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Abstract: The paper is devoted to a detailed study of cathodic processes, their influence on the anode process, and electrolysis
performance. The polarization of a steel cathode in a CaCl,—BaCl,—NaCl melt at t = 610 "C was measured. The polarization curve
clearly shows the potentials and current densities of the formation of a saturated sodium solution in the electrolyte (Eg,; = —2.97 V,
i, = 0.04 A/cm?, Igi, = —1,4), and the occurrence of sodium metal on the cathode (Ey, = —3.22V, iy, = 0.12 A/cm?, Igiy, = —0.92).
The value of Eg, was used to calculate the concentration of sodium in the electrolyte at t = 610 °C (1.3-10=% mol. fr.). The values
of Eg,t, Eng, @nd their difference (AE = 0,25 B) were confirmed by long-term electrolysis. These fundamental characteristics are the
basis for process control and management. During long-term electrolysis, on the curve in the coordinates E (V) — IgQ (A-min),
3 regions close to rectilinear ones were revealed: the discharge of sodium ions from supersaturated solutions at E more negative
than Eg,; (from Ey, to Egy), from mixtures of supersaturated and saturated solutions (at a constant E equal to Egy,), from diluted
solutions (with Emore positive than Eg,;). The activity coefficients of sodium in supersaturated solutions are close to 1, which ensures
their increased reducing ability. Maximum degrees of supersaturation (>100) are created at formation and decomposition on the
cathode of metallic sodium nuclei, which are sufficient to intensify and prolong electrolysis, to lower the lower temperature limit of
its realization from 600 to 350 °C. The formation of metallic titanium in the near-anode layer is explained by the disproportionation of
Ti2* ions entering the near-anode electrolyte from the anode surface and from the near-cathode melt.

Keywords: electrolytic bulk reduction of titanium, additive technologies, granulometry, potentials and current densities of formation
of saturated solutions and metallic sodium on the cathode, nucleation and decay parameters of sodium nuclei, required degrees of
supersaturation for their appearance on the cathode.
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AnekTpoaHbIe Npouecchl NPU NOJIY4EeHUN MUKPOAUCNEPCHOro NOPOLLKA TUTAHA
00bEMHbIM 3JIEKTPONMTUYECKUM BOCCTAHOB/IEHUEM €ro MOHOB HaTpUeM,
pacTeopeHHbIM B pacnnaee BaCl,—CaCl,—NaCl,

B OTCYTCTBME raloreHui0B TUTaHa B UCXOAHOM pacnjaBe

B.A. lleGepnes, B.B. Monskos

Ypanbckuii dpepepanbhbliit yHusepcuteT (Yp®dY) um. nepeoro Mpeauneqta Poccuu B.H. EnbupHa,
r. Exatepunbypr, Poccus

Cratbs noctynuna B pegakumio 01.03.2022 r., popabotana 17.06.2022 r., nognucana B neyars 21.06.2022 r.

AHHOTaLl,I/Iﬂ: Pa6oTa noceduleHa netajibHOMY NM3Yy4EHUIO KaTOOHbIX MPOLEeCCOB, X BJINAHUIO Ha aHO,EI,HbII7I npouecc n nokasatenn
anekTponusa. Namepena nonapusaumsa ctansHoro katoga s pacnnase CaCl,—BaCl,—NaCl npu temnepatype t = 610 °C. Ha no-
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Production processes and properties of powders

NSPM3aLMOHHON KPUBOW OTYETIMBO BbIAENAOTCS noTeHumansl (E,,. = —2,97 B) n nnotHocTn Toka (i, = 0,04 A/CM2, lgi, = —1,4)
06pa3oBaHMs HACLILLLEHHOrO PacTBOPa HATPYS B 3NIEKTPONNTE 1 NOSBIEHNS MeTa/IM4EeCKOro HaTpus Ha karoae (Ey, = —3,22 B,
iNna = 0,12 A/CMQ, Igina = —0,92). Mo BenununHe E,,; paccyntaHa KOHUEHTpauus Hatpua B anektponute npu t = 610 °C
(1,3-10*4 MON. fon.). Bennuunhel E, 5, Ena M X pa3HOCTb (AE = 0,25 B) noaTeepXXaeHbl NPy AANTENbHOM anekTponnse. 3Tn GyH-
LaMeHTabHble XapakTePUCTUKN ABAAIOTCA OCHOBOW A1 KOHTPONSA 1 yrpasieHusa npoueccom. Npu onntensHOM anekTponmse
Ha KpuBoW B koopamHaTax E (B) — IgQ (A-MuH) BbiiBNeHbl 3 6M3KMX K MPSIMOJIMHEMHBIM y4yacTka: pa3ps MOHOB HaTpmsa 13 ne-
PECHILLLEHHbIX PAacTBOPOB npu E oTpuuatensHee E, . (0T Ey, 80 E,5c), U3 CMECU NEPECHILLEHHbIX 1 HACbILLLEHHbIX PACTBOPOB (Mpu
NMOCTOSIHHOM E, paBHbIM E, ), 13 pa3baBneHHbIx pacTBOPOB (Mpu E nonoxutensHee E, ;). KoabduumeHTbl akTMBHOCTM HATpus B
nepechbILLLEHHBIX pacTBopax 6513k K 1, 4To o6ecneynBaeT UxX MNOBbLILLIEHHYIO BOCCTAHOBUTENbHYIO CMOCOOHOCTbL. MakcrmanbHble
cTeneHun nepecsbieHns (>100) cospaloTca Npu o6pasoBaHnM K pacnage Ha KaToAe 3apoAbllleil MeTalIMyeckoro HaTpus, Ko-
TOpble 40CTATOYHbI A5 TOr0, YTOObLI UHTEHCUDULMPOBATbL M NPOANTL 3NEKTPONN3, MOHU3NTL HUXHWIA Npeaen TemnepaTyp ero
peanuzauuu ¢ 600 go 350 °C. O6pa3oBaHue MeTaNIMYeckoro TuTaHa B MPMaHO4HOM CJ10€ 06BbSACHEHO ANCIPOMNOPLUOHUPOBAHEM
noHoB Ti%*, NocTynaloLWMX B NPUAHOAHBIN 3NEKTPOUT OT NOBEPXHOCTY aHOAA W 13 NPUKATOAHOr0 Pacniasa.

Knto4eBble c/10Ba: 9NEKTPOANTUYECKOE 06bEMHOE BOCCTAHOBJIEHWE TUTAHA, aAAUTUBHbIE TEXHONIOMNM, rpaHynomMmeTpud, NnoTeHun-
ajibl U NNIOTHOCTU TOKa O6pa3OBaHMFI Ha KaToAe HacCbIWeHHbIX paCTBOPOB N MEeTanM4eCcKoro Hatpua, napamMeTpbl 3apoXa4eHUna 1

pacnaga 3apofbillei HaTpus, He0OXOANMbIE CTENEHU NePeChILLEeHN AN UX NOABEHUS Ha KaToe.
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Introduction

The constant growth in the production and use of
titanium alloys is due to their unique properties — such
as corrosion resistance, low specific gravity, mecha-
nical strength at high temperatures, and biocompati-
bility. Titanium-based alloys are widely used in aircraft
and space construction, rocket and missile engineering,
automotive engineering, shipbuilding, medicine [1—3],
and the chemical industry.

The theoretical foundations of the process of volu-
metric electrolytic preparation of microstructural me-
tal powders for modern technology have been deve-
loped under the guidance of Prof. M.V. Smirnov [4], who
demonstrated high reactivity [5] and mobility [6] of this
process.

The purpose of this work was to provide scienti-
fic justification for the possibility of implementing the
process of volumetric intensive electrochemical method
developed by the authors for obtaining microdispersed
titanium powders for 3D technologies and powder me-
tallurgy [7, 8]. The uniqueness of the process lies in the
fact that it is carried out in the absence of dissolved so-
dium and titanium chlorides in the initial and final elec-
trolytes (unlike the work [9]), with a stepwise increase in
the electrolysis current and potentiometric control of the
process [10].
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To solve this problem, an original method for moni-
toring and controlling the process under development
by measuring the RedOx-potential of the Ti**/Ti** sys-
tem in the near-anode layer was proposed and applied
in practice. As a result, the mechanisms of the process
realization at the initial, main and final stages of elect-
rolysis are disclosed.

It is shown that in the first 12 min of electrolysis, the
concentration of inactive Ti* complex ions increases
in the near-anode layer, and sodium dissolved in the
electrolyte restores mainly Ti?" ions in the electrolyte
volume. Starting from the 20" minute of electrolysis,
as titanium powder accumulates in the electrolyte bulk,
the concentration of Ti%" ions begins to increase rapi-
dly in the near-anode layer according to the reaction
2Ti** + Ti = 3Ti*". At the same time, the proportion
of sodium consumed for the reduction of Ti*" to Ti*"
decreases. This contributes to an increase in the cur-
rent output and stabilization of the cathode potential
for 30 min at £, = —2.96 V. After 50 min of electrol-
ysis, the reactivity of the salt melt begins to decrease
due to the low solubility of sodium in it. The cathode
potential decreases sharply towards positive values.
The concentration of Ti*" ions in the near-anode lay-
er increases steadily until it aligns at 85 min with the
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concentration of Ti?* jons. This dramatically increases
the current consumption for ion recharge and leads to
the need to stop electrolysis after a short-term (for 40 s)
switching on the current of 12 A. After 10 s, judging by
the change in the cathode potential, almost all of the
sodium dissolved in the electrolyte is consumed for the
reduction of titanium ions. After 6 min, the potentials
of the electrodes returned to the initial value of the ano-
de potential, indicating a return of the system to its in-
itial state, where titanium salts and dissolved sodium
were absent. More than 95 % of the powder is obtained
in the volume of the electrolyte. The current yield was
84.0 % and was close to the calculated average valence
of titanium ions in the near-anode layer and mass loss
of the anode (87.0 %).

This paper is devoted to a detailed analysis of the
mechanism of the cathode process, its effect on the ano-
de process, and the results of electrolysis.

The methodology
of the experiment

The experiments were carried out at ¢t = 610 °C in
a eutectic composition melt, mol. fr.. BaCl, — 0.16;
CaCl, — 0.47; NaCl — 0.37, with 7., = 452 £ 2 °C.
Low-melting electrolytes similar in composition are
used in industry to produce sodium with high current
efficiency. The electrolyte was prepared from pre-
dehydrated salts according to the method [11]. Titanium
salts and metallic sodium were not added to the original
electrolyte.

The design of the electrolytic cell is shown in Fig. 1.

Prior to the experiment, 228 g of electrolyte was
loaded into the crucible. The anode is made of a ti-
tanium rod (current conductor) weighing 23.36 g and
a titanium plate weighing 14.18 g. The walls of a steel
crucible were used as the cathode. The working sur-
face area of the anode was 14.4 cm?2, the cathode was
100 cm?. To completely dry the electrolyte, the cell
was heated under vacuum to 400° C, then argon pu-
rified by passing it through a titanium chip heated to
820 °C was supplied.

Polarization studies were carried out on the chas-
sis of the NI PXIe 8108 instrument (National Instru-
ments, USA) with NI PXI-4140, NI PXI-4072, and
NI PXIe-6356 modules. The application for this de-
vice is written in the graphical programming language
LabVIEW 10. The duration of the current pulse was
10 s, then the current was switched off for 10 s with mea-
surement of the electrode potential value 0.5 ms after
switching off, then the next current value was switched

5 Argon
—\ Vacuum
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Fig. 1. Design of an electrolytic cell

1 — titanium plate (VT1-0); 2 — electrolyte; 3 — chromel-alumel
thermocouple in BeO sheath; 4 — crucible steel suspension
(cathode); 5 — titanium rod (current conductor); 6 — branch
pipe for evacuating air and supplying argon; 7 — vacuum rubber
stopper; & — quartz cell; 9 — reference electrode in BeO sheath;
10 — steel crucible

Puc. 1. YcTpoiicTBO 2JIeKTPOIUTUYECKON STUeKI

1 — turaHoBas ractuHa (BT1-0); 2 — anekrponur;

3 — xpomenb-aoMesieBas Tepmoriapa B yexiie u3 BeO;

4 — cranibHON MoABEC TUTJIS (KATOA); 5 — TUTAHOBBIH CTEPXKEHb
(TOKOIOoABOM); 6 — NMaTpyOOK [UIsl OTKAUKHU BO3AyXa U IMOJAYn
aprona; 7 — npoOKa u3 BaKyyMHOI pe3uHbl; § — KBapleBast
g4eiika; 9 — aneKTpos cpaBHeHUs B yexie u3 BeO;

10 — cranbHOII TUTEND

on for 10 s. The sequential increase in current was uni-
form on a logarithmic scale: 1.0, 1.59, 2.51, 3.98, 6.31,
10.0 in each period.

A lead electrode KCl—NaCl + 10 wt.% PbCl, was
used as a reference electrode.

E[V]=-179+042:107T, Egzx=-142V. (1)

The results were recalculated on a chlorine elect-
rode.

Results and discussion

The results of the cathode polarization study are
shown in Fig. 2 in E.—Igi, coordinates.
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At the current of /. = 4 A (cathodic current density
i.=0.04 A/cmz, 1g0.04 = —0.92) is obtained by sodium
saturation of cathode electrolyte at £, = —2.97 V.

At I, = 12 A (i, = 0.12 A/em?, 120.12 = —1.4) the
cathode potential —3.22 V is close to the conditio-
nal standard sodium deposition potential —3.32 V,
but doesn’t reach it by 0.10 V. The sodium deposition
potential (E*) was calculated according to the proce-
dure [12], using the values of standard potential of the
Na*/Na system in NaCl [4]:

E%=-3903 +0.60-107°7;

2
E0883 K= -3.373 V, ( )

as well as mole fractions and ionic moments of cations,
nm~—": Na™ — 10.2, Ca?* — 19.23, and Ba?" — 14.5 in
the electrolyte used:

E"=-3.829+0.58-10°T;

# 3
E883K:_3'32 V, ( )

E*"—E"=0.074 —0.02-107T;

_ “)
AEggs ¢ = 0.0563 V.

By dividing the values given in equation (4) by the
value of the pre-logarithmic coefficient (2.3RT/F =
=2.3-8.314-883/96485 = (0.175, where R is the universal
gas constant, Fis the Faraday constant; 7 is tempera-
ture, K), the equation was obtained for calculating the
value of activity coefficient of sodium ions in a salt melt
(y) and its value at 7= 883 K:

lgy=0.423 — 0.114-10737;

5
lgy = 0.322, ©)

Ysg3k = 2.1

The sodium activity in the melt used (0.37-2.1 =0.78)
is close to 1, hence the activity of supercooled NaCl.

Information about the sequence and trends of elec-
trode processes is obtained by measuring the changes in
electrode potentials over time after the electrolysis cur-
rent is switched off.

For the cathodic process (Fig. 3)at /=2,4,and 6 A,
relatively stable (within 20 s) values of the cathode po-
tentials are observed. At the same time, two processes
occur on them: the decline in concentration polariza-
tion, which shifts the potential of the cathode toward
positive values, and the influx of sodium dissolved in
the salt from the electrolyte volume to the cathode
surface, which shifts its potential in the opposite di-
rection. For the first and second periods of electro-
lysis with a current of 2 A, the first process prevails.

Powder Metallurgy and Functional Coatings = 2022 = Vol. 16 = N°4
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Fig. 2. Results of the cathode polarization study

Puc. 2. Pe3ynbrarsl n3y4eHU I MOJISIPU3ALIMT KaToIa

After electrolysis with 4 and 6 A currents, the process
rates equalize, and the cathode potential stabilizes at
—2.97 V. With the same value, the cathode potential
begins to shift towards positive values after the current
is turned off 8 A.

Studies carried out by different methods suggest that
the cathode potential of —2.97 £ 0.01 Vis a fundamental
characteristic corresponding to a saturated sodium solu-
tion in the electrolyte used at r = 610 °C (£,,). The sodi-
um activity in a saturated solution (asat) was calculated
based on the assumption that a change in the cathode
potential from —3.22 to —2.97 V (i.e., by 0.25 V) is asso-
ciated with a change in the activity of dissolved sodium.
By substituting the corresponding values for the elec-
trolyte used, we obtain lgag,, = —0.25/0.175 = —1.486,
ag,: = 0.0373. Dividing this value by the activity coeffi-
cient of sodium (288), we obtain the sodium concentra-
tion in a saturated solution (1.3-10~% mol. fr.).

Starting from /= 8 A, a sharper shift of the cathode
potentials towards positive values is observed (see Fig. 3),
which increases at I = 10 A. After the first switching
off of 10 A current (see Fig. 5, per. 6), the potential
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Fig. 3. Change in time of the cathode potential after the electrolysis current is switched off

Puc. 3. I3aMeHeHUE BO BpPpEMCHU ITIOTCHIIHMaJ1a KaTo4a IT0CJIC OTKJ/IIOYCHM A TOKa 3JICKTPOJIU3a

of —2.68 V corresponded to the concentration of dis-
solved sodium of 51073 mol. fr., which was enough to
reduce the concentration of Ti>" ions after 5 s down to
2.5:1077 mol. fr. (E.=-2.58V), and after 10 s — down
to 6-107% mol. fr. (E, = —2.52 V). After the second
switching off of 10 A current, the sodium concentration
decreases down to 1-107> mol. fr. (E.=-2.44V). After
5's the concentration of Ti** ions was reduced down to
2:107 mol. fr. (E, = —2.48 V), after 10 s — down to
1-10~> mol. fr. (E. = —2.36 V). With a further decrease
in the cathode potential, the system under considera-
tion passes into the area of coexistence of Ti2" and Ti**
jons. The ratio of Ti**/Ti*" ion concentrations equal
to 100 corresponds to the steady-state potential of
—1.97 V. The appearance of the curves of the cathode
potential change with time, observed when the current
of 10 A is switched off, is similar at lower electrolysis
currents as well. It is always necessary to wait for the
transition of the system to the region of coexistence of
Ti*" and Ti*" ions to exclude the presence of an alkali
metal and noticeable amounts of titanium ions in the
final electrolyte.

The time variation of the anode potentials af-
ter switching off the electrolysis current is shown in
Fig. 4.

When currents 2, 4, and 6 A are switched off, the
anode potentials naturally shift toward negative values
under the influence of the richer Ti?* ions of the melt
in the pre-cathode space. For I = 8 A, the RedOx po-

tential does not exceed —1.75 V, which corresponds to
5-fold excess of the Ti*" ion proportion. When switch-
ing off the current of 10 A, briefly, in 5—10 s, the maxi-
mum potential values are reached (—1.835V, —1.831 V),
corresponding to the ratio of ions Ti**/Ti’" = 20+17.
After T = 5 s, they decrease to —1.8 V, the ratio of ions
Ti?*/Ti** = 10. The presence of two fluxes of Ti*" ions
from the cathode side and the anode surface leads not
to the expected increase, but to a rapid decrease in the
concentration of Ti%" ions due to the implementation of
the disproportionation reaction:

3Ti?" =2Ti" + Ti. (©6)

We associate the formation of finely dispersed grains
of metallic titanium in the form of linear and bulk aggre-
gates in the near-anode electrolyte with the development
of this reaction. This is due to the reaction taking place
at a distance from the anode that is less than the thick-
ness of the diffusion layer [13, 14].

Prolonged electrolysis was carried out with a
step-by-step increase in current. Fig. 5 shows the
operating voltage, cathode and anode potentials, in-
verse EMF, current values and duration of electrol-
ysis in each of the 7 periods. All measurements were
performed with an accuracy of 1 mV. This made it
possible to trace the change in the ratio of Ti** and
Ti?* titanium ions in the near-anode layer and the
change in the RedOx potential in the near-cathode
layer of the electrolyte.

8
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Fig. 4. Change of the anode potential in time after the electrolysis current is switched off

Puc. 4. I3MeHeHMe MOTeHIIMAIa aHOIa BO BPEMECHMU ITIOCJIC OTKJIIOUECHU A TOKA SJICKTPOJIH3a

Conditional standard potentials of systems Ti*>*/Ti,
Ti?*/Ti, Ti**/Ti** for CaCl,, BaCl,, NaCl were tak-
en from the monograph [4]. By multiplying the corre-
sponding values by the mole fractions of the components
and adding the results obtained, we obtained equations
to calculate the conditional standard potentials of the
corresponding systems in the electrolyte used. The coef-
ficients of the equations E* = A + 107°BT are given
in Table 1.

Based on the initial (before electrolysis) potentials
of the cathode (—2.48 V) and anode (—1.87 V), the

EV
34- -~ ~ - ~ < <
1= < < < < - -
Qg A e < o =)
24~ = hel ~ L) ° ~
O = o = = I
- 5 5] S S 3 3
-+ ~ a [ ~ ~

Fig. 5. Scheme of implementation of long-term electrolysis

Puc. 5. Cxema peanuzanuy JJIMTEIBHOIO 3JEKTPOIMN3a

Powder Metallurgy and Functional Coatings = 2022 = Vol. 16 = N°4

concentrations of the corresponding ions in the elec-
trode layers were calculated. For the cathode they are
equal to, mol. fr.: Ti?" — 5.2-1077, Ti’" — 4.8-10712,
Ti3+/Ti2+ concentration ratio makes up ~1-107>. For
the anode this ratio equals to 3.7-1072, and average
valency is 2.04.

The given values of conditional standard potentials
made it possible to describe the processes occurring at
the electrodes during electrolysis.

The reactivity of sodium dissolved in the electrolyte
naturally decreases with an increase in the electricity

Table 1. Results of calculating the values

of conditional standard potentials of the systems
Ti2*/Ti, Ti¥*/Ti, Ti®*/Ti2" in the electrolyte used
Tabnuua 1. PegynbTaThl pacyeTa BEMYUH YCIOBHbBIX
CTaHAAPTHbIX MOTeHLManoB cuctem Tiz*/Ti, Tis*/Ti, Tis*/Tizt
B MCMO/b3YEMOM 3JIEKTPONUTE

Emerm V| Emstm V| Esemes, V
Salt
—A B | -4 | B| -A| B
CaCl, 248 0.68 224 055 1.78 029
BaCl, 260 073 236 0.59 1.87 0.31
NaCl 242 051 219 034 174 0.01
Electrolyte 249 0.63 224 048 178 0.18
Eggixo V -1.93 -1.82 -1.62
9
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passed, and hence the amount of titanium powder accu-
mulating in the salt melt (Fig. 6).

It is no coincidence that the duration of our experi-
ments and the authors of the work [15] was approximate-
ly the same and was ~2 h, which is due to the need to
limit the accumulation of titanium powder in the elec-
trolyte. The authors of [15] noted that when 8—10 % of
titanium is accumulated in the electrolyte, an increase
in current does not result in an increase in the amount
of metal produced, and at 20 % Ti, a drop in the ope-
rating voltage down to 0 was detected when the anode
was short-circuited to the bottom of the crucible. This
may be due to the appearance of noticeable electronic
conductivity in such melts.

On the dependence of the cathode potential on the
logarithm of the electricity transmitted (see Fig. 6) there
are three close to rectilinear regions.

The straight line equation in the region from —3.225
to —2.951 Vis

E[V]=-3.32+0.1851gQ £ 0.011. @)

The value of —3.32 coincides with the value of the
conditional standard potential of sodium in the elec-
trolyte used (3). The value of the prelogarithmic coef-
ficient of 0.185 is close to its value for a single-electron
process (2.3-8.314-883/96484 = 0.175), which indi-
cates the constancy and proximity to 1 of the sodium
activity coefficient in supersaturated solutions. The
existence of the above region on the polarization curve
was mentioned by the authors of [5] without explaining
what processes it is associated with. In our opinion,
it can be the formation (when current is flowing) and
decay (when it is turned off for 10 s) of supersatura-
ted solutions, the appearance and growth of electronic
conductivity with the accumulation of powdered tita-
nium in the salt melt. The deviation of the prelogarith-
mic coefficient from 0.175 may be considered as the
occurrence and accumulation in the electrolyte of ions
with a valency less than 1, for example, Na?". The first
version seems to us the most probable on the consi-
dered part of the curve E—IgQ.

In our opinion, the long-term region of potential
constancy at E, = —2.97+0.01 V is associated with
the coexistence of saturated and supersaturated so-
dium solutions in the electrolyte in the near-cathode
layer. The decomposition of the latter makes it possible
to stabilize the cathode potential. At potentials negative
to —2.97 V, only supersaturated solutions exist. At a po-
tential of —2.951 V, a saturated solution appears, the pro-
portion of which increases as the amount of electricity
passes further. At 1g0 = 2.41 (£, = —2.962 V) which is

—E, V|32
3.1
2.9
2.74
2.5 T T T T
0.5 1.0 1.5 2.0 2.5 3.0
12O (A min)

Fig. 6. The dependence of the cathode potential
when the electrolysis current is switched off
on the amount of electricity passed

Puc. 6. 3aBrcUMOCTb MTOTEHIIMAJIAa KaToAa
IIPU OTKJIIOUYEHU U TOKA SJICKTPOJIn3a
OT KOJIMYECTBA ITPOITYIHICHHOTI'O 3JICKTPpUYECTBA

in good agreement with the previously given value of
2.97 £0.01 V, all the supersaturated solution is con-
sumed. The reactivity of sodium decreases hundreds of
times, which is manifested in a sharp shift in the ca-
thode potential towards positive values.

It should be noted that the characteristic points:
sat = —2.97 V (formation of saturated solutions) and
Ena = —3.22 V (occurrence of a metallic sodium phase),
were clearly manifested in the study of cathodic polari-
zation with increasing electrolysis current and long-
term electrolysis when the reducing ability of the melt
decreased with an increase in the amount of electricity
passed, and hence the amount of titanium powder accu-
mulated in the electrolyte.

The most effective way to intensify and prolong
electrolysis is the nucleation and decomposition of the
metallic sodium phase at the cathode. It was observed
at I = 6 and 8 A (see Fig. 5). An enlarged fragment of
Fig. 5 is shown in Fig. 7. We associate the pulsating
nature of the cathode potential change with the polari-
zation accompanying the nucleation and decay of the
liquid metallic sodium phase on the surface of the steel
cathode.

When a current of 6 A is turned on (i, = 0.06 A/cm?
for the entire cathode surface bordering the melt), a
voltage spike of 0.25 V, typical for phase polarization, is
observed. The time to reach the maximum is 34 s, the
decomposition time is 16 s, and the lifetime of the nuc-
leus is 50 s. These parameters differ significantly from
the respective values during the deposition of solid pha-
ses on a solid cathode, where the value of the maximum
overvoltage varies from 20—30 to 70—100 mV, and the

E
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Fig. 7. Enlarged fragment of Fig. 5

Puc. 7. YBenuueHHBIN (parMeHT pUCYHKA 5

time to reach it varies from 1072 5o 10~ s with a change
in current density from 1073 to 107! A-cm? [16]. The
peculiarity of these curves is the slow reaching of the
maximum and the rapid decay. After the decay of the
nucleus in question, the cathode potential remained
stable over time, and the difference between it and the
maximum value remained 0.25 V.

When a current of 8 A (i, = 0.08 A/cmz) was turned
on, the magnitude of the maximum overvoltage (0.25 V)
was maintained, the nucleus lifetime was 36 s, the time
to reach the maximum overvoltage was 27 s, and the
decay time was 9 s. The rapid and accelerating de-
cay is due to the high mobility of the resulting decay
products, which spread throughout the volume of the
electrolyte. After the decay of this nucleus, the cathode
potential began to shift toward negative values at a rate
of 0.10—0.15 mV/s due to the entry of dissolved sodi-
um into the interelectrode space from the electrolyte
volume. The increasing supersaturation of the cathode

melt should have contributed to the formation of the
following nuclei. Indeed, after 7 min, there was an at-
tempt to nucleate the next nucleus, but it failed due to
insufficient reactivity of the melt and a low degree of
supersaturation in the pre-cathode space. For the oc-
currence of the next nucleus, the supersaturation of the
melt increased up to 35 mV (the degree of supersatura-
tion — 1.6), for the third one — 70 mV (the degree of
supersaturation — 2.5), for the fourth one — 120 mV
(the degree of supersaturation — 5.0). The maximum
degree of saturation is observed during the formation
and decay of sodium metal nuclei. In this case, the deg-
ree of supersaturation increases by more than 20 times
(100.25/0.175 ~ 27)

As a result of going through the stages of disintegra-
tion of supersaturated solutions, nucleation, and decay
of metallic sodium nuclei in the volume of electrolyte
the concentration of dissolved sodium was accumulated,
which was enough to conduct electrolysis with 10 A cur-
rent for 35 min and return the electrolyte composition to
its original state.

In paper [5], the values of the solubility of Na in
NaCl are given: at t = 816 °C — 2.42 mol.%, at t =
= 864 °C — 4.06 mol.%. Based on these data, the tem-
perature dependence of the Na solubility (&, mol. fr.)
and the value of N at 7= 1173 K and for a supercooled
melt at 7= 883 K were calculated:

IgN = 3.817 — (5920/7), "

N1173K: 0059, N883K: 0.0013.

In the same paper, an equation was given for calcu-

Table 2. The results of calculating the sodium activity in the NaCl melt and the required degree of supersaturation

to obtain metallic sodium on the cathode

Tabnuua 2. PesynbTaThl pacyeta akTUBHOCTM HaTpua B pacnnase NaCl n Heob6xoaMMoii cTeneHun nepechILLeHus

ANga Nojiy4yeHnsa Ha Katoae MeTaninyeckoro HaTpus

T,K N, mol. ft. 1eN ley v lea a O?:j;lrr Zg tﬂfftrieoen
1173 0.059 —1.23 1.194 15.6 —0.04 0.92 1.09

1073 0.020 —1.700 1.879 75.7 —0.029 0.935 1.51

973 0.0055 —2.267 2.196 143 —0.123 0.79 1.27

873 0.0011 —2.962 2.498 315 —0.464 0.343 2.9

823 0.00042 —3.376 2.700 501 —0.68 0.211 4.8

773 0.00014 —3.841 2.927 845 —0.924 0.127 8.2

723 0.000043 —4.371 3.187 1540 —1.184 0.065 15

673 0.0000105 —4.979 3.486 3060 —1.49 0.032 31

623 0.0000021 —5.685 3.830 6761 —1.854 0.014 71

Powder Metallurgy and Functional Coatings = 2022 = Vol. 16 = N°4 T



Izvestiya Vuzov. Poroshkovaya Metallurgiya i Funktsional'nye Pokrytiya - 2022 - Vol. 16 - N2 4

Number of particles, %

100
Particle size, um

1000 3000

Fig. 8. Particle size distribution analysis

of titanium powder

1 — after ultrasonic grinding; 2 — before ultrasonic grinding
Puc. 8. 'panynomerpruyecKkuii aHaaIn3

TUTAHOBOTO MOPOIIIKA

1 — 1iociie yabTpa3ByKOBOTO U3METBbYECHUST
2 — J10 YIBTPa3BYKOBOTO U3METTbUCHHUSI

lating the activity factor of sodium (y) dissolved in the
Na—NaCl melt:

lgy= (~0.823 + 2899/T)/(1 + 6.06(Nx /(1 — Nxp). (9)

Maximum values of Na in NaCl activity factors (y)
are calculated at Ny, = 0, y = 44.5 (T = 1173 K) and
288 (T = 883 K).

Table 2 summarizes the results of calculating the ac-
tivity of sodium (a) in the NaCl melt depending on the
temperature and concentration of dissolved sodium (N).

At temperatures above 973 K, the required degrees of
supersaturation are negligible; below 873 K they increase
markedly, but even at 7= 623 K (71) they are inferior
to the maximum degrees of supersaturation during the
formation and decay of metallic sodium nuclei (100—
123 times). This makes it possible to lower the lower
temperature limit of the process implementation from
600 to 350 °C.

According to the granulometric analysis (Fig. 8)
(Institute of Thermal Energy of Ural Branch of RAS,
Ekaterinburg), 95 % of the obtained titanium powder
is in the melt volume in the form of aggregates, easi-
ly crushed into individual crystals. More than 80 % of
these crystals are in the range of 10—100 um with an
average size of 36 um, which meets the requirements for
the size of powders for additive technologies.

Conclusion

A preliminary study of the cathode polarization
revealed the potentials and current densities of so-

dium saturation of the salt melt (£, = 297 V, i =
= 0.04 A/cm?) and the occurrence of sodium metal
on the cathode (Ey, = —3.22 'V, i, = 0.12 A/cm?). The
concentration of sodium in a saturated solution at 7 =
=610 °C (1.3- 10~* mol. fr.) was calculated using the va-
lue of E,;. The values of E,;, Eyn,, and the difference
between them (AE = 0.25 V) have been confirmed in
long-term electrolysis and are the basis for monitoring
and controlling the process.

During prolonged electrolysis, three regions close to
rectilinear were identified on the curve in coordinates
F (B) — Ig0 (A-min). In the equation of the straight line
E = A + BlgQ in the region from —3.22 to —2.963 V,
the value of A (—3.32 V) coincides with the value of
the conditional standard potential of sodium in the
electrolyte used. The value of B (0.185V) is close to its
value for the one-electron process (0.175), which indi-
cates the constancy and closeness to 1 of the activity
coefficient of sodium in supersaturated solutions. The
discharge of sodium ions from supersaturated solu-
tions occurs when E is more negative than E,; to Ey,.
In the decomposition of supersaturated solutions, a
5-fold degree of supersaturation of the electrolyte in
sodium is achieved. During the formation and de-
composition of metallic sodium nuclei, it increases
by more than 20 times and becomes sufficient to in-
tensify and prolong the electrolysis process, to lower
the lower limit of its realization temperature from
600 [17] to 350 °C.

The long-term region of potential constancy at
E. = -2.97 £ 0.01 V is associated with the coexistence
of saturated and supersaturated sodium solutions in the
electrolyte in the near-cathode layer. The decompo-
sition of the latter stabilizes the cathode potential. At
IgQ = 2.41, the entire supersaturated solution is con-
sumed, the reactivity of sodium and the cathode poten-
tial drop sharply, and the discharge of sodium ions from
diluted solutions starts at potentials from E,; to values
0.25—0.35 V more positive.

It can be seen that the reducing ability of the melt de-
creases as the amount of electricity passed through, and
hence as the amount of titanium powder accumulated in
the electrolyte increases.

The formation of titanium metal in the near-anode
space is explained by the disproportionation of Ti%* ions
entering the anode electrolyte from the near-anode layer
and the near-cathode melt.

The resulting product is similar to powder [17], and
after classification and spheroidization by gas atomiza-
tion methods [18—24], it can be used for 3D printing as
a starting material.
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