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2 Clarivate
Analytics

«Central Asian Academic Research Centery LLP is pleased to announce that “News of NAS
RK. Series of Geology and Technical sciences” scientific journal has been accepted for
indexing in the Emerging Sources Citation Index, a new edition of Web of Science. Content
in this index is under consideration by Clarivate Analytics to be accepted in the Science
Citation Index Expanded, the Social Sciences Citation Index, and the Arts & Humanities
Citation Index. The quality and depth of content Web of Science offers to researchers,
authors, publishers, and institutions sets it apart from other research databases. The
inclusion of News of NAS RK. Series of Geology and Technical Sciences in the Emerging
Sources Citation Index demonstrates our dedication to providing the most relevant and
influential content of geology and engineering sciences to our community.

«Opmanvix Asus axademusnvik vinvimu opmanvizely KIIC «KP ¥FA Xabaprapoi.
Teonocus oicone MeEXHUKANLIK bLILIMOAD Cepusicbly 2bliviMu dcypranvinviy Web of
Science-miny scanananean nyckacet Emerging Sources Citation Index-me unoexcmenyee
Kabvli0aneanvin  xabapnaiovl. byn unoexcmeny oapwiceinoa Clarivate Analytics
KOMRaHuscul Jcypranovl odan api the Science Citation Index Expanded, the Social
Sciences Citation Index ocone the Arts & Humanities Citation Index-xe kabwviioay
Mmacenecin Kapacmuipyoa. Web of Science zepmmeywinep, asémopnap, 6acnawiviiap
MeH MeKemenepee KOHmeHm mepenoiei meH canacwin Ycvinaovl. KP YFA Xabapnapeo.
Teonocus scone mexunuxanvix eviavimoap cepuscol Emerging Sources Citation Index-xe
enyi 0i30iH KO2amOacmulK YWiH eH 63eKmi dcane 0edendi 2e0n02usi JHeaHe MexXHUKAIbIK
EbLIBLIMOAD OOULIHUWA KOHMEHMKe adanoblblmbi30bl 0i10Ipeoi.

TOO «llenmpanvro-a3uamckutl akadeMuuecKull HAy4Hulil yeHmpy coodwjaem, umo
nayunoii oicypuan “Useecmuss HAH PK. Cepusi ceonocuu u mexuuueckux Hayk» Obll
npunam oas unoexcuposanusi 6 Emerging Sources Citation Index, obnosnennou
sepcuu Web of Science. Cooepoicanue 6 3mom UHOEKCUPOBAHUU HAXOOUMCS 8 CMAOUU
paccmompenusi komnanueti Clarivate Analytics ons oanvhetiwezo npuHAMUS JICYPHANA
6 the Science Citation Index Expanded, the Social Sciences Citation Index u the Arts &
Humanities Citation Index. Web of Science npednazaem kauecmso u enyouny Konmenma ot
uccredosamenetl, agmopos, uzoameneli u yupesicoenuil. Brmouenue Hzeecmus HAH PK.
Cepus ceonozuu u mexnuyeckux nayk ¢ Emerging Sources Citation Index oemoncmpupyem
HAWLy npuepIHCEeHHOCMb K Haubonee akmyaibHOMY U 6IUSMETIbHOMY KOHMEHMY NO 2e0N02UU
U MEXHUYECKUM HAYKAM OJisl Haue2o coobuecmsa.
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Abstract. In connection with the task of accelerated implementation of the
latest achievements of science and technology in the national economy, it is
necessary to develop new types of electrical devices and to improve the existing
ones. In turn, this requires the modernization of the known magnetically controlled
contacts (MCC), and, accordingly, the implementation of the works, directed to
the search for new structural materials, studying the behavior of various metals
and alloys under the operating conditions of devices, etc. When developing new
technical solutions for switching equipment for automation and control, special
attention has been paid to the possibility of miniaturization of the relay elements,
based on mercury MCC. This work also focuses on sustainable development and
environmental protection, which corresponds to the UN Sustainable Development
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Goals (SDGs), in particular, SDG 12 (Responsible Consumption and Production).
The work focuses on the amalgamation of metals and alloys, which are low soluble
in mercury, and on assessing the stability of the resulting mercury coatings, which
are planned to be used in production, which emphasizes the importance of studying
the stability of the result of the amalgamation process. It has been established that
the application of the developed method of amalgamation of metals and alloys,
which are low soluble in mercury, allows a high-quality, stable mercury coating
to be obtained on the materials, which are promising for the manufacture of
contact parts for reed switches, beds of nails, as well as mercury-film indicator
microelectrodes, etc.

Keywords: mercury film, amalgamation, contact parts, reed switches,
microelectrodes, electrolysis
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AnHoTamus. FBUTBIM MEH TEXHHKAHBIH COHFBI JKETICTIKTEPIH  XaJbIK
[IAPYaNIbIIBIFBIHA JKEIEN CHI3Y MiHeTiHE OalIaHbICThI DJICKTP anmapaTTapbIHbIH
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KYPBUIBIMABIK MaTepHaiapAbl 131ey, achanTapAbl MaijanaHy >KarnaiblHIa
OPTYPIIi MeTanAap MEH KOPBITIIANAP/bIH SPEKETIH 3epTTeY JKOHE T.0. )KYMBICTapAbI
OpBIHZAAyIBbl Tajam eTedi. ABTOMaruka MeH OacKapydblH KOMMYTaLHUSUIIBIK
annapaTypachlHbIH KaHa TEXHUKAJBIK IICMIIMACPiH o3ipiey ke3inae cbiHan MK
HETi3iH/e peNieiK SIIEeMEHTTEp/lI MHUHHUATIOpU3alUsIay MYMKIHIITiHE epeKiie
Hazap ayaapeuiibl. by skymeicta BY ¥ -ae1H TypakTsl namy makcartapbiaa (TIM),
aram aiitkanga T/IM 12 sxayanThl TYTBIHY jKOHE OHAIpiC OaFbIThIHA COWKEC KENETiH
TYPaKTHI 1JaMy MEH KOpIlIaFraH OpTaHbl KOpFayFa 6aca Ha3ap aygapslia sl JKymbicTa
ChIHANTA EepIMEMTIH MeTajjap MEH KOpBITHajJapAbl aMajbraMalusiayra >KoHE
eHJIpicTe TalJanaHy >XOCHapJIaHFaH ChIHAN KAaOBIHAAPBIHBIH TYPAaKTHUIBIFBIH
Oaramayra Oaca Ha3ap ayJapbUIajibl, Oy aMalbraMaiys MpOIEeCiHIH HOTHKECIHIH
TYPaKTBUIBIFBIH 3€PTTEYIIH MaHBI3ABUIBIFBIH Kepcereai. CelHanTa epyi KWbIH
MeTanaap MeH KOpBITHajJap/bl aMajabraMalusulayIblH 931pJIeHIeH 9IiCiH KOJIIaHy
TepKOHJAp, KOHTAKTPOHAAp, MHUGHCTEpIep, COHJAl-aK  ChIHAIN-TICHKAJIbI
WHAWKATOPJIBIK MHKPODJIEKTPONTAp JKOHE T.0. YIIiH OaitaHbic OemeKTepiH
OHIpyZe TEePCIEeKTHBAIbl MaTepHajiapAa carajbl, TYPaKThbl ChIHAN >KaOBIHBIH
ayra MYMKiHIIK OepeTiHi aHBIKTaJIbI.
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AnHoTanmsa. CoBpeMEHHOE pa3BUTHE DJJIEKTPOXUMHUYECKHX TEXHOJOTHI
TpeOyeT CO3MaHNs HOBBIX METOIOB O0paOOTKH TPYIHOPACTBOPHUMBIX METAJIIIOB
M CIIAaBOB, OOECIIEYMBAIONINX TOBBIIIEHHE AKCIUTYaTAI[MOHHBIX XapaKTEPHUCTHK
KOHTAKTHBIX MarepuasioB. OJHUM M3 MEPCHEKTUBHBIX HAMpaBICHUHN SIBISETCA
amaJIbraMHpPOBaHNUE, TIO3BOJIFOIIEE (POPMHUPOBATH YCTOWYUBBIC PTYTHBIC ITOKPHITHS
Ha MOBEPXHOCTIX MeTayuioB. B pabore paccMOTpeHBI COBpEMEHHBIC MOIXOABI K
aMaJIbraMHPOBAHUIO TPYIHOPACTBOPUMBIX B PTYTH METAJUIOB U CIIJIABOB, a TAK)Ke
OTICHCHA YCTOWYMBOCTD MONYYCHHBIX PTYTHBIX TTOKPBITUH, TPETHASHAYCHHBIX JJIS
WCIIOJIB30BAHMSI NIPU IPOU3BOACTBE KOHTAKTHBIX AJIEMEHTOB pEJie, CEHCOPOB U
MHUKPO3IeKTpo10B. Oco00e BHIMAaHUE YIEICHO BONPOCAM YCTOHYHUBOTO PAa3BUTHS
U OXpaHbl OKpyKaromieil cpeanl B koutekere Llenu ycroitunBoro passutust Ne 12
«OTBETCTBEHHOE TOTPEOJICHNE U MPOM3BOACTBOY». [IpuMeHeHne pa3zpaboTaHHBIX
METOZIOB aMaJlbraMHpPOBaHMS OOECleYrBaeT TMOJy4YeHHE KadeCTBEHHBIX U
CTaOMIIBHBIX PTYTHBIX MOKPBITHH, YTO CITIOCOOCTBYET CHIKEHHUIO IIOTEPh METAJIOB
U YMEHBIICHUIO HKOJOTMYECKOM Harpy3ku IpH mpous3BoiacTse. llomyueHHbIe
pe3yibTaThl MOTYT OBITh KCIIOJIb30BaHBl B 00JacCTH MaTepHalOBEJCHHS H
XUMHYECKON TEXHOJIOTUH TSI pa3pabO0TKH SKOIOTHUECKU OS30TIaCHBIX TEXHOJIOTUI
HAHECEHMUSI IOKPBITHUA.

KuaroueBble cioBa: pryTHas IUIEHKA, aMallblraMHpPOBAHWE, KOHTAKT-JETallH,
FEPKOHBI, MUKPOAJIEKTPOIbI, IMEKTPOIH3

Introduction. Nowadays, the development of effective methods for
amalgamation of the surface of metals and alloys, which are low soluble in mercury
is relevant. As already mentioned, the amalgamation process is always preceded by
wetting their surface with mercury, which is especially difficult to implement for
the metals, which are low soluble in mercury and have a high surface energy under
the normal conditions (Jaycock et al, 1984; Adam et al, 1947). It has been found that
mercury on molybdenum or stainless steel, forms island drops of metallic mercury.
The structure of electrodeposited mercury on the surface of the difficult-to-amalgam
metals has been determined by the thermal evaporation of mercury. Unfortunately,
the method itself is an environmental hazard, since it promotes the evaporation
of mercury into the environment and does not guarantee the formation of a stable
mercury film on the surface of the refractory metals (Zenko et al, 2006). Currently,
the UN Sustainable Development Goals (SDGs), in particular SDG 12, place
particular emphasis on environmental protection. In order to solve the problems of
ecologically rational use of the proposed modern methods of forming mercury-film
coatings on the surface of the difficult-to-amalgam metals and alloys, in accordance
with the agreed international principles, it is necessary to significantly reduce the
release of toxic heavy metals into the air, water and soil in order to minimize their
negative impact on human health and the environment (Baitasheva et al, 2024).
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All the described methods are quite complex and environmentally hazardous.
In this regard, their use for amalgamation of the metals and alloys, which are low
soluble in mercury, is not desirable. The amalgamation of metals with high surface
energy presents significant difficulties. Such metals include transition metals (Fe,
Co, Ni, Zr, Hf, Th, V, Nd, Ta, Cr, Mo, W, Mn, Tc, Re, Ti) and alloys based on
them. To carry out their amalgamation, it is necessary to create special conditions
for the surface treatment, such as bright annealing, ion bombardment, heating in a
vacuum up to 773 K, etc. (Lang et al, 2013). The efficiency of the amalgamation
of such metals and alloys can be improved by using alkali metal amalgams instead
of mercury, most often sodium (Kunin et al, 1955). Various metals have been
considered as potential materials as a substrate for the formation of a mercury film.
It has been found that only iridium has the desired properties. A complete procedure
for the formation of a stable Hg film on iridium has been described (Kounaves et
al, 1986). The process of preliminary preparation of the iridium substrate surface
can be applied only to this particular metal. Other metals have been also considered
as potential electrode substrates, but without result. Various metals have been
considered as potential electrode substrates, but it has been found that only iridium
has the desired properties as a mercury film substrate (Kounaves et al, 1986). Only
after several, rather complex, preliminary preparation procedures of the iridium
surface it has been recommended to optimize the conditions for the formation of
mercury films in 0.1 M HCIO as an electrolyte. When amalgamating transition
metals, especially the iron family metals and their alloys, the main obstacle to the
formation of a mercury film is the presence of a dense layer of oxides, adsorbed
gases or other contaminants on the surface of the material. Therefore, the preliminary
preparation of the material surface is required before the amalgamation (Adamson
et al, 1979), i.e. special treatment before a direct contact with mercury. In some
cases, the both stages - preparation and the amalgamation process itself - can be
combined. For the metals, which are difficult to amalgam, a preliminary deposition
of a thin layer of metal, which is well wetted by mercury, or its intermetallic
compound with mercury is often used on their surface. The metals such as Sn,
Au, Cu are usually used as a coating (Semenchenko et al, 1967). There are known
cases of using palladium for these purposes (Kalnin et al, 1968). Metals are applied
to the surface of the samples by electrolysis or cementation (Jaycock et al, 1984;
Deryagin et al, 1973).

Metal amalgamation can also be carried out, using cathodic polarization. In
this process, hydrogen released at the cathode reduces the oxide film, and the
surface, cleaned in this way, is better amalgamed upon the subsequent contact
with mercury (Semenchenko et al, 1967). The method in which the stages of the
surface preparation and amalgamation occur simultaneously is recommended
for iron, nickel and alloys based on them (Kalnin et al, 1968). The surface of the
sample is treated with mercury in a hydrochloric acid solution (10%), to which
metallic magnesium is also added (Mg: Hg = 1:3000). In this case, the reaction of
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magnesium with the acid actually performs the function of cathodic polarization.
The hydrogen, formed as a result of the reaction, promotes the reduction of oxides
on the metal surface, which is immediately well wetted by mercury (Jaycock et al,
1984; Deryagin et al, 1973). This method has been subsequently adapted for the
amalgamation of manganese, chromium, tungsten, molybdenum and their alloys
(Ainbinder et al, 1962). The amalgamation conditions have remained basically the
same, but ferric chloride (~0.2%) has been added to the solution to enhance the
process. However, these methods do not allow one to achieve stable results on all
of the above materials, since low resistance of the coating in air and insufficient
uniformity of mercury distribution over the surface of the samples are observed.

Metals with high inertness to mercury, the solubility of which is within
thousandths, ten-thousandths and lower fractions of a percent, have turned out to
be interesting for science and technology. The physicochemical studies of these
metals due to their low solubility in mercury over a wide temperature range have
not attracted sufficient attention from the researchers. Nevertheless, the metals inert
to mercury are indispensable materials when liquid metal comes into contact with
the equipment in the technological processes where mercury is used. It is known
that mercury has found application as a heat carrier in the chemical, oil industry and
nuclear power engineering.

Mercury has also found wide application as a conductive material in various
designs of devices with electrical contacts. The contacts made of mercury-resistant
metals and alloys are an integral part of the automatic control and regulation
systems in the creation of telephone exchanges, in computing and measuring
devices, satellite communications, without which the development of scientific
and technological progress is unthinkable (Semenchenko et al, 1967). Currently, in
modern technology, switching microdevices with liquid metal contacts are mainly
represented by mercury reed switches. When manufacturing reed switches, much
attention is paid to the choice of an effective amalgamation method to obtain a
high-quality mercury film uniformly distributed over the entire working surface of
the contact. It is the high quality of the resulting mercury film that has a positive
effect on increasing the service life of the device, ensuring its stable operation
under various conditions. Another important characteristic in the manufacture of
reed switches is the correct choice of metals used in the devices. This requires
reliable data on the solubility of metals in mercury in the temperature mode of the
operation of the device, including the high temperature range. To obtain a high-
quality mercury film applied to the surface of the metal, it is necessary to pre-clean
their surface with acids (etching, polishing, etc.).

A clean metal surface ensures high-quality mercury film, thereby extending the
life of the device. The surface cleanliness is also very important when determining
the solubility of metals in mercury, using the heterogeneous equilibrium method by
holding the metal in pure mercury for a long time at a given temperature. Chemical
cleaning of the metal, removing the oxide from its surface, prevents it from getting
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into the mercury, thereby preventing distortion of the data on the solubility of the
metal in mercury. Another equally important condition is the duration of holding
the metal in mercury. Under the conditions of a long-term contact of the metal
with mercury, true equilibrium is achieved between the solid and dissolved metal
in mercury, which ensures reliable data on the solubility of metals in mercury. The
researchers involved in determining the solubility of metals with low solubility in
mercury have not paid due attention to these conditions (Bukhman et al, 2010).

A u nit has been designed to measure the surface potential of the adsorbed
vapors on mercury. It has been shown that the potential change is 0.055 V with a
phase change associated with a change in the orientation of the toluene molecules,
adsorbed on the mercury surface. Carbon tetrachloride, hexachloroethane and
chloroform vapors have reacted with mercury and the reaction rate has been
determined by the accompanying change in the surface potential, which in the case
of carbon tetrachloride has been more than 1 V. It has turned out that methyl iodide
vapors react with mercury only when illuminated by a mercury lamp. It has been
assumed that methyl iodide dissociates into the radicals, which in turn react with
mercury (Kemball et al, 1950). In our case, this method is unacceptable, since it is
assumed that illumination by a mercury lamp is used and the reaction rate depends
on the square root of the light intensity, which inevitably leads to the evaporation of
mercury into the environment. In connection with the need to implement the latest
achievements in science and technology in the national economy, it is necessary
to develop new types of electrical devices, as well as to improve existing ones
(Mussina et al, 2018). These tasks can be accomplished by performing work on
searching for new structural materials, studying the behavior of various metals
and alloys in mercury under the operating conditions of devices, etc. At the same
time, the latter, in the presence of a liquid component filling most of the volume
of the MCC, provide increased durability, improved vibration resistance and noise
immunity, as well as the possibility of convenient arrangement in the structure of
the micromodules.

Research materials and methods.

Materials under study:

— steel of various grades: 13X36HXT10, 12XH10T, P-6, 79HM, 67KH5b;

— alloys 47H/1, monel 40A, nickel silver.

Method of amalgamation of alloys based on iron, nickel and cobalt

The surface of alloys subject to amalgamation contains various types of
contamination (oxides, sulphides, organic impurities). To clean the contact surface,
a chemical treatment method is used — etching. The metal surface is preliminarily
degreased in carbon tetrachloride for 10-15 minutes, dried in air, degreased in an
alkaline solution, containing 10-30 g/I of caustic soda and 50-70 g/l of trisodium
phosphate at the temperature of 70°C for 30 minutes, and washed with distilled
water. Then the contacts are etched in acidic solutions: pre-treated in solution
1 (composition H,SO, d=1.84 g/cm® two parts, HCl d=1.19 g/cm’ one part and
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H,O two parts) at the temperature of 30-40°C for 90 seconds, then in solution 2
(composition HNO, d=1.42 g/cm’ one part and H,SO, d=1.84 g/cm’ one part) at
the temperature of 20°C and t = 15 sec; and in solution 3 - (HCl d=1.19 g/cm®),
treatment time 45 sec at t = 20°C.

An electrolyte of the known composition has been used to deposit mercury on
the surface of the contact materials (Certificate of Authorship 840206 USSR et al,
1981). A typical electrochemical analytical system mainly consists of the following
three parts: an electrochemical detection device, an electrochemical detection
instrument and an electrolyte. An electrochemical detection device usually consists
of the following three electrodes: a working electrode (WE), a reference electrode
(RE) and a counter electrode (CE).

Figure 1 shows a diagram of the electrolytic deposition of a mercury film on the
surface of the difficult-to-amalgam metals and alloys.

1. Electrochemical cell:

2. Reference electrode;

3. Intermediate vessel;

4. Stabilizer;

5. Autotransformer;

6. Rectifier;

7. Ammeter;

8. Switch;

9. Potentiometer;

10. Potentiostat (P-5848, P-5827) In this case, the positions - 4,5,6,7 are
excluded;

11. Self-recording potentiometer.

e ——————

Figure 1 - Schematic diagram of the amalgamation unit
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A similar representative illustration of the sample preparation is also shown
in the work, where the main subsequent stages are shown (Lu Y et al, 2018). In
our case, special attention is paid to the nature of the electrode used, which can
significantly affect the sensitivity and selectivity of the analytical procedure.

Since the nature of the amalgamated material is of virtually no importance in
determining the role of the geometric parameters of electrolysis (the ratio of the
cathode area to the electrolyte volume, the distance between the electrodes, etc.),
new materials promising for the manufacture of the contact parts with a mercury-
film coating have been used in the experiments. The electrolysis conditions have
been tested on the hard-to-amalgam samples of the materials under study.

Before electrolysis, the samples have been degreased and chemically prepared
(etched, polished). Mercury electrodeposition has been carried out in an electrolyte
of a certain volume (V) on a sample of area (S ), using an anode in the form of a
Pt-wire of area (Sa), while maintaining a stable distance between the cathode and
anode (I, ) and certain ratios S_ S and S:V .

Methodology for determmmg the quahty of the mercury coating on the samples.
The mercury coating deposited on the contact material by the electrolytic method
has been assessed mainly by two parameters — the thickness of the mercury layer
(9), its stability in air under the mechanical action on the sample, the continuity of
the film and the presence of metallic luster characteristic of liquid mercury.

To increase the sensitivity and selectivity of the detection of heavy metal ions and
to study their toxicity both for the environment and for human health, we combine
the electrochemical methods with certain modifiers, which facilitate the detection
process. Due to their characteristic properties, electrode modifiers have been
used in combination with the electroanalytical methods. The need for alternative
electrode modifiers has increased as attention has increasingly turned to green
chemistry, which aims to reduce the use and production of hazardous substances
such as mercury (Adrmenta et al, 2008), and as some European regulations prohibit
the export and storage of metallic mercury.

The creation of mercury-film contact parts and microelectrodes with a mercury-
film coating makes it possible to work under the conditions with a minimum
mercury content, i.e. transfer the properties of mercury to the film, which is well
bonded to the surface of the substrate material.

The amalgamed materials have been centrifuged, using a T-23 centrifuge. Three
centrifugal acceleration modes have been used: Al = 580 m/sec?, A2 = 3560 m/
sec? and A3 = 9950 m/sec? (at the corresponding number of revolutions: 600, 1500,
2500 rpm and radius R = 0.145 m) (Geirovskiy et al, 1965). The thickness of the
mercury layer on the surface of the sample has been calculated based on the weight
of the coating and the area of the amalgamed contact. The weight of the sample was
determined after each of the stages - amalgamation and centrifugation. The stability
of mercury coatings has been assessed based on the visual observations of the
condition of the samples under the conditions of exposure to air for 30-60 minutes.
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In addition, observations have been made of the condition of the contact surface at
equal stages of their processing, using a MIM-7 microscope (magnification 140-
120 times) with the fixation on a photographic film at the specified magnification.

Experimental part. In connection with the task of the SDG-12, it is necessary
to qualitatively develop new types of electrical devices and to improve the existing
ones. In turn, this requires the creation of new magnetically controlled contacts
(MCC), and, accordingly, the performance of the work on the search for the
structural materials, the study of the behavior of various metals and alloys under the
operating conditions of the devices in production. When developing new technical
solutions for the switching equipment for automation and control, special attention
is drawn to the possibilities of miniaturization of the relay elements, based on
mercury ball and membrane MCCs.

These tasks can be accomplished by performing the work for searching for new
structural materials, studying the behavior of various metals and alloys in mercury
under the operating conditions of the devices, etc. At the same time, the latter,
in the presence of a liquid component filling most of the MCC volume, provide
increased durability, improved vibration resistance and noise immunity, as well
as the possibility of convenient arrangement in the structure of micromodules. In
this regard, of interest are the studies of the processes of interaction with mercury
of new alloys, assumed as the contact materials for the devices, a more detailed
study of the conditions of amalgamation of the metal surfaces by the electrolytic
method. At the first stage of the study, the possibility of forming mercury coatings
on materials during cathodic reduction from the solutions of various mercury salts
- nitrates, chlorides, and sulfates — has been determined. As is known, nitric acid
solutions (sat. Hg(NO,),); 0.IM HNO, + 5.10-4M Hg(NO,), are used to reduce
mercury on platinum, where the deposition process begins at the potentials of +0.4
+ 0.5V (N.H.E.), respectively, and starting from E = 0.58V is accompanied by
the release of hydrogen. The mercury coating, formed in this case, is of sufficient
quality, but quickly deteriorates after the current is switched off upon the contact
with the working electrolyte due to the oxidation by the divalent mercury ions.
We have tested this method for obtaining a mercury film on the iron group metals.
Mercury deposition on nickel, alloy 29NK in the solution: 0.2-0.3M Hg(NO,), +
IMKNO, +0.013 -0.625M HNO, has resulted in only partial amalgamation, since
the formation of metallic mercury has been accompanied by the release of a gray
precipitate, which has shielded the surface of the samples.

In the chloride solutions (0.05M HgCl, + 1M HCI + IM NaCl), the mercury
coating is not formed, the reduction product precipitates into the solution in the
form of suspensions of a poorly soluble salt of monovalent mercury. In this regard,
the choice has been made in favor of the sulfuric acid medium, as a less aggressive
one, and the electrolyte composition has been selected based on the solubility of the
mercury salt, as well as ensuring the required electrical conductivity and optimal
acidity of the solution:
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0.054M HgSO, + 0.5-1M H,SO, + 1M Na, SO,

One of the main objectives of the work has been to develop conditions for the
implementation of a stable electrolysis process during mercury deposition on the
surface of the contact materials - parts of the magnetically controlled devices.
In this regard, it has been necessary to determine the parameters of the optimal
process, the degree of depletion of the electrolyte during the period of operation
when obtaining sufficiently stable mercury coatings, as well as the possibility of
cleaning waste solutions and industrial waters. The proposed material covers these
issues.

For the first time, the characteristics of mercury coatings have been studied on
the samples of cobalt alloys, X18H10T, 12XH10T, 40KXHM, 67KH5b, 79HM
steels, when their surface has been only etched before the electrolytic deposition of
mercury. When processing metals and alloys at the stages of chemical preparation
of their surfaces before applying metal, in particular, mercury coatings, the
composition and microrelief of the surface layer of the studied samples changes
(Mussina et al, 2024).

Table 1 shows the parameters of mercury coatings (film thickness and stability
in air) obtained on the samples of the specified materials, with different electrolysis
parameters. The ratio S:V at1 = constand S_:S_= const is significant during
electrolysis.

First of all, it should be noted, as previously established, that at 1 < 8 c¢m,
a stable mercury coating is not formed on the samples. Probably, at low I, due
to strong heating of the electrolyte in the working area, strong adhesion of the
deposited mercury to the surface of the material is not ensured, and mercury in the
liquid form rolls off the cathode. It follows from this that only at 1 _of at least 3
cm is a high dissipating capacity of the electrolyte achieved. Maintaining 1 =3
cm and the optimal ratio S;:S, = 1:1, we carried out electrolysis with a change in
the S_:V, from 1:30 to 1:120, monitoring the temperature in the working area. As
can be seen from Table 1, the most optimal S :V_ > 100, since this does not cause
undesirable heating of the electrolyte in the working area, the temperature is stably
maintained at 25-30°C and it is possible to repeatedly use the original volume of the
solution. It has been found that the working current density on the cathode is not the
same for different materials. The values of T, mA/cm?, given in Table 1 have been
selected as optimal: setting higher 1, on the one hand, is not advisable due to the
increase in the voltage on the bath (I), and on the other hand, this leads to obtaining
coatings, which are less stable in air. Probably, too intense hydrogen evolution
contributes to the saturation of materials with a gaseous product of electrolysis. The
current efficiency of metallic mercury is low. Since the working current densities
of 200 - 600 mA/cm? cause the establishment of a very negative potential >-1.6 V,
mercury is released at a maximum current of about 2.5-4 mA/cm?, respectively, VT
2-4%. The main part of the current is related to the process of hydrogen evolution,
which activates the surface of the material during cathodic polarization in Table 1..
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Table 1 — The indicators of mercury coatings on various materials, obtained by electrolytic method
in an electrolyte of the composition: 0.054M HgSO, +IM Na,SO, +0.55M H,SO,

Cathode area, |[MA/ | S_; |S_; |Repeated |Thickness of the mercury film Air stability
S cm? cm? |V, S,, |useofthe |3.10°cm
electrolyte | after after centrifugation,
electrolysis | 1500 rpm
1 2 3 4 5 6 7 8

1. Mercury precipitation conditions: V =50ml. ==1lhour. 1l =3cm., S =0.43 cm’
t=40-50°C. U=1.5-1.8 B.

36HXTI0

0.43 256 |1:70 |1:1 1-0 2.3 0.23 60min.
0.60 1,83 [ 1:50 [1:0.7 |2-0 2.4 0.22 < 2min.
1.08 102 |1:28 [1:04 |1 3.7 0.62 120min.
1.04 106 [1:29 [1:04 |2 5.8 1.61 < 2min.
12XH10T

2. Mercury precipitation conditions: V,=50ml. t=1hour. | _=3cm., S, =0.28 cm’
t=30-40°C. U=1.5-1.8 B.
0.49 571 |1:1021:0.6

1 22.6 2.9 39 days
0.54 519 [1:98 |1:0.5 |2 20.7 2.6 38 days
0.59 475 |1:85 [1:0.5 |3 26.4 2.1 40 days
0.72 278 |1:59 [1:04 |1 6.4 2.7 20 days
0.69 289 |1:72 [1:0.4 |2 6.8 2.4 20 days
0.72 278 [1:69 |[1:04 |3 4.2 2.7 20 days
79 HM

3. Mercury electrodeposition conditions: V,=50ml. ==1hour. | =3cm., S =0.43 cm’
t=25-30°C. U=1.6:1.8 B.

1.0 300 |1:60 |1:0.4 |1 16.8 3.7 2.5 months
0.9 333 |1:67 [1:0.5 |2 13.7 4.9 2.5 months
1.1 273 |1:55 [1:04 |3 3.9 34 2.5 months
40KXHM

0.6 500 |1:100(1:0.7 |4 2.3 2.0 10 days
0.5 600 |1:120(1:0.8 |1 11.0 2.0 10 days
0.5 600 [1:120]1:0.8 |2 14.1 1.8 10 days

67 KH5b

0.5 600 [1:1201:0.9 |3 5.8 3.8 2.5 months
0.5 600 |1:120(1:0.9 |4 5.1 3.5 2.5 months
0.5 600 |1:120(1:09 |5 3.6 3.5 2.5 months

Ithas been established that during electrolysis, mercury ions are mainly produced
from the working electrolyte, the acidity changes insignificantly, and the content of
SO,* ions, due to the high concentration, remains virtually unchanged.

Thus, the optimal parameters for the electrodeposition of mercury on the surface
of various contact samples in the solution are: T = 200 — 300 mA/cm?, depending
on the type of the material; SC:SCl =1:1,S:V_ >100 <120, t = 20-30°C. In addition,
the following should be noted:

1. Due to the fact that the electrolyte is an extremely aggressive environment,
the material samples, while in it, without cathodic protection, are subject to
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severe corrosion. In this case, their surface is passivated, and the components of
the amalgamated material accumulate in the solution. To avoid this undesirable
phenomenon, when placed in the solution, the sample should be connected to the
electrodes under the voltage of at least 1V. In addition, it has been noted that it is not
advisable to use the same volume of electrolyte for different materials.

2. When conducting electrolysis in an electrolyte of the composition 0.054M
HgSO,+ 1M Na SO, +0.55M H,SO,, oxygen is released at the anode. No processes
in the volume of the electrolyte during the electrolysis period take place, which
follows from the general ideas on the chemical properties of the solution we use.

Thus, based on the literary data and the results of our experiments, we can
conclude that the harmful impurities in obtaining high-quality mercury coatings
on the surface of difficult-to-amalgam materials are the presence of anions in the
solution - NO* and CI- and metal cations — the components of the amalgamated
alloys.

Results and discussion. The working range of the electrolyte concentration for
mercury ions and other components of the studied materials is considered. Due to
the fact that mercury is deposited on the surface of the samples during electrolysis,
the electrolyte is primarily depleted in mercury ions. The parallel process of
hydrogen evolution at the cathode should contribute to a decrease in the acidity
of the solutions. At the same time, the anionic composition of the solution (SO, -
ion), as already indicated above, does not change.

To clarify the working range of the electrolyte concentrations by components,
additional studies have been conducted to determine the lower concentration limit
of the mercury ion solution, which ensures the obtaining of a stable mercury coating.
The most difficult amalgamed material (in terms of the stability of the mercury film
in air) has been chosen as nickel and an alloy with a high content of this component
- 79HM. For other materials, these indicators should be the same.

By repeatedly using the same volume of electrolyte with monitoring the
mercury ion content before and after electrolysis, the lower concentration limit of
the working zone of the solution has been determined. As can be seen from Table
2, the upper limit of the concentration is established by the special experiments
- 0.054 M HgSO, (10 mg / ml Hg*). It should be noted that during the period
of the solution operation, there is no significant change in the concentration of
its other components (H,SO,, Na,SO,). Based on the obtained data, the working
capacity of the solution is estimated as 130-220 col./-cm®. The lower limit of the
Hg?" concentration of the depleted electrolyte: 2-3 mg/g. in Table 2.
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Table 2 — The change in the concentration of mercury ions during electrolysis during the
amalgamation of the 79HM alloy.

Duration of the
electrolysis, h

Content of H,"?, mg/ml

stages |

general

starting

| ending

Amount of the
extracted mercury,
mg

Characteristics
of the mercury
coatings

1.Electrolysis conditions: S_=1.08 cm?, S =1.08 cm?, S : S =1:1, V =16ml, 1  =3cm., U=1.5-1.8

B, S:V =1:16, t=25-30°C, 1=20-30 A/dm?

79HM
5 5 10.08 1.81 131.60 shiny, durable
4 9 5.02 1.51 56.19 -«
3 12 2.81 1.31 24.03 stable for 30 min.
4 16 1.20 0.30 7.44 -

2.Electrolysis conditions:
=1:1, t=22-25°C, |

=3cm, U=1.5-

S.:V,=1:100, S =1,1 cm* V =110ml, ,1 =2.3cm., ¢=0.15cm, S: S,

1.8 B, 1=20-30 A/dm?

10 10 9.08 6.02 330.99 stable in air for 2
hours

3 13 6.02 5.02 110.33 -

2 15 5.02 4.01 110.33 -

4 19 4.01 3.76 27.50 -

4 25 3.76 3.51 27.60 stable for 5 min.
1 26 3.51 3.22 32.00

1 27 3.22 2.0 134.20

Figure 2 shows the dependence of the concentration of the mercury ions (Hg?[)
on the electrolysis time during the amalgamation of the 79HM alloy.

10

Hg?" Concentration, mg/ml

—e— CopepxaHue Hg?*

10

12 14

Electrolysis time, h

16

Figure 2 — The change in the concentration of the Hg?* ions during the amalgamation of the

79HM alloy.

Determination of the thickness and stability of the mercury coatings on the
studied materials

219



ISSN 2224-5278 5.2025

As indicated above, the quality of the mercury coating on the materials has
been assessed based on the values of the thickness of the mercury layer on the
samples and its stability during the centrifugation. The objects of study have been
metallic iron, 13X steel, 47H]] alloys, monel 40A and nickel silver. The results of
all determinations are given in Tables 3 and 4.

During the amalgamation, a mercury film with a thickness of 6 = (2-3).10~ cm
is formed on the iron samples, and a certain tendency is visible for the dependence
of & on the polishing time 1 of the sample: at the maximum t, the highest value of
0 is recorded (Table 3). After the centrifugation of the samples, the thickness of the
mercury film decreases by 3-4 times, on the average & = 1.10”* cm. In appearance,
the coating is continuous and shiny.

Table 3 - Thickness of the mercury film on the amalgamed iron plates.

Polishing | Sample Sample area, | Thickness of mercury coating, 6 .10° cm
time, T, sec dimensions, cm | S cm? After the amalgamation After the
centrifugation
60 15.0x3.0 0.90 2.14 0.66
60 17.5x2.4 0.84 3.38 1.10
90 17.0x2.5 0.85 3.68 1.03
90 15.5x3.0 0.93 4.87 1.09
120 15.0x2.0 0.60 3.68 0.99
120 16.0x3.0 0.96 4.69 0.82
180 17.5x2.0 0.70 4.30 1.31
300 16.0x1.9 0.61 8.06 1.43

For the other materials under study, the thickness of the mercury film immediately
after the amalgamation is, on the average, becomes (5 .10 cm):

4THJT - 1.24 x 107 cm; nickel silver — 1.71 x 103 cm;

13X steel —6.02 x 107 cm; monel 40A - 0.85 x 107 cm.

After the centrifugation of the samples, the thickness of the mercury coating
decreases by 2-4 times and, on the average, becomes (5 .10 cm):

47HIO - 0.78 x 10 cm; nickel silver — 0.48 x 107 cm;

13X steel —2.00 x 107 cm; monel 40A —0.40 x 107 cm.

(Tables 3 and 4). The mercury film on the samples of the above materials is
continuous, smooth and well preserved in the air. After the centrifugation, when the
excess mercury is removed, a thin, shiny layer of mercury remains on the surface,
simply bonded to the surface of the material. The high stability of the mercury film,
especially on the alloys 47H/I, monel 40A and nickel silver, is obviously explained
by the fact that these alloys contain metals, which have a significant affinity for
mercury, ensuring good wetting and strong adhesion of the liquid metal to the base.
The condition of the mercury coatings on the samples of the 13X steel should be
especially noted. After the centrifugation, after 30-60 minutes, a gray, pasty coating
appears on the amalgamed surface. Moreover, the possibility of its formation
increases with increasing the sample polishing time. After the mechanical removal
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of the coating (filter paper), the surface of the mercury film becomes shiny, smooth
and remains in this form in the air for quite a long time: 10-15 days or more.

Table 4 - Thickness of the mercury film on the amalgamed (electrolytically) samples of the 47H/{
(q=0.08 cm) and 13X steel (plate = 1.5x2.5).

Sample area, Mercury coating thickness
S cm? 8103 cm
After the amalgamation | After the centrifugation
47TH]T
0.88 1.25 0.68
0.73 0.80 0.64
0.96 1.70 0.72
091 1.27 0.89
0.88 1.20 0.98
13X steel

0.48 6.81 1.79
0.44 6.75 1.95
0.36 6.27 2.50
0.64 5.63 1.83
0.56 466 1.94

Table 5 — Thickness of the mercury coating applied electrolytically to the nickel silver (plate) and
monel 40A samples (q — 0.042 cm)

Sample area, Mercury coating thickness
S cm? After the amalgamation After the centrifugation
§10%cm §10*%cm
nickel silver
2.48 1.54 6.69
2.64 1.82 5.83
2.45 1.57 -
1.58 2.07 2.69
;'4618 139 5.79
) 1.89 3.03
monel 40A
0.20 1.15 3.50
0.16 0.94 3.75
0.18 0.57 3.43
0.24 0.86 3.68
0.44 0.95 i}
0.50
0.49 0.78 4.85
0.74 5.13

The effect of the preliminary preparation stages of various materials on the
quality of the mercury coating.

First, the characteristics of the mercury coatings have been studied on the
samples of the 29HK, 52H alloys, X18H10T steel, cobalt alloys, when their surface
has been only etched before electrolytic deposition of mercury.
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The results of the determinations are given in Table 6. As can be seen, after
the amalgamation, the contact surface is covered with an even layer of mercury
with the thickness of (1-3).10° cm. As a result of the centrifugation (1600 rpm),
the excess mercury is removed, leaving a thin film with the thickness of (1-2).10*
cm. The coating of the 29HK alloys, X18H10T steel has turned out to be stable,
continuous (Table 5). And the stability of the mercury coating on Co alloys is lower
than on the 29HK alloy.

Table 6 — The quality of the mercury film on the amalgamed samples of the contact materials (at
20°C) subjected to etching during the preparation.

Name Elec- Weight of the samples after the Thickness of the Coating
or com- trolysis treatment, g mercury coating ,cm | 1, |condition
position of | condition mm | after the
the alloy T, | Ti- | Etch- |Amal- | Centrifugation | Initial After the centrifugation
mA | me, ing ga- centri- at 1500 rpm
ho- ma- fugation
ur tion 1500 | 2500 1500 | 1500
rpm rpm rpm | rpm
& 10%| &
10
29HK 30| 2 | 03569 | 0.3737 |0.3586 | 0.3583 | 0.51'10° | 1.53 | 1.26 | 26 | The coating is
smooth
- 120 1 0.3599 | 0.3818 | 0.3612 | 0.3608 | 1.46:10° | 0.87 | 0.60 | 28 | Partially has
come off at
2500 rpm
X18HIO0T |200| 1 0.8648 | 0.9105 | 0.8697 [ 0.8678 | 5.63-10° | 6.03 | 3.07 | 19 | Continuous
steel film
Coalloy | 60 | 2 | 0.0744 | 0.0814 |0.0758 | 0.0745 | 1.40-10° | 2.81 | 0.20 | 17
No. I (Ni Continuous
—20%; Co film
-60%)
- 1 0.0659 | 0.0737 | 0.0664 | 0.0662 | 2.66:10° | 1.70 | 1.02 | 10 | The coating
has come off
CoAlloy [120| 1 0.1015 | 0.0115 |0.1026 [ 0.1021 | 1.4810° | 1.63 | 0.89 | 23
No. 3 (Ni Continuous
—10%; Co film
-75%)
“ “- 1 0.0702 | 0.0779 | 0.0711 | 0.0708 | 1.46:10° | 1.71 | 1.14 | 18 | Partially has
come off at
2500 rpm
CoAlloy | -“-| -“- | 0.0754 | 0.0792 |0.0769 | 0.0759 | 8.07-10“| 1.92 | 1.07 | 16 | The coating
No. 7 (Ni has come off
—2%; Co
-86%)
CoAlloy [200]| 1 0.0772 | 0.0855 |0.0775|0.0773 | 2.1810° | 0.79 16 | The coating
No. 8 (Ni - has come off
—2%; Co
-88%)
CoAlloy | 60 | 2 | 0.0726 | 0.0728 |0.0742 | 0.0740 | 1.53-102 | 3.42 | 2.99 | 16 | The coating is
No. 10 (Ni good
—2%; Co
-92%)
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=] 1= 0.0776 | 0.0814 | 0.0783 | 0.0780 | 8.60-10“ | 0.16 - 15 Partially has
come off at
2500 rpm

A certain tendency towards a decrease in film stability with increasing the Co
content in the alloy has been noted. More stable mercury coatings on the alloys are
obtained by treating the alloy surface not only by etching, but also by subsequent
chemical polishing. Table 6 shows the results obtained during the amalgamation of
47HA, H52BU, Co alloys, nickel silver and beryllium bronze, alloys subjected to
the centrifugal acceleration from 580 up to 3560 m/sec?. All the alloys studied are
characterized by the formation of a stable, even mercury coating on their surface
(Fig. 3, 4). Thus, the application of the amalgamation method, developed by us for
metals and alloys, which are low soluble in mercury, makes it possible to obtain
a high-quality, stable mercury coating on the materials, which are promising for
the manufacture of the contact parts for the magnetically controlled devices and
mercury-film microelectrodes.

6) B)
Figure 3 - Surface of the Co-alloy No. 3 after the treatments:
a) etching; b) amalgamation; ¢) centrifugation n = 600 rpm.

a) 0 B
Figure 4 — The surface of the Co-alloy No. 5
a) after the amalgamation b) after the centrifugation = 600 rpm.
¢) after the centrifugation n = 1500 rpm.
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If we compare this with the data obtained by the authors (Kounaves S.P et al,
1987) on the iridium samples, then in the morphology of the mercury film, the
flat non-uniform mercury spots are observed. Mercury deposition occurs very
slowly and with the same result. A long-term deposition up to 5 hours causes the
destruction of the surface and the formation of a continuous black film on it. HCIO
has been the only electrolyte with which a completely flat or hemispherical film has
been formed (Figure 5)

Figure 5 — Morphology of the mercury film in the solutions, containing ethylenediamine, EDTA.

In all cases, mercury deposition has occurred very slowly and with the same
result. However, even in this case, as the authors note, there has been only a 50%
success rate.

The remaining attempts have resulted in a coating similar to that shown in
Figure 6 (22).

(a) (b)
Figure 6 — Morphology of the mercury film in the solutions for both KHO (SI) and HNO (w =
1000 rpm) in the potential range from -200 mV to -1500 mV after: (a) 10 min, (b) 60-90 min.

Thus, in the electrolyte we have used, an overvoltage is created to reduce the
hydrogen ions on the contact material due to the previous release of mercury on the
surface of the alloys. The mercury coating obtained in this solution on the 29HK
alloy (t=40 mA, ¢ =-1.1 — 1.26) is quite smooth and fairly stable.

Under these conditions, the possibility of the amalgamation of the 48NH, 52N
alloys and platinum has been also tested. It has been shown that these materials
amalgam well with the formation of a stable mercury film. In addition, the effect of
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current density on the process of mercury ion reduction has been studied. The study
has shown that the optimal conditions for the amalgamation of the 48HX, 52H
alloys and platinum are a current density of 40-100 mA/cm?, the electrolysis time of
15-20 min. In this case, the surface of the contact materials has been covered with
an even layer of mercury, which had good adhesion to the base metal.

Conclusions. It has been established that the complex use of the developed
methods for the formation of stable mercury-film coatings on the surface of
difficult-to-amalgam metals and alloys allows us to recommend them as contact
parts for reed switches, contactors, etc.

For the first time, the characteristics of mercury coatings on new cobalt-
containing materials have been studied in detail, the possibility of using them as
a substrate for mercury coating in the development of new technical solutions for
switching equipment has been demonstrated, and it corresponds to the modern
UN Sustainable Development Goals (SDGs) (Responsible Consumption and
Production).
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