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PROSPECTS FOR THE EXTENSIVE APPLICATION OF HYDROGEN
IN POWDER METALLURGY

A.S. Akhmetov' and J.V.Eremeeva’ UDC 669.053

We consider actual problems of production, transportation, and storage of hydrogen and demonstrate the
urgency and prospects of subsequent investigations and introduction of hydrogen-based technologies in
powder metallurgy. We present predictions of an international organization according to which com-
mercial mass production of hydrogen is expected in the nearest future. This will make hydrogen less
costly and more available for the extensive applications in various branches of science and industry.
It is indicated that hydrogen is not only a promising alternative energy carrier but also an efficient re-
ducer for numerous metals and alloys and an element applied in various technologies of powder metal-
lurgy aimed at getting broad ranges of high-quality products. It is assumed that hydrogen can find ex-
tensive applications in industry in the future.
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It is known that metals are rarely encountered in the pure form. As exceptions, we can mention noble met-
als, copper, and mercury. The other metals are found in the form of compounds with oxygen, sulfur, and halo-
gens. Metals are extracted from these compounds by the process of reduction in which the role of reducers is
played by natural gas, methane, hydrogen, aluminum, magnesium, calcium, silicon, etc. One of the most exten-
sively used reducers is carbon.

The advantages of application of carbon in the metallurgical processes of reduction are connected with its
sufficiently high efficiency, relatively low cost, and hence, wide availability. An extensive database of the re-
sults of investigations formed for a long period of application of this reducer is now used for the development
of new technologies of steel-making. Moreover, at present, the research aimed at the use of alternative sources
of carbon is continued. Thus, in some cases, it is possible to use, e.g., petroleum coke or charcoal instead of
traditional coke. The aim of these investigations is to decrease the cost of reducer because the amount of coal
suitable for coking permanently decreases. The carbon footprint of metallurgical production is also a great chal-
lenge.

According to the data of the International Energy Agency, in 2013, the total amount of CO, emissions in the
world was equal to 3.31 billion tons and the industrial production was responsible for 40% of these emissions.
The fraction of the steel industry constituted about 33.8% of the total amount of industrial emissions [1].
It should be emphasized that the indicated amount of emissions is formed not only by the use of carbon as a re-
ducer but also by the application of carbon-containing components as energy sources and also for some other
purposes in this branch of industry, which also lead to the emissions of carbon dioxide.

In order to reduce hazardous emissions of CO,, numerous works and investigations were devoted to the po-
tentially possible and actual optimization of the existing plants by introducing different technologies and meth-
ods for the processing and filtration of gases [2—7]. Special attention is given to the analysis of the possibilities
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of application of various types of reducers with an aim of partial or complete replacement of carbon-containing
reducers. Moreover, the investigations are carried out not only for the steel industry but also in the field of pro-
duction and treatment of various other metals and alloys [8—12].

All these facts enable us to conclude that it is necessary to perform additional investigations of the alterna-
tive reducers with an aim to reduce CO, emissions without deterioration of the quality of obtained products and
with maximum possible preservation of the production efficiency.

In this connection, hydrogen proves to be one of the most promising reducers. It is already applied in the
industry and the possibilities of its extensive commercial applications are of great interest for the researchers
and, thus, are studied in numerous works [13—15]. In the future, this reducer can replace carbon-containing re-
ducers in the processes of production of various nonferrous metals and steels and their treatment with signifi-
cant lowering of carbon-dioxide emissions. First of all, this is explained by the high reducing efficiency of this
element.

The present work is, in fact, an analytic survey of the contemporary state, problems, and prospects for the
subsequent extensive application of hydrogen in the industry and, in particular, in powder metallurgy.

Hydrogen is now used in various fields of science and branches of industry: for the production of ammonia
and methanol, in oil refining, and also as a reducer in metallurgy (the traditional methods of getting tungsten and
molybdenum include the use of hydrogen, etc.) [16]. Hydrogen-power engineering and hydrogen metallurgy are
regarded as the most promising directions [17, 18].

The possibilities of extension of the fields of applicability of hydrogen are restricted by various specific fea-
tures of its production, storage, transportation, and subsequent application.

At present, hydrogen is mainly produced with the use of natural gas and coal. Only a very small fraction of
hydrogen is produced by the electrolysis of water. In this process, water serves as a raw material, which means
that the base of raw materials for this process is pure and, in fact, unlimited. This enables us to conclude that, in
any case, a potentially ecologically pure raw material has its carbon footprint.

The storage and transportation of hydrogen are complicated by its low density in the gaseous state, low lig-
uefaction temperature, high explosiveness, and negative influence on the properties of structural materials. Ac-
tually, these are the main problems restricting the intensification of the use of hydrogen [19].

Numerous research works are devoted to the solution of these problems. Their results are well known and
widely applied. At present, there are various procedures used for the production of hydrogen, ecologically safe
and technologically simple (electrolysis of water proves to be the most promising procedure), as well as the
ways of its storage and transportation.

As the most promising methods for the production of hydrogen with the minimum carbon footprint, we can
mention the alkaline water electrolysis, proton-exchange electrolysis (proton-exchange membrane (PEM) tech-
nology) with the use of solid polymer electrolytes, and electrolysis with the use of solid-oxide electrolysis cells
(SOEC process). In [20], the authors performed a comparative analysis of these methods and indicated that the
choice of technology depends on the external criteria of location of hydrogen-producing plants. In the cited
work, the authors also performed the analysis of technologies depending on the predictions of energy require-
ments, carbon footprint, and production costs in 2030. At present, the procedure of alkaline electrolysis of water
proves to be most suitable due to lower costs and energy losses.

In the field of storage and transportation, the accumulation of hydrogen in the solid state seems to be a quite
promising method. Due to the high level of safety (unlike its storage in the liquid state when low temperatures
are not required) and capacity (its volume density is 100—150 g/liter), this method is capable of guaranteeing
compact, stationary, and long-term storage of hydrogen in hydrides.

Moreover, at present, the researchers perform investigations of the possibilities of storage of hydrogen
in nanocomposites, microspheres, sorbents, and multicapillary structures. The corresponding methods seem to be



316 A.S.AKHMETOV AND J.V.EREMEEVA

Hf
* @ — fluorides

I — chlorides I - oxides = - sulfides

Fig. 1. Compounds of metals reduced by hydrogen in the solid form.

quite promising. However, due to the low level of knowledge of the interaction of hydrogen with carbon
nanostructures, low charge-discharge rates of the microspheres, and high cost of capillary systems (reasonable
only under the conditions of high and ultrahigh pressures), it is still early to speak about the extensive practical
application of these methods [19].

It is expected that, by 2030, pure hydrogen will be applied for the production of iron from iron ores on large
commercial scales and, by 2035, this technology will become much more widespread. This ways of develop-
ment certainly promises large economic benefits. Indeed, in view of the fact that the cost of hydrogen fueling
stations and hydrogen fuel elements became twice lower for the last decade, experts expect a noticeable decrease
in the costs of production of hydrogen in the coming years. Thus, it is predicted that, by 2030, hydrogen will
become available for various applications as a result of a decrease in its cost by 60%. As a final result, this will
turn hydrogen into a competitive alternative and, in some cases, into the ordinary type of fuel [17, 18]. Hence,
the possibility of application of this element as a reducer created by its lower cost and better availability is also
expected. In addition, it is worth noting that there is a trend to increase in the consumption of hydrogen
throughout the world.

Powder metallurgy is a branch industry that uses hydrogen. It is used not only as a reducing agent for some
metals but also in the processes of sintering and treatment of various materials. Hydrogen can be used both in
pure form and in the form of a mixture with other gases.

By analyzing the possibilities of application of hydrogen as a reducer, we note that it can be used to reduce
iron, cobalt, nickel, copper, molybdenum, tungsten, and some other metals in the solid (mainly powder) state.
The reduction of chlorides, fluorides, and sulfides of various metals in the solid state is also possible [13]
(Fig. 1).

The possibility of reduction of the indicated compounds was studied by using special software [13]. In the
data presented in Fig. 1, the possibility of reduction of radioactive elements is not taken into account. It is worth
noting that the indicated elements are mainly reduced just in the powder form.

In the case of reduction of chlorides and fluorides, it is necessary to take into account that these compounds
are often hygroscopic and, therefore, in the case where oxides of these elements (Ti, V, Nb, Ta, Cr, and Mn) are
irreducible in hydrogen, the absence of oxygen in the working space becomes very important. Moreover, these
compounds and their products are characterized by certain corrosion activity, which requires the use of materials
with sufficiently high corrosion resistance in the construction of the working space [13].

The reduction of sulfides is strongly restricted because hydrogen sulfide released as a result of reduction is
a very toxic inflammable gas.

Thus, the process of reduction of oxides of different metals with the help of hydrogen is the optimal possi-
bility. In the industry, as already indicated, hydrogen is used to reduce molybdenum and tungsten trioxides,
which are main sources of these metals. It is also used for the reduction of iron scale and iron ore [21-24].

In Fig. 2a, we present a schematic diagram of the wasteless production of steel by reduction with hydrogen.

In the scheme proposed in Fig. 2, it is assumed that hydrogen is produced by the method of electrolysis
of water by using electricity obtained with the help of ecologically friendly technologies [25]. As a final result,
we expect the production of steel, which is not only chemically but also ecologically pure.
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Fig. 2. Schematic diagram of wasteless production of steel from the iron ore by reduction with hydrogen [17].

At the same time, the proposed chain is similar and compatible with the methods of production of metallic
powders by reduction and sputtering [26]. Thus, with subsequent introduction of hydrogen-assisted technolo-
gies, powder metallurgy may turn into a more ecologically friendly (from the viewpoint of carbon footprint)
branch of industry. Under the conditions of permanently increasing requirements to the reduction of harmful
emissions and wastes, this is definitely an advantageous feature.

The HDDR (hydrogenation—disproportionation—desorption—recombination) process is also used fairly ex-
tensively and includes the application of hydrogen. This process forms a basis of the contemporary method used
for the production of magnetic powders and has the following advantages: it is cost-effective and the corre-
sponding procedure of getting anisotropic magnets is quite efficient [27-30].

Earlier, it was indicated that hydrogen is used as a gas that forms an atmosphere for sintering. In the course
of sintering, reducing atmospheres of this kind help to efficiently remove oxide films formed, e.g., on the particles
of iron and steel powders. The cermet industry also uses hydrogen as a gas for furnace atmospheres [31, 32].

It is also worth noting that the technologies of powder metallurgy enable us to develop materials suitable for
the storage and subsequent transportation of hydrogen [33—36]. It is reasonable to store hydrogen in carriers
produced with the use of different powders, including nanopowders and other nanomaterials (also produced with
the use of hydrogen).

CONCLUSIONS

The unavoidable necessity of decreasing carbon-dioxide emissions caused by worsening of the ecological
situation in the world and the requirements of international organizations and governmental authorities makes
topical the search of new ways of solution this problem. The application of hydrogen, as an efficient energy car-
rier, reducer, and component used in the technologies of powder metallurgy, is a promising alternative of both
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energy resources and carbon-containing reducers characterized by a significant carbon footprint. The high effi-

ciency of the application of hydrogen for various purposes demonstrated in the present work makes it possible

to
of

obtain high-quality products. According to the existing predictions, it is expected that the cost of production
hydrogen will additionally decrease and, hence, the economic effect of its use will become higher. Thus,

the subsequent analysis and introduction of hydrogen technologies in the powder metallurgy is an important

problem from the viewpoints of both scientific and economical interest, which should lead to a more extensive
application of hydrogen in industry.
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