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Abstract

Introduction. Diffusion alloying from the medium of low-melting liquid metal solutions (DALMMS) allows us to form
coatings for metal products. At the same time, the carbon content in the alloy is reduced under the carbide coating layer,
which negatively affects the operation of products under contact stresses. To neutralize decarburization, as well as to
obtain deep hardened layers, a complex chemical-thermal treatment (CCTT) is proposed. It means pre-carburization and
subsequent DALMMS with chromium. It is important to compare the characteristics of coatings on metal samples that
have undergone and have not undergone carburization. The results of such studies have not been published before. The
aim of the work is to analyze the effect of pre-carburization on chromium-based diffusion coatings and the structure of
the coated sample.

Materials and Methods. The coatings were obtained by immersing St3 and 40X steel samples in a PbLi reaction
transport medium with the addition of chromium. Some of the samples were previously subjected to vacuum
carburization. The coating thickness and structure of the coated sample were determined using a universal microscope
NU-2E (Carl Zeiss Jena). Electron microprobe analysis was performed on a Tescan Lyra 3 electron microscope with the
Oxford Ultim MAX PCMA system. Microhardness was determined by the Dura Scan Falcon 500 microhardness tester.
X-ray phase analysis (XPA) was performed on a Bruker D8 Advance Eco X-ray diffractometer.

Results. Without carburization, a coating with a thickness of 12 um was formed on the St3 steel sample, while with
carburization it was 22 um. The difference was 1.83 times. The chromium diffusion depth in the sample without
carburization was 18 um. In the sample with pre-carburization it was 34 um. Carburization provided a significant
increase in the depth of the hardened layer. Without pre-treatment, the microhardness values of the coating were
recorded after DALMMS: 1400 HV0.02 for Ct3 and 1650 HV0.02 for 40X. After CCTT: 1500 HV0.02 for Ct3 and
1800 HVO0.0 for 40X. However, at a depth of 10 pm, the microhardness (160 HV0.02) was lower than that of the coated
material for both samples. After CCTT, the areas with reduced microhardness disappeared, and the depth of the
hardened layer was 1.5 mm for Ct3 and 2 mm for 40X.

Discussion and Conclusion. Pre-carburization helps to avoid the formation of a softened sublayer between the coating
and the coated material, which is important for the performance of products under contact stresses. Consequently,
chrome-coated structural steel parts can be used after carburization in conditions of abrasive corrosion and high
mechanical loads. Examples of these applications include compressor equipment and oil and gas equipment.

Keywords: chemical-thermal strengthening methods, diffusion metallization, pre-carburization, diffusion alloying with
chromium, decarburized ferrite sublayer
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AHHOTALMSA

Beeoenue. [Inp¢dy3snonHas MeTauTu3alys W3 CPeAbl JIETKOIDIABKUX JKHUAKOMETAJUIMIeCKHX pacTBopoB (AMIDKP)
1o3BoIsieT (OpMHUPOBATh MOKPBITHS IS WM3JeNui n3 Metamia. lIpm 3ToM Tox ciioeM KapOWIHOTO MOKPBITHS
COKpallaeTcs COJEp)KaHWe YIiiepoJa B CIUIaBe, YTO HETaTHMBHO CKa3blBaeTcs Ha paboTe M3JeNnuid B yCIOBHUSX
KOHTAKTHBIX HamnpspkeHWH. st HeWTpann3aiyn 00e3yTriIeposKUBaHUs, a TaKKe MOMYUYEeHHUs TITyOOKHX YHNpPOYHEHHBIX
CJIOEB TpE/IOKEHa KOMIUIEKCHAsE XUMHKO-TepMuueckas oopadorka (KXTO) — aTo mpenpapurenbHas NeMEHTAMs U
nocienytomas JIMJDKP xpomoMm. BakHO comocTaBUTh OCOOEHHOCTH MOKPHITUH Ha METAaUIMYECKHX oOpasuax,
IPOIIEANINX M HE TMPOLICIIINX ILEMEHTAIMI0. Pe3ynpTaThl TakuxX HCCIEIOBAaHMNA paHee He MyOiukoBaiuch. Llenp
paboThl — aHaNM3 BIWSHHS MPEIBAPUTENHLHON LIEMEHTAlUH Ha XPOMOBBbIE TU((Y3HOHHBIE OKPHITUS U CTPYKTYPY
HOKPBIBAEMOro o0pasua.

Mamepuansvt u memoosi. II0KpBHITHS TIOTyYeHBI yTEM MOTPYXeHus o0pas3uoB u3 craned Ct3 u 40X B peakmoHHO-
TpaHCcHOpTHYI0 cpexy PbLi ¢ pmobGaBinenmem xpoma. YacTe 00pas3moB mNpenBapUTENbHO NPONLIA BaKyyMHYIO
nemenTanuo. Ha yausepcansnom mMukpockone NU-2E Carl Zeiss Jena («Kapn Leitc [xuna» (aHri.)) onpenensuiiuch
TOJNIIMHA TOKPBITHS W CTPyKTypa oOpasma. MmukpopeHTreHocnekrpanbuelii aHamum3 (MPCA) mpoBoamics Ha
anekTpoHHOM MHKpockore Tescan Lyra 3 («Tuckan Jlupa 3» (amrn.)) c¢ cucremoir PCMA Oxford Ultim MAX
(«ITn-cu-om-31 Oxcdopa Yaerum MAKC» (anrit.)). MUKpOTBepIOCTb onpeesnsut MukpoTBepaomep Dura Scan Falcon
500 («dropa Ckan ®anbkon 500» (auri.)). PenrtreHodasossiii ananmm3 (P®A) npoBoamnm Ha PEHTIEHOBCKOM
nmudpakromerpe Bruker D8 Advance Eco («bprokep /lu-8 3aBanc Jko» (aHri.)).

Pesynomamul uccneoosanus. bes nemenrannu Ha oOpasue u3 cranu Cr3 chopMHpPOBAIOCH TOKPHITHE TOJIIUHOM
12 mxM, ¢ nemenTanueit — 22 mMxM. Pasauiia — B 1,83 paza. [myOuna muddysumn xpoma B oOpasie 0e3 IeMeHTaIuu
cocraBuia 18 MkM, B 00Opasiie ¢ mpeaBapUTeIbHOM HeMeHTanmeii — 34 MxM. IlemeHTaius odecneunia 3HAYUTEILHOE
YBEJIMUCHUE TIIyOWHBI YIPOYHEHHOTO ciosi. be3 mpemBapurenpHoit 00padorku mociae JIMJIDKP duxcupoamcsh
nokasarenu MUKpoTBepaocTy mokpeitus: 1400 HV0,02 ans Ct3 u 1650 HV0,02 aya 40X. TTocne KXTO: 1500 HVO0,02
mrs Cr3 u 1800 HV0,0 mis 40X. Onnako Ha riryomne 10 mxm mukpoTtBeprocts (160 HV0,02) oxazamace Hinke
MOKa3aTelNsl IMOKphIBaeMOro Martepuana mis obomx oOpasmos. Ilocie KXTO wmcue3aroT 30HBI ¢ TOHM)KEHHOU
MHKPOTBEPJOCTHIO0, ITyOHHA yIpouHeHHOTro citost — 1,5 MM it C13 n 2 mm st 40X.

Oébcyycoenue u 3axniouenue. IlpenBapurensHast IEMEHTAINS TO3BOJISIET M30€XaTh GOPMUPOBAHUS Pa3yNPOYHEHHOTO
TIOJICTION MEX[Y IMOKPBITHEM M IOKPHIBAEMbIM MaTEpHaOM, YTO BayKHO UL SKCIUTyaTallMH M3AEJINH MPH KOHTAKTHBIX
HanpspkeHnsiX. CrieoBaTenbHO, AeTall U3 KOHCTPYKIMOHHBIX CTaJIeil C XpPOMOBBIM ITOKPBITHEM IIOCIIE IEMEHTAIUN
MOJYKHO HCIIOJIb30BAaTh B YCJOBHUSX aOpa3MBHO-KOPPO3MOHHOTO BO3JICHCTBHS M BBICOKMX MEXaHHYECKHX Harpy3ok.
[Tpumepsl Takoli 3KCIUTyaTalid — KOMIIPECCOPHAsi TEXHUKA U He(hTera3oBoe 000py/I0BaHHE.

KioueBble ci10Ba: XUMHKO-TEPMHUYECKHE METOJBI YIpO4YHEHHs, NU((dy3HMOHHAS MeTauiM3alys, MpeaBapUTelbHas
neMeHTalus, TG Qpy3noHHOE JIETHPOBAaHNE XPOMOM, 00€3yTIIepOXKEHHBIN (heppHUTHBII MOACIOi

BaarogapHocTH. 3a TOMOIIP B TIONYYCHHH pe3yJIbTaTOB aBTOPHI  ONArofapsT COTPYAHHKOB Kadeapsl
«MatepuanoBeieHre U KOMIIO3UITHOHHBIE MaTtepruansny OI'bOY BO «Bonrorpaacknii rocyJapCTBEHHBIA TEXHUYECKUI
VHHUBEPCHUTET» U JIMYHO JOICHTa, KaHIuaaTa TexHndecknx Hayk A .M. bormanosa.
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Jas uurupoBanusi. Csuctyn JLU., bo6sumés 3.3., Hupos A.ll., Cropoxenko 1./I., Ilomos P.A. Brusaue
MIPEABAPUTENLHOM 1IEMEHTAIIMM Ha CTPYKTYpPY M cBoiicTBa An((dYy3MOHHBIX MMOKPHITUH Ha OCHOBE XpOMa Ha CTallsiX,
MOJY4YEHHBIX B CPEJE JIETKOIUIABKHX JKUIKOMETAJUIMUECKHX PACTBOPOB. Be30nACHOCb MEXHO2EHHbIX U NPUPOOHBIX

cucmem. 2025;9(2):170-178. https://doi.org/10.23947/2541-9129-2025-9-2-170-178

Introduction. In modern mechanical engineering, surface hardening of parts is a widely used technique [1]. Known
technologies make it possible to obtain products with different properties and structures [2] by changing the properties
and structure of the surface layer [3]. Special attention should be paid to chemical and thermal hardening methods. They
are characterized by simplicity [4], provide high-quality hardened surfaces [5], as well as a smooth change in structure
and properties from coating to coated material [6]. The technology of diffusion alloying from the medium of low-
melting liquid metal solutions (DALMMS) refers to the technologies of chemical and thermal treatment (CCTT) and is
promising from the point of view of obtaining functional coatings [6]. This technology is used to form coatings based
on Cr, Ti, W, Mo, Ni, Cu, etc. on the surface of products made of steels [6], hard alloys [7], and cast iron [8].

Chromium is one of the elements that is often used as a basis for functional coatings [9]. These coatings increase
wear resistance of parts [10] and corrosion resistance in aggressive environments [11]. Chrome coatings can also
improve resistance to simultaneous complex effects of mechanical and corrosive wear [12]. The high resistance to wear
and corrosion is due to the fact that the coatings are based on carbides [13]. During the formation of these carbides,
carbon diffuses from the coated material. As a result, the carbon content in the alloy under the coating decreases,
leading to the formation of decarbonization zones. This causes the carbide layer to press onto the coated part during
operation [14]. To counteract the effect of decarburization and further harden the coated material, complex chemical
and thermal treatment (CCTT) can be employed. It means the pre-carburization and diffusion alloying of samples with
chromium in the medium of low-melting liquid metal solutions [15].

The aim of this research was to analyze the effect of pre-carburization on the formation of chromium-based
diffusion coatings and the structure of the coated sample.

Materials and Methods. CCTT and DALMMS were performed on cylindrical samples with a diameter of 20 mm
and a length of 30 mm. The samples were made of St3 and 40X steel (Table 1).

Table 1
Chemical composition of the studied materials
Element content, weight %
Steel grade
C Si Mn Ni S P Cr Cu
St3 0.14-0.22 | 0.15-0.3 | 0.4-0.65 | upto 0.3 | upto 0.05 upto0.04 | upto0.3 | upto 0.3
40X 0.36-0.44 | 0.17-0.37 | 0.5-0.8 | upto 0.3 | upto0.035 | upto0.035 | 0.8-1.1 | upto 0.3

Chrome coatings were obtained through the process of diffusion alloying of samples in low-melting liquid metal
solutions. To do this, we used the DALMMS setup [16]. The reaction transport medium was a PbLi eutectic melt, into
which 10% chromium powder was added. The coating was applied by immersing and then isothermally exposing the
samples in the melt at 1050°C for 8 hours, with argon filling the space above the melt. This process also involved solid-
phase diffusion, leading to the formation of solid solutions and chemical compounds.

Prior to the start of DALMMS, in order to saturate the surface layers of steels with carbon, vacuum carburization
was performed in a propane-butane mixture at a temperature of 950°C for 8 hours.

The structure of the coated material and the thickness of the coating were studied using a NU-2E universal optical
microscope (Carl Zeiss Jena). The microhardness of the samples after DALMMS and CCTT was studied on a Dura
Scan Falcon 500 microhardness tester. Electron microprobe analysis was performed on a Tescan Lyra 3 scanning
electron microscope with the Oxford Ultim MAX PCMA system. An X-ray diffractometer Bruker D8 Advance Eco
(Bruker AXS GmbH) with a 0-0 vertical goniometer was used for X-ray phase analysis (XPA). The samples were
etched in a 4% alcohol solution of HNOs.

Results. Figure 1 shows micrographs of St3 steel samples after DALMMS and CCTT.
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a)
Fig. 1. Surface layers of St3 steel after 8-hour DALMMS at 1050°C:

a — without pre-carburization; b — with pre-carburization

Thus, pre-carburization affected both the steel and coating structure after DALMMS. Without pre-carburization,
carbon diffused into the area under the coating, forming a pearlitic layer and a decarbonized ferritic layer in which there
were no pearlitic grains. If pre-carburization was performed, the structure of the coated material changed. After CCTT,
there was no decarbonized ferritic sublayer in it, even when low-carbon St3 steel was saturated. The structure of the

material was perlite with ferrite inclusions (Fig. 15).
Several zones could be distinguished that formed the surface layers of the material after CCTT:

— coating,

— transition zone between the coating and the material to be coated,
— carburization zone,

— transition carburization zone — base.

Figure 2 shows the structure of a 40X steel sample after CCTT.

<— Coating and transition zone

| «—— Carburization zone

<— Transition zone

<— Base material

Fig. 2. Sample structure after CCTT

In case of DALMMS without pre-carburization, a zone of lamellar perlite alloyed with chromium was formed under
the coating, followed by a soft ferritic layer. There was no decarbonized layer in the pretreated samples. Without
carburization, a coating with a thickness of 12 um was formed on the St3 steel sample; with carburization it was 22 pm.
Thus, pre-carburization helped to increase the coating thickness by 1.83 times. There was a physical explanation for this
result. Pre-carburization increased the intensity of carbon diffusion from the sample to the adsorbed chromium. Carbon
heterodiffusion was recorded under the influence of high temperatures characteristic of DALMMS. This helped to
equalize the carbon content and eliminate decarbonized zones that could occur as a result of the formation of carbides.
Figure 3 shows micrographs of 40X steel after DALMMS and CCTT. On the sample after CCTT, the perlite structure
was thinner, and there was no decarbonized zone.

Chemical Technologies, Materials Sciences, Metallurgy

173



Safety of Technogenic and Natural Systems. 2025;9(2):170-178. e[SSN 2541-9129

-~ T —————

WD: 10.18 mm LYRA3 TESCAN|
Det LE-BSE

Performance In nanospace

Fig. 3. The structure of the 40X steel surface layer after an 8-hour DALMMS at 1050°C:
a— DALMMS; b — CCTT

Carburization did not significantly affect the chemical and phase composition. In both cases, the chromium content
on the surface was 90% (wt.). However, the depth of chromium diffusion in the sample without carburization was
18 um. In the sample with pre-carburization it was 34 um, that is, twice as much. The results of electron microprobe
analysis of the samples are shown in Figure 4.
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Fig. 4. The results of electron microprobe analysis of coatings after an 8-hour DALMMS at 1050°C:
a — without pre-carburization; b — with pre-carburization
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Phase composition of the coatings was represented by chromium carbides M»3Cs and M;Cs. In the sample without
pre-carburization, there was a slight iron content in chromium carbide M»3;Cs (Fig. 5).
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Fig. 5. The results of X-ray phase analysis of the coatings after 8-hour DALMMS at 1,050°C: %
a — without pre-carburization; b — with pre-carburization _‘5
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Pre-carburization provided a significant increase in the depth of the hardened layer (Fig. 6). g
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According to Figure 6, on samples without pre-carburization, the microhardness index of the coating after
DALMMS for St3 steel was 1400 HV 02, 40X — 1650 HV 2. After CCTT, the microhardness of the St3 steel coating
was 1500 HVq, 40X — 1800 HVo. However, at a depth of 10 pm, the microhardness was 160 HV . This was lower
than the microhardness of the coated material in both cases (i.e. for St3 and 40X samples). After CCTT, the
microhardness distribution had a different character:

— there were no zones with reduced microhardness,

— the depth of the hardened layer was 1.5 mm for St3 steel and 2 mm for 40X steel.

Discussion and Conclusion. Thus, under the conditions considered, the main effect of carburization was manifested
in the intensification of coating growth and the exclusion of the formation of a soft ferritic layer between the coating
and the coated material. The composition of the coating and the chromium content did not depend on carburization. In
any case, the coatings consisted of chromium carbides such as M»;Cs and M;Cs, the chromium content on the surface
reached 90%.

CCTT affected the structure of the layer between the coating and the base material. In case of DALMMS, the
layer under the coating had a pearlitic structure, turning into a ferritic one and further into the structure of the coated
material. Pre-carburization made the transition zone more uniform. Here, a pearlitic structure was formed with a
gradual change in chromium concentration — from 10% at the boundary of the coating and the pearlitic zone
to 0.3% at a depth of 35 um.

Thus, the positive results of pre-carburization have been proven. Firstly, the carbon content in the surface layers of
the product increased, and this made it possible to intensify carburization.

Secondly, it became possible to obtain a carbon-saturated layer between the coating and the base material, which
also strengthened the structure of the coated material. Therefore, it can be argued that pre-carburization is promising in
terms of expanding the scope of application of parts with diffusion coatings based on chromium carbide. It eliminates
the penetration of the layer under the coating and its subsequent destruction. The parts after CCTT are capable of
operating at high contact stresses without chipping the functional layer.

Thirdly, the formation of a diffusion coating is accelerated. In addition, it will be thicker. As part of this study, the
indicator was 1.83. The coating obtained after carburization was that much thicker (compared with the technology
without pre- carburization). This indicates the significant role of carbon in the mechanism of coating creation.
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