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The article discusses the modern methods of fabrication of iron powders, 
carries out their classification, analyses the analytical data about powders 
made from various types of raw materials. The kinetic regularities of the 
reduction of iron oxides are analysed from the point of view of the ad-
sorption–autocatalytic theory. The structure and mechanical properties of 
iron powders are considered. The morphology, structure, phase and ele-
mental compositions of the mill scale of the Uzbek Metallurgical Plant are 
analysed. Technology for the recovery of scale is developed, including the 
following stages: drying at 250–340C, grinding in a ball mill for 2 hours, 
magnetic separation, sieving through a 40-mesh sieve, mixing the charge, 
recovery for 2 hours in H2 at the temperatures: 650–700С (I zone), 950–
1000С (II zone). 

У статті розглядаються сучасні методи виготовлення залізних порош-
ків, проводиться їх класифікація, аналізуються аналітичні дані про 
порошки, виготовлені з різних видів сировини. Кінетичні закономірно-
сті відновлення оксидів Феруму аналізуються з точки зору адсорбцій-
но-автокаталітичної теорії. Розглянуто структуру та механічні власти-
вості порошків заліза. Проаналізовано морфологію, структуру, фазовий 
і елементний склади вторинної жужелиці Узбецького металурґійного 
заводу. Розроблено технологію відновлення жужелиці, що включає на-
ступні етапи: сушка при 250–340C, шліфування в кульовому млині 
протягом 2 годин, магнетне збагачення (відокремлення), просіювання 
через 40-коміркове сито, змішування шихти, відновлення протягом 2 
годин у H2 за температур у 650–700C (I зона) і 950–1000C (II зона). 
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1. INTRODUCTION 

The most important task of the economic and social development of 
the Republic of Uzbekistan is the acceleration of scientific and 
technological progress in all branches of industrial production 
through the use of new materials, progressive technologies, and 
processes that ensure the predominant output of products with a 
decrease in material consumption per unit of consumer properties of 
machinery and equipment. 
 Powder metallurgy, which is one of the promising technologies of 
metallurgical and machine-building production, is of great im-
portance in solving the problems posed, the methods of which make 
it possible not only to create materials with new quality and 
strength characteristics, but also to introduce waste-free or low-
waste technologies for the production of powder metal materials 
and products of various appointments based on them. 
 If in the manufacture of parts by traditional methods (casting, 
forging, stamping followed by mechanical processing) the metal uti-
lization factor is 0.4–0.6, then powder metallurgy allows increasing 
it to 0.95–0.97 [1, 2]. 
 Powder metallurgy processes, as a rule, proceed at temperatures 
lower than in large metallurgy (0.7–0.8 from the melting point), 
thereby providing energy savings. The energy consumption of pow-
der metallurgy is 29 MJ/kg and is significantly lower than the en-
ergy consumption of foundry (34–38 MJ/kg), cold stamping (41 

MJ/kg), hot stamping (46–49 MJ/kg), cutting (66–82 MJ/kg) [4, 5]. 
 Powder metallurgy has one more advantage—environmental one, 
because it is not associated with the release of harmful products 
that pollute the environment. 
 A feature of powder metallurgy—the possibility of creating com-
pact materials from mixtures of powders, bypassing the stages of 
melting and casting, opens up broad prospects for the development 
of new powder metal materials with a variety of properties inherent 
both in components of a metallic and non-metallic nature, and aris-
ing from the interaction of heterogeneous nanodispersed systems. 
 Using the methods of powder metallurgy, it is possible to obtain 
composite products from so-called ‘pseudo-alloys’, the components 
of which either sharply differ in melting temperature, or do not 
fuse at all (tungsten–copper, tungsten–silver, copper–molybdenum, 
etc.), but are widely used in electrical and radio engineering, elec-
tronics. 
 Powder metallurgy methods have created a large group of new 
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composite materials, which include dispersion-hardened, antifriction 
and frictional, cermets, fibre-reinforced materials, etc. Structurally, 
this group of materials is a plastic metal matrix that cements the 
inclusions of the hardening phase. 
 The development of fundamental and theoretical foundations and 
new technologies created the prerequisites for expanding the range 
and scope of powder products. If 20–25 years ago the bulk of pow-
der products was represented by parts of friction units (antifriction 
and frictional), now more than 60% of manufactured parts are 
structural, operating under conditions of complex stress and shock 
exposure, elevated temperatures, corrosive environments, etc., when 
high strength, density, impact strength, special properties are re-
quired from parts [6, 7]. 

2. THE RELEVANCE OF THE PROBLEM 

At present, powder metallurgy is a rapidly developing industry, in-
cluding the production of powders, metals, and alloys with particles 
of different dispersion, granules, threads, and other shapes; pro-
duction of various machine parts and devices, tools, and special-
purpose items; development and creation of metallic powder materi-
als and non-metallic substrates; strengthening and restoration of 
machine parts and devices, as well as imparting increased mechani-
cal or special physicochemical properties to the surface of products 
by methods of coating with powder composite materials. 
 In this regard, new promising processes for obtaining powder 
products are being introduced into practice, as well as new types of 
high-performance equipment; great attention is paid to scientific 
developments in the field of powder metallurgy and materials based 
on them [8]. 
 Among the technological methods for the production of structur-
al products, the method of cold pressing in closed moulds with sub-
sequent sintering has the greatest application [9, 10]. 
 The advantage of obtaining parts in this way is, first of all, high 
productivity and the possibility of their mass production without 
using or with the use of minor mechanical processing, which reduc-
es waste and metal losses by 10–15 times in the manufacture of 
even products with complex shapes [11, 12]. 
 This technology retains inexhaustible possibilities for the crea-
tion of new materials based on iron powders with the additional use 
of alloying and heat treatment methods [13, 14]. 
 In recent years, hot pressing technology has been rapidly develop-
ing, which consists of the simultaneous pressing and sintering of 
powders, which makes it possible to obtain a dense product with a 
certain level of mechanical properties. With hot pressing, it is pos-
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sible to significantly reduce the temperature process and thereby 
slow down the recrystallization process that ultimately leads to the 
formation of a fine-grained structure and an increase in mechanical 
properties in the low-temperature region [15, 16]. 
 In contrast to conventional sintering, the methods of hot mould-
ing of blanks and products are carried out on equipment that is 
more complex, require special preparation of the tooling, and are 
inferior to it in performance. However, the effect in terms of 
strength properties and wear resistance is fully justified from both 
the technical and economic points of view. Methods of hot working 
with pressure are especially effective in the manufacture of large 
products, using difficult to sinter or substandard powders when it 
is necessary to obtain high density and strength of products, which 
are unattainable under the conditions of conventional sintering. 
 Large losses of metal occur from corrosion and wear of structures 
and machine parts. In this regard, a new direction of powder metal-
lurgy is acquiring great importance in increasing wear resistance 
and corrosion resistance by applying powder materials to the sur-
face of products [17, 18]. 
 Various methods of applying layers (surfacing, plasma spraying, 
electrophoresis, vapour deposition, detonation spraying, etc.), as 
practice shows, due to the small thickness of the coating, cannot 
always be effectively used to protect the working surfaces of 
equipment parts, tools and technological equipment operating in 
hydroabrasive and aggressive environments, at high pressures and 
elevated temperatures. Therefore, there is a need for a broad devel-
opment of work on the creation and implementation of technologies 
for applying layers of more than 2 mm to ensure reliably a long 
service life of equipment units. 
 In this respect, powder metallurgy methods are promising (cen-
trifugal, sintering, pressing with subsequent sintering, electrical 
contact sintering, hot pressing, etc.), which make it possible to ob-
tain layers with high physical, mechanical and operational proper-
ties, and a given structure. 
 Among these methods, preference should be given to the hot 
pressing method, since the application of pressure accelerates the 
compaction process and the formation of strong contacts of the 
powder coating with the substrate. 
 However, to solve the problem of strengthening the working sur-
faces of machine parts and mechanisms by applying layers by hot 
pressing, it is necessary to study the physical and mechanical prop-
erties of powder layers on a compact basis, to identify the mecha-
nisms of compaction and formation of a joint depending on the pa-
rameters of hot pressing (temperature, pressure, isothermal hold-
ing). 
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 Thus, based on the analysis of literature data, it can be concluded 
that the development of new technological solutions for the pro-
cessing of iron powders obtained from production of waste is possi-
ble only after a wide range of studies of their morphology, struc-
ture, physicochemical and technological properties, since, ultimate-
ly, they determine the conditions for forming and sintering, as well 
as the mechanical and operational characteristics of materials based 
on iron powders. 
 To develop technology for producing layers from powder materi-
als, it is necessary to study the kinetics of changes in the density of 
the layer and the strength of its connection with the substrate, de-
pending on the type of starting materials and the main parameters 
of hot pressing: temperature, pressure, isothermal holding. 

3. RESEARCH METHODS 

Metallographic, x-ray phase, and electron-microscopy analyses; test 
for mechanical properties. 

4. STUDY RESULTS 

Methods for Obtaining Metal Powder Materials. To obtain iron 
powders, a wide variety of methods are used that is explained not 
only by the need for powders for various purposes but also by the 
search for technologies, which would ensure the production of the 
cheap and high-quality powders [19, 20]. The classification of 
methods for producing iron powders is shown in Fig. 1. 
 In terms of composition, all iron powders can be classified into 
two groups: low-carbon (iron powders proper) and alloyed iron pow-
ders [21–23]. 
 The first group should include iron powders containing perma-
nent, hidden, and accidental impurities. Permanent impurities in-
clude sulphur, phosphorus, manganese, and silicon, which are pre-
sent in any steel, scale, or ore that can be the starting material for 
producing iron powder. The content of these elements in powders is 
usually in the range, wt.%: sulphur 0.01–0.04, phosphorus 0.01–
0.05, manganese 0.3–0.7, silicon 0.2–0.4. 
 Latent impurities (oxygen, hydrogen, nitrogen) present in the 
feedstock for the production of iron powder in various quantities, 
ranging from fractions of a percent in steels, and ending in percent 
in scale and ores and remaining in small amounts in iron powders. 
 Accidental impurities are entering the starting materials for the 
production of iron powders from steels, ores, scrap, and scrap met-
al. 
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 The presence of the listed impurities is an inevitable consequence 
of the technological process of producing iron powder from carbon 
steels, scales, and ores. 
 The second group should include iron powders containing alloying 
elements in quantities exceeding impurity and introduced into the 
powder particles by one of the following methods: 
1. alloyed iron powders obtained by grinding or spraying alloy 
steels, as well as their waste, followed by reduction annealing of 
raw materials. 
2. alloyed iron powders obtained by surface alloying of powder par-
ticles. 
3. naturally alloyed iron powders obtained by reduction of naturally 
alloyed ores, pulverized raw materials, or mill scale of alloyed 
steels, or from shavings formed during the mechanical processing 
of these steels. 
 Powders of this group obtained by various methods have the fol-
lowing composition, mass.%: iron 98.0–99.0, oxygen 0.02–1.0, car-
bon 0.005–0.12, silicon 0.006–0.64, phosphorus 0.001–0.5, manga-
nese 0.002–0.03, and sulphur 0.005–0.003. 
 For comparison, we note that the average content of impurity el-
ements in iron powders and cast steels (hot-rolled, carbon engineer-
ing) is approximately the same, except for the manganese content, 
which in steels is brought to 0.9 mass.%. 
Production of Iron Powders by the Reduction Method. A compari-
son of methods for the production of the iron powder allows us to 
conclude that the oxide reduction process is the most promising 
method for the production of cheap universal-purpose powder. Giv-

a

 

Fig. 1. Classification of methods for producing iron powders. 



DEVELOPMENT OF TECHNOLOGIES FOR OBTAINING METAL POWDERS (IRON) 785 

en the high productivity of the recovery process, the use of cheap 
raw materials and high-quality reductants, ensuring the complete-
ness of recovery, correct engineering design, and full automation of 
technological cycles, it can be argued that the recovery process is 
the most profitable from a technical and economic point of view for 
obtaining cheap iron powders [24, 25]. 
 The development of the industrial production of iron powders by 
the reduction method was preceded by the development of the theo-
retical foundations of this process. 
 The kinetics of the reduction of iron oxides were studied, the 
equilibrium constants of the ongoing reactions were determined, 
and kinetic equations were derived, taking into account the influ-
ence of factors such as the rate of diffusion and chemical reactions 
on the process rate [26, 27]. 
 The existing methods for the reduction of iron oxides are classi-
fied according to the reductant used, the type of charge and the 
method of feeding it into the reduction zone, the pressure of the 
reducing gases, and the process temperature. 
 The reduction can be both an independent technological process 
for obtaining iron powders (the raw material is scale, ore), and the 
final part of the technological process in the production of powders 
by crushing steel melts with water or compressed air, in which iron 
particles are oxidized. 
 The process of reduction of iron oxides with hydrogen can be de-
scribed by the following chemical reactions: 

3Fe2O3Н22Fe3O4Н2О5.2 kcal, 

Fe3O4Н23FeOН2О15.2 kcal, 

FeOН2FeН2О6.7 kcal, 

Fe3O44Н23Fe4Н2О43.4 kcal. 

 According to the adsorption–autocatalytic theory, the reduction 
process consists of the adsorption of a reducing gas on the oxide 
surface, the destruction of the oxide crystal lattice, the formation 
of intermediate oxide phases, and, at the last stage, the metal 
phase, desorption of gaseous reaction products from the surface of 
particles [28]. 
 The detachment of oxygen atoms from oxides during their reduc-
tion is thermodynamically easier than dissociation because, in the 
course of the reaction, the energy of binding of oxygen with a re-
ducing agent is released. As a result, either the activation energy of 
the reaction decreases, and the process is accelerated at a given 
temperature, or the reaction becomes possible at lower tempera-
tures. 
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 The acceleration of the chemical interaction of oxides with a re-
ducing agent is also stimulated because the boundary between the 
oxide and the metal reduced from it in most cases is a catalyst for 
the process, as a result of which, it becomes autocatalytic one. For 
this reason, the dependence of the free energy of the formation of 
oxides on temperature makes it possible to estimate the relative 
thermodynamic strength of these oxides upon reduction [29]. 
General Principles for the Recovery of Mill Scale. One of the ur-
gent problems of ferrous metallurgy is the use of secondary raw 
materials and production wastes in the national economy, which are 
not used in the smelting of high-quality metal in open-hearth and 
electric arc furnaces. 
 Such production wastes include scale, which is formed during the 
rolling of boiling carbon steels, containing 70–75% iron in the form 
of oxides. In the rolling shops of metallurgical plants, tens of thou-
sands of tons of scale are accumulated, the chemical composition of 
which depends on the operation of the rolling technological process, 
at which it was formed. The purest scale is formed during the cool-
ing of rolled products in cold spans; it is not clogged with oxides 
difficult to recover, does not require magnetic separation, and is 
cheap and enough clean raw material source for obtaining iron pow-
ders. 
 Usually, mill scale is heavily contaminated with mechanical im-
purities, unstable in particle size distribution and bulk density, 
which greatly complicates its use. Therefore, the scale is first sub-
jected to screening to separate large mechanical inclusions (14 mm3) 
from it, then dried at a temperature of 350–500C. In this case, the 
scale is freed from oils and other combustible impurities [30]. A 
dried scale with a moisture content of no more than 0.5% is sub-
jected to magnetic separation to remove non-metallic inclusions, 
mainly, silica. Then, the scale is milled in mills to a particle size 
of1.0 mm. 
 For the reduction of scale with hydrogen, continuous muffle or 
tube furnaces with external heating are used. The dross is placed in 
trays or boats that move continuously through the hot zone of the 
oven. Hydrogen is supplied from the side of the refrigerator and 
the counter-flow principle ensures the most complete recovery. The 
time required for complete-scale recovery depends on its type, par-
ticle size, layer thickness, temperature, pressure, and humidity of 
hydrogen, and other factors. 
 According to one of the options [31], the reduction is carried out 
in a tubular two-zone furnace at 650–700C (I zone) and 700–800C 
(II zone). 
 In another embodiment [32], the reduction is carried out in a 
continuously operating conveyor furnace at 980C. The recovery 
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time is of about 5 hours, and furnace productivity is 90 kg/h. 
There is a known method of reducing iron oxides by converted nat-
ural gas at 1100–1150C [33]. 
 It is proposed to make briquettes from scale and carry out reduc-
tion with natural gas conversion products at 900–950С (stage 1). 
Then, the obtained sponge iron (the degree of recovery is 90–96%) 
is ground and additional reduction is carried out in hydrogen at 
950–1000C (stage 2) [34]. 
 The work [35] presents the results of experimental studies of the 
reduction of iron oxides with wet hydrogen at normal pressure and 
isothermal conditions in the range 390–500C. As a result of exper-
iments, it was found that the rate of reduction in the kinetic region 
of reaction at normal pressure linearly depends on the concentration 
of water vapour in the gas mixture at their low content, which can 
be explained by a simple blocking of the active surface of the solid 
phase by water molecules. 
 Complete reduction of fine fractions of iron oxides with moist 
hydrogen is practically impossible due to the adsorption of water 
vapour on their surface. Therefore, the reduction of iron oxides is 
advisable to be carried out at moderate temperatures with complete-
ly dried hydrogen in installations operating on the counter-flow 
principle. 
 Experiments have shown that under these conditions, fine oxide 
particles with a large specific surface area also have a high reduc-
tion rate at low temperatures. 
 At the same time, an increase in the specific surface area of par-
ticles by several times does not entail the same increase in the re-
duction rate, which indicates a large influence of the internal poros-
ity of oxides on the reduction process. 
 Besides, an increase in the reduction temperature to 600–800C 
leads to a sharp decrease in the rate of the process due to recrystal-
lization of the metal powder, and the time required for the complete 
reduction of fine oxides (0.05 mm) with hydrogen is longer than 
the time required for the recovery of larger particles of 0.3–0.4 

mm. 
Study of the Morphology, Structure, Phase and Elemental Compo-
sitions of Mill Scale of the Uzbek Metallurgical Plant. Considering 
that steel at the plant is smelted from scrap metal, one should ex-
pect the presence of a wide range of impurity elements in various 
concentrations. Therefore, comparative studies of the morphology 
and chemical composition of mill scale and iron oxide grade pure 
for analysis (P.F.A.) were presented. 
 It has been shown that iron oxide particles have a generally 
spherical shape, which is typical for -Fe2О3 [16]. The scale under-
study is granules of various sizes (up to 10 mm) of arbitrary shape 



788 Kh. M. MAMARAKHIMOV and Kh. Kh. SIROJEV 

with a porous structure (Fig. 2) [16]. 
 As can be seen from the x-ray diffraction pattern (Fig. 3), the 
scale contains wüstite (FeO) [0.248, 0.215, 0.151, 0.129, 0.123 
nm3], magnetite (Fe3О4) [0.248, 0.148 nm3], and there are traces of 
hematite (-Fe2О3) [0.252, 0.148, 0.110 nm3] (Fig. 3). 
 A comparison of the chemical composition of the scale of the 
Uzmetkombinat with the results of the analysis of the scale of the 
Orsk-Khalilovsk metallurgical plant (Table 1) indicates a significant 
difference in their chemical composition. 
 The scale of Uzmetkombinat is a powder of low-alloy steels. 
 Before the investigation, the scale was dried at 300–400C, 
grinding in a ball mill at a ratio of the mass of raw materials and 
steel balls of 1:1 for 1.3 and 6 hours. 
 After grinding, magnetic separation of the powder was carried 
out on a belt transport shown in Fig. 4. 

  
                         a                                                b 

Fig. 2. Microstructure of the initial scale (a, 150) and electron-
microscopy structure of milled scale (b, 17.500). 

 

Fig. 3. Section of the x-ray diffraction pattern of mill scale. 
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 The scale powder is loaded in portions into the receiving hopper 
(1), from which it is poured out by gravity in a layer of 0.5–1.0 cm 
onto a conveyor belt (2) made of thin vacuum rubber. The conveyor 
belt is driven by two rollers (3) and (4), one of which (4) is a per-
manent magnet. The rolls are driven by an electric motor with a 
drive. The powder, moving along the conveyor, reaches the opposite 
end, and its non-magnetic fraction is dumped down into the hopper 
(5), and the magnetic fraction, as the effect of the magnetic field 
weakened, is dumped into the hopper (6). Together with the parti-
cles of the magnetic fraction, 0.05–0.1 mass.% of non-magnetic 
particles are entrained by mechanical adhesion, but their concentra-
tion does not significantly affect the quality of the final product. 
 The average chemical composition of the scale is given in the Ta-
ble 1. 
 After magnetic separation, the powder is poured into steel and 
graphite boats in weights of 0.5, 1.0, 1.5 kg. In this case, the 
height of the powder layer was of 10–30 mm. 
 The reduction was carried out in a stream of hydrogen in a sin-
gle-zone industrial furnace at 600, 700, and 800C for 1 hour. 

 

Fig. 4. Installation of magnetic separation. 

 

Fig. 5. X-ray diffraction pattern of reduced iron powder at different tem-
peratures: а—600С; b—700С; c—800С. 
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 The reduction of scale at 600С leads to the formation of -Fe 
(40%), FeO (38%), [0.248, 0.153 nm3] FeO* (11%), Fe3O4 
[0.297, 0.161 nm3] (11%). The total iron content in the samples is 
80 wt.% (Fig. 5, a). The reduction of scale at 700C forms the 
system -Fe (55%), Fe2O3 [0.250, 0.116 nm3], FeO [0.151, 0.123 
nm3] (23%), FeO* (15%), Fe3O4 [0.161 nm3] (7%). The total 
iron content in the samples is 87 wt.% (Fig. 5, b). The reduction 
of scale at 800C leads to the formation of the -Fe (70%), FeO 
[0.151, 0.124 nm3] (30%), FeO* (30%). The total iron content in 
the samples is 94 wt.% (Fig. 5, c). 
 The FeO* phase present in all samples contains 48.5% Fe and 
corresponds to the formula Fe0.35О and corresponds to the prepara-
tion obtained by the decomposition of FeС2О4 at 800C (ASTM, 6-
0711) [37]. FeO* in terms of d(hkl) values differs from FeO present 
in the initial scale and is, apparently, a solid solution FeO–Fe3O4 
[0.368, 0.251, 0.220, 0.183, 0.163, 0.153 nm3] (based on FeO), 
which is usually written as FexO (x0). To compare the results ob-
tained, we also analysed samples of iron oxide (P.F.A.) reduced at 
800C (Fig. 6, a). 
 However, due to the high chemical activity of the obtained ultra-
granular iron powders, the presented diffractogram (Fig. 6, b) de-
termines the phase composition of the already oxidized product. It 
includes -Fe, FeO [0.248, 0.215 nm3] and Fe3O4. 
 The spectral analysis of the samples obtained by reducing the 
scale at 700C is presented in Table 2. 
 A comparison of the results obtained with the results of the anal-
ysis of the content of impurities in the initial scale (Table 1) shows 
that its reduction at 700C leads to an increase in the concentration 
of practically all the elements present. However, in reality, this is 

  
                         a                                                 b 

Fig. 6. X-ray diffraction pattern of initial iron oxide (a) and reduced iron 
at 800С (b) for 1 hour. 
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due to the analysis methodology, which does not take into account 
the reduction in the volume of dross after its recovery. Neverthe-
less, it can be argued that under the selected reduction conditions, 
no significant refining of the product occurs [38]. 
 As can be seen in Fig. 2, the results of electron-microscopy stud-
ies of the reduction products of scale, milled to different degrees of 
fineness (10–500 m), showed that finer iron powders are obtained 
from more dispersed scale, the pyrophoricity of which increases 
with a decrease in the reduction temperature that is manifested in 
terms of the thickness of the oxide film on the surface of particles. 
 Under the accepted experimental conditions, the lower layers of 
the scale powder are not completely restored due to insufficient re-
covery time (600 and 700C) or the difficulty of hydrogen penetra-
tion due to the formation of a dense surface crust by sintered iron 
particles (at 800C). 

TABLE 2. Average chemical composition (wt.%) of the iron powder ob-
tained by reduction of scale at 700C. 

Element Si Al Ca Mg Ba Sr Mn Ti Cr Ag Pb 

Mass.% 2.0 2.0 0.06 0.2 0.02 0.02 0.50 0.03 0.08 0.0001 0.006 

Element Zb Ni Co Mo Sn Nb La Zr Ga Cu other 

Mass.% 0.008 0.20 0.01 0.01 0.003 0.007 0.007 0.004 0.0004 0.15 — 

 

Fig. 7. X-ray diffraction pattern of iron samples obtained by reducing 
scale in two stages: 1—650С (1 hour); 2—800С (1 hour). 
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 Based on the data obtained, it was concluded that the reduction 
process must be carried out in two stages at 600–700C and 800C. 
It is necessary to add a baking powder to the scale composition—
soot or iron powder. 
 Based on these prerequisites, a series of experiments were carried 
out to restore scale, ground in a ball mill for 1 hour, in a two-phase 
furnace at temperatures: I zone—650C; II zone—800C. 
 For the study, steel and graphite boats were used, and the scale 
powder was mixed with 5% graphite or 5–10% iron powder. The 
charge was poured both into clean boats and onto a thin layer of 
iron powder. 
 The results obtained allowed us to conclude that under the select-
ed reduction conditions, soot practically does not contribute to the 
reduction process and remains in the charge in a free state. 
 The best option is to recover the charge, which consists of a mix-
ture of scale (90%) and iron (10%) powders. However, the iron 
powder sticks to the steel boat. Therefore, in terms of technology, 
preference should be given to graphite boats. The results of x-ray 
phase analysis of the product obtained by reducing a mixture of 
scale (90%) and iron (10%) in graphite boats in two stages (1 hour–
650C, 1 hour–800C) showed that the resulting powder is 98% 
from -Fe [0.253, 0.248, 0.215, 0.129 nm3] (Fig. 7). 
 However, during storage, there is the slow oxidation of iron 
powder, [0.244, 0.212, 0.150, 0.128 nm3]; therefore, experiments 
proved the need to increase the temperature of the II stage of re-
duction to 950–1000C (Fig. 8). 
Technological Scheme of Obtaining Iron Powders by Reducing 
Scale. Preparation of raw materials. If the scale is taken from per-
ennial dumps located in an open area, then it is preliminarily sub-
jected to screening and flotation with running water to remove 
pieces of silica and alumina. The scale in the spans of rolling mills 
is not subjected to such an operation. 
 The scale is dried at 250–340C to remove moisture, oil, etc. Mill-
ing of scale is carried out in a ball mill at a ratio of the mass of raw 
materials and steel balls 1:1 for 2 hours. 
 After grinding, the powder is magnetically separated on a belt 
conveyor equipped with an electromagnetic system to remove parti-
cles of impurities. The yield of the non-magnetic fraction is 3–10%, 
depending on the scale contamination. 
 The powders are sieved through a 40-mesh sieve to remove coarse 
fractions, which are resent for grinding. The amount of the coarse 
fraction usually does not exceed 3–5%. 
Batch Preparation. To accelerate the reduction process and facili-
tate the circulation of hydrogen, 8–10 wt.% iron powder is added 
to the scale powder. The batch is mixed in a mixer or ball mill for 1 
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hour. 
Scale Recovery. The charge is poured into standard graphite boats 
with a layer thickness of 25–30 mm, which are placed in the muf-
fles of an industrial furnace consisting of two zones, and a refrig-
erator, and are continuously advanced using a pusher. 
 The temperature of zone I of the furnace is 650–700C, zone II is 
950–1000C. Hydrogen is supplied from the side of the refrigerator 
and the counter-flow principle ensures the most complete recovery. 
The residence time of boats with a charge in each temperature zone 
is 1 hour, i.e., the restoration process is carried out in 2 hours. 
Grinding of the Sponge Iron. The resulting iron sponge (Fig. 9) is 
subjected to grinding in a ball mill for 2 hours. 
 After grinding, the powder is sieved through a 60-mesh sieve. 
Coarse fractions of the powder are returned to the initial cycle for 

 

Fig. 8. X-ray diffraction pattern of iron samples obtained by reducing 
scale in two stages: 1—650С (1 h); 2—1000С (1 h). 

 

Fig. 9. The microstructure of an iron sponge was obtained by reducing the 
mill scale, 1000. 1—-Fe. 
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batching the scale. 
 The technological scheme for obtaining iron powders from the 
scale of the APO Uzmetkombinat is shown in Fig. 10. 
 Composition and properties of iron powders. The iron powder ob-
tained by this technology is -Fe and has the chemical composition 
shown in Table 3. The results of studying the technological proper-
ties of iron powders are presented in Table 4. 

 

Fig. 10. Technological scheme for obtaining iron powders from the scale of 
the Uzmetkombinat. 



796 Kh. M. MAMARAKHIMOV and Kh. Kh. SIROJEV 

5. CONCLUSION 

The modern methods of obtaining iron powders are considered, their 
classification is carried out, and analytical data of powders made 
from various types of raw materials are given. 
 The kinetic regularities of the reduction of iron oxides are ana-
lysed from the point of view of the adsorption–autocatalytic theory. 
The principles of reduction of mill scale with hydrogen are general-
ized, the influence of external factors on the reduction process is 
considered. 
 The structure and mechanical properties of iron powders are con-
sidered. 
 As concluded, regardless of the production method and raw mate-
rials, iron powders have different properties with the same chemical 
composition. 
 The morphology, structure, phase and elemental compositions of 
the mill scale of the Uzbek Metallurgical Combine are analysed. It is 
concluded that it is a powder of low alloy steels. 
 The dependence of the change in the phase composition of iron on 
the temperature and time of scale reduction is investigated. As a 
result, an optimal mode of obtaining iron powder was developed, 
the characteristics of which meet the GOST 9849-86 requirements. 
 The scale recovery technology has been developed, which includes 
the following stages: drying at 250–340C, grinding in a ball mill 
for 2 hours, magnetic separation, sieving through a 40-mesh sieve, 
mixing the charge, recovery for 2 hours in H2 at a temperature: I 
zone—650–700С, II zone—950–1000С. 

TABLE 3. Iron powder chemical composition. 

Element Fe Si Al Mg Mn Ba Ti Cr 

Content, mass.% 98.9 0.3 0.1 0.01 0.2 0.009 0.001 0.05 

Element Zr S C O2 Ca Ni Co other 

Content, mass.% 0.001 0.03 0.05 0.2 0.008 0.1 0.04 0.15 

TABLE 4. Technological properties of iron powders. 

Particle size, mm 0.16–0.20 0.10–0.16 0.063–0.10 0.05–0.063 
not less 

than 0.05 

Grading, % 1.5 10–30 20–35 20–30 15–30 

Bulk density, g/sm3 2.2–3.0 

Fluidity, s/50 g 40 

Compressibility at 

P700 MPa, g/sm3 
6.5–7.0 
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