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Abgtract. The eectrolytic iron powder with controlled
shape and size of particles and required structural,
physical and functional properties was synthesized. The
electrolytic precipitation of dispersed iron was carried out
using a steel soluble anode and a titanium cathode. Sulfate
electrolyte was used; the shape of the cathode was a plate;
the eectrolysis time was 1 h. Experimental studies were
carried out using correation-regression analysis. The
average particle size and morphology were determined
using optical microscopy. Based on the results of the
experiments, polynomial models that adequately describe
the established relationships of the parameters studied
were obtained. The most significant factors are the circu-
lation rate of the electrolyte, the cathodic current density,
and the concentration of iron vitriol in the eectrolyte.
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1. Introduction

One of the most important directions in the
development of domestic production is resource saving,
and introduction of low-waste and non-waste
technologies. Powder metallurgy plays a significant role
here, allowing to manufacture a number of products that
can not be produced by traditional methods [1-3]. The
consumption of metals in this case is reduced by 2-3
times. The advantage of powdered technologies is that
metal powders can be obtained directly from ore,
concentrates, and from metallurgical production waste —
scale, swarf, etc. The preparation and synthesis methods,
as well as the type of feedstock, substantially determine
the properties of powders and their application area.

About 1 billion tons of man-caused waste are
generated annually in Ukraine, including various types of
mill scale (flaky particles of different thickness, consisting
mainly of iron oxides) [4, 5]. The most known methods of
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mill scale processing as a raw material for the production
of iron powders are the electrolysis of aqueous solutions
and the reduction of iron oxides[6, 7].

Electrolysis has a number of advantages, especially
when it is necessary to obtain a product with certain
physico-chemical properties on a mass scale for different
types of industries. The high dispersity, well-developed
surface and dendritic shape of iron powder particles
(Fig. 1) make it suitable for the production of cermets and
for the synthesis of some special grades of electrical iron
and porous antifriction materials [8-10]. The synthesized
electrolytic iron powders with a bulk density within the
range of 1.5-2.2 g/cm® have an advantage over powders
with a small bulk density synthesized by chemical
reduction methods. In addition, electrolytic iron powders
have the ability to be pressed into strong briquettes and
easly sntered [11, 12].

One of the most important consumer properties of
metal powders is the stability of their chemical
compositions. Usually, for the production of powder metal
wares, the content of the base metal in powder is 98—
99 %, and powders of even higher purity are required for
the production of wares with special properties [13, 14].
The limiting content of impurities in powders is
determined by their permissible content in the resulting
product. The exception is oxides, which can be removed
during sintering. In most powders the oxygen content of
0.2-1.5% is permitted, which corresponds to the content
of oxides within 1-10%. A higher content of oxides
reduces the powder compressibility and molding strength,
hampers sintering and deteriorates the mechanical
properties of the resulting wares.

Electrolytic iron powders have a high degree of
purity. In a number of cases, it is possible to synthesize
powders containing up to 99.7% of iron. In highly
dispersed eectrolytic iron powders (particles size 2—
10um) of such purity, there is no magnetic hysteresis,
which makes this material extremely valuable in the
electrical industry for manufacturing cores of high
frequency installations, reel magnetic cores in telephony
and telegraphy, switch brushes, induction coils and other
products.
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Fig. 1. Micrograph of eectrolytic iron powder particles

However, the particular properties of iron cause a
number of difficulties in the electrolytic synthesis of iron
powder [11, 12, 15].

Iron is an eectronegative metal, so hydrogen is
released from acidic solutions together with it. When
working under such conditions, the current efficiency of
iron powder is greatly reduced, and the quality of the
cathode deposit is deteriorated as a result of hydrogen
introduction into it. The latter circumstance necessitates
an additional annealing operation. The more hydrogen in
the deposit, the worse it can be crushed. Iron is capable of
separation from solutions in the form of hydroxides; the
latter can cause contamination of the powder, followed by
difficulties in manufacturing a standard product and
implementation of a continuous process.

In the eectrolytic process, the powder uniformity
regarding the granulometric compoasition is insufficient;
therefore, such a powder is of little use in technologies
where homogeneous dispersity isrequired.

To control the synthesis of powder with the
required and predicted properties, it is necessary to
understand the mechanisms of the combined influence of
the electrodeposition process parameters on the structure
and operational properties of the deposit.

In this connection, it is of considerable interest to
quantify the impact not only of individual electrolysis
parameters[11, 12, 15], but also their joined effect, which
should be greater.

The aims of this research are to synthesize a
chemically stable electrolytic iron powder with controlled
shape and size of particles, with the required structural,
physical and functional properties from the mill scale of
rolling production; to evaluate the combined effect of
electrolysis technological parameters, as well as the
electrolyte composition on the properties of dispersed iron
deposit, and to determine the efficiency of varying
parametersin the synthesis of high pure iron powder.
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2. Experimental

For the synthesis of dispersed cathode iron, we
used eectrolytes which were obtained by treating mill
scale (JSC Interpipe-NTZ, Ukraine) with sulfuric acid.
The chemical composition of the scale is shown in Table
1. The phase composition and morphology of the particles
areshowninFigs. 2 and 3.

After scale treating with sulfuric acid  the
electrolytes were filtered and their chemical compositions
were corrected according to the specified experimental
conditions.

The process of electrolytic deposition was
conducted using titanium insoluble cathode and soluble
iron anodes according to the following regimes:

current density was varied from 40 to
60 A/dm?;

- electrolyte temperature was varied from 313 to
353K;

- drculation rate was varied from 100 to 700 rpm;
cathode shape — plate;
electrolysistime—1 h;
Electrolyte composition  (g/l):
FeSO4 + 45 Na;SO, + (0-0.3) H,S0,

After dectrolysis completion, the cathode deposit
was extracted from the bath, washed with running water
and dried in a drying cabinet at 353 K. The resulting iron
sponge was ground in a planetary mill, with the rotational
speed of 170 rpm.

Experiments were carried out in accordance with
full factorial experiments (FFE), as well as with the use of
correlation regression analysis.

The particle morphology was determined using
optical and scanning electron microscopy. The phase
composition of the feedstock and the resulting product
was determined using a DRON-2 unit. The chemical
composition of the materials was determined by mass

Spectroscopy.

(160-300)

3. Results and Discussion

3.1. Effect of Electrolysis Technological
Parameters and Electrolyte Composition
on Physical Properties of Dispersed Iron

In the first series of experiments we studied the
combined effect of current density (i, A/dm?), electrolyte
temperature (t, °C) and electrolyte circulation rate (v, rpm)
on the particles average size (da, pm) and current
efficiency (,%). In the second series of experiments the
combined effect of current density, concentrations of
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sulfuric acid (C(H2S0,), g/l), and iron vitriol (C(FeSO,), Based on the results of the experiments we created
g/l) in the electrolyte on the average particle size and regression models adequately describing the investigated
current efficiency was investigated. The matrices of the  dependencies:

experiment plan and experimental results are presented in Oay =337.3—9.6i —41.34t —50.27v —
Tables 2 and 3, respectively. —10.25iv + 41.34tv + 2.65itv D
Table 1
Chemical composition of mill scale
Components, wt %
Feoa Fe0; FeO SO, MnO S P C 0,
72.5 37.15 59.65 0.45 0.51 0.02 0.05 0.31 22.35
300 +
200 + %
N (] R S
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Fig. 2. Diffractogram of dispersed mill scale Fig. 3. Micrograph of mill scale particles
Table 2
Plan and results of the 1* series of experiments
No Parameters Response functions
' i, Aldm® t,°C v, rpm Oy, MM 17, %
1 60 80 700 232 85
2 40 80 700 343 86
3 60 40 700 303 88
4 40 40 700 272 89
5 60 80 100 265 83
6 40 80 100 345 98
7 60 40 100 212 78
8 40 40 100 398 63
Table 3
Plan and results of the 2™ series of experiments
No Parameters Response functions
' i, Aldm® C(H,S0,), g/l C(FeSO,), g/l Oy, MM 17, %
1 60 0,3 300 256 63
2 40 0,3 300 280 85
3 60 0 300 170 89
4 40 0 300 140 45
5 60 0,3 160 350 70
6 40 0,3 160 190 53
7 60 0 160 120 80
8 40 0 160 122 74
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7 =835+ 5.5ty, 2
oy = 369 + 181C(H,S04) + 44i-C(H,S0,) —
—84.33i-C(FeS0,) 3

7 =69.9 —7i-C(H,S0,) —9.833i-C(H,S0,)-C(FeSO,) (4)

The electrolyte circulation has the most significant
effect on the response functions. The increase in the
circulation rate decreases the difference of iron ions
concentration at the cathode and inside electrolyte. In this
case, the reserve of discharging ions in the near-cathode
layer increases, the formation and growth of crystals
occurs more uniformly, and coarse-grained deposits of
ironareformed (Figs. 4 and 5).

At high circulation rates the particles with a less
developed surface are formed, while a high current
density alows to obtain particles with a well-developed
dendritic surface. Therefore, to obtain dispersed iron
powders (including those obtained due to further grinding
of the resulting deposit), it may be advisable to conduct
the eectrolysis process with high current density and low
circulation rate of the electrolyte.

The increase in current density contributes to the
increase of cathode deposit dispersion (Fig. 6). Moreover,
with the increasing current density the influence of a
group of factors that weaken the diffusion processes
increases.

In particular, stirring of the electrolyte promotes
intensive release of hydrogen and leads to an increase in
convective currents, which are formed under the influence
of the evolved Joule heat and the increasing rate of change
in the iron ions concentration in the near-electrode layers
of the eectrolyte. Hydrogen, being reduced together with
iron ions at the cathode during deposition of friable
deposit, has a multifaceted effect on its formation and on
the electrolysis process as a whole. The released hydrogen
promotes the el ectrolyte stirring and affects the delivery of
iron ions to the cathode, and thus the dispersion and
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structure of the deposited particles. Asaresult of intensive
hydrogen release, the eectrolyte pH is changed in the
near-cathode layer, up to the value of hydroxides and
basic metal salts formation. The resulting colloidal
particles of the suspension are adsorbed on the crystal
faces, essentialy affecting the dispersity and dendriticity
of the powder particles.

Thus, at high current density further grinding of the
deposit is stopped and it becomes possible to obtain
powders that are more stable in dispersion.

With intensive hydrogen release the current
efficiency decreases and, accordingly, the electric power
consumption for obtaining the powder increases.

The effect of temperature on the regularities of the
iron ions cathodic reduction, compared with the effect of
current density, is of the opposite nature: the increase in
temperature decreases the cathodic polarization; the
deposits become more coarse-grained, and the limiting
current density increases. Such influence of temperature is
associated with the increased diffusion rate of iron ions.
We observed an insignificant increase in the metal current
efficiency with increasing temperature in the range from
313 to 353K. This is due to the increase in the
concentration of metal ions near the cathode zone (Fig. 7).

Thus, the current efficiency is simultaneously
significantly affected by two parameters — the temperature
and the electrolyte circulation rate.

The content of sulfuric acid in the electrolyte
significantly affects only the current efficiency and the
cost of eectricity. With the increase in ectrolyte acidity,
the current efficiency of the iron powder decreases
significantly. The effect of acidity on the granulometric
composition of the iron sediment is insignificant. At the
same time, with the incresse in sulfuric acid

concentration, a certain increase in the dispersion of iron
particlesis observed.

Fig. 4. Micrographs of dispersed iron particles synthesized
at electrolyte circulation rates 700 rpm (a) and 100 rpm (b), temperature 313 K, current density 40 A/dm?
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Fig. 5. Micrograph of dispersed iron particles
synthesized at e ectrolyte circulation rate 100 rpm,
temperature 313 K and current density 60 A/dm?

Fig. 6. Micrographs of dispersed iron particles synthesized
at current density 40 A/dm? (a) and 60 A/dm? (b), temperature 313 K, circulation rate 400 rpm

Fig. 7. Micrographs of dispersed iron particles synthesized at el ectrolyte temperature 353 K (a)
and 313 K (b), current density 50 A/dm?, circulation rate 400 rpm

b)
Fig. 8. Micrographs of dispersed iron particles synthesized at iron vitriol concentration
in electrolyte of 300 ¢/l (a) and 160 g/l (b), current density 50 A/dm?, circulation rate 400 rpm
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Reduction of iron vitriol concentration within the
accepted range of variation and, as a consequence,
changes in the content of iron ions in the electrolyte leads
to the formation of very thin and light cathode deposits
with a bulk density of less than 1.0 g/em?®. This is due to
the fact that with the decrease in the concentration of iron
ions in the solution, the conditions for their discharge at
the cathode are hampered, the deposit at the cathode
grows non-uniformly, and its dendriticity increases [11,
12] (Fig. 8).

3.2. Effect of Electrodeposition
Technological Parameters on the
Chemical Properties of Dispersed Iron

In the first series of experiments we studied the
combined effect of current density (i, A/dn?), electrolyte
temperature (t, °C) and electrolyte circulation rate (v, rpm)
on the chemical purity of iron deposit. The chemical
purity was evaluated by weight concentration of iron
(C(Fe), wt%) in the deposit. In the second series of
experiments the combined effect of current density,
concentrations of sulfuric acid (C(H.SO,), g/l), and iron
vitriol (C(FeSO,), g/l) in the eectrolyte on the chemical
purity of iron deposit was investigated. The matrices of
the experiment plan and experimental results are
presented in Tables 4 and 5, respectively.
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Based on the results of experimental studies, we
created regression models that adequately describe the
investigated dependencies:

C(Fe) =93.56—0.25i —1.02t —0.12v —

—0.36it —0.21iv + 0.19ty (5)
C(Fe) = 92.4—0.3i — 2.04C(H,S0y) +
+ 0.53C(FeS0,) — 0.09i-C(H,S0y) —
—0.76i-C(FeS0,) + 0.29C(H,S04)-C(FeSO,) —
— 2.173i-C(H,S04)-C(FeSOy) (6)

An anaysis of the obtained mathematical models
shows that the parameters studied in the second series of
experiments have a greater effect on the chemical purity
of dispersed iron cathode deposit. The most significant
parameter is the concentration of sulfuric acid in the
working solution. With the increase in the eectrolyte
acidity the amount of iron in the cathode deposit is
significantly reduced.

The decrease in iron vitriol concentration within
the range of variation and, as a consequence, the decrease
in the number of iron ions in the electrolyte leads to the
formation of very thin cathode deposits with a bulk
density not exceeding 1g/cm® and easily oxidizable
already during electrodeposition. This is due to the fact
that with a decrease in the concentration of metal ions in
solution the conditions for their discharge at the cathode
are hampered, the deposit at the cathode grows non-
uniformly, and its dendriticity increases.

Table4
Plan and results of the 1% series of experiments
No Parameters Response function
' i, Aldm? t,°C v, rpm C(Fe), wt %
1 60 80 700 96.235
2 40 80 700 96.111
3 60 40 700 97.836
4 40 40 700 97.950
5 60 80 100 96.992
6 40 80 100 97.005
7 60 40 100 97.868
8 40 40 100 97.950
Table5
Plan and results of the 2" series of experiments
No Parameters Response function
' i, Aldm? C(H,0,), ¢/l C(FeS0,), gl C(Fe), wt %
1 60 0.3 300 97.568
2 40 0.3 300 97.950
3 60 0 300 97.836
4 40 0 300 97.950
5 60 0.3 160 97.792
6 40 0.3 160 97.001
7 60 0 160 97.868
8 40 0 160 97.950
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Fig. 9. Diffractograms of iron cathode
deposits synthesized in the 2™ series
of experiments: No. 1 (a); No. 2 (b); No.
3(c); No.5 (d) and No. 6 (e)
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Table 6
Iron content in the powder s synthesized in the 2™ series of experiments
No. of experiment 1 2 3 4 5 6 7 8
Iron concentration C(Fe), wt % 99.621 99.899 99.658 99.999 99.864 99.596 99.684 99.999

The influence of eectrolysis technological para
meters, studied in the first series of experiments, on the
response function is less significant. However, we found
the synergistic effect of the combined action of cathodic
current density and electrolyte temperature on the
chemical purity of the iron deposit. With a smultaneous
increase in the values of these parameters, a certain
decrease in the iron concentration in the resulting deposit
is observed. The increase in electrolyte temperature
facilitates deposit oxidation during the deposition of most
metals and contributes to the contamination of metals by
its impurities that enter the solution with water and from
the electrodes. A significant increase in the cathode
current density leads to an additional heating of the
electrolyte.

The conclusions from the results of the active
experiment are confirmed by XRF data (Fig. 9).

Despite the fact that the electrolysis method makes
it possible to obtain chemically stable metal powder
materials, the XRF data indicate a rather high degree of

contamination of the resulting iron deposit by impurities,
and, first of al, by iron oxides. Such a level of
contamination does not meet the requirements for
electrolytic powders, including iron powders.

To increase the chemical purity, the resulting iron
cathode deposit was reduced in a hydrogen atmosphere at
1173 K for 1 h, and then ground in a planetary mill to
achieve the desired particle sizes. The iron content in the
reduced powders is shown in Table 6.

4. Conclusions

Based on the experimental results the polynomial
models were created that adequately describe the
interrelationships of the parameters studied. The most
significant parameters are the current density, the
electrolyte circulation rate and temperature, and the
content of iron vitriol in it. The synergistic effect is
observed under the combined impact of electrolyte acidity
and cathode current density on the iron particle
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morphology. The simultaneous increase in these values
results in a considerable enlargement of the cathode iron
particles. The electrolyte composition has a much greater
effect on the chemical purity of the dispersed iron cathode
deposit compared with the dectrolysis technological
parameters. The sulfuric acid concentration in the working
solution is the most significant factor. With increasing
acidity of electrolyte, the iron content in the cathode
deposit decreases.

The synergistic effect is observed under the com-
bined impact of cathode current density and electrolyte
temperature on the chemical purity of iron deposit. The
simultaneous increase in these values incresses
concentration of impurities in the resulting deposit.

The technological factors of the electrolysis
process in the investigated ranges of variation can
effectively influence electrodeposition process of iron
dispersed cathode deposit, as well as a complex of
physical and technological properties of the resulting
electrolytic iron powder.
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OCOBJIMBOCTI OJIEP’)KAHHS
EJIEKTPOJITUYIHOTI'O 3AJII3HOT'O ITIOPOLIKY
3 BIAXOAIB TIPOKATHOI'O BUPOGHUILITBA

Anomauin. Odepoicano enexmporimudHuLl NOPOUWoK 3aniza
3 pecynboBaHON (POPMOIO i POSMIDOM HACMUHOK, 3 HEOOXiOHUMU
CMpPYKMypHUMU, QisudHUMU Ma  DYHKYIOHATLHUMU  ]1ACHIUBOC-
mamu. I[Ipoyec enekmponimuuHozo 0cadxceHHs: OUCHEPCHO20 3aNi3d
nPoBOOUNU 3 BUKOPUCIAHHAM CIIATLEB020 POUUHHOZO AHOOA Ul M-
manosozo kamooda. Enexmponim — cynvghamnuii; gpopma kamooa —
naiacmuna; dac erekmponisy — 1 eoouna. Excnepumenmansui 0o-
CHIOMNCEHHsT NPOBEOeHI 13 3ACMOCYBAHHSIM KOpeNAYilHO-pespeciil-
Ho20 ananizy. Memooom onmuuHoi MIKpOCKONIT usHaueHi cepeoni
posmipu i mopghonozito uacmunok. Ompumani noAHOMIANbHI MO-
Oeni, AKI A0EK6AMHO ONUCYIOMb BCMAHOBIEHI  83AEMO36'A3KU
00CHIOIHCYBANUX NAPAMEMPIS.

Knrouosi cnosa: 6ioxoou npoxamnoeo upobHuymea, oxka-
AUHA, 3ARI3HUTE NOPOWIOK, WBUOKICMb YUPKYIAYIT, eneKkmpoocao-
JICEHHSI,  WIIbHICMb — CMpyMy, MOpgonoeiss  uacmox, po3mip
YACTNUHOK.



