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Abstract

The paper addresses the topical issue of recycling of scrap of strategic W-Ni-Fe alloy used in the production of
armor-piercing shells. Recovery of tungsten and other alloy components solves the problem of shortage and high
cost of these metals. The paper investigates the effect of the concentration of hydrochloric acid and hydrogen
peroxide, as components of the leach solution, on the degree of leaching of the binder phase. It has been found that
an increase in the concentration of the two components leads to an increase in the rate of both the leaching process
and side processes, which results in inappropriate consumption of reagents. The results of the experimental
studies show that the most effective is the use of hydrochloric acid with a concentration of 2 mol/L and hydrogen
peroxide with a concentration of 2 mol / L. The problem of catalytic decomposition of hydrogen peroxide is solved
by performing the leaching process at a low temperature (about -5 °C). A new method of leaching of the W-Ni-Fe
alloy to obtain high-quality tungsten powder has been proposed. The intensification of the process is achieved by
leaching under self-grinding conditions with continuous mechanical renewal of the surface that is in contact with
the acid-oxidizing leach solution.

Keywords: powdered tungsten; binder phase; self-grinding; recycling; leaching degree.

INEPEPOBKA JIOMY W-Ni-Fe 3 OTPUMAHHAM IIOPOIIKOBOT' O BOJIb®PAMY
FOpiu €. CkHap, Oner B. Koxypa, [puna B. Cknap, Banepint A. Kotok, TetsiHa €. ByTupiHa,

Mukosa O. KysHenos
Ykpaincokuil depacagHull Haykogo-mexHivyHUll yHigepcumem, np. /lazapsua, 2, /Jninpo, 49010, Ykpaiua

AHoTanis

PoGoTa npucBsYeHa akTya/JbHill TeMi nepepo6ku JioMmy crpateriyHoro ciiiaBy W-Ni-Fe, sikunii BUKOpHCTOBYETbCA Y
BHPOOGHMITBI 6poHEeGiiiHUX cHapAAiB. PenukjiHrope BUKOPUCTAHHS BoJibdpaMy Ta iHIIMX KOMIOHEHTIB CILUIaBY
BHUpillye npo6emMy AedinMTy i ZOPOroniHHOCTI HUX MeTaJdiB. Y JAaHiil po60Ti AOCHiJ)KeHO BILUIMB KOHIeHTpauii
XJIOPUJHOI KMCJIOTH i Fi[poreH nepoKcuay, AK KOMIOHEHTIB PO34YMHY BHJIYyrOBYBaHHA, Ha CTYNiHb BUJIYrOBYBaHHA
3B’aA3y040i ¢pa3u. BcraHoB/IeHO, 0 36i/IbIIeHHA KOHLEHTpaLii 060X KOMIOHEHTIB NPU3BOJNTH A0 36i/bIIEHHS
IIBUJAKOCTi SIK Ipolecy BUWJIYrOBYBaHH#, TaK i mepe6iry moGi4yHUX mNpoueciB, sKi NpU3BOAATh A0 Heli/lbOBOI
BUTpPAaTH peareHTiB. Pe3yibTaTH NpoBeJeHMX €KCNEPUMEHTAJIbHUX JOC/HAiAKEeHb CBiA4aTh, Wm0 HaNGiIbII
e}eKTUBHMM € BUKOPHUCTaHHA XJIOPUAHOI KUCJI0TU KOHIIEHTPaL{i€lo 2 MOJIb/JI Ta ri[poreH NepoKcuAy KOHLLeHTpa-
nielo 2 mosb/a. Ilpo61eMa KaTa/liTUYHOrO pO3K/JAaJaHHA TiAporeH mnepokcHJy BHUPIIIYETbCA 3a PaxyHOK
NpoBeJieHHA Npoliecy BUJIYroByBaHHA 3a HU3bKOI TeMnepaTypH (6/1M3bko0 -5 °C). 3anponoHOBaHO HOBY METOAUKY
BUWIyropyBaHHs cmiaBy W-Ni-Fe 3 oTpuMaHHAM BHCOKOSKICHOro mopoumky BoJibdpamy. IHTeHcudikanis nponecy
JOCATAaETbCA OpraHisani€lo BHJIYroByBaHHSA B yMOBax caMonoMeJsy 3 Ge3nepepBHMM MeXaHiYHHM OHOBJIEHHAM
MOBEPXHi, AKa KOHTAKTY€ 3 KHCJIOTHO-OKMCHIOBA/IbHUM PO3YMHOM BUJIYyrOBYBaHHA.

Kaiouosi cnoea: nopomkoBuii BosbdpaM; 38’a3ytoua pasa; caMonoMeJ1; PEeLUKIIIHT; CTYMiHb BUJIyTOBYBaHHS.
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Introduction

Tungsten is a rare earth metal with a high
melting point and stable chemical properties.
Furthermore, it has excellent mechanical
properties at high temperatures, which
necessitate its use in the production of alloys
with enhanced hardness, heat resistance, and
abrasion resistance [1-3]. Due to its unique
physical and chemical properties, tungsten is a
strategic raw material and has no acceptable
substitute. The use of tungsten in hard alloys, in
particular, is its most important application.
Industrially, tungsten is used in the production of
metalworking, mining and stone-cutting tools,
high-temperature equipment, catalysts, weapons,
and in the aerospace industry [4-8]. Tungsten is
also used in the manufacture of rocket nozzles
and turbine blades [9]. Tungsten is mostly
extracted from the minerals wolframite and
scheelite [10-13]. Scarcity of tungsten sources
along with environmental considerations is
driving manufacturers to reuse tungsten waste.
In its vast majority, the scrap contains more
tungsten than even ore concentrates. The
tungsten content in scrap ranges between 40 and
95% [14], while scheelite and wolframite
concentrates contain 7-60% of tungsten.
Moreover, tungsten recovery from scrap requires
less energy and chemicals and produces less
waste. Currently, about a third of the world's
total tungsten demand is met through recycling of
tungsten-containing scrap [15-19]. Tungsten
scrap contains other valuable metals such as V,
Co, Ni, Cu, Ta, Nb, Ti, Re, Ag, etc., which are also of
great value. This encourages the combined
processing of this kind of raw material to obtain
several valuable metals [20].

The cores of armor-piercing shells used for
defense purposes are made using tungsten in the
powder metallurgy process. The finely dispersed
powder of tungsten, nickel and iron is thoroughly
mixed and compacted. The compacted rods are
sintered to produce an alloy that can be
machined. The initial structure of the alloy
consists of tungsten grains and interlayers of the
matrix of a solid solution of tungsten in a Ni-Fe
base. Iron prevents dissolution of tungsten in
nickel. These heavy alloys are ductile and can be
easily machined by cutting and pressure. The
process of manufacturing military products from
W-Ni-Fe hard alloy generates three types of
waste: powder scrap from pressing; scrap from

machining (turning); and defective products in
the form of solid rods [21]. The production of
shells accumulates significant amounts of this
type of scrap. Due to the strategic importance of
tungsten, as well as nickel, recycling of the scrap
is becoming an urgent task these days.

For the recovery of tungsten from the W-Ni-Fe
alloy used to manufacture armor-piercing shell
cores, electrochemical and chemical processing of
the scrap has been proposed. As a result of
electrochemical dissolution of this kind of alloy,
tungsten passes into solution in the form of
sodium tungstate. The next step is to convert it
into ammonium paratungstate, from which
tungsten oxide is obtained [21]. The chemical
method of recycling of W-Ni-Fe scrap is the acid
leaching of iron and nickel. The highest
dissolution rate of Ni-Fe alloys is observed in
nitric acid solutions. This results in the
dissolution of the binder and formation of
powdered tungsten. The process is complicated
by the fact that tungsten contained in the binder
changes into the form of H;WO; with the
formation of a film on the surface of the tungsten
grains [22]. The film leads to significant diffusion
complications in the leaching process. As a result,
W-Ni-Fe alloy scrap parts that have not been
subjected to fine grinding exhibit significant
resistance to acid.

Thus, an urgent scientific and technical task is
to intensify the processing of W-Ni-Fe alloy scrap
by dissolving the binder phase and obtaining
powdered tungsten. It is expected to achieve a
significant intensification of leaching due to the
new method of carrying out this process under
self-grinding conditions.

Materials and methods

The scrap cores of armor-piercing shells with
a content of 90 % (wt.) tungsten, 6 % (wt.) nickel,
and 4 % (wt.) iron were used as a raw material
for the research.

For leaching the W-Ni-Fe alloy scrap parts, a
laboratory installation was proposed, the scheme
of which is shown in Fig. 1. The volume of the
leach solution was 4 liters. 10 kg of scrap parts
weighing 300 to 600 g were placed in the drum.
The leaching was carried out in a mill under self-
grinding conditions. To intensify the leaching of
the binder phase, hydrogen peroxide was added
to the acid solution.
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Fig. 1. Laboratory installation for leaching and grinding W-Ni-Fe alloy scrap:
1 - settling tank; 2 - heat exchanger; 3 - refrigeration thermostat; 4 - mill; 5 - pump; 6 - mill motor; 7 - laboratory
autotransformer

Hydrogen peroxide is a thermodynamically
unstable compound. Fe3* ions, the dispersed
tungsten phase, and an increase in temperature
act as accelerating factors in the decomposition of
H20,. To slow down this process, the laboratory
installation was equipped with a titanium heat
exchanger with antifreeze circulating in the
intertubular space. The antifreeze temperature
was maintained by a refrigeration thermostat
with an accuracy of +1 °C. The leach solution was
fed into the pipe space of the heat exchanger
using pump 5. The leaching was carried out in the
grinding drum 4 with the rotational speed set at
60 rpm and controlled by the transformer 7.

The leach solution was transferred from the
heat exchanger to the mill drum to further enter
the receiving chamber of the settling tank, where
tungsten powder was deposited. A layer of
chemically inert organic substance, Freon 113
(boiling point = 47 °C, melting point = -20 °C, p =
1.5 g/cm3), was placed in the lower part of the
settling tank to prevent the tungsten powder
contact with the leach solution. The leach
solution, freed from dispersed tungsten, flowed
by gravity to the heat exchanger and was then
pumped to the grinding drum.

The concentration of hydrogen peroxide in the
leach solutions was measured by
permanganometry.

The content of iron (III) ions in the solutions
was analyzed as follows. Into a 250 ml flask,
0.5 ml of the solution was poured, 100 ml of
water and 6 ml of hydrochloric acid were added.
An aluminum wire was immersed in the solution
containing a sample and hydrochloric acid. The
solution was held at a temperature of 70 °C for 20
minutes. After the holding time, all iron (III) ions
were reduced to iron (II) and the solution was

discolored. After that, a piece of marble was
added to the solution and the solution was held
for 10 minutes. The carbon dioxide formed by
the interaction of marble and acid protected the
iron (II) ions from oxidation by air oxygen. 1 ml
of orthophosphoric acid was added to the
transparent light green solution and titrated with
a 0.1 N potassium permanganate solution until
the color changed to pink.

The content of nickel (II) ions was measured
by trilonometric titration according to the
method described in [23].

The degree of the binder leaching was
assessed by the change in the mass of iron and
nickel that passed from the alloy into the solution
during leaching:

Mg + My
o= Fe Ni ) (1)

MEe(alloy) T MNialloy)
where mp, my; are the masses of iron and nickel
that have passed into the leach solution; mreiioy),
Mhi@lley) are the masses of iron and nickel in the
source scrap parts that were subjected to
leaching.

Results and discussion

Preliminary studies on the selection of the
type of acid for leaching the binder in the W-Ni-
Fe alloy have shown that within one hour, no
noticeable dissolution of the alloy occurs under
self-grinding conditions in either nitric acid or
sulfuric acid solutions in the presence of
hydrogen peroxide. The study of the leaching
process of the raw material in nitric acid 2-
4 mol/l and sulfuric acid 2 mol/I solutions in the
presence of 2 mol/l of H,0, showed that the
change in the mass of the processed material did
not exceed 1 %. However, the use of a mixture of
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hydrochloric acid and hydrogen peroxide results
in active dissolution of the material.

To destroy the binder phase, we propose to
use acidic solutions of hydrogen peroxide. When
dissolved in such solutions, hydrogen peroxide
acts not only as an oxidizer of all alloy
components, but also as a complexing agent for
tungstic acid. The finely dispersed tungsten
particles in the Ni-Fe binder phase have an
extended surface and, unlike large tungsten
crystals, are easily oxidized and pass into
solution. The leaching process occurs through
the following reactions:

a, %

2Fe +H,0, +2H* = 2Fe3+ + 2H,0 (2)
Ni + H,0; + 2H* = Ni2+ +2H,0 (3)
H2W04 +H202 = Hz[WO3(02)] + HzO (4)
w +4H202 = Hz[WOg(Oz)] + 3H20 (5)

A 1h study of the effect of hydrochloric acid
concentration on the degree of binder leaching
(Fig. 2) showed that an increase in acid
concentration from 0.5 to 3 mol/l leads to a
significant acceleration of the process. A further
increase in the acid concentration to 6 mol / 1
only leads to a small increase in the degree of
conversion.

4 5 6 7
C(HCI), mol/1

Fig. 2. Dependence of the degree of binder leaching for 1 hour on the hydrochloric acid concentration in the presence
of 2 mol/1 hydrogen peroxide in the leach solution

It should be noted that an increase in the
hydrochloric acid concentration above 3 mol / 1
led to a noticeable release of chlorine. This effect
is to be expected due to the possible reaction:

H,0, + 2HCl= Cl; +2H;0. (6)

The rate of this reaction increases with an
increase in the concentration of H+ ions. In this
case, chlorine is released into the gas phase and
does not participate in the leaching process.

a, %

Based on the experimental data obtained, a
leach solution containing 2 mol/1 of hydrochloric
acid was used in further studies.

The temperature effect on the leaching degree
was studied during one hour of treatment of W-
Ni-Fe alloy scrap. Fig. 3 shows that the leaching
degree increases with an increase in the solution
temperature. A decrease in the temperature
below -15 °C leads to the leach solution freezing.

-15 -10 -5

0 5 10
t, °C

Fig. 3. Effect of temperature on the leaching degree within one hour



395

Journal of Chemistry and Technologies, 2024, 32(2), 391-397

It should be noted that the rate of hydrogen
peroxide decomposition is largely dependent on
the temperature. Therefore, it is necessary to
consider this dependence for a corresponding
leach solution prior to selecting the temperature

dv/dt, mol/(I*min)

0,16 1
0,14 1
0,12
0,10 |
0,08 |
0,06 |
0,04 1

0,02

regime of the process of leaching of the binder in
a W-Ni-Fe alloy.

Fig. 4 shows that in the studied temperature
range, the rate of the reaction

2H202:2H20 + 02 (7)
is minimal in the range of -15 to 0 °C.

-20 -15  -10 -5

0 5 10 15 20

t,°C

Fig. 4. Dependence of the rate of H202 decomposition on the temperature of the solution: 2 mol/1 H202 + 2 mol/l1 HC1

Deep cooling requires significant energy
consumption for the operation of the
refrigeration unit. Therefore, the optimal level of
leaching temperature is set taking into account
the costs of operating the refrigeration unit and
maintaining the required concentration of
hydrogen peroxide. Under laboratory conditions,

dov/dt
12 ¢

10 |

the leaching temperature was maintained at -
5 °C.

A key parameter that affects the leaching rate
is the concentration of hydrogen peroxide in the
solution. With an increase in the concentration of
hydrogen  peroxide, the leaching rate,
represented as a time differential of the leaching
degree, increases (Fig. 5).

3 4 5
C(H,0,), mol/1

Fig. 5 Effect of hydrogen peroxide concentration on the leaching rate at t = -5 °C in a solution containing 2 mol/I1 of
hydrochloric acid

However, an increase in H;0: concentration
will also accelerate its decomposition. Thus, an
important process indicator is the ratio of H;0;
consumption for the side and target processes. To
conduct this study, a laboratory installation was
used to measure the volume of oxygen released

during the leaching process. The installation
consisted of a sealed titanium cylinder with a gas
outlet. The gas outlet was connected to the gas
collection cylinder by a flexible hose. Upon
completion of the experiment, the volume of
oxygen released, the concentration of nickel and
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iron leached, and the residual amounts of
hydrogen peroxide were measured. The
processing of the data obtained allowed
constructing the dependence of the ratio of
hydrogen peroxide consumption for the side
process to the hydrogen peroxide consumption
V(Hzoz)Oz/"(Hzoz)

0,7 |
0,6 |
0,5
04|
03}

0,21

for the target process on the concentration of
hydrogen peroxide in the leach solution (Fig. 6).
As can be seen from the figure, the dependence
has an extreme nature with a minimum at a
concentration of 2 mol/I H;0x.

3 4 5
C(H,0,), mol/1

Fig. 6. Dependence of the ratio of H202 consumption for the side and target processes on the concentration of
hydrogen peroxide in the leach solution

Based on the research results, it is
proposed to leach W-Ni-Fe alloy scrap in a
solution containing 2 mol/1 hydrochloric acid and
2 mol/l hydrogen peroxide. The process
temperature is -5 °C. The process is performed

under self-grinding conditions. The tungsten
powder obtained by the above method is a finely
dispersed material ready for reuse in strategic
powder metallurgy (Fig. 7).

Fig. 7 Tungsten powder obtained by the W-Ni-Fe alloy leaching

Conclusions

1. The paper investigates the degree of
leaching of the binder phase of the W-Ni-Fe alloy
to obtain powdered tungsten, depending on the
process conditions. It has been found that the
dissolution of the binder phase occurs in a leach
solution containing a mixture of hydrochloric
acid and hydrogen peroxide. An increase in the
concentration of hydrochloric acid and hydrogen

peroxide leads to an acceleration of the process.
It has been shown that the course of side
reactions determines the choice of the most
effective concentrations of both chloride acid and
hydrogen peroxide.

2. It has been found that the technologically
feasible leaching temperature is about -5 °C,
which provides the least loss of hydrogen
peroxide through the decomposition reaction. A
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new method of leaching of the W-Ni-Fe alloy to

obtain high-quality tungsten powder has been

proposed, which involves the use of a leach

solution containing 2 mol/l of hydrochloric acid
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