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Abstract. This study examines the effect of quenching and tempering on the structure and mechanical properties of hot-deformed powder
steels containing ultrafine particles. The research analyzes the structural transformations and mechanical responses during quenching
and tempering, focusing on the relationship between heat treatment conditions and the resulting material properties. The experiments
involved variations in quenching temperature and tempering time, allowing the identification of optimal conditions for achieving
a favorable combination of strength and ductility. The findings highlight the potential to achieve a homogeneous microstructure and
high mechanical performance, making these materials suitable for high-load applications. This study underscores the significance of
tailoring heat treatment parameters to control both microstructural and mechanical characteristics, thereby broadening the industrial
applicability of powder steels.
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AHHOTaL‘Hﬂ. PaCCManI/IBaCTCSI BJIMAHUC PEIKUMOB 3aKaJIKU U OTITYCKa Ha CTPYKTYPY U MCXaHHUYCCKHUC CBOMCTBA ropﬂqez{e(bopMHpo-
BaHHBIX IMOPOMIKOBBIX CTaJ'IefI, coAcpiKalux YJIbTpaAuCIEPCHBIC YaCTHUIBI. HCCJ’ICZ[OB&HI/IC OCHOBAHO Ha aHaJIU3€ TCPMHUYCCKUX
1 MEXaHUYCCKUX IPOLCCCOB, MPOTCKAIOUIUX ITPU 3aKaJIKEC U OTILYCKE, a TAKIKEC HUX CBS3U C XapaKTEPOM CTPYKTYPHBIX I/I3MCHCHPII>1,
MIPOUCXOAAIIUX B MaTrepualie. BKCHepHMeHTLI BKJIIOHAJIM Bapyualuyd TEMIIEpATyphbl 3aKaJIKW U BPEMCEHU OTIIYCKa, YTO I[1O3BOJIMIIO
BbISABUTH OINITUMAJIbHBIC PEKUMBI JI JOCTUIKCHUS HAUITYUIINX MEXaHUYCCKUX XapPAKTCPUCTUK — TAKUX, KaK IPOYHOCTDb U IJIaCTUY-
HOCTb. HOJ'Iy‘IeHHLIe PE3YAbTAThl YKa3bIBAIOT Ha BO3MOXKHOCTH JOCTHIKCHUSL BBICOKOU IMIPOYHOCTH, YTO ACJACT 3TU MaTcpualibl
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Introduction

The properties of powder steels can be improved by
complicating their composition and by applying ther-
mal and thermochemical treatments. However, these
methods of enhancing the properties of powder steels
are characterized by certain challenges, primarily
due to residual porosity and chemical and structural
heterogeneity [1].

The influence of the structure of powder steels on
the thermodynamics of new phase nucleation and trans-
formation kinetics can be controlled through manu-
facturing technology. The formation of hot-deformed
powder steels (HDPS) with minimal residual porosity
aligns their critical points more closely with those
of compact materials. The quenching temperature for
powder steels is primarily determined by the critical
points A, (the temperature at which austenite begins
to transform into pearlite or another phase during cool-
ing and where ferrite starts transforming into austenite
during heating) and A ; (the temperature at which fer-
rite begins to transform into austenite during heating —
a key process for achieving the required steel proper-
ties), as well as the carbon content. HDPS are inhe-
rently fine-grained. Alloying with non-carbide-forming
elements does not affect the tendency of austenite
grains to grow at heating temperatures up to 1100 °C.
This feature expands the temperature range for quen-
ching; for HDPS with 0.5 % carbon content, this range
is 825-845 °C [2-5].

The aim of this study is to investigate the quen-
ching and tempering regimes to determine the optimal
mechanical properties of hot-deformed powder steels
containing ultrafine particles.

Materials and methods

The study utilized domestic powders of grades
PZhRV 2.200.26 (TU 14-1-5365-98, water-atomized and
reduced iron powder) and N4D2M (TU 14-5402-2002,
alloyed powder) produced by Severstal PJSC
(Cherepovets, Russia) [4; 5]. Ultrafine additives of sili-
con nitride (Si;N,) and nickel oxide (NiO) produced
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by Plazmoterm (Moscow, Russia) [6] were added
to the charge.

Before use, the powders were analyzed using
the Analysette 22 MicroTecplus universal laser parti-
cle size analyzer (Fritsch, Germany) and the Beckman
Coulter AU480 submicron particle analyzer (USA).
The charge was prepared using an RT-NMOS5S twin-
cone mixer (Taiwan) and an Assonic SPC ultrasonic
station (China) for sieving and mixing powders with
ultrafine particles. Static cold pressing was per-
formed on a TS0500-6 hydraulic press (China) with
a maximum load capacity of 50 tons using labora-
tory dies. Homogenizing sintering was carried out
in the heat treatment laboratory of the “Materials
Science and Metal Technology” department of DSTU
in an SNOL 6.7/1300 muffle electric furnace (AB
UMEGA, Lithuania) at temperatures ranging from
900 °C to 1150 °C in a protective gas atmosphere
of dissociated ammonia. The sintering time ranged
from 15 to 180 min. Subsequent heat treatment
of the hot-deformed powder steels was conducted
in the same furnaces.

Dynamic hot pressing (DHP) of the billets was per-
formed on a K2232 crank press (Russia) with single-
action operation. Before the DHP operation, powder
billets were heated in a muffle electric resistance fur-
nace (950-1150 °C) in a dissociated ammonia atmo-
sphere. The furnace temperature was monitored using
a platinum-palladium thermocouple [7].

Tensile tests were conducted in accordance with
GOST 18227-85 using an MGS-V15 servo-hydraulic
floor testing machine in automatic mode with a per-
sonal computer. Fig. 1 shows the diagram of the sam-
ple subjected to testing.

The hardness of the samples was measured using
a Rockwell hardness tester (TK-2M, Tochmashpribor,
Ivanovo, Russia) with diamond cone indentation under
a total load of 1471 N.

The samples of PZhRV 2.200.26 + 0.5 % C and
N4D2M + 0.5 % C were subjected to quenching fol-
lowed by tempering after hot re-pressing at = 1150 °C,
with the addition of ultrafine particles (2 % NiO,
0.1 % Si,N,) to each material. Cooling was performed


https://powder.misis.ru/index.php/jour/search/?subject=термическая обработка
https://powder.misis.ru/index.php/jour/search/?subject=порошковые стали
https://powder.misis.ru/index.php/jour/search/?subject=ультрадисперсные частицы
https://powder.misis.ru/index.php/jour/search/?subject=механические свойства

POWDER METALLURGY AND FUNCTIONAL COATINGS. 2025;19(1):15-22
Egorov M.S., Egorova R.V., and etc. Effect of quenching and tempering on the structure ...

Pon e Fe
S )
S 3
A <) i "
) e N
{ i R T B
| |
90+ 0.5

Fig. 1. Technical drawing of the sample for tensile testing

Puc. 1. UepTex o0pasia Juist HCTIBITAHKS HA PACTSKCHHE

in water and oil, with cooling rates at the temperature
of minimum austenite stability being 600-500 °C/s
(in water) and 150-100 °C/s (in oil), respectively. The
chemical composition of the studied powders, the char-
acteristics of the ultrafine particles, and the technology
for producing sintered samples are described in detail
in [2].

Results and discussion

Quenching of hot-deformed powder steels (HDPS)
makes it possible to obtain a homogeneous martensitic
structure with high hardness (HV = 7.5 GPa). This is
due to the low porosity and favorable structure formed
during hot pressing.

Fig. 2 shows the microstructure of HDPS based
on PZhRV 2.200.26 powder containing 0.5 % C +
+ 2 % NiO. The martensitic structure is clearly defined,
with a small number of pores up to 3 um in size. This
quenched steel structure does not contain ferrite or
retained austenite, confirming that the quenching
process was conducted correctly [8; 9]. The hardness
of the quenched HDPS at a quenching temperature
of 835 °C is presented in Table 1.

Modification of steels with silicon nitride
increases hardness after quenching. The final forma-
tion of the structure and properties of HDPS occurs
during tempering. The effect of tempering temperature
on the mechanical properties of HDPS is presented in
Table 2.

For all the studied materials, a similar trend in prop-
erty changes is observed: as the tempering tempera-
ture increases, the ultimate strength (o ) and hardness
(HRC) of the steels decrease, while the ductility para-
meter (V) increases, reaching its maximum ¢ = 550 °C.
At this temperature, the overall set of mechanical pro-
perties is superior to those of the initial and annealed
steels [7-9].

The microstructures of quenched and tempered
HDPS N4D2M + 0.5 % C +2 % NiO are shown in
Fig. 3.

Fig. 2. Martensite of hot-deformed powder steel of PZhRV grade 2.200.26 + 0.5 % C + 2 % NiO

Pore size: 1-3 pm

Puc. 2. MapreHcut ropstaeiepopMHpOBaHHO# 1OpomikoBoii cranu Mapku IIDKPB 2.200.26 + 0,5 % C + 2 % NiO

Pasmep mop: 1-3 MM

Table 1. Hardness (HRC) of quenched HDPS
Ta6bnunya 1. Teepaocts (HRC) 3akanennsix [AIIC

Powder steel
PZhRV 2.200.26 PZhRV 2.200.26 PZhRV 2.200.26 N4D2M | N4D2M + 0.5 % C | N4D2M + 0.5 % C
+0.5%C +0.5%C+2%NiO | +0.5%C+0.1%Si,N, | +0.5%C + 2 % NiO +0.1 % Si;N,
Cooling medium
Water Oil
50-52 50-52 54 49-51 49-51 55
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Table 2. Dependence of mechanical properties of HDPS on tempering temperature

Ta6nmya 2. 3aBucumoctb Mexanudeckux cpoiicts I'JIIIC ot TemnepaTypbl 0TIIyCKa

HDPS composition ter;lrgggflﬁz,g" C 6., MPa v, % HRC
250 1180 18 45
PZARY 220026 + 05 % C 0. 2| @
550 760 35 33
250 1230 18 47
PZhRV 2.200.26 + 0.5 % C + 0.1 % Si;N, 43128 Zgg ;2) 2(5)
550 780 35 35
250 1190 19 45
PZhRV 2.200.26 + 0.5 % C + 2 % NiO 4312?) 2431(5) ;g ;%
550 765 35 33
250 1420 16 46
N4D2M + 0.5 % C po oo gl IO
550 1070 32 34
250 1450 17 48
NAD2M 0.5 C + 0.1 % SN, [0 ks
550 1090 34 35
250 1430 16 46
N4D2M + 0.5 % C + 2 % NiO 4312?) }%(7)8 gg ;‘3
550 1080 32 32

Fig. 3. Microstructure of H4D2M + 0.5 % C + 2 % NiO after quenching and tempering at different temperatures
t, °C: 250 (a); 350 (b); 450 (c); 550 (d)

Puc. 3. Mukpoctpykrypa H4II2M + 0,5 % C + 2 % NiO nociie 3aKaJiki 1 OTITYCKa TPH PA3INdHOM TeMIeparype
£, °C: 250 (a); 350 (b); 450 (c); 550 (d)
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Fig. 4. Results of micro-X-ray spectral analysis of powder steel H4D2M + 0.5 % C + 2 % NiO
after heat treatment (quenching and tempering)

Puc. 4. Pe3yabTaTsl MUKPOPEHTI€HOCHIEKTPAIbHOTO aHAIN3a IIOPOLIKOBO CTaIH
H4J12M + 0,5 % C + 2 % NiO nocne npoBeeHUs TepMUUECKOi 00pabOTKH (3aKanka 1 OTITyCK)

Thus, quenching and tempering allow for achie-
ving the desired structure of HDPS [9-11]. The level
of mechanical properties of HDPS depends on the qua-
lity of interparticle bonding formed during the sintering
and hot re-pressing stages. If this bonding is incomp-
lete, it is not possible to improve mechanical properties
through strengthening heat treatment [11; 12].

To monitor the chemical composition of the pow-
der steels obtained after heat treatment (quenching
and tempering), a micro X-ray spectral analysis was
performed using a scanning electron microscope

(S-3400N, Hitachi, Japan) [12; 13]. The results are
presented in Fig. 4.

The presence of all alloying elements in the powder
steel after heat treatment was verified through micro-X-
ray spectral analysis [7; 10; 12].

Fractographic analysis using the S-3400N scan-
ning electron microscope highlighted the characteristic
features of HDPS fractures following heat treatment
(quenching and tempering). The fracture surfaces
of the quenched and tempered HDPS samples are pre-
sented in Fig. 5.

Fig. 5. Fractographs of powder steels with ultrafine particles after tempering
t, °C: 250 (a, c); 550 (b, d)
a,b—H4D2M + 0.5 % C + 2 % NiO; ¢, d — PZHRV 2.200.26 + 0.5 % C + 2 % NiO

Puc. 5. ®pakrorpaMMbl H37I0MOB MOPOIIKOBBIX CTANICH € YJIBTPAJAUCIEPCHBIMU YACTUIIAMH MOCIIE OTITYCKa

t, °C: 250 (a, 6); 550 (0, 2)
a,b—H4J12M + 0,5 % C + 2 % NiO; ¢, d — TIDKPB 2.200.26 + 0,5 % C + 2 % NiO
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An analysis of the fractographs revealed that
the dominant features on the fracture surfaces of HDPS
tempered at #=250 °C are intergranular and trans-
granular cleavages, appearing at different levels and
distinguished by varying sizes of the crack propagation
zones [14-16]. In Fig. 5, a and ¢ steps on large clea-
vage elements are clearly visible, giving the structure
a river-like pattern — a characteristic feature of inter-
granular fracture. On smaller facets, smooth surfaces
formed by crack propagation along crystallographic
planes are observed, which are typical of transgranular
cleavage [17-20]. Discontinuities in both intergranu-
lar and transgranular cleavage zones make it difficult
to identify the preferred site of crack initiation. This
observation indirectly suggests a balance of interatomic
bonding forces within grains and along grain bounda-
ries, indicating the successful formation of intragranu-
lar bonding during HDPS production [2; 12].

Conclusion

The study examined the effects of quenching and
tempering on the structure and properties of HDPS with
ultrafine particles. Maximum hardness at a quenching
temperature of 835 °C was observed in steels with com-
positions ~ PZhRV 2.200.26 + 0.5 % C + 0.1 % Si;N,
(HRC=54) and N4D2M +0.5 % C +0.1 % Si;N,
(HRC =55). Modifying steels with silicon nitride
improved hardness after quenching. For these steels,
maximum ultimate strength values were recorded
at a tempering temperature of 250 °C: ¢ = 1230 MPa
(PZhRV 2.200.26 + 0.5 % C + 0.1 % Si,N,) and
c,= 1450 MPa  (N4D2M + 0.5 % C + 0.1 % Si;N,).
At 550 °C, these steels exhibited maximum ductility
indicators: y =35% (PZhRV 2.200.26 + 0.5 % C +
+0.1 % Si;N,) and y=34% (N4D2M + 0.5 % C +
+0.1 % Si;N,). The addition of 0.1 % Si,N,
increased ultimate strength at 250 °C by 50 MPa
for PZhRV 2.200.26 + 0.5 % C and by 30 MPa for
N4D2M + 0.5 % C. Adding 2 % NiO to both materials
slightly improved strength properties (by 10—15 MPa).

For HDPS tempered at 550 °C, the fracture sur-
faces predominantly displayed a dimpled morphology,
with individual dimples ranging in diameter from 8
to 20 um. The clear resolution of dimple depths and
ridge heights indicates the material’s high capacity
for microplastic deformation at the crack propagation
site [19; 20].

This study demonstrates that strengthening heat
treatment is a key tool for enhancing the mechanical
properties of hot-deformed powder steels. By carefully
adjusting quenching and tempering conditions, it is pos-
sible to improve the material’s strength, ductility, and
hardness. Managing mechanical properties depends
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on the effective formation of intragranular bonding
during production, which optimizes the microstructure
and significantly enhances the performance of the final
product. The combination of heat treatment and bon-
ding control offers a promising pathway for advancing
the quality and functionality of powder steels. These
findings open new opportunities for developing mate-
rials with tailored properties, which are essential for
modern mechanical engineering and other high-tech
industries [10; 12].
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