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1

, .
, . .

, . . ,

. ,
 – ,

;
; .

, ,

 (RP – rapid prototyping). 
,

, . .
.

.
,

. .
 RP-  80 % 

,
.

.
, .

.
.

:
 – ,

, ;
.

,
. ,

 « » .

,  (
),
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.

,
. ,

 RP- ,
.

,
,

. ,
 « » ,

« »
,

, .

,

, ,

.
, «

» ,

,
.
.

, ,
. ,

- ,
,

.

1.1 .

 ( )
 CAD- .

.

,
,

.  RP – 
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.
,

.
,  RP – ,

: ,
, , , ,

.
 RP – :

1)
, . .

;
2)

;
3)

.

1.2

 150 ,
, .

 (Photosculpture) François
Willème  1890 . :

,
.

,
.

,  –  – 
.

Carlo Baese  1904 .
,

 – 
.

 – 3-
Josef E. Blanther  1890 .

:
,
,

.  « »
.

,
 « » .
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 1935 . Isao Morioka ,
.

 (
)  « »  – 

. ,
, .

, François Willème,

.
,

 (SL, 
, stereolithography), ,  1951 . Otto

Munz.  Munz 

.
 1977 . Wyn Kelly Swainson

.

.

 1981 .
R.F. Housholder.

.
Hideo Kodama

 ( ) .  1982 . A.J. Herbert
 X–

V- , - .

AF- .
 1980- . Charles W. Hull ( )

- ,
, ,

. ,
.

.
 1986 . Charles W. Hull

,
.



11

« ».

,  3D Systems – 
,

 (1986 .).
 1984 .

( ),  ( ).
.

,  Stratasys, 3D system  ZCorp, 
.

.

.  1990- .,

.
 1989 .,

 ( )  (SLS). 
,  Stratasys Inc., 

 (FDM).  1992 .,
 3D 

.
 3D .

 1989 .  EOS GmbH, 
 3D  «Stereos»  1990 .

,
 (DMLS).

LOM- –
Lamination Object Manufacturing – 

,
 0,051–0,25 .

 1979 .  Nakagawa 

- , ,
.

 2013 .,
 2009 .,

.
 (FDM, fused deposition modelling)

 ( ) ,
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, .

 (  90 %)  3D – .
 3D-

,
,

.
- ,

,
.

 – 
AF- .

.

.
 – ,

 RP – .
 RP – ,

 RP – , .
,  RP – 

: ,
,

.

,

.
,

,

.
 – 

.
 – -

.

 RP – 
 « ».
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, ,
,  – 

 RP – 
.

, .

 RP – .
: FDM, DODJet, EBM, MJM. 

FDM (Fused Deposition Modeling) – 
.

EBM (Electron Beam Melting) – - .
DODJet (Drop-On-Demand-Jet) – 

.
FDM- .

MJM (Multi – Jet Modelling) – ,
.

: SHS, SLS, 3DP. (SLM) 
DMLS, SHS (Selective Heat Sintering) – .

SLS (Selective Laser Sintering – 
.

DMLS (Direct Metal Laser Sintering) – 
.

3DP (3D printing) – .
: LOM. 

LOM (Laminated Object Manufacturing) – 
.

: SLA, SGC, DLP, MJM, 
PolyJet, PolyJetMatrix. 

SLA (Stereo Lithography Apparatus) – ,
.

SGC (Solid Ground Curing) – 
.

MJM (Multi Jet Modelling) – .
DLP (Digital Light Processing) – .

PolyJet – 
 16 

( - ).
PolyJetMatrix – ,

.
 1984 
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 ( ) –  SLA-

 ( ).
 LOM – ,

 1985 
 ( , , ,

).
 1986  SLA- ,

1984 .  3D Systems 
.

 SLS – .
 1987  Cubital  SGC 

– .
 1988  3D Systems  SLA-250, 

.  FDM – 
.  1989 

Stratasys.  1991 
3D-  Dimension .

 Helisys  LOM – .
 1992  Stratasys 

FDM – .  DTM ,
 SLS – .

 1993  (MIT) 
 « ».

 1995 
 «3D- ».  Z 

Corporation  MIT 
 3DP. 

 1996  Stratasys ( )
 Genisys,  Z Corporation  Z402, 

 3D Systems  Actua 2100. 

3D- .
 1997  EOS ( )  SLA-

 3D Systems. 
 2005  Z Corporation 

Spectrum Z510 –  3D-
.
 2008  Objet Geometries Ltd 

Connex500, .
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 2010 
 3D-  Dimension  Fortus  Stratasys. 

 Organovo. Inc 
,

 3D- .
 2011 

( ) ,
3D- .

, .
 2012  ( )
 3D- ,  5 /c

 100 .  1 ,
.

. ,  Dimension 
 Stratasys +/ – 0,178  Z – 

.
,

.

1.3

 (AF – Additive Manufacturing), 
,

 " " .

,
.

:
:

1. .
, .

, ,  3D-
, ,

,
.

2. .
,

.
 80–85 %. 

3.
.
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,
. , .

 (
, ).

4. .
, .

,
 – 

.

,

.

, , . ,

 " ",
.

,
.

AM-  General Electric. 

LEAP.  25  5 .
,
. ,  19 ,

.

1.3.1
 ( . additive manufacturing)

 ( , ) – 
.

,
, - .

.
 ASTM International (American Society 

for Testing and Materials), 
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, , ,
 – Additive Fabrication (AF), Additive 

Manufacturing (AM),  « »  – additive 
processes, additive techniques, additive layer manufacturing, layer 
manufacturing  freeform fabrication, 

 « » ( ), 
« » ( ),

.

.
:

 ( ,
, , . .);

;
 (

,
, . .); 

.
ASTM F2792 ( ) ,

 7  ( . 1): 
1. Material extrusion – ;
2. Material Jetting – ,

;
3. Binder jetting – ;
4. Sheet lamination – ;
5. Vat photopolymerization – ;
6. Powder bed fusion – 

;
7. Directed energy deposition – 

.

: ,
 ( . 2). 

:
 (Stereolithography), 

 (Fused 
Deposition Modeling) 

 (Inkjet Printing). 
:

3D- ,
 (Selective Laser Sintering), 
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 (Direct Metal Laser Sintering), 
 (Selective Laser Melting), 

-  (Electron Beam Melting), 
 (Direct Metal Deposition) 

 (Laser Engineered Net Shaping). 

 1 
 ASTM 

F2792
-

Fused
Deposition
Modeling
(FDM)

,

, -
-

-
-

-
; -

;
;

-

Material
Extrusion

Contour
Crafting

   

Material
Jetting

Polyjet/Inkjet 
Printing

, -
-

 / -
-

-
; -

Binder
Jetting

Indirect Inkjet 
Printing
(Binder 3DP) 

-
, -

,

-
-

-
;
;

Sheet
Lamination 

Laminated 
Object
Manufacturin
g (LOM) 

, -
, -

-

-
;

Vat
Photopoly-
merization 

Stereolithogra
phy (SLA) 

,
 ( -

 Al, Zr, -
)

-
-

-
; -

;
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 1 

Selective
Laser
Sintering
(SLS)

, - ;
;

Direct Metal 
Laser Sinter-
ing (DMLS) 

Selective
Laser Melting 
(SLM)

   

Powder
Bed
Fusion

Electron
Beam Melting 
(EBM)

-

Directed
Energy
Deposition

Laser Engi-
neered Net 
Shaping
(LENS)
Electron Beam 
Welding 
(EBW) 

- , -
-

; -
- ;

 2 
 ( )

 (SL) 

-
 (FDM) 

 (IJP) 

3D-  (3DP) 

 (SLS) 

(DMLS)
 (SLM) 

,
,

-  ( )
 (DMD) 
 (LENS) 

 (LOM) – 

-
(EFF) – 

, -
,
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-
 (Laminated Object Modeling) 

 (Extrusion Free Formation).

, , ,
, , , .

:
 ( ,

 FDM  FFF); 
 (

-  (EBF3 – Electron Beam Freeform 
Fabrication));

 (
(DMLS, SLS); -  (
(SLM);  (3DP); 

 – , , ,
);

 (LOM); 
 (  –  (SLA), 

 (DLP)). 

.
,

 (Fused deposition modeling) 
Polyjet.

 (ASTM 
International)

: Material jetting –  Binder jetting – 
.

, .
 – ,

.  3DP 
.

(Laminated object manufacturing), 
(Selective laser melting),  (Selective laser 
sintering),  (DMLS), 

 (Laser metal deposition)  (Laser 
stereolithography),  (LOM) 

.
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 Pham, 
 ( . 3). 

,
.

.
,

,
, , ,

.
 Pham 

:
;
;

;
.

 ( . 4) : Powder 
Bed Fusion (PBF)  Directed Energy Deposition (DED). 

 – 
 (PBF) 

,
 (SLS – 

selective laser sintering), 
.  PBF 

,
, /

.
 PBF 

.  PBF, ,
 (LS – laser sintering).

.
,

 PBF, ,
, .

( )  PBF 
, - .

, ,

. EOS GmbH 
, -
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.

 3 
,

Pham

 SLA (3D Sys) 
 SLA 

(3D Sys) 

Object Envision-
tech
MicroTEC

 SLA (3D Sys), LST (EOS), 
LENS, Phenix, SDM 

LST (EOS) 3D  DPS 

FDM, Solidscape  TermoJet  

Solido
PLT (KIRA) 

   

 4 

Direct metal laser sintering (DMLS) 

Electron beam melting (EBM) 

Selective laser sintering (SLS) 

Powder bed fusion 

Selective laser melting (SLM) 

Electron beam freeform fabrication (EBF3) 

Laser engineered net shaping (LENS) 

Laser consolidation (LC) 

Directed light fabrication (DLF) 

Directed energy deposi-
tion

Wire and arc additive manufacturing 
(WAAM)

,

Binder jetting Powder bed and inkjet 3D printing (3DP) 

Laminated object manufacturing (LOM) Sheet lamination 

Ultrasonic consolidation (UC) 
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 PBF 
, , .
PBF-

,  ( ,
, ) ( . 1). 

:
1)

;
2)

;
3)

.

.

, . ,
.

.
 PBF-  DMLS (Direct metal laser 

sintering), EBM (Electron beam melting), SLS (Selective laser sintering) 
SLM (Selective laser melting).

DED-

( . 2). 

.  – 
, ,

, ,
,

 ( , . .).

 0,2  0,9 ( . .  20  90 % ,
,

).
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 1 – ,
 PBF-

 2 –  DED-

:
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.

, . .;
;

,
, ,

;
,

;
,

, .
, ,

;

.

, - .
, , ,

.

. , ,  PBF, 
,

.
, ,

.

,

. , ,
, , , .  DED 

,
, ,

, .
,

,
, .

,
, ,

-  (
, ),
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. ,
 ( . 5). 

, .
-

 «in-situ» .
, ,

.
 Direct Metal Deposition 

(DMD), Laser Engineered Net-Shaping (LENS), Laser Metal Deposition 
(LMD) .

, , -
, , , .

,
,

. 6. 

 5 

/  PBF DED 
1 2 3 

 0,05–0,1  2–4 
 100–100  500–1000 

, 1–5 3/ , 16–320 3/
,

Ra=5–12 ,
Rz=20–40

,
Ra=20–50 ,
Rz=150–300 , -

, ,
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 5 

1 2 3 

-
.

.

. -

.

/ -
 ( -

)

; -

.

 ( -
)

;

-

, -

In-situ

 6 

Laser Melting (LM) Renishaw Inc. 

Selective Laser Melting (SLM) SLM Solutions GmbH 

Laser CUSING Concept Laser GmbH 

Electron Beam Melting (EBM) Arcam AB 

Direct Metal Printing (DMP) 3D Systems Corp. (
Phenix Systems) 

Powder
Bed Fu-
sion (PBF) 

Direct Metal Laser Sintering (DMLS) EOS GmbH 

Direct Metal Deposition (DMD) DM3D Technology LLC 
(  POM Group) 

Laser Engineered Net Shaping (LENS) Optomec Inc. 

Directed
Energy 
Deposition
(DED)

Direct Manufacturing (DM) Sciaky Inc. 
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 3 – 

 4 – , 2 033 .
, 327 .

,
, :

 ( . dd – " ")
,

 " " .
,

. ,
.

 3–6 ,
 –  ( . 3.4). ,

 10 .
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 AF-
.

 Ni  Co (CoCrMO, Inconel, NiCrMo),  Fe 
( : 18Ni300, H13; : 316L), 

 Ti (Ti6–4, CpTigr1),  Al (AlSi10Mg, AlSi12). 
,

. 5, 6. 

 5 –  LEAP  General Electric 

 6 – 
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1.4

 (Selectiv  Laser Melting – SL )  2004 
 SLM Solutions GmbH (Tepwalula). 

: D-
30  100 , ,

, , ,
,

.
, .

 – 
 ( )

3D-
.

 3D-
,

.
 3D- ,

D- ,
.

.
,

.
, ,

.
 SL  – direct deposition,  «

» .
, ,

. .

,
.

. ,

.

 « »
 SLS- ,

.  HIP (Hot Isostatic Pressing – 
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)
,

 20–30 % ( . 7–8). 

 7 – 

 8 –  SLA-  Al-

 3D-
-14. ,

 ( . 9), 
 5 . , ,

 2- .
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 9 – 

1.5 -

 ( )
,

, ,
.

 ( )
- .

,
,

 ( . 10). 
-

 ( )
:

;
;

;
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;
;

;

;

;
 (

).

 10 – , -

- ,

,
: MeCrAlY(  Me – Ni, Co, Fe), 

MeCrAlYHfSiZr,  ZrO2 – Y2O3.
:

1. .
2.  1–3 ,

.
3. .
4.

.
5.

.

.
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- -

,
,

, ,
.

,
.

,  « » ,
, , .

, :
1) ;
2) ;
3) ;
4) .

,
, ,

, .

1.6

.

.
,

: , , , , ,
, , .

 ( )

,

.

:
1.

;
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,

.
2.

(
 120–150  1 ,

).
3.

.
4.

, . . .
5.

« » .
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2

 ( ,
).

,
,

.
, ,

,
.

.

. , ,
:

 – , , Fe, Ti 
Cu;

(Ni, Al, Ti, 
W ,  INCOTEL 625, Ti – 6Al – 
V, Mo – Cu, Cu – Ni, Cu – Sn, Cu – Sn – Ni, Fe – Cu,  – Cu3P,
WC – Co, TiC – Ni/Co/Mo, TiCN – Ni, TiB2 – Ni, ZrB2 – Cu, Fe3C – 
Fe);

- ;
(ZrO2, Al2O3, Al2O3 – Al4B2O9, Al2O3 – SiO2 – 

B2O3, Si3N4 – Al2O3, Ti – Zn – Al/ Al2O3, Ti+ZrO2, ZrO2 – Al2O3 – 
Al, ZrO2 – Al – Y2O3) (Pb(ZrxTi1-x) O3,
Bi4Ti3O12, Li0,5Fe2,5-xCrxO4, BaFe12xCrxO19) ;

 (Al2O3+ )
( +PVDF).

,
, ,

.
,

,
 «  –  – ».

- ,
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,
, .

2.1

Ni Co (CoCrMO, Inconel,
NiCrMo), Fe ( : 18Ni300, H13;

: 316L), Ti (Ti6–4, CpTigr1) Al
(AlSi10Mg, AlSi12). , ,

 – 
.  « »

- , ,
,

.
 A

 ( . 7). 

Ti-6Al-4 ,
. ,

,
,

- .

: Inconel 718, Inconel 625  Waspaloy. 
 2011 . Hederick E. 

, ,

.
 –  625 

n  2014 . ,
,

 (  99 %), 
.
,

.

n  316 ,
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 420,  420,  625 
– Inconel 625. 

 ( ).
. , n ,

, .

 7 
,

Ti Al 

Ti-6Al-4V Al-
Si-
Mg

H13 IN625 316, 316L MoRe 

ELI Ti 6061 Cermets IN718 420 Ta-W 
CP Ti   Stellite 347 CoCr 
-TiAl    PH 17–4 Alumina 

,

,
. ,

AM- , .
- AM-

, -
.

 – 
1,0  –  (

d), :
d < 0,001 ,
 – d = 0,01–0,1 ,
 – d = 0,1–10 ,

 – d = 10–40 ,
 – d = 40–250 
 – d = 250–1000 .

. ,
, – d50. , d50 = 40 

,  50 % 
 40 .

d50,
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,

. ,
 « »

,
.

d50 <10 , ,
.  (
)

, .

AM- .

,
, ,

,
.

,
,

.
, .

.
 100  20 , , - ,

.

,
.

,
 (  0,05 % .)

,  ( . 8). 
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 8 

, %

CoCrMO 20–50 – 

Inconel 10–50 0,03  ( )

NiCrMo 10–50 0,02 

 10–50 0,05  ( )

03 16 15 3 10–50 0,01  ( )

AlSiMg 50–100 0,05  « »

AlSi 20–50 0,05  « »

16 20–50 –  « »

AlSi9Cu3 – –  « »

-9 10–100 0,05 « »

-8 0–45 0,05 « »

12 10–50 0,05  « »

.
,

. ,

, - .
- :
;

;
;

;
. .
:

 – 
;

 –  50 .
 (  60 ,

 2,5 ,
 3 );

 – 
 ( ) ,

.
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, ,
,

.
.

 AF- ,
.

, , ,
, ,

( . 9). 

 9 

Al-Ni-Co, Fe-Nd-B ,

Al-Si-Mg

Al-Sn-Cu

Al-

Bi-Te, ,

Cr-Al

Co-Cr

Cu-Ba, Cu-Y 

Cu-Cr-Zr

Cu-In-Ga – Selenide 

Cu-Mn-Ni, Cu-Ti-Sn 

Au-Pt-Pd-Ag-In, Ag-Cd-
Zn-Cu

Au-Ag-Cu

Fe-14 % Cr – 0,4 % C 

Fe-Mn

Fe-6 % Si 

Fe-Si-Al

 Mg 
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Ni-

Ni-Ce

Ni-Cr-Fe-Si-B

Ni-Cr-Mo-B

Ni-

Ag-Cu (72/28) 

304/316 
MIM-

Tb-Fe -

, ,

,

.

- .
- , -

,
 –  – 

. -
:

; ;
.

.

,
,  ( )

.
,

 ( ,
) , .

.  ( , )
,

.
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 + 
 + ,  – , ;

 –  ( , .)
;  – 

;  – .

: ,  ( ),
, ,

( ),  ( , , ) .
-

.

.

,
.

, .
, ,

,
.

.
.

 ( )
, ,

.

.
 Ni, Fe, Co, Cr, Mo, W 

. .

, .
,

.

.

,
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, .

, , ,
,

.
,

.
, ,

 Me + HCl  MeCl + H2.
 ( , .) .

,
.

.

,

. ,
, . .

.

.

.
,

( ). , ,
, . .

, .
 90 % ,
, .

: , .
.

 ( )
 – ,

 ( . 11). 
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)               )
 11 – :  – 

 PSI;  –  « » -5

:

;

,
 ( );

,
 (  40  70 .)

;
,
,
.

,
,

.
, ,

;

.
-

 ( . 12) 
-

.
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 12 – - ,

, , ,
-

. ,
,

, ,
,

, .

,
, , . . « »
.

VIGA – Vacuum Induction Melt Inert Gas 
Atomization ( . 13).  VIGA ,

, .
VIGA  (

)  d50 = 30 .

:
,

, ,
 – .

 10  50 ,
 –  40  80 

,  –  40–100  10–200 .
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 13 –  VIGA 

VIGA , ,
:

( , Inconel 718, Rene 88
. .) ;

,
;

( , NiCrAlY, 
CoCrAlY . .)

;
( , 17–4 PH, 316L)

;
( ,

)
AM- ;

( ,
) ;

( , )
.

648-
,

( . 14, ), -
 –  ( . 14, ). 
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)      )
 14 –  (  – x1500;  – x500) 

648-

, 36
44, , ,

,
( . 15). 

 15 – 36 ( ), 50 ( ),
24 –  ( )  ( )
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,
,

. , ,

, ,

.
 EIGA

(Electrode induction-melt Inert Gas Atomization – 
) ( . 16, 17). 

 ( ,
Ti, Zr, Hf, V, Pt, Ir, Nb, Mo .), . .

.
,

 (feed stock – , ),
.

.

.
EIGA  (  2-

 500 )
, d50

= 60–80 .

.
EIGA , ,

.

 ( ).
EIGA-

, . .
.

 (PIGA – 
Plasma Melting Induction Guiding Gas Atomization). 

 – VIGA-CC
,
.



50

 16 –  EIGA 

 17 – EIGA:  –  (feed stock)
;  – ; - EIGA. ALD

.
,

, .
REP – Rotating Electrode Process (

) – ,

.
.

,
 ( . 18). 
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PREP – Plasma 
Rotating Electrode Process,

.
 PREP 

,
 ( ).

,
 ( ),

 ( )
.

 18 – :  – ;
 – ;  – -7

)
)

)
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 REP  PREP 
.

. -
-

.
, -

.
-

, . . ,
 20–30 ° ,

. -
.

.

( . 19),  – .

 19 – 
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,
.

,
.

 ( )
 ( . 20). 

, ,
.

,
.

, ,
.

 20 – 
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 ( . 21), ,
.

 21 –  ( )
 ( )

 Spray forming. ,
. ,

, Spray forming,
 ( )

( ). ,
,  « »  Spray 

forming AF- .
Spray forming – 

 ( )
 1970 . Singer (Swansea

University, ).
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 « »  ( )
.

,
,

 10–100 ,
 ( . 22).

,
, , spray forming,

-  ( . 23). 

 22 – Spray forming: 1 – ; 2 – 
; 3 – ; 4 – ; 5 – 

; 6 – ; 7 – ; 8 – ;
9 – ( )

 23 –  Al-15 % Si:
a – ; b – spray forming (400)

 ( . 24) 
.
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) )
 24 –  Si  Al-25 % Si – 0,89 % 

Cu-1 % Ni – 0,84 % Mg:  – spray forming;  –  + 

 (  20 %) 
.

spay forming
 (

- ),

( ) .

.
,  «Spray 

forming», . 25. 

 25 – ,
«Spray forming»



57

.

,

.
:

 (mechanical milling) 
(mechanical alloying). 

, .
, ,

, .
, ,

.

, .
 ( . 26) – 

.

,
.

,

.

,

 – 
.

.
 100 % 

,

.
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 26 – 

, ,

.

 (PBF  DED) ( . 27–29), . .
( . 10). 

-
,

.
.

 ( ,
 SLM  104 / )

,
.

-

.
 – ,

,
,

,
.
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 27 –  PBF

 28 –  DED ( )
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 29 –  DED ( )

-
,

,
. -

.
-

 (
, ,

).
,

,
, :

,
, , -

.
 Inconel 718 

 Ti-6 1–4V .

, ,
.

,
,

.

.
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,
,

, :
,

;
,

;

.
-  ( , ),

,
,

.

. ,
,

.
,

- .

 10 

- -
 ( )

PBF
ARCAM ( 2) (a) 200  200 

350
, 7 

EOS(M280) (b) DM
LS

250  250 
325 , 200 400

 Laser 
Cusing( 3) (b) 

SLM 300  350 
300

, 200 

 (SLM 250) (b) SLM 250  250 
300

, 100–400 

 Phenix 
(PXL) ( )

SLM 250 x 250 x 
300

, 500 
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 10 

1 2 3 4 
Renishaw (AM 250) (d) SL

M
245 x 245 x 36 , 200  400 

Realizer (SLM 250) (b) SL
M

250 x 250 x 
220

, 100, 200  400 

Matsuura (Lumex 
Advanced 25) (e) 

SL
M

250 x 250 
, 400 

DED ( )
Optomec (LENS 850-R) 

(f)
LE
NS

900 x 1500 x 
900

 IPG, 1 
 2 

POM DMD (66R) (f) DM
D

3200 x 3670 x 
360

-

, 1–5 
-

 Accufusion 
(g)

LC 1000 x 1000 x 
1000

Nd: YAG-

 Irepa (LF 6000) 
(c)

LD  

BeAM (MAGIC 
LF6000) (c) 

CL
AD

1500 x 800 x 
800

 1000–
6000

Trumpf (b) LD 600 x 1000 

Huffman (HC-205) (f) LD  2-
DED ( )

Sciaky (NGI) EBFFF (f) EB
DM

760  480 
500  40 

 60 
 MER -

(FFF) -
-

 (f) 

PT
AS
FFF

610  610 
5180  350 

- : ( ) , (b) , (c) , (d) -
, (e) , (f) , (g) 
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C ,
, . 11. 

 20–100 
,  ±0,05 ,

 9–16 . ,
,  10 / .,

, ,
.

 – 
 ( ) –  100 %, 

 – .
2500 c ³/  (330 ./ ).

,
, ,

, :
WLAM –  – ;
WAAM –  – 
EBF3–  – .

 11 

-
,

-
-
,

/
( )

-

-
 ( )

LC N/A 1–30 
±0,025-
±0,069

1–2

 SLM 20–100 N/A ±0,04 9–10 

SLS 75 0,1 ±0,05 14–16 

DLF 200 10 ±0,13 20

WAAM 1500 12 ±0,2 200 

 EBF3 N/A  330 

2.2.

. -
 – ,



64

, ,  (
 80 % 

).
,

, .
,

, .

. ,
,

, .

.
, ,

,
.

 1993 .
, , ,

,  99,2 %. 
, , .

,
, . 12. 

 12 
, ,

3DP SLS SLA Material Extrusion LOM 
- ZrO2

Al 2O3

Ti3SiC2

Si3N4

TiC-TiO2

SiC

ZrO2

Al 2O3

Al 2O3-
SiO2

TiC-
Al 2O3

SiC

SiSiC

Al 2O3

Al 2O3-ZrO2

Al 2O3-SiO2

SiO2

SiO2

TiO2

SiC

Al 2O3/SiO2/
/ZrSiO4

ZrB2

Al 2O3

SiC

Si3N4

ZrO2

WC-ZrO2

ZrC

Al 2O3-ZrO2

Al 2O3, ZrO2

SiC/C

Si3N4

SiO2

TiC/Ni -
, -

,
SiO2-Al 2O3-
RO-
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 12 

1 2 3 4 5 6 
- BaTiO3

PZT

TiO2

PZT

BaTiO3

PZT

SiCN

Fe2O3/Fe(C2O4)
*2H2O

BaTiO3

PZT PMN 

LiFePO4

Li3Ti4O12

BaZrO3

ZnO

TiO2

LZSA-

PZT

- -
- -
(HA)

TCP,
TTCP

ZrO2

-

HA-HDPE
HA-PA
BCP

HA HA-Al 2O3

TCP 

Al 2O3

HA TCP 

HA, TCP 

,

,  SiC (SiC/SiC). 
 SiC 

. - ,
, ,

, .
 SiC 

,
. ,

 Si-C ( . 30). 
 (  200) 

, .
,

, .
-SiC

( . 31 )  1700 ° . -SiC
 ( . 31, ).

.
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-SiC  3,210 / 3, -SiC – 
3,208 / 3. ,

, ,
, SiC 

.

 30 –  Si-C 

 SiC ,
.

.
- .

, , .
 SiC 

,  Si3N4, lN, 4 N.  20 .
XX .

 (90 % SiC+10 % SiO2),  50 .
 (75 % SiC+25 % Si3N4)

.
,

, , ,
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, ,
.

.

 31 – :
 – -SiC;  – -SiC

 (SiC) -
:

 (1000–1500 °),
;

;
;
;

,
,

.

 ( , ),
.

,
.

 ( ) SiC 
.

. :
-  (  20 ) .
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-SiC -SiC  2100 ° .  2600–
2700 ° -SiC .  SiC 

.  SiC 
,  – .

 SiC: H  45 ,  700 , 2000 ° .
 SiC 

.  1050 °
.

SiC ,  HF 
 HF+HNO3.  SiC . ,

 SiC .

, .
:

 ( . 13). 
 13 

 SiC,  Poco Graphite, Inc 

,
°

( ), ( ), 

159 13,8 147 9,6

1000 – 146 8,8

1300 – 148 8,8

1500 – 149 14,7

 SiC 
.

, .
 ( )

 SiC (SSIC/Q1)
,

 15 .
-  10–50 

 1700–2000 ° .
 0,2 .  SiC 

,  (SSIC), 
-

.
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 (HPSiC) 
-SiC  (  5–10  %) 

. -
 ( . 14). 

 14 
-

-
–

 SIC (Q2) SSIC (Q1)
 SiC. % 90 98
/ 3 3,05 3,1 

,  4,41  102 4,9  102

,  2,75  102 2,8  102

,  2,94  103 3,0  103

,  4,12  105 4,10  105

, S 110–125 120–130 
, W/m.k 141 147 

-
 20–100º , 10-6/º

4,3 x 10-6 4,0 x 10-6

, º  1600 1650 

,
.

.

( ).
. -

 (LPSSiC)  SiC (d0,5  1 )
(10–20  %)  1850–1950 °.

LPSSiC- -
 (  1450 ° ). ,

,  SiSiC  (  20 %) 
,  ( . 15).

.
-  (SIC/Q2)

, . .
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,  – ,
,

.
 (  < 0,5 %),  5–15 % 

.

 15 
-

, °0,02
./ 3

20 10, 1200

10,

20 20
,

1 0,2,
. 1/2

HV 0,2
, .

.
.

.

SiSiC 3,05 400 150 1200 3,5 22 1300 1200
LPSSiC 3,20 500 400 2000 5,5 21 1600 1450

HPSiC 3,15 750 500 2200 6,5 26 1700 1500

,
 1600–2000 

1100–1300 °C.  SiSiC-
 SiC 

.
 Sioc  (5–15 % .),

 SiSiC. 
-  ( )

 ( . 32). 

 – SiSiC.
 – 

,
- ,

.
-  ( )  (SiSiC) 

,

.

 1915–010–2304285–2003  1915–015–
2304285–2009 ( . 16). 
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 32 – :
a – LPSSiC (15 % YAG);  – SiSiC 

 SiC 

 ( )
,  ( ,

), .

 SiC, 
 SiC. 

,  SiC, 
 SiC. 

 (  SiC-C-
Si) ,

.

,

.

.
,

,
(  900 ° )

 0,9  1,46 ./ . . 30 
.
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 16 

 1915–010–
2304285–2003

-

1915–015–2304285–
2009

, / 3;
3,05–3,11 3,00–3,04 

, % 12–18 18–24 

 3,08 
./ 3,

VvSi = 0,15 
-70

 3,02 ./ 3,
VvSi = 0,24 

-70

,
330–450 240–320 

,  380–410 360–400 

SiC,
25–30 25–30 

,
0,5 3,50–4,50 3,00–4,00 

-
, -1 -1 140–180 100–120 

, 10-6 -1
3–4 3–4 

 SiC  2,32 ./ 3

(1,46 ./ 3)  3,1 / 3

 0,9 / 3.

. 33, 34. 
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 33 – :
 – 1,24 ./ 3;  – 0,93 ./ 3

 34 – 
 (  – 

)

, . .
. ,

,
,

 SiC 

.

, .
,
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,
,

,
. ,

,
,

.
 « »

,
,

.

-  SiC- .
-

Si - ,
,

, -
. ,

,
 Si -

.

,

,

,
.

,

, ,

. ,

,
,
 0,6–0,8 .

.

 SiC. 
,
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.

,

 SiC 
 SiC-C-Si. 

. 28 
 1000 °  60 .

,
.

.
 50 %; 

.

-
,

1500 °C. 

,
,

.
. 35 

,
,

 1500 °C.
-

- ,
, ,

.
 SiC 

. ,
 ( )

 1400 °
 26  45 %. 

,
.
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 35 –  SiC: (C+Si)=50:50 
 ( )  SiC  39  ( )

 1000 °  60 .

,
 ( . 36). 

, ,
, ,

.
,

 Ni, Cr, Co, Nb 
.

,  3 :
 ( ,

, .,

);

;

.
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 36 – 

 1500 °C:  – ;  – 
; -

;  – ;
 –  SiC 

 ( ). 
, ,

, ,
.

,
.

,

. ,
 Si. 

:  («direct») 
(«indirect») ( . 37). 

,
.

- .
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,
. ,

, .
:

« » ,
.

;
,

.

 3D-  (3DP)  (Selective 
laser sintering – SLS). 

,
 ( . 37),  – 

 ( . 38). 

 37 – 
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 38 –  3DP 

 3DP.
3D- .

.

.
,

.
 3DP, ,

 Binder Jetting.  Binder Jetting 

, .
.

.
 Binder Jetting, 

,
. ,

,
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.
 (  25 % 

).

 ( . 39). 

 39 – ,  3DP

,  3DP, 
.

:
1.

,
. ,

 95 %  ZnO  SiO2

.
2. ,  3D- .

,
 36 % .

, .
 1000 °

 SiOC .
1500 ° -

.
 48 % 

.  1450 °

 ( . 40). 
3.

.
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 99,2 % ,
MgO, .

 324 .

 40 – 

 3DP,  Binder Jetting, – 
, . .

.

,
.
 (SLS) .

 3DP ,

( . 38). 

, . .
.

,
.

, ,
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 ( . 41). 

 41 – 

( ),
.

Si/SiC.  SiC 
 SiO2

.
 Si 

.

 30 
.

, ,  1600 °
.

,
,

.
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 42 – ,
:

a – , b – ,  – ,
d – 

 (SLA), 
,

.
,

 40–60 % . ( . 42). 
, , -

, , ,

.

.
 Lithoz GmbH ,

,

,
( . 43). 
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.
,

. ,  Al2O3, ZrO2, Ca3(PO4)2,
,  99 %. 

.

, ,
,
.

 43 – 
 ( )  ( )

(  Lithoz GmbH). 

.

.
.

. ,

.

.
,

 1 .
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 «Three-dimensionalprinting techniques» 

.

.
,

.

 ( . 44, 45). 

 44 –

 45 – ,



86

 (Laminated Object 
Manufacturing, LOM). 

,
.

,
, ,

( . 46).  – 

.

 46 – ,
 LOM  ( )

:
 (Direct inkjet Printing); 

,
(Robocasting, Direct Ink Writing); 

 (Fused Deposition Modelling, 
FDM).

,

 (  30 %), 
.

,
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.
.

 ( . 47). 

.

 47 – ,

. ,

( ,  FDM), .

, ,
. ,

,
.

 ( . 48). 
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 48 – ,
 – 

b.

:
1. -

,
,

( , );
2.

, .

Binder Jetting .

.
 20  100 

 50 %  (  25–45 %). 
 ( ,

. .).

.
, ,

 (40–60 % .). 

,
;

3.

. ,
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,

.

,
.

.
,

-
.

 Schunk GmbH 
,  Binder Jetting,  3DP, 

.
«Method for making a ceramic component» ,

( )
.

.

,
,

.
.

.
.

,
,  SiC 

.
, ,

,

 ( . 49). 
 WZR  3D-
, ,  ( . 50), 

 Binder Jetting. 

 30 
. ,
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.
 ( , )

.

 49 – ,
 3D-  (Schunk GmbH) 

 50 – ,
 WZR 

 (LOM), 
 – 

,
.
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 LOM 
, ,

.
 Si-SiC  LOM 

.
,  1300 ° .

 Binder Jetting ( . 51). 

 51 –  Binder Jetting 

 SiC 
,

.
 Carborex SiC (Washington Mills AS) 

 F220, F240 F360, F600 
 ( . 52).  SiC 

 25  75 %  65–70  ( . 53). 
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 52 –  SiC 

 53 –  SiC (Advanced Composite Materials, LLC) 

M-Flex  ExOne ( . 54). 
,  ExOne. 

.  SMP-10  Starfire 
Systems,  (

 1000 ° )  SiC ( . 55). 
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 54 –  ExOne M-Flex, 
Binder Jetting 

.  3D-
 0,87  1,95 

./ 3,  (
3,2 / 3).

 55 –  SiC,  Binder 
Jetting,

 F240 (d50 = 
44,5 ) ,

 F360 (d50 = 22,8 ).
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 SMP-10 ,
.
 ( . 56, 57), 

 SiC, 
,

.

 56 –  SiC, 
 Binder Jetting  F240, 

 57 – -  SiC, 
 Binder Jetting  F240, 

 ( )
, -

 ( . 58). 
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 58 – - ,
 Binder Jetting  F240, 

. 59 ,
 SiC,  F240 (90 % .)

F360, (10 % .) .
 –  –  SiC c  0,7 

(25 % .) .

 59 – - ,
 Binder Jetting 

F240 (90 % .)  F360 (10 % .),

 ( . 60). 
, .
, ,

- .
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 60 – ,
 Binder Jetting  F240, 

.

 SiC  SiC (35 % .)
 ( . 61), 

 SiC 
.

 61 – ,
 Binder Jetting 

F240 (90 % .)  F360 (10 % .)  SiC, 

,
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 0,20  0,55 ./  3. 
 ( . 62). 

 62 – 
 (a, b) 

, .
, ,

.
,

.
 SiC -

. ,
.

 Starfire Systems, 
,

SMP-10  72–78 % .
 1250–1700 ° -SiC,
 850–1200 °  – .
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SMP-10 ,  ( . 63). 
,

.  1050–1100 °  SiC 
,

.
-SiC. ,  1700 ° ,

 CO 
,  ( . 64). 

 63 –  SiC
 SiC,  Binder 

Jetting ( )

 64 –  SMP-10 

. 65 ,

SMP-10 . ,
 1300 ° , .

-SiC
-SiC  1700 ° .

 11  19 % .
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 65 – ,
 SMP-10 

.
 3D- ,

.

.
,

, .
3D-  3DCeram Ceramaker ( . 66). 

 1000x2300x2300 .
.

,
,  / ,

.
,

,  DLP (Digital Light 
Processing).  – ,

.
, .

 3D-  Lithoz. 
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 66 –3D-  Ceramaker 
 3DCeram 

 CeraFab 7500 ( . 67), 
Lithoz,
99 %  ( . 68). 

 67 – 3D-  CeraFab 7500  Lithoz 

,
.  – 

76x43x150 .
3D- ,  DLP, ADMAFLEX 130 

 Admatec ( . 69),  2014 .

.
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 68 – 
(  Lithoz) 

 69 – 3D-  ADMAFLEX 130  Admatec 

 ProdWays  ProMaker V600 
( . 70),  DLP 

.
, , .

,  95–99 % 
.  120x150x150 .
 3D Systems 

, ,
 Accura CeraMax – ,

 ( . 71). ,
,

, .
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 70 – 3D-  ProMaker V600  ProdWays 

 71 – ,  Accura CeraMax 3D 
Systems 

,
 (LOM), 

 Ceralink Inc ( . 72). 
 12 

.
 1 .
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 72 – 3D-  Ceralink CL-100, 
LOM

 DeltaBots  3D- ,
 Fused Deposition Modelling 

, , .
 3D PotterBot , ,

 ( . 73). 

 73 – 3D-  3D PotterBot  DeltaBots 

 3D- ,  Fused 
Deposition Modelling,  VormVrij 
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LUTUM ( . 74). 
.

 74 – 3D-  LUTUM 

 3D Systems  2014 .  CeraJet 
 ColorJet Printing (CJP) 

( . 75, 76). 

 75 – 3D-  CeraJet  3D Systems 
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 76 – ,

3D-  CeraJet 
 3D Systems 

,
 Binder Jetting 

,  Voxeljet 
 ExOne. 

 Voxeljet  3D- ,
 Binder Jetting. 3D-

.
 VX200 

 300x200x150 .
 500x400x300  (VX500), 850x500x1500/2000 

(VXC800), 1060x600x500  (VX1000), 2000x1000x1000  (VX2000) 
4000x2000x1000  (VX4000) ( . 77). 

 77 –  3D-  VX4000 
Voxeljet
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 Voxeljet 
 (PMMA). 

.

.
,

 3D-  Voxeljet, 
Binder Jetting .

,

.
 ExOne  3D- ,

 Binder Jetting. 
: ;

; .
 ExOne M-Flex ( . 78) 

400x250x250
.

 ExOne S-Print  M-Print ( . 79) 
 800x500x400 .

,  – 
, .

 (2200x1200x700  c 
)  Exerial ( . 76). 

.
 ExOne 

,  420  316L (
),  17–4, , ,

Inconel 625, Inconel 718,  / , - - ,
- , , .

: , , ,
.

, , .

. . 79 
,  Binder 

Jetting  ExOne. 
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 78 – 3D-  ExOne M-Flex. 

 79 – 3D-  ExOne M-Print 

 / 
,

- .
,  Phenix (  2013 .

3D Systems) 

.
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 Phenix System 
PM100, ,

 ( . 80).  3D-
 3D Systems, 

,
.

 80 – 3D-  ExOne Exerial 

 81 – ,
ExOne
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 82 – ,
 Phenix. 

, ,
.

. ,

,
.

2.3.

,
.

.

-
.

, ,
.

, ,
.

,
.
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.
,

- .
,

 ( )
.

,
,

. -

- ,
.

 – .
,

,  – 
,

.
,

 ( - ),
, ,

,  ( . 17, 18). 

, .
, ,

. ,

, .
-

, , ,

.

. -

, ,  – 
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, , .
-

.

 17 

,
, /  3 

,

,
,

 1,85 130 310 1,1 
-9

(18 15 5 3)
7,8 100–300 200 3,5–3,8 

 19,3 50 410 3,3 
 + 5 % 

V
– 250 334 1,8–2,0 

 10 .

,

.

:
;

,  – 

,
,

;
.

-
.

,

.
,

.

: , ;
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,
;

.

 18 

t ., ,
/ 3

,
,

,
,

3650 1,6–2 1687–
3374

110–210 216–
677

5,8–7,6

2300 2,63 2707–
4060

110–160 373–
402

102–142

2300 2,77 2707–
4060

100–160 373–
412

104

2040 3,14 2030 66 169 3 

 1284 1,85 686–
981

38–54 295 125–1500 

 3410 19,3 1657–
3207

9–17 420 51–1270 

– 3,22 13533
–
40600

440–1320 441–
1010

0,51–11

, Al2O3 – 3,96 4021–
23634

110–620 402–
1010

0,51–11

.

. ,
.

,
.
-

, ,
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. , ,
 – ,

.
,

.
 ( ) ,

 – ,
.

 – 
. ,

,
,

.
, , ,

.
,

,
, .

-
- ,

,
.

.
,

.
,  400–450

,
800–900

, ,
.

( )
.  1000–

1050 ° . -

.
-

,
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 50 .
,

.
,

,
.

,
.

.

, .

 ( )
, .

.

 (  10 )
, .

,
, , ,

.

( )
,

.
 (1800–3000 )

 0,1–
15 / ,
( ). 

.
.

,

.
,
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.
.

. :

;
 ( )

, . .
, ,

;

, ;
, . . -

;

.

,
, :

.

,
 (1200–1300 )  Al. 

.
- -  – 

. -

.
,
,

.  – 
, ,

, , ,
.

 (0,1–20 )
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.
-

 (20 ).
, , .

-
- .

 700–800 ,
.

, ,
,

.  ( ) -
 1100–1300 .

- ,
, ,

.  600–700 ,
- .

 – ,
-

.
.

-
, , .

,

.
,

.
,

.

, ,
.

.

,
 ( . 83). 

.

(impeller – , ).
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 83 – :
1 – ; 2 – ; 3 – , 4 – ;

5 – ; 6 – 

 – .

.
,

.
,

.
,

, .
.

.
,

, .
,

,
.
, , ,

.

.

,
, ,
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 ( . 84). 
,

;
,

, , .
, ,

 (  2 %),  –  (0,5 %). 
,

,
- .
,  – 

- .

 84 – 

:
1 – ;

2 – ; 3 – ; 4
– ; 5 – 

;
6 – 

.
 – 

,
. - .

. -

,

.
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, .
-

.
,

. ,
,

 10–20 %. 
,

.
,

.
,

,

.
 Fe/SiC, 

Al/Fe2O3, Al-Si-Mg/SiC, Al50Ti40Si10, WC/Co, Ti5Si3/TiN, Ti-Al/TiC, W-Ni-
Cu,  316L/TiC(TiB2), Al-4.5Cu-3Mg/SiC. 

,
 ( )

. ,

.

 (  – metal-matrix composite), 
-  (Co-WC ).

, - ,
,

,
.

,
 (TiB, SiC, Al2O3  B4C)
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. , ,
 TiB 

. , ,

,
.  TiB  

 (45 
100 )

.

.
:

;

;

,
,

;
,

;
,

,
.

-
,

, ,
. -

:
;

;
;

;
- ;

.
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:

;

.
.

.

, , , ,
.

, . .
.

:
.

.
.

 – 
, , :

,
;

 « » – 
.

,
.

.
,

.

,
,

, , .
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 85 – :
1 – ; 2 – ; 3 – ;
4 – ; 5 – ; 6 – .

: « »,

,  « ».  « »

.  ( )

.

 –  « »
.

, ,
, .

,
, -

.
,

( )
 ( . 86), . .,

 ( ,
. .). 
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.

)                                   ) )

 83 – :
 – ,  – ; - :

1 – ; 2 – ; 3 – ;
4 – ; 5 – ;

6 – ; 7 – 

.

,
- .

, ,
,

.
,

,

-

.  – 
, . .

, ,

 ( ).
,

( ) ,
, ,

-
 ( ).
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- ,
,

.

 (  100 )
.

,

,
.

,
, , .

,
 100 .

,
.
 – 

 ( ,

). ,
,

,
, . . , .

.
 – 

, ,
.

,
,

.

,
, ,

. ,
(

) .



125

,
.

, .

.

,

.
.

,
,

. ,  Fe-FeS, 
 9 . % ,

, , . .
,  1 ,

.
c

 Nb-Si 
,

 ( )  1350 ° .
 Nb-Si 

.
 Nb-Si  Nb5Si3

.

,
.

 71  76 % ( ),
 29  24 % ( ).

 88 % ( )

 Nb-Si 

 1350 ,
 (6,2–7,6 / 3)  20 % 

 ( ).
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-  (US 5741376 
– The United States of America as represented by the Secretary of the Air 
Force, US 5833773, US 5932033, US 5942055, US 6409848 – General 
Electric Company).  Nb-Ti-Cr-Al-Si 

,
 (  Nb-Si) 

 Nb5Si3  Nb3Si,  Cr2(Nb, Ti, Cr) 
 Hf. 

.
,

 Ta, W, Mo, Ge, Fe, Al  Sn 
: ,

.
.

-  (JP 2001–
226734, JP 2003–306736, JP 2004–232013 – Chokoon Zairyo Kenkyusho), 

 1 % .
 Al, Pd, Re, Os, Yr, Pt (JP 2013–028834 – UNIV 

HOKKAIDO). 

,
- -

, :

 Nb-Si 
(Hf, Cr, Al, Zr, Fe, Sn, Cz, Mo, Ta, W, B, Ge, Zn) 

 (Rn, Os, Yr, Pt, Ru, Pd); 

 Nb-Si :
 «

» ;
 « »

,
;
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:

,
;

;
 1500–1600 ° ;

 (Li, Na, Mg, Al, Ga, Cd, Yn, Sn); 

,  – 
, - ;

 Nb-Si :
 Al ( ),

, ;
: Ge, B, Fe, Sn, Al; 

 Ti, Hf, Cr, Al  Cr2M, 
 M – Nb, Ti, Hf; 

.

. ,
, .

.

20  430  1050 .

,

.
, , ,

.

.
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, , , .

:

 1200 ° , , ,
.

.
 SiC/SiC 

 Solar Turbines Incorporated. 
 Honeywell Advanced 

Composites, Inc.  B.F. Goodrich Aerospace. 
 Sic/SiC  Centaur 50S. 

 SiC  Si3N4, 
 SiC, C. 

 SiC /SiC (
 SiC, 

SiC)  (30–50 )
 (  60 % ).

 1600–1650 ° .
,

 SiC /SiC

.
 NASA 

 SiC /SiC
.  SiC 

 Sylramic, 
 BN .

 SiC-
 SiC /BN/SiC ,

,
,  1427 ° .

NASA
 Binder Jetting 

SiC/SiC
 Carborex  Washington Mills AS. 

 Si-TUFF SiC 
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 Adcanced Composite Materials, LLC. 
. 87 

,
.

 84 – ,

 General Electric 

,
,  SiC ( . 88). 

,  LEAP, GE9X. 
,

,

.
,

,
,

 (140–160 
 70 )  (2,3  2,7 / 3).

 35 ,
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 –  20 .
 2,5 ,

 (6250  2550 ).

, ,
, , ,

.

 88 – ,
 (GE Aviation) 

, ,
, .

,
.

:

,
.

,
;

,
;

, .
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;

.
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3

 ( -
, , ,

.)
,

,
.

,
 – 

,
« » ( . ).

 85 – 

3.1

-  ( .
)

 ( . 89). 

.
-

, -

 ( . ).
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.

 CAD- ,  CAD-
 (

)
-

.
 CAD-  ( -

),  ( ) -
.

 – , ,
.

,
« » .

,
« » ,

.
.

, -
.

.
,

.
,

, .

.  « »
( )

.
,

, .
,

, ,
.

, , :
–  ( ,

, , , ,
. .);

–  (
);
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–  ( -
);

– ;
– ;
– ;
– .

« »  « » . ,
 « » ,

,  « »
.

,
, ,

,
.

,
( . 90 :  – 

 « », B –  « »).

.
( , )

.

 86 – 
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, ,
. ,

, , .

 (
).

,
. ( . 91). 

.  « »
,

. .

.
, ,

-
, , ,

. ( . 92).

 87 – ,

,  CAD- .

,  CAD-
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. ,
, -

.
,

.

. ,
,

 100 ,
,

.

 88 – ,

,
, .

,

. : 3ds, 
stl, ascii, max, sat/sab, step, iges.  CAD-

, ,
CATPart  3dxml  CATIA, prt  Creo. 

. ,
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. , 3ds 
,  CAD/CAM/CAE 

- ,
.

,  max. 
 STL, ASCII . .

, .
,

,

,
.

, ,

.
,  CAD-

, .  – 
,

, ,
.

- ,
. ,

 CAD- ,
.

 – ,
,

-  ( . viewers), 
.

 ( ),

, .
, ,  3DXML, 

 Dassault Systemes, 
.

- .
,
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.
 SAT/SAB (ACIS- ), STEP 

 IGES.  SAT/SAB 

,
 ( , CarlZeiss 

DuraMax).
, IGES  STEP -

.

,  (  ASCII 
 STL).  IGES 

 ( ) .

.
.

,  STEP, 
 IGES. 

STEP  1994 .,  IGES ,
5.3 (1996) .  IGES 

,
-

.

3.2

.
( )  ( )

.
,
,

.

( , ),
.

,
:

, ,
.

.  3D 
,
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,
,

( , , ), -
.
. ,

,
 ( . ).

-
.

,
.

. -
, ,

,
,

.
.

.
,

,
.

, , . -
, ,

 (
,

).
, ,

,
.

.

.
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4

4.1

, ,

,
 « ».

,

,
.

,
, ,

:
;
;

.
.

. . 93.

.
,

.
,

.
. 94 .

, , .

,
, .

. 95 ,
.

.

.
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 89 – ,

 90 – ,

 91 – ,
-



142

 92 – 

.
,

. ,
, . 96. 

,
.

. . 98
.

 93 – ,
,
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,
. . 97 

,
.

 97 – 

.
, , . 99. 

,
. . 100 ,

.

.
.

, .
,

.
. 100 

.
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 94 – 

 95 – 
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 96 – 

.
,

, ,
,

.

. , -
, .

,
, .

. ,
.

.
-

 ( . 102). ,
,

.
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 97 –  ATOS 

4.2
 ( - )

- –
, ,

. -
,

,
, .

,

.
 ( , -

 CAM- )
,
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 ( ) ,
,

. -

.
,

,

,
CAD- .

 Cimatron  CATIA 

.
- .

- :
)

.
) .
)  « -

», .
,

 CAD- .
.

 ( , , ),
.

.
 ( . 103, ),

 ( . 103, ).

,
.

- ,
,

,

 CAD- .
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 ( . 104). 
 CAD 

 ( , IGES), 
.  CAD-

( . 105).

 98 – ,

 99 – 
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 100 – 

. ,
,

,
.

,
,

,
 « » .

,
,

, , .
, ,

-
,

.
,

,
Geomagic Wrap 

,
.

,
, .
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,
,

. ,
. . 106 

. ,
,

.
« ».

 101 – 

.
,

.
 ( . 107). 

,
,

.
 « » CAD- 

,  STEP 
 IGES- .

. ,  Geomagic Wrap 
, ,

,
. CAD-

FreeCAD  « » ,
.
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 107 – 
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5

.
. ,

, ,
.

-  ( . ).
,

,
. .

, .
 ( , ,

, ) ,
,

,
.  ( . 108) 

,

,
.

 102 –  DEA 
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,
.

.
.

, .

 CAD- .
 CAD- ,

,
. .

,
.

, ,
.

.
,

,
,

 ( .109).

 103 – ,
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-
.

, ,
 ( ) .

,  (  CAD-
),

.

-  ( . ),
. ,

,
.

,
. .
,

- .
,

:
–  4–8 ,

 16 ;
–
, -

,
: ,

.
-

,  ( ).

5.1

- -
 « -

»,
.

.
: , ,

.
.
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.
,

,
.

.
.

. ,
.

,  5 , ,
 (  110).

 104 – 

:
,

,
.

, ,
:

,
.

 (  DEA Global 
Performance). -

,
.

. ,
, ,

 5 .
.

. ,
, .
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,
.

,
 3,  4 .

,
.

- ,

.
.

.
:

) .
.

.
,

,
.

) .
-

, , .
:

–  2 ;
–  – 3 ;
–  – 3  (  4 

);
–  – 5  (  6:  3 ,

);
–  – 6 ,  3 ,

;
–  –  4 , 2 ; 2 .

:
,  < 

5 .  3 
. ,  4 
. ,

.
,

. -
,
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.
 ( . 111). 

,
< 5 . - ,

.
,

.

: ,
.

 8 .

.
,

.
.

 105 – < 5



158

, -
> 5 .

 5 , , ,
,  8 : 4 

 4 .
 4 ,

.
 8 : 4  4 .

,
> 5 .

 – 16: 8 
 8 .

,
,

.
 16 : 8  8 .

:
– ,  8 

 ( ).
– ,  4 

.
– ,  8 

( ).
–  4 .
–  ( : ).
–  4 , .

,

. :
– ;
– ;
– ;

.

,

. ,
,

.
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.
,

.
,

,

,
.

,
,
. ,

,
, .

,
.

:
) ;
) ;
) .

,
.

 «3 – 2 – 1», 
 «  –  – ».

,
, -

 ( . ).
,

.
, .

.

,
.

5.2

.
 ( . ).

. ,
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.
: ,
, , .

, ,
. , :

– , ,
, ,

 « »,
;

–  – ,
;

–  – 
.

. -
,

.
.

/ . -
,

.
, ,

.
.

,
,  6 

 ( ).
.  6  –  3 ,

 3 , ,
, .

,  3D-
.

.
. -

.
.

,
 ( ) .
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:

,
.

 ( ,
).

/ .

. ,

.
 CAD-

( )
,

.  CAD- 
,

.

, ,
.

,
.

.

.

, -

.

,
.
. -

.
.

 ( .112)
- .
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 106 – 
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6

 «best-in-class»  – 
 – (Simulation & Optimization) – Driven Bionic 

Design.
 – 

, ,
,

 «best-in-class»  ( , ,
. .) ,

.

 (Computer-Aided Optimization, CAO) 

,
.

,
,

,
.

 3D-
.

 – 
, ,

.

, ,
, ,

.
 – 

,
, , , ,

. – :

- , . .
;
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( )
,

 ( , );

,
;

,

, ,
,

.

.

6.1

,
. . . ,

.
, ,

 XX .
 70–80-

XX .

.
,

,
( ). , ,

.

. ,
,

,
, .

,
,

 ( )
,



165

,
.

 CAD (Computer-Aided Design), CAE 
(Computer – Aided Engineering), CAO (Computer-Aided Optimization) 

,  CAM (Computer-Aided Manufacturing) . CAD 

. CAE 

,
,
. CAO ,

,
. CAM 

. ,

.
,

, , ,
,

,
 CAD/CAE/CAO 

.
,  CAD/CAE/CAO ,

, , , ,
 « » (  113). 

 107 – 

, -
,

, ,
. ,

,  CAD ,
.

.  CAE ,

, , ,
,
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. - ,
, ,

.
,

.

(Simulation & Optimization Driven Design), 

( . 114). 

 108 – 

,

 ( )
,

(CAD/CAE/CAO), ,

.
 (CAE),  (CAO). 

-
, , ,

. , ,
,

,
- .

, ,

 (
 CAM ). ,

,
,

, .
, .

,
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,
.

 « »,
,

. ,  2011 
. . ,

 ( ). 

,
,

 CAD, CAE  CAM – .
,

,
, ,

.

PDM (Product Data Management) , ,
, , ,

 CAD 
.

, ,
.

,
, ,

, .
 – ,

, -
 « »

 (  115). 

 115 – 
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, ,
 ( . 116). 

 110 – 

 ( . 17) – 

 « ».

 111 – 

 ( . 118), 
,

.

 112 – 
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 (truss structures) ( . 119) 
,

,
.

 113 – 

, ,
, .

. ,
.

,
.

,
 – ,

,
.

( , ) .
,

 (  Response Surface Methods, 
RSM), ,

. .
.

.
,

 CAE ,
.

 – 

,
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(CAE ),  ANSYS, ABAQUS, LS-DYNA, NASTRAN .

 ( , . .)
, -

.

 ( ,
) ,

.
,  CAE ,

,
, ,

.

,
,

.

6.2

6.2.1
,  – 

, ,

(  150). 
 ( ) ,
.

 114 – .
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,
 (  8), 

:

 – , F – ,
 S2,  – .

– ,  – ,  – 
, 4  –  ( ),  – 

 S2,  – .

:

:

:

.
:

.

.
:
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:

6.2.2
,

,
.  = ,

 –  = 0. ,
 – ,

, . -

. ,
,

.

,

(  121). 

 115 – 
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,

.
 – 

.

 “ ”/ “ ”,
,

.
. ,

,
,

 – 
.

,

.

6.2.3

(Optimality Criteria). 

, ,
,
. ,

 (
). ,

,
. ,

, , , -
, -  ( . 122): 
, ,

,  – 
, , , – 

,
:



174

 k, 
:

 116 – 
 (

)

 k, 

.
,

, ,  ( ,  > 1), ,
.

, .
,

. , ,
 – ,

.
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,

. +1
, ,

,
.  V  + 1 

, .
, ,

,
, , .

, ,
.

, , 0.5  0.2, .
 " "

« » (Fully Stress Design, FSD), 

.
, ,  Optimality Criteria 

,
= pmin  = 1. 

,
, ,

. ,

: , . .
,

.

.
.

6.2.4 : ESO, AESO BESO 
 (Evolutionary 

Structural Optimization, ESO)  1992 ., 1993 .
 – 

 (Hard Kill). 
,

.
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(Additive Evolutionary Structural Optimization, AESO), ,
, . . ,

 – . ,
, .  ESO, 

,
 AESO, ,

.
 (Bi-

directional evolutionary structural optimization, BESO) – 
 1998 ,  ESO  AESO. 

,  BESO  « »
, , ,

.

,
.  BESO,  2009 

, .
 SIMP .

 SIMP,  BESO 
:

, ,  BESO 
, ,

,  = pmin 
(Soft Kill). 

 BESO 
,  Optimality Criteria, ,  BESO 

. ,
 we 

:
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,
 1  pmj, n, 

, ,  1. 
,

 Optimality Criteria, 
.

, , ,
 Optimality Criteria  MMA. , ,

Optimality Criteria – 
,

,
.

6.2.5

. ,

,
.

,

.

, ,
.

 – ,
.

. 123. 
 –  (

,  A  B, 
).  – 

,  – . ^ – 
,  – ,

,  – ,
. ,

:
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 117 – 

 –  ( ,

).
.

. ,
CAD- ,

( . 124), .
,

 CAD , ,
- ,

.
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 118 – 

b
,

.

, ,
,

( ).

. ,
-

.
- , ,

- ,
.
,

, ,
,

 –  ( - ).
,
-

.

.
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,
,

. ,
-

.
, ,

,
, , . ,

, ,
,

,
,

, .

-
.

-

. ,
,

, . . ,
, ,

.
, , ,

- .
 1990 ,

 – 
. ,

 CAO, -

. ,
.

, ,
 (

Optimality Criteria ).

- ,
, ,
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, DS Simulia Tosca Structure. 

6.3

 – 

.

 Xj 
. ,

,
, , (  SIMP 

),
. , ,

 ( ),
, , ,

- .
, ,

. ,
.

, ,
,

,
.
:

, ,

( ,
),

. ,
,

, ,
.

.
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: ,
.

6.4

 – ,

.
,

,
,

. ,
,

 ( ,
), .

,
-

.
,

 (Gradient Descend), ,
 (SQP), 

 (MMA, 
) .

:

. , -
 ( ,

),
.

( . 126) ( , ),

 ( . 125). 
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. 125: 

 119 – 

 (Sequential Quadratic Programming, 
SQP).

,
,

,
. , ,

.

 120 – 
( )  ( )

, ,
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6.5

, ,
,  ( ,

, ),  – 
.

, ,  (
, – ).

 ( ) – 
,

, , .
,

, ,
. ,

, , ,
,

, .
 ( . 127) 

.

.

.

 121 – 

-
, ,

, .
,

 (
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 – ). ,
 – ,

:
,  ( . 128). 

- , ,
, ,

, .
,

.
- . ,

 Esteco 
modeFrontier,

-  SIMPLEX. 
-

, ,
.

 n+1  n-
.

 122 – 

. – .:
 – ;  – ;

 – 
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6.6.

 – 
,

. , ,
: , ,

, .

. : ,
,

.
:

, , ,
,  – 

.  – 
, , ,

,
.

, ,

, , .

 MOGA (Multi Objective Genetic 
Algorithm),
modeFrontier.

ft(i = 1… ), .
. .

:
 ( , ) ,

, fi(x) >ft(x*) i = 1… fj(x")
>fj(x *')  j. 

 MOGA,  modeFrontier – 
MOGA II :

 MOGA-II 
 N.  ( )

 ( =0).
' = PUE. ' ,

'
.

' – ",
 MOGA.  « »
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 ", . . ,
, '. 

"
.

.  N, 
.

,  2, ''
.

,
.

6.7. ,

6.7.1  CAD 
 CAD (Computer Aided Design) , ,

- ,
 ( )

. ,  CAD 
 –  Siemens NX, DS SolidWorks, PTC Creo, .

,
,  – 

.
, -

, ,
, .

, .
CAD

 2D  3D 

6.7.2  CAE 
 CAE (Computer Aided Engineering)  – 

.
 ANSYS, DS Simulia Abaqus, LS-Dyna, MSC Nastran, 

Siemens NX Nastran 

.  – -
 (  2D  3D ),

, , ,
.
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,  MSC Adams, 
,

.
 CAE-

. ,  ANSYS CFX 

. LS-DYNA 
 SPH .

CAE-
,

, ,
.

6.7.3  CAO 
CAO (Computer aided optimization) 

.
 CAE ,

,
.

CAO ,
, Esteco modeFrontier, Noesis Optimus, Datadvance pSeven, Altair 

HyperStudy, , Altair Optistruct, 
DS Simulia Tosca. 

,
.

, , ,
 CAE  CAE 

.

 (
 30). 

 (
) ,

.
 DS Simulia Tosca 

Structure  ANSYS, ABAQUS, MSC NASTRAN 
,  Altair Optistruct.  Altair 
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Optistruct

 CAE – .
CAO ,

,
,

, .

,
 ( , , . .).

6.7.4  PDM 
PDM (Product Data Management) 

.  PDM 
 TeamCenter (Siemens), Enovia (Dassault 

Systems), Windchill (PTC). 
,

 CAD 
.

,
.

,
. ,

.
, ,

,
.

6.8.

-
 ANSYS . ,

 ( -
) ,

 « ».

,  ( . 129) 
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 123 – 

,  (
, )

,

( )
.

 ( ).
 SIMP 

:

, ,

.
,

.
6.8.1
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.  – 
-

 – ,
.  – ,

, .
,
,

.
,

 Laplacian Smoothing, 
.

:
- ,

,

 Laplacian Smoothing 
 Laplacian Smoothing, 

. 130. 
, -

,
, -

, ,
,

.
,

 Laplacian 
Smoothing.
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 124 –  Laplacian Smoothing 
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 125 – 

,
 CAD ,

 CAE  (
,

). CAO 
, ,

. ,
.
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, ,
CAO .

 132. 

 126 – 

.
.

, ,
.

.
,

, .
.

 – 
 (

).
,  – ,

, .
,

 ( , ),  – 
 ( ,

).
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,
 – , , ,

. ,
-

.
 – 

.
,

.

,
. ,

,
,

. ,

.
, ,

. ,
,

. ,
, - , , ,

, .

 ( , ),
,

.
,

, ,
.

.
.
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,

,
.

, ,
,

. ,

. , ,
,

.
,

.
,

,
 CAO .

,
, .

,
,

.
.

,

.
,

,
.

 ( , , ),
. ,

.
 (CAO- ),

.
,

,

-
, .

,
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.

 (CAE – )
. ,

, ,  (
)

.
,

 ( ),

.
,

,
,

,
.

,

, .

 ( , )
.

 30 % ,
.

, ,
,

,

.
, ,

,
.

.
.

 – , ,
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, ,
 ( )

,
.
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 7 

 ( . 133). 

 6- ,
 « ».

 Quick-Cast (
 SLA-

)
 ( . 134). 

 127 – 

 128 – 
.

,
 – 

. ,
:  « »  – 

. , ,
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,
. .

 « » ,
,

:
 (1 ); +  (1 

);  (1 ); : 3–4 
- .

,
. , ,

« »
.

7.1

Additive Fabrication (AF)  Additive Manufacturing (AM) – 
,

, . . « »»,  (

« » (subtractive), ).
 Rapid Prototyping (

RP- ) – ,
, . ,

 Rapid Prototyping 
AF- , « »

. AF-  – 
, ,

.
 AF- ,  RP- ,
,  – , , -
. .

:
, , ,  – 

.
,

, . .
CAD- .  AF-

 (  – 
)  « »

, ,
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D/ / - .
« » ,

.
 AF- ,

.
.  AF-

,
, « » ,

.
.

, ,
,

.

« »

(  «spray forming» .).
AF-

XXI- . , ,
,

, ,
 « » .

.
« »

CAD/CAM/CAE- ,
, ,

 « »
 – 

CAD- , ,
,

.  « »
,

 « » ,
,
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, - , ,
,

.

 ( )
« - », 

, ,
. , , ,

. ,

,
,

« », .
,

,
AF-

, ,
.

7.2

,  AF-
. AF-

:
1) ;
2) - ;
3) .

7.2.1. -
 ( ) :

1)  (
);

2) , ,
Quick-cast

 MJ (Multi Jet) 
;

1. -

.

,
.

 AF- ,
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 SLS – Selective Laser Sintering – 
 ( . 135). 

,

. .

 129 – SLS  SinterStationPro 

 – 
 50–150 ,

,
 ( ).  « » ,

« »  CAD-  « »,
, .

,
 (

 120 ° ).  0,1–0,2 
,

, .
,

.
 ( . 136). 

 130 – 
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 – ,
.

 3D Systems  EOS 
 –  550x550x750 

( , ,
,

, ).
:

 ( , .)
 0,6 ,

1,5  ( . 137). 

 ( . 138). 
,

.  – « »,
 – « ».

.
.

:  ( ), 
, ,

,
,

,
. ,

,
.

 131 –  (
) ,

.
 – 

:
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, ,
. . ,

, ,
,  – ,

.

. ,
, , ,

, .

 132 – 

 (
, )

 – .
 80 °

 (
,

).

. ,
, . ,

. ,
.

,
, ,

 « »
.
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,  «
»  SLS- ,

, ,
 SLS- , ,

,
. , ,

.
 SLS- , ,

,  « » ,
.

 SLS-

 ( . 139). 
,

 « » .

. , ,
.

.

 133 – 

.
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,  – 
.  « »

.
, ,

;
 2 .

- .
,

,
.

 ( , , ).

:  SLA-  (
Steriolithography Laser Apparatus),  – 

,  « »
–

.
« »

,  « » .

 – 
.

.
, .

,
.

,  « » , ,
,  Objet Geometry  Envisiontec, 

,
.

 AF- . ,
, ,

. ,
,

:
,  –  « »

.
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 3D Systems – 
.  1986 .

 SLA-250  250x250x250 .
 SLA-

( 2).
,  SLS- , .  « »

 CAD-
. ,

,

,  « » .
, ,

 ( )
,

, .
.

, ,
.

-
( . 140). 

, « » ,
.

,
 30 ,

. ,

, ,

( , ).
:

1) ;
2) -  (

,
);

3) - , ;

, , .
.
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 134 – SLA-  « »,

, , ,
,

.
 Quick-Cast- , . .

« » ( . 141). 

 135 – Quick-cast ,
 (Al) 

Quick-cast ,
 (AI). 

,
.

, ,
. .  Quick-Cast 

:
,

. : -
, ,  70 % , ,

,
. - ,

,
.

 « » , ,
.
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Quck-Cast- .
,  SLA- , ,

 SLS – , ,
, ,  « ».

, ,

 ( . 142). 
-

 SLA – .

 136 – CAD- , SLA-
 « »

 – 
, , ,

, ,
, .  SLA-

,

, ,
,  ( . 143). 

, , ,
– .

.
.

, 0,1–0,05 
 « » , ,

.
 Quck-

Cast ,
,

.
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 137 – SLA-

.
 SLA-

 3D Systems, 
,  250x250x250 

1500x570x500  ( . 144, . 19). 

www.3dsystems.com.

 138 –  iPro8000  SLA-

 iPro 
8000,

.
 19 

 SLA –  iPro 8000 

, ,
.

, ,
,

650x750x550 0,05…0,15 75 2220x1260x2280 1590 

, , , ,
.

,
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. , ,
D- ,

,  Quick-Cast- 
 – . , , -

.
 – 200…300 €, 

.
,

,  4–7 .
 0,1… 0,2 .

 DLP 

 Envisiontec,  AF- ,
 2003 .  Envisiontec 

 Perfactory  DLP – 
Digital Light Procession. 

 « » ,

.

 – 3…5 . ,
SLA-  « » ,

 Envisiontec – « », . .
.

 –  25 
 0,05 .  – ,

 – .

 139 –  Envisiontec ,
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 Envisiontec ,  SLA-  – 
.

,  SLA-
( . 145). 

,  3D Systems, ,
,  – 0,6 %, 

. ,
,

,  (
) .

 Envisiontec 
, ,  RP- .

,
, .

,
.

 DLP 
.  (

- ) ,
 –  32 

 100  1,5  5 .
 SLA-  Viper (3D Systems.) 

 5,5 –  16- .

Perfactory EXEDE 

 Extrim  EXEDE ( . 146).  ( .20)
,  AF-

-
,

- ,
.  Extrim 

 1400 1050 , EXEDE – 
.

.
Extrim EXEDE ,

,  11 ,
,
. ,

. -
 – ,
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 – .

 140 –  EXEDE 

 20 
 Envisiontec  Perfactory 

, , ,
,

Standart
Zoom
Standart UV 

120x90x230
190x142x230
175x131x230

0,025…0,150 480x730x1350 70 

Extrim 320x240x430 0,025…0,150 810x730x2200 480 
EXEDE 457x431x508 0,025…0,150 810x840x2200 520 

- ,
, -  (  150 ° ), 

,

.
 MJM (Multi Jet Modeling) 

- .
,

 – ,
 (  50 % ).

.
,

.
ProJet CP 3000  ProJet CPX 3000 
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-
 ( . 147). 

 – « »  (xyz) 
328 328 700
298x185x203 ,  « » Definition) 
656 656 1600  127x178x152 

.

 141 –  ProJet 

 – .

.
,

.
 VisiJet® 200  VisiJet® S200 

-  0,38  0,4 ,
.  10 

.

 142 –  ( ),
-
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 « »  36 ,
« »  – 16 .  (

, ) 0,025–0,05 
.

 1 ,  0,8 .
 ( . 148). 

 –  300 $/ . ,
 – 

, ,

( , ).

7.3 - -

 – 
- ,

, .

.
.

-  ( . 149)  SLA- 
DPL- ,

.
,

- , ,  3D 
ProJet  Objet. 

-
« », , ,

.
.

, ,

. (  « » – 
,

). 
-

.  – ,
,

,
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.

 ( ),  –  ( ),
 ( ),  ( )

 143 – -

.
 20–40 . .

, ,
 ( - )

:
 35 ° , , – ,

 70 ° ;

.
,

.

. ,
,

, .
 – 50–100 ,

.
-

,
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, .
,

- ,
.

, ,
 AF-

-
 ( . 150 . 21). 

 21 

 144 –  MTT 

 1000 (  Technologies) ( . 151)  
 10 .

, , .
, ,

 3–20 . ,
 ( . 152): 

 4/04  

,  1930x1510x900 

, ,  750x900x750 

,  3/  2,2/2,0  5,5/6,0 
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1) ;
2)

;
3)  (

);
4)

);
5) ;

 « »
 (  2 ).  1200 ° .

: , ,
, , ,

.
,

,
.

 145 –  1000 

,  Rz 20–40.  
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 146 – 

 ( , ALD, ProfiCast, TopCast)  (MK-
Technology, MTT-Technologies, ProfiCast .)

-  AF – 
.

,
,

,
 AF- .

.
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,  ProfiCast  SGA 
3500

.
 ( )  3,5 .

, ,

.
,  – 

, .
500 . ,  1750 ° .

.
 “Cyclon”  MK-Technology. 

, - . . ,
 ( . 154). 

,
.

 147 –  SGA 3500 
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.
, ,
 « » – ,

,
.

 “Cyclon” 
 ( . 155). 

. :
 10–20 

;
 25 %; 

; .
500x500x500 ,  15 .  4600x1450x3750 .

 – Booster (MK-
Technology),

. Booster 
.

 800x800x1000 ,
 1900x3500x1850 ,  1600 .

 148 –  “Cyclon” 
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 149 – “Cyclon”

7.4

 – 
AF- .

, , ,
- . , ,

 « »

,
. .

.
,

,  CAD-  CAD 
– .

AF- :
1)

(  EOS); 
2)  Inkjet-

(ProMetal).
 – 

SLS- , ,
 ( )

.
 « - » (  – « »),

.
,
, .

 (
 300–350 ° )  ( . 157). 

 MJM- ,
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,
.  ( )

 0,2–
0,4  SLS- .

 ( . 158). 

 150 – CAD 

 151 –  (ProMetal), 
 ( )

 152 –  SLS-

,
 CAD- .

.
CAD- ;

;
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,  CAD- ,
 CAD- ,

;
 ( )  – ,

 CAD – ;

AF- ;  – « »
;

;
 stl – .  – ,
 AF- ,

.
: ,

, . .  – 
 ( . 159). 

, .  ProMetal 

, .  ProMetal S-
MAX  1500x750x700 ,

 800 ,  0,2–0,4 
 12…28 / ,

 40 .
.  – 

 140 .

. -

 ( )

 153 – 
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,
. -

,  1 . .
 EOS S 700  SLS-  ( . 160). 

,  « »,
 1 .

720x380x380 ,  0,2 ,  0,3 
(  720 ).  1420x1400x2150 .

.  2500 3  ( :
ProMetal – 7500 3/ ). ,

,

. ,
 (EOS) 

 ( . 161). ,

.
, ,

.

 154 –   EOS S700 
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 155 – 

7.5

 AF-
, , -

 ( . 162). 
 Direct Manufacturing  Direct Metal Fabrication. 

 « », 
.

 156 – AF  Realiser SLM 250 

–  ( , )  Inkjet, 
,

 (  3D- ). ,
 3D Systems, 

 « - »,
( ) .

 (EOS, Arcam, MTT Technologies, ConceptLaser, Realizer 
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.)

: , -
, - , , .

, -

,
. , AF-

,
, ,

- .

, ,
 – ,

,
 ( , ) ( .

163, 164). 

 157 – 
 (3D Systems) 

 158 –  EOS EOSINT M 270 



229

7.6 ,

,
, -

. , ,  Spray 
forming. ,

, ,
, ,
,

,  – ,
:

,  spray forming  AF-
( . 165). 

 159 – 
 (3D Systems) 

Spray forming – 

 ( ) ,  1970 . Singer 
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(Swansea University, ).
 « »

 ( ) .

,  (
10–100 ) ,

. ,
, ,  spray forming, 

- .
 «Spray forming» 

.
, ,

 AL-Si 
 ( . 166). 

,
, , - ,

 (CuSn), 
 (CuMnNi, CuAIFe) -

.

 –  20 %, 
,

.
,

 « »
.

 (HIP) 
 – .

 160 – ,  Spray 
forming 
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,  « »
-  – 

,
 – 

,
,  – 

 « »  « ».
 spay forming 

 (
),

( ) .

 Spray forming 
 ( ).

.  CAD-
,  SLA- , -

- .
RIM- ,

- ,
Sprayforming- ,

.  « »
.  (

)
. -

.
 RSP Tooling (RSP – Rapid Solidification Process, 

www.rsptooling.com, )

Spray forming.  RSP 
 ( ).

( )
,

.  70 % 
« » ,

 30 – . ,
 ( )  ( . 167). 

,
,

. ,
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 « » ( . 167). ,
,

, ,
- .

-
 « »

: -
( . 168). 

 161 –  Spray forming 

 162 – RSP 
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 RSP 
 180x180x100 .  3–4 

. ,
 2–4 .

.
,

,
.

,
.

 Al-Zn-Cu-Mg 
,

,
, .  spray forming 
.  7 , ,

,
.  Al-Li 

, . ,
 spray forming 

, ,
,

.
 4 % ,  2,4 / 3

 30 % ,
.  Al-Cu-Mg-X 

 ( . 169). 

,
.

(MMC, metal matrix composite), 
 15 % ,

.

 spray forming. 
 Al-Si  70 % ,

-

 ( . 170). 
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 163 – ,
 «Spray forming» 

 ( ),

,

, .
 «Spray forming» 

 Sandvik Osprey ( , www.smt.sandvik.-
com),

,
 ALD, ,

 164 –  «Spray forming» 
, (  80  Al) 



235

-
.

 General 
Electric, Teledyne Allvac (www.allvac.com),  Sprayform 
Technologies International –  Pratt & Whitney 
Howmet, -  ( )

 1400 .

 Spray forming 
: U.S. Navy Labs, Pennsylvania State University, University of 

California at Irvine ( ), Applied Research Labs, Advanced Institute of 
Science and Technology (. ), National Cheng Kung University 
( ), IPEN ( ), Oxford University Centre for Advanced 
Materials and Composites ( ), Inner Mongolia Metals 
Institute ( ), Bremen University ( ), Katholieke Universiteit 
Leuven ( ).

 spray forming 
 3000 /  Al-Si. 

Spray Steel  4000 /
, , ,  BOHLER – UDDEHOLM 

AG ( ) .

, ,
 – 

. , , ,
 – ,

 085 
 300 , .

 90 
 (

,
) ( . 171). « »

. ,
,

,
.  « »

 – , ,
, ,

.
.
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, ,
, ,

.  spray forming 
.

 165 – 

, .

 – , , .
 – 

,
 spray forming. 

 ( ) – 
 ( , atomization – )

. ,

, , ,
,

,

.
( ), ,  spray 
forming- .

 ( , ) .
,
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-
,

,
 « » ,

 AF-
.

-  Hermiga 100/10 VI (Phoenix 
Scientific Industries Ltd., ) – , -

 ( )
,

 spray forming. 

,

,
. .,

.
 – 2100x3200x2400 ,

 2500 ,
, .

 « »  ( )
,  (

, ) .
.

 103  106 / .  Hermiga 100/10 VI 
 10,0 .

 10  100 .
.

,
.

.  – 
.

 PSI  Hermiga 75/5 VI, Hermiga 100/25VI 
( ), Hermiga 100/50V21, Hermiga 120/100 V21, 
Hermiga 100/200 V21 ( ),

, , 5, 25, 50, 100  200 
 – 

.
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 166 – -  Hermiga 

, , ,

,
 « » .

,

,

,
,

, - -

.
 ( , ,

. .) ,
.

,  3- ,
 CAD-  ( . 173). 

. ,
,
.

 200  (0,2 ),
,

,
. .

Universal  Tomoscope ,
- -
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.
 IQ – 225 /0.01–3.0 .

 167 – 

 60 – 450 /2.0–9.0 .
 65 ,  –  650 ,  – 

635 .
.

 1 ,  10 .

,
.

,

.

: Nikon ( ), General Electric (
Phoenix), Carl Zeiss, Werth, Matrix Technologies ( )

 (80–120 . )  CTportable (Fraunhofer EZRT), 
 SHR (Shake GmbH)  50–160 .

,
VGStudui  2.1  Volume Graphics. 

CAD- , , -
 (

).
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8

, ,

,
, ,

, ,
.

,
.

. ,
,

.

,
:

1.
.

2. .
3. .

-
 SIAMS 700. 

-
 SIAMS 700  75. 

 SIAMS 700 
« ».

 SIAMS700 
.

:
1.
2.
3.
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SIMAGIS
4.  SIAMS Visual Station, 

5.

:
1)
2) ,

3) - ,

4)

 168 –  SIAMS 700 

 SIAMS 700 

,
:

1.
 On-Line; 

2.
;

3.  « »
;

4. ;
5.

6. .
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. .

 «  «SIAMS Photolab» 
. 76. 

 SIMAGIS 
, .

 169 – «SIAMS Photolab»

1.
, .

2.  tif, 
tiff, jpg, jpeg, png, bmp, img. 

3.
.

4. .
5. : ,

,
6. ,

: ,
, , , ,

.
7.

.
8.  – 

.
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9.  « » – 

.
10.  MS Word. 

 MS EXCEL. 
11.

.
 «SIAMS StatBook» ( . 176). 

.
 «SIAMS StatBook» 

 SIAMS .
 «  «SIAMS Apps».

 «SIAMS Apps» ,

, . «SIAMS Apps» 
,

.
, ,

, .
 « -

»
:

1.
.

2.
( ).

3.
.

4.
.

5.
.

6.
.

7.
.

 «SIAMS VideoPanorama». 

.
.

.
: https://goo.gl/4cpzWi. 
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 «SIAMS AutoScan».

.
 «SIAMS Video».

,
,

.  «SIAMS Video» ,
,

,
 «SIAMS Apps». 

, ,
,

.
 SIAMS 700. -

, , , ,
.

, ,
.  SIAMS 700 :

1)  ( );
2)  ( );
3)

 ( ).
.

 – 
,

.
,

. . 178. 
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 176 – 

«  SIAMS 700» 
:

1.
.

2.
,

,

.
3.

.
4.

.
.

5. ,

.
6. ,

.
7. ,

, .
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8.  «SIAMS VideoPanorama», 
«SIAMS StatBook», « ».

.
:

1. .
2.

.
3. ,

.
4. , ,

.
5.  «SIAMS StatBook», «SIAMS 

VideoPanorama», «SIAMS Apps», «SIAMS AutoScan». 
. 177. 

 177 –  «
 SIAMS 700» 

,
.

.
, , -

 ( . 178). 
:

1.
.
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2. .
3. .
4.

.
5. .
6.

.
7.  «SIAMS StatBook», «SIAMS Apps».

. 180. 

 178 –  «
»

 3.0 

-3.0
-

.
,

 12 ;  +20  +2000 °
 +20  –180 ° .

- .
 3.0 . 179.

 0,1 .

.
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-3.0 :
1. ;
2. ;
3. ;
4. ;
5. .

 170 –  3.0 

.

Crystallographica Search-Match (Oxford) 
:

1.  ( );
2. 2

;
3.  (0–100 %) ;

:
1.

PDFWIN 2,0,  120 ;
2. Crystallographica

Search-Match ,
.,

,
.

 180. 
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 171 –  «Crystallographica Search-
Match»

.

,  ( ,
),  ( , ,

, ).

( , ,
, )

,

-3 .
 ( . 82) – 

-1, ,
, ,

.
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 172 – -1

,
.

-3
,

.
,

, . -
-3  TV 

.

-3 :
1.
2. -1

 – SimpleIM.
. 182.

:
1) ;
2) ;
3)

;
4)

;
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5)
;

6)
;

7)
;

8)
;

9)
.

 173 –  SimpleIM 

STM-
, .

 NEXSYS.  «
»

 NEXSYS ImageExpert™, 
-

.
, - ,

, ,
.

NEXSYS ImageExpert™ Pro 3.
.

.
.

, ,
- ,
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, .

,
.

.
 Microsoft Word. 

 183. 

 174 – NEXSYS ImageExpert™ Pro 3

 NEXSYS ImageExpert™ Sample 2 

.
,

,
,

.
Microsoft Word, , ,

, ,
,  ( . 184). 

, ,
,

.  186. 
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 175 – NEXSYS ImageExpert™ Sample 2

EXSYS ImageExpert™ MicroHardness 2 

ImageExpert™

, -
.

. -

.
 9450–76 «

»
.  185. 

 176 – NEXSYSImageExpert™ MicroHardness 2
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 NEXSYS ImageExpert™ Gauge 

, ,

.
, ,

. ,
 « » ,

.

.
: bmp, jpg, gif, tif, pcx, pcd, psd. 

.
, ;

;
; ,

.
 186. 

 177 –  NEXSYS® ImageExpert™ 

 SW Complex Analysis. 
SW Complex Analysis

,

.
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.
:

1. :
;

2. ,
:

;
3.

;
4.  (

) , ;
5. :

.
,

,
, ,

 3D ,
 (

) .

.

.
 187. 

 178 –  SWComplexAnalysis 
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 «Thixomet® Pro». 

 «Thixomet® Pro» 
-

.
.

.

:  5639–82,  21073–75, ASTM E1382, ASTM E112, 
DIN 50 601. 

,
, .

-
,

. (188). 

 179 – 

 ASTM E1245,  1778–70, DIN 50602. 

:
, .

 « - ».
,

,



257

.
 191. 

 180 – 

.
 « »  «

» .

.
 « - »,

.
,

.
 190. 

 181 – 
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-  – ,
.

, ,
.

. 191. 

 182 – 

,
.
,

.
. 192. 

 183 – 
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,
.

. ,
.

 « »
,

 5640–68,  « - ». 

.

.
.

. 193. 

 184 – 

,  « -
» .

,
.

 « - »
,

 5639. 

. . 194. 
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 185 – 

 ms office. ,
, ,

,

 MS OFFICE 
.
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9  ( )

, , ,

. ,

,
.

 – 
 – 

,
, ,

. , ,

?
?

?
?

-
, .

 186 – 
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 best-in-class 
.

 187 – 

, ,
,

,
.

,
 ( , -

, ), , ,
.

 – 
.

, , ,

, ,

,
 (Computer-Aided Optimization, CAO) – -

, , ,
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. – ,
 (3D) 

.

, , ,
,

 Simulation & Optimization Driven Design. 
,

,
 – 

.
,

- .

,  (
 Simulation & Optimization Driven Design) 

 best-in-class 
 –  (Simulation & Optimization Driven 

Bionic Design), 
, .

 

:

;
,

;
.

,
,

,
, .

,
, , ,

.
 ,

, .
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,
.

 – 
, ,

.
.

 188 – ,

.

.

, ,
.

,
,

 (  " ”).
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 CAD/CAE-
.

 ( )
,

.

,
,

 ( . 198). ,

.

 198 –  –

, ,

 CAD/CAE – .
,

 – 

.
.
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.

,
.

.

, .
, .

:
,

« » ,
;

 (
)

( . 199); 
,

.
,

 ( ,
, ).

.
,
,

.
-

,
,

.
, ,

 – 
, ,

.
,

 CAD/CAE/CAM/PLM-
, , ,

. ,
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 CAD/CAE / CAM – 
.

 

, .

 – Siemens PLM Software, Dassault 
Systemes, ANSYS, MSC Software . ( . 200). 

, .

 199 – 

,
,

.

, ,
,

 Autodesk Netfabb. 

.
,

,

,
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,  CAD – .
, ,

, .

 200 – 

 – 
 – 

 Materialise. 

.
,

.
 OptiStruct,  Altair 

( ).
 s lid hinking Inspire, 

 Altair, 
 Tosca Structure  Tosca Fluid 

 Dassault Systemes ( ),
 Optimus  Noesis Solutions ( ),

 m d Fr nti r  ESTECO 
( ) .

,
,



269

.
 – « » – 

,
, – 

,
5–10 % .

.
,

 – 

. ,

,
 ( )

.
 – 

, ,
, , ,

, ,
,

.
.

 189 – 
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,
.

 – ,
,

,
.

,
. , ,

.

?
?

 – 

? .

, . , ,

-
.

 202 – 
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,
, .

.
( - )

. ,
, .

( ).
,

,
, , .

,
,

, .

, . ,
-

,  ( . 203). 

.
 – 

,  CAD, 
,

.
,

. ,
,

CAD-

, , .
, ,

,
. -

, -
 2–3 .

.
,

.
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,
.

 ( ,
).

 190 –  « »

 (
). ,

,
, ,

-
,
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