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Abstract

Objectives. To identify the regularities of electrochemical processing of the heat-resistant
GS32-VI alloy in a sulfuric acid electrolyte with a concentration of 100 g/dm?® under the action of
a pulsed current in a pulsed mode.

Methods. Using the electrochemical technological complex EHK-1012 (developed by IP Tetran)
and a non-compensatory method of measuring potential, polarization and depolarization curves
with a change in pulse duration and a pause between them were recorded. The current pulses
had an amplitude ranging from O to 3.5 A (when recording the polarization and depolarization
curves), pulse durations ranging from 200 to 1200 ms, and a pause (delay) between pulses
ranging from 50 to 500 ms. There were no reverse current pulses.

Results. The parameters of the current program that provide the maximum values of the alloy
dissolution rate and current output were determined: with a current pulse amplitude of 2 A, a
current pulse duration of 500 ms, and a pause duration between pulses of 250 ms, the maximum
dissolution rate of the alloy is 0.048 g/ h-cm?, while the current output for nickel is 61.6% with an
anode area of 10 cm®. The basic technological scheme for processing the heat-resistant GS32-VI
alloy, which includes anodic alloy dissolution in a pulsed mode, is proposed.

Conclusions. Electrochemical dissolution of GS32-VI alloy under pulsed current action results
in an optimal dissolution rate ratio of the alloy components, ensuring the production of a cathode
precipitate with a total nickel and cobalt content of 97.5%.
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AHHOMAQuust

Ienu. Buiigumsb 3aKOHOMEPHOCMU INEKMPOXUMUUECKOT nepepabomrKu RKaponpouHozo Cniasa
2KC32-BH, npogooumoti 8 UMNYJIbCHOM perume 8 CepHOKUCIOM IleKmpoaume ¢ KOHUeHmpayu-
eti 100 2/ 0m® noo oelicmauem UMNYIbCHO20 MOKA.

Memoodust. CHsamue noAsSPUSAUUOHHBLX U 0ENOAAPUSAUUOHHBLX KPUBLLX C USMEHEHUEM OiUmeib-
HOCMU UMNYbCA U NAY3bl MeKO0Y HUMU NPOBOOUNU C NOMOULLIO INeKMPOXUMUUECKO20 MEXHO-
soeuveckozo Komnnekca OXK-1012 (paspabomar OO0 HII «Temparr), ucnonv3yrouiezo HeKom-
NEHCAUUOHHDBLI CNocob UdmMepeHUss NOMmeHYuUaIa. Amnaumyoa umMnyansbco8 moka HAxXo0uUlacb 8
ouanasoHe 3HaueHuii om 0 0o 3.5 A (npu cHSMUU NOAAPUIAYUOHHBLX U 0eNONSPUIAYUUOHHBLX
Kpugblx), ONUMEeNbHOCMU UMNYbCO8 UsmeHsucb om 200 do 1200 mc, nay3a (3adeprkKka) mexoy
umnyanscamu — om 50 0o 500 mc, UMNYNbCbl pegepCcusHO20 MOKa 0Mcymcemeosasiu.
Pesynoemamet. OnpedesieHbl napamempsl moKo8ol npozpammel, obecneuusaroujue MaKCuMAalb-
Hble 3HaUeHUs. CKOpOCMU pacmeopeHuUsl Chaiaga U 8blxoda no moky. Ilpu amnaumyoe umnysio-
ca moka 2 A, onumenvHocmu umnyasca moka 500 mc u npodosKumenbHOCmMuU nayssvl Mexoy
umnynvcamu 250 Mc MaKCUMANBHASL cKoOpocmb pacmeopeHust cnaaga 0.048 2/ u-em?, npu smom
8bLX00 N0 MOKY Oasl HUKessi pageH 61.6% npu naowadu aroda 10 cm?. IIpedaoxeHa npuHyu-
NUANLHASL MEeXHOJI02UUecKast cxema nepepabomru skaponpourozo cnaasa 2KC32-BH, exnrouaro-
wasi aHOOHOe pacmeopeHue CNA8A 8 UMNYJIbCHOM peskume.

Bbleoosl. Ssiexmpoxumuueckoe pacmaopeHue cnaaga XKC32-BH nod oeticmeuem umMnyibCHO20
moxa cnocobcmayem onmumMalbHOMY COOMHOWEHUIO cKopocmell pacmeopeHUsl COCMABSLIOULUX
cnaiasa, umo obecneuusaem nNoAYyUeHUe KamooH020 0CA0KA ¢ CYMMAPHBIM COOEPIKAHUCM HUKe-
2151 u kobanema 97.5%.

Knroueeble cnoea: umnyasbCcHulil mok, cepHas kucrioma, cnnag 2KC32-BH, nonsipusayuoHHAs
U 0enosipU3aAyUOHHASL KpUBble, AMNAUMYOA UMNYIbCA MOKA, ONUMENbHOCMb UMNYbCA MOKA,
nay3a me>koy UmMnyibCcamu moKa

Jna yumupoeanusa: Yepusimona O.B., Enemecos T.b., Ipo6ot [I.B. IIpumeHeHre UMITyIbCHOTO TOKA Al PACTBOPEHUS XKa-
pompounoro crutaBa XXC32-BU. Touxkue xumuueckue mexnonoeuu. 2021;16(5):438-447. https://doi.org/10.32362/2410-6593-2021-
16-5-438-447
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Application of pulse current for dissolution of heat-resistant GS32-VI alloy

INTRODUCTION

The high cost of nickel heat-resistant alloy
components (rhenium, tantalum, cobalt, etc.) that
have reached the end of their service life necessitates
their return to industrial production. Processes based
on electrochemical methods, which allow for the
regeneration of rare refractory metal wastes with
high technological and economic indicators, are
the most effective and promising paths in metal
waste processing technology [1-15]. The literature
describes various solutions to the problem under
discussion. Thus, processing methods based on
opening processed raw materials with acid solutions
are well known. The use of sulfuric, hydrochloric, and
nitric acids followed by the electrochemical release
of the target products at a fixed current density [1-5]
is the most common. Another approach that involves
the anodic dissolution of the processed metal-
containing raw material and subsequent separation
of commercial products from the electrolyte solution
is described in [6—17].

The dissolution and transfer rate of products
into solution during the anodic dissolution of metals
or alloys is significantly influenced by the current
program. It is worth noting that anodic dissolution
processes, in which the magnitude and direction
of the current used are variable, are common in
the processing of various types of secondary raw
materials. Such modes, in contrast to electrochemical
processes with a constant current value, are called
unsteady electrolysis modes or unsteady electrolysis.
In papers [6-11, 13], the dissolution process is
carried out using alternating currents of various
kinds. The implementation of the anodic dissolution
process under these conditions prevents passivation
phenomena and increases the anodic dissolution rate.

Unsteady electrolysis in pulse mode has been
effectively used in the production of coatings and
the electrochemical treatment of materials [17-27].
However, despite the superior characteristics of
electrochemical processes, its use in the processing
of secondary raw materials is limited.

This work aims at revealing the regularities of
the electrochemical processing of the heat-resistant
GS32-VI alloy in a sulfuric acid electrolyte in the
pulse mode.

EXPERIMENTAL

Electrochemical dissolution of the alloy
composition (wt %) Re—-4.0; Co0-9.3; W-8.6;
Y-0.005; La-0.005; Al-6.0; Cr-5.0; Ta—4.0; Nb-1.6;
Mo-1.1; C-0.16; B-0.15; Ce-0.025, Ni—60.
The polarization and depolarization curves were

obtained using electrochemical technological
complex EHK-1012 (developed by [P Tetran),
which uses non-compensation method of potential
measurement [28]. The reference electrode was a
silver chloride electrode.

Current diagram for polarization and depolar-
ization curves: current pulse amplitude varied from
0 to 3.5 A, pulse duration varied from 200 to 1200 ms,
pause pulse (delay) varied from 50 to 500 ms, and no
reverse current pulses were used (Fig. 1).

The electrochemical cell consisted of a 300 mL
fluoroplastic reservoir, a fragment of a blade from the
heat-resistant GS32-VI alloy with an area S = 10 cm?
(anode), and a titanium (VT1-0) plate with an area
S = 9.5 cm? (cathode).

Electrode weight loss was determined on
analytical scales ANDGR-300 with an accuracy
class of +/=0.0001 g. The process was conducted
at a temperature of 20-25°C. Elemental analysis
was performed using an ICP mass spectrometer
for isotopic and elemental analysis ELAN DRC-e
(PerkinElmer, Canada).

RESULTS AND DISCUSSION

Based on literature data and previously conducted
studies, the feasibility of using acidic electrolytes
based on sulfuric and nitric acids for processing
of nickel-based refractory alloys was revealed
[1, 4, 5, 9, 10, 13, 14]. We selected sulfuric acid
at a concentration of 100 g/dm?, which provides a
high dissolution rate, to obtain a cathodic nickel-
containing product. Lower acid concentrations
result in a lower alloy dissolution rate (less than
0.030 g/h-cm?), while sulfuric acid concentrations
of 250 g/dm3 and higher enhance the probability of
increased anode sludge.

The main advantage of pulsed electrolysis is
the ability to make abrupt changes in the electrode
potential, which significantly affects the charge
transfer stage, adsorption and crystallization, the
overall kinetics of the process, and determines the
course of each electrochemical reaction.

When using pulse current, the significant
parameters are pulse duration and amplitude, pause
between pulses, and presence of reversing pulse. To
analyze the effect of these parameters on the process
of electrochemical dissolution of the heat-resistant
GS32-VI alloy, anodic polarization curves with
changes in the pulse duration and the pause between
them were taken. Depolarization curves were taken
after the current pulse to show the dynamics of the
electrode potential.

Pulsed current, unlike direct current, allows
for effective control of electrode processes. The
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steep leading edge of the pulses allows for a faster
increase in electrode potential from the minimum to
the maximum value (Fig. 1). As a result, electrolyte
depletion near the electrode is accelerated, current
lines are redistributed, and fine crystalline precipitates
are formed on the cathode, resulting in the production
of smaller anode sludge particles in the case of
soluble anodes with heterophase composition. This
is presumably true in anodic dissolution since GS32-VI
is a multicomponent, heterophase alloy. The main
elements of its phase composition are dispersed (<0.5 um)
1-phase particles y, which are based on the ordered
intermetallic compound Ni,Al (superstructure L12)
and a complexly alloyed nickel y-solid solution, as
well as carbide and boride phases of various types
[29]. Simultaneously, the steep decline of direct
pulses causes an increase in the potential swing,
which affects the precipitation structure as well as
some electrolysis process parameters.

Figures2and 3 show polarizationand depolarization
curves obtained in pulsed galvanodynamic mode,
respectively.

Potential, V
5
1

Depolarization rate, mV/c

Fig. 1. Current diagram for polarization
and depolarization curves.

Figure 2 illustrates that with a polarization time
of 200-300 ms, the shape of the polarization curve
has a smoothed form from the obtained dependences
of the shape of polarization curves on the pulse
duration. When the current pulse duration is increased
up to 500 ms, a horizontal area corresponding to the
maximum dissolution rate of the alloy appears on the
polarization curve. Further increase in pulse duration
(up to 1200 ms) has no noticeable effect on the shape
of polarization curves.

The described dependences on the influence of
current pulse duration on the shape of polarization
curves are confirmed by the obtained depolarization
curve dependences. At current pulse durations of
400-500 ms, the depolarization curves clearly show

2.0
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——300ms
——400 ms
500 ms
—— 600 ms
700 ms
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— 1100 ms
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Fig. 2. Polarization curves of GS32-VI alloy dissolution
in a sulfuric acid electrolyte with a concentration
of 100 g/dm* at different pulse durations
and a pause of 250 ms.
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Fig. 3. Depolarization curves of GS32-VI alloy
dissolution in a sulfuric acid electrolyte with a
concentration of 100 g/dm?® at different pulse durations
and a pause of 250 ms.

areas corresponding to different electrochemical
processes (Fig. 3).

The polarization and depolarization curves of
GS-32VI alloy dissolution in sulfuric acid electrolyte
with a concentration of 100 g/dm?, a pulse duration
of 500 ms, and a delay of 250 ms are shown in Fig. 4
to highlight the areas corresponding to the course of
various electrochemical processes.

I area: £ = 0.18-1.78 V—the dissolution of the
complex-alloyed nickel y-solid solution phase occurs;

Il area: £ = 1.78-1.91 V—dissolution y of
1-phase based on the ordered intermetallic compound
Ni,Al,

III area: £ > 1.91 V—release of oxygen through
the formation of intermediate unstable oxides.
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Using similar dependencies, the effect of
the pause duration between pulses on the shape
of polarization and depolarization curves was
determined (Fig. 5, 6). The pause in pulsed
electrolysis had a significant effect on the metal
deposition process and the quality of the resulting
cathode precipitation. As a result of migration, the
concentration of ions in the near-electrode space
equalizes completely or partially depending on the
pause duration. Passivation of the electrode surface
is also possible, which involves the oxidation or
adsorption of impurities in the electrolyte solution
on the active parts of the electrode surface.

During GS-32VI alloy dissolution in a sulfuric
acid electrolyte with a concentration of 100 g/dm?
using pulsed current, a high alloy dissolution rate

- 200
204 i

|
8
o

Potential, V
P
1
Depolarization rate, mV/s

0.5

——1000

00 T T T T T
00 05 10 15 20 25 30

Current, A

Fig. 4. Polarization and depolarization curves
of GS32-VI alloy dissolution in the sulfuric acid
electrolyte at a concentration of 100 g/dm’,
500 ms pulse duration, and a delay of 250 ms.

was attained at a pulse duration of 500-700 ms
and a pause pulse delay of 250 ms. The dissolution
rate ratio of nickel, cobalt, and rhenium provides a
cathode deposit with a nickel and cobalt content of
at least 90%

The maximum current pulse amplitude during
anodic alloy dissolution is limited to 2.5 A (at anode
area S = 10 cm?); exceeding this value results in an
undesirable process—oxygen evolution, which reduces
current yield. The optimal value of the current pulse
amplitude is determined based on the maximum alloy
dissolution rate combined with a high current yield
of nickel current yield, which is the base of GS32-VI
alloy.

Table 1 shows experimental data results on
the effect of current pulse amplitude on the anodic
dissolution rate of GS32-VI alloy in sulfuric acid
electrolyte with a concentration of 100 g/dm?. For

2.0+
15 —150ms
> A ——200ms
= 1 ——250ms
T ——300ms
2 350 ms
0-1.04 ——400ms
1 450 ms
—500ms

0.5-

T T
0.0 05 1.0 15 20
Current, A

25

30 35

Fig. 5. Polarization curves of GS32-VI alloy dissolution
in a sulfuric acid electrolyte with a concentration
of 100 g/dm?, a pulse duration of 500 ms, and different
pause times.

each experiment, a new anode, which was a heat-
resistant GS32-VI alloy blade fragment with an area
S=10 cm?

The dissolution rate of the alloy v was calculated
using the mass loss of the dissolved alloy according
to the formula:

v=(m, —m)St",

where m is the initial mass of the dissolved sample,
m, is the mass of the sample after electrochemical
dissolution, § is the working area of the electrode,

and ¢ is the processing time.

-200 4

N

-400

Depolarization rate, mV/c

—600

— 150 ms
—— 200 ms
——250ms
—300ms

350 ms
——400 ms

450 ms
—— 500 ms

T T T T T T T T T

- T
0.0 0.5 1.0 15 20

Current, A

25 3.0 35

Fig. 6. Depolarization curves of GS32-VI alloy
dissolution in a sulfuric acid electrolyte with a
concentration of 100 g/dm?, a pulse duration of 500 ms,
and different pause times.

Toukme xuMmudeckue TexHororuu = Fine Chemical Technologies. 2021;16(5):438-447

442



Oxana V. Chernyshova, Turar B. Yelemessov, Dmitry V. Drobot

Based on the data obtained, the following
technological parameters for reprocessing the
GS32-VI alloy by the electrochemical method were
selected: current pulse amplitude—2 A (at the anode
area S = 10 cm?), current pulse duration—500 ms,
and the pause between pulses—250 ms.

In the pulsed galvanostatic mode, a total of
97.56 g of heat-resistant GS32-VI alloy was
processed in a sulfuric acid electrolyte with a
concentration of 100 g/dm?. Afterward, 55.08 g of
cathode deposit and 27.32 g of anode sludge were
received; their chemical composition is summarized
in Table 2.

Thus, refractory metals, such as niobium,
tantalum, molybdenum, and tungsten are concentrated

in the anode sludge, whereas cobalt and rhenium, as
well as the majority of aluminum, chromium, and
nickel, pass into the electrolyte in small amounts. It
is worth noting that electrochemical processing with
pulsed current allows for rhenium concentration in
the anode sludge, with a content of 77% of the initial
amount obtained for processing. The anode sludge
is easily separated from the electrolyte solution by
filtration (unlike the anode sludge obtained by direct
current in galvanostatic mode, other things being
equal): 90% of anode sludge particles are between
146 to 510 pum in size. The resulting anode sludge can
be processed using well-known methods [30], such
as ammonia leaching with rhenium, tungsten, and
molybdenum transfer into a solution, followed by the

Table 1. Influence of current program parameters on the anodic dissolution rate of GS32-VI alloy

Parameter Value

Nickel concentration,

Dissolution rate of the | Current yield of nickel,

C(Ni), g/dm? alloy, g/h-cm’ n(Ni), %
Current pulse duration—>500 ms, pause time between pulses—250 ms

0.5 9.75 0.027 60.5

1.0 9.33 0.038 60.1

Amplitude 1.5 10.20 0.042 62.5
of current pulse, A

2.0 14.05 0.048 61.8

2.5 15.12 0.054 57.2

Amplitude of current pulse—2.0 A, pause time between pulses—250 ms

200 9.90 0.020 61.,8

500 10.44 0.038 63.8

Current 700 11.03 0.038 59.4
pulse duration, ms

900 12.34 0.044 53.2

1200 14.75 0.048 49.9

Current pulse amplitude—2.0 A, current pulse duration—500 ms

150 9.75 0.028 59.5

250 9.33 0.036 61,1

Pause time 350 10.20 0.026 60.5
between pulses, ms

450 14.05 0.020 56.8

500 15.12 0.015 522
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Table 2. Chemical composition of cathode deposit and anode sludge
obtained during the anodic dissolution of GS32-VTI alloy

Cathode deposit Anode sludge
Elements

g % g %
Ni 46.58 84.57 6.96 25.49
Co 7.20 13.07 0.54 1.98
Cr 1.03 1.87 1.43 5.23
Re 0.22 0.39 3.01 11.02
Al 0.05 0.10 0.49 1.79
Nb — - 1.59 5.82
Mo - - 1.05 3.84
Ta - — 3.88 14,20
W - - 8.37 30.63

Wastes of GS32-VI alloy
Cathode deposite Electroche(r)n;c:l/ dissolution P H2S04 100 g /dm®
Ni ~ 84.5%, Co ~ 13.0% L om*
Anode sludge Solution
(W, Mo, Re, Ta, Nb) (Ni, Co, Al Cr, Re)
NH40H
Ammonia leaching Re-extraction with TAA
Cake Ammonia solution Extract Raffinate
(Ta, Nb) (W, Mo, Re) (Re) (Ni, Co, Cr, Al)
For recycling l
NH,OH
CaO > Liming Re-extraction
CaWOy Solution Organic phase
CaMoOy (Re) (in circulation) ’

|

For the deposition of NHsReO4

Fig. 7. The basic technological processing scheme for the heat-resistant GS32-VI alloy.

Figure 7. Schematic technological scheme of processing of heat-resistant alloy #Rr32-v1
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deposition of artificial scheelite and the formation of
a rhenium-containing solution, from which another
commercial product is obtained—ammonium
perrhenate (or potassium).

The total content of nickel and cobalt in the
cathode deposit is 97.5%.

The basic technological scheme for the complex
processing of the heat-resistant GS32-VI alloy is
proposed based on the research (Fig. 7).

CONCLUSIONS

1. The effect of pulse current parameters
(amplitude, pulse duration, and pause between pulses)
on the electrochemical dissolution rate of GC32-VI
alloy was shown. It was found that the current pulse
amplitude was 2 A (with an anode area of S = 10 cm?),
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the current pulse duration was 500 ms, the pause
between pulses was 250 ms, the maximum dissolution
rate of the alloy was 0.048 g/h-cm?; the current output
for nickel was 61.6% with the current program.

2. During the -electrochemical dissolution
of GC32-VI alloy by pulsed current, the optimal
dissolution rate ratio of the alloy components was
achieved, ensuring the production of a cathode
precipitate with a total nickel and cobalt content of
97.5%.

3. The basic technological scheme for processing
GS32-VI alloy was proposed.
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