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1. Introduction

Ultrafine metal powders are used in various fields of
engineering and manufacturing. Nickel powder, owing to its
high electrical conductivity, catalytic and electrocatalytic
properties, magnetic characteristics and high corrosion re-
sistance is used for various applications. For instance, it is
used for the preparation of special cement [1], as a catalyst
[2], and for the preparation of colloids [3].

Ultrafine nickel powder is also necessary for the man-
ufacturing of super alloys [4, 5], which are widely used
in mining, aerospace and metal processing industries.
Superalloys, which are also called pseudo-alloys are not
true alloys but composite materials. Usually, composite
materials of organic [6, 7], inorganic [8] or mixed organ-
ic-inorganic nature [9, 10] are composed of matrix mate-
rial and filler material [11]. At the same time, superalloys
have a different structure: the majority of hard material
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particles are held together by a molten metal binder (Ni
in particular).

Superalloys are prepared by means of powder metallurgy:
a mixture of hard component and metal [12] (sometimes ox-
ide of metal binder [13]) is sintered under pressure to obtain
metal-ceramic workpieces. The described technology leads
to special requirements for nickel powder. Primarily, it must
be free from volatile compounds or metals (zinc, magne-
sium), as this can lead to the formation of caverns inside the
formed workpiece. Powder particles size should be 5-50 pm.
Additionally the mixture of hard component and nickel is
ground in alcohol before forming a workpiece, so another
requirement for nickel powder is susceptibility to grinding.

The main parameters of superalloys are mechanical
durability and stability at high temperatures [14]. In par-
ticular, these properties are important for application in the
mining industry, and especially in the aerospace field [15].
Superalloys are used for the manufacturing of turbines for jet




and rocket engines. Thus, when manufacturing such critical
parts, more stringent requirements are imposed on the com-
position of nickel powder, determined by synthesis methods
and conditions [16].

2. Literature review and problem statement

When developing the method for preparing any material,
the raw material is usually analyzed first and then the meth-
od is chosen with respect to the product requirements.

Based on principles of sustained development and the
fact that nickel is a rather expensive metal, the best sourc-
es of nickel are various nickel-containing waste in various
forms. Primarily, this can be liquid nickel-containing waste
[17]. Superalloy scrap with the nickel binder is well suited for
preparing nickel powder for manufacturing of superalloys.
The scrap can be utilized in two ways [18, 19]:

— directly as a source of solid nickel;

— as a source of nickel salts after selective dissolution.

The other source of nickel can be scrap of batteries em-
ploying nickel oxide electrode, particularly alkaline batteries
[20, 21]. In this case, the active electrode material (B-Ni(OH),
[22] and a-Ni(OH )3 [23]) must be treated to obtain a solution
of nickel salts. Nickel oxide electrodes of hybrid supercapaci-
tors [24, 25] can be processed in the same way.

Many methods for the preparation of ultrafine nickel
powder have been developed [26—40]. In [26], the evap-
oration-condensation method is proposed, however, this
method requires special equipment and the process must be
conducted under inert atmosphere. A method was developed
for processing of solid nickel waste by treating them with
molten metals [27], with zinc in particular [28]. The method
consists in dissolving nickel in molten metal and then strip-
ping the metal and obtaining nickel powder. Such method is
not used to prepare nickel powder for superalloys, because
it would contain admixtures of zinc or other metals. In
[29], the solvothermal process for obtaining nickel powder
has been described. A method for the preparation of nickel
powder by reduction of nickel cation with hydrazine has also
been developed [30]. In [31], the preparation of nickel pow-
der from freshly precipitated nickel hydroxide by reduction
with sodium hypophosphite has been described. However,
this leads to the formation of Ni-P alloy powder, which is not
suitable for the preparation of superalloys. It has been also
proposed to use polyols as reducing agents [32], additionally,
the paper also proposes the use of strong surfactants. This is
likely because of absorption of surfactants on the surface of
forming metal particles (as described in [33]). In this case,
the powder would be contaminated with surfactant residue,
which makes it unsuitable for the preparation of superalloys.
The same can also be said about nickel powder, prepared by
reduction with Ti(IIT) [34]. In this case, the nickel powder
would be contaminated with volatile titanium compounds.
One of the most common methods for the preparation of
nickel powder is reduction with hydrogen from salts [35],
and also oxides [36]. The prepared nickel powder is suscep-
tible to grinding, doesn’t contain any impurities, however,
the production requires a hydrogen station and heating. A
carbonyl method for the preparation of nickel powder is used
[37], however, it employs highly toxic nickel carbonyl.

One of the most promising methods for the preparation
of Ni powder is electrolysis, which allows controlling the
parameters of the resulting powder. Methods of electro-

lyte-plasma synthesis [38, 39] and electrolysis with impulse
current at elevated voltage [40] have been proposed. Howev-
er, the usage of plasma-electrochemical process or high-volt-
age electrolysis complicates the equipment and significantly
increases the cost of the process.

The more acceptable method is direct electrolysis of a
nickel salt solution. In order to obtain nickel powder, it is
necessary to conduct electrolysis at current densities that
significantly exceed the limiting current density. However,
under such conditions, the near-cathode volume is alkalined-
ed and nickel is precipitated in the form of nickel hydroxide.
In order to avoid this, the electrolysis of nickel salt (most
commonly — nickel sulfate) is conducted in the presence
of ammonium sulfate. In a basic medium, the ammonium
cation transforms into ammonia, which forms an ammine
complex with nickel, which can pass through the alkaline
near-cathode layer to the cathode and upon discharge forms
nickel powder [37].

Electrolysis of nickel sulfate with ammonium sulfate
allows preparing nickel powder that is suitable for the
preparation of superalloys. However, the detailed data on
electrolysis parameters, electrolyte composition for the
preparation of powder specifically for use in superalloys
(susceptible to grinding, without admixtures of compact
metal) are uncertain.

3. The aim and objectives of the study

The aim of the work is to determine synthesis conditions
of ultrafine nickel powder for use in the preparation of su-
peralloys.

To achieve this aim, the following objectives were set:

—to study the influence of the electrolyte temperature
on the properties of the prepared nickel powder;

— to study the influence of electrolyte composition on the
synthesis process and properties of nickel powder;

- to conduct a comparative analysis of prepared nickel
powder samples and determine the optimal electrolysis con-
ditions.

4. Materials and methods

4. 1. Electrolyte composition for preparation of nickel
powder

For the preparation of nickel powder, the base solution of
the following composition was used: Ni?* 0.1 mol/L, NH;"
1 mol/L, NH3-H,0 up to pH 11. As a source of Ni%*, nickel
sulfate NiSO,47H,0, obtained from spent alkaline batteries
was used, a source of NH;* — ammonium sulfate, pH of the
solution was corrected with aqueous ammonia solution.

4. 2. Study of electrode reactions during nickel pow-
der synthesis

Electrode reactions were studied by recording cathodic
and anodic polarization curves. The studies were conducted
in a special three-electrode cell with the auxiliary platinum
electrode. Ag/AgCl (KCI sat.) electrode was used as a ref-
erence electrode. The reference electrode was placed into a
glass with a saturated KCI solution. The other glass, with
the working and auxiliary electrodes, was filled with the
electrolyte for nickel powder synthesis. Stainless steel was
used as a working electrode for the cathodic process, and



nickel for anodic. In order to avoid the edge effect, the work-
ing electrode was placed into a Teflon cassette, composed of
two rectangular parts, one of which had a round hole with a
diameter of 0.012 m. In order to create an electrical contact
between two glasses, a Luggin-Haber capillary filled with
the studied solution was used. Polarization curves were
recorded using the Ellins P-8 digital potentiostat (Russia).
Potential scan rates were 1 mV/s and 5 mV/s.

4. 3. Electrolysis method for preparation of nickel
powder

The electrolysis had been conducted in the flow-through
polypropylene cell. The cell was equipped with stainless
steel cathode and two nickel anodes. The electrolysis had
been conducted at a current density of 100 A/dm?. During
the electrolysis, large amounts of heat were generated. In
order to evaluate the influence of synthesis temperature, the
electrolysis was conducted under the following conditions:

—no cooling;

— evaporative cooling: the cell was placed into a tissue
cover that was in the water and under airflow;

— water-cooling: the cell was placed in a large container
with cold water;

— snow-water cooling: the cell was placed in a large con-
tainer with a mixture of water and snow.

4. 4. Study of nickel powders

After electrolysis, nickel powder was removed from the
cathode, washed a few times with distilled water and dried
at room temperature.

Morphology and particle size were studied using the
JEOL JSM-6510LV scanning electron microscope (“JEOL”,
Japan). Chemical composition was studied by means of EDX
analysis using the Hitachi S4500 microscope (Japan).

5. Results of studying the conditions of electrochemical
synthesis of nickel powder

3. 1. Study on the influence of temperature on charac-
teristics of nickel powder

The results of evaluating the influence of the cell tem-
perature on the characteristics of nickel metal powder are
presented in Table 1.

Table 1

Influence of the cooling method and temperature on
characteristics of nickel powder.

Cooling method | Temperature, °C Powder quality

98 Very coarse powder with

no coolin, . .
8 inclusions of compact metal

evaporative Coarse powder, low suscepti-

cooling 81-82 bility to grinding
’ . Moderately fine powder, can
water-cooling “ be ground with effort
snow-water 4548 Ultrafine powder, easy to

cooling grind

Lower temperature leads to a finer powder and higher
susceptibility to grinding. At high temperatures, the forma-
tion of compact metal is observed.

5. 2. Study on the influence of electrolyte composition
on electrode reactions during nickel powder synthesis

When studying the influence of temperature during
electrolysis without cooling, it was discovered that the
solution color had changed from purple to blue. This indi-
cated decreasing concentration of ammonia. Therefore, the
influence of ammonia concentration on cathodic and anodic
processes was studied. For that, solutions with ammonia
concentrations of 50 %, 110 %, 150 % and 200 % of the base
concentration were prepared.

Polarization curves in solutions with different concen-
trations of ammonia are presented in Fig. 1 (anodic curves)
and Fig. 2 (cathodic curves).
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Fig. 1. Anodic polarization curves of the nickel electrode
in electrolytes for nickel powder synthesis with different
ammonia concentrations
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Fig. 2. Cathodic polarization curves in electrolytes for nickel
powder synthesis with different ammonia concentrations

It should be noted that in the electrolyte for powder syn-
thesis, the nickel anode is partly soluble. Polarization curves
show plateaus of limiting passivation current. It should also
be noted that at an ammonia concentration of 2Cg (200 %
of the initial concentration), the current was significantly
higher.

Lowering of ammonia concentration did not impact the
cathodic curve significantly. However, after the cathodic
curve was recorded, a green deposit of nickel hydroxyl-com-
pounds was observed on the electrode. An increase in am-
monia concentration leads to increased polarization, which
should improve the powder quality.

5. 3. Study on the effect of complexing agent additive
on characteristics of nickel powder

In order to maintain a stable concentration of complexed
ions, it was decided to employ and additional complexing
agent. As such additional complexing agent, Trilon B was
added in the amount of 20 % of the ammonia amount in the
solution. In order to study the influence of Trilon B, nickel
powders were prepared from electrolytes with and without



Trilon B. It should be noted; that snow-water cooling was
used for these experiments in order to create optimal tem-
perature conditions. SEM images are shown in Fig. 3, 4.

It was discovered that the powder is composed of small
spherical particles that form coral-like grains about 45—
70 pm. These agglomerates easily break apart even with lit-
tle effort applied. Particles of compact metal were observed
in the sample prepared with Trilon B additive.
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Fig. 3. SEM images of nickel powder prepared without
Trilon B additive. Magnification: @ — x1,330, 6 — x4,000
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Fig. 4 SEM images of nickel powder prepared with
Trilon B additive. Magnification: @ — x1,330, 6 — x4,000

Table 2 shows the composition of nickel powders pre-
pared without and with Trilon B additive.

Table 2

Chemical composition of nickel powder samples

Element content, % mass
Ni Si P S Fe | Co | Zn

Samples

Sample with
Trilon B

Sample with-
out Trilon B

99.028 [0.008{0.029 0.03 {0.018] 0.65 [0.047

99.054 [0.015[0.024(0.022{0.015] 0.72 {0.055

Element content, % mass
As | Cd | Sn | Ca | Sb | Pb | Bi Al

Samples

Sample with
Trilon B

Sample with-
out Trilon B

0.002{0.003(0.004{0.001{0.001{0.005{0.002{0.055

0.004]0.002{0.002(0.0010.001{0.006{0.003|0.076

The content of admixtures in both samples is low. The
content of Ni is 99.03-99.05 %. The primary admixture in
nickel powder is Co 0.65-0.72 %. It should be noted that

the addition of Trilon B does not significantly impact the
composition of nickel powder.

The cathodic and anodic current yields have been deter-
mined for electrolytes with and without Trilon B additive
(Table 3).

Table 3
Current yields for nickel powder synthesis
Current Efficiency, %
Electrolyte Cathodic Anodic
(powder synthesis) | (nickel dissolution)
Base 41 5
Base with Trilon B 35 8

The values presented in Table 3 reveal that the addition
of Trilon B leads to a decrease in current yield for nickel
powder synthesis and increase in current yield for nickel
anode dissolution.

6. Discussion of the results of the study of
electrochemical synthesis of nickel powder

During the electrolysis for the synthesis of nickel powder
at i=100 A/dm?, the Joule heating causes electrolyte tem-
perature to rise. The results presented in Table 1 show that
low electrolyte temperatures result in fine powder. This is in
agreement with the data, according to which higher polar-
ization leads to smaller particle size. And with an increase in
temperature, the polarization is decreased. It was discovered
that for the formation of nickel powder that is suitable for
superalloy production, the electrolyte temperature should
not exceed 50 °C, which requires intense electrolyte cooling.

Analysis of the anodic polarization curves in the elec-
trolyte with different ammonia contents (Fig. 1) revealed
significant passivation of the nickel anode. All curves shows
a pronounced passivation plateau, with the current density
for nickel dissolution being insignificant — 1.5 mA /dm?. It is
likely explained by the basic media of the electrolyte, despite
the presence of ammonia as a complexing agent. At the am-
monia concentration of 50—150 % of the base electrolyte, the
behavior of the anodic curves is not affected significantly.
Doubling of the ammonia content (200 % of the base electro-
lyte) leads to a significant increase in the nickel dissolution
current because of complex formation, however, the absolute
value of the current density is still low — 2.3 mA /dm?.

The influence of ammonia concentration on the cathodic
process is more significant. Increased concentration of am-
monia leads to a significant increase in polarization because
of more stable ammine complex, which results in a decrease
of limiting current density. As a result, the particle size
would decrease, resulting in a finer powder. Upon decreasing
the ammonia concentration two times (50 % of the base elec-
trolyte), the polarization almost did not change. Upon a de-
crease in ammonia concentration in the highly basic cathod-
ic layer of the electrolyte, a part of nickel would react with
the formation of insoluble hydroxyl compound. Inclusion of
hydroxides and basic salts significantly decreases the quality
of the product, so it is necessary to maintain the ammonia
concentration or introduce additional complexing agents.

Trilon B was introduced to the electrolyte for nickel
powder synthesis in order to decrease the concentration of
free nickel cations, lower the limiting current density and



increase the polarization of nickel formation. This should
also lead to the formation of finer powder. This hypothesis
is further supported by the SEM results. It should be noted
that particles of compact metal had been observed in the
powder prepared from the base electrolyte. This is likely
because of local drop in ammonia concentration or local
heating. The presence of such compact metal particles de-
creases the quality of nickel powder for use in superalloys.
Introduction of Trilon B prevents the formation of compact
metal and allows preparing a powder with similar-sized par-
ticles that constitute agglomerates. The influence of Trilon B
on the electrolysis process is supported by the data in Table 3.
Because of the formation of a sufficiently stable complex of
Trilon B with Ni?*, the anodic current yield of nickel disso-
lution is increased and cathodic current yield is decreased.

The introduction of Trilon B almost doesn’t affect
the composition of the synthesized powder. In general, it
should be noted that electrochemically synthesized nickel
powder is of high purity. It should also be mentioned that
the most significant impurity is Co, which is not harmful
for the production of superalloys. Co on par with nickel is
the most widespread metal binder in superalloys for various
applications. Taking into account the discussions above, the
synthesized nickel powders contain 99.67-99.77 % of the
component necessary for the production of superalloys.

It should be noted; that electrolysis parameters were
studied using a laboratory model for the periodic process.
However, modern trends in technology development lie in
the transition to continuous processes, which provide bet-
ter stability of the product’s characteristics. Thus, before
industrial implementation, it is necessary to develop a pilot

reactor for continuous electrochemical synthesis and verify
synthesis parameters.

7. Conclusions

1. It had been discovered that higher temperatures lead
to lower powder dispersion. At an electrolyte temperature of
90-95 °C, nickel powder contains large amounts of compact
metal. Lowering of temperature to 45—48 °C leads to the for-
mation of ultrafine powder, though it contains some amount
of compact metal.

2. It had been discovered; that an increase in ammonia
concentration in the electrolyte increases the polarization
of nickel formation and decreases the powder particle size. A
decrease in ammonia concentration can lead to contamina-
tion of the powder with low-soluble hydroxyl compounds of
nickel. It was proposed to introduce an additional complex-
ing agent — Trilon B. It was discovered that the addition of
Trilon B allows preventing the formation of compact nickel
and enables to prepare 40—71 um long coral-like dendrites,
composed of spherical particles that easily split apart. It
was discovered that the introduction of Tilon B decreases
the cathodic yield for the nickel formation from 41 % to
35 %, while increasing the anodic current yield for nickel
from 5 % to 8 %.

3. The optimal conditions for electrolysis with the for-
mation of ultrafine nickel metal powder, suitable for the
production of superalloys had been determined: temperature
below 45 °C, pH no lower than 11 (maintain with ammonia),
addition of Trilon B.
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1. Introduction to this, can be divided into three types: high, low and me-

dium-calcium alkali-activated cements [5]. This predeter-

Environmental concerns arising from cement production  mines a phase composition of the hydration products, hence,
due to CO emissions and high energy consumption required  properties of the cements and concretes on their basis [6].

for high-temperature firing can be eliminated by a wider use The most widely used are the alkali-activated cements
of blended and composite cements [1]. with metallurgical slags as an aluminosilicate component —
One of such cements is the alkali-activated cement [2]  the alkali-activated slag cements (further, the AASCs).
(further, the AAC) which attracted an interest of scientists Since metallurgical slags vary in chemical composition
and industry worldwide [3] and promoted its fast develop-  [7], correcting additives are to be added in order to give the
ment in recent years [4]. required (target) properties to a cement stone [8]. These ad-

The AACs vary in proportions of basic oxides in the  ditives can affect both properties of the alkali-activated ce-
system N(K)y,0-CaO-Al,03-SiO»—H,0 and, according  ment paste and alkali-activated cement concrete due to more




