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Introduction. The problem of creating new sintered materials is now in the center of attention of the entire domestic 

community in the field of powder metallurgy. Today, when creating a new class of structural materials, first of all, it is 

worth paying attention to their strength properties. The article considers technological features in the formation of high-

quality interparticle splicing of dispersion-strengthened materials. High-quality splicing is primarily determined by the 

mechanical properties of the alloys, which show the degree of its completeness during sintering. Depending on the 

density of the materials, the sintering temperature and the percentage of carbon that is introduced into the charge, the 

mechanical properties of the material also change. The determination of these properties is the main task of the 

research. 

Problem Statement. To determine the strength and plastic characteristics of the materials under consideration, it is 

necessary to analyze how these characteristics are affected by free carbon introduced into the charge. Determination of 

mechanical properties will allow us to recommend an alloy with the best characteristics for further research. 

Theoretical Part. As a theoretical description, the processes of sintering of dispersion-strengthened alloys, carbon 

homogenization, and the effect of compaction density and pressure on the mechanical properties of alloys are given. 

Conclusions. The obtained mechanical properties show that the addition of 0.8% carbon is sufficient to achieve high 

strength characteristics. However, the addition of carbon by 20-30% reduces the plastic characteristics of the alloys. The 

results obtained in this work will help to recommend the material for the manufacture of products with high 

performance properties. 
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Introduction. Among the list of powder materials, iron-based and steel-based alloys have the greatest use. 

When creating new structural materials, along with the requirements of improving quality, reliability and operational 

durability, the task of saving and replacing expensive and scarce alloying elements with less scarce and low-cost ones is 

put forward. This fact has served as an incentive for a new round of development of domestic metallurgy in the field of 

obtaining materials with specified properties, the development of methods for assessing their properties. Currently,  
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there are a large number of nanoscale additives having different properties, and the same additive can be obtained by 

different methods and have different properties, shape and dimensions. Also of particular interest is the search for an 

answer to the question of how the introduction of nanoscale particles will affect the structure formation of alloys during 

various types of molding or deformation. The fundamental processes of the formation of hot-deformed alloys are the 

structure formation of the material and the creation of qualitative bonds between the powder particles.  

The aim of the work is to determine the dependence of the pre-sintering parameters on the formation of the 

structure and properties of high-density dispersion-strengthened hydra metals. It is necessary to do this for the 

possibility of further effective use of heat treatment in order to improve the mechanical and operational properties of 

such alloys.  

Problem Statement. To determine the strength and plastic characteristics of sintered materials, it is necessary 

to analyze how the free carbon introduced into the charge affects them. Knowledge of these mechanical properties will 

allow the authors to recommend an alloy with the best characteristics for further research.  

Theoretical Part. Sintering plays a major role in the formation of a complex of physical and mechanical 

properties of complex alloyed powder steels. In dispersion-strengthened alloys, during their sintering, a structure is 

formed that differs significantly from the structure of cast and forged materials. Sintered compacts are primarily porous 

products in which the number of pores can vary from 0.5–2 to 80-90%. Thus, for powder materials and alloys, porosity 

acts as a structural component. The shape of the pores, their size, morphology and volume content are determined by 

the physicochemical, mechanical and other properties of the products, as well as the scope of their application. When 

sintering, a special role is played by carbon, which is added to the composition of the charge in various ways. The 

percentage of carbon is selected based on what properties the products will have to have after the sintering. In our case, 

the amount of carbon was taken as a percentage of the total volume of the material and was 0.5 and 0.8%, 

respectively [1-3]. 

Sintering is quite an important operation in powder metallurgy, and the quality of the products obtained 

depends on the choice of its technological modes. It is advisable to consider two consecutive stages of the sintering 

process at once: the formation and growth of interparticle contacts (the initial, early stage of the process), as well as an 

increase in the density of the sintered body due to a decrease in the number and volume of pores (intermediate and late 

stages). In real conditions, both of these processes cannot be completely separated; they are intertwined and proceed 

mostly in parallel [2-6].  

Since the homogenization process does not have time to fully occur during the sintering of steels obtained from 

the charge of components, this should entail the formation of an inhomogeneous structure. The presence of such a 

structure, along with porosity, makes the system non-equilibrium, which should have a specific effect on the nature of 

the processes occurring during heating and cooling of powder steels. The determining technological parameters of 

sintering of compacts are the temperature regime, the duration of sintering, the parameters of pretreatment of material 

particles by pressure, etc. In addition, it is necessary to take into account certain features inherent in the sintering 

processes of single-component and multicomponent materials. When sintering single-component materials, diffusion 

processes contribute to the compaction of bodies in most cases, and in multicomponent systems, a deceleration of the 

compaction process and even expansion of the sintered volume may occur due to uneven diffusion. A decrease in the 

free energy of a multicomponent system during sintering can occur not only as a result of a decrease in the surface and 

the number of pores, recrystallization and a reduction in the density of defects in the crystal structure, but also due to the 

formation of alloys. At the same time, the use of low-oxidized and finely dispersed alloy particles, the high sintering 

temperature before pressing and the maximum possible compaction of the compacts by pressure contribute to the 

process of alloy formation [7-10]. 
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Analyzing the factors affecting the sintering process and, accordingly, the quality of the materials and products 

obtained from them, it is impossible not to take into account such an important parameter as the time factor.  

The structure of powder steels affects not only the temperature, but also the kinetics of austenization. In 

conditions of high-speed heating, not only the temperature of the beginning of transformation decreases, but also the 

incubation period decreases, the temperature and time intervals of transformation increase. With an increase in porosity, 

the content of non-metallic inclusions, and an increase in the defectiveness of powder particles, these features of the 

austenization process are enhanced.  

In order to obtain high-quality interparticle splicing, which characterizes high mechanical properties, it is 

necessary to achieve complete dissolution of carbon in the alloy charge.  

In this work, modern powder mixtures of grades PL-N4D2M and PZHRV 2.200.26 produced by Severstal AO 

(Cherepovets) were used (Fig. 1). 

    
          а)            b) 

Fig. 1. X-ray diffraction analysis of alloy particles: a) PL-N4D2M alloy; b) PZHRV 2.200.26 alloy 

Table 1 provides data on their chemical composition. 
Table 1 

Chemical composition of alloys 

Alloy grade 
Mass content of components, % 

Mo Ni C O Н Сu Si Mn Р S 
PZHRV 
2.200.26 – – 0.09 0.14 – – 0.014 0.087 0.012 0.005 

PL-N4D2M 
0.45–
0.55 

3.5–
4.5 0.02 0.2 – 

1.3–
1.7 – – 0.02 0.02 

 
Chemical composition of the alloys was chosen based on the composition of alloying elements and the 

assessment of the influence of these elements on mechanical properties [11–14].  
Results and Discussion. Let us consider the dependences of the mechanical properties of the PL-N4D2M 

alloy on the density of the manufactured samples and the amount of carbon introduced into the charge (Fig. 2). 
Sintering was carried out at a temperature of 1200°C for 30 minutes 0.5 and 0.8% carbon were added to the charge, 
respectively [15-18].  

 

Fig. 2. Compaction of the PL-N4D2M alloy charge depending on the compacting pressure and the amount of introduced carbon 
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The stretching samples were made with different densities (from 6.7 to 7.6 g/cm3), with different carbon 
content and sintered in a dissociated ammonia medium for 30 minutes at a temperature of T = 1200°C. Figures 3-6 
present the results of the experiments 

 

Fig. 3. Dependence of the tensile strength (straight lines 1) and yield strength (straight lines 2) on the density of samples 
during sintering at T = 1200°C for 30 minutes PL-N4D2M alloy (carbon content in the charge 0% C, 0.5% C, 0.6% C) 

The results of the experiment: the tensile strength of the pure PL-N4D2M alloy shows a value of 750 MPa at a 
density of 7.6 g/cm3, and with the addition of carbon in an amount of 0.8%, the value increases to 900 MPa.  

Next, we will determine the dependence of the hardness of the PL-H4D2M alloy on the density of the samples 
and the carbon content.  

 
Fig. 4. Dependence of HRB hardness on sample density during sintering 

at T = 1200°C for 30 minutes of PL-H4D2M alloy (0% C, 0.5% C, 0.8% C) 
 

Let us note the changes in the relative elongation of the samples at break depending on their density and the 
amount of carbon in the charge. 

 
Fig. 5. Dependence of elongation in tension on the density of samples during sintering  

at T = 1200°C for 30 minutes of the PL-N4D2M alloy (0% С, 0.5% С, 0.8% С) 
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The data presented in Fig. 5 show that this alloy has better plastic tensile characteristics than the alloys of the 
Swedish company Höganäs.  

The next step is to determine the dependence of the shrinkage of the samples on the density and the amount of 
carbon introduced into the charge.  
 

 

Fig. 6. Dependence of shrinkage on the density of samples during sintering at T = 1200°C 
for 30 minutes of the PL-N4D2M alloy (0% C, 0.5% C, 0.8% C) 

Now let us analyze the dependence of the mechanical properties of the alloy grade PZHRV 2.200.26 on the 
density of the manufactured samples and the amount of carbon introduced into the charge (Fig. 7). Sintering was carried 
out at a temperature of 1100°C for 30 minutes. 0.5 and 0.8% carbon were added to the charge, respectively.  

 
Fig. 7. Compaction of the charge of the PZHRV 2.200.26 alloy depending  

on the compacting pressure and the amount of carbon introduced 

The stretching samples were made with different densities (from 6.7 to 7.6 g/cm3), with different carbon 
content and sintered in a medium of dissociated ammonia for 30 minutes at a temperature of T = 1100°C. 

The results of the experiments are shown in Fig. 8-10. 

 

Fig. 8. Dependence of the tensile strength on the density of samples during sintering at T = 1100°C for 30 minutes of the PZHRV 
2.200.26 alloy (carbon content in the charge 0% C, 0.5% C, 0.8% C) 
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Strength characteristics of this alloy are inferior to those of the PL-N4D2M alloy. So, at a density of 7.6 g/cm3, 
the strength limit of pure PZHRV 2.200.26 alloy is only 200 MPa. 

Next, let us consider the dependence of hardness on the density of samples and the carbon content for the 
PZHRV 2.200.26 alloy.  

 
Fig. 9. Dependence of hardness of HRB on the density of samples during sintering 

at T = 1100°C for 30 minutes of the PZHRV 2.200.26 alloy (0% C, 0.5% C, 0.8% C) 

Let us consider the change in the relative elongation of samples at break depending on their density and the 
amount of carbon in the charge. 

 
Fig. 10. Dependence of the elongation at tension on the density of samples during sintering 

at T = 1100°C for 30 minutes of the PZHRV 2.200.26 alloy (0% С, 0.5% С, 0.8% С) 

The results presented in Fig. 10 show that this alloy has better plastic characteristics under tension than the 
alloy of the PL-N4D2M brand. With a carbon content of 0.8% in an alloy with a density of 7.6 g/cm3, the elongation 
index is 12%.  

Evaluation of the mechanical properties of alloys after sintering has showed that with an increase in the carbon 
introduced into the charge, the strength properties increase by 25-30% compared to pure alloys. An increase in density 
also strongly affects the strength and plastic properties of such materials [19-20].  

Conclusions. Experimentally, the authors determined the dependences of the strength and plastic 
characteristics of sintered alloys on the density of samples, as well as on the carbon introduced into the charge. It has 
been established that sintering for 30 minutes for pure iron alloys is the minimum time at which carbon homogenization 
occurs in a metal matrix. The sintering temperature of 1,100°C for such materials is absolutely reasonable, and an 
increase in temperature will not matter to accelerate the sintering process. The paper shows strength properties of the 
alloys under consideration depending on the percentage of carbon in the initial charge. For the PL-N4D2M alloy, the 
optimal sintering temperature is 1,200°C, which is 100°C higher than the sintering temperature for iron alloys. The 
results obtained show that the best strength properties are achieved by sintering the PL-H4D2M alloy +0.8% C for 30 
minutes at a temperature of 1200°C.  

 
 
 

 

 

 

 

6.6         6.8        7.0        7.2        7.4         7.6 

6.6         6.8         7.0        7.2        7.4          7.6 

Density, g/cm3 

 

 

Density, g/cm3 

 

 

100 

90 

80 

70 

60 

50 

40 

30 

18 

15 

12 

9 

6 

3 

0 

Re
la

tiv
e 

el
on

ga
tio

n,
 %

 

 

 

0% С 
0.5% С 
0.8% С 

0% С 
0.5% С 
0.8% С 



Safety of Technogenic and Natural Systems 2022. no. 2. рр. 76−83.  ISSN 2541-9129 

  

https://btps.elpub.ru 82  

References 
1. Egorov M. S., Eremeeva Zh. V., Egorova E. V. Metody polucheniya zheleznykh i stal'nykh poroshkov i 

konstruktsionnykh materialov na ikh osnove [Methods of obtaining iron and steel powders and structural materials 
based on them]. Rostov-on-Don: DSTU, 2021. 250 p. (In Russ.). 

2. Volkov G. M. Historical preconditions and prospects of nanotechnology. Nanotekhnologii: nauka i 
proizvodstvo. 2017; 2:23–31. (In Russ.). 

3. Volkogon G. M., Gavrilin O. S., Ratner A. D. Proizvodstvo metallicheskikh nanoporoshkov khimicheskimi 
sposobami [Production of metal nanopowders by chemical methods]. Nanotekhnologii i informatsionnye tekhnologii — 
tekhnologii XXI veka: mater. Mezhdunarodnoi nauchno-prakticheskoi konferentsii [Nanotechnologies and information 
technologies — technologies of the XXI century: Proc. of International Scientific and Practical Conference]. Moscow, 
2006. p. 127–129. (In Russ.). 

4. Egorov S. N., Egorov M. S. Goryachedeformirovannye poroshkovye nizkolegirovannye konstruktsionnye 
stali: monogr. [Hot-formed powder low-alloy structural steels: monogr.]. Novocherkassk: Volgodonsk branch of Platov 
South-Russian State Polytechnic University (NPI), 2008. 54 p. (In Russ.). 

5. Kablov E. N., Ospennikova O. G., Bazyleva O. A. Materials for parts of gas-turbine engines under high heat 
loads. Herald of the Bauman Moscow State Technical University. Series Mechanical Engineering. 2011;SP2:13–19. (In 
Russ.). 

6. Robert-Perron E., Blais C., Pelletier S. Tensile properties of sinter hardened powder metallurgy components 
machined in their green state. Powder Metallurgy. 2009;52(1):80–83.  

7. Kondo H., Hegedus M. Current trends and challenges in the global aviation industry. Acta Metall. Slovaca. 
2020;26:141–143.  

8. Chang I., Zhao Y. Automotive Applications of Powder Metallurgy in Advanced in Powder Metallurgy. 
Woodhead Publishing Series: Cambridge, UK, 2013. p. 493–519 

9. Liberson G. A., Lopatin V. Yu., Komarnitskiy G. V. Protsessy poroshkovoi metallurgii. V 2-kh tomakh. 
T. 2. [Powder metallurgy processes. In 2 volumes. Vol. 2]. Moscow: MISiS, 2002. 320p. (In Russ.). 

10. Dorofeev V. Yu., Kochkarova Kh. S. Goryachaya shtampovka vysokokhromistogo poroshkovogo belogo 
chuguna, mikrolegirovannogo kal'tsiem [Hot stamping of high chromium powdered white cast iron, microalloyed with 
calcium]. Powder Metallurgy: Surface Engineering, New Powder Composite Materials. Welding: Proceedings of the 
10th International Symposium. Minsk: Belaruskaya navuka, 2017. p. 93–104. (In Russ.). 

11. Chagnon Fr. Effect of Ni addition route on static and dynamic properties of Fe-2Cu-1.8Ni-0.5Mo-0.65C 
and Fe-2Cu-1.8Ni-0.5Mo-0.85C PM steels. Adv. Powder Metall. Part. Mater. 2012;2:10.73–10.84. 

12. Antsiferov V. N., Perelman V. E. Mekhanika protsessov pressovaniya poroshkovykh i kompozitsionnykh 
materialov. Moscow: Graal', 2001. 631 p. (In Russ.). 

13. Schade C., Murphy T., Lawley A., Doherty R. The Influence of Silicon on the Mechanical Properties and 
Hardenability of PM Steels. Advances in Powder Metallurgy and Particulate Materials - 2013, Proceedings of the 2013 
International Conference on Powder Metallurgy and Particulate Materials, PowderMet, 2013. p. 754–772. 

14. Eremeeva Zh. V., Nikitin N. M., Korobov N. P., Ter-Vaganyants Yu. S. The study of processes of thermal 
processing of powder steels alloyed man-sized additives. Nanotekhnologii: nauka i proizvodstvo. 2016;1(38):63–74. (In 
Russ.). 

15. Lopatin V. Yu., Eremeeva Zh. V., Sharipzyanova G. Kh., Nitkin N. M. Poroshkovaya metallurgiya v 
avtomobilestroenii i drugikh otraslyakh promyshlennosti [Powder metallurgy in the automotive industry and other 
industries]. Moscow: Universtitet mashinostroeniya, 2014. 276 p. (In Russ.). 

16. Gurevich Yu. G., Antsiferov V. N., Savinykh L. M. et al. Iznosostoikie kompozitsionnye materialy [Wear-
resistant composite materials]. Ekaterinburg: UrO RAN, 2005. 215 p. (In Russ.). 

17. Skorikov R. A. Elektroimpul'snoe spekanie poroshkovoi uglerodistoi stali, uprochnennoi nanochastitsami 
[Electro-pulse sintering of powdered carbon steel reinforced with nanoparticles]. Nanotekhnologii: nauka i 
proizvodstvo. 2015;2(34):34–40. (In Russ.). 

18. Dyachkova, L. N., Dechko M. M. Vliyanie nanodispersnykh dobavok na strukturu i svoistva poroshkovoi 
uglerodistoi i vysokokhromistoi stali [Effect of nanodisperse additives on the structure and properties of powdered 
carbon and high chromium steel]. Nanotekhnologii: nauka i proizvodstvo. 2015;3(35):5–14. (In Russ.). 

19. Panov V. S., Skorikov R. A. Vliyanie nanorazmernykh legiruyushchikh dobavok na strukturu i svoistva 
poroshkovykh uglerodistykh stalei [Effect of nanoscale alloying additives on the structure and properties of powdered 
carbon steels]. Nanotekhnologii: nauka i proizvodstvo. 2015;3(35):40–45. (In Russ.). 



Safety of Technogenic and Natural Systems 2022. no. 2. рр. 76−83.  ISSN 2541-9129 

  

https://btps.elpub.ru 83  

20. Egorov M. S., Egorova R. V. Plasticity of composite materials with determination of temperature 
conditions of hot stamping excluding appearance of defects in structure of material. Blanking productions in mechanical 
engineering. 2019;2(17):66–72. (In Russ.). 
 
Received 15.04.2022 
Revised 20.05.2022 
Accepted 20.05.2022 

About the Authors: 
Egorov, Maksim S., Head, Department of Engineering and Computer Graphics, Don State Technical 

University (1, Gagarin Square, Rostov-on-Don, 344003, RF), Cand. Sci., Associate professor, ORCID, 
aquavdonsk@mail.ru 

Egorova Rimma V., Associate professor, Department of Cybersecurity, Don State Technical University 
(1, Gagarin Square, Rostov-on-Don, 344003, RF), Cand. Sci., Associate professor, ORCID, 
rimmaruminskaya@gmail.com 

Claimed contributorship 
M. S. Egorov — formulation of the basic concept, goals and objectives of the study, calculations, preparation 

of the text, formulation of the conclusions, R. V. Egorova — scientific supervision, analysis of the research results, 
revision of the text, correction of the conclusions. 
 

 


