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QUALITY CONTROL METHODS FOR ADDITIVE MANUFACTURING 

PRODUCTS 

The quality of the surface of a product is understood as the state of its surface 

layer as a result of the influence of one or more technological methods that are 

sequentially applied. The most important characteristic of the quality of the surface 

of additive manufacturing products is roughness, which significantly affects the 

operational properties. The data on the values of the surface roughness of additive 

manufacturing products obtained by different authors have a significant spread, 

associated with the influence on this indicator of many factors - the method and 

accuracy of measurement, the measuring instrument used, the physical features of 

the implementation of the additive manufacturing process in different installations, 

the presence and type of post-processing, etc. Table 1 shows the generalized values 

of the surface roughness of products for some methods of additive growth and after 

post-processing. 

 

Table 1 3 Surface roughness of additively manufactured products 

Additive manu-

facturing pro-

cess 

Surface roughness of additively 

manufactured products (without 

post-processing) Ra, mc 

Surface roughness 

after post-treatment 

(best results) Ra, mc 

SLA 2÷40 0,64 

SLS 5÷35 0,8 

FDM 9÷40 0,3 

LOM 6÷27 3 
 

Structural factors are important indicators of the quality of additive manufac-

turing products, in particular the quality of the surface layer. For example, typical 

defects observed in products made of metal materials (SLS, SLM) include the 

absence of fusion (delamination), shrinkage porosity, gas porosity, microcracks, 

thermal stresses, warping and <bulging=. Typical defects of polymer and composite 
products manufactured by additive manufacturing can be low interlayer adhesion, 

warping, absence of a layer, the presence of microcracks, the formation of micro- 

and macroporosity. The most promising methods of non-destructive testing of 

additive manufacturing products, which allow detecting both surface and internal 
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defects of the structure and even measuring geometric parameters with high accu-

racy, are ultrasonic imaging, neutron tomography, X-ray computed tomography, 

etc. The X-ray computed tomography method is based on estimating the density of 

the material by the intensity of radiation passing through the object and hitting the 

detector. The method makes it possible to create a three-dimensional model of the 

scanned object, with the subsequent obtaining of any of its sections. Based on the 

three-dimensional image during X-ray examination, it is possible to obtain the 

exact dimensions of both the internal and external surfaces of the additive manu-

facturing of products, determine the geometry of the internal surfaces and chan-

nels, and obtain a three-dimensional picture of the location of defects - voids, 

pores, cracks, inclusions, etc. 

A special role in product quality control is assigned to non-destructive meth-

ods of control (monitoring) in real time, included directly in the technological 

process of layer-by-layer growth of products. The most effective method of moni-

toring, active control of a number of additive manufacturing technologies (SLS, 

SLM) is the method of infrared thermography, which allows you to visualize the 

temperature distribution on the surface of the product layer by layer and, as a re-

sult, provides control of the history of product formation by layer-by-layer growth, 

as well as the dynamics of processes for the purpose of product quality manage-

ment. The main research tool in the thermography method is an infrared camera, 

which operates on the principle of registering near-infrared radiation (i.e. electro-

magnetic radiation with a wavelength of 0.9÷14 ¿m) in the laser processing zone. 
Information on the dynamics of the product surface temperature throughout the 

entire thermal cycle of laser processing is of great practical interest, since the lack 

of operational control in selective laser melting is one of the main obstacles to its 

widespread industrial application. Infrared cameras, built into the general scheme 

of additive manufacturing installations, provide continuous temperature measure-

ment in local areas during the additive layer-by-layer growth process, control of 

thermal fields inside each layer, as well as detection of various defects of system 

integrity, in particular pores, microcracks and geometry violations. Thus, the infra-

red thermography method allows you to control the dynamics of sintering process-

es of dispersed media, the features of melting and solidification of melts (SLS, 

SLM, FDM), provides detection and prevention of the formation of the most dan-

gerous defects of products during the layer-by-layer growth process. Based on 

infrared thermography data, it is possible to predict the features of microstructure 

formation, which ultimately determine the functional properties of products. 
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737 �) V Airbus �320?5>, @>7@>1;5=89 CFM International (50/50 %# <V6 GE 
Aviation V D@0=FC7P:>N Safran (Snecma)). �><?0=VO GE B0:>6 ?@>2>48BP @>7-
@>1:C ?0;82=8E D>@AC=>: B0 V=H8E 45B0;59, I> 283>B>2;ONBPAO 70 B5E=>;>3V-
єN 3D-4@C:C 4;O 4283C=0 GE9X, ?@87=0G5=>3> 4;O =>2>3> 02V0;09=5@0 Boeing 
777). GE9X AB0=5 =091V;PH8< C VAB>@VW @50:B82=8< 4283C=><. GE Aviation 
28:>@8AB>2Cє 048B82=V B5E=>;>3VW 28@>1=8FB20 ?0;82=8E D>@AC=>: 4;O A2>WE 
4283C=V2 CFM LEAP, O:V 2AB0=>2;NNBPAO =0 ;VB0:8 Airbus V Boeing. 

 

 
$8AC=>: 2 3 #0;82=0 D>@AC=:0, O:0 283>B>2;5=0 70 4>?><>3>N 3D-4@C:C. 

 

*5 AB0;> >4=8< V7 ?5@H8E ?@8:;04V2 CA?VH=>3> 70AB>AC20==O 3D-4@C:C 
4;O <0A>2>3> 28@>1=8FB20 :@8B8G=> 206;828E 45B0;59 2 02V0FVW. 3D-4@C: 
4>72>;Oє AB2>@N20B8 ?0;82=V D>@AC=:8 1V;PH A:;04=>W 35><5B@VW, I> ?@872>-
48BP 4> :@0I>3> 7<VHC20==O ?0;820 B0 ?>2VB@O, ?V428ICNG8 5D5:B82=VABP 
4283C=0 B0 7=86CNG8 28:848. �@V< B>3>, 048B82=5 28@>1=8FB2> 4>72>;8;> 
7<5=H8B8 :V;P:VABP 45B0;59 C D>@AC=FV (7 20 4> 1), I> 7=878;> 203C B0 ?V428-
I8;> =04V9=VABP. !>289 :>@?CA ?0;82=>W :0<5@8, 283>B>2;5=89 V7 :>10;PB-
E@><>2>3> A?;02C 70 B5E=>;>3VєN 3D-4@C:C, 70157?5GCє 70E8AB GCB;82>W 5;5:-
B@>=V:8 B5<?5@0BC@=>3> 40BG8:0 2V4 7;545=V==O B0 03@5A82=>3> ?>B>:C CA5@5-
48=V 4283C=0. 

 
$8AC=>: 3 3 �>@?CA ?0;82=>W :0<5@8. 
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' 728G09=8E C<>20E, :><?0=VW GE 7=04>18;>AO 1 :V;P:0 @>:V2 =0 ?@>5:-
BC20==O FVєW 45B0;V B0 283>B>2;5==O WW ?@>B>B8?C. &8< G0A><, 3@C?V V=65=5@V2 
GE 240;>AO A:>@>B8B8 F8:; @>7@>1:8 B0 70?CA:C 2 A5@V9=5 28@>1=8FB2> I>-
=09<5=H5 =0 1 @V:. 'A?VH=5 70AB>AC20==O 3D-4@C:C 4;O 28@>1=8FB20 ?0;82-
=8E D>@AC=>: GE Aviation F5 ?@8:;04 <>6;82>AB59 048B82=8E B5E=>;>3V9 2 
05@>:>A<VG=V9 30;C7V. 

&0:8< G8=><, GE Aviation є OA:@02>N V;NAB@0FVєN B>3>, O: 048B82=V B5-
E=>;>3VW <>6CBP 1CB8 CA?VH=> 2?@>20465=V =5 ;8H5 4;O ?@>B>B8?C20==O, 0 9 
4;O A5@V9=>3> 28@>1=8FB20 A:;04=8E B0 2V4?>2V40;P=8E 45B0;59 C <0H8=>1C-
4C20==V, 7>:@5<0, 2 02V0FV9=V9 ?@><8A;>2>ABV. 

 

%#�%"� ���"$�%&�!"� ��&�$�&'$� 

1. Manufacturing Milestone: 30,000 Additive Fuel Nozzles // GE Aerospace 

News. 3 2018. 3 7 4. 3 $. 32343. 

 

 

'�� 621.438:620.193/.199:621.793.7 

�8H=5?>;PA:89 Є.�.1, �>=40@є2 �.�2 

1 :0=4. B5E=. =0C:, 4>F. !' «�0?>@V7P:0 ?>;VB5E=V:0» 
2 0A?. !' «�0?>@V7P:0 ?>;VB5E=V:0» 

�8H=5?>;ьA:89 Є.�., �>=40@є2 �.�. 

#����-�!!/ �!"%"%&���"%&� %����!"#$"(��Ь!�) 
��&����  �)�!�� �� #"����!"�" #$��!�+�!!/ 

%:;04=>?@>DV;P=V 45B0;V 2 C<>20E 5:A?;C0B0FVW ?V440NBPAO 28A>:8< <5-
E0=VG=8<, B5@<VG=8< B0 48=0<VG=8< =020=B065==O<. +5@57 F5 2>=8 H284:> 
7=>HCNBPAO, I> ?@872>48BP 4> 2B@0B8 WE 5D5:B82=>ABV 01> 4> 28E>4C 7 ;04C. 
"A>1;82> :@8B8G=> F5 4;O <5E0=V7<V2 ?>42V9=>3> ?@87=0G5==O, O:V <0NBP 
DC=:FV>=C20B8 1572V4<>2=> =02VBP 2 5:AB@5<0;P=8E C<>20E. 

!0 ?@8:;04V =091V;PH ?>H8@5=8E B0 A:;04=8E <5E0=V7<V2 3 307>BC@1V=-
=8E 4283C=V2 (�&�), 70AB>AC20==O O:8E ?>H8@NєBPAO O: =0 F82V;P=89 B@0=A-
?>@B, B0: V =0 2V9AP:>289 (7>:@5<0 @0:5B=5 >71@>є==O). ' AB0BBV 1V;PH 45B0;P-
=> @>73;O40NBPAO <5B>48 ?V428I5==O 7=>A>ABV9:>ABV B0:8E 45B0;59 O: A>?;>-
289 0?0@0B (%�). #>40NBPAO 28?04:8 ?@>F5AV2 7=>HC20==O, >FV=5=V ?5@A?5:-
B82=V <5B>48 7<VF=5==O B0 70E8ABC ?>25@E>=P. !02545=V ?@8:;048 5:A?5@8<5-
=B0;P=8E 4>A;V465=P, 0 B0:>6 ?5@A?5:B828 @>728B:C <5B>4V2 <V=V<V70FVW =530-
B82=>3> 2?;82C D0:B>@V2, I> A?@8G8=ONBP 2B@0BC 5D5:B82=>ABV <5E0=V7<V2. 

%>?;>289 0?0@0B 707=0є 4VW 28A>:>B5<?5@0BC@=>3>, 5@>7V9=>3> B0 :>@>-
7V9=>3> 7=>HC20==O. �>3> <VAF5@>7B0HC20==O 3 >4@07C ?VA;O :0<5@8 73>@O==O 
(��) 3 287=0G0є =0?@O<C, A:V;P:8 G0AC BC@1V=0 715@V30B8<5 35><5B@8G=V B0 
<5E0=VG=V 2;0AB82>ABV, 0 B0:>6 1C45 A?@><>6=0 284020B8 1060=89 @57C;PB0B 
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7V H284:>ABV B0 B8A:C 30@OG>3> ?>B>:C (4> 1500 °% =0 2E>4V 2 %�). �2060NG8 
=0 A:;04=C ?@>AB>@>2C D>@<C, 28A>:V 28<>38 4> 05@>48=0<V:8 B0 =04V9=>ABV, 
70157?5G5==O 28A>:>W 7=>A>ABV9:>ABV є :@8B8G=8< 70240==O< 4;O 28@VH5==O 
?@8 ?@>5:BC20==V B0 28@>1=8FB2V. 

"A=>20 1C4P-O:>3> %� A:;040єBPAO 7 =0?@O<=8E ;>?0B>:, I> <0NBP 
?@>DV;P @V7=>3> ABC?5=N :@8287=8, @>7B0H>20=8E C :V;PF52><C :>@?CAV 3 
7>2=VH=P><C B0 2=CB@VH=P><C, O:V CB2>@NNBP B@0:B. %0<5 2V= D>@<Cє ?>BV: 
30@OG8E 307V2 =0 28E>4V 7 �� B0 287=0G0є 5D5:B82=VABP BC@1V=8. "A=>2=V :>=A-
B@C:B82=V >A>1;82>ABV: 

1) <>65 1CB8 28:>=0=89 O: ACFV;P=> 2V4;8B8< 01> C A:;04V 1V;PH>W 
A:;040;P=>W >48=8FV, 4> O:>W 2E>48BP C 283;O4V ;>?0B>: 01> A5:B>@V2 ;>?0B>:; 

2) A:;04=89 05@>48=0<VG=89 ?@>DV;P ;>?0B>: B0 B@0:B>2>W ?>25@E=V; 
3) B>=:>ABV==0 35><5B@VO. !09B>=H89 5;5<5=B :>=AB@C:FVW (>:@V< ;>?0-

B>:) <>65 AO30B8 1.2 <<; 
4) 28A>:>B5<?5@0BC@=5 A5@54>28I5 (4> 1500 °C); 
5) 2=CB@VH=O A8AB5<0 >E>;>465==O (?5@5206=> ?>2VB@O=0); 
6) @>1>B0 C F8:;VG=><C @568<V =020=B065=P (B5@<>C40@8). 
' 2V9AP:>2><C 70AB>AC20==V E0@0:B5@=V D>@A06=V @568<8 B0 5:AB@5<0-

;P=V (F8:;VG=V B5<?5@0BC@=V B0 <5E0=VG=V) C<>28 =0 2V4=>A=> :>@>B:89 B5@-
<V=, C B>9 G0A O: F82V;P=V 4283C=8 ?@0FNNBP C B@820;VH8E @568<0E, 0;5 7 
?>ABV9=>N 28A>:>N V=B5=A82=VABN. 

!0 AP>3>4=V VA=Cє 45:V;P:0 <5B>4V2, I> 7=0G=> ?V428ICNBP A?@><>6=>-
ABV :>=AB@C:FVW B0 35><5B@8G=8E 2;0AB82>AB59 A>?;>28E 0?0@0BV2. "A=>2=V 7 
=8E: 

1) ?V41V@ <0B5@V0;C 4;O 283>B>2;5==O, 0 A0<5 70AB>AC20==O 60@><VF=8E 
B0 60@>ABV9:8E A?;02V2 B8?C Inconel 738 B0 792, Udimet 500, René 80, René 
N5 3 =V:5;52V AC?5@A?;028 7 28A>:>N B5@<>ABV9:VABN 01> A?;028 B8?C �% B0 
�), I> <0NBP AE>6V DV78:>-EV<VG=V E0@0:B5@8AB8:8 B0 30@=V ;820@=V 2;0AB8-
2>ABV; 

2) ?@>5:BC20==O :>=AB@C:FVW B0 WW @>7@0EC=>: 70 4>?><>3>N ?@>3@0< 
ANSYS B0 Abaqus, I> 4>72>;Oє 7<>45;N20B8 =0?@C65=>-45D>@<>20=89 AB0= 
A>?;>28E ;>?0B>: ?@8 7<V=V B5<?5@0BC@8 B0 ?5@5410G8B8 9<>2V@=VABP CB2>-
@5==O 45D5:BV2 (B@VI8=) 2 :@8B8G=8E 7>=0E; 

3) ?@>5:BC20==O :>=AB@C:FVW, I> ?5@5410G0є 4>40B:>25 ?0A82=5 ?>2VB@O-
=5 >E>;>465==O ?@>DV;N ?5@0 ;>?0B>: B0 B@0:B>2>W ?>25@E=V;  

4) =0=5A5==O B5?;>70E8A=>3> ?>:@8BBO (&�#): =0?@8:;04, =0 >A=>2V 
ZrO¢-Y¢O£, 0 B0:>6 7 2<VAB>< Al B0 Si. !0 >A=>2V ?>40;PH8E 5:A?5@8<5=BV2 
AB2>@NNBPAO :0@B8 7=>HC20==O (0=3;. Oxidation-Erosion Map), I> ?>40NBPAO 
2 :>>@48=0B0E «B5<?5@0BC@03H284:VABP ?>B>:C» V 70157?5GCNBP >19є:B82=89 
=01V@ ?>:07=8:V2 4;O 281>@C >?B8<0;P=>3> <0B5@V0;C ?>:@8BBO 2 70;56=>ABV 
2V4 C<>2 5:A?;C0B0FVW. 
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%5@54 ?@8:;04V2 240;8E 5:A?5@8<5=BV2 <>6=0 284V;8B8 4>A;V465==O 
:><?0=VW General Electric (%,�): 1C;> ?@>2545=> B5@<>F8:;VG=5 B5ABC20==O 
;>?0B>: V7 =0=5A5=8< &�# =0 >A=>2V ZrO¢ ?@8 B5<?5@0BC@0E 1150 °C B0 157. ' 
@57C;PB0BV 5:A?5@8<5=BC 1C;> ?V4B25@465=> 71V;PH5==O @5AC@AC 2C7;C 2 2.8 
@07V2 4;O 45B0;59 7 &�# ?>@V2=O=> 7 =570E8I5=8<8 45B0;O<8. 

-5 >4=8< 30@=8< ?@8:;04>< <>6CBP A;C3C20B8 @57C;PB0B8, >B@8<0=V 2 
@57C;PB0BV 4>A;V465=P =0 ?V4?@8є<AB2V �" « >B>@ %VG» (':@0W=0). � O:>ABV 
>19є:BC B5ABC20==O 28:>@8AB>2C20;8AO %� 7V A?;02V2 ���12' B0 ��!�-25 2 
C<>20E F8:;VG=>3> =03@V20==O->E>;>465==O 4> 1250 °C. !09:@0IC B5@<>A-
BV9:VABP ?>:070;8 7@07:8 7 :5@0<VG=8< 42>H0@>28< ?>:@8BBO< NiCrAlY + 
YSZ. 

#V428I5==O 7=>A>ABV9:>ABV A:;04=>?@>DV;P=8E 45B0;59, 7>:@5<0 A>?;>-
28E 0?0@0BV2, є :;NG>28< G8==8:>< 4>23>2VG=>ABV BC@1V=8 V 7030;>< �&�. 
�0AB>AC20==O ACG0A=8E AC?5@A?;02V2, B5?;>70E8A=8E ?>:@8BBV2 V G8A;>2>3> 
<>45;N20==O 4>72>;Oє 7=0G=>: A:>@>B8B8 G0A =0 ?@>5:BC20==O :>=AB@C:FVW B0 
WE ?>40;PH5 283>B>2;5==O; 7<5=H8B8 2?;82 ;N4AP:>3> D0:B>@C 2 @>7@0EC=-
:0E; ?V428I8B8 @5AC@A @>1>B8 B0 =04V9=VABP 45B0;V (<5E0=V7<C) O: F82V;P=>3>, 
B0: V 2V9AP:>2>3> ?@87=0G5==O. 

 

 

'�� 621 
�5@4є2 ". .1, #CE0;PAP:0 �.�.2 
1  0A?. !' «�0?>@V7P:0 ?>;VB5E=V:0» 
2 :0=4. B5E=. =0C:, 4>F. !' «�0?>@V7P:0 ?>;VB5E=V:0» 

�5@4є2 ". ., #CE0;ьAь:0 �.�. 
��%&"%'��!!/ CAD/CAM-%�%&�  ' ��$"�!�*&�� 

����*��!�) ��&���� 

%CG0A=V CAD/CAM-A8AB5<8 4>72>;ONBP B5E=>;>30<-?@>3@0<VAB0< 7<V-
=N20B8 B25@4>BV;P=C <>45;P =0 2;0A=89 @>7AC4 <5B>40<8 ?@O<>3> @5403C-
20==O, >DA5B=> 7<VIC20B8 3@0=V 01> :@><:8, AB2>@N20B8 >:@C3;5==O, ?5@5<V-
I0B8 B0 :>?VN20B8 3@0=V.  >6=0 @>74V;OB8 B25@4>BV;P=C 3@0=P =0 :V;P:0 3@0-
=59 C :0@:0A=><C G8 A:;04>2><C ?>40==V, 0 B0:>6 @>71820B8 45B0;P =0 :V;P:0 
A53<5=BV2, I>1 70AB>AC20B8 4> =8E @V7=V AB@0B53VW D>@<C20==O B@0є:B>@VW V=-
AB@C<5=BC, I> ?>;53HCє >1@>1:C A:;04=8E 45B0;59. )>G0 28@>1=8:8 <>6CBP 
V =5 28:>@8AB>2C20B8 O:VAP CAD V=AB@C<5=B8 4;O 7<V=8 A0<>W 45B0;V, 2>=8 
<0NBP <>6;82VABP ;53:> V 7 <V=V<0;P=8<8 28B@0B0<8 AB2>@N20B8 >A=0I5==O 
?@8 28:>=0==V A:;04=8E ?@>5:BV2, ?@>5:BCNG8 ?@8AB@>W B0 ?@>3@0<CNG8 WE=N 
>1@>1:C 2 >4=><C CAD/CAM-A5@54>28IV. 

!09G0ABVH5 4;O 02V0:>A<VG=>W 30;C7V =5>1EV4=> >B@8<0B8 3;04:V, B>G=V 
?>25@E=V, I> 7451V;PH>3> ?>B@51Cє O:8E>AP 4>40B:>28E >?5@0FV9 (?>;V@C20=-
=O) 4;O 4>AO3=5==O 1060=>3> @57C;PB0BC. *5 >A>1;82> 0:BC0;P=> C 28?04:C, 
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:>;8 945BPAO ?@> G0AB8=8 @50:B82=>3> 4283C=0 01> B@0=A<VAVW, O:V <0NBP 
4C65 6>@AB:V 4>?CA:8 V ?@8 FP><C ?>28==V V450;P=> ?V4E>48B8 >48= 4> >4=>-
3>. $>7C<=8< ?V4E>4>< є D>@<C20==O B0:8E :5@CNG8E ?@>3@0<, :>B@V 4>72>-
;ONBP 28:>=C20B8 O: G>@=>2C B0 =0?V2G8AB>2C, B0: V DV=VH=C >1@>1:C 157 
=5>1EV4=VABV 7=V<0B8 45B0;P 7 25@AB0B0. �>;8 945BPAO > :><?>=5=B0E BC@1V=8, 
0 >A>1;82> ?@> 48A:8 (Bladed Disk), ;>?0B:8 O:8E A:;040NBP є48=5 FV;5 7 
48A:>< @>B>@0, >1@>1:0 ?>28==0 25AB8AP C ?>2=V9 2V4?>2V4=>ABV V7 4>:C<5=-
B0FVєN. *5 =5?@>AB0 A?@020, O:I> 45B0;V 283>B>2;5=V V7 60@><VF=8E AC?5@A?-
;02V2, I> ?5@540NBP B5?;> @V6CG><C V=AB@C<5=BC. �><?>78B8 G0AB> AB2>@N-
NBPAO H;OE>< ?>H0@>2>3> 7'є4=0==O @V7=8E <0B5@V0;V2, 2:;NG0NG8 <5B0;8, 
B0 45<>=AB@CNBP A?5F8DVG=V 2;0AB82>ABV I>4> <5E0=VG=8E =020=B065=P, 
?;02;5==O B0 45D>@<0FVW ?V4 G0A 28A>:>H284:VA=>W >1@>1:8, I>  B0:>6 є ?@>-
1;5<>N. �81V@ ?@028;P=>3> ?>є4=0==O V=AB@C<5=BC B0 B@0є:B>@VW 4;O :>6=>W 
>:@5<>W >?5@0FVW @V70==O <0є ?5@H>@O4=5 7=0G5==O 4;O A:>@>G5==O 2V4A>B:0 
1@0:C B0 71V;PH5==O B5@<V=C A;C618 D@57. "AB0==V< G0A>< A?V2?@0FO @>7@>1-
=8:V2 %� -A8AB5< B0 ?>AB0G0;P=8:V2 @V6CG>3> V=AB@C<5=BC @>7H8@8;>AO B0 
>E>?8;> 5B0? DV=VH=8E ?@>E>4V2, :>;8 <>6;82>ABV 02B><0B87>20=>3> D>@<C-
20==O V==>20FV9=8E B@0є:B>@V9 A?@8G8=ONBP AB2>@5==O V==>20FV9=8E @V70;P-
=8E V=AB@C<5=BV2 B0 =02?0:8. "4=8< V7 B0:8E ?@8:;04V2 є ?@>3@0<=0 ?V4B@8<-
:0 =>28E A53<5=B=8E D@57, I> 4>1@5 ?V4E>4OBP 4;O G8AB>28E >?5@0FV9. ' 
1030BP>E 28?04:0E F5 <>65 7=0G=> A:>@>B8B8 B@820;VABP F8:;C G8AB>2>W >1-
@>1:8 2 ?>@V2=O==V 7 28:>@8AB0==O< 1V;PH B@048FV9=8E :V=F528E AD5@8G=8E 
D@57. &0<, 45 <>6CBP 70AB>A>2C20B8AO FV V=AB@C<5=B8 B0 2V4?>2V4=V B@0є:B>@VW, 
A:>@>G5==O G0AC F8:;C 2 <560E 2V4 50% 4> 80% V =02VBP 1V;PH5 AB0;> =>@<>N  
?@8 715@565==V GC4>2>W O:>ABV ?>25@E=V. ->1 FO ACG0A=0 G8AB>20 AB@0B53VO 
4>AO3;0 4>A:>=0;>ABV, =5>1EV4=0 C73>465=VABP D@578 B0 DC=:FV>=0;C %� -

A8AB5<8, >A>1;82> C @07V  >4=>G0A=>W >1@>1:8 70 ?'OBP<0 >AO<8. %53<5=B=V 
D@578 <>6CBP 28:>@8AB>2C20B8AO O: C 3-, B0: V C 5->AP>28E B@0є:B>@VOE G8AB>-
2>W >1@>1:8. #@8 ?@028;P=><C 28:>@8AB0==V A53<5=B=V V=AB@C<5=B8 70157?5-
GCNBP G8AB>BC B0 H284:VABP >1@>1:8 2 ?>@V2=O=V 7 B8<, I> <>6=0 4>AO3B8 70 
4>?><>3>N =01030B> 1V;PH>W :V=F52>W AD5@8G=>W D@578. 

 

 
$8AC=>: 1 3 %53<5=B=89 V=AB@C<5=B (?@02>@CG) B0 :V=F520 AD5@8G=0 D@570 

(;V2>@CG). 
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�>A2V4G5=V C A?@02V 1030B>>AP>2>W >1@>1:8 B5E=>;>38-?@>3@0<VAB8 <>-
6CBP B>G=> =0;0HBC20B8 ?0@0<5B@8, I>1 7@>18B8 B@0є:B>@VN >1@>1:8 I5 
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METHODOLOGY OF RESEARCHING THE TECHNOLOGY OF 

INCREASING THE ELECTRICAL CONDUCTIVITY OF COMPOSITE 

CABINETS OF AIRCRAFT 

According to the requirements of the aviation rules AP-29, one of the most 

important criteria for ensuring flight safety is the ability of an aircraft to operate in 

lightning conditions. Lightning can cause critical damage to the fuselage, as well as 

malfunctions of electrical equipment, radio navigation and power plants. 

Therefore, an important component in the design is such a criterion as lightning 

protection. The most important influence on lightning protection is the electrical 

conductivity of the aircraft cabin. To meet these conditions, an electrically 

conductive layer is introduced into the structure. Structurally, this is achieved by 

using conductive materials (carbon nanotubes or metal particles), using layers with 

conductive properties (grids, foil sheets) and reinforcing conductive elements 

(conductive inserts, cabin reinforcement). Technologically, this is achieved by 

depositing and sputtering metals onto the composite, using conductive pastes, 

bonds and coatings. 

The object of the study was the development of a composite cabin for a 

helicopter with a low take-off weight (3 t) MSB-2. The main problem during the 

design and manufacture of the cabin was to ensure proper lightning protection in 

accordance with AP-29, that is, the ability to withstand high voltages of a lightning 

discharge, without destroying and protecting the equipment. Attempts were made 

to increase the electrical conductivity of the cabin by introducing a metal power 

frame of copper and aluminum buses and plates inside the cabin in the locations of 

the main electronics. This partially solved the problem of providing the equipment 

with energy, but did not solve the problem of lightning protection and shielding. It 

is proposed to consider and test various technologies for manufacturing composite 

cabins based on tests of full-scale samples manufactured with different design and 

technological approaches. It is planned to present several technologies for 

composite samples, namely: with a polyester binder and a filler in the form of 

carbon nanotubes; with polymer binder and inner layers of aluminum or copper 

foil; with polymer binder and inner layers of copper or aluminum wire mesh; 

polymer binder with sprayed coating; composites of cellular conductive plates cast 

in polymer binder. Tests of samples 100 mm wide and 500 mm long will be carried 

out for each type of sample separately. 
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The test by passing a high-voltage discharge of 30&50 kV for 5&10 seconds 

will simulate the impact of an aircraft on a lightning discharge. The criterion for 

evaluating the test samples will be the degree of material destruction (charring, 

melting), as well as the possibility of further passing an electric current with the 

required specific resistance (electrical conductivity). 

The load test of the sample with the on-board network voltage of 27 V DC 

and 115 V AC will simulate normal operation. The current strength at 27 V will be 

300 A, at 115 V 3 100 A. The test time is 30 minutes. The evaluation criteria are 

similar to the high-voltage discharge. These loads will be carried out for the 

samples both before and after the high-voltage tests. The high-voltage generation 

unit will be a Marx-type lightning pulse generator (Lightning Technologies 120 x 

XNUMX), the 115 V source will be a single-phase voltage converter, and the 27 V 

power source will be an autonomous airfield power source of the AIP-800-T type. 

Measurement of the electrical resistance of the samples before and after the tests 

will be carried out using the Megger TPT 320 complex. The results obtained after 

the tests will further determine the advantages and disadvantages of design and 

technological methods for improving the quality of composite cabins in general 

and will form the optimal approach to their manufacture. 

 

 

'�� 621.45.036 
%1@>4>2 Є.�.1, #02;5=:> �.�.2, &>@10 ..�.3 
10A?. !' «�0?>@V7P:0 ?>;VB5E=V:0» 
24-@ B5E=. =0C:, ?@>D. !' «�0?>@V7P:0 ?>;VB5E=V:0» 
3:0=4. B5E=. =0C:, 4>F. !' «�0?>@V7P:0 ?>;VB5E=V:0» 

%1@>4>2 Є.�., #02;5=:> �.�., &>@10 ..І. 
���"$�%&�!!/ %#��&$��Ь!"�" &� ������& �!����' 

%��!���� ���$�*�� ��&� ��/ ���!&�(���*�� $"�#��.��!!/ 
("$%��!"� �� �$� 

!04V9=0 4V03=>AB8:0 A8AB5< V :><?>=5=BV2 307>BC@1V==8E 4283C=V2 є 20-
6;828< 70240==O< C 30;C7V 4283C=>1C4C20==O. #@54<5B>< 4>A;V465==O є 
?@>F5A @>7?0;N20==O D>@A06=>W :0<5@8 73>@O==O 2 BC@1>@50:B82=><C 428-
3C=V.  5B>N @>1>B8 є 2AB0=>2;5==O <>6;82>ABV 4V03=>ABC20==O ?@>F5AC @>7-
?0;N20==O D>@A06=>W :0<5@8 70 ?0@0<5B@0<8 2V1@0FVW ��&�. �A=Cє 1030B> 
4>A;V465=P I>4> 70AB>AC20==O 2V1@>4V03=>AB8:8 4;O :>=B@>;N B5E=VG=>3> 
AB0=C �&� [1]. "4=0:, =572060NG8 =0 A2>W ?5@52038, 2V1@>4V03=>AB8:0 <0є 
>1<565=5 70AB>AC20==O 4;O <>=VB>@8=3C ?@>F5AV2 3>@V==O [2]. 

�0 4>?><>3>N A?5:B@0;P=>3> 0=0;V7C 2V1@0FV9=>3> A83=0;C 2V4 HB0B=>3> 
40BG8:0, 2AB0=>2;5=>3> =0 >?>@V BC@1V=8 307>BC@1V==>3> 4283C=0, 28O2;5=> 
4V03=>AB8G=89 :><?>=5=B ($8AC=>: 1), O:89 7'O2;OєBPAO ?@8 2:;NG5==V D>@-
A06C. 



 34 

 

 
$8AC=>: 1 3 �V03=>AB8G=89 :><?>=5=B 2 A?5:B@V ?>BC6=>ABV. 

 

#V4B25@465=> 70:>=><V@=VABP 7@>AB0==O 0<?;VBC48 4V03=>AB8G=>W A:;0-
4>2>W A83=0;C B0 7<V=8 G0AB>B >15@B0==O @>B>@V2 N1 B0 N2 ?@8 0:B820FVW 03@5-
30BV2 A8AB5<8 ?>40GV ?0;820 B0 V=VFV0FVW D>@A06=>W :0<5@8. *59 D0:B 4>72>;Oє 
AB25@46C20B8, I> ?@8 2?@>20465==V 0;3>@8B<C V45=B8DV:0FVW @>7?0;N20==O 
?> A83=0;C HB0B=>3> 40BG8:0 2V1@0FVW 2 V=B5;5:BC0;P=C A8AB5<C :5@C20==O 
4283C=0, 4>72>;8BP C=8:=CB8 E81=8E A?@0FP>2C20=P A83=0;C 40BG8:0 ?>;C<'O 
V ?V428I8B8 4>AB>2V@=VABP V45=B8DV:0FVW @>7?0;N20==O D>@A06=>W :0<5@8.  

�>A;V465==O B0:>6 45<>=AB@Cє ?>B5=FV0; 28:>@8AB0==O =5?5@5@2=>3> 
2592;5B-?5@5B2>@5==O A83=0;C HB0B=>3> 40BG8:0 2V1@0FVW 4;O V45=B8DV:0FVW 
@>1>B8 D>@A06=>W :0<5@8. �592;5B ?5@5B2>@5==O <0є ?@8:;048 5D5:B82=>3> 
70AB>AC20==O 4;O 4V03=>AB8:8 ?@>F5AV2 3>@V==O [3]. #V41V@ 2592;5BV2 ?>:0702, 
I> 2592;5B8 «<5:A8:0=AP:89 :0?5;NE» V 30CAA0 =09B>G=VH5 >?8ACNBP A83=0; 
40BG8:0 2V1@0FVW ($8AC=>: 2). 

 

  
0 1 
0 3 «<5:A8:0=AP:89 :0?5;NE»; 1 3 30CAA0. 

$8AC=>: 2 3 �592;5B-A?5:B@8 A83=0;C 40BG8:0 2V1@0FVW  
=0 D>@A>20=8E @568<0E. 

 

 

 



 

 35 

%#�%"� ���"$�%&�!"� ��&�$�&'$� 

1. Kochergin A. V. Vibroacoustic control of technical conditions of GTE / 

A. V. Kochergin, N. V. Pavlova, K. A. Valeeva // Procedia Engineering. 3 2016. 3 
Vol. 150. 3 P. 3633369. doi:10.1016 / j.proeng.2016.06.723 

2. &>@E>2  . �.  5B>4 28O2;5==O 2V1@0FV9=>3> 3>@V==O ?0;820 2 :0<5@0E 
73>@O==O 307>BC@1V==8E CAB0=>2>: /  . �. &>@E>2, %. �. �>7=O,  . �. 
!0;5A=89 // �2V0FV9=>-:>A<VG=0 B5E=V:0 V B5E=>;>3VO. 3 2006. 3 7 10 (36). 3 %. 
1033106. 

3. Diagnostics of a combustion process in the aircraft radial engine / 

M. Geca, G. Litak, M. Wendeker, P. Jakliriski, J. Czarnigowski, K. Pietrykowski // 

PAMM. 3 2009. 3 7 9 (1). 3 $. 6773678. doi: 10.1002 / pamm.200910308 

 

 

'�� 621.43:004 
,0?>20; �.%.1, #02;5=:> �.�.2 

1 0A?. !' «�0?>@V7P:0 ?>;VB5E=V:0» 
2 4-@ B5E=. =0C:, ?@>D. !' «�0?>@V7P:0 ?>;VB5E=V:0» 

,0?>20; �.%., #02;5=:> �.�. 
�!!"��*��!� #��)"�� �" #"#�$��!Ь"�" #$"��&'��!!/ 

���"&'$��!!�) ����'!��  

�07>BC@1V==V 4283C=8 (�&�) 7=09H;8 H8@>:5 70AB>AC20==O C 1030BP>E 
AD5@0E =0H>3> 68BBO, B0:8E O:: 02V0FVO, <>@AP:89 B@0=A?>@B, 5=5@35B8:0, 
284>1CB>: V B@0=A?>@BC20==O 307C B0 V=HV. !0O2=VABP 6>@AB:>W :>=:C@5=FVW 
A5@54 28@>1=8:V2 C :>6=V9 7 F8E AD5@ 28<030є ?>ABV9=>3> 24>A:>=0;5==O 
?@>F5AV2 ?@>5:BC20==O 4283C=V2, 0 B0:>6 @>7@>1:C =>28E ?V4E>4V2 4> ?@>5:-
BC20==O, O:V 1 4>72>;8;8 >B@8<0B8 �&� 7 :@0I8<8 ?8B><8<8 E0@0:B5@8AB8-
:0<8 =V6 C :>=:C@5=BV2 V <5=H>N A>1V20@BVABN 28@>1=8FB20 9 >1A;C3>2C20=-
=O. 

�=0;V7 4>A;V465=P C 02V0FV9=V9 30;C7V [1-2] ?>:0702, I> 5B0? ?>?5@54-
=P>3> ?@>5:BC20==O 3 >48= 7 =09206;82VH8E 5B0?V2 ?@>5:BC20==O �&�, 1> 2V4 
@VH5=P, O:V ?@89=OBV =0 FP><C 5B0?V 70;568BP 283;O4 <091CB=P>3> 4283C=0 V 
9>3> :><?>=5=BV2, :>=AB@C:B82=V >A>1;82>ABV B0 2V4?>2V4=VABP 28<>30< B5E-
=VG=>3> 70240==O. &><C 24>A:>=0;5==O ?V4E>4V2 4> ?@>5:BC20==O =0 FP><C 
5B0?V 3 F5 =091V;PH ?5@A?5:B82=89 =0?@O<>: =0 AP>3>4=VH=V9 45=P. 

"A:V;P:8 B@048FV9=89 ?V4EV4 4> ?>?5@54=P>3> ?@>5:BC20==O O2;Oє A>-
1>N VB5@0B82=5 ?>2B>@5==O B5@<>48=0<VG=>3> (F8:;>2>3>) @>7@0EC=:C 2AP>3> 
4283C=0 B0 ?>?5@54=VE 307>48=0<VG=8E @>7@0EC=:V2 9>3> :><?>=5=BV2, 0 B0-
:>6, >A:V;P:8 =0 FP><C 5B0?V =0O2=0 25;8:0 :V;P:VABP =52V4><8E ?0@0<5B@V2 B0 
270є<>?>29O70=8E ?0@0<5B@V2 @V7=8E :><?>=5=BV2, 1C;> 70?@>?>=>20=> 02B>-
<0B87C20B8 F59 ?@>F5A 70 4>?><>3>N >?B8<V70FV9=8E :><?;5:AV2. &0:89 ?V4-



 36 

EV4 <0є 7=878B8 B@C4><VAB:VABP ?@>5:BC20;P=8E @>1VB, 0 B0:>6 ?V428I8B8 
O:VABP >B@8<0=8E @57C;PB0BV2. 

�;O @50;V70FVW B0:>3> C4>A:>=0;5==O @>7@>1;5=> 1;>:-AE5<C 0;3>@8B<C 
?@>5:BC20==O ?@8 B@048FV9=><C ?V4E>4V, B0 ?@>0=0;V7>20=> <>6;82VABP 2?@>-
20465==O 02B><0B870FVW >:@5<8E ?@>F5AV2. �AB0=>2;5=>, I> ?@8 B0:><C ?V4-
E>4V <>6;82> >B@8<0B8 ?>:@0I5==O E0@0:B5@8AB8: >:@5<>3> :><?>=5=B0 
4283C=0, 0;5 4;O 70157?5G5==O =09:@0I8E ?0@0<5B@V2 �&� 2 FV;><C ?>B@V1=V 
4>40B:>2V VB5@0FVW C73>465==O :><?>=5=BV2 B0 WE :>@53C20==O. &0:V 28A=>2:8 
71V30NBPAO 7 @57C;PB0B0<8 45O:8E @>1VB [3-4] C =0C:>2>-?@8:;04=8E ?C1;V:0-
FVOE 70 B5<>N 70AB>AC20==O >?B8<V70FV9=8E :><?;5:AV2 C 4283C=>1C4C20==V. 

&><C 1C;> @>7@>1;5=> =>289, V==>20FV9=89 ?V4EV4 4> ?>?5@54=P>3> ?@>-
5:BC20==O �&�, O:89 ?>;O30є C >19є4=0==V F8:;>2>3> @>7@0EC=:C 4283C=0 7 
307>48=0<VG=8<8 @>7@0EC=:0<8 9>3> :><?>=5=BV2 C є48=C >?B8<V70FV9=C 
7040GC. #@8 B0:><C ?V4E>4V >?B8<V70FV9=V :><?;5:A8 1C4CBP ?>:@0IC20B8 
E0@0:B5@8AB8:8 =5 >:@5<8E :><?>=5=BV2 4283C=0, 0 9>3> V=B53@0;P=V E0@0:B5-
@8AB8:8, 7<V=NNG8 ?@8 FP><C >:@5<V :><?>=5=B8. 

$>7@>1;5=0 1;>:-AE5<0 4;O =>2>3> ?V4E>4C, 0 B0:>6 B5>@5B8G=> >1�@C=-
B>20=0 <>6;82VABP @50;V70FVW B0:>3> ?V4E>4C. �87=0G5=> 7030;P=C <0B5<0B8G-
=C <>45;P �&�, 0 B0:>6 ?V4E>48 4> ?0@0<5B@870FVW 9>3> :><?>=5=BV2.  

�;O C=V25@A0;V70FVW V==>20FV9=>3> ?V4E>4C ?@>0=0;V7>20=0 <>6;82VABP 
@>7@>1:8 ?0@0<5B@8G=8E <>45;59 >:@5<8E 5;5<5=BV2 4283C=0, O:V C ?>40;P-
H><C <>6=0 1C45 <0AHB01C20B8 =0 �&� 1C4P O:>3> B8?C V A:;04=>ABV. �0 
@57C;PB0B0<8 0=0;V7C C O:>ABV ?@>B>B8?C >1@0=> &$�� 7 >AP>28< 25=B8;OB>-
@><, >AP>28<8 V @04V0;P=>N ABC?5=O<8 :><?@5A>@0, :V;PF52>N :0<5@>N 73>-
@O==O B0 >AP>2>N BC@1V=>N. � E>4V ?>40;PH8E @>1VB 1C45 @>7@>1;5=> ?0@0-
<5B@8G=V <>45;V B8?>28E 5;5<5=BV2 B0 ?>є4=0==O WE C <0B5<0B8G=C <>45;P 
4283C=0 V V=B53@0FVO 7 >?B8<V70FV9=>N 7040G5N. 

&0:8< G8=><, =0 40=><C 5B0?V @>1>B8 >1�@C=B>20=V 0:BC0;P=VABP V ?5@A-
?5:B82=VABP 40=>W B5<8 B0 B5>@5B8G=0 <>6;82VABP WW @50;V70FVW, @>7@>1;5=> 
?;0= @50;V70FVW V==>20FV9=>W <>45;V, >1@0=> ?@>B>B8? 4;O <091CB=VE 4>A;V-
465=P. 

 

%#�%"� ���"$�%&�!"� ��&�$�&'$� 

1. Beatty R. F. Turbomachinery Design Process Improvements Produce More 

Robust Machine / R. F. Beatty, G. H. Prueger // 36th Joint Propulsion Conference 

and Exhibit. 3 Las Vegas, 2000: AIAA-2000-3876. 

2. Preliminary Multi-Disciplinary Optimization in Turbomachinery Design / 

Y. Panchenko, H. Moustapha, S. Mah, K. Patel, M. J. Dowhan, D. Hall // 

Reduction of Military Vehicle Acquisition Time and Cost through Advanced 

Modelling and Virtual Simulation. 3 Paris, 2002: 57. 



 

 37 

3. Optimization of Compressor Variable Geometry Settings Using Multi-

Fidelity Simulation / S. Reitenbach, M. Schnoes, R.-G. Becker, T. Otten // ASME-

2015. 3 Montréal, 2015: GT2015-42832. doi:10.1115/GT2015-42832 

4. Optimization of an Engine With a Gear Driven Counter Rotating Fan4
Part II: Cycle Selection and Performance / T. Otten, T. Lengyel-Kampmann, 

R. Becker, S. Reitenbach // 22nd International Symposium on Air Breathing 

Engines (ISABE), Oct. 25330, 2015. 3 Phoenix, 2015: 113303468. 

 

 

UDC 669.721.5:621.431.75.002 

ShalomVeVev V.A.1, Chushkina Yu.O.2, ShalomVeVev A.V.3 

1 Doctor of Technical Sciences, professor NU ZaporizhzhVa Polytechnic 
2 Senior Specialist NU ZaporizhzhVa Polytechnic 
3 Assistant NU ZaporizhzhVa PolytechniA 

ShalomVeVev V.A., Chushkina YU.O., ShalomVeVev A.V.  

DEVELOPMENT OF RESOURCE-SAVING TECHNOLOGIES FOR  

THE PRODUCTION OF HIGH-QUALITY MAGNESIUM ALLOY 

CASTINGS FOR AIRCRAFT ENGINES 

The creation of new and modernization of existing aircraft engines with in-

creased characteristics and service life imposes high requirements on magnesium 

alloys, from which some of their parts are made. At the same time, a very im-

portant factor is the reduction in the cost of components, which is possible due to 

the use of resource-saving technologies in their production. 

The technologies used today in the production of aviation magnesium casting 

involve the use of expensive charge materials of Russian production and carry the 

risk of instability in the operation of aviation enterprises. Today, there are no tech-

nological solutions for the use of domestic materials to obtain high-quality castings 

from magnesium alloys with an increased set of mechanical and special properties. 

The solution to this problem is connected with the necessity of development 

of new resource-saving technologies of production of aviation casting using do-

mestic charge materials, including wastes of metallurgical enterprises and foundry 

waste. 

Based on the research of chemical composition and analysis of physicochem-

ical properties of wastes of regional metallurgical enterprises, it was established the 

possibility of their use as charge materials for production of alloys based on mag-

nesium. This allows not only to reduce import dependence in production of magne-

sium casting, but also to reduce the cost of finished products, to increase efficiency 

of its production. 

The furnace technologies for the production of magnesium alloys using waste 

from metallurgical enterprises have been studied. Technologies for modifying 
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magnesium castings using carbonaceous waste and refining the melt using chloride 

waste have been developed and studied. 

It has been established that the developed technologies do not require any ad-

ditional changes in the technological process of smelting and obtaining a magnesi-

um alloy, while environmental safety meets the established standards. Recommen-

dations have been developed for the preparation and use of waste in the production 

of magnesium alloy castings. The use of metallurgical waste in the smelting of 

magnesium alloys allows to significantly reduce the costs of its production, im-

prove the environment and reduce the costs of waste disposal. 

The application of developed technologies in the production of castings from 

advanced magnesium alloys allowed to increase their tensile strength by 25%, and 

ductility by 30%. 

The use of high-quality magnesium alloy castings with a high level of me-

chanical and operational properties will allow to increase the operational reliability 

and increase the service life of aviation units. 
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