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Abstract. The paper presents the results of research carried out at the O.V. Roman Powder Metallurgy Institute (Belarus) on the produc-
tion of iron-based pseu-dosalloys for antifriction applications and the development of methods for im-proving their mechanical and
tribological properties. A computational model of parametrically non-stationary high-temperature infiltration was developed, enab-
ling the calculation of pore-filling time and optimization of the pseudosalloy fabrication mode. The features of carbon distribution
in the iron skeleton of the pseudosalloy during isothermal holding and subsequent heat treatment under the influence of the copper
phase were identified. It was shown that after isothermal holding, the carbon content in the region of the skeleton adjacent to the copper
phase is lower than in its center, whereas after quenching and high-temperature tempering, a carbon-enriched zone forms at the inter-
face with the copper phase. The mechanisms responsible for improving the mechanical and tribological prop-erties of pseudosal-
loys using the developed methods were established. These in-clude: stamping at the optimum temperature; extended holding during
high-temperature tempering after quenching; high- and low-temperature thermome-chanical treatments under optimized conditions;
alloying the iron matrix with nickel or chromium; and structural modification through the introduction of ul-tradispersed diamonds,
ultradispersed aluminum oxide, nanodispersed zirconium oxide, mixtures of nanosized oxides of iron, nickel, and zinc, single- or two-
phase aluminides of nickel, iron, or titanium and their composites, calcium molybdate, or hexagonal boron nitride, as well as alloying
the infiltrate with tin, nickel, or chromium and the addition of ultradispersed aluminum oxide. The obtained strength, hardness, impact
toughness, friction coefficient, limit seizure pressure, wear resistance, and PV parameter values are reported. The wear mechanism
of pseudosalloys with enhanced properties was determined. It was demonstrated that during friction, nanoscale porosity and voids
form, serving as additional res-ervoirs for lubricant, thereby improving friction conditions, preventing copper transfer into these areas,
reducing the coefficient of friction, and increasing wear resistance.
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AHHoTayums. TpencraBieHbl pe3yinbTaThl NPOBEJIECHHBIX B VHCTUTYTe MOPONIKOBOI MeTamtypruu umeHn akagemuka O.B. Pomana
(bemapycp) paboT 1Mo U3y4EHHUIO MPOIECCOB MOTYUYECHHUS MCEBIOCIIIIABOB aHTH(PPUKIIMOHHOTO Ha3HAUYEHHsI C KAPKacoM Ha OCHOBE
JKenesa M pa3paboTKe Croco0O0B MOBBIIIEHHUS UX MEXaHUYECKUX M TPUOOTEXHUYECKUX CBOMCTB. Co3/1aHa pacyeTHasi MOJeINb mapa-
METPHUYECKN HECTAMOHAPHON BHICOKOTEMITEPATypPHON HH(HUIBTPAIINH, TIO3BOIMBINAS PACCYUTATh BPEMS 3aMOIHEHNUS OP M ONTH-
MH3HPOBATh PEKUM IMOTYyUCHHUS NICEBOCIIIABOB. BBISIBICHBI 0COOCHHOCTH paclpeneNeHns yIiiepoaa B CTaIbHOM KapKace MCeB-
JIOCTIIaBa MPU M30TEPMUYECKOM BBIICPKKE U TepMUUECKOH 00paboTke m3-3a Bo3xeiicTBuu MeaHoi (asbl. [lokazaHo, yTo mocie
M30TEPMUYECKON BBIIEPIKKHU COIEpKaHHE yIepoa B MPUTPAHUIHON ¢ MeTHOW (ha30i 00IacTH CTaIBHOTO KapKaca MEHBIIE, YeM
B IIEHTPE, a MMOCTIE 3aKaIK! U BHICOKOTEMIIEPAaTypHOTO OTITyCKa Ha TPaHMIle ¢ MeAHOH (a3oii oOpa3yercst 00macTh ¢ TOBBIIICHHBIM
COZIepKAHUEM yTIepo/ia. YCTaHOBIECHBI MEXaHU3MBI, 00€CIICUNBAIOIIHE TOBBIIIEHHE MEXaHNIECKUX U TPHOOTEXHHUECKHUX CBOMCTB
TICEBIOCIIIIABOB HA OCHOBE JKeJe3a C IIOMOIIBIO pa3pab0TaHHBIX CIIOCOOOB: MITAMIIOBKON TPH ONTHMAIbHON TEMIEpaType; yBeIH-
YEHHEM BBIJEP/KKU MPU BBICOKOTEMIEPATYPHOM OTITyCKE MOCHE 3aKalKH; BHICOKO- U HU3KOTEMIIEPAaTypHOH TePMOMEXaHUIEeCKOH
00paboTKOI! MPU ONTUMANBHBIX PEKIMAX; JIETHPOBAHUEM CTAIBHOTO KapKaca HUKEIEM MM XPOMOM; MOANGHUIIMPOBAHUEM CTPYK-
Typbl BBEICHHEM YIBTPATUCIEPCHBIX alMa30B, YIBTPAANCIIEPCHOTO OKCHJA ANIOMHHUS, HAaHOAUCIIEPCHOTO OKCHAA IHUPKOHUS,
CMecH HaHOPa3MEepPHBIX OKCUIOB JKele3a, HUKETSI ¥ IMHKA, a TAKKe alFOMUHHIOB HUKEIs, JKene3a, TuTaHa (0HO(a3HbIX HIIH IBYX-
(ha3HBIX) U KOMITO3UTOB HA MX OCHOBE, MOMMOAATa KaJbIMs WM T€KCArOHAILHOTO HUTpHUIA OOpa; JernpoBaHUEM HH(HIBTpaTa
OJIOBOM, HUKEJIEM, XPOMOM H BBEJECHHEM B HETO YNbTPAAHCHEPCHOTO OKCHIA aTIOMUHMSA. [IpHBeneHbI NOCTUTHYTHIE 3HAUCHUS
MIPOYHOCTH, TBEPAOCTH, yAAPHON BA3KOCTH, KOG (UIEHTa TPEHUS, MPEAEeTbHOTO TaBICHHs CXBATHIBAHHS, M3HOCOCTOMKOCTH,
napamerpa PV. YcTaHOBIIEH MEXaHU3M U3HAIIUMBAHUS NICEBJIOCIIIABOB C IOBBIIICHHBIMU CBOMcTBaMuU. IlokazaHo, 4To B mpouecce
TPEHHsI MPOHCXOANT 00pa30BaHME HAHOPA3MEPHOH MOPHCTOCTH M JAKYH, SBISIOIIUXCS JOMONHUTENBHBIMU PE3epByapaMu JUis
CMa3KH, YTO yIydIIaeT yCIOBHs TPEHHUs, MPEMSITCTBYET MEPEeHOCY B 3TH MecTa Meau, obecreunBaeT CHIkeHHe Kodddunnenrta
TPEHHUSI ¥ TTOBBIIIEHHUS] H3HOCOCTOIKOCTH.

KnioueBbie csioBa: 1iceBIOCIIaBEI HA OCHOBE JKene3a, HHPMIBTpaLus, CTPYKTypa, (ha3oBblii cOCTaB, MEXaHHYECKHE, TPHOOTEXHIYECKHEe
CBOICTBa, TepMUUECKas, TePMOMEXaHH4IecKasi 00paboTKH, 100aBKH

Ans untnposanus: [Ipstaxosa JIL.H., Butsizs [1.A. [lceBnocmiaBsl Ha OCHOBE Kelie3a aHTU(PUKITHOHHOTO Ha3HAYCHUS C TOBBIIICHHBIMU
MEXaHWYECKUMHU U TPHOOTEXHUIECKUMHU CBOMCTBaMH, pa3pa0oTaHHbIEe B IHCTHTYTE MOPOIIKOBOW METALTYPTHH MMEHH aKaJ[eMHU-
ka O.B. Pomana HAH Benapycu. Uzsecmusa 6y306. Hlopowkosas memannypeus u ¢ynkyuonanvusie nokpvimus. 2025;19(4):16-27.
https://doi.org/10.17073/1997-308X-2025-4-16-27

metallurgy processes, in particular, the development
of powder-based antifriction materials with enhanced
mechanical and tribological properties for components
of heavily loaded friction units. The present article
continues this line of research.

Introduction

This article is dedicated to the memory of Oleg
Vladislavovich Roman — the founder of powder metal-
lurgy in Belarus, the first Director of the Powder

Metallurgy Institute, and the first General Director
ofthe State Research and Production Powder Metallurgy
Association. His main scientific interests included
theoretical and experimental studies of impulse pro-
cesses in materials processing, such as explosive
welding. At the same time, he devoted considerable
attention to the theory and practice of classical powder

In heavily loaded friction units operating under
high pressures and across a wide temperature range,
a thin boundary lubrication film does not adequately
protect the surface of sliding bearings from plastic
deformation, leading to a marked increase in wear [1].
Therefore, antifriction materials must combine high
bulk mechanical strength with stability at operating
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temperatures, advanced tribological characteristics,
and high thermal conductivity for efficient heat dissi-
pation from the friction zone. They must also exhibit
corrosion resistance and oxidation stability at elevated
temperatures. Consequently, minimal porosity is a pri-
mary requirement.

Powder antifriction materials based on iron have
found the widest application in heavily loaded friction
units, owing to their high wear resistance and permis-
sible load capacity. To increase their strength, alloying
with carbon, copper, manganese, chromium, nickel,
molybdenum, and other elements is employed, along
with heat treatment and thermochemical treatment [2].
A low coefficient of friction and high wear resistance
are achieved by introducing solid lubricants and various
solid ultra- or nanosized inclusions (carbides, borides,
oxides, glass, intermetallics, etc.) [3]. Porosity reduc-
tion methods include plastic deformation processes,
hot dynamic or isostatic pressing [4], and sintering in
the presence of a liquid phase [5].

A particularly promising method for reducing
porosity and enhancing the mechanical, tribological,
and thermal conductivity properties is the infiltration
of an iron skeleton with copper alloys [6], producing
so-called pseudosalloys. In addition to the proper-
ties listed above, they are also characterized by high
thermal and heat resistance, damping capacity under
vibrational loading, resistance to electrical erosion, and
thermal stability. Pseudosalloys are used to manufac-
ture both antifriction and structural components.

The aim of this article is to review the studies con-
ducted at the O.V. Roman Powder Metallurgy Institute
on the production of iron-skeleton-based antifric-
tion pseudosalloys and the development of methods
for improving their mechanical and tribological
performance.

Research methodology

The powders of iron, copper, tin, and graphite
(commercial grade) were used in the as-received state.
The additives introduced to improve the properties are
described below. A hydraulic press was employed for
compaction, and a continuous furnace with an endogas
atmosphere was used for infiltration.

The material structure was examined using a MEF-3
metallographic microscope (Austria) and a high-
resolution Mira scanning electron microscope (Czech
Republic) equipped with an INCA 350 micro-X-ray
spectral analyzer (UK). The phase composition and fine
structure were studied on an Ultima IV Rigaku high-
resolution diffractometer with a cobalt anode (Japan)
under CuKoa radiation. Mechanical properties were
determined using standard methods, while tribologi-
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cal characteristics were evaluated on an MT-2 friction
testing machine at a sliding speed of 2.5—7.0 m/s. Tests
were carried out on three samples (10 mm in diameter,
12 mm in height) with a moderate lubricant supply
(6-8 drops per minute of industrial oil I-20) directed
to the center of the counterbody. The wear of the samp-
les was measured on an optimeter with an accuracy
of 0.001 mm. Hardened steel 45 discs (42-45 HRC)
were used as the counterbody.

Results and discussion

In studying the processes of pseudalloy fabrica-
tion, a computational model of parametrically non-sta-
tionary high-temperature infiltration was developed.
The model accounts for changes in the structural
parameters of the skeleton and in the physical proper-
ties of the liquid phase, caused by diffusion, dissolution,
and liquid-phase rearrangement of skeleton particles.
The model showed that, depending on pore size and
infiltrant viscosity, capillary forces fill the pore space
with copper alloy within 30-60 s [7]. However, this
time is insufficient for the formation of a stable skeleton
structure, particularly in the case of unsintered skele-
tons, which prevents achieving the required material
properties. Therefore, isothermal holding at the infilt-
ration temperature was applied. During this process,
a homogeneous skeleton structure, the required mor-
phology of the copper phase, and transition layers in
the interfacial regions (Fe solid solution in Cu and Cu
solid solution in Fe) are formed, and micropores are
also filled with copper alloy. These phenomena provide
high strength, wear resistance, thermal conductivity,
and a low friction coefficient [8; 9], thus confirming
the validity of the proposed antifriction material model.

The presence of copper in the pseudalloy signifi-
cantly affects the formation of the skeleton structure
of carbon steel during isothermal holding, especially
when infiltrating an unsintered skeleton, where the for-
mation of the Fe—C solid solution and the infiltration pro-
cess occur simultaneously. As shown previously [10],
copper located at the particle boundaries of the skele-
ton slows down grain-boundary diffusion of carbon
into iron and drives carbon deeper into the particles.
As a result, the carbon content in the layer adjacent
to the copper phase is lower. Micro-X-ray spectral
analysis revealed that in the regions of the steel skele-
ton near the copper infiltrant, the intensity of the carbon
signal was more than two times lower than in the center
of the steel skeleton (Fig. 1).

The microstructure obtained after infiltration
and isothermal holding ensured high performance.
Depending on the skeleton composition as well as
the composition, content, and morphology of the infilt-



Pon e

POWDER METALLURGY AND FUNCTIONAL COATINGS. 2025;19(4):16-27
Dyachkova L.N., Vityaz PA. Iron-based pseudosalloys for antifriction applications with enhanced ...

Radiation intensity, cps

10 15 20 25

Scanning distance, pm

Fig. 1. Microstructure of a section of the steel skeleton of a pseudalloy with a skeleton of grade ZhGr1.2Ms! (Fe—1.2 % C—-1 % Cu),
infiltrated with BrOS5 bronze (Cu—5 % Sn), and the distribution of carbon and copper

Puc. 1. CTpykTypa y4acTka cTaJbHOrO Kapkaca IceBJocIuiaBa ¢ kapkacom cocrasa XKIpl,2Mcl,
nHQUIBTpUPOBaHHEIM OpoH3oit bpOS, u pacnpeneneHue B HeM yrepoaa U MeIu

rant, the tensile strength was 400-600 MPa, impact
toughness 30-40 kJ/m?, hardness 140-280 HB, and
thermal conductivity 45-79 W/m-K. Under boundary
lubrication at PV =30-38 MPa-m/s, the wear rate
was 0.08-0.20 pum/km — more than five times lower
than that of dense bronze. The friction coefficient was
0.007-0.009, and the maximum operating temperature
reached 800 °C.

To further improve the properties of the pseudalloys,
plastic deformation (hot die forging), heat treatment,
and thermomechanical treatment were applied. Hot
die forging at the optimum temperature of 850-900 °C
eliminated residual porosity and increased the tensile
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strength to 670-980 MPa, while hardness and impact
toughness rose by a factor of 1.5-2.5 [11].

After quenching, depending on the copper-phase
content, maximum strength was achieved at tempering
temperatures of 550-650 °C (Fig. 2) [12]. Extending
the holding time to 3 h at these temperatures further
increased the hardness of the pseudalloys, particularly
those with a higher copper content. This effect is attri-
buted to aging in the copper phase due to the precipita-
tion of Fe,Cu, intermetallic and copper-tin compounds
(Table 1). As a result, the microhardness of the infiltrant
phase increased from 1450 to 1750 MPa. At high-tem-
perature tempering, carbon diffuses into the more

1200
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172 3 45 6 7 8 9 101112131415
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Fig. 2. Effect of heat treatment modes (/—15) on the properties of a pseudalloy
with a skeleton of PK80 (Fe—0.8 % C) steel infiltrated with BrO5 bronze
[ — skeleton density 75 %; Il — 85 %;
1 — infiltration; 2 — quenching; 3 — tempering at = 200 °C (3); 300 °C (4); 400 °C (5); 500 °C, 1 h (6); 500 °C, 3 h (7);
550 °C, 1 h (8); 550 °C, 3 h (9); 600 °C, 1 h (10); 600 °C, 3 h (11); 650 °C, 1 h (12); 650 °C, 3 h (13); 700 °C, 1 h (14); 700 °C, 3 h (I5)

Puc. 2. Biusinue pexxuMoB (/—15) TepMooOpaboTKK Ha CBOWCTBA TICEBI0CILIaBa ¢ KapkacoM u3 craiu [1K80,
nHQWIETpUpOBaHHBIM OpoH30# BpOS

M — notHOCTH Kapkaca 75 %; [l — 85 %;
1 — uadunsrpanus; 2 — 3akanka; 3—15: ormyck npu ¢ = 200 °C (3); 300 °C (4); 400 °C (5);
500 °C, 1 1 (6); 500 °C, 3 a (7); 550 °C, 1 u (8); 550 °C, 3 4 (9); 600 °C, 1 4 (10); 600 °C, 3 u (11);
650 °C, 1 1 (12); 650 °C, 3 u (13); 700 °C, 1 u (14); 700 °C, 3 u (I15)
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Table 1. Phase composition of material with a PK80 steel skeleton infiltrated with a Cu—Sn alloy,
depending on heat treatment conditions

Tabaumya 1. 3aBucumocts Ga3oBoro cocrapa Marepualia ¢ kapkacom u3 craau I1K80,
HHGUILTPUPOBAHHBIM MeIHO-0JIOBIHHBIM CILJIABOM, OT PEe5KHMOB TEPMHYECKOi 00padoTKu

Content, wt. %
Heat treatment o/-Fe o-Fe
mode (quenched (temper'ed y-Fe | Fe,C | Fe,C | Fe,Cu, o CCL:] Sn) N-Cu,Sn, | 6-Cu,Sn,
martensite) | martensite) ’

Quenching 21 35 12 13 - - 14 -

Tempering — 200 °C 15 29 20 - - 25 -
Tempering — 550 °C, 1 h 12 42 15 6 4 13 3 -
Tempering — 550 °C, 3 h 13 50 12 1 2 14 5 -

defect-rich region adjacent to the copper phase, for-
ming a carbon-enriched layer (visible as a dark rim in
Fig. 3). In high-carbon steel skeletons, carbon segre-
gation within the grain interior was less pronounced.
The microhardness in the particle center was 3030 MPa,
while in the dark rim zone it reached 4120 MPa.

The formation of a two-layer structure in the pseudo-
alloy skeleton after heat treatment, together with aging
of the copper phase, enhanced not only the mechanical
but also the tribological properties. The seizure pres-
sure doubled, wear resistance increased by more than
2.5 times, and the PV parameter rose by 1.5—1.7 times.

Application of thermomechanical treatment (TMT)
further improved the properties of the pseudo-
alloys [13]. Deformation during TMT was carried out
by free upsetting on a mechanical press with a strain
of € =30, 45, and 65 % at 900 and 700 °C (high-tem-
perature thermomechanical treatment, HTMT) and
at 550 °C (low-temperature thermomechanical treat-
ment, LTMT). Heating was performed by high-fre-
quency currents, and quenching after deformation

Fig. 3. Microstructure of a pseudalloy with a skeleton
of PK80 steel infiltrated with BrOS5 bronze after quenching and
tempering at 550 °C for 3 h

Puc. 3. Ctpykrypa nceBociuiaBa ¢ kapkacom u3 cranu [TK80,
nH}mIETpHpoBaHHEIM OpoH30# BpOS, mocie 3aKkaiku 1 OTITycka
nput=>550°C,t=3u

20

was carried out in water. At HTMT with 900 °C and
a strain of 65 %, samples fractured due to high stress
levels at the Fe—Cu interphase boundaries. At HTMT
at 700 °C, softening was less pronounced: the struc-
ture retained a well-developed polygonal substructure
of deformed austenite, which ensured higher strength.

The greatest strengthening was achieved with
LTMT (Fig. 4), owing to hardening not only of the steel
phase (formation of a two-layer structure within
grains, increased dislocation density, and development
of a cell-polygonal substructure) (Table 2), but also
of the copper phase through aging.

During TMT, macrotexture formation, structural
refinement in the steel skeleton, and the development
of an even more pronounced gradient structure com-
pared with heat treatment were observed (Fig. 5).

The wear resistance of the pseudalloy after
HTMT at 700 °C increased by 1.5 times at € =45 %
and by 2.0 times at € =65 %. The seizure pressure

1800
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S 1200
72}
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==}
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Fig. 4. Effect of strain and deformation temperature during TMT
on the strength of a pseudalloy with a skeleton of 80 % density
made of PK8ON4M (Fe—0.8 % C—4 % Ni—Mo) steel,
infiltrated with BrOS5 bronze
Deformation temperature: 700 °C(1), 900 °C (2), 550 °C (3)

Puc. 4. BnusiHue CTeleH! U TeMITeparypsl AehopMaruin
npu TMO Ha mpoYHOCTB MCEBAOCIUIABA C KAPKACOM IUIOTHOCTHIO
80 % n3 cranu [TK8OH4M, undunsrpupoBanasiM bpO5

Temneparypa nedopmarmu npu 700 °C (1), 900 °C (2), 550 °C (3)
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Table 2. Fine-structure parameters of the skeleton of PK80N4M steel
in the initial state and after low-temperature thermomechanical treatment

Tabnunya 2. IlapameTpsl TOHKOM cTPYKTYpbI Kapkaca u3 craju IIKSO0H4M nceprocniiaBa
B MCXOTHOM COCTOSIHUH U T0CJIe HU3KOTEMIIepPaTyPHOIi TepMOMeXaHU4YecKoil 00padoTku

Treatment Coherent Relative root-mean- | Dislocation Inteeral line Lattice
condition (hkl) scattering square microstrain | density %108, wid tth do parameter
domain size, A (SEZ>12)-104 e 12> 4eg a, A
. . (110)
After infiltration (220) 208+ 8 1.69 +0.37 0.4375 0.0565 2.8732
After LTMT (110)
with & = 45 % (220) 201 +8 8.44 +3.46 10.2875 0.2830 2.8695
After LTMT (110)
with & = 65 % (220) 177 +£2 2432 + 14.08 71.7391 0.8127 2.8681

increased by 1.9 and 2.1 times, respectively. After
LTMT at 550 °C, wear resistance increased threefold
at € = 45 % and fourfold at € = 65 %, while the seizure
pressure increased by 2.4 and 2.5 times, respectively.
The PV parameter after TMT was 1.8—1.9 times higher
than without treatment.

A key advantage of iron-based antifriction pseudo-
alloys obtained by infiltration with copper alloys fol-
lowed by isothermal holding is the ability to tailor their
properties by varying:

— the composition of the skeleton through alloying,
microalloying, and the introduction of additives of dif-
ferent types;

— the composition of the infiltrant by alloying;

— the copper-phase content, which is determined by
the initial porosity of the skeleton;

—the morphology of the copper phase, which
depends on the type of skeleton used — either a sintered
skeleton with well-developed interparticle contacts or
an unsintered skeleton with more defective contacts;

— the duration of isothermal holding after infiltration.

Studies of wear intensity showed that the wear
resistance of the pseudalloy was 3.0-3.5 times higher
than that of sintered steel of the same composition as
the pseudalloy skeleton [14; 15]. Micro-X-ray spect-

Fig. 5. Microstructure of a pseudalloy with a skeleton of PK8ON4M steel infiltrated with BrO5 bronze
after HTMT at 700 °C (a, b) and LTMT at 550 °C (c, d)

a, ¢ — strain € = 45 %; b, d — strain € = 65 %

Puc. 5. Crpykrypa ncenociuiaBa ¢ kapkacoM u3 cranu [IK80H4M, nnunsrpupoBanHsiM 6ponsoii bpOS5,
nocie BTMO npu ¢ = 700 °C (a, b) u HTMO npu 550 °C (c, d)

a, ¢ — crenienp nedopmanun 45 %; b, d — 65 %
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ral analysis of worn counterbody surfaces paired with
pseudalloys revealed that copper content reached
6—7 % due to selective mass transfer. The worn sur-
faces of pseudalloys were homogeneous, without signs
of erosion (Fig. 6, a), and exhibited a spongy-capil-
lary structure (Fig. 6, b). Three-dimensional images
(Fig. 6, ¢, d) revealed the formation of nanoscale voids
that act as additional lubricant reservoirs, improving
friction conditions and preventing copper transfer into
these areas. Copper was located only on the protru-
sions of the voids.

Surface roughness studies of sintered and infiltrated
samples showed that the initial roughness parameters
differed by 30—40 %. After testing, vertical roughness
parameters decreased 3.5-4.0 times for sintered mate-
rials and threefold for infiltrated materials [16; 17].

A significant increase in the strength of the steel
skeleton was achieved by the introduction of:

*2and 4 %' Nior3 % Cr [18];

* 0.2-1.0 % ultradispersed diamond (UDD) [19];

*0.5-0.8 um AlLO; and 100-200 nm ZrO, pow-
ders [20; 21];

* mechanically activated mixture of 300-500 nm
Fe,O; with 40-70 nm NiO and ZnO [22];

* single-phase aluminides (Ni;Al, Ti;Al, Fe,Al), and
two-phase aluminides ((ALNi-ALNi,), (TiAl-TiAl,),
(Fe,Al~FeAl,));

Fig. 6. Worn surfaces of samples made of sintered (a, c)
and infiltrated (b, d) material

Puc. 6. VI3HOIIEHHBIE TOBEPXHOCTH 00Pa3I0B
W3 CIIEYEHHOTO (@, ¢) U HHQWILTPUPOBAHHOTO (b, d) MaTepraIoB

!'Here and throughout the text, wt. % is implied.
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* TiCrAl, NiTiAl, and FeMo/TiB, composi-
tes obtained by SHS with preliminary mechanical
activation [10; 23];

* 3-5 um CaMoO,;;

* 2—-8 um hexagonal BN [24].

When ultradispersed mixtures of Al,O; and ZrO,
oxides were added, strength, fracture toughness (from
31 to 40-43 MPa-m'?), total fracture energy (from
1.7-10° to (1.8-1.93)-10° J/m?), and skeleton hardness
(HV) (from 680-965 to 1100-1230 MPa) increased.
This strengthening was attributed not only to grain
refinement of the skeleton but also to the effect of ZrO,
nanoparticles at grain boundaries (Table 3). The most
pronounced increase in strength of both iron and car-
bon steel (flexural strength increased by 50—-100 MPa
and compressive yield strength by 350-500 MPa) was
observed when 0.5 % of the Fe-Ni—Zn oxide mixture
was added (Table. 3).

The dependence of strength on microadditive content
was parabolic, with an optimum range of 0.2—0.5 %.

The greatest strengthening of powder steel, by
a factor of 1.2-1.5, is achieved with the introduction
of nanosized particles that form a denser, defect-free
contact with the matrix. Micro-X-ray spectral analy-
sis showed that the introduced dispersed particles are
located mainly along grain boundaries, where they
retard collective recrystallization and promote grain
refinement. The increase in strength of powder steel
with the addition of 0.5 wt. % chromium boride is
further explained by the fact that, during sintering, its
particles interact with the iron matrix to form complex
borides, and, by reacting with carbon, they form chro-
mium carboborides.

Table 3. Compressive strength of sintered iron
and PK80 steel with ultradispersed additives
(sintered in endogas atmosphere)

Tabamya 3. [lpeaen NpoYHOCTH NMPH C:KATUM CIIEYEHHOTO
sxesie3a M ctasm ITK80 ¢ ynbTpaaucnepcHbIMu 100aBKaMu
(cmekaHue B YHI0Ta3e)

Material c,, MPa

Fe 2020
PKS80 3100 (o, = 220)

Fe + 0.5 % UDD 3200
PK80 + 0.5 % Al O, 4340
PKS80 +0.5 % (AL,O, + 20 % Zr0O,) 4540
PK80 + 0.5 % CrB, 4320
PKS80 + 1.0 % CrB, 3460
Fe +0.5 % (Fe,Ni,Zn), 3560
PK80+ 0.5 % (Fe,Ni,Zn), 4250

PK80 + 0.5 % CaMoO, o, =275
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The introduction of nickel, titanium, and iron
aluminides also enhances strength and hardness by
significantly refining the structure, with the degree
of refinement depending on the quantity and composi-
tion of the additive. The most pronounced strengthen-
ing is obtained with 0.2-0.5 % FeMo/TiB, or up to 5 %
FeAl/AlO,, as well as with two-phase iron aluminide
and both single- and two-phase nickel aluminides.
The strengthening effect of FeAl/ALO, is attributed
to the formation of alloyed regions with an austenitic
structure, whereas FeMo/TiB, promotes the formation
of molybdenum solid solutions in iron and complex
borides (TiFeMo)B,. These borides exhibit a cohe-
rent interface with the iron matrix through transitional
layers with variable element concentrations between
the matrix and the aluminide particle.

Nickel aluminides increase strength more effec-
tively (by a factor of 1.5-2.0) compared to titanium
aluminides, while iron aluminide additions are even
more effective. The strongest strengthening occurs with
the introduction of intermetallics having lower melting
points or polymorphic transformation temperatures
(Ni,Al, Fe,Al~FeAl,, TiAl,~TiAl,). Tribological tests
showed that aluminide additions reduce the friction
coefficient of powder steel and significantly increase
its seizure pressure (Figs. 7 and 8). The most effective
additives in this regard were two-phase nickel and iron
aluminides.

Examination of powder steel without aluminide
additions revealed wide seizure bands on the wear sur-

face (Fig. 9, a). With aluminide additions, the surface
was smooth (Fig. 9, b, ¢). In this case, micropores were
formed on the surface, which gradually developed into
voids acting as additional micro-reservoirs for lubri-
cant, thereby increasing wear resistance, as confirmed
by micro-X-ray spectral analysis (Fig. 9, d).

The introduction of calcium molybdate or hexagonal
boron nitride increased the strength and wear resistance
of powder carbon steels by ~30 %. In the first case,
the effect was associated with the formation of CaO
precipitates during CaMoO, decomposition, which pro-
moted structural refinement, while in the second case it
was due to the formation of carboborides. Even greater
effects of CaMoO, and BN were observed in high-chro-
mium steels: the maximum increase in strength was
34 % in the first case and 2.1-fold in the second [24].

The gas atmosphere also influences infiltration pro-
cesses and the properties of iron-based pseudoalloys.
Increasing the hydrogen content in endogas slowed
infiltration due to a reduction in the surface tension
of the copper alloy. Introducing 25-50 % nitrogen into
the endogas reduced the hydrogen and oxidizing com-
ponents, which promoted a more uniform distribution
of the copper phase in the pseudalloy and improved
strength [25].

During contact infiltration, diffusion interaction
of the iron skeleton with the compacted copper alloy
caused erosion of the skeleton surface. To prevent this,
specific additives to the infiltrant were developed and
applied [10].

0.06

0.05

0.04

0.03

Friction coefficient

0.02

0.01

4 5 6 7 8 9

Pressure, MPa

Fig. 7. Dependence of the friction coefficient of PK40 (Fe—0.31-0.6 % C) powder steel with additions
of single phase and two phase nickel aluminides on pressure

1 without additive; 2 — 0.2 % Ni,AL; 3 — 0.5 % Ni,AL; 4— 1 % Ni,AL; 5 0.2 % Ni;,AL;-NiAL 6 — 1 % Ni,AL-NiAl

Puc. 7. 3aBucumocts kodddunrenta Tperns noponrkosoi cramu [IK40 ¢ nodaBkamu
omHO(Da3HEIX U IBYyX(a3HBIX aTIOMHHUIOB HUKEIS OT JAaBICHUS

1 - Ge3 noGaski; 2 — 0,2 % Ni,Al; 3 - 0,5 % Ni;AlL; 4 — 1 % Ni;AlL; 50,2 % Ni,AL,-NiAl; 6 - 1 % Ni;AL-NiAl
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Fig. 8. Dependence of the friction coefficient of PK40 powder steel with additions
of single phase and two phase iron aluminides on pressure

1 — without additive; 2 - 0.2 % Fe,Al; 3 - 0.5 % Fe,Al; 4 -1 % Fe,Al; 50,2 % Fe,Al~FeAly; 6 - 0,5 % Fe,Al,-FeAl,; 71 % Fe,Al~FeAl,
Puc. 8. 3aBucumoctpb kod(dureHTa TpeHus nopoikoBoii cramu ITK40 ¢ nobaBkamn
onHO(a3HBIX U IBYX(a3HBIX alFOMHHHUIOB XKeJe3a OT JIaBICHH
1 —6e3 nobasku; 2 — 0,2 % Fe Al 3 -0,5 % Fe,Al; 4 -1 % Fe,Al; 5 - 0,2 % Fe,Al—FeAly; 6 — 0,5 % Fe,Al—FeAl;; 7—1 % Fe,Al,-FeAl,

In the production of pseudalloys by infiltration
of unsintered skeletons, methods were developed
to accelerate diffusion processes in order to obtain
a homogeneous skeleton structure and, consequently,
higher strength. These methods are based on the intro-
duction of high-molecular compounds derived from
polypropylene glycol (poly(diethylene glycol adipi-
nate), polypropylene glycol adipinate, polypropylene
glycol succinate, polypropylene glycol sebacinate) and
on the use of alkali metal compounds (sodium, lithium).
The latter promote the formation of atomic carbon
through redox reactions during their decomposition in
the heating process [10]. The most pronounced activa-
tion of diffusion of both carbon and alloying elements
into iron was achieved by the introduction of alkali
metal bicarbonates.

A study of the diffusion coefficient of carbon in iron,
performed by radiometric analysis using the radio-
active isotope C-14 (in the form of BaC'*O, or ele-
mental C-14) and the integral residue method, showed
that the addition of sodium bicarbonate nearly doubled
the diffusion coefficient of carbon. Transmission elect-
ron microscopy of foils in secondary and Auger elect-

Spectrum| C+0O,% | Al,% | P, S, Ca, % | Fe, %

; 3461:; g:z 2:‘7‘ E:i:zzz rons revealed that sodium formed nanodispersed fer-
rite-type compounds Na,Fe,O,. Owing to their strong

Fig. 9. Worn surfaces of PK40 powder steel with and without affinity for grain boundaries, these compounds were
intermetallic additions located mainly along grain boundaries and structural

a — without additive; b — Ni;AL,-NiAl; ¢, d — Fe,Al-FeAl; heterogeneities, thereby hindering collective recrystal-
Puc. 9. TloBepXHOCTH M3HOCA TTOPOIIKOBO# cTasu [TK40 ¢ lization and promoting the formation of a fine-grained
106aBKOIi HHTEPMETAILTHIOB U 6e3 Hee structure. In addition, because of its high affinity for

a— 6e3 nobaski; b — Ni,AL-NiAl; ¢, d — Fe,Al—FeAl, metalloids, sodium interacted with impurities. Sulfur,
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phosphorus, and silicon were detected at sodium-rich
sites. This promoted the removal of impurity segre-
gations from grain boundaries, thereby strengthening
intergranular cohesion and increasing the strength
of powder steels by a factor of 1.4—1.5.

The mechanical and tribological properties
of iron-based pseudalloys were improved not only
by modifying the skeleton composition but also by
alloying the infiltrant with Sn, Ni, Cr, or Pb, as well
as by introducing Al,O, particles with a dispersion
0f 400-700 nm [26].

All developed pseudalloy compositions and pro-
cessing modes for producing friction unit components
have been patented.

Conclusion

The processing modes for iron-based pseudoalloys
and the methods for improving their mechanical and
tribological performance, developed at the O.V. Roman
Powder Metallurgy Institute (Minsk, Belarus), pro-
vided the property levels required for reliable operation
in heavily loaded friction units. A computational model
of parametrically non-stationary high-temperature
infiltration was proposed, which accounted for struc-
tural changes and property variations of the interacting
phases. This model enabled calculation of pore-filling
times and optimization of infiltration parameters,
including the use of extended isothermal holding.

It was shown that the copper phase plays a key role
in structure formation within the steel skeleton of pseu-
doalloys during isothermal holding, heat treatment, and
thermomechanical treatment. After isothermal holding,
the carbon content near the copper phase was 0.2-0.4 %
lower than in the central regions of the skeleton.
Following quenching and high-temperature tempering,
a carbon-enriched layer formed at the Fe—Cu interface.

A comprehensive set of approaches was developed
to enhance the mechanical and tribological properties
of iron-based pseudalloys, and the mechanisms respon-
sible for these improvements were identified. Increases
in strength, hardness, impact toughness, seizure pres-
sure, wear resistance, and P} parameter, along with
a reduction in the friction coefficient, were achieved
through the following measures:

—hot die forging at the optimum temperature
(850-900 °C);

—extended tempering (550-650 °C) after quen-
ching;

—HTMT at 700 °C with strain & =45-65% or
LTMT at 550 °C with € = 45 %,

— alloying of the steel skeleton with 2—4 wt. % Ni
or Cr;

—structural modification by introducing 0.2—
—1.0 wt. % ultradispersed diamond (UDD), ultradis-
persed AlL,O; (0.5+0.8 um) or ZrO, (100+200 nm),
and mechanically activated mixtures of nanosized Fe
(300+500 nm), Ni, and Zn oxides (40+70 nm);

—additions of single-phase aluminides (Ni,Al,
Ti,Al, Fe;Al), two-phase aluminides (Al;Ni—Al;Ni,,
TiAl-TiAl;, Fe,Al.~FeAl,), and composites based
on TiCrAl, NiTiAl, and FeMo/TiB,, intermetallics
obtained by SHS with mechanical activation;

— additions of CaMoO, (3+5 um) or hexagonal BN
(2-8 um);

—alloying of the infiltrant with Sn, Ni, or Cr,
and introducing 3-5 wt. % ultradispersed Al,O,
(400+700 nm).

The wear mechanism of pseudalloys with enhanced
properties was also established. During friction,
nanoscale porosity and voids form, serving as additional
lubricant reservoirs. These structural features improve
lubrication, hinder copper transfer into the contact
zone, reduce friction, and increase wear resistance.
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