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Abstract

Introduction. Publications on sintered metal powder parts consider interparticle bonding in hot-deformed materials and
features of low-alloy structural steels, as well as the use of carbon-containing materials. The authors of the presented
article have previously investigated sintering in relation to structural changes in the material, described changes in
physical and mechanical properties, reduction of oxides, recrystallization, etc. This paper shows the relationship of
mechanical properties of powder steels with the parameters of intracrystalline bonding. The kinetics of its development
during sintering is demonstrated for the first time. The study objective is to find out how sintering affects the
interparticle bonding and structure of powder alloys with iron and carbon. The task is to study the technological modes
of sintering samples from alloyed and pure iron powder to achieve the best mechanical characteristics.

Materials and Methods. The powders of the Hogands company were sintered at a temperature of 900-1150 °C for 0.5—
2.5 hours. The protective gas medium (dissociated ammonia) made it possible to prevent oxidative and other sintering
reactions. For static cold pressing, a hydraulic press 2PG-125 with a maximum force of 1250 kN was used.

Results. For the first time, the presence of intracrystalline bonding mechanisms with different intensity during sintering
has been experimentally established. The dependences of the increment of the relative area of the contact surface on the
duration of the isothermal exposure were constructed. With an increase in the sintering temperature to 1150 °C and a
holding time of more than 80 minutes, the contact surface area gradually increased. It was shown that the samples from
the powder grades under consideration formed an intracrystalline bonding on the entire contact surface at 1150 °C.
Therefore, this technology can be recommended for practical use. The addition of graphite to the charge slows down the
growth of the contact surface. At the same time, the molds from pure powder ABC100.30 and from Distaloy HP-1
powder showed differences. In the first case, with the addition of graphite to the charge, the contact surface developed
more intensively than in the second one. The obtained results were recorded in the photo and visualized in the form of
graphs.

Discussion and Conclusion. According to the results of mechanical tests, it is possible to estimate the proportion of the
contact section of the molding with intracrystalline bonding. Its feature is the structural correspondence of the
interparticle surface of the splice and the intergrain boundary. The value of this boundary is determined by comparing
the relative area of the contact section with the intracrystalline bonding and the relative area of the contact surface. The
possibilities of improving the quality of bonding of powder steels by increasing the temperature and time of their
exposure during sintering are determined.

Keywords: metal powders, interparticle bonding, hot-deformed powder materials, intracrystalline bonding, interparticle
surface, grain boundary
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AHHOTAIHUSA

Bgeoenue. B nyOnukanusix O CHEUSHHBIX AETANSX M3 METAJUIMYECKHX IMOPOIIKOB PACCMaTPUBAIOTCS MEXYACTHYHOE
cpamuBaHue B ropsyeneOpMUpOBaHHBIX MaTepuallax M OCOOCHHOCTHM HH3KOJETMPOBAHHBIX KOHCTPYKIMOHHBIX
CTajel, a TakKe IPUMEHEHHE YIJIEPOJOCOAEPKAINX MaTepHaNIoB. ABTOpPHI NPEICTABICHHON CTaThl paHee
HCCIIEOBAIN CIIEKaHHE BO B3aUMOCBS3H CO CTPYKTYPHBIMH HM3MEHEHHSIMH MaTepHaia, OIMCHIBAIM H3MEHEHHUE
(GU3MYECKNX W MEXaHWYECKHX CBOMCTB, BOCCTAHOBJICHHE OKCHOB, PEKPHCTAJUIM3alMI0 U T. A. B maHHOH pabote
MIOKa3aHa CBSA3b MEXAaHMYECKUX CBOWCTB IOPOLIKOBBIX CTaJICH C MapamMeTpaMH BHYTPHKPHCTAUINTHOTO CPAIMBaHMS.
KuneTtnka ero pa3BUTHS BO BpeMs CIIEKaHUS IEMOHCTpHUpYeTcs BHepBble. llenb mcciemnoBaHMs — BBIACHUTH, Kak
CIeKaHWE BIMAET HAa MEXYACTHUHOE CpAIlMBaHUE U CTPYKTYypy IMOPOLIKOBBIX CIUIABOB C XKEJIE30M U YITIEPOJIOM.
3ajaya — M3Y4UTh TEXHOJIOTUYECKHE PEXKUMBI CIIEKaHHs 00pa3lioB U3 JIETMPOBAHHOTO M YHCTOTO JKEJIE3HOTO TIOPOIIKa
JUIS JOCTHXKEHUS HAMITYYIINX MEXaHHUECKUX XapaKTePUCTHUK.

Mamepuanvt u memoowt. Ilopouiku dpupmer «Xeranec» (Hogands) crniexanu mpu temmeparype 900-1150 °C B TeueHue
0,5-2,5 gacoB. 3ammTHas razoBas cpena (JUCCOIMHMPOBAHHBIN aMMHAaK) IO3BOJSUIA IPEIOTBPATHTH OKHUCIHTEIBHBIE
U JIpyTUe peaknuu crekaHus. I CTaTHYecKoro XOJIOJHOTO IPECcCOBAaHHS 3a/IeHCTBOBAIN THIPABIMYECKHN ITpecc
211T"-125 ¢ makcumanbHEIM yermmueM 1250 kH.

Pezynemamut uccnedosanus. BriepBble SKCIIEPUMEHTAIbHO YCTAaHOBIEHO HAJIW4HME pPa3HbIX MO WHTEHCHBHOCTH
MEXaHHU3MOB BHYTPHUKPHUCTAJUIUTHOTO CpallMBaHHWA MPHU CHEKaHWH. IIOCTpOEHBI 3aBUCHMOCTH TPHpAIEHUSI
OTHOCHUTENIBHOW IUIOIIAAN KOHTAaKTHON TOBEPXHOCTH OT MAJHMTENBHOCTH H30TepMHUYecKOd BhIIEpkKH. C pocTom
Temnepatypbl cnekanus no 1150 °C u BpemeHH BbLAEpXkH Oosee 80 MHH IUIOIAAb KOHTaKTHOH IMOBEPXHOCTH
MOCTETIEHHO yBenu4yuBaeTcs. llokazaHo, 4TO y 0OOpa3loB M3 paccMaTpuBaeMbIX Mapok mopomka npu 1150 °C
(dbopMupyercsi BHYTPUKPUCTAUIMTHOE CpalllMBaHUE Ha BCEH KOHTaKTHOW MoBepxXxHOCTH. ClenoBaTelbHO, JAHHYIO
TEXHOJIOTHIO MOXKHO PEKOMEHJIOBATh UISl IIPAKTUYECKOTO HCIoIb30BaHus. JlobaBneHne B mMUXTy rpadura 3aMeassier
POCT KOHTAaKTHOM noBepxHocTH. [Tpu aToM popmoBku u3 yrctoro nopomrka ABC100.30 u u3 nopomka Distaloy HP-1
JEMOHCTPHPYIOT pa3nuuus. B mepBoM citydae ¢ 1o0aBieHNeM B MIMXTY rpaduTa KOHTAKTHAS TOBEPXHOCTH pa3BUBACTCS
HWHTEHCHBHEE, YyeM BO BTOpoM. [lomyueHHble pe3yibTaThl 3a)MKCHPOBaHBI Ha (POTO M BU3YAJIM3UPOBAHBI B BHIIE
rpauKoB.

Obcyscoenue u 3aknwyenue. Ilo pesynpraraM MEXaHHYECKHUX HCIBITAHHA MOXXHO OIIEHHTH JOJI0 KOHTAKTHOTO
cedyeHUs] (OPMOBKH C BHYTPHUKPHCTAUIMNTHBIM cpalmfuBaHueM. Ero mpu3HaK — CTPYKTypHOE COOTBETCTBHE
MEXYaCTUYHOH TOBEPXHOCTH CPAIIUBAHMUSA U MEX3EPEHHOH TpaHWIBl. 3HAUEHHE 3TOW TPAaHUIIBI ONPENENIIeTCS TpHU
COTIOCTABJICHUM OTHOCHUTEJIFHOW IUIOMIaAM KOHTAKTHOTO CEYEHHS C BHYTPHUKPUCTAJUINTHBIM CpAIIMBAHUEM
U OTHOCUTENBHON IUIOAABI0 KOHTAKTHOM MOBepXHOCTH. OnpenencHbl BO3MOXKHOCTH IOBBIINIEHUS KadecTBa

CpallMBaHus MOPOIIKOBBIX CTaJlel 3a cueT YBCJINYCHUSA TEMIICPATYPbl U BPEMCHHU UX BBIACPIKKHU IIPU CIICKAHUU

KiroueBble ci10Ba: METaUIMYCCKUC MNOPOLIKH, MEXKYIACTUIHOC CpalllUBAHUE, TTOPOIIKOBBIC l"OpS{LIC,Z[C(bOpMI/IpOBaHHBIG
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BaarogapHocTH: aBTOpPHI BBIpAXKAIOT OJaroJapHOCTh HHKeHepaM Kadenpsl «MaTepHanoBeICHUE W TEXHOJIOTUH
MetayuioB» 0. II. IlyctoBoiity, B. U. [lonpaBko 3a moMoIs B MOATOTOBKE 00pa3lOB U HACTPOMKE HU3MEPUTEIHHOTO
o0OopyznoBaHusl, a Takxe J.T.H., nmpodeccopy JKanue BnagumuposHe EpemeeBoii 3a HayyHbIE KOHCYJIBTAIMHU 110 BEIOOPY

METOAUK S3KCIIEPUMCHTOB.

Jas  wmuruposanus. EropoB M.C,, Eroposa P.B.  Pa3Burtue MeX4aCTUYHOIO CpallMBaHUS IpPH  CIEKaHUU
METa/UIMYECKUX MOPOLIKOB ¢ JI00aBICHUEM YyINepoJa. be3onacHocmv mexHoceHHblX U HPUPOOHBIX CUCHEM.
2023;7(3):55-65. https://doi.org/10.23947/2541-9129-2023-7-3-55-65

Introduction. Sintered parts from traditional and new compositions are widely used in industry. The latter include
partially alloyed powders, nanopowders. The emergence of new initial structural materials requires additional study of
the processes of formation of consolidated materials at all technological stages.

Since the beginning of the 21st century, there has been a growing interest of scientists in this topic [1-7]. For
example, interparticle bonding during the formation of hot-deformed powder materials has been studied. The features of
low-alloy structural steels in such processes were described. Deformation and compaction of powder materials were
considered. In, the authors identified patterns of mechanical properties depending on the heat treatment modes, which
also affect the quality of interparticle contacts of powder materials. Works [8-10] focus on the study of carbon-
containing materials for the manufacture of powder parts from hard alloys. In addition, sintering process is simulated
under various modes.

In the early works of the authors of the presented article, sintering process was investigated depending on the
structural changes of the material. The removal of residual stresses after pressing, changes in physical and mechanical
properties, reduction of oxides, recrystallization, etc. are described. Let us note that sintering of powder steels is a
complex and not fully studied process. This work continues the study of interparticle interactions of powder steels. The
relationship between their mechanical properties and the quality of intracrystalline bonding is revealed. The authors
demonstrated for the first time the kinetics of the development of intracrystalline bonding for the studied materials
during sintering. Various modes of sintering of samples are analyzed; the proportions of the contact section of the
molding with intracrystalline bonding of powder materials are estimated.

The work objective is to find out how sintering affects interparticle bonding and structure of powder alloys with iron
and carbon. The task is to study the technological modes of sintering samples from alloyed and pure iron powder to
achieve maximum mechanical characteristics that ensure the formation of high-quality interparticle bonding.

Materials and Methods. During sintering, the formation of the contact surface of the powder material is considered
from the standpoint of its initial state, which changes during exposure at high temperature. That is, we are talking about
a sequential increment of the contact surface.

For static cold pressing, 2PG-125 hydraulic press with a maximum force of 1250 kN was used. Sintering was carried
out at a temperature of 900-1150 °C for 0.5-2.5 hours. To prevent oxidative and other sintering reactions, a protective
gas medium (dissociated ammonia) was provided.

Iron powders of the Swedish company Hoganas [1-3] were used in the work (Table 1).

Table 1
Types and characteristics of the powders used by the Swedish company HOganés
Powder type Method of production
ABC100.30 Spraying of iron melt
Distaloy HP-1 Double diffusion alloying of Astaloy 85Mo powder:1.5% Mo+4%Ni,2%Cu
Data on the total chemical composition are presented in Table 2.
Table 2
Chemical composition of the powders studied
Powder tvoe Content of elements, mass. %
P c 0 Mo | Ni Cu Mn | Si S P
ABC100.30 0.001 0.04 - - - 0.06 0.007 0.01 0.004
Distaloy HP-1 0.01 0.08 15 4 2 0.08 0.005 0.03 0.003
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In the processes under consideration, sintering is both a final and an intermediate operation [1-4]. In the first case,
the consolidation of the material ends at this stage. The sintering process, in addition to structural changes in the
material, contributes to:

— removal of residual stresses after pressing;

— changes in the physical and mechanical properties of the material;

—reduction of oxides;

— recrystallization, etc.

Determining the technological parameters of sintering presses are: temperature regime, sintering duration,
parameters of pretreatment of material particles by pressure, etc.

In the second case, the subsequent thermomechanical action plays an essential role in the structure formation of the
material, and sintering is considered as a preparatory stage, the main purpose of which is the homogenization of the
metal base.

With the development of the basic provisions of works [1, 2, 5], the essence of the intensity and efficiency of
sintering was clarified. These indicators allow us to judge the change in size, the development of the structure and
properties of sintered materials. According to works [5-8], a method for determining the relative area of the contact
surface of a porous body has been created.

Results. When sintering charges from ABC.100.30 and Distaloy HP-1 powders, the dependences of the
development of the contact surface on the initial density, temperature and sintering time were obtained (Fig. 1, 2). At
the same time, they we guided by the material described in [5].

Aot
/0/1i
0.06 (]
) [~4
r 9
0.04 R
0.02 / 3 !
9y / ij_:::jb
1 1
0 & 4

20 40 60 80  Time, min
Fig. 1. Dependence of the increment of the contact surface relative area on the duration of isothermal exposure during sintering

of the molding from ABC100.30 +0.5%C powder for different initial densities and temperatures: 1 — 950 °C,7.35 g/cm?;
2 — 1150 °C, 7.35 g/cm?; 3 — 950 °C, 6.9 g/cm?; 4 — 1150 °C, 6.9 g/cm?
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Fig. 2. Dependence of the increment of the relative contact surface area on the duration of isothermal exposure during sintering
of the powder molding Distaloy HP—1+0.5%C for different initial densities and temperatures: 1 — 950 °C, 7.4 g/cm?,
2 — 1150 °C, 7.4 g/cm?; 3 — 950 °C, 6.6 g/cm?; 4 — 1150 °C, 6.6 g/cm?
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With increasing temperature and sintering time, the contact surface area monotonically increased, the intensity faded
as the sintering duration increased.

In molds made of ABC100.30 pure powder with the addition of graphite to the charge, the contact surface developed
more intensively compared to molds made of Distaloy HP-1 powder. This could be explained. The fact was that smaller
particles of copper, nickel and molybdenum were baked to the surface of the iron particles of Distaloy HP-1 powder.
They formed solid solutions in Fe,, which complicated the course of diffusion processes (compared to pure metal). As a
result, the growth of the contact surface slowed down.

The intensity of the contact surface formation depended on the initial relative density. An increase in this indicator
slowed down the process, since the approach of the material structure to a non-porous state reduced the driving force of
consolidation.

The addition of graphite to the charge slowed down the growth of the contact surface. This was due to a decrease in
the self-diffusion coefficient of iron atoms, especially at the initial stage of sintering in contact areas with high carbon
content.

Let us see how the carbon content affected the strength of sintered alloys under different sintering modes (Fig. 3, 4).
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Fig. 3. Dependence of the strength limit of the sintered molding from ABC100.30+0.5% C powder on the time of isothermal
exposure and the initial density: 1 — 6.9 g/cm3, 950 °C; 2 — 6.9 g/cm?, 1150 °C; 3 — 7.35 g/cm?, 950 °C;
4 —7.35 glem?, 1150 °C
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Fig. 4. Dependence of the strength limit of sintered molding from Distaloy HP—1+0.5%C powder on the time of isothermal exposure
and initial density: 1 — 6.9 g/cm?, 950 °C; 2 — 6.9 g/cmd, 1150 °C; 3 — 7.35 g/cm?, 950 °C;
4 —7.35 glcm?, 1150 °C

The ultimate strength of the material based on ABC100.30 powder with a carbon content of 0.5 % was 610 MPa, the
ultimate strength of the material based on Distaloy HP—1 powder with a carbon content of 0.5 % was 508 MPa.

According to the results of mechanical tests and the value of the tensile strength of the reference samples, the
relative area of the contact cross section with intracrystalline bonding (o'ICB) was determined depending on the initial
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density and sintering modes of molds made of ABC.100.30+0.5%C (Fig. 5) and DistaloyHP-1+0.5%C (Fig. 6)
powders.
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Fig. 5. Kinetics of the development of intracrystalline bonding on the contact surface, depending on the sintering modes and the
initial density (ABC.100.30+0.5%C): @ — 6.9 g/cm?; b — 7.2 g/cm?; ¢ — 7.35 g/cm?®. 1 — 950 °C; 2 — 1050 °C; 3 — 1150 °C
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Fig. 6. Kinetics of the development of intracrystalline bonding on the contact surface depending on the sintering modes and the initial

density (DistaloyHP—1+0.5%C): a — 6.6 g/cm3; b — 7 g/cm®; ¢ — 7.4 g/lcmd.
1—950°C;2 — 1050 °C; 3— 1150 °C

The presented dependences indicate that the introduction of graphite into the charge intensified the processes of
formation of intracrystalline bonding in comparison with materials from a carbon-free charge. The results of the
research coincided with the data of works [9-11].

During sintering at heating and isothermal exposure, the surface layers of iron and graphite particles continuously
interacted through their contact areas (including the gas phase) [12-15]. Let us note that carbon was an active reducing
agent of iron oxides, therefore, at temperatures above 500-600 °C, reduction reactions occurred at the places of contact
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of iron particles with graphite. This contributed to the formation of juvenile contact with subsequent particle fusion.
Favorable conditions were created for the formation of a carbon-containing gas medium due to reactions between
graphite and iron particles. The reduction processes were intensified due to a significant increase in the kinetics
of chemical reactions at the metal — gas interface. The growth was fixed relative to the diffusion coefficients in the
contact areas of iron particles with graphite and over the entire surface of the particles. Surfaces in contact with the
furnace atmosphere were also taken into account. At the same time, carbon diffused into iron particles through the
formed metal contacts on the surface of the particles. Before the transformation of a — vy, the formation of a phase
in the contact points of cementite was most likely. This phase had a more significant carbon diffusion coefficient at the
temperatures under consideration. This was due to the insignificant dissolution of carbon in a-iron and slow diffusion
in ferrite.

If the contact surface of the iron powder material developed more intensively than that of the doped powder
material, then it was the latter that should be preferred when forming intracrystalline bonding.

Intracrystalline bonding is formed in two stages:

— isothermal aging of the molding in the austenitic region;

— cooling with the decomposition of austenite into a ferrite-cementite mixture.

The role of the second stage consisted in the predominant development of the interparticle bonding surface as
aregion of facilitated nucleation of ferrite grains and cementite plates that ensured the migration of the boundary
through the surface of the physical separation of particles. This was confirmed by the results of microstructural analysis.
Fig. 7-10 shows the microstructures of the material with different levels of interparticle bonding.

Fig. 7. Microstructure of the sample from ABC100.30+0.5%C powder after sintering at 1050 °C for 40 minutes, x200

Fig. 8. Microstructure of the sample from Distaloy HP-1+0.5%C powder after sintering at 1050 °C for 20 minutes, x200

The presented microstructures are characteristic of a low level of bonding, since the boundary of the powder
particles is clearly visible.
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Fig. 9. Microstructure of the sample from ABC100.30+0.5%C powder after sintering at 1150 °C for 40 minutes, x500

Fig. 10. Microstructure of the sample from Distaloy HP-1+0.5%C powder after sintering at 1150 °C for 40 minutes, x500

Nonmetallic inclusions identify the former boundary of the physical separation of particles through which ferrite
grains germinate. That is, the former particle interface is located inside the grain, and this is a sign of intracrystalline
bonding [16].

Discussion and Conclusion. The results of the work allow us to assert that during sintering, the mechanisms of
formation of intracrystalline bonding are different in intensity [5, 9, 16]. At first, the bonding is fast, then its speed
decreases. Compressions with the lowest values of the initial density are characterized by the longest duration of the
process of accelerated development of intracrystalline bonding, which is observed at the first stage. Moreover, with an
increase in the sintering temperature, the intensity of this stage increases. The formation of intracrystalline bonding on
the entire contact surface is observed in molds obtained under sintering conditions at a temperature of 1150 °C. The
peculiarity of molds made of DistaloyHP—1 and ABC100.30 powders has been experimentally established. Under
sintering conditions, intracrystalline bonding occurs within 60 and 80 minutes, respectively.
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3asenennwviii 6K1A0 COABMOPOS:

M.C. EropoB — ¢opMupoBaHHE OCHOBHOI KOHIENUIMH, LETM M 33Ja4d HCCIICAOBAHMSA, PAcyeThHl, MOATOTOBKA
TeKCTa, HOPMyIMPOBAHUE BBIBOJIOB.

P.B. EropoBa — Hay4HOe pPYKOBOJCTBO, aHAJIN3 PE3YJIbTATOB HMCCIIEAOBaHUI, TOpadOTKa TEKCTa, KOPPEKTUPOBKA
BBIBOJIOB.

Kongruxm unmepecos: aBTOpbI 3asBISIOT 00 OTCYTCTBHU KOH(IUKTA HHTEPECOB.

Bce agmopul npouumanu u 0006punu okonyamenvHulll 6aPUAHI PYKONUCU.
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