
 01.04.17 – , . 

 2005



2

. . . 

:

, 

. .

:

, . .

, 

. .

, 

. .

: 

 “14”  2005 .  10-00

.002.092.01 

: 142432,

, , . , . , .

8, .

 “6”  2005 .

                                . .



3

. -

 ( ). 

.  ( TM)

 ( ), 

, , 
, . 

,  ( ) 
 ( ) 

.

 ( ,
 ( ) .) 

 – 
.

,

, , .), 

. ,  ( ) 
, 

, , , 
, , .

 ( ) 
. ,

, 
, .

 - CAD/CAE,
, 

 ( )  (
),  ( , ,

), . 
 ( ) 

 (MEMS devices) – , , ,
, ., 

.  MEMS 

 - . 
 ( )

, 
 - , .

 ( ). 
: 

 ( ) ;



4

, , 
 ( ) 

 ( , ); 
; 

; 
; -

 MEMS , 
 ( , , 

)  ( ),
.

,  (
) 

.
1. 

, 
, 

. 
, 

, 
.

2. ,

.
3. 

, ; 
;
;

 - 
 ( ) .

4. , 
 -  (

) , 

, .
5. , 
 -  ( )  ( ) 

.  (
 - ;  - 

) 
 (  - ), 

, .
6. 

: 
 Ni - Ti, Ni - Al, Ti - Al; 

 TiO2 - ZrO2 - PbO, Al(Al2O3) - Zr(ZrO2); 



5

 -  BaO2 -  Fe2O3 - Cr2O3 - Fe, Li2CO3 -
Fe2O3 - Cr2O3 - Fe.

7. 

.
. . .

, 

  , 
. - 

 “ ” .
 –  ( ),

 ( ) 
. 

, 
: ; 

;  -  ( ) 
; ,  (

 ( A)).

,
; 

; 
;  - 

 ( ) .
, :

1. 
, 

, 
.

2. , 
, ; 

; 
; 
 ( ) .

3.  -  (
) , 

, .
4. . 

 (  - ; 
 - ) 

 (  - ),

,
.

5. 
:  Ni - Ti, Ni

- Al, Ti - Al;  TiO2 - ZrO2 - PbO, Al(Al2O3)  -



6

Zr(ZrO2);  -
 BaO2 - Fe2O3 - Cr2O3 - Fe, Li2CO3 - Fe2O3 - Cr2O3 - Fe.

6. 

.

, 
, .

.
. 

, 
, 

.
.

, , :
the 12th International Congress "Laser'95" (19-23 June 1995, Munich, Germany); the
International Conference on Laser and Electro-Optic "CLEO'96" (8-13 September 1996,
Hamburg, Germany); the 8th International Symposium by the Solid Free-Form Fabrication (11-
13 August 1997, Austin, Texas, USA);  ( ,

, 1998 .); 2  3  “  - 
” ( , ., 25-26.06.1995

., 3.06.1997 .  1999 .);  "ILLA'98"  "ILLA'2001"
, .,  1998 ,  2001); the V

International Conference on Laser Applications in Microelectronic and Optoelectronic
Manufacturing (2000); the 3rd  4rd International Conference - Laser Assisted Net Shape
Engineering LANE’2001  LANE’2004, (28-31 August 2001  21-24 September 2004,
Erlangen, Germany); the IVth International School-Seminar by Modern Problems of Combustion
and its Applications, (Minsk, Belarus, 2-7 September, 2001); 

” (4-7.12.01, .  “ ”); - 
 "  – 2002", . , 21  2002 .; VII

 " ", , 2 – 4 , 2001;
 “

”, , . ., 26-29  2002; 
 “

” . , , 19-23  2003 .; XV 
” . , 1-3  2003 .;

 “
”, , 20-22  2004 ; The 1st International Symposium on Shape

Memory And Related Technologies (SMART 2004) 24 - 26 November 2004, Singapore;
 «

 - -18" 31.05.-2.06 2005.
, ,

: "
", 

01200102186 (1996 - 2003 .); "
",  01200406330 (02.2004 -

12.2006 .).
 “ ” (1997-2004 .) 

 04-03-96500- 2004  - "
, 

",  04-03-97204- 2004  -



7

 -, -,
, ". 

 2001 .  01-10- 2000 
.

 “
, ” 

: “
”, : “ ” - 1999 . 

,  6- -
 1999 . 

 (  123  24  2001 .) "
".

 71 , 
 7  47 , 

.
. , ,

.  390 ,  186
, 51  408 .

,
, 

, , 
.

) . 
, , 

, , 
, , , 

, 
, « » . 

,  ( ,
, ), ,

, ,
, 

, , 
, . 

 (
, , LENSTM ). 

 ( ) . 
, 

, . 

 (
-60, 

), 
, 

λ = 1.06 . 

. 
 – , 

, 



8

. 
.

-
. 

 (  --  – 
7,0;  – 12; 3,4 – 
-19 -01 - ;  – ;  - , , ;
 – 4, ;  – ) . 

, , ,
, 

, 

. , 
.

, . ,

. , 
, .

, , 

 (
). 

 R  + R = 1. 
 R -1,

 0.93 . 
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 - . 2  – . 2 ).  ( . . 2
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), 12  ( . 2 ),  ( . 2 , ), 
 ( ) .

 ( . 2  2 ),  +  = 1:8,
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,  (2.4 – 3.7) 103 3, 
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, 
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. 
-10

 (  ~ 100 .)
 5-8 %.

 ~ 10

 PERTH-O-
GRATH, Dr.-Ing. Perthen GmbH, Germany. 

,  ( . 8) 
, 

 TALYROND73, Taylor-Horson Co, UK. , 

 ( ).
. 2 

, 
. 

,

, 
.

. 7 σ = σ(ε) : -
) .

. 8 

.

 ( . 7) ,
, . 

 ( ) σ = f(ε), 
.  ( . 7,  - ) 

. 
, , . 

 - ) .  - ) 
,  - 

. 2 
.

30-50 
24-77 
8-18 
120-400 
(2,3-3,6) 103 3

 Ra 5,7-10,0 
 (5-7)×105 -1

35-46%
0,6-4,5 2

 600-1000 
0,35
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-  Ni + Ti, Ni + Al, Ti + Al;
-  TiO2 + ZrO2 + PbO, Al(Al2O3) + Zr(ZrO2);
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-  BaO2 + Fe2O3 + Cr2O3 + Fe, Li2CO3 + Fe2O3
+ Cr2O3 + Fe.

. 
 ( . . 12 , 19, 23, 35 ).

. 10 

. . 
.  -

, , . 10, 
.  ( . ) 

. 10 
, .

. 
4 , 
), , .

 ( ) ,  (
3, 4 . 10 ) .  Ni-Al 

,  Ni-Ti, Ti- Al, 
 (

). . ,
 Al-Ti « » , 
,  (

)  (
).

100 1000 10000

Log(A) / [J*cm  ]
0
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2

3

4
h / [mm]

1

-2

2

3

4

5

100 1000 100

Log(A) / [J*cm
0

1

2

3
h / [mm]

-

5

6

4

3

2

1

7

(1) Ni + Al (1 : 1); (2–4) Ni + Ti (1 : 1) (2) 4
+ , (3) 4 + , (4)  + , (5)

. (1, 2, 5) – , (3, 4) - 
 Ar.

(1, 4, 6) Al + Ti (3 : 1), (2, 5) Al + Ti (1 : 1), (3)
Al + Ti (1 : 3), (7) BaFe12xCrxO19. (1–3) - 

, (4, 7) -  Ar, (5, 6) - 
 N2.

. 10 h  log A.
:

1.  (  Ni-
Al)  P, v, d , 

 Ni3Al . 
 ~ 61 
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.  2 
∆R ∆t.

2. 

 Ni-Ti, Ni-Al, Ti-Al, Ni-Ti-Al.
. 3  “Spectrum 2”

. % . %

C K 6.57 17.73
O K 15.01 30.39
Al K 11.82 14.19
Si K 1.03 1.18
Cr K 4.41 2.75
Fe K 1.04 0.60
Ni K 60.12 33.17

100.00
. 11  Ni-Al.

3.  (NiAl, Ni3Al) 
 Ni-Al , 

 ( . 11 . 3).

. 

 Ni3Al : P = 24  v = 0.6  P = 22  v = 0.12 . 

,  – 
.

4. 
. 

:  P = 17.4 ÷ 19.9 
 V = (2.8÷5.7) 10-2 . 

, .
, 

,  TiAl.
 200-400 2. 

, 
.

. 12  Ni-Ti.  : a) – ; b) –  Ar; c)
–  Ar . )  NiTi.

 NiTi  Ni-Ti 
 (P, v, d) .

4 
. 12). . , 
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 Ni-Ti
 NiTi - , 
.  ( . 12 ) 

 (
, ). 

 NiTi 
 ( ) 

 ( .  5).
ρ

3

3,5

4

4,5

0 1 2 3 4 5 6 7
v, cm/c

ρ
3

) )
 N0

20

25

30

35

40

0 2 4 6 8
v, cm/c

N
0, 

%

)

. 13  - ρ ( 3) ( ),
 - W% ( ) 

 - N% ( ) 
V ( ) 

. 
4+ =1:1,  = 16.3 .

, 
 ( . 15), ,

 ( ) ( . 13) 
 Ni-Ti 

. 4). 
,  (  14), . 

 ( HCl pH=6.0)  ( KOH
pH=7.9) , . 

KCl
-1 . , 

, , 
.

. 4 .
V

/c)
P

)
∆φ ( ) / /,

. 
∆φ ( ) / /,

H2SO4

∆φ ( ) / . /,

H2SO4

6.3 16.3 +0.265 +0.173/+0.189/+0.229 +0.172/+0.195/+0.225
2.1 16.3 +0.274 +0.2/+0.188/+0.253 +0.189/+0.185/+0.235
1.3 16.3 +0.281/+0.27( .

)
+0.194/+0.186/+0.24 +0.183/+0.183/+0.259

,  ( . 13) 
 (  40 %),  2 – 2.5 , 

 (3.3÷4.1) 103 3 . 
. 4 4 +
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 = 1:1.  4  5 ∆φ
 H2SO4, ,

. , 
 (

), 
∆φ, , , . 

, . 
. ∆φ

.

,

 Ni-Ti
. 14). 

) 

. 

 Ni  Ti 

NiTi2, NiTi (
). 

. 

 (Ni-Ti)  ( . 12 ).

)
)

. 15 55 45 -
)  -( ) 4+  = 1:1.

, 
 Ni+Ti , 

.

)

)

)

)

)

)

5055 45
2Θ

I,% N
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i

α
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i

N
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N
iT
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N
iT

i
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iT
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α
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i,N
iT

i? 2

N
i

N
i

N
iT

i 2

N
iT

i 2

N
iT

i 2

N
iT

i 2

N
iT

i 2

N
iT

i 2

N
iT

i 2
N

iT
i 2

N
iT

i 2

. 14 ,

4+  = 1:1 
 (  = 16.3 )- ( , , ) 

 ( , , ).   ,  – V
= 6.3 /c, ,  – V = 2.1 /c, ,  – V = 1.3 /c.
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55 45  300-550 2, 
 100-300 2, 

.

55 45  ( . 15 )
 – NiTi 

, 

).

. 
55 45 ( . 15 ) 

 ( . . 15 ), , ,
, 

 ( .  2) 
.  3).  ( . 5) 4

 Cr, Fe, Si.

0 2 4 6
, %

0.00

0.04

0.08

0.12

0.16

, 22

2120

18

17

16

14
13

12

. 16  – 
 NiTi .

. .14,
.

. 17 
.

 NiTi
σ = f(ε ) 

 ( . 16, 17). 
(0.04-0.06 M a)  (0.06-0.12 M a)  NiTi 

, .

. 5  EDX  LEO 1450  INCA
300 . 15  / /.

Spectrum O Al Si Ti Cr Fe Ni Total
Spectrum 1 8.47 1.51 2.35 2.96 12.64 2.67 69.40 100.0
Spectrum 2 17.68 3.89 31.16 6.84 1.03 39.40 100.0
Spectrum 3 3.40 49.06 5.35 1.49 40.70 100.0
Max. 17.68 1.51 3.89 49.06 12.64 2.67 69.40
Min. 8.47 1.51 2.35 2.96 5.35 1.03 39.40
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-100 -50 0 50 100

30

32

34

36

38

a)

-100 -50 0 50 100
16

18

20

22

24

26

b)

. 18 ρ )  –  (0 ) 
NiTi . ) –  Ni + Ti , :  - 5,  -
8,  - 9,  - 3; )  / 55 45/, :  - 16,  - 17,  - 12,

 - 8. ,  – . 
. 12.

 ( ) 
, 

ρ = ρ( , ) , 
 (  A ~ 180-240 /c 2  NiTi  A ~ 300

– 400 /c 2  NiTi)  (-50 – 0 0C), 
. 

 ( . 18), 
19  NiTi 

2.  NiTi, 
, 

, 
S ( , , ),

.

. 19 
.

. 20  - 1(Ο) 
- 2(∆) 

 - V.
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 Pb, Zr  Ti - 
, . 

. , 
 – V ( . 20) 

. 
 ( . 19), 

 ( . 21). . 6, 
, , 

.
. 6 - Spectrum 2

Element .% .%

C  9.45 25.38

O  23.25 46.88

Al  0.71 0.85

Ti  17.72 11.94

Zr  37.06 13.11

Pb  11.82 1.84

Totals 100.00 . 21 .

.  -  FR-552 
 – 2  Cu Kα , 

, 
 (PbTiO3, Pb(Ti1- Zr 3), 

. 
(PbTiO3 (  = 3,899 )  Pb(Ti0,5Zr0,5 3  = 4,03 )) 
P4mm ( 4V) .

10 100 1000 10000 100000
, ( )

-50

0

50

100

150

200

1

2

3

 (a
10 100 1000 10000 100000

, ( )

-2

0

2

4

6

1

2

3

 (b

. 22  - ε (a)  - tan δ (b) 
 - f: Av = (1) 10, (2) 15.5, (3) 28.8 3 .

 ( . 22), 

.
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, ,
 ( . 23). 

, 
, 

. 

 -  BaFe12xCrxO19  Li0.5Fe2.5-xCrxO4:
1. BaO2+Fe2O3+Cr2O3+Fe = 1:2,5:1:5
2. BaCO3+ Fe2O3+Cr2O3+Fe = 1:2,5:1:5
3. BaO2 +Fe ( ) +Cr2O3 = 1:3.3:1.8
4. Li2CO3+ Fe2O3+Cr2O3+Fe = 0,25:0,625::0,125:1

(7)

.
 EG&G PARC M4500 

 0.8 .

. 23 
 3).  –  = 14.3 , v = 21

/c.

. 24 
 3 

. 25 σ ( / )
 ( ). ) Li0.5Fe2.5-xCrxO4  4); ) BaFe12xCrxO19  2). 

.4 ( ).
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