate this situation is to find
new alternative sources of raw materials as well as to use
effectively the existing ones [1].

Otherwise, something that has been already described in science
fiction will happen (Daniel Quinn’s character — the gorilla, says in
the book “Thsmael”: “It is a fact that in this moment we kill slowly
and irreversibly the Earth and ourselves too”).

The present work shows alternative solutions for reducing the
consumption of mineral and energy resources and finding answers
to a number of environmental problems. These solutions are mainly
in two directions:

e Search for new raw material sources in addition to the

existing ones;

e Development of new methods and technologies that

guarantee economical use of the resources and protection
of the environment.

2. New raw material sources

2.1. The World Ocean

According to the pessimistic forecasts of the experts, the main
part of the relatively rich mineral and energy resources of the Earth
will be depleted in the near future. This will impose the necessity of
searching raw materials in the atmosphere and in the water. The
problem of finding raw materials in the atmosphere is at a very
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early stage. Therefore, the bottom of the World Ocean remains. For
example, the amount of the manganese raw materials in the Pacific
Ocean is estimated to be 1,6.10° Mt [2]. The increased attention to
manganese is due to its wide application in the production of steel
and cast iron, where it is used as an oxidizing, desulphurizing and
alloying element. Industrial non-alloyed steels contain 0,4-0,8% of
manganese, highly alloyed steels — 12-16% and even up to 30%,
austenitic cast iron (manganese, manganese-nickel and manganese-
aluminum) — 4-7% [3].

A comparison between the amounts of metal resources found on
the land and in the ocean is shown in Fig. 1. It is seen that the
content of some of the most commonly used metals in industry is
higher on the ocean floor than their distribution in the Earth’s crust.
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Fig. 1 Comparison between the metal reserves on dry land and on
the World Ocean floor

The figure shows also that the raw materials on the ocean floor
are with polymetallic composition. In addition to the manganese
compounds, these formations contain a broad spectrum of valuable
metals. The content of metals as zinc, copper, the deficient and
expensive nickel, etc., on the ocean floor is very impressive.

The unique Clipperton-Clapeyron ore-bearing field arises the
interest of the industrially developed countries. It is located near the
territorial water of the Republic of Peru. Due to the interest in this
ore-bearing field of many countries, the United Nations took control
over this activity.

The participation of Bulgaria in this context has been within the
framework of the Interoceanmetal Consortium (IOM) since 1987.
Its headquarters are in Szczecin, Poland. The members of the
consortium after 1990 are Bulgaria, Cuba, Poland, Russia, Slovakia
and Czechia. IOM has the exclusive right to conduct economic
activity in the designated for this region with an area of
150 000 km? The estimated reserves of wet bottom formations
(concretions) in the explored so far 75 000 km? of the own area of
IOM amount to 478,9 Mt and the quantities of some metals in them
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are: Fe — 20,6 Mt, Mn — 98,8 Mt, Ni — 4,1 Mt, Cu — 3,8 Mt, Co —
0,6 Mt.

The problems of extraction and processing of deep-water
polymetallic formations are considered in detail in the monograph
[4]. The results of the numerous studies on their properties as well
as some technologies for processing and manufacturing new
finished products are presented in this work. The possibility of these
formations to replace the ore raw materials excavated from the
ground has been proved.

2.2. Utilization of secondary raw materials

The attention in this paragraph will be focused on an issue,
which we claim to be strongly underestimated, moreover entirely
undeservedly. The problem concerns the utilization of metal waste.
Utilization by definition represents the use of waste to manufacture
products or provide services, including reuse of the waste without
preparation (recycling) or return to the production cycle after
regeneration, as well as recovery of useful and valuable components
from the waste for their next implementation [5].

Utilization in Bulgaria is restricted to the mechanical collection
of wastes and their delivery for scrap. This approach does not meet
the ever growing requirements for sorting and utilizing metal
secondary waste.

2.2.1. Recovery of iron waste

To be convincing, several technological processes should be
mentioned, where significant amounts of secondary waste are
generated that have to be either returned to the production process
or be treated separately:

First, this is the huge quantity of scale (iron oxides). It is formed
during the thermal processing of reinforcing iron (hot drawing),
rolling, heating of finished blocks and castings during thermal
treatment and many other processes.

There are two possibilities of utilizing this scale. One is to
return the scale directly to the furnaces as scrap. In this case
reducing agents should be added to remove oxygen from the oxides
[5]-

The other option is also studied in the Institute of metal science,
equipment and technologies — Bulgarian Academy of Sciences
(IMSETCHA-BAS). According to this method the reduction takes
place outside the furnace and pure secondary iron is fed inside it.
These experiments are still at a laboratory level and various
methodologies are still being tested to reduce the oxides.

However, it can be stated with certainty that both methods result
in significant savings of metal and ferroalloys, which proves that
valuable mineral and energy resources are spared. The indirect
environmental effect of the reduced amount of extracted,
transported and processed ore and energy resources should also be
taken into account.

2.2.2. Recovery of titanium waste

The second global example, object of our attention, is the
utilization of waste of titanium and titanium alloys. We can say that
this is an especially important technological and environmental
problem having in mind that hundreds of types of titanium alloys
are used worldwide and the amount of waste increases by 8-10%
annually [6]. For example, in the production of turbines for aircraft
industry, the quantity of waste can reach 80% of the mass of the
initial billet.

Titanium is a light and strong metal, 60% heavier than
aluminum but twice as strong and with a very high strength/mass
ratio. The tensile strength of titanium for commercial purposes is
454 MPa, which is comparable to that of some steels with 45%
lower mass [7]. At the same time it has to be mentioned that
titanium and its alloys are with a relatively high cost.

For this reason different methods are developed on a world
scale to utilize this waste. They are in two directions:

. returning the obtained titanium scrap in the production of
titanium alloys. Different methods are used, both pyrometallurgical
and hydrometallurgical;

. processing of the titanium waste according to different
methods with the aim of manufacturing various products with
diverse application in the branches of technology and industry.

In the USA about 40% of the titanium scrap is processed and
reused. In Europe this percentage is relatively lower — up to 30%.
Large scale investigations are carried out at present in Romania on
the recovery of titanium waste from the production of turbines for
power generation and oil output [8].

One of the methods for utilizing the titanium waste is the
treatment of scrap with hydrogen until titanium dihydride is
obtained. It is a gray-black powder with molecular weight of 49,53-
49,90 g/mol, relative density of 3,75 g/cm® and hydrogen content in
the interval 3,85-4,02% (wt.). The main requirements towards the
titanium dihydride powders are: titanium content at least 95% and
hydrogen content at least 3,8%.

Titanium dihydride finds application in: chemical industry,
metallurgy, spacecraft technology, nuclear engineering, etc. It is
particularly effective as a foaming agent in the production of
foamed metals (for example Al). Titanium dihydride is used as a
soldering agent for ceramic and metal-ceramic products, in
automotive industry, etc. [9].

In IMSET-BAS, in cooperation with researchers from the
Faculty of Metal Science of the Polytechnic University — Bucharest,
Romania, equipment was developed and investigations were carried
out for producing titanium dihydride from waste raw materials.

The scheme of the experimental setup is shown in Fig. 2. The
main feature of the equipment is the use of a hydrogen accumulator
as a source of hydrogen for the process. In this way the risks of
using hydrogen bottles and other mobile hydrogen sources are
avoided.
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Fig. 2 Scheme of the installation for TiH, production

Two types of initial raw materials were used for hydrogenation
— shavings of pure titanium and of titanium alloy, used in the
Etropal plant, Etropole, Bulgaria. The main chemical elements are
shown in Table 1.

Table 1: Chemical composition of the initial raw materials for
producing TiH,.

Sample Origin Elements, % (mass)
number Al Mn \
1 Pure Ti 0,0180 0,0014 0,0034
2 Etropal 0,5040 0,0065 0,0197

In addition, there is also iron, cobalt and nickel content in
negligibly small amounts.

Experiments were conducted for titanium hydrogenation at
temperatures from 400 to 700°C at every 50°C.

The following conclusion can be drawn based on the performed
experiments and analysis of the obtained results:

A technology has been developed for the production of titanium
dihydride from titanium waste and the technological parameters of
the process — temperature, pressure and duration, are determined.
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In this way a possibility is provided for the utilization of the
increasing amounts of titanium and titanium alloy waste till a
finished product is obtained, with all ensuing beneficial effects for
the environment.

2.2.3. Processing of vanadium waste

Another example of solving economic and environmental
problems is the utilization of vanadium from vanadium catalysts.

Vanadium is broadly applied in metallurgy, chemical industry,
etc. When added to steel, vanadium removes the granularity of the
matrix and the presence of carbon, transforming it in carbides. In
this way vanadium steel is especially durable and resistant to impact
and flexure. Almost all tool steels contain vanadium in quantities
from 0,10% to 5%. It ensures the preservation of hardness and
cutting ability of the tool at high temperatures. When added in the
amount of several percents, vanadium makes aluminum very hard.

In the process of operation the vanadium catalyst is deactivated.
Hence significant amounts of catalysts are accumulated, which
contain the deficient vanadium.

An effective technology has been developed in the University of
Chemical Technology and Metallurgy, Sofia, for extraction of
vanadium by pyrometallurgical processing of manganese ore from
the Obrochishte deposit and waste vanadium catalysts [9]. So the
environmental problems related with the toxic vanadium are solved
and economic problems with this deficient and expensive metal are
solved.

2.2.4. Utilization of radioactive waste

At the beginning of the XXI century shutdown and
decommissioning were launched of about 50 nuclear reactors all
over the world, which were put into operation at the end of the XX
century. Therefore the problems related to the utilization of
radioactive waste according to the D&D (dismantling +
decontamination) system have acquired special importance recently.

The dismantling of the WWER type reactors leads to
accumulation of metal waste with different extent of contamination.
It is necessary to sort this waste according to radioactive
contamination, size and shape. The materials not contaminated with
radionuclides (waste from the third circuit and the Machine Room)
are unconditionally released from control and sold for scrap. The
remaining metal waste is recycled and, depending on the degree of
residual radioactivity, is used as scrap or disposed till the complete
decay of radionuclides [10].

A team with the participation of the authors of this publication
has developed a pyrometallurgical technology for radioactive waste
processing. The main stage in it is metal melting and treatment of
the melt with special fluxes oxidizing the rad ioactive elements and
transferring them to the slag. Part of the nuclides is captured by the
HEPA-filters and a very small part (about 5%) remains in the melt.

Thus, after the realization of the recycled metal on the market,
the self-cost of decontamination is reduced. Moreover, the
ecological problem with the possible radioactive pollution of the
environment and population is solved [11].

3. Production of new materials and replacement of
conventional with newly developed ones

3.1. Replacement of the initial material

One of the methods for improving the mechanical properties of
the materials is to replace the conventional brands with newly
developed ones. In this way saving of materials and raw materials is
achieved due to the lower mass of the elements at higher strength
and longer exploitation resource. The production of grinding
hammers for lignite coal is based on GE 300N steel. It is subjected
to abrasive wearing and should possess high impact toughness
(KCV>0,27 MJ/mm?) to guarantee safe work of the hammers
without destruction at operation temperatures of up to 560° C.

The same type of hammers in a Greek power plant work for
more than 800 hours. The operational resource under the conditions

of the Maritsa-Iztok 1 plant is 450 hours. A photo of the worn out
hammers is shown in Fig. 3.

Several steel grades were chosen to replace GE 300N.
Investigations were conducted and the following steel types were
offered to the consumer that met entirely the operation
requirements: X120Mn12; 34NiCrMoV145; X155CrVMol21;
Mn4.

Fig. 3 A'photo of worn grinding hammers

The wear resistant X120Mn12 steel (Hadfield steel) has turned
out to be most suitable for the hammer production, having the best
combination of properties. It is manufactured by introducing
nanomaterials into the liquid metal, which leads to more fine-
grained structure and higher exploitation properties of the steel.
The tests on the properties of this steel (quenched in water at
T=1050-1100°C) show increased wear resistance, as well as higher
resistance against abrasive wearing. The impact toughness is 31
MJ/m? [12].

It is possible to subject the hammers to weld overlaying but the
operation is economically unprofitable [13].

Another example of replacing the initial material with a new
one with higher physical properties and longer service life is the
development of a new steel brand for the automotive industry. This
steel is with 10% higher strength and plastic properties compared to
that used so far [14].

In this case, in addition to the saving of raw material and energy
resources due to the longer operation cycle of the elements and the
emission of lower amount of exhaust gases during its production,
another significant environmental effect is also observed. The
elements produced with the new steel are lighter because of their
higher performance properties. This decreases the weight of the
whole car, so reducing fuel consumption. The lower fuel
consumption will lead to lower exhaust gas emissions in the
atmosphere.

The technology of the new steel production includes the
following stages:

A database with 92 alloys, shown in [15], is used in the
investigation. The relationship between the chemical composition
and the mechanical properties of the alloys is given in it.

After the analysis of patent information it has been established
that the analogue of the developed steel should be the 34CrNiMo6
(DIN 17200) steel with the following chemical composition:
C=0,30-038%; Si<0,40%; Mn=0,40-0,70%; P and S<0,035%;
Cr=1,40-1,70%; Mo=0,15-0,30%; Ni=1,40-1,70%.

Based on the analysis of reference literature the limits of
alteration of the individual alloying elements are determined,
keeping the strength and plasticity requirements, as follows: C 0,12-
0,52%; Si 0,27-1,40%; Mn 0,35-1,75, Ni 0-4,2%; S/P 0,0252-
0,0350%; Cr 0,15-2,50%; Mo 0-1,5%; V 0-0,45.

Applying an innovative approach the dependence of mechanical
properties of steel on the alloying element content has been
modeled. Models with artificial neural networks have been
elaborated, approximating the dependence of the mechanical
properties of alloys on the alloying component content. The
optimized parameters are: yield strength Re, tensile strength Rm,
relative elongation A, relative shrinkage Z, impact strength KCU
and hardness NB.
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A modern method is used in [16] and an algorithm for modeling
with artificial neural networks to determine an optimized
composition of an iron-based alloy as well as a rational
technological mode of operation. Alloyed steel compositions with
high exploitation resource are proposed on the basis of the
optimized composition of the iron-based alloys.

The following values of the mechanical characteristics were
obtained after the performed simulation and tests — Table 2.

Table 2 Mechanical characteristics of the steels (simulation)
No Rm R()z A Z
1 11119 943,8 10,2 50,0

HB
240,9

The newly developed steel was produced in an induction
furnace (capacity of 10 kg) of the Leybold Heraeus company —
Germany [15].

The results obtained from the mechanical testing after thermal
treatment and plastic deformation are shown in Table 3.

Table 3. Results from mechanical testing

Mechanical characteristics
Roz, Rm, As, | Z, KC, HB
MPa MPa % | % | MIm?
DIN 17200 900 1160-1270 | 10 | 45 0,48 -
34CrNiMo6 885 1180 10 | 44 0,46 230

As seen in the table, the new steel (DIN 17200) is superior to
that used so far according to some strength parameters and is
compatible with respect to others.

3.2. Metallurgy under pressure

During the last decades great attention has been focused on
metallurgy under pressure and high nitrogen steels in particular [17,
18]. The term “high nitrogen steels” (HNS) is used for steels
obtained under gas pressure, when nitrogen concentration exceeds
N standard solubility. A team from IMSETCHA-BAS follows these
trends and has definite success in this prospective area. High
nitrogen steels possess proven potential and are applied in various
fields of technology, in some cases their parameters being superior
to the conventional brands by 30 to 150%. Such an example are the
steels (type 355 G2+N according to DIN EN 10225 (2009)
developed in IMSETCHA-BAS with manganese content of 1,2-
1,6% [17]. In this situation the grain size of ferrite in the steels with
0,09% C decreases from 216 um to 65 um, the critical temperature
of embrittlement becomes lower — from -58°C to -118°C.

Another advantage of HNS is the possibility of efficient and
ecological alloying of the melt with such exotic and easily
evaporating elements as Ca, Pb, Zn, Mg, etc.

The Bulgarian contribution to the progress in this area is that
developing our metallurgy under pressure (technologies) the
scientists and experts created the equipment and technical basis of
the method of “bulk alloying”. Installations for steel melting were
constructed: UPL-2, UPL-2M, UPL-2M1, UPL-2A, equipment for
electroslag remelting ESPH-2, ESPH -2,5 furnace and a furnace for
solid-phase nitriding of ferro-alloys — VVTP-2. High nitrogen tool,
corrosion-resistant, heat-resistant non-magnetic, wear-resistant non-
magnetic, spring and other steel types are produced in these units,
which are applied in various fields of technology [17].

In the context of the Bulgarian achievements in the area of
HNS, the name of the founder and engine of this technology
[D.Sc. Eng. Tsolo Valkov RasheV should be specially mentioned.

All these achievements would have been impossible without the
serious support of the team of experts, specialized in the
implementation of modern research methods [18, 19].

4. Conclusions

The current work represents a contribution to the human efforts
in favour of the environmental protection. We introduce innovative
technology, used in metallurgy and machine building, that ensures
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cost economies of the material resources and achievements with
considerable ecological effect for the environment.

This technology is only a part of the efforts related to ecological
friendly extraction, processing and exploitation of the mineral and
energy resources on the Earth. Besides, some metal waste methods
of utilization are pointed out.
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