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ABSTRACT 

Lahodzinskyi I.N. Additive arc surfacing of spatial products with filler wires of 

steels and alloys. 

Thesis for the scientific degree of the doctor of philosophy, the field of stydy 13 – 

Mechanical engineering, program subject area 131 – Applied Mechanics. – National 

Technical University of Ukraine <Igor Sikorsky Kyiv Polytechnic Institute=, Kyiv, 2024. 

The thesis is devoted to the study of the influence of methods, technological 

parameters, composition of shielding gas and process conditions of additive layer-by-

layer welding with electric arc heat on the formation of spatial products when using solid 

wire additives made of steels and alloys. The influence of methods and technological 

parameters of the layer-by-layer arc welding process on the formation of layers, 

characteristics of the structure formation and mechanical properties of the deposited 

metal, as well as that on the stress-strain state of complex geometric products is studied. 

Numerical experimental and computational studies have been conducted to determine the 

influence of arc layering processes on the distribution of temperature, stresses, and 

deformations during the fabrication of three-dimensional specimens of copper and nickel-

based alloys. Based on the analysis of the obtained results, the knowledge on the influence 

of pulsed current welding, cold metal transfer  arc welding, plasma heating in combination 

with a wide range of welding wire materials on the unevenness and geometric 

characteristics of formed surfaces and susceptibility to imperfections was expanded. 

Metallographic and mechanical studies of the deposited layers were conducted and a 

comparative analysis of the results was performed. Using the finite element method, the 

components of the stress-strain state of the obtained additive-deposited samples were 

determined, the causes of imperfections in the deposited metal were identified, and the 

results of computational studies were verified. Scientific and practical principles for the 

application of additive synthesis technologies for the production and restoration of parts 

from various structural classes of steels, copper-based alloys, aluminum and nickel, as 

well as equipment for their implementation were developed. 

The thesis consists of six chapters in which the main results are presented and 

substantiated. 
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In the introduction, the relevance of topic is justified, the objectives and tasks of 

the research are outlined, the methods and methodologies of their implementation are 

provided, and the scientific novelty and practical significance of the research results are 

formulated. 

Chapter One provides a literature review of the current state of the art in Wire Arc 

Additive Manufacturing (WAAM) technologies for the production of spatial products. 

Existing technologies for generative manufacturing of parts and structures are analyzed, 

as well as available means for influencing the geometric properties of additively 

manufactured products. It is found that the information provided in the literature 

regarding the influence of shielding gas composition in additive arc welding processes 

such as GMAW-CMT (Gas Metal Arc Welding - Cold Metal Transfer), GMAW-Pulse 

and PAW-CW (Plasma Arc Welding - Continuous Wave) is contradictory or insufficient.  

Chapter two outlines the methods for conducting experimental research to 

determine the geometric characteristics of additively deposited layers, the structure and 

physico-mechanical properties of the deposited metal, the chemical composition, and the 

properties of the materials used for research. A description and characteristics of 

laboratory equipment for deposition, structure investigation, and mechanical property 

testing are presented, along with the determination of thermal cycles in WAAM. Methods 

of finite element analysis of stress-strain component formation and verification of 

obtained calculation results are provided. 

Technological recommendations and selected equipment for the production of 

products from low plasticity materials are proposed. 

In Chapter Three, the process of layer-by-layer deposition of low-carbon steels 

by GMAW-CMT/Pulse method in combination with argon-based shielding gas mixtures 

with 2% and 18% CO2 content, as well as deposition of PAW-CW additives in argon, is 

experimentally investigated. Based on the analysis of the experimental data, regularities 

in the influence of changes in the composition of the shielding gas environment and the 

welding current mode on the formation and geometric characteristics of the product walls 

are established. 
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Experimental studies are conducted to determine the influence of GMAW-

CMT/pulse deposition methods on the geometric characteristics of products made of 

aluminum alloys, austenitic stainless steels, and silicon bronzes. Further development of 

the understanding of the influence of welding current delivery methods on the deviations 

in the geometric shape of product walls during additive synthesis is obtained through the 

analysis and generalization of experimental data. 

On the basis of the conducted experimental research, the possibility of obtaining 

spatial products by plasma arc deposition using rods of heat-resistant nickel alloy as filler 

material, manufactured according to the author's proposed methodology, is demonstrated. 

The Chapter Four is devoted to the investigation of the influence of GMAW-

CMT/Pulse deposition methods and changes in the shielding gas environment on the 

formation of structure and mechanical properties of specimens made of low-carbon steel, 

as well as the welding current mode (GMAW-CMT/Pulse) when using silicon bronzes. 

Regularities in the formation of structure, occurrence of imperfections and distribution of 

microhardness in the deposited metal under repeated heating during additive 

manufacturing of spatial products are established. The nature of failure and indicators of 

physico-mechanical properties of additively deposited samples of low-carbon steel are 

studied. A comparative analysis of microstructures and mechanical test data is performed 

for the deposition of low-carbon steels and nickel-based alloys. 

In Chapter Five, finite element models are constructed, computer simulations are 

performed, and an analysis of the results of finite element modeling of stress-strain 

components in three-dimensional products during additive arc deposition of silicon 

bronze and heat-resistant nickel-based alloy as compact filler material is conducted. 

A finite element model is developed to calculate stress-strain components in 

additively deposited products with complex geometric cross-sections. It is found that the 

cause of cracks in silicon bronze and GMAW pulsed deposition processes is the formation 

of tensile stresses exceeding the metal's strength limit in the high temperature range 

during multiple heating and cooling cycles in the additive deposition process. 
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The thermal deformation processes are investigated during the layer-by-layer 

plasma arc deposition of the heat-resistant nickel-based filler SBM-4 in combination with 

two variants of deposition base materials. 

In order to confirm the adequacy of the results of previous calculations and the 

possibility of their further application, the verification of the developed finite element 

model and the results of computer simulation is carried out by comparing their 

convergence with experimental data. 

In Chapter Six, technological recommendations are formulated for the layer-by-

layer additive manufacturing process of spatial products using electric arc heat as a heat 

source and compact (solid cross-section wires and rods) filler material. A methodology is 

proposed for determining metal losses during finishing mechanical processing of products 

manufactured by various additive arc deposition methods. 

A computerized setup for additive arc deposition of products with numerical 

program control based on G-codes is designed and constructed. 

Examples of products manufactured according to the formulated technical 

recommendations for additive deposition of complex spatial shapes are given. 

 

Keywords: additive technologies, layer-by-layer deposition, additive 

manufacturing, FDM technology, 3D printing, welded joints, heat affected zone, low-

carbon steel, aluminum alloy, bronze, mathematical modeling, finite element modeling, 

stress-strain state, metallographic analysis, mechanical properties, structures, grain sizes. 
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4.2 #>@V2=O;P=89 0=0;V7 AB@C:BC@=8E 7<V= C =0?;02;5=><C <5B0;V G3Si1 C 
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4.3  5E0=VG=V 2;0AB82>ABV =0?;02;5=8E GMAW-CMT/Pulse A?>A>10<8 7@07:V2 7 

=87P:>2C3;5F52>W AB0;V G3Si1 ................................................................................. 115 

4.4 (>@<C20==O AB@C:BC@8 7@07:V2 7 :@5<=Vє2>W 1@>=78 CuSi3Mn1 ?@8 GMAW-

CMT/Pulse 048B82=><C =0?;02;5==V ...................................................................... 117 

4.5 #>@V2=O;P=89 0=0;V7 AB@C:BC@=8E 7<V= C =0?;02;5=><C <5B0;V CuSi3Mn1 C 

70;56=>ABV 2V4 <5B>4C GMAW-CMT/Pulse =0?;02;5==O ..................................... 123 
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=0?;02;5==V ............................................................................................................... 136 
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28@>1C 7 :@5<=Vє2>W 1@>=78 CuSi3Mn1 ?@8 GMAW-Pulse 048B82=><C =0?;02;5==V

 .................................................................................................................................... 146 

5.4 �>A;V465==O D>@<C20==O :><?>=5=B =0?@C65=>-45D>@<>20=>3> AB0=C 
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 .................................................................................................................................... 149 
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 ....................................................................................................................................... 158 
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7@07:V2 ........................................................................................................................ 164 
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�"��&"� � ............................................................................................................... 185 
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#�$���� ' "�!�) #"�!�+�!Ь 

 

�� – 048B82=5 28@>1=8FB2> 

A  - 0dditive manufacturing 

CAD – A8B5<0 02B><0B8G=>3> ?@>5:BC20==O 

CAM –  Computer-aided manufacturing 

CAE – Computer-aided engineering 

FDM - fused deposition modeling 

STL – STereoLithography 

LOM - laminated object manufacturing 

SLS - A5;5:B82=5 ;075@=5 A?V:0==O 

#� – ?5@A>=0;P=89 :><?’NB5@ 

CLAD - ?@O<5 ;075@=5 048B82=5 28@>IC20==O 

WAAM - wire-arc additive manufacturing 

�&� – 7>=0 B5@<VG=>3> 2?;82C 

�!% – 60@><VF=89 =V:5;5289 A?;02 

�&� – 307>BC@1V==89 4283C= 

D7 – @>7<V@ 75@=0, <:< 

d% – @>7<V@ AC175@=0, <:< 

h#( – H8@8=0 284V;5=P ?>;V3>=0;P=>3> D5@8BC, <:< 

HV – <V:@>B25@4VABP 70 �V::5@A>< 

I�� – 720@N20;P=89 AB@C<, � 

U� – =0?@C30 =0 4C7V, � 

V��– H284:VABP 720@N20==O 

V#�– H284:VABP ?>40GV ?@8A04=>3> 4@>BC 

��� – :>5DVFVє=B :>@8A=>W 4VW 

η8 – :>5DVFVє=B :>@8A=>W 4VW 465@5;0 B5?;0 

· – B>2I8=0 <5B0;C, << 

q – ?>3>==0 5=5@3VO 720@N20==O, �6/<< ÿ1, ÿ2 , ÿ3 – 3>;>2=V =0?@C65==O,  #0 



19 

 

Ã� – 3@0=8FO <VF=>ABV,  #0 

Ã& – 3@0=8FO B5:CG>ABV,  #0 

¸ – 2V4=>A=5 284>265==O, % 

!�% – =0?@C65=>-45D>@<>20=89 AB0= 
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�%&'# 

�:BC0;ь=VABь @>1>B8. %8=B57 >1’є<=8E ?@>AB>@>28E 28@>1V2 7 

28:>@8AB0==O< WAAM B5E=>;>3V9 107CєBPAO =0 ?@8=F8?V ?>H0@>2>3> =0?;02;5==O 

20;8:V2 ?@8A04=>3> <0B5@V0;C. #@8 @50;V70FVW ?@>F5AV2 ?>H0@>2>3> =0?;02;5==O 

=0<030NBPAO 4>AO3B8 <0:A8<0;P=>W 35><5B@8G=>W B>G=>ABV AD>@<>20=8E 28@>1V2. 

�;5 ?@>F5A ?>H0@>2>3> =0?;02;5==O 7 28:>@8AB0==O< 4C3>28E 465@5; B5?;0 

AC?@>2>46CєBPAO =5 704>2V;P=>N @V2=><V@=VABN D>@<>CB2>@5==O =0?;02;5=8E 

H0@V2, I> ?@872>48BP 4> 71V;PH5==O G0AB:8 =0?;02;5=>3> <5B0;C, O:89 945 C 

2V4E>48 ?@8 :V=F52V9 <5E0=VG=V9 >1@>1FV 703>B>2:8 28@>1C, AE8;P=VABN 

=0?;02;5=>3> <5B0;C 4> CB2>@5==O 45D5:BV2, 7<5=H5=8<8 C ?>@V2=O==V 7 

:><?0:B=8<8 <0B5@V0;0<8 DV78:>-<5E0=VG=8<8 E0@0:B5@8AB8:0<8 <5B0;C 

048B82=> =0?;02;5=8E H0@V2. "4=8< 7 <>6;828E 20@V0=BV2 :5@C20==O B>G=VABN 

2V4B2>@5==O D>@<8 ?@8 ?>H0@>2><C 048B82=><C 4C3>2><C =0?;02;5==V є 281V@ 

2V4?>2V4=>3> 70E8A=>3> 307>2>3> A5@54>28I0 (70E8A=>W 307>2>W AC<VHV), 

28:>@8AB0==O @53C;P>20=>W V<?C;PA=>W ?>40GV 720@N20;P=>3> AB@C<C (<5B>4 Pulse) 

01> 2545==O ?@>F5AC 2 @568<V :>@>B:8E 70<8:0=P (<5B>4 % &), 70AB>AC20==O 

B5E=>;>3VW ?;07<>2>3> =0?;02;5==O :><?0:B=>3> <0B5@V0;C. ' >:@5<8E =0O2=8E 

=0C:>28E @>1>B0E 265 1C;> @>73;O=CB5 70AB>AC20==O ?5@A?5:B82=>W B5E=>;>3VW 

% & C :><1V=0FVW 7 @V7=8<8 307>28<8 AC<VH0<8 B0 WE 2?;82 =0 35><5B@8G=V 

E0@0:B5@8AB8:8 048B82=> =0?;02;5=8E 28@>1V2 ?@8 70AB>AC20==V 2 O:>ABV 

?@8A04=>3> <0B5@V0;C =87P:>2C3;5F528E AB0;59. "4=0:, =0 AP>3>4=VH=V9 45=P 

70;8H0NBPAO =54>AB0B=P> 282G5=8<8 ?8B0==O I>4> 2?;82C <5B>4C V<?C;PA=>W 

?>40GV 720@N20;P=>3> AB@C<C C ?>є4=0==V 7 @V7=8<8 70 A:;04>< 70E8A=8<8 

307>28<8 A5@54>28I0<8, B5E=>;>3VW ?;07<>2>-4C3>2>3> 048B82=>3> =0?;02;5==O 

:><?0:B=>3> ?@8A04=>3> <0B5@V0;C =0 =5@V2=><V@=VABP CB2>@5=8E ?>25@E>=P 

=0?;02;5==O, D>@<C20==O AB@C:BC@8 <5B0;C, =0?@C65=P B0 45D>@<0FV9, WE 

:><?;5:A=89 2?;82 =0 DV78:>-<5E0=VG=V 2;0AB82>ABV 3>B>28E ?@>AB>@>28E 28@>1V2 

7 =87P:>2C3;5F52>W AB0;V B8?C G3Si1 (09�2%), 0CAB5=VB=>W =5@602VNG>W AB0;V B8?C 

Cr19Ni9, A?;02V2 =0 >A=>2V 0;N<V=VN (AlMg5), <V4V (CuSi3Mn1) B0 =V:5;N (SBM-4), 

AE8;P=VABP =0?;02;5=>3> <5B0;C 4> CB2>@5==O :@8B8G=8E 45D5:BV2.  
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�8:>@8AB0==O :@5<=Vє28E 1@>=7 4;O 048B82=>3> A8=B57C ?@>AB>@>28E 

28@>1V2 є ?@>1;5<0B8G=8< C 72’O7:C 7 >A>1;82>ABO<8 ?5@51V3C ?@>F5AC 

:@8AB0;V70FVW ?@8 048B82=><C =0?;02;5==V 2=0A;V4>: 4VW B5@<>F8:;C20==O ?@8 

?>A;V4>2=><C D>@<C20==V >:@5<8E H0@V2 B0 =01CBBO< 0=V7>B@>?VW <5E0=VG=8E 

2;0AB82>AB59 ?@8 ?>H0@>2><C =0?;02;5==V. %0<5 B><C F59 =0?@O<>: ?>B@51Cє 

?@>2545==O 4>40B:>28E 4>A;V465=P. 

� B>9 A0<89 G0A 5:A?5@8<5=B0;P=5 287=0G5==O :><?>=5=B =0?@C65=>-

45D>@<>20=>3> AB0=C (!�%) 048B82=> =0?;02;5=8E 28@>1V2 є 4>A8BP 

4>23>B@820;8< B0 28A>:>20@BVA=8< ?@>F5A><, 5:A?5@8<5=B0;P=89 ?V4EV4 =5 

4>72>;Oє >B@8<0B8 25;8G8=8 7=0G5=P 2AVE :><?>=5=B !�%, >:@5<V 

5:A?5@8<5=B0;P=V <5B>48 287=0G0NBP ?0@0<5B@8 :><?>=5=B =0?@C65=>3> AB0=C 

;8H5 C ?>25@E=528E H0@0E =0?;02;5=>3> <5B0;C B0 =5 4>72>;ONBP 287=0G0B8 

@>7?>4V; =0?@C65=P ?> B>2I8=V ABV=>: 28@>1V2. "B@8<0==O =02VBP FVєW >1<565=>W 

V=D>@<0FVW 28<030є 70AB>AC20==O @C9=V2=8E <5B>4V2 4>A;V465=P.  

%CG0A=89 AB0= @>728B:C :><?'NB5@=8E B5E=>;>3V9 B0 <5B>4V2 G8A;>2>3> 

0=0;V7C 70157?5GCє ?5@A?5:B82=VABP 70AB>AC20==O =>28E <5B>4V2 :><?’NB5@=>3> 

<>45;N20==O ?@>F5AV2 D>@<C20==O :><?>=5=B !�% 2 <5B0;V 048B82=> 

=0?;02;5=8E 28@>1V2, 7>:@5<0 V A:;04=>W 35><5B@8G=>W D>@<8, I> 4>72>;Oє ACBBє2> 

A:>@>B8B8 G0A B0 <0B5@V0;P=V 28B@0B8 =0 ?@>2545==O 4>A;V465=P. !0 >A=>2V 

@>7@>1;5=8E B0 25@8DV:>20=8E <>45;59 <>6=0 =0?@0FP>2C20B8 B5E=>;>3VG=V 

@5:><5=40FVW I>4> 281>@C A?>A>1V2, C<>2 B0 @568<V2 048B82=>3> 4C3>2>3> 

=0?;02;5==O 4;O 28@>1V2 A:;04=>W 35><5B@8G=>W D>@<8. 

&0:8< G8=><, ?@>2545==O :><?;5:A=8E 5:A?5@8<5=B0;P=8E B0 

@>7@0EC=:>28E 4>A;V465=P ?> 287=0G5==N 2?;82C <5B>4V2, B5E=>;>3VG=8E 

?0@0<5B@V2 @568<V2 B0 C<>2 ?@>F5AV2 4C3>2>3> =0?;02;5==O, A:;04C 70E8A=>3> 

307>2>3> A5@54>28I0 =0 35><5B@8G=V E0@0:B5@8AB8:8, AB@C:BC@C, D>@<C20==O 

:><?>=5=B =0?@C65=>-45D>@<>20=>3> AB0=C B0 DV78:>-<5E0=VG=V E0@0:B5@8AB8:8 

<5B0;C 048B82=> =0?;02;5=8E ?@>AB>@>28E 28@>1V2 7V AB0;59 @V7=8E AB@C:BC@=8E 

:;0AV2 B0 A?;02V2 =0 >A=>2V 0;N<V=VN, <V4V B0 =V:5;N є 0:BC0;P=>N 7040G5N, I> 

AB0=>28BP =0C:>289 B0 ?@0:B8G=89 V=B5@5A. 
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 5B0 @>1>B8 – 4>A;V465==O 70:>=><V@=>AB59 2?;82C A?>A>1V2 4C3>2>3> 

=0?;02;5==O, A:;04C 70E8A=>3> 307>2>3> A5@54>28I0 B0 C<>2 2545==O ?@>F5AC =0 

D>@<C20==O B0 35><5B@8G=V E0@0:B5@8AB8:8 =0?;02;5=8E H0@V2, AB@C:BC@C <5B0;C, 

CB2>@5==O =0?@C65=P B0 45D>@<0FV9, DV78:>-<5E0=VG=V 2;0AB82>ABV ?@>AB>@>28E 

28@>1V2 7 =87P:>2C3;5F52>W AB0;V B8?C G3Si1 (09�2%), 0CAB5=VB=>W =5@602VNG>W 

AB0;V B8?C Cr19Ni9, A?;02V2 =0 >A=>2V 0;N<V=VN (AlMg5), <V4V (CuSi3Mn1) B0 =V:5;N 

(SBM-4). 

�;O 4>AO3=5==O ?>AB02;5=>W <5B8 28@VHC20;8AO =0ABC?=V 7040GV: 
1. #@>25AB8 ;VB5@0BC@=89 0=0;V7 ACG0A=>3> AB0=C 048B82=>3> WAAM 

28@>1=8FB20 28@>1V2 7 =87P:>2C3;5F528E B0 0CAB5=VB=8E =5@602VNG8E AB0;59, 

A?;02V2 =0 >A=>2V 0;N<V=VN, <V4V B0 =V:5;N. �87=0G8B8 <5BC B0 70240==O 

4>A;V465=P. 

2.  "1@0B8 <5B>48:8 ?@>2545==O 4>A;V465=P, 287=0G8B8 70AB>A>2C20=V 

<0B5@V0;8, 74V9A=8B8 281V@ =5>1EV4=>3> >1;04=0==O. 

3. �>A;V48B8 2?;82 A?>A>1V2 B0 @568<V2 GMAW-CMT/Pulse V PAW-CW 

4C3>2>3> =0?;02;5==O, A:;04C 70E8A=>3> 307>2>3> A5@54>28I0 =0 35><5B@8G=V 

E0@0:B5@8AB8:8 =0?;02;5=8E H0@V2 7 =87P:>2C3;5F52>W AB0;V B8?C G3Si1. 

4. �>A;V48B8 2?;82 A?>A>1V2 B0 @568<V2 GMAW-CMT/Pulse 4C3>2>3> 

=0?;02;5==O =0 35><5B@8G=V E0@0:B5@8AB8:8 =0?;02;5=8E H0@V2 7V A?;02V2 =0 

>A=>2V 0;N<V=VN  (AlMg5), <V4V ( CuSi3Mn1) B0 AB0;V 0CAB5=VB=>3> :;0AC (Cr19Ni9). 

5. �>A;V48B8 <>6;82VABP 28:>@8AB0==O ?@8?>N =0 >A=>2V =V:5;N (SBM-4) C 

O:>ABV ?@8A04=>3> <0B5@V0;C 4;O 048B82=>3> ?;07<>2>-4C3>2>3> =0?;02;5==O 

«E>;>4=8< 4@>B><» (PAW-CW) ?@>AB>@>28E 28@>1V2. 

6. �87=0G8B8 2?;82 @V7=8E A?>A>1V2 4C3>2>3> =0?;02;5==O =0 D>@<C20==O 

AB@C:BC@8 =0?;02;5=>3> <5B0;C 7@07:V2 V AE8;P=VABP 4> CB2>@5==O 45D5:BV2 2 

C<>20E 1030B>@07>2>3> B5<?5@0BC@=>3> 2?;82C 5;5:B@8G=>W 4C38. 

7.  5B>4>< A:V=G5==>-5;5<5=B=>3> :><?'NB5@=>3> <>45;N20==O 287=0G8B8 

2?;82 B5E=>;>3VG=8E ?0@0<5B@V2 @568<V2 B0 C<>2 048B82=>3> 4C3>2>3> 

=0?;02;5==O =0 D>@<C20==O :><?>=5=B =0?@C65=>-45D>@<>20=>3> AB0=C 
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?@>AB>@>28E 28@>1V2. �4V9A=8B8 25@8DV:0FVN <>45;59 B0 >B@8<0=8E @57C;PB0BV2 

@>7@0EC=:>28E 4>A;V465=P H;OE>< A?V2AB02;5==O 7 5:A?5@8<5=B0;P=8<8 40=8<8. 

8. �87=0G8B8 DV78:>-<5E0=VG=V 2;0AB82>ABV 048B82=> =0?;02;5=>3> <5B0;C 

<>45;P=8E 7@07:V2 7 =87P:>2C3;5F52>W AB0;V B0 60@><VF=>3> A?;02C =0 >A=>2V 

=V:5;N. 

9. %B2>@8B8 B5E=>;>3VG=V @5:><5=40FVW ?> 283>B>2;5==N 048B82=8< 4C3>28< 

=0?;02;5==O< V7 70AB>AC20==O< :><?0:B=8E ?@8A04=8E <0B5@V0;V2 ?@>AB>@>28E 

28@>1V2 7V AB0;59 @V7=8E AB@C:BC@=8E :;0AV2 B0 A?;02V2 =0 >A=>2V 0;N<V=VN, <V4V B0 

=V:5;N, 0 B0:>6 ?> 283>B>2;5==N ?@CB:V2 7 <0;>?;0AB8G=8E <0B5@V0;V2. 

"1’є:B 4>A;V465==O – ?@>F5A 4C3>2>3> 048B82=>3> ?>H0@>2>3> =0?;02;5==O 
7 28:>@8AB0==O< :><?0:B=8E ?@8A04=8E <0B5@V0;V2. 

#@54<5B 4>A;V465==O – #@54<5B 4>A;V465==O – D>@<C20==O AB@C:BC@8, 
D07>2>3> A:;04C, :><?>=5=B =0?@C65=>-45D>@<>20=>3> AB0=C B0 WE 2?;82 =0 

35><5B@8G=V B0 DV78:>-<5E0=VG=V E0@0:B5@8AB8:8 >B@8<0=8E 048B82=8< 4C3>28< 

=0?;02;5==O< ?@>AB>@>28E 28@>1V2. 

 5B>48 4>A;V465=ь.  
�;O 4>AO3=5==O <5B8 B0 28@VH5==O ?>AB02;5=8E 70240=P @>1>B8 ?@>2>48;8 

:><?;5:A=V B5>@5B8G=V (<5B>40<8 G8A;>2>3> A:V=G5=>-5;5<5=B=>3> <>45;N20==O) V 

5:A?5@8<5=B0;P=V (<5B>40<8 GMAW-CMT, GMAW-Pulse B0 PAW-CW 048B82=>3> 

4C3>2>3> =0?;02;5==O) 4>A;V465==O I>4> >A>1;82>AB59 D>@<C20==O ?@>AB>@>28E 

28@>1V2 7V AB0;59 @V7=8E AB@C:BC@=8E :;0AV2, A?;02V2 =0 >A=>2V 0;N<V=VN, <V4V B0 

=V:5;N. �87=0G5==O AB@C:BC@=>W 1C4>28, A:;04C 048B82=> =0?;02;5=>3> <5B0;C 

28:>=C20;8 <5B0;>3@0DVG=8<8 <5B>40<8 V7 70AB>AC20==O< >?B8G=>W (Neophot-21, 

Neophot-32) B0 0=0;VB8G=>W @0AB@>2>W 5;5:B@>==>W ($�  � 102-02 B0 JSM-840 

DV@<8 PHILIPS, �>;;0=4VO), <V:@>48D@0:FV9=>W 5;5:B@>==>W ?@>A2VGCNG>W (J�  -200 

%), D8@<O JEOL, /?>=8O) <V:@>A:>?VW, <V:@>4N@><5B@VG=>3> 0=0;V7C 

(<V:@>B25@4><V@8 M-400 A5@VW LECO B0 # &-3).  

�;O ?@>2545==O <5B0;>3@0DVG=>3> 0=0;V7C >B@8<0=8E 7’є4=0=P 28@V70;8 

?>?5@5G=V B5<?;5B8 V 283>B>2;O;8 <V:@>H;VD8. #@8 FP><C 70AB>A>2C20;8 E>;>4=5 

EV<VG=5, 5;5:B@>;VB8G=5 B0 V>==>-20:CC<=5 B@02;5==O 7 <5B>N 28O2;5==O 
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E0@0:B5@=8E AB@C:BC@.  5E0=VG=V 28?@>1C20==O =0 >4=>2VA=89 @>7BO3 ?@>2>48;8 =0 

A5@2>3V4@02;VG=><C 28?@>1C20;P=><C :><?;5:AV MTS 318.25 70 AB0=40@B=8<8 

<5B>48:0<8. 

!0C:>20 =>287=0 >45@60=8E @57C;ьB0BV2 
1. �?5@H5 2AB0=>2;5=89 :><?;5:A=89 2?;82 GMAW-CMT, GMAW-Pulse 

B0 PAW-CW A?>A>1V2 4C3>2>3> =0?;02;5==O B0 A:;04C 70E8A=>3> 307>2>3> 

A5@54>28I0 =0 D>@<>CB2>@5==O ABV=>: 28@>1V2 7 =87P:>2C3;5F52>W AB0;V G3Si1, 

AB@C:BC@=C 1C4>2C B0 DV78:>-<5E0=VG=V 2;0AB82>ABV 048B82=> AD>@<>20=>3> 

<5B0;C.  

2. !0 >A=>2V ?>@V2=O;P=>3> 0=0;V7C 5:A?5@8<5=B0;P=8E 40=8E 2?5@H5 

2AB0=>2;5=>, I> GMAW-CMT 048B82=5 4C3>25 =0?;02;5==O :><?0:B=>3> 

?@8A04=>3> <0B5@V0;C C 283;O4V 4@>BC ACFV;P=>3> ?5@5@V7C 7  =87P:>2C3;5F52>W AB0;V 

G3Si170157?5GCє D>@<C20==O ABV=>: 28@>1V2 =091V;PH>W 28A>B8 B0 =09<5=H>W 

B>2I8=8 C ?>@V2=O==V 7 GMAW-Pulse B0 PAW-CW A?>A>10<8. !0?;02;5==O 2 

307>2V9 AC<VHV  21 ?@872>48BP 4> 71V;PH5==O 5D5:B82=>W H8@8=8 048B82=> 

=0?;02;5=8E ABV=>: 28@>1V2 C ?>@V2=O==V 7 AC<VHN  11, O:5 A:;040є  ~ 4 << B0 ~ 

3,6 << 2V4?>2V4=>, 7<5=H5==N 28A>B8 =0?;02;5=8E H0@V2 =0  ~ 10 %. �0<V=0 

70E8A=>W 307>2>W AC<VHV  21 =0  11 AC?@>2>46CєBPAO ACBBє28< 71V;PH5==O< 

2V4E8;5==O ?@>DV;N C A5@54=P><C =0 45&47 %. 

3. #@8 GMAW-Pulse 048B82=><C 4C3>2><C =0?;02;5==V 4@>B>< 

ACFV;P=>3> ?5@5@V7C =87P:>2C3;5F52>W AB0;V G3Si1 28A>B0 ABV=>: є <V=V<0;P=>N, 0 

5D5:B82=0 H8@8=0 4>AO30є <0:A8<0;P=8E 7=0G5=P C ?>@V2=O==V 7 GMAW-CMT B0 

PAW-CW A?>A>10<8. �0<V=0 307>2>W AC<VHV  11 =0  21 ?@872>48BP 4> 7<5=H5==O 

5D5:B82=>W H8@8=8 ABV=>: 7 >4=>G0A=8< 7<5=H5==O< 2V4E8;5==O ?@>DV;N =0 ≈ 23 

%. �V4E8;5==O ?@>DV;N ?@8 PAW-CW A?>A>1V 048B82=>3> 4C3>2>3> =0?;02;5==O є 

<V=V<0;P=8< C ?>@V2=O==V 7 V=H8<8 @>73;O=CB8<8 A?>A>10<8 B0 A:;040є 1;87P:> 

0,35 <<. 

4. �?5@H5 28:>=0=89 A:V=G5==>-5;5<5=B=89 0=0;V7 :><?>=5=B 

=0?@C65=>-45D>@<>20=>3> AB0=C ?@8 ?>H0@>2><C GMAW B0 GMAW-Pulse 

=0?;02;5==V :@5<=Vє2>W 1@>=78 CuSi3Mn1 =0 107V <>45;V >1’є<=>3> 28@>1C A:;04=>W 
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35><5B@8G=>W D>@<8. �AB0=>2;5=>, I> 28=8:=5==O B@VI8= C =0?;02;5=><C <5B0;V 

?>2O70=5 7 D>@<C20==O< =>@<0;P=8E B0 5:2V20;5=B=8E =0?@C65=P @>7BO3C, I> 28IV 

70 3@0=8FN <VF=>ABV <0B5@V0;C =0 ≈ 13 - 25% 2 4V0?07>=V B5<?5@0BC@ 550&490 °%.  

5. �0 @57C;PB0B0<8 A:V=G5==>-5;5<5=B=>3> <>45;N20==O D>@<C20==O 

:><?>=5=B =0?@C65=>-45D>@<>20=>3> AB0=C ?@8 048B82=><C PAW-CW 

=0?;02;5==V ?@CB:V2 60@><VF=>3> =V:5;52>3> ?@8?>N SBM-4 =0 =V:5;5289 

48A?5@AV9=>B25@4VNG89 60@><VF=89 A?;02 +%88'�І 2?5@H5 2AB0=>2;5=>, I> =0 

4V;O=:0E @V7:>W 7<V=8 B@0є:B>@VW =0?;02;5==O (r < 3 – 5 <<) 25;8G8=0 =0?@C65=P 

@>7BO3C 2 >1;0ABV A?;02;5==O 7 >A=>2>N 4>AO30є 3@0=8FV <VF=>ABV <0B5@V0;C. 

#>?5@54=V9 =03@V2 >A=>28 4> 150 0% 4>72>;Oє 7<5=H8B8 25;8G8=C =0?@C65=P 

@>7BO3C B0 70157?5GCє C=8:=5==O 45D5:BV2 B8?C B@VH8= B0 2V4H0@C20=P. 

#@0:B8G=0 FV==VABь >45@60=8E @57C;ьB0BV2 ?>;O30є C 2AB0=>2;5==V 
70:>=><V@=>AB59 2?;82C GMAW-CMT, GMAW-Pulse B0 PAW-CW A?>A>1V2 

4C3>2>3> =0?;02;5==O, A:;04C 70E8A=>3> 307C =0 35><5B@8G=V E0@0:B5@8AB8:8 

=0?;02;5=8E H0@V2 ?@8 283>B>2;5==V 048B82=8< =0?;02;5==O< ?@>AB>@>28E 

28@>1V2 7 =87P:>2C3;5F52>W AB0;V B8?C G3Si1 (09�2%), GMAW-CMT B0 GMAW-

Pulse ?@8 283>B>2;5==V 28@>1V2 7V AB0;V 0CAB5=VB=>3> :;0AC B8?C Cr19Ni9, A?;02V2 =0 

>A=>2V 0;N<V=VN (AlMg5) B0 <V4V ( CuSi3Mn1). 

�AB0=>2;5=>, I> ?;07<>2>-4C3>25 =0?;02;5==O «E>;>4=8< 4@>B><» (PAW-

CW A?>AV1) C A5@54>28IV 0@3>=C ?@8 70AB>AC20==V 2 O:>ABV ?@8A04=>3> <0B5@V0;C 

?@CB:V2 7 ?@8?>N =0 >A=>2V =V:5;N SBM-4 4>72>;Oє >B@8<0B8 048B82=8< 

=0?;02;5==O< 28@>18 7 <VF=VABN =0 @V2=V 75-80 % 2V4 <VF=>ABV 28EV4=>3> <0B5@V0;C. 

�87=0G5=V @5:><5=4>20=V @568<8 =0?;02;5==O. 

І7 70AB>AC20==O< 720@N20;P=>3> 465@5;0 Fronius VarioSynergic 4700 7 1;>:>< 

?>40GV 720@N20;P=>3> 4@>BC Fronius VR 3300 AB2>@5=0 :><?’NB5@87>20=0 

CAB0=>2:0 4;O 048B82=>3> 4C3>2>3> =0?;02;5==O 28@>1V2 7 G8A;>28< ?@>3@0<=8< 

:5@C20==O< =0 >A=>2V G-:>4V2 B0 <>45@=V7>20=0 CAB0=>2:0 ��'-�#І 4;O 74V9A=5==O 

=0?;02;5==O 28@>1V2 C :>=B@>;P>20=V9 0B<>AD5@V.  
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$>7@>1;5=V B5E=>;>3VG=V @5:><5=40FVW B0 >1@0=5 >1;04=0==O 4;O 

283>B>2;5==O ?@CB:V2 7 <0;>?;0AB8G=8E <0B5@V0;V2, >B@8<0=V ?@CB:8 ?@8?>N SBM-

4 7 @>7<V@0<8 250×2×2 <<. 

$>7@>1;5=V B5E=>;>3VG=V @5:><5=40FVW ?> 283>B>2;5==N 048B82=8< 4C3>28< 

=0?;02;5==O< V7 70AB>AC20==O< :><?0:B=8E ?@8A04=8E <0B5@V0;V2 ?@>AB>@>28E 

28@>1V2 7V AB0;59 @V7=8E AB@C:BC@=8E :;0AV2 B0 A?;02V2 =0 >A=>2V 0;N<V=VN, <V4V B0 

=V:5;N. 

$57C;PB0B8 ?@>2545=8E :><?;5:A=8E 5:A?5@8<5=B0;P=8E B0 @>7@0EC=:>28E 

4>A;V465=P 2?@>20465=V 2 =02G0;P=8E ?@>F5A ?@8 28:;040==V >A2VB=VE :><?>=5=B  

?5@H>3> B0 4@C3>3> @V2=V2 28I>W >A2VB8 (10:0;02@, <03VAB@) 2 �#І V<5=V І3>@O 

%V:>@AP:>3>.  

 "A>18AB89 2=5A>: 74>1C20G0. $>1>B0 28:>=0=0 ?V4 =0C:>28< :5@V2=8FB2>< 
4>:B>@0 B5E=VG=8E =0C:, ?@>D5A>@0 �20A=8FP:>3> �.�. "A=>2=V @57C;PB0B8, I> 

287=0G0NBP ACBP 48A5@B0FV9=>W @>1>B8, 02B>@ >B@8<02 A0<>ABV9=>. $07>< V7 

=0C:>28< :5@V2=8:>< 74>1C20G 287=0G82 B5<C :20;VDV:0FV9=>W @>1>B8, 1C;8 

AD>@<C;P>20=V <5B0 B0 ?>AB02;5=V 70240==O 48A5@B0FV9=>3> 4>A;V465==O, 

@>7@>1;5=V B0 >1@0=V <5B>48:8 28@VH5==O ?>AB02;5=8E 70240=P. ' ?V43>B>2;5=8E C 

A?V202B>@AB2V ?C1;V:0FVOE 74>1C20G52V =0;560BP ?@>2545==O 5:A?5@8<5=B0;P=8E 

4>A;V465=P 7 ?>H0@>2>3> =0?;02;5==O 7@07:V2 7V 2AB0=>2;5==O< >A>1;82>AB59 

D>@<C20==O AB@C:BC@8, ?V43>B>2:0 7@07:V2 4;O 287=0G5==O DV78:>-<5E0=VG=8E 

2;0AB82>AB59, @>7@>1:0 A:V=G5==>-5;5<5=B=8E <>45;59 4;O G8A;>2>3> 

<>45;N20==O <5B>4>< A:V=G5==8E 5;5<5=BV2 :><?>=5=B !�%, >1@>1:0, 0=0;V7 B0 

C7030;P=5==O >B@8<0=8E @57C;PB0BV2 I>4> 287=0G5==O AB@C:BC@8 B0 :><?>=5=B 

=0?@C65=>-45D>@<>20=>3> AB0=C, AB2>@5==O B5E=>;>3VG=8E @5:><5=40FV9 ?> 

048B82=><C 4C3>2><C =0?;02;5==N 28@>1V2 7V AB0;59 @V7=8E AB@C:BC@=8E :;0AV2 B0 

A?;02V2 =0 >A=>2V 0;N<V=VN B0 <V4V 7 307>28< 70E8AB>< 4V;O=:8 =03@V2C, 

60@><VF=>3> =V:5;52>3> A?;02C (?@8?>N) SBM-4 C :>=B@>;P>20=><C A5@54>28IV.  

�2B>@>< A?@>5:B>20=0 B0 AB2>@5=0 :><?’NB5@87>20=0 CAB0=>2:0 4;O 

048B82=>3> 4C3>2>3> =0?;02;5==O 28@>1V2 7 G8A;>28< ?@>3@0<=8< :5@C20==O< =0 
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>A=>2V G-:>4V2 B0 <>45@=V7>20=0 CAB0=>2:0 ��'-�#І 4;O 74V9A=5==O =0?;02;5==O 

28@>1V2 C :>=B@>;P>20=V9 0B<>AD5@V. 

�?@>10FVO @57C;ьB0BV2 48A5@B0FVW. "A=>2=V ?>;>65==O B0 @57C;PB0B8 
48A5@B0FV9=>W @>1>B8 4>?>2V40;8AP B0 >13>2>@N20;8AP =0 <V6=0@>4=8E B0 

2VBG87=O=8E =0C:>2>-B5E=VG=8E :>=D5@5=FVOE B0 A8<?>7VC<0E: 2020 IEEE 10th 

International Conference Nanomaterials: Applications & Properties (NAP) (Sumy, 

Ukraine, 2020);  V6=0@>4=0 =0C:>2>-B5E=VG=0 :>=D5@5=FVO «�20@N20==O B0 

A?>@V4=5=V B5E=>;>3VW: #5@A?5:B828 @>728B:C» (<. �@0<0B>@AP:, ':@0W=0, 2021); 

International Institute of Welding. The 75th IIW Annual Assembly and International 

Conference (Tokyo, Japan, 2022); «�20@N20==O B0 B5E=VG=0 4V03=>AB8:0 4;O 

2V4=>2;5==O 5:>=><V:8 ':@0W=8» (<. �8W2, ':@0W=0, 2022 @.);  V6=0@>4=0 =0C:>2>-

B5E=VG=0 :>=D5@5=FVO « VF=VABP V 4>23>2VG=VABP ACG0A=8E <0B5@V0;V2 B0 

:>=AB@C:FV9» (<. �@0<0B>@AP:, ':@0W=0, 2022);  V6=0@>4=0 :>=D5@5=FVO «%CG0A=V 

=0?@O<8 @>728B:C 048B82=8E B5E=>;>3V9» (<. �8W2, ':@0W=0, 2023); IV <V6=0@>4=0 

:>=D5@5=FVO «І==>20FV9=V B5E=>;>3VW B0 V=68=V@8=3 C 720@N20==V V A?>@V4=5=8E 

?@>F5A0E PolyWeld 2023» (<. �8W2, ':@0W=0, 2023). 

#C1;V:0FVW. "A=>2=89 7<VAB 48A5@B0FVW >?C1;V:>20=89 C 4 =0C:>28E ?@0FOE, 7 

=8E 1 AB0BBO C =0C:>2> ?5@V>48G=8E 2840==OE, I> 2E>4OBP 4> =0C:><5B@8G=>W 1078 

Scopus ?5@H>3> – B@5BP>3> :20@B8;V2 (Q1-Q3) 2V4?>2V4=> 4> :;0A8DV:0FVW SCImago 

Journal, 3 AB0BBV >?C1;V:>20=V C D0E>28E 2840==OE ':@0W=8, 8 ?C1;V:0FV9 C 71V@=8:0E 

=0C:>28E ?@0FP V <0B5@V0;0E :>=D5@5=FV9. 

%B@C:BC@0 B0 >1AO3 48A5@B0FVW. �8A5@B0FV9=0 @>1>B0 28:;045=0 =0 188 

AB>@V=:0E V A:;040єBPAO V7 2ABC?C, 6 @>74V;V2, 7030;P=8E 28A=>2:V2, A?8A:C 

28:>@8AB0=>W ;VB5@0BC@8 B0 1 4>40B:0. "1AO3 >A=>2=>3> B5:ABC A:;040є 151 AB>@V=:0, 

<VAB8BP 117 @8AC=:V2, 17 B01;8FP, A?8A>: ;VB5@0BC@8 V7 109 =09<5=C20=P =0 13 

AB>@V=:0E, >4=>3> 4>40B:C =0 4 AB>@V=:0E. 
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1 %'+�%!�� %&�! $"���&�' &�)!"�"��� ���&��!"�" %�!&��' 

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

 

�0 AB0=40@B>< ASTM F2792.1549323-1[1] 048B82=V B5E=>;>3VW 287=0G5=V O: 

«process of join-ing materials to make objects from 3D model data, usually layer upon 

layer, as opposed to subtractive manufacturing technologies» (?@>F5A >1'є4=0==O 

<0B5@V0;C 7 <5B>N AB2>@5==O >1'є:B0 V7 40=8E 3D-<>45;V, O: ?@028;>, H0@ 70 H0@><, 

=0 2V4<V=C 2V4 «AC1B@0:B82=8E» 28@>1=8G8E B5E=>;>3V9). �0 >A=>2C 1C2 ?@89=OB89 

B5@<V= Additive  Manufacturing (AM) – �48B82=V B5E=>;>3VW, 01> «B5E=>;>3VW 

048B82=>3> A8=B57C» [1]. 

&5E=>;>3VW 048B82=>3> A8=B57C =0 7>@V A2>3> @>728B:C @>73;O40;8AP C 

?@><8A;>2>ABV O: <5B>48, I> 4>72>;O;8 ACBBє2> A:>@>B8B8 B5E=>;>3VG=89 ;0=FN3 

2V4 A?@>5:B>20=>W <>45;V 4> 3>B>2>3> @>1>G>3> ?@>B>B8?C.  

&0:89 ?V4EV4 4>72>;82 @>728=CB8 >A=>28 B0 ?@8=F8?8 H284:>3> ?@>B>B8?C20==O 

(Rapid prototyping). "A=>2=0 ACBP ?>;O30є C ?>є4=0==V :><?;5:AC B8?>28E ?@>F5AV2 

283>B>2;5==O C є48=89 B5E=>;>3VG=89 ?@>F5A, I> 4>72>;Oє C 2V4=>A=> :>@>B:89 

B5@<V=  283>B>2;OB8 7@07:8 (?@>B>B8?8) 28@>1V2 01> V=AB@C<5=BV2 7 1C4P-O:>3> @V2=O 

A:;04=>ABV B0 B>G=>ABV 157 4>40B:>28E 28B@0B =0 ?>?5@54=N ?V43>B>2:C B0 

4>40B:>25 >A=0I5==O. "4=0:, AB@V<:89 @>728B>: ?@><8A;>2>ABV 28<0302 

>?B8<V70FVW VA=CNG8E B5E=>;>3VG=8E ?@>F5AV2 283>B>2;5==O =5 BV;P:8 >48=8G=8E 

28@>1V2 (?@>B>B8?V2 01> <>45;59), 0;5 9 A5@V9=>W ?@>4C:FVW. *59 D0:B A?@8O2 

?V428I5=><C V=B5@5AC 4> B5E=>;>3V9 048B82=>3> A8=B57C, 0465 28@V1 D>@<CєBPAO 

157?>A5@54=P> =0 >A=>2V :><?’NB5@=>W <>45;V, I> >B@8<0=0 70 4>?><>3>N %�#$ 

?@>5:BC20==O. �5><5B@VO A?@>5:B>20=>3> 28@>1C ?@8 FP><C 287=0G0є C25AP ?@>F5A 

283>B>2;5==O, I> 28:;NG0є =0O2=VABP «;N4AP:>3> D0:B>@C». $07>< V7 B8<, 

35><5B@8G=0 A:;04=VABP A8=B57>20=8E 28@>1V2 >1<56CєBPAO BV;P:8 B5E=>;>3VєN 

048B82=>3> A8=B57C. 

' 7030;P=><C 283;O4V ?@>F5A 283>B>2;5==O >48=8FV 28@>1C 72>48BPAO 4> 

B@P>E 5B0?V2. #>G0B:>< B5E=>;>3VG=>3> ;0=FN30 <>6=0 22060B8 AB2>@5==O 3D- 
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<>45;V :>=:@5B=>3> A?@>5:B>20=>3> 28@>1C. *59 ?@>F5A 28:>=CєBPAO C  

CAD/CAM/CAE A5@54>28IV V7 70AB>AC20==O< 2V4?>2V4=>3> ?@>3@0<=>3> 

70157?5G5==O 4;O <>45;N20==O (Pro/ENGINEER,  SolidWorks,  AutoCAD, T-FLEX 

CAD, B>I>) [2–3]. #VA;O >B@8<0==O =0 28E>4V B@828<V@=>W <>45;V 2V4?>2V4=>3> 

D>@<0BC WW =5>1EV4=> :>=25@BC20B8 C 7@>7C<V;89 4;O <0H8=8 :>4. �@0E>2CNG8, I> 

?@0:B8G=> 2AV <5B>48 048B82=>3> 28@>1=8FB20 70A=>20=V =0 ?>H0@>2><C 

35=5@C20==V, 3>B>20 <>45;P ?V4;O30є @>7182FV =0 H0@8 70 4>?><>3>N «A;09A5@V2» 

(Sliser Software), I> 28ABC?0NBP C @>;V ?5@5EV4=>3> ;0=FN30 <V6 3D-<>45;;N B0 

<0H8=>N. �8EV4=8< ?@>4C:B>< @>1>B8 «A;09A5@0» є D09; STL-D>@<0BC 

(STereoLithography  -  =0720  ?5@H>3>  :><5@FV9=>  240;>3>  <5B>4C 048B82=>3> 

283>B>2;5==O) [2]. ' =P><C >1@>1;5=0 <>45;P 70?8A0=0 C 283;O4V 7@>7C<V;>3> 4;O 

<0H8=8 G – :>4C, O:89 є 7030;P=>?@89=OB8< B0 28:>@8AB>2CєBPAO C ?@><8A;>2>ABV.  

 

1.1 �A=CNGV <5B>48 @50;V70FVW 048B82=8E B5E=>;>3V9  

&5E=>;>3VW 048B82=>3> A8=B57C 7 28:>@8AB0==O< <5B0;528E <0B5@V0;V2 

?V4;O30NBP 7030;P=V9 :;0A8DV:0FVW 70 B8?>< 28:>@8AB0=>3> <0B5@V0;C (<5B0;>-

?>@>H:>2V <0B5@V0;8 01> <0B5@V0;8  ACFV;P=>3>  ?5@5@V7C), B8?>< 465@5;0 B5?;0 B0 

A?>A>1>< 35=5@C20==O =>2>3> H0@C. "A=>2=0 :;0A8DV:0FVO ?>4V;Oє A?>AV1 

>B@8<0==O 35=5@>20=8E H0@V2 70 42><0 <5B>40<8: Bad Deposition B0 Direct 

Deposition.  

 5B>4 Bed Deposition. �030;P=0 AE5<0 ?@>F5AC 7>1@065=0 =0 @8AC=:C 1.1. 

#@8 28:>@8AB0==V 40=>W B5E=>;>3VW A?>G0B:C D>@<CєBPAO H0@ 48A?5@A=>3> 

<0B5@V0;C. *5 <>65 2V41C20B8AP C 283;O4V =0A8?0==O =0 ?V4;>6:C =5>1EV4=>W ?>@FVW 

?>@>H:>2>3> <0B5@V0;C B0 @>7@V2=N20==O 9>3> 70 4>?><>3>N  @>;8:0 01> «=>60», 

2=0A;V4>: G>3> D>@<CєBPAO H0@ AB0;>W B>2I8=8. �0;V ?>@>H:>289 <0B5@V0; 

281V@:>2> (A5;5:B82=>) >1@>1;OєBPAO A:>=F5=B@>20=8< 465@5;>< B5?;0 (;075@=89 

?@><V=P, 5;5:B@>==89 ?@><V=P) 7 CB2>@5==O< AD>@<>20=>W AB@C:BC@8 V7 A:@V?;5=8E 

G0AB>: ?>@>H:>2>3> <0B5@V0;C (<5B>4>< @>7?;02;5==O 01> A?V:0==O) [1].  
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$8AC=>: 1.1 - #@8=F8? <5B>4C Bed Deposition [1] 

 

#@0:B8G=> CAV @V7=>2848 70A=>20=8E =0 <5B>4V Bad Deposition B5E=>;>3V9 

?>1C4>20=V =0 28:>@8AB0==V ?>BC6=8E, :>=F5=B@>20=8E 465@5; =03@V20==O. *5 

?>2’O70=> 7 >A>1;82>ABO<8 :V=5<0B8:8 A?V:0==O (A?;02;5==O) ?>@>H:>?>4V1=8E 

<5B0;VG=8E ?>@>H:V2. "A=>2=V @V7=>2848 40=>W B5E=>;>3VW: 

SLM – Selective Laser Melting (�81V@:>25 ;075@=5 ?;02;5==O). &5E=>;>3VO 

70A=>20=0 =0 @>7?;02;5==V G0AB>: <5B0;52>3> ?>@>H:C B0 A?;02;5==V WE <V6 A>1>N. 

#@>F5A 28<030є 70E8ABC C 283;O4V 35@<5B8G=>W :0<5@8 7 :>=B@>;P>20=8< 

A5@54>28I5< V=5@B=8E 307V2 (�@3>=, �7>B).  5B0;VG=V ?@8A04=V <0B5@V0;8 – 

?>@>H:8 7 :>@>7V9=>ABV9:>W B0 V=AB@C<5=B0;P=>W AB0;59, A?;02C E@><C B0 :>10;PBC, 

B8B0=C, 0;N<V=VN [4].  

DMLS – Direct Metal Laser Sintering (#@O<5 ;075@=5 A?V:0==O <5B0;V2). 

&5E=>;>3VO AE>60 7 B5E=>;>3VєN SLS, >:@V< 28:>@8AB0==O :>=F5=B@>20=>3> 

465@5;0 B5?;0 C 283;O4V >?B>2>;>:>==>3> ;075@0. #@0:B8G=> AEV4=89  7 

B5E=>;>3VєN SLM =01V@ 28:>@8AB>2C20=8E <5B0;528E <0B5@V0;V2. 

EBM – Electron Beam Melting (�;5:B@>==>-?@><5=525 ?;02;5==O). 

&5E=>;>3VO 70A=>20=0 =0 28:>@8AB0==V 5;5:B@>==>W 30@<0B8 C O:>ABV 

:>=F5=B@>20=>3> 465@5;0 B5?;0. �0AB>A>2CNBPAO G8ABV <5B0;52V ?>@>H:8 C AC<VHV 

7 =0?>2=N20G0<8 B0 72’O7CNG8< <0B5@V0;><. &5E=>;>3VO 28:>@8AB>2CєBPAO 4;O 

048B82=>3> 283>B>2;5==O 28@>1V2 V7 A?5F8DVG=8<8 2;0AB82>ABO<8. +5@57 
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28:>@8AB0==O 5;5:B@>==>W 30@<0B8 =5>1EV4=5 28:>@8AB0==O 35@<5B8G=>W :0<5@8 B0 

20:CC<C20==O.  

"A>1;828<8 ?5@52030<8 B5E=>;>3V9 A8=B57C 2 >1’є<V 48A?5@A=>3> <0B5@V0;C 

є 4>A8BP H8@>:0 20@V0B82=VABP EV<VG=>3> A:;04C ?>@>H:>28E <0B5@V0;V2 4;O 

>B@8<0==O 1060=8E 35><5B@8G=8E B0 DV78:>-<5E0=VG=8E E0@0:B5@8AB8: =0 28E>4V 2 

3>B>2><C 28@>1V. "4=0:, G5@57 B5E=>;>3VG=V >A>1;82>ABV ?@>F5AV2 3010@8B=V @>7<V@8 

28@>1V2, I> <>6CBP 1CB8 283>B>2;5=V 40=8< <5B>4><, ACBBє2> >1<565=V. 

"1<565==O 3010@8BV2 283>B>2;Oє<8E 28@>1V2 28:;8:0=V 28<>30<8 4> 70E8ABC ?V4 

G0A ?@>F5AC A?;02;5==O ?>@>H:>?>4V1=8E <0B5@V0;V2 B0 70?>1V30==O >:8A=5==N 

@>7?;02C <0B5@V0;V2 C ?@>F5AV 283>B>2;5==O.  

 

 5B>4 Direct Deposition. �0=89 <5B>4 70A=>20=89 =0 157?>A5@54=P><C 

>A0465==V 48A?5@A=>3> (?>@>H:>?>4V1=>3>) 01> :><?0:B=>3> <0B5@V0;C V7 

70AB>AC20==O< 157?>A5@54=P>3> 2?;82C 465@5;0 B5?;0 4;O @>7?;02;5==O B0 

70:@V?;5==O ?@8A04=8E <0B5@V0;V2. %E5<0 ?@>F5AC ?>:070=0 =0 @8AC=:C 1.2. 

 

 

$8AC=>: 1.2 - #@8=F8? <5B>4C Direct Deposition [1] 

 

  5B>4 Direct Deposition 7=V<0є >A=>2=5 >1<565==O, I> E0@0:B5@=5 4;O 

<5B>4C Bed Deposition, 0 A0<5 >1<565==O @>1>G>W ?;>IV B0 3010@8BV2 4;O 

048B82=>3> 35=5@C20==O ?@>AB>@>28E :>=AB@C:FV9 B0 28@>1V2. &0:89 ?V4EV4 4> 
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A?>A>1C ?>H0@>2>3> =0=5A5==O <0B5@V0;C C ?>є4=0==V 7 :><?;5:A0<8 ?> DV=VH=V9 

<5E0=VG=V9 >1@>1FV 4>72>;Oє 283>B>2;OB8 28@>18 ?V428I5=>W A:;04=>ABV B0 

:>=DV3C@0FVW. !0 <5B>4V 157?>A5@54=P>3> >A0465==O 70A=>20=V =0ABC?=V B5E=>;>3VW 

<5B0;52>3> 048B82=>3> A8=B57C: 

– DMD – Direct Metal Deposition (#@O<5 =0=5A5==O <5B0;C), @>7@>1;5=0 

POM (%,�). &5E=>;>3VO 70A=>20=0 =0 ?>40GV ?>@>H:>2>3> <0B5@V0;C G5@57 A>?;>, 

?V4 :CB><, C 7>=C 4VW :>=F5=B@>20=>3> 465@5;0 B5?;0 (;075@=>3> ?@><5=N). 

#>B@0?;ONG8 C 7>=C ;075@=>3> ?@><5=N ?>@>H>: >?;02;OєBPAO V «=0?;02;OєBPAO» 

=0 >A=>2C 01> ?>?5@54=V9 H0@. &5E=>;>3VO DMD 4>72>;Oє 28:>@8AB>2C20B8 4>A8BP 

@V7=><0=VB=C 30<<C <0B5@V0;V2: AB0;V, 0;N<V=Vє2V A?;028, :>;P>@>2V <5B0;8 [5].  

– LENS – Laser Engineered Net Shape (#@>F5A ;075@=>3> D>@<C20==O), 

@>7@>1;5=0 Optomec (%,�). #@8=F8? AE>689 7 B5E=>;>3VєN DMD. �075@=89 

?@><V=P, ?@>E>4OG8 G5@57 D>:CACNGV ;V=78, =03@V20є B0 CB2>@Nє 7>=C @>7?;02C 

<5B0;C =0 >A=>2V 01> ?>?5@54=P><C H0@V ?0@0;5;P=> @>7?;02;ONG8 ?>@>H>:, I> 

A?V22VA=> ?>40єBPAO C 7>=C =03@V20==O, B0 D>@<CNG8 FV;P=89 20;8: =5>1EV4=8E 

35><5B@8G=8E @>7<V@V2 [6].  

ІA=Cє I5 45:V;P:0 @V7=>284V2 B5E=>;>3V9 =0 >A=>2V DMD ?@>F5AC (3D Laser 

Welding, Southern Methodist University (USA, 1999); 3D Laser Cladding, Liverpool 

University, (UK, 1994); 3D Laser generating, Fraunhofer-Institute of Production 

Technology (IPT) (Germany, 1994)), >4=0: >A=>2=V 2V4<V==>ABV ?>;O30NBP C @V7=V9 

:>=AB@C:FVW A>?5; 4;O ?>40GV ?@8A04=>3> <0B5@V0;C B0 2=CB@VH=V9 1C4>2V F8E A>?5; 

[7].  

�030;><, B5E=>;>3VW 048B82=>3> A8=B57C 7 28:>@8AB0==O< A0<5 

:>=F5=B@>20=8E 465@5; B5?;0 7 28:>@8AB0==O< 48A?5@A=8E ?@8A04=8E <0B5@V0;V2 

=01C;8 4>A8BP H8@>:>3> 70AB>AC20==O G5@57 9>3> 740B=VABP 283>B>2;OB8 45B0;V 7 

28A>:>N 35><5B@8G=>N B>G=VABN. &8?>20 B>2I8=0 H0@C ?@8 28:>@8AB0==V 

B5E=>;>3V9 SLM, DMLS, EBM AB0=>28BP 20-100 <:<, 0 ?@8 283>B>2;5==V 28@>1V2 

4>AO30єBPAO B>G=VABP C ± 0,05 << V H>@AB:VABP ?>25@E=V C <560E 9-16 <:< [8–10]. 

&0:>6 A2>N @>;P 7V3@0;0 <>6;82VABP 28:>@8AB>2C20B8 4>A8BP H8@>:C 30<<C 

<0B5@V0;V2 4;O 048B82=>3> 283>B>2;5==O. "4=0: ?@8 ?V428I5=V V=B5@5AC 4> 
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048B82=8E B5E=>;>3V9, 0 >A>1;82> <>6;82>ABV WE 28:>@8AB0==O 4;O A5@V9=>3> 01> 

25;8:>3010@8B=>3> 28@>1=8FB20, ?>AB0;> ?8B0==O ?@>4C:B82=>ABV VA=CNG8E 

048B82=8E B5E=>;>3V9 V 2V4=>H5==O 20@B>ABV >1;04=0==O B0 7030;P=>W 20@B>ABV 

A0<>3> 048B82=>3> ?@>F5AC 4> :V=F52>W 20@B>ABV 3>B>2>3> 28@>1C.  

 

1.2 �;5:B@8G=0 4C30 O: 465@5;> B5?;0 
 �V;PHVABP @V7=>284V2 048B82=8E B5E=>;>3V9 ?>1C4>20=0 =0 28:>@8AB0==V 

:>=F5=B@>20=8E 465@5; B5?;0 B0:8E, O: ;075@=89 ?@><V=P B0 5=5@3VO 5;5:B@>==>-

?@><5=52>W 30@<0B8. �451V;PH>3> F5 ?>2’O70=> 7 :V=5<0B8:>N ?;02;5==O B0 

35=5@C20==O =>2>3> H0@C 7 48A?5@A=8E ?@8A04=8E <0B5@V0;V2 (<5B0;52V ?>@>H:8 B0 

WE :><?>78FVW). "4=0:, ?@8 28:>@8AB0==V :>=F5=B@>20=8E 465@5; B5?;0 VA=CNBP 

ACBBє2V >1<565==O, I> 28:;8:0=V =5>1EV4=VABN 28:>@8AB0==O A?5FV0;P=8E C<>2 4;O 

70E8ABC 7>=8 @>7?;02;5==O 01> =5704>2V;P=8<8 B5E=V:>-5:>=><VG=8<8 

E0@0:B5@8AB8:0<8. &0:, ?@8 28:>@8AB0==V 5;5:B@>==>-?@><5=52>W 30@<0B8 

(B5E=>;>3VO EBM) =5>1EV4=5 20:CC<C20==O @>1>G>W :0<5@8 4;O 2V;P=>3> 

?@>E>465==O 5;5:B@>=V2 2V4 :0B>40 B0 70E8ABC A0<>3> :0B>40 V 7>=8 @>7?;02;5==O 

?@8A04=>3> <0B5@V0;C [11]. #@8 70AB>AC20==V ;075@=8E 465@5; B5?;0 (DMLS, DMD, 

LENS) 0=0;>3VG=> =5>1EV4=5 AB2>@5==O 70E8A=>W 0B<>AD5@8 V=5@B=8E 307V2. 

�2060єBPAO, I> 28B>:0<8 B5E=>;>3VW 048B82=>3> 283>B>2;5==O 7 

28:>@8AB0==O< :><?0:B=8E ?@8A04=8E <0B5@V0;V2 є 70@5єAB@>20=89 C 1925 @. $. 

�59:5@>< 4;O :><?0=VW "Westinghouse Electric & Manufacturing Company" 28=0EV4 

(?0B5=B). �0=89 28=0EV4 ?@87=0G02AO 4;O 283>B>2;5==O B@828<V@=8E <5B0;528E 

28@>1V2 (@8AC=>: 1.3), H;OE>< ?>A;V4>2=>3> ?>H0@>2>3> =0?;02;5==O 20;8:V2 V 

>B@8<0==O :V=F52>W D>@<8 28@>1C 7 28:>@8AB0==O< B5E=>;>3VW @CG=>3> 

5;5:B@>4C3>2>3> 720@N20==O ?>:@8B8<8 5;5:B@>40<8 ($��) [ 12]. 

#>40;PH>3> @>728B:C A?>AV1 =01C2 C 1990 @>:8 C 4>A;V465==OE 2G5=8E V7 

!>BBV=35<AP:>3> C=V25@A8B5BC. ' @>1>BV [13] 1C;0 7@>1;5=0 A?@>10 4>A;V465==O 

?>B5=FV0;C B5E=>;>3VW 3D 5;5:B@>4C3>2>3> @>1>B87>20=>3> 720@N20==O 4;O 

AB2>@5==O ?@840B=8E 4> ?@><8A;>2>3> 28:>@8AB0==O B@828<V@=8E <5B0;528E 

28@>1V2. 
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$8AC=>: 1.3 - �>2=VH=V9 283;O4 AB2>@5=>3> 70 B5E=>;>3VєN $. �59:5@0 1925 @>:C 7 

28:>@8AB0==O< B5E=>;>3VW $�� 28@>1C[12] 

 

#V4 G0A @>1>B8 7 28:>@8AB0==O< @>1>B87>20=>W A8AB5<8 1C;8 283>B>2;5=V B@8 

2848 28@>1V2 V7 =87P:>2C3;5F52>W AB0;V B8?C 09�2%: 25@B8:0;P=0 :204@0B=0 ABV=:0, 

?>E8;0 ABV=:0 C 283;O4V CAVG5=>W ?V@0<V48 V :>@?CA B5@<>AB0B0 02B><>1V;O (@8AC=>: 

1.4). #@>2545=V 4>A;V465==O <5E0=VG=8E 2;0AB82>AB59 V AB@C:BC@8 <5B0;C 

283>B>2;5=>3> F8< A?>A>1>< 28@>1C 2:070;8 =0 28IV <5E0=VG=V E0@0:B5@8AB8:8 C 

?>@V2=O==V 7 ;8AB>28< ?@>:0B>< B0 CB2>@5==O ?>4V1=>W 4> ;8B>3> <5B0;C AB@C:BC@8 

[13]. 

 

 

$8AC=>: 1.4 - �>2=VH=V9 283;O4 283>B>2;5=8E ?>H0@>28< GMAW =0?;02;5==O< 

?5@H8E ?@>AB>@>28E 28@>1V2 [13] 

  

 �65@5;> B5?;0 C 283;O4V 720@N20;P=>W 4C38 AB0;> @>73;O40B8AP O: 30@=0 

0;PB5@=0B820 :>=F5=B@>20=8< 465@5;0< B5?;0. ' ?5@HC G5@3C B5E=>;>3VW, I> 

28:>@8AB>2CNBP :><?0:B=V ?@8A04=V <0B5@V0;8 (720@N20;P=89 4@VB) B0 4C3>2V 
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465@5;0 B5?;0, ACBBє2> ?5@525@HCNBP 70 H284:VABN 35=5@C20==O ?>?C;O@=V 

048B82=V B5E=>;>3VW, I> @50;V7>20=V C 3D-?@8=B5@0E 7 28:>@8AB0==O< ?>@>H:>28E 

<0B5@V0;V2. &5E=>;>3VW WAAM/3DMP <0NBP A5@54=N ?@>4C:B82=VABP 4> 4,5&10 

:3/3>4 C 70;56=>ABV 2V4 28:>@8AB>2C20=>3> <0B5@V0;C. #;07<>4C3>20 B5E=>;>3VO 

RPD (Norsk Titanium) <>65 4>AO30B8 ?@>4C:B82=>ABV C 5&10 :3/3>4 [14]. 

&5E=>;>3VO EBAM <0є B8?>2C ?@>4C:B82=VABP 3&9 :3/3>4 (?>B5=FV9=> 4> 11,34 

:3/3>4) [15]. �8:>@8AB0==O :><1V=>20=8E (3V1@84=8E) 465@5; B5?;0 (?;07<>B@>= + 

;075@=89 ?@><V=P) 4>72>;Oє ?V4=OB8 ?@>4C:B82=VABP 4> 15 :3/3>4. � V=H>3> 1>:C, 

35><5B@8G=0 B>G=VABP V ?>2B>@N20=VABP 28@>1V2, O: ?@028;>, =86GV, =V6 C 

B5E=>;>3V9 7 28:>@8AB0==O< ?>@>H:>28E <0B5@V0;V2 (DED/LBM) [2]. 

 "4=0:, 1V;PHVABP 28@>1V2 ?@>5:BCєBPAO O: 703>B>2:8 4;O ?>40;PH>W 

<5E0=VG=>W >1@>1:8, B><C E0@0:B5@8AB8:8 B>G=>ABV 2V4E>4OBP =0 704=V9 ?;0=. 

"A>1;82>, :>;8 >1@>1FV ?V440NBPAO, O: ?@028;>, DC=:FV>=0;P=V ?>25@E=V 28@>1C. 

&0:>6, 2@0E>2CNG8 2V4=>A=> =87P:C 20@BVABP :><?0:B=8E <0B5@V0;V2, B0:8E O: 

720@N20;P=89 4@VB, B5E=>;>3VW 7 28:>@8AB0==O< B0:8E B8?V2 ?@8A04=8E <0B5@V0;V2 

=01C20NBP 2A5 H8@H>3> @>7?>2AN465==O [16] A5@54 V=H8E B5E=>;>3V9 048B82=>3> 

28@>1=8FB20. !0 2V4<V=C 2V4 ?>@>H:>28E <0B5@V0;V2, 45 3>;>2=C @>;P 3@0є 

A?5F8DV:0 =03@V2C :>=F5=B@>20=8< 465@5;>< B5?;0 B0 A?;02;5==O 

4@V1=>48A?5@A=8E 3@0=C; <V6 A>1>N, 28:>@8AB0==O :><?0:B=8E <0B5@V0;V2 4;O 

?@>F5AC 35=5@C20==O (?>H0@>2>3> =0?;02;5==O) ?>B@51Cє 465@5; 7V 7=0G=> 

1V;PH>N ?;O<>N =03@V2C. &0:0 28<>30 ?>2’O70=0 7 ?@>F5A>< @>7?;02;5==O 

?@8A04=>3> <0B5@V0;C B0 =0=5A5==O 9>3> C 283;O4V =>2>3> H0@C 7 =09<5=H8< 

@>7?;02;5==O< ?>?5@54=P>3> H0@C G8 >A=>28 [17].  

":@5<8< ?8B0==O< є <>6;82VABP 28:>@8AB0==O 4C3>28E B5E=>;>3V9 4;O 

048B82=>3> 283>B>2;5==O V7 70AB>AC20==O< :>;P>@>28E <5B0;V2 B0 A?;02V2 =0 WE 

>A=>2V. "A=>2=>N ?@>1;5<>N ?>AB0;0 =0O2=VABP 7=0G=>W 7>=8 B5@<VG=>3> 2?;82C 

(�&�) B0 =5AB01V;P=5 ?5@5=5A5==O <0B5@V0;C, I> =0?;02;OєBPAO C AB>2?V 

720@N20;P=>W 4C38. "4=0:, 7 ?>O2>N =>28E B5E=>;>3V9 :>=B@>;N @V2=O 

B5?;>2:;045==O B0 <5B>4V2 ?>40GV 720@N20;P=>3> AB@C<C 7=0G=> @>7H8@8;0AP 

=><5=:;0BC@0 <0B5@V0;V2 4;O 048B82=>3> AB2>@5==O ?@>AB>@>28E 28@>1V2. !0 40=89 
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G0A 70AB>A>2CNBPAO: :>=AB@C:FV9=V AB0;V, B8B0=>2V A?;028 [18], 0;N<V=Vє2V B0 

=V:5;52V A?;028 [19]. &0:>6 >B@8<0=V ?>78B82=V @57C;PB0B8 C AB2>@5==V 28@>1V2 

?>H0@>28< 4C3>28< =0?;02;5==O< 1V<5B0;528E A?;02V2 [20].  >6;82VABP 

35=5@C20B8 703>B>2:8 V7 B8B0=>28E B0 0;N<V=Vє28E A?;02V2 28:;8:0;0 ACBBє289 

V=B5@5A 4> 28:>@8AB0==O 4C3>28E 048B82=8E B5E=>;>3V9 C 05@>:>A<VG=V9 30;C7V [21]. 

�8:>@8AB0==O WAAM B5E=>;>3V9 4;O 283>B>2;5==O =5ACG8E 5;5<5=BV2 ;VB0:V2, C 

>:@5<8E 28?04:0E, 4>72>;Oє 7=0G=> 7=878B8 :>5DVFVє=B A?V22V4=>H5==O <0A8 

28EV4=>3> <0B5@V0;C (703>B>2:8) 4> :V=F52>W 45B0;V (B5, I> >B@8<0=> ?VA;O >1@>1:8) 

[22, 23], 0 5:>=><VO 70AB>A>20=>3> <0B5@V0;C <>65 A:;040B8 2V4 7 4> 69% [24]. 

 

1.3 "A>1;82>ABV @50;V70FVW B0 @V7=>2848 WAAM B5E=>;>3V9 

 Wire  Arc  Additive  Manufacturing  (WAAM)  –  @V7=>284 B5E=>;>3V9 

048B82=>3> 28@>1=8FB20, I> 70A=>20=89 =0  28:>@8AB0==V  4C3>2>3> 465@5;0 B5?;0 

B0 :><?0:B=>3> ?@8A04=>3> <0B5@V0;C [25]. WAAM B5E=>;>3VW 2V4=>AOBPAO 4> 

<5B>4C ?@O<>3> >A0465==O (Direct Deposition) [26] B0 :;0A8DV:CNBPAO 70 

:0B53>@VO<8 ?@O<>3> 22545==O 5=5@3VW 73V4=> 7 ASTM F2792-12a [1].   

 WAAM B5E=>;>3VW 107CNBPAO =0 B@P>E >A=>2=8E A?>A>10E 4C3>28E ?@>F5AV2 

720@N20==O: 4C3>25 720@N20==O ACFV;P=8< 4@>B>< C 70E8A=8E 3070E (GMAW-Gas 

metal arc welding), 4C3>25 ?;07<>25 720@N20==O (PAW – Plasma Arc Welding) B0 

4C3>25 720@N20==O =5?;02:8< 5;5:B@>4>< 2 V=5@B=8E 3070E (GTAW – Gas Tungsten 

Arc Welding) [25]. ІA=Cє 1030B> :><1V=>20=8E/<>48DV:>20=8E 20@V0=BV2 048B82=>3> 

4C3>2>3> A8=B57C, I> 70A=>20=V =0 >A=>2=8E A?>A>10E 4C3>2>3> 720@N20==O 

(@8AC=>: 1.5) [27]. � >A=>2=><C WE ?>O2;5==O B0 @>728B>: 28:;8:0=V @V7=8< 

?V4E>4>< 4> 048B82=>3> 283>B>2;5==O B0 B5E=>;>3VG=8<8 28<>30<8 4> 

70AB>AC20==O :>=:@5B=>3> ?@8A04=>3> <0B5@V0;C (G>@=V, :>;P>@>2V <5B0;8, A?;028). 
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$8AC=>: 1.5 - $V7=>2848 WAAM B5E=>;>3V9 [27] 

 

 "4=0:, 2@0E>2CNG8 @V7=><0=VBBO <5B>4V2 B0 A?>A>1V2 WAAM B5E=>;>3VW,  

7030;P=0 AE5<0 ?@>F5AC ?@0:B8G=> =5 7<V=NєBPAO (@8AC=>: 1.6). 

 

 

$8AC=>: 1.6 - %E5<0B8G=5 7>1@065==O B8?>2>W WAAM A8AB5<8 [27] 

 

Gas Metal Arc Welding (GMAW) - F5 720@N20==O ?;02:8< 5;5:B@>4>< C 

A5@54>28IV 70E8A=8E 307V2. ІA=Cє 420 @V7=>2848 40=>3> A?>A>1C, 720@N20==O 2 

V=5@B=><C 307V – Metal Inert Gas (MIG) V 2 0:B82=><C 307V – Metal Active Gas (MAG).  

*59 B8? 720@N20==O ?5@5410G0є 157?5@5@2=C ?>40GC B0 ?;02;5==O ACFV;P=>3> 

4@>BC 2 0B<>AD5@V 70E8A=>3> 307C. &0:8< G8=><, =0?;02;5==O 74V9A=NєBPAO 70 

4>?><>3>N =03@V20==O 4C3>N B0 157?5@5@2=>3> ?;02;5==O 720@N20;P=>3> 4@>BC, 

I> =0?;02;OєBPAO =0 ?>25@E=N >A=>28 (@8AC=>: 1.7). �20@N20;P=0 20==0 B0 4C30 
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VA=CNBP 2 0B<>AD5@V 0:B82=8E (%"2) G8 V=5@B=8E (0@3>= - Ar, 35;V9 - He) 70E8A=8E 

307V2. �0=89 ?@>F5A <>65 70AB>A>2C20B8AO 4;O ?>H0@>2>3> =0?;02;5==O V7 

28:>@8AB0==O< 4>A8BP H8@>:>W =><5=:;0BC@8 720@N20;P=8E <0B5@V0;V2. 

#@8 28:>@8AB0==V 40=>3> B8?C 720@N20==O, ?5@5=>A @>7?;02;5=>3> <5B0;C 

74V9A=NєBPAO >4=8< 7 G>B8@P>E >A=>2=8E A?>A>1V2: :@C?=>:@0?5;P=89 ?5@5=>A V7 

70<8:0==O< 4C3>2>3> ?@><V6:C, :@C?=>:@0?5;P=89 157 :>@>B:8E 70<8:0=P, 

?5@5=5A5==O :@0?;O<8 A5@54=P>3> @>7<V@C 157 :>@>B:8E 70<8:0=P B0 AB@C<5=525 

(4@V1=> :@0?5;P=5) ?5@5=5A5==O. �>65= V7 F8E @V7=>284V2 <0є A2>W >A>1;82>ABV [28].  

 

 

$8AC=>: 1.7 - %E5<0 GMAW-A?>A>1C =0?;02;5==O [28] 

 

#5@52038 28:>@8AB0==O ?@>F5AC GMAW ?@8 048B82=><C 28@>1=8FB2V: 

4>AB0B=P> 28A>:0 B>G=VABP =0?;02;5==O 20;8:0 G5@57 A?V22VA=C ?>40GC 

5;5:B@>4=>3> 4@>BC; <0;0 :V;P:VABP :>=B@>;P>20=8E ?0@0<5B@V2 @568<C A?@8ONBP 

?@>AB>BV :5@C20==O ?@>F5AC B0 9>3> 02B><0B870FVW; ?@>AB>B0, 4>ABC?=VABP B0 

2V4=>A=> =87P:0 20@BVABP >1;04=0==O; 28:>@8AB0==O AB@C<C 72>@>B=>W ?>;O@=>ABV 

?>@>46Cє 5D5:B :0B>4=>3> >G8I5==O 7>=8 =0?;02;5==O [29], I> 4>72>;Oє 

28:>@8AB>2C20B8 4;O =0?;02;5==O A?;028 =0 >A=>2V 0;N<V=VN.  

"4=0: 40=V ?@>F5A8 <0NBP @O4 =54>;V:V2: 2V4=>A=> 25;8:5 B5?;>2:;045==O (C 

?>@V2=O==V 7 V=H8<8 4C3>28<8 ?@>F5A0<8); =0O2=VABP 7=0G=>3> 2V4A>B:C 

@>71@87:C20==O C ?@>F5AV =0?;02;5==O [29]. #@8 28:>@8AB0==V 0:B82=>3> 70E8A=>3> 
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307C (CO2) =5>1EV4=> 28:>@8AB>2C20B8 ?@8A04=V <0B5@V0;8 7 @>7:8A=N20G0<8. ' 

@57C;PB0BV 4VW @>7:8A=N20GV2 =0 ?>25@E=V =0?;02;5=>3> <5B0;C CB2>@NєBPAO H;0:, 

O:89 =5>1EV4=> 2840;OB8 ?5@54 =0=5A5==O< =0ABC?=>3> H0@C. !02?0:8, 

28:>@8AB0==O V=5@B=8E 307V2 157 @>7:8A;N20GV2 ?@872>48BP 4> CB2>@5==O B0:8E 

45D5:BV2, O: ?>@8 B0 =0O2=>ABV =5<5B0;528E 2:;NG5=P C =0?;02;5=><C <5B0;V 7 

:>=AB@C:FV9=8E (2C3;5F528E) AB0;59. "4=0:, ?@>2545=V 4>A;V465==O [30] 2:07CNBP 

=0 704>2V;P=V @57C;PB0B8 28:>@8AB0==O AC<VHV  21 (Ar + CO2) 2 O:>ABV 70E8A=>3> 

307C. �0AB>AC20==O V<?C;PA=>3> @568<C ?@8 =0?;02;5==V A?@8Oє 7=865==N 

@>71@87:C20==O B0 ?>:@0ICє :5@C20==O B5?;>2:;045==O< [31], I> 740B=> 

=V25;N20B8 45O:V <V=CA8 GMAW A?>A>1C =0?;02;5==O.  

Cold Metal Transfer (CMT) – F5 <>48DV:>20=89 20@V0=B ?@>F5AC GMAW 

=0?;02;5==O, I> ґ@C=BCєBPAO =0 <5E0=V7<V :5@>20=>3> B5?;>2:;045==O B0 ?5@5=>AC 

5;5:B@>4=>3> <5B0;C 70 4>?><>3>N :>@>B:8E 70<8:0=P 5;5:B@>4=>3> 4@>BC 7 

@>7?;02>< 720@N20;P=>W 20==8 [32].  #@>F5A CMT :5@Cє B5?;>2:;045==O< 70 

4>?><>3>N V<?C;PA=>W ?>40GV AB@C<C 4;O @>7?;02;5==O 5;5:B@>4=>3> <0B5@V0;C 

=0ABC?=8<8 :5@>20=8<8 ?0C70<8 B0 ?@8<CA>2>N ?>40G5N 720@N20;P=>3> 4@>BC C 

720@N20;P=C 20==C (@8AC=>: 1.8) [33]. &0:89 <5B>4 :5@C20==O B5?;>2:;045==O< 

4>A8BP 5D5:B82=> AB01V;V7Cє ?>254V=:C ?@>F5AC =0?;02;5==O, 7=0G=> 7=86Cє 

B5?;>2:;045==O B0 ?@0:B8G=> 28:;NG0є @>71@87:C20==O ?@8A04=>3> <5B0;C [32, 

34].  

!54>;V:0<8 ?@>F5AC CMT є 28A>:0 70;8H:>20 ?>@8ABVABP =0?;02;5=>3> 

<5B0;C V =87P:0 H284:VABP =0?;02;5==O (0,5-0,6 </E2) C 28?04:C 28:>@8AB0==O 

0;N<V=Vє28E A?;02V2 [35]. &0:>6 2V4<VG0єBPAO 71V;PH5==O :V;P:>ABV @V7=>@V4=8E 

2:;NG5=P [36]. &0:>6, O: =54>;V: A;V4 707=0G8B8, I> @50;V70FVO CMT ?@>F5AC 

28<030є 28:>@8AB0==O A?5FV0;P=>3> >1;04=0==O DV@<8 ©Fronius [32-36]. 
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$8AC=>: 1.8 - %E5<0 CMT ?@>F5AC: 1 – ?>40G0 4@>BC C 720@N20;P=C 20==C; 2 – 

:>@>B:5 70<8:0==O 7 ?5@5=5A5==O< 5;5:B@>4=>3> <5B0;C; 3 – @525@A 5;5:B@>4=>3> 

4@>BC; 4 – @>7@82 4C3>2>3> ?@><V6:C; 5 – 70?0;N20==O 4C38 7 @>7?;02;5==O< 

4@>BC; 6 – ?>2B>@=0 ?>40G0 4@>BC 7 :@0?;5N @>7?;02;5=>3> <5B0;C C 720@N20;P=C 

20==C [33] 

 

Gas Tungsten Arc Welding (GTAW) – 4C3>25 720@N20==O =5?;02:8< 

5;5:B@>4>< 2 A5@54>28IV 70E8A=8E 307V2. � O:>ABV 70E8A=>3> 307C 28:>@8AB>2CNBP 

V=5@B=V 3078, B0:V O: 0@3>= G8 35;V9 [25, 26]. #@8A04:>289 <0B5@V0; C 283;O4V 

ACFV;P=>3> 4@>BC ?>40єBPAO C 7>=C 3>@V==O 4C38 7V AB>@>=8 02B><0B8G=> (@8AC=>: 

1.9).  

 

$8AC=>: 1.9 - %E5<0 GTAW-?@>F5AC =0?;02;5==O [25] 
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#5@52038 28:>@8AB0==O <5B>4C GTAW =0?;02;5==O: ?>2=0 2V4ACB=VABP 

@>71@87:C20==O; 28:>@8AB0==O V=5@B=8E 70E8A=8E 307V2 (Ar, He), <>6;82VABP 

28:>@8AB0==O ?>40GV 42>E 4@>BV2 >4=>G0A=> (:><1V=0FVO @V7=8E A?;02V2), C B><C 

G8A;V @V7=>@V4=8E; ?@>AB>B0 ?@>F5AC, 4>ABC?=VABP V 2V4=>A=> =87P:0 20@BVABP 

>1;04=0==O [37].  

�8:>@8AB0==O V<?C;PA=>3> @568<C 4C38 A?@8Oє ?V428I5==N 3=CG:>ABV 

:>=B@>;N ?@>F5AC =0?;02;5==O B0 7=865==O B5?;>2:;045==O. �0AB>AC20==O 

7<V==>3> AB@C<C 01> 7=0:>7<V==>3> V<?C;PA=>3> @568<C 4>72>;Oє =0?;02;OB8 

0;N<V=Vє2V A?;028 70 @0EC=>: 5D5:BC :0B>4=>3> >G8I5==O @>1>G>W ?>25@E=V [38], 

0;5 ?@8 FP><C 7=86CєBPAO @5AC@A =5?;02:>3> 5;5:B@>40 V ?V428ICєBPAO @878: 

28=8:=5==O 2>;PD@0<>28E 2:;NG5=P  2 C65 =0?;02;5=><C <5B0;V 20;8:0 [38]. 

�8:>@8AB0==O 720@N20==O 4C3>N <0;>3> AB@C<C (micro-TIG) 4>72>;Oє 35=5@C20B8 

<0;>@>7<V@=V 28@>18 70 @0EC=>: 4>7>20=>3> @>7?;02;5==O ?@8A04=>3> <0B5@V0;C 

[39]. 

"4=0: 70AB>AC20==O TIG =0?;02;5==O E0@0:B5@87CєBPAO =87:>N =54>;V:V2: 

=87P:0 ?@>4C:B82=VABP ?@>F5AC =0?;02;5==O; @878: @C9=C20==O =5?;02:>3> 

5;5:B@>40 2=0A;V4>: ?5@53@V2C, =5O:VA=>3> 70E8A=>3> 307C V, O: =0A;V4>:, <>6;825 

28=8:=5==O 2>;PD@0<>28E 2:;NG5=P C =0?;02;5=><C <5B0;V; 28:>@8AB0==O 

28A>:>G0AB>B=>3> @>7@O4C (=5>1EV4=VABP 5:@0=C20==O >1;04=0==O) 4;O ?V4?0;C 

4C38 – >AF8;OB>@0; 70;56=VABP ?@>F5AC =0?;02;5==O 2V4 =0;0HBC20==O ?>40GV 4@>BC 

[25].  

#@8A04=89 4@VB =5>1EV4=> ?>4020B8 C 720@N20;P=C 20==C ?V4 ?52=8<8 :CB0<8 

I>4> AB>2?0 4C38 B0 ?>25@E=V, I> =0?;02;OєBPAO. � V=H><C 28?04:C 7=86CєBPAO 

B>G=VABP =0?;02;5==O 20;8:V2 [40]. 

ІA=Cє :><1V=>20=89 A?>AV1 ?>H0@>2>3> =0?;02;5==O, 0 A0<5 GMAW+GTAW 

(DE-GMAW). �><1V=C20==O 42>E A?>A>1V2 4>72>;Oє :5@C20B8 B5?;>2:;045==O< C 

28@V1 B0 35><5B@VєN =0?;02;5=>3> 20;8:0 70 @0EC=>: 7<V=8 25;8G8=8 AB@C<C 4C38 

<V6 ?;02:8< B0 =5?;02:8< 5;5:B@>40<8. !54>;V:0<8 40=>3> A?>A>1C є =5 A?V22VA=0 

?>40G0 ?;02:>3> 5;5:B@>4C (?@8A04=>3> 4@>BC) V ?V428I5=0 A:;04=VABP 

=0;0HBC20==O >1;04=0==O [25, 41].  
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Plasma Arc Welding (PAW) – ?;07<>25  720@N20==O, 5;5:B@>4C3>25  

720@N20==O,  ?V4  G0A  O:>3>  AB>2?  4C38  01>  9>3>  G0AB8=0  AB8A:CєBPAO ?>B>:><  

307C  01> <03=VB=8<  ?>;5<,  C  @57C;PB0BV  G>3>  307>289  ?>BV:  4C38  =03@V20єBPAO 

4> 28A>:8E B5<?5@0BC@, V>=V7CєBPAO V =01C20є 2;0AB82>AB59 ?;07<8 (@8AC=>: 1.10) 

[25]. #;07<>25 720@N20==O (#�) є @57C;PB0B>< C4>A:>=0;5==O B0 @>728B:C 

5;5:B@>4C3>2>3> 720@N20==O =5?;02:8< 2>;PD@0<>28< 5;5:B@>4><. ' 

?;07<>B@>=0E 28:>@8AB>2CNBP 4C3>289 @>7@O4 7=0G=>W 4>268=8, O:89 3>@8BP C 

?>@V2=O=> 2C7P:><C 2>4>>E>;>46C20=><C :0=0;V [25, 42]. 

 

 

$8AC=>: 1.10 - %E5<0 048B82=>3> PAW ?@>F5AC [1] 

 

#;07<0 – F5 28A>:>V>=V7>20=89 307. �>=0 O2;Oє A>1>N G5B25@B89 AB0= 

@5G>28=8 ?>@O4 7 B25@48<, @V4:8< B0 307>?>4V1=8<. #;07<0, O:0 28:>@8AB>2CєBPAO 

2 B5E=>;>3VG=8E ?@>F5A0E >1@>1:8 <0B5@V0;V2, =0;568BP 4> =87P:>B5<?5@0BC@=>W (7 

B5<?5@0BC@>N <5=H5 100000 °%) [42]. �;O >B@8<0==O ?;07<>2>3> AB@C<5=O 

70AB>A>2CNBP A?5FV0;P=V ?@8AB@>W, O:V =07820NBPAO ?;07<>28<8 ?0;P=8:0<8 01> 

?;07<>B@>=0<8. /:I> ?@8 0@3>=>4C3>2><C 720@N20==V 4C30 @>7H8@NєBPAO C 

283;O4V :>=CA0 2V4 5;5:B@>40 4> 28@>1C, I> @>7AVNє 5=5@3VN V 7<5=HCє 3;818=C 

?@>?;02;5==O <5B0;C, B> AB8A=CB0 4C30 O2;Oє A>1>N F8;V=4@8G=89 AB>2? C 283;O4V 

«3>;:8» B0 E0@0:B5@87CєBPAO 7=0G=> 1V;PH 28A>:>N :>=F5=B@0FVєN 5=5@3VW [42]. 

 5B>4 ?;07<>2>3> =0?;02;5==O <0є ACBBє2V ?5@52038 C 283;O4V 2V4=>A=> 

28A>:>W H284:>ABV =0?;02;5==O ?@8A04=>3> <0B5@V0;C V 2V4ACB=>ABV CB2>@5==O 
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H;0:V2, 05@>7>;V2 B0 V=H8E 701@C4=5=P C ?@>F5AV =0?;02;5==O [25]. &0:>6 

>A=>2=>N >A>1;82VABN 40=>W B5E=>;>3VW є 2V4ACB=VABP @>71@87:C20==O 2 ?@>F5AV 

=0?;02;5==O.  

 �> =54>;V:V2 PAW A?>A>1C =0?;02;5==O 2V4=>AOBPAO: 25;8:0 :V;P:VABP 

270є<>70;56=8E ?0@0<5B@V2 ?@>F5AC, 48=0<VG=89 2?;82 AB>2?0 4C38 =0 20==C 

@V4:>3> <5B0;C, 0 B0:>6 7=0G=89 B5?;>289 2?;82 [43-44].  

 #;07<>25 =0?;02;5==O E0@0:B5@87CєBPAO 28A>:8< B5?;>2:;045==O< ?@8 

?>H0@>2><C 35=5@C20==V 28@>1C. #@>1;5<C 7=0G=>3> B5?;>2:;045==O G0AB:>2> 

28@VHCє 70AB>AC20==O A?>A>1C <V:@>?;07<>2>3> =0?;02;5==O (MPAW). 

�8:>@8AB0==O <0;8E AB@C<V2 ?@8 =0?;02;5==V 4>72>;Oє >B@8<C20B8 25;8G8=C 

B5?;>2:;045==O B0 35><5B@8G=V E0@0:B5@8AB8:8 =0?;02;5=8E 20;8:V2 1;87P:8<8 4> 

A?>A>1V2 EBM B0 LENS [45–46]. 

 -5 >4=8< 4>A8BP ?5@A?5:B82=8< A?>A>1>< 048B82=>3> 283>B>2;5==O 7 

28:>@8AB0==O< PAW є 3V1@84=5 ?;07<>25 =0?;02;5==O ?;02:8< 5;5:B@>4>< – 

Plasma-MIG. *59 <5B>4 ?>є4=Cє C A>1V 420 4C3>28E ?@>F5A8: =0?;02;5==O ?;02:8< 

5;5:B@>4>< B0 ?;07<>25 =0?;02;5==O. "A>1;82VABN A?>A>1C є >4=>G0A=5 3>@V==O 

?;07<>2>W 4C38 B0 4C38 ?;02:>3> 5;5:B@>4C. #@8 FP><C :>6=0 720@N20;P=0 4C30 

6828BPAO 2V4 2;0A=>3> 720@N20;P=>3> 465@5;0. ІA=Cє 42V @50;V70FVW FVєW B5E=>;>3VW: 

7 =5?;02:8< 2>;PD@0<>28< 5;5:B@>4>< B0 7 :V;PF528< 0=>4>< [47–48]. "A=>2=8<8 

?5@52030<8 3V1@84=>3> <5B>4C є 3=CG:VABP :5@C20==O ?@>F5A>< =0?;02;5==O, 

7<5=H5=5 B5?;>2:;045==O B0 28A>:0 ?@>4C:B82=VABP [48]. !54>;V:8 28:>@8AB0==O 

Plasma-MIG ?>;O30NBP C A:;04=>ABV 283>B>2;5==O A?5FV0;P=8E ?;07<>B@>=V2, 

=5>1EV4=>ABV 2V4=>A=> A:;04=>W A8AB5<8 :5@C20==O G5@57 ?>:@>:>289 70?CA: 

?;07<>B@>=0 2 @>1>BC [47].  

 

1.4 "A>1;82>ABV D>@<>CB2>@5==O 28@>1V2 ?@8 28:>@8AB0==V WAAM 

B5E=>;>3V9 

#@>F5A 048B82=>3> 4C3>2>3> 28@>1=8FB20 7 28:>@8AB0==O< 5;5:B@8G=>W 4C38 

(WAAM) 70A=>20=89 =0 ?@8=F8?V ?>H0@>2>3> =0?;02;5==O 20;8:V2. !0 2V4<V=C 2V4 

?@>F5AC 720@N20==O, 45 3>;>2=C @>;P 2V4V3@0є 3;818=0 ?@>?;02;5==O B0 70?>2=5==O 
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H2C ?@8A04=8< <5B0;><, ?@8 048B82=8E ?@>F5A0E =02?0:8 =0<030NBPAO >B@8<0B8 

=09<5=H5 ?@>?;02;5==O >A=>28 B0 ?5@5?;02;5==O <5B0;C =0ABC?=>3> H0@C 7 

?>?5@54=V< V =091V;PH <>6;82C 28A>BC ?>1C4>28 :>6=>3> >:@5<>3> 20;8:0. %0<5 

?@>F5A ?>H0@>2>3> 28@>IC20==O =>2>3> 20;8:0 =0 ?>?5@54=P> =0?;02;5=><C 

28:;8:0є >A=>2=V ?@>1;5<8 =0 H;OEC 4>AO3=5==O =5>1EV4=>W 35><5B@8G=>W B>G=>ABV 

B0 @V2=><V@=>ABV ?>25@E=V 35=5@>20=>3> 28@>1C [49].  !0 35><5B@8G=C B>G=VABP B0 

@V2=><V@=VABP ?>25@E=V :>6=>3> =0?;02;5=>3> H0@C 2?;820є 1030B> 

270є<>72’O70=8E ?0@0<5B@V2, O: @568< =0?;02;5==O (720@N20;P=89 AB@C<, =0?@C30 

4C38, H284:VABP ?>40GV 4@>BC B0 ?5@5<VI5==O ?0;P=8:0), B0: V =0?@O<>: B@0є:B>@VW 

@CEC ?0;P=8:0 ?@8 35=5@C20==V =0ABC?=>3> H0@C [49, 50].  

"A=>2=89 2:;04 C AB01V;P=VABP D>@<>CB2>@5==O 2=>A8BP 25;8G8=0 

B5?;>2:;045==O ?@8 35=5@C20==V ?5@H>3> H0@C (20;8:->A=>20) B0 :>6=>3> 

=0ABC?=>3> =0 ?>?5@54=P><C 35=5@>20=><C H0@V [51]. #@>1;5<0 ?>;O30є C 

A:;04=>ABV :5@C20==O B5?;>2:;045==O< ?@8 35=5@C20==V =>2>3> H0@C. �15@565==O 

AB01V;P=8E 35><5B@8G=8E E0@0:B5@8AB8: :>6=>3> =0?;02;5=>3> H0@C <>6;825 ?@8 

4>AO3=5==V AB0FV>=0@=>3> B5?;>2>3> @568<C [52]. "4=0:, G5@57 @V7=C B5?;>2V440GC 

?5@H>3> B0 =0ABC?=8E H0@V2 ?@8 ?>1C4>2V B0 =5@V2=><V@=5 =0:>?8G5==O B5?;0 C 

?>?5@54=VE H0@0E 7<V=NєBPAO G0A :@8AB0;V70FVW 20==8 @>7?;02C @V4:>3> <5B0;C B0 

?>254V=:0 720@N20;P=>W 20==8, V, O: =0A;V4>:, =0 28E>4V >B@8<Cє<> =5AB01V;P=V 

35><5B@8G=V E0@0:B5@8AB8:8 :>6=>3> >:@5<>3> H0@C [49]. �030B> =0C:>28E ?@0FP 

?@8A2OG5=V 4>A;V465==O< 2?;82C 5=5@35B8G=8E E0@0:B5@8AB8: 4C38 B0 ?8B0==O< 

:>=B@>;N D>@<>CB2>@5==O =0?;02;5=8E H0@V2 2V4?>2V4=> 4> 7040=8E 

35><5B@8G=8E @>7<V@V2 V O:>ABV [49-53].  

!0 >A=>2V ?>?5@54=VE 4>A;V465=P <>6=0 7@>18B8 28A=>2>:, I> 4;O B0:8E 

?@>F5AV2, O: GMAW =0?;02;5==O, @568<8 AB01V;P=>3> ?@>F5AC =0?;02;5==O 

70;560BP 2V4 4V0<5B@C 720@N20;P=>3> 4@>BC. "4=0:, =0 2V4<V=C 2V4 ?@>F5AC 

720@N20==O ?@8 048B82=><C =0?;02;5==V =5>1EV4=> 4>AO30B8 =09<5=H>W 3;818=8 

?@>?;02;5==O V =02?0:8 ?@03=CB8 >B@8<0B8 20;8: <0:A8<0;P=> <>6;82>W 28A>B8.  

*V 28<>38 7=0G=> A:>@>GCNBP 4>ABC?=V <5B>48 @53C;N20==O ?0@0<5B@V2 @568<C 

=0?;02;5==O, 0465 =5>1EV4=> 7<5=H8B8 25;8G8=C B5?;>2:;045==O 2 ?>?5@54=V9 
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H0@, =0B><VABP 70157?5G8B8 <0:A8<0;P=5 @>7?;02;5==O ?@8A04=>3> <0B5@V0;C 7 

9>3> =0ABC?=8< ?5@5=>A>< 4;O CB2>@5==O =>2>3> H0@C. 

 

1.5 �=0;V7 2?;82C 70E8A=>3> 307>2>3> A5@54>28I0 =0 D>@<>CB2>@5==O, 
AB@C:BC@C B0 <5E0=VG=V 2;0AB82>ABV =87ь:>2C3;5F528E AB0;59 

�V4><>, I> 4;O GMAW ?@>F5AV2 E0@0:B5@=0 4>A8BP 7=0G=0 =5@V2=><V@=VABP 

?>25@E=V, O:0 >B@8<0=0 ?>H0@>28< D>@<C20==O< [54]. !0 35><5B@8G=C B>G=VABP V 

=5@V2=><V@=VABP ?>25@E=V =0?;02;5=8E H0@V2 ACBBє289 2?;82 <0NBP @568<8 

=0?;02;5==O, 7>:@5<0 25;8G8=0 AB@C<C, =0?@C30 4C38, H284:VABP ?>40GV ?@8A04=>3> 

4@>BC B0 ?5@5<VI5==O ?0;P=8:0 [49, 50]. &0:>6 =5>1EV4=> 2@0E>2C20B8 =0?@O<>: 

B@0є:B>@VW =0?;02;5==O ?@8 35=5@C20==V =0ABC?=8E H0@V2 [55]. ":@5<8< 206;828< 

?0@0<5B@>< 2?;82C є A:;04 70E8A=>W 307>2>W AC<VHV, >A:V;P:8 2V4><>, I> =0O2=VABP 

:8A=N (O2) 7<V=Nє 7=0G5==O ?>25@E=52>3> =0BO3C @>7?;02C <5B0;C 720@N20;P=>W 

20==8. 

"A=>2=0 @>;P 307>28E AC<VH59 ?@8 GMAW ?@>F5A0E ?>;O30є C 70E8ABV 

@>7?;02C <5B0;C 720@N20;P=>W 20==8 2V4 270є<>4VW 7 3070<8 =02:>;8H=P>3> 

A5@54>28I0. &0:>6 A:;04 70E8A=>3> 307C ACBBє2> 2?;820є =0 ABC?V=P V>=V70FVW 

4C3>2>3> ?@><V6:C, V, O: =0A;V4>:, =0 AB01V;P=VABP 3>@V==O 4C38. �>A;V465==O 2 

FP><C =0?@O<:C [56] ?V4B25@46CNBP 2?;82 A:;04C 70E8A=>3> 307C =0 ?@>F5A 

?5@5=5A5==O <5B0;C G5@57 720@N20;P=C 4C3C B0 =0 35><5B@8G=C D>@<C =0?;02;5=8E 

H0@V2. #8B0==O 2?;82C :><?>=5=BV2 70E8A=8E 307>28E AC<VH59 =0 D>@<>CB2>@5==O 

B0 =5@V2=><V@=VABP ?>25@E=V ?@8 048B82=><C 28@>IC20==V 28@>1V2 1C;8 @>73;O=CBV 

2 [57] 4;O 28@>1V2 7 =87P:>2C3;5F52>W AB0;V B8?C 09�2%. �2B>@8 [57] 707=0G0NBP, 

I> ACBBє289 2?;82 =0 =5@V2=><V@=VABP ?>25@E=V <0є B0:>6 B5?;>?@>2V4=VABP 

:>6=>3> :>=:@5B=>3> 307C 2 AC<VHV. &0:, 3078 7 =86G8< 7=0G5==O< 25;8G8=8 

B5?;>?@>2V4=>ABV, 7>:@5<0 Ar, A?@8ONBP <5=H><C B5?;>2:;045==N B0, O: =0A;V4>:, 

@>7BV:0==N <5B0;C 720@N20;P=>W 20==8 (@8AC=>: 1.11).  

#@8 70AB>AC20==V % & ?@>F5AC 4>AO30єBPAO 7<5=H5==O 2V4E8;5==O 2V4 

?@O<>;V=V9=>ABV ?@8 CB2>@5==V H0@V2 C 25@B8:0;P=><C =0?@O<:C B0 7<5=HCNBPAO 

2B@0B8 ?@8A04=>3> <0B5@V0;C =0 @>71@87:C20==O, I> ?V428ICє :>5DVFVє=B 
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28:>@8AB0==O <0B5@V0;C. �2B>@8 [58] B0:>6 ?V4B25@48;8, I> 3078, O:V <0NBP 1V;PHC 

B5?;>?@>2V4=VABP, 7>:@5<0 35;V9 (!5), ?@8 4>4020==V 4> 307>28E AC<VH59 A:;04C Ar-

%"2 E>G V ?@872>4OBP 4> 7<5=H5==O 4V0<5B@C 4C3>2>W ?;O<8, I> A?@8Oє 

D>@<C20==N 2C6G8E 20;8:V2, B0:>6 28:;8:0NBP 71V;PH5==O 3;818=8 

?@>?;02;5==O ?>?5@54=P> AD>@<>20=8E H0@V2. *V D0:B>@8 ?@872>4OBP 4> 7=0G=8E 

2V4E8;5=P 35><5B@8G=>W D>@<8 AD>@<>20=8E ABV=>: 28@>1V2 ?@8 ?>A;V4>2=><C 

=0?;02;5==V =0ABC?=8E H0@V2. � B>G:8 7>@C 5D5:B82=>3> 28:>@8AB0==O <0B5@V0;C 

F59 2?;82 <0є =530B82=89 E0@0:B5@, >A:V;P:8 ?@8 DV=VH=V9 <5E0=VG=V9 >1@>1FV 

71V;PHCєBPAO :V;P:VABP 7=OBBO <5B0;C 7 ?>25@E=V 703>B>2:8 4;O 4>AO3=5==O 

70?;0=>20=8E 35><5B@8G=8E @>7<V@V2 45B0;V. І=H8<8 A;>20<8, F5 ?@872>48BP 4> 

71V;PH5==O :>5DVFVє=BC 2B@0B <5B0;C ?@8 >1@>1FV. 

 

 

$8AC=>: 1.11 - �0;56=VABP B5?;>?@>2V4=>ABV 307V2 2V4 WE B5<?5@0BC@8 [58] 

 

":@V< 2?;82C =0 35><5B@8G=C D>@<C 20;8:V2 @V7=V 307>2V AC<VHV ACBBє2> 

2?;820NBP =0 D>@<C20==O AB@C:BC@8 =0?;02;5=>3> <5B0;C. &0:, C [30] 02B>@8 

@>73;O=C;8 2?;82 2<VABC 2C3;5:8A;>3> 307C C AC<VHV 7 0@3>=>< =0 D>@<C20==O 

AB@C:BC@8 =0?;02;5=>3> <5B0;C 4;O 28A>:><VF=8E AB0;59 (<VF=VABN 4> 950 M#a). 

�87=0G5=5 A?V22V4=>H5==O 2<VABC 3>;G0AB>3> B0 2V4<0=HB5BB>2>3> D5@8BC V 

2AB0=>2;5=>, I> 7V 71V;PH5==O< :>=F5=B@0FVW %"2 C A:;04V 70E8A=>3> 307C 

71V;PHCєBPAO :V;P:VABP 2V4<0=HB5BB>2>3> D5@8BC. � V=H8E 4>A;V465==OE [59–61] 

B0:>6 ?V4B25@46CєBPAO 2?;82 A:;04C 307>28E AC<VH59 =0 7<V=8 C D>@<C20==V 
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AB@C:BC@8 =0?;02;5=>3> <5B0;C B0 =02545=5 ?>@V2=O==O 35><5B@8G=8E 

E0@0:B5@8AB8: V :V;P:>ABV >:@5<8E AB@C:BC@=8E A:;04>28E C =0?;02;5=><C <5B0;V.  

#@>B5, ?@8 4>A;V465==OE 2?;82C A:;04C 307>28E AC<VH59 =0 35><5B@8G=V 

E0@0:B5@8AB8:8 =0?;02;5=8E H0@V2 ?@8 048B82=><C =0?;02;5==V, O: ?@028;>, 

@>73;O40NBP ;8H5 GMAW =0?;02;5==O 01> 9>3> @V7=>284 % & ?@>F5A. ' 

;VB5@0BC@V =0O2=V >1<565=V 2V4><>ABV I>4> 2?;82C A:;04C 307>2>3> A5@54>28I0 ?@8 

28:>@8AB0==V <5B>4C V<?C;PA=>W ?>40GV 720@N20;P=>3> AB@C<C (GMAW-Pulse 

?@>F5A) [62]. 

 

1.6 �=0;V7 ?@>1;5< 70AB>AC20==O :@5<=Vє28E 1@>=7 B8?C CuSi3Mn1 4;O 
048B82=>3> =0?;02;5==O 

 �@5<=Vє2V 1@>=78 CuSi3Mn1 (�@� F3-1) H8@>:> 70AB>A>2CNBP C EV<VG=V9, 

=0DB>?5@5@>1=V9 B0 3V@=8G>4>1C2=V9 ?@><8A;>2>ABV 7024O:8 28A>:V9 ABV9:>ABV 4> 

03@5A82=8E A5@54>28I, ?@C6=>ABV B0 0=B8D@8:FV9=8< 2;0AB82>ABO<. �83>B>2;5==O 

>48=8G=8E @5<>=B=8E 45B0;59 (2BC;>:, H5AB5@5=P) 01> 2V4=>2;5==O 265 

?>H:>465=8E 2V4:@820є H8@>:V <>6;82>ABV 4;O 70AB>AC20==O 048B82=8E 

B5E=>;>3V9 (� ) 283>B>2;5==O 703>B>2>: ?V4 G8AB>2C >1@>1:C 70<VABP B@048FV9=8E 

>?5@0FV9 <5E0=VG=>W >1@>1:8. �465 4>A8BP 28A>:0 20@BVABP :>;P>@>28E <5B0;V2, V 

>A>1;82> <V4=8E A?;02V2, 48:BCє =5>1EV4=VABP 7<5=H5==O 2V4E>4V2 <5E0=VG=>W 

>1@>1:8 2 ?@>F5AV >B@8<0==O 3>B>2>W 45B0;V G8 28@>1C. 

�48B82=89 A8=B57 7 28:>@8AB0==O< :@5<=Vє2>W 1@>=78 CuSi3Mn1 265 1C2 

@>73;O=CB89 C AD5@V 28:>@8AB0==O :>=F5=B@>20=8E 465@5; B5?;0 B8?C Non-Vacuum 

Electron Beam (NV-EBM) [63]. "4=0:, G5@57 28A>:89 :>5DVFVє=B ?>25@E=52>3> 

2V41820==O <V4V B0 WW A?;02V2 28:>@8AB0==O ;075@=>3> G8 5;5:B@>==>3> ?@><5=N є 

?@>1;5<0B8G=8< [64]. &><C 28:>@8AB0==O B5E=>;>3V9 WAAM є 28?@0240=8< 7 

B>G:8 7>@C 5:>=><VG=8E ?>:07=8:V2: 2V4=>A=> =87P:>W 20@B>ABV >1;04=0==O B0 

?@0:B8G=>W 2V4ACB=>ABV >1<565=P =0 3010@8B8 B0 D>@<C A8=B57>20=8E 28@>1V2. 

�48B82=5 ?>H0@>25 =0?;02;5==O CuSi3Mn1 <>6;82> 28:>=C20B8 107>2>N 

B5E=>;>3VєN GMAW 720@N20==O. �024O:8 =0O2=>ABV C A2>є<C A:;04V 0:B82=8E 

@>7:8A;N20;P=8E 5;5<5=BV2 (:@5<=V9, <0@30=5FP), :@5<=Vє20 1@>=70 CuSi3Mn1 
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4>1@5 ?V440єBPAO 720@N20==N B0 =0?;02;5==N, E>G0 V 7 45O:8<8 >1<565==O<8 ?> 

B>2I8=V =0=5A5=>3> H0@C <0B5@V0;C. ' 72’O7:C 7 28A>:>N B5?;>?@>2V4=VABN <V4V B0 

A?;02V2 =0 WW >A=>2V 28=8:0є ?>B@510 C 28:>@8AB0==V ?>BC6=8E :>=F5=B@>20=8E 

465@5; =03@V2C. �>4=>G0A 28A>:0 B5:CGVABP @>7?;02C <5B0;C B0 4>A8BP 7=0G=89 

:>5DVFVє=B B5?;>2>3> @>7H8@5==O (18×106) C ?>є4=0==V 7V 7=0G=>N [65] CA04:>N 

<5B0;C ?@8 :@8AB0;V70FVW 7 @V4:>3> AB0=C AB2>@NNBP ?5@54C<>28 =0:>?8G5==O 

7=0G=8E 70;8H:>28E =0?@C65=P ?@8 1030B>H0@>2><C =0?;02;5==V. ' A2>N G5@3C F5 

<>65 ?@8725AB8 4> 28=8:=5==O :@8B8G=8E 45D5:BV2 C 283;O4V B@VI8=. &0:>6 

=04<V@=5 B5?;>2:;045==O ?@872>48BP 4> AB@C:BC@=>3> @>ABC AB>2?G0AB8E 75@5= 7 

>@Vє=B0FVєN C =0?@O<:C 2V42>4C B5?;0, I> 2545 4> >B@8<0==O 0=V7>B@>?=8E 

<5E0=VG=8E 2;0AB82>AB59 [66]. �;O @53C;N20==O B5?;>2:;045==O B0 C=8:=5==O 

=04;8H:>2>3> ?5@53@V2C ?@8 =0?;02;5==V CuSi3Mn1 V >B@8<0==O @V2=>2VA=>W 

75@5==>W AB@C:BC@8 28:>@8AB>2CNBP @V7=>2848 GMAW A?>A>1C: ?@>F5A 

720@N20==O 7 :>@>B:8<8 70<8:0==O<8 Cold Metal Transfer (CMT) B0 @53C;N20==O 

B5?;>2:;045==O V<?C;PA=>N ?>40G5N AB@C<C (Pulse ?@>F5A). 

�=0G=0 :V;P:VABP 4>A;V465=P ?@8A2OG5=0 28:>@8AB0==N GMAW-CMT <5B>4C 

=0?;02;5==O 7 28:>@8AB0==O< :@5<=Vє2>W 1@>=78 (CuSi3Mn1) O: 4>40B:>2>3> 

:><?>=5=BC C B0=45<V 7 0;N<V=Vє28< A?;02>< ��5 (AlSi5-ER4043) 4;O 7=865==O 

2V@>3V4=>ABV CB2>@5==O V=B5@<5B0;V4=8E D07 B0 ?V428I5==O <5E0=VG=8E 

2;0AB82>AB59 3>B>28E 28@>1V2 [67–69]. "4=0:, C ?@0FV [67] O2=> ?@>A;V4:>2CєBPAO 

?@>1;5<0 C 283;O4V =04;8H:>2>3> @V2=O 70;8H:>2>W CA04:8 =0?;02;5=8E H0@V2 

AD>@<>20=>3> 7@07:0, I> ?@872>48BP 4> 2V4@82C =0?;02;5=>W ABV=:8 2V4 >A=>28 7 

<V4V (@8AC=>: 1.12).  

' ?@0FV [70] 02B>@8 @>73;O=C;8 2?;82 ?0@0<5B@V2 @568<C =0?;02;5==O (@V2=O 

B5?;>2:;045==O) =0 D>@<>CB2>@5==O B0 7<V=8 AB@C:BC@8 ?>H0@>2>3> =0?;02;5==O 

CuSi3Mn1. �2B>@0<8 [70] B0:>6 2AB0=>2;5=89 D0:B 71V;PH5==O B25@4>ABV ?>25@E=V 

>B@8<0=8E 7@07:V2 ?@8 7@>AB0==V A8;8 AB@C<C. 
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$8AC=>: 1.12 - �5D>@<0FVO 7@07:0 2V4 CA0465==O =0?;02;5=8E H0@V2 [67] 

 

&0:0 ?>254V=:0, 7>:@5<0 71V;PH5==O B25@4>ABV :@5<=Vє28E 1@>=7, 

:0@48=0;P=> 2V4@V7=OєBPAO 2V4 =87P:>;53>20=8E AB0;59 [71]. $07>< 7 F8<, 

=5@V2=><V@=VABP  ?>25@E=V 7<5=HCєBPAO 7V 71V;PH5==O< AB@C<C 2V4 70 4> 110 �, I> 

є ;>3VG=8<, >A:V;P:8 71V;PHCєBPAO G0A VA=C20==O @V4:>W 720@N20;P=>W 20==8 B0 

A?@8Oє :@0I><C @>7BV:0==N <5B0;C 7V 71V;PH5==O< H8@8=8 >:@5<>3> H0@C [70]. 

� [66] 4>A;V465=89 2?;82 <5B>4C =0?;02;5==O 7 :>@>B:8<8 70<8:0==O<8 

(GMAW-CMT) B0 V<?C;PA=89 @568< (GMAW-Pulse) =0?;02;5==O =0 AB@C:BC@C 

7@07:V2 7 28:>@8AB0==O< ACFV;P=>3> 4@>BC CuSi3Mn1. �2B>@0<8 [66] 4>A8BP H8@>:> 

@>7:@8B0 B5<0 2?;82C <5E0=V7<C ?5@5=5A5==O :@0?5;P 5;5:B@>4=>3> <5B0;C 

(GMAW-CMT ?@>F5A) B0 157:>=B0:B=>3> A:840==O :@0?5;P C <><5=B V<?C;PA=>W 

?>40GV AB@C<C (GMAW-Pulse ?@>F5A) =0 AB@C:BC@=V 7<V=8 ?V4 G0A :@8AB0;V70FVW 

720@N20;P=>W 20==8. !8<8 2AB0=>2;5=>, I> V<?C;PA=0 ?>40G0 AB@C<C ?@872>48BP 

4> ;>:0;P=>3> ?5@53@V2C @V4:>W 720@N20;P=>W 20==8 7V 7=0G=8< 3@04Vє=B>< 

B5<?5@0BC@ 2V4 ?>25@E=V @>7?;02C 4> 4=0 720@N20;P=>W 20==8. *5 A?@8G8=Oє @VAB 

4>238E 75@5= AB>2?G0AB>3> B8?C ?@8 :@8AB0;V70FVW <5B0;C, I> 28:;8:0є ?>3V@H5==O 

<5E0=VG=8E E0@0:B5@8AB8: 265 =0?;02;5=8E H0@V2. �8:>@8AB0==O GMAW-CMT 

=0?;02;5==O 7 :>@>B:8<8 70<8:0==O<8, =0?@>B8 A?@8Oє CB2>@5==N @V2=>2VA=8E 

75@5= B0 WE ?>4@V1=5==N, I> <0є ?>78B82=89 2?;82 =0 <5E0=VG=V E0@0:B5@8AB8:8 

AD>@<>20=8E H0@V2 [66].  

"4=0:, C @>1>B0E [70] B0 [66] 4>A;V465==O 048B82=>3> ?@>F5AC ?@>2>48;8AP 

=0 45D>@A>20=8E @568<0E =0?;02;5==O (4> 100&110 �) B0 4>A8BP <0;>N :V;P:VABN 
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=0?;02;5=8E H0@V2 (4> 5), I> =5 4>72>;Oє 2 ?>2=V9 <V@V >FV=8B8 E0@0:B5@8AB8:8 

D>@<>CB2>@5==O ?>25@E=V V 2?;82 =0 =0?@C65=>-45D>@<>20=89 AB0= 3>B>2>3> 

28@>1C. &0:>6, C O:>ABV >A=>28 02B>@8 [70, 66] 28:>@8AB0;8 <V4P, I> 70 @0EC=>: 

28A>:>W ?;0AB8G=>ABV B0 2V4=>A=> =87P:>W 6>@AB:>ABV 740B=0 A:><?5=AC20B8 G0AB8=C 

=0?@C65=P, I> 28=8:0NBP C =0?;02;5=8E H0@0E 7 CuSi3Mn1. І=HV =0C:>2V ?@0FV 

@>73;O40NBP 70AB>AC20==O ?@8A04=8E <0B5@V0;V2 7 CuSiMn1 ;8H5 C O:>ABV 

?@><V6=>3> <0B5@V0;C 4;O 720@N20==O-?0O==O 1V<5B0;528E :><?>78FV9 B8B0=>28E 

A?;02V2 V 0CAB5=VB=8E =5@602VNG8E AB0;59 [72] B0 V=H8E ?>є4=0=P [73–74], I> =5 

AB>ACNBPAO B5<8 048B82=>3> 283>B>2;5==O.  

�@0E>2CNG8 <0;C :V;P:VABP @>1VB 7 28A2VB;5==O< ?>2=>FV==>3> 048B82=>3> 

A8=B57C V7 70AB>AC20==O< ACB> :@5<=Vє28E 1@>=7 CuSi3Mn1 <5B>40<8 GMAW-

CMT/Pulse =0?;02;5==O, 0 B0:>6 28O2;5=V ?@>1;5<8, O:V 7C<>2;5=V 

B5@<>45D>@<0FV9=8<8 ?@>F5A0<8 V >A>1;82>ABO<8 2?;82C AB@C:BC@8 =0 <5E0=VG=V 

2;0AB82>ABV =0?;02;5=8E H0@V2 7 CuSi3Mn1, 4>A;V465==O AB@C:BC@8 B0 0=0;V7 

?0@0<5B@V2  !�% C ?@>F5AV =0?;02;5==O є 0:BC0;P=>N 7040G5N.  

 

1.7 �=0;V7 <>6;82>ABV 28:>@8AB0==O 60@><VF=8E =V:5;528E A?;02V2 4;O 
048B82=>3> =0?;02;5==O 

%5@54 B5E=>;>3V9, O:V V=B5=A82=> @>72820NBPAO 2 B5?5@VH=V9 G0A, =5>1EV4=> 

2V47=0G8B8 B5E=>;>3VN 5;5:B@>4C3>2>3> ?0O==O. �>=0 4>72>;Oє >B@8<C20B8 O:VA=V 

7’є4=0==O 157 @>7?;02;5==O >A=>2=>3> <0B5@V0;C V7 70AB>AC20==O< 1V;PH 

;53:>?;02:>3>, =V6 >A=>2=89 <5B0;, ?@8A04:>2>3> <0B5@V0;C. *5 є 4>A8BP 

0:BC0;P=8< =0?@O<><, >A>1;82> ?@8 28:>@8AB0==V GCB;828E 4> ?>O28 30@OG8E 

B@VI8= G8 7 >1<565=>N 740B=VABN 4> 720@N20==O/=0?;02;5==O <0B5@V0;V2.  

�V4><>, I> 60@><VF=V =V:5;52V A?;028 (�!%) <0NBP =5704>2V;P=C 

B5E=>;>3VG=C 740B=VABP 4> 720@N20==O ?;02;5==O<, 0 ?@8 70AB>AC20==V B5E=>;>3V9 

?0O==O 01> 48DC7V9=>3> 720@N20==O <>6;82> >B@8<0B8 28A>:>O:VA=V 7’є4=0==O 

[75]. �<5=H5==O 25;8G8=8 B5?;>2:;045==O A?@8Oє 7<5=H5==N :V;P:>ABV 45D5:BV2 

?@8 @5<>=B=><C GTAW =0?;02;5==V 28@>1V2 7 �!%. *59 A?>AV1 H8@>:> 



51 

 

70AB>A>2CєBPAO 4;O @5<>=BC 45B0;59 A:;04=>W 35><5B@8G=>W D>@<8, 7>:@5<0 V 

;>?0B>: 307>BC@1V==8E 4283C=V2 (�&�).  

#@8 283>B>2;5==V 4>A;V4=8E 7@07:V2 60@><VF=8E A?;02V2 B0 ?@8?>W2 @V7=>3> 

EV<VG=>3> A:;04C H8@>:> 28:>@8AB>2CєBPAO 5;5:B@>4C3>289 <5B>4 28?;02:8. %0< 

?@>F5A 28?;02;5==O 74V9A=NєBPAO 2 :>=B@>;P>20=><C A5@54>28IV 0@3>=C (Ar) =0 

2>4>>E>;>46C20=><C B83;V 7 157:8A=52>W <V4V. /:VABP >B@8<0=8E 7;82:V2 AB01V;P=> 

28A>:0 V 4>72>;Oє 287=0G0B8 AB@C:BC@=>-D07>289 A:;04 B0 2;0AB82>ABV >B@8<0=>3> 

<0B5@V0;C, 45D5:B8 B8?C B@VI8= B0 ?>@, O: ?@028;>, 2V4ACB=V [76-78]. 

�V4?>2V4=>, 4;O >B@8<0==O <V=V<0;P=>3> ?5@5?;02;5==O 7 ?V4:;04:>N 

(>A=>2>N) B0 <0:A8<0;P=> <>6;82>W 28A>B8 H0@V2 ?@8 ?>H0@>2><C =0?;02;5==V 

=5>1EV4=> 70157?5G8B8 ?@>F5A ?0O==O-=0?;02;5==O. &5<?5@0BC@0 C B>GFV =03@V2C 

<0є 1CB8 4>AB0B=P>N 4;O D>@<C20==O 20;8:0 B0 CB2>@5==O 7’є4=0==O 7 ?>25@E=5N 

>A=>28 (?V4:;04:8), 2>4=>G0A =0<030B8AP C=8:0B8 =04;8H:>2>3> ?@>?;02;5==O 

>A=>28. 

&><C 4;O ?>40;PH8E 4>A;V465=P є ?5@A?5:B82=8< @50;V7C20B8 ?@>F5A 

?;07<>2>-4C3>2>3> =0?;02;5==O :><?0:B=>3> <0B5@V0;C 7 ?@8?>N SBM-4 =0 >A=>2V 

�!% B8?C +%88'-�І C :>=B@>;P>20=><C V=5@B=><C 307>2><C A5@54>28IV. 

 

1.8 (>@<C20==O =0?@C65=ь B0 45D>@<0FV9, 4>FV;ь=VABь 70AB>AC20==O 
<5B>4V2 :><?’NB5@=>3> <>45;N20==O 4;O 287=0G5==O :><?>=5=B !�% ?@8 
048B82=><C 4C3>2><C 283>B>2;5==V ?@>AB>@>28E 28@>1V2 

#@>1;5<8 CB2>@5==O 70;8H:>28E =0?@C65=P B0 45D>@<0FV9 ?@8 ?>H0@>2><C 

=0?;02;5==V 70 4>A;V465==O<8 [79, 80] є >A=>2=8<8 G5@57 =04;8H:>25 

B5?;>2:;045==O, I> є >A>1;82VABN WAAM ?@>F5AC. �0?@>?>=>20=V [81, 82] 

?@0:B8G=V ?V4E>48 4;O 28@VH5==O ?>2’O70=8E 7 CB2>@5==O< 70;8H:>28E =0?@C65=P 

?@>1;5< >1<565=V, 2 >A=>2=><C, @>7@>1:>N AB@0B53V9 I>4> 281>@C B@0є:B>@VW 

=0?;02;5==O 4;O 7<5=H5==O :>=F5=B@0FVW =0?@C65=P V 28@VHCNBP ?@>1;5<C 

;>:0;P=>. %8BC0FVO ?>3V@HCєBPAO ?@8 71V;PH5==V :V;P:>ABV =0?;02;5=8E H0@V2,  

>A:V;P:8 @>7AVN20==O B5?;0 ?VA;O =0?;02;5==O >AB0==P>3> H0@C 7<5=HCєBPAO 

2=0A;V4>: ;>:0;P=>3> ?V4V3@V2C 2V4 @0=VH5 =0?;02;5=8E H0@V2. !04;8H:>25 B5?;> 
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=0:>?8GCєBPAO C ?>?5@54=VE H0@0E, I> ?@872>48BP 4> =5@V2=><V@=>W 7<V=8 

AB@C:BC@ ?V4 G0A ?>2B>@=>3> =03@V2C.  

�0AB>AC20==O 5:A?5@8<5=B0;P=8E <5B>4V2 287=0G5==O !�% 283>B>2;5=8E 70 

4>?><>3>N WAAM B5E=>;>3V9 28@>1V2 4>A8BP CA:;04=5=5, 0 V=>4V V =5<>6;825, C 

72’O7:C 7V A:;04=>N 35><5B@VєN >1’є<=8E 28@>1V2 G8 =5>1EV4=VABN @C9=C20==O 

(28@V70==O) G0AB8=8 3>B>2>3> 28@>1C, I> <>65 1CB8 =5?@89=OB=8<. �;O 

>1G8A;5==O 01> 4>A;V465==O !�% C 048B82=> 735=5@>20=8E 28@>10E, 4;O 

?;0=C20==O AB@0B53VW ?>H0@>2>3> =0?;02;5==O 7 <5B>N 28@VH5==O ?>2’O70=8E 7 

CB2>@5==O< 70;8H:>28E =0?@C65=P V 45D>@<0FV9 ?@>1;5< 28:>@8AB>2CNBP 

@>7@0EC=>:  <5B>4>< A:V=G5==8E 5;5<5=BV2 ( %�).  %� 4>72>;Oє @>72'O70B8 7040GC 

B5@<>?@C6=>?;0AB8G=>ABV 7 C@0EC20==O< E0@0:B5@=8E 4;O <>45;P>20=>3> ?@>F5AC 

=0?;02;5==O/720@N20==O 3@0=8G=8E C<>2, 7<V=8 B5?;>DV78G=8E V <5E0=VG=8E 

2;0AB82>AB59 4>A;V46C20=8E <0B5@V0;V2 C H8@>:><C 4V0?07>=V B5<?5@0BC@. 

#>?5@54=V 4>A;V465==O [83–84] ?V4B25@46CNBP 4>FV;P=VABP 28:>@8AB0==O  %� C 

A?5FV0;V7>20=8E ?@>3@0<=8E :><?;5:A0E B8?C Simufact Welding, ANSYS, 

WeldPrediction, Sysweld B0 V=H8E.  

�>A;V465==O =0?@C65=>-45D>@<>20=>3> AB0=C (!�%) ?V4 G0A 28:>@8AB0==O 

WAAM B5E=>;>3V9, 2 >A=>2=><C, ?@8A2OG5=V <0B5@V0;0<, O:V H8@>:> 

70AB>A>2CNBPAO C ?@><8A;>2>ABV [85] B0 ?@54AB02;5=V 2 1V;PHV9 :V;P:>ABV 

=87P:>2C3;5F528<8 [86–87] V =5@602VNG8<8 AB0;O<8 [88–89], =V6  :>;P>@>28<8  

<5B0;0<8 V A?;020<8 =0 >A=>2V <V4V B0 =V:5;N.  

!0 >A=>2V ?@>2545=>3> 0=0;V7C =0O2=8E 2 ;VB5@0BC@V 2V4><>AB59 

AD>@<C;P>20=V <5B0 V 70240==O 4>A;V465=P. 

 5B0 @>1>B8 – 4>A;V465==O 70:>=><V@=>AB59 2?;82C A?>A>1V2 4C3>2>3> 
=0?;02;5==O, A:;04C 70E8A=>3> 307>2>3> A5@54>28I0 B0 C<>2 2545==O ?@>F5AC =0 

D>@<C20==O B0 35><5B@8G=V E0@0:B5@8AB8:8 =0?;02;5=8E H0@V2, AB@C:BC@C <5B0;C, 

CB2>@5==O =0?@C65=P B0 45D>@<0FV9, DV78:>-<5E0=VG=V 2;0AB82>ABV ?@>AB>@>28E 

28@>1V2 7 =87P:>2C3;5F52>W AB0;V B8?C G3Si1 (09�2%), 0CAB5=VB=>W =5@602VNG>W 

AB0;V B8?C Cr19Ni9, A?;02V2 =0 >A=>2V 0;N<V=VN (AlMg5), <V4V (CuSi3Mn1) B0 =V:5;N 

(SBM-4). 
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�;O 4>AO3=5==O ?>AB02;5=>W <5B8 <0NBP 1CB8 28@VH5=V =0ABC?=V 70240==O: 

1. #@>25AB8 ;VB5@0BC@=89 0=0;V7 ACG0A=>3> AB0=C 048B82=>3> WAAM 

28@>1=8FB20 28@>1V2 7 =87P:>2C3;5F528E B0 0CAB5=VB=8E =5@602VNG8E AB0;59, 

A?;02V2 =0 >A=>2V 0;N<V=VN, <V4V B0 =V:5;N. �87=0G8B8 <5BC B0 70240==O 

4>A;V465=P. 

2. "1@0B8 <5B>48:8 ?@>2545==O 4>A;V465=P, 287=0G8B8 70AB>A>2C20=V 

<0B5@V0;8, 74V9A=8B8 281V@ =5>1EV4=>3> >1;04=0==O. 

3. �>A;V48B8 2?;82 A?>A>1V2 B0 @568<V2 GMAW-CMT/Pulse V PAW-CW 

4C3>2>3> =0?;02;5==O, A:;04C 70E8A=>3> 307>2>3> A5@54>28I0 =0 35><5B@8G=V 

E0@0:B5@8AB8:8 =0?;02;5=8E H0@V2 7 =87P:>2C3;5F52>W AB0;V B8?C G3Si1. 

4. �>A;V48B8 2?;82 A?>A>1V2 B0 @568<V2 GMAW-CMT/Pulse 4C3>2>3> 

=0?;02;5==O =0 35><5B@8G=V E0@0:B5@8AB8:8 =0?;02;5=8E H0@V2 7V A?;02V2 =0 

>A=>2V 0;N<V=VN  (AlMg5), <V4V ( CuSi3Mn1) B0 AB0;V 0CAB5=VB=>3> :;0AC (Cr19Ni9). 

5. �>A;V48B8 <>6;82VABP 28:>@8AB0==O ?@8?>N =0 >A=>2V =V:5;N (SBM-4) C 

O:>ABV ?@8A04=>3> <0B5@V0;C 4;O 048B82=>3> ?;07<>2>-4C3>2>3> =0?;02;5==O 

«E>;>4=8< 4@>B><» (PAW-CW) ?@>AB>@>28E 28@>1V2. 

6. �87=0G8B8 2?;82 @V7=8E A?>A>1V2 4C3>2>3> =0?;02;5==O =0 D>@<C20==O 

AB@C:BC@8 =0?;02;5=>3> <5B0;C 7@07:V2 V AE8;P=VABP 4> CB2>@5==O 45D5:BV2 2 

C<>20E 1030B>@07>2>3> B5<?5@0BC@=>3> 2?;82C 5;5:B@8G=>W 4C38. 

7.  5B>4>< A:V=G5==>-5;5<5=B=>3> :><?'NB5@=>3> <>45;N20==O 287=0G8B8 

2?;82 B5E=>;>3VG=8E ?0@0<5B@V2 @568<V2 B0 C<>2 048B82=>3> 4C3>2>3> 

=0?;02;5==O =0 D>@<C20==O :><?>=5=B =0?@C65=>-45D>@<>20=>3> AB0=C 

?@>AB>@>28E 28@>1V2. �4V9A=8B8 25@8DV:0FVN <>45;59 B0 >B@8<0=8E @57C;PB0BV2 

@>7@0EC=:>28E 4>A;V465=P H;OE>< A?V2AB02;5==O 7 5:A?5@8<5=B0;P=8<8 40=8<8. 

8. �87=0G8B8 DV78:>-<5E0=VG=V 2;0AB82>ABV 048B82=> =0?;02;5=>3> <5B0;C 

<>45;P=8E 7@07:V2 7 =87P:>2C3;5F52>W AB0;V B0 60@><VF=>3> A?;02C =0 >A=>2V 

=V:5;N. 

9. %B2>@8B8 B5E=>;>3VG=V @5:><5=40FVW ?> 283>B>2;5==N 048B82=8< 4C3>28< 

=0?;02;5==O< V7 70AB>AC20==O< :><?0:B=8E ?@8A04=8E <0B5@V0;V2 ?@>AB>@>28E 
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28@>1V2 7V AB0;59 @V7=8E AB@C:BC@=8E :;0AV2 B0 A?;02V2 =0 >A=>2V 0;N<V=VN, <V4V B0 

=V:5;N, 0 B0:>6 ?> 283>B>2;5==N ?@CB:V2 7 <0;>?;0AB8G=8E <0B5@V0;V2. 

 

1.9  �8A=>2:8 4> @>74V;C 1 
1. �=0;V7 ACG0A=>3> AB0=C @>728B:C B5E=>;>3V9 048B82=>3> A8=B57C A2V4G8BP 

?@> <>6;82VABP B0 4>FV;P=VABP 70AB>AC20==O B5?;0 5;5:B@8G=>W 4C38 4;O 

283>B>2;5==O ?@>AB>@>28E 28@>1V2 7V AB0;59 B0 A?;02V2.  

2. %5@54 Wire  Arc  Additive  Manufacturing  (WAAM) B5E=>;>3V9 >B@8<0==O 

28@>1V2 7 =87P:>2C3;5F528E B0 0CAB5=VB=8E =5@602VNG8E AB0;59, A?;02V2 =0 >A=>2V 

0;N<V=VN, <V4V B0 =V:5;N 4>FV;P=> 70AB>A>2C20B8 GMAW-CMT, GMAW- Pulse B0 

PAW-CW A?>A>18 4C3>2>3> =0?;02;5==O. 

3. "A=>2=8<8 ?@>1;5<0<8, I> 28=8:0NBP ?@8 ?>H0@>2><C D>@<C20==V 

?@>AB>@>28E 28@>1V2 7 =87P:>2C3;5F528E B0 0CAB5=VB=8E =5@602VNG8E AB0;59, 

A?;02V2 =0 >A=>2V 0;N<V=VN, <V4V B0 =V:5;N GMAW-CMT, GMAW- Pulse B0 PAW-

CW A?>A>10<8 4C3>2>3> =0?;02;5==O є =5 @V2=><V@=VABP D>@<>CB2>@5==O 

=0?;02;5=8E H0@V2, CB2>@5==O 45D5:BV2 B8?C B@VI8=, ?V4@V7V2, ?>@ B0 

=5ACFV;P=>AB59 =0?;02;5=>3> <5B0;C, =0O2=VABP =5<5B0;528E 2:;NG5=V, DV78G=>W B0 

EV<VG=>W =5>4=>@V4=>AB59, D>@<C20==O 7=0G=8E =0?@C65=P B0 45D>@<0FV9. 

4. �0AB>AC20==O GMAW-CMT, GMAW-Pulse B0 PAW-CW A?>A>1V2 

048B82=>3> 4C3>2>3> =0?;02;5==O 4>72>;Oє >B@8<0B8 ?@>AB>@>2V 28@>18 7 DV78:>-

<5E0=VG=8<8 E0@0:B5@8AB8:0<8 =0?;02;5=>3> <5B0;C =0 @V2=V 1;87P:> 80-90% 2V4 

WE <VF=>ABV 2 28EV4=><C AB0=V.  

5. �;O >B@8<0==O A?>A>10<8 GMAW-CMT, GMAW-Pulse B0 PAW-CW 

048B82=>3> 4C3>2>3> =0?;02;5==O ?@>AB>@>28E 28@>1V2 7 =87P:>2C3;5F52>W AB0;V 

B8?C G3Si1 (09�2%), 0CAB5=VB=>W =5@602VNG>W AB0;V B8?C Cr19Ni9, A?;02V2 =0 >A=>2V 

0;N<V=VN (AlMg5), <V4V (CuSi3Mn1) B0 =V:5;N (SBM-4) =5>1EV4=> ?@>25AB8 

:><?;5:A=V 5:A?5@8<5=B0;P=V B0 @>7@0EC=:>2V 4>A;V465==O I>4> 287=0G5==O 

2?;82C A?>A>1V2 B0 70E8A=8E 307V2 =0 D>@<C20==O B0 35><5B@8G=V E0@0:B5@8AB8:8 

=0?;02;5=8E H0@V2, AB@C:BC@C <5B0;C, CB2>@5==O =0?@C65=P B0 45D>@<0FV9, 

DV78:>-<5E0=VG=V 2;0AB82>ABV ?@>AB>@>28E 28@>1V2. 
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6. �;O @50;V70FVW @>73;O=CB8E A?>A>1V2 >B@8<0==O ?@>AB>@>28E 28@>1V2 W7 

70AB>AC20==O< :><?0:B=>3> ?@8A04=>3> <0B5@V0;C =5>1EV4=> AB2>@8B8 B0 

<>45@=V7C20B8 =0O2=5 >1;04=0==O, AD>@<C;N20B8 B5E=>;>3VG=V @5:><5=40FVW ?> 

283>B>2;5==N 048B82=8< 4C3>28< =0?;02;5==O< 28@>1V2 7V AB0;59 @V7=8E 

AB@C:BC@=8E :;0AV2 B0 A?;02V2 =0 >A=>2V 0;N<V=VN, <V4V B0 =V:5;N, 0 B0:>6 ?> 

283>B>2;5==N ?@CB:V2 7 <0;>?;0AB8G=8E <0B5@V0;V2. 
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2 "����!�!!/,  �&�$���� &�  �&"���� #$"����!!/ 

�"%�����!Ь 

 

2.1 �030;ь=0 <5B>48:0 ?@>2545==O 4>A;V465=ь 048B82=>3> 283>B>2;5==O 
?@>AB>@>28E 28@>1V2 7V AB0;59 B0 A?;02V2 

�;O 28@VH5==O ?>AB02;5=8E 70240=P B0 4>AO3=5==O ?>AB02;5=>W <5B8 

@>7@>1;5=0 =0ABC?=0 7030;P=0 <5B>48:0 @50;V70FVW 4>A;V465=P: 

– ?V43>B>2:0 ?;0AB8=->A=>2 4;O 048B82=>3> =0?;02;5==O :><?0:B=>3> 

<0B5@V0;C 7 =87P:>2C3;5F528E B0 0CAB5=VB=8E =5@602VNG8E AB0;59, A?;02V2 =0 

>A=>2V 0;N<V=VN, <V4V B0 =V:5;N; 

– 281V@, ?V43>B>2:0 B0 283>B>2;5==O =5>1EV4=8E 720@N20;P=8E 

<0B5@V0;V2; 

– 5:A?5@8<5=B0;P=>-@>7@0EC=:>289 281V@ @568<V2 ?>H0@>2>3> 

=0?;02;5==O 4;O :>6=>3> B8?C 70AB>A>20=>3> <0B5@V0;C 70 :@8B5@VO<8 

D>@<>CB2>@5==O B0 3;818=8 ?@>?;02;5==O, 2AB0=>2;5==O AB0;8E ?0@0<5B@V2 

@568<C B0 7030;P=>W :V;P:>ABV =0?;02;5=8E H0@V2 7 <5B>N ?>40;PH>3> ?>@V2=O==O 

>B@8<0=8E @57C;PB0BV2; 

– 283>B>2;5==O 4>A;V4=8E 7@07:V2 B8?C «ABV=:0» GMAW-CMT/Pulse B0 

PAW-CW <5B>40<8 =0?;02;5==O 4;O >1@0=8E 4>A;V4=8E <0B5@V0;V2; 

– 4>A;V465==O 2?;82C A?>A>1C/<5B>4C =0?;02;5==O, A:;04C 70E8A=>3> 

307>2>3> A5@54>28I0 =0 35><5B@8G=V E0@0:B5@8AB8:8, =5@V2=><V@=VABP ?>25@E=V V 

=0O2=VABP =5?@8?CAB8<8E 45D5:BV2 <5B0;C >B@8<0=8E 7@07:V2;  

– ?@>2545==O <5B0;>3@0DVG=8E 4>A;V465=P =0?;02;5=>3> <5B0;C 

>B@8<0=8E 7@07:V2 7 =87P:>2C3;5F52>W AB0;V B0 :@5<=Vє2>W 1@>=78, 287=0G5==O 

AB@C:BC@8, EV<VG=>3> A:;04C, <V:@>B25@4>ABV;  

– ?@>2545==O <5E0=VG=8E 28?@>1C20=P =0?;02;5=8E 7@07:V2 7 

=87P:>2C3;5F52>W AB0;V; 

– AB2>@5==O A:V=G5==>-5;5<5=B=>W <>45;V 4;O 0=0;V7C 

B5@<>45D>@<0FV9=8E ?@>F5AV2 B0 WW 25@8DV:0FVO H;OE>< 0=0;V7C 71V6=>ABV 

@>7@0EC=:>28E B0 5:A?5@8<5=B0;P=8E 40=8E ?> 287=0G5==N @>7?>4V;C B5<?5@0BC@; 
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– ?@>2545==O A:V=G5==>-5;5<5=B=>3> <>45;N20==O B5@<>45D>@<0FV9=8E 

?@>F5AV2 ?@8 048B82=><C =0?;02;5==V :@5<=Vє2>W 1@>=78 CuSi3Mn1 (�@� F3-1) B0 

=V:5;52>3> A?;02C SBM-4. 

 

2.2 "1;04=0==O 4;O 28:>=0==O 048B82=>3> =0?;02;5==O 4>A;V4=8E 
7@07:V2 

�>A;V465==O 7 048B82=>3> =0?;02;5==O 7@07:V2 7 =87P:>2C3;5F52>W AB0;V B8?C 

G3Si1, 0CAB5=VB=>W =5@602VNG>W AB0;V B8?C Cr19Ni9 B0 :@5<=Vє2>W 1@>=78 B8?C 

CuSi3Mn1 GMAW-CMT/Pulse V PAW-CW A?>A>10<8 =0?;02;5==O 28:>=0=V =0 

5:A?5@8<5=B0;P=><C AB5=4V 4;O 720@N20==O ?@O<>;V=V9=8E H2V2 (2VAP X) 7 

:>=A>;;N 4;O 42>:>>@48=0B=>3> (?> >AV Y, Z) ?>78FVN20==O 720@N20;P=>3> 

>A=0I5==O (@8AC=>: 2.1).  

  

0) 1) 

$8AC=>: 2.1 - �>2=VH=V9 283;O4 AB5=4C 7 ?0;P=8:>< 4;O GMAW-CMT/Pulse 

<5B>4V2 =0?;02;5==O (4) B0 ?;07<>2>3> PAW-CW =0?;02;5==O (5) 

 

&0:>6 4;O 283>B>2;5==O 048B82=> =0?;02;5=8E ?@>AB>@>28E 7@07:V2 A:;04=>W 

35><5B@8G=>W D>@<8, 1C2 70AB>A>20=89 @>1>B87>20=89 AB5=4 (@8AC=>: 2.2). %B5=4 
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A:;040єBPAO 7 @>1>B87>20=>W @C:8-<0=V?C;OB>@0 7 HVABP<0 @CE><8<8 >AO<8 Peitian 

AIR10, I> ?@0FNє C ?0@V 7 :>=B@>;;5@><  Anhui A&E ARCCD10. 

 

$8AC=>: 2.2 - $>1>B87>20=89 AB5=4 [54] 

 

�;O =0?;02;5==O 4>A;V4=8E 7@07:V2 C ?>є4=0==V 7 @CE><8< AB5=4>< 1C;> 

28:>@8AB0=5 =0ABC?=5 >1;04=0==O: 

1. �20@N20;P=5 465@5;> Fronius TransPulse Synergic 2700 (@8AC=>: 2.3) 4;O 

4C3>2>3> 720@N20==O/=0?;02;5==O ?;02:8< 5;5:B@>4>< C 70E8A=8E 3070E. 

"A=>2=V B5E=VG=V E0@0:B5@8AB8:8 720@N20;P=>3> 465@5;0 682;5==O 4;O 

GMAW-CMT/Pulse <5B>4V2 720@N20==O/=0?;02;5==O =02545=V 2 B01;8FV 2.1. 

 

$8AC=>: 2.3 - �20@N20;P=5 465@5;> 682;5==O Fronius TransPulse Synergic 2700 

4;O 4C3>2>3> 720@N20==O/=0?;02;5==O ?;02:8< 5;5:B@>4>< C 70E8A=8E 3070E 
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&01;8FO 2.1 - &5E=VG=V E0@0:B5@8AB8:8 465@5;0 682;5==O 4;O 4C3>2>3> 

720@N20==O/=0?;02;5==O ?;02:8< 5;5:B@>4>< Fronius TransPulse Synergic 2700  

!09<5=C20==O ?0@0<5B@0 �=0G5==O 

!0?@C30 <5@56V 682;5==O, � 
3 D078, 50�F 
400 (±15%) 

#>BC6=VABP, I> A?>6820єBPAO 7 <5@56V, :��, =5 1V;PH5 4,2-8,7 

%8;0 AB@C<C, I> A?>6820єBPAO 7 <5@56V, �, =5 1V;PH5 6,6 

�V0?07>=8 @53C;N20==O 720@N20;P=>3> AB@C<C, � 10-270 

!><V=0;P=0 A8;0 AB@C<C ?@8 #� 40%, � 170 

!><V=0;P=0 A8;0 AB@C<C ?@8 #� 100%, � 270 

!0?@C30 E>;>AB>3> E>4C, � 50 

$>1>G0 =0?@C30 465@5;0 682;5==O, � 14,2-27,5 

,284:VABP ?>40GV 4@>BC, </E2 0,5-22 

�V0<5B@ ?@8A04=>3> 4@>BC, << 0,8-1,6 

 0A8<0;P=89 B8A: 70E8A=>3> 307C, 0B< 7 

 

"A>1;82VABN 40=>3> 465@5;0 682;5==O 5;5:B@8G=8< AB@C<>< є 

<>6;82VABP 28:>@8AB0==O B5E=>;>3VW % & (Cold Metal Transfer) B0 V<?C;PA=>3> 

@568<C ?>40GV 720@N20;P=>3> AB@C<C. 

2. �20@N20;P=89 ?0;P=8: PullMig CMT W/F/JM 400i (@8AC=>: 2.4), I> 

70AB>A>2CєBPAO A?V;P=> 7 465@5;>< Fronius TransPulse Synergic 2700 70 AE5<>N 

?>40GV 4@>BC «BO3=8-HB>2E09» 4;O 70157?5G5==O 157?5@51V9=>3> ?@>E>465==O 

720@N20;P=>3> 4@>BC 274>26 H;0=3-?0:5BC ?V4 G0A =0?;02;5==O 2 @568<V % &.  

 

$8AC=>: 2.4 - �20@N20;P=89 ?0;P=8:  Fronius PullMig CMT W/F/JM 400i 
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 !0O2=VABP 21C4>20=>3> 4283C=0 7 ?0@>N ?@>BO3CNG8E @>;8:V2 157?>A5@54=P> 

C A0<><C ?0;P=8:C 7C<>2;5=0 ?@>F5A>< % & 7 :>@>B:8<8 70<8:0==O<8, 0465 

720@N20;P=89 4@VB @CE0єBPAO =5 7 ?>ABV9=>N H284:VABN ?>40GV, 0 72>@>B=>-

?>ABC?>2>. $>;8:8 ?>4020==O 4@>BC ?0;P=8:0 ?@0FNNBP H284H5, =V6 @>;8:8 

<5E0=V7<C ?>4020==O 4@>BC, O:V 21C4>20=V 157?>A5@54=P> C 720@N20;P=5 465@5;> 

682;5==O. &0:8< G8=>< 70157?5GCєBPAO ?>ABV9=89 =0BO3 4@>BC 2 :0=0;V ?>4020==O 

B0 28:;NG0єBPAO 9>3> 70:;8=N20==O. 

3. �65@5;> 682;5==O Tetrix 421 AC/DC (@8AC=>: 2.5) 70157?5GCє 

<>6;82VABP  GTAW 720@N20==O =5?;02:8< 2>;PD@0<>28< 5;5:B@>4>< =0 

?>ABV9=><C AB@C<V ?@O<>W B0 >15@=5=>W ?>;O@=>ABV B0 720@N20==O 7 

28:>@8AB0==O< B5?;0 ?;07<>2>W 4C38 (PAW-CW A?>AV1). "A=>2=V B5E=VG=V 

E0@0:B5@8AB8:8 720@N20;P=>3> 465@5;0 =02545=V 2 B01;8FV 2.2. 

 

 

$8AC=>:  2.5 - �20@N20;P=5 465@5;> 682;5==O Tetrix 421 AC/DC 4;O 

0@3>=>4C3>2>3> 720@N20==O/=0?;02;5==O, I> 1C;> <>48DV:>20=5 4;O 

28:>@8AB0==O 2 ?@>F5AV ?;07<>2>3> =0?;02;5==O 
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&01;8FO 2.2 - "A=>2=V B5E=VG=V E0@0:B5@8AB8:8 465@5;0 682;5==O 4;O 

0@3>=>4C3>2>3> 720@N20==O/=0?;02;5==O =5?;02:8< 5;5:B@>4><. 
!09<5=C20==O ?0@0<5B@0 �=0G5==O 

!0?@C30 <5@56V 682;5==O, � 
3 D078, 50�F 
400 (±15%) 

#>BC6=VABP, I> A?>6820єBPAO 7 <5@56V, :��, =5 1V;PH5 24 

%8;0 AB@C<C, I> A?>6820єBPAO 7 <5@56V, �, =5 1V;PH5 35 

�V0?07>=8 @53C;N20==O 720@N20;P=>3> AB@C<C, � 5-400 

!><V=0;P=0 A8;0 AB@C<C ?@8 #� 60%, � 400 

!><V=0;P=0 A8;0 AB@C<C ?@8 #� 100%, � 360 

!0?@C30 E>;>AB>3> E>4C, � 70 

$>1>G0 =0?@C30 465@5;0 682;5==O, � 0-53 

+0A =0@>AB0==O AB@C<C 2V4 ?>G0B:>2>3> 4> @>1>G>3> 7=0G5==O, A 0-7 

+0A A?040==O AB@C<C 2V4 @>1>G>3> 4> AB@C<C 7020@N20==O :@0B5@0, A 0-7 

+0A 4VW AB@C<8 7020@N20==O :@0B5@0, A 0-8 

�V0?07>=8 @53C;N20==O ?>G0B:>2>3> AB@C<C, % 2V4 @>1>G>3> AB@C<C 0-100 

�V0?07>=8 @53C;N20==O ABC<0 7020@N20==O :@0B5@0, % 2V4 @>1>G>3> AB@C<C 0-100 

+0A ?@>4C20==O 307>< ?5@54 720@N20==O<, A 0-3 

+0A ?@>4C20==O 307>< ?VA;O 720@N20==O<, A 0-99 

�V0?07>= @53C;N20==O G0AB>B8 <>4C;P>20=>3> AB@C<C, �F 0,25-2000 

+0AB>B0 @V7=>?>;O@=>3> AB@C<C, �F 40-250 

&@820;VABP 3>@V==O 4C38 ?@8 ?@O<V9 ?>;O@=>ABV, % 15-85 

 

4. �;O ?V4?0;C G5@3>2>W 4C38 28:>@8AB0=89 ?;07<>289 <>4C;P Fronius Plasma 

Module (@8AC=>: 2.6). �V= 70157?5GCє ?V4?0; G5@3>2>W 4C38 ?>ABV9=>3> AB@C<C =0 

?@O<V9 ?>;O@=>ABV 7 25;8G8=>N AB@C<C І = 20 �, 28B@0B8 ?;07<>CB2>@NNG>3> 307C 

?V4B@8<CєBPAO =0 @V2=V 0,6 ;/E2. "A=>2=V E0@0:B5@8AB8:8 ?;07<>2>3> <>4C;O FPM 

=02545=V 2 B01;8FV 2.3. 

 

$8AC=>: 2.6 - #;07<>289 <>4C;P Fronius Plasma Module (FPM) 
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&01;8FO 2.3 - "A=>2=V B5E=VG=V E0@0:B5@8AB8:8 ?;07<>2>3> <>4C;O. 
!0720 ?0@0<5B@C �=0G5==O 

!0?@C30 682;5==O，� 230 

1 D070 
#>BC6=VABP, I> A?>6820єBPAO 7 <5@56V, :�0 2,0 

%8;0 AB@C<C, I> A?>6820єBPAO 7 <5@56V, � 16 

�V0?07>= @53C;N20==O AB@C<C G5@3>2>W 4C38, � 5 – 50 

�V0?07>= @53C;N20==O 28B@0B ?;07<>CB2>@NNG>3> 307C, ;/E2 0,1 – 10,0 

�;0A 70E8ABC IP23 

 0A0, :3 21,0 

�010@8B=V @>7<V@8, << 345E450E375 
 

5. �;O =0?;02;5==O PAW-CW A?>A>1>< 28:>@8AB0=89 <5E0=V7< ?>4020==O 

«E>;>4=>3>» (=5 AB@C<>254CG>3>) ?@8A04=>3> 4@>BC WPC-600 (@8AC=>: 2.7). 

 

 

$8AC=>: 2.7 -  5E0=V7< ?>4020==O 720@N20;P=>3>/=0?;02;N20;P=>3> 4@>BC 4;O 

048B82=>3> PAW-CW =0?;02;5==O 

 

2.3 "1;04=0==O 4;O 283>B>2;5==O 048B82=> =0?;02;5=8E 7@07:V2 
A:;04=>W 35><5B@8G=>W D>@<8 7 :@5<=Vє2>W 1@>=78 B8?C CuSi3Mn1 GMAW 

A?>A>1><. 

�>A;V4=89 7@07>: 283>B>2;O;8 <5B>4>< GMAW =0?;02;5==O 7 

28:>@8AB0==O< B@8:>>@48=0B=>3> CNC-AB5=4C (@8AC=>: 2.8), O:89 1C2 

A?@>5:B>20=89 B0 ?>1C4>20=89 70 CG0ABV 02B>@0 =0 :0D54@8 720@N20;P=>3> 

28@>1=8FB20 !02G0;P=>-=0C:>2>3> V=AB8BCBC <0B5@V0;>7=02AB20 B0 720@N20==O 

V<5=V Є.". #0B>=0 �#І V<5=V І3>@O %V:>@AP:>3>.  
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$8AC=>: 2.8 - �030;P=89 283;O4 4>A;V4=>3> :><?;5:AC 4;O 048B82=>3> 4C3>2>3> 

=0?;02;5==O ?@>AB>@>28E 28@>1V2 A:;04=>W 35><5B@8G=>W D>@<8 

 

%C<VA=> 7V CNC AB5=4><, O:89 70157?5GCє ?@>3@0<=5 ?5@5<VI5==O ?0;P=8:0 

70 7040=>N B@0є:B>@VєN, 4;O ?>H0@>2>3> =0?;02;5==O 70AB>A>2C20;8 720@N20;P=5 

465@5;> Fronius VarioSynergic 4700 7 1;>:>< ?>40GV 720@N20;P=>3> 4@>BC Fronius 

VR 3300, I> ?@0FNNBP C ?0@V (@8AC=>: 2.9). )0@0:B5@8AB8:8 720@N20;P=>3> 

465@5;0 682;5==O 5;5:B@8G=8< AB@C<>< =02545=V 2 B01;8FV 2.3. 

 

$8AC=>: 2.9 - �20@N20;P=5 465@5;> Fronius VarioSynergic 4700 7 1;>:>< ?>40GV 

4@>BC Fronius VR 3300 
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&01;8FO 2.3 - )0@0:B5@8AB8:8 720@N20;P=>3> 465@5;0 682;5==O 

5;5:B@8G=8< AB@C<>< Fronius VarioSynergic 4700 

!09<5=C20==O ?0@0<5B@0 �=0G5==O 

!0?@C30 <5@56V 682;5==O, � 
3 D078, 50�F 
400 (±15%) 

#>BC6=VABP, I> A?>6820єBPAO 7 <5@56V, :��, =5 1V;PH5 7,6 

%8;0 AB@C<C, I> A?>6820єBPAO 7 <5@56V, �, =5 1V;PH5 35 

�V0?07>=8 @53C;N20==O 720@N20;P=>3> AB@C<C, � 30-400 

!><V=0;P=0 A8;0 AB@C<C ?@8 #� 40%, � 400 

!><V=0;P=0 A8;0 AB@C<C ?@8 #� 100%, � 280 

!0?@C30 E>;>AB>3> E>4C, � 51 

$>1>G0 =0?@C30 465@5;0 682;5==O, � 15,5-34 

,284:VABP ?>40GV 4@>BC, </E2 0,1-18 

�V0<5B@ ?@8A04=>3> 4@>BC, << 0,8-1,6 

 0A8<0;P=89 B8A: 70E8A=>3> 307C, 0B< 7 

 

2.4 "1;04=0==O 4;O 048B82=>3> =0?;02;5==O 7@07:V2 B8?C ABV=:0 2 
:>=B@>;ь>20=><C 307>2><C A5@54>28IV PAW-CW A?>A>1>< 

�@0E>2CNG8 >A>1;82>ABV =0?;02;5==O A?;02V2 =0 >A=>2V =V:5;N [77], 4;O 

4>A;V465=P 7 5:A?5@8<5=B0;P=>3> 048B82=>3> =0?;02;5==O 7@07:V2 ?@8?>є< SBM-

4 C 283;O4V ?@CB:V2 1C;0 70AB>A>20=0 CAB0=>2:0 ��'-�#І (@8AC=>: 2.10) C :0<5@V 

O:>W @>7<VIC20;>AO >1;04=0==O 4;O ?>H0@>2>3> =0?;02;5==O. 

 

 

$8AC=>: 2.10 - �0:CC<=0 :0<5@0 CAB0=>2:8 «��'-�#І» 
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' A5@548=V 20:CC<=>W :0<5@8 1C2 7<>=B>20=89 B@8:>>@48=0B=89 CNC-AB5=4 

(@8AC=>: 2.7) 4;O 70157?5G5==O ?5@5<VI5==O @>1>G>3> >@30=C – ?;07<>2>3> 

?0;P=8:0. 

� O:>ABV 720@N20;P=>3> 465@5;0 5;5:B@8G=>3> AB@C<C 28:>@8AB0=5 465@5;> 

682;5==O Tetrix 421 AC/DC (@8AC=>: 2.5). � O:>ABV 465@5;0 =03@V2C 70AB>A>2C20;8 

?;07<>B@>= ?@O<>W 4VW >@83V=0;P=>W :>=AB@C:FVW, O:89 @>7@>1;5=89 &"� !�* 

«#����$» (@8AC=>: 2.11). 

�;O ?>4020==O ?@8A04=>3> ?@CB:0 C 7>=C =0?;02;5==O 28:>@8AB>2C202AO 

<>45@=V7>20=89 <5E0=V7< ?>40GV :><?0:B=>3> 4@>BC 5KGSSJ-C ?>BC6=VABN 30 �B. 

 >45@=V70FVO ?>;O30;0 C 283>B>2;5==V @>;8:V2 7 =0AVG:0<8 B0 2AB0=>2;5==V 

A?5FV0;P=>3> A?@O<>2CNG>3> :0=0;C 4;O =04V9=>3> ?>4020==O ?@8A04=>3> ?@CB:0 

:204@0B=>3> ?5@5B8=C 4> 7>=8 4VW 465@5;0 B5?;0 ?@8 =0?;02;5==V. 

 

 

$8AC=>: 2.11 - #;07<>B@>= ?@O<>W 4VW, 28@>1=8: &"� !�* «#����$» 

 

2.5  0B5@V0;8, I> 28:>@8AB>2C20;8Aь C 4>A;V465==OE 
�>A;V465==O 7 048B82=>3> =0?;02;5==O :><?0:B=>3> ?@8A04=>3> <0B5@V0;C 

<5B>40<8 GMAW-CMT/Pulse ?@>2>48;8 =0 ?;0AB8=0E 7V AB0;V E235-C (%B3A?) 

B>2I8=>N · = 10 <<. #>H0@>25 =0?;02;5==O 28:>=C20;8 5;5:B@>4=8< 4@>B>< 

ACFV;P=>3> ?5@5@V7C <0@:8 G3Si1 (%2-09�2%). �;O 287=0G5==O 2?;82C A:;04C 

307>2>3> 70E8A=>3> A5@54>28I0 =0 35><5B@8G=V E0@0:B5@8AB8:8 =0?;02;5=8E H0@V2 

B0 D>@<C20==O AB@C:BC@8 =0?;02;5=>3> <5B0;C ?@8 048B82=><C =0?;02;5==V 
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=87P:>2C3;5F528E AB0;59 70AB>A>20=V 307>2V AC<VHV  21 B0  11 O: =091V;PH 

@>7?>2AN465=V B0 @5:><5=4>20=V 4;O 720@N20==O B0:>3> <0B5@V0;C (B01;8FO 2.5).  

&0:>6 1C;8 283>B>2;5=V 7@07:8 ?;07<>2>-4C3>28< =0?;02;5==O< 4@>BC 

ACFV;P=>3> ?5@5@V7C. �0AB>A>2C20;8 <5B>4 PAW-CW (Cold Wire), =0?;02;5==O 4;O 

283>B>2;5==O 7@07:V2 7 =87P:>2C3;5F52>W AB0;V. �@07:8 =0?;02;O;8 =0 ?V4:;04:8 C 

283;O4V ?;0AB8= 7V AB0;V E 235-C (%B3A?) B>2I8=>N · = 10 <<. ' O:>ABV ?@8A04=>3> 

<0B5@V0;C 28:>@8AB>2C20;8 4@VB B8?C G3Si1 (%2-09�2%).  

�@0E>2CNG8 >A>1;82>ABV ?;07<>2>3> ?0;P=8:0, 0 A0<5 <>6;82VABP >:@5<>3> 

?>4020==O ?;07<>CB2>@NNG>3> B0 70E8A=>3> 307V2, ?@8 4>A;V465==OE 2 O:>ABV 

?;07<>CB2>@NNG>3> 307C 70AB>A>2C20;8 0@3>= (Ar 100%), 0 2 O:>ABV 70E8A=>3> 307C 

– AC<VH  11.  

�>A;V465==O 7 =0?;02;5==O AB0;59 0CAB5=VB=>3> :;0AC, A?;02V2 =0 >A=>2V 

0;N<V=VN B0 <V4V 28:>=C20;8 7 283>B>2;5==O< 42>E 7@07:V2 B8?C «ABV=:0» 4;O 

:>6=>W <0@:8 A?;02C GMAW-CMT/Pulse ?@>F5A0<8.  

#@8 =0?;02;5==V 0;N<V=Vє2>3> A?;02C 28:>@8AB0=89 ?@8A04=89 4@VB ER 5356 

(AlMg5), C O:>ABV >A=>28 1@0;8 ?;0AB8=8 7V A?;02C ER 1560 B>2I8=>N · = 10 <<. 

�0E8A=89 307 – G8AB89  0@3>= (Ar 100%).  

�;O D>@<C20==O 7@07:V2 7 =5@602VNG>W 0CAB5=VB=>W AB0;V 70AB>A>2C20;8 

?@8A04=89 4@VB <0@:8 E308L (Cr19Ni9), =0?;02;5==O 2V41C20;>AP =0 ?;0AB8=C 

<0@:8 �304 (08)18!10) B>2I8=>N · = 6 <<. �0E8A=89 307 AC<VH  11.  

#@8 =0?;02;5==V A?;02V2 =0 >A=>2V <V4V 70AB>A>2C20;8 ?@8A04=89 4@VB <0@:8 

ER CuSi-A (CuSi3Mn1), =0?;02;5==O 2V41C20;>AP =0 ?;0AB8=8 7 =5@602VNG>W AB0;V 

E304 B>2I8=>N · = 6 <<. ' O:>ABV 70E8A=>3> 307C 70AB>A>2C20;8 G8AB89 0@3>= (Ar 

100%). )V<VG=89 A:;04 28:>@8AB0=8E 720@N20;P=8E <0B5@V0;V2 =02545=89 2 B01;8FV 

2.4. 

�;O 70E8ABC 7>=8 =0?;02;5==O 2 CAVE 4>A;V40E 7 PAW-CW B0 GMAW-

CMT/Pulse A?>A>10<8 =0?;02;5==O, 28:>@8AB>2C20;8 70E8A=V 307>2V AC<VHV  21, 

 11 B0 G8AB89 0@3>= (Ar 100%) 70 ISO 14175-2014. )V<VG=89 A:;04 70E8A=8E 

307>28E AC<VH59 =02545=89 C B01;8FV 2.5. 
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&01;8FO 2.4 - )V<VG=89 A:;04 ?@8A04=8E :><?0:B=8E <0B5@V0;V2 4;O 

=0?;02;5==O  

 0B5@V0; 
)V<VG=89 A:;04, G0AB:0 % 

C Si N S P Cr Ni Cu Mn Fe Ti 

ER70S-6 

(G3Si1) 
0.85 0.95 0.01 0.025 0.03 0.2 0.25 - - @5HB0 - 

E308L 

(Cr19Ni9) 
0.08 0.8 - 0.02 0.035 18.5 9.0 0.3 2.0 @5HB0 0.5 

 0B5@V0; 
)V<VG=89 A:;04, G0AB:0 % 

C Si S P Ni Zn Cu Al Mn Mg Fe Ti 

ER 5356 

(AlMg5) 
- 0.5 - - - - 0.1 92 0.8 5.0 0.5 0.1 

ER CuSi-A 

(CuSi3Mn1) 
- 3.0 - - 0.2 0.5 96.3 - 1.5 - 0.3 - 

 

&01;8FO 2.5 - )V<VG=89 A:;04 70E8A=8E 720@N20;P=8E 307V2 B0 AC<VH59 70 

�%&' EN ISO 14175:2014 [90] 

�@C?0 307>2>W 
AC<VHV 

!><V=0;ь=V 7=0G5==O 4>;V EV<VG=>3> A:;04C, % +8AB>B0 307C 
(A>@B) �@3>= (Ar) �C3;5:8A;89 307 (CO2) 

 11 98 2 99,9% 

 21 82 18 99,9% 

I1 100 – �8I89 A>@B (99,993%) 

 

 М4F9DV4?< 8?O A4C?46?9AAO EC?46V6 A4 BEAB6V AV>9?N F4 F9IAB?B7VKAV 

D9>B@9A84JVW CB 6<7BFB6?9AAN CDGFAV6 ; @4?BC?4EF<KA<I @@9F4?V6 F4 EC?46V6. 

� O:>ABV ?@8A04=>3> <0B5@V0;C >1@0=89 ACG0A=89 ?@8?V9, I> AB2>@5=89 =0 

>A=>2V ?5@A?5:B82=>3> A?;02C % 93-�І ?@87=0G5=>3> 4;O 28@>1=8FB20 

A:;04=>?@>DV;P=8E 45B0;59 30@OG>3> B@0:BC AC4=>28E 307>28E BC@1V= =>2>3> 

?>:>;V==O, 0 A0<5 SBM-4 [77]. �0=89 A?;02 E0@0:B5@87CєBPAO 28A>:>N 

60@>ABV9:VABN. )V<VG=89 A:;04 A?;02C SBM-4 =02545=89 C B01;8FV 2.6.  

�>A;V465==O 7 <>6;82>ABV ?>H0@>2>3> ?;07<>2>3> =0?;02;5==O 60@><VF=>3> 

=V:5;52>3> A?;02C SBM-4 28:>=C20;8AP =0 ?;0AB8=V 7 60@><VF=>3> A?;02C +%88'�І, 

@>7<V@0<8 150E50E10 <<. 
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&01;8FO 2.6 - )V<VG=89 A:;04 60@><VF=>3> =V:5;52>3> A?;02C SBM-4 [77] 

 0B5@V0; 
)V<VG=89 A:;04, G0AB:0 % 

C Co Al Ta Re Cr W Mo Ti Hf Zr Nb Ni B 

SBM-4 0,10 7,5 5,0 6,0 4,5 14,5 3,0 2,0 6,2 0,3 0,7 0,5 @5HB0 1,2 

 

+5@57 B5E=>;>3VG=V >1<565==O ?@8 283>B>2;5==V 2V4;82:V2 7V A?;02C SBM-4, 0 

A0<5 9>3> =5 704>2V;P=C ?;0AB8G=VABP B0 =5>1EV4=VABP 70AB>AC20==O V=5@B=>W 

0B<>AD5@8 4;O 70?>1V30==O =0A8G5==O @V4:>3> @>7?;02C :8A=5< B0 07>B><, =0 40=89 

G0A =5<>6;82> 283>B>28B8 :><?0:B=89 ?@8A04=89 4@VB ACFV;P=>3> ?5@5B8=C 7 

=5>1EV4=8< 4V0<5B@>< 4>AB0B=P>W 4>268=8 [77]. &><C 1C;> ?@89=OB5 @VH5==O ?@> 

283>B>2;5==O HBCG=8E ?@CB:V2 7 SBM-4 DV:A>20=>W 4>268=8 :204@0B=>3> ?@>DV;N 

=0 ?>BC6=>ABOE �# «!0C:>2>-28@>1=8G89 :><?;5:A 307>BC@1>1C4C20==O «�>@O»-

« 0H?@>5:B». 

�8?;02:0 703>B>2:8 7 SBM-4  ?@>2>48;0AP C 28A>:>20:CC<=><C :><?;5:AV 

��'-1� V7 70AB>AC20==O< V=4C:FV9=>3> <>4C;O VIM-125 B0 20:CC<=>W ?5GV 

«Schmett» 4;O ?>40;PH>W B5@<>>1@>1:8 (0CAB5=V70FVW). � 28?;02;5=>W 703>B>2:8 

?@8?>N 4V0<5B@>< Ø = 100 << B0 4>268=>N 250 <<, 28:>@8AB>2CNG8 

5;5:B@>5@>7V9=C <0H8=C (B5E=>;>3VO Wire EDM) CHMER % 434%, 1C;8 

283>B>2;5=V ?>;>A8-703>B>2:8 B>2I8=>N · = 2 <<. #>BV< =0 <0H8=V 4;O 

3V4@>01@0782=>3> @V70==O MAXIEM 1530, 703>B>2:8 1C;8 =0@V70=V =0 ?@CB:8 

:204@0B=>3> ?5@5B8=C @>7<V@0<8 2×2×250 << (@8AC=>: 2.12) 

 

 

$8AC=>: 2.12 - #@8A04=V ?@CB:8 7 ?@8?>N SBM-4 



69 

 

2.6  5B>48:0 048B82=>3> ?>H0@>2>3> =0?;02;5==O 7@07:V2 GMAW-

CMT/Pulse <5B>40<8 

'AV 7@07:8 (GMAW, PAW A?>A>18 =0?;02;5==O) 283>B>2;O;8 4>268=>N 110 

<<, :V;P:VABP =0?;02;5=8E H0@V2 =0 7@07>: 4>@V2=N20;0 n = 50. �;O 045:20B=>3> 

7VAB02;5==O D0:B8G=8E @57C;PB0BV2 B0 287=0G5==O >A=>2=8E 70;56=>AB59 

35><5B@8G=8E D>@< 7@07:V2, ?@>F5A =0?;02;5==O :>6=>3> 7@07:0 2V41C202AO ?@8 

DV:A>20=8E ?0@0<5B@0E H284:>ABV =0?;02;5==O :>6=>3> H0@C V72 = 600 <</E2 B0 

H284:>ABV ?>40GV 5;5:B@>4=>3> 4@>BC V?4 = 3.5 </E2. �8B@0B0 70E8A=>3> 307C 2 >1>E 

28?04:0E 15 ;/E2. �8;VB 5;5:B@>4=>3> 4@>BC 4;O GMAW-CMT/Pulse A?>A>1V2 

28AB02;5=89 =0 @V2=V 12 <<. $568<8 ?>H0@>2>3> =0?;02;5==O ?V418@0;8AP 7 

C@0EC20==O< =57<V==8E (AB0;8E) ?0@0<5B@V2 @568<C B0 4>AO3=5==O <0:A8<0;P=>W 

28A>B8 >:@5<8E 20;8:V2 7 <V=V<0;P=8< ?@>?;02;5==O< ?>?5@54=P>3> H0@C. 

 5B>48:0 CA5@54=5==O 7=0G5=P ?0@0<5B@V2 @568<C 4;O GMAW-CMT/Pulse <5B>4V2 

B0 287=0G5==O ��� >?8A0=V 2 ;VB5@0BC@V [91-92]. 

�@0E>2CNG8 ?>ABC?>25 7=865==O B5?;>2V42>4C 2 >A=>2C B0 0:C<C;OFVN B5?;0 

C ?>?5@54=VE H0@0E ?@8 ?>G5@3>2><C =0@>IC20==V H0@V2, >1@0=0 AB@0B53VO 

>E>;>465==O 4> 120> % ?VA;O :>6=>3> H0@C [93]. *5 4>72>;Oє 28:;NG8B8 2?;82 

=04;8H:>2>3> B5?;0 =0 ?@>F5A :@8AB0;V70FVW B0 D>@<>CB2>@5==O :>6=>3> 

=0ABC?=>3> H0@C, C157?5G8B8 265 =0?;02;5=V H0@8 <5B0;C 2V4 =04;8H:>2>3> 

?5@53@V2C, I> ?V4B25@46CєBPAO @57C;PB0B0<8 ?>?5@54=VE @>1VB [71, 93]. 

 

2.7  5B>48:0 ?>H0@>2>3> =0?;02;5==O 7@07:V2 7 ?@8?>N  SBM-4  PAW-

CW <5B>4><  
!0?;02;5==O 74V9A=N20;8 =0 ?;0AB8=8 7 60@><VF=8E A?;02V2 +%88'�І, 

% 93-�І @>7<V@0<8 150E50E10 <<.  

#5@54 =0?;02;5==O< ?@>2>48;8 ?@><82:C 20:CC<=>W :0<5@8 0@3>=>< 7V 

AB2>@5==O< ?@><V6=>3> 20:CC<C D>@20:CC<=8< =0A>A>< 7 <5B>N 2840;5==O 

04A>@1>20=8E 307V2 B0 2>;>38 7 ?>25@E>=P ABV=>: 20:CC<=>W :0<5@8 B0 

:>=AB@C:B82=8E 5;5<5=BV2 >1;04=0==O. !0?;02;5==O 74V9A=N20;8 ?@8 
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?V428I5=><C 4> 1,1&1,2×105 #0 B8A:C V=5@B=>W 0B<>AD5@8 (Ar 100%) C @>1>GV9 

:0<5@V 704;O C=5<>6;82;5==O =0BV:0==O V=H8E 307V2 7 =02:>;8H=P>3> A5@54>28I0. 

� O:>ABV ?@8A04=>3> <0B5@V0;C 70AB>A>2C20;8 ?@CB:8 ?@8?>N SBM-4 

:204@0B=>3> ?5@5B8=C @>7<V@0<8 2,0×2,0×250 <<. #@CB>: ?>40202AO 

<>45@=V7>20=8< <5E0=V7<>< ?>40GV ?@8A04=>3> 4@>BC 7 <>6;82VABN @53C;N20==O 

H284:>ABV.  

#@8 4>A;V465==OE :CB =0E8;C ?@CB:0 2V4=>A=> ?;>I8=8 =0?;02;5==O A:;0402 

³ = 75°. &>@F520 G0AB8=0 ?@CB:0 7=0E>48;0AP 2 :>=B0:BV 7 ?V4;>6:>N 01> 

?>?5@54=P> =0?;02;5=8< H0@>< 28@>1C. �V4AB0=P 2V4 7@V7C A?@O<>2CNG>3> 

<C=4HBC:0 <5E0=V7<C ?>4020==O 4> B>@FO 5;5:B@>4C-?@CB:0 7<V=N20;8 2V4 25 4> 

50 <<. #@8A04=89 ?@CB>: =5 1C2 2:;NG5=89 4> 5;5:B@8G=>3> ;0=FN30 682;5==O 

?;07<>B@>=C. 

�5><5B@8G=> ?@CB>: @>7B0H>2C20;8 B0:8< G8=><, I>1 2V= ?>40202AO 4> 

;>1>2>W G0AB8=8 20==8 =0?;02;5==O, 9>3> B>@F520 G0AB8=0 7=0E>48;0AP C :>=B0:BV 

7 ?V4;>6:>N 01> 4V;O=:>N ?>?5@54=P> =0?;02;5=>3> H0@C, =0 O:V9 4Vє 0:B82=0 

?;O<0 ?;07<>2>W 4C38. *5 4>72>;Oє 7<5=H8B8 B5?;>289 2?;82 ?;07<>2>W 4C38 =0 

>A=>2=89 01> ?>?5@54=P> =0?;02;5=89 <5B0; B0 V=B5=A8DV:C20B8 ?;02;5==O A0<5 

?@8A04=>3> ?@CB:0. &0:89 @568< =0?;02;5==O @>18BP ?@>F5A 45I> AE>68< =0 

?@>F5A 5;5:B@>4C3>2>3> ?0O==O. 

 

2.8 �87=0G5==O 35><5B@8G=8E E0@0:B5@8AB8: =0?;02;5=8E 7@07:V2 
�=0;V7 7<V=8 35><5B@8G=8E E0@0:B5@8AB8: =0?;02;5=8E 7@07:V2 70;56=> 2V4 

70AB>A>20=>3> <5B>4C =0?;02;5==O (GMAW-CMT 01> GMAW-Pulse) 7 V=H8<8 

3@C?0<8 <0B5@V0;V2 B0 C ?>є4=0==V 7 @V7=8<8 70E8A=8<8 A5@54>28I0<8 4>72>;Oє 

>FV=8B8 @V2=><V@=VABP D>@<C20==O ?>25@E=V. *V 40=V є 4>A8BP 206;828<8, 0465 

2>=8 ?>2’O70=V 7 :V;P:VABN <0B5@V0;C, O:89 28B@0G0єBPAO ?@8 G8AB>2V9 >1@>1FV 

735=5@>20=>W 703>B>2:8 28@>1C, >A:V;P:8 ?@8 048B82=><C 283>B>2;5==V AB2>@NєBPAO 

D>@<0 ?@0:B8G=> 3>B>2>W 45B0;V G8 28@>1C 7 ?@8?CA:>< =0 G8AB>2C >1@>1:C. �0 

<5B>48:C >FV=N20==O 35><5B@8G=8E E0@0:B5@8AB8: >1@0=89 70?@>?>=>20=89 C 

4>A;V465==V [57] ?V4EV4 7 28:>@8AB0==O< ?0@0<5B@V2 5D5:B82=>W 28A>B8 B0 
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5D5:B82=>W H8@8=8 =0?;02;5=>3> H0@C (@8AC=>: 2.13). �;O >FV=:8 O:>ABV CB2>@5=>W 

?>25@E=V 70AB>A>2C20;8 70?@>?>=>20=89 ?>:07=8: =5@V2=><V@=>ABV ?>25@E=V ABV=:8 

7 >1>E 1>:V2 2V4 F5=B@0;P=>W >AV. +8< <5=H89 ?>:07=8: I =5@V2=><V@=>ABV, B8< 28I0 

5D5:B82=VABP 28:>@8AB0==O <0B5@V0;C. �465 ?@8 G8AB>2V9 >1@>1FV C 2V4E>48 945 

?@8?CA: =0 >1@>1:C B0 <0B5@V0;, I> O2;Oє A>1>N ;CA:0BC ?>25@E=N =0?;02;5=>3> 

28@>1C. 

 

$8AC=>: 2.13 - �87=0G5==O ?0@0<5B@V2 5D5:B82=>W 28A>B8, 5D5:B82=>W B>2I8=8 

B0 <0:A8<0;P=>3> 2V4E8;5==O ?@>DV;N 

 

�5><5B@8G=V @>7<V@8 =0?;02;5=8E H0@V2 287=0G0NBPAO V=AB@C<5=B0;P=8< 

<5B>4>< O: A5@54=є 0@8D<5B8G=5 7 10 28<V@N20=P ?@8 4>268=V 1078 2 50 <<. 

#>@V2=N20;8 35><5B@8G=V @>7<V@8 =0?;02;5=8E H0@V2 (28A>B0 B0 H8@8=0 >:@5<8E 

20;8:V2) B0 7030;P=C 28A>BC =0?;02;5=>W ABV=:8. �=0;V7CNG8 1>:>2C ?>25@E=N 

=0?;02;5=8E 7@07:V2, B0:>6 287=0G0;8 2V4E8;5==O H8@8=8 >:@5<8E =0?;02;5=8E 

20;8:V2 2V4 A5@54=P>W B>2I8=8 ABV=:8 AD>@<>20=>3> 28@>1C.  

 

2.9 �87=0G5==O B5@<VG=8E F8:;V2 ?@8 048B82=><C GMAW =0?;02;5==V 
4;O 25@8DV:0FVW A:V=G5==>-5;5<5=B=>3> <>45;N20==O ?> 287=0G5==N 
@>7?>4V;C B5<?5@0BC@ B0 :><?>=5=B !�% 

�>A;V465==O B0 287=0G5==O B5@<VG=8E F8:;V2 ?@8 ?>H0@>2><C =0?;02;5==V 

?@>2>48;>AP H;OE>< DV:A0FVW B0 70?8AC B5<?5@0BC@ 2?@>4>26 CAP>3> G0AC 

283>B>2;5==O 4>A;V4=>3> 7@07:0 2V4?>2V4=> 4> AE5<8 =0 @8AC=:C 2.14.  



72 

 

�;O DV:A0FVW B5<?5@0BC@ 28:>@8AB0=V 3 B5@<>?0@8 K-B8?C 7 4V0?07>=>< 

28<V@N20==O 0&1000 °%, 4V0<5B@ B>G:8 A?0N d = 1,2 <<.  #>:070==O @V7=8FV 

?>B5=FV0;V2 E@><5;P-0;N<5;52>3> A?0N ?>ABC?0NBP =0 F8D@>289 ?V4A8;N20G 

MAX6675, 72V4:8 C F8D@>2><C 284V 40=V ?5@540NBPAO =0 <V:@>-:>=B@>;;5@ Arduino 

UNO R3. �0 4>?><>3>N A?5FV0;V7>20=>3> ?@>3@0<=>3> 70157?5G5==O F8D@>2V 

?>:070==O :>=25@BCNBPAO C ?>:070==O B5<?5@0BC@8 2 3@04CA0E *5;PAVO «°%» B0 

282>4OBPAO 7 <V:@>-:>=B@>;;5@0 =0 5:@0= ?5@A>=0;P=>3> :><?’NB5@0, 45 

715@V30NBPAO C 107V 40=8E. �@>: B5<?5@0BC@=>3> @>7H8@5==O F8D@>2>3> 

?V4A8;N20G0 – 0,25 °%. +0AB>B0 282>4C 7=0G5=P B5<?5@0BC@ 7 3-E B5@<>?0@ A:;040;0 

5 �F.  

 

$8AC=>: 2.14. - #@8=F8?>20 AE5<0 7=OBBO ?>:070=P B5<?5@0BC@8 2 ?@>F5AV 

=0?;02;5==O 

 

#;0B8 <V:@>-:>=B@>;;5@0 B0 F8D@>28E ?5@5B2>@N20GV2 =0 G0A 4>A;V4C 1C;8 

5:@0=>20=V <5B0;528< :>=B59=5@>< 4;O C=8:=5==O 2?;82C 5;5:B@><03=VB=8E 

?5@5H:>4 2V4 720@N20;P=>W 4C38 B0 ;V=V9 :5@C20==O :@>:>28<8 4283C=0<8 CNC 

AB5=4C (@8AC=>: 2.16). 

 �@0E>2CNG8, I> 7=OBBO ?>:070=P B5<?5@0BC@8 7V AB>@>=8 =0?;02;5==O H0@V2 

CA:;04=5=5 G5@57 =5157?5:C ?@>1>N 720@N20;P=>W 4C38 =0 282V4 B5@<>?0@8 ?>1;87C 

B@0є:B>@VW =0?;02;5==O, >1@82C G8 :>@>B:5 70<8:0==O 282>4V2 2=0A;V4>: 

?>B@0?;O==O 1@87>:, 1C;> ?@89=OB5 @VH5==O @>7<VI5==O B>G>: 7=OBBO 

B5<?5@0BC@=8E ?>:070=P 7V 72>@>B=>3> 1>:C >A=>28. &>G:8 7=OBBO B5<?5@0BC@=8E 
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?>:070=P @>7B0H>20=V ?> B@0є:B>@VW @CEC 720@N20;P=>3> ?0;P=8:0 C B@P>E <VAFOE. 

%E5<8 @>7<VI5==O B5@<>?0@ =02545=V =0 @8AC=:C 2.15.  

�>A;V4=89 7@07>: 283>B>2;O;8 <5B>4>< GMAW =0?;02;5==O. �;O 

=0?;02;5==O =0 >A=>2C – ?;0AB8=C 702B>2H:8 · = 6 << C 283;O4V @V2=>1VG=>3> 

B@8:CB=8:0 7 4>268=>N :>6=>3> 1>:C 110 << 7 0CAB5=VB=>W =5@602VNG>W AB0;V E304,  

28:>@8AB0=89 4@VB CuSi3Mn1 4V0<5B@>< de = 1,2 <<. 

 

 
 

4 5 

$8AC=>: 2.15 - %E5<0 =0?;02;5==O: 4 – @>7B0HC20==O B5@<>?0@ V B@0є:B>@VW @CEC 

?0;P=8:0; 5 – ?>?5@5G=89 ?5@5@V7 <VAFO 2AB0=>2;5==O B5@<>?0@8 

 

"A=>20 6>@AB:> 70:@V?;5=0 :>@>B:8<8 H20<8 7024>26:8 20 << =0 

?@O<>:CB=V9 ?V4:;04FV @>7<V@0<8 114×114×10 <<, O:0 283>B>2;5=0  7 

=87P:>2C3;5F52>W AB0;V <0@:8 %B3A?. �030;P=89 283;O4 7V1@0=>3> 7@07:0 =02545=89 

=0 @8AC=:C 2.16. �030;P=5 D>B> AB5=4C 4;O 5:A?5@8<5=B0;P=>3> =0?;02;5==O 

=02545=5 =0 @8A. 2.17. 
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$8AC=>: 2.16 - (>B> 7V1@0=>3> 7@07:0 ?5@54 5:A?5@8<5=B>< 7V 7=OBBO B5@<VG=>3> 

F8:;C ?>H0@>2>3> 048B82=>3> =0?;02;5==O 

 

 

$8AC=>: 2.17 - �030;P=89 283;O4 ;01>@0B>@=>3> AB5=4C  

 

�5@8DV:0FVO A:V=G5==>-5;5<5=B=>W <>45;V 28:>=0=0 H;OE>< ?>@V2=O==O 

B5@<VG=8E F8:;V2, I> 1C;8 >B@8<0=V 70 @57C;PB0B0<8 5:A?5@8<5=B0;P=8E B0 

@>7@0EC=:>28E 4>A;V465=P. �1V6=VABP >B@8<0=8E 40=8E A:;040;0 2V4 10 4> 15 %. 
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2.10 �>A;V465==O AB@C:BC@8 V 287=0G5==O DV78:>-<5E0=VG=8E 

2;0AB82>AB59 =0?;02;5=>3> <5B0;C 
#VA;O =0?;02;5==O 7V AD>@<>20=8E ABV=>: <5E0=VG=8< H;OE><, =0 AB@VG:>2V9 

?8;FV V7 70AB>AC20==O< 7<0IC20;P=>->E>;>46CNG>W @V48=8 4;O C=8:=5==O 

?5@53@V2C B0 A?>B2>@5==O AB@C:BC@8 <5B0;C, 28@V70;8 7@07:8 4;O 4>A;V465=P <V:@>- 

B0 <0:@>AB@C:BC@8. 

�@07:8 4;O 4>A;V465=P 1C;8 ?V43>B>20=V =0 28A>:>H284:VA=8E ?>;V@C20;P=8E 

:@C30E 7 28:>@8AB0==O< 0;<07=8E ?0AB @V7=>W 48A?5@A=>ABV. #>;V@C20==O 7@07:V2 

?@>2>48;8 4> 14 :;0AC G8AB>B8 ?>25@E=V ?> �%&' EN ISO 1302:2018 [94].  

�8O2;5==O AB@C:BC@8 <5B0;C 7@07:V2 7 =87P:>2C3;5F52>W AB0;V (G3Si1) 

?@>2>48;>AP H;OE>< EV<VG=>3> B@02;5==O 2 4% A?8@B>2><C @>7G8=V 07>B=>W 

:8A;>B8 (HNO3).  

�;O 28O2;5==O AB@C:BC@8 <5B0;C 7@07:V2 7 :@5<=Vє2>W 1@>=78 (CuSi3Mn1) 

28:>=C20;>AP EV<VG=5 B@02;5==O 2 30@OG><C @>7G8=V 07>B=>W (HNO3–10%), 

>@B>D>AD>@=>W (H3PO4–30%) B0 >FB>2>W (C2H4O2–60%) :8A;>B.  

�>A;V465==O AB@C:BC@8 =0?;02;5=8E 7@07:V2 28:>=C20;>AP <5B>4>< A2VB;>2>W 

<V:@>A:>?VW =0 <5B0;>3@0DVG=><C <V:@>A:>?V «Neophot-21» B0 «Neophot-32» 

(@8AC=>: 2.18, 0) 7 @V7=8< 71V;PH5==O<.  5B0;>3@0DVG=V 4>A;V465==O B0 0=0;V7 

=5<5B0;528E 2:;NG5=P 2 <5B0;V 74V9A=NNBPAO 70 AB0=40@B87>20=8<8 <5B>48:0<8 7 

28:>@8AB0==O< ?>@V2=O;P=8E H:0; 73V4=> �%&' ISO 4967:2017 ( 5B0;>3@0DVG=V 

<5B>48 287=0G5==O =5<5B0;528E 2:;NG5=P) [95]. �87=0G5==O @>7<V@V2 75@5= (D7) 

?@>2>48BPAO H;OE>< ?>@V2=O==O 7V H:0;0<8 2V4?>2V4=> 4> 28<>3 �%&' 8972:2019 

( 5B>4 28O2;5==O V 287=0G5==O 25;8G8=8 75@=0) [96].  

&25@4VABP D07>28E A:;04>28E 28<V@NNBPAO <5B>4>< �V::5@A0 (HV) 70 

4>?><>3>N B25@4><V@C  -400 «LECO» (@8AC=>: 2.18, 5), ?@8 =020=B065==V 1! (100 

3), G0A ?@8:;045==O =020=B065==O 10 A B0 # &-3. 
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0) 1) 

$8AC=>: 2.18 - "?B8G=89 <V:@>A:>? Neophot-32 (0) V <V:@>B25@4><V@  -400 

«LECO» (1)   

 

*8D@>2V 7>1@065==O AB@C:BC@ 720@=8E 7’є4=0=P >45@60=V 70 4>?><>3>N 

D>B>:0<5@8 «Olumpys C-500». (0:B8G=0 B5<?5@0BC@0 C ?@>F5AV 4>A;V465=P 

287=0G0;0AP 70 4>?><>3>N ?V@><5B@0 Benetech GM550 B0 E@><5;P-0;N<5;528E 

B5@<>?0@ B8?C � (0&1000 °%). 

� <5B>N 287=0G5==O EV<VG=>3> A:;04C =0?;02;5=>3> <5B0;C 7@07:V2 7 

=87P:>2C3;5F528E AB0;59 B0 :@5<=Vє2>W 1@>=78 28:>@8AB0=89 AB0FV>=0@=89 

?@5F87V9=89 5:A?@5A-0=0;V70B>@ І!�  – "EXPERT 3L" (@8AC=>: 2.19) B0 @0AB@>289 

5;5:B@>==89 <V:@>A:>?-<V:@>0=0;V70B>@ $�  � 102-02. 

�;O <V:@>48D@0:FV9=>W 5;5:B@>==>W ?@>A2VGCNG>W <V:@>A:>?VW =0?;02;5=>3> 

<5B0;C 7 =V:5;>2>3> A?;02C (?@8?>N) SBM-4 70AB>A>2C20;8 ?@8;04 J� -200 %), 

D8@<O JEOL, /?>=8O. �@07:8 4;O 4>A;V465=P 283>B>2;O;8 V>==8< B@02;5==O< =0 

>1;04=0==V І�� V<5=V Є.". #0B>=0 !�! ':@0W=8. 

�;O 28O2;5==O :@8B8G=8E ?>25@E=528E 45D5:BV2 C =0?;02;5=><C <5B0;V 

7@07:V2 28:>@8AB0=0 :0?V;O@=0 45D5:B>A:>?VO 2V4?>2V4=> 4> �%&' EN ISO 3452-

1:2014 [97].  
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$8AC=>: 2.19 - �:A?@5A-0=0;V70B>@ EXPERT 3L 

 

� >B@8<0=8E =0?;02;5=8E 7@07:V2 V7 =87P:>2C3;5F52>W AB0;V G3Si1 73V4=> 

28<>3 AB0=40@BC �%&' ISO 6892-1:2019 [98] 70 4>?><>3>N D@575@=>3> 25@AB0B0 

1C;8 283>B>2;5=V ?;>A:V 7@07:8 4;O 28?@>1C20=P =0 >4=>2VA=89 @>7BO3. !5>1EV4=0 

G8AB>B0 ?>25@E=V @>1>G>W 7>=8 1C;0 4>AO3=5=0 ?;0A:8< H;VDC20==O< 7 4>4020==O< 

7<0IC20;P=>->E>;>46CNG>W @V48=. ,>@AB:VABP ?>25@E=V ?VA;O >1@>1:8 2V4?>2V40;0 

AB0=40@BC [94] B0 4>@V2=N20;0 Ra=1,25 <:<. $>1>G89 5A:V7 4>A;V4=>3> 7@07:0 

?>:070=89 =0 @8AC=:C 2.20, 0. #V43>B>2;5=V 4> 28?@>1C20=P 7@07:8 =02545=V =0 

@8AC=:C 2.20, 1. 

 

 
 

0) 1) 

$8AC=>: 2.20 - �A:V7 7@07:0 (0) B0 283>B>2;5=V 7@07:8 4;O 28?@>1C20=P =0 @>7BO3 (1)   

 

 5E0=VG=V 28?@>1C20==O =0 >4=>2VA=89 @>7BO3 ?@>2>48;8 =0 

A5@2>3V4@02;VG=><C 28?@>1C20;P=><C :><?;5:AV MTS 318.25 7 <0:A8<0;P=8< 
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7CA8;;O< 250 :! (@8A. 2.21). �0=0 28?@>1C20;P=0 <0H8=0  ?@>2>48BP 28?@>1C20==O 

7 6>@AB:8< =020=B065==O< 7@07:0. �>=B@>;P 28EV4=8E ?0@0<5B@V2 28?@>1C20=P B0 

70?8A 5:A?5@8<5=B0;P=8E 40=8E ?@8 @>7BO3C 74V9A=N202AO 70 4>?><>3>N 

AB0=40@B=>3> ?@>3@0<=>3> 70157?5G5==O TestWorks 4 A8AB5<8 MTS 318.25.  

 

 

$8AC=>: 2.21 - '=V25@A0;P=89 A5@2>3V4@02;VG=89 28?@>1>2C20;P=89 :><?;5:A 

MTS 318.25 

 

�8?@>1C20==O =0 @>7BO3 ?@>2>48;8 C «6>@AB:><C» @568<V 7 ?>ABV9=>N 

H284:VABN =020=B065==O. ,284:VABP =020=B065==O 2AB0=>2;N20;0AP 2V4?>2V4=> 

AB0=40@BC [98] B0 A:;040;0 5 <</E2. �>=B@>;P H284:>ABV =020=B065==O ?@>2>482AO 

70 ABC?5=5< ?5@5<VI5==O 0:B82=>3> 70E20BC 28?@>1C20;P=>W <0H8=8. &5<?5@0BC@0 

=02:>;8H=P>3> A5@54>28I0 ?@8 28?@>1C20==OE A:;040;0 20 °%. 

�0 >B@8<0=8<8 40=8<8 G0AC t B0 A8;8 =020=B065==O   V 2V4><>N ?;>I5N 

?>?5@5G=>3> ?5@5@V7C @>1>G>W G0AB8=8 S ?V43>B>2;5=8E 7@07:V2 1C;8 @>7@0E>20=V 

2V4?>2V4=V =0?@C65==O B0 45D>@<0FVO 7 ?>1C4>2>N 4V03@0< 45D>@<C20==O 7@07:V2. 

�3V4=> @5:><5=40FV9 AB0=40@BC [98] 1C;8 287=0G5=V <56V B5:CG>ABV Ã& B0 3@0=8FV 

<VF=>ABV Ã� 70 CA5@54=5=8<8 7=0G5==O<8. 
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2.11 �8A=>2:8 4> @>74V;C 2 

1. �;O 4>A;V465==O ?@>F5AC 048B82=>3> 4C3>2>3> =0?;02;5==O ?@>AB>@>28E 

28@>1V2 7 28:>@8AB0==O< AB0;59 @V7=8E AB@C:BC@=8E :;0AV2 B0 A?;02V2 @>7@>1;5=0 

7030;P=0 <5B>48:0 4>A;V465=P, I> 2:;NG0є C A515 <5B>48:8 28:>=0==O ?@0:B8G=8E 

5:A?5@8<5=BV2 7 =0?;02;5==O B0 282G5==O WE @57C;PB0BV2.  

2. �;O @50;V70FVW >1@0=8E <5B>48: 4>A;V465=P 1C;8 >1@0=V B0 283>B>2;5=V 

=5>1EV4=V 720@N20;P=V <0B5@V0;8, ?V4V1@0=5, <>45@=V7>20=5 B0 AB2>@5=5 =5>1EV4=5 

>1;04=0==O, 287=0G5=V =5>1EV4=V ?0@0<5B@8 @568<V2 ?>H0@>2>3> =0?;02;5==O 

4>A;V4=8E 7@07:V2. 

3. �0?@>?>=>20=V <5B>48:8 287=0G5==O 2V4E8;5==O 35><5B@8G=>W D>@<8 

048B82=> AD>@<>20=8E 4C3>28< =0?;02;5==O< H0@V2 <5B0;C B0 >B@8<0==O 

B5@<VG=8E F8:;V2 ?@8 ?>H0@>2><C =0?;02;5==V 4;O ?>40;PH>W 25@8DV:0FVW 

@57C;PB0BV2 A:V=G5==>-5;5<5=B=>3> <>45;N20==O @>7?>4V;C B5<?5@0BC@ B0 

:><?>=5=B =0?@C65=>-45D>@<>20=>3> AB0=C. 
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3 "%"����"%&� ("$ "'&�"$�!!/ #$"%&"$"��) ��$"��� 

���&��!�  �'�"��  !�#�����!!/  

 

3.1 #0@0<5B@8 @568<V2 ?>H0@>2>3> =0?;02;5==O 7@07:V2 ?@8 
70AB>AC20==V GMAW-CMT/Pulse B0 PAW-CW <5B>4V2  

$568<8 ?>H0@>2>3> =0?;02;5==O 7@07:V2 =02545=V 2 B01;8FV 3.1. #>3>==0 

5=5@3VO B0 ?0@0<5B@8 @568<C (AB@C<, =0?@C30) 27OBV 70 A5@54=V< 0@8D<5B8G=8< 

7=0G5==O< 2=0A;V4>: A:;04=>ABV 2V4A;V4:>2C20==O ?0@0<5B@V2 AB@C<C 2 <><5=B 

V<?C;PA=>W ?>40GV (GMAW-Pulse <5B>4) B0 >A>1;82>AB59 GMAW-CMT ?@>F5AC 7 

:>@>B:8<8 70<8:0==O<8.  5B>48:0 CA5@54=5==O ?0@0<5B@V2 @568<V2 =02545=0 2 

[91].  

&01;8FO 3.1 - #0@0<5B@8 @568<V2 ?>H0@>2>3> =0?;02;5==O 

%?
>A
V1

 

 
0B
5@
V0
; 

�0
E8
A=
89
 30
7 

&5
?;
>2
:;
04
5=
=O
 

q,
 �
6
/<
<*

 

%B
@C
< 

 

I 72
, A

 

!
0?
@C
30
  

U
4,
 �

 

�
V0
<5
B@
 A
>?
;0
 

<<
 

,
28
4:
VA
BP
 

?>
40
GV
 4
@>
BC
  

V
?4
, <
/E
2 

,
28
4:
VA
BP
 

72
0@
N
20
==
O 

 

V
?4
, <
</
E2

 
�8
B@
0B
8 

70
E8
A=
>3
> 
30
7C
 

;/
E2

 
�8
B@
0B
8 

?;
07
<>
CB
2.
 30
7C

 

;/
E2

 

GMAW 

CMT 

G3Si1 M21 125,7 131 12 

16 3.5 600 15 - 

G3Si1 M11 117 133 11 

Cr19Ni9 M11 92,1 96 12 

AlMg5 Ar 100% 77,5 57 17 

CuSi3 Ar 100% 57,6 72 10 

GMAW 

Pulse 

G3Si1 M21 192 120 20 

G3Si1 M11 209 131 20 

Cr19Ni9 M11 151 105 18 

AlMg5 Ar 100% 58,2 56 13 

CuSi3 Ar 100% 153 101 19 

PAW G3Si1 M21 318 201 23 4 3.5 600 15 0.6 

* – ��Д 8?O PAW-CW CDBJ9EG B5D4A<= O> η8 = 0,69, GMAW –  η8 = 0,8 [92] 
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3.2 (>@<>CB2>@5==O 7@07:V2 7 =87ь:>2C3;5F52>W AB0;V G3Si1 ?@8 GMAW-

CMT/Pulse B0 PAW-CW 048B82=><C =0?;02;5==V 
$57C;PB0B8 0=0;V7C 7<V=8 35><5B@8G=8E E0@0:B5@8AB8: =0?;02;5=8E 7@07:V2 C 

70;56=>ABV 2V4 ?0@0<5B@V2 @568<V2 =0?;02;5==O, 70AB>A>20=>3> <5B>4C GMAW 

=0?;02;5==O (CMT/Pulse 01> PAW-CW) C ?>є4=0==V 7 @V7=8<8 70E8A=8<8 

A5@54>28I0<8 =02545=V =0 @8AC=:0E 3.1–3.4.  

"A>1;82VABN ?5@51V3C GMAW-CMT ?@>F5AC (<5B0;>?5@5=>A 7 :>@>B:8<8 

70<8:0==O<8) є D0:B8G=> ?>2=5 28:;NG5==O O28I0 @>71@87:C20==O <5B0;C 2 

?@>F5AV =0?;02;5==O. "4=0:, 7V 7<V=>N A:;04C 307>2>W AC<VHV 7<V=NєBPAO 

B5?;>?@>2V4=VABP 307>2>3> A5@54>28I0 B0, O: =0A;V4>:, @V25=P B5?;>2:;045==O C 

720@N20;P=C 20==C. �0<V=0 70E8A=>3> 307C 7 AC<VHV  21, 45 18 % %"2 (@8AC=>: 3.1, 

0) =0  11 7 2 % %"2 (@8AC=>: 3.1, 1) A?@8Oє 7<5=H5==N 5D5:B82=>W H8@8=8 

:>6=>3> >:@5<>3> =0?;02;5=>3> 20;8:0 7 3,92 << (4;O  21) 4> 3,68 << (4;O  11). 

"4=>G0A=> 71V;PHCєBPAO 5D5:B82=0 28A>B0 ABV=:8 7 68,1 << ?@8 AC<VHV  21 4> 75,2 

<< ?@8 70AB>AC20==V AC<VHV  11 (@8AC=>: 3.1). � B>G:8 7>@C O:>ABV CB2>@5=>W 

?>25@E=V (@8AC=>: 3.1, 0, 1), 7<V=0 307>2>W AC<VHV  21 =0  11 ?@872>48BP 4> 

ACBBє2>3> 71V;PH5==O ?>:07=8:V2 2V4E8;5==O ?@>DV;N ABV=:8 (@8AC=>: 3.4).  

+5@57 =87P:C B5?;>?@>2V4=VABP 0@3>=C, ?@8 7<5=H5==V 9>3> G0AB:8 2 AC<VHV 7 

2C3;5:8A;8< 307><, O:89 <0є 1V;PHC B5?;>?@>2V4=VABP, C :><1V=0FVW 7V 7<5=H5=8< 

B5?;>2:;045==O< ?@8 70AB>AC20==V GMAW-CMT ?@>F5AC, G0A VA=C20==O 

720@N20;P=>W 20==8 7<5=HCєBPAO. *5 ?@872>48BP 4> 7<5=H5==O >1AO3C 

?5@5?;02;5=>3> <5B0;C ?>?5@54=VE H0@V2 B0 =5@V2=><V@=>3> @>7BV:0==O <5B0;C 

720@N20;P=>W 20==8 7 =0ABC?=>N :@8AB0;V70FVєN. &0:89 <5E0=V7< 2?;82C 

B5?;>?@>2V4=>ABV 307>2>3> A5@54>28I0 ?>OA=Nє 270є<>72’O7>: <V6 5D5:B82=>N 

28A>B>N, 5D5:B82=>N H8@8=>N B0 2V4E8;5==O< ?@>DV;N ABV=>:, I> G0AB:>2> 

?V4B25@46CєBPAO @57C;PB0B0<8 V=H8E 4>A;V465=P [57]. 

#@>F5A ?>H0@>2>3> D>@<C20==O 28@>1V2 7 28:>@8AB0==O< 307>2>W AC<VHV 

 21 ?@8 70AB>AC20==V GMAW-Pulse ?@>F5AC (@8AC=>: 3.1, 2) AC?@>2>46CєBPAO 

0:B82=8< @>71@87:C20==O< <5B0;C. І=B5=A82=5 @>71@87:C20==O ?>OA=NєBPAO 

=0O2=VABN 7=0G=>W :V;P:>ABV (18%) 2C3;5:8A;>3> 307C B0 V<?C;PA=>N ?>40G5N 
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5;5:B@8G=>3> AB@C<C [99]. �0<V=0 70E8A=>3> 307>2>3> A5@54>28I0 =0 AC<VH  11 

(@8AC=>: 3.1, 3) ACBBє2> 7<5=HCє @>71@87:C20==O 2 ?@>F5AV =0?;02;5==O.  

 

 

0) 
 

1) 

 

2) 
 

3) 

$8AC=>: 3.1 - �83>B>2;5=V @V7=8<8 <5B>40<8 =0?;02;5==O 7@07:8 7 

=87P:>2C3;5F52>W AB0;V 09�2% ?@8 70AB>AC20==V 307>28E AC<VH59  21 B0  11: 0) – 

GMAW-CMT, 307  21; 1) – GMAW-CMT, 307  11; 2) – GMAW-CMT, 307  21; 3) 

– GMAW-Pulse, 307  21 

 

/: =0A;V4>:, =0 3@0DV:C (@8AC=>: 3.4) <>6=0 A?>AB5@V30B8 GVB:C 70;56=VABP 

5D5:B82=>W 28A>B8 ABV=:8 2V4 A:;04C 70AB>A>20=>W 307>2>W AC<VHV. *O 70;56=VABP 

AE>60 7 >B@8<0=8<8 ?@8 GMAW-CMT ?@>F5AV =0?;02;5==O @57C;PB0B0<8. 

*V:02>N є 70;56=VABP 7<V=8 5D5:B82=>W B>2I8=8 ABV=:8 2V4 A:;04C 307>2>3> 

A5@54>28I0. &0:, =0 2V4<V=C 2V4 GMAW-CMT ?@>F5AC (@8AC=>: 3.2, 0, 1), 2 

V<?C;PA=><C @568<V 70AB>AC20==O AC<VHV  11 ?@872>48BP 4> 71V;PH5==O 

5D5:B82=>W B>2I8=8 283>B>2;5=>W ABV=:8 =0 10...11 %. �=0G5==O 5D5:B82=>W 

H8@8=8 AO30є 5,1 << (@8AC=>: 3.2, 3) ?@8 70AB>AC20==V AC<VHV  11 V 7<5=HCєBPAO C 
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?>@V2=O==V 7 >B@8<0=8<8 V7 70AB>AC20==O< AC<VHV  21 – 4,8 << 7@07:0<8 (@8AC=>: 

3.2, 2). /: V C 28?04:C 7 5D5:B82=>N 28A>B>N, F5 ?>2’O70=> 7V 7=0G=8< 7<5=H5==O< 

2B@0B <5B0;C =0 @>71@87:C20==O ?@8 7<5=H5==V 2<VABC 2C3;5:8A;>3> 307C C A:;04V 

307>2>W AC<VHV. 

 

 

0) 
 

1) 
 

2) 
 

3) 

$8AC=>: 3.2 -  0:@>AB@C:BC@0 283>B>2;5=8E @V7=8<8 <5B>40<8 =0?;02;5==O 

7@07:V2 7 =87P:>2C3;5F52>W AB0;V 09�2C ?@8 70AB>AC20==V 307>28E AC<VH59  21 B0 

 11: 0) – GMAW-CMT, 307  21; 1) – GMAW-CMT, 307  11; 2) – GMAW-CMT, 

307  21; 3) – GMAW-Pulse, 307  21 

 

�;O ?>@V2=O==O 7 GMAW-Pulse/CMT ?@>F5A0<8 283>B>2;5=0 ABV=:0 PAW-CW 

A?>A>1>< =0?;02;5==O< ?@8 =57<V==8E ?0@0<5B@0E H284:>ABV 720@N20==O (V72 = 

600 A</E2) B0 H284:>ABV ?>40GV 4@>BC (V?.4. = 3,5 </E2) (@8AC=>: 3.3). 

�<V=0 2<VABC 2C3;5:8A;>3> 307C 2 AC<VHV ACBBє2> 2?;8=C;0 =0 7=0G5==O 

2V4E8;5==O ?@>DV;N 1>:>2>W ?>25@E=V ABV=:8. �;O AC<VHV  11 B0  21 2V4E8;5==O 

?@>DV;N ABV=:8 A:;040NBP 0,68&0,78 << B0 0,57&0,62 << 2V4?>2V4=> (@8AC=>: 3.4). 

�030;><, =09<5=H89 ?>:07=8: =5@V2=><V@=>ABV ?@>DV;N =0?;02;5=>W ABV=:8 

?@8B0<0==89 A0<5 PAW-CW A?>A>1C =0?;02;5==O. *5 ?>OA=NєBPAO V=H8< 

?@8=F8?>< <5B0;>?5@5=>AC 4> 720@N20;P=>W 20==8. #@8A04=89 4@VB =5 

5;5:B@>?@>2V4=89 B0 ?;028BPAO AB>@>==V< 465@5;>< =03@V20==O 7 ?@0:B8G=> 

157?5@5@2=8< ?5@5=5A5==O< 5;5:B@>4=>3> <5B0;C 4> 720@N20;P=>W 20==8 =0 

2V4<V=C 2V4 GMAW A?>A>1V2.  
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0) 
 

1) 

$8AC=>: 3.3 - !0?;02;5=89 PAW-CW A?>A>1>< 7@07>: 7V AB0;V 09�2% (G3Si1):  

0) – 7030;P=89 283;O4 1>:>2>W ?>25@E=V; 1) – ?>?5@5G=89 <0:@>H;VD 

 

!0 @8AC=:C 3.4 ?@54AB02;5=V @57C;PB0B8 4>A;V465=P I>4> 287=0G5==O 

70;56=>ABV 5D5:B82=>W B>2I8=8 ABV=>: (0) B0 5D5:B82=>W 28A>B8 ABV=>: (1) 7@07:V2. 

�=0;V7 >B@8<0=8E @57C;PB0BV2 A2V4G8BP, I> C ?>@V2=O==V 7 GMAW ?@>F5A0<8  

283>B>2;5=0 PAW-CW =0?;02;5==O< ABV=:0 <0є =09<5=H89 ?>:07=8: 2V4E8;5==O 

?@>DV;N 1>:>2>W ?>25@E=V. 

 

 
 

0) 1) 

$8AC=>: 3.4 - �0;56=VABP 5D5:B82=>W B>2I8=8 ABV=>: (0) B0 WE 5D5:B82=>W 28A>B8 

(1) ?@8 048B82=><C =0?;02;5==V AB0;V 09�2% (G3Si1) GMAW-CMT/Pulse B0 PAW-

CW <5B>40<8 2 70E8A=8E 307>28E AC<VH0E  21 B0  11 
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3.3 (>@<>CB2>@5==O 7@07:V2 7 0;N<V=Vє2>3> A?;02C AlMg5 ?@8 GMAW-

CMT/Pulse 048B82=><C =0?;02;5==V 
#@8 =0?;02;5==V 7@07:V2 7 0;N<V=Vє2>3> A?;02C AlMg5 (@8AC=>: 3.5) C 

A5@54>28IV G8AB>3> 0@3>=C A?>AB5@V30єBPAO 0=0;>3VG=0 4> =87P:>2C3;5F528E AB0;59 

:>@5;OFVO 28A>B8 V B>2I8=8 20;8:0 2V4 2?;82C :>=:@5B=>3> GMAW- CMT/Pulse 

?@>F5AC. %C<0@=0 28A>B0 =0?;02;5==O 50 H0@V2 GMAW-CMT ?@>F5A>< A:;040є 94 

<<, 0 ?@8 GMAW-Pulse - 67 <<. 

  
0) 1) 

$8AC=>: 3.5 - �030;P=89 283;O4 =0?;02;5=8E ABV=>: 7 AlMg5: 0) – A?>AV1  

GMAW-CMT; 1) – A?>AV1  GMAW-Pulse 

 

#@8 FP><C, 5D5:B82=0 28A>B0 50 H0@V2 GMAW-CMT ?@>F5A>< A:;040є 92 <<, 

0 ?@8 ;8H5 GMAW-Pulse - 65 <<. #@8 7<V=V Pulse ?@>F5AC =0 % & H8@8=0 H0@V2 

71V;PHCєBPAO =0 17% (7 4,9 4> 5,9 << 2V4?>2V4=>). &0:>6 A?>AB5@V30єBPAO 7=0G=0 

=5@V2=><V@=VABP ?>25@E=V =0?;02;5=8E ABV=>: (@8AC=>: 3.6) B0 45D>@<0FVO ?5@H8E 

H0@V2 (@8AC=>: 3.5). 

  
0) 1) 

$8AC=>: 3.6 - �0;56=VABP 5D5:B82=>W H8@8=8 ABV=>: (4) B0 WE 5D5:B82=>W 28A>B8 

(5) ?@8 048B82=><C =0?;02;5==V A?;02C AlMg5 GMAW-CMT/Pulse <5B>40<8  
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3.4 (>@<>CB2>@5==O 7@07:V2 7 =5@602VNG>W AB0;V Cr19Ni9 ?@8 GMAW-

CMT/Pulse 048B82=><C =0?;02;5==V 
�=0;>3VG=V @57C;PB0B8 ?> 7<V=V 35><5B@8G=8E E0@0:B5@8AB8: <>6=0 

A?>AB5@V30B8 B0:>6 ?@8 70AB>AC20==V 0CAB5=VB=8E =5@602VNG8E AB0;59 (Cr19Ni9). 

"4=0:, O: V C 28?04:C 7 0;N<V=Vє28< A?;02><, 1V;PH 28@065=0 2V4<V==VABP B>2I8=8 

:>6=>3> 20;8:0 2 70;56=>ABV 2V4 28:>@8AB0=>3> (GMAW-CMT/Pulse) ?@>F5AC.  

!0?;02;5==O 0CAB5=VB=8E =5@602VNG8E AB0;59 7 28:>@8AB0==O< GMAW-

CMT ?@>F5AC 70<VABP V<?C;PA=>3> ?@872>48BP 4> 71V;PH5==O 5D5:B82=>W 28A>B8 50 

=0?;02;5=8E H0@V2 =0 45% (7 64 << 4> 72 << 2V4?>2V4=>). #@8 FP><C 5D5:B82=0 

H8@8=0 20;8:0 7<5=HCєBPAO 7 5,9 4> 4.2 <<. (@8AC=>: 3.7). 

  

0) 1) 
$8AC=>: 3.7 - �030;P=89 283;O4 =0?;02;5=8E ABV=>: 7 Cr19Ni9: 0) A?>AV1  

GMAW-CMT; 1) A?>AV1  GMAW-Pulse 

 

  

0) 1) 

$8AC=>: 3.8 - �0;56=VABP 5D5:B82=>W B>2I8=8 ABV=>: (0) B0 WE 5D5:B82=>W 28A>B8 

(1) ?@8 048B82=><C =0?;02;5==V =5@602VNG>W AB0;V Cr19Ni9 (E308L) GMAW-

CMT/Pulse <5B>40<8 
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3.5 (>@<>CB2>@5==O 7@07:V2 7 :@5<=Vє2>W 1@>=78 CuSi3Mn1 ?@8 GMAW-

CMT/Pulse 048B82=><C =0?;02;5==V 
!0 @8AC=:0E 3.9 B0 3.10 ?@54AB02;5=V @57C;PB0B8 0=0;V7C 70;56=>ABV 7<V= 

35><5B@8G=8E E0@0:B5@8AB8: >B@8<0=8E 7@07:V2 7 :@5<=Vє2>W 1@>=78 CuSi3Mn1 

(�@� F3-1) 2V4 70AB>A>20=>3> <5B>4C GMAW-CMT/Pulse =0?;02;5==O.  

�8A>B0 50-B8 =0?;02;5=8E H0@V2 :@5<=Vє2>W 1@>=78 (CuSi3Mn1) >B@8<0=8E 

GMAW-CMT ?@>F5A>< 7@07:V2 (@8AC=>: 3.9, 0) =0 18,2 % 1V;PH0 (44,9 B0 54,9 << 

2V4?>2V4=>), ?@8 7<5=H5==V 5D5:B82=>W B>2I8=8 H0@V2 7 8,36 4> 5,9 << C ?>@V2=O==V 

7 GMAW-Pulse ?@>F5A>< (@8AC=>: 3.9, 1). 

#@8 GMAW-CMT <5B>4V =0?;02;5==O ?>25@E=V ABV=>: <0NBP GVB:> 28@065=V 

=0?;828 70:@8AB0;V7>20=>3> <5B0;C >:@5<8E H0@V2 (@8AC=>: 3.9, 2), I> ?@872>48BP 

4> 71V;PH5==O ?>:07=8:0 2V4E8;5==O ?@>DV;N 1>:>28E ?>25@E>=P 2V4 0,5 4> 1,13 

<<. �;O GMAW-Pulse <5B>4C ?>:07=8: =5@V2=><V@=>ABV <5=H89 B0 ;568BP C <560E 

0,72&0,82 << (@8AC=>: 3.10, 0). 

 
0) 

 
2) 

 
1) 

 
3) 

$8AC=>: 3.9 - �83>B>2;5=V @V7=8<8 <5B>40<8 =0?;02;5==O 7@07:8 :@5<=Vє2>W 

1@>=78 CuSi3Mn1 (�@� F3-1): 0) – GMAW-CMT; 1) – GMAW-Pulse 7 28O2;5=8<8 

B@VI8=0<8; 2) – GMAW-% &, <0:@>AB@C:BC@0; 3) – GMAW-Pulse, 

<0:@>AB@C:BC@0 7 =0O2=8<8 B@VI8=0<8 C ?>?5@5G=><C ?5@5@V7V H;VD0 
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�030;><, ?>:07=8:8 70;56=>ABV =5@V2=><V@=>ABV (@8A. 3.10), 5D5:B82=8E 

H8@8=8 V 28A>B8 <>6=0 2V4=5AB8 4> =0A;V4:V2 7<V=8 @V2=O B5?;>2:;045==O 

2V4?>2V4=> 4> 70AB>A>20=>3> GMAW ?@>F5AC. %BC?V=P ?5@53@V2C B0 G0A 

?5@51C20==O 720@N20;P=>W 20==8 C @V4:><C AB0=V 2?;820NBP =0 H284:VABP 

:@8AB0;V70FVW 7V 7<V=>N E0@0:B5@C @>7BV:0==O <5B0;C 720@N20;P=>W 20==8. 

 

 
0) 

 
1) 

$8AC=>: 3.10 - #0@0<5B@8 70;56=>ABV 5D5:B82=>W B>2I8=8 ABV=>: (0) B0 

5D5:B82=>W 28A>B8 (1) C 70;56=>ABV 2V4 <5B>4C 048B82=>3> GMAW-CMT/Pulse 

=0?;02;5==O 

 

' 7@07:0E, I> 283>B>2;5=V GMAW-CMT ?@>F5A><, 2V7C0;P=8< >3;O4>< 

?>25@E=52V 45D5:B8 =5 28O2;5=V. "4=0:, ?@8 GMAW-Pulse <5B>4V =0?;02;5==O 

2AB0=>2;5=5 28=8:=5==O :@8B8G=8E 45D5:BV2. ' ?@>F5AV =0?;02;5==O ?VA;O 

4>AO3=5==O 14-15 H0@V2 A?>AB5@V30єBPAO 28=8:=5==O B@VI8=, I> @>7B0H>20=V 

?5@?5=48:C;O@=> =0?@O<:C =0?;02;5==O (@8AC=>: 3.11). #>40;PH5 =0?;02;5==O 

=>28E H0@V2 28:;8:0є ?>O2C B@VI8= O: C =8E A0<8E, B0: V C ?>?5@54=P> =0?;02;5=8E 
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H0@0E. *5 <>65 1CB8 ?>2'O70=> 7V 7=0G=> 1V;PH8< B5?;>2:;045==O< ?@8 V<?C;PA=V9 

?>40GV AB@C<C, =V6 ?@8 GMAW-CMT ?@>F5AV. 

 

 

$8AC=>: 3.11 - &@VI8=>CB2>@5==O C =0?;02;5=><C GMAW-Pulse A?>A>1>< 7@07:C 

7 :@5<=Vє2>W 1@>=78, :0?V;O@=0 45D5:B>A:>?VO 

 

3.6 �>A;V465==O D>@<>CB2>@5==O ?@>AB>@>2>3> 7@07:0 ?@8 28:>@8AB0==V 
?@8?>N SBM-4 B0 PAW-CW A?>A>1C =0?;02;5==O 2 :>=B@>;ь>20=V9 0B<>AD5@V 
G8AB>3> 0@3>=C 

�;O 287=0G5==O B5E=>;>3VG=8E 2;0AB82>AB59 ?@8?>N SBM-4 ?@>2545=V 

?>?5@54=V 4>A;V465==O 9>3> 270є<>4VW 7 ?>25@E=5N 60@><VF=>3> A?;02C, 7>:@5<0 

E0@0:B5@8AB8:8 @>7BV:0==O V 7<>GC20==O [77]. �3040=89 A?;02 E0@0:B5@87CєBPAO 

28A>:>N 60@>ABV9:VABN. �0 >A=>2C A?;02C SBM-4 ?@89=OB89 60@><VF=89 

48A?5@AV9=>B25@4VNG89 A?;02 % 93-�І, I> <0є =86GV B5<?5@0BC@8 ;V:2V4CA, 

A>;V4CA V ?>G0B:C :@8AB0;V70FVW C ?>@V2=O==V 7 V=H8< ACG0A=8< A?;02>< FVєW A5@VW 

% 96-�І.  

� O:>ABV 5;5<5=BC-45?@5A0=BC ?@8?>N 70AB>A>20=89 1>@, 2@0E>2CNG8 9>3> 

CA?VH=5 28:>@8AB0==O 2 ?@8?>W SBM-3 [78]. &5@<>3@0<8 ?@8?>N SBM-4 B0 

48A?5@AV9=>B25@4VNG>3> 60@><VF=>3> A?;02C % 93-�І =02545=V =0 @8AC=:C 3.12. 
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0) 1) 

$8AC=>: 3.12 - &5@<>3@0<8 A?;02V2 SBM-4 (0) B0 % 93-�І (1): 1 – :@82V 

=03@V20==O; 2 – :@82V >E>;>465==O [77] 

 

!0 ?>?5@54=P><C 5B0?V 4>A;V465=P 287=0G5=V E0@0:B5@8AB8:8 7<>GC20==O B0 

@>7BV:0==O ?@8?>N SBM-4 ?> ?>25@E=V A?;02V2 +%88-�І, % 93-�І B0 % 96-�І. 

�>A;V465==O ?@>2>48;8 C 20:CC<V 3&6×10–3 #0 ?@8 =0BV:0==V =5 1V;PH5 3×10–5 

#0·<3·A–1 V7 70AB>AC20==O< 7030;P=>3> =03@V20==O 7@07:V2.  

!0 4@C3><C 5B0?V 270є<>4VN @>7?;02C ?@8?>N 7 <0B5@V0;>< ?V4:;04:8 

282G0;8 C :>=B@>;P>20=><C 307>2><C A5@54>28IV =0 >A=>2V 0@3>=C ?@8 ;>:0;P=><C 

=03@V20==V ?;07<>2>N 4C3>N ?@O<>W ?>;O@=>ABV. �>:0;P=5 =03@V20==O 74V9A=N20;8 

7 1>:C, =0 O:><C @>7B0H>20=89 ?@8A04=89 ?@CB>:. #@8A04=V ?@CB:8 7 ?@8?>N SBM-

4 283>B>2;5=V 70 70?@>?>=>20=>N 02B>@>< 2 @>74V;V 2 B5E=>;>3VєN. 

&5<?5@0BC@C =03@V2C ?V4;>6:8 ?@8 ;>:0;P=><C =03@V20==V :>=B@>;N20;8 70 

4>?><>3>N 42>E 2>;PD@0<-@5=Vє28E B5@<>?0@, I> 1C;8 70G5:0=5=V =0 3;818=V 2 << 

2V4 25@E=P>W ?>25@E=V 7@07:0 157?>A5@54=P> ?V4 4V;O=>N =0?;02;5==O 

� @8AC=:C 3.13 284=>, I> 7 ?V428I5==O< B5<?5@0BC@8 7@>AB0є 3;818=0 

@>7G8=5==O ?@8?>є< >A=>2=>3> <5B0;C. #@8 B5<?5@0BC@0E 4> 1220 °% 2:;NG=> 

<0:A8<0;P=0 3;818=0 @>7G8=5==O =5 ?5@528ICє 0,1 <<, 0 ?@8 B5<?5@0BC@0E 1230–

1235° % 2>=0 4>@V2=Nє 0,244 << [77]. �;818=0 @>7G8=5==O 7@>AB0є 4> F5=B@C :@0?;V, 

1065

1

2

1110

1150
11901250

12101130

1066

1000
1025

1150

1180

1195
1165

1072

1117
1148

1218
1255

1422

1340

1120 1190
1220

1257
1307

1325

1

2
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45 B>2I8=0 @>7?;02C 1V;PH0. #@8 @>7G8=5==V A?;02V2 2V4ACB=V 1C4P-O:V ?@>H0@:8 

=0 3@0=8FV ?@8?>N V >A=>2=>3> <5B0;C.  

 

  
0) 1) 

 
2) 

$8AC=>: 3.13 - �@09>2V :CB8 7<>GC20==O B0 3;818=0 @>7G8=5==O 60@><VF=>3> 

=V:5;52>3> A?;02C (?@8?>N) SBM-4 =0 >A=>2V 7 % 96–�І: 0)  ?@8 B5<?5@0BC@V 

1215° %; 1) ?@8 B5<?5@0BC@V 1225° %; 2) ?@8 B5<?5@0BC@V 1235° % [77] 

 

 #0@0<5B@8 @568<V2 4;O ?;07<>2>3> =0?;02;5==O ?@8A04=>3> ?@CB:0 7 

?@8?>N SBM-4 ?V418@0;8AP B0:8< G8=><, I>1 4>AO3B8 =09<5=H>3> ?@>?;02;5==O 

(h?) >A=>28 7 +%88'�І B0 =091V;PH <>6;82>W 28A>B8 (hH) 20;8:0. �;O 287=0G5==O 

>?B8<0;P=>3> @568<C 1C;8 28:>=0=V ?@>1=V =0?;02;5==O 20;8:V2 ?@8 =57<V==8E 

H284:>ABV =0?;02;5==O B0 ?>40GV ?@8A04=>3> ?@CB:0.  

' B01;8FV 3.2 =02545=V 5:A?5@8<5=B0;P=V ?0@0<5B@8 @568<V2, 35><5B@8G=V 

@>7<V@8 >B@8<0=8E 20;8:V2 2:070=V C B01;8FV 3.3. #>?5@5G=V ?5@5@V78 20;8:V2 

7>1@065=V =0 @8AC=:C 3.14. 
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&01;8FO 3.2 - $568<8 =0?;02;5==O 20;8:V2 7 SBM-4 

№
 @
56
8<
C 

#
@8
A0
4=
89
  

<0
B5
@V
0;

 

�0
E8
A=
5 

A5
@5
4>
28
I
5 

#
>3
>=
=0
 5
=5
@3
VO
, 

�
6
/<
<*

 

%B
@C
< 
,  

A
 

!
0?
@C
30
 , 

 

� 

�
V0
<5
B@
 A
>?
;0
, <
< 

,
28
4:
VA
BP
 ?
>4
0G
V 

?@
8A
04
:8

 

V
?.
4.
, 

<<
/A
5:

 

,
28
4:
VA
BP
 

=0
?;
02
;5
==
O 
V
70

, 

<<
/A
5:

 

�8
B@
0B
8 

?;
07
<>
CB
2>
@N
N
G>
3

>3
07
C,
 ;
/E
2 

1 

#
@C
B>
: 
SB
M

-4
 

�
B<
>A
D5
@0
 –

 

1
0
0
%

 A
r 

228 150 22,1 

3 75 10 0,64 
2 215 142 22 

3 203 135 21,9 

4 172 115 21,8 

* – ��Д C?4;@B6B7B CDBJ9EG B5D4A<= O> η = 0,69 ; [21] 

&01;8FO 3.3 - �5><5B@8G=V E0@0:B5@8AB8:8 >B@8<0=8E 20;8:V2 7 SBM-4 

№ @568<C �8A>B0 20;8:0  
hH, << 

,8@8=0 20;8:0  
5,  << 

�;818=0 
?@>?;02;5==O  

h?, <<  

1 ≈ 0,7 ≈ 7,1 ≈ 0,65 

2 ≈ 1,05 ≈ 5,2 ≈ 0,21 
3 ≈ 1,32 ≈ 4,16 ≈ 0,15 

4 ≈ 1,88 ≈ 3,9 < 0,05 

 

    
0) 1) 2) 3) 

$8AC=>: 3.14 - #>?5@5G=V ?5@5@V78 =0?;02;5=8E A?;02>< SBM-4 20;8:V2: 

 0) @568< 1; 1) @568< 2; 2) @568< 3; 3) @568< 4 

 

 �:A?5@8<5=B 7 ?>H0@>2>3> ?;07<>2>3> =0?;02;5==O 2V41C202AO 73V4=> 

>?8A0=>W <5B>48:8 5:A?5@8<5=BC C @>74V;V 2 B0 >1@0=>3> 2 O:>ABV >?B8<0;P=>3> 

@568<C =0?;02;5==O №3. $568< №4 1C2 2V4:8=CB89 G5@57 =0O2=VABP ?V4@V7V2 B0 

2V4ACB=VABP 30;B5;59 <56V A?;02;5==O 20;8:->A=>20, I> <>65 A2V4G8B8 ?@> 

=5704>2V;P=C 04357VN 4> ?>25@E=V >A=>28. 

�@0E>2CNG8 7=865==O :V;P:>ABV 2V42545=>3> B5?;0 2V4 :>6=>3> =>2>3> H0@C 

C ?>?5@54=P> =0?;02;5=V H0@8 B0 >A=>2C 2 ?@>F5AV D>@<C20==O ABV=:8 28@>1C, 
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2V41CєBPAO =04;8H:>25 0:C<C;N20==O B5?;0 C ?>?5@54=VE H0@0E. &><C ?5@HV 5 

H0@V2 1C;8 =0?;02;5=V 7 ?>A;V4>2=8< 7=865==O< @V2=O B5?;>22545==O 70 @0EC=>: 

7=865==O @>1>G>3> AB@C<C (I72) 4;O 70?>1V30==O =04;8H:>2>3> ?5@53@V2C B0 

=04<V@=>3> @>7BV:0==O @V4:>3> <5B0;C ?@8 =0?;02;5==V :>6=>3> =>2>3> H0@C 4> 

4>AO3=5==O AB0FV>=0@=>3> @568<C [84]. �0DV:A>20=V @568<8 =0?;02;5==O =02545=V 

2 B01;8FV 3.4. 

�030;P=0 :V;P:VABP =0?;02;5=8E H0@V2 n = 14, 28A>B0 >4=>3> H0@C hH ≈ 1,32 

<<, 7030;P=0 28A>B0 =0?;02;5=>3> 7@07:0  h ≈ 22,2 <<, 4>268=0 =0?;02;5=>3> H0@C 

90 <<. %5@54=O H8@8=0 =0?;02;5=>3> 20;8:0 5 ≈ 4,2 <<. �83>B>2;5=89 7@07>: B8?C 

«ABV=:0» 7>1@065=89 =0 @8AC=:C 3.15. 

 

 &01;8FO 3.4 - #>H0@>2V @568<8 =0?;02;5==O 7@07:0 B8?C «ABV=:0» 

№
 ?
@>
E>
4C

 

#
@8
A0
4=
89
  

<0
B5
@V
0;

 

�0
E8
A=
5 

A5
@5
4>
28
I
5 

#
>3
>=
=0
 5
=5
@3
VO
, 

�
6
/<
<*

 

%B
@C
< 
,  

A
 

!
0?
@C
30
 , 

 

� 

�
V0
<5
B@
 A
>?
;0
, <
< 

,
28
4:
VA
BP
 ?
>4
0G
V 

?@
8A
04
:8

 

V
?.
4.
, 

<<
/A
5:

 

,
28
4:
VA
BP
 

=0
?;
02
;5
==
O 
V
70

, 

<<
/A
5:

 

�8
B@
0B
8 

?;
07
<>
CB
2>
@N
N
G>
3

>3
07
C,

 ;
/E
2 

1 

#
@C
B>
: 
SB
M

-4
 

�
B<
>A
D5
@0
 –

 1
0
0

%
 A

r 

203 135 21,9 

3 75 10 0,64 

2 202 134 21,9 

3 197 131 21,8 

4 195 130 21,8 

5 190 127 21,7 

6 188 125 21,8 

7 187 125 21,7 

8 188 126 21,7 

9 187 125 21,7 

10 187 125 21,7 

11 187 125 21,7 

12 188 125 21,8 

13 189 126 21,8 

14 187 125 21,7 

 * – ��Д C?4;@B6B7B CDBJ9EG B5D4A<= O> η = 0,69 ; [21] 
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$8AC=>: 3.15 - �030;P=89 283;O4 =0?;02;5=>3> 7@07:0 7 SBM-4 

 

 !5A?;02;5=P 7 >A=>2>N, ?>25@E=528E B@VI8= 01> @>7H0@C20=P <V6 

=0?;02;5=8<8 H0@0<8 =5 28O2;5=>.  

 

3.7 �8A=>2:8 4> @>74V;C 3 

1. �AB0=>2;5=89 2?;82 CMT B0 Puls <5B>4V2 GMAW A?>A>1C =0?;02;5==O =0 

35><5B@8G=V E0@0:B5@8AB8:8 =0?;02;5=8E H0@V2 7V AB0;V G3Si1 (09�2%). !091V;PHC 

28A>BC =0?;02;5=8E 7@07:V2 (~ 75 <<) ?@8 ?>A;V4>2=><C =0?;02;5==V 50-B8 H0@V2 

B0 <V=V<0;P=C B>2I8=C ABV=>: 4> 4,6 << 70157?5GCє GMAW-CMT =0?;02;5==O. 

�0<V=0 70E8A=>W 307>2>W AC<VHV  11 =0  21 ?@872>48BP 4> 7<5=H5==O 28A>BV ABV=>: 

4> 68 <<. �D5:B82=0 H8@8=0 ABV=>: =0?;02;5=>3> 2 AC<VHV  21 <5B0;C A:;040є ~ 

4 <<, 0 2 AC<VHV  11 ~ 3,6 <<. �0<V=0 AC<VHV  21 =0  11 AC?@>2>46CєBPAO 

ACBBє28< 71V;PH5==O< 2V4E8;5==O ?@>DV;N C A5@54=P><C =0 45&47 %. 

(>@<C20==O H0@V2 7 <0:A8<0;P=>N 28A>B>N ?>2’O70=5 7 <5=H8< C ?>@V2=O==V 7 

V=H8<8 4>A;V465=8<8 <5B>40<8 B5?;>2:;045==O<, I> ?@872>48BP 4> 7<5=H5==O 

3;818=8 ?@>?;02;5==O <5B0;C ?>?5@54=P> =0?;02;5=>3> H0@C B0 <V=V<0;P=8< 

@>71@87:C20==O< <5B0;C, >A>1;82> 2 AC<VHV  11 7 <V=V<0;P=8< 2<VAB>< %"2. 

2. #@8 GMAW-Pulse =0?;02;5==V AB0;V G3Si1 (09�2%) 28A>B0 ABV=>: є 

<V=V<0;P=>N, 0 5D5:B82=0 H8@8=0 4>AO30є <0:A8<0;P=8E 7=0G5=P. �0<V=0 307>2>W 

AC<VHV 7  11 =0  21 ?@872>48BP 4> 7<5=H5==O 5D5:B82=>W H8@8=8 ABV=>: 7 

>4=>G0A=8< 7<5=H5==O< 2V4E8;5==O ?@>DV;N =0 ≈ 23 %.  0:A8<0;P=V 7=0G5==O 

2V4E8;5==O ?@>DV;N E0@0:B5@=V 4;O GMAW =0?;02;5==O ?@8 70AB>AC20==V AC<VHV 
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 11. #;07<>25 =0?;02;5==O 7 E>;>4=8< 4@>B>< (PAW-CW) 70157?5GCє ?@><V6=V 

7=0G5==O 28A>B8 ABV=>: 4> 63 << B0 5D5:B82=C H8@8=C ~ 4,4 <<. �V4E8;5==O 

?@>DV;N ?@8 PAW-CW A?>A>1V =0?;02;5==O є <V=V<0;P=8< 7 @>73;O=CB8E 20@V0=BV2 

V A:;040є C A5@54=P><C 0,35 <<. 

3. #@8 048B82=><C =0?;02;5==V 7@07:V2 7 0;N<V=Vє2>3> A?;02C AlMg5 C 

A5@54>28IV G8AB>3> 0@3>=C V7 70AB>AC20==O< GMAW-CMT B0 Pulse <5B>4V2 

=091V;PH0 28A>B0 H0@V2 <>65 1CB8 AD>@<>20=0 A0<5  GMAW-CMT. �030;P=0 

28A>B0 =0?;02;5==O 50 H0@V2 GMAW-CMT ?@>F5A>< A:;040є 94 <<, 0 ?@8 GMAW-

Pulse - 67 << 70 4>A;V465=8E @568<V2 =0?;02;5==O. #@8 7<V=V Pulse ?@>F5AC =0 % & 

H8@8=0 H0@V2 71V;PHCєBPAO =0 17%, 7 4,9 4> 5,9 << 2V4?>2V4=>. 

4. #@8 048B82=><C =0?;02;5=V =5@602VNG>W AB0;V 0CAB5=VB=>3> :;0AC Cr19Ni9 

(E308L) 7 28:>@8AB0==O< GMAW-CMT <5B>4C 28A>B0 50 =0?;02;5=8E H0@V2 

1V;PH0 =V6 ?@8 70AB>AC20==V GMAW-Pulse =0?;02;5==O V A:;040є 7 72 << B0 64 << 

2V4?>2V4=>. #@8 FP><C 5D5:B82=0 H8@8=0 20;8:0 7<5=HCєBPAO 7 5,9 4> 4.2 <<. 

5. �AB0=>2;5=V 70:>=><V@=>ABV 2?;82C GMAW-CMT/Pulse <5B>4V2 

=0?;02;5==O =0 7<V=C 35><5B@8G=8E E0@0:B5@8AB8:, B0 2V@>3V4=VABP 28=8:=5==O 

45D5:BV2 ?@8 048B82=><C =0?;02;5==V :@5<=Vє2>W 1@>=78 CuSi3Mn1. �8A>B0 50-B8 

=0?;02;5=8E H0@V2 :@5<=Vє2>W 1@>=78, >B@8<0=8E GMAW-CMT ?@>F5A>< 7@07:V2, 

=0 18,2 % 1V;PH0 C ?>@V2=O==V 7 GMAW-Pulse ?@>F5A>< V AB0=>28BP 44,9 B0 54,9 << 

2V4?>2V4=>, 0 5D5:B82=0 B>2I8=0 ABV=:8 7<5=HCєBPAO 7 8,36 4> 5,9 << 2V4?>2V4=>. 

6. #@8 GMAW-CMT <5B>4V =0?;02;5==O ?>25@E=V ABV=>: D>@<CNBPAO 

=0?;828 70:@8AB0;V7>20=>3> <5B0;C >:@5<8E H0@V2, 0 ?>:07=8: 2V4E8;5==O ?@>DV;N 

1>:>28E ?>25@E>=P 7@>AB0є 2V4 0,5 4> 1,13 <<. �;O GMAW-Pulse <5B>4C ?>:07=8: 

2V4E8;5==O ?@>DV;N 287=0G5=89 C <560E 0,72&0,82 <<. �@8B8G=8E 45D5:BV2 C 

283;O4V B@VI8= G8 =5A?;02;5=P =5 28O2;5=>. 

7. #@8 ?>H0@>2><C 048B82=><C =0?;02;5==V PAW-CW A?>A>1>< ?@CB:V2 

60@><VF=>3> A?;02C SBM-4 =0 ?V4;>6:C 7 48A?5@AV9=>B25@4VNG>3> 60@><VF=>3> 

A?;02C +%88'�І B@VI8=, 2V4H0@C20=P <5B0;C <V6 H0@0<8 B0 V=H8E 45D5:BV2 =5 

28O;5=>. �0 :@8B5@VO<8 <0:A8<0;P=>W 28A>B8 H0@V2 V 2V4ACB=>ABV 45D5:BV2 287=0G5=V 

@5:><5=4>20=V @568<8 048B82=>3> =0?;02;5==O. 
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8. "FV=:0 DV78:>-EV<VG=>W 270є<>4VW ?@8?>N SBM-4 7 ?>25@E=5N 60@><VF=8E 

A?;02V2 70 @V7=8E A:;04V2 70E8A=8E 307>28E A5@54>28I B0 C<>2 =03@V2C A2V4G8BP, I> 

C 20:CC<V 3&6×10–3 #0 ?@8 =0BV:0==V =5 1V;PH5 3×10–5 #0·<3·A–1 7 ?V428I5==O< 

B5<?5@0BC@8 7@>AB0є 3;818=0 @>7G8=5==O ?@8?>є< >A=>2=>3> <5B0;C B0 

?>:@0ICєBPAO @>7BV:0==O ?@8?>N, 7>:@5<0 ?@8 B5<?5@0BC@V 1220 °% 3;818=0 

@>7G8=5==O <5B0;C ?V4;>6:8 =5 ?5@528ICє 0,1 <<, 0 ?@8 B5<?5@0BC@0E  

1230–1235° % 2>=0 4>@V2=Nє 0,244 <<, :@09>2V :CB8 7<>GC20==O A:;040NBP 45:V;P:0 

3@04CAV2, 7V 7@>AB0==O< B5<?5@0BC@8 71V;PHCєBPAO ?8B><0 ?;>I0 @>7BV:0==O.  

9. #@8 =03@V20==V ?@CB:V2 ?@8?>N ?;07<>2>-4C3>28< 465@5;>< B5?;0 V7 

70AB>AC20==O PAW-CW A?>A>1C 2 C<>20E :>=B@>;P>20=>3> 307>2>3> A5@54>28I0 =0 

>A=>2V 0@3>=C ?@8 B8A:0E 1;87P:8E 4> 0B<>AD5@=>3>, :@09>2V :CB8 7<>GC20==O 

@>7?;02>< ?@8?>N <5B0;C ?V4:;04:8 7=0G=> 71V;PHCNBPAO V <>6CBP 4>AO30B8 4> 

900, <>6;825 CB2>@5==O 45D5:BV2 B8?C B@VI8= B0 =5A?;02;5=P. 
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4 ���+�!!/ %&$'�&'$!"� �'�"�� &� ���%&��"%&��  �&��' 

"��$��!�)  "���Ь!�) ��$"��� 

 

4.1 (>@<C20==O AB@C:BC@8 7@07:V2 7 =87ь:>2C3;5F52>W AB0;V G3Si1 
(09�2%) ?@8 GMAW-CMT/Pulse B0 PAW-CW 048B82=><C =0?;02;5==V 

!0 ?>;V@>20=V9 ?>25@E=V 2AVE 4>A;V465=8E 7@07:V2 28O2;5=V 4@V1=V =5<5B0;52V 

2:;NG5==O >:@C3;>W D>@<8. #@8 <5B0;>3@0DVG=><C 4>A;V465==V 2 A2VB;><C V 

B5<=><C ?>;OE 287=0G5=>, I> F5 >:A848 V A8;V:0B8, O:V 4>A8BP @V2=><V@=> 

@>7B0H>20=V ?> 2AV9 ?>25@E=V =0?;02;5=P. �V;P:VABP V @>7<V@ 28O2;5=8E 2:;NG5=P 

<5=H5 10;C №1, ?@8 ?>@V2=O==V 7V H:0;0<8 �%&' ISO 4967:2017 [95] (@8AC=>: 4.1).  

 

  

4 5 

  

6 7 

$8AC=>: 4.1 -  0:@>AB@C:BC@8 (E100) 7@07:V2 7 =87P:>2C3;5F52>W AB0;V G3Si1: 

 0 – GMAW-CMT, 307  21; 1 – GMAW-CMT, 307  11; 2 – GMAW-CMT, 307 

 21; 3 –  GMAW-Pulse, 307  21;  4 – PAW-CW 
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�@V< >48=>G=8E 2:;NG5=P A?>AB5@V30NBPAO ?>>48=>:V ;0=FN6:8 B0 

:><?0:B=V A:C?G5==O 2:;NG5=P >:A84V2 B0 A8;V:0BV2 (@8AC=>: 4.2).  

  

4 5 

$8AC=>: 4.2 -  0:@>AB@C:BC@8 (E100) 7@07:V2 7 =87P:>2C3;5F52>W AB0;V G3Si1 7V 

A:C?G5==O<8 A8;V:0BV2: 0 – GMAW-CMT, 307  11 1 – PAW-CW 

 

' =0?;02;5=8E 7 28:>@8AB0==O< AC<VHV  21 B0  11 (GMAW-CMT) 7@07:0E 

C =525;8:V9 :V;P:>ABV 28O2;5=V 2:;NG5==O =5?@028;P=>W D>@<8 A:;04=>3> 2<VABC, 

WE @>7<V@ ?5@528ICє @>7<V@ >:A84V2 V A8;V:0BV2 C F8E 7@07:0E (@8AC=>: 4.3). �0=V 

2:;NG5==O 7451V;PH>3> A?>AB5@V30NBPAO 2 7>=V ?>?5@54=P> =0?;02;5=8E H0@V2.  

  

4 5 

$8AC=>: 4.3 -  0:@>AB@C:BC@8 (E100) 7@07:V2 7 =87P:>2C3;5F52>W AB0;V G3Si1 7 

=0O2=VABN A:;04=8E =5<5B0;528E 2:;NG5=P: 0 – GMAW-CMT, 307  21 1 – 

GMAW-CMT, 307  11 
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"A>1;82>ABV AB@C:BC@=>-D07>2>3> A:;04C 7@07:V2 7 =87ь:>2C3;5F52>W 

AB0;V G3Si1, I> 1C;8 >B@8<0=V GMAW-% & =0?;02;5==O< C 307>2V9 AC<VHV 
 21 

�@8AB0;V70FVO =0?;02;5=>3> <5B0;C 45=4@8B=0.  V:@>AB@C:BC@0 >AB0==P>3> 

H0@C (@8AC=>: 4.4) A:;040єBPAO V7 ?>;V3>=0;P=>3> (G0AB:>2> 2V4<0=HB5BB>2>3> 

D5@8BC) @>7<VI5=>3> 274>26 3@0=8FP :@8AB0;VBV2. !0O2=0 G0AB:0 ?>;V54@8G=>3> V 

2V4<0=HB5BB>2>3> D5@8BC @07>< 7 284V;5==O<8 ?>;V3>=0;P=>3> D5@8BC.  

 

 

$8AC=>: 4.4 -  V:@>AB@C:BC@0 (E200) >AB0==P>3> H0@C 7 G3Si1, GMAW-CMT 

<5B>4 =0?;02;5==O, 70E8A=89 307  21 

 

,8@8=0 :@8AB0;VBV2 A:;040є h� = 60&80 <:<, B>2I8=0 284V;5=P 

?>;V3>=0;P=>3> D5@8BC 7=0E>48BPAO 2 <560E h#( = 7,5&12 <:<. #>;V54@8G=89 

D5@8B 284V;OєBPAO G0AB:>2> C BV;V :@8AB0;VBV2, 1V;PH5 C 283;O4V >:@5<8E A:C?G5=P, 

274>26 D5@8B=8E >1;O<V2>:. ' BV;V :@8AB0;VBV2 A?>AB5@V30єBPAO ?;0AB8=G0AB89 

D5@8B 7 =5C?>@O4:>20=>N 4@C3>N D07>N V =525;8:0 :V;P:VABP D5@8BC 7 

C?>@O4:>20=>N 4@C3>N D07>N. &25@4VABP D5@8B=>W A:;04>2>W HV1 – 1760&.1810 

 #0. &25@4VABP AB@C:BC@8 2 BV;V :@8AB0;VBV2 HV1 – 1980  #0. 

 V:@>AB@C:BC@0 ?5@5EV4=>W 7>=8 B0 ?>?5@54=VE H0@V2 =0?;02;5==O 2 

>A=>2=><C 4@V1=>75@=8AB0 D5@8B>–?5@;VB=0, :V;P:VABP D5@8BC 2 AB@C:BC@V 7=0G=> 

?5@528ICє :V;P:VABP ?5@;VBC (@8AC=>: 4.5). �0; D5@8B=>3> 75@=0 2V4?>2V40є №9-10 

(D7 = 140&100 <:<). &25@4VABP A:;040є HV1 – 1590&.1790  #0.  
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$8AC=>: 4.5 -  V:@>AB@C:BC@0 (E200) ?5@5EV4=>W 7>=8 >AB0==V9 H0@ – ?>?5@54=V9 

H0@ 7 G3Si1, GMAW-CMT <5B>4 =0?;02;5==O, 70E8A=89 307  21 

 

�;86G5 4> :@0W2 7@07:0 =0?;02;5==O 715@V30NBPAO 4V;O=:8 V7 70;8H:0<8 

>@Vє=B>20=>W AB@C:BC@8 (@8AC=>: 4.6). �0; D5@8B=>3> 75@=0 =0 F8E 4V;O=:0E 

2V4?>2V40є №8 (D7 = 190 <:<). &25@4VABP A:;040є HV = 1760&.1810  #0. 

 

 

$8AC=>: 4.6 -  V:@>AB@C:BC@0 (E200) ?5@5EV4=>W 7>=8 >AB0==V9 H0@ – ?>?5@54=V9 

H0@ 7 G3Si1, GMAW-CMT <5B>4 =0?;02;5==O, 70E8A=89 307  21 
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!86=O G0AB8=0 =0?;02;5==O <0є 4@V1=>75@=8ABC D5@8B>-?5@;VB=C AB@C:BC@C 

(@8AC=>: 4.7), 10; 75@=0 2V4?>2V40є №9 (D7 = 140 <:<). &25@4VABP HV = 1650&.1590 

 #0. 

 

$8AC=>: 4.7 -  V:@>AB@C:BC@0 (E200) ?>?5@54=VE H0@V2 7 G3Si1, GMAW-CMT 

<5B>4 =0?;02;5==O, 70E8A=89 307  21 

"A>1;82>ABV AB@C:BC@=>-D07>2>3> A:;04C 7@07:V2 7 =87ь:>2C3;5F52>W 
AB0;V G3Si1, I> 1C;8 >B@8<0=V GMAW-% & =0?;02;5==O< C 307>2V9 AC<VHV 
 11 

' FP><C 7@07:C :@8AB0;V70FVO =0?;02;5=>3> <5B0;C 45=4@8B=0. %B@C:BC@0 

A:;040єBPAO V7 ?>;V3>=0;P=>3> (G0AB:>2> 2V4<0=HB5BB>2>3>) @>7<VI5=>3> 274>26 

3@0=8FP :@8AB0;VBV2 D5@8BC (@8AC=>: 4.8).  

 

$8AC=>: 4.8 -  V:@>AB@C:BC@0 (E200) >AB0==P>3> H0@C 7 G3Si1, GMAW-CMT 

<5B>4 =0?;02;5==O, 70E8A=89 307  11 
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,8@8=0 :@8AB0;VBV2 7<V=NєBPAO C <560E h� = 80&160 <:<, B>2I8=0 284V;5=P 

?>;V3>=0;P=>3> D5@8BC 7=0E>48BPAO 2 <560E h#( = 8&15 <:<. #>;V54@8G=89 D5@8B 

C =525;8:V9 :V;P:>ABV 284V;OєBPAO, 3>;>2=8< G8=><,  1V;O D5@8B=8E >1;O<V2>:. 

+0AB:0 2V4<0=HB5BB>2>3> D5@8BC 2 AB@C:BC@V ?@8ACB=O.  

' BV;V :@8AB0;VBV2 CB2>@NєBPAO ?;0AB8=G0AB89 D5@8B 7 =5C?>@O4:>20=>N 

4@C3>N D07>N. &25@4VABP D5@8B=>W A:;04>2>W HV1 – 2130&.2130  #0. &25@4VABP 

AB@C:BC@8 2 BV;V :@8AB0;VBV2 HV1 2360&.2250  #0. 

 V:@>AB@C:BC@0 ?5@5EV4=8E H0@V2 C A5@54=V9 V C =86=V9 G0AB8=V =0?;02;5==O 

2 >A=>2=><C 75@=8AB0 D5@@8B>-?5@;VB=0, :V;P:VABP D5@8BC 2 AB@C:BC@V 7=0G=> 

?5@528ICє :V;P:VABP ?5@;VBC (@8AC=>: 4.9). �0; D5@8B=>3> 75@=0 2V4?>2V40є №8 (D7 

= 190 <:<). &25@4VABP A:;040є HV = 1970&.1870  #0.  

 

 

$8AC=>: 4.9 -  V:@>AB@C:BC@0 (E200) ?5@5EV4=>W 7>=8 >AB0==V9 H0@ – ?>?5@54=V9 

H0@ G3Si1, GMAW-CMT <5B>4 =0?;02;5==O, 70E8A=89 307  11 

 

 0965 A:@V7P 715@V30NBPAO D@03<5=B8 ?>;V3>=0;P=>3> D5@8BC, I> 

7C<>2;NNBP >@Vє=B>20=VABP AB@C:BC@8 (@8AC=>: 4.10) �0; D5@8B=>3> 75@=0 =0 F8E 

4V;O=:0E 2V4?>2V40є №7 – 8 (D7 = 270&190 <:<). &25@4VABP A:;040є HV = 

1780&.1980  #0. 
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$8AC=>: 4.10 -  V:@>AB@C:BC@0 (E200) ?5@5EV4=>W 7>=8 V7 G3Si1 7 70;8H:0<8 

?>;V3>=0;P=>3> D5@8BC, GMAW-CMT <5B>4 =0?;02;5==O, 70E8A=89 307  11 

 

�>=0 ?>?5@54=P>3> =0?;02;5=>3> H0@C <0є 75@=8ABC D5@8B>-?5@;VB=C 

AB@C:BC@C (@8AC=>: 4.11), 10; 75@=0 2V4?>2V40є №8-9 (D7 = 190&140 <:<). 

&25@4VABP HV1 = 1870 #0. 

 

$8AC=>: 4.11 -  V:@>AB@C:BC@0 (E200) ?>?5@54=VE H0@V2 7 G3Si1, GMAW-CMT 

<5B>4 =0?;02;5==O, 70E8A=89 307  11 

 

"A>1;82>ABV AB@C:BC@=>-D07>2>3> A:;04C 7@07:V2 7 =87ь:>2C3;5F52>W 
AB0;V G3Si1, I> 1C;8 >B@8<0=V GMAW-Pulse =0?;02;5==O< C 307>2V9 AC<VHV 
 21 

' 40=><C 7@07:C :@8AB0;V70FVO =0?;02;5=>3> <5B0;C 45=4@8B=0. 
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 V:@>AB@C:BC@0 >AB0==P>3> H0@C ?@54AB02;5=0 =0 @8AC=:C 4.12, 0. �>=0 

A:;040єBPAO V7 ?>;V3>=0;P=>3> (G0AB:>2> 2V4<0=HB5BB>2>3>) @>7<VI5=>3> 274>26 

3@0=8FP :@8AB0;VBV2 D5@8BC. ,8@8=0 :@8AB0;VBV2 2 >A=>2=><C h� = 80&100 <:<, 

B>2I8=0 284V;5=P ?>;V3>=0;P=>3> D5@8BC 274>26 3@0=8FP :@8AB0;VBV2 7=0E>48BPAO 

2 <560E h#( = 10&12 <:<. #>;V54@8G=89 D5@8B 284V;OєBPAO C 283;O4V >:@5<8E 

A:C?G5=P 75@5= O: C BV;V :@8AB0;VBV2, B0: V 1V;O D5@8B=8E >1;O<V2>:.  

' BV;V :@8AB0;VBV2 A?>AB5@V30єBPAO ?;0AB8=G0AB89 D5@8B 7 =5C?>@O4:>20=>N 

4@C3>N D07>N (1V;PH0 G0AB:0) V 7 C?>@O4:>20=>N 4@C3>N D07>N (<5=H0 G0AB:0) 

(@8AC=>: 4.12, 5). &25@4VABP D5@8B=>W A:;04>2>W HV = 1870&.1910  #0. &25@4VABP 

AB@C:BC@8 2 BV;V :@8AB0;VBV2 HV = 1930&.2060  #0. 

 

  

0) 1) 

$8AC=>: 4.12 -  V:@>AB@C:BC@0 (E200) >AB0==P>3> H0@C (0) 7 284V;5==O<8 

?;0AB8=G0B>3>  D5@8BC (1) 

 

 V:@>AB@C:BC@0 2 A5@54=V9 V =86=V9 G0AB8=V =0?;02;5==O 2 >A=>2=><C 

4@V1=>75@=8AB0 D5@8B>–?5@;VB=0, :V;P:VABP D5@8BC 2 AB@C:BC@V 7=0G=> 1V;PH0 

(@8AC=>: 4.13, 0). �0; D5@8B=>3> 75@=0 2V4?>2V40є №9 (D7 = 140 <:<). &25@4VABP 

A:;040є HV = 1760&.1660  #0. #>45:C48 (2 >A=>2=><C ?> :@0OE =0?;02;5=8E 

H0@V2) 715@V30NBPAO D@03<5=B8 ?>;V3>=0;P=>3> D5@8BC, I> 7C<>2;Nє 70;8H:8 

>@Vє=B>20=>ABV AB@C:BC@8 (@8AC=>: 4.13, 1). �0; D5@8B=>3> 75@=0 =0 F8E 4V;O=:0E 

2V4?>2V40є №7 (D7 = 260 <:<). &25@4VABP A:;040є HV = 1760&.1660  #0. 
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0) 1) 

$8AC=>: 4.13 -  V:@>AB@C:BC@0 (E200) ?5@5EV4=>W 7>=8 (0) V7 70;8H:0<8 

>@Vє=B>20=>W AB@C:BC@8 (1) 

 

#>?5@54=V =0?;02;5=V H0@8 (?@81;87=> 1<< 2V4 =86=P>3> :@0N) <0NBP 

4@V1=>75@=8ABC D5@8B>-?5@;VB=C AB@C:BC@C (@8AC=>: 4.14), 10; 75@=0 2V4?>2V40є 

№8-9 (D7 = 190&260 <:<). &25@4VABP HV = 1600  #0. 

 

 

$8AC=>: 4.14 -  V:@>AB@C:BC@0 (E200) ?>?5@54=VE H0@V2 7 4@V1=>75@=8AB>N 

AB@C:BC@>N 
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"A>1;82>ABV AB@C:BC@=>-D07>2>3> A:;04C 7@07:V2 7 =87ь:>2C3;5F52>W 

AB0;V G3Si1, I> 1C;8 >B@8<0=V GMAW-Pulse =0?;02;5==O< C 307>2V9 AC<VHV 
 11 

' FP><C 7@07:C :@8AB0;V70FVO =0?;02;5=>3> <5B0;C B0:>6 45=4@8B=0. 

 V:@>AB@C:BC@0 >AB0==P>3> H0@C A:;040єBPAO V7 B8E 65 AB@C:BC@=8E A:;04>28E, I> 

V C 28I5>?8A0=8E 7@07:0E – D5@8B @V7=8E D>@< V =525;8:0 :V;P:VABP ?5@;VBC 

(@8AC=>: 4.15).  

,8@8=0 :@8AB0;VBV2 2 >A=>2=><C h� = 80&130 <:<. &>2I8=0 284V;5=P 

?>;V3>=0;P=>3> D5@8BC 7=0E>48BPAO 2 <560E h#( = 5&15 <:<. #>;V54@8G=89 D5@8B, 

C =525;8:V9 :V;P:>ABV, :><?0:B=> 284V;OєBPAO 274>26 D5@8B=8E >1;O<V2>:, 

2V47=0G0єBPAO 71V;PH5=0 G0AB:0 2V4<0=HB5BB>2>3> D5@8BC.  

' BV;V :@8AB0;VBV2 CB2>@NєBPAO ?;0AB8=G0AB89 D5@8B 7 =5C?>@O4:>20=>N 

4@C3>N D07>N V =525;8:0 :V;P:VABP ?;0AB8=G0AB>3> D5@8BC 7 C?>@O4:>20=>N 

4@C3>N D07>N. &25@4VABP D5@8B=>W A:;04>2>W HV = 1980&.1870  #0. &25@4VABP 

AB@C:BC@8 2 BV;V :@8AB0;VBV2 HV = 2130  #0. 

 

 

$8AC=>: 4.15 -  V:@>AB@C:BC@8 (E200) >AB0==P>3> H0@C 7 G3Si1, GMAW-Pulse 307 

 11 

 

� ?5@5EV4=V9 7>=V =0?;02;5==O AB@C:BC@0 <5=H =5>4=>@V4=0, 75@=8AB0 

D5@8B>-?5@;VB=0, 7 25;8:>N :V;P:VABN D5@8BC. $>7<V@ 75@=0 7<V=NєBPAO 2V4 №7,8 

(D7 = 260&190 <:<) 4> №9 (D7 = 140) ($8A 4.16).  
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�030;><, AB@C:BC@0 ?5@5EV4=8E H0@V2 AE>60 =0 �&� H20 ?@8 

1030B>?@>EV4=><C 720@N20==V (@8AC=>: 4.16, 0), 45 4V;O=:0 :@C?=>3> 75@=0 <5=H 

28@065=0, 0;5 2A5 6 2>=0 є. *5 B5>@5B8G=> <>65 A?@8OB8 7=865==N ?;0AB8G=>ABV. 

&25@4VABP 4V;O=>: 7 1V;PH8< 75@=>< A:;040є HV = 1880&.1750  #0. &25@4VABP =0 

4@V1=>75@=8AB8E 4V;O=:0E A:;040є HV = 1870  #0.  

' 7>=V ?>?5@54=P>3> =0?;02;5=>3> H0@C  <5B0; <0є  B0:C 6 AB@C:BC@C, O: V C 

?5@5EV4=V9 7>=V G0AB8=V (@8AC=>: 4.16, 5), 10; 75@=0 2V4?>2V40є №9 (D7 =140 <:<). 

&25@4VABP HV = 1760&.1790  #0. 

 

  

0) 1) 

$8AC=>: 4.16 -  V:@>AB@C:BC@0 (E200) ?5@5EV4=>W 7>=8 (0) B0 ?>?5@54=VE H0@V2 (1) 

 

"A>1;82>ABV AB@C:BC@=>-D07>2>3> A:;04C 7@07:V2 7 =87ь:>2C3;5F52>W 
AB0;V G3Si1, I> 1C;8 >B@8<0=V PAW-CW =0?;02;5==O< 

' FP><C 7@07:C :@8AB0;V70FVO =0?;02;5=>3> <5B0;C 2 >AB0==P><C H0@V 

45=4@8B=0.  V:@>AB@C:BC@0 >AB0==P>3> H0@C A:;040єBPAO V7 <0A82=8E 284V;5=P 

?>;V3>=0;P=>3> D5@8BC, 7=0G=0 G0AB:0 9>3> <0є >@Vє=B0FVN ?> �V4<0=HB5BBC B0 

48A?5@A=>3> ?5@;VBC ?> 3@0=8FOE :@8AB0;VBV2. &0:>6 ?> 3@0=8FOE V 2 BV;V :@8AB0;VBV2 

284V;OєBPAO ?>;V54@8G=89 D5@8B. %B@C:BC@0 2 BV;V :@8AB0;VBV2 A:;040єBPAO 7 

45:V;P:>E D>@< D5@8BC – =525;8:>W :V;P:>ABV ?>;V54@8G=>3> B0 ?;0AB8=G0AB>3> 7 

=5C?>@O4:>20=>N 4@C3>N D07>N V 7 C?>@O4:>20=>N 4@C3>N D07>N (=57=0G=0 

:V;P:VABP) (@8AC=>: 4.17) ,8@8=0 :@8AB0;VBV2 2 >A=>2=><C h� = 120&180 <:<. 

&>2I8=0 284V;5=P ?>;V3>=0;P=>3> D5@8BC 7=0E>48BPAO 2 <560E h#( = 10&20 <:<.  
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%B@C:BC@0 >AB0==P>3> H0@C 7@07:0 <0є 1V;PHC :V;P:VABP 3@C1>W D5@8B=>W 

A:;04>2>W. &25@4VABP D5@8BC HV = 1700&.1870  #0. &25@4VABP AB@C:BC@8 2 BV;V 

:@8AB0;VBV2 HV = 1870&.1810  #0 

 

 

$8AC=>: 4.17 -  V:@>AB@C:BC@8 (E200) C 7>=V >AB0==P>3> H0@C 7 G3Si1, PAW <5B>4 

=0?;02;5==O 

 

' ?5@5EV4=V9 7>=V B0 ?>?5@54=VE H0@0E =0?;02;5=>3> <5B0;C A?>AB5@V30єBPAO 

<0965 >4=>@V4=0 >1;0ABP ?5@5:@820==O. %B@C:BC@0 D5@8B>-?5@;VB=0, :V;P:VABP 

D5@8BC 2 AB@C:BC@V 7=0G=> ?5@528ICє :V;P:VABP ?5@;VBC. $>7<V@ 75@=0 7<V=NєBPAO 2 

<560E 2V4 №7 4> №9 (D7 = 260&140 <:<) (@8AC=>: 4.18, 0).  

' A5@54=V9 G0AB8=V =0?;02;5==O 28O2;5=0 4V;O=:0 7 70;8H:0<8 1V;PH :@C?=>W 

>@Vє=B>20=>W AB@C:BC@8 (@8AC=>: 4.18, 1), 10; 75@=0 2V4?>2V40є №7 (D7 = 260 <:<). 

&25@4VABP <5B0;C =0 FV9 4V;O=FV A:;040є HV = 1560&.1600  #0. &25@4VABP 

4@V1=>75@=8AB8E 4V;O=>: A:;040є HV = 1650&.1660  #0.  

 



109 

 

  

0) 1) 

$8AC=>: 4.18 -  V:@>AB@C:BC@0 (E200) ?5@5EV4=>W 7>=8 7 >4=>@V4=>N >1;0ABN 

?5@5:@8BBO (0) B0 70;8H:0<8 >@Vє=B>20=>W AB@C:BC@8 (1) 

' 7>=V ?>?5@54=VE H0@V2 A?>AB5@V30єBPAO D5@8B>-?5@;VB=0 AB@C:BC@0 (@8AC=>:  

4.19), 7 10;>< 75@=0 №9 (D7 =140 <:<). &25@4VABP <5B0;C A:;040є HV = 1600&.1650 

 #0. 

 

$8AC=>: 4.19 -  V:@>AB@C:BC@0 (E200) ?>?5@54=VE H0@V2 =0?;02;5==O (PAW) 

 

4.2 #>@V2=O;ь=89 0=0;V7 AB@C:BC@=8E 7<V= C =0?;02;5=><C <5B0;V G3Si1 
C 70;56=>ABV 2V4 <5B>4C GMAW B0 PAW-CW =0?;02;5==O. 

 V:@>AB@C:BC@0 <5B0;C 4>A;V465=8E 7@07:V2 AB0;V 09�2% (G3Si1) є 

E0@0:B5@=>N 4;O 1030B>H0@>28E =0?;02;5=P – AB>21G0AB0 AB@C:BC@0 ;8B>3> <5B0;C, 

O:0 2:07Cє =0 =0?@02;5=VABP :@8AB0;V70FVW V7 @V4:>3> AB0=C. �0=0 AB@C:BC@0  =0O2=0 

;8H5 2 >AB0==P><C =0?;02;5=><C H0@V. �8A>:0 ABC?V=P 4@V1=>48A?5@A=>ABV 
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AB@C:BC@8  =0?;02;5=>3> <5B0;C D>@<CєBPAO ?@8 70AB>AC20==V GMAW-CMT <5B>4C 

C A?>;CG5==V 7 307>2>N AC<VHHN  21.  

 V6 A>1>N <V:@>AB@C:BC@8 CAVE 7@07:V2 2V4@V7=ONBPAO @>7<V@0<8 :@8AB0;VBV2 

(h�) (@8AC=>: 4.20), H8@8=>N 284V;5=P ?>;V3>=0;P=>3> D5@8BC (h#() (@8AC=>: 4.21) 

?> 3@0=8FOE :@8AB0;VBV2  B0 :V;P:VABN V=H8E D5@8B=8E D>@<.  

 #@8 ?>@V2=O==V 75@5==>W AB@C:BC@8 7@07:V2, I> 1C;8 ?>H0@>2> =0?;02;5=V 

GMAW-CMT/Pulse B0 PAW <5B>40<8 C :><1V=0FVW 70E8A=8E 307>28E AC<VH59  21 

B0  11, 2AB0=>2;5=> =0ABC?=5 (@8AC=:8 4.20 B0 4.21). 

' BV;V :@8AB0;VBV2 CB2>@NєBPAO 45:V;P:0 D>@< D5@8BC – ?>;V54@8G=89 B0 42V 

<>48DV:0FVW ?;0AB8=G0AB>3> – 7 2?>@O4:>20=>N B0 7 =5C?>@O4:>20=>N 4@C3>N 

D07>N. %0<V :@8AB0;VB8 B0:>6 2V4@V7=ONBPAO 70 @>7<V@0<8 (@8AC=>: 4.20), I> 

:>@5;NєBPAO 7 @568<>< =0?;02;5==O (CMT/Pulse) V 284>< 28:>@8AB0=>3> 70E8A=>3> 

307C ( 21,  11).  

&0:, 4;O 20@V0=BV2 =0?;02;5==O % & <5B>4>< ?@8 28:>@8AB0==V AC<VHV  21 

@>7<V@8 :@8AB0;VBV2 <5=HV (h� = 60&80 <:<), =V6 ?@8 28:>@8AB0==V AC<VHV  11 (h� 

= 60&80 <:<) B0 7<5=H5=><C B5?;>2:;045==N (q = 117 :�6/<). #>4V1=0 ?>254V=:0 

?@>A;V4:>2CєBPAO B0:>6 4;O GMAW-Pulse <5B>4C =0?;02;5==O.  

�;O ?;07<>2>3> (PAW) A?>A>1C =0?;02;5==O A?>AB5@V30єBPAO =091V;PH89 

@>7<V@8 :@8AB0;VBV2 (h� = 120&180 <:<), G5@57 28A>:5 B5?;>2:;045==O C 

720@N20;P=C 20==C (q = 318 :�6/<). 

 

 

$8AC=>: 4.20 - ,8@8=0 :@8AB0;VBV2 (h�) C =0?;02;5=><C <5B0;V 7@07:V2 
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/: 2V4><>, ?@8 71V;PH5==V B5?;>2:;045==O H284H5 2V41C20NBPAO ?@>F5A8 

@>ABC 75@=0 B0 :@8AB0;VBV2. "4=0:, ?@8 28:>@8AB0==V 307>28E AC<VH59 7 @V7=>N 

B5?;>?@>2V4=VABN 7=0G=> 2V4@V7=OєBPAO H284:VABP >E>;>465==O C ?@>F5AV 

:@8AB0;V70FVW B0 >E>;>465==O =0?;02;5=>3> <5B0;C. ' AC<VHV  11 7 2% %"2 

B5?;>?@>2V4=VABP <5=H0, =V6 ?@8 18% %"2 4;O AC<VHV  11. &>1B>, =86G0 

B5?;>?@>2V4=VABP 307>2>3> A5@54>28I0 A?@8Oє 1V;PHV9 :>=F5=B@0FVW B5?;>2>W 

5=5@3VW 4C38, I> ?>3;8=0єBPAO <5B0;>< 720@N20;P=>W 20==8. /: =0A;V4>:, <>6=0 

A?>AB5@V30B8 C:@C?=5==O @>7<V@V2 75@5= B0 :@8AB0;VBV2 G5@57 =04;8H:>25 B5?;> B0 

7<5=H5=5 9>3> @>7AVN20==O C 70E8A=><C 307>2><C A5@54>28IV. 

 0965 0=0;>3VG=V @57C;PB0B8 <>6=0 A?>AB5@V30B8 4;O 284V;5=P 

?>;V3>=0;P=>3> D5@8BC (B>2I8=8 – h#() (@8AC=>: 4.21). �5;8G8=0 B0 @>7<V@ F8E 

284V;5=P @>7?>4V;5=V =5@V2=><V@=>.  !091V;PH89 @>71V3 25;8G8= D5@8B=8E 284V;5=P 

?@8B0<0==89 28:>@8AB0==N 307>2>W AC<VHV  11 7 2% %"2 B0 28:>@8AB0==N 

?;07<>2>3> =0?;02;5==O (PAW) 7 =091V;PH8< @V2=5< B5?;>2:;045==O 7 CAVE 

4>A;V465=8E A?>A>1V2. 

 

 

$8AC=>: 4.21- &>2I8=8 ?>;V3>=0;P=8E 284V;5=P D5@8BC (h#() C =0?;02;5=><C 

<5B0;V 7@07:V2 

 

 V:@>AB@C:BC@8 =0 4V;O=:0E >AB0==P>3> H0@C =0?;02;5==O O2;ONBP A>1>N 

284V;5==O ?>;V3>=0;P=>3> D5@8BC (V=:>;8 7 >@Vє=B0FVєN ?> �V4<0=HB5BBC) B0 

48A?5@A=>3> ?5@;VBC ?> 3@0=8FOE :@8AB0;VBV2. +0AB:0 2V4<0=HB5BB>2>3> D5@8BC C 
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=0?;02;5=8E GMAW-Pulse <5B>4>< 7@07:0E 1V;PH0, =V6 4;O >B@8<0=8E GMAW-

CMT =0?;02;5==O< 7 >4=0:>2>N 307>2>N AC<VHHN 7@07:V2.  

#5@5EV4=V 7>=8 <V6 =0?;02;5=8<8 H0@0<8 A:;040NBPAO 7 <5B0;C 7V 7<V=5=>N 

AB@C:BC@>N (>1;0ABP ?5@5:@8BBO), O:0 28=8:;0 2 @57C;PB0BV B5?;>2>3> 2?;82C ?@8 

=0:;045==V :>6=>3> =0ABC?=>3> H0@C. *V 7>=8 2 >A=>2=><C A:;040NBPAO 7 

D@03<5=B0@=8E 70;8H:V2 =0?@02;5=>W AB>21G0AB>W AB@C:BC@8.  �>=8 є 

?>4@V1=5=8<8, 75@=8AB8<8, D5@8B>-?5@;VB=8<8 7V 7=0G=8< 2<VAB>< D5@8BC.  

&0:8< G8=><, C ?5@5EV4=8E 7>=0E ?>@CHCєBPAO AB>21G0AB0 1C4>20 AB@C:BC@8 

=0?;02;5=>3> <5B0;C, CB2>@NєBPAO 457>@Vє=B>20=0 4@V1=>75@=8AB0 AB@C:BC@0. � 

CAVE 7@07:0E GVB:> 28@065=>W <56V 7’є4=0==O H0@V2 =5 A?>AB5@V30єBPAO. &0:V 

AB@C:BC@8 ?>28==V <0B8 ?V428I5=89 >?V@ @C9=C20==N, I> ?V4B25@46CNBPAO 

<5E0=VG=8<8 28?@>1C20==O<8. ' 7>=V ?>?5@54=VE H0@V2 ?>45:C48 715@V30єBPAO 

>@Vє=B>20=VABP AB@C:BC@8, I> є E0@0:B5@=>N 4;O ;8B>3> <5B0;C.  

 V:@>AB@C:BC@8 >B@8<0=8E 7@07:V2 B0:>6 2V4@V7=ONBPAO 25;8G8=>N 

D5@8B=>3> 75@=0 C ?5@5EV4=V9 7>=V B0 ?>?5@54=VE H0@0E (@8AC=>: 4.22). !091V;PH89 

@>7<V@ D5@8B=8E 75@5= (D�) A?>AB5@V30єBPAO ?@8 28:>@8AB0==V 307>2>W AC<VHV  11.  

$>7<V@ D5@8B=>W A:;04>2>W ?@8 28:>@8AB0==V AC<VHV  21 4;O GMAW-CMT <5B>4C 

<5=H89 (D� = 100&140 <:<). -> B0:>6 :>@5;Nє 7 V=H8<8 20@V0=B0<8 =0?;02;5=P 

7 28:>@8AB0==O< AC<VHV  21.  

 

 

$8AC=>: 4.22 - �5;8G8=8 D5@8B=8E 75@5= D� C ?5@5EV4=V9 7>=V A?;02;5==O 

>AB0==P>3> B0 ?>?5@54=P>3> H0@V2  
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$>7<V@8 D5@8B=>W A:;04>2>W C ?>?5@54=P> =0?;02;5=8E H0@0E ?@0:B8G=> =5 

2V4@V7=ONBPAO B0 7=0E>4OBPAO =0 >4=><C @V2=V, >:@V< GMAW-Pulse <5B>4C 7 

28:>@8AB0==O< AC<VHV  21. �;O 40=>3> 20@V0=BC 2AB0=>2;5=89 @V7:89 @VAB 

25;8G8=8 (D�) D5@8B=8E 75@5= (@8AC=>: 4.23). 

 

 

$8AC=>: 4.23 - �5;8G8=8 D5@8B=8E 75@5= D� C ?>?5@54=VE H0@0E 

 

#@8 ?>@V2=O==V @V2=V2 <V:@>B25@4>ABV >B@8<0=8E =0?;02;5=8E 7@07:V2 

2AB0=>2;5=0 ?52=0 70;56=VABP 2V4 <5B>4C/A?>A>1C =0?;02;5==O B0 28:>@8AB0=>W 

70E8A=>W 307>2>W AC<VHV, I> 2V4>1@065=> =0 @8AC=:C 4.24. 

!0928I0 <V:@>B25@4VABP =0?;02;5=>3> <5B0;C є E0@0:B5@=>N 4;O 7@07:V2, O:V 

1C;8 =0?;02;5=V <5B>4>< GMAW-CMT ?@8 70AB>AC20==V 70E8A=>W 307>2>W AC<VHV 

M11 (1840&2082  #0), I> :>@5;Nє 7 @57C;PB0B0<8 <5E0=VG=8E 28?@>1C20=P. 

�V;PH0 <V:@>B25@4VABP ?>OA=Nє 45I> 7=865=C ?;0AB8G=VABP 70 AE5<>N: 1V;PH0 

B25@4VABP – <5=H0 ?;0AB8G=VABP. #@8 28:>@8AB0==V AC<VHV  21 =0O2=5 7=865==O 

@V2=O <V:@>B25@4>ABV 2 CAVE 7>=0E 4>A;V465=P (>AB0==V9 H0@, ?5@5EV4=0 7>=0, 

?>?5@54=V H0@8).  

 V:@>B25@4VABP =0?;02;5=8E 7 V<?C;PA=>N ?>40G5N 720@N20;P=>3> AB@C<C 

(GMAW-Pulse) 7@07:V2 20@VNєBPAO C <560E 1618&1922  #0 B0 ?5@51C20є =0 

A5@54=P><C @V2=V 7 4>A;V465=8E 7@07:V2. %?>AV1 ?;07<>2>3> (PAW) =0?;02;5==O 

45<>=AB@Cє =09=86GV ?>:07=8:8 <V:@>B25@4>ABV 2 >AB0==P><C =0?;02;5=><C H0@V 
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B0 ?5@5EV4=V9 7>=V =0 2V4<V=C 2V4 ?>?5@54=VE H0@V2 7 <V:@>B25@4VABN =0 @V2=V 

GMAW-CMT/Pulse <5B>4V2 (7 AC<VHHN  21).  

 

 

$8AC=>: 4.24 -  V:@>B25@4VABP =0?;02;5=8E 7@07:V2 7 =87P:>2C3;5F52>W AB0;V 

G3Si1 

 

#>@V2=O;P=89 0=0;V7 EV<VG=>3> A:;04C =0?;02;5=>3> <5B0;C 2:07Cє =0 ?52=5 

:>;820==O 2<VABC G0AB:8 <0@30=FN (Mn). *5 ?>OA=NєBPAO 7<V=>N @V2=O 

B5?;>2:;045==O B0 G0AB:>N 2C3;5:8A;>3> 307C (%"2) C AC<VHV, I> 2?;820є =0 

V=B5=A82=VABP 283>@0==O ;53CNG8E 5;5<5=BV2 ?@8 =0?;02;5==V. �0=V 28<V@N20=P 

EV<VG=>3> A:;04C =0?;02;5=8E 7@07:V2 =02545=V C B01;8FV 4.1. 

 

&01;8FO 4.1 - )V<VG=89 A:;04 =0?;02;5=>3> <5B0;C 7 G3Si1 (09�2%) 
�0@V0=B 

=0?;02;5==O 

)V<VG=89 A:;04, G0AB:0 % 

Fe Si Mn Cu Cr S 

GMAW-CMT ( 21) 97,82 0,8 1,27 0,07 - 0,03 

GMAW-CMT ( 11) 97,59 0,82 1,38 0,08 0,025 0,07 

GMAW-Pulse ( 21) 97,85 0,8 1,2 0,087 - 0,02 

GMAW-Pulse ( 11) 97,76 0,76 1,31 0,084 0,037 0,026 

PAW 98 0,63 1,04 0,08 0,07 0,14 

 



115 

 

4.3  5E0=VG=V 2;0AB82>ABV =0?;02;5=8E GMAW-CMT/Pulse A?>A>10<8 

7@07:V2 7 =87ь:>2C3;5F52>W AB0;V G3Si1 
�48B82=5 28@>1=8FB2> 4>72>;Oє 28@VH8B8 ?8B0==O 283>B>2;5==O 28@>1V2 

=5>1EV4=>W D>@<8 B0 <0B5@V0;V2. "4=0:, >:@V< 2V4?>2V4=>ABV D>@<8 :V=F52>3> 

28@>1C ?>AB0є ?8B0==O 2V4?>2V4=>ABV <5E0=VG=8E 2;0AB82>AB59 28:>@8AB0=>3> 

<0B5@V0;C 4> B5E=VG=8E 28<>3 =0 28@V1.  

�0157?5G5==O ?>H0@>2> =0?;02;5=8<8 28@>10<8 4>AB0B=P>3> @V2=O 

<5E0=VG=8E 2;0AB82>AB59 є 206;82>N A:;04>2>N =04V9=>ABV. �@0E>2CNG8 

F8:;VG=89 2?;82 465@5;0 =03@V20==O ?@8 ?>H0@>2><C A8=B57V, 2V41C20NBPAO 

?@>F5A8 AB@C:BC@=8E ?5@5B2>@5=P, 7030@B>2C20==O B0 2V4?CA:C ?>?5@54=VE H0@V2 

=0?;02;5=>3> <5B0;C. ' 4>40B>: 4> FP>3> =0 <5E0=VG=V 2;0AB82>ABV =0?;02;5=>3> 

<5B0;C B0:>6 <>65 2?;820B8 A:;04 307>2>3> 70E8ABC, 0 A0<5 A?V22V4=>H5==O 

@>7:8A=N20GV2 4> V=5@B=>W A:;04>2>W, V <5B>4 ?V42545==O B5?;0 (720@N20==O 7 

:>@>B:8<8 70<8:0==O<8, V<?C;PA=0 ?>40G0 AB@C<C). 

�;O 2AB0=>2;5==O 70;56=>AB59 7<V=8 <5E0=VG=8E 2;0AB82>AB59 ?>H0@>2> 

=0?;02;5=>3> <5B0;C 2V4 7<V=8 70E8A=>3> 307>2>3> A5@54>28I0 B0 <5B>4C 22545==O 

B5?;0 1C;8 ?@>2545=V <5E0=VG=V 28?@>1C20==O =0 >4=>2VA=89 @>7BO3 7@07:V2 7 

=87P:>2C3;5F52>W AB0;V G3Si1, B>2I8=>N · = 2 <<, O:V 1C;8 28:>=0=V GMAW-

CMT/Pulse <5B>40<8 =0?;02;5==O 2V4?>2V4=> 4> >?8A0=8E C @>74V;V 2 <5B>48:. 

 5E0=VG=V E0@0:B5@8AB8:8 287=0G0;8 02B><0B8G=> H;OE>< >1@>1:8 4V03@0< 

(@8AC=>: 4.26) 45D>@<C20==O 70 <5B>48:>N, O:0 ?5@5410G5=0 AB0=40@B>< �%&' 

[98]. �@07:8 ?VA;O 28?@>1C20=P 7>1@065=V =0 @8AC=:C 4.25. $C9=C20==O 7@07:V2 <0є 

>4=0:>289 E0@0:B5@ B0 2V41C20;>AP C A5@54=V9 G0AB8=V @>1>G>W 4V;O=:8.   

 �V03@0<8 @>7BO3C 4;O CAVE 7@07:V2 <0NBP E0@0:B5@=C ?5@5EV4=C 7>=C 2V4 

>1;0ABV ACB> ?@C6=>3> 45D>@<C20==O 4> ?@C6=>-?;0AB8G=>3> [85]. "4=0:, 

?;>I8=0 B5:CG>ABV 1V;PH 28@065=0 ?@8 28:>@8AB0==V GMAW-CMT <5B>4C 

=0?;02;5==O B0 70E8A=>W AC<VHV  21. 
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$8AC=>: 4.25 - �@07:8 ?VA;O 28?@>1C20=P =0 >4=>2VA=89 @>7BO3 

 

'A5@54=5=V 7=0G5==O E0@0:B5@8AB8: <5E0=VG=8E 2;0AB82>AB59 048B82=> 

=0?;02;5=8E 7@07:V2 7 G3Si1 70 @57C;PB0B0<8 28?@>1C20=P =0 @>7BO3 ?@82545=V =0 

@8AC=:C 4.27. � CAVE 28?@>1C20=P =0928IC <VF=VABP (Ã2 ≈ 601  #0) <0є =0?;02;5=89 

GMAW-CMT <5B>4>< 7 28:>@8AB0==O< AC<VHV  11 (%"2 2%) 7@07>: V7 45O:8< 

7=865==O< ?;0AB8G=>ABV 4> 31%.   

 

 
$8AC=>: 4.26 - �V03@0<8 45D>@<C20==O 7@07:V2 7 =87P:>2C3;5F52>W AB0;V G3Si1 
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$8AC=>: 4.27 - $57C;PB0B8 <5E0=VG=8E 28?@>1C20=P =0 @>7BO3 7@07:V2 7 G3Si1 

 

�030;><, 70 @57C;PB0B0<8 <5E0=VG=8E 28?@>1C20=P 2AB0=>2;5=>, I> 

?>H0@>2> =0?;02;5=V 7@07:8 7 =87P:>2C3;5F52>W AB0;V G3Si1 <0NBP ?>:07=8:8 

<VF=>ABV =5 =86GV/=0 @V2=V >A=>2=>3> <5B0;C.  &0:>6 CAV 7@07:8 <0NBP 4>AB0B=N 

?;0AB8G=VABP =0?;02;5=>3> <5B0;C. 

 

4.4 (>@<C20==O AB@C:BC@8 7@07:V2 7 :@5<=Vє2>W 1@>=78 CuSi3Mn1 ?@8 
GMAW-CMT/Pulse 048B82=><C =0?;02;5==V 

!0 ?>;V@>20=V9 ?>25@E=V H;VDV2 CAVE 4>A;V465=8E 7@07:V2 C =525;8:V9 

:V;P:>ABV 28O2;5=V 4@V1=V =5<5B0;52V 2:;NG5==O =5?@028;P=>W D>@<8 V >48=8G=V 

?@>7>@V 2:;NG5==O AV@>-1;0:8B=>3> :>;P>@C, I> ?>E>4OBP =0 ?>@8. �:;NG5==O 

7451V;PH>3> A?>AB5@V30NBPAO 274>26 F5=B@0;P=>W >AV ?> 2AV9 28A>BV 4>A;V465=8E 

7>= =0?;02;5=P (@8AC=>: 4.28).  

 



118 

 

  

0) 1) 

$8AC=>: 4.28 -  0:@>AB@C:BC@8 (E100) 7@07:V2 7 :@5<=Vє2>W 1@>=78 CuSi3Mn1: 

 0) GMAW-CMT; 1) GMAW-Pulse 

 

!0 ?>25@E=V =0?;02;5=>3> GMAW-CMT <5B>4>< 7@07:0 :@8B8G=V 45D5:B8 =5 

28O2;5=V.  5E0=V7< CB2>@5==O A8;V:0B=8E 2:;NG5=P C ?@>F5AV =0?;02;5==O 1@>=7 

>?8A0=89 C ?@0FV [100]. *5 ?>OA=NєBPAO ?5@5?;02;5==O< B>=:8E ?;V2>: CuO V SiO2, 

I> CB2>@8;8AP 2=0A;V4>: ?>B@0?;O==O C @>7?;02 720@N20;P=>W 20==8 

04A>@1>20=>3> :8A=N 7 ?>?5@54=P>3> =0?;02;5=>3> H0@C. 

!0 ?>25@E=V =0?;02;5=>3> GMAW-Pulse <5B>4>< 7@07:0 28O2;5=V G8A;5==V 

B@VI8=8 O: =02:>;> 1>:>2>W :@09:8 (@8AC=>: 4.29), B0: V 1;86G5 4> F5=B@C 

=0?;02;5=>3> 20;8:0.  

  

0) 1) 

$8AC=>: 4.29 -  0:@>AB@C:BC@8 (E100) 7@07:V2 7 :@5<=Vє2>W 1@>=78 CuSi3Mn1: 

 0) B@VI8=0 C F5=B@V 20;8:0; 1) 70@>465==O B@VI8=8 =0 1>:>2V9 :@><FV 20;8:0 
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"A>1;82>ABV AB@C:BC@=>-D07>2>3> A:;04C >B@8<0=8E GMAW-% & 

=0?;02;5==O< 7@07:V2 7 :@5<=Vє2>W 1@>=78 

 V:@>AB@C:BC@0 <5B0;C =0?;02;5==O A:;040єBPAO 7 ³-B25@4>3> @>7G8=C 

@V7=><0=VB=>3> A:;04C, I> E0@0:B5@=> 4;O 1030B>H0@>28E =0?;02;5=P: AB>21G0AB0 

AB@C:BC@0 ;8B>3> <5B0;C, O:0 2:07Cє =0 =0?@02;5=VABP :@8AB0;V70FVW V7 @V4:>3> AB0=C, 

A?>AB5@V30єBPAO 2 >AB0==P><C H0@V =0?;02;5==O 7@07:0 (@8AC=>: 4.30) V O2;Oє A>1>N 

4@V1=C 45=4@8B=C AB@C:BC@C. &25@4VABP <5B0;C >AB0==P>3> H0@C HV = 1130&.1280 

 #0. 

 

$8AC=>: 4.30 -  V:@>AB@C:BC@0 (×200) >AB0==P>3> H0@C =0?;02;5==O 

 

%B@C:BC@0 2 V=H8E 4V;O=:0E =0?;02;5==O A:;040єBPAO 7 <0A82=8E, 28BO3=CB8E 

?> 28A>BV 7@07:0 75@5= B0 A;V4V2 ?5@28==>W AB@C:BC@8 C 283;O4V ?5@5@82G0AB8E 

;0=FN6:V2 B5<=8E 3;>1C;O@=8E 284V;5=P (@8AC=>: 4.31). �5@=0 <0NBP @V7=C 

B@028<VABP. ' A2VB;8E 75@=0E V=:>;8 A?>AB5@V30NBPAO A2VB;V 284V;5==O ?> 3@0=8FOE 

75@5= V AC1AB@C:BC@0 C 283;O4V AC175@5= @>7<V@>< d%= 100&150 <:< (@8AC=>: 4.31, 

0). 

' B5<=8E 75@=0E A?>AB5@V30єBPAO AC1AB@C:BC@0, O:0 70 283;O4>< AE>60 =0 

?;0AB8=8 7 ?5@5E@5A=>N >@Vє=B0FVєN «:>H8:>25 ?;5BV==O» (@8AC=>: 4.31, 1). 

&25@4VABP A2VB;8E 75@5= 28I0, =V6 B5<=8E: A2VB;>B@02;5=V 75@=0 – HV = 1030&.1190 

 #0; B5<=>B@02;5=V 75@=0 – HV = 958&.1000  #0. 
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0) 1) 

$8AC=>: 4.31 -  V:@>AB@C:BC@8 (×200) 75@5= @V7=>W B@028<>ABV (0) 7 ?5@5E@5A=>N 

>@Vє=B0FVєN (1) 

 

� 7>=V ?>?5@54=VE =0?;02;5=8E H0@V2 B0:0 6 AB@C:BC@0 O: V =0 V=H8E 4V;O=:0E 

=0?;02;5=P ($8A. 4.32, 0). %;V4 707=0G8B8, I> 2 ?>?5@54=VE H0@0E 2 =525;8:V9 

:V;P:>ABV 7’O2;OєBPAO AB@C:BC@0 7 >@Vє=B0FVєN «:>H8:>25 ?;5BV==O» B0:>6V 2 

A2VB;>B@02;5=8E 75@=0E ($8A. 4.32, 1). � F8E <VAFOE B25@4VABP <5B0;C 45I> =86G0, 

=V6 =0 V=H8E 4V;O=:0E A2VB;>B@02;5=8E 75@5=. &25@4VABP A2VB;8E 75@5=: HV = 

1110&.1320  #0, B>4V O: B25@4VABP A2VB;8E 75@5= 7 5;5<5=B0<8 «:>H8:>2>3> 

?;5BV==O» A:;040є HV = 1000&.1080  #0.  

 

  

0) 1) 

$8AC=>: 4.32 -  V:@>AB@C:BC@8  (×200) ?>?5@54=VE =0?;02;5=8E H0@V2 (0) 7 

=0O2=>N ?5@5E@5A=>N >@Vє=B0FVєN «:>H8:>25 ?;5BV==O» (1)  
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&25@4VABP 1V;PH B5<=8E 75@5= 7 AC1AB@C:BC@>N ?;0AB8=8 V7 ?5@5E@5A=>N 

>@Vє=B0FVєN I5 =86G0 B0 A:;040є HV = 916&.980  #0.  

 

"A>1;82>ABV AB@C:BC@=>-D07>2>3> A:;04C >B@8<0=8E GMAW-Pulse 

=0?;02;5==O< 7@07:V2 7 :@5<=Vє2>W 1@>=78 

 V:@>AB@C:BC@0 <5B0;C =0?;02;5==O ?@8 28:>@8AB0==V V<?C;PA=>W ?>40GV 

AB@C<C AE>60, O: V ?@8 28:>@8AB0==V <5B>4C 7 :>@>B:8<8 70<8:0==O<8 % &. 

' 7>=V >AB0==P>3> H0@C =5 A?>AB5@V30єBPAO 45=4@8B=>W AB@C:BC@8. %B@C:BC@0 

A:;040єBPAO 7V A;V4V2 ;8B>3> <5B0;C C 283;O4V ?5@5@82G0AB8E A<C3 V A2VB;>W <0B@8FV. 

!0 45O:8E 4V;O=:0E A2VB;>W <0B@8FV A?>AB5@V30єBPAO AC1AB@C:BC@0 C 283;O4V ?;0AB8= 

7 >@Vє=B0FVєN «:>H8:>25 ?;5BV==O» (?5@5E@5A=V 284V;5==O 7 <0B@8FV) (@8AC=>: 

4.33). &25@4VABP <5B0;C A:;040є HV = 1040&.1190  #0, =0 4V;O=:0E V7 

AC1AB@C:BC@>N: HV = 1090&.1150  #0. 

 

 

$8AC=>: 4.33 -  V:@>AB@C:BC@0 (×200) >AB0==P>3> H0@C =0?;02;5==O, <5B>4 

GMAW-Pulse 

 

%B@C:BC@0 ?5@5EV4=>W 7>=8 A?;02;5==O 283;O40є O: <0A82=V 75@=0, I> 

28BO3=CBV ?> 28A>BV 7V A;V40<8 ;8B>3> <5B0;C C 283;O4V ?5@5@82G0AB8E ;0=FN6:V2 

B5<=8E 3;>1C;O@=8E 284V;5=P (@8AC=>: 4.34). �5@=0 <0NBP @V7=C ABC?V=P B@02;5==O. 

'  B5<=8E 75@=0E A?>AB5@V30єBPAO AC1AB@C:BC@0 C 283;O4V ?;0AB8= 7 ?5@5E@5A=>N 

>@Vє=B0FVєN «:>H8:>25 ?;5BV==O». &25@4VABP A2VB;8E 75@5= 28I0, =V6 B5<=8E: 
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A2VB;>B@02;5=V 75@=0 – HV1 = 1390&.1440  #0; B5<=>B@02;5=V 75@=0 – HV1 = 

1240&.1430  #0.  

 

$8AC=>: 4.34 -  V:@>AB@C:BC@0 (×200) ?5@5EV4=>W 7>=8 A?;02;5==O >AB0==P>3> B0 

??5@54=P>3> H0@C, <5B>4 GMAW-Pulse 

 

' 7>=V ?>?5@54=VE H0@V2 B0:0 6 AB@C:BC@0, O: V =0 V=H8E 4V;O=:0E (@8AC=>: 

4.35, 0). �>=0 O2;Oє A>1>N 70;8H:8 ;8B8E :@8AB0;VBV2 B0 <0A82=V 75@=0 7 @V7=8< 

ABC?5=5< B@02;5==O. ' 1V;PH B5<=8E 75@=0E A?>AB5@V30єBPAO AC1AB@C:BC@0 B0:0 6, 

O: C ?5@5EV4=V9 7>=V A?;02;5==O H0@V2, 70;8H:8 ?5@5E@5A=>W >@Vє=B0FVW (@8AC=>: 

4.35, 1). &25@4VABP A2VB;8E 75@5=: HV = 1330&.1460  #0. &25@4VABP 1V;PH B5<=8E 

75@5= =86G0 V A:;040є HV = 1220&.1130  #0. 

  

0) 1) 

$8AC=>: 4.35 -  V:@>AB@C:BC@8 (×200) ?>?5@54=VE H0@V2 (0) V7 70;8H:0<8 

?5@5E@5A=>W >@Vє=B0FVW (1) 
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!0 ?>25@E=V H;VD0 28O2;5=V G8A;5==V <V:@>B@VI8=8 O: ?>1;87C 1>:>2>W 

:@><:8 =0?;02;5=8E H0@V2, B0: V 1;86G5 4> F5=B@C =0?;02;5==O. ' ?5@5EV4=V9 7>=V 

A?>AB5@V30єBPAO =0A:@V7=0 (?>?5@5: H0@C) <V:@>B@VI8=0, I> ?>G8=0єBPAO =0 

2V4AB0=V ?@81;87=> 6000 <:< 2V4 25@E=P>3> :@0N =0?;02;5=>3> 20;8:0 V 

70:V=GCєBPAO 2 7>=V >AB0==P>3> H0@C (@8AC=>: 4.36, 0, 1). 

 

  

0) 1) 

$8AC=>: 4.36 -  V:@>AB@C:BC@8 (×200) >AB0==P>3> H0@C 7 =0O2=8<8 

<V:@>B@VI8=0<8 (0), O:V A?@O<>20=V 4> F5=B@C 20;8:0 (1) 

 

&25@4VABP <5B0;C 2 157?>A5@54=V9 1;87P:>ABV 4> <V:@>B@VI8=8 ?> F5=B@C 

=0?;02;5==O =5 2V4@V7=OєBPAO 2V4 B25@4>ABV 2 V=H8E 7>=0E =0?;02;5=>3> <5B0;C. 

 

4.5 #>@V2=O;ь=89 0=0;V7 AB@C:BC@=8E 7<V= C =0?;02;5=><C <5B0;V 
CuSi3Mn1 C 70;56=>ABV 2V4 <5B>4C GMAW-CMT/Pulse =0?;02;5==O 
 �030;><, <5B0; 283>B>2;5=8E GMAW-CMT/Pulse <5B>40<8 =0?;02;5==O 

7@07:V2 A:;040єBPAO 7 ³-B25@4>3> @>7G8=C. �;O GMAW-CMT <5B>4C AB@C:BC@0 

>AB0==P>3> H0@C E0@0:B5@=0 4;O 1030B>H0@>28E =0?;02;5=P: AB>21G0AB0 AB@C:BC@0 

;8B>3> <5B0;C, O:0 2:07Cє =0 =0?@02;5=VABP :@8AB0;V70FVW, V O2;Oє A>1>N 4@V1=C 

45=4@8B=C AB@C:BC@C. �;O GMAW-Pulse <5B>4C AB@C:BC@0 >AB0==P>3> H0@C 

A:;040єBPAO V7 =0O2=8E 70;8H:V2 ;8B>3> <5B0;C C 283;O4V ?5@5@82G0AB8E A<C3 V 

A2VB;>W <0B@8FV. 
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%B@C:BC@8 ?5@5EV4=8E 7>= A:;040NBPAO 7 <0A82=8E, 28BO3=CB8E ?> 28A>BV 

7@07:0 75@5= B0 A;V4V2 ?5@28==8E AB@C:BC@ C 283;O4V ?5@5@82G0AB8E ;0=FN6:V2 

B5<=8E 3;>1C;O@=8E 284V;5=P AC175@5= @>7<V@>< 100 – 150 <:< B0 AC1AB@C:BC@ 7 

28@065=>N >@Vє=B0FVєN B8?C «:>H8:>25 ?;5BV==O». %B@C:BC@8 ?>?5@54=VE H0@V2 

AE>6V 7 ?5@5EV4=8<8 7>=0<8 B0 >AB0==V<8 H0@0<8. "4=0:, C =525;8:V9 :V;P:>ABV I5 

9 7’O2;ONBPAO AB@C:BC@8 7 28@065=>N >@Vє=B0FVєN «:>H8:>2>3> ?;5BV==O». &0:>6 

=0O2=V 75@=0 7 @V7=8< ABC?5=5< B@02;5==O. ' 1V;PH B5<=8E 75@=0E A?>AB5@V30єBPAO 

AC1AB@C:BC@0 B0:0 A0<0, O: V C ?5@5EV4=V9 7>=V A?;02;5==O H0@V2. 

!0 =0?;02;5=><C 7 V<?C;PA=>N ?>40G5N AB@C<C (GMAW-Pulse) 7@07:C 

A?>AB5@V30NBPAO GVB:V <56V @>74V;C >:@5<8E H0@V2 7 D>@<C20==O< <0A82=8E 

AB>2?G0AB8E 75@5=, I> >@Vє=B>20=V C =0?@O<:C B5?;>2V42>4C. &0:0 AB@C:BC@0 

?V4B25@46Cє 7@>1;5=V C [66] 28A=>2:8 2V4=>A=> =04;8H:>2>3> ?5@53@V2C 

720@N20;P=>W 20==8 7 =0ABC?=8< CB2>@5==O< 0=V7>B@>?=>W AB@C:BC@8 =0?;02;5=>3> 

<5B0;C. #>B5=FV9=> F5 є ?@8G8=>N 28=8:=5==O :@8B8G=8E 45D5:BV2 B8?C B@VI8= 

?@8 =0?;02;5==V 4>AB0B=P>W :V;P:>ABV H0@V2 7 ?0@0;5;P=8< =0:>?8G5==O< 

=5A:><?5=A>20=8E =0?@C65=P @>7BO3C 2V4 CA04:8 <5B0;C ?@8 :@8AB0;V70FVW, I> 1C;> 

4>A;V465=> C @>74V;V 5.  

�;O GMAW-CMT ?@>F5AC E0@0:B5@=0 45O:0 457>@Vє=B>20=VABP 75@5= 

AB@C:BC@8, I> A?@8Oє 0=V7>B@>?VW (@V2=><V@=>ABV) <5E0=VG=8E 2;0AB82>AB59 

=0?;02;5=>3> <5B0;C V, O: =0A;V4>:, 2V4ACB=>ABV 28=8:=5==O ?>25@E=528E 45D5:BV2 

C 283;O4V B@VI8=.  

 V:@>B25@4VABP H0@V2 =0?;02;5=>3> <5B0;C 2V4@V7=OєBPAO =0 @V7=8E 4V;O=:0E 

=0?;02;5==O B0 7=0E>48BPAO 2 <560E 2V4 876&1280  #0 4;O GMAW-CMT B0 

1160&1460  #0 4;O GMAW-Pulse ?@>F5AV2. �=0G5==O <V:@>B25@4>ABV >:@5<8E 7>= 

=0?;02;5=>3> <5B0;C =02545=0 =0 @8AC=:C 4.37.  V:@>B25@4VABP >:@5<8E 7>= C 

FV;><C 4;O Pulse =0?;02;5==O 2V4=>A=> GMAW-CMT <5B>4C 45I> 71V30єBPAO 7 

28A=>2:0<8 02B>@V2, O:V =02545=V 2 @>1>BV [8], C :>=B5:ABV 71V;PH5==O B25@4>ABV 

=0?;02;5=>3> H0@C ?@8 ?V428I5==V @V2=O B5?;>2:;045==O. 
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$8AC=>: 4.37 -  V:@>B25@4VABP =0?;02;5=8E 7@07:V2 7 :@5<=Vє2>W 1@>=78 CuSi3Mn1 
 

�>A;V465==O EV<VG=>3> A:;04C =0?;02;5=>3> <5B0;C :@5<=Vє2>W 1@>=78 

2:07Cє =0 ?@0:B8G=> >4=0:>289 A:;04 B0 2V4ACB=VABP 2?;82C 7<V=8 GMAW-

CMT/Pulse <5B>4C =0?;02;5==O. )V<VG=89 A:;04 4>A;V465=8E 7@07:V2 =02545=89 C 

B01;8FV 4.2. 

 

&01;8FO 4.2 - )V<VG=89 A:;04 =0?;02;5=>3> <5B0;C 7 CuSi3Mn1 (�@� F3-1) 

�0@V0=B 
=0?;02;5==O 

)V<VG=89 A:;04, G0AB:0 % 

Cu Si Mn Fe Sn Zn 

GMAW-CMT  95,87 2,76 0,99 0,19 0,17 0,01 

GMAW-Pulse 96,07 2,72 0,94 0,24 - - 

 

4.6 %B@C:BC@0 B0 DV78:>-<5E0=VG=V 2;0AB82>ABV =0?;02;5=ь V7 A?;02C 
SBM-4 

�;O =0?;02;5=>3> <5B0;C SBM-4 (@8A. 4.38) E0@0:B5@=0 45=4@8B=0 AE5<0 

:@8AB0;V70FVW 7 CB2>@5==O< :><V@>: B0 AC1AB@C:BC@ @V7=>3> B8?C (D@03<5=B8, 

:;C1:>20 AB@C:BC@0), =5@V2=>206=VABP AB0=C V =0O2=VABP A;V4V2 @5;0:A0FV9=8E 

?@>F5AV2. �=865==O @V2=O =0?@C65=P ?@>O2;OєBPAO C 283;O4V 70@>465==O V @CEC 

A8AB5< :>270==O B0 42V9=8:C20==O 75@5=.  

�5;8G8=0 75@5= 7=0E>48BPAO 2 V=B5@20;V 2V4 25×45 <:< 4> 90×175 <:<. �=0;V7 

AC1AB@C:BC@8 A2V4G8BP, I> D>@<CNBPAO AC175@=0 4>A8BP 25;8:8E @>7<V@V2, 
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4V0<5B@>< DA = 3 <:< (@8AC=>: 4.38, 2), I> A2V4G8BP ?@> @V2=>206=VABP 

AB@C:BC@=>3> AB0=C <5B0;C, I> 7C<>2;5=89 F8:;0<8 ?>2B>@=>3> =03@V2C ?V4 G0A 

048B82=>3> =0?;02;5==O. �@V< B>3>, E0@0:B5@=>N є =0O2=VABP C 2=CB@VH=VE >1'є<0E 

75@5= 4@V1=>48A?5@A=8E D07>28E D>@<C20=P @>7<V@0<8 D( = 0,15...0,25 <:<, 

@>7?>4V; V <>@D>;>3VO O:8E 0=0;>3VG=0 γ′– D07V, I> є :>35@5=B=>N <0B@8F5N. 

 

  
0) 1) 

 
2) 

$8AC=>: 4.38 -  V:@>AB@C:BC@0 =0?;02;5=>3> <5B0;C 7 SBM-4: 0) ×250; 1) × 320;  

2) ×20 000 

 

!0928IV IV;P=>ABV 48A;>:0FV9, 4> 2×1010, D>@<CNBPAO ?> 3@0=8FOE D07>28E 

284V;5=P CA5@548=V <0B@8G=8E 75@5=. %;V4 707=0G8B8 V 7@>AB0==O 2=CB@VH=VE 

=0?@C65=P C =0?;02;5=><C <5B0;V, ?@> I> A2V4G8BP 283;O4 <V:@>48D@0:FV9=8E 

2V4>1@065=P (@8AC=>: 4.38, 0), 45 GVB:> 284=> 078<CB0;P=5 @>7<8BBO @5D;5:AV2.  

�>A;V465==O B>=:>W AB@C:BC@8 =0?;02;5=>3> <5B0;C ?>:070;>, I> 

48A?5@A=VABP 7<VF=N20;P=>W D078 =5 >4=0:>20 =0 @V7=8E 4V;O=:0E. !0O2=VABP 
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7<VF=N20;P=>W D078 2 =0?;02;5=><C <5B0;V, 9<>2V@=>, ?>2'O70=0 7 WW G0AB:>28< 

715@565==O< C @V4:><C @>7?;02V ?V4 G0A =0?;02;5==O, >A:V;P:8 70 E0@0:B5@=8E 4;O 

=0?;02;5==O 28A>:8E H284:>AB59 >E>;>465==O WW 284V;5==O <0;>9<>2V@=5.  

� <V:@>AB@C:BC@ (@8AC=>: 4.39) 284=>, I> 2 =0?;02;5=><C <5B0;V <>6;82V O: 

:>03C;OFVO 7<VF=N20;P=>W D078, B0: V CB2>@5==O 4@V1=>48A?5@A=8E G0AB8=>: 7 

@>7<V@0<8 <5=H5 0,1 <:<.  >6=0 ?@8?CAB8B8, I> 4@>1;5==O 7<VF=N20;P=>W D078 

2V41C20єBPAO ?V4 4VєN B5@<VG=>3> C40@C, ?@>B5 4;O 7'OAC20==O O28I, O:V 

2V41C20NBPAO, =5>1EV4=V 45B0;P=VHV 4>A;V465==O. 

 

  
0) 1) 

$8AC=>: 4.39 -  V:@>48D@0:FV9=0 :0@B8=0 (0) V B>=:0 AB@C:BC@0 =0?;02;5=>3> 

<5B0;C ?VA;O 048B82=>3> =0?;02;5==O (1) ×20 000. 

 

#> 3@0=8FOE 45=4@8B=8E :><V@>:, 0 B0:>6 2 <V6>AP>2><C ?@>AB>@V 

@>7B0H>20=V 52B5:B8G=V :0@1V4=V CB2>@5==O, O:V E0@0:B5@87CNBPAO @V7=8<8 

@>7<V@0<8 B0 D>@0<8. �0@1V48 B8?C  5% CB2>@5=V =0 >A=>2V 5D5:B82=8E 

:0@1V4>CB2>@NNG8E 5;5<5=BV2, 7>:@5<0 – B0=B0;C. &C3>?;02:V ;53CNGV EV<VG=V 

5;5<5=B8, 7>:@5<0W B0 Re @>7<VI5=V 2 >AOE 45=4@8BC, 0 B0:V ;53CNGV 5;5<5=B8 O: 

Ta, Al, Nb, Ti – 71030GCNBP 3@0=8FV :><V@>: (@8AC=>: 4.40). $5=V9 ?> <560E 

45=4@8B=8E :><V@>: =5 28O2;5=89. �V=, 2 >A=>2=><C, 2E>48BP 4> A:;04C <0B@8G=>W 

γ-D078. &00=B0; ?5@5206=> ;53Cє 7<VF=NNGC 48A?5@A=C γ'-D07C. 
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Element Weight, % Atomic, % 

Al K 2,67 6,27 

Ti K 0,92 1,21 

Cr K 13,39 16,35 

Co K 7,74 8,32 

Ni K 56,62 61,01 

Nb L 0,00 0,00 

Mo L 1,05 0,69 

Ta M 1,54 0,53 

W M 9,67 3,35 

Re M 6,32 2,15 

Totals 100,00  

0 

 

 

Element Weight, % Atomic, % 

Al K 3,43 7,46 

Ti K 2,92 3,57 

Cr K 13,70 15,44 

Co K 7,21 7,19 

Ni K 62,40 62,34 

Nb L 0,83 0,53 

Mo L 1,67 1,02 

Ta M 2,23 0,72 

W M 5,67 1,81 

Re M 0,00 0,00 

Totals 100,00  

1 
$8AC=>: 4.40 – %B@C:BC@0 =0?;02;5=>3> <5B0;C SBM-4 2 >AV 45=4@8BV2 (0) V =0 

3@0=8FV 45=4@8B=8E :><V@>: (1)  

 

 V:@>B25@4VABP 28EV4=>3> <5B0;C ?V4 G0A 28<V@N20==O 7 =020=B065==O< 0,5 

! 7<V=NєBPAO 2 V=B5@20;V HV = 3170...3410  #0 V7 A5@54=V< 7=0G5==O< HV = 3324 

 #0, 0 =0?;02;5=>3> <5B0;C – 2 V=B5@20;V HV = 2870...3130  #0 7 CA5@54=5=8< 

7=0G5==O< 1;87P:> HV = 3000  #0. �0 28A>:>H284:VA=>3> >E>;>465==O ?VA;O 

?@>E>465==O 465@5;0 B5?;0 V :@8AB0;V70FVW 7 @V4:>3> AB0=C 7<VF=N20;P=V D078 =5 

2AB830NBP 284V;8B8AO, I> V ?@872>48BP 4> =87P:8E 7=0G5=P <V:@>B25@4>ABV. &0:>6, 

7=865==O <V:@>B25@4>ABV =0?;02;5=>3> <5B0;C SBM-4 ?VA;O :@8AB0;V70FVW 7 @V4:>3> 

AB0=C, 9<>2V@=>, ?>2'O70=5 7 @>7G8=5==O< 7<VF=N20;P=>W γ'–D078, E>G0, O: 284=> 7 

@8AC=:C 4.38, 70 G0A =0?;02;5==O 2>=0 =5 ?>2=VABN @>7G8=OєBPAO. 
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4.7 �8A=>2:8 4> @>74V;C 4 

1. #@8 =0?;02;5==V =87P:>2C3;5F52>W AB0;V B8?C G3Si1 (09�2%) GMAW-

CMT/Pulse B0 PAW-CW <5B>40<8 C 2AVE 28?04:0E D>@<CєBPAO IV;P=0 AB@C:BC@0 

<5B0;C, 2 O:V9 28O2;5=V 48A?5@A=V =5<5B0;52V 2:;NG5==O >:A84V2 V A8;V:0BV2 

>:@C3;>W D>@<8, O:V @V2=><V@=> @>7?>4V;5=V ?> 2AP><C ?5@5@V7C 7@07:V2. �V;P:VABP V 

@>7<V@ 28O2;5=8E 2:;NG5=P <5=H5 10;C №1 (70 H:0;>N 73V4=> 7 �%&' 1778-70). 

!0 >:@5<8E 4V;O=:0E A?>AB5@V30NBPAO ;0=FN6:8 V :><?0:B=V A:C?G5==O 

=5<5B0;528E A8;V:0B=8E 2:;NG5=P.  

2. %B@C:BC@0 =0?;02;5=>3> <5B0;C CAVE 7@07:V2 7 =87P:>2C3;5F52>W AB0;V G3Si1 

D5@8B>-?5@;VB=0. "AB0==V =0?;02;5=V H0@8 <0NBP AB>2?G0ABC AB@C:BC@C, O:0 є 

E0@0:B5@=>N 4;O ;8B>3> <5B0;C. ' ?5@5EV4=V9 7>=V A?>AB5@V30NBPAO 457>@Vє=B>20=V 

4@V1=>75@=8ABV AB@C:BC@V 7 D@03<5=B0@=8<8 70;8H:0<8 >@Vє=B>20=8E AB>2?G0AB8E 

AB@C:BC@, 0 2 @0=VH5 AD>@<>20=8E H0@0E ?V4 2?;82>< =0ABC?=8E F8:;V2 =03@V20==O 

D>@<CNBPAO 457>@Vє=B>20=V 4@V1=>75@=8ABV AB@C:BC@8. � CAVE 7@07:0E GVB:> 

28@065=>W <56V 7’є4=0==O H0@V2 =5 A?>AB5@V30єBPAO. 

3. �0 @57C;PB0B0<8 <5E0=VG=8E 28?@>1C20=P 2AB0=>2;5=>, I> CAV =0?;02;5=V 

7@07:8 7  G3Si1 70 <VF=VA=8<8 E0@0:B5@8AB8:0<8 =5 ?>ABC?0NBPAO 70O2;5=8< 

28@>1=8:>< <5E0=VG=8< 2;0AB82>ABO< =0?;02;5=>3> <5B0;C V =02VBP ?5@528ICNBP 

WE. !0?;02;5=89 GMAW-CMT <5B>4>< V7 70AB>AC20==O< 307>2>W AC<VHV  11 7@07>: 

45<>=AB@Cє 1V;PHC =0 5-7% 3@0=8FN <VF=>ABV C ?>@V2=O==V 7 V=H8<8 7@07:0<8, 

>4=0: <0є 45I> 7=865=C ?;0AB8G=VABP 2V4=>A=> V=H8E 20@V0=BV2 =0?;02;5=P. 

4. �=0;V7 <V:@>AB@C:BC@8 <5B0;C >B@8<0=8E 7 :@5<=Vє2>W 1@>=78 CuSi3Mn1 

70 >1><0 B5E=>;>3VO<8 CMT/Pulse =0?;02;5==O 7@07:V2 2:07Cє =0 D>@<C20==O 

>4=>D07=>W AB@C:BC@8 ³-B25@4>3> @>7G8=C A:;04=>3> EV<VG=>3> A:;04C. � 

>A=>2=><C, AB@C:BC@0 >1>E =0?;02;5=P A:;040єBPAO V7 <0A82=8E 75@5= 7 @V7=8< 

ABC?5=5< B@02;5==O B0 >@Vє=B0FVєN, I> 2V4@V7=ONBPAO <V:@>B25@4VABN. �;O 

20@V0=BC 70AB>AC20==O GMAW-Pulse =0?;02;5==O є E0@0:B5@=8< CB2>@5==O 

AB@C:BC@8 7V AB>2?G0AB8<8 >4=>2VA=8<8 75@=0<8, I> ?@872>48BP 4> 0=V7>B@>?VW 

DV78:>-<5E0=VG=8E E0@0:B5@8AB8: B0:>3> =0?;02;5=>3> <5B0;C.  V:@>B25@4VABP 
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75@5= 2V4@V7=OєBPAO =0 @V7=8E 4V;O=:0E =0?;02;5==O B0 7=0E>48BPAO 2 <560E 2V4 HV 

= 876&1280  #0 4;O CMT B0 HV = 1160&1460  #0 4;O Pulse ?@>F5AC. 

5.  V:@>AB@C:BC@0 =0?;02;5=>3> ?@8?>є< SBM-4 <5B0;C A2V4G8BP ?@> 

CB2>@5==O @V7=><0=VB=8E AC1AB@C:BC@ 70 45=4@8B=8< <5E0=V7<>< :@8AB0;V70FVW. 

)0@0:B5@=>N є =5@V2=>206=VABP AB0=C B0 =0O2=VABP A;V4V2 @5;0:A0FV9=8E ?@>F5AV2. 

�8O2;5=> D>@<C20==O AC175@5= 7=0G=8E @>7<V@V2 B0 4@V1=>48A?5@A=8E D07>28E 

CB2>@5=P C 2=CB@VH=VE >1'є<0E 75@5=. �5;8G8=0 75@5= 7=0E>48BPAO 2 V=B5@20;V 2V4 

25×45 <:< 4> 90×175 <:<, 0 AD>@<>20=V 2 ?@>F5AV 048B82=>3> =0?;02;5==O 

=0?@C65==O ?@872>4OBP 4> 70@>465==O V @CEC A8AB5< :>270==O V 42V9=8:C20==O 

75@5=. #> 3@0=8FOE D07>28E 284V;5=P A?>AB5@V30єBPAO 7@>AB0==O I8;P=>ABV 

48A;>:0FV9. 
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5 �"%�����!!/ ("$ '��!!/ �" #"!�!& !�#$'��!"-

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

 

5.1 �81V@ <>45;V B0 287=0G5==O ?0@0<5B@V2 465@5;0 B5?;0 
' ?@>F5AV AB2>@5==O 28@>1V2 70 4>?><>3>N 1030B>H0@>2>3> 3D 4@C:C, 

D>@<C20==O B@VI8= <>65 1CB8 @57C;PB0B>< @V7=8E G8==8:V2. "4=8< V7 =8E є 

D>@<C20==O B5@<VG=8E =0?@C65=P, O:V 28=8:0NBP G5@57 @V7=8FN B5<?5@0BC@ <V6 

H0@0<8 ?V4 G0A =0?;02;5==O. &0:>6 206;82C @>;P 2V4V3@0NBP B5E=>;>3VG=V 

?0@0<5B@8 ?@>F5AC =0?;02;5==O, 7>:@5<0 H284:VABP =0?;02;5==O, ?>BC6=VABP 

465@5;0 =03@V2C, ?>A;V4>2=VABP =0=5A5==O H0@V2. !52V4?>2V4=VABP 1C4P-O:>3> 7 F8E 

?0@0<5B@V2 <>65 ?@8725AB8 4> CB2>@5==O B@VI8= B0 V=H8E 45D5:BV2  

' 72’O7:C 7 B8<, I> =0?@C65=>-45D>@<>20=89 AB0= 048B82=> =0?;02;5=8E 

28@>1V2, O:V 283>B>2;5=V 70 4>?><>3>N B5E=>;>3VW WAAM, 70;568BP 2V4 :V=5B8:8 

7C<>2;5=8E 2?;82>< 720@N20;P=>W 4C38 B5@<>45D>@<0FV9=8E ?@>F5AV2 4;O 

G8A;>2>3> <>45;N20==O B5?;>28E ?@>F5AV2 =5>1EV4=> 28:>@8AB>2C20B8 2V4?>2V4=C 

<>45;P 465@5;0 B5?;0. !0 40=89 G0A C =0C:>2>-4>A;V4=V9 ?@0:B8FV 4;O 0=0;V7C 

B5?;>28E ?@>F5AV2 ?V4 G0A 4C3>2>3> 720@N20==O/=0?;02;5==O =09G0ABVH5 

28:>@8AB>2CNBP <0B5<0B8G=C <>45;P >1'є<=>3> 465@5;0 =03@V2C 70 J.Goldak [101] 

C 283;O4V ?>42V9=>3> 5;V?A>W40, O:0 @>7@>1;5=0 7 C@0EC20==O< =>@<0;P=>3> (70 

�0CA><) 70:>=C @>7?>4V;C IV;P=>ABV ?>BC6=>ABV 465@5;0 =03@V20==O 2 >1’є<V BV;0 

(@8AC=>: 5.1). "A>1;82VABN <>45;V є =570;56=5 7040==O @>7?>4V;C ?8B><>W B5?;>2>W 

?>BC6=>ABV 4;O 3>;>2=>W V E2>AB>2>W G0AB8= 720@N20;P=>W 20==8. 

 

$8AC=>: 5.1 -  >45;P >1’є<=>3> 465@5;0 B5?;0 70 J.Goldak [101] 
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�;O <>45;V >1’є<=>3> 465@5;0 B5?;0 70 J.Goldak B5<?5@0BC@=5 ?>;5 " (x, y, z, 

t) 704>2>;P=Oє 48D5@5=FV9=><C =5;V=V9=><C @V2=O==N B5?;>?@>2V4=>ABV 2 1C4P-

O:V9 B>GFV BV;0: �ÿ ���� = ��ý (� ���ý) + ��þ (� ���þ) + ��ÿ (� ���ÿ) + ��Ā�                        (5.1) 

45 qvol (x, y, z) – >1'є<=0 IV;P=VABP B5?;>2>W ?>BC6=>ABV 465@5;0, �B/A<3. 

 �;O >?8A0=>W B5?;>2>W <>45;V @>7?>4V; >1'є<=>W IV;P=>ABV ?>BC6=>ABV 

465@5;0 7040єBPAO =570;56=> 4;O D@>=B0;P=>W (V=45:A f) V E2>AB>2>W (V=45:A r) 

G25@B59 5;V?A>W40: 

��Ā�,� = Ā� 6√3�ÿ�Āā�3/2 ÿ23[(ý+�(�2�)ÿ� )2+(þĀ)2+(ÿā)2]
                          (5.2) 

��Ā�,� = Ā� 6√3�ÿ�Āā�3/2 ÿ23[(ý+�(�2�)ÿ� )2+(þĀ)2+(ÿā)2]                           (5.3) 

45  Q – 5D5:B82=0 B5?;>20 ?>BC6=VABP 465@5;0 =03@V20==O (4;O 4C3>2>3> 

=0?;02;5==O Q = η×I×U), Ä – G0A, I> <8=C2 2V4 ?>G0B:C 4VW 465@5;0;  

t – ?>B>G=89 G0A;  

v – H284:VABP ?5@5<VI5==O 465@5;0 (H284:VABP 720@N20==O);  

x, y, z – =0?V2>AV 5;V?A>W40 70 :>>@48=0B=8<8 =0?@O<:0<8 OX, OY, OZ;  

ff V fr – :>5DVFVє=B8, O:V 287=0G0NBP A?V22V4=>H5==O 4;O B5?;0, O:5 22545=5 4> 

D@>=B0;P=>W V E2>AB>2>W G0AB8= 5;V?A>W40;  

af, ar, b, c – 2V4?>2V4=V @04VCA8 =>@<0;P=>3> @>7?>4V;C.  

�;O >?8AC C<>2 B5?;>>1<V=C 28:>@8AB>2CNBPAO 3@0=8G=V C<>28 284C: � (���ÿ)п = ℎ[�ā(�) 2 �п(�)]        (5.4) 

45 n – =>@<0;P 4> ?>25@E=V;  

h – AC<0@=89 :>5DVFVє=B B5?;>2V440GV, O:89 2@0E>2Cє B5?;>>1<V= :>=25:FVєN 

V 28?@><V=N20==O<;  

Tc V TC – B5<?5@0BC@8 =02:>;8H=P>3> A5@54>28I0 V ?>25@E=V 2V4?>2V4=>. 

І=45:A «C» 2V4=>A8BPAO 4> 7=0G5=P =0 ?>25@E=V. 

�@09>20 7040G0 (1) – (2) ?@>V=B53@>20=0 ?@8 ?>G0B:>2V9 C<>2V:  �(ý, þ, ÿ) = �0                                                   (5.5) 
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45 T0 – ?>G0B:>20 B5<?5@0BC@0. 

$>72’O7>: 7040GV B5?;>?@>2V4=>ABV 7 28:>@8AB0==O<  %� 72>48BPAO 4> 

<V=V<V70FVW DC=:FV>=0;C, O:89 >?8ACє :@09>2C 7040GC (5.1) – (5.5). �;O 3@C?8 

:V=F528E 5;5<5=BV2 F5 ?@872>48BP 4> =0ABC?=>3> <0B@8G=>3> @V2=O==O [102]: [�] {�}�� + [�]{�} = {�},                                            (5.6) 

45     [C], [K] – 3;>10;P=V <0B@8FV B5?;>є<=>ABV V B5?;>?@>2V4=>ABV;  

{T} – 25:B>@-AB>2?5FP B5<?5@0BC@ C 2C7;0E A:V=G5==>-5;5<5=B=>W AVB:8;  

{F} – 25:B>@-AB>2?5FP B5?;>2>3> =020=B065==O C 2C7;0E.  

�;O 287=0G5==O ?0@0<5B@V2 465@5;0 B5?;0 048B82=8< =0?;02;5==O< 1C;8 

283>B>2;5=V 4>A;V4=V 7@07:8 <>45;P=>3> 28@>1C.  

�>A;V4=89 7@07>: 283>B>2;O;8 <5B>4>< GMAW =0?;02;5==O 7 

28:>@8AB0==O< B@8:>>@48=0B=>3> CNC-AB5=4C (@8AC=>: 5.2, 0) V 720@N20;P=>3> 

465@5;0 Fronius VarioStar 2500. �;O =0?;02;5==O =0 >A=>2C – ?;0AB8=C 702B>2H:8 

· = 6 << C 283;O4V @V2=>1VG=>3> B@8:CB=8:0 7 4>268=>N :>6=>W AB>@>=8 110 << 7 

0CAB5=VB=>W =5@602VNG>W AB0;V E304,  28:>@8AB0=89 4@VB CuSi3Mn1 4V0<5B@>< de=1,2 

<<. "A=>20 6>@AB:> 70:@V?;5=0 :>@>B:8<8 H20<8 7024>26:8 20 << =0 ?@O<>:CB=V9 

?V4:;04FV @>7<V@0<8 114×114×10 <<, O:0 283>B>2;5=0  7 =87P:>2C3;5F52>W AB0;V 

<0@:8 %B3A? (@8AC=>: 5.2, 5).  

 
0) 

 
1) 

$8AC=>: 5.2 - "1;04=0==O B0 <5B>48:0 =0?;02;5==O: 0) AB5=4 4;O =0?;02;5==O 

H2V2; 1) B@0є:B>@VO @CEC ?0;P=8:0 ?@8 ?>H0@>2><C =0?;02;5==V 
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!57<V=N20=8<8 ?0@0<5B@0<8 @568<C =0?;02;5==O є H284:VABP =0?;02;5==O 

V70 = 10 <</A5: B0 H284:VABP ?>40GV 4@>BC V?4. = 75 <</A5:. �V 71V;PH5==O< :V;P:>ABV 

=0?;02;5=8E H0@V2 A?>AB5@V30NBPAO 7<V=8 AB@C<C B0 =0?@C38 @568<C =0?;02;5==O 

>:@5<8E H0@V2 (B01;8FO 5.1), I> 2V4?>2V40є 2V4><8< 40=8< [84] ?@> 4>AO3=5==O 

AB0FV>=0@=>3> @568<C =0?;02;5==O ?VA;O 6 – 7 H0@C.  

�0DV:A>20=V 4;O :>6=>3> >:@5<>3> H0@C (B01;8FO 5.1) @568<8 ?V4 G0A 

5:A?5@8<5=B0;P=>3> =0?;02;5==O <>45;P=>3> 7@07:0 28:>@8AB0=V 4;O 28@VH5==O 

 %� B5?;>2>W 7040GV. 

&01;8FO 5.1 - #0@0<5B@8 @568<V2 =0?;02;5==O H0@V2 

№
 ?
@>
E>
4C

 

�
@V
B 

�0
E8
A=
89
 30
7 

#
>3
>=
=0
 5
=5
@3
VO
, 

�
6
/<
< 

%B
@C
< 
,  

A
 

!
0?
@C
30
 , 

 

� 

�
V0
<5
B@
 A
>?
;0
, <
< 

,
28
4:
VA
BP
 ?
>4
0G
V 

4@
>B
C 

V
?.
4.
, 

<<
/A
5:

 

,
28
4:
VA
BP
 

=0
?;
02
;5
==
O 
V
70

, 

<<
/A
5:

 

�8
B@
0B
8 
30
7C
, 

;/
E2

 

1 

Cu
Si
3M
n1
 (�
@�
 
F3

-1
) 

1
0

0
%

 A
r 

164,6 124 16,6 

16 75 10 15 

2 164,6 124 16,5 

3 164,6 124 16,6 

4 162,3 123 16,6 

5 163,9 122 16,8 

6 151,8 113 16,8 

7 146,0 108 16,9 

8 147,3 109 16,9 

9 146,0 108 16,9 

10 147,3 109 16,9 

 

�5><5B@8G=V @>7<V@8 465@5;0 B5?;0 - 2V4?>2V40NBP 7=0G5==O< 5:A?5@8<5=BC 

B0 2:070=V C B01;8FV 5.2. ��� 4;O GMAW 465@5;0 B5?;0 27OB89 7 [92]. 

&01;8FO 5.2 - #0@0<5B@8 <>45;V 465@5;0 B5?;0 4;O GMAW =0?;02;5==O. 

%?>AV1 =0?;02;5==O 

 

af, 

<< 

ar, 

<< 

b, 

<< 

d, 

<< 
η>>8* ff 

GMAW 2 6 3,5 1,7 0,8 0.5 
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!0 @8AC=:C 5.3, 0 7>1@065=89 =0?;02;5=89 C E>4V 5:A?5@8<5=BC 7@07>: C 

283;O4V B@83@0==>W @V2=>1VG=>W ?@87<8. !0 @8AC=:0E 5.3, 1-3 ?>:070=V B@VI8=8, O:V 

28=8:;8 ?>?5@5: >AB0==P>3> H0@C, 0 B0:>6 C ?>?5@54=VE H0@0E. �;O 28O2;5==O 

B@VI8= C =0?;02;5=><C 7@07:C 28:>@8AB0=0 :0?V;O@=0 45D5:B>A:>?VO 2V4?>2V4=> 4> 

�%&' [97]. 

  

0) 
 

1) 

 

2) 
 

3) 

 $8AC=>: 5.3 - �:A?5@8<5=B0;P=89 7@07>:: 0) 7030;P=89 283;O4 =0?;02;5=>3> 

7@07:0; 1) B@VI8=0 =0 >AB0==P><C H0@V; 2) 28EV4 B@VI8=8 2 >AB0==P><C H0@V 7 

2=CB@VH=P>W ?>25@E=V ABV=:8;  3) B@VI8=0 =0 ?5@5E>4V 7 2-3> 4> 3-3> H0@C  

 

!02545=V 45D5:B8 28=8:;8 2?@>4>26 45:V;P:>E A5:C=4 ?VA;O 70:V=G5==O  

?@>F5AC =0?;02;5==O, I> ?V4B25@46Cє ?>?5@54=V 5:A?5@8<5=B0;P=V 40=V ?@> 

AE8;P=VABP CuSi3Mn1 4> B@VI8=>CB2>@5==O ?@8 048B82=><C =0?;02;5==V [89]. 
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5.2 �>A;V465==O D>@<C20==O :><?>=5=B =0?@C65=>-45D>@<>20=>3> 

AB0=C 28@>1C 7 :@5<=Vє2>W 1@>=78 CuSi3Mn1 ?@8 :>=25=FV9=><C GMAW 
048B82=><C =0?;02;5==V 

$>7@>1;5=0 A:V=G5==>-5;5<5=B=0 <>45;P <0є 32420 5;5<5=B8 B0 23370 2C7;8 

V A:;040єBPAO 7 =0?;02;5=8E H0@V2, B@8:CB=>W >A=>28 702B>2H:8 · = 6 << V 

AB>@>=0<8 7024>26:8 110 << :>6=0 B0 6>@AB:>W ?V4:;04:8 7 3010@8B=8<8 

@>7<V@0<8 114×114×10 <<. �030;P=0 :V;P:VABP =0?;02;5=8E H0@V2 n = 10, 28A>B0 

>4=>3> H0@C – 1,32 << (@8AC=>: 5.4). %:V=G5==>-5;5<5=B=0 AVB:0 B@8:CB=>W >A=>28 

C 7>=V =0?;02;5==O ?5@H>3> H0@C 1@>=78 73CI5=0 4;O ?V428I5==O B>G=>ABV 

@57C;PB0BV2 C 7>=V 28A>:>3@04Vє=B=>3> 2?;82C 2V4 465@5;0 B5?;0. $>7<V@8 AVB:8 

A:;040NBP: 4;O 6>@AB:>W ?V4:;04:8 – 2,8×2,9×3 <<, 4;O B@8:CB=>W >A=>28 – 1,2×1×2 

<<, 4;O =0?;02;5=>3> H0@C – 1,16×1,2×0,66 <<.  

�@0=8G=V C<>28, I> 287=0G0NBP B5?;>>1<V= <V6 ?>25@E=5N BV;0 V 

=02:>;8H=V< A5@54>28I5<, 7040=V 2D-5;5<5=B0<8 C 283;O4V ?>25@E=V B5?;>2V440GV, 

O:0 <>45;Nє :>=25:FVN V ?@><5=8AB89 B5?;>>1<V= ?V4 G0A 720@N20==O. 

&5E=>;>3VG=5 70:@V?;5==O >A=>28 C ?@>F5AV =0?;02;5==O B0 >E>;>465==O 

<>45;N20;8, ?@87=0G82H8 ?@>3@0<=> 6>@AB:5 70:@V?;5==O 7 ?V4:;04:>N (@8AC=>: 

5.4). 

 

$8AC=>: 5.4 -  &@828<V@=0 A:V=G5==>-5;5<5=B=0 <>45;P =0?;02;5=>W @V2=>1VG=>W  

B@8:CB=>W ?@87<8 7 >A=>2>N V ?V4:;04:>N 

 5E0=VG=V V B5?;>DV78G=V E0@0:B5@8AB8:8 4;O CuSi3Mn ?@54AB02;5=V C [65]. 

&5@<><5E0=VG=89 0=0;V7 ?>254V=:8 <0B5@V0;C 28:>=0=89 7 C@0EC20==O< 

>A>1;82>AB59 ?5@51V3C B5@<>45D>@<0FV9=8E ?@>F5AV2 2 ?@>F5AV =0?;02;5==O H0@V2. 



137 

 

+8A;>289 @>72’O7>: 7040GV B5@<>?@C6=>?;0AB8G=>ABV >B@8<0=89 7 28:>@8AB0==O< 

:@828E ?;0AB8G=>ABV <0B5@V0;C (@8A. 5.5) [65].  

 

 

$8AC=>: 5.5 - �@82V ?;0AB8G=>ABV 4;O CuSi3Mn1 [65] 

 

�;0AB82>ABV <0B5@V0;C >A=>28, O:0 283>B>2;5=0 7 0CAB5=VB=>W =5@602VNG>W 

AB0;V (�304), =0O2=V C 1070E <0B5@V0;V2 ?@>3@0<=8E :><?;5:AV2 4;O A:V=G5==>-

5;5<5=B=>3> @>7@0EC=:C B0 =040=V C [103].  

 � @57C;PB0BV @>72'O70==O <5B>4>< A:V=G5==8E 5;5<5=BV2 7040GV 

B5@<>?@C6=>?;0AB8G=>ABV ?@8 ?>A;V4>2=><C =0?;02;5==V 10 H0@V2 4;O 

D>@<C20==O B@83@0==>W ?@87<8 >B@8<0=V :V;P:VA=V 7=0G5==O ?0@0<5B@V2 

=0?@C65=>-45D>@<>20=>3> AB0=C 4;O :>6=>W B>G:8 <>45;P=>3> 7@07:0 ?V4 G0A 

=03@V20==O B0 >E>;>465==O. !86G5 ?>:070=89 @>7?>4V; >A=>2=8E ?0@0<5B@V2 

70;8H:>2>3> !�% ?> 28A>BV ?@87<8 4;O B@P>E E0@0:B5@=8E 25@B8:0;P=8E ?5@5@V7V2  

<Nod Set 1=, <Nod Set 2=, <Nod Set 3= (@8AC=>: 5.6), O:V ?@54AB02;ONBP A>1>N =01>@8 

7 10 B>G>:. �>6=0 B>G:0 @>7B0H>20=0 =0 ?>25@E=V 2V4?>2V4=>3> H0@C, ?>A5@548=V 

H8@8=8 =0?;02;5=>3> 20;8:0 V =0 A5@548=V 4>268=8 ?@O<>;V=V9=>W 4V;O=:8 

(@8AC=>: 5.6). �AV H0@8 ?@>=C<5@>20=V 2V4 1 (=86=V9)  4> 10 (25@E=V9) 73V4=> 



138 

 

?>@O4:C WE =0?;02;5==O. (>@<C20==O H0@V2 28:>=C20;8 ?@>B8 3>48==8:>2>W 

AB@V;:8.  

 

$8AC=>: 5.6 - $>7B0HC20==O E0@0:B5@=8E 25@B8:0;P=8E ?5@5@V7V2 4;O 0=0;V7C 

?0@0<5B@V2 70;8H:>2>3> !�% B@83@0==>W ?@87<8 

 

�5@8DV:0FVO A:V=G5==>-5;5<5=B=>W <>45;V 28:>=0=0 H;OE>< ?>@V2=O==O 

B5@<VG=8E F8:;V2, O:V 1C;8 >B@8<0=V ?@8 5:A?5@8<5=B0;P=><C ?>H0@>2><C 

=0?;02;5==V V 2 @57C;PB0BV G8A;>2>3> @>7@0EC=:C. #>@V2=O==O <>45;P=8E B0 

5:A?5@8<5=B0;P=8E B5@<VG=8E F8:;V2 ?>:070=> =0 @8AC=:C 5.7. 

/: 284=> 7 3@0DV:C (@8AC=>: 5.7), 7=0G5==O ?V:>28E B5<?5@0BC@ B5@<VG=8E 

F8:;V2 7<>45;P>20=>3> ?@>F5AC =0?;02;5==O <0965 71V30NBPAO 7 >B@8<0=8<8 ?V4 

G0A 5:A?5@8<5=BC 7=0G5==O<8. �V;PH ?>;>389 A?04 B5<?5@0BC@8 ?@8 <V6H0@>2><C 

>AB830==V, I> 1C2 >B@8<0=89 ?@8 G8A;>2><C @>7@0EC=:C, ?>OA=NєBPAO @>1>B>N 

@>7@0EC=:>2>3> 0;3>@8B<C: =0 AB04VW >E>;>465==O 02B><0B8G=> 71V;PHCєBPAO 

@>7@0EC=:>289 :@>: 4;O 7<5=H5==O 7030;P=>3> G0AC @>7@0EC=:C A:V=G5==>-

5;5<5=B=>W <>45;V. 



139 

 

 
$8AC=>: 5.7 - &5@<VG=V F8:;8 5:A?5@8<5=B0;P=>3> B0 7<>45;P>20=>3>  

?@>F5AC ?>H0@>2>3> =0?;02;5==O 

 

�1V6=VABP 7<>45;P>20=8E B0 5:A?5@8<5=B0;P=> 7=OB8E B5@<VG=8E F8:;V2 7 

A5@54=P>N ?>E81:>N C 10&15 % є ?@89=OB=8< B0 4>72>;Oє ?V4B25@48B8 

4>FV;P=VABP 28:>=0==O ?>40;PH>3> B5@<><5E0=VG=>3> 0=0;V7C. 

�2060NG8 =0 @57C;PB0B8 5:A?5@8<5=BC, O:V 70A2V4GCNBP ?>O2C C =0?;02;5=8E 

H0@0E  B@VI8=, 4>FV;P=> ?@>0=0;V7C20B8  :V=5B8:C B5<?5@0BC@ V 5:2V20;5=B=8E 

=0?@C65=P 2 F8E H0@0E.  

$>73;O=5<> @>7?>4V; B5<?5@0BC@ ?> 28A>BV 2 >4=V9 7 B@P>E 3@0=59 @V2=>1VG=>W 

?@87<8: =0 ?@8:;04V <Nod Set 3=. !0 @8AC=:C 5.8 =02545=V :V;P:VA=V 7=0G5==O 

B5<?5@0BC@8 C :>6=><C H0@V 2 <><5=B 9>3> =0?;02;5==O, 0 B0:>6 7<V=0 B5<?5@0BC@ 

C =P><C ?> <V@V =0?;02;5==O :>6=>3> =0ABC?=>3> H0@C. �84=>, I> E0@0:B5@ 7<V=8 

B5<?5@0BC@ V 25;8G8=0 WW 7<5=H5==O C 2V4?>2V4=><C H0@V ?VA;O =0?;02;5==O 

=0ABC?=8E H0@V2 є >4=0:>28<8, V =5 70;560BP 2V4 B@0є:B>@VW =0?;02;5==O. "4=0:, 

A;V4 70C2068B8, I> ?VA;O =0?;02;5==O 6-3> H0@C V =0ABC?=8E H0@V2, B5<?5@0BC@0 

20==8 2 :>6=><C 7 =8E 45I> 7<5=HCєBPAO: 7 1535> % ?V4 G0A =0?;02;5==O 1-5 H0@V2 

4> 1415> % – ?V4 G0A =0?;02;5==O 6-10 H0@V2, I> <>6=0 ?>OA=8B8 B5?;>2V42545==O< 

C =86=V =0?;02;5=V H0@8.  

 VF=VA=V E0@0:B5@8AB8:8 =0?;02;5=>3> <5B0;C 70;560BP 2V4 B5<?5@0BC@8 

73V4=> 7 @8AC=:>< 5.9 V, 2@0E>2CNG8 FN 2V4?>2V4=VABP <>6=0 10G8B8, I>, =0?@8:;04, 



140 

 

B5<?5@0BC@8 C 1-<C H0@V ?> <V@V =0?;02;5==O 2-4 H0@V2 1C4CBP 4>AB0B=P> 28A>:8<8, 

I>1 <5B0; 7=0E>482AO C AB0=V 7=5<VF=5==O V ?;0AB8G=> 45D>@<C202AO.  

 

 

$8AC=>: 5.8 - &5<?5@0BC@8 C =0?;02;5=8E H0@0E 4;O <Nod Set 3= 2 <><5=B 

D>@<C20==O =0ABC?=>3> H0@C 

 

 

$8AC=>: 5.9 - �0;56=VABP <5E0=VG=8E 2;0AB82>AB59 :@5<=Vє2>W 1@>=78 

CuSi3Mn1 (�@� F3-1) 2V4 B5<?5@0BC@8   

 

#@8 =0?;02;5==V 5-3> B0 =0ABC?=8E H0@V2 B5<?5@0BC@0 C 1-<C H0@V 

7=86CєBPAO 4> 7=0G5=P 498 >% V <VF=VA=V 2;0AB82>ABV <0B5@V0;C 2V4=>2;NNBPAO (@8A. 

5.9). #@8 FP><C B0:>6 =5>1EV4=> 27OB8 4> C2038 :V;P:VA=C 7<V=C 7=0G5=P 



141 

 

5:2V20;5=B=8E =0?@C65=P (@8A. 5.10) C :>6=><C H0@V 4;O 2V4?>2V4=8E B5<?5@0BC@ V 

?>@V2=OB8 WE 7 3@0=8F5N <VF=>ABV 1@>=78, I>1 287=0G8B8 <>6;82VABP CB2>@5==O  

B@VI8=8 C 2V4?>2V4=><C H0@V ?V4 G0A >E>;>465==O. 

 

$8AC=>: 5.10 - �:2V20;5=B=V =0?@C65==O C =0?;02;5=8E H0@0E 4;O <Nod Set 3= 2 

<><5=B D>@<C20==O =0ABC?=>3> H0@C 

 

' B01;8FV 5.3  ?>:070=89 ?>@V2=O;P=89 0=0;V7 40=8E 7 @8AC=:V2 5.8 – 5.10 4;O 

1-3> V 2-3> H0@V2 (Nod Set 3) 7 <5B>N >FV=:8 <>6;82>ABV CB2>@5==O B@VI8=8 B0 

287=0G5==O =><5@C H0@C, =0?;02;5==O O:>3> ?@872545 4>  CB2>@5==O B@VI8=8 C 1 -

<C V 2-<C  H0@V. 

� B01;8FV 5.3 284=>, I> 2V@>3V4=VABP CB2>@5==O B@VI8=8 є =0928I>N 4;O 1-3> 

V 2-3> H0@V2 C B>9 G0A, :>;8 2V41C20єBPAO =0?;02;5==O 5-3> V 6-3> H0@V2, >A:V;P:8 2 

F59 <><5=B B5<?5@0BC@0 =03@V2C 1-3> H0@C A:;040є 497> % V 5:2V20;5=B=V 

=0?@C65==O C B>GFV =0 ?>25@E=V @>74V;C 1-3> V 2-3> H0@V2 AB0=>2;OBP 143  #0, I> 

A:;040є 0,9 Ã�  (160  #0) ?@8 FV9 B5<?5@0BC@V (@8AC=>: 5.9). �;O 2-3> H0@C 

B5<?5@0BC@0 =03@V2C 2 <><5=B =0?;02;5==O 6-3> H0@C A:;040є 478 > % V 5:2V20;5=B=V 

=0?@C65==O C B>GFV =0 ?>25@E=V 2-3> H0@C AB0=>2;OBP 163  #0, I> A:;040є 0,8 Ã�  
(195  #0) ?@8 FV9 B5<?5@0BC@V (@8AC=>: 5.9).  

 



142 

 

&01;8FO 5.3 - #>@V2=O==O 5:2V20;5=B=8E =0?@C65=P 7 Ã�  4;O :>6=>3> H0@C 

?@8 @V7=8E B5<?5@0BC@0E 
№
 =
0?
;0
2;
5=
>3
> 
H
0@
C 

=0
4 
1-
8<
 H
0@
><

 

&5
<?
5@
0B
C@
0 
C 
1-
<C
 H
0@
V  

2 
<>
<5
=B
 ?
@>
E>
46
5=
=O
 

=0
4 
=8
< 
72
0@
N
20
;P
=>
W 2
0=
=8
 

C 
2&
10
 H
0@
0E
, >
% 

�@
0=
8F
O 
<V
F=
>A
BV
 Ã
�,

 

 
#
0 

�:
2V
20
;5
=B
=V

 

=0
?@
C6
5=
=O

 

C 
1-
<C
 H
0@
V, 
 
#
0 

№
 =
0?
;0
2;
5=
>3
> 
H
0@
C 

=0
4 
2-
8<
 H
0@
><

 

&5
<?
5@
0B
C@
0 
C 
2-
<C
 H
0@
V  

2 
<>
<5
=B
 ?
@>
E>
46
5=
=O
 

=0
4 
=8
< 
72
0@
N
20
;P
=>
W 2
0=
=8
 

C 
3&
10
 H
0@
0E
, >
% 

�@
0=
8F
O 
<V
F=
>A
BV
 Ã
�,

 

 
#
0 

�:
2V
20
;5
=B
=V

 

=0
?@
C6
5=
=O

 

C 
2-
<C
 H
0@
V, 
 
#
0 

10 148 475 183.7 10 173 450 184.5 

9 188 460 159.6 9 223 425 138.5 

8 198 455 100.9 8 250 450 57.38 

7 287 400 63.4 7 364 315 138.2 

6 360 300 177.5 6 478 195 163.1 

7 497 160 143.2 5 497 180 119.2 

4 701 (-) 95.85 4 681 (-) 61.76 

3 951 (-) 21.34 3 957 (-) 11 

2 1274 (-) 4.978 - 1297 (-) 3.225 

1 1550 (-) 3.453 - 1553 (-) - 

 

�2060NG8 =0 B>9 D0:B, I> A:V=G5==>-5;5<5=B=5 <>45;N20==O =0?@C65=>-

45D>@<>20=>3> AB0=C ?V4 G0A 048B82=>3> ?@>F5AC =0?;02;5==O =5 ?5@5410G0;> 

2@0EC20==O @V2=O=P, O:V >?8ACNBP ?@>F5A @C9=C20==O <0B5@V0;C 2V4 2?;82C 

28A>:>B5<?5@0BC@=8E =020=B065=P, B> >B@8<0=V G8A;>2V 7=0G5==O 5:2V20;5=B=8E 

=0?@C65=P =5 <>6CBP ?5@528IC20B8 3@0=8FN <VF=>ABV <0B5@V0;C. $07>< 7 F8<, 7 

B01;8FV 5.2 284=>, I> 25;8G8=0 5:2V20;5=B=8E =0?@C65=P C 2V4?>2V4=8E H0@0E 

<>45;V <0965 4>AO3;0 3@0=8FV <VF=>ABV 4;O 4>A;V46C20=>3> <0B5@V0;C, I> 4>72>;Oє 

7@>18B8 ?@8?CI5==O ?@> <>6;82VABP CB2>@5==O B@VI8=8 A0<5 2 F8E <VAFOE. /: 

284=> 7 @8AC=:C 5.2, 5,  B0:V <V@:C20==O ?V4B25@46CNBPAO 5:A?5@8<5=B><.  

�0;V @>73;O=5<> >A>1;82>ABV @>7?>4V;C ?0@0<5B@V2 70;8H:>2>3>  !�% C 

ABV=:0E ?@87<8. /: 284=> 7 @8AC=:C 5.11, =091V;PHV 7=0G5==O 70;8H:>28E 

5:2V20;5=B=8E ?;0AB8G=8E 45D>@<0FV9 D>@<CNBPAO C 1-<C =0?;02;5=><C H0@V (=0 

@V2=V ~0,067&~0,081) C 2AVE B@P>E ABV=:0E ?@87<8. #@8 FP><C E0@0:B5@ @>7?>4V;C V 

25;8G8=0 45D>@<0FV9 C 4@C3V9 V B@5BV9 ABV=:0E <0965 =0 100% 71V30NBPAO, 0 C 



143 

 

?5@HV9 - 2V4@V7=OєBPAO, I> <>6=0 ?>OA=8B8 =5CAB0;5=VABN B5<?5@0BC@=>3> @568<C 

2=0A;V4>: ?>G0B:C V 7025@H5==O =0?;02;5==O A0<5 C FV9 ABV=FV. ' 4@C3V9 V B@5BV9 

ABV=:0E ?@87<8 =0?;02;5==O H0@V2 7 2-3> ?> 9-89 AC?@>2>46CєBPAO A:;04=>N 

:V=5B8:>N 7<V=8 V =0:>?8G5==O ?;0AB8G=8E 45D>@<0FV9 ?V4 G0A =03@V2C V 

>E>;>465==O :>6=>3> H0@C, A?@8G8=5=>3> 1030B>@07>28<8 ?V4V3@V20<8 4> 

B5<?5@0BC@8  28I5 80 > % (B5<?5@0BC@0 ?>G0B:C @>728B:C ?;0AB8G=8E 45D>@<0FV9 C 

1@>=7V 70 C<>28 6>@AB:>3> 70:@V?;5==O) V ?V428I5==O< 6>@AB:>ABV 28@>1C ?@8 

=0:;040==V :>6=>3> =0ABC?=>3> H0@C (@8AC=:C 5.11), I> ?@872>48BP 4> 

D>@<C20==O <5=H8E 70 25;8G8=>N 7=0G5=P @57C;PBCNG8E 70;8H:>28E 

5:2V20;5=B=8E ?;0AB8G=8E 45D>@<0FV9 C :>6=><C =0ABC?=><C =0?;02;5=><C H0@V.  

 

$8AC=>: 5.11 - $>7?>4V; 5:2V20;5=B=8E 70;8H:>28E ?;0AB8G=8E 45D>@<0FV9  

?> 28A>BV C 3->E 3@0=OE ?@87<8 4;O <Nod Set 1=, <Nod Set 2=, <Nod Set 3= 

 

' 10-<C H0@V =0O2=5 ?V428I5==O @57C;PBCNG8E 5:2V20;5=B=8E ?;0AB8G=8E 

70;8H:>28E 45D>@<0FV9, >A:V;P:8 F5 >AB0==V9 70 C:;04:>N H0@ V ?>2B>@=V ?V4V3@V28 

4;O =P>3> 2V4ACB=V. #>4V1=5 71V;PH5==O 45D>@<0FV9  C 10-<C H0@V є B0:>6 V C ?5@HV9  

ABV=FV, >4=0: 7030;P=0 :V=5B8:0 D>@<C20==O 70;8H:>28E ?;0AB8G=8E 45D>@<0FV9 



144 

 

<0є ?52=V @>71V6=>ABV, O:V 7C<>2;5=V 1V;PH>N =5@V2=><V@=VABN =03@V20==O C 

?>@V2=O==V 7 4@C3>N V B@5BP>N ABV=:0<8 ?@87<8.   

�=0;V7 70;8H:>2>3> =0?@C65=>3> AB0=C C 3@0=OE ?@87<8 =0 >A=>2V @>7?>4V;C 

3>;>2=8E =>@<0;P=8E =0?@C65=P (@8AC=>: 5.12) ?>:0702, I> =091V;PH5 70 

25;8G8=>N <0:A8<0;P=5 (?5@H5) =>@<0;P=5 =0?@C65==O CB2>@NєBPAO C 4-7 

=0?;02;5=8E H0@0E (=0 @V2=V ~200&222  #0), ?@8G><C 4;O 4@C3>W V B@5BP>W 3@0=59 

A?>AB5@V30єBPAO <0965  100% 71V6=VABP 70 25;8G8=>N V E0@0:B5@>< @>7?>4V;C, 0 C 

?5@HV9 3@0=V - =0O2=0 1V;PH0 =5@V2=><V@=VABP @>7?>4V;C ?> 28A>BV ?@87<8. �@V< 

B>3>, 4;O 2AVE B@P>E 3@0=59 ?@>AB56CєBPAO 7<V=0 ABC?5=N >1’є<=>ABV =0?@C65=>3> 

AB0=C 2V4 1-3> 4> 10 - 3> H0@C: 284=>, I> 4@C35 V B@5Bє 3>;>2=V =>@<0;P=V 

=0?@C65==O 7<5=HCNBPAO 70 25;8G8=>N 2V4 7=0G5=P Ã2=100  #0 V Ã3=-100  #0 C 

4@C3V9 V B@5BV9 3@0=OE (@8AC=>: 5.12) B0  Ã2=81  #0 V Ã3=11  #0  - C ?5@HV9 3@0=V 

(@8AC=>: 5.12) 4> ?@0:B8G=> =C;P>28E 7=0G5=P C 10-<C H0@V.  

*5 4>72>;Oє AB25@46C20B8, I> A0<5 ?5@H5 3>;>2=5 =>@<0;P=5 =0?@C65==O, 

O:5 A?@O<>20=> 274>26 2V4?>2V4=>W =0?;02;5=>W 4V;O=:8 є >A=>2=8< G8==8:>< 

28=8:=5==O 25@B8:0;P=8E, ?5@?5=48:C;O@=8E =0?;02;5=><C H0@C B@VI8= C 3@0=OE 

?@87<8. 

� @8AC=:C 5.13 284=>, I> E0@0:B5@ @>7?>4V;C 70;8H:>28E 5:2V20;5=B=8E 

=0?@C65=P є ?>4V1=8< C 2AVE ABV=:0E =0 @V2=V 6-10 H0@V2, E>G0 25;8G8=8 <0NBP 

@>71V6=VABP ?>@O4:C 10&20%  (21..38  #0). #@8 FP><C 2V4 6 4> 10-3> H0@C @V25=P 

=0?@C65=P 7<5=HCєBPAO: 4;O ?5@H>W ABV=:8 7 225  #0 4> 199  #0; 4;O 4@C3>W - 7 

201  #0 4> 161  #0;  4;O B@5BP>W - 7 213  #0  4> 178  #0. ' =86=VE H0@0E, 7 1-

3> ?> 5-89 2:;NG=>, E0@0:B5@ @>7?>4V;C V 25;8G8=0 =0?@C65=P є ?>4V1=8<8 ;8H5 C 

4@C3V9 V B@5BV9 ABV=:0E. 



145 

 

 

$8AC=>: 5.12 - $>7?>4V; 3>;>2=8E =>@<0;P=8E =0?@C65=P ?> 28A>BV 3@0=59 

?@87<8 4;O <Nod Set 1=, <Nod Set 2=, <Nod Set 3= 

 

 

$8AC=>: 5.13 - $>7?>4V; 70;8H:>28E 5:2V20;5=B=8E 70;8H:>28E =0?@C65=P ?> 

28A>BV C 3->E 3@0=OE ?@87<8 4;O <Nod Set 1=, <Nod Set 2=, <Nod Set 3= 

 

'A5@54=5=0 25;8G8=0 5:2V20;5=B=8E =0?@C65=P  C 3@0=OE ?@87<8 A:;040є 191 

 #0, I> 1V;PH5 3@0=8FV B5:CG>ABV  <0B5@V0;C (150  #0)  C 1,3 @078, 0;5 C 2,5 @078 

<5=H5 70 3@0=8FN <VF=>ABV   <0B5@V0;C (475  #0), I> =5 ?>28==> ?@872>48B8 4> 



146 

 

?>O28 B@VI8= C 70;8H:>2><C AB0=V. *5 ?V4B25@46CєBPAO B8< D0:B><, I> ?V4 G0A 

5:A?5@8<5=B0;P=>3> =0?;02;5==O B@VI8=8 CB2>@8;8AP =0 5B0?V >E>;>465==O 

?>?5@54=P> =0?;02;5=8E H0@V2,  C <><5=B, :>;8 <5E0=VG=V ?>:07=8:8 CuSi3Mn1 

<0;8 <5=HV 7=0G5==O, =V6 ?@8 :V<=0B=V9 B5<?5@0BC@V (@8AC=>: 5.11). 

 

5.3 �>A;V465==O D>@<C20==O :><?>=5=B =0?@C65=>-45D>@<>20=>3> 
AB0=C 28@>1C 7 :@5<=Vє2>W 1@>=78 CuSi3Mn1 ?@8 GMAW-Pulse 048B82=><C 
=0?;02;5==V  

�;O 0=0;V7C =0?@C65=>-45D>@<>20=>3> AB0=C B0 2AB0=>2;5==O <>6;828E 

?@8G8= CB2>@5==O B@VI8= C =0?;02;5=8E GMAW-Pulse ?@>F5A>< 7@07:0E 28:>=0=5 

A:V=G5==>-5;5<5=B=5 <>45;N20==O ?>H0@>2>3> =0?;02;5==O 7@07:0 7 :@5<=Vє2>W 

1@>=78 CuSi3Mn1 =0 ?V4:;04:C 7 0CAB5=VB=>W =5@602VNG>W AB0;V (@8AC=>: 5.14).  

#>3>==0 5=5@3VO 720@N20;P=>3> 465@5;0 (AB@C< – I��, =0?@C30 – U�, H284:VABP 

720@N20==O – V��) 1C;8 7040=V 2V4?>2V4=> CA5@54=5=8< @568<0<, I> 1C;8 

70DV:A>20=V ?@8 5:A?5@8<5=B0;P=><C =0?;02;5==V (@>74V; 2). 

�>A;V4=0 <>45;P <0є =0ABC?=V 35><5B@8G=V ?0@0<5B@8: 4>268=0 AB>@>=8 

B@8:CB=8:0 50 <<, B>2I8=0 >A=>28 · – 6 <<, :V;P:VABP H0@V2 n – 15, 28A>B0 H0@C 

(7030;P=0 28A>B0) – 1 << (7030;>< 15 <<).  0B5@V0; I> =0?;02;OєBPAO – CuSi3Mn1, 

<0B5@V0; ?V4:;04:8 – 0CAB5=VB=0 =5@602VNG0 AB0;P E304. 

 

$8AC=>: 5.14 - %:V=G5==>-5;5<5=B=0 AVB:0 B0 3@0=8G=V C<>28 4;O A:V=G5==>-

5;5<5=B=>3> <>45;N20==O ?@>F5AC GMAW-Pulse =0?;02;5==O 
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�5><5B@8G=V @>7<V@8 465@5;0 B5?;0 7040=V C 2V4?>2V4=>ABV 4> 

5:A?5@8<5=B0;P=8E 7=0G5=P B0 =02545=V C B01;8FV 5.4. ��� V<?C;PA=>3> ?@>F5AC 

?@89=OB89 η = 0,79 [92]. 

&01;8FO 5.4 - #0@0<5B@8 <>45;V 465@5;0 B5?;0 4;O GMAW-Pulse 

=0?;02;5==O 

%?>AV1 =0?;02;5==O 

 

af, 

<< 

ar, 

<< 

b, 

<< 

d, 

<< 
η>>8* ff 

GMAW-Pulse 4 5 4 1 0,79 0.5 

 

$57C;PB0B8 <>45;N20==O ?@>F5AC =0?;02;5==O 2:07CNBP, I> ?@8 4>AO3=5==V 

13 – 15 H0@V2 7=0G=> 7@>AB0є @V25=P 5:2V20;5=B=8E B0 ?>74>26=VE =>@<0;P=8E 

=0?@C65=P @>7BO3C, O:V 28=8:0NBP 274>26 B@0є:B>@VW @CEC ?0;P=8:0 2=0A;V4>: 

?>2B>@=>3> =03@V2C ?>?5@54=P> =0?;02;5=8E H0@V2 C >1@0=V9 >1;0ABV (@8AC=>: 5.15, 

a).  

 

$8AC=>: 5.15 - #>;O @>7?>4V;C =0?@C65=P B0 B5<?5@0BC@: 0) 5:2V20;5=B=V 

=0?@C65==O ( #0), 1) <0:A8<0;P=V 3>;>2=V =0?@C65==O ( #0); 2) =>@<0;P=V 

=0?@C65==O C =0?@O<:C 274>26 =0?;02;5=>3> H0@C ( #0); 3) @>7?>4V; B5<?5@0BC@ 

=02:>;> 4V;O=:8 CB2>@5==O B@VI8=8 ?VA;O =0?;02;5==O 13 H0@C (° C) 
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' ?@>F5AV 1030B>@07>2>3> =03@V2C @V25=P ?>74>26=VE =0?@C65=P @>7BO3C 

?5@528ICє <56C <VF=>ABV 1@>=78 Ã2 ≈ 140  #0 B0 AO30є Ã = 176  #0, ?@8 D0:B8G=V9 

B5<?5@0BC@V C B>GFV 1;87P:> 511 °% (@8AC=>: 5.15, 2 B0 @8AC=>: 5.15, 5.16). 

�0=89 5D5:B A?>AB5@V30єBPAO 2=0A;V4>: ?>2B>@=>3> =03@V2C ?>?5@54=P> 

=0?;02;5=8E H0@V2 B5?;>< 5;5:B@8G=>W 4C38 ?@8 =0:;040==V =0ABC?=>3> 20;8:0. 

�=0;V7 70;56=>ABV 25;8G8=8 B0 @>7?>4V;C =0?@C65=P 2V4 B5<?5@0BC@8 B0 G0AC 

(@8AC=>: 5.16) A2V4G8BP, I> =>@<0;P=V ?>74>26=V =0?@C65==O @>7BO3C 4>AO30NBP 

3@0=8FV <VF=>ABV <0B5@V0;C C 4V0?07>=V B5<?5@0BC@ 550 – 490 °% (@8AC=>: 5.17), I> 

<>65 ?@8725AB8 4> 28=8:=5==O B@VI8=, O:V <>6CBP 1CB8 28O2;5=V ?@8 2V7C0;P=8E 

4>A;V465==OE D>@<>CB2>@5==O B0 AB@C:BC@8 <5B0;C. 

 

$8AC=>: 5.16 - �@0DV: 70;56=>ABV =>@<0;P=8E, 5:2V20;5=B=8E =0?@C65=P B0 

B5<?5@0BC@8 2V4 G0AC ?VA;O =0?;02;5==O 4;O 4V;O=:8 CB2>@5==O B@VI8=8 (0) 

 

$8AC=>: 5.17 - �@0DV: 7<V=8 <5E0=VG=8E 2;0AB82>AB59 :@5<=Vє2>W 1@>=78 

CuSi3Mn1  2V4 B5<?5@0BC@8 
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5.4 �>A;V465==O D>@<C20==O :><?>=5=B =0?@C65=>-45D>@<>20=>3> 

AB0=C 28@>1C 7 ?@8?>N =0 >A=>2V =V:5;N SBM-4 ?@8 PAW-CW 048B82=><C 
=0?;02;5==V 

�20@N20==O B0 =0?;02;5==O 60@>ABV9:8E 48A?5@AV9=>B25@4VNG8E A?;02V2 =0 

>A=>2V =V:5;N 7 25;8:8< 2<VAB>< E@><C CB@C4=5=5 C 72’O7:C 7 WE 25;8:>N 

AE8;P=VABN 4> CB2>@5==O =5?@8?CAB8<8E 45D5:BV2 B8?C B@VI8=. &><C ?8B0==O 

I>4> D>@<C20==O ?@>AB>@>28E 28@>1V2 7 B0:8E <0B5@V0;V2 ?@54AB02;Oє 7=0G=89 

V=65=5@=89 28:;8:, >A>1;82> 2 :>=B5:ABV 048B82=>3> 28@>1=8FB20, B0:>3> O: 3D-

4@C:. *V A?;028 E0@0:B5@87CNBPAO 28A>:>N ABV9:VABN 4> >:8A;5==O B0 :>@>7VW ?@8 

28A>:8E B5<?5@0BC@0E, I> @>18BP WE V450;P=8<8 ?@8 283>B>2;5==V 28@>1V2, O:V 

?@0FNNBP C 206:8E C<>20E, 7>:@5<0 2 O:>ABV 107>28E <0B5@V0;V2 

206:>=020=B065=8E 45B0;59 30@OG>3> B@0:BC �&� B0 @50:B82=8E 4283C=V2. #V4 G0A 

?@>F5AC 048B82=>3> 4C3>2>3> =0?;02;5==O 73040=V <0B5@V0;8 28O2;ONBP A:;04=C 

?>254V=:C G5@57 28A>:V B5<?5@0BC@=V 3@04Vє=B8, H284:5 >E>;>465==O B0 ?>2B>@=5 

=03@V20==O, I> 28<030є 74V9A=5==O @5B5;P=>3> :>=B@>;N ?@>F5AV2, O:V 

AC?@>2>46CNBP =0?;02;5==O, 7 <5B>N 70?>1V30==O CB2>@5==N 45D5:BV2 B0:8E, O: 

30@OGV B@VI8=8. 

�0@OGV B@VI8=8 CB2>@NNBPAO ?V4 G0A >E>;>465==O V є @57C;PB0B>< 

:><1V=>20=>W 4VW B5<?5@0BC@=8E =0?@C65=P B0 =87:8 <5B0;C@3V9=8E D0:B>@V2. *5 

<>65 7=0G=> ?>3V@H8B8 DV78:>-<5E0=VG=V B0 :>@>7V9=V 2;0AB82>ABV, 4>23>2VG=VABP 

>B@8<0=8E 28@>1V2.  

$>7C<V==O <5E0=V7<V2 D>@<C20==O B@VI8= V 2?;82C @V7=8E D0:B>@V2, 7>:@5<0 

EV<VG=>3> A:;04C A?;02V2, @568<V2 >E>;>465==O B0 B5E=>;>3VG=8E ?0@0<5B@V2 

?@>F5AC 048B82=>3> =0?;02;5==O є :;NG>28< ?@8 D>@<C20==V AB@0B53V9 <V=V<V70FVW 

AE8;P=>ABV <5B0;C 4> CB2>@5==O 287=0G5=8E 45D5:BV2. 

�;O 7<5=H5==O @878:C 28=8:=5==O 30@OG8E B@VI8= B0 V=H8E 45D5:BV2 

<>6;82> 268B8 =87:C ?V4E>4V2, 7>:@5<0 70AB>AC20==O ?>?5@54=P>3> ?V4V3@V2C 

70157?5GCє 7<5=H5==O B5<?5@0BC@=8E 3@04Vє=BV2 B0 25;8G8=8 7=0G5=P 4VNG8E 

=0?@C65=P, O:V 28:;8:0=V 28A>:>H284:VA=8< >E>;>465==O<. &5@<VG=0 >1@>1:0 

?VA;O ?>H0@>2>3> 283>B>2;5==O A?@8Oє 7<5=H5==N 25;8G8=8 70;8H:>28E 
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=0?@C65=P,  ?>:@0I5==N DV78:>-<5E0=VG=8E 2;0AB82>AB59, 7>:@5<0 <VF=>ABV B0 

?;0AB8G=>ABV. �:@09 206;828< є 281V@ >?B8<0;P=8E ?0@0<5B@V2 B5E=>;>3VG=>3> 

?@>F5AC. *5 4>72>;Oє :>=B@>;N20B8 B5?;>2:;045==O, 7<5=H8B8 @V25=P B5@<VG=8E 

=0?@C65=P. 

#@8 287=0G5==V =0?@C65=P B0 45D>@<0FV9 206;82C @>;P 2V4V3@0є :><?'NB5@=5 

<>45;N20==O. �0 4>?><>3>N ?@>3@0<=>3> 70157?5G5==O 4;O <>45;N20==O 

048B82=8E ?@>F5AV2 4C3>2>3> =0?;02;5==O <>6;82> 2V4B2>@8B8 B5@<><5E0=VG=V 

?@>F5A8 ?@8 28@>1=8FB2V 45B0;59, 74V9A=8B8 ?@>3=>7C20==O @>7?>4V;C 

B5<?5@0BC@=8E ?>;V2, =0?@C65=P B0 45D>@<0FV9. �024O:8 B0:><C ?V4E>4C є 

<>6;82VABP >1@0B8 >?B8<V7>20=V B5E=>;>3VG=V ?0@0<5B@8 048B82=>3> =0?;02;5==O 

28@>1V2, 7=0G=> 7<5=H8B8 28B@0B8 =0 ?@>2545==O DV78G=8E 4>A;V465=P B0 

5:A?5@8<5=B0;P=8E 28?@>1C20=P. 

�;O 0=0;V7C :><?>=5=B =0?@C65=>-45D>@<>20=>3> AB0=C ?@>AB>@>28E 

28@>1V2 7 60@><VF=>3> =V:5;52>3> ?@8?>N SBM-4 28:>=0=5 A:V=G5==>-5;5<5=B=5 

<>45;N20==O ?>H0@>2>3> =0?;02;5==O 7@07:0 =0 ?V4:;04:C V7 60@><VF=>3> 

=V:5;52>3> A?;02C +%88'�І B0 <V4=C ?V4:;04:C 7 <V4V. 

�>A;V4=0 <>45;P 0=0;>3VG=0 4>A;V465==O< !�% 7 :@5<=Vє2>W 1@>=78 B0 <0є 

283;O4 @V2=>1VG=>3> B@8:CB=8:0 7 4>268=>N AB>@>=8 50 <<, 0;5 7 :>@5:FVєN 28A>B8 

>:@5<>3> H0@C. &>2I8=0 >A=>28 · – 6 <<, :V;P:VABP H0@V2 n – 10, 28A>B0 H0@C 

(A5@54=O 28A>B0) – 1,32 << (7030;>< 13,2 <<).  0B5@V0;, I> =0?;02;OєBPAO – ?@CB:8 

?@8?>N SBM-4, <0B5@V0; ?V4:;04:8 – 60@><VF=89 =V:5;5289 A?;02 +%88'�І (1) B0 

<V4P (2). #@8 28:>@8AB0==V <V4=>W ?V4:;04:8 WW ?@>?;02;5==O 2V4ACB=є.  

 

&01;8FO 5.5 - #0@0<5B@8 <>45;V 465@5;0 B5?;0 4;O PAW-CW =0?;02;5==O  

%?>AV1 =0?;02;5==O 

 

af, << 
ar, 

<< 

b, 

<< 
d, << η>>8* ff 

PAW-CW 4 9 2.3 1,32 0,69 0.5 
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$57C;PB0B8 <>45;N20==O ?@>F5AC ?>H0@>2>3> =0?;02;5==O A2V4G0BP ?@> 

=0ABC?=5: 

1. !0?;02;5==O ?5@H>3> H0@C 28:;8:0є H284:5 7@>AB0==O =0?@C65=P 

@>7BO3C =0 5B0?V >E>;>465==O H0@C 274>26 B@0є:B>@VW @CEC 465@5;0 B5?;0. 

!0?@C65==O @>7BO3C =0 4V;O=FV A?;02;5==O 7 >A=>2>N (Ã5:2 > 750  #0), 7 @V7:8< 

7=865==O< =0?@C65=P 1;86G5 4> :@0W2 =0?;02;5=>3> H0@C (Ã5:2 ≈ 190  #0), >4=0: 

BV;P:8 =0 ?@O<>;V=V9=8E 4V;O=:0E. ' <VAFOE @V7:>W 7<V=8 B@0є:B>@VW ?> 7>2=VH=P><C 

B0 2=CB@VH=P><C @04VCAC 2V41C20єBPAO =0:>?8G5==O 70;8H:>28E =0?@C65=P @>7BO3C 

=0 @V2=V Ã ≈ 850&860  #0, I> A?>AB5@V30єBPAO =0 4V;O=FV D>@<C20==O ?5@H8E 42>E 

H0@V2 (@8AC=>: 5.18, 0) V 7=0G5==O 4VNG8E =0?@C65=P 4>AO30NBP 0,8&0,9 Ã2 

<0B5@V0;C. #@8G8=>N 28=8:=5==O 70;8H:>28E =0?@C65=P є 28A>:V H284:>ABV 

>E>;>465==O ?5@H8E 42>E H0@V2 G5@57 157?>A5@54=N 1;87P:VABP 4> >A=>28 B0 

?>BC6=C B5?;>2V440GC C ?>є4=0==V 7 28A>:>N 6>@AB:VABN >A=>28. 

#@8 ?>40;PH><C =0?;02;5==V H0@V2 A?>AB5@V30єBPAO @V7:5 7<5=H5==O 

=0?@C65=P =0 25@H8=0E B@83@0==>W ?@87<8. !0?;02;5==O 7 3-3> H0@C V 28I5 

28:;8:0NBP ?>O2C =0?@C65=P @>7BO3C ;8H5 =0 ?@O<>;V=V9=8E 4V;O=:0E B@0є:B>@VW 

=0?;02;5==O, I> :>;820NBPAO C <560E Ã ≈ 570&800  #0 ?@8 >E>;>465==V 

:>6=>3> H0@C 4> <V6H0@>2>W B5<?5@0BC@8 t ≈ 120° % (@8AC=>: 5.18, 1) 

 

  

0) 1) 

$8AC=>: 5.18 - �:2V20;5=B=V =0?@C65==O C ?5@H><C (4) B0 ?> 4>AO3=5==V ?’OB>3> 

(5) =0?;02;5=8E H0@V2 
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�0 @57C;PB0B0<8 0=0;V7C :><?>=5=B 70;8H:>2>3> =0?@C65=>-45D>@<>20=>3> 

AB0=C <>6=0 7@>18B8 28A=>2>:, I> =091V;PH =5A?@8OB;828<8 7>=0<8 ?@8 

=0?;02;5==V є <VAFO @V7:>W 7<V=8 35><5B@VW BV;0 (=0?@O<:C @CEC 465@5;0 B5?;0), 

>A:V;P:8 A0<5 =0 F8E 4V;O=:0E (@8AC=>: 5.19) 715@V30NBPAO 4>A8BP 28A>:V 

=0?@C65==O @>7BO3C, O:V AO30NBP 0,9 Ã2 (Ã ≈ 907  #0) 2V4 <VF=>ABV <0B5@V0;C. 

 

$8AC=>: 5.19 - �:2V20;5=B=V =0?@C65==O C =0?;02;5=><C 7@07:C ?VA;O ?>2=>3> 

>AB830==O (70;8H:>289 AB0=) 

 

 &0:>6 715@V30єBPAO 4>A8BP 28A>:89 @V25=P =0?@C65=P @>7BO3C (Ã ≈ 650&855 

 #0)  =0 3@0=8FV A?;02;5==O ?5@H>3> H0@C 7 >A=>2>N (@8AC=>: 5.20).  

 
 

4 5 

$8AC=>: 5.20 - !>@<0;P=V =0?@C65==O @>7BO3C 1V;O 3@0=8FV A?;02;5==O ?5@H>3> 

H0@C 7 >A=>2>N (0) B0  70;8H:>2V 5:2V20;5=B=V =0?@C65==O =0 <56V A?;02;5==O ?> 

F5=B@C ?5@H>3> H0@C (1) 
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#>74>26=V =>@<0;P=V =0?@C65==O @>7BO3C (2VAP – E) AO30NBP A2>3> <0:A8<C<C 

(Ã = 1070  #0) BV;P:8 7 7>2=VH=P>3> 1>:C :CBV2 ?@87<8 1V;O <56V A?;02;5==O 

>A=>28 B0 ?5@H>3> H0@C V  7=0G=> ?5@528ICNBP 3@0=8FN <VF=>ABV <0B5@V0;C C Ã2 = 

950  #0. 

$07>< 7 :>=F5=B@0FVєN 70;8H:>28E =0?@C65=P =0 :@82>;V=V9=8E B@0є:B>@VOE 

AD>@<>20=8E H0@V2 B0:>6 =0O2=V 7>=8 ?V428I5=8E ?;0AB8G=8E 45D>@<0FV9 =0 ;V=VW 

A?;02;5==O >A=>28 B0 ?5@H>3> H0@C (@8AC=>: 5.21). 

� 0=0;V7C >B@8<0=8E 40=8E I>4> :><?>=5=B !�% <>6=0 7@>18B8 28A=>2>: 

?@> <>6;82C 2V@>3V4=VABP 28=8:=5==O 45D5:BV2 C 283;O4V B@VI8= ?@8 =0?;02;5==V 

?@8?>N SBM-4 =0 >A=>2C 7 +%88'�І C <VAFOE :@82>;V=V9=>W 7<V=8 35><5B@VW BV;0. 

!0A0<?5@54 F5 ?>2’O70=> 7 =0:>?8G5==O< 5:2V20;5=B=8E =0?@C65=P @>7BO3C 2 

<VAFOE 7<V=8 =0?@O<:C =0=5A5==O H0@V2, I> AO30NBP 0,9Ã2 3@0=8FV <VF=>ABV >A=>28 

B0 =0=5A5=>3> H0@C (Ã2 = 950  #0). 

 

 

$8AC=>: 5.21 - �:2V20;5=B=V ?;0AB8G=V 45D>@<0FVW =0 3@0=8FV A?;02;5==O ?5@H>3> 

H0@C B0 >A=>28 

 

#V428I5=0 ?;0AB8G=0 45D>@<0FVO <>65 ?@8725AB8 4> 7=865==O <VF=>ABV F8E 

4V;O=>:. *59 ?@>F5A ?>OA=NєBPAO =04<V@=8< =0:>?8G5==O< 45D>@<0FV9, O:V 

?5@528ICNBP 740B=VABP <0B5@V0;C 4> ?;0AB8G=>3> @>7BO3C 157 ?>@CH5==O 9>3> 

2=CB@VH=P>W AB@C:BC@8 B0 ACFV;P=>ABV. ' @57C;PB0BV, 2 >1;0ABOE 7 ?V428I5=>N 
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?;0AB8G=>N 45D>@<0FVєN <VF=VABP <5B0;C 7=86CєBPAO, @>1;OG8 FV 7>=8 1V;PH 

AE8;P=8<8 4> D>@<C20==O B@VI8= B0 @>7H0@C20=P. 

"4=8< 7 <5E0=V7<V2, G5@57 O:89 ?;0AB8G=0 45D>@<0FVO 2?;820є =0 7=865==O 

<VF=>ABV, є =0:>?8G5==O 48A;>:0FV9. #V4 G0A ?;0AB8G=>W 45D>@<0FVW C AB@C:BC@V 

<5B0;C 2V41C20єBPAO 71V;PH5==O :V;P:>ABV 48A;>:0FV9, O:V є ;V=V9=8<8 45D5:B0<8 2 

:@8AB0;VG=V9 3@0BFV. �>;8 WE :V;P:VABP AB0є =04<V@=>N, 48A;>:0FVW <>6CBP 

CB2>@N20B8 2C7;8, O:V CA:;04=NNBP ?>40;PH89 WE @CE, 2>=8 1;>:CNBP >4=0 >4=C, 

B8< A0<8< 7<5=HCNG8 ?;0AB8G=VABP V <VF=VABP <0B5@V0;C. 

' 7>=0E 7 ?V428I5=>N ?;0AB8G=>N 45D>@<0FVєN, 45 <VF=VABP <5B0;C <5=H0, 

B@VI8=8 B0 @>7H0@C20==O <>6CBP CB2>@N20B8AO ?V4 2?;82>< ?>2B>@=8E B5?;>28E 

=020=B065=P, O:V 28:;8:0=V B5@<VG=8<8 F8:;0<8 =0?;02;5==O =0ABC?=8E H0@V2. 

&5@<VG=V =0?@C65==O, I> 28=8:0NBP ?V4 G0A >E>;>465==O, >A>1;82> 2 <0B5@V0;0E 

7 28A>:8<8 7=0G5==O<8 :>5DVFVє=BV2 ;V=V9=>3> B5?;>2>3> @>7H8@5==O, A?@8ONBP 

?>40;PH><C @>728B:C CB2>@5=8E <V:@>B@VI8= 01> D>@<C20==N =>28E. "B65, 

@>7C<V==O >A>1;82>AB59 @>728B:C B5@<>45D>@<0FV9=8E ?@>F5AV2 B0 @5B5;P=89 

:>=B@>;P ABC?5=O ?;0AB8G=>W 45D>@<0FVW є :;NG>28<8 4;O 70?>1V30==O CB2>@5==O 

45D5:BV2 ?@8 048B82=><C =0?;02;5==V 48A?5@AV9=>B25@4VNG8E 60@><VF=8E A?;02V2 

=0 >A=>2V =V:5;N. 

2. �8:>@8AB0==O <V4=>W >A=>28 4;O =0?;02;5==O ?@8?>N SBM-4 157 

?@>?;02;5==O A0<>W >A=>28 ?5@H8< H0@><, 4;O 28?04:C 048B82=>3> 283>B>2;5==O 

A0<>ABV9=>W 45B0;V G8 703>B>2:8 28@>1C, A?@8Oє 7<5=H5==N 25;8G8=8 70;8H:>28E 

=0?@C65=P.  

!0 @8AC=:C 5.22 =02545=V ?>;O @>7?>4V;C 5:2V20;5=B=8E =0?@C65=P ?VA;O 

=0?;02;5==O 10 H0@V2 B0 >AB830==O 4> 20 °%.  >6=0 A?>AB5@V30B8 (@8AC=>: 5.22, 0), 

I> C 72’O7:C 7 28A>:>N ?;0AB8G=VABN <V4=>W >A=>28 B0 2V4ACB=VABN WW ?@>?;02;5==O, 

70;8H:>2V =0?@C65==O C ?5@H><C H0@V =5 ?5@528ICNBP Ã = < 290  #0. #>4V1=5, 

4> 28?04:C 28:>@8AB0==O 2 O:>ABV >A=>28 +%88'�І, 7@>AB0==O =0?@C65=P 

A?>AB5@V30єBPAO ;8H5 C 2C7P:><C 4V0?07>=V 7 2-3> ?> 3-9 H0@8 (Ã = 400&600  #0) 

=0 25@H8=0E B@8:CB=>W B@0є:B>@VW =0?;02;5==O B0 1V;O 7>=8 ?>G0B:C-70:V=G5==O 

=0?;02;5==O (@8AC=>: 5.22, 1).  
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�8A>:8E 7=0G5=P ?;0AB8G=>W 45D>@<0FVW, C ?>@V2=O==V 7 ?>?5@54=V< 20@V0=B>< 

B0 28:>@8AB0==O< >A=>28 7 +%88'�І, =5 A?>AB5@V30єBPAO (@8AC=>: 5.23).  

�030;>< <>6=0 7@>18B8 =0ABC?=V 28A=>2:8. �8:>@8AB0==O <V4=>W >A=>28 

4>72>;Oє ACBBє2> 7=878B8 @V25=P 70;8H:>28E =0?@C65=P @>7BO3C O: C ?5@H><C H0@V 

=0?;02;5=>3> <5B0;C, B0: V C FV;><C 28@>1V 7030;><. "4=0: F59 ?V4EV4 <>65 1CB8 

@50;V7>20=89 ;8H5 ?@8 283>B>2;5==V A0<>ABV9=8E 28@>1V2. 

  

0) 1) 

$8AC=>: 5.22 - #>;O @>7?>4V;C 5:2V20;5=B=8E =0?@C65=P 4;O =0?;02;5=>3> 7@07:0 

(0) B0 @>7?>4V; =0?@C65=P @>7BO3C ?> 7>2=VH=P><C @04VCAC =0 4V;O=:0E 7<V=8 

B@0є:B>@VW =0?;02;5==O =0 <56V A?;02;5==O 2 H0@V2 (1) 

 

 

$8AC=>: 5.23 - #>;O @>7?>4V;C 5:2V20;5=B=8E ?;0AB8G=8E 45D>@<0FV9 ?@8 

=0?;02;5==V =0 <V4P 
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!>@<0;P=V =0?@C65==O @>7BO3C =0 4V;O=:0E =02:>;> 3@0=59 B@8:CB=>3> 

28@>1C 2 ?@>F5AV =0?;02;5==O =5 ?5@528IC20;8 @V2=O Ã = 650&700  #0 B0 

3@0=8FN <VF=>ABV <0B5@V0;C (Ã2 = 950  #0). %C:C?=VABP F8E D0:B>@V2 7=86Cє 

2V@>3V4=VABP CB2>@5==O 45D5:BV2 C 283;O4V B@VI8=.  

�C;8 ?@>2545=V <5E0=VG=V 28?@>1C20==O =0 >4=>2VA=89 @>7BO3 <5B0;C 7@07:V2 

048B82=> =0?;02;5=8E PAW-CW A?>A>1>< C :>=B@>;P>20=><C 307>2><C 

A5@54>28IV 0@3>=C ?@8?>N SBM-4. �>A;V465==O ?@>2545=V 70 :V<=0B=>W 

B5<?5@0BC@8. $C9=C20==O 7@07:V2 2V41C;>AO ?@8 =0?@C65==OE C <560E 710 – 755 

 #0, I> A:;040є 75&80 % 2V4 <VF=>ABV A?;02C. 

 

5.5 �8A=>2:8 4> @>74V;C 5 
1. $>7@>1;5=0 B0 25@8DV:>20=0 A:V=G5==>-5;5<5=B=0 <>45;P >1’є<=>W 

35><5B@8G=>W DV3C@8 C 283;O4V B@83@0==>W @V2=>1VG=>W ?@87<8, I> 1C;0 283>B>2;5=0 

?>H0@>28< =0?;02;5==O< <5B>4>< GMAW B0 GMAW-Pulse, O:0 4>72>;Oє =0 >A=>2V 

G8A;>2>3> @>72’O70==O 72’O70=>W 7040GV B5@<>?@C6=>?;0AB8G=>ABV 287=0G0B8 

?0@0<5B@8 :><?>=5=B =0?@C65=>-45D>@<>20=>3> AB0=C C 1C4P-O:89 <><5=B 

=03@V20==O V >E>;>465==O 7@07:0 7 C@0EC20==O< EV<VG=>3> A:;04C <0B5@V0;V2 

?V4;>6:8 V ?@8A04=>3> 4@>BC, 7<V=8 7 B5<?5@0BC@>N B5?;>DV78G=8E B0 <5E0=VG=8E 

2;0AB82>AB59 <0B5@V0;V2, ?>A;V4>2=>ABV =0?;02;5==O H0@V2. 

2. !0 >A=>2V 0=0;V7C @57C;PB0BV2 G8A;>2>3> <>45;N20==O ?@>F5AC 

=0?;02;5==O :@5<=Vє2>W 1@>=78 (CuSi3Mn1) 28O2;5=>, I> E0@0:B5@ 7<V=8 

B5<?5@0BC@ V 25;8G8=0 WW 7<5=H5==O C 2V4?>2V4=><C H0@V ?VA;O =0?;02;5==O 

=0ABC?=8E H0@V2 є >4=0:>28<8 V =5 70;560BP 2V4 B@0є:B>@VW =0?;02;5==O.  

3. #>:070=>, I> =091V;PHV 70;8H:>2V 5:2V20;5=B=V ?;0AB8G=V 45D>@<0FVW 

D>@<CNBPAO C ?5@H><C H0@V 7 ?>ABC?>28< 7<5=H5==O< WE 25;8G8=8 C :>6=><C 

=0ABC?=><C =0?;02;5=><C H0@V.  

4.  5B>4>< A:V=G5==>-5;5<5=B=>3> <>45;N20==O 2AB0=>2;5=>, I> 

D>@<C20==O B@VI8= C 7@07:0E 7 :@5<=Vє2>W 1@>=78 CuSi3Mn1, O:V 1C;8 283>B>2;5=V 

GMAW-Pulse <5B>4><, ?>2'O70=5 7 1V;PH8< C ?>@V2=O==V GMAW-CMT 

=0?;02;5==O< B5?;>2:;045==O<, I> ?@872>48BP 4> ACBBє2>3> 7@>AB0==O @V2=O 
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?>74>26=VE =0?@C65=P @>7BO3C, O:V AO30NBP <56V <VF=>ABV <0B5@V0;C 2 V=B5@20;V 

B5<?5@0BC@ 490&550° %.  

6. �0 @57C;PB0B0<8 A:V=G5==>-5;5<5=B=>3> <>45;N20==O <>45;N20==O 

?>H0@>2>3> =0?;02;5==O ?@8?>N SBM-4 =0 >A=>2C 7 +%88'�І 2AB0=>2;5=>, I> 

=5A?@8OB;828<8 7>=0<8 є <VAFO @V7:>W 7<V=8 B@0є:B>@VW =0?;02;5==O =0 4V;O=FV 

?5@H8E 42>E AD>@<>20=8E PAW-CW 048B82=8< =0?;02;5==O< H0@V2, 45 

5:2V20;5=B=V =0?@C65==O AO30NBP 0,9 Ã2 A?;02C. �87=0G5=0 70 :V<=0B=8E B5<?5@0BC@ 

<VF=VABP =0?;02;5=>3> <5B0;C A:;040є 75-80 % 2V4 <VF=>ABV 60@><VF=>3> A?;02C.  

7. �8:>@8AB0==O >A=>28 7 <V4V 4;O 048B82=>3> 4C3>2>3> =0?;02;5==O ?@8?>N 

SBM-4 A?>A>1>< PAW-CW 70 @5:><5=4>20=8E @568<V2 4>72>;Oє 7<5=H8B8 

=0?@C65==O 2  ?5@H><C H0@V 4> 290  #0. 
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6 &�)!"�"��+!� $��" �!��*�� #" ���"&"���!!. 

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

 

6.1 #V43>B>2:0 28B@0B=8E <0B5@V0;V2  
З64DN64?ьAV 8DBF< EGJV?ьAB7B C9D9F<AG 

�;O >B@8<0==O >GV:C20=8E <5E0=VG=8E B0 DV78G=8E E0@0:B5@8AB8: 048B82=> 

=0?;02;5=8E ?@>AB>@>28E 28@>1V2 :><?0:B=V ?@8A04=V <0B5@V0;8 4;O =0?;02;5==O 

(5;5:B@>4=V 720@N20;P=V 4@>B8) <0NBP 2V4?>2V40B8 =5>1EV4=8< 28<>30< O: ?> 

EV<VG=><C A:;04C, B0: V 2V4?>2V4=>ABV >1@0=><C 4V0<5B@C d5 ?@8A04=>3> 4@>BC =0 

CAV9 9>3> 4>268=V.  

'AV 28:>@8AB>2C20=V ?@8A04=V <0B5@V0;8 C 283;O4V 4@>BC 4;O ?>H0@>2>3> 

=0?;02;5==O <0NBP 2V4?>2V40B8 AB0=40@BC �%&' EN ISO 14341:2014 [104]. 

�@0E>2CNG8, I> E0@0:B5@8AB8:8 ?@8A04=8E 4@>BV2 4;O =0?;02;5==O <>6CBP 

2V4@V7=OB8AP 2V4 A5@B8DV:0BC 2V4?>2V4=>ABV 2 70;56=>ABV 2V4 ?0@BVW ?>AB02:8, ?5@54 

28:>@8AB0==O< =5>1EV4=> ?@>25AB8 2EV4=89 :>=B@>;P: 

1. #5@52V@:0 =0O2=>ABV A5@B8DV:0BC O:>ABV/2V4?>2V4=>ABV  28@>1=8:0. 

"1>2’O7:>289 2EV4=89 :>=B@>;P 7V 2AB0=>2;5==O< B>G=>3> EV<VG=>3> A:;04C 

?@8A04=>3> 4@>BC. 

2.    #5@52V@:0 FV;VA=>ABV ?0:C20==O.  

3. �87=0G5==O 4V0<5B@C d5 ?@8A04=>3> 4@>BC B0 2V4?>2V4=VABP 9>3> 

A5@B8DV:0BC 28@>1=8:0 7  C@0EC20==O< 4>?CAB8<>3> 2V4E8;5==O 2V4 @>7<V@C. 

4.    #5@52V@:0 2V4ACB=>ABV 7>2=VH=VE ?>H:>465=P ?>25@E=V ?@8A04=>3> 4@>BC 

01> 9>3> ?>:@8BBO (70 =0O2=>ABV).  

#@8A04=V 720@N20;P=V 4@>B8 7 =87P:>2C3;5F528E AB0;59 G3Si1 B0 W< ?>4V1=V 

?>AB02;ONBPAO =0 :>BCH:0E 7 @O4=>N =0<>B:>N B0 <V4=8< ?>:@8BBO<, I> 

?5@5H:>460є >:8A=5==N 4@>BC B0 701@C4=5==N 9>3> V@65N. #>?5@54=P>W ACH:8 G8 

?@>:0;N20==O ?5@54 =0?;02;5==O< 4@VB =5 ?>B@51Cє. 

�@>B8 7 =5@602VNNG8E AB0;59 B0 <V4=8E A?;02V2 ?5@54 70AB>AC20==O< 

?5@52V@ONBPAO =0 2V4ACB=VABP <0A;O=8AB8E 701@C4=5=P ?>25@E=V 01> ?>O28 ?;O< 

>:8A;V2 B0 >G8ICNBPAO ?@8 WE =0O2=>ABV. "G8AB:0 ?@>2>48BPAO 7 ?5@5<>BC20==O< 
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4@>BC =0 =>2C :>BCH:C 7 ?0@0;5;P=8< >G8I5==O< ?>25@E=V, 01> 7V 2AB0=>2;5==O< 

?@8AB>AC20=P 4;O >G8I5==O 157?>A5@54=P> ?5@54 ?>40NG8< <5E0=V7<>< (O:I> F5 

4>72>;Oє :>=AB@C:FVO <5E0=V7<C ?>40GV).  

�@VB 7 0;N<V=VN 01> 9>3> A?;02V2 (AlMg5 B0 V=HV) ?5@54 720@N20==O< 

4>40B:>2> >G8ICNBP 70 4>?><>3>N EV<VG=>3> B@02;5==O C @>7G8=V NaOH (50 3/;) 

?@8 B5<?5@0BC@V 60&70º % 7 ?>A;V4CNG8< ?@><820==O< C 30@OGV9 2>4V (=5 =86G5 

50º %), 0 ?>BV< C ?@>B>G=V9 E>;>4=V9 2>4V. #VA;O ?@><820==O 28:>=CєBPAO =0ABC?=5 

2V;P=5 28A8E0==O 4@>BC =0 ?>2VB@V. #@>B@02;5=89 4@VB 4>?CA:0єBPAO 70AB>A>2C20B8 

?@>BO3>< 8-<8 3>48=, ?VA;O G>3> ?@>F54C@0 ?>2B>@NєBPAO. 

 

З64DN64?ьAV CDGF>< 

 �;O 048B82=>3> =0?;02;5==O 01> @5<>=B=>3> 2V4=>2;5==O 3>B>28E 28@>1V2 V7 

60@><VF=8E A?;02V2 =0 >A=>2V =V:5;N 2 @>74V;V 2 >?8A0=0 B5E=>;>3VO 283>B>2;5==O 

?@8A04=8E ?@CB:V2 DV:A>20=>W 4>268=8. #5@54 28:>@8AB0==O< ?@CB:8 <0NBP 1CB8 

@5B5;P=> >G8I5=V 2V4 1C4P-O:8E 701@C4=5=P B0 7=568@5=V 5B8;>28< A?8@B><. 

$5:><5=4>20=> 74V9A=N20B8 0CAB5=V70FVN ?@CB:V2 70 @568<0<8 4;O 0CAB5=V70FVW 

48A?5@AV9=>B25@4VNG8E 60@><VF=8E A?;02V2 =0 >A=>2V =V:5;N 1;87P:>3> EV<VG=>3> 

A:;04C. 

 

З4I<EAV 74;< 

 �;O ?>H0@>2>3> =0?;02;5==O 7 2C3;5F528E AB0;59 1060=> 28:>@8AB>2C20B8 

AC<VHV 70E8A=8E 307V2, I> A:;040NBPAO 7 G0AB:8 V=5@B=>3> 307C (Ar, He) B0 0:B82=>3> 

307C (CO2. O). І=5@B=89 :><?>=5=B 4>72>;Oє 7=878B8 G0AB:C <5B0;C, I> 945 =0 C30@, 

0:B82=89 :><?>=5=B 4>72>;Oє @>7:8A=N20B8 720@N20;P=C 20==C. #@8 28:>@8AB0==V 

=5@602VNG8E AB0;59 70AB>A>2CNBP G8AB89 0@3>= (Ar 100%) 01> AC<VH  11 (Ar 98% 

+ CO2 2%). �;O =0?;02;5==O V7 70AB>AC20==O< <V4=8E B0 0;N<V=Vє28E A?;02V2 

28:>@8AB>2CєBPAO G8AB89 0@3>= (Ar 100%). 

 )V<VG=89 A:;04 70E8A=8E 307V2 <0є 2V4?>2V40B8 A5@B8DV:0BC 28@>1=8:0 B0 

AB0=40@BC  �%&' EN ISO 14175:2014 « 0B5@V0;8 720@N20;P=V. �0E8A=V 3078 4;O 

4C3>2>3> 720@N20==O B0 @V70==O» [90]. 
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�V87BFB6>4 89F4?9= F4 CB69DIBAь C9D98 48<F<6A<@ A4C?46?9AAO@ 

 #>25@E=V 01> >A=>28, I> ?@87=0G5=V 4;O 35=5@C20==O =0 =8E 048B82=> 

=0?;02;5=8E 28@>1V2 G8 28:>=0==O 2V4=>2;N20=>3> ?>H0@>2>3> =0?;02;5==O, 

<0NBP 1CB8 2V4?>2V4=> ?V43>B>2;5=V.  

"A=>28 (?>25@E=V) 7V AB0;59, 2 B><C G8A;V =5@602VNG8E, >G8ICNBPAO 

<5E0=VG=8< A?>A>1>< 4> ?>2=>3> 2840;5==O V@6V, >:8A=8E ?;V2>: 01> V=H8E 

701@C4=5=P. #VA;O <5E0=VG=>W >G8AB:8 ?>25@E=V 7=568@NNBPAO 70 4>?><>3>N 

0F5B>=C 01> V=H8E @>7G8==8:V2, I> =5 70;8H0NBP ?> A>1V ?;V2>: ?VA;O 28A8E0==O.  

#>25@E=V 7 <V4V G8 <V4=8E A?;02V2 =5>1EV4=> >G8IC20B8 <5B>4>< H01@C20==O 

7 =0ABC?=8< 7=568@5==O< ?>25@E=V 0F5B>=>< B0 5B8;>28< A?8@B><. "1@>1:0 

01@0782=8<8 70A>10<8 =5 4>72>;OєBPAO G5@57 <>6;82VABP H0@6C20==O C ?>25@E=52V 

H0@8 01@0782=8E G0AB>:. 

�;N<V=Vє2V ?>25@E=V, =0 O:8E 2V41C20єBPAO =0?;02;5==O, 01> FV;P=V >A=>28 

?V440NBP B@02;5==N 0=0;>3VG=> 4> <5B>4C ?V43>B>2:8 ?@8A04=>3> 4@>BC. 

�=0;>3VG=> 7 <V4=8<8 A?;020<8 >1@>1:0 01@0782=8<8 70A>10<8 701>@>=5=0 G5@57 

H0@6C20==O 2 ?>25@E=V G0AB>: 01@0782C. 

 

6.2 &5E=>;>3VG=89 ?@>F5A ?>H0@>2>3> =0?;02;5==O 

В<;A4K9AAO C4D4@9FDV6 D9:<@V6 48<F<6AB7B A4C?46?9AAO  

#0@0<5B@8 @568<V2 4;O ?>H0@>2>3> =0?;02;5==O 287=0G0NBPAO 

V=482V4C0;P=> 2 70;56=>ABV 2V4 <0@:8 <0B5@V0;C, I> 28:>@8AB>2CєBPAO. "A=>2=>N 

?@>1;5<>N ?>H0@>2>3> =0?;02;5==O є =5AB0;89 B5?;>289 @568< ?@8 =0?;02;5==V 

:>6=>3> =0ABC?=>3> H0@C, I> 7<5=HCє B5?;>2V42545==O C >A=>2C 7 =0:>?8G5==O< 

B5?;0 C ?>?5@54=VE H0@0E.  

#@8 287=0G5==V ?0@0<5B@V2 @568<C =0?;02;5==O >?8@0NBPAO =0 4>AO3=5==O 

<V=V<0;P=>3> 7=0G5==O ?@>?;02;5==O ?>?5@54=VE H0@V2, 01> >A=>28 B0 

<0:A8<0;P=>W 28A>B8 :>6=>3> >:@5<>3> H0@C. �;O FP>3> 28:>=CєBPAO ?@>1=5 

=0?;02;5==O ?@O<>;V=V9=8E 20;8:V2 7 287=0G5==O< =86=P>W <56V 25;8G8=8 

?>3>==>W 5=5@3VW (Q), O:0 є 4>AB0B=P>N 4;O AB01V;P=>3> ?;02;5==O ?@8A04=>3> 

4@>BC.  
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�V 71V;PH5==O< :V;P:>ABV =0?;02;5=8E H0@V2 @5:><5=4CєBPAO 7<5=H5==O 

AB@C<C 2 <560E 3&5%, 01> 71V;PH5==O H284:>ABV =0?;02;5==O 4;O 70?>1V30==O 

?5@53@V2C ?>?5@54=P>3> H0@C B0 ?>@CH5==O 35><5B@8G=>W D>@<8 =>2>CB2>@5=8E 

20;8:V2. %B0FV>=0@=89 @568< =0?;02;5==O 2AB0=>2;NєBPAO, ?>G8=0NG8 7 4-5 

=0=5A5=>3> H0@C [84]. 

 

КBAFDB?ь @V:L4DB6BW F9@C9D4FGD< 

�06;828< є :>=B@>;P B5<?5@0BC@8 ?@>BO3>< CAP>3> ?@>F5AC 283>B>2;5==O 

?@>AB>@>2>3> 28@>1C. &5<?5@0BC@0 ?>?5@54=P>3> H0@C ?5@54 =0?;02;5==O< 

=0ABC?=>3> <0є ACBBє289 2?;82 O: =0 D>@<>CB2>@5==O 1>:>2>W ?>25@E=V 28@>1C, B0: 

V =0 <5E0=VG=V 2;0AB82>ABV =0?;02;5=>3> <5B0;C [93].  

$5:><5=4CєBPAO 74V9A=N20B8 =0?;02;5==O =0ABC?=8E H0@V2 ?@8 4>AO3=5==V C 

?>?5@54=VE H0@0E B5<?5@0BC@8  ≈ 120° % [93]. +0A 28B@8<:8 ?0C78 <V6 H0@0<8 

70;568BP 2V4 :>=DV3C@0FVW B0 35><5B@8G=>3> ?5@5@V7C 28@>1C, 9>3> 3010@8B=8E 

@>7<V@V2.  5B>4>< <>45;N20==O B0 A:V=G5==>-5;5<5=B=>3> @>7@0EC=:C <>6=0 

287=0G8B8 B5@<VG=V F8:;8 7 ?52=>N ?>E81:>N, B0: O: =5 2@0E>2CNBPAO 2AV =0O2=V 

?@>F5A8 ?@8 =0?;02;5==V. &><C G0A 28B@8<:8 4>FV;P=> @53C;N20B8 70 4>?><>3>N 

157?5@5@2=>3> :>=B@>;N :>=B0:B=8<8 B5@<>?0@0<8 B0 157:>=B0:B=8< 

28<V@N20==O< ?V@><5B@><. 

 

�EB5?<6BEFV CBL4DB6B7B A4C?46?9AAO >D<6B?VAV=A<I FD4є>FBDV= 

#V4 G0A 35=5@C20==O ?@>AB>@>28E 28@>1V2 A:;04=>W 35><5B@8G=>W D>@<8, 

28=8:0NBP 45D5:B8 C 283;O4V =0?;82V2 <5B0;C ?> 28A>BV B0 H8@8=V. &0:V 45D5:B8, 2 

>A=>2=><C, A?>AB5@V30NBPAO ?@8 =0O2=>ABV 4V;O=>: 7V 7<V=>N B@0є:B>@VW @CEC 

?0;P=8:0, I> <0NBP 283;O4 :CB0 f 90˚. �8=8:=5==O B0:8E 45D5:BV2 є =51060=8<, 

B0: O: ?@872>48BP 4> ?>@CH5==O 35><5B@8G=>W D>@<8, C<>2 D>@<C20==O 28@>1V2, 

7@>AB0==N 2B@0B <0B5@V0;V2 ?@8 >AB0B>G=V9 <5E0=VG=V9 >1@>1FV 735=5@>20=>3> 

28@>1C. &0:>6 F59 45D5:B 28:;8:0є ?>@CH5==O AB0FV>=0@=>3> @568<C =0?;02;5==O 

G5@57 A:>@>G5==O 4>268=8 28;P>BC 5;5:B@>4=>3> 4@>BC 4;O GMAW A?>A>1V2 

=0?;02;5==O [105]. 
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#@8 ?;0=C20==V B@0є:B>@VW =0?;02;5==O @5:><5=4CєBPAO, 70 <>6;82>ABV, 

C=8:0B8 @V7:8E 7<V= B@0є:B>@VW =0?;02;5==O 01> 28:>=C20B8 @04VCA=V A:@C3;5==O 2 

4V0?07>=V =5 <5=H5 70 r = 3&5 << (@8AC=>: 6.1). &0:>6, 4Vє28< 70A>1>< є 

71V;PH5==O H284:>ABV =0?;02;5==O ?@8 ?@>E>465==V B0:8E 4V;O=>: =0 0,1&0,2 

</E2.  

 

   
0) 1) 2) 

$8AC=>: 6.1 - �0@V0=B8 ?@>5:BC20==O B@0є:B>@VW @CEC ?0;P=8:0 (GMAW 

=0?;02;5==O): 0) 157 A:@C3;5==O :CB0, =5>1EV4=5 ?@8A:>@5==O H284:>ABV 

=0?;02;5==O 0,2 </E2; 1) A:@C3;5==O B@0є:B>@VW r = 3 <<, =5>1EV4=5 ?@8A:>@5==O 

H284:>ABV =0?;02;5==O 0,1 </E2; 2) A:@C3;5==O B@0є:B>@VW r = 5 <<, =5>1EV4=VABP 

?@8A:>@5==O 2V4ACB=O 

 

�EB5?<6BEFV A4C?46?9AAO EC?46V6 A4 BEAB6V AV>9?N 6 >BAFDB?ьB64AB@G 

74;B6B@G E9D98B6<MV 

�48B82=5 ?>H0@>25 283>B>2;5==O 45B0;59 7V A?;02V2 =0 >A=>2V =V:5;N 01> 

@5<>=B=5 =0?;02;5==O 45B0;59 28:>=CNBP C :>=B@>;P>20=><C V=5@B=><C 

A5@54>28IV 7 28:>@8AB0==O< G8AB>3> 0@3>=C (Ar 100%) =0928I>W O:>ABV. �;O FP>3> 

70AB>A>2CNBP :0<5@8 7 :>=B@>;P>20=>N 0B<>AD5@>N 7 <>6;82VABN 74V9A=5==O VE 

20:CC<C20==O.  

#5@54 ?@>F5A>< =0?;02;5==O ?@>2>4OBP ?@>F54C@8 453070FVW 20:CC<=>W 

:0<5@8 7 WW =0ABC?=>N ?@><82:>N B0 70?>2=5==O< V=5@B=8< 307>< ?V4 ?V428I5=8< 

C ?>@V2=O==V 7 0B<>AD5@=8< B8A:><. �;O FP>3> ?VA;O 2AB0=>2;5==O ?V4:;04>: 01> 

45B0;59, I> @5<>=BCNBPAO, :0<5@C 35@<5B87CNBP B0 AB2>@NNBP 20:CC< ?>@O4:C  

10-1&10-2 #0. #>BV< C 2>4O=C A>@>G:C :0<5@8 70:0GCєBPAO 30@OG89 B5?;>=>AV9 

(2>40), I> ?V4V3@V20є :0<5@C 4> g 50 °% B0 28B@8<CNBP B0: ?@>BO3>< 10&15  E2, I> 
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?@8H284HCє 45A>@1FVN 04A>@1>20=8E 307V2 7 ?>25@E>=P 2A5@548=V :0<5@8. #VA;O 

FP>3> «?@><820NBP» :0<5@C V=5@B=8< 307>< (Ar 100%). ' ?>40;PH><C AB2>@NNBP 

@>1>GC :>=B@>;P>20=C 0B<>AD5@C V=5@B=>3> 307C 7 =04;8H:>28< B8A:>< ?>@O4:C 

(1,1-1,2)×105 #0, O:89 ?V4B@8<CєBPAO ?>ABV9=8< C ?@>F5AV =0?;02;5==O 704;O 

?>?5@5465==O =0BV:0==O ?>2VB@O CA5@548=C :0<5@8. �;O FP>3> :0<5@0 <0є 1CB8 

>1;04=0=0 @53C;P>20=8< :;0?0=>< A:840==O B8A:C. �>40B:>2> 2AB0=>2;NєBPAO 

@53C;OB>@, I> ?V4B@8<Cє =04;8H:>289 B8A: 70E8A=>3> 307C 7 <V=V<0;P=>N 9>3> 

28B@0B>N.  

 

В<IV8A<= >BAFDB?ь 7BFB6B7B 8DG>B-;64DAB7B 6<DB5G 

#VA;O 283>B>2;5==O :>65= 28@V1 <0є ?@>E>48B8 28EV4=89 :>=B@>;P 70 

4>?><>3>N =5@C9=V2=8E <5B>4V2 45D5:B>A:>?VW. 'AV 28@>18 ?V4;O30NBP 

2V7C0;P=><C :>=B@>;N 2V4?>2V4=> 4> �%&' EN 13018:2017 [106] B0 �%&' ISO 

17637:2017 [107]. #VA;O 2V7C0;P=>3> :>=B@>;N 4>40B:>2> 28:>=CNBP :0?V;O@=C 

45D5:B>A:>?VN CAVєW ?>25@E=V 28@>1C 70 ?@>F54C@>N 2V4?>2V4=> 4> �%&' EN ISO 

3452-1:2014 [108]. 

�> 048B82=> 283>B>2;5=8E G8 2V4=>2;5=8E 45B0;59 7 60@><VF=8E =V:5;528E 

A?;02V2 ?@54’O2;ONBPAO ?V428I5=V 28<>38 I>4> 2V4ACB=>ABV 45D5:BV2 AB@C:BC@8 C 

72’O7:C 7 206:8<8 C<>20<8 5:A?;C0B0FVW. ":@V< 2V7C0;P=>3> :>=B@>;N ?VA;O 

=0?;02;5==O 01> @5<>=BC 28:>=CєBPAO :0?V;O@=0 45D5:B>A:>?VO V7 70AB>AC20==O< 

;N<V=5AF5=B=>3> ?5=5B@0=B0. #@>F54C@0 28:>=CєBPAO 2V4?>2V4=> �%&' EN ISO 

3452-1:2014 [97] 7 ?@>O2;5==O< 70 4>?><>3>N 465@5;0 28?@><V=N20==O 7 

4>268=>N E28;V 100&400 =< (7,5⋅1014&3⋅1016 �F) 01> ;N<V=><5B@V2 �. -1 G8 

�. -2. �>40B:>2> 28:>=CєBPAO C;PB@072C:>20 45D5:B>A:>?VO CAP>3> 

735=5@>20=>3> 28@>1C G8 <VAFO @5<>=B=>3> =0?;02;5==O 70 ?@>F54C@>N ?> �%&' 

EN ISO 17640:2022 (!5@C9=V2=89 :>=B@>;P 720@=8E H2V2. ';PB@072C:>289 

:>=B@>;P.  5B>48, @V2=V :>=B@>;N20==O B0 >FV=N20==O) [109]. 
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6.3 �87=0G5==O 2B@0B =0 <5E0=VG=C >1@>1:C B0 ?@8:;048 >B@8<0=8E 

<>45;ь=8E 7@07:V2 
 В<;A4K9AAO >B9HVJVєAFG 6FD4F 

 #@8 283>B>2;5==V 28@>1V2 4C3>28<8 A?>A>10<8 ?>H0@>2>3> =0?;02;5==O 

(GMAW-CMT/Pulse, PAW-CW) ?@0:B8G=> 702648 ?@8ACB=O =5@V2=><V@=VABP 

1>:>2>W ?>25@E=V 3>B>2>3> 28@>1C. #V4 G0A DV=VH=>W <5E0=VG=>W >1@>1:8 ?>25@E=V 

945 7=OBBO 7>2=VH=P>3> H0@C 4> 28E>4C =0 =5>1EV4=V 35><5B@8G=V @>7<V@8 

<091CB=P>W 45B0;V.  

 �;O ?@>3=>7C20==O :>5DVFVє=BC 2B@0B <5B0;C 28@>1V2 ?@8 >AB>B>G=V9 

<5E0=VG=V9 >1@>1FV 1C;8 ?>1C4>20=V 4V03@0<8 :>5DVFV5=BV2 2B@0B (@8AC=:8 6.2 B0 

6.3). �>=8 2@0E>2CNBP 2V4E8;5==O ?@>DV;N =0?;02;5=>W ?>25@E=V 2V4=>A=> 

5D5:B82=>W B>2I8=8 H0@C 7 C@0EC20==O< F8:;VG=>W ?>2B>@N20=>ABV E28;5?>4V1=8E 

28ABC?V2 B0 70?048= (=5@V2=><V@=>ABV) >:@5<8E H0@V2.  

 

$8AC=>: 6.2 - �V03@0<0 :>5DVFVє=B0 2B@0B <5B0;C ?@8 >1@>1FV 2 70;56=>ABV 2V4 

=5>1EV4=>W B>2I8=8 H0@C 4;O =87P:>2C3;5F52>W AB0;V G3Si1 
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$8AC=>: 6.3 - �V03@0<0 :>5DVFVє=B0 2B@0B <5B0;C ?@8 >1@>1FV 2 70;56=>ABV 2V4 

=5>1EV4=>W B>2I8=8 H0@C, :@5<=Vє20 1@>=70 CuSi3Mn1 

 

#@8 @53C;N20==V @568<C =0?;02;5==O 4;O >B@8<0==O @V7=>W B>2I8=8 H0@V2 

7 28:>@8AB0==O< GMAW-CMT 01> Pulse <5B>4C @V25=P =5@V2=><V@=>ABV ?>25@E=V 

70;8H0єBPAO AB0;8<. �1V;PH5==O =5>1EV4=>W B>2I8=8 H0@C ?@872>48BP C FV;><C 4> 

7<5=H5==O :>5DVFVє=BC 2B@0B =0 <5E0=VG=C >1@>1:C.  

!0 @8AC=:0E 6.4 – 6.6 =02545=V ?@8:;048 >B@8<0=8E 048B82=8< =0?;02;5==O< 

28@>1V2 

  
4 5 

$8AC=>: 6.4 - �030;P=89 283;O4 048B82=> =0?;02;5=8E ?@>AB>@>28E 28@>1V2 7 

=5@602VNG>W AB0;V 0CAB5=VB=>3> :;0AC: 0) G0AB8=0 :>@?CAC B5@<>B0B0;  

1) ?CAB>BV;0 G>B8@83@0==0 ?V@0<V40  
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0) 

  

1) 

$8AC=>: 6.5 - �030;P=89 283;O4 048B82=> =0?;02;5=8E ?@>AB>@>28E ?@8<VB82V2 

28@>1V2 7 =87P:>2C3;5F52>W AB0;V: 0) H284:VABP =0?;02;5==O V72 = 750 <</E2;  

1) H284:VABP =0?;02;5==O V72 = 600 <</E2 
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0) 1) 

$8AC=>: 6.6 - �030;P=89 283;O4 048B82=> =0?;02;5=8E 28@>1V2 B8?C 

«B5?;>>1<V==8:»: 0) 7 :@5<=Vє2>W 1@>=78, AB0= ?VA;O =0?;02;5==O; 

 1) ?VA;O =0?;02;5==O B0 <5E0=VG=>W >1@>1:8 AB0;V 0CAB5=VB=>3> :;0AC 

 

6.4 �8A=>2:8 4> @>74V;C 6 
1. $>7@>1;5=V B5E=>;>3VG=V @5:><5=40FVW ?> 283>B>2;5==N 048B82=> 

=0?;02;5=8E 28@>1V2 V7 70AB>AC20==O< B5?;0 4C3>28E 465@5; =03@V2C B0 :><?0:B=8E 

?@8A04=8E <0B5@V0;V2 7V AB0;59 @V7=8E AB@C:BC@=8E :;0AV2 B0 A?;02V2 =0 >A=>2V 

0;N<V=VN, <V4V B0 =V:5;N.  

2. %B2>@5=V 4V03@0<8 70;56=>ABV :>5DVFVє=BC 2B@0B <5B0;C =0 :V=F52C 

<5E0=VG=C >1@>1:C ?@>AB>@>28E 28@>1V2, I> 1C;8  >B@8<0=V 048B82=8<8 GMAW-

CMT/Pulse <5B>40<8 =0?;02;5==O 2V4 B>2I8=8 H0@C =0?;02;5=>3> <5B0;C. 
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7. �����Ь!� ��%!"��� 

 

1. !0 >A=>2V 0=0;V7C ACG0A=>3> AB0=C B5E=>;>3V9 048B82=>3> A8=B57C 

2AB0=>2;5=0 4>FV;P=VABP 70AB>AC20==O B5?;0 5;5:B@8G=>W 4C38 4;O 283>B>2;5==O 

?@>AB>@>28E 28@>1V2 7V AB0;59 @V7=8E AB@C:BC@=8E :;0AV2, A?;02V2 =0 >A=>2V 

0;N<V=VN, <V4V B0 =V:5;N GMAW-CMT, GMAW-Pulse B0 PAW-CW A?>A>10<8 

4C3>2>3> =0?;02;5==O.  

2. "A=>2=8<8 ?@>1;5<0<8, I> 28=8:0NBP ?@8 048B82=><C =0?;02;5==V 

:><?0:B=8E <0B5@V0;V2 7 =87P:>2C3;5F528E B0 0CAB5=VB=8E =5@602VNG8E AB0;59, 

A?;02V2 =0 >A=>2V 0;N<V=VN, <V4V B0 =V:5;N GMAW-CMT, GMAW-Pulse B0 PAW-

CW A?>A>10<8 4C3>2>3> =0?;02;5==O, є =5@V2=><V@=VABP 35><5B@8G=>W D>@<8 

=0?;02;5=8E H0@V2, D>@<C20==O B@VI8=, ?V4@V7V2 B0 ?>@, =0O2=VABP =5ACFV;P=>AB59 

B0 =5<5B0;528E 2:;NG5=P C =0?;02;5=><C <5B0;V, D>@<C20==O 7=0G=8E =0?@C65=P 

B0 45D>@<0FV9. 

3. #>@V2=O;P=89 0=0;V7 @57C;PB0BV2 G8A5;P=8E 5:A?5@8<5=B0;P=8E 

4>A;V465=P A2V4G8BP ?@> A=0G=89 2?;82 GMAW-CMT, GMAW-Pulse B0 PAW-CW 

A?>A>1V2 =0?;02;5==O B0 A:;04C 70E8A=>3> 307C =0 35><5B@8G=V E0@0:B5@8AB8:8 

048B82=> =0?;02;5=8E H0@V2 7V AB0;V G3Si1 (09�2%). �AB0=>2;5=>, I> 70AB>AC20==O 

GMAW-CMT C ?>@V2=O==V 7 GMAW-Pulse B0 PAW-CW B5E=>;>3VO<8 048B82=>3> 

=0?;02;5==O 70157?5GCє D>@<C20==O >:@5<8E H0@V2 =091V;PH>W 28A>B8 B0 

=09<5=H>W H8@8=8. #@8 ?>A;V4>2=><C D>@<C20==V 50 H0@V2 GMAW-CMT 

=0?;02;5==O< C 70E8A=V9 307>2V9 AC<VHV  11 7030;P=0 28A>B0 ABV=>: 7@07:V2 4>AO30є 

75 <<, =0?;02;5==O 2 70E8A=V9 307>2V9 AC<VHV  21 7 1V;PH8< 2<VAB>< %"2 

?@872>48BP 4> 7<5=H5==O 7030;P=>W 28A>B8 ABV=>: 7@07:V2 4> 68 <<. �D5:B82=0 

H8@8=0 ABV=>: =0?;02;5=>3> <5B0;C 7<5=HCєBPAO ?@8 70<V=V 307>2>W AC<VHV  21 =0 

 11 V A:;040є ~ 4 << B0 ~ 3,6 << 2V4?>2V4=> 7 >4=>G0A=8< 71V;PH5==O< 2V4E8;5==O 

?@>DV;N C A5@54=P><C =0 45&47 %.  

4. #@8 GMAW-Pulse =0?;02;5==V AB0;V G3Si1 (09�2%) 28A>B0 ABV=>: є 

<V=V<0;P=>N, 0 WE 5D5:B82=0 H8@8=0 4>AO30є <0:A8<0;P=8E 7=0G5=P. �0<V=0 307>2>W 

AC<VHV 7  11 =0  21 ?@872>48BP 4> 7<5=H5==O 5D5:B82=>W H8@8=8 ABV=>: 7 
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>4=>G0A=8< 7<5=H5==O< 2V4E8;5==O ?@>DV;N =0 ≈ 23 %. #;07<>25 =0?;02;5==O 7 

E>;>4=8< 4@>B>< (PAW-CW) 70157?5GCє ?@><V6=V 7=0G5==O 28A>B8 ABV=>: 4> 63 

<<, C ?>@V2=O==V 7 GMAW-CMT B0 GMAW-Pulse A?>A>10<8 =0?;02;5==O, B0 

5D5:B82=C H8@8=C ABV=>: ~ 4,4 <<. #@8 PAW-CW A?>A>1V =0?;02;5==O 2V4E8;5==O 

?@>DV;N є <V=V<0;P=8< V A:;040є C A5@54=P><C 0,35 <<. 

5. #@8 048B82=><C =0?;02;5==V 7@07:V2 7 0;N<V=Vє2>3> A?;02C AlMg5 C 

A5@54>28IV 0@3>=C A?>A>10<8 GMAW-CMT B0 Pulse =091V;PH0 28A>B0 >:@5<8E 

=0?;02;5=8E H0@V2 4>AO30єBPAO ?@8 GMAW-CMT =0?;02;5==V, 0 7030;P=0 28A>B0 50 

=0?;02;5=8E H0@V2 A:;040є 94 <<, I> ?@81;87=> =0 30 % 1V;PH5, =V6 ?@8 

70AB>AC20==V GMAW-Pulse B5E=>;>3VW (67 <<) 70 @5:><5=4>20=8E @568<V2 

=0?;02;5==O. 

6. #@8 048B82=><C =0?;02;5=V 4@>BV2 ACFV;P=>3> ?5@5@V7C 7 =5@602VNG>W AB0;V 

0CAB5=VB=>3> :;0AC Cr19Ni9 (E308L) A?>A>1>< GMAW-CMT 5D5:B82=0 28A>B0 50 

=0?;02;5=8E H0@V2 1V;PH0, =V6 ?@8 70AB>AC20==V GMAW-Pulse =0?;02;5==O V 

A:;040є 72 << B0 64 << 2V4?>2V4=>. #@8 FP><C 5D5:B82=0 H8@8=0 20;8:0 

7<5=HCєBPAO 7 5,9 4> 4.2 <<. 

7. �87=0G5=V 70:>=><V@=>ABV 2?;82C GMAW-CMT B0 GMAW-Pulse <5B>4V2 

=0?;02;5==O =0 7<V=C 35><5B@8G=8E E0@0:B5@8AB8: B0 2V@>3V4=VABP 28=8:=5==O 

45D5:BV2 ?@8 048B82=><C =0?;02;5==V :@5<=Vє2>W 1@>=78 CuSi3Mn1 C A5@54>28IV 

0@3>=C V 2AB0=>2;5=>, I> 7030;P=0 28A>B0 7@07:V2 ?@8 =0?;02;5==V 50 H0@V2 70 

GMAW-CMT B5E=>;>3VєN =0 20 % 1V;PH0 C ?>@V2=O==V 7 GMAW-Pulse ?@>F5A>< V 

AB0=>28BP 54,9 B0 44,9 << 2V4?>2V4=>, 0 5D5:B82=0 B>2I8=0 ABV=>: A:;040є 5,9 B0 

8,36 << 2V4?>2V4=>. !0 2V4<V=C 2V4 GMAW-Pulse B5E=>;>3VW =0?;02;5==O ?@8 

70AB>AC20==V GMAW-CMT <5B>4C :@8B8G=V 45D5:B8 C 283;O4V B@VI8= G8 

=5A?;02;5=P =5 28O2;5=V. 

8. #@8 ?>H0@>2><C 048B82=><C =0?;02;5==V 2 A5@54>28IV 0@3>=C PAW-CW 

A?>A>1>< ?@CB:V2 60@><VF=>3> A?;02C SBM-4 =0 ?V4;>6:C 7 

48A?5@AV9=>B25@4VNG>3> 60@><VF=>3> A?;02C +%88'�І B@VI8=8, 2V4H0@C20==O 

<5B0;C <V6 H0@0<8 B0 V=HV 45D5:B8 =5 28O2;5=V. �AB0=>2;5=>, I> A:;04 307>2>3> 

A5@54>28I0 B0 C<>28 =03@V2C <0NBP ACBBє289 2?;82 =0 E0@0:B5@ DV78:>-EV<VG=>W 
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270є<>4VW @>7?;02C ?@8?>N SBM-4 7 ?>25@E=5N 60@><VF=8E A?;02V2. �>:@5<0 C 

20:CC<V 3&6×10–3 #0, 70 C<>28 >1<565==O =0BV:0==O =5 1V;PH5 3×10–5 #0·<3·A–1, 

?@8 7030;P=><C =03@V20==V 7@07:V2 :@09>2V :CB8 7<>GC20==O A:;040NBP 45:V;P:0 

3@04CAV2, 0 7V 7@>AB0==O< B5<?5@0BC@8 ?8B><0 ?;>I0 @>7BV:0==O ?@8?>N 

71V;PHCєBPAO. #@8 =03@V20==V ?@CB:V2 ?@8?>N ?;07<>2>-4C3>28< 465@5;>< B5?;0 

(PAW-CW A?>AV1) C :>=B@>;P>20=><C 307>2><C A5@54>28IV =0 >A=>2V 0@3>=C 

:@09>2V :CB8 7<>GC20==O @>7?;02>< ?@8?>N <5B0;C ?V4:;04:8 7=0G=> 

71V;PHCNBPAO V <>6CBP 4>AO30B8 4> 90°.   

9. #@8 =0?;02;5==V =87P:>2C3;5F52>W AB0;V B8?C G3Si1 (09�2%) GMAW-

CMT/Pulse B0 PAW-CW <5B>40<8 C 2AVE 28?04:0E D>@<CєBPAO IV;P=0 AB@C:BC@0 

<5B0;C, 2 O:V9 28O2;5=V 48A?5@A=V =5<5B0;52V 2:;NG5==O >:A84V2 V A8;V:0BV2 

>:@C3;>W D>@<8, O:V @V2=><V@=> @>7?>4V;5=V ?> 2AP><C ?5@5@V7C 7@07:V2. %B@C:BC@0 

=0?;02;5=>3> <5B0;C D5@8B>-?5@;VB=0. � >AB0==VE =0?;02;5=8E H0@0E D>@<CєBPAO 

AB>2?G0AB0 AB@C:BC@0, 0 C ?5@5EV4=V9 7>=V A?>AB5@V30NBPAO 457>@Vє=B>20=V 

4@V1=>75@=8ABV AB@C:BC@8 7 D@03<5=B0@=8<8 70;8H:0<8 >@Vє=B>20=8E AB>2?G0AB8E 

AB@C:BC@. � CAVE 7@07:0E GVB:> 28@065=>W <56V 7’є4=0==O H0@V2 =5 A?>AB5@V30єBPAO. 

10. $57C;PB0B8 <5E0=VG=8E 28?@>1C20=P 048B82=> =0?;02;5=8E 7@07:V2 7V 

AB0;V G3Si1 A2V4G0BP, I> <VF=VABP <5B0;C 2V4?>2V40є 7=0G5==O<, I> 70O2;5=V 

AB0=40@B><. 

11.  V:@>AB@C:BC@0 <5B0;C >B@8<0=8E =0?;02;5==O< 70 B5E=>;>3VO<8 

GMAW-CMT B0 GMAW-Pulse 7@07:V2 7 :@5<=Vє2>W 1@>=78 CuSi3Mn1 A2V4G8BP ?@> 

D>@<C20==O >4=>D07=>W AB@C:BC@8 ³-B25@4>3> @>7G8=C A:;04=>3> EV<VG=>3> A:;04C. 

�;O <5B0;C AD>@<>20=>3> GMAW-Pulse =0?;02;5==O< E0@0:B5@=5 CB2>@5==O 

AB@C:BC@8 7V AB>2?G0AB8<8 >4=>2VA=8<8 75@=0<8, I> ?@872>48BP 4> 0=V7>B@>?VW 

DV78:>-<5E0=VG=8E E0@0:B5@8AB8:.  V:@>B25@4VABP 75@5= =0 @V7=8E 4V;O=:0E 

=0?;02;5==O 2V4@V7=OєBPAO B0 7=0E>48BPAO 2 <560E 2V4 HV = 876&1280  #0 4;O 

GMAW-CMT B0 HV = 1160&1460  #0 4;O GMAW-Pulse ?@>F5AV2. 

12.  V:@>AB@C:BC@0 <5B0;C =0?;02;5=>3> PAW-CW A?>A>1>< ?@CB:V2 

?@8?>N SBM-4 E0@0:B5@87CєBPAO @V7=><0=VBBO< AC1AB@C:BC@, =5@V2=>206=VABN 

AB0=C B0 =0O2=VABN A;V4V2 @5;0:A0FV9=8E ?@>F5AV2. �AB0=>2;5=> D>@<C20==O 
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AC175@5= 7=0G=8E @>7<V@V2 B0 4@V1=>48A?5@A=8E D07>28E CB2>@5=P C 2=CB@VH=VE 

>1'є<0E 75@5=. �5;8G8=0 75@5= 7=0E>48BPAO 2 V=B5@20;V 2V4 25×45 <:< 4> 90×175 

<:<. #> 3@0=8FOE D07>28E 284V;5=P A?>AB5@V30єBPAO 7@>AB0==O IV;P=>ABV 

48A;>:0FV9. 

13. �0 4>?><>3>N @>7@>1;5=>W B0 25@8DV:>20=>W A:V=G5==>-5;5<5=B=>W <>45;V 

B@83@0==>W @V2=>1VG=>W ?@87<8 H;OE>< :><?’NB5@=>3> <>45;N20==O 7 

C@0EC20==O< 7<V=8 B5?;>DV78G=8E B0 <5E0=VG=8E 2;0AB82>AB59 <0B5@V0;V2 2V4 

B5<?5@0BC@8 2AB0=>2;5=>, I> D>@<C20==O B@VI8= C 7@07:0E 7 :@5<=Vє2>W 1@>=78 

CuSi3Mn1, O:V 1C;8 283>B>2;5=V GMAW-Pulse <5B>4>< =0?;02;5==O, ?>2'O70=5 7 

28A>:8< @V2=5< ?>74>26=VE =0?@C65=P @>7BO3C, O:V 2 V=B5@20;V B5<?5@0BC@ 

490&550° % 4>AO30NBP <56V <VF=>ABV <0B5@V0;C. #>E81:0 @57C;PB0BV2 

@>7@0EC=:>2>3> B0 5:A?5@8<5=B0;P=>3> 287=0G5==O B5<?5@0BC@ 4> 10 %. 

14. �0 @57C;PB0B0<8 A:V=G5==>-5;5<5=B=>3> <>45;N20==O ?>H0@>2>3> 

=0?;02;5==O ?@8?>N SBM-4 =0 >A=>2C 7 +%88'�І 2AB0=>2;5=>, I> 

=5A?@8OB;828<8 7>=0<8 є <VAFO @V7:>W 7<V=8 B@0є:B>@VW =0?;02;5==O =0 4V;O=FV 

?5@H8E 42>E AD>@<>20=8E PAW-CW 048B82=8< =0?;02;5==O< H0@V2, 45 

5:2V20;5=B=V =0?@C65==O AO30NBP 0,9 Ã2 A?;02C. #>E81:0 @57C;PB0BV2 

@>7@0EC=:>2>3> B0 5:A?5@8<5=B0;P=>3> 287=0G5==O B5<?5@0BC@ 4> 13 %. 

15. $>7@>1;5=V B5E=>;>3VG=V @5:><5=40FVW ?> 283>B>2;5==N 048B82=> 

=0?;02;5=8E 28@>1V2 V7 70AB>AC20==O< B5?;0 4C3>28E 465@5; =03@V2C B0 :><?0:B=8E 

?@8A04=8E <0B5@V0;V2 7V AB0;59 @V7=8E AB@C:BC@=8E :;0AV2 B0 A?;02V2 =0 >A=>2V 

0;N<V=VN, <V4V B0 =V:5;N. #>1C4>20=V 4V03@0<8 4;O 287=0G5==O :>5DVFVє=BC 2B@0B 

<5B0;C =0 :V=F52C <5E0=VG=C >1@>1:C >B@8<0=8E 048B82=8<8 GMAW-CMT/Pulse 

<5B>40<8 =0?;02;5==O ?@>AB>@>28E 28@>1V2.  

16. %B2>@5=5 >1;04=0==O 4;O >B@8<0==O ?@>AB>@>28E 28@>1V2 048B82=8< 

=0?;02;5==O< :><?0:B=8E <0B5@V0;V2 GMAW-CMT, GMAW-Pulse B0 PAW-CW 

A?>A>10<8 =0?;02;5==O.  

17. %D>@<C;P>20=V B5E=>;>3VG=V @5:><5=40FVW ?> 283>B>2;5==N ?@CB:V2 7 

<0;>?;0AB8G=8E <5B0;V2 B0 A?;02V2.  
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