
 621.793.18 

 45 

*

.1, .2, .1, .1, .1, .2,
.1, .2, .2

1 , . ,
2 , . ,

.  45 
-

. ,  2 -
. -

 (5-10). 
-

.
: , , , , -

, .

*  ( )
 ( ) – -

,
. -

-
-

. -

:
-
-
,

, -
; -

-
; -

.
-

, -

-
 (  150 )

.
-
-

*

13-02-12009 
2.4807.2011.

.

, -
, -

,
 (

105 2),
 10-15 2)  ( -

). -
 100 ,

 – 50, 100, 150  200 .
, -

-
, -

. -
, ,

-
, -

.
-

.
, -

-
-

-
 (Ra = 3-5 ).



, -

.
,

, -
-

,
.

, -
,

, -
,

.
-

,
 45, -

-
.

 45, 

,

,
 [1]. 

 45 
 1) ,

 (  2). 
 A 

 45, 
 (850° , 1,5 ).

-
, -

, -
, -

.
, -

-
, -
. -

 ~5 , -

;  ~7 
, -

),
, -

 ( )
 ~30 ,

-
. , -

-
,  ~7 .

0 10 20 30 40 50

200

400

600

800 2

H
V,

2

X,

1

CB

 45, 
,

,
 ( . ,  2). 

, -
,  ~5 

. , ), , ,
-

 (
). -

, -
, -

, -
.

, -
 [2-11], 

 (0,54±0,2 )

( ).
: -

 – 30-50 ,  120-500 .
-

 45, -
, -

,
 [12-17]. -

-

,
. -

-
-

, -
.



 [12-17] 
,

-
 (Fe2O3  CuO)  (FeC) 

 25-
30 .

, -
 75-100 .

,
 20-25 .

. ,
, -

 CuO  Cu2O ( )
 ( -

, ).

, -
) ,

, .

 ( -
),  ( -

). -
, , .

, -

, . -
-
,
.

;

, -

.

, -
,

,
-

, -

-
 100  [1]. 

,
,

,
. -

-
, -

-
-

. -

, -
.

-
-

, -
.

, , -
 [12-17], ,

, -
-

,
; , -

, -
, -

-
.

,

,
.

,
, -

.
, -

 45 -
-

.
 45, -

 45 ,
,



, -
. , -

 45 , , -
-

.
 ( -

) -

, -

, -
 (

 ~100 )
.

-
-

, -
.

, -
-

,
[12-17]: ,

, -
, -

.
, -

 45, , -

, . -
-
-

. -
 ~5 . -

 45, 
 ~5 ,  ~7 .

 45, 

-
 (

)

-

, -
-
-

. -
, ,

-
-
-

. -
 45, -

,
-

.
-

 45, -

(ES = 15-30 2).
-

. -
,
 ( ,

) -
 ES ~15 2. -

, ,
, , -

,
 1  12  ( ). -

,
. ,

-
 – 

 ( ).

 20-30 2 -
-

 – 
.



-
. , -

( ).
 15-20 2 -

 (

) ( ); -
-

 ( ). ,

.  [18] ,

,  ~106 .
-
-
-

.

-
-

, -
. -

, -

-
 ES = 15 2. -

 15  30 2 ( .  2 ) -
 0,16 

 0,45 , .  ~3  ( ,  1). -
 ( -

) ,

 15  30 2

.

15 20 25 30

0,2

0,3

0,4

0,5

2

3

4

5

d,

ES,
2

1

2

D
,

-
.

,

, .
-

,
,  2, -

-

 ~1,4 ).  [18] 

,
-

 ( -
), -

 ( )
.

, -

-
.
-

 ( ),
.

-

. -
 45, 

-
,



-
.

, -

.

ES ~15 
2 -

, .
 ES -

,

 45-50 -

( ).
, ,
. -

, -
,

»

 ~30 2.

, -

 EDAX ECON IV, 
-

 Philips SEM 515. -
-

 45, -
, -

-
-

. ,
 (FeK)  (CuK). 

-
-

.

-
,

-
 45, -

-
-

. -

,
 4-5  (

,
-

 EDAX ECON IV) 

 ~14 . % 

Element  Wt %  At % 

 FeK 80.81 82.73 



ES = 15 2  5,6 . % – ES = 30 2.
,

,
ES = 15 2, ,

100 . %. 

15 20 25 30
0

2

4

6

8

10

12

14

C
u,

.%

ES,
2

,
. -

, , ,
,

, -
-

. ,
-

ES = 15 2, -
 45, 

,
,

ES = 20-30 2. ,
, -

-
-

. -

.
,

-
. , -

-
.

, -
 ( -

)

, -
.

0 1 2 3 4 5
0

200

400

600

800

1000

1200

H
V,

2

4 6 8 10 12 14 16
400

600

800

1000

1200

1400

H
V,

2

Cu, . %



-
 45, -
,

 (N = 5-50 .).

.
,

 20 2 -
-

.  5-15 

,
, -
,

. -
 ( ).  25 -

-

 ( ), -
 50 .

,
, -

. ,
-

 ( .
). ,

 5-15, 
-

 ( -
-

)  ( ).
 (25 

50 .)
 ( ).



, -
, -
. , -

 45 
. -

 ( ,  1) 

 ( ,  2). 

0 10 20 30 40 50
0,2

0,3

0,4

0,5

0,6

0,7

0,8

2

3

4

5

6

7

8

d,

N,

1

2

3

D
, D

*1
0-2

,

-
, , -

-
,

. -
 30-60 -

 ( ,  3). 
-
-

 45 
. ,

-
 (

), , -
, ,

 ( . ).

,
, -

 EDAX 
ECON IV, -

 Philips SEM 515. 
,

 45, 
-

.
, -

-
 4-5  ( , -

-
 EDAX ECON IV) 

 ~8 . %  5 .  18 . % 
 50 ., .  2 .

, -
-
-

.
-

 ( )
 (

) [19]. 

0 5 10 15 20 25 30 35 40 45 50
0

4

8

12

16

C
u,

 
.%

N,

,
, ,

, ,
-

 (  ~1,5 -
 45, )

-
 (5  10 .). -

-

.



0 1 2 3 4 5 6
0

200

400

600

800

1000

1200

H
V,

2

,
,

. -
-
-

 ( ).

8 10 12 14 16 18

400

600

800

1000

1200

H
V,

2

u, . %

-
, -

 ( -
) -

 45. 

1.  45 

, . -

-
.

 ~5 .
 45, -

 ~5 ,  ~7 .
2. -

, -
. -

 30-
60

.
3.

-
 4-5 

 ~8 . %  5 . -
 18 . %  50 ., .

 2 .
4. ,

, -
 ( -

 ~1,5  45, 
) -

-
 (5 

10 .).
-

.

1.
 / . , . , . ,

. . : , 2007. 301 .
2. ., .

: -
 // 

-
 / . . . . : ,

2007. . 345-382. 
3.

 / ., ., .,
., ., . // 

:  II -



, , 17-24  2006 . ,
2006. . 113-120. 

4.
 / ., ., -

., . // . . . 2007. 
8. C. 30-136.

5. -
:  / 

., ., ., ., -
. // -

:  XIII . . -
, 21-25 , 2007 ., . , . -

, 2007. . 38-42. 
6. , ,

 / ., -
., ., . // -

:  XIII 
. . , 21-25 , 2007 ., .

, . , 2007. . 42-46. 
7. .

-

 // -
. 2008. 1. . 47-52. 

8. -
 / ., ., -

., ., . // -
. 2008. 12(642). .10-16.

9. -
, -

 / . , . , .
. // . 2009. 2. . 41-45. 

10. ., . -
:

//
: . . . . :
. . , 2009. .2. . 214-220. 

11.  / 
., ., ., .,

., . // .
: , 2009. 3 (426). . 47-54. 

12. -
 45 

 / ., ., .,
., . // -

: . . . . / .
. . . :

», 2009. . 209-212. 
13. -

-
 / . , . , . . // 
. . . 2007. 6. . 40-45. 

14. -
 / . ,

. , . . // . 2007. 3.
. 52-57. 

15.
 / .,

., ., . // -
 / . .

. . : , 2007. . 195-212. 
16. ., ., .

 // 
 / . .

. . : , 2007. . 289-306. 
17.

 45 -
 / ., ., ., -

., ., . // 
 / .

. . . : , 2009. . 28-41. 
18. . . .: -

, 1982. 168 .
19. . .

. .: , 1977. 440 .

INFORMATION ABOUT THE PAPER IN ENGLISH

Gromov Victor Evgenievich – D.Sc. (Phys.-Math.), Professor, Head of the Physics Department, Siberian State 
Industrial University, Novokuznetsk, Russia. Phone: (3843) 78-43-66, fax: (3843) 46-57-92. E-mail: 
gromov@physics.sibsiu.ru. 

Ivanov Yuriy Fedorovich – D.Sc. (Phys.-Math.), Professor, Institute of High Current Electronics SB RAS, 
Tomsk, Russia. Phone: (3843) 78-43-66. E-mail: yufi55@mail.ru. 

Romanov Denis Anatolievich – Ph.D. (Eng.), Assistant Professor, Siberian State Industrial University, Novokuz-
netsk, Russia. 

Budovskikh Evgeniy Aleksandrovich – D.Sc. (Eng.), Professor, Siberian State Industrial University, Novokuz-
netsk, Russia. Phone: (3843) 78-43-91, fax: (3843) 46-57-92. E-mail: budovskih_ea@physics.sibsiu.ru. 

Vashchuk Ekaterina Stepanovna – Ph.D. (Eng.), Associate Professor, Siberian State Industrial University, Novo-
kuznetsk, Russia. Phone: (3843) 78-43-91, fax: (3843) 46-57-92. E-mail: vaschuk@bk.ru. 

Denisova Yuliya Aleksandrovna –Student, Institute of High Current Electronics SB RAS, Tomsk, Russia. 
Konovalov Sergey Valerievich – D.Sc. (Eng.), Professor, Siberian State Industrial University, Novokuznetsk, Russia. 
Teresov Anton Dmitrevich – Research Associate, Institute of High Current Electronics SB RAS, Tomsk, Russia. 
Filimonov Simon Yurevich – Ph.D. (Eng.), Researcher at the Institute of High Current Electronics SB RAS, 

Tomsk, Russia. 



Abstract. The surface relief and structure peculiarities 
of steel 45 after electroexplosive copper plating and sub-
sequent electron beam treatment are investigated by meth-
ods of scanning and transmission electron microscopy. It is 
established that the copper concentration in surface layer is 
increased twice with the growth of electron beam pulses 
number. The high speed crystallization of a modified layer 
is accompanied by hardness growth of a surface layer under 
the small pulse number (5 and 10 pls.). The further in-
crease of the irradiation pulses number leads to a signifi-
cant decrease of surface layer hardness. 

Keywords: electroexplosive alloying, copper, electron 
beam processing, structure, phase composition, properties. 
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