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Abstract

Introduction. Heat treatment is a common post-processing operation applied to powder steel (PS) after deformation.
The fundamental principles of heat treatment theory, developed for solid materials, also apply to PS. However, the
specific structure of PS introduces quantitative and qualitative differences in the kinetics of heat treatment processes.
Therefore, it is important to understand the effect of heat treatment on the structure and properties of PS when
developing new materials. The aim of this study is to investigate phase transformations in sintered powder steels during
cooling and to determine their mechanical properties after heat treatment.

Materials and Methods. The study used domestic powders of brands PZHRV 2.200.28 (TU 14-1-5365-98)
and PL-N4D2M (TU 14-5402-2002) produced by PJSC Severstal (Cherepovets). During the mixing process, ultrafine
additives of silicon nitride (Si3N4) and nickel oxide (NiO) manufactured by Plasnotherm (Moscow) were added to the
charge. Before use, the powders were tested on a universal laser particle size measuring device (FRITSCH
ANALYSETTE 22 MicroTec plus) and a submicron particle analyzer (Beckman COULTER No. 5). To prepare the
charge, we used a two-cone mixer RT-NMOSS (Taiwan) and an ultrasonic station for sieving and mixing powders with
ultrafine particles Assonic SPC (China). Static cold pressing was carried out in laboratory molds on a hydraulic press
model TS0500-6 (China) with a maximum force of 50 tons. Homogenizing sintering was performed in the laboratory of
heat treatment at the Department of Materials Science and Technology of Metals at Don State Technical University in a
muffle electric furnace model 6.7/1300 in the temperature range of 900-1150°C, in a protective gas
environment — dissociated ammonia. Sintering time was 15-180 minutes. Heat treatment of sintered powder steels was
also performed in these furnaces. Quenching of sintered samples was carried out at a temperature of 800°C. The initial
porosity of sintered samples was 10.15.25%. Sintered samples were cooled at a temperature between 100 and 300°C.
Tensile testing was conducted in accordance with GOST 18227-851, using a floor-mounted servohydraulic tensile testing
machine MGS-V15 in an automatic mode, with the help of a personal computer. Hardness was measured using a Rockwell
hardness tester TK-2M with a diamond cone indenter under a total load of 1471 N.

Results. The study conducted allowed us to identify the patterns of phase transformation in powder-sintered steels with ultra-fine
particles during cooling after quenching. We experimentally determined the values of critical cooling points for powder-sintered
eutectic steels at cooling rates of 60-400°C per minute. Additionally, we determined the mechanical properties of sintered
powder steels with ultrafine particles depending on the temperature range of transformations

Discussion and Conclusion. The research has allowed us to establish the effect of ultrafine particles on the temperature
of the critical points of sintered eutectoid PS, to construct diagrams of isothermal transformation of austenite, as well as
to determine the mechanical properties of powder-sintered steels containing ultrafine particles. The analysis of the
results obtained from the research has shown a multifaceted impact of nickel oxide and silicon nitride particles on phase
transformations in powder-sintered steel.

© Egorov MS, Egorova RV, Lopatin VYu, 2024

! GOST 18227-85 (ISO 2740-86). Powder materials. Tensile test method. URL: https://docs.cntd.ru/document/1200010599 (accessed: 12.04.2024).
(In Russ.)
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AHHOTANNSA

Bgeoenue. Tepmuueckast 00paboTKa sIBIsIeTCsl HanOoJIee PacIpoCTpaHeHHO# nocieneopMaloHHOM orepaliei, IprumMe-
HsieMoit K mopomkoBbiM ctaitsiM (I1C). IIpuHIMNHMaIbHbIE TONOXKEHHS TEOPHH ATOTO TIpoliecca, pa3padoTaHHbIE Il KOM-
HAKTHBIX MaTepHAJIOB, CIIPaBeIMBEI U 1 paccMarpuBaeMbix [1C. OnHako crenupuka CTPyKTYpPhl IOCISIHAX BHOCUT
KOJIMYECTBEHHBIC M KAUECTBEHHbIE U3MEHEHUs B KHHETUKY NPOLIECCOB, IPOUCXOIAIINX P Pa3IHYHbIX BUIAX TePMHUUE-
ckoii 00paboTku. ITosToMy mpH pa3pabOTKe HOBBIX MaTEpHaIOB HEOOXOAWMO YACIATH OOJBIIOC BHUMAHWC BIIMSHHUIO
TEpMUYECKOH 00pabOTKH HA MX CTPYKTYpY M CBOWCTBA. B CBS3M C 3THM IIENBI0 JAHHOTO MCCIICIOBAHNS SIBIISIETCSA aHAIN3
(ha30BBIX NMPEBPAIICHAN B OPOIIKOBBIX CHEYEHHBIX CTAIIX MPH OXJIKACHUH U ONIPEACIICHNE X MEXaHUUECKNX CBOHCTB.

Mamepuanst u memoowi. B pabote mcnonp30Bans! oredectBeHHbIe oponikn Mapok [DKPB 2.200.28 (TY 14-1-5365-98) u
[JI-H4J12M (TY 14-5402-2002) npomnssoxcta [TAO «Ceepcramsy (r. Uepenosen). [Ipu cMemmBanuy B muxTy 100aBis-
JIMCh yIbTpaAucCIepcHbIe 100aBkH HUTpHAa KpeMHus (SisN4 1 oxcrna Hukesnst (NiO) npousBoacTa kommannn «IlnazHo-
Tepm» (T. Mockaa). [lepen ucnonp3oBaHreM MOPOIIKH ITPOXOJMIN KOHTPOJIb HA YHUBEPCATLHOM J1a3epHOM IPHOOpEe U3Me-
penust pazmepa wactun (Mopens FRITSCH ANALYSETTE 22 MicroTec plus) u ananuzatope CyOMHKPOHHBIX YacTHIL
(Beckman COULTER Ne 5). JIns npuroToBJieHMsI IIMXThI HCIOJIB30BANIUCH ABYXKOHYCHBIH cMmecutenab Mapku RT-
NMOSS (TaiiBanb) 1 yabTpa3ByKOBasi CTaHIIMS JJIsI IPOCEUBAHMS M CMEIIMBAHUS TIOPOIITKA C YIILTPAIUCTIEPCHBIMH YaCTHIIA-
Mmu Assonic SPC (Kuraif). CTaTnueckoe X0JI0JHOE MPECCOBAHKE MPOBOIMIOCH B JTA00PATOPHBIX Mpecc-popMax Ha THIpaB-
mrgeckoM nipecce Mozenu TS0500-6 (Kurait) ¢ makcumansHbM yermmeM B 50 ToHH. ['oMoreHm3mpyromiee Criekanue mpoBe-
JICHO B JTaOOpaTOpHH TepMUIecKoi 00paboTku kadeapsl «MatepranoBeieHiue u TexXHoIorun Metawios»y A TY B mydens-
HoM Arektporeun mogermu SNOL 6,7/1300 B auamazone Temnepatyp 900—1150 °C B cpene 3ammTHOTO ra3a — AUCCOLUUPO-
BaHHOTO amMmuaka. Bpems criekanus — 15—180 MuHyT. B Takux e meyax mpoM3BOIIIACE M TepMIdecKas oOpaboTka crie-
YEHHBIX ITOPOIIKOBBIX CTajiell. 3akajka OCYIIECTBIUIACh Ha CHEUeHHBIX oOpasiax mpu Temmeparype 800 °C. McxomHas
MOPUCTOCT ~ CHEYEHHBIX o00pasuoB cocrapmuia 10,1525 %. Ortnyck  criedeHHBIX  00pasmoB  MPOXOMWI  TIpH
temmnepatype 100-300 °C. UcnbiTanus Ha pacTshbkeHre TpoBoAWIKCH B cooTBeTcTBUM ¢ [OCT 1822785 ¢ ucnonb3oBaHHEM
CEpPBOTHPABIMIECCKON HAIMOIBHOH pa3pbiBHOM MammHbsl MI'C-B 15 B aBTOMaTnyeckoM peXxiuMe ¢ TIOMOIIBIO TIEPCOHATBEHO-
TO KoMTboTepa. JI7s m3MepeHust TBEpIOCTH HCTofb3oBasics TBepaoMep Poksemna TK-2M ¢ MHAEHTHPOBAHHBIM ajIMa3HBIM
KOHyCOM IIpu o01eit Harpyske 1471 H.

Pezynomamut uccnedoganus. B pabote BBITOIHEHB! UCCIEAOBAHUS, KOTOPHIE TIO3BOIMIN ONPENEIUTh 3aKOHOMEPHO-
cTr (a30BBIX MPEBPAIIECHUN B MOPOIIKOBBIX CIIEYEHHBIX CTANAX C yIbTPAJUCICPCHBIMU YaCTHUIIAMH MPU OXJIAXKICHUU
MOCJIE ONEpAIVH 3aKAIKU. DKCIEPUMEHTAIBHO ONpEAETICHbl 3HAUYCHH KPUTHUYECKUX TOYEK OXJIAKICHUS AN CIIEUYEH-
HBIX MTOPOIIKOBBIX CTajel 3BTEKTOMIHOTO cocTaBa Juisi ckopocteil oxmaxaenus 60—400 °C/muH. OnpeneneHsl Takxke
MEXAaHUYECKHE CBOICTBA CIIEUEHHBIX MOPOLIKOBBIX CTalEH € yIbTPaJUCIEPCHBIMU YAaCTHLAMH B 3aBUCHMOCTU OT TEM-
NepaTypHOro UHTEpBaja MpeBpalleHHH.

Obcyrcoenue u 3axniouenue. ViccnenoBanus MO3BOIMIN YCTAHOBUTH BIUSIHUE YIbTPAJUCIIEPCHBIX YAaCTHIl Ha TeMIIe-
patypy KpUTHUECKuX Touek creueHHbBIX [IC 3BTEKTOMIHOTO COCTaBa, MOCTPOUTH TUATPAMMBI H30TEPMHUECKOTO Ipe-
BpAIllCHUs ayCTEHHUTA, a TaKKe ONPEAEINTh MEXaHMUECKHE CBONCTBA CIIEYEHHBIX IMOPOIIKOBBIX CTaJeH C YJIbTpaIHC-
HNEepCHBIMU YaCTHIIAaMU. AHAJIN3 MOJYYSHHBIX Pe3yJIbTaTOB MCCIEIOBAaHUII MOKa3ad pPa3HOHAIIPABICHHOE BIMSHUE 4Ya-
CTHI] OKCHJIa HUKEISI 1 HUTPUA KPEMHUS Ha (pa30BbIe MPEBPAILEHHS B TOPOIIKOBBIX CIIEYEHHBIX CTAJISX.
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Kﬂlﬂ‘leBBle CJI0BaA: CIICUCHHBIC MMOPOMIKOBLIC CTAJIN, YJIbBTPAAUCIICPCHBIC YaCTUIIbl, KDUTUYECKUC TOYKU OXJIAXKICHUA,
M30TEPMHUYECKOE MTPEeBpallieHHe, MEXaHMYECKUE CBOWCTBA

baarogapHoctn. 3a THOMOIIE B MOIYYEHHH U OOCYXIECHHM pPE3YNbTaTOB MCCIENAOBAHUS aBTOPBI BBIPAKAIOT
HCKPEHHIOK MpPU3HATENbHOCTh coTpyaHukaM kadenpsl [IMudIll HUTY MUCuC u nu4HO IOUEHTY, KaHIUAATY
texandecknx Hayk B.1O. Jlomatuny, cotpymHukam kadeapsr «MaTepraloBeeHHE U TeXHOJOruH MetamioBy JITY
JNOKTOpY TEXHHYEeCKHX Hayk, mnpodeccopy B.H.IlycroBoiiTy, HIOKTOpY TEXHHYECKHX HayK, mpodeccopy
HO.M. JTomGpoBcKoMmy.

Jnst muruposanns. Eropos M.C., Eroposa P.B., Jlonatun B.O. ®a30Bbie npeBpaliieHys B HOPOIIKOBBIX CIIEUYEHHBIX CTAIAX
TIPH OXJIKACHUH. Bezonacrocms mexnozeHHbx u npupoorbix cucmem. 2024;8(3):67-77. https://doi.org/10.23947/2541-9129-
2024-8-3-67-77

Introduction. Heat treatment is understood as a set of heating, holding at high temperatures and cooling operations
in order to change the structure and workability of the material, improve the combination of its mechanical and physical
properties without changing the shape and size of the product. Heat treatment is an effective method of increasing
physical and mechanical properties and wear resistance of steel [1].

Specific features of sintered steels (porosity, heterogeneity of structure, high oxidation capacity, etc.) make it
difficult to use the technological modes of heat treatment developed for cast steels, although the main patterns of
processes occurring during heating and cooling of compact steel can be transferred to sintered materials [2].

Studies of powder materials, including heat treatment, show a significant effect of porosity, as one of the features of
their structure, on the development of phase transformations both during heating and cooling [3]. The presence of pores
in powder materials and powder steels, as well as a high content of non-metallic inclusions, including those that modify
the structure and density of dislocations, facilitate the formation of nuclei of new phases. This statement is supported by
the results of thermodynamic analysis of phase transformations conducted on the basis of relevant data [4].

The aim of this work is to identify the features of the kinetics of phase transformations in powder sintered steels
with ultrafine particles during cooling, to determine their mechanical properties depending on the temperature range.
The main task of the study in this regard is to analyze the effect of porosity and cooling rate on the change in the
position of critical points Ar; and Ars, as well as the effect of ultrafine additives on the initial phase of austenite
decomposition and the mechanical properties of sintered powder steels

Materials and Methods. Powders of PZhRV 2.200.282 and N4D2M? brands by PJSC Severstal (Cherepovets) and
ultrafine particles of nickel oxide and silicon nitride from Plasmotherm were used in the work*. Table 1 presents data on
the total chemical composition.

Table 1
Chemical composition of powders
Mass content of components, %
Powder grade
Mo Ni C 0] H Cu Si Mn oP S

PZhRV

520026 - - 0.09010.140| - - 0.014 | 0.087 0.012 | 0.005
N4D2M 0.400-0.500 | 3.600—4.4000.020|0.025| - |1.300-1.700( 0.050 | 0.150 0.020 | 0.020

Technological properties of PZhRV 2.200.26 powder: bulk density was from 2.4 to 3.0 g/cm?, fluidity was no more
than 37 sec/50 g, density at P = 700 MPa was 7.0-7.05 g/cm?, strength at density of 6.5 g/cm® was more than
14 N/mm?. The analog was the powders of the Swedish company Hoéganids: AHC 100.29, NC 100.24, SC100.26,
ASC100.29. Scope of application: shock absorption group parts, transmission parts, body parts, gears, connecting rods,
couplings, bushings, etc.

According to TU 14-5402-2002, the powder of PL-N4D2M brand produced by Severstal contained 4% of nickel,
1.5% of copper and 0.5% of molybdenum. It was developed by specialists of Central Research Institute chermet named
after Baikov. It was based on the iron powder of the PZHRYV line. The final product was a partially alloyed mixture with
excellent compaction (at a compacting pressure of 600 MPa, the density values were at least 7.1 g/cm?).

2 TU 14-5365-98. Iron powder, sprayed with air. (In Russ.)
3 TU 14-5402-2002. Diffusion-doped iron powder. (In Russ.)
* Plasmotherm LLC company. Metal Nanopowders. URL: https://plasmotherm.ru/catalog/metal/item_4.html (accessed: 12.04.2024). (In Russ.)
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Figure 1 provides the morphology of the studied powders.

k>

15.0kV 10.3mm x50

>0 33400 1 3 S
a) b)
Fig. 1. Powder particles: a — PL-N4D2M; b — PZhRV 2.200.26

Figure 2 shows a SEM image of ultrafine nickel oxide particles. Table 2 shows the properties of nickel oxide
particles. The powder had a wide particle size distribution and represented individual spherical particles>.

- e
$3400 15.0kV 9.1mm x6.00k BSECOMP 11/28/2014

Fig. 2. SEM images of ultrafine NiO particles

Table 2
Main properties and characteristics of ultrafine nickel oxide powder
Production technology Plasma chemical synthesis
Powder color black
Particle size, nm 50-85
Average size of agglomerates, pm 30-80
Specific surface area, m?%/g 5-20
Content of the main component, % 99.8
Table 3 shows the characteristics of ultrafine nitride powder®.
Table 3
Characteristics of ultrafine silicon nitride powder
Parameter Value

Particle size, nm 10-30
Specific geometric surface, m%/g 50-140
Content of the main component, % 99.75

> TU 14-5402-2002 Diffusion-doped iron powder. (In Russ.)
¢1d.
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Ultrafine particles had a shape of needles (Fig. 3), formed fleecy flakes after contact with water and did not change
size after ultrasonic treatment’.

Fig. 3. Image through a scanning electron microscope of ultrafine SizN4 particles:
a — general view of the particle; b — particles at magnification 10°

Experiments. Pressing was carried out using laboratory molds and a hydraulic press model TS0500-6 (China) with
a maximum force of 30 tons. The prismatic blanks were molded in a mold shown in Figure 4. This mold consisted of
container (1), two semi-matrixes (2), punch (3), inserts (4), which were made of tool steels U8, U10A. Their hardness
after heat treatment reached 55-62 HRC. The residual porosity of the samples after pressing, depending on the applied
pressure, was 10—40%. The prismatic blanks after molding had dimensions of 9.5x54.3 mm.

Fig. 4. Diagram of the mold for cold pressing of prismatic samples

7 TU 14-5402-2002 Diffusion-doped iron powder. (In Russ.)
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Figure 5 shows a mold used for the production of tensile strength test samples.

Fig 5. Laboratory mold for the manufacture of tensile test samples according to GOST 8227-98
for cold-pressed and sintered samples

Sintering and heat treatment were carried out in the laboratory of heat treatment at the Department of Materials
Science and Technology of Metals at Don State Technical University in a chamber electric furnace with protective
atmosphere PKZ-1.0-7 (Russia) in a temperature range 900—1150 °C in a protective gas environment — dissociated
ammonia (Fig. 6). Sintering time was 15—180 minutes.

Fig. 6. Laboratory chamber electric furnace with protective atmosphere PKZ-1.0-7

Results. Let us imagine the process of phase transformations of powder sintered steels depending on their structural
state. The dependence of the location of points A, and A,; was established depending on such parameters as cooling
rate (Voxn), porosity of samples and the introduction of ultrafine particles into the steel (Fig. 7). These parameters have
different effects on the temperature ranges of phase transformations and the kinetics of austenite transformation [5]. A
higher cooling rate slowed down, and greater porosity accelerated the transformation of austenite, shifting temperature
ranges in opposite directions.

The effect of nickel oxide and silicon nitride additives was multidirectional [6]. If the first additive lowered the
temperature of critical points, then the second one increased it. Table 4 provides the values of critical points for
sintered PS of eutectoid composition for cooling rates of 60—400 °C/min. For PS based on N4D2M powder, the
temperature of critical points was lower than that of iron powder, due to a slowdown in diffusion processes in the
alloyed matrix [7].
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Ay(A;) —— Ai(As)
Tan Tan

(TArS) (TArz)

)
Cooling rate Porosity

a) b)
Fig. 7. Dependence of the position of points Ariand Ars for powder steels: 1 — clear; 2— PS + 1 % NiO, 3 — PS + 0.2 % Si3Na;

a — on cooling rate; b — on porosity

Table 4
Temperature points Ar; and Ars of powder steels

Base of the alloy Carbon content Porosity, % Point A;jtemperature, C Point Astemperature

10 695%; 693%*; 690*** 725;722; 719

0.5 20 705; 702; 698 730; 727; 720

30 712; 710; 708 737, 735; 732
PZhRYV 2.200.26 10 715 713: 710 —
0.8 20 718;713; 708 -
30 720; 716; 712 -

10 693; 690; 688 723; 720; 717

0.5 20 703; 700; 696 728; 725; 718

PZhRV 2.200.26 30 710; 708; 705 735;732; 728
+ 1% NiO 10 712;710; 708 —
0.8 20 716;711; 705 —
30 723;720; 716 -

10 700; 695; 693 730; 726; 722

0.5 20 710; 707; 702 736; 732; 726

PZhRYV 2.200.26 30 718;715; 712 740; 737; 735
+0.2% Si3Ny4 10 720; 722; 724 -
0.8 20 723; 720; 717 -
30 725;722; 718 -

10 692; 690; 687 723;719; 715

N4D2M 05 20 700; 698; 695 726; 723; 716

30 708; 705; 702 734; 730; 728
10 710; 708; 702 -
0.8 20 714; 711,706 -
30 717;712; 708 -

10 690; 686; 682 720; 717; 713

0.5 20 700; 696; 692 725;722; 716

N4D2M + 30 705; 703; 697 730; 728; 722
1% NiO 10 707; 704; 698 —
0.8 20 711; 708; 706 -
30 715;710; 706 -

10 696; 692; 688 724; 720; 718

N4D2M 0.5 20 706; 702; 698 732;728; 722

+0.2% Si3Ny4 30 714;710; 706 736; 730; 725
0.8 10 716; 714; 710 -
20 718; 720; 722 -
30 720; 722; 726 -

Note: cooling rates, °/min: *~60,; **-200,; ***-400
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Upon slow cooling, austenite decomposed into a eutectoid ferrite-cementite mixture, the dispersion of which
depended on the degree of supercooling [8]. During the incubation period, supercooled austenite remained stable, but
after that, its decay began. C-shaped curves were used to describe the decay of austenite (Fig. 8) [9].

The analysis of the diagrams of isothermal transformation of austenite of powdered steels PZhRV 2.200.26 + 0.8%C
and N4D2M + 0.8%C showed that with increasing porosity, the stability of supercooled austenite decreased, as
evidenced by the displacement of C-shaped curves to the left. The area of minimum stability of austenite moved
towards elevated temperatures. The total time of isothermal decomposition of austenite increased.

T! OC 300 T, OC 300/
700 B e e e R 700 [ p—— F
e D i
209, 0, |41
w0 | | 20% 10% (( 20% 10%
] t 7 500 \83 iz
300 SRl 300 e
100
10 100 100 10 lgt(z, s) 1007750710 10° 107 1gt(s, s)
1 10 100 1 10 100
¢, min ¢, min
a) b)

Fig. 8. Diagram of isothermal transformation of austenite samples with porosity of 10, 20, 30%: a — from steel PZhRV 2.200.26 +
0.8% C; b — from steel N4AD2M + 0.8 %

When using an alloyed powder, the C-shaped curves shifted to the left and to the region of lower temperatures, which
confirmed the theoretical position about the diffusive nature of the formation of a ferrite-cementite mixture during the
decomposition of austenite. How did ultrafine additives (0.2 % SizN4 and 1 % NiO) affect the decomposition of austenite? To
determine this, experiments were conducted in the field of minimal austenite stability. The results are shown in Figure 9. The
solid line is steel based on PZhRV 2.200.26 powder, the dashed line is steel based on N4D2M powder.
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Fig. 9. The effect of ultrafine additives in steel based on PZhRV 2.200.26 powder (dashed markers) and in steel based on N4D2M
powder (unshaded markers) on the initial phase of austenite decomposition

The addition of silicon nitride promoted the decomposition of austenite, increasing the temperature of the minimum
stability of austenite, and shortening the incubation period [9]. This was due to the creation of areas of facilitated appearance
of ferrite and iron carbide nuclei by the inclusions of the additive. The addition of nickel oxide led to an increase in the nickel
content in the solid solution, which slowed down the diffusion processes and the decomposition of austenite.

It was shown in [10] that in the temperature range 700-600 °C austenite decomposed into lamellar perlite. At a
temperature of minimal stability, the product of austenite decomposition was troostite, and in the temperature range
from 500 to 250 °C, austenite transformation occurred with the formation of bainite.

In proeutectoid steels, the decomposition of austenite was preceded by the release of ferrite. At the same time, the
pore surface was an area of predominant release and growth of ferritic inclusions, compared with high-angle
boundaries [11]. Such a mechanism of nucleation of ferrite grains caused the absence of a Widmanstatten structure that
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reduced mechanical properties. The release of the excess ferritic component occurred in stages. First, a micro-volume
with a crystalline structure close to the equilibrium structure of ferrite was formed. Then this micro-volume was
transformed into a stable center of a new phase by diffusive changes in the chemical composition [12].

The peculiarity of the powder structure of steel, namely the presence of free pore surfaces with increased diffusion
mobility of atoms, led to the predominant nucleation of the ferritic phase on these surfaces, which was reflected in the
displacement of C-curves of austenite transformation in the diagrams. Table 5 shows the mechanical properties of
sintered PS (porosity 10%) depending on the temperature range of transformation [13].

Table 5
Mechanical properties of sintered powder steels
Steel composition Temperature range, °C Mechanical properties
6, MPa HRB 4, %
700-680 220 70 11
PZhRV 2.200.26 + 0.8% °C 650-630 260 82 13
600-550 280 88 13
700-680 222 71 11
PZhRV 2.200.26 + 0.8% °C + 1% NiO 650-630 262 83 12
600-550 281 89 12
700-680 270 85 10
PZhRV 2.200.26 + 0.8% °C + 0.2% Si3Ns4 650-630 290 90 10
600-550 310 95 9
680-660 780 80 8
N4D2M + 0.8% °C 630-600 795 83 9
570-540 800 87 10
680-660 850 92 11
N4D2M + 0.8% °C + 1% NiO 630-600 860 103 11
570-540 880 106 12
680—-660 810 102 7
N4D3M + 0.8% °C + 0.2% SizN, 630-600 860 105 8
570-540 880 108 8

Discussion and Conclusion. As a result of the studies, it was found that increasing the cooling rate reduced the
temperature range of austenite decomposition. This, in turn, led to an increase in the discreteness of the ferrite-
cementite mixture, which resulted in an increase in tensile strength and hardness [14]. The addition of nickel oxide to
the charge based on PZhRV 2.200.26 powder had a negligible effect on the mechanical properties of steel. The
beneficial effect of this additive was manifested at the sintering stage, during which the oxide was reduced and nickel
dissolved in the iron matrix. Cooling after sintering led to the formation of a pearlitic structure without
metallographically detectable dispersed hardening inclusions. Therefore, during subsequent heat treatment based on
austenite-pearlite transformation, there was no hardening effect from additional inclusions. When using N4D2M
powder, the effect of the nickel oxide additive introduced into the charge was more noticeable. This circumstance was
explained by the concentration of nickel in the ferritic component up to 5% and an increase in the efficiency of ferrite
hardening with an increase in the nickel content in solid solution [15]. Unlike nickel oxide, silicon nitride particles that
were added to the charge remained as inclusions in the steel's structure, contributing to the formation of new phase
nucleation during austenite decomposition. This contributed to increased tensile strength and hardness through the
effect of dispersion hardening [16]. The analysis of diagrams of isothermal transformations of austenite of powdered
steels PZhRV 2.200.26 + 0.8%C and N4D2M + 0.8% with a porosity of 10, 20, 30% was carried out. When using an
alloyed powder, the C-shaped curves shifted to the left and to the region of lower temperatures, which confirmed the
theoretical position about the diffusive nature of the formation of a ferrite-cementite mixture during the decomposition
of austenite. The dependencies of the mechanical properties of sintered powder steels with ultrafine particles on the
temperature range of transformations were determined.
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