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Abstract. Currently, there is a growing interest in the use of hydrogen in the composition of fuel mixtures for turbojet engines and gas turbine units
(GTU). The effect of hydrogen on heat-resistant nickel alloys of gas turbine blades has been little studied. In this regard, this work is devoted
to studying the effect of hydrogen on nickel oxide reduction on the surface of the nozzle blade of a gas turbine engine. Hydrogen is a good reducing
agent. Therefore, this article discusses the effects of hydrogen under various conditions with metal oxides, and methods of metal oxides reduction
on the surface of the blades of a gas turbine engine. The thermodynamics of the interaction of aluminum, titanium, nickel and tungsten oxides
with hydrogen fluoride and reactions of fluoride with hydrogen was investigated in the temperature range 273 — 1373 K. It was established that the
interaction of aluminum oxide with hydrogen fluoride occurs in the temperature range from 273 to 1073 K, titanium oxide with hydrogen fluoride —
from 273 to 373 K, nickel oxide with hydrogen fluoride — from 273 to 873 K. In this case, of the resulting fluorides, only nickel fluoride interacts
with hydrogen at temperatures above 673 K. Hydrogen interacts with nickel oxide throughout the entire temperature range, and with tungsten oxide
at temperatures above 1173 K. We studied the effect of hydrogen on heat-resistant nickel alloys of gas turbine blades subjected to preliminary
fluorination and not treated with fluorine compounds. Nickel oxide reduction with hydrogen proceeds better after the preliminary fluorination
process. In this case, particles 2 — 5 um in size containing 90.16 % Ni are formed on the surface of the blade sample. Without fluorination, this
process at 1223 K and duration of 1 h does not occur.
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AHHOomayus. B HacTosmee BpeMs pacTeT HHTEPeC K HCIOIb30BAHHUIO BOZOPOA B COCTABE TOIUIUBHBIX CMeceil I TypOOpeakTHBHEIX ABUraTelIei
1 ra3oTypOMHHBIX YCTAHOBOK. Bo3ielcTBHe BOZOpOIA Ha >KapONpPOYHBIC HHUKEJIEBBIE CIUIABBI JIOMATOK ra30TypOMHHBIX YCTAHOBOK Mallo
u3ydeHo. JlaHHas paboTa IOCBSANIEHA HCCICIOBAHMIO BIMSHHSA BOJIOPOJIA HAa BOCCTAHOBICHHE OKCHIA HHKEIS HA MOBEPXHOCTH COIIOBOH
JIONATKHU ra30TypOMHHBIX YCTAHOBOK. PaccMOTpeHO B3auMoaeHCTBHE BOAOPOA HMPH PAa3IHUHBIX YCIOBUSAX C OKCHUAAMH METAJJIOB, CIOCOObI
BOCCTAHOBJICHHS OKCHIOB METAJIOB Ha IIOBEPXHOCTH JIONATOK Ia30TypOMHHOTO ABHrarens. TepMOIMHAMHKA peaknuil B3amMOICHCTBHA
OKCHJIOB aJIIOMHHUS, TUTAHa, HUKEJIS U BOJIb(paMa ¢ PTOPOBOJOPOIOM U peakiuil TOPUIOB C BOJOPOJOM H3ydeHa B JHANa30He TeMIeparyp
273 — 1373 K. YcraHOBIEHO, YTO B3aUMOJCHCTBHE OKCHJA ATIOMHHUS C (TOPOBOJOPOAOM IpOTEKaeT B JIUanasoHe Temieparyp ot 273
o 1073 K, okcuga turaHa ¢ ¢propoBogoponoM — ot 273 no 373 K, okcuna Hukens ¢ ¢gropoBogoponom — ot 273 no 873 K. IIpu stom u3
00pa30BaBIIHXCS (PTOPUIOB C BOZOPOJOM pearupyer TOIBKO (TOPUI HUKEII IpH TeMiepaTypax Beime 673 K. Bomopon Bo BceM mHTepBaie
TEMIIepaTyp B3aUMOJICHCTBYET C OKCHIOM HMKEJs, a ¢ OKCHJIOM Boib(pama — mnpu Temneparypax Boime 1173 K. M3ydensl ocodeHHOCTH
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BO3JCHCTBHSI BOZOPOJAa HA JKApOINpPOYHBIE HHMKEJIEBBIC CIUIABBI JIONATOK I'a30TypOMHHBIX YCTAaHOBOK, MOJABEPTHYTHIX INPEABAPUTEILHOMY
(bTOpPHUPOBAHUIO U He 00PaOOTaHHBIX COCIUHCHUSIMH (HTOPA. YCTAaHOBICHO, YTO BOCCTAHOBIICHHE OKCUIa HUKEIIS BOZOPOIOM JIydIlle IPOTEKaeT
THocJie npolecca npeiBapuTeasHoro Gropuposanus. [Ipy 3ToM Ha MOBEPXHOCTH 00pa3lia JIOMATKH 00Pa3yIOTCsl YACTULIBI Pa3MEPOM 2 — 5 MKM,
conepxkamue 90,16 % Ni. be3 dTopupoBaHus Iponecc BOCCTAHOBICHHS OKCHa HUKENA BOZOPOAOM IIpH Temreparype 1223 K u qnmureasHOCTH

1 4 HE TPOUCXOAMT.

Kawuessle cnosa: BOAOPO/J, BOCCTAHOBUTEJIBHBIC CBOﬁCTBa, OYHMCTKA MOBEPXHOCTH, COIIOBBIC JIONATKH, JKAPOIMPOUHLIC HUKEJICBBIC CIIaBbI, Ia30Typ-

OWHHAs yCTAaHOBKA, (pTOpUCTHIH Boxopox, JefiToH-nporecce

BbaazodapHocmu: Pe3ynbrarhl MOTyYEHBI IPH BBITOIHEHAH TOCYIAPCTBEHHOTO 3aaHusi MUHHCTEPCTBA HAyKH U BBICIIEro oOpa3oBaHus Poccuiickoit
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[ INTRODUCTION

Hydrogen finds extensive application across chemi-
cal, power generation, and metallurgical industries as
a versatile fuel, effectively curbing carbon dioxide emis-
sions into the atmosphere. It serves as an energy reser-
voir, a chemical reagent for synthesizing organic com-
pounds, and a potent reducing agent, among other roles.
Although hydrogen is typically chemically inert, its reac-
tivity amplifies, especially when subjected to heat. Under
these conditions, molecular hydrogen engages in chemi-
cal interactions with various metals, non-metals, and
complex compounds. The heightened chemical activity
of hydrogen, influenced by additional factors, stems from
the partial formation of atomic hydrogen, significantly
more reactive than its molecular counterpart. Notably,
hydrogen proves to be an exceptional agent for reduc-
ing metal oxides into metals. Both atomic and molecular
hydrogen can carry out reducing functions [1 — 3].

Atomic hydrogen interacts with the surfaces of solids
upon heat absorption, necessitating consideration of dif-
ferent substances’ propensity to interact with hydrogen
atoms. The recombination of hydrogen atoms occurs
most efficiently due to the catalytic effects of metals, with
activity decreasing in the following order: Pt > Pd > W >
Fe>Cr>Ag> Cu> Pb.

Additionally, the recombination of hydrogen atoms
(involving the capture of a free electron by an ion) occurs
on the surfaces of oxides such as MgO, CaO, BaO, Al,O,,
Cr,0, [4].

An important aspect involves exposing the surface
of'a metal covered with an oxide film to molecular hydro-
gen, thereby eliminating this film by reducing the oxides
to their metallic state. This study delves into the impact
of hydrogen on the surfaces of alloy components used in
gas turbine unit (GTU) blades, examining both theoreti-
cal implications and practical application.

The effectiveness of hydrogen’s reducing capabilities
is detailed in [5], wherein the authors explore the reduc-
tion of various metal oxides. Atomic hydrogen, generated
on a heated tungsten catalyst, is employed for the reduc-

tion process. The study revealed that oxides of Cu, Ru,
Nb, Mo, Rh, Pd, Ir and Pt can be reduced by atomic
hydrogen at a substrate temperature of 313 K.

Studies conducted in [6; 7] investigated the extraction
processes of nickel from serpentine and limonite ores through
leaching at elevated temperatures and pH = 13, followed
by the reduction of nickel salts using hydrogen. Exploring
the use of hydrogen plasma [8], generated via inductive
radio frequency glow discharge at 27.12 MHz and 700 W
RF generator power, at a density of 1 —3U9-19 m within
hydrogen pressures ranging from 0.05 to 50 Pa, holds sig-
nificance for copper oxide reduction. Researchers in [9]
similarly employed the reduction process in H, plasma
for phosphide synthesis. Remarkably, high efficiency was
attained in hydrogen plasma due to hydrogen’s heightened
reactivity in reduction processes.

The ability to reduce iron (III) oxide in a hydrogen-
rich atmosphere has been investigated, revealing that
an insufficient supply of hydrogen impedes the comple-
tion of the reduction process [10]. Additionally, hydrogen
plays a crucial role in restoring cathode materials within
lithium-ion batteries [11]

In examining methods for cleaning nozzle blades as
outlined in [12; 13], the reducing properties of hydro-
gen are leveraged in a stage aimed at cleansing the sur-
face of gas turbine engine (GTE) blades from metal
oxides, using elemental fluorine [14; 15]. This method
is employed to clean damaged metal parts composed
of a heat-resistant nickel alloy containing microcracks,
facilitating part repair via soldering. Elemental fluorine
acts as an intermediary reagent, eliminating metal oxides
from heat-resistant nickel alloys and forming metal fluo-
rides with the alloy components. The source of elemen-
tal fluorine originates from the products resulting from
the thermal decomposition of fluorocarbon resin. Sub-
sequently, the reduction of metal fluorides is carried out
using hydrogen at elevated temperatures.

The treated part exhibits a surface layer devoid
of oxides. It has been noted that the surface contains trace
amounts of titanium and aluminum, enhancing the ease
of soldering the part.
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The patents [16; 17] outline a process involving
the exposure of a part to an atmosphere containing car-
bon, oxygen (in the form of carbon monoxide), hydro-
gen, and fluorine (C—O—H-F). Initially, these patents
detail the decomposition process of polytetrafluoroethy-
lene (PTFE), resulting in the formation of tetrafluoroethy-
lene monomer, which subsequently reacts with hydrogen,
producing hydrogen fluoride.

Distinguishing themselves from [14;15], pa-
tents [16; 17] operate within a distinct temperature range
of 973 — 1073 K, with a duration of 4 h within this gas
environment. During this phase, metal fluorides are gener-
ated. In a subsequent step, hydrogen is applied to the part’s
surface within a temperature range of 1223 — 1373 K.

Existing publications lack an assessment of the effi-
ciency in reducing metal oxides of heat-resistant nickel
alloys solely subjected to prior fluorination and not treated
with fluorine compounds. Therefore, this study aims
to elucidate the characteristics of the process involved in
reducing metal oxides of heat-resistant nickel alloys with
hydrogen subsequent to preliminary fluorination and in
the absence of further treatment with fluorine compounds.

- THERMODYNAMIC ANALYSIS RESULTS

Thermodynamic analysis of fluorination

The thermodynamic analysis conducted involved
the examination of the interaction between aluminum,
titanium, nickel, and tungsten oxides with hydrogen fluo-
ride, as well as the subsequent reaction of fluorides with
hydrogen. The following thermodynamic characteristics
pertain to the reducing potential of hydrogen during its
interaction with the oxide film present on the surface
of the heat-resistant nickel alloy GTU. Presented here are
the primary reactions that may occur during these pro-
cesses, along with enthalpy and entropy values obtained
from the reference book [18].

ALO, + 6HF = 2AIF, + 3H,0; (1)
TiO, + 4HF , = TiF, + 2H,0; )
NiO + 2HF,, = NiF, + H,0; 3)
WO, + 6HF , = WF  +3H,0. (4)

The examination of the Gibbs energy of reac-
tions (1) —(4) indicates specific temperature ranges for
interactions between aluminum oxide and hydrogen fluo-
ride (273 to 1073 K), titanium oxide and hydrogen fluoride
(273 to 373 K), and nickel oxide and hydrogen fluoride
(273 to 873 K), as confirmed by their respective negative
Gibbs energy values. Notably, the reaction between tung-
sten oxide and hydrogen fluoride does not occur.
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It’s noted that above 873 K, aluminum fluoride subli-
mates from the surface of the GTE blade. A similar sub-
limation phenomenon occurs when titanium fluoride is
heated to temperatures higher than 353 K [19].

Bl Thermodynamic analysis of metal

fluoride-hydrogen reactions

The interaction of metal fluorides with hydrogen can
proceed according to the following reactions

2AIF, + 3H, = 2Al + 6HF; (5)
TiF, + 2H, = Ti + 4HF; (6)
NiF, + H, = Ni + 2HF, (7)

Analysis of the Gibbs energy indicates that reac-
tions (5) and (6) do not occur as their corresponding
Gibbs energy values are positive. Additionally, the reduc-
tion of nickel fluoride (7) takes place at temperatures
equal to or higher than 673 K.

[l Thermodynamic analysis of metal

oxides-hydrogen reactions

The interaction of metal oxides with hydrogen can
proceed according to the following reactions

ALO, +3H,, =2A1 + 3H,0,; ®)
TiO, + 2H,, = Ti + 2H,0 ; )
NiO + H,, =Ni + H,0,; (10)
WO, +3H,, =W +3H,0,,. (11)

Analyzing the Gibbs energy of reactions (8)—(11)
reveals that hydrogen reduces nickel oxide across
the entire temperature range under consideration. Addi-
tionally, tungsten oxide reacts with hydrogen at tempera-
tures exceeding 1173 K. This aligns with existing lit-
erature datal, which specifies that the reduction process
of tungsten anhydride takes place in a hydrogen flow with
moisture content not exceeding 2 g/m* and oxygen con-
tent not surpassing 0.4 vol. %.

- EXPERIMENTAL

The study utilized a gas turbine engine nozzle blade
provided by Perm Motors JSC as the subject of investiga-
tion.

! Reduction of higher oxide of tungsten metal with hydrogen. URL:
https://stal-kom.ru/vosstanovleniye-vodorodom-vysshego-oksida-
metalla-vol-frama/ (Accessed on: 03.03.2023).
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Potassium bifluoride served as the source to generate
hydrogen fluoride and facilitate the surface fluorination
process. Thermal decomposition of potassium bifluo-
ride occurred at temperatures exceeding 1023 K within
a single-zone tube furnace manufactured by Protherm
furnaces company. The fluorination process was con-
ducted at a temperature of 1023 K for a duration of 2 h
within an oxygen-free environment. To achieve this,
the reactor underwent purging with argon, which was
purified to eliminate traces of oxygen using copper chips
and titanium sponge at temperatures up to 1073 K. After
fluorination, the sample surface underwent reduction
by hydrogen supplied from a hydrogen generator. This
reduction process occurred at a temperature of 1223 K for
a duration of 1 h. Subsequently, the sample was cooled
to room temperature in an oxygen-free environment.
The surface analysis of the sample was conducted using
an S-3400N electron scanning microscope manufactured
by HITACHI, Japan, equipped with an attachment from
Bruker (Germany) for X-ray spectral and X-ray fluores-
cence analyses.

[ RESULTS AND DISCUSSION

The description provides an analysis of the blade sur-
face post-fluorination and hydrogen reduction, illustrated
in Fig. 1, highlighting the presence of small white-col-
ored inclusions indicative of nickel particles. At a higher
magnification (Fig. 2), the spherical nature of these nickel
particles becomes apparent.

The composition analysis depicted in Fig. 3 confirms
that these spherical particles, ranging in size from 2
to 5 um, contain 90.16 % Ni. This observation leads
to the conclusion that hydrogen effectively reduces nickel
fluoride to elemental metallic nickel.

Fig. 1. Micrograph of the blade sample surface
after fluorination and reduction with hydrogen

Puc. 1. MukpodoTtorpadust moBepXxHOCTH 00pa3La JOmaTku
nociie GTOpUPOBAHUS U BOCCTAHOBIICHHUSI BOIOPOIOM

Fig. 2. Micrograph of nickel particles on the blade sample surface
after fluorination and reduction with hydrogen

Puc. 2. Muxpodotorpadust 4acTHIl HUKENS HA TOBEPXHOCTH 00pa3ua
JIONIATKH 10ciIe (PTOPHPOBAHKS U BOCCTAHOBJICHHS BOJOPOIOM
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Fig. 3. Spectrum of a nickel particle on the blade sample surface
after fluorination and reduction with hydrogen

Puc. 3. CHCKTp JacTULbI HUKEJISI HAa ITIOBEPXHOCTU 06pa311a JIOTIATKH
mocie (l)TOpl/IpOBaHI/lH 1 BOCCTAHOBJICHUS BOAOPOAOM

In contrast, an experiment examining the interaction
of a non-fluorinated sample with hydrogen at a temper-
ature of 1223 K for a duration of 1 h showed different
results, as depicted in Fig. 4. Unlike the previous case
(Fig. 1), no nickel particles are observed on the surface
of the blade. This absence of nickel reduction by hydro-
gen is contrary to the thermodynamic possibility of nickel
oxide reduction with hydrogen. It was noted in [20] that
structural and functional materials based on chromium and
nickel demonstrate considerable resistance to hydrogen
at both normal and elevated temperatures. The hindrance
to the nickel reduction process with hydrogen seems
to stem from kinetic limitations rather than thermody-
namic factors. This limitation likely arises due to a dense
film of aluminum, titanium, and tungsten oxides pre-
sent on the sample surface. This film appears to impede
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Fig. 4. Micrograph of the blade sample surface
after hydrogen exposure

Puc. 4. Mukpodotorpadust noBepxHOCTH 00pasiia JOmaTKH
TocJie BO3AeHCTBHS BOJOPOAA

the process of hydrogen reduction of nickel oxide. When
hydrogen fluoride interacts with the dense film compri-
sing aluminum, titanium, and tungsten oxides, it initiates
the destruction of this film. This promotes the reduc-
tion process by providing hydrogen the necessary access
to the nickel oxide reaction zone.

- CONCLUSIONS

A comprehensive thermodynamic analysis investi-
gated the interaction of aluminum, titanium, nickel, and
tungsten oxides with hydrogen fluoride across tempera-
tures ranging from 273 to 1373 K. The findings revealed
distinct temperature ranges for each oxide’s interac-
tion with hydrogen fluoride: aluminum oxide from 273
to 1073 K, titanium oxide from 273 to 373 K, and nickel
oxide from 273 to 873 K. Notably, among the resulting
fluorides, only nickel fluoride displayed reactivity with
hydrogen above 673 K. Hydrogen reacts with nickel
oxide over the entire temperature range, and with tung-
sten oxide at temperatures above 1173 K.

Further experimental observation showed that
the reduction of nickel oxide occurred through fluori-
nation followed by hydrogen reduction at 1223 K over
a 1 h duration. This process resulted in the formation
of 2 -5 um particles containing 90.16 % Ni on blade
surfaces. Importantly, without fluorination, the reduc-
tion process of nickel oxide did not occur. This dis-
crepancy was attributed to the presence of a dense film
composed of aluminum, titanium, and tungsten oxides
on the sample surface, impeding the hydrogen reduction
of nickel oxide. Exposure to hydrogen fluoride disrupted
this film by generating volatile aluminum and titanium
fluorides, allowing hydrogen access to the nickel oxide
reduction zone.

608

[l REFERENCES / CMUCOK IMTEPATYPbI

10.

11.

12.

Radchenko R.V. Hydrogen in Energy Sector. Yekaterinburg:
Izd-vo ural. un-ta; 2014:229. (In Russ.).

Panguenko P.B. Booopoo ¢ suepeemuxe. ExarepunOypr:
WznarenscTBo Ypanbsckoro yuusepeutera; 2014:229.
Okonskii I.S., Osokin A.A., Fedyukov Yu.S. Processes and
Devices of Oxygen and Cryogenic Production. Moscow:
Mashinostroenie; 1985:256. (In Russ.).

Oxoncknit U.C., Ocokun A.A., @emtoxoB 0.C. Ipoyeccor
U annapamel KUCIOPOOHO2O U KPUOSEHHO20 NPOU3E00CIEA.
Mocksa: Mammnoctpoenue; 1985:256.

Ugai Ya.A. General and Inorganic Chemistry. Moscow:
Vyssh. shk.; 1997:527. (In Russ.).

Vraii SI.A. Obwas u neopeanuueckas xumusi. Mockpa: Bpic-
mas mkoja; 1997:527.

loffe V.B. Basics of Hydrogen Production. Leningrad: gos.
nauchno-tekhnicheskoe izdatel’stvo neftyanoi i gorno-
toplivnoi literatury; 1960:430. (In Russ.).

Hodde B.b. Ocroswr npoussoocmea 6odopooa. JIennHrpa:
TocynapcTBeHHOE HAyYHO-TEXHUYECKOE M3/IaTeNbCTBO Hed-
TSHOW 1 TOPHO-TOTUTUBHOM JuTeparypsl; 1960:430.

Izumi A., Ueno T., Miyazaki Y., Oizumi H., Nishiyama L
Reduction of oxide layer on various metal surfaces by atomic
hydrogen treatment. Thin Solid Films. 2008;516(2-4):853-855.
https://doi.org/10.1016/j.tsf.2007.06.097

Bryson J.P., Distin P.A. The recovery of nickel from laterrites
by chelate formation and reduction with hydrogen. Hydro-
metallurgy. 1978;3(4):343-354.
https://doi.org/10.1016/0304-386X(78)90038-5

Crundwell F.K., Moats M.S., Ramachandran V., Robinson T.G.,
Davenport W.G. Chapter 27 — Hydrogen reduction of nickel
from ammoniacal sulfate solution. Extractive Metallurgy
of Nickel, Cobalt and Platinum Group Metals. 2011:347-354.
https://doi.org/10.1016/B978-0-08-096809-4.10027-9

Brecelj F., Mozetic M. Reduction of metal oxide thin layers
by hydrogen plasma. Vacuum. 1990;40(1-2):177-181.
https://doi.org/10.1016/0042-207X(90)90149-S

Guan J., Wang Y., Qin M., Yang Y., Li X., Wang A. Synthe-
sis of transition-metal phosphides from oxidic precursors by
reduction in hydrogen plasma. Journal of Solid State Che-
mistry. 2009;182(6):1550-1555.
https://doi.org/10.1016/j.jssc.2009.03.026

Jabbour K., El Hassan N. Optimized conditions for reduction
of iron (III) oxide into metallic form under hydrogen atmo-
sphere: A thermodynamic approach. Chemical Engineering
Science. 2022;252:117297.
https://doi.org/10.1016/j.ces.2021.117297

Shanker Bhandari G., Dhawan N. Gaseous reduction of NMC-
type cathode materials using hydrogen for metal recovery.
Process Safety and Environmental Protection. 2023;172:
523-534. https://doi.org/10.1016/.psep.2023.02.053
Loginova D.I., Fomina D.D., Fedotova O.A., Poilov V.Z.
Methods of cleaning the nozzle blades of a gas turbine
engine from metal oxides. Vestnik PNIPU. Khimicheskaya
tekhnologiya i biotekhnologiya. 2023;(1):19—34. (In Russ.).
https://doi.org/10.15593/2224-9400/2023.1.02

Jlorunosa JI.11., ®omuna J1./1., Degorosa O.A., IToiinos B.3.
CrnocoObl OYHCTKH COIUIOBBIX JIOMATOK Ta30TypOMHHOTO
JIBUTATENS OT OKCUAOB MeTaiioB. Becmuux ITHUITY. Xumu-


https://doi.org/10.1016/j.tsf.2007.06.097
https://doi.org/10.1016/0304-386X(78)90038-5
https://doi.org/10.1016/B978-0-08-096809-4.10027-9
https://doi.org/10.1016/0042-207X(90)90149-S
https://doi.org/10.1016/j.jssc.2009.03.026
https://doi.org/10.1016/j.ces.2021.117297
https://doi.org/10.1016/j.psep.2023.02.053
https://doi.org/10.15593/2224-9400/2023.1.02

I1ZVESTIYA. FERROUS METALLURGY. 2023;66(5):604-609.
Fomina D.D.,, Poilov V.Z., Gallyamov A.N. Effect of hydrogen on nickel oxide reduction on the surface of nozzle blade of a gas turbine unit

yeckas mexvono2us u obuomexuonoeusi. 2023;(1):19-34.
https://doi.org/10.15593/2224-9400/2023.1.02

13. Fomina D.D., Poilov V.Z. Methods of cleaning the surface
of blades of gas turbine engines from carbon deposits and
oxidation products. In: A/l-Russ. Sci. and Pract. Conf. with
Int. Part. “Chemistry. Ecology. Urban Studies” April 2829,
2022, Perm. Perm: PNIPU; 2022:191-194.

Fomina D.D., Poilov V.Z. Methods of cleaning the surface
of the blades of gas turbine engines from carbon deposits
and oxidation products. B kH.: Bcepoccuiickaa nayuHo-
npaKxmuieckas KOH@epeHyus ¢ MeHCOYHApOOHbIM Yua-
cmuem «Xumus. dxonoeus. Ypbanucmuray 28—29 anpens
2022 2., Ilepms. Tlepmb: WsnarensctBo «ITHUITY»;
2022:191-194.

14. Pat. US4188237, CPC B23K 1/206. Method for cleaning
metal parts with elemental fluorine / Jack W. Cyhasteen.
12.02.1980.

15. Pat. 4324594 US. Method for cleaning metal parts / Cyhas-
teen J.W. 13.04.1982.

16. Pat. 5071486 US. Process for removing protective coatings and
bonding layers from metal parts / Jack W. Cyhasteen. 10.12.1991.

17. Pai Z.P,, Parmon V.N., Pai V.V,, Fedotenko M.A., lakov-
lev 1.V.,, Shangina A.B. Contact solution, method and
installation for cleaning the surface of metal alloys, includ-
ing the surface of cracks and narrow gaps. Patent RF
no. 2419684. Bulleten’izobretenii. 2013;(33). (In Russ.).

JAapva Imumpuesna PomuHa, accucmenm kagedpel «Xumuueckue
mexHo102uu», [lepMCKUI HallMOHAIbHBIN HCC/1e[0BaTeIbCKUI MOJIHU-
TeXHUYECKUH YHUBEpPCUTET

ORCID: 0009-0009-8974-2564

E-mail: Fomina97 @yandex.ru

Baadumup 3omoeuy Iloiinos, 0.m.H., npogeccop kagedpbt «Xumuyec-
Kue mexHoso2uu», pykogooumenas LKII «lJeHmp HaykoémKux xumuyec-
KUX mexHo/o02ull u uauko-Xxumudeckux ucciedogaHuil», IlepMckuit
HallMOHa/IbHBIN UCCJIe/J0BaTeNbCKUI NOJUTEeXHUYECKUI YHUBEPCUTET
E-mail: vladimirpoilov@mail.ru

Andpeii Hukonaesuu I'annsamos, achupaum kagedpul «Xumuveckue
mexHo102uu», [lepMCKUN HallMOHA/IBHBIN HCCIe10BATENbCKUH M0IH-
TEeXHUYEeCKUH YHUBEPCUTET
E-mail: andrewg96@mail.ru

[Mar. 2419684 RU. Konmaxmmuwiii pacmeop, chocob u ycma-
HOBKA O/ OYUCHIKU NOGEPXHOCMU MEMALIUdecKux CHid-
608 6 MOM UUCTIe NOBEPXHOCIU MPEWUH U Y3KUX 3a30pos |
[Tait 3.I1., [Tapmon B.H., I1ait B.B., ®enorenxo M.A., SIkoB-
neB U.B., lllanruna A.B.; 3asBieno 04.06.2009; ony0muko-
BaHO 27.05.2011. hronremens Ne 15.

18. Ravdelya A.A., Ponomareva A.M. Brief Reference Book
of Physico-Chemical Quantities. St. Petersburg: “Ivan
Fedorov”; 2003:240. (In Russ.).

PaBnens A.A., IlonomapeBa A.M. Kpamxuii cnpagounux
@usuxo-xumuveckux eenuuun. Cankt-IlerepOypr: «lBan
Denoposy; 2003:240.

19. Myasoedov B.F. Methods of Substances Concentration in
Analytical Chemistry. Moscow: Nauka; 1965:394. (In Russ.).

MscoenoB b.®. Memoowr konyenmpuposanus eewjecms 6
ananumuyecrou xumuu. Mocksa: Hayxka; 1965:394.

20. Fomina D.D., Poilov V.Z. Study of new structural and func-
tional materials and coating resistant to hydrogen envi-
ronment. Vestnik PNIPU. Khimicheskaya tekhnologiya i
biotekhnologiya. 2022;(2):55-72. (In Russ.).
https://doi.org/10.15593/2224-9400/2022.2.04

®omuna .M., Iloiinos B.3. HoBble KOHCTPYKLHOHHBIE U
(yHKITHOHAIIBHBIC MaTepPHAIBl M MOKPBITHS, yCTOHYMBEIE K
BOJOpOACOAepKauM cpenam. Becmuux ITHUITY. Xumu-
yeckasi mexnono2usi u ouomexnonoeust. 2022;(2):55-72.
https://doi.org/10.15593/2224-9400/2022.2.04

Information about the Authors

Dar’ya D. Fomina, Assistant of the Chair of "Chemical Engineering”,
Perm National Research Polytechnic University

ORCID: 0009-0009-8974-2564

E-mail: Fomina97 @yandex.ru

Vladimir Z. Poilov, Dr. Sci. (Eng.), Prof. of the Chair “Chemical Engi-
neering’, Head of the Shared Collective Use Center “Center for High-tech
Chemical Technologies and Physico-Chemical Research”, Perm National
Research Polytechnic University
E-mail: vladimirpoilov@mail.ru

Andrei N. Gallyamov, Postgraduate of the Chair “Chemical Engineer-
ing”, Perm National Research Polytechnic University
E-mail: andrewg96@mail.ru

. JI. PoMuHa - NOXCK Y aHAJIU3 JIMTEPATYPHBIX JAHHBIX 10 METOAaM
OYMCTKH, NPOBeJleHHe IKCIIepUMeHTalbHON YacTH GTOPUPOBaHUS,
aHa/Iu3 JJaHHbIX 10 3KCIIepUMEHTaM, HallMCaHUe CTaTbHU, IEPEBO/,.

B. 3. Ioiin108 - 06pa6oTKa INTEPATYPHBIX JAHHBIX, aHAJIU3 IKCIIEPH-
MEHTAJIbHBIX IaHHbIX, HAUCAHHE CTATbH.

A. H. [an151M08 - TIOVCK U aHa/IU3 JINTePATYPHBIX JJAHHBIX 110
BOCCTAHOBUTEJIbHBIM XapaKTePUCTUKAM BOIOPO/Ia, IPOBeJieHHE
3KCIepUMeHTaJbHON YaCTH HaBOJOpa>KMBAHHUS.

D. D. Fomina - search and analysis of literary data on purification
methods, conducting the experimental part of fluoridation, analysis
of experimental data, writing the text, translation.

V. Z. Poilov - processing of literary data, analysis of experimental
data, writing the text.

A. N. Gallyamov - search and analysis of literary data on the redu-
cing characteristics of hydrogen, conducting the experimental part
of hydrogen-charging.

[Moctynuna B penakuuio 25.05.2023
IMocne nopaborku 10.06.2023
Ipunsita k myonukanun 04.09.2023

Received 25.05.2023
Revised 10.06.2023
Accepted 04.09.2023

609


https://orcid.org/0009-0009-8974-2564
mailto:Fomina97@yandex.ru
mailto:vladimirpoilov@mail.ru
mailto:andrewg96@mail.ru
https://orcid.org/0009-0009-8974-2564
mailto:Fomina97@yandex.ru
mailto:vladimirpoilov@mail.ru
mailto:andrewg96@mail.ru
https://doi.org/10.15593/2224-9400/2023.1.02
https://doi.org/10.15593/2224-9400/2022.2.04
https://doi.org/10.15593/2224-9400/2022.2.04

