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2. Influence of SLM-process parameters on the formation of the 
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INOCULATION OF Mg-Al-Zn CAST MAGNESIUM ALLOY WITH 

NANO DIAMOND POWDER 

 

Cast magnesium alloys are commonly used in different industries thanks to a 

combination of unique physical and mechanical properties: low specific 

weight (Ã = 1,8 g/cm3), excellent strength-to-weight ratio, high fatigue 

strength, damping capacity and heat conductivity [1]. 

These properties are of a particular interest when the material is intended to 

be applied in the aircraft industry as it allows reducing weight of aero engines 

and rotorcraft transmission elements, which results in increased fuel 

efficiency, an extended range, a higher payload and reduced green house gas 

emissions.  

The cast magnesium alloys of Mg-Al-Zn system are very widespread in the 

aircraft applications as they possess good casting and processing properties 

[2]. Over the past years extensive R&D effort has been taken aimed at 

improvement of this alloy group [3]. One of the approaches in increasing 

physical and mechanical properties of the aluminum-bearing magnesium 

alloys is inoculation with different carbon materials e.g. carbon black, 

graphite particles, carbonaceous gases (CH4, CO etc) or organic compounds 

[3, 4, 5, 6].      

Influence of inoculation with incremental additions of diamond nano powder 

(0; 0,005; 0,01wt.%)  by casting method on physical and mechanical 

properties of Mg-Al-Zn alloy has been studied. The nano powder was 

introduced directly into the melt in a holding gas fired furnace at a 

temperature of 780 º% in a form of compacted briquettes made by uniaxial 

cold pressing of the diamond nano powder and ultra-dispersed aluminum 

powder mix. Sand molds with standard dia. 12 mm tensile test specimens and 
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hot tearing test samples were cast. The cast tensile test specimens were 

subjected to T6 heat treatment.  

The inoculation with 0.005 wt. % of the diamond powder resulted in a 

simultaneous increase of UTS and reduction of area, correspondingly, by 

10% and 28.4%, whereas the same properties of the alloy inoculated with 

0.01 wt. % of the diamond powder were increased by 7.6 % and 11.8 %. The 

inoculated alloy has also had a tendency to reduction of the hot tearing 

susceptibility as the diamond powder concentration was increased from 0.005 

to 0.01 wt. % (as estimated by a width of the ring sample: 0.005% DP - 20 

mm; 0.01% DP -17.5 mm (reference alloy - 22.5 mm). The grain size of the 

alloy inoculated with 0.005 wt. % was reduced by up to 50%. Thinner grain 

borders with a finely distributed Mg17Al12 phase were observed in the alloy; 

in the samples with 0.01% DP, the inoculation effect has been seen, in 

general, with a fine distribution of  Mg17Al12.  

 Thus, inoculation of Mg-Al-Zn alloys with the diamong nano powder may 

be considered as a promising, simple and cost-effective way of improving 

quality of magnesium load-bearing castings for the aircraft applications. 
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75@=0<8, 2=CB@VH=V9 >19T< S:8E CS2;ST A>1>R ?0G:8 ?;0AB8= 
@V7=>3> >@VT=BC20==S. #@8 FP><C 3@0=8FS <VF=>ABV A?;02C 
AB0=>28BP 329 #0, ·<1%.  

#@8 <>48DV:C20==V VB@VT< <>@D>;>3VS D07 A?;02C 
7<V=RTBPAS =0 1V;PH 4@V1=C ?>@V2=S=> 7 28EV4=8< A?;02>< 3 

2V41C20TBPAS ?>4@V1=5==S ?5@28==8E 75@5= V D>@<C20==S 
B>=:>?;0AB8=G0AB>W 2=CB@875@5==>W AB@C:BC@8.  VF=VABP A?;02C 
?V428ICTBPAS 4> 507 #0, ?>4>265==S ?@8 FP><C A:;040T =0 
@V2=V 0,8%.  

�>4020==S 1>@C ?><VB=> 7<V=RT <V:@>AB@C:BC@C V 
2;0AB82>ABV A?;02C. %B@C:BC@0 AB0T 1V;PH >4=>@V4=>R, 
7<5=HCTBPAS @>7<V@ 75@5=.  5E0=VG=V 2;0AB82>ABV, 0 A0<5 
3@0=8FS <VF=>ABV, ?V428ICTBPAS, 4> 700 #0, I> ?>29S70=> 7 
CB2>@5==S< 48A?5@A=8E G0AB8=>: 1>@84V2, I> 7<VF=RT <0B@8FR.  

�>4020==S @5=VR <0T 0=0;>3VG=89 2?;82 S: V 4>4020==S 
1>@C, ?@>B5 2V4ACB=VABP AE8;P=>ABV 4> CB2>@5==S EV<VG=8E 
79T4=0=P A?@8ST 1V;PH  5D5:B82=V9 7<VF=RRGV9 4VW ?@8 
<>48DV:C20==V @5=VT<.  

�><?;5:A=5 <>48DV:C20==S A?;02C ?@8725;> 4> 
>B@8<0==S 4@V1=>3> 75@=0 V :>03C;SFVW 2=CB@875@5==>W  
AB@C:BC@8, I> 40;> <>6;82VABP 70157?5G8B8 >B@8<0==S 3@0=8FV 
<VF=>ABV =0 @V2=V 900 #0 V 2V4=>A=>3> ?>4>265==S ~1,2%.  

&0:8< G8=><, 2 E>4V ?@>2545==S 4>A;V4=8E @>1VB 
2AB0=>2;5=>, I> :><?;5:A=5 ;53C20==S <>48DV:0B>@0<8 B, Re, Y 

A?@8ST ?>4@V1=5==R 3@C1>?;0AB8=G0AB>W ;8B>W AB@C:BC@8 
28EV4=>3> A?;02C B0 40T 7<>3C ?V428I8B8 7=0G5==S 3@0=8FV 
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� @>1>B0E û5-7ý 02B>@0<8 1C;8 70?@>?>=>20=V 4;S >B@8<0==S 
1060=8E @57C;PB0BV2 A?5FV0;P=V A?V22V4=>H5==S �÷ò B0 �÷. #@8 FP><C =0 
G8AB> V=BCWB82=><C @V2=V 1C;> ?5@5410G5=>, I> 5;5<5=B8 <0B@8FV, ?@8 
71V;PH5==V WE :V;P:>ABV, ?V428ICRBP B5<?5@0BC@C ;V:2V4CAC, 0 5;5<5=B8 
÷ò-CB2>@RRGV 2 7=0G=V9 <V@V 2?;820RBP =0 E0@0:B5@8AB8:8 <VF=>ABV, 
60@><VF=>ABV B0 B5<?5@0BC@C :V=FS @>7G8=5==S 7<VF=R20;P=>W D078.  

"4=>G0A=0 ?@8ACB=VABP :V;P:>E ;53C20;P=8E 5;5<5=BV2 2 A:;04V 
;820@=8E 60@><VF=8E =V:5;528E A?;02V2 (�!%) =040T 1V;PH 
5D5:B82=89 2?;82 =0 60@><VF=VABP, =V6 5:2V20;5=B=0 :V;P:VABP >4=>3> 
5;5<5=B0. � 70;56=>ABV 2V4 2?;82C =0 <5E0=V7< 7<VF=5==S ;820@=8E 
�!%, 5;5<5=B8 <>6=0 :;0A8DV:C20B8 V @>74V;8B8 =0 B0:V >A=>2=V 3@C?8: 
@>7G8==>-48A?5@AV9=V 7<VF=R20GV (Al, Ti, Ta, Hf ); B25@4>@>7G8==V 
7<VF=R20GV (Co, Cr, Mo, W, Re); :0@1V4>CB2>@R20;P=V 5;5<5=B8 (Ti, Ta, 
Hf, Nb, V, W, Mo, Cr); <V:@>;53C20;P=V 5;5<5=B8 V  4><VH:8 @V7=>3> 
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B8?C. &0:89 ?>4V; T 4>A8BP C<>2=8<, >A:V;P:8 5;5<5=BV-7<VF=R20GV 
<>6CBP @>7G8=SB8AS =5 ;8H5 2 ́ -B25@4><C @>7G8=V, 0 9 2 V=B5@<5B0;V4=V9 
´9- D07V 7 CB2>@5==S< A?>;C:8 B8?C (Ni, Cr)3(Al, Ti, Mo, W, Nd, Ta). 

"4=0:, 02B>@8 22060RBP, I> 4>B@8<CRG8AP B0:>W :;0A8DV:0FVW 
AB2>@RTBPAS 1V;PH FV;VA=0 :0@B8=0. &><C 4;S 2V;P=>W 5=5@3VW (G) C 
728G09=><C AB0=V  1C45 A?@0254;82> A?V22V4=>H5==S: G[&, $, Ni,j] =  Gi÷ò  3 Ni÷òi +  Gj÷  3 NjNjj + ï  (1) 

45 &- B5<?5@0BC@0, �; 
$ 3 B8A:, #0; 
Ni, Nj 3 :>=F5=B@0FV9=V (A5@54=P>72065=V) D0:B>@8 ?@8ACB=VE C 

A?;02V EV<VG=8E :><?>=5=BV2; 
�0 C<>28 @V2=>2038 ($ V &= const) C 28?04:C 42>E >A=>2=8E D07 

G÷+÷ò = min V @V2=VABP (1) ?5@5B2>@RTBPAS C 28@07: dG÷+÷ò = 0 = ( "G"Ni) 3 Ni i +  ( "G"Nj) 3 Nj j =  ýi÷ò 3 Ni i + ýj÷ 3 Nj j  (2) 

45 ýi(j) - ?0@FV0;P=V EV<VG=V ?>B5=FV0;8. 
/:I> 22060B8, I> :>5DVFVT=B B5@<>48=0<VG=>W 0:B82=>ABV 

:><?>=5=BV2 =01;865=> 4>@V2=RT 1, ý0
÷ò+:& lnóNi

÷ò ð ý0
÷+:& lnóNj

÷. 

�2060RG8, I> ôý0=ý0
÷ò - ý0

÷ 4>AB0B=P> <0;5 V 4> B>3> 6 =5 70;56=5 2V4 
:>=F5=B@0FVW, 1C45<> <0B8: ln 3 Ni÷òi 2 ln 3 Nj ÷j =  0    (3) 

�2V4A8: 3 Ni÷ò3 Nj÷  û  1     (4) 

� C@0EC20==S< <0AHB01=>3> D0:B>@C  >AB0==T @V2=S==S <0T 
=01C20T =0ABC?=>3> 283;S4C: ÿ 3 Ni÷ò3 Nj÷  ó  1    (5) 

45 q 3 <0AHB01=89 D0:B>@ ( ó 1) 

&><C, 28E>4SG8 7 28I5 =02545=8E A?V22V4=>H5=P, 02B>@0<8 1C;8 
70?@>?>=>20=V 2V4?>2V4=V 70;56=>ABV �÷ò(D>@<C;0 6) �÷ (D>@<C;0 7), I> 
2@0E>2CRBP S: :>=:C@5=FVR, B0: V :>>?5@0FVR @V7=8E 3@C? 5;5<5=BV2 2 
;820@=8E �!% AB0= S:8E =5 T @V2=>206=8<: �÷ò = 5 3(Al+Ti+Nb+Ta+Hf)3(Cr+W+Mo+Re+Co+Ru) ,   (6) 

45 Al, Ti, Nb, Ta, Hf, Cr, W, Mo, Re, Co, Ru 3 2V4?>2V4=89 2<VAB 
5;5<5=BV2 2 A?;02V. 

' D>@<C;V (6) :@8B5@V9 q 1C2 A?5FV0;P=> ?V4V1@0=89 4;S 
70157?5G5==S =09:@0I>3> A?V22V4=>H5==S 5;5<5=BV2 73V4=> B0:8E 
<V@:C20=P: ÷ò-CB2>@R20;P=V 5;5<5=B8 70157?5GCRBP 7=0G=> 1V;PH89 
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CARBIDE TRANSFORMATIONS IN A WELDED NICKEL-BASED 

SUPERALLOY 

 

The influence of carbides has a complex nature, being located outside 

or inside the grains, they perform a modifying function, helping to prevent 

recrystallization, atoms of different elements can replace each other in the 

carbide, thereby changing the morphology of the precipitates. The shape of 

carbides significantly affects the plasticity of cast heat-resistant nickel alloys, 

in the case of formation of font selections, it is significantly lower than when 

forming a spherical shape. The size of the carbides can affect the heat 

resistance û1-3ý. Sufficiently large carbides at the grain boundaries reduce the 

creep and fatigue resistance of alloys due to the high difference in the 

modulus of elasticity of the carbides and the matrix. Also, carbides can be 

destroyed during thermal cycling (starting and stopping the engine) due to 

cracking û4,5ý. 
Modeling of the processes of carbide separation using the CALPHAD 

method allows for calculation forecasting and comparative assessment of the 

influence of alloying elements in carbides. Calculations were carried out for 

each studied composition individually with a stepwise change of a specific 

alloying element according to a fixed composition of a multicomponent 

system. 

In the system (Ni-22.5Cr-19Co-1.9Al-3.7Ti-2W-1.4&0-1Nb-0.15C), 

the range of element variation was chosen based on the considerations of the 
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maximum and minimum amount of the element introduced into the nickel-

based superalloy. Thus, carbide-forming elements in the following doping 

ranges were selected for the study: carbon 0.02-0.2%; niobium 0.1-4%; 

titanium 1-6%; tantalum 0.5-12%, tungsten 1-16%, chromium 1-35% by 

weight. 

For modern gas turbine engines, materials with increased operational 

characteristics are needed, with increased intervals between repairs and high 

indicators of heat resistance and maintainability. These are the requirements 

that are put forward when designing new materials for body parts of 

unmanned aerial vehicles and gas turbine installations of gas pumping 

equipment. The properties of high-temperature materials are ensured by the 

stability of structural components during operation. A very important 

parameter of heat treatment is the temperature of the carbide liquid, which 

also affects the operating temperature of the parts. It was established that with 

an increase in the carbon content in the alloy, there is an increase in the 

temperature of the carbide liquidus tL and the number of carbides in the 

composition of the alloy (Fig. 1). This leads to the deterioration of the 

operational and repair properties of the material due to the formation of 

coarse inclusions of carbide components. The above-mentioned feature 

should be taken into account and rational doping limits should be chosen, 

which lie within 0.1-0.15% of carbon. 

            
  a     b 

         
  c     d 

Figure 1 - Temperature dependence of the dissolution (exclusion) of 

MC (a) and M23C6 (b) type carbides, as well as the amount of MC (c) and 

M23C6 (d) carbides on the carbon content of the alloy. 
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When the concentration of titanium in the alloy is more than 3%, its 

amount begins to prevail in the carbide over the amount of niobium, and when 

the concentration is more than 5.5%, over the amount of tantalum. Changes 

in the composition of carbides lead to changes in their morphology. Carbides 

of the TiC type are isolated in the interdendritic spaces and have a font shape 

that negatively affects the properties of the alloy, so it is necessary to limit 

alloying and prevent their isolation. In the studied composition, the titanium 

content should be more than 5.5%. 

An increase in the temperature of the carbide liquidus tL with an 

increase in the amount of tantalum in the metal is associated with the 

formation of TaC carbides already at a concentration of more than 1% of 

tantalum. The transition of MC carbide to tantalum-based carbide leads to an 

increase in interatomic bonds, which contributes to an increase in the 

temperature of carbide dissolution (dissolution). However, at 2% tantalum, a 

topologically densely packed ø-phase (61.3Ni-15.4Co-13.7Ti-4.8Nb-

2.34Ta-2.08Al-0.29Cr) appears in the composition, which must be taken into 

account during modernization alloy. Likewise, at 7% tantalum in the alloy, 

carbides of the M23C6 type degenerate and this negatively affects the grain 

boundary creep at operating temperatures. The introduction of tantalum 

changes the morphology of the MC carbide to a faceted irregular shape. 

The introduction of niobium into the complex alloy composition leads 

to a decrease in the temperature of the carbide liquidus at a concentration of 

2.5-3%. In this doping range, the appearance of the ø phase is observed, after 

the formation of which tL increases, and even the carbide base changes to 

NbC. Niobium carbide does not have a high liquidus temperature, it is not 

much lower than that of TaC carbide and much lower than that of TiC, thus, 

it is necessary to strive not for the formation of monocarbides based on one 

element, but for the formation of complex carbides based on more than one 

element. 

Chromium is an element that affects the formation of secondary 

carbides, it increases the temperature of dissolution (allocation) of carbides. 

It was established that carbides of the M23C6 type begin to separate from the 

solid solution at a concentration of 17% chromium, which is described by a 

parabolic dependence. The composition of carbides practically does not 

change with increasing chromium in the alloy and is 80.5Cr-8.5W-4Co-2Ni. 

However, at 31% Cr in the alloy, a BCC phase (chromium-based solid 

solution) is formed, which reduces the mechanical properties. 

An increase in tungsten in the composition of the alloy leads to a 

decrease in the temperature of the carbide liquidus at a concentration of more 

than 6%, this behavior is associated with the formation of the ó-phase, the 

crystal lattice of which is close to M23%6, with a ratio of dimensional 
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parameters A/0,52û 4 and chromium concentration of 52 %. The appearance 

of the specified phase affects the thermodynamics of processes in the alloy 

and reduces the heat resistance of the material. Also, with an exaggeration of 

8%W, a ý-phase is formed in the alloy, the crystal lattice of which approaches 

M6C, by a similar mechanism to the ó-phase, which also reduces mechanical 

properties. 

Thus, the obtained data make it possible to regulate the processes of 

phase separation due to changes in the chemical composition of the alloy. 

This makes it possible to improve the properties of the material as a result of 

eliminating the negative impact of primary carbides, which cannot be 

eliminated by heat treatment. And get a favorable shape and type of 

secondary carbides in the structures of nickel-based superalloys. 
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THE INFLUENCE OF ATOMIC MAGNETIC STATE OF 

AUSTENITE ON RESISTANCE TO PITTING OF AISI 304 

STAINLESS STEEL 

 

Corrosion resistant steel AISI 304 is perspective for employment in 

industrial enterprise using water-recycling systems. There are many scientific 

researches of influence chemical composition and structural heterogeneity 

this steel on its pitting resistance in chlorine-containing media now. 

Therefore, the purpose of the work was to establish a correlation between the 

atomic-magnetic states of austenite this steel and its resistance to pitting 

corrosion in model circulating waters. 

It was established that in model circulating waters with pH4 and 

chloride concentration of 350, 600 mg/l critical pitting temperatures (CTP) 

of AISI 304 steel linearly decreases by 5&7°C while increasing its specific 
magnetic susceptibility (÷>) from 2,23;10-8 m3/kg to 2,31;10-8 m3/kg. 
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The analysis of the coefficients (b) of the regression dependencies (1, 2) 

showed that in model circulating water with a chloride concentration of 600 

mg/l, the influence of the parameter ÷> on %TP is 7% higher than with 350 
mg/l. 

 

%&P = 156,8 - 43,2 ÷> , CCl=350 mg/l   (1) 

%&P = 150,4 - 46,3 ÷> , CCl=600 mg/l   (2) 

 

This shows that the atomic-magnetic state of austenite does not 

significantly affect the adsorption of chlorides in the vicinity of inclusions 

and the probability of nucleation of pitting in their vicinity. In the same time, 

it was established that in researched model circulating waters the %TP of 
AISI 304 steels increases linearly by 10&13°C with increasing pH of model 
circulating waters from 4 to 7, and with pH8 they are the same as with pH4 

and even less (pic.1). This is due to the high content of nitrogen and almost 

the absence of titanium in steel. 

Besides, as a result of research, was established complex 

dependencies of corrosion losses of main metals (ôFe, ôNi, ôCr) from 

pitting on the surface of AISI 304 steel on the specific magnetic susceptibility 

of ÷>. The nature of this dependences show us the found coefficients of 

selective dissolution Cr and Ni from pitting, namely coefficients of selective 

dissolution Cr (ZCr) from pitting in researched model circulating waters less 

than one. It is shows, that the all pitting on the surface of steel AISI 304 are 

stable. 

 

 
Picture 1 3 Dependence between CTP of AISI 304 steel and pH of 

model circulating waters with chloride concentration of  

350 (line 1 and 2), 600 mg/l (line 3 and 4) 

 

Once moment, was establish, that in model circulating waters with 

chloride concentration of 300 mg/l, coefficients ZNi less that one too. It show 
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us, that selective dissolution Fe from pitting more than Ni. That9s why, stable 
pitting on the surface of researched steel grows up very fast. However, in 

model circulating waters with chloride concentration of 600 mg/l this 

coefficients, almost in all interval, specific magnetic susceptibility of AISI 

304 was more than one. It shows, that corrosion losses from pitting for Ni is 

higher than for Fe. This is the reason, that stable pitting on the surface of steel 

grows up very slowly. Extremes in dependences of corrosion losses ôFe, 

ôNi, ôCr from pitting on the surface of steel AISI 304 from its specific 

magnetic susceptibility ÷> due to repassivation of metastable pitting on the 

surface of the steel. 

 

 
'�� 621.729.92  
�D@5<5=:> �.�.1 
Petryshynets I.2 

+010: ..�.1 
PuAhy V.2  
1«#@807>2AP:89 45@602=89 B5E=VG=89 C=V25@A8B5B»,  0@VC?>;P, ':@0W=0   
2«Institute of Materials Research», �>H8F5, %;>20GG8=0 
 

#"��$)!��� � �*!�!!/ #"$",�"�"� ,&� #"�"� 
%&��� �390 ����$!�  #$" �!�  

 

,8@>:>3> ?>H8@5==S =01C20T 283>B>2;5==S 02B><>1V;V2 V7 
3V1@84=8< :C7>2><, I> ?>T4=CT @V7=>@V4=V <0B5@V0;8 V7 =0=5A5=8<8 
70E8A=8<8 ?>:@8BBS<8. #@8 HB0<?C20==V 5;5<5=BV2 :C7>2C V7 ;8ABV2 
TRIP-assisted AB0;V, S:0 7<VF=RTBPAS ?@8 28BS6FV, HB0<?8 ?V440RBPAS 
?>A8;5=><C 7=>HC20==R B0 =0;8?0==R <9S:8E <0B5@V0;V2, I> ?>3V@HCT 
S:VABP HB0<?>2:8. ,B0<?8 E>;>4=>3> HB0<?C20==S 283>B>2;SRBP V7 
V=AB@C<5=B0;P=8E AB0;59 =>2>3> ?>:>;V==S (A5@VS Microclean 

28@>1=8FB20 Bohler (Voestalpine)), >B@8<0=8E ?>@>H:>2>R B5E=>;>3VTR. 
%B0;P �390 FVTW A5@VW <0T ?V428I5=C V7>B@>?=VABP B0 @V2=><V@=VABP C 
@>7?>4V;V :0@1V4V2 (VC) 2 >19T<V A?;02C, I> 70157?5GCT W< ?V428I5=C 
7=>A>ABV9:VABP B0 29S7:VABP @C9=C20==S. � @>1>BV 282G0;8 <>6;82VABP 
4>40B:>2>3> 71V;PH5==S 4>23>2VG=>ABV AB0;V �390 ;075@=>R >1@>1:>R 
?>25@E=V. �;S FP>3> 70AB>A>2C20;8 ;075@ «TruFiber 400» (TRUMPF) V7 
28?@><V=R20==S< 7 4>268=>R E28;V 1064 =<. "1@>1:C ?@>2>48;8 157 
>?;02;5==S ?>25@E=V 70 B0:8E ?0@0<5B@V2: ?>BC6=VABP 3 40 �B, 4V0<5B@ 
?;S<8 3 0,6 <<, 50 % ?5@5:@8BBS 4>@V6>:, H284:VABP A:0=C20==S 3 30 

<</A. �AB0=>2;5=>, I> C 28?04:C ;075@=>W >1@>1:8 AB0;V C 28EV4=><C 

44



AB0=V (2V4?0;) =0 ?>25@E=V AD>@<C202AS H0@ 7<V=5=>W AB@C:BC@8 3;818=>R 
4> 230-250 <:<, 2 <560E S:>3> B25@4VABP 7=86CTBPAS 2V4 643ñ36 HV20 (1V;S 
?>25@E=V) 4> 330ñ15 HV20 3 2 >A=>2V. #VA;S B5@<VG=>W >1@>1:8 (30@BC20==S 
2V4 1180 >% 2 <0A;>, 3-E :@0B=89 2V4?CA: ?@8 500 >%) B25@4VABP >A=>28 
A:;0;0 763ñ3 HV20. �075@=0 >1@>1:0 B5@<>>1@>1;5=>W AB0;V 4>40B:>2> 
?V428I8;0 WW B25@4VABP 4> 855ñ14 HV20 =0 3;818=C 4> 200 <:<. �BV<, 1V;S 
?>25@E=V ?@8 ;075@=><C =03@V2V CB2>@8;8AP 48A?5@A=V >:A848, S:V 7=878;8 
B25@4VABP 4> 650-800 HV20. �075@=0 >1@>1:0 70157?5GCT ?@8@VAB B25@4>ABV 
AB0;V �390 =02VBP C B5@<>>1@>1;5=><C AB0=V, >B65 ?VA;S 2840;5==S 
>:8A;5=>3> H0@C (þ40 <:<) 2>=0 ?>B5=FV9=> <>65 71V;PH8B8 
7=>A>ABV9:VABP HB0<?C. �>A;V465==S 28:>=0=V 2 @0<:0E C:@0W=AP:>-
A;>20FP:>3> =0C:>2>3> ?@>5:BC (7 0122U200119). 

 
UDK 66.017:624.785:533.9(047.31) 

Efremenko B.V. 

Chabak Yu.G. 

Zurnadzhy V.I. 

Efremenko V.G. 

Azarkhov A.Yu. 
«Pryazovskyi State Technical University», Mariupol, Ukraine 

 

WEAR RESISTANCE OF SLM BIOMEDICAL 316L STEEL 

DEPENDING ON COUNTER BALL MATERIAL 

 

The microstructure and dry sliding wear behaviour of 316L biomedical 

steel fabricated by conventional hot rolling and selective laser melting (SLM) 

were studied in the work [1]. SLM 316L steel featured a microstructure of a 

<fish-scale= pattern having a fine-dendrite texture oriented perpendicular to the 

build-up surface. This ensured an almost two-times advantage in hardness 

(mean value of 3.26±0.13 GPa) as compared to hot-rolled steel 316T. Despite 

porosity and oxide contamination, SLM 316L steel was superior in wear 

resistance (by 21-58 %) being tested against different counter ball material 

(bearing steel 100Cr6, high-alloyed bearing steel 440C,  corundum).  

 

Fig. 1. Volumetric wear depending on the counter ball9s material [1]. 
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SLM 316L steel demonstrated the same tribological behaviour when 

tested against the balls made of 100Cr6 and 440C steels. With that, the 

volumetric wear of SLM 316L increased significantly (by 3 times relatively 

steel counter-bodies) when the counter ball was made of corundum. 
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INTERCRITICAL AUSTEMPERING OF (Cr, Mo, V)-ALLOYED 

TRIP-ASSISTED STEEL 

 

TRIP-assisted %-Si-Mn steels are usually subjected to austempering 

with a preliminary intercritical annealing that is targeted at the multi-phase 
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structure having 40360 vol.% of proeutectoid ferrite. The kinetics and the 

mechanism of phase-structural transformations can be impacted due to the 

additional alloying of TRIP-assisted steel by the strong carbide forming 

elements, necessitating an alternative approach for the selection of intercritical 

annealing parameters. This issue is analyzed in the present work, which 

investigates the effect of the temperature of intercritical annealing on the 

<Structure/Properties= correlations in 0.2 wt.% C-Si-Mn-Nb steel alloyed by 

0.55 wt.% Cr, 0.20% Mo, and 0.11 wt.% V. The annealing temperature ranged 

from 770 °C to 950 °C, and austempering was performed at 350 °C for 20 min. 
It was observed that the addition of the (Cr, Mo, V) complex significantly 

improved the steel hardenability. However, the annealing of steel at 770 °C (to 
gain 50 vol.% of proeutectoid ferrite) resulted in the precipitation of coarse 

cementite lamellas during bainite transformation, lowering the amount of 

retained austenite (RA) and decreasing the strength and ductility of steel. At 

higher annealing temperatures, carbide-free bainite was formed, which 

presented a 2.533.5 times increase in the RA volume fraction and a 1.5 times 

increase in the RA carbon content. The optimal combination of the mechanical 

properties (UTS of 1040 MPa, TEL of 23%, V-notch impact toughness of 95 

J/cm2, PSE of 23.9 GPa÷%) referred to annealing at a temperature close to the 

Ac3 point, resulting in a structure with 5 vol.% ferrite and 9 vol.% RA (the 

residue was carbide-free bainite). This structure presented an extended 

manifestation of the TRIP effect with an enhanced strain hardening rate due to 

strain-induced martensite transformation. The impact of the alloying elements 

on the carbon activity in austenite served as the basis for the analysis of 

structure formation. 
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(Instron, !>@2C4,  0AA0GCA5BA, %,�) 7 >FV=:>R B0:8E ?0@0<5B@V2: <560 
<VF=>ABV ?@8 @>7BS3C20==V (ÃB,  #0), <560 ?;8==>ABV (Ã0,2,  #0), 
2V4=>A=5 ?>4>265==S (·, %) V ?>?5@5G=5 72C65==S (Ë, %), <>4C;P 
?@C6=>ABV (E, �#0). 
#>@V2=S;P=89 0=0;V7 ?>:07CT, I> 4>A;V4=V9 A?;02 Zr-Ti-Nb <0T 

@V25=P <VF=>ABV, 1;87P:89 4> @V2=S 45D>@<>20=>3> A?;02C <0@:8 �&6 
(�"%& 19807-91). #@8 FP><C ?>:07=8:8 ?;0AB8G=>ABV <0;8 4>AB0B=P> 
28A>:V 7=0G5==S B0 1C;8 1;87P:8<8 4> 0=0;>3VG=8E ?>:07=8:V2 (2V4=>A=5 
?>4>265==S B0 72C65==S) ?>2=VABR 2V4?>2V40RBP 0=0;>3VG=8< 
?>:07=8:0< A?;02C <0@:8 �&6. 

�=0;V7 4>72>;ST 7@>18B8 28A=>2>:, I> ?@CB:>20 703>B>2:0 7 
F8@:>=VT2>3> A?;02C Zr-Nb-Ti <0;0 <>4C;P ?@C6=>ABV � = 35-37 �#0, 
B>1B> 4> 3 @07V2 =86G89, =V6 <>4C;P A?;02C Ti-6Al-4V (� = 103 �#0). *S 
25;8G8=0 <>4C;S =01;860TBPAS 4> 7=0G5==S <>4C;S ?@C6=>ABV ;R4AP:>W 
:VAB:8 � f 30 �#0, I> 40T ?V4AB02C 3>2>@8B8 ?@> ?V428I5==S 
1V>AC<VA=>ABV 4>A;V4=>3> A?;02C. $57C;PB0B8 <5B0;>3@0DVG=>3> 0=0;V7C 
B0 D@0:B>3@0< ?>:070;8, I> ?>25@E=V @C9=C20==S 7@07:V2 A?;02C Zr-Ti-

Nb ?VA;S 28?@>1C20=P =0 @>7BS3 1C;8 0=0;>3VG=V A?;02C Ti-6Al-4V V 
E0@0:B5@87C20;8AS G0H:>28< 7;0<><, B8?>28< 4;S 2'S7:>3> 
@C9=C20==S. �=0;V7 =5 28S282 4V;P=8FP :@8E:>3> @C9=C20==S, ?>@ V 
V=H8E 45D5:BV2, I> A2V4G8BP ?@> 28A>:C S:VABP 45D>@<0FV9=>W >1@>1:8. 

�<EAB2>< 

#@>2545=> ?>@V2=S==S <5E0=VG=8E 2;0AB82>AB59 ?@8 B5<?5@0BC@V 
20° % A?;02V2 Zr-Ti-Nb V Ti-6Al-4V. #>:070=>, I> A?;02 Zr-Ti-Nb <0T 
@V25=P <VF=>ABV, 1;87P:89 4> @V2=S A?;02C �&6 (�"%& 26492-85) - 

25;8G8=0 <56V <VF=>ABV =0 @>7@82 4;S A?;02C Zr-Ti-Nb óB AB0=>28BP 
747...920  #0, 0 4;S A?;02C �&6 óB g 885  #0, ?;0AB8G=VABP A?;02C Zr-
Ti-Nb 2V4?>2V40T 28<>30< �"%& 26492-85 4;S A?;02C �&6. 
#@>2545=> ?>@V2=S==S E0@0:B5@C @C9=C20==S ?@8 @>7BS30==V A?;02C 
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A?;02V2 Zr-Ti-Nb V Ti-6Al-4V. #>:070=>, I> A?;02 Zr-Ti-Nb ?>2>48BPAS 
B0: A0<>, S: V A?;02 Ti-6Al-4V. 

#@>2545=> ?>@V2=S==S <>4C;V2 =>@<0;P=>W ?@C6=>ABV A?;02V2 Zr-Ti-

Nb V Ti-6Al-4V. #>:070=>, I> A?;02 Zr-Ti-Nb <0T <>4C;P =>@<0;P=>W 
?@C6=>ABV 4> 3-E @07V2 =86G5, =V6 A?;02C Ti-6Al-4V. 

�>A;V465==S ?>:070;8, I> A?;02 Ti-6Al-4V, >B@8<0=89 <5B>4>< 
��# 2V4?>2V40T 70 <5E0=VG=8<8 2;0AB82>ABS<8 A?;02C Ti-6Al-4V V <>65 
1CB8 @5:><5=4>20=89 4;S 283>B>2;5==S V<?;0=B0BV2. 
�V;PH =87P:89 <>4C;P ?@C6=>ABV A?;02C Zr-Ti-Nb, 2 ?>@V2=S==V 7V 

A?;02>< Ti-6Al-4V, 70157?5GCT 7=865==S B0 2V4ACB=VABP 
?VA;S>?5@0FV9=8E CA:;04=5=P ?@8 9>3> 28:>@8AB0==V 4;S 283>B>2;5==S 
7C1=8E V<?;0=B0BV2. 

�VF5D0FGD0 
1. �V>AC<VA=89 A?;02 V7 =87P:8< <>4C;5< ?@C6=>ABV =0 >A=>2V A8AB5<8 
F8@:>=V9-B8B0= (20@V0=B8): ?0B. 102455 ':@0W=0:  #� (2013.01) 
A61L 27/00, A61F 2/02 (2006.01), C22C 16/00, B82B 3/00; 70S2;. 
26.12.2011; >?C1;. 10.07.2013, �R;. 713. 8 A. 

 

 

'�� 620.18:004.94 
�>;5A=V:>2 �.".1,2 
1 :0=4. B5E. =0C:., 2.>. =0C:. A?V2@>1VB=8:0 ( � V<. �.�. �0@?5=:0 !�! 
':@0W=8  
2 4>F5=B, �!' V<. &0@0A0 ,52G5=:0 
 

��%&"%'��!!/ �" #9.&�$!�) #$"�$�  FIJI &� 
IMAGEJ ��/ ���!�+�!!/ #�$� �&$�� 

 ��$"%&$'�&'$� �"%����'��!�) %#����� 
 

$>728B>: ACG0A=8E B5E=>;>3V9 2V41C20TBPAS 2 B><C G8A;V 
7024S:8 70AB>AC20==R =>28E <5B>48: 4>A;V465=P. �> =8E <>6=0 
2V4=5AB8 70AB>AC20==S ?@>3@0<=>3> 70157?5G5==S, :><?9RB5@=>3> 
<>45;R20==S, 0=0;V7C 25;8:8E 40=8E B0 V=. [1 - 7]. 

�>A;V465=> D5@8B=>-F5<5=B8B=C <V:@>AB@C:BC@C AB0;59 20, 
38)!3 (� B0 V=. 7 @V7=8< AB0=>< 48A?5@A=>ABV AC<VHV (?5@;VB=0, 
A>@1VB=0, B@>>ABVB=0, 159=VB=0), 28A>:>=V:5;52V AB0;V (�# 33) B0 A?;028 
(�# 741, 742). 

#5@54 ?>G0B:>< 4>A;V465=P ?V43>B>2;R20;8 7@07:8 =0 
>1;04=0==V «*5=B@C 5;5:B@>==>W <V:@>A:>?VW B0 @5=B35=V2AP:>3> 
<V:@>0=0;V7C» ( � V<. �.�. �0@?5=:0 !�! ':@0W=8. 
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 V:@>AB@C:BC@C A?;02V2 4>A;V465=> 70 4>?><>3>R <V:@>A:>?V2: 
Zeiss Stemi 2000 3 C Stereo Microscopes B0 �" " �% METAM #�-21 B0 
F8D@>2>W :0<5@8 SIGETA (Industrial color digital camera UCMOS 1300, 
1.3 MP, 0 B0:>6 SIGETA International Color Digital Camera MCMOS 5100 
5.1 MP.1).  

�;S @V7=8E A?;02V2 70AB>A>2C20;8 @V7=V B@02=8:8 [8]. 
�;S  H;VDV2 7V AB0;59 D5@8B=>-?5@;VB=>3> :;0AC 70AB>A>2C20;8 B@02=8: 
=0 >A=>2V 07>B=>W :8A;>B8 (3 - 5% @>7G8= 2 A?8@BV).  

 V:@>AB@C:BC@C Ni-Co A?;02V2 4>A;V465=> 70 4>?><>3>R 
B@02;5==S ?>25@E=V H;VDV2 @50:B82><  0@1;5 (CuSO4 - 4 3, HCl - 20 <;, 
2>40 - 20 <;) 70 @568<><: B@02;5==S 10&15 A5:C=4, ?@><82:0 2>4>R, 
ACH:0 30@SG8< ?>2VB@S<. �;S 28S2;5==S ´2- D078 B0 52B5:B8:8 (´+´') 
28:>@8AB>2C202AS @50:B82 CuSO4 - 20 3, H2SO4 - 5 <;, @5HB0 - H2O, 

3CAB8=0 AB@C<C - 500 �/<2. �;S 28S2;5==S :0@1V4V2 28:>@8AB>2C202AS 
@50:B82: NaF - 30 3, HCl - 100 <;, ;8<>==0 :8A;>B0 - 100 3, H2O - 1000 

<;, 3CAB8=0 AB@C<C 200 �/<2. �45=B8DV:0FVR Ã -, ¼- D07, :0@1V4V2 B8?C 
M23C6,  6%, I> <0RBP 3>;G0ABC 01> ?;0AB8=G0ABC <>@D>;>3VR ?@>2545=> 
:>;P>@>28< B@02;5==S< 70 4>?><>3>R @50:B82C: G5@2>=0 :@>2'S=0 AV;P - 
10 3, NaOH - 10 3, H2O - 100 <;, IV;P=VABP AB@C<C 500 A/<2. 

�V;P:VA=C >FV=:C D07>2>3> A:;04C <V:@>AB@C:BC@8 A?;02V2, 0 
B0:>6 @>7<V@8 AB@C6:8 B0 ?>H:>465=P =0 ?>25@E=SE @V70==S ?@>2>48;8 
70 4>?><>3>R :><?9RB5@=>W >1@>1:8 7>1@065=P <V:@>AB@C:BC@8 2 
?@>3@0<=8E :><?;5:A0E TOUP VIEW 3.7, Fiji, ImageJ 2.1 (@8A. 1), I> 40T 
<>6;82VABP ?@5F87V9=VH5 ?@>2>48B8 :V;P:VA=C >FV=:C D07>2>3> A:;04C 
A?;02C 2 ?>@V2=S==V 7 B@048FV9=8<8 <5B>40<8. 

&0:>6 ?@8 :><?;5:A=><C 28:>=0==V @>1VB 70AB>A>20=> 
=0ABC?=5 ?@>3@0<=5 70157?5G5==S: Adobe Photoshop, Adobe Illustrator, 
MS Excel, OriginPro 2016.  
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6                                                 7 
 
$8A. 1.  V:@>AB@C:BC@0 4>A;V46C20=>W AB0;V 38)!3 (� (4); �V0;>3>25 
2V:=> ?@>3@0<8 ImageJ (5). �VAB>3@0<0 @>7?>4V;C 2:;RG5=P 70 ?;>I5R 
(?V:A5;V2) (2). �VAB>3@0<0 @>7?>4V;C 2:;RG5=P 70 4>268=>R (3).  

 
#@>3@0<0 ImageJ 2>;>4VT 2V4:@8B8< :>4>< V 4;S =5W ?>ABV9=> 

AB2>@RRBPAS =>2V ?;03V=8, S:V 7=0G=> @>7H8@RRBP WW <>6;82>ABV B0 
:>;> WW 70AB>AC20==S. 

%?8A>: ;VB5@0BC@8 
1.�>;5A=V:>2 �. ". �=4CAB@V0;P=0 B5E=>;>3VG=0 @52>;RFVS 

(�=4CAB@VS 4.0), S: 2>=0 B>@:=5BPAS 02B><>1V;P=>W 30;C7V //  0B5@V0;8 V�-
W  V6=0@>4=>W =0C:>2>-B5E=VG=>W V=B5@=5B-:>=D5@5=FVW "#@>1;5<8 B0 
?5@A?5:B828 @>728B:C 02B><>1V;P=>3> B@0=A?>@BC", 12-13 :2VB=S 2018 
@., <. �V==8FS. - %. 90 - 94. 

2. �?B5:0@P  .�., �>;5A=8:>2 �.�., �C7=5F>2 �.�. �@0B:89 >17>@ 
=>2OE 4>AB865=89 2 >1;0AB8 2OG8A;8B5;P=>9 E8<88 8 
<0B5@80;>2545=8S, :0: 8=AB@C<5=B0 Q:>;>38G5A:>9 157>?0A=>AB8 // 
�VA=8: %EV4=>C:@0W=AP:>3> =0FV>=0;P=>3> C=V25@A8B5BC V<5=V 
�>;>48<8@0 �0;S 7 2 (173) 2012 3 A. 279 3 284. 

3. �>;5A=8:>2 �.�. �@0B:89 >17>@ =>2OE 4>AB865=89 2 >1;0AB8 
2>4>@>4=>3> <0B5@80;>2545=8S. %>2@5<5==O5 ?@54AB02;5=8S >1 0B><5 
2>4>@>40 // �VA=8: %EV4=>C:@0W=AP:>3> =0FV>=0;P=>3> C=V25@A8B5BC 
V<5=V �>;>48<8@0 �0;S // �84-2> %!' V<. �.�0;S, 2011. 3 7 2(156) 
+0AB8=0 2. 3 A. 192 - 199. 

4. %B04=8: ". �., �C20;5FP  . .., ,<0B:> ". �., �>;5A=V:>2 �. ". 
 5B>48 B0 70A>18 ?V428I5==S :>@>7V9=>W ABV9:>ABV 45B0;59 02B><>1V;V2 
//  0B5@V0;8 V�-W  V6=0@>4=>W =0C:>2>-B5E=VG=>W V=B5@=5B-:>=D5@5=FVW 
"#@>1;5<8 B0 ?5@A?5:B828 @>728B:C 02B><>1V;P=>3> B@0=A?>@BC", 12-13 

:2VB=S 2018 @., <. �V==8FS. - %. 190 - 197. 

69



5. �?B5:0@  .�, �>;5A=V:>2 �."., �C7=5F>2 �.�. �=0;V7 =>28E 
4>AS3=5=P 2 >1;0ABV >1G8A;R20;P=>W EV<VW V <0B5@V0;>7=02AB20, S: 
V=AB@C<5=BC 5:>;>3VG=>W 157?5:8 //  0B5@V0;8 V  V6=0@>4=>W =0C:>2>-

?@0:B8G=>W :>=D5@5=FVW <�:>=><VG=V, 5:>;>3VG=V B0 A>FV0;P=V ?@>1;5<8 
2C3V;P=8E @53V>=V2 %!� 20 :2VB=S 2012 @. C. 40 3 42. 

6. #@>E>@>2 �., �>;5A=8:>2 �.�. %>740=85 =>2OE <0B5@80;>2 4;S 
<0H8=>AB@>5=8S //  0B5@V0;8 V�  V6=0@>4=>W =0C:>2>-?@0:B8G=>W 
:>=D5@5=FVW <�:>=><VG=V, 5:>;>3VG=V B0 A>FV0;P=V ?@>1;5<8 2C3V;P=8E 
@53V>=V2 %!�=. 19 :2VB=S 2013 @., <. �@0A=>4>=. C. 365 - 367. 

7. �>lesnikov V.O. Investigation of the wear products of high-

nitrogen steel after hydrogenation // Komisji Motoryzacji i Energetyki 

Rolnictwa XA/2010. Commission of Motorization and Power Industry in 

Agriculture 3 OLPAN, 2010, 10A, 271 - 275 p. 

8. �C@=0; ?@>B>:>;V2 ;01>@0B>@=8E @>1VB 7 :C@AV2 
< 0B5@V0;>7=02AB2> C E0@G>28E B5E=>;>3VSE=4;S ABC45=BV2 =0?@S<C 
6.051702 &5E=VG=0 5:A?5@B870 B0 157?5:0 E0@G>2>W ?@>4C:FVW / 
�. .�@0<0@, �.�.�>4@>20.  3 &5@=>?V;P, &!&' V<. �.#C;RS, 2016.- 144 A. 
 
 

'�� 620.18:004.94 
�>;5A=V:>2 �.".1,2 
1 :0=4. B5E. =0C:., 2.>. =0C:. A?V2@>1VB=8:0 ( � V<. �.�. �0@?5=:0 !�! 
':@0W=8,  
2 4>F5=B, �!' V<. &0@0A0 ,52G5=:0 
 
��%&"%'��!!/ �" #9.&�$!�) #$"�$�  TOUP VIEW 

&� GWYDDION ��/ �!����'  ��$"$��,�(' #"��$)"!, 
 

#V4 G0A <5E0=VG=>W >1@>1:8 <0B5@V0;V2, 0 B0:>6 2 C<>20E B5@BS 
B0 V=H8E 2?;82V2 =0 45B0;P 01> 703>B>2:C 2V41C20TBPAS 7<V=0 
<V:@>@5;PTDC WW ?>25@E=V [1 - 9].  

�>A;V465==S ?>25@E>=P >1@>1;R20=8E <0B5@V0;V2 @07>< 7V 
?>@V2=S==S< ?0@0<5B@V2 <V:@>AB@C:BC@8, 2;0AB82>AB59 <0B5@V0;V2, C<>2 
>1@>1:8, 70AB>AC20==S 7<0IC20;P=8E >E>;>46C20;P=8E A5@54>28I B0 
V=H8E D0:B>@V2, 4>72>;ST ?@>2>48B8 :><?;5:A=89 0=0;V7 40=8E B0 
7=0E>48B8 <>6;82>ABV 4;S ?@>2545==S ?>:@0I5==S >1@>1;R20=>W 
?>25@E=V.    

�>A;V465=> AB0;P 38)!3 (� C AB0=V ?>AB0G0==S (157 B5@<VG=>W 
>1@>1:8) V7 B25@4VABR 35 HR% [1]. %B@C6:C >B@8<0=>, 2V4@V70==S< =0 
B>:0@=>-328=B>@V7=><C 25@AB0BV 2V4 703>B>2:8 F8;V=4@8 4V0<5B@>< 
28 << B0 B>2I8=>R 4 <<. $V75FP 1C2 >A=0I5=89 B25@4>A?;02=>R 
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?;0AB8=>R ��-6. �;S AB2>@5==S @V2=8E C<>2 B>GV==S @V75FP 70B>GC202AS 
B0 28AB02;S2AS >4=0:>289 :CB <V6 =8< B0 703>B>2:>R. #@>2545=> 
5:A?5@8<5=B8 ?V4 G0A B>GV==S =0ACE>, 7 2>4>R B0 7<0IC20;P=>-

>E>;>46C20;P=>R @V48=>R (�"$), S:0 <VAB8BP A>=SH=8:>2C >;VR, 7 
>15@B0<8 315 RPM [2]. #0@0<5B@8 <V:@>AB@C:BC@8 AB0;V 287=0G5=> =0 
<V:@>A:>?V �" " �%  �&�  $� 21. �;S >B@8<0==S <V:@>H;VDV2 
28:>@8AB0=> B@02;5==S: 4% @>7G8= 07>B=>W :8A;>B8. "A>1;82>ABV 
<>@D>;>3VW AB@C6:8 282G5=> =0 <V:@>A:>?V ZEISS Stemi 2000C. "18420 
<V:@>A:>?8 >A=0I5=V :0<5@>R SIGETA International Color Digital 

Camera MCMOS 5100 5.1 MP.1. &0:>6 ?@>2545=> 4>A;V465==S =0 
5;5:B@>==><C <V:@>A:>?V EVO-40XVP 7 A8AB5<>R <V:@>0=0;V7C INCA 

Energy 350. 
,>@AB:VABP Rz >B@8<0=>W ?>25@E=V 28<V@S=> =0 ?@>DV;>3@0DV-

?@>DV;><5B@V <>45;V 201 B0 >FV=5=> 70 28A>B>R <V:@>?>25@E>=P, 73V4=> 
7 �%&' 2413-94 B0 �"%& 2789-73. Rz 287=0G5=> 2V4?>2V4=> 4> 
=>@<0B82=>W 107>2>W 4>268=8. 

�;S ?>1C4>28 7>1@065=P 3D ?>25@E>=P 70AB>A>20=> ?@>3@0<=V 
:><?;5:A8: TOUP VIEW 3.7, Gwyddion 2.61 (@8A. 1). 
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$8A. 1. �8EV4=5 7>1@065==S 7@07:0 7V AB0;V 38)!3 (� ?VA;S 
@V70==S =0 ACE> (4). �>A;V46C20=0 ?>25@E=S - 2D 7>1@065==S (1). 
�V7C0;V70FVS ?>25@E=V - 3D 7>1@065==S (Rz 35) (6). #@>DV;>3@0<0, 
?@>DV;R ?>25@E=V, I> ?>1C4>20=0 4;S >1@0=>3> =0?@S<:C (7).  
 

�0AB>AC20==S 28I573040=>3> ?@>3@0<=>3> 70157?5G5==S 
2V4:@820T 4>40B:>2V 3>@87>=B8 4;S 4>A;V465=P. �>=8 <>6CBP 1CB8 
?>T4=0==V 7 28:>@8AB0==S< 2;0A=>3> ?@>3@0<=>3> 70157?5G5==S, I> 
2:;RG0T @>728B>: B0:>3> =0?@S<:C, S: :><?9RB5@=89 7V@ [6 - 9].   

%C<EB> ?VF5D0FGD< 

1.�0;8FP:89 ". �., �>;5A=V:>2 �. "., �02@8;R:  . $. �?;82 
7<0IC20;P=>->E>;>46C20;P=>W @V48=8 =0 D>@<C20==S ?@>4C:BV2 
@V70==S AB0;V 38)!3 (� // (V7.-EV<. <5E0=V:0 <0B5@V0;V2. 3 2018. 3 54, 

7 5. 3 %. 1033107. 

2.#0B5=B 7 106988. �>=F5=B@0B 7<0IC20;P=>->E>;>46CRG>W 
@V48=8 4;S <5E0=VG=>W >1@>1:8 <5B0;V2 / ". �. �0;8FP:89,  . $. 
�02@8;R:, $.  . �529SB:V=, �. ". �>;5A=V:>2, �. $. (54CAV2. 3 "?C1;. 
10.05.2016; �R;. 7 9.  

3. ". �. �0;8FP:89, �. ". �>;5A=V:>2, �.  . �20AP:528G,  . $. 
�02@8;R: // �?;82 >A>1;82>AB59 =020=B065==S B0 =02>4=R20==S B0 
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4. �>;5A=V:>2 �. "., �02@8;R:  . $., �>;5A=V:>20 �. �. 
�V03=>AB8:0 B0 :>=B@>;P ?@>4C:BV2 7=>HC20==S 2 B@0=A?>@B=V9 30;C7V B0 
5=5@3><0H8=>1C4C20==V 4;S 70157?5G5==S =04V9=>W 5:A?;C0B0FVW 
<5E0=V7<V2 //  0B5@V0;8 X->W <V6=0@>4=>W =0C:>2>-B5E=VG=>W V=B5@=5B- 
:>=D5@5=FVW «#@>1;5<8 V ?5@A?5:B828 @>728B:C 02B><>1V;P=>3> 
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5. #@8:;048 70AB>AC20==S B0 2?@>20465==S =>28E B5E=>;>3V9 2 
B@0=A?>@B=V9 30;C7V B0 5=5@3><0H8=>1C4C20==V. +0AB8=0 1. 
�<0IC20;P=V <0B5@V0;8 // �>;5A=V:>2 �. "., :.B.=., 4>F.; �02@8;R:  . $., 
:.B.=.; �8:04>@>20 !. "., :.B.=., 4>F.; �>;5A=V:>20 �. �. //  0B5@V0;8 X->W 
<V6=0@>4=>W =0C:>2>-B5E=VG=>W V=B5@=5B- :>=D5@5=FVW «#@>1;5<8 V 
?5@A?5:B828 @>728B:C 02B><>1V;P=>3> B@0=A?>@BC», 14-15 :2VB=S 2022 
@>:C: 71V@=8: =0C:>28E ?@0FP. 3 �V==8FS: �!&', 2022. %. 139 3 146. 
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@C9=C20==S 45B0;59 2 B@81>79T4=0==SE 4;S ?@>3=>7C20==S 
5:A?;C0B0FV9=>W ABV9:>ABV B0 4>23>2VG=>ABV 2C7;V2 <0H8= B0 <5E0=V7<V2 
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 V6=. =0C:.-?@0:B. :>=D. «�:BC0;P=V ?8B0==S 5:A?5@B=>W B0 >FV=>G=>W 
4VS;P=>ABV», 25326 ;8AB>?040 2021 @>:C 2 <. #>;B020. %. 102 - 104. 

7.�>;5A=V:>2 �.". �0AB>AC20==S <5B>4V2 :><?9RB5@=>3> 7>@C 4;S 
0=0;V7C ?>H:>46C20=>ABV 45B0;59 B@0=A?>@BC. //  0B5@V0;8 X-W 
 V6=0@>4=>W =0C:>2>-?@0:B8G=>W :>=D5@5=FVW %CG0A=V V=D>@<0FV9=V B0 
V==>20FV9=V B5E=>;>3VW =0 B@0=A?>@BV (MINTT - 2018)  29-31 B@02=S 2018 
@., <. )5@A>=. - %. 312 - 316. 

8. �>;5A=V:>2 �. ". �>A;V465==S 7=>A>B@82:>ABV ?5@A?5:B82=8E 
AB0;59 4;S 02B><>1V;P=>W 30;C7V, 0 B0:>6 @>7?V7=020==S B0 V45=B8DV:0FVS 
WE ?@>4C:BV2 7=>HC20==S //  0B5@V0;8 V�-W  V6=. =0C:-B5E=. V=B5@=5B-
:>=D5@5=FVW "#@>1;5<8 B0 ?5@A?5:B828 @>728B:C 02B><>1V;P=>3> 
B@0=A?>@BC", 12-13 :2VB=S 2018 @., <. �V==8FS. - %. 79 - 89. 

9.%2V4>FB2> ?@> @5TAB@0FVR 02B>@AP:>3> ?@020 B0 B2V@ 7 101853. 
�><?9RB5@=0 ?@>3@0<0 «"1@>1:0 7>1@065=P ?>25@E=V ?@>4C:BV2 
7=>HC20==S, @V70==S 28A>:><VF=8E AB0;59 B0 A?;02V2». �>;5A=V:>2 
�0;5@V9 ";5:A0=4@>28G, �0;8FP:89 ";5:A0=4@ �20=>28G, �02@8;R: 
 0@VS $><0=V2=0, �20AP:528G �R1><8@  8E09;>28G. �0B0 @5TAB@0FVW 15 
AVG=S 2021 @>:C. 

 

 

'�� 620.18:004.94 
�>;5A=V:>2 �.".1,2 
1 :0=4. B5E. =0C:., 2.>. =0C:. A?V2@>1VB=8:0 ( � !�! ':@0W=8,  
2 4>F5=B, �C30=AP:89 =0FV>=0;P=89 C=V25@A8B5B V<. &0@0A0 ,52G5=:0 
 
�" #���%!�  �&��"�$�(�+!� &� ($��&"�$�(�+!� 

�"%�����!!/ ��$" �*!�) N�-CO %#����� 
 

$>728B>: 02V0FV9=>3>, AC4=>2>3> B0 5=5@35B8G=>3> 
307>BC@1>1C4C20==S A?@S<>20=> =0 ?V428I5==S 5D5:B82=>ABV BC@1V=, 
2V4B0: ?V428I5==S @>1>G8E B5<?5@0BC@, 0;5 2:070=V BC@1V=8 ?@0FRRBP 
=0 @V7=><C ?0;82V B0 2 @V7=8E C<>20E, B><C 28:>@8AB>2CRBP 60@><VF=V 
=V:5;52V A?;028 @V7=>3> A:;04C V 2;0AB82>AB59 [1 - 7].  

 V:@>AB@C:BC@C A?;02V2 4>A;V465=> 70 4>?><>3>R <V:@>A:>?V2: 
Zeiss Stemi 2000 3 C Stereo Microscopes B0 �" " �% METAM #�-21 B0 
F8D@>2>W :0<5@8 SIGETA (Industrial color digital camera UCMOS 1300, 
1.3 MP, 0 B0:>6 SIGETA International Color Digital Camera MCMOS 5100 
5.1 MP.1).  

(@0:B>3@0DVG=V 4>A;V465==S ?@>2545=> =0 5;5:B@>==><C 
<V:@>A:>?V EVO-40XVP 7 A8AB5<>R <V:@>0=0;V7C INCA Energy 350. 
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 V:@>AB@C:BC@C Ni-Co A?;02V2 4>A;V465=> 70 4>?><>3>R 
B@02;5==S ?>25@E=V H;VDV2 @50:B82><  0@1;5 (CuSO4 - 4 3, HCl - 20 <;, 
2>40 - 20 <;) 70 @568<><: B@02;5==S 10&15 A5:C=4, ?@><82:0 2>4>R, 
ACH:0 30@SG8< ?>2VB@S<. �;S 28S2;5==S ´2- D078 B0 52B5:B8:8 (´+´') 
28:>@8AB>2C202AS @50:B82 CuSO4 - 20 3, H2SO4 - 5 <;, @5HB0 - H2O, 

3CAB8=0 AB@C<C - 500 �/<2. �;S 28S2;5==S :0@1V4V2 28:>@8AB>2C202AS 
@50:B82: NaF - 30 3, HCl - 100 <;, ;8<>==0 :8A;>B0 - 100 3, H2O - 1000 

<;, 3CAB8=0 AB@C<C 200 �/<2. �45=B8DV:0FVR Ã -, ¼- D07, :0@1V4V2 B8?C 
M23C6,  6%, I> <0RBP 3>;G0ABC 01> ?;0AB8=G0ABC <>@D>;>3VR ?@>2545=> 
:>;P>@>28< B@02;5==S< 70 4>?><>3>R @50:B82C: G5@2>=0 :@>2'S=0 AV;P - 
10 3, NaOH - 10 3, H2O - 100 <;, IV;P=VABP AB@C<C 500 A/<2. 

 V:@>AB@C:BC@0 A?;02V2 E# 741 !# B0 E# 742 �� A:;040;0AP 7 
´+´'- D07 B0 :0@1V4V2. %B@C:BC@=>R >A>1;82VABR A?;02C �#-741 107>2>3> 
A:;04C �#-741# ()%�) T =0S2=VABP 3@0=8FP 28EV4=8E ?>@>H:V2, S:V =5 
?@>@>AB0;8 G5@57 @5:@8AB0;V7>20=V 75@=0.  *5 >1C<>2;5=>, 3>;>2=8< 
G8=><, G0AB8=:0<8 :0@1V4V2, S:V C=0A;V4>: 284V;5==S =0 ?>25@E=SE 
3@0=C; ?>@>H:V2 ?5@5H:>460RBP ?>2=V9 :>=A>;V40FVW <0B5@V0;C. ' 
=>2><C 20@V0=BV A?;02C �#-741!# ()%��) 71V;PH5=> 2<VAB 
:0@1V4>CB2>@RRG8E 5;5<5=BV2, 0 :>=F5=B@0FVR 2C3;5FR 7<5=H5=> 4> 
0,03 203. %.  

#@8=F8?>2>R T 4>102:0 Hf (30D=VR), S:89, ?>-?5@H5, CB2>@RT 
AB01V;P=V :0@1V48 B8?C MeC, I> 4>72>;ST ?@81@0B8 :0@1V4=V AVB:8 V7 
3@0=8FP 28EV4=8E ?>@>H:V2, 0 ?>-4@C35, ?V428ICT 5=5@3VR :>357VW 
:>35@5=B=8E ´ B0 ´' D07. %?;02 �#-741!# 4>40B:>2> ;53>20=89 <V44R, 
S:0 ?V428ICT 2>4=5B@82:VABP 60@><VF=8E =V:5;528E A?;02V2. 

 
$8A. 1.  V:@>AB@C:BC@0 4>A;V46C20=>3> 60@><VF=>3> Ni-Co A?;02C. 
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!0 7@07:0E 7V A?;02C �#741!# =0 <560E 75@5= :0@1V4C 28S2;5=> V 
42V9=8:8 75@5=, 0 B0:>6 284V;5==S ´ D078 2A5@548=V 75@5=. 

�0@><VF=V A?;028 =0 =V:5;52V9 >A=>2V �# 741# <0RBP @V7=89 
D@0:FV9=89 A:;04 G0AB8=>: AD5@8G=>W D>@<8 @>7<V@0<8 2V4 40 4> 400 
<:<. 

�V;P:VA=C >FV=:C D07>2>3> A:;04C <V:@>AB@C:BC@8 A?;02V2, 0 
B0:>6 @>7<V@8 AB@C6:8 B0 ?>H:>465=P =0 ?>25@E=SE @V70==S ?@>2>48;8 
70 4>?><>3>R  :><?9RB5@=>W >1@>1:8 7>1@065=P <V:@>AB@C:BC@8 2 
?@>3@0<=8E :><?;5:A0E TOUP VIEW 3.7, ImageJ 2.1, Gwyddion 2.61, I> 
40T <>6;82VABP ?@5F87V9=VH5 ?@>2>48B8 :V;P:VA=C >FV=:C D07>2>3> 
A:;04C A?;02C 2 ?>@V2=S==V 7 B@048FV9=8<8 <5B>40<8.  

&0:>6 1C;> ?@>2545=> :><?;5:A=V @>1>B8 7 ?>1C4>28 7>1@065=P 
B@VI8= [6], 0=0;V7C WE @>730;C65==S B0 ?@>AC20==S 7 C@0EC20==S< 
>A>1;82>AB59 <V:@>AB@C:BC@8 B0 2?;82C AB@C:BC@=8E A:;04>28E 
4>A;V46C20=8E A?;02V2. 

#@8 :><?;5:A=><C 28:>=0==V @>1VB 70AB>A>20=> =0ABC?=5 
?@>3@0<=5 70157?5G5==S: Adobe Photoshop, Adobe Illustrator, MS Excel, 
OriginPro 2016, Gwyddion 2.61. 

�;S V45=B8DV:0FVW ?@>4C:BV2 @V70==S, S:V 1C;8 >B@8<0=> ?@8 
?@>2545==V @V7=8E 284V2 <5E0=VG=8E >1@>1>: (2 B.G. ?VA;S =02>4=5==S) 
1C;> 70AB>A>20=> A?5FV0;P=> @>7@>1;5=> ?@>3@0<=5 70157?5G5==S [7].  

   
%C<EB> ?VF5D0FGD< 

1. �07>BC@1>1C4C20==S 2 ':@0W=V: ACG0A=89 AB0= V ?5@A?5:B828 
@>728B:C / �.�. )0;0B>2 B0 V=. �VA=8: !�! ':@0W=8. 2013. 7 12. %. 403
49. 

2. Glotka A. Influence of alloying systems on the properties of single 

crystal nickel-based superalloys / A. Glotka, V. Ol9shanetskii// International 
Journal of Materials Research. 3 2021. 3 Vol. 112, No. 10. -  PP. 794-799. 

https://doi.org/10.1515/ijmr-2021-8328. 

3. Balitskii A., Kolesnikov V. Hydrogen Effects on the Formation of 

Nickel Based Superalloys Cutting and Wear Products / Abstracs of the 22nd 

European Conference on Fracture - ECF22, 26 3 31 August, 2018, Belgrade, 

Serbia. 3 P. 182. 

4. �>;5A=V:>2 �.". �>A;V465==S <5E0=VG=>W >1@>1;R20=>ABV B0 
?>H:>46C20=>ABV Ni-Co A?;02V2 //  0B5@V0;8 6-W  V6=0@>4=>W =0C:>2>-
B5E=VG=>W :>=D5@5=FVW «&5>@VS B0 ?@0:B8:0 @0FV>=0;P=>3> ?@>5:BC20==S, 
283>B>2;5==S V 5:A?;C0B0FVW <0H8=>1C4V2=8E :>=AB@C:FV9». 4 �P2V2: 
��!#�&$� �&�. 4 2018. 4  %. 44 3 46. 

5. O.A. Balitskii, V.O. Kolesnikov, A.I. Balitskii, J.J. Eliasz, M.R. 

Havrylyuk, Hydrogen effect on the high-nickel surface steel properties during 
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machining and wear with lubricants, Archives of Materials Science and 

Engineering 104/2 (2020) 49-57. DOI: 

https://doi.org/10.5604/01.3001.0014.4894. 

6. �>;5A=V:>2 �0;5@V9.  5B0;>3@0DVG=V 4>A;V465==S Ni-Co 

A?;02V2 NICO15CR9W6AL5MO4 (�#-741!#) «%CG0A=0 =0C:0 B0 
>A2VB0».  0B5@V0;8  V6=0@>4=>W =0C:>2>-?@0:B8G=>W :>=D5@5=FVW. <. 
%B0@>1V;PAP:, 14-15 :2VB=S 2021 @. %.131 3 139.  ISBN 978-617-95067-7-

2.7. 

7. %2V4>FB2> ?@> @5TAB@0FVR 02B>@AP:>3> ?@020 B0 B2V@ 7 101853 
�><?9RB5@=0 ?@>3@0<0 «"1@>1:0 7>1@065=P ?>25@E=V ?@>4C:BV2 

7=>HC20==S, @V70==S 28A>:><VF=8E AB0;59 B0 A?;02V2». �>;5A=V:>2 
�0;5@V9 ";5:A0=4@>28G, �0;8FP:89 ";5:A0=4@ �20=>28G, �02@8;R: 
 0@VS $><0=V2=0, �20AP:528G �R1><8@  8E09;>28G. �0B0 @5TAB@0FVW 15 
AVG=S 2021 @>:C. 

 

 

'�� 620.18:004.94 
�>;5A=V:>2 �.".1,2 
�C@4C= �.�.2 
1 :0=4. B5E. =0C:., 2.>. =0C:. A?V2@>1VB=8:0 ( � !�! ':@0W=8, 4>F5=B, 
�C30=AP:89 =0FV>=0;P=89 C=V25@A8B5B V<. &0@0A0 ,52G5=:0 
2 :0=4. ?54. =0C:., 4>F5=B �C30=AP:89 =0FV>=0;P=89 C=V25@A8B5B V<. 
&0@0A0 ,52G5=:0 
 
�" #9.&�$!�  "���.��!!/  �)�!�+!"� "�$"��� 

NI-CO %#����� 
 

�0AB>AC20==S ACG0A=8E <5B>4V2 :><?9RB5@=>3> <>45;R20==S 4;S 
287=0G5==S FV;>3> A?5:B@C E0@0:B5@8AB8: B0 2;0AB82>AB59 A?;02V2 
4>72>;ST ACBBT28< G8=>< A:>@>B8B8 G0A =0 ?@>2545==S =0BC@=8E 
28?@>1C20=P B0 5:A?5@8<5=BV2 [1-3]. 

#@>2>48;8 :><?9RB5@=5 <>45;R20==S <5E0=VG=>W >1@>1:8 Ni-Co 

A?;02V2 2 ?0:5B0E Deform B0 Abaqus. 
�;S 70240==S E0@0:B5@8AB8: A?;02V2 28:>@8AB>2C20;8, S: 40==V 

>B@8<0=V 7 4>2V4=8:>2>W ;VB5@0BC@8, B0: V 40==V >B@8<0B8 =0 @>7@82=8E 
<0H8=0E 70 AB0=40@B=8<8 <5B>48:0<8. 

"B@8<0=V E0@0:B5@8AB8:8 <>6CBP 1CB8 >?8A0=V 70 4>?><>3>R 
@V2=S==S �6>=A>=0-�C:0 (S:5 T ACBV 5;0AB>29S7:>?;0AB8G=89 70:>= 
AB0=C <0B5@V0;C ?@8 25;8:8E 45D>@<0FVSE) B0 2@0E>2CT 04V010B8G=V 
7AC2=V S28I0, I> 28:;8:0=V 7=0G=8<8 3@04VT=B0<8 B5<?5@0BC@ B0 
25;8:8<8 ?;0AB8G=8<8 45D>@<0FVS<8. 
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/: ?@8:;04 =0 @8A. 1. ?@>V;RAB@>20=> 3@0DVG=C 2V7C0;V70FVR 
@57C;PB0BV2 :><?9RB5@=>3> <>45;R20==S <5E0=VG=>W >1@>1:8 Ni-Co 

A?;02C, I> 2V4?>2V40T 1500 :@>:C VB5@0FVW 7@>1;5=>W 2 ?0:5BV  Deform.  
 

 
 

$8A. 1. $57C;PB0B8 @5>;>3VG=>3> <>45;R20==S («Damage» 3 
«#>H:>465==S»). 

&0:>6 @57C;PB0B8 @5>;>3VG=>3> <>45;R20==S 4;S >A=>2=8E 284V2 
>1G8A;5=P 7 2V7C0;V70FVTR @57C;PB0BV2 C 283;S4V 3@0DV:V2 1C;8 >B@8<0=V 
4;S =0ABC?=8E E0@0:B5@8AB8::  ?@82545=V 45D>@<0FVW (Straine-Effective, 

mm/mm), H284:VABP 45D>@<0FVW (Straine rate 3 Effective, mm/mm)/sec), 

5:2V20;5=B=5 =0?@C65==S (Stress 3 Effective), (MPa); <V=V<0;P=5 B0 
<0:A8<0;P=5 =0?@C65==S (Stress 3 Min/Max principal, MPa); H284:VABP. 
(Velocity, mm/sec); B5<?5@0BC@0 2 7>=V @V70==S (Temperature, 0C).  

"B65, 2 @57C;PB0BV V<VB0FV9=>3> <>45;R20==S @5>;>3VG=>3> AB0=C 
703>B>2>: 7 Ni-Co A?;02V2 ?@8 @V70==V 2AB0=>2;5=V 70:>=><V@=>ABV 7<V=8 
=0?@C65=>-45D>@<>20=>3> AB0=C 7>=8 @V70==S V ?8B><>W @>1>B8 
AB@C6:>CB2>@5==S, V=20@V0=B=V 2 H8@>:8E V=B5@20;0E 7<V=8 C<>2 B0 
@568<V2 >1@>1;5==S, I> <>65 AB0B8 B5>@5B8G=>R >A=>2>R <5E0=V:8 
?@>F5AC @V70==S A?;02V2 B0:>3> B8?C. 

&0:>6 1C;8 ?@>2545=V =0BC@=V 5:A?5@8<5=B8 7 <5E0=VG=>W 
>1@>1;R20=>ABV Ni-Co A?;02V2 2 C<>20E B>GV==S B0 A25@4;V==S [4].   
 

%C<EB> ?VF5D0FGD< 
1. Glotka A.�. Forecasting the Properties of Heat-Resistant Nickel 

Alloys Equalaxial Crystallization / A.�. Glotka, V.�. Ol9shanetskii// 
Archives of Metallurgy and Materials. 3 2022. 3 Vol. 67, No. 1. -  PP. 51-56. 

https://doi.org/10.24425/amm.2022.137471   

2. �>;5A=V:>2 �. ". �5S:V <0B5@V0;>7=02GV 0A?5:B8 ?@8 <5E0=VG=V9 

>1@>1FV AB0;59 V A?;02V2 4;S B@0=A?>@B=>W B0 5=5@3><0H8=>1C4V2=8E 
30;C759. +0AB8=0 3. �0AB>AC20==S :><?9RB5@=>3> <>45;R20==S 
#@>1;5<8 B0 ?5@A?5:B828 @>728B:C 02B><>1V;P=>3> B@0=A?>@BC. �)-0 
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 V6=0@. =0C:.-B5E=. V=B5@=5B-:>=D.  0B5@V0;8. 14-15 :2VB=S 2021 @., <. 
�V==8FS, 2021. %. 120 3 126.  

3. �>;5A=V:>2 �. ". �5S:V <0B5@V0;>7=02GV 0A?5:B8 ?@8 <5E0=VG=V9 
>1@>1FV AB0;59 V A?;02V2 4;S B@0=A?>@B=>W B0 5=5@3><0H8=>1C4V2=8E 
30;C759. +0AB8=0 4. �0AB>AC20==S :><?9RB5@=>3> <>45;R20==S // 
 0B5@V0;8 X->W  V6=0@. =0C:>2>-B5E=VG=>W V=B5@=5B-:>=D. «#@>1;5<8 V 
?5@A?5:B828 @>728B:C 02B><>1V;P=>3> B@0=A?>@BC», 14-15 :2VB=S 2022 @. 
3 �V==8FS: �!&', 2022. %. 121 3 126. ISBN 978-966-641-910-4. 
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?@>2545==V @5<>=BV2 7 70AB>AC20==S< <5E0=VG=>W >1@>1:8. 
�>;5A=V:>2 �."., �0;8FP:89 ".�., �02@8;R:  .$., $52S:V=0 ".". 
II-30  V6=0@>4=0 =0C:>2>-B5E=VG=0 :>=D5@5=FVS «#5@A?5:B828 
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1 4-@. B5E. =0C:., AB. =0C:. A?V2@>1VB=8: ( � !�! ':@0W=8 
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�0@><VF=V =V:5;52V A?;028 2>;>4VRBP FV;8< @S4>< 2;0AB82>AB59, 

I> 4>72>;ST 28@>18 7 =8E C 206:8E C<>20E @>1>B8 2 
5=5@3><0H8=>1C4C20==V, 5=5@35B8FV, 02V0FVW B0 V=H8E 30;C7SE [1, 2]. 

�2060RG8 =0 28A>:C 20@BVABP 28@>1V2, S:0 I5 B>3> ?>ABV9=> 
7@>AB0T, 28=8:0T =5>1EV4=VABP C ?@>2545==V @V7=8E 284V2 :><?9RB5@=>3> 
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<>45;R20==S, I> AB>ACRBPAS B0:8E A?;02V2. *5 4>72>;ST ACBBT28< 
G8=>< 5:>=><8B8 G0A =0 ?@>2545==V =0BC@=8E 5:A?5@8<5=BV2 B0 
28?@>1C20=P [3, 4].  

#@>2>48;8 :><?9RB5@=5 <>45;R20==S <5E0=VG=>W >1@>1:8 Ni-Co 

A?;02V2 2 ?0:5B0E Deform (2D, 3D) B0 Abaqus. 
�;S 70240==S E0@0:B5@8AB8: A?;02V2 28:>@8AB>2C20;8, S: 40==V 

>B@8<0=V 7 4>2V4=8:>2>W ;VB5@0BC@V, B0: V 40==V >B@8<0B8 =0 @>7@82=8E 
<0H8=0E 70 AB0=40@B=8<8 <5B>48:0<8. 

"B@8<0=V E0@0:B5@8AB8:8 <>6CBP 1CB8 >?8A0=V 70 4>?><>3>R 
@V2=S==S �6>=A>=0-�C:0 (S:5 T ?> ACBV 5;0AB>29S7:>?;0AB8G=8< 
70:>=>< AB0=C <0B5@V0;C ?@8 25;8:8E 45D>@<0FVSE) B0 2@0E>2CT 
04V010B8G=V 7AC2=V S28I0, S:V 28:;8:0=V 7=0G=8<8 3@04VT=B0<8 
B5<?5@0BC@ B0 25;8:8<8 ?;0AB8G=8<8 45D>@<0FVS<8. 

/: ?@8:;04 =0 @8A. 1. ?@>V;RAB@>20=> 3@0DVG=C 2V7C0;V70FVR 
@57C;PB0BV2 :><?9RB5@=>3> <>45;R20==S <5E0=VG=>W >1@>1:8 Ni-Co 

A?;02C, I> 7@>1;5=>W 2 ?0:5BV Abaqus. /: 284=> 7 @8AC=:0 7>2=VH=V9 
283;S4 AB@C6:8, I> CB2>@8;0AP ?V4 G0A 5:A?5@8<5=B0;P=8E 4>A;V465=P 
71V30T 7 :><?9RB5@=8< <>45;R20==S<. 
 

 
$8A. 1. �><?9RB5@=5 <>45;R20==S 45D>@<0FVW AB@C6:8 (2V7C0;V70FVS 

:><?9RB5@=>3> <>45;R20==S 2 ?@>3@0<V Abaqus). 
&0:>6 @57C;PB0B8 @5>;>3VG=>3> <>45;R20==S >B@8<0=> 7=0G5==S 

=0?@C65=P 70 D>=  V75A>< 2 @V7=8E G0AB8=0E 28@>1C, I> <>45;RTBPAS. 
�8:>@8AB>2CRG8 40=89 ?0:5B 79S2;STBPAS <>6;82VABP 4;S 

?@>2545==S <>45;R20==S 4;S @5?@575=B0B82=8E >19T<V2 <0B5@V0;C, S: 
4;S 2D, B0: V 4;S 3D C<>2.  
 

%C<EB> ?VF5D0FGD< 
1.O./A. Glotka and S./V. Haiduk, Distribution of Elements in Carbides 

of Multicomponent Superalloys, Metallofiz. Noveishie Tekhnol., 42, No. 6: 

8694884 (2020) (in Russian) https://doi.org/10.15407/mfint.42.06.0869. 

2.  Balitskii A., Kolesnikov V. Hydrogen Effects on the Formation of 

Nickel Based Superalloys Cutting and Wear Products / Abstracs of the 22nd 
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European Conference on Fracture - ECF22, 26 3 31 August, 2018, Belgrade, 

Serbia. 3 P. 182. 

3.�1@0<5: �0@>;P, �>;5A=V:>2 �0;5@V9, �0;8FP:89 ";5:A0=4@. 
�5S:V ?V4E>48 I>4> :><?9RB5@=>3> <>45;R20==S <5E0=VG=>W >1@>1:8 
<0B5@V0;V2 7 C@0EC20==S< ?0@0<5B@V2 <V:@>AB@C:BC@8 4>A;V46C20=8E 
A?;02V2. «%CG0A=0 =0C:0 B0 >A2VB0».  0B5@V0;8  V6=0@>4=>W =0C:>2>-
?@0:B8G=>W :>=D5@5=FVW. <. %B0@>1V;PAP:, 14-15 :2VB=S 2021 @. %. 208 - 
210. ISBN 978-617-95067-7-2. 

4. �>;5A=V:>2 �. ". �5S:V <0B5@V0;>7=02GV 0A?5:B8 ?@8 <5E0=VG=V9 
>1@>1FV AB0;59 V A?;02V2 4;S B@0=A?>@B=>W B0 5=5@3><0H8=>1C4V2=8E 
30;C759. +0AB8=0 3. �0AB>AC20==S :><?9RB5@=>3> <>45;R20==S 
#@>1;5<8 B0 ?5@A?5:B828 @>728B:C 02B><>1V;P=>3> B@0=A?>@BC. �)-0 
 V6=0@. =0C:.-B5E=. V=B5@=5B-:>=D.  0B5@V0;8. 14-15 :2VB=S 2021 @., <. 
�V==8FS, 2021. %. 120 3 126 
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!0FV>=0;P=>W 0:045<VW =0C: ':@0W=8 
24-@ B5E=.. =0C:, 702V4CRG89 2V44V;C DV78:>-EV<VW ;820@=8E ?@>F5AV2 
(87V:>-B5E=>;>3VG=>3> V=AB8BCBC <5B0;V2 B0 A?;02V2 !0FV>=0;P=>W 
0:045<VW =0C: ':@0W=8 
3:0=4. B5E=. =0C:, AB0@H89 =0C:>289 A?V2@>1VB=8: 2V44V;C DV78:>-EV<VW 
;820@=8E ?@>F5AV2 (87V:>-B5E=>;>3VG=>3> V=AB8BCBC <5B0;V2 B0 A?;02V2 
!0FV>=0;P=>W 0:045<VW =0C: ':@0W=8 
40A?V@0=B 2V44V;C DV78:>-EV<VW ;820@=8E ?@>F5AV2 (87V:>-
B5E=>;>3VG=>3> V=AB8BCBC <5B0;V2 B0 A?;02V2 !0FV>=0;P=>W 0:045<VW =0C: 
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�:BC0;P=VABP @>7@>1:8 =>28E 60@><VF=8E :>@>7V9=>ABV9:8E 
A?;02V2 ?>29S70=0 7 =5>1EV4=VABR 71V;PH5==S @5AC@AC @>1>B8 ;>?0B>: 
BC@1V=8, ?V428I5==S B5<?5@0BC@8 307C ?5@54 2E>4>< 2 BC@1V=C B0 
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5:>=><VW ?0;820. "4=>G0A=> 7 ?V428I5==S< @>1>G>W B5<?5@0BC@8 C 
BC@1V=0E =5>1EV4=> 70157?5G8B8 =04V9=VABP @>1>B8 ;>?0B>:, 7<5=H8B8 
28B@0B8 =0 @5<>=B 4283C=0 B0 28?CA: 70?0A=8E G0AB8=. �V4?>2V4=> 4> 
28<>3 :>=AB@C:B>@AP:>W 4>:C<5=B0FVW =0 ACG0A=V 5=5@35B8G=V V AC4=>2V 
�&� =5>1EV4=> 70157?5G8B8 WE =04V9=C @>1>BC ?@8 B5<?5@0BC@V 307C =0 
2E>4V 2 BC@1V=C 1150 3 1200°%, I> 4>72>;8BP ?V428I8B8 ?>BC6=VABP C 
?>@V2=S==V 7 4283C=0<8, @>7@>1;5=8<8 @0=VH5. �;S ?V428I5==S 
60@><VF=>ABV B0 7<5=H5==S 28A>:>B5<?5@0BC@=>W :>@>7VW ;>?0B>: C 
A?;028 22>4SBP 2V4 12 4> 20 % <0A. E@><C. #V428I5=89 2<VAB E@><C 
A?@8ST CB2>@5==R :0@1V4=8E D07 C A?;02V, S:V 7<5=HCRBP ?;0AB8G=VABP 
;8B>3> <5B0;C[135].  

"AB0==V< G0A>< AB2>@RRBP 60@><VF=V A?;028 =0 =V:5;52V9 
>A=>2V, S:V ;53CRBP @5=VT<, B0=B0;><, @CB5=VT<. �8:>@8AB0==S F8E 
5;5<5=BV2 4;S ;53C20==S ACG0A=8E A?;02V2 4>72>;ST 7<5=H8B8 
:>=F5=B@0FVR 2 =8E E@><C V 71V;PH8B8 <VF=VABP 157 7<5=H5==S @V2=S 
:>@>7V9=>W ABV9:>ABV ;>?0B>:. 

�>A;V465==S >AB0==VE @>:V2 ?>:070;8, I> A?V;P=5 22545==S 2 
A?;02 B0=B0;C V @5=VR 70157?5GCT @V7:5 7=865==S 48DC7V9=>W @CE;82>ABV 
5;5<5=BV2 C A?;02V, >A>1;82> ?@8 28A>:V9 B5<?5@0BC@V, 7=0G=> 7<VF=RT 
B25@489 @>7G8= V AB01V;V7CT ´´-D07C, 7>:@5<0 C?>2V;P=RT ?@>F5A8 
CB2>@5==S 25;8:8E G0AB>: ´'-D078, 70 @0EC=>: :>03C;SFVW B0 ?V428ICT 
B5<?5@0BC@C @>7G8=5==S 4@V1=8E. *5 B0:>6 ?@872>48BP 4> 71V;PH5==S 
60@><VF=>ABV B0 B5@<VG=>W AB01V;P=>ABV 60@><VF=8E =V:5;528E A?;02V2 
[638].  

#@>BS3>< >AB0==P>3> 45ASB8@VGGS C (&� % !�! ':@0W=8 
?@>E>4SBP 4>A;V465==S 2?;82C BC3>?;02:8E <5B0;V2, B0:8E S: @5=V9, 
B0=B0;, @CB5=V9, =0 AB@C:BC@C V 2;0AB82>ABV 60@><VF=8E 
:>@>7V9=>ABV9:8E A?;02V2 4;S ;>?0B>: �&�. !0 107V EV<VG=>3> A:;04C 
A5@V9=>3> 60@><VF=>3> :>@>7V9=>ABV9:>3> A?;02C % 88Y[9] AB2>@5=0 
=>20 :><?>78FVS, I> 4>40B:>2> <VAB8BP @5=V9 (3,7-4,3 %, <0A.) V B0=B0;( 
2,5- 4,3 %, <0A.). 

!09206;82VH0 @>;P 2 70157?5G5==V B@820;>W <VF=>ABV �%, WE 
B5E=>;>3VG=>ABV ?@8 ;8BBV V B5@<VG=V9 >1@>1FV =0;568BP B5<?5@0BC@0< 
D07>28E ?5@5B2>@5=P. &5<?5@0BC@8 ?>2=>3> @>7G8=5==S ´'-D078 2 ´-
B25@4><C @>7G8=V &?.@. (&A>;P2CA), B5<?5@0BC@8 A>;V4CA &S V ;V:2V4CA &L 

T =5 BV;P:8 E0@0:B5@8AB8:0<8 B5@<VG=>W AB01V;P=>ABV, 0 9 287=0G0RBP, 2 
?5@H><C =01;865==V, <0:A8<0;P=C B5<?5@0BC@=C ?@0F5740B=VABP 
60@><VF=>3> A?;02C [23].  5B>R 40=>W @>1>B8 T 282G5==S B5<?5@0BC@ 
D07>28E ?5@5B2>@5=P, 4>A;V465==S D07>2>-AB@C:BC@=8E A:;04>28E 
5:A?5@8<5=B0;P=>3> 60@><VF=>3> :>@>7V9=>ABV9:>3> A?;02C 4;S 
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;>?0B>: ?5@H>3> B0 4@C3>3> ABC?5=R BC@1V=8 307>BC@1V==8E 4283C=V2 
5=5@35B8G=>3> ?@87=0G5==S. 

�>A;V465=> ?'SBP 7@07:V2 5:A?5@8<5=B0;P=>3> A?;02C V 2V4><>3> 
?@><8A;>2>3> A?;02C % 88Y. �;S >B@8<0==S 4>A;V4=8E 7@07:V2 
703>B>2:8 A?;02C % 88Y [9] V 5:A?5@8<5=B0;P=>3> A?;02C, S:V 1C;8 
?>?5@54=P> 28?;02;5=V 7 G8AB8E <0B5@V0;V2, ?5@5?;02;S;8 <5B>4>< 
20:CC<=>-V=4C:FV9=>3> ?5@5?;02C =0 ;820@=><C 03@530BV '##(-2 70 
2V4><>R B5E=>;>3VTR. (B8A: 2 ?5GV 1,2 3 2,5 #0, B5<?5@0BC@0 70;82:8 C 
D>@<8 1560 3 1580 °%, B5<?5@0BC@0 D>@<8 3 800 °%). &5<?5@0BC@8 
D07>28E ?5@5B2>@5=P (&S, &L, &?.@. 3 ?>2=>3> @>7G8=5==S ´'-D078) 
287=0G0;8AS 48D5@5=FV9=>R A:0=CRG>R :0;>@8<5B@VTR. �>A;V465==S 
28:>=C20;8 =0 28A>:>B>G=><C A8=E@>==><C B5@<VG=><C 0=0;V70B>@V 
Netzsh STA449C (!V<5GG8=0) ?@8 =03@V2V B0 >E>;>465==V 7V H284:VABR 
20°%/E2 7@07:V2 7V A?;02V2 @>7<V@>< 2,8×2,8×2,8 <<. &>G=VABP 
28<V@R20==S B5<?5@0BC@ A:;040T ±1,5 °%. 

�;S ?'SB8 7@07:V2 5:A?5@8<5=B0;P=>3> A?;02C  V A?;02C % 88Y 
1C;> 287=0G5=> >A=>2=V B5<?5@0BC@8 D07>28E ?5@5B2>@5=P: B5<?5@0BC@0 
A>;V4CA, ;V:2V4CA, A>;P2CA (?>2=>3> @>7G8=5==S (&?.@.) ´'-D078). 
�AB0=>2;5=> 7<VI5==S @V2=S 7=0G5=P :@8B8G=8E B>G>: (TS,&L) 2 
AB>@>=C ?V428I5==S, 7 B5<?5@0BC@8 1270, 1330 4> 1320, 1370 °% 
2V4?>2V4=>, ?@8 22545==V @5=VR V B0=B0;C . *5 T ?V4B25@465==S< D0:BC 
?>78B82=>3> 2?;82C F8E 5;5<5=BV2 =0 B5<?5@0BC@=89 ?>@V3 @>7G8=5==S 
7<VF=RRG>W ´2-D078 A:;04C Ni3(Al,Ti) V 287=0G0T ?V428I5==S 
B5<?5@0BC@=>3> @V2=S @>1>B>740B=>ABV A?;02C, I> <VAB8BP @5=V9 V 
B0=B0;. � ?>@V2=S==V 7 B5<?5@0BC@0<8 4;S % 88Y >B@8<0=V 4;S =P>3> 
40=V =0 50 º% 28IV. 

�53C20==S A?;02V2 @5=VT< V B0=B0;>< (70?@>?>=>20=89 A?;02), 0 
B0:>6 7=865==S C =8E E@><C ACBBT2> ?V428ICRBP B5@<VG=C AB01V;P=VABP 
´' 3D078: &?.@.´' ?V428ICTBPAS ~ =0 50°%, 4> 25;8G8=8 1220°%. #@8 
FP><C 7@>AB0T B5<?5@0BC@0 @>7G8=5==S =5@V2=>206=>W (´+´') - 52B5:B8:8 
(&52B.) 4> 1245°%.  

�>A;V465==S <V:@>AB@C:BC@8 >B@8<0=8E 7@07:V2 2 ;8B><C AB0=V, 
?VA;S =03@V2C B0 >E>;>465==S (:0;>@8<5B@8G=V 4>A;V465==S) 40RBP 
<>6;82VABP ?V4B25@48B8, I> D07>2>-AB@C:BC@=89 AB0= 2V4?>2V40T 4;S 
A?;02C @>73;S=CB>3> B8?C, B>1B> A:;040TBPAS 7 ´-B25@4>3> @>7G8=C 7 
2:;RG5==S< ´2-D078 V :0@1V40<8. � @8AC=:0 284=>, I> 7@07>: 
5:A?5@8<5=B0;P=>3> A?;02C <0T 45=4@8B=>-:><V@:>2C AB@C:BC@C, S:0 
A:;040TBPAS 7 ´-B25@4>3> @>7G8=C, 7<VF=RRG>W ´2-D078 B0 :0@1V4V2. #@8 
0=0;V7V AB@C:BC@ 4>A;V465=8E 7@07:V2 ?VA;S =03@V2C 2 :0;>@8<5B@V 4> 
1250 °% B>?>;>3VG=>IV;P=>C?0:>20=V (&-') - D078 C A?;02V, I> <VAB8BP 
@5=V9 V B0=B0;, =5 CB2>@R20;8AS. 
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0  

 
Element Weight, % Atomic, % 

Al K 2,68 6,28 

Ti K 0,91 1,20 

Cr K 13,49 16,43 

Co K 7,72 8,30 

Ni K 56,64 61,08 

Nb L 0,00 0,00 

Mo L 1,07 0,71 

Ta M 1,56 0,55 

W M 9,63 3,32 

Re M 6,31 2,14 

Totals 100,00  
 

1  

 
Element Weight, % Atomic, % 

Al K 3,42 7,44 

Ti K 2,90 3,55 

Cr K 13,68 15,43 

Co K 7,22 7,18 

Ni K 62,38 62,32 

Nb L 0,82 0,52 

Mo L 1,67 1,02 

Ta M 2,22 0,72 

W M 5,69 1,82 

Re M 0,00 0,00 

Totals 100,00  
 

$8AC=>:.  V:@>AB@C:BC@0 V EV<VG=89 A:;04 A?;02C 7 5, S:89 ;53>20=> @5=VT< V 
B0=B0;><, 2 >AV 45=4@8BC (0) V =0 3@0=8FV :><V@:8 (1) 

 

#@>2545=V ?>@V2=S;P=V 4>A;V465==S ?>:070;8, I> 22545==S C 
A?;02 BC3>?;02:8E <5B0;V2 A?@8ST ?V428I5==R 9>3> B5?;>DV78G=8E 
2;0AB82>AB59, 0 A0<5 B5<?5@0BC@ ;V:2V4CA, A>;V4CA B0 ?>2=>3> 
@>7G8=5==S, ?@81;87=> =0 50 º% =V6 4;S AB0=40@B=>3> 60@><VF=>3> 
=V:5;52>3> A?;02C % 88Y. 
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%?;02 �@0=8FS <VF=>ABV Ã2, MPa 

850 º% 950 º% 1050 º% 

11)13!13 158,3 101 63 

11)13!16 154,7 104 63 

14)16!17 179 110 68,5 

14)16!13 178 130 64 

20)23!18 150 90 52 

12)18!10& 137 65 38 
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IMPROVING THE QUALITY OF CASTINGS FROM THE 

NEW BIOSOLUBLE ALLOY MC10 USING THE OUT-OF-

FURNACE REFINING METHOD 

 

JSC <Motor Sich= has developed the MC10 alloy for the 
manufacturing of high-quality bio-soluble implants. The manufacture of this 

alloy includes melting of the alloy in induction and gas furnaces, processing 

of the liquid melt with flux, pouring of molds and heat treatment. 

Non-metallic inclusions of an exogenous and endogenous nature 

accumulate in the liquid metal during the manufacturing of magnesium 

alloys. This issue is associated with a high level of chemical activity of 
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magnesium and alloying elements, as well as with the usage of fluxes. 

Therefore, the technology of manufacturing magnesium-based alloys 

involves refining processes. The most advanced method of liquid metal 

purification is considered to be the method of out-of-furnace filtering of it 

through solid granular filters. The choice of the most appropriate and rational 

filtration material is an urgent task. 

In order to improve the quality of responsible castings from the MC10 

alloy, research was conducted on refining the melt using the filters made of 

various materials. The suitability of various modifiers as a filter is determined 

by the main requirements: the inertness of the filter in relation to the alloy 

components, a stable refining effect, the possibility of easy crushing and 

screening, sufficient mechanical strength, low cost and non-scarcity. Due 

these requirements, the following filter materials were chosen: limestone, 

magnesite, graphite, which are the most widely used in the domestic industry. 

In order to check the refining effect of various filters, the MC10 alloy 

was prepared according to standard technology. Preheated to a temperature 

of 500ïC filter material with granularity of 10-50 mm. poured onto the mesh 

of a removable pouring bowl with a height of 100 mm, installed above the 

riser of the casting mold for receiving cast samples. For comparison, samples 

were poured with different filter materials: magnesite, graphite, limestone 

and a complex filter consisting of equal parts of these materials. Additionally, 

samples were poured using serial technology without filtration. 

The scope of the research included the determination of the chemical 

composition, the study of the microstructure and physical and mechanical 

properties of the samples. Temporary resistance to rupture and relative 

elongation at room temperature were determined on samples with a diameter 

of 12 mm, heat-treated according to the T6 mode (quenching from a 

temperature of 540±5>%(holding time 15 hours) - cooling in air; aging at a 

temperature of 200±5>% (holding time 8 hours) 3 cooling in air) on a tearing 

machine P5. The physical density was determined on an AW-21 analytical 

balance by the method of weighing samples in water and in air. 

The microstructure was studied by optical microscopy (<Neofot 32=) 
on thermally treated samples before and after etching. X-ray microspectral 

analysis of structural components was carried out on a <JSM-6360LA= 
electron microscope. 

The chemical composition of the alloy, which was studied after 

various filtering options, met the requirements of the technical specifications 

and the content of the main elements is approximately at the same level. 

Metallographic research established that the structure of the alloy 

without filtration was a solid solution strengthened by the intermetallic phase, 

with the presence of a small amount of eutectics. 
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Filtration of the alloy through magnesite, limestone, and graphite 

contributed to the grinding of both micrograins and eutectics. The size of the 

grain in the experimental alloys is ~ 2,5-8,5 times smaller than in the serial 

metal. Maximum grain size grinding is observed when filtering through a 

complex filter. At the same time, the size of the micrograin was ~ 1,5-4,0 

times smaller than with other filtration options and more than 8 times smaller 

than the grain size of the serial metal. 

The analysis of the results of the physical and mechanical properties 

made it possible to establish that the filtration of the melt using the 

investigated filters increased both the strength and plasticity characteristics 

in comparison with the unrefined alloy. The highest values of mechanical 

properties were obtained on samples refined through a complex filter. 

Various filter materials were tested to obtain a high-quality MC10 

alloy for the manufacture of bio-soluble implants. It also has been established 

that the usage of limestone, graphite, and magnesite contribute to the refining 

of metal, the grinding of micrograins, and the improvement of its physical 

and mechanical properties. The developed complex filter, consisting of 

magnesite, graphite and limestone, provides the highest complex of 

properties of the MC10 alloy. 
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FEATURES OF THE KINETICS OF ISOTHERMAL SINTERING 

OF Fe-20 (wt.) Mo POWDER 

 

Formulation of the problem.  When sintering a multi-component 

powder mixture, a complex picture of the concentration, phase and structural 

inhomogeneity of sintered product is observed. This is due to different types 

of phase transformation at different interfaces (eutectoid, peritectoid etc.), 

different diffusion coefficients of atoms of different components in different 

matrix phases, finally by different rates of recrystallization of different phases 

at temperature of sintering. As a result, a typical picture is observed: some 

inter-phase reaction is slightly outlined, while it is already finished at other 

ones, and the products of this local reaction are already undergoing the stage 

of collective rcrystallization. At the same time the main advantage of sintered 
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alloys 3 their controlled fine-grained is lost. This problem is especially acute 

for heat-resistance alloys with regulating additives with a high melting points.  

Materials and methods. In this work, the features of the phase 

transformation in the powder Fe-20 mas. % Mo during isothermal sintering 

in neutral atmosphere at 920 ½C during 15, 30, 60, 90. 180 and 420 min after  

quenching in cold water were studied. The microstructure and  local phase 

concentration were studied with help of  SEM SELMI with  EDS 

spectrometer. Phase composition and the change in the specific share in this 

phase were studied with help of X-ray diffractometer Rigaku Ultima IV. 

Results.  

1. The polymophic transformation ³-Fe³´-Fe (during heating of the 

sample) and the reverse one ´-Fe³³-Fe (during saturation of iron with 

molybdenum at the temperature of sintering) were fixed. This causes 

appearance of an disordered zone of Fe atoms with increased diffusion 

mobility. This is evidenced by the formation of a wide hill (halo) of diffusion 

X-ray scattering in the interval of 2» = 39-46½.  
2. The formation of the stable and metastable phases (Fe7Mo6, 

Fe3Mo, FeMo and Sigma-FeMo) of unstable concentration was found. The 

presence of an unknown intermediate phase of peritectoid genesis was 

recorded. The mass of the intermediate phases is abnormally rapidly 

increasing up to 30 minutes exposure. This can be explained by powerful 

pumping of iron atoms, caused by the reverse phase transformation ´-Fe³³-
Fe, from unordered zone in Fe crystals to Mo crystalline pattern. 

3. Non-monotonic, extreme  changes both specific fraction of the 

phase constituents and the total density of the samples during isothermal 

exposure were shown.  

4. The restructuring of the porous sub-structure was fixed too. The 

main porosity is generated by the non-compensated  counter diffusion of the 

atoms of Fe and Mo (effect of Kirkendall - Frenkel). It is localized at the grain 

boundaries of ³-Fe with products of peritectoid reaction in the form of cracks. 

The spherical pores formed within the first 15 minutes of isothermal exposure 

almost completely disappeared. This indicates that the pores are an active 

constituent of both structural and phase transformations. Crack like pores to 

some extent isolate the ³-Fe grains from the peritectoid constituent. While 

these two structural constituents begin to behave as two isolated subsystems 

that have little mutual influence.  
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DEVELOPMENT OF COMPLEX MODIFICATION OF NICKEL-

BASED CATHODES FOR THE DEPOSITING OF ION-PLASMA 

COATINGS 

 

The Ni3Cr3Al coating system has been playing an important role in 

increasing the heat-resistant capability of gas turbine blades operating in 

harsh and demanding conditions[1]. One of the methods of applying Ni-Cr-

Al coatings is arc-ion plating, where a Ni-Cr-Al alloy material is made into a 

consumable cathode[2, 3]. The cathode is subsequently evaporated and 

ionized by an electric arc and attracted to the workpiece by a bias voltage to 

form a coating. The current study presents an investigation int> the influence 

of highly active Y-La and Y-Hf-La modifiers on the structure and properties 

of the Ni-Cr-Al consumable cathodes. Y-La, and Y-Hf-La modifiers are 

introduced in order to form nanosized phases that stabilize the structure of 

the alloy and ensure a uniform distribution of elements.  

It is shown that the introduction of such modifiers has a positive effect 

on the structure formation process of the consumable cathodes. It has been 

established that with the introduction of Y-Hf-La modifier, the structure of 

the obtained cathodes is characterized by a greater degree of homogeneity. In 

addition, a positive effect of Hf on the uniformity of the distribution of 

alloying elements (Al, Cr) in the bulk of the material has been noted in 

comparison with alloy samples modified with Y-La. 

The introduction of the Y-Hf-La has improved the homogeneity by 

reducing the defects in the consumable cathode. As a result, it has been 

confirmed experimentally that the heat resistance capability of the modified 

Y-Hf-La coating has increased by more than 2%, compared to the coating 

with the traditional Y-only modifier[4, 5]. 
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NEW COMPLEX METHOD DEVELOPING FOR CREATION 

ANTIFRICTION WEAR RESISTANCE COATINGS 

 

The purpose of this study is to establish technological conditions and 

parameters for obtaining materials for improving the performance of machine 
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parts under conditions of  heavily loaded friction units due to quasi-

tribosystems of gas thermal sprayed anti-friction layers [1,2,3]. 

During the research, a priori data were used in combination with our 

own scientific developments of the dependences of the influence of the 

chemical composition of gas thermal sprayed anti-friction layers on the 

physical and mechanical properties of the surface layer of the material, which 

is destroyed under tribosystem conditions. 

On the basis of the theoretical and practical scientific research, a set 

of relevant knowledge has been obtained, which makes it possible to 

determine the main criteria requirements for obtaining anti-friction layers and 

graphically describe the characteristics of the alloy and show the correlations 

of the parameters with each other. The positive role of aluminum as a soft 

component of anti-friction pseudoalloys, which is well sprayed by thermal 

metallization at an affordable cost, has been experimentally confirmed. It has 

been proven that gas thermal coatings in the form of pseudoalloys, consisting 

of particles with different physical and mechanical properties of materials, 

can have up to 2 3 3 times more wear resistance compared to single-

component coatings from materials included in the composition[4].  

Theoretical and practical scientific research with the reproduction of 

system analysis to increase the resistance to destruction under the conditions 

of quasi-tribosystems of gas thermal sprayed antifriction layers is given. It is 

shown that in order to ensure a good running in of the contacting surfaces in 

the friction zone and particles of hard material with high wear resistance and 

resistance against sticking with the counterbody, anti-friction pseudoalloys 

of coatings should contain zones of particles of material with lower hardness 

to comply with the Charpy principle. It has been determined that when 

spraying composite wires for use as a solid component of anti-friction 

coatings, it is possible to use particles of alloying elements that form 

intermetallic compounds or phase components of alloys with a high hardness 

during melting. A comparative analysis showed that two-component coatings 

deposited with composite wires are characterized by higher hardness and 

wear resistance under high contact pressures compared to coatings of the 

same composition deposited with different types of solid wires[5]. 

 The obtained results of the above studies allow, within the framework 

of technical and technological accuracy, which is necessary in the framework 

of practical engineering forecasts, to determine the physical and mechanical 

properties of wear resistant gas thermal sprayed anti-friction layers under 

conditions of quasi-tribosystems. Thus, in comparison with cast antifriction 

materials of the same composition, anti-friction layers obtained by thermal 

metallization have a 1.5 3 1.8 times higher wear resistance. 
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ABOUT RECRYSTALLIZATION PROCESSES OCCURRING IN 

LASER PROCESSING OF STEEL 

 

Laser processing is widely used to strengthen various steel products. 

During this treatment, structural and phase transformations in steel proceed 

at a very high rate [1, 2]. The goal of the work was to study the features of 

high-speed recrystallization in steels with different chemical composition and 

type of crystal lattice under laser action. Specimens made of hot-deformed 

steels were irradiated by laser in GOS-30M and Quantum-16. Neophot-31, 

Tesla electron microscope, DRON-2.0 used in research. 

An analysis of the microstructure of hot-rolled steels showed that in 

the zone of laser irradiation, the grains become larger by 133 points (from 8 

to 536 points, GOST 5639-82) compared with the initial state, i.e., collective 

recrystallization occurs. This is due to the direction of exposure and heat 

removal and causes the appearance of signs of a columnar structure. In E3 

steel, ferrite grains increased by one point (from 4 to 3 points). In austenitic 

steel 08H18N10T, the grains also became coarser by 132 points (from 9310 

to 738 points) in comparison with the initial sizes. In the zone of laser impact, 

a lot of so-called «dangling» boundaries are visible, which is typical for this 

steel. In steel 08Yu, fragments of grain boundaries and subboundaries are 

also visible. Thus, in the case of laser action, as in conventional annealing, 

collective recrystallization is suppressed in alloyed ferrite and austenite, but 

secondary recrystallization develops. 

In the zone of laser impact in all hot-worked steels, the slip lines and 

microcracks were observed, indicating significant plastic deformation. The 

constraint of plastic stress relaxation under laser irradiation is also due to the 

specifics of high-speed mass transfer, which is realized, in contrast to 

diffusion processes occurring during conventional heating [3]. 

 The study of fine structure of steels using an electron microscope 

showed that in the zone of laser action there are areas with dislocation clusters 

and a developed cellular substructure, which occupy 40 and 60 % of the area 

of the studied samples, respectively. The density of dislocations in the zone 
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of laser action in all steels increased by two orders of magnitude compared to 

the hot-rolled state. In addition, laser processing resulted in almost 3-fold 

refinement of the blocks (from 6,1.10-5 to 19,5.10-5 cm).        X-ray studies 

showed that a weakly developed crystallographic texture (110)³ arose in the 

laser impact zone; part of the grains is oriented by this plane parallel to the 

sample surface. 

The mode of laser irradiation used in the present studies was selected 

empirically in order to exclude heating of the steel above the structure change 

induced by phase transformation ³ µ ´ start point.  

The proof that no polymorphic transformation occurred under the 

studied irradiation conditions is evidenced by the following facts:  

- steel grains have grown, not crushed. If a polymorphic 

transformation occurred, and even a double one (during heating and cooling), 

at such high heating and cooling rates, the many phase transformation centers 

would arise and the structure would form fine-grained;  

- the same results were obtained both for steels in which polymorphic 

transformation is possible (08kp, 08Yu), and for steels where it is excluded 

(E3, 08KH18N10T), moreover, having a different crystal lattice; 

 - sulfide inclusions did not melt during heating, but they melt at 

temperatures above 950 °C. 

Conclusions. In the zone of laser action of hot-worked steels, 

structural signs of two processes are observed 3 collective or secondary 

recrystallization and high-speed shear or rotational plastic deformation. 

These processes run in parallel, so it should be considered that at the moment 

of pulsed laser irradiation, dynamic collective or secondary recrystallization 

develops in steels. The specific conditions of laser exposure, mainly its short 

duration and localized powerful energy, ensured the processes of restoring 

the structure of a dynamic nature. 
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=0?@0FR20==S 4> 1 @5<>=BC, 3>4; x6 3 B25@4VABP 28EV4=>W ;>?0B:8, HRC; 

x7 3 <560 ?;8==>ABV 28EV4=>3> <0B5@V0;C,  #0; x8 - <560 <VF=>ABV,  #0; 
y - G0AB>B0 2;0A=8E :>;820=P ;>?0B>:, �F. 
 �V=V9=0 @53@5AV9=0 <>45;P: 

C = 3 0,2961 x1 3 0,0892 x3 + 0,5531 x4 3 0,0840 x5 3 0,2434 x8. 

&>G=VABP <>45;V: 0,0003. 

�V=V9=0 @53@5AV9=0 <>45;P 4@C3>3> ?>@S4:C: 
C = 3 6,5318 + 1,1847 x1 3 0,0395 x3 3 0,5552 x4+ 7,6814 x5 3 3,1978 

x8+ 7,1069 x1
2 3 0,0157 x3

2 3 0,5300 x4
2. 

&>G=VABP <>45;V: 0,00045. 
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�V=V9=0 @53@5AV9=0 <>45;P 4@C3>3> ?>@S4:C 7 G0AB:>R ?5@H>3> 
?>@S4:C: 

C = 0,8079 + 0,2148 x1 3 0,2214 x3+ 0,0310 x4+ 0,3649 x8 3 0,3694 

x1:x3+ 0,0352 x3:x4 3 0,1712 x3:x5 3 0,4127 x3:x83 0,9691 x4:x83 0,5155 x1
2+ 

0,0123 x3
2+ 0,2760 x4

2. 

&>G=VABP <>45;V: 0,00065. 

 

"B@8<0=V @53@5AV9=V <>45;V ?>:07CRBP, I> =091V;PH89 2?;82 =0 
G0AB>BC 2;0A=8E :>;820=P ;>?0B>: 2?;820T =5 BV;P:8 35><5B@VS ;>?0B:8 
C ?5@8D5@V9=V9 7>=V, 45 2V41C20TBPAS <0:A8<0;P=89 5@>7V9=89 7=>A 
:@><>: ?5@0 ;>?0B>:, 0 B0:>6 <560 <VF=>ABV ;>?0B>: B0 25;8G8=0 
=0?@0FR20==S 4283C=0. 

&0:8< G8=><, ?@8 5:A?;C0B0FVW 25@B>;P>B=8E 4283C=V2 >A>1;82C 
C203C B@510 ?@84V;SB8 70AB>AC20==R C 25@E=V9 G0AB8=V ?5@0 ;>?0B:8 
70E8A=8E ?>:@8BBV2, I>1 <V=V<V7C20B8 5@>7V9=89 7=>A :@><>: ;>?0B>: 
B0 28:>@8AB>2C20B8 7<VF=RRGC >1@>1:C ?5@0, I>1 ?>4>2H8B8 @5AC@A 
@>1>B8 4283C=0. 

 

#�$���� #"%���!, 

1.  �015=:> ".!. �=0;87 @57C;PB0B>2 8AA;54>20=8S G0AB>B 
8 D>@< A>1AB25==OE :>;510=89 @01>G59 ;>?0B:8 1 ABC?5=8 �!� / ".!. 
�015=:>, &.�. #@81>@0 // �5AB=8: 42830B5;5AB@>5=8S. 3 72. 3 2018. 3 C. 

91-98. 

2. �28@=8: /.�. �;8S=85 ?O;52>9 Q@>788 =0 307>48=0-
<8G5A:85 E0@0:B5@8AB8:8 >A52>3> :><?@5AA>@0 �&� / /. �. �28@=8:, �. 
�. #02;5=:> // �5AB=8: 42830B5;5AB@>5=8S. 3 71. 3 2017. 3 C. 56-66. 

3. �D0=>2 �.%. -@>78>==0S AB>9:>ABP ;>?0B>: 
:><?@5AA>@0 25@B>;5B=OE �&� A @07;8G=O<8 B8?0<8 ?>:@OB89 / �. %. 
�D0=>2, �. !. #@>:>?5=:>, �. �. "2G8==8:>2, .. !. �=C:>2 // �5AB=8: 
42830B5;5AB@>5=8S. 3 71. 3 2017. 3 C. 120-123. 

4. #02;5=:> �.�. �0:>=><5@=>AB8 87=0H820=8S @01>G8E 
;>?0B>: :><?@5AA>@0 25@B>;5B=OE 42830B5;59, Q:A?;C0B8@CRI8EAS 2 
CA;>28SE 70?O;5==>9 0B<>AD5@O / �. �. #02;5=:>, /. �. �28@=8: // 
�5AB=8: 42830B5;5AB@>5=8S. 3 71. 3 2016. 3 C. 42-51. 
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'�� 621. 
$S1V:V=0  .�.

1 

1 �-B B5E=VG=8E =0C:, 4>F5=B ��!� «#�&'»  
 

�!���� /�"%&�  �&��"#$"��&' �� %&��� S355J2 
 

�;S <0A82C 40=8E 42>E ?;02>: ;8AB>2>3> ?@>:0BC AB0;V S355J2+N  

B>2I8=>R 90-100 << (?;8B8) @>7@0E>20=V AB0B8AB8G=V ?>:07=8:8 
<5E0=VG=8E 2;0AB82>AB59,  B01;. 1-2. %5@54=V 7=0G5==S E0@0:B5@8AB8: 
<VF=>ABV AB0;V, ?;02:0 71708063: Ã0,2 = 329  #0 V Ã� = 497  #0. �;S 
Ã0,2 28:>=CTBPAS ?@81;87=0 @V2=VABP EA@.g 5g >, 2 B>9 G0A S: 4;S Ã� - 
EA@.= 5f >.  V=V<0;P=5 V <0:A8<0;P=5 7=0G5==S Ã0,2 3 300 V 369  #0, 
I> =5 704>2>;P=ST 28<>30< EN 10025 (3153355  #0). Ã�min=470  #0, 
Ã�max=695  #0, >18420 :@09=V 7=0G5==S B0:>6 =5 704>2>;P=SRBP 
28<>30< (490-630  #0). �V4=>A=5 ?>4>265==S 3 ·A@.=34 %; 

A?>AB5@V30TBPAS E>@>H89 71V3 A5@54=P>3> 7 <>40;P=8< V <54V0==>3> 
7=0G5==S<8, :>;820==S =57=0G=V 3 2V4 31 4> 38 %.  

%5@54=T 7=0G5==S C40@=>W 29S7:>ABV �%V-20=78 �6/A<2, 0;5 
A?>AB5@V30TBPAS WW 7=0G=89 @>7:84: 83343 �6/A<2. 80 % ?@>1 ?;02:8  
71708063 704>2>;P=SRBP �2@>=>@<0< EN 10025 (27 �6/A<2).  

#;02:0 7 1708063 2V4@V7=STBPAS ?V428I5=8< 2<VAB>< :@5<=VR - 
Sij0,053 %. �<>2V@=> ?@8ACB=V 2 AB@C:BC@V AB0;V A8;V:0B8 <>3;8 
?@825AB8 4> =5704>2V;P=8E 7=0G5=P <5E0=VG=8E 2;0AB82>AB59 ?@>:0BC, 
>A>1;82> C40@=>W 29S7:>ABV [1-3] . 

$57C;PB0B8 AB0B8AB8G=>W >1@>1:8 <5E0=VG=8E 2;0AB82>AB59 AB0;V 
S355J2, ?;02:8 72710427 =02545=V 2 B01;8FV 2. "B@8<0=V =0ABC?=V 
A5@54=V 7=0G5==S: <56V B5:CG>ABV =341  #0, <56V <VF=>ABV =506  #0, 
2V4=>A=>3> ?>4>265==S =33 %, 5=5@3VW C40@C   �%V-20  =263 �6/A<2. �;S 
E0@0:B5@8AB8: <VF=>ABV, ?;0AB8G=>ABV <0T <VAF5 ?@81;87=89 71V3   
A5@54=P>3>, <>40;P=>3> V <54V0==>3> 7=0G5==S. %;V4 B0:>6 707=0G8B8, 
I> Ã0,2min = 320  #0, Ã�min = 495  #0,  ·min = 29 % V �%Vmin = 27 
�6/A<2, I> 704>2>;P=ST 28<>38 EN 10025. !09G0ABVH5 (j30 %) 
7CAB@VG0RBPAS ?>:07=8:8 @>1>B8 C40@C j300 �6/A<2, I> T 4C65 28A>:8< 
V AB01V;P=8< 7=0G5==S<. 

 V:@>AB@C:BC@0 4>A;V465=>W AB0;V 3 D5@8B>-?5@;VB=0. #5@;VB 
@>7?>4V;5=89 C 283;S4V @>7>A5@5465=8E @S4:V2 7 25;8:8E :>;>=V9 4> 
=5G8A;5==8E ?@>H0@:V2 V >48=8G=8E B>G:>28E :>;>=V9 =0 <560E 
D5@8B=8E 75@5=. � >AP>2V9 7>=V A?>AB5@V30TBPAS 71V;PH5==S ?5@;VB=>W 
A:;04>2>W B0 4V;S=:8 159=VBC 3@C1>W 1C4>28. $>7<V@ D5@8B=>3> 75@=0 3 
7938, >:@5<V 77. 
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&01;8FS 1 3 $57C;PB0B8 AB0B8AB8G=>3> 4>A;V465==S <5E0=VG=8E 
2;0AB82>AB59, AB0;P S355J2, ?;02:0 71708063 

 

+8A;>289 ?>:07=8: ó0,2, 

 #0 
ó�, 
 #0 

·, % KCV, 

�6/A<2 

%5@54=T  328,5 496,6 34,3 77,8 

%B0=40@B=0 ?>E81:0 2,9 1,7 0,2 18,3 

 54V0=0 325,5 494 34 16,5 

 >40 318 500 34 11,3 

%B0=40@B=5 2V4E8;5==S 17,1 10,0 1,5 106,8 

�8A?5@AVS 294,8 100,6 2,4 11402,6 

�:AF5A -0,4 8,9 0,0 1,2 

�A8<5B@VS 0,5 2,7 0,3 1,6 

�=B5@20; 69 50 7 335 

 V=V<C< 300 486 31 8,0 

 0:A8<C< 369 536 38 343 

�V;P:VABP  34 34 34 34 

 

&01;8FS 2 3 $57C;PB0B8 AB0B8AB8G=>3> 4>A;V465==S <5E0=VG=8E 
2;0AB82>AB59, AB0;P S355J2, ?;02:0 72710427 

 

+8A;>289 ?>:07=8: ó0,2, 

 #0 
ó�, 
 #0 

·, % KCV, 

�6/A<2 

%5@54=T  341,4 505,9 33,4 262,5 

%B0=40@B=0 ?>E81:0 2,7 1,9 0,3 5,6 

 54V0=0 341,5 509 33,5 264,3 

 >40 345 510 35 264 

%B0=40@B=5 2V4E8;5==S 15,5 6,7 1,5 31,5 

�8A?5@AVS 239,7 45,0 2,3 989,8 

�:AF5A 17 -0,6 0,9 1,3 

�A8<5B@VS 3,4 -0,5 -0,6 -0,8 

�=B5@20; 95 25 7 143,7 

 V=V<C< 320 495 29 169,3 

 0:A8<C< 415 520 36 313 

�V;P:VABP  32 32 32 32 
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#>@V2=S==S 42>E ?;02>: AB0;V S355J2 70 10;>< =5<5B0;528E 
2:;RG5=P =02545=> =0 @8A. 1. �84=>, I> ?;02:0E 1;87P:V 70 10;0<8 
:V;P:VABP =545D>@<>20=8E A8;V:0BV2 (%!), 2V4?>2V4=> 4,1 V 3,5 10;8, 
AC;PDV4V2 (%) 3 0,25. !VB@848 B>G:>2V (!&), 01> ?;0AB8G=V A8;V:0B8 (%#) 
2V4?>2V4=> 0,8 V 0,5.  �>A;V465=V ?;02:8 A8;P=> 2V4@V7=SRBPAS 70 
:V;P:VABR :@8E:8E A8;V:0BV2 (%)) (2V4?>2V4=> 1,6 B0 0,25 10;8, @V7=8FS 
AB0=>28BP 1V;PH5, =V6 C 6 @07V2), >:A84V2 B>G:>28E ("&) ( C ~3 @078). 
%0<5 FV 2:;RG5==S, 9<>2V@=>, ?@8725;8 4> ?04V==S 2 ?;02FV 71708063 

KCV-20 4> 9-22 �6/A<2.  

 

 
$8AC=>: 3 3 $>7?>4V; =5<5B0;528E 2:;RG5=P 2 ?;02:0E 70 

10;0<8 

 

%?8A>: 28:>@8AB0=8E 465@5;: 
 

1. H. Bhadeshia. Steels: Microstructure and Properties/ H. Bhadeshia, R. 

Honeycombe // Elsevier Ltd. . 3  UK, 2006. 3 43 $. 
2. Kazakov, A., Zhitenev, A., Ryaboshuk, S. Interpretation and 

Classification of Non-Metallic Inclusions // Materials Performance 

and Characterization. 3 Vol. 5. 3 7 5, 2016, pp. 139. [�;5:B@>==89 
@5AC@A] - $568< 4>ABC?C: 
https://vant.kipt.kharkov.ua/ARTICLE/VANT_2017_4/article_2017

_4_59.pdf 
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3. Vasconcellos da Costa de Silva André Luiz.  The effects of non-

metallic inclusions on properties relevant to the performance of steel 

in structural and mechanical applications/  André Luiz Vasconcellos 

da Costa de Silva //Journal of Materials Research and Technology 

Volume 8. 3 Issue 2, April 2019. 3 pp. 2408-2422R [�;5:B@>==89 
@5AC@A] - $568< 4>ABC?C:  
https://www.academia.edu/38859984/The_effects_of_non_metallic_i

nclusions_on_properties_relevant_to_the_performance_of_steel_in_

structural_and_mechanical_applications 

 

 
'�� 621.762:669.01 
"AV?>2  ... 1 
�@8:>2  . . 2 

�0?CABS= ".�. 1 

�:@8B>20 &.". 3 
#5B@8H8=5FP �. 4 
1 :0=4. B5E=. =0C:, 4>F5=B !' "�0?>@V7P:0 ?>;VB5E=V:0" 
2 4-@ B5E=. =0C:, ?@>D5A>@ !' "�0?>@V7P:0 ?>;VB5E=V:0" 
3 0A?V@0=B !' "�0?>@V7P:0 ?>;VB5E=V:0" 
4 #@>2V4=89 =0C:>289 A?V2@>1VB=8:, �=AB8BCB <0B5@V0;>7=02AB20, 
�>H8F5, %;>20GG8=0 
 

��/���!!/ �(��&' ��("$ �*��!"�" 
³³³ #�$�&�"$�!!/ � #"$",�"��) 

�����")$" �'���*���) %&��/) #$� �!",'��!!� 
 

�V4><> [1], I> 28:>@8AB0==S A?;02V2, I> <VABSBP C A2>W9 
AB@C:BC@V 70-80% 70;8H:>2>3> <5B0AB01V;P=>3> 0CAB5=VBC, 7=0G=0 
G0AB8=0 S:>3> (40-50%) 707=0T 2 ?@>F5AV 01@0782=>3> 7=>HC20==S 
45D>@<0FV9=V ´³³ 3 ?5@5B2>@5==S, 4>A8BP ?5@A?5:B82=5.  0@B5=A8B 
45D>@<0FVW, I> CB2>@RTBPAS ?V4 4VTR 7>2=VH=VE =020=B065=P, 
2V4@V7=STBPAS ?V428I5=>R (4> 12,5 �#0) <V:@>B25@4VABR. �5B0;V 
>1;04=0==S, C S:8E 2 ?@>F5AV 7=>HC20==S @50;V7CTBPAS 40=89 5D5:B, 
<0RBP V ?V428I5=89 B5@<V= A;C618. 

(V78G=V S28I0, I> 2V41C20RBPAS 2 ?@>F5AV 45D>@<0FV9=8E ´³³ 3 
?5@5B2>@5=P 2 40=89 G0A 4>A8BP 4>1@5 282G5=V B0 =04728G09=> CA?VH=> 
28:>@8AB>2CRBPAS :V;P:><0 =0C:>28<8 H:>;0<8 C A2>WE 4>A;V465==SE 
B0 ?@0:B8G=8E @>7@>1:0E. �AB0=>2;5=> >?B8<0;P=V <56V ;53C20==S 
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https://www.sciencedirect.com/science/article/pii/S2238785418304320#!
https://www.sciencedirect.com/science/journal/22387854
https://www.sciencedirect.com/science/journal/22387854/8/2


;8B8E :>20=8E 157:0@1V4=8E AB0;59, I> 70157?5GCRBP =091V;PH89 
ABC?V=P 7<VF=5==S B0 7=>A>ABV9:VABP C ?52=8E C<>20E 7=>HC20==S. ' B>9 
65 G0A 71V;PH5==S @V2=S ;53C20==S B0:8E A?;02V2 4;S AB2>@5==S 
=04;8H:>2>W B25@4>W D078 (:0@1V48, 1>@848) 7<V=RT ;53>20=VABP <0B@8FV 
A?;02C V 7=86CT 5D5:B 2V4 45D>@<0FV9=8E ´³³ 3 ?5@5B2>@5=P. 

' FV9 @>1>BV 4>A;V46C20;0AP <>6;82VABP >B@8<0==S 70;8H:>2>3> 
0CAB5=VBC 2 AB@C:BC@V 7030@B>20=8E 70;V7>E@><2C3;5F528E ?>@>H:>28E 
AB0;59 B0 9>3> 740B=VABP 4> 45D>@<0FV9=8E ´³³ 3 ?5@5B2>@5=P ?@8 
7=>HC20==V. 

!0 ?5@H><C 5B0?V 4>A;V46C20;8AS <0B5@V0;8, >B@8<0=V V7 AC<VHV 
?>@>H:V2 70;V70 B0 :0@1V4C E@><C %33%2. �V;P:VABP %33%2 AB0=>28;> 7,5 
B0 14,0 % <0A. #5@54 :><?0:BC20==S< ?@>2>48;8 A?V:0==S (1100 °%, 10 
3>4.). 'IV;P=5==S 3 30@SG5 HB0<?C20==S ?>?5@54=P> A?5G5=8E 
?@5AC20=P; 30@SG5 V7>AB0B8G=5 ?@5AC20==S :0?AC; 7 H8EB>R. 

� @57C;PB0BV F8E 4>A;V465=P 2AB0=>2;5=>: 
- A?>AV1 30@SG>3> HB0<?C20==S =5 4>72>;ST :><?0:BC20B8 

<0B5@V0; 157 VAB>B=>W (<5=H5 10 %) 70;8H:>2>W ?>@8AB>ABV; 
- B5@<>>1@>1:0 70;V7>E@><2C3;5F528E <0B5@V0;V2 V7 AC<VHV 

?>@>H:V2 70;V70 B0 :0@1V4C E@><C 4>72>;ST >B@8<C20B8 2 WE AB@C:BC@V 
7=0G=C (4> 60 %) :V;P:VABP 70;8H:>2>3> 0CAB5=VBC; 

- AB@C:BC@0 4>A;V465=8E ?>@>H:>28E AB0;59 2V4@V7=STBPAS 
28A>:>R =5>4=>@V4=VABR 2 7030@B>20=><C AB0=V. 

&><C =0 4@C3><C 5B0?V 4>A;V46C20;8AS ?>@>H:>2V AB0;V, >B@8<0=V 
A?>A>1>< 30@SG>3> ?@5AC20==S V7>AB0B8G=> @>7?8;5=>3> ?>@>H:C. 

� @57C;PB0BV F8E 4>A;V465=P 2AB0=>2;5=>: 
- ?@>F5A8 D>@<C20==S AB@C:BC@8 ?@8 7030@BC20==V ?>@>H:>28E 

AB0;59, >B@8<0=8E 7 @>7?>@>H5=8E ?>@>H:V2, 71V30RBPAS (=0 2V4<V=C 2V4 
?>@>H:>28E AB0;59, A8=B57>20=8E V7 AC<VHV ?>@>H:V2 70;V70 B0 %33%2) 7 
>A=>2=8<8 70:>=><V@=>ABS<8 AB@C:BC@>CB2>@5==S ;8B8E :>20=8E 
AB0;59; 

- 70;8H:>289 0CAB5=VB ?>@>H:>28E 70;V7>E@><2C3;5F528E AB0;59 
<0T 740B=VABP 4> 45D>@<0FV9=8E ´³³ 3 ?5@5B2>@5=P C ?@>F5AV 
7=>HC20==S, @57C;PB0B>< S:8E T ?V428I5==S B25@4>ABV ?>25@E=V B5@BS 
4> 12,5 �#0 V, S: =0A;V4>:, 7@>AB0==S >?V@=>ABV 01@0782=><C 
7=>HC20==R; 

- E0@0:B5@ 7<V=8 V=B5=A82=>ABV D07>28E ?5@5B2>@5=P B0 
<V:@>B25@4>ABV 70 3;818=>R 7<VF=5=>3> H0@C ?>@>H:>28E AB0;59 7 
@>7?>@>H5=>3> ?>@>H:C V45=B8G=89 70:>=><V@=>ABS<, I> 
A?>AB5@V30RBPAS 4;S ;8B8E AB0;59 0=0;>3VG=>3> EV<VG=>3> A:;04C. 

 

 

133



�VB5@0BC@0: 
1. �=4@CI5=:>  .�. %@02=8B5;P=O9 0=0;87 A?>A>1=>AB8 

: C?@>G=5=8R 8 87=>A>AB>9:>AB8 2 CA;>28SE 01@0782=>3> 87=0H820=8S 
AB0;59 A8AB5<O Fe-C-Cr 2 7028A8<>AB8 >B A?>A>1>2 C?@02;5=8S 
AB@C:BC@=O< A>AB>S=85< /  .�. �=4@CI5=:>, $.�. �C;8:>2A:89,  .!. 
�@O:>2 //  5B0;;O 8 ;8BP5 ':@08=O. 3 �.: 2006. 3 76. 3 %. 42-46. 
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MODELLING OF CRYSTALLIZATION OF MULTI-COMPONENT 

HIGH-BORON ALLOY 

 

The work is focused on analyzing the equilibrium crystallization 

process of a multi-component Fe-W-Mo-Cr-Ti-Mn-Si alloy, containing 0.72 

wt. % C and 2.75 wt. % B is analyzed. Computer simulation was performed 

using the program <Thermo-Calc Software= (Fig. 1). 

 
Fig. 1. The diagram <Metal-Boron= for the experimental alloy. 

 

It was found that the alloy belongs to the hyper-eutectic compositions, 

since its crystallization begins at 1472 oC with the formation of primary 

boride WB and carbide TiC and continues with a series of successive eutectic 

reactions with the formation of double eutectic <Ferrite + B= (where B is one 

of MoB, TiB2, Fe2B) and eutectic <Ferrite + M7C3». Borides Cr2B, Cr4B and 

Mn4B are formed in the solid state. The total volume fraction of borides and 

carbides is 45.05 vol. %. The results of the simulation mostly coincide with the 

real structural state of the alloy. The exception is that under nonequilibrium 

crystallization a complex carboboride (W,Mo,V,Ti,Fe)2(B,C)5 is formed 

instead of individual borides, and a carboboride (Fe,Cr,Mo,W,Mn)7(�,%)3 

appears instead of carbide (Cr, Mn)7C3.  
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 0@:0 AB0;V, 
�"%& 

�<VAB 5;5<5=BV2, % 

C Si Mn Ni Cr 
=5 1V;PH5 

P S Cu 
45)!  
�%&' 

7809:2015 

0,41& 
0,49 

0,17& 
0,37 

0,5& 
0,8 

1,0& 
1,4 

0,45&0,75 0,035 0,035 0,3 

45)! >A=>20 0,43 0,24 0,53 1,14 0,53 0,024 0,020 0,14 
20)!3� 
�%&' 

7809:2015 

0,17& 
0,24 

0,17& 
0,37 

0,3& 
0,6 

2,75&3,15 0,6& 0,9 0,025 0,025 0,3 

�;5:B@>4 
20)!3� 

0,19 0,22 0,46 2,80 0,59 0,013 0,020 - 

!0?;02;5=89 
<5B0; 
20)!3� 

0,20 0,15 0,46 2,71 0,62 0,027 0,022 - 
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% 

«, 
% 

KCU, 

 �6/<2 
!� 
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�%&' 7806:2016 717 - 11,0 52,9 0,565 197 

20)!3� 
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�8<>38 4;S 45B0;V 686 - 10,0 - - 217&241 
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(40=V %&#) 
 5B0; �,! 157 
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 5B0; �,! ?VA;S 
B5@<VG=>3> >1@>1;5==S 849 - 9,0 43 0,42 

 

* - G8A5;P=8: 3 <5B0; >A=>28, 7=0<5==8: 3 =0?;02;5=89 <5B0;. 
� ;8B><C AB0=V 4> B5@<VG=>3> >1@>1;5==S ?>:07=8:8 C40@=>W 

29S7:>ABV <5B0;C 7>=8 A?;02;5==S 7=0G=> <5=HV, =V6 >A=>2=>3> V 
=0?;02;5=>3> <5B0;V2, I> ?>SA=RTBPAS =5>4=>@V4=VABR AB@C:BC@8 
<5B0;C 7>=8 A?;02;5==S. &@02;5==S H;VDV2 ?>:070;>, I> 7@07:8 
@>7@820;8AS ?> <5B0;C >A=>28, 7 G>3> <>6=0 7@>18B8 28A=>2>:, I> 
<5B0; 7>=8 A?;02;5==S V =0?;02;5=>W AB0;V <0RBP :@0IV ?>:07=8:8 
<5E0=VG=8E 2;0AB82>AB59. &5@<VG=5 >1@>1;5==S A?@8ST ?>:@0I5==R 
<V:@>AB@C:BC@8 <5B0;C 7>=8 A?;02;5==S, V S: =0A;V4>:, ?V428ICT 
<5E0=VG=V 2;0AB82>ABV 2V4=>2;5=>W 45B0;V. 

&0:8< G8=><, =0?;02;5==S AB0;V 20)!3� =0 AB0;P 45)! 
4>72>;ST >B@8<0B8 703>B>2:8 7 28A>:8< @V2=5< <5E0=VG=8E 
2;0AB82>AB59, =01030B> 28I8<8 70 28<>38 4> <5B0;C 45B0;59 
5;5:B@>2>7V2. &0:89 @57C;PB0B, :@V< V=H8E D0:B>@V2, 4>AS30TBPAS B0:>6 
7024S:8 B5@<VG=><C >1@>1;5==R 2V4=>2;5=8E 45B0;59, @568< S:>3> 
?V418@0;8 2V4?>2V4=> 4> EV<VG=>3> A:;04C 7>=8 A?;02;5==S. &V;P:8 2 
FP><C 28?04:C <>6;82> >B@8<0B8 28A>:V ?>:07=8:8 <5E0=VG=8E 
2;0AB82>AB59 2V4=>2;5=8E 45B0;59. 

%?8A>: ;VB5@0BC@8 
1. $S1F52 �.�. !0?;02:0 45B0;59 <0H8= 8 <5E0=87<>2 [&5:AB] / 

$S1F52 �.�. / - �: �:>B5E=>;>3VS, 2004. 3 160 A. 
2. #0@0E=T28G �. . �V4=>2;5==S 45B0;59 5;5:B@>H;0:>28< 

<5B>4>< / �. . #0@0E=T28G, �.%. %?5@0=AP:89, ..#. #5B@CH0 // !>2V 
<0B5@V0;8 V B5E=>;>3VW 2 <5B0;C@3VW B0 <0H8=>1C4C20==V. 3 2000. - 72. - 
C. 49 3 51. 
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'�� 621.793:620.17 

(0A>;P �."1 

�C1VG �.�2 

%>B=V:>2 �.�3 
1 AB.28:;040G :0D54@8 «(V78G=5 <0B5@V;>7=02AB2>» !' «�0?>@V7P:0 
?>;VB5E=V:0» 
2 :.B.=,  4>F5=B :0D54@8 «�2B><>1V;V» !' «�0?>@V7P:0 ?>;VB5E=V:0» 
3 :0=4. B5E=. =0C:, 48@5:B>@ �# «':@!��%?5FAB0;P» 

 

�"*��,!�%&, ���'��!!/ �&$��   �&�$����� 
'-��,!.���,!�) #"�$�&&�� 

 

 $V25=P 5D5:B82=>ABV 307>BC@1V==>3> 4283C=0 E0@0:B5@87CTBPAS 
B5<?5@0BC@>R 307C ?5@54 BC@1V=>R. #V428I5==S B5<?5@0BC@8 
?@872>48BP, 4> ?V428I5==S 203>2>W 2V440GV 4283C=0, B0 2V4?>2V4=> 4> 
7=865==S ?8B><>W <0A8 4283C=0. �@>AB0==S B5<?5@0BC@8 ?5@54 
BC@1V=>R ?@8 >4=>G0A=><C 71V;PH5=V AC<0@=>3> ABC?5=R ?V428I5=>3> 
B8A:C 4>72>;ST >B@8<0B8 =5 BV;P:8 28A>:C ?8B><C BS3C, 0;5 9 =87P:V 
?8B><V 28B@0B8 ?0;820. #V428I5==S ��� 4283C=0 <>6;82> ?@8 C<>2V 
71V;PH5==S ?>2=>B8 73>@S==S ?0;820. &0: ?V428I5==S B5<?5@0BC@8 =0 
50>% ?@872>48BP 4> ?V428I5==S ��� =0 12,5%. 

 "4=8< V7 >A=>2=8E =0?@S<V2 C4>A:>=0;5==S :>=AB@C:FVW �&�, 
A?@S<>20=8E =0 7=865==S 28B@0B 307>2>3> ?>B>:C B0 @0FV>=0;V70FVR 
?0;82=8E 28B@0B, T 7<5=H5==S @04V0;P=8E 707>@V2 2 @>B>@=>-AB0B>@=V9 
G0AB8=V BC@1V=8 �&� V7 70AB>AC20==S< @V7=>3> @>4C CIV;P=5=P. 
�8@VH5==S ?@>1;5<8 AB2>@5==S =04V9=8E CIV;P=R20;P=8E <0B5@V0;V2 
70157?5G8BP 5D5:B82=C @>1>BC �&� ?@8 ACBBT2><C 7=865==V ?8B><>W 
28B@0B8 ?0;820, I> >1C<>2;5=> <V=V<V70FVTR 707>@C <V6 9>3> 
AB0B>@=>R B0 @>B>@=>R G0AB8=0<8.   

 �030B> ACG0A=8E 4>A;V465=P 707=0G0RBP 0:BC0;P=VABP 
28:>@8AB0==S @V4:VA=>75<5;P=8E <5B0;V2 ($� ) 2 60@>ABV9:8E 
?>:@8BBSE. $�  T @0DV=C20;P=8<8 4>102:0<8, >A:V;P:8 2=0A;V4>: 
EV<VG=>W 0:B82=>ABV 2>=8 =59B@0;V7CRBP H:V4;8289 2?;82 4><VH>: 
:8A=R B0 AV@:8 ?@8 CB2>@5==V 7 =8<8 BC3>?;02:8E EV<VG=8E 79T4=0=P. � 
V=H>3> 1>:C, 2>=8 S: ?>25@E=52>-0:B82=V 5;5<5=B8 @>7B0H>2CRBPAS =0 
?>25@E=SE ?>4V;C D07 (3@0=8FV 75@5=, 3@0=8FV 1;>:V2, <V6D07=V 3@0=8FV 
( ´ / ´2 )- D07 B>I>). &0:>6 A;V4 707=0G8B8, I> @V4:VA=>75<5;P=V 5;5<5=B8 
?>78B82=> 2?;820RBP =0 AB@C:BC@=C AB01V;P=VABP A?;02V2, 7<5=HCRBP WE 
;V:20FV9=C =5>4=>@V4=VABP, ?>?5@546CRBP CB2>@5==S H:V4;828E 
AB@C:BC@=8E A:;04>28E (&-# D078, ¼- D078 B>I>). �2545==S $�  
4>72>;ST 4>40B:>2> ?V428I8B8 >A=>2=V E0@0:B5@8AB8:8 A?;02V2: 
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- 4>23>2VG=VABP ?@8 B5<?5@0BC@0E 100031100 °% 3 2 1,532 @078, 0 4;S 
A?;02V2 =0 >A=>2V V=B5@<5B0;V4V2 3 2 233 @078. "A>1;82> 5D5:B82=> 
287=0G0TBPAS 2?;82 $�  =0 4>23>2VG=VABP =0 25;8:8E 1070E 28?@>1C20=P 
(100031500 3>4);  

- 60@>ABV9:VABP ?@8 @>1>G8E B5<?5@0BC@0E 3 2 1,532 @078 (7V 7<V=8 
?8B><>W <0A8). 

 �V4><>, I> VB@V9 3 >48= V7 =091V;PH @>7?>2AR465=8E 
5;5<5=BV2. !0;568BP 4> III 3@C?8 #5@V>48G=>W A8AB5<8, 3CAB8=0 
Ã=4,473/A<3, B5<?5@0BC@0 ?;02;5==S 1510>%.  0T 42V ?>;V<>@D=V 
<>48DV:0FVW 3 =87P:>B5<?5@0BC@=0 <>48DV:0FVS (³-VB@V9) <0T 
35:A03>=0;P=C IV;P=>?0:>20=C 3@0B:C, 28A>:>B5<?5@0BC@=0 
<>48DV:0FVS (³-VB@V9) 3 >19T<=>F5=B@>20=C :C1VG=C. ":A84 VB@VR Y2O3 

AB01V;P=89, ?@0:B8G=> =5 ;5B:89 B0 =5 707=0T D07>28E ?5@5B2>@5=P 4> 
1800>%. �CAB8=0 4,87 3/A<3, t?;=2417>%, t:8? = 4297>%. &0:8< G8=><, 
7024S:8 CB2>@5==R >:A84=>W ?;V2:8 ?V428ICTBPAS :>@>7V9=0 ABV9:VABP B0 
60@>ABV9:VABP A?;02V2, S:V ;53>20=V VB@VT<. "A:V;P:8 70 A?>@V4=5=VABR 4> 
:8A=R VB@V9 (Y2O3 CB2>@RTBPAS ?@8 �G = - 1800 :�6/<>;P) ?5@525@HCT 
V=HV $�  (La2O3 3 �G = - 1705,8 :�6/<>;P; %5"2 -  

G= - 1025,5 :�6/<>;P), 2V= T B0:>6 V 1V;PH 0:B82=8< <>48DV:0B>@><. 
�@V< ?>;V?H5==S <5E0=VG=8E 2;0AB82>AB59 AB0;59 V A?;02V2, ;53C20==S 
VB@VT< A?@8ST @>7:8A;5==R, @0DV=C20==R V 7<5=H5==R 2<VABC 
=5<5B0;VG=8E 2:;RG5=P C =0?;02;5=><C <0B5@V0;V.  

 �B@V9 AB01V;V7CT >:A84=V ?;V2:8 0;R<V=VR V E@><C, ?>:@0ICT 
04357VR ?>:@8BBV2, I> =0=>ASBPAS 4> <0B5@V0;C ?V4:;04:8, ?V428ICT 
B5@<VG=C AB01V;P=VABP A?;02V2, C?>2V;P=RT :>03C;SFVR 7<VF=R20;P=8E 
D07. �AB0=>2;5=>, I> VB@V9, @>7G8=5=89 C =V:5;52V9 <0B@8FV ?V428ICT 
60@><VF=VABP. �2545==S VB@VR 2 :V;P:>ABV, I> ?5@528ICT 9>3> 3@0=8FR 
@>7G8==>ABV (4;S =V:5;R F5 0,230,3 <0A. %), ?@872>48BP 4> 284V;5==S 
2A5@548=V B0 ?> <560E 75@5= A?>;C:8, 70 EV<VG=8< A:;04><, 1;87P:8< 4> 
D078 Ni3Y. ' ?>:@8BBSE A8AB5<8 Ni-Co-Cr-Al-Y A53@530FVS Y =0 <56V 
@>74V;C >:0;8=0/?>:@8BBS ?@872>48BP 4> <5=H>3> CB2>@5==S ?>@>6=8= 
V, >B65, ?>:@0ICT 7G5?;5==S >:A84=>W >:0;8=8 ³-Al2O3. 

 "B65, 0=0;V7 4>A;V465=P 2:07CT =0 ?5@A?5:B82=VABP ;53C20==S 
VB@VT< <0B5@V0;V2 CIV;P=R20;P=8E ?>:@8BBV2. �1V;PH5==S 2V4A>B:>2>3> 
2<VABC VB@VR 2 ?>:@8BBSE A8AB5<8 Ni-Co-Cr-Al-Y >1C<>2;5=89 B0:8<8 
D0:B>@0<8, S: 9>3> ?>@V2=S=0 4>ABC?=VABP B0 ?>78B82=89 2?;82 =0 
2;0AB82>ABV 60@><VF=8E A?;02V2.  
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'�� 669.721.5 
�9:V=  .�.1, ,0;><TT2 �.�.2 
1 AB. 28:;040G, !' «�0?>@V7P:0 ?>;VB5E=V:0» 
2 4-@ B5E=. =0C:, ?@>D5A>@, !' «�0?>@V7P:0 ?>;VB5E=V:0» 

 

#����-�!!/ ��%#�'�&�*��!�) )�$��&�$�%&�� 
��"$"�+�!!"�" %#���' %�%&� � Mg-Zr-Nd �� 
$�)'!"� � �!� ,����"%&� ")"�"���!!/ 

 

"AB5>A8=B57, S: <5B>4 ;V:C20==S ?5@5;><V2 H;SE>< A:@V?;5==S 
:VAB:>28E C;0<:V2 70 4>?><>3>R V<?;0=B0BV2, 28:>@8AB>2CRBPAS 7 
A5@548=8 XIX AB>;VBBS. "A=>2=>R E0@0:B5@8AB8:>R V<?;0=B0BV2 4;S 
>AB5>A8=B57C T WE 740B=VABP 7 <V=V<0;P=8<8 B@02<0<8 <'S:8E V :VAB:>28E 
B:0=8= 715@V30B8 =5@CE><VABP C;0<:V2 V >A:>;:V2, 70157?5GCRG8 
DC=:FV>=C20==S V ABV9:VABP ?>H:>465=>W :V=FV2:8 =0 25AP ?5@V>4 
;V:C20==S. 

$0=VH5 02B>@0<8 1C2 @>7@>1;5=89 1V>@>7G8==89 <03=VT289 A?;02 
A8AB5<8 Mg-Zr-Nd [1], 7 ?V428I5=>R :>=F5=B@0FVTR Nd (4> 3,2 %) B0 Zr 

(4> 1,3 %), S:89 715@V30T 28A>:89 @V25=P <5E0=VG=89 2;0AB82>AB59 
?@>BS3>< B@820;>3> 2?;82C 1V>:>@>7VW (3 <VASFV). �;5 20@B> 707=0G8B8, 
I> 70AB>AC20==S :>=AB@C:FV9 7 1V>@>7G8==8E A?;02V2 CA:;04=5=5 B8<, 
I> 40=V :>=AB@C:FVW <0RBP A:;04=C :>=DV3C@0FVR 7V 7<V==8<, G0AB> 
<0;8< ?5@5@V7><, =0S2=VABR @V7P18 B0 >B2>@V2. *5 ?@872>48BP 4> 
?V428I5==S H284:>ABV 1V>453@040FVW V 1V;PH VAB>B=>3> ?04V==S 
<5E0=VG=8E 2;0AB82>AB59 2 ?>4V1=8E <VAFSE. �8E>4SG8 7 FP>3>, 4>FV;P=> 
>B@8<0==S <0:A8<0;P=> 28A>:>3> :><?;5:AC <5E0=VG=8E 2;0AB82>AB59 
A?;02C. "4=8< 7 4>ABC?=8E A?>A>1V2 ?V428I5==S <5E0=VG=8E 
2;0AB82>AB59 T ?V428I5==S H284:>ABV >E>;>465==S 28;82:V2, I> 
4>AS30TBPAS 70AB>AC20==S< @V7=8E <0B5@V0;V2 ;820@=8E D>@< V 
>E>;>46C20;P=8E A5@54>28I. 

�;S 4>A;V465==S 2?;82C H284:>ABV >E>;>465==S =0 
<V:@>AB@C:BC@C B0 2;0AB82>ABV @>7@>1;5=>3> <03=VT2>3> A?;02C 
28:>@8AB>2C20;8 ?@>3@0<=89 :><?;5:A ProCast. $>7@0EC=:8 
28:>=C20;8AP 4;S @568<C 3@02VB0FV9=>3> ;8BBS. �;S 7@07:0 B0 ;820@=>W 
D>@<8 704020;8 2V4?>2V4=V <0B5@V0;8 B0 22>48;8 ?0@0<5B@8 ;8BBS. 
�8EV4=V ?0@0<5B@8 2:;RG0;8 4> A515: =0?@S<>: ;8BBS; B5<?5@0BC@8 
28EV4=>3> A?;02C, D>@<8 B0 =02:>;8H=P>3> A5@54>28I0; :>5DVFVT=B8 
B5?;>?@>2V4=>ABV >E>;>46CRG>3> A5@54>28I0 B0 ?>25@E=V, 45 
2V41C20TBPAS B5?;>>1<V=. 

 >45;R20==S <V:@>AB@C:BC@8 4>A;V4=>3> A?;02C 28:>=C20;>AP 
70 4>?><>3>R <>4C;R CAFÉ, I> 2E>48BP 4> A:;04C ?@>3@0<=>3> 

151



:><?;5:AC ProCast. �;S ?>1C4>28 <V:@>AB@C:BC@8 ?@>3@0<>R 
4>?CA:0TBPAS =>@<0;P=89 @>7?>4V; 70@>4:V2 75@5= 4;S >19T<=>W @V48=8 
B0 3@0=8FV @>74V;C <V6 @V48=>R B0 ;820@=>R D>@<>R. 

�<V=0 H284:>ABV >E>;>465==S 70157?5GC20;0AP @V7=8<8 C<>20<8 
;8BBS: 

1. �8BBS 2 ?VI0=>-3;V=VABC D>@<C (#�() (�0@V0=B 1); 
2. �8BBS 2 AB0;5289 :>:V;P, >E>;>465==S ?>2VB@S< (�0@V0=B 2); 
3. �8BBS 2 <V4=89 :>:V;P, >E>;>465==S ?>2VB@S< (�0@V0=B 3); 
4. �8BBS 2 <V4=89 :>:V;P, >E>;>465==S 2>4>R (�0@V0=B 4); 
5. �8BBS 2 <V4=89 :>:V;P, >E>;>465==S @V4:8< 07>B>< (�0@V0=B 5). 
 >45;R20==S <V:@>AB@C:BC@8 28;82:V2, I> ?@>2>48;8 70 

4>?><>3>R <>4C;R CAFÉ ?>:070;8, I> A5@54=V9 @>7<V@ 75@=0 
7<>45;P>20=>W AB@C:BC@8 1;87P:89 4> @>7<V@C 75@=0 4>A;V4=8E 7@07:V2 
(B01;. 1). 

�V;P:VA=89 0=0;V7 @>7<V@C 75@=0 7<>45;P>20=8E <V:@>AB@C:BC@ 
4>72>;82 >B@8<0B8 @V2=S==S @53@5AVW, I> <0T 283;S4 5:A?>=5=FV9=>W 
70;56=>ABV, B0 >?8ACT 2?;82 H284:>ABV >E>;>465==S =0 A5@54=V9 @>7<V@ 
75@=0 4>A;V4=>3> A?;02C (1).  

 

D = 130,1 × e-0,04×V>E ± 9,3, <:<   (1) 

R = 0,985; R2 = 0,971; p = 0,95 

 

&01;8FS 1 3 #0@0<5B@8 <V:@>AB@C:BC@8 7@07:V2 4>A;V4=>3> 
A?;02C, 2V4;8B8E 70 @V7=8<8 20@V0=B0<8 ;8BBS 
�0@V0=B 
;8BBS 

$>7@0EC=:8 ProCast �=0;V7 7@07:V2 %5@54=V9 
@>7<V@ 
75@=0 70 
@V2=S==S< 
(1), <:< 

%5@54=S 
H284:VABP 
>E>;>465==S, 

>%/A 

%5@54=V9 
@>7<V@ 
75@=0, 
<:< 

%5@54=S 
H284:VABP 
>E>;>465==S, 

>%/A 

%5@54=V9 
@>7<V@ 
75@=0, 
<:< 

�0@V0=B 1 1,7 131,2 1,0 148,2 138,0 

�0@V0=B 2 8,0 96,2 9,0 90,6 90,1 

�0@V0=B 3 14,8 65,3 17,0 58,8 55,7 

�0@V0=B 4 21,0 49,5 26,5 36 44,7 

�0@V0=B 5 53,3 15,2 55,0 11 14,3 

 

 V:@>AB@C:BC@0 7@07:V2 ?VA;S B5@<>>1@>1:8 ?@8 V>E = 1 >%/A, 
2V4?>2V40;0 AB0=40@B=V9 4;S <03=VT28E A?;02V2 A8AB5<8 Mg-Zr-Nd. 
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 V:@>AB@C:BC@0 7@07:V2 ?@8 V>E = 9 >%/A 2V4@V7=S;0AP 1V;PH>R 
IV;P=VABR A:C?G5=P, I> 3>2>@8BP ?@> ?V428I5=C 48A?5@A=VABP 
F8@:>=V4V2 F8=:C Zr2Zn3, <5=H89 @>7<V@ G0AB8=>: =5@>7G8=5=>W 
52B5:B8:8, 0 B0:>6 1V;PHC :V;P:VABP 48A?5@A=8E G0AB8=>: 
7<VF=R20;P=>W ³''-D078 [2]. #>4V1=89 E0@0:B5@ 7<V= 2 <V:@>AB@C:BC@V 
A?>AB5@V302AS ?@8 ?>40;PH><C ?V428I5==V H284:>ABV >E>;>465==S 4> 
V>E = 17 >%/A B0  V>E = 26,5 >%/A. �V;P:VABP F8@:>=V4V2 B0 G0AB8=>: 
7<VF=R20;P=>W D078 ?V428IC20;0AP, 0 @>7<V@ A:C?G5=P 3 7<5=HC202AS. 
�0157?5G5==S H284:>ABV :@8AB0;V70FVW V>E = 55 >%/A ?@872>48;> 4> 
CB2>@5==S =044@V1=>W <V:@>AB@C:BC@8. �@C3;8E A:C?G5=P G0AB8=>: 
V=B5@<5B0;V4V2 B0 7<VF=R20;P=>W D078 =5 CB2>@R20;>AP.  

�0 @57C;PB0B0<8 <5E0=VG=8E 28?@>1C20=P ?>1C4>20=> 5<?V@8G=V 
(2, 3) 70;56=>ABV, I> >?8ACRBP 2?;82 H284:>ABV >E>;>465==S =0 
<5E0=VG=V 2;0AB82>ABV 4>A;V4=>3> A?;02C. �0;56=VABP (2) <0T 283;S4 
@V2=S==S ;V=V9=>W @53@5AVW, 0 (3) 3 @V2=S==S 5:A?>=5=FV0;P=>W @53@5AVW. 

 

ÃB = 0,99 × V>E + 260,4 ± 2,4,  #0    (2) 

R = 0,995; R2 = 0,99; p = 0,95 

 

· = 4,6 × e0,02 × V>E ± 0,7, %    (3) 

R = 0,993; R2 = 0,987; p = 0,95 

 

$>7@0E>20=V 70;56=>ABV 4>72>;SRBP A?@>3=>7C20B8 >B@8<0=C 
<V:@>AB@C:BC@C B0 <5E0=VG=V 2;0AB82>ABV 4>A;V4=>3> A?;02C C 1C4P-S:V9 
4V;S=FV 28@>1C. *5 >A>1;82> 206;82> 4;S 1V>@>7G8==8E V<?;0=B0BV2, 
0465, D>@<0 B0 @>7<V@8 V<?;0=B0BC, A:;04=VABP 9>3> :>=AB@C:FVW, 
:>@>7V9=89 2?;82 B0 =020=B065==S, I> 2V= A?@89<0T 2 ?@>F5AV 
5:A?;C0B0FVW, 70;560BP 2V4 <VAFS V<?;0=B0FVW B0 2;0AB82>AB59  B0 D>@<8 
:VAB:8, I> A:@V?;RTBPAS. �V4?>2V4=>, 4> 28@>1V2 28AC20TBPAS H8@>:89 
4V0?07>= 28<>3 I>4> <5E0=VG=8E 2;0AB82>AB59. "B@8<0=V 70;56=>ABV 
4>72>;SRBP 20@VR20B8 <5E0=VG=V 2;0AB82>ABV C 2V4?>2V4=>ABV 4> 
?>AB02;5=>W 7040GV. 
 

�VF5D0FGD0 
1. Design and examination of the new Biosoluble casting alloy of the 

system Mg-Zr-Nd for osteosynthesis / [Shalomeev V., Aikin N., Chorniy V., 

Naumik V.] // Eastern-European Journal of Enterprise Technologies. 3 2019. 

3 Vol. 1. 3 7 12 (97). 3 P. 40-48 

2. Influence of cooling rate on microsegregation behavior of 

magnesium alloys / [Khan M.I., Mostafa A.O., Aljarrah M. et. al.] // Journals 

of Materials. 3 2014. 3 P. 1-18. 
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'�� 669.721.5 
�9:V=  .�.1, ,0;><TT2 �.�.2 
1 AB. 28:;040G, !' «�0?>@V7P:0 ?>;VB5E=V:0» 
2 4-@ B5E=. =0C:, ?@>D5A>@, !' «�0?>@V7P:0 ?>;VB5E=V:0» 

 

"#&� ���*�/ $��� ' &�$ �+!"�" "�$"���!!/ 
��"$"�+�!!"�" %#���' %�%&� � Mg-Zr-Nd 

 

"?B8<0;P=8< @568<>< B5@<>>1@>1:8 1V>@>7G8==8E <03=VT28E 
A?;02V2 A8AB5<8 Mg-Zr-Nd T @568< &6 (30@BC20==S + AB0@V==S) [1]. 

!091V;PH 1;87P:8< 70 EV<VG=8< A:;04>< 4> 4>A;V4=>3> A?;02C T 
?@><8A;>289 A?;02  �10. �;S =P>3> G8==8< AB0=40@B><  2AB0=>2;5=> 
=0ABC?=89 @568< &6: =03@V20==S 4> 540 ± 5 °C, 28B@8<:0 ?@>BS3>< 8 
3>48= 7 >E>;>465==S< =0 ?>2VB@V B0 AB0@V==S ?@8 200 ± 5 °C ?@>BS3>< 
16 3>48= 7 >E>;>465==S< =0 ?>2VB@V. !02545=89 @568< 70157?5GCT 
?V428I5==S <5E0=VG=8E 2;0AB82>AB59 B0 :>@>7V9=>W ABV9:>ABV A?;02C 70 
@0EC=>: @>7G8=5==S =5@V2=>206=>W 52B5:B8:8 B0 284V;5==S A:C?G5=P 
G0AB8=>: 2B>@8==8E D07, I> A:;040;8AP 7 4@V1=>48A?5@A=8E 
V=B5@<5B0;V4V2 Zn2Zr3, ³'' B0 ³' D07.  

$0=VH5 02B>@0<8 1C2 @>7@>1;5=89 1V>@>7G8==89 <03=VT289 A?;02 
A8AB5<8 Mg-Zr-Nd [2] 7 ?V428I5=>R :>=F5=B@0FVTR Nd (4> 3,2 %) B0 Zr 

(4> 1,3 %) 4;S 28:>@8AB0==S ?@8 >AB5>A8=B57V. �82G5==S 
<V:@>AB@C:BC@8 4>A;V4=>3> 1V>@>7G8==>3> A?;02C ?VA;S B5@<>>1@>1:8, 
?>:070;>, I> E>G0 2 AB@C:BC@V 2V41C;>AP CB2>@5==S 4@V1=>48A?5@A=8E 
7<VF=R20;P=8E D07, ?> 3@0=8FS< 75@5= A?>AB5@V30;8AP 70;8H:>2V 
284V;5==S 52B5:B8:8, I> =5 @>7G8=8;8AP 2 ?@>F5AV 30@BC20==S. 
!0S2=VABP 52B5:B8:8 2 AB@C:BC@V 7<5=HCT ?>@V3 <5E0=VG=8E 
2;0AB82>AB59 A?;02C, 7=86CRG8 :V;P:VABP Nd B0 Zn, I> CB2>@RRBP 
7<VF=R20;P=C D07C.  #>2=5 @>7G8=5==S 70;8H:>2>W 52B5:B8:8 <>6;825 
70 @0EC=>: ?V428I5==S B5<?5@0BC@8 =03@V2C ?V4 30@BC20==S. 

�;S 287=0G5==S <>6;82>ABV ?V428I5==S B5<?5@0BC@8 =03@V2C ?V4 
30@BC20==S, ?@>2>48;8 @>7@0EC=>: B5<?5@0BC@ A>;V4CA B0 ;V:2V4CA 70 
4>?><>3>R @>7@0EC=:>2>3> <>4C;R «COMPUTHERM», I> 2E>48BP 4> 
A:;04C ?@>3@0<=>3> :><?;5:AC «ProCAST». �;S @>7@>1;5=>3> A?;02C, 
B5<?5@0BC@0 A>;V4CA AB0=>28;0 TA>;. = 552 >%, 0 B5<?5@0BC@0 ;V:2V4CA 
&;V:2. = 648 >%. �;S ?>@V2=S==S, ?@>2545=V @>7@0EC=:8 B5<?5@0BC@ 4;S 
AB0=40@B=>3> A?;02C A8AB5<8 Mg-Zr-Nd 4  �10: TA>;. = 530 >%,  
&;V:2. = 647 >%. �AC2 B5<?5@0BC@8 A>;V4CA A:;0402 + 22 >%, 0 B5<?5@0BC@8 
;V:2V4CA +1 >%. "B65, ?V428I5==S ;53C20;P=8E 5;5<5=BV2 Nd B0 Zr 
?@872>48BP 4> ?V428I5==S B5<?5@0BC@8 A>;V4CA B0 <0965 =5 2?;820T =0 
B5<?5@0BC@C ;V:2V4CA. 
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�;S ?@0:B8G=>3> 287=0G5==S >?B8<0;P=>W B5<?5@0BC@V 4;S 
=03@V2C ?V4 30@BC20==S =>2>3> A?;02C 28:>@8AB>2C20;8 48D5@5=FV9=>-
B5@<VG=89 0=0;V7 (�&�). $57C;PB0B8 �&� (B01;. 1) 4>1@5 2V4?>2V40RBP 
@>7@0EC=:0< «COMPUTHERM».  

 

&01;8FS 1 4 $57C;PB0B8 �&� 

%?;02 

&5<?5@0BC@8, >% 

!03@V2C ?V4 

30@BC20==S 

#;02;5==S 

52B5:B8:8 

#;02;5==S 

A?;02C 

!>289 A?;02 Mg-Zr-Nd 560 571,4 647,1 

%B0=40@B=89 A?;02  �10 540 549,5 645,8 

 

�;S 70157?5G5==S =091V;PH ?>2=>3> @>7G8=5==S 52B5:B8:8 157 
?5@53@V2C B0 >?;02;5==S, 2AB0=>2;5=> B5<?5@0BC@C =03@V2C ?V4 
30@BC20==S =>2>3> A?;02C Mg-Zr-Nd =0 @V2=V T30@B = 560 >%. 

�?;82 B5<?5@0BC@8 =03@V2C ?V4 30@BC20==S =0 @>7<V@ 75@=0 
=>2>3> A?;02C 287=0G0;8 =0 4>A;V4=8E 7@07:0E C 283;S4V H091 28A>B>R  
10 << B0 4V0<5B@>< 20 <<, I> ?V44020;8 B5@<>>1@>1FV 70 @568<>< &4 
(30@BC20==S, >E>;>465==S =0 ?>2VB@V). �;S 4>A;V465==S 48=0<V:8 7<V= 
A5@54=P>3> @>7<V@C 75@=0 B0 :V;P:>ABV 2B>@8==>W D078 (52B5:B8:8) C 
=>2><C A?;02V, >1@0=> =0ABC?=V B5<?5@0BC@8 =03@V2C ?V4 30@BC20==S: 
400 >%, 450 >%, 500 >%, 540 >%, 560 >%.  V:@>AB@C:BC@C >B@8<0=8E 7@07:V2 
?>@V2=R20;8 7V 7@07:0<8 AB0=40@B=>3> A?;02C  �10 ?VA;S 30@BC20==S 
2V4 400 >%, 450 >%, 500 >% B0 540 >%. �@>: 50 >% T 4>AB0B=V< 4;S 28S2;5==S 
7<V= C <V:@>AB@C:BC@V. &5<?5@0BC@8 540 >% B0 560 >% >1@0=> 70 
@57C;PB0B0<8 �&� V T >?B8<0;P=8<8 4;S =03@V2C ?V4 30@BC20==S 
@>7@>1;5=><C A?;02C B0 A?;02C  �10. 

�0 @57C;PB0B0<8 :V;P:VA=>3> 0=0;V7C <V:@>AB@C:BC@ 4>A;V4=8E 
A?;02V2 ?VA;S @V7=8E @568<V2 30@BC20==S (B01;. 2) ?>1C4>20=> 
70;56=>ABV, I> =091V;PH ?>2=> >?8ACRBP 7<V=C A5@54=P>3> @>7<V@C 
75@=0 A?;02C ?@8 7<V=V B5<?5@0BC@8 =03@V2C ?@8 30@BC20==V 4>A;V4=>3> 
1V>@>7G8==>3> A?;02C (1) B0 AB0=40@B=>3> A?;02C  �10 (2). �0;56=>ABV 
<0RBP 283;S4 @V2=S=P 5:A?>=5=FV0;P=>W @53@5AVW. 
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&01;8FS 2 4 %5@54=V9 @>7<V@ 75@=0 4>A;V4=8E A?;02V2 ?@8 

@V7=8E B5<?5@0BC@0E 30@BC20==S 

%?;02 
%5@54=V9 @>7<V@ 75@=0 ?@8 ?52=V9 B5<?5@0BC@V 

=03@V2C ?V4 30@BC20==S, <:< 

400 >% 450 >% 500 >% 540 >% 560 >% 

�>A;V4=89 1V>@>7G8==89 
A?;02 96,2 107,4 120 137,9 153,6 

%B0=40@B=89 A?;02 
 �10 101,6 112,5 129,9 166,7 - 

 

D�>A; = 30,4 × e0,003×T30@B ± 4,7, <:<   (1) 

R = 0,985; R2 = 0,969; p = 0,95 

 

D �10 = 24,9 × e0,003×T30@B ± 9,1, <:<   (2) 

R = 0,966; R2 = 0,932; p = 0,95 

 

#VA;S ?V428I5==S B5<?5@0BC@8 =03@V2C ?V4 30@BC20==S 4> 560 >%, 

3@0=8FS <VF=>ABV =>2>3> A?;02C, 2V4=>A=> AB0=40@B=>W B5@<>>1@>1:8 
&6, ?V4=S;0AP 7 2653270  #0 4> 2763282  #0 (2 A5@54=P><C =0 9,5 %), 
0 2V4=>A=5 284>265==S 4 7 4,535 % 4> 5,235,8 % (2 A5@54=P><C =0 13 
%). �V4=>A=> AB0=40@B=>3> A?;02C  �10 ?@8@VAB 2;0AB82>AB59 A:;02 18 
% B0 31 % 2V4?>2V4=>. &0:8< G8=><, =572060RG8 =0 ?V428I5==S 
A5@54=P>3> @>7<V@C 75@=0 A?;02C, ?>78B82=89 5D5:B 2V4 1V;PH ?>2=>3> 
@>7G8=5==S 52B5:B8:8 ?5@528IC202 =530B82=89 5D5:B 2V4 71V;PH5==S 
@>7<V@C 75@=0. 
 

�VF5D0FGD0 
1. �"%& 2856-79. %?;02O <03=852O5 ;8B59=O5.  0@:8 / [�59AB2. 

>B 01.01.81].  >A:20 (%$%$): �74-2> AB0=40@B>2, 1981. 4 A. 
2. Design and examination of the new Biosoluble casting alloy of the 

system Mg-Zr-Nd for osteosynthesis / [Shalomeev V., Aikin N., Chorniy V., 

Naumik V.] // Eastern-European Journal of Enterprise Technologies. 3 2019. 

3 Vol. 1. 3 7 12 (97). 3 P. 40-48 
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'�� 669.295 
"<5;PG5=:> ".%.1,  
%:@51F>2 ".�..2,  
1AB0@H89 28:;040G, !' «�0?>@V7P:0 ?>;VB5E=V:0», �0?>@V66S 
20A?V@0=B , !' «�0?>@V7P:0 ?>;VB5E=V:0», �0?>@V66S 
 
�#��� !����. !� %&$'�&'$"&�"$�!!/ ' &�&�!"��) 

%#����) 

 
� B5?5@VH=V9 G0A VA=CT =87:0 5:>=><=>;53>20=8E B8B0=>28E 

A?;02V2 [1]. � <5B>R ?V428I5==S <VF=>ABV B8B0=C V7 715@565==S< 
?>B@V1=>W ?;0AB8G=>ABV 70AB>A>2CTBPAS ;53C20==S ?>@V2=S=> 45H528<8 
5;5<5=B0<8 (:8A5=P, 70;V7>, =V:5;P B0 V=HV). ,BCG=5 71V;PH5==S 2<VABC 
F8E 5;5<5=BV2, I> =0;560BP 4> 4><VH>:, 70157?5GCT ?V428I5==S @V2=S 
<VF=>ABV B8B0=>28E A?;02V2. #@8 FP><C =5>1EV4=> 2@0E>2C20B8 
=530B82=89 2?;82 F8E 5;5<5=BV2 =0 @V25=P A;C61>28E 2;0AB82>AB59. 
�2545==S Fe B0 Cr 7=86CT :>@>7V9=C ABV9:VABP, I> ?>B@51CT 4>40B:>2>3> 
;53C20==S =V>1VT<. � F5, C A2>R G5@3C, 7=86CT ?;0AB8G=VABP [2]. 

�;5<5=B8-4><VH:8 7<VF=RRBP B8B0= 70 @0EC=>: 7=865==S 
?;0AB8G=>ABV B0 2'S7:>ABV, S:5, >4=0:, =5 B0:5 7=0G=5, S: ?@8 701@C4=5==V 
B8B0=C 5;5<5=B0<8 2?@>20465==S. !091V;PH 2V4?>2V4=8< 5;5<5=B><, 
S:89 4>72>;ST 7=0G=> ?V428I8B8 <VF=VABP B8B0=C ?>@S4 V7 70;V7>< B0 
E@><><, T =V:5;P. !V:5;P 2V4=>A8BPAS 4> 4><VH>:. �>3> 2<VAB C &�-100 

AB0=>28BP 1;87P:> 0,05% (�"%& 19807-91). !V:5;P 4VT S: 7<VF=RRG89 
;53CRG89 5;5<5=B, 0=0;>3VG=> 70;V7C V E@><C, 71V;PHCT 2;0AB82>ABV 
<VF=>ABV V =57=0G=> 7=86CT ?;0AB8G=VABP B8B0=C. �;5 =0 2V4<V=C 2V4 Fe 
=5 7=86CT, 0 70 ?52=>W :>=F5=B@0FVW V ?V428ICT :>@>7V9=C ABV9:VABP. 

#>@S4 7 F8< A?>AB5@V30TBPAS ?V428I5==S 2<VABC =V:5;R, I> T 
=0A;V4:>< 9>3> ?>B@0?;S==S 4> A?;02C 7 <5B0;C @5B>@B8 ?@8 
2V4=>2;5==V 3C1G0B>3> B8B0=C. �>=F5=B@0FVW =V:5;R ?@8 FP><C 
4>AS30RBP 1%, (70 �"%&>< 4>?CA:0RBPAS 0,01%) [3-5]. ' 707=0G5=><C 
4V0?07>=V :>=F5=B@0FVS =V:5;R 7=0E>48BPAS 2 <560E @>7G8==>ABV C ñ-
D07V. �8I89 2<VAB =V:5;R A?@8ST CB2>@5==R ³-D078. "4=0:, 73V4=> 7 [2] 
2<VAB =V:5;R 4> 1% ACBBT2> =5 7<V=RT D07>289 A:;04 B8B0=>28E A?;02V2 
V A?;02V2, I> 2V4=>ASBPAS 4> ñ 01> 4> ?A524> ñ-B8B0=>28E A?;02V2. 

� >4=>3> 1>:C T ?@>1;5<0 71V;PH5=>3> 2<VABC =V:5;R 2 3C1G0B><C 
B8B0=V, S:0 ?@872>48BP 4> 2V41@0:>2C20==S >AB0==P>3>. � V=H>3> 1>:C, 
VA=CT =5>1EV4=VABP 4>40B:>2>3> ;53C20==S B8B0=>28E A?;02V2 
5;5<5=B0<8, I> ?V428ICRBP <VF=VABP. &><C 2 FV9 @>1>BV AB028;0AS <5B0 
4>A;V46C20B8 2?;82 =V:5;R =0 AB@C:BC@C B8B0=>28E A?;02V2 4;S 
287=0G5==S <>6;82>ABV 28:>@8AB0==S B8B0=>2>W 3C1:8 7 ?V428I5=8< 
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2<VAB>< =V:5;R 2 S:>ABV >A=>28 (28EV4=>3> <0B5@V0;C) 4;S 28@>1=8FB20 
B8B0=>28E A?;02V2 7 2<VAB>< =V:5;R 2V4 0,05% 4> 1,0%. �53C20==S 
B8B0=C 3C1G0AB>3> =V:5;5< 70157?5GC20;8 9>3> 22545==S C 283;S4V 
?>@>H:C. 

�;S 4>A;V465==S <>6;82>ABV 28:>@8AB0==S B8B0=C 3C1G0AB>3> 7 
?V428I5=8< 2<VAB>< =V:5;R, 1@0;8 B8B0= V7 2<VAB>< =V:5;R 4> 0,02%, 
S:89 >B@8<C20;8 2=0A;V4>: =0A8G5==S =V:5;5< V7 @5B>@B8. �;S 
4>40B:>2>3> ;53C20==S ?@8 H8EC20==V 5;5:B@>4C 28:>@8AB>2C20;8 
?>@>H>: =V:5;R, I>1 70157?5G8B8 2<VAB =V:5;R 2 B8B0=V ;8B><C 4> 1%. 
�87=0G0;8 :>5DVFVT=B ?5@5E>4C =V:5;R 4> B8B0=C, S:89 A:;0402 0,87-

0,95. 
%?;028 4>A;V46C20;8 C ;8B><C AB0=V, 28:>@8AB>2CRG8 4;S 

283>B>2;5==S 4>A;V4=8E 7@07:V2 A5@548=C 28?;02;5=8E 7;82:V2. 
�87=0G5==S EV<VG=>3> A:;04C B0 4>A;V465==S AB@C:BC@8 ?@>2>48;8 
5=5@3>48A?5@AV9=8< @5=B35=>A?5:B@0;P=8< <5B>4>< =0 @0AB@>2><C 
5;5:B@>==><C <V:@>A:>?V GSM-6360LA, 0 B0:>6 V7 28:>@8AB0==S< 
>?B8G=>3> <V:@>A:>?0 7 F8D@>2>R D>B>:0<5@>R. 

�=0;V7 <0:@>AB@C:BC@8 B8B0=>28E 7;8B:V2 ?>:0702, I> 2>=8 <0;8 
:@C?=>75@=8ABC 45=4@8B=C AB@C:BC@C 7 ?5@52060==S< 28BS3=CB8E 
45=4@8BV2 2V4 ?5@8D5@VW 4> F5=B@C, I> T E0@0:B5@=>R <0:@>AB@C:BC@>R 
4;S 7;8B:V2, >B@8<0=8E 2=0A;V4>: H284:>3> >E>;>465==S <V4=>3> 
:@8AB0;V70B>@0. 

' F5=B@V 7;8B:0 A?>AB5@V30TBPAS CB2>@5==S 75@=8AB>W AB@C:BC@8. 
#>@V2=S;P=89 0=0;V7 AB@C:BC@8 B8B0=>28E A?;02V2 =5;53>20=8E B0 
;53>20=8E =V:5;5< 4>72>;82 2AB0=>28B8, I> =V:5;P 4> 0,1% 7<5=HCT 
@>7<V@ ?5@28==8E ò 75@5=. 

 5E0=V7< 4VW =V:5;R ?>;S30T 2 B><C, I> =V:5;P, 1C4CG8 ³-

AB01V;V70B>@><, @>7B0H>2CTBPAS <V6 ñ-?;0AB8=0<8, 71V;PHCT B>2I8=C ³-
?@>H0@:C, AB@8<CRG8 7@>AB0==S ñ-?;0AB8=. #@8 FP><C 7<5=HCTBPAS ñ-
>B>@>G:0 70 <560<8 ?5@28==8E ³-75@5=. *5, <01CBP, 2V41C20TBPAS 2 
@57C;PB0BV A?>B2>@5==S @5HVB:8 ñ-B8B0=C 0B><0<8 70AB>AC20==S =V:5;R 
V 7=865==S H284:>ABV 48DC7VW. 

�>=F5=B@0FVS =V:5;R 1V;PH5 0,5% A?@8ST 71V;PH5==R B>2I8=8 
ò ?@>H0@:V2 <V6 ò-?;0AB8=0<8 B0 284V;5==R >:@5<8E AB@C:BC@=8E 
A:;04>28E @>7<V@>< 4> 2 <:<. �8S2;5=V AB@C:BC@=V A:;04>2V, <01CBP, 
73V4=> 7 <>@D>;>3VTR B0 ABC?5=5< B@02;5==S, T CB2>@5==S<8 ò-D078 2 
@57C;PB0BV 4VW =V:5;R S: ò-AB01V;V7CRG>3> 5;5<5=B0, I> E0@0:B5@=> 4;S 
?A524> ñ-A?;02V2. 

�2545==S 1;87P:> 1,0% =V:5;R A?@8ST I5 1V;PH><C 71V;PH5==R 
?@>H0@:V2 V <>6CBP 1CB8 V=VFV0B>@0<8 @C9=C20==S. 
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