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Abstract
Introduction. The technology for producing hot-formed powder steel is one of the most energy-intensive in powder

metallurgy, which includes a large number of operations. The study of the influence of technological modes on the final
properties of the part is an urgent task. Developed by the scientific team under the leadership of Yu.G. Dorofeev at the
end of the XX century, the technology of manufacturing hot-formed powder steels is currently one of the main ones in
the production of high-density products. However, the use of new materials that improve the mechanical properties of
products requires a modern approach to analyzing the quality of interparticle splicing of powder particles. The influence
of the following technological factors on the formation of qualitative interparticle splicing was established: the blank
density, the granulometric composition of the initial charge, the temperature and holding time of the blank during
heating, the ratio of its dimensions, the deformation rate. The study objective is to analyze the effect of a graphite-
containing component on the mechanical properties of hot-formed powder alloys due to the formation of high-quality
interparticle splicing.

Materials and Methods. The work used domestic and foreign powders produced by PAO Severstal and the Swedish
company Hoganés with the addition of carbon GC-1 (GOST 4404-78). Hot stamping was carried out on a crank
press of the K2232 model with a maximum force of 1600 kN. The heating temperature of the workpieces varied
between 800-1200 °C.

Results. As a result of the experiments, the influence of the sintering duration on the mechanical properties of materials
was established. The reason for the change in mechanical properties are local inclusions of graphite, which did not have
time to homogenize as a result of prolonged sintering. Technological modes of hot stamping for steels have been
developed that affect the preservation or destruction of the pre-formed contact interparticle surface.

Discussion and Conclusion. The studies have shown that additional hot plastic deformation contributes to the
formation of intracrystalline fusion on the entire contact surface. The addition of graphite to the charge improves
splicing for alloyed iron powder and practically does not affect the use of alloyed and unalloyed iron powder.
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AHHOTALUA
Beeoenue. TexHONOTHA TONXYYCHHUS TopsueaeOpMHUPOBAHHOW MOPOIIKOBOM CTallMl SIBISETCS OITHOM W3 CaMbIX

9HEPro3aTPaTHBIX B IMOPOIIKOBOM METAaJUTypriH, KOTOpast BKIOYaeT B ce0st 00JIbIIOe KOINYECTBO onepanuii. M3yuenue
BJIMSIHUS TEXHOJIOTHUECKHX PEKMMOB Ha KOHEUHBIE CBOMCTBA JETANM SIBISICTCS aKTyallbHOM 3amadell. PaspaboranHas
HAay4YHBIM KOJUIeKTHBOM mon pykoBoactBoM IO.I'. lopodeeBa B koHme XX Beka TEXHONOT WS W3TOTOBJICHUS
ropsiueieOpMUPOBAHHBIX MOPOIIKOBBIX CTajlell Ha CErOMHSIIHHUN JICHb SIBJISIETCS OJHOW M3 TJIaBHBIX B IIPOU3BOJICTBE
BBICOKOIUIOTHBIX M31enuil. OTHaKO MPUMEHEHHE HOBBIX MaTEPHANIOB, YJIy4LIAIOMINX MEXaHNYEeCKUE CBOWCTBA U3/IENINH,
TpeOyeT COBPEMEHHOrO IOAX0Ja K AaHAINW3y KadecTBAa MEXKYaCTHYHOTO CPAIIMBAaHWSA IOPOIIKOBBIX YACTHIL.
VYCcTaHOBIIEHO BIHMSHHE Ha mponecc (OPMHPOBAHUS KAadECTBEHHOTO MEXYACTHIHOTO CpAIIMBAHUS CIEAYIONINX
TEXHOJIOTUYECKHX (DAKTOPOB: IUNIOTHOCTH 3ar0TOBKHU, IPaHyJIOMETPHYECKOTO COCTaBa MCXOJHOW IIMXTHI, TEMIEPATYPhI
1 BPEMEHH BBIJICP)KKU 3arOTOBKU TIPH HAarpeBe, COOTHOIICHHS €€ pa3MepoB, ckopocT Aedopmanun. Llenbio manHoro
WCCIICOBAHMS SIBIISICTCS aHANW3 BIMAHUS TpaduTCOAEpXKALIEro KOMIIOHEHTa Ha MEXaHHYECKHE CBOMCTBa
ropsiueieOpMUPOBAHHBIX ~ HOPOIIKOBBIX CIUIABOB 32 CYeT (OPMHPOBAHUS KAa4ECTBEHHOTO MEXKYaCTHYHOTO
CpaluBaHUsL.

Mamepuanst u memoowvi. B paboTe HCIONB30BATNCH OTEUECTBCHHBIC M 3apyOE)KHbIE IOPOIIKM HPOU3BOJCTBA
IMAO «Cesepcranp» u mBeackoi ¢upmer HOgands c¢ pobasnenue yriepona I'K-1 (IOCT 4404-78). Topsuas
LITAaMIIOBKAa OCYLIECTBJSUIaCh Ha KPUBOLIMITHOM mpecce Mmoxenu K2232 ¢ wmakcumanbHbiM  ycuaueM 1600 xH.
Temmeparypa HarpeBa 3aroTOBOK BapbHpoBaiach B npeaenax 800-1200 C.

Pesynemamut  uccnedogeanus. B pe3ynbTare IPOBEJCHHBIX OKCIIEPUMEHTOB OBUIO YCTaHOBJIEHO BIIHSHHE
MIPOJIOJDKUTENLHOCTH CIIEKaHHWsT Ha MEXaHWYeCKHe CBOIcTBa MaTepHayoB. [IpHUMHON H3MEHEHHsT MEXaHHYECKUX
CBOWCTB SIBJISIIOTCSL JIOKAJIbHBbIE BKIIOYEHUsS] TpaduTa, KOTOpblEe HE YCIEld TOMOTEHH3UPOBATHCS B PE3yJNbTaTe
JUTUTENBHOTO clieKaHusl. Pa3paboTaHbl TEXHOJOTMYECKHE PEXMMBI TOpsSYEi IITAMIIOBKH JUIA CTaleH, BIMSIOMINE HA
COXpaHEHHE WM Pa3pylIeHHe MpeaBapuTeNIbHO chOPMUPOBAHHOW KOHTAKTHON MEXYaCTHYHOM MOBEPXHOCTH.
Oébcyscoenue u 3akniouenus. VicciaeqoBaHus TOKa3aiH, 4YTO JOMOJHUTENbHAs ropsidas IulacThdeckas aedopmanus
croco6cTByeT (OPMHUPOBAHUIO BHYTPHUKPUCTAIUIUTHOTO CPAIIMBAHU Ha BCel KOHTAKTHOI moBepxHocTH. [lo6aBieHue
B MIMXTY TpaduTa COCOOCTBYET yIyHUIICHHIO CPAIIMBAHMS IS JIETHPOBAHHOTO JKEJIE3HOTO TOPOIIKA U NMPAKTHYECKH

HE CKa3bIBAETCS IIPH UCIIOJIb30BaHUH JIETMPOBAHHOTO U HEJIETUPOBAHHOTO YKEJIE3HOIO TIOPOIIKA.
KoaioueBble ci1oBa: ropsiuas IITAMIIOBKa, CpalllMBaHKE, TUIACTHYECKas! e(opMalusi, MUKpPOCTPYKTYpa MOBEPXHOCTH

Baaronapaoctn. ABTOpBI BEIpakaroT OJIaroJlapHOCTh HHXKeHepaM Kadeapsl «MarepuanoBeieHHEe W TEXHOJIOTUH
metauioBy»  FO.IL. IlyctoBoiity, B.U. IlompoBko 3a TOATOTOBKY 0Opa3loB © HACTPOHKY H3MEPHUTEIHHOTO
obopynoBaHHUs, a TaKKe HAYYHOMY KOHCYJBTaHTY, JOKTOPY TEXHWYECKHX Hayk, mpodeccopy JKanne BragummuposHe

EpCMCCBOfI 3a IIOMOIIIb B BLI60p€ METOAUK NPOBCACHNA SKCICPUMCHTOB.

s murupoBanusi. Eropos M.C., Eroposa P.B., Kosryn M.B. Bnusiaue conepkanust yriaepoga Ha (OpMHUpOBaHHE

KOHTAKTHOM MEXYaCTUYHOW TOBEPXHOCTH MHPHU TOpsSUel IONPeccoBKE. be3onacHocms mexHOSeHHbIX U NPUpOOHbIX
cucmem. 2023;7(2): 90-101. https://doi.org/10.23947/2541-9129-2023-7-2-90-101

Introduction. A formation feature of powdered porous blanks is the structure formation during their processing,
which has a fundamental difference from the corresponding processing of monolith materials. The features of the
technological processes of structure formation in powder metallurgy are due to the intense thermomechanical effect on
the processed powder steel. A large number of processes of forming and structuring of material under conditions of
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short-term thermomechanical action leads to the synthesis of scientific approaches of hot deformation in powder
metallurgy, materials science, pressure welding, metal processing under pressure, theory of strength, plasticity [1-3].

The main objective of the authors of the article is to study the technological modes of hot deformation of products
with different carbon content, as well as to study the microstructure in various zones of deformable products.

Materials and Methods. The formation of the contact surface of the powder material at the hot stamping stage is
considered from the position of its initial state, which changes during the compaction process, i.e. the sequential
increment of the contact surface.

Iron powders produced by the Hobganas (Sweden) and PAO Severstal (Russia) were used in the
work [2, 4] (Table 1).

Table 1
Types and characteristics of the powders used
Powder brand Manufacturer country Powder production method
PZhRV2.200.26 | Atomization of _the alloy by a strea_m of
TU 14-1-5365-98 RF, PAO Seversta compressed air, recovery annealing
PL-N4D2M Diffusion-reduction annealing of atomized
TU 14 -5402 2002 RF, PAO Severstal powder
ABC100.30 Sweden, Hoganéas Spraying of iron melt
. Spraying with water of an alloyed melt
Astal M H ..
staloy 85Mo Sweden, Hoganas containing 0,85 % Mo
. N Double diffusion alloying of powder
Distaloy HP-1 Sweden, Hoganas Astaloy 85Mo:1.5 % Mo+4 % Ni,2 % Cu

Data on the total chemical composition are presented in Table 2.

Table 2
Chemical composition of the powders under study
Powder brand Content of elements, mass content, %
C o] Mo Ni Cu Mn Si S P

PZhRV2.200.26 | 0.02 0.25 0.15 0.05 0.015 0.02
PL-N4D2M 0.02 0.25 0.4-05 | 3.6-4.4 1.3-1.7 0.15 0.05 0.02 0.02
ABC100.30 0.001 0.04 - - - 0.06 0.007 0.01 0.004
Astaloy 85Mo <0.01 0.07 0.85 - - 0.06 0.008 0.02 0.005

The main alloying element in the studied material is carbon introduced into the charge in the form of graphite
pencil GK-1 (GOST 4404-78). Table 3 provides the chemical composition.

Table 3
Chemical and granulometric composition of graphite powder
- Powder
Name of indicators &
Moisture content, mass., % 2.0
Ash content, mass., % 5.0
Sulfur content, mass., % 1.0
Granulometric composition, microns +100-300

The formation of the interparticle splicing surface is influenced by inclusions of the second phase, in particular,
graphite particles not dissolved in austenite [2, 4, 5]. Based on the results of the chemical analysis of the material, an
understanding of the process of carbon dissolution in the sample is formed, which allows us to assume that complete
dissolution of carbon takes no more than 60 minutes. The mechanical properties data presented in Table 4 indicate that
for samples containing 0.5% C (mass fraction) this time is insufficient, since it does not provide a high level.
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Dependence of the mechanical properties of hot-deformable alloys on the duration of sintering revled
Duration of sintering at Mechanical properties after postcompaction
Metal base of the charge
1000° C, hours G, MPA ¥, % KCU, MJ/m?

0.5 610 0 0

Astaloy 85M0+0.5% C 1 640 0 0
15 690 35 0.38

0.5 350 0 0

ABC100.30+0.5%C 1 370 0 0
15 450 45 0.7

The data presented in Table 4 show that the following indicators are most sensitive to the degree of homogenization
of alloys: ductility of the material and impact resistance.

The formation of sufficiently high mechanical properties of the materials under consideration with the addition of
carbon occurs when choosing the correct sintering modes. The complete homogenization of carbon in the iron matrix of
the base depends on this. To explain this dependence, the study of blank fractures by Auger-electron spectroscopy was
carried out on a PHJ-680 spectrometer by Physical Elecrtronics [2, 5, 6]. Figure 1 shows a fractogram of the surface of
a sample sintered for 60 minutes. The area of this surface, indicated by point 8, deserves attention.

Fig. 1. Inclusion on the destruction surface of the blank.
Sintering at 1000 °C for 1 hour: a — before argon etching; b — after argon etching

The results of argon etching of the sample at point 8 shows that this morphological structural element is a region
with a nonequilibrium carbon content (Fig. 2).

Chemical Technologies, Materials Sciences, Metallurgy
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Fig. 2. Dependence of the distribution of elements at point 8 on the etching depth

The carbon content is about ~40 at % when etched into the depth of the surface of 100 nm. Consequently, the area
under consideration is characterized by a three-dimensional inclusion formed as a result of diffusion during sintering of
iron ions into a former graphite particle. Judging by the results of Auger-electron spectroscopy, its chemical
composition corresponds to the formula of nonequilibrium carbide FegoC. A more even fracture surface of the
considered zone indicates that the destruction of the sample occurred by the mechanism of chipping, characteristic of
brittle fracture [1, 7, 8]. The structure, in which such an element is located, entails reduced mechanical properties of the
alloys in question

Results. The research of the dependence of the mechanical properties of hot-formed steels on the carbon content in
the charge were carried out. Pre-samples were sintered at a temperature of 1000 °C for 1.5 hours. Further, there was
post-pressing to porosity values close to zero at a temperature of 1050 °C. This sintering mode ensures complete
dissolution of carbon in the iron base of steel. The values of the ultimate strength, elongation and Vickers hardness of
hot-formed steels with different carbon content are shown in Fig. 3.
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Fig. 3. Influence of carbon content on the mechanical properties of hot-formed steels based on powders:
1 — Distaloy HP-1; 2 — N4D2M; 3 — Astaloy 85Mo; 4 — PZhR2.200.26; 5 — ABC100.30
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The nature of the presented dependencies is consistent with the theoretical provisions of classical and powder
materials science [2, 9, 6], which is confirmed by the results of microstructural analysis (Fig. 4). With an increase in the
carbon content in the steel composition, the amount of the ferritic component decreases and the amount of ferrite-
cementite eutectoid mixture increases. With a carbon content of 0.8% C, the steel structure consists of finely dispersed

troostite.

a) b) c)
Fig. 4. Microstructure of hot-deformed powder steel based on PZhRV2.200.26 powder with different carbon content, x250:
a—02%C;b—05%C;c—08%C

There are no pores on the microsections, this fact indicates an almost non-porous state of the material.
The influence of carbon on the development of the contact surface is considered on the dependence of the
mechanical properties of powder steel on the initial porosity (Fig. 5). Tested steels with a carbon content of 0.5% (wt.)

were obtained by hot post-pressing at 1050 °C.
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Fig. 5. Dependence of the mechanical properties of hot-deformed steels on the initial porosity:
1 — ABC100.30; 2 — PZhR2.200.26; 3 — Astaloy 85Mo; 4 — N4D2M; 5 — Distaloy HP-1

Comparing the data presented in Fig. 4 and Fig. 5, we can note the identical nature of the dependence of both
strength and plastic properties on the initial porosity. For steels based on powders PZhR2.200.26 and AVS100.30, the
extremum of properties is observed at the initial porosity of the workpiece of 30 %. In steels based on Astaloy 85Mo,
N4D2M and Distaloy HP-1 powders, the extremum of properties shifts towards an increase in the value of the initial
porosity. This circumstance can be interpreted as an increase in the quality of interparticle interaction, which is reflected
in the position of the line delimiting the areas of technological modes characterized by partial or complete destruction or

preservation and development of the pre-formed contact surface at the stage of hot pressing (Fig. 6) [10-12].
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Fig. 6. Areas of technological modes of hot stamping affecting the preservation or destruction of the pre-formed contact
interparticle surface for steels: 1 — PZhR2.200.26+0.5 % C; ABC100.30+0.5 % C; 2 — Astaloy 85Mo0+0.5 % C; N4AD2M+0.5 % C;
Distaloy HP-1+0.5% C

Table 5 provides a comparison of the results presented in Figures 5 and 6.

Table 5
Determination of the areas of technological modes of hot post-pressing for powder steels
Initial powder Carbon content, % Marking of the separation line
PZhR2.200.26; ABC100.30; 0 Line 1
Astaloy 85Mo; N4D2M; Distaloy HP-1
PZhR2.200.26+0.5 % C;
ABC100.30+0.5 % C; .

2 — Astaloy 85Mo+0.5 % C; NAD2M 05 Line 1
+0.5 % C; Distaloy HP-1+0.5 % C

Astaloy 85Mo; N4D2M; Distaloy HP-1 0.5 Line 2

The addition of carbon powder to the charge practically does not affect the application of optimal hot post-pressing
modes for materials based on unalloyed iron powders. In the case of alloying iron powders with molybdenum, copper,
nickel, when graphite is introduced into the charge and pre-sintering until complete homogenization of austenite, the
recommended value of the initial porosity is shifted towards higher values.

It is possible to evaluate the quality of interparticle splicing of hot-deformed steels by the value of the Young's
modulus. The value of the Young's modulus is taken as the criterion for additionally forged samples of the studied steels
to a nonporous state (Table 6) [2, 5, 13].

Table 6
Parameters of powder steels in a nonporous state
Material Density in the nonporous Young's module, GPa

Metal base Carbon content, % state, g/cm?®

PZhRV2.200.26 7.79 201
ABC100.30 7.79 201
Astaloy 85Mo 0.5 7.83 206
N4D2M 7.81 203
Distaloy HP-1 7.85 208

Let us consider the dependence of the parameters of hot-formed steels with a carbon content of 0.5 % on the
temperature of the hot post-pressing modes and the specific compaction work (W). As the parameters of the steels, we
use the values of density (p), the Young's modulus (E) and the relative contact surface with intracrystalline splicing
(UBKC) (Table 7)
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Table 7
Parameters of hot-deformed steels from hot post-pressing modes

Material T, °C W, MJ/m3 p, g/cm® E, GPa OBKC
60 6.5 112 0.56

100 7.3 189 0.94

950 120 75 193 0.96
160 7.75 194 0.965

180 7.79 195 0.97

60 7.25 181 0.9

PZhRV2.200.26 1050 20 75 193 0.96
100 7.75 195 0.97
120 7.79 196 0.975
60 75 190 0.945
1150 80 7.74 196 0.975

100 7.79 197 0.98

60 6.6 166 0.82

950 100 7.35 184 0.92

120 7.55 189 0.94

160 7.79 195 0.97

ABC100.30 60 74 187 0.93
1050 80 7.68 194 0.965

100 7.79 197 0.98
60 7.63 194 0.965
1150 80 7.79 198 0.985

60 6.57 168 0.81

100 7.49 191.2 0.92

950 120 7.57 1934 0.94

160 7.81 199 0.96

170 7.83 200 0.97

Astaloy 85Mo 60 7.42 1905 0.92
1050 80 7.69 197.5 0.96
100 7.83 201 0.975

60 7.65 197 0.96

1150 80 7.83 202 0.98

60 6.53 165 0.81

100 7.32 187 0.92

950 120 7.52 190 0.93

160 1.77 197 0.97

180 7.81 198 0.98

60 7.28 185 0.91

N4D2M 1050 80 7.62 194 0.95
100 1.77 198 0.97

120 7.81 199 0.98

60 7.53 193 0.95

1150 80 7.76 199 0.98
100 7.81 200 0.985

60 6.67 172 0.82

950 100 74 190 0.91

120 7.59 195 0.94

160 7.85 202 0.97

Distaloy HP-1 60 7.47 193 0.93
1050 80 7.73 200 0.96
100 7.85 203 0.975

60 7.69 200 0.96

1150 80 7.85 204 0.98

The experimental results presented in Table 7 show that in the entire temperature range of the study, a value of the
density of the material corresponding to its nonporous state is achieved (Table 8).

Chemical Technologies, Materials Sciences, Metallurgy
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Table 8
Specific compaction work (MJ/m?®) to achieve a nonporous state
T, °C Iron base of powder steel with a content of 0.5 % C
PZhRV2.200.26 ABC100.30 Astaloy 85Mo N4D2M Distaloy HP-1
950 180 160 170 180 160
1050 120 100 100 120 100
1150 100 80 80 100 80

Discussion and Conclusion. Despite the achievement of a nonporous state, the values of the Young's modulus show
that there are the opportunities to improve the functional properties of materials, that is, during hot post-pressing, the
formation of intracrystalline splicing on the entire contact surface is not achieved. Figure 7 shows a fractogram of a
destroyed sample of hot-deformed steel based on PZhRV2.200.26 powder with a density of 7.81 g/cm?. The fracture is
characteristic of the viscous fracture of steel. Ridges and depressions of the pit relief are visible, which are the result of
intense plastic deformation in the crack propagation center. With the predominance of the pit relief on the fractogram,
areas with a flat relief characteristic of intercrystalline or transcrystalline fracture are observed. The presence of such
zones on the fracture of steel indicates the incompleteness of interparticle splicing. The areas of intercrystalline
cleavage directly indicate the absence of transformation of the interparticle splice surface into a large-angle
intergranular surface. In the case of identification of flat fracture zones as a consequence of crack development by the
mechanism of transcrystalline fracture, one can assume the hereditary nature of the structure in the fracture zone.

FHT = J.00 WY wigual & lnLons Bl 13 Time :15:30 25
Mok Heilncdlen  Ling A

Fig. 7. Fracture surface of powder steel

The separation of the interparticle splice surface from submicropores, segregation atmosphere, dispersed inclusions
of another phase leads to the preservation of these morphological elements of the structure in the zone of the former
interparticle contact surface, which are factors contributing to the nucleation of the crack nucleus and its spread.

In relation to the studied steels with a content of 0.5% C, we use the technological technique proposed in [14, 15],
which consists in additional hot plastic deformation with the determination of the critical degree of deformation. Let us
consider the results of additional plastic deformation of a powder material based on powders PZhRV2.200.26 and
N4D2M, carried out at a temperature of 1050 °C (Fig. 8). The Young's modulus is used as a criterion for the formation
of intracrystalline fusion.
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Fig. 8. Dependence of the Young's modulus on the degree of additional plastic deformation of powder steels formed at the
temperature of hot post-pressing: 1 — 950 °C, 2 — 1050 °C, 3 — 1150 °C
Based on the conducted studies, we present the values of the critical degree of additional plastic deformation as a

function of the technological modes of hot post-pressing (Table9). The numerator shows data for steel
PZhRV2.200.26+0.5 %C, the denominator shows data for NAD2M+0.5%C.

Table 9
Critical degree of deformation at different temperatures of hot pressing
Temperature, 0C Initial porosity, % Critical degreeo/coﬁ deformation,
40 2/1.5
950 30 2.5/2
20 312
40 1.5/1
30 1.5/1
1
050 20 2/1.5
40 0.5/0.3
30 0.5/0.3
1150
20 1/0.5

Based on the conducted studies, it can be concluded that additional hot plastic deformation contributes to the
formation of intracrystalline fusion on the entire contact surface. The addition of graphite to the charge improves the
splicing for alloyed iron powder and practically does not affect the use of unalloyed iron powder.
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