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Abstract

Introduction. The production of alloyed powder steels continues to be one of the most promising areas in domestic
powder metallurgy. This is due to the high level of performance characteristics and the wide range of products that can
be produced. Creating materials with desired properties is a complex process that involves various phenomena. One of
these phenomena is the diffusion alloying of iron-based powder steels, which plays a special role in this process. The
creation of alloyed powder steels in the Fe-NiO and Fe-Ni systems is important for metallurgy and metalworking, as
they are used for coating and sintering to obtain materials with specific properties. In addition, the diffusion of nickel in
iron during heat treatment is considered to improve material properties. Recent advances in the study of mutual
diffusion are associated with the investigation of homogeneous systems. However, mutual diffusion even in single
crystals always occurs under spatially inhomogeneous conditions. The modern literature has not sufficiently studied the
mutual diffusion in two- and multi-component powder systems. Therefore, the aim of this work is to determine the
effect of diffusion alloying with nickel and nickel oxide of iron-based powder steel on the processes of obtaining
powder materials. Within the framework of this goal, the following tasks were set: to investigate the diffusion processes
of interactions between pairs in the Fe-NiO and Fe-Ni systems, as well as to study technological modes of sintering and
reducing annealing of samples in order to achieve maximum mechanical properties that would ensure the formation of a
high-quality product.

Materials and Methods. The work used iron powder of the PZHRV 2.200.26 brand manufactured by PJSC Severstal
(Cherepovet) and carbonyl nickel powder PNK-UT3, obtained by the electrolytic method or splitting nickel salt with an
aqueous solution, according to GOST 97922-97. Before use, the powders were tested using a universal laser particle
size measuring device model FRITSCH ANALYSETTE 22 MicroTecplus and a Beckman COULTER No. 5 submicron
particle analyzer. A two-cone mixer RT-NMO5S (Taiwan) was used to prepare the charge. Pressing was carried out on a
hydraulic press model TS0500—6 (China) in laboratory molds. Samples were obtained by pressing pre-hardened 3 mm
diameter powder pins into a carbonyl nickel or NiO charge with a dispersion of 5-10 microns. Recovery annealing was
carried out in a SNOL 6.7/1300 laboratory muffle furnace at 700°C, followed by annealing-sintering at temperatures of
1,050, 1,150 and 1,250°C in a hydrogen atmosphere for 9 hours.

Microstructural analysis was performed using a NEOPHOT-21 optical microscope. A Hitachi S-3400N scanning
electron microscope was used to study the fine structure of the material. The distribution of element concentrations in
the Fe-Ni diffusion zone was studied by local X-ray spectral analysis using the Kamebaks installation.

Results. The studies showed that the porosity of the powder component after pressing was 12%. Diffusion
in the iron-nickel powder system was 5—10 times higher when using carbonyl nickel compared to oxide. It was also
found that high diffusion rates of reduced nickel led to faster and more uniform penetration of alloying elements into the
material. The dependences of the distribution of nickel concentration and its oxide content after sintering were
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determined, as well as the indicators of diffusion interaction between iron, nickel, and nickel oxide during annealing,
where nickel oxide was reduced and sintering occurred at different temperatures.

Discussion and Conclusion. The analysis of the results obtained indicates a different intensity of diffusion processes in
powder-alloyed steels. This can be explained by both the distortion of the crystal lattice of the starting materials and the
increased segregation of defects, such as defective zones, that are formed during compaction of the material. This
approach to studying two-component diffusion allowed us to compare the intensity of element diffusion redistribution
depending on chemical composition and temperature, and to estimate the effective activation energy of diffusion. As a
result of our studies, we have established quantitative parameters for the distribution of nickel concentration in the iron
matrix, depending on sintering temperature, which affects the formation of high-quality materials. The research results
obtained are of interest to specialists in powder metallurgy and heat treatment, as they can be used in the development
of new multicomponent alloys.

Keywords: powder steels, nickel oxide, nickel, diffusion, structure formation, sintering, splicing, contact section,
mechanical properties
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AHHOTAIUSA

Beeoenue. TIpon3BOACTBO JIETHPOBAHHBIX ITOPOLIKOBBIX CTalleil OCTaeTCss OJHMM W3 MEPCIEKTHBHBIX HAaIpaBICHUN
OTEYECTBEHHOHW IOPOIIKOBOM METaJUIypIUd, YTO OOBSACHAETCS BBICOKMM YPOBHEM JKCIUTYaTallHOHHBIX CBOICTB U
IIMPOKOH HOMEHKJIATYpOH ModydaeMbIx u3fenuii. dopMHUpOBaHHE TaKMX MaTepUaIOB ¢ TpeOyeMBIMH CBOHCTBaMHU
SIBIISIETCS] CIIOXKHBIM ITPOIIECCOM, CONPOBOXKIAIOIIMMCS MHOTOOOPA3HBIMHU SIBJICHHSAMH, 0CO00€ MECTO Cpely KOTOPBIX
3aHUMaeT AUGQY3MOHHOE JIETHPOBAHME JKEJIE3HOH OCHOBBI TOPOMIKOBBIX craneil. Co3gaHue JeTHpOBAHHBIX
mopomkoBeIX craneii B cucteme Fe-NiO u Fe-Ni umeer BaxHOe 3HaYCHHE B METAJUTyprHd M MeTaimiooOpaboTke mpu
IIpoIleccax HaHECEHMs MOKPHITHH M CIICKaHWs ISl MMOJyUYeHHUs] MaTepHaloB ¢ TpeOyeMbIMH CBOMCTBaMH. B mpomnecce
TEepMHYECKOH 00pabOTKM AJIsl yIydIICHUS! CBOMCTB MaTepHaoB paccMarpuBaercss u Any3nOHHOE B3aMMOJIEHCTBHE
HUKeNs B JKeneze. B mocnenHee Bpems ycnexu B HM3yYeHHH B3auMHOM anpQy3uu CBsA3aHBI C HCCIIENOBaHUEM
OJTHOPOIHBIX cucTeM. OxHako B3auMHas TUQdy3us qake B MOHOKPHCTaUIaX BCETla NMPOTEKaeT B IPOCTPAHCTBEHHO-
HEOJHOPOIHBIX YCIOBHSX. B coBpeMeHHOI JMTepaType HelOoCTaTOYHO MCCieoBaHa B3auMHas MU((y3us B IBYX- U
MHOTOKOMIIOHCHTHBIX ITOPOINKOBBIX CHCTEMAaX. HO3TOMy OCIBO pa6OTI)I ABJACTCA  ONPCACICHUC  BJIUAHUA
11 y3HOHHOTO JIETHPOBAHMSI HUKENEM M OKCHJIOM HUKENs MOPOIIKOBOH CTalM Ha OCHOBE JKelle3a Ha IPOIECCHI
MOTY4EHHUs IOPOLIKOBBIX MaTepuasioB. B paMkax 00O3Hau€HHOW ILENM MOCTaBWIM 33Jadd — HCCIEA0BaTh
g dy3noHHEBIE ITporecchl B3anMoaencTeus map B cucreme Fe-NiO u Fe-Ni, TexHomornueckue pekuMbl CIICKaHUA U
BOCCTAaHOBMTEIHBIH OTXKHI 00pa3LoB I JOCTHKECHUSI MAaKCHMAIbHBIX MEXaHHYECKUX XapPAKTEPUCTUK, KOTOPbIE OBl
obecrieunBany GopMHUpPOBaHNE KaU4eCTBEHHOTO MaTepHaa.

Mamepuanst u memoost. B pabote ncnonp3oBaics xene3nsrii mopomok Mapku [DKPB 2.200.26 mpoussoxctea [TAO
«Cesepcramb» (1. Uepenoser) u kapOoHmibHBIH mopomok HukeneBblit [THK-YT3 T'OCT 97922-97, momrygaemsrit
JIEKTPOJIUTHYECKUM METOJOM WM IYTeM pacIieIVICHHs HHUKEJIeBOM CcolM  BOAHBIM pacTBOpoM. Ilepen
WCIIOJIb30BAHUEM TTOPOIIKH MPOXOJIMIN KOHTPOJIb Ha YHUBEPCAIBHOM JIa3€pPHOM IPHOOpE M3MEPEHHsI pa3Mepa JacTHI
mojenu FRITSCH ANALYSETTE 22 MicroTecplus n ananuzarope cyomukponHbix yacturl Beckman COULTER NeS.
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J1st IpUrOTOBIEHUS MIUXTHI KUCIOJIB30BANIM JIBYXKOHYCHBIH cMmecutenb Mapku RT-NMOSS (TaiiBans). IIpeccoBanue
OCYIIECTBIISUIOCh Ha ruapaBindeckoM npecce mozaeian TS0500-6 (Kurait) B nmaboparophbix npecc-popmax. O6pasiibt
MOJTyYaJIl 3alPEeCcCOBKOM 3apaHee YIPOYHEHHOTO MOPOIIKOBOTO MTH(TA @ 3 MM B IIUXTY KapOOHUIBHOTO HUKEINS WA
NiO ¢ gucnepcHoctbio 5—10 MkM. BoccTaHOBUTENBHBIN OTXKUT 00pa3LoB OCYLIECTBISUIM B My(enbHON JabopaTopHOn
meun SNOL 6,7/1300 mpu temnepatype 700 °C u omxur-criekanue npu 1 050, 1 150, 1 250 °C B atmocdepe Bogoponaa
B TeUEHHUE 9 4acoB.

ODUKCUPOBAHUE MUKPOCTPYKTYpPBI BBINONHANOCH Ha onrtudeckoM Mukpockone «NEOPHOT-21». ToHkoe cTpoeHue
CTPYKTYpPBI U3ydYald Ha CKaHUPYIOIIEeM 31eKTpoHHOM Mukpockore Hitachi S-3400N. PacnpenencHue KOHIICHTPALUU
aneMeHTOB B au(¢dy3noHHOH 30He Fe-Ni M3ydannm MeToJOM JIOKAaJIbHOTO PEHTTEHOCHEKTPAbHOTO aHaji3a Ha
ycraHoBke «Kamebakcy.

Pesynomamut uccnedosanus. I1oprucTocTh NOPOIIKOBOTO KOMIIOHEHTA TIOCHIE MpeccoBaHmst cocTaBisiia 12 %. Auddysnst B
CHCTEME JKeJIe30-IIOPOIIOK HHKEIS, BOCCTAHOBJICHHOM U3 OKcHIa, B 5—10 pa3 BbIIIe, YeM MU HCIONB30BAaHUH TOPOIIIKA
KapOOHIJIEHOTO HUKETA. Y CTaHOBIICHO, YTO BBICOKAsi CKOPOCTh AU(QY3HHA BOCCTAaHOBIEHHOTO HUKENS MPHUBOIUT K Oolee
OBICTPOMY H PaBHOMEPHOMY IIPOHHMKHOBEHHMIO JICTHPYIONIMX 53JEMEHTOB B Marepuan. OmpeneneHsl 3aBHCHMOCTH
pacripe/iesieHrs] KOHIIEHTPAIMK HUKEJISl U ero OKCHJIa TI0Cie CIIEKaHHsl, a TaKkKe PAaCcCUMTaHbI MoKazaTesn An(Qy3noHHOro
B3aMMOJICHCTBHSI MEXIY JKEJIe30M, HUKEIEeM M OKCHIOM HHKENs IOCIe ONEpalldd OTXKUra, IPH KOTOPOM HPOHCXOAUT
BOCCTaHOBJICHHE OKCHJIa HUKEIS U CIIEKaHHE TIPH Pa3INIHBIX TeMIIepaTypax.

Obcyscoenue u 3aknioueHue. AHAIN3 TONYyYEHHBIX PE3yJbTAaTOB CBUIETENBCTBYET O PA3IHMYHON HMHTEHCHBHOCTH
T GY3MOHHBIX TPOIECCOB B  TOPOIIKOBBIX JIETHPOBAHHBIX CTamsiX. OOBsCHAETCS 3TO KaK HCKaKEHHOCTHIO
KPHUCTAJUIMIECKONW PEIIeTKA HMCXOAHBIX MAaTepualioB, TaK M YyBEIMYCHHOH cerperamuell nedeKkToB (comepaHueMm
neeKkTHBIX 30H), KOTOpPBbIC O0pa3yroTCs B IPOIECCe YIUIOTHEHHS MaTepuana. JIaHHBIA MOAXOA K HCCIICIOBAHUIO
JIBYXKOMIIOHEHTHOH A Py31H TTO3BOJIUIT COITOCTaBUTh MHTEHCUBHOCTH TU((y3MOHHOTO TIepepacIipe/ielieHus! JIEMEHTOB
B 3aBHCHMOCTH OT XHMHYECKOTO COCTaBa W TEMIIEPATyphl, a TaKkkKe OICHUTh 3(P(PEKTUBHYIO SHEPTHUIO AKTHBAIHH
mdoy3un. B pesynbraTe BBIIOMHEHHBIX HCCIENOBAHUIN YCTAHOBIICHBI KOJMYECTBEHHBIC MapaMeTphl pacipeeeHHs
KOHIEHTpauuu Ni B JKEJIE3HYI0 OCHOBY B 3aBUCHMOCTH OT TEMIIEpPATyphl CIIEKaHWs, BIMSIONIME Ha (OpPMHpOBaHHE
Ka4eCTBCHHOTO Marepuaina. [loydeHHbIe pe3yIbTaThl HCCICIOBAHUN WHTEPECHBI CIICIIAINCTaM B 00JIaCTH MOPOIITKOBOM
METaJUTypTHH ¥ TePMHUIECKON 00paboTKK mpH pa3pabOTKe HOBBIX MHOTOKOMITOHEHTHBIX CIIIIaBOB.

KaioueBble ci10Ba: MOPOIIKOBBIE CTallM, OKCHJ HHKENA, HUKENb, TUQQy3us, cTpyKTpooOpa3oBaHHUe, CIIEKaHHE,
CpallMBaHNe, KOHTAKTHOE CEYEHHNE, MEXaHMIECKHIE CBOMCTBA

baarogapHocTn. 3a TOMOIIP B TONYyYCHHH M OOCYXIEHMH pE3yJbTaTOB aBTOPHl BBIPAXKAIOT HCKPEHHIOKO
npusHaresbHOCTh cotpynHukaMm Kadeapst HUTY MUCHUC «[IMu®Il» u nmuno B.IO. JlonatunHy; cotpyaHukam
kadenper «MarepuanoBeneHne u TexHomoruu MeramwioBy JAITY: mt.H., mpodeccopy B.H. Ilycromoiity, m.T.H.,
mpocgeccopy HO.M. [lomOpoBckomy; coTpymHukam Kadeapsl «TeXHOIOTHS MAaITUHOCTPOCHHUS, TEXHOJIOTHIECKHEe
MaiuHbl 1 o6opynosanue» IOPT'TY (HIIN) nmenn M.A. Ilnarosa u tnuno B.1O. [lopodeeny.

Jas muruposanmsi. Eropos M.C., Eroposa P.B., Epemeena JXK.B. [luddysronnsie mnporeccel B (HOpMUPOBaHUA
CTPYKTYPBl U CBOMCTB JIETHPOBAHHBIX IMOPOIIKOBBIX CTalICH. besonacHocmb mMexHO2eHHBIX U NPUPOOHBIX CUCHIEM.
2024;8(2):78-89. https://doi.org/10.23947/2541-9129-2024-8-2-78-89

Introduction. The performance characteristics of the material, both in its compact and powder forms, are primarily
determined by its chemical composition and structural state [1, 2]. Depending on the purpose, specific requirements are
imposed on the microstructure [3]. The formation of a specific structure of powder steel during sintering also depends
on the processes that occur during sintering and subsequent heat treatment [4]. Many factors influence the process of
structure formation in powder materials [5]. According to [6], the main factors are the methods of their production,
granulometric composition, compacting pressure, sintering medium and time, temperature of deformation action. The
introduction of alloying elements that affect the processes in the surface layers of particles during solid-phase sintering,
and additives forming the liquid phase, is the most effective way to increase the level of operational properties [7]. Each
of the factors has its advantages and disadvantages.

Powder alloyed steels have a high level of performance properties. They are characterized by a homogeneous
structure and a homogeneous distribution of alloying elements throughout the steel structure [8]. When impregnated
with liquid metals, for example, when using the cementation or carbonitration process, the alloying elements are
absorbed by the surface layers of the material. This may lead to the formation of a surface layer with a high
concentration of alloying elements, but deeper layers may be less saturated. Therefore, in such cases, impregnation with
liquid metals is most effective for creating a surface layer with the desired properties [9]. Diffusion saturation can also
lead to an uneven distribution of alloying elements. Diffusion can be limited only by surface layers of the material or
internal defects, which limits the uniformity of saturation over the entire volume of the part. The choice of alloying


https://bps-journal.ru/
https://doi.org/10.23947/2541-9129-2024-8-2-78-89

Egorov MS, et al. Diffusion Processes in the Formation of the Structure of Alloyed Powder Steels

method depends on the purpose, required properties, size and shape of the part, available resources and other factors. It
is important to carefully consider all these factors when selecting a method to ensure optimal results.

The method of introducing nickel into powder structural steels in the form of additives of dispersed nickel oxides
has proven itself well [10]. The recovery annealing of an iron-based charge with NiO particles evenly distributed in it
leads to the recovery and fixation of the reduced nickel particles on iron particles by surface and grain boundary
diffusion. The use of such a partially alloyed powder makes it possible to obtain parts with a homogeneous structure
and a high complex of mechanical properties at a lower temperature. Activation of homogenization process of powder
steels using oxides of alloying elements in the literature is explained only at a qualitative level [11]. Therefore, the aim
of this work was to study the processes of diffusion interaction in Fe-Ni and Fe-NiO systems to determine the
quantitative parameters of diffusion in them. The main task within the framework of this goal was to study the influence
of technological modes of sintering and diffusion annealing during diffusion interaction in a system of Fe-Ni and Fe-
NiO pairs on the formation of high-quality powder steel.

Materials and Methods. In the work, powder PZHRV 2.200.26, produced by Severstal PJSC (Cherepovets) and
nickel carbonyl powder PNK-UT3 GOST 97922-97, obtained by electrolytic method or by splitting nickel salt with an
aqueous solution, were used [12]. Data on the total chemical composition are presented in Table 1.

Table 1
Chemical composition of PZHRV 2.200.26 powder
Mass content of components, %
Powder grade
Mo Ni C (¢} H Cu Si Mn P S
PZHRV 2.200.26 - - 0.090 | 0.140 - - 0.014 0.087 0.012 0.005

Technological properties of PZHRV 2.200.26 powder: bulk density — from 2.4 to 3.0 g/cm?; fluidity — no more
than 37 sec/50 g; density at P=700 MPa — 7.0-7.05 g/cm?; strength at a density of 6.5 g/cm® — more than
14 N/mm?. The analog is powders from the Swedish company Hoganids: AHC 100.29, NC 100.24, SC 100.26,
ASC100.29. Scope of application: shock absorption group parts, transmission parts, body parts, gears, connecting
rods, couplings, bushings, etc. Main qualities of PNK-UT3 nickel powder include high corrosion resistance and
resistance to aggressive environments.

Powder compositions are characterized by a high intensity of boundary and surface processes, which, during
diffusion, can lead to an intensification of mass transfer [13]. The regularity of the structure formation of powder
materials has been studied. The processes of diffusion interaction of alloying components were modeled using the
diffusion pair method [14].

Granulometric composition of PZHRV 2.200.26 iron powder was determined using a universal laser particle size
measuring device of a FRITSCH ANALYSETTE 22 MicroTecplus model (Germany) and a Beckman COULTER
submicron particle analyzer No. 5 (USA).

Diftfusion processes were considered on model pairs of powders of the grades PZHRV 2.200.26 (powder) — Ni (carbonyl);
PZHRYV 2.200.26 (powder) — NiO, which were manufactured by pressing a rod from the PZHRV 2.200.26 material with a
diameter of 3 mm into a powder of carbonyl Ni or NiO with a dispersion of 5—10 microns. Recovery annealing of steam samples
was performed at a temperature of 700°C and annealing-sintering at 1,050°C, 1,150°C, and 1,250°C in a hydrogen atmosphere
for 9 hours [15].

Fe-Ni pair refers to systems with unlimited solubility of components. Iron and nickel at the temperature of diffusion
annealing possess FCC lattices with similar parameters and form solid substitution solutions. Upon cooling, iron alloys
containing less than 6% of nickel recrystallize into a ferritic phase with a BCC lattice. Metallographic studies were
carried out after annealing with preliminary preparation of the sections in a plane perpendicular to the initial boundary
between the components of the pair.

The distribution of concentration of elements in the Fe-Ni diffusion zone was studied by local X-ray spectral
analysis at a Camebax installation manufactured by Cameca (France). The survey was carried out in the plane of the
section in the direction perpendicular to the initial boundary between the components of the pair (along the axis of the
primary cylindrical iron sample). Four concentration curves of distribution of relative intensities of K,; line of iron and
nickel were recorded from each section along the cross section of the diffusion zone in increments of 1 pm. The nickel
and iron contents were determined at each point of the concentration curve under study. The formation of the diffusion
zone increased 1.6-2.2 times due to the presence of nickel oxide paired with iron compared to pure nickel [16]. The

coefficients of mutual diffusion D during sintering in the ranges of 1,050°C—1,250°C were determined depending on
the content of alloying elements [17, 18].
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Microstructure was fixed using an optical microscope “NEOPHOT-21" by Carl Zeiss Jena (Germany). The fine
structure of the sample was studied using a Hitachi S-3400N scanning electron microscope (Taiwan).
The calculations were performed using mathematical methods based on the Matano method [16].
Results. The porosity of the powder component after pressing was 12%. Granulometric composition of
PZHRYV 2.200.26 iron powder was determined on the histogram: there was a single peak indicating that the powder was
monofractive (Fig. 1). The average particle size was 98.5 microns. The results are presented in Table 2.
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Fig. 1. Granulometric composition of PZHRYV 2.200.26 iron powder
Table 2
Granulometric composition of PZHRV 2.200.26 iron powder
Quantitative share, % 5 10 25 50 75 90 95 99
Dimension, microns 26.5 37.0 60.7 98.5 149.8 206.4 244.0 317.4
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Figures 2 a and b present a general view of the iron powder of the PZHRV 2.200.28 grade. Figures 2 ¢, d, e, f, g, h
show the morphology of iron powder particles obtained using a Hitachi S-3400N scanning electron microscope.
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§3400 15.0kV 10.3mm x500 SE 3/30/2017I

Fig. 2. SEM image of PZHRYV 2.200.28 iron powder shooting in:
a, ¢, e, g — reflected electrons; b, d, f, h — in secondary electrons
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The structure of the diffusion zones consisted of ferritic and austenitic phases separated by a boundary. At a
sintering temperature of 1,050°C, a porous austenitic phase was observed (especially in samples containing NiO oxide),
due to high negative volumetric effects during the recovery of NiO. Sintering led to more intensive compaction when
the temperature rose to 1,150°C and 1,250°C. Intensification was observed in samples reduced from Ni oxide. A
significant increase in the volumetric fluidity of the material after the recovery of nickel oxide particles was explained
by increased structural unevenness and incorrect arrangement of dislocations, in comparison with the structure of a
powder material with nickel particles. The latter were characterized by a uniform arrangement of dislocations, which
were less susceptible to annihilation during pre-annealing. The recovery of nickel oxide was accompanied by movement
of the interparticle surface of the fusion, which led to the formation of a defective structure. In the process of NiO
recovery, a complicated structure was formed in the volume of the migrating NiO-Ni boundary due to disoriented
dislocations that did not disappear even at high sintering temperatures (Fig. 3).

§3400 15.0kV 9.1mm x3.00k SE 9/22/2014

sy
X

¢ » X

S$3400 15.0kV 9.1mm x3.00k BSECOMP 9/22/2014 ” 10.0um § S3400 15.0kV 9.1mm x3.00k BSECOMP 9/22/2014
¢ d)
Fig. 3. Microstructures of an alloy made of PZHRV 2.200.26 powder

when Ni was introduced into the initial charge in the amount of:
a, b—20%; ¢, d — 40% at a sintering temperature of 1,150°C

The diffusion of nickel into powdered iron was most active along grain boundaries with a deviation deep into the
grain. This was due to the lower activation energy of the grain boundary diffusion process compared to the bulk one.
The high diffusion permeability of grain boundaries was due to their defective structure. The predominant dissolution of
nickel along the boundaries of iron grains was more pronounced at a low sintering temperature (1,050°C), when
volumetric diffusion was difficult (Fig. 4, 5).
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Fig. 4. Distribution of Ni concentration in the diffusion zone of Fe-Ni pairs (solid line 1, 2, 3) and Fe-NiO (dotted line 1 a, 2 a, 3 a)

after sintering in a hydrogen atmosphere at temperatures:
1,1a—1,050°C; 2,2 a—1,150°C; 3,3 a — 1,250°C
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Fig. 5. Dependencies of the coefficients of mutual diffusion of Fe-Ni (line 1
and Fe-Ni (line 2) after annealing and sintering at temperatures:
a—1,050°C; b — 1,150°C; ¢ — 1,250°C
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On all curves, the mutual diffusion coefficient had a maximum at a nickel concentration of more than 60%. These
data coincided with the results of the work in which the coefficients of mutual diffusion were analyzed by finite element
modeling of a simple model. At sintering temperatures of 1,050°C and 1,150°C in this concentration range, the mutual
diffusion coefficient in the Fe-NiO pair was about 10 times higher than in the Fe-Ni pair [19]. With an increase in the
sintering temperature to 1,250°C, this difference existed throughout the concentration range, which was also confirmed
by the results of [18] and was shown in Figure 6.

Active diffusion energy £ and pre-exponential multiplier D_O were determined based on the temperature
dependencies of the mutual diffusion coefficients in accordance with the Arrhenius formula [6]:

- - E
D=Dyexp —— 1
o exp RT (1

The diffusion energy in all the cases considered was found to be lower than the values reported in the literature for
compact materials [19].
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Fig. 6. Temperature dependencies of mutual diffusion coefficients:
a — Fe-Ni systems; b — Fe-Ni systems on NiO concentration:
1 —90%; 2 — 80%; 3 — 70%; 4 — 50%;
5 —40%; 6 — 30%; 7—20%; 8 — 10%

The porosity and structural activity of the nickel powder component influenced the increase in the processes of
surface and grain boundary diffusion, which were realized by mechanisms with low activation energies, as well as
diffusion by defects. The activation energy (Fig. 7) and the pre-exponential multiplier had a minimum in the
concentration range of 50-70% Ni (Fig. 8). E values were suitable for Fe-NiO and NiO systems. Pre-exponential
multiplier D_O in the Fe-NiO system was significantly greater than in the iron-nickel system, and increased the

coefficient of mutual diffusion of elements during recovery annealing and sintering. Under thermomechanical action, as
well as during the diffusion of carbon into the iron crystal lattice, the interparticle surface of the fusion was displaced,
which could serve as the beginning of crack development [19]. This was due to an increased defect in the nickel
structure after recovery, which was confirmed by X-ray analysis data [19]. The dislocation density of nickel powder
recovered from oxide at a temperature of 700°C was 1.8:1,010. For carbonyl nickel it was 1.0-10% cm™.
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Fig. 7. Activation energy of mutual diffusion E in Fe-Ni systems (dotted line) and Fe-NiO systems (solid line)
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Fig. 8. Pre-exponential multiplier D_O (m?/s) in Fe-Ni (dotted line) and Fe-Ni (solid line) systems

Discussion and Conclusion. The process of diffusion annealing of samples obtained from PZHRV 2.200.26 iron powder
is accompanied by the so-called “Frenkel effect”, when atoms, ions or defects in a crystalline material can move or diffuse at
elevated temperatures. During diffusion annealing, diffusion and recombination of defects such as vacancies (absence of an
atom in the crystal lattice) and vacancy defects (atoms in the wrong places in the crystal lattice) are possible. As a result, the
crystal can transform or get rid of these defects. When a vacancy and a vacancy defect are in close proximity, a Frenkel pair is
formed. These pairs can move through the crystal via diffusion. If a Frenkel pair comes into contact with one of the vacancies,
it can eliminate two defects and thereby purify the crystal of defects.

During the sintering process of alloyed powder steel, atoms diffuse between the powder particles, forming bonds at
the interface. The diffusion of alloying elements in the powder steel leads to the formation of intermetallic compounds,
as well as the creation of dispersed and basic phases. These diffusion processes can be accelerated by increasing the
sintering temperature.

As a result of the studies performed, the quantitative parameters of Ni concentration distribution in the iron base
were determined depending on the sintering temperature. The minimum distance over which nickel is distributed is
70 microns at a sintering temperature of 1,050°C. When sintered at 1,250°C, the distribution zone of pure nickel
increases to 165 microns. However, when using nickel oxide, this zone increases above 360 microns at the same
temperature. This indicates that the diffusion in a system with nickel powder recovered from oxide is 5—-10 times higher
than when carbonyl nickel powder is used. This may be important in the processes of alloying or saturating materials.
The high rate of diffusion of recovered nickel can lead to faster and more uniform penetration of alloying elements into
the material. This can be useful when creating a surface layer with certain properties or increasing the strength and other
mechanical properties of the material.

The analysis of the results obtained indicates a different intensity of diffusion processes in powder alloyed steels.
This is associated not only with the distortion of the crystal lattice of the starting materials, but also with an increased
concentration of defects formed during the pressing of blanks. An understanding of diffusion processes and their
influence on the formation of the structure of alloyed powder steels makes it possible to optimize sintering processes
and obtain materials with desired properties and microstructure. Thus, the choice between nickel powder recovered
from oxide and carbonyl nickel powder should be based on specific requirements and process conditions. Further
research and experimentation can help to fully explore the potential of these options and determine the most effective
approach for a given application.
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