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STUDY OF CORROSION CHARACTERISTICS OF 65G AND 45 STEELS
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This article presents the results of studies of the corrosion resistance of steel grades 65G and 45, which were subjected to
electrolytic plasma hardening (EPH). The main objective of the study was to identify changes in the corrosion properties
of steels depending on the type of environment: water, urea, superphosphate and ammonium nitrate. The study showed
that after EPH, the corrosion rate of steel 45 decreased by 8 times compared to the original sample, reaching a value of
2.58x10~* mm/year. For steel 65G, a significant improvement in corrosion resistance was also observed, especially in the
environment of urea and superphosphate. The corrosion potential of these steels shifted to a more positive value,
indicating an improvement in the protective properties of the surface. Polarization curves showed a decrease in the
corrosion current for steel 45 before EPH in a solution of edible salt from 562.34 pA/cm? to 111.75 pA/cm? in urea, and
to 132.67 uA/cm? in superphosphate. For steel 65G before EPH, the corrosion current in a edible salt environment was
67.23 pA/cm?, decreasing to 57.28 pA/cm? in urea and to 60.73 pA/cm? in ammonium nitrate after the EPH process..
The results confirm that EPH significantly increases the corrosion resistance of the studied steels, which makes this
treatment method promising for improving the durability of metal products used in aggressive chemical conditions.
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INTRODUCTION

The study of the corrosion resistance of steels plays a
key role in the development and improvement of pro-
cessing technologies and their application in various in-
dustries. Steels of grades 65G and 45 possess high me-
chanical properties and are widely used in mechanical
engineering and other fields where material durability in
aggressive environments is required. However, extend-
ing the service life of such steels is possible not only
through classical heat treatment methods but also with
the help of modern surface hardening techniques, such as
EPH [1-4].

The aim of this study is to investigate the changes in
the corrosion characteristics of 65G and 45 steels after
treatment using the EPH method. EPH represents an in-
novative approach that significantly enhances the corro-
sion resistance and fatigue properties of metals by form-
ing a protective layer on their surface. The key feature of
this technology lies in the use of plasma generated in an
aqueous electrolyte solution, ensuring both high effi-
ciency and environmental friendliness of the process
[5, 6].

During the research, a series of experiments were
conducted, including corrosion tests in various aggres-
sive environments. Electrochemical corrosion tests were
carried out on samples treated under different EPH con-
ditions. The samples were exposed to 3% aqueous solu-
tions of table salt (NaCl), urea ((NH2).CO), and other ag-
gressive environments. The goal of this study was to
analyze the effect of EPH on the corrosion resistance of
45 and 65G steel samples [7-9].

It is expected that the results of this study will not
only assess the effectiveness of EPH in improving the

corrosion resistance of steels but also help develop rec-
ommendations for optimizing processing parameters for
industrial applications.

MATERIALS AND METHODS

The tests were carried out using an electrochemical
corrosion system, consisting of a potentiostat-galvanostat
and an electrochemical cell, in which the samples were
immersed in an aqueous solution of laboratory-grade ta-
ble salt for the first group of tests on 45 steel samples and
in mineral fertilizers for the second group of tests on 45
and 65G steel samples (Figure 1). For each sample, a po-
larization curve was measured, reflecting the dependence
of the corrosion potential on the corrosion current den-
sity. The polarization curve is an essential tool for study-
ing the corrosion resistance of materials. It allows for de-
termining the corrosion potential and corrosion current,
which are key parameters characterizing the material's
corrosion resistance. The corrosion potential represents
the thermodynamic tendency of the material to corrode,
while the corrosion current reflects the corrosion rate [9—
14].

EPH of 45 and 65G steels was carried out in a ther-
mocyclic mode, which is implemented by alternating
high (UH) and low voltages (UL). This method allows
for precise control of the heating process, preventing
steel remelting while ensuring the formation of a hard-
ened layer of greater depth. The use of thermocycling is
aimed at studying the effect of heating rate on hardening
characteristics. By alternating voltages, it is possible to
accurately regulate temperature changes during the
quenching process, which is critical, as excessively fast
heating may lead to uneven microstructural changes and
potential overheating, whereas too slow heating may fail
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to achieve the required depth and uniformity of the hard-
ened layer. The electrolyte used for EPH consisted of
20% sodium carbonate and 80% distilled water, which
further improves control over electrochemical condi-
tions, directly affecting heat generation and resulting mi-
crostructural transformations in steel. This mode allows
for a detailed analysis of how different heating rates in-
fluence the properties of the hardened layer, including its
thickness, hardness, and microstructural characteristics.
The electrical and time parameters of EPH in thermocy-
clic mode are presented in Table 1.

Figure 1. Potentiostat-galvanostat and electrochemical cell

For the study of the corrosion characteristics of 65G
and 45 steels after electrolytic plasma hardening in min-
eral fertilizer environments, the samples were treated us-
ing EPH according to Table 2.

RESEARCH RESULTS AND CONCLUSIONS

Figure 2 presents the polarization curves in the coor-
dinates of potential — current density (E — i) when meas-
uring the corrosion of 45 and 65G steels before and after
EPH according to the modes in Table 1.
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Figure 2. Potentiodynamic polarization curves

Table 1. Parameters of EPH modes for 45 and 65G steels

Sample Uu1, B tm, C In1, A U, B tu, Unz, B thz, C Ihz, A U, B i, Uus, B ths, lus, A
45_1 320 3 100 50 5 0 0 0 50 5 0 0 0
45_2 320 3 100 50 5 200 2 75 50 5 0 0 0
45_3 320 3 100 50 5 200 2 75 50 5 200 2 75
65r_1 320 3 100 50 5 0 0 0 50 5 0 0 0
65I_2 320 3 100 50 5 200 2 75 50 5 0 0 0
653 320 3 100 50 5 200 2 75 50 5 200 2 75

Table 2. Parameters of EPH modes for corrosion test samples in mineral fertilizer environments
Sample Anode area, m? Electrolyte concentration Electrolyte consumption, L/min UB t,c
Steel 45 0.05 20% Na2C03+80% Water 100 300 4
Steel 65G 0.05 20% Na2C03+80% Water 100 300 4
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The corrosion resistance test showed a significant re-
duction in the corrosion rate after electrolytic plasma
hardening of 45 and 65G steels. In samples 45 2 and
65G_3 (average corrosion rate 2.58x10* mm/year), this
indicator improved 8 times compared to the initial sam-
ple. At the same time, for samples 45 1 and 65G 1, the
reduction in corrosion rate was less pronounced. The
analysis of the polarization curves, which show the de-
pendence of corrosion potential on corrosion current,
confirms that the corrosion potential for samples No. 2—
3 shifted in a more positive direction compared to the in-
itial sample, indicating increased corrosion resistance. A
similar study [15] also reports an improvement in corro-
sion resistance after electrolytic plasma treatment, as ev-
idenced by a decrease in corrosion potential and corro-
sion current density.

Studies of the corrosion resistance of 45 and 65G steel
samples before and after EPH showed significant
changes in the material's behavior in different corrosive
environments [16, 17]. After EPH, a modified layer
forms on the metal surface, increasing corrosion re-
sistance. This is due to changes in the steel microstruc-
ture, including densification and an increase in the num-
ber of carbide phases, which make it difficult for
corrosive agents to penetrate the deeper layers of the ma-
terial. Figure 3 presents the results of X-ray phase analy-
sis, which reveal characteristic peaks corresponding to
iron carbide (Fes;C) formed after electrolyte-plasma treat-
ment. These peaks indicate the formation of Fes;C as a
result of processing in a sodium carbonate (Na,CO3) en-
vironment [18-20].
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Figure 3. X-ray diffraction patterns of steel 45 samples
before and after EPH

The hardening effect is achieved through the for-
mation of high-temperature phases and metal processing,
which not only increases the surface hardness but also al-
ters the chemical and phase stability of the steel. At the
same time, the surface layer becomes more homogeneous
and dense, preventing the formation of corrosion centers
and processes leading to material degradation in aggres-
sive environments. Figure 4 presents polarization curves
obtained from electrochemical corrosion tests of 45 steel
after EPH.

During the experiments, it was established that after
EPH, 45 steel demonstrates enhanced resistance in envi-
ronments containing mineral fertilizers, such as urea, su-
perphosphate, and ammonium nitrate. This is explained
by the formation of complex protective structures on the
steel surface, which effectively block corrosion pro-
cesses. Such a change in properties is of great interest for
applications in agricultural equipment and in conditions
of high chemical aggressiveness.

Based on the data presented in Figure 4 and Table 3,
the following conclusions can be made about the corro-
sion resistance of steel 45 after EPH treatment in various
environments. In an aqueous environment, steel 45
demonstrates the lowest corrosion current —
18.97 pA/cm?, which indicates a relatively low corrosion
activity. The corrosion potential in this environment is
—481 mV, which also indicates a moderate aggressive-
ness of the environment. In a urea environment, an in-
crease in the corrosion current to 111.75 pA / cm? is ob-
served, which indicates an increase in corrosion activity
compared to water. At the same time, a more negative
corrosion potential (—509 mV) may indicate the for-
mation of a more stable passive layer. Mineral fertilizers
such as superphosphate and azophoska have a more ag-
gressive effect: the corrosion current is 132.67 and
486.78 wA/cm?, respectively. At the same time, the cor-
rosion potentials of -492 mV (superphosphate) and
—499 mV (azofoska) indicate a noticeable increase in
corrosion processes. However, among all the studied en-
vironments, ammonium nitrate showed the highest cor-
rosion activity (597.7 pA/cm?), despite a comparable
corrosion potential (—499 mV), which confirms its high
aggressiveness towards steel 45 after EPH.

Table 3. Corrosion current (lcorr) and corrosion potential
(Ecorr) values for 45 steel after EPH in different environments

Environment leorr (MAlCM?) Ecorr (MV)
Water 18.97 -481
Urea 111.75 -509
Superphosphate 132.67 -492
Azophoska 486,78 -499
Ammonium sulfate 160.44 -451
Ammonium nitrate 597.7 -499
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Figure 4. Polarization curves obtained from electrochemical corrosion tests of 45 steel after EPH in water
and mineral fertilizer solutions

The analysis shows that steel 45 after EPH demonstrates
different resistance to corrosion depending on the chemical
composition of the environment [21, 22]. The most aggres-
sive impact is exerted by mineral fertilizers such as azo-
phoska and ammonium nitrate, while in aqueous and urea
environments the steel demonstrated greater resistance to
corrosion. This suggests that when selecting operating con-
ditions for EPH-treated parts, the chemical nature of the en-
vironments in contact with them should be taken into ac-
count.

Figure 5 presents polarization curves obtained during
electrochemical corrosion tests of 65G steel after EPH. The
study was also conducted in various environments, includ-
ing water and mineral fertilizer solutions, such as urea, su-
perphosphate, azophoska, ammonium sulfate, and ammo-
nium nitrate.

The values of corrosion potential (Ec) and corrosion
current (/.,) of the polarization curves for 65G steel after
EPH during electrochemical corrosion tests in mineral solu-
tions are presented in Table 4. Each curve in the graphs of
Figure 4 reflects the characteristic behavior of 65G steel af-
ter electrolytic-plasma treatment in various corrosive envi-
ronments. The data obtained show that the lowest value of
the corrosion current is recorded in water (53.80 pA/cm?)
and indicates the lowest corrosion activity. Similar current
values are observed in a solution of urea (57.28 pA/cm?) and
ammonium nitrate (60.73 pA/cm?), which indicates a rela-
tively moderate impact of these environments. Higher cur-
rent values are noted for superphosphate (67.98 pA/cm?),
azophoska (78.55 pA/cm?) and especially for ammonium
sulfate (82.25 nA/cm?), which indicates an increased inten-
sity of corrosion processes in their presence.
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Figure 5. Polarization curves obtained from electrochemical corrosion tests of 65G steel after EPH in water
and mineral fertilizer solutions

Table 4. Corrosion current (Icorr) and corrosion potential
(Ecorr) values for 65G steel after EPH in different

environments
Environment leorr (MAlCM?) Ecorr (mV)
Water 53.80 -416
Urea 57.28 -458
Superphosphate 67.98 -436
Azophoska 78.55 -387
Ammonium sulfate 82.25 -382
Ammonium nitrate 60.73 -423

Regarding the corrosion potential, the least negative
values are noted for ammonium sulfate (—382 mV) and
azophoska (—387 mV), which may indicate the formation
of a more stable passive layer. On the contrary, the most

negative potential is observed in the urea solution (—458
mV), despite the moderate current, which indicates a
more active electrochemical reaction, but the possible
presence of a protective film. Thus, the obtained data
confirm the significant influence of the chemical compo-
sition of the environment on the corrosion resistance of
65G steel after EPH and emphasize the need to take these
features into account when choosing operating condi-
tions.

Experimental studies of 45 and 65G steels after EPH
in various mineral fertilizer environments revealed dif-
ferences in corrosion characteristics. The polarization
curves obtained from electrochemical tests provide quan-
titative data on corrosion potential and corrosion current
density, which are key indicators of corrosion resistance
in different chemical environments.
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For 45 steel, the results indicate improved corrosion
resistance after EPH when exposed to environments such
as water and urea compared to more aggressive environ-
ments such as ammonium nitrate and azophoska. The
EPH process generally increases surface hardness and
changes the surface chemistry, which can improve local-
ized corrosion resistance, but can also make the steel
more susceptible to certain aggressive agents depending
on environmental conditions and the composition of the
electrolyte used during hardening.

In comparison, 65G steel exhibits similar trends but
with differences in the degree of corrosion resistance im-
provement. The effectiveness of EPH in enhancing the
corrosion resistance of 65G steel is particularly noticea-
ble in environments containing ammonium nitrate and
urea, which are commonly found in agricultural applica-
tions [23-26].

CONCLUSIONS

Electrolytic plasma hardening enhances surface prop-
erties by forming a denser, more protective layer capable
of withstanding the corrosive effects of aggressive chem-
ical agents, such as mineral fertilizers commonly used in
agriculture. The optimization of key process parameters
— particularly the duration of exposure, applied voltage
and number of repetitions — plays a critical role in deter-
mining the corrosion behavior of treated materials.

Under thermocyclic treatment conditions, steel 45
treated in two cycles and steel 65G in three cycles
demonstrated the best corrosion resistance compared to
the untreated samples. Steel 45 demonstrated superior re-
sistance in environments containing ammonium nitrate
and azofoska, whereas steel 65G performed best in am-
monium nitrate and urea solutions. The enhanced corro-
sion resistance is partly attributed to the formation of iron
carbide phases, which act as a protective barrier against
corrosive agents.

These findings emphasize the importance of custom-
izing the EPH process to match the specific service con-
ditions. Such adaptation ensures maximum corrosion
protection and extends the service life of components
treated by electrolytic plasma hardening.

This research was funded by the Committee of Sci-
ence of the Ministry of Science and Higher Education of
the Republic of Kazakhstan (Grant No. BR24992870).
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Byn makamama snexTponuTTi-uiazMansik Kataity (OI1K) omiciMen emumenren 6517 sxoHe 45 Mapkaiiel OoJaTTapblH
KOppO3HsiFa TO3IM/IUIITIH 3epTTey HOTHXKENIepi KeATiplireH. 3epTTeyAiH Heri3ri MakcaTbl OpTaHbIH TYpiHe OaiIaHbICThI
OouaTTap b KOPPO3HUSUIBIK KACUETTEPIHIET 03repicTep/i aHbIKTay O0NIbl: cy, kKapbamun, cynepdocdar xoHe aMMOHMI
Hurpatsl. 3eprrey OI1K-nan keitin 45 BonaTTbiH KOPPO3HS KBULAAMABIFB 0ACTANKBI YATiIEH 8 ece TOMEHIEI, KbUIbIHA
2,58x107* MM MoHTe sKeTKeHiH kopceTTi. 65" Gonat yIuin Koppo3usFa Te3IMILTIKTIH alfTapIbIKTal xaKcapybl OalKa bl
acipece kapbamun neH cynepdocdar opraceinaa. by 6onaTrap sl KOPpO3USITBIK OTEHIMATIBI OH MOHTE aybICThI, Oy
OeTTiH KOpFaHBIC KAacHETTEepiHIH jKaKcapraHblH KepceTendi. [Tonspu3anisuiblKk KHUCBIKTap KOPPO3HSUIBIK TOKTHIH 45
oomarran DIIK-ra neifin, ac Ty3bIHBIH epiTiHAmicinae 562,34 MxA/cM?-nen kapbammare 111,75 MxA/cm>-re meiin, an
cyneppocdarra 132,67 MkA/cm>-re neiiin TemeHmereHin kepcerri. JIIK-ra neiiinri 65 GomaT YINH ac Ty3bI
OpPTaCBIHIAFEI KOPPO3Hs TOTHI 67,23 MKkA/cM? Gonabl, Kapbamuare 57,28 MkA/cm? meliin sxone DIIK mpomecinen kehin
ammuak cenmTpackina 60,73 MxA/cm? peiin Temenmeni. Hormkenep DIIK 3eprreneTin GomaTTapiblH KOPpO3HSFa
TO3IMAUIITIH alTapmbIKTall apTTHIPATBIHBIH pacTaiiibl, Oyl eHJAey OJICiH arpeccWBTI XWMMSUIBIK JKaFmaiimapna
KOJITaHBUTATHIH METaJUT OHIMICPiHIH OEPIKTITiH )KaKcapTy YIIiH HepCIEKTHBAJBI €TEl.

Tyiiin ce30ep: 21eKmporummik-niasmanvly, Kamaimy, 45 6onam, Kopposus, mo3y2a mesiMOiliK, dAEeKMPOXUMUSIILIK
KOppo3usi.
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B nanHO#i cTaThe MpeacTaBIeHBI PE3yIbTaThl HCCISI0BAaHUN KOPPO3HOHHOI CTOMKOCTH cTajei Mapok 651" 1 45, koTopsie
ObUIM TIONBEPTrHYTHI 00pabOTKE METOIOM AIIEKTPONMTHO-TUIa3MeHHOoTo yrpouHeHus (DI1Y). OcHoBHOH meinio
HCCIIeIOBaHNS ObLIO BBISBIEHHE U3MEHEHHI B KOPPO3MOHHBIX CBOICTBaX cTayieil B 3aBUCHMOCTH OT THIIA CPEIIbI: BOMBL,
kapbamuna, cynepdocdara u aMmMuadHo# cenuTpsl. McenenoBanue mokasaino, 9to nocie DI1Y ckopocTh KOppo3uu CTaau
45 cHU3MNAch B 8 pa3 [0 CPABHEHHUIO ¢ MCXOAHBIM 00Opa3LOM, JOCTHras 3HadeHus 2,58x107* mm/rox. s crama 651
TaKke HaOJIONANOCh 3HAYMTENLHOE YIYYIIeHHe KOPPO3MOHHOH CTOMKOCTH, OCOOEGHHO B cpeie KapOamuna u
cynepgocdara. Koppo3noHHBIH MOTEHIINAT TaHHBIX CTAJIEH CMECTHJIICS B MOJIOXKUTEIBHYIO CTOPOHY, YTO YKa3bIBaeT Ha
yJIy4IIeHne 3aIUTHBIX CBOMCTB NOBepXHOCTH. [losipu3annoHHble KpUBBIE OKA3aJIM yMEHbIIEHHE KOPPO3ZNOHHOTO TOKA
i ctaimu 45 no OI1Y B pacTBope muieBoit conu ¢ 562,34 pA/cm? no 111,75 pA/cm? B kapbamune, u 1o 132,67 pA/cm?
B cynepdocdare. s ctamm 651" mo DITY Tok KOppo3uK B Cpese MHUIIEBOH coiu cocTaBril 67,23 pA/cM?, yMEHbIIAsICh
no 57,28 uA/em? B kapbammme u 1o 60,73 pA/cM? B ammmavyHOW cenmTpe mocie mporecca OIIY. Pesymprars
MOATBEPKAAI0T, uTo DI1Y 3HaUMTENFHO MOBHIMIAET KOPPO3HOHHYIO CTOMKOCT MCCIIEYEMbIX CTallel, 9TO JENaeT 3TOT
METOA OOpabOTKM MEPCNEKTHBHBIM Ul YIYUIICHUS IOJTOBEYHOCTH METAUIMUECKUX H3/AENUH, HCHONb3YEMBIX B
arpecCUBHBIX XUMHUECKHUX yCIOBUSIX.

Knroueegwte cnosa: anexmponumno-niasmeHHoe ynpounetue, Cmaib 45, Koppo3sus, U3HOCOCHOUKOCMb, 2NeKMpPOoXumMudec-
Kas Koppo3usi.
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