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1 Ú ó

eÄå�æ´�«��ØÓu9�æ�æ�

Eâ, §¦pØíNÏL Laval ���)�Ñ�6

Ä, ò®"âfx\�Ñ�¥\�/¤�6, ±p

��ÝEÂÄN/¤æ�. 3âfEÂÄN�L§

¥�)é���5C/, p�âfEÂÄN´/¤

æ��´�)���A½À¡�A�ûuâf�

�.�Ý, �âf��Ý�L�.�Ý�, âfé

ÄN��^dÀ¡C��È. eÄå�æ�9�æ

�Èæ���nØÓ, �9�æ�'eÄå�æk

±eA�A:: 1) e�æL§¥âf\9§Ý$,

æ�ØN´�)�z!ø%!�C!¬â��!

|�Cz�¯K
�æ�í{Aå$; 2) �æ�Ç

�p, ®"�±£Â|^: 3) ���é{ü!�?

N´. 8ceÄå�æ�±�È�7ák Cu, Al,

Zn, Ni, Ca, Ti, Ag, Co, Fe, Nb, Co�; Ü7k NiCr,

MCr, AlY �; pMÝ7á>bk Cr3C2, WC �; >

b�zÔ Al2O3, Cr2O3 � [1].

3eÄå�æL§¥K�æ�5U���­

�Ï�´®"âf����5�þ. éu�
�

5�þ��7áâf�3ÄNþ��Ñþæ�

$�¬Ná�X Cu, Al �, 
éup�5�þ�

®NX Al2O3, Cr2O3 �KéJ��Ñþæ�. 8

cIS	��3ïÄp�5�þ7áâf�eÄ

å�æX W, Mo ��æ, X�p�5�þ7áâ

féJ3ÄNþ/¤k���È, Ï�p�5�

þ7áâf3�æL§¥�)�5C/�, ,	

� W(19.3 g/cm3) �7á��Ý�, 3�æL§¥

\�'�(J, �J��§��.�Ý. ��5`

�Ý����â�N´¼��p��Ý, ?
��

���æ� [2]. �é¾p�5�þ�A:, kÆö

æ^��EÜ®N��{?1eÄå�æ, ÏLp

�5�þ�âf�$�5�þâfEÜ, X Hyun-

Ki Kang � [3] ÏL�� W/CuEÜ®N5?1eÄ

å�æ. 
8cæ^e���X¾9¾ - q - cÜ

7æ���©z��.

W æ�3ØàC¥kXé��A^cµ, W-
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Ni-Fe p'­Ü7æ�3I�ó�¥A^då�é

�. Äu±þ�Ï, �©�ïÄ8�´&ÄÏLe

Äå�æ{��X¾!¾ - q - cÜ7æ���1

5, ©ÛØÓ�æÏ�éæ�5U�K�, O�e

Äå�æ¥¾�â�¢S�Ý, ´ÄU�u§��

.�Ýl
/¤k���È, ¿æ^k��©Û^

�é®"�âC/?1�[.

2 ¢�

2.1 ¢¢¢���ááá���999¤¤¤ììì������

�¢�¤^�e�æ¾®Uâ»©� 3 «,

D50 ©O� 0.8µm, 2µm, 5µm, ¾®��*/m�

ã 1, zÆ¤©�L 1. ¾ - q - cÜ7®"d¢�

¿g�, D50 � 4 µm, �ã 1(d).

�¢�æ^{I KM-CDS úieÄå�æ�

�, 3ÔÜ7ÄNþ?1e�¾Ú¾ - q - cÜ7

®", ó�íN� He. æ^ LEO-1450(British).

�k�Ñ�ÚUÌ©Û (energy dispersive spectrum,

EDS) �×£w�>º (SEM) *	Ú©Ûæ�L

¡!ä¡��*(�/m. æ^ Veeco’s nanoscope

V .�fåw�º (AFM) *	æ�L¡�n�/

m9ÿþL¡�²þo÷ÝÚ��o÷Ý.

L 1 �©¾®�zÆ¤©

�� ¤©/% �� ¤©

W  99.96 S —

O 0.063 Fe 0.0116

Cu 0.0001 Al 0.0004

P 0.0005 C 0.0022

2.2 ¢¢¢������{{{

3¦^X¾Ú¾ - q - cÜ7®N?1e�

�c�éÙ?1ý�óZ��bìà, óZ�L

ç, 2r®N�\x®ì¥, ,����æëê?

1e�. 3e��m�é�¬?1�ß?n¿ZÑ

�nL¡.

�¢�¥e�ÄN�ÔÜ7, ¢�ëêXL 2

¤«. 3�æ¥ó�íN�±í, íN§Ý3200—

280◦C �mCz, íNØå� 0.65 MPa�m, �æ

ål3 10—20 mm�mCz. e�L§¥, íN§

Ýéæ��5UK���, �æ�íN,§�Ì�

8�Ø´�
Jpâf�§Ý
´�
¦íN)

ä, l
¦âf¼�����Ý, JpíN§Ýé

Jpâf�Ý��^�©²w [5].

(a) (b)

(c) ( )

2mm1mm

2mm2mm

ã 1 ØÓ®N��*/m
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ã 2 � KM-CDS eÄå�æXÚ�«¿ã, T

XÚdpØXÚ!íNN!��XÚ!íN§Ý

��XÚ!x®XÚÚ�lXÚÊÜ©|¤. p

ØíN²díNN!XÚ©Oø�íNý9XÚ

Úx®XÚ, ²Lý9��íN�x®íN©O

x\ Laval �l. Ù¥T���íN�g\9, í

NÏL�g\9�§Ý��� 300 ◦C �m. �â

dp�í6\��EÂ�ÄNþu)�5C//

¤�È. ���æÐ�æ�2ÏLØÓ�uÿ?1

5U©Û.

ã 2 KM-CDS XÚ«¿ã

ã 3 ¾æ��L¡ SEM ãÚUÌ (a) D50 2 µm, 10 mm; (b) D50 2 µm, 15 mm; (c) D50 2 µm, 15 mm; (d) D50 7 µm, 15 mm;

(e),(f) � (c),(d)æ�� EDS
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L 2 KM-CDS eÄå�æ¢�ëê

á� �âº�/µm �æål/mm Øå/MPa §Ý/◦C âf�Ý/(g/min) Ar í/slpm

1 W 7 15 0.625 200 21.8 212

2 W 5 15 0.650 218 13.3 423

3 W 2 10 0.642 224 23.2 402

4 W 2 15 0.651 270 21.0 400

5 W 2 20 0.650 269 20.2 400

6 W-Ni-Fe 4 20 0.650 200 22.4 421

7 W-Ni-Fe 4 15 0.648 220 21.1 432

8 W-Ni-Fe 4 12 0.652 270 19.2 415

9 W-Ni-Fe 4 10 0.650 271 20.5 417

3 ¢�(J�?Ø

3.1 ¾¾¾æææ������������

3.1.1 ¾æ�� SEM �*(�©Û

¦^n«ØÓâ»�¾®uØÓ��æëê

e3ÔÜ7ÄNþ?1
eÄå�æ, ¾æ��

�*(�Xã 3 ¤«. 3Ù¦ëê���, e�å

l� 15 mm' 10 mm�æ��Ð. æ����Ý

�Ð, �É��, ¾®�âu)�5C/�. 3eÄ

å�æL§¥, ØÓ�æål¼��æ��þ�

É�~�, Ï�e�æÌ����â�r�5C/

5�Èæ�. �â Vicek � [4] Ú Gimore� [5] �

¢�uy, �â²L�l�íN6�E,puâ

f�Ý, í6éâfE,´�«ö��^, Ïdâ

fòUY\�. XJ�æål�$�, í63�>

ÄN��)�ÀÂÅ¦�â��u) =, �ª�

â3R�ÄN����Ýü$��ØUk��È.

ã 3(a),(b)©O�¾®â» D50 � 2 µm, �æål

� 10,15 mm�L¡/m. �æålCz, ¾æ��

��Ý�5UØÓ.

�=�Ä®Nâ»éæ��K��, â»��

®N²L Laval ��¼��ÄU��, 3�âu)

�5C/�, Ø��. �â���é�æ�æ�k

­�K�, �â���N´¼�Úó�íN���

�Ý, ,
du�â��§�Äþ��, ��âE

ÂÄNcéN´É�ÄNL¡-Å�K�l
�

ªK�æ��5U. 
XJ�â���,�±�Ñ

ÄN-Å, �§3íN�6¥éJ\�. ã 3(c),(d)

�¾® D50 � 2, 7µm, �æål� 15 mm��¾

æ��ä¡ã. lã¥�w�¾®3 D50 � 2 µm

�æ��þ!!��, ÄNþ®²/¤
���

��ëY�æ�þÝ3 2 µm �m, ¾®3ÄN/

¤
k���È. e�§Ý$, é�æâfÚÄN

�9K��, �æâfvk²w�z. ã 3(e),(f)�

ã 3(c),(d)æ�� EDS,lUÌ©Û�wÑ¾®â

f3e�¥vk²w�z, æ��X¾æ�. �'

Ù¦��¾æ���{, e�k|u¾æ�9�Ç

�Jp.
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ã 4 ¾æ�� AFM n�ã (a) D50 7 µm, 15 mm; (b) D50 5µm, 12 mm; (c) D50 2 µm, 15 mm
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3.1.2 ¾æ�� AFM ©Û

r D50 ©O� 2, 5, 7µm �¾®3e�ål

� 15 mm���¾æ�?1�fåw�º©Û, Ù

¥w�ºL¡×£«�� 40 × 40 µm. ¾æ��L

¡�n�/mXã 4 ¤«, Ó�ÿþ
��¾æ�

�o÷Ý, �L 3. lã 4(c) ¥�wÑ D50 � 2 µm,

e�ål� 15 mm�, æ�L¡�²", ²þo÷

ÝÚ��o÷Ý©Ù� 0.48, 6.03µm. ÏL AFM

©Û�Ñe�ål�Ó, �ââ»ØÓéæ��o

÷Ýké�K�. Ù¦æ��²þo÷ÝÚ��o

÷Ý�L 3, ã 4(a),(b)®" D50 ©O� 7, 5µm �

o÷Ý.

L 3 ØÓ¾æ��o÷Ý

o÷Ý (a) (b) (c)

Ra/µm 0.74 0.64 0.48

Rmax/µm 6.34 4.59 6.03

(a) (b)

(d)

(e)

(c)

(f)

100mm 100mm

20mm20mm

20mm 10mm

ã 5 ¾æ��L¡!�1�!ä¡ SEMã (a) D50 4 µm, 20 mm; (b) D50 4µm, 12 mm
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3.2 W-Ni-Fe æææ������������999 SEM ���***(((���

©©©ÛÛÛ

W-Ni-Fe Ü7�­Ü7, TÜ7äkpMÝ!

prÝ, ±9Ð�òÐ5Ú�95U, A^cµ�

Ð. ¦^ W-Ni-Fe Ü7®"±ØÓ��æëê3Ô

Ü7ÄNþ?1eÄå�æ, Ü7æ���*(�

Xã 5 ¤«.

ã 5(a),(b)¥e�ål©O� 20, 12 mm� W-

Ni-Fe æ�L¡/m. lã 5(a)¥�wÑæ�L¡

o÷!Ø����3��, �e�ål� 12 mm

�æ��'5U��, ¢�(JL²åléæ��

5UK���. ,�éæ�L¡?1�1?n�,

� 5(c),(d)¤«, æ��YÇ$, æ�¥ W-Ni-Fe Ü

7®"�â(Ü;�. ÏLé�1��æ�L¡

^ H2O2 M�?1@¡, ÏL SEM©Û�Ñ®"�

â�m¿�7á�7(ÜÚÅ��Ü [6]. ã 5(e),(f)

�ã 5(a),(b)æ��ä¡ SEM ã, þÝ©Ù� 20,

80 µm �m, lä¡ãwÑ, �âEÂÄN��Ü

©�âu)
�5C/C¤�A²G, A²Ç�p,

A²���ÄN²1, �A²G�Ü7�â�Ü3

�å.

3.3 eeeÄÄÄååå���æææ¥¥¥���âââ������ÝÝÝOOO���

�âe�æ��n, ÊH@�¤ke�æ�á

�7L��½�L�.�Ýâ�U/¤æ�. é

u W, W-Ni-Fe Ü7�â, �3ÔÜ7ÄNþ/¤

k���È, ®N�â��Ý7L�u§��.�

Ý. Schmidt�< [7] JÑ±eúªO�eÄå�æ

¥�â��.�Ý:

υcrit =

√

√

√

√

√

F14σu

(

1 −

Ti − TR

Tm − TR

)

ρ
+ F2cp(Tm − Ti),

(1)

Ù¥, υcrit ´âf��.�Ý, σu ´á�|.rÝ,

ü ´ Pa,Ti ´âf�Ð©§Ý, F1 Ú F2 ´²�

Xê, ü ´ Pa,TR ´ë�§Ý. Schmidt�<À�

ØÓ«a�®Ná�, �Ù²þâÝ� 25 µm,

O�
§�3e�æL§¥��.�Ý, O�

�Xã 6 ¤«. lã¥�wÑ¾�â��.�

Ý� 580 m/s�m.

�©ÏLæ^ Dykhuizen�< [8] í��e�

L§¥¾�â�ÝO�úª

υp = −1

√

√

√

√

γRT0

1 +
γ − 1

2M 2

, (2)

O�
¢S�æL§¥�â�¢S�Ý, Ù¥�

/êâê M ≈ 2.4, �íN6���/Ñ� (~

§!~Ø) �'�; '9Ç γ = Cp/Cv = 1.4; �

¢�ó�íN� He, �þ©ê m � 20 g/mol; '

íN~ê R = 8314.5/m = 415.7. �æ¥, ó�

íN He §Ý T0 3 473—573 K�m. �ªr��

�ê���\ (2) ª¥�Ñ¾®�â3�6¥�

�Ý� 722.1—794.8 m/s.�æ¥¤¦^�¾®Ú

¾ - q - c®�âþ�u 25 µm, �â Schmidt�

<O��¾�â²þâ»� 25 µm �, �.�Ý

� 580 m/s�m, Ïd�í�Ñe�æ¢�¥®"

�â�¢S�Ý�u§��.�Ý. Ïd, ¾Ú¾ -

q - c�â�3ÔÜ7ÄNþ�/¤k���È.
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ã 6 ²þâÝ� 25µm ��«®N�â��.�Ý�

3.4 eeeÄÄÄååå���æææ¥¥¥¾¾¾���âââ���CCC///���[[[

3e�æL§¥, æ��æÈÌ�©�1��

�æÈÚØ1��±	�æÈ. 3e�æL§¥,

<���3&Äæ���È�n, 8c�Ü©Ñ

´ÏL^��[5ïÄ. éd, �©Ì��[®N

�â�ÄN�p-E�, �â�C/G¹��Ý�

'X. æ^wªk��©Û^� ANSYS/LS-DYNA

?1�[, Äu�þ!Äþ�UþÅð�Ä��

§, æ^ Lagrange{?1lÑ¦). p�-EL§

Ì�É.5å���, ¤±�Ñ­å�Ù¦NÈ

å�K�.

b�®N�â±�»� 2 µm �¥N�Ì, Ä

N��ÎN, �
�yC/«O�°Ý, ÄN�»

ÚpÝ��v
�, æ^��é¡AÛ�.?1
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O�, æ^ü:È©�!:��o¡Nü�y©�

�. O�¥, ã¥¤«�>. A-B-C �é¡>., >

. C-D Ú D-E ��9, 
Ù¦�>.K��gd>

.5?n, ��y©ÚAÛ�.X 7(a)¤«.

� [ L § ¥, æ ^ Johnson-Cook.[9] � 5 �

.!Gruneisen.[10] �5G��§, b�á�9Ôn

5U��Ó5. �«�[ëêÌ�5g LS-DYNA

á � ¥ Ú Ù ¦ ë � ] �.[11]. � [ ( J X ã 7,

ã 7(b),(c),(d)L«
ØÓ�Ý 500, 600, 700 m/s

eâf�C/�¹, lã¥�±wÑ, �X�Ý�

O\, �â�C/§ÝØ��. 3$�^�e, �

X�Ý�O\C/§ÝO\; �´��Ýp��

½§Ý��ÿ, �âu)i\y�, �vkÑy�

â-EÔÜ7ÄN�Ñy��6G@ÑÔ, ùÌ

�´du W �â��5�, ��Ýp���.[12,13]

� 600 m/s�, ¾�â®²u)
�5C/, �â�

ÄN�C/Ì�8¥3�>.¡N�
���A

C�Ñy3�>«�>�
Ø3-E¥%. duÛ

Ü�C/¬¦¾®�âL¡��z�»�, Úåu

)�âm�(Ü\rl
/¤æ�.

þ©��[(JÄ�þ�¢�(JÎÜ. ®

� W �â��.�Ý� 580 m/s�m, W �â3¢

�L§¥��Ý� 722.1—794.8 m/s�m. ÏL�

[�Ñ��»� 2 µm � W �â�Ý�u 600 m/s

�, W �âU3ÄNþUu)�5C/, �p�Ý

� W �âu)��5C/��; ,�� W �â�

Ý�u 600 m/s�, W �âA�Øu)�5C/. Ï

L�©�¢��y±þù�(Ø, � D50 � 2 µm

� W �â�u 600 m/s��(U3ÔÜ7þu)

�5C//¤�����æ�. ÏLN�ó²¦ W

�â�ÝC��, W �â��5C/ÇO�, �

ª W æ����Ý�k
Jp; XJ W �â�¢

S�Ývk��§��.�Ý, K W �âéJ3

ÄNþ/¤k���È.

éu W-Ni-Fe Ü7�â, lnØþ©ÛTÜ7

��5�þ'X W $, �5C/Ç�, Ïd3�A

��Ýe�N´3ÄNþ�È, �ªU��Ñ'

X W �þ�æ�. ù�(ØÓ�3�©¢���


y¢, ÏL¢�L²|^ W-Ni-Fe Ü7��æ�,

þÝ´X W æ�� 4 ��m; Ó��Ü7�âv

��§��.�Ý�, W-Ni-Fe Ü7KØU3ÄN

þ/¤k���È.

1.688
1.5
1.313
1.125
0.937754

0.562652
0.750203

0.375102
0.187551
0

3.418
3.038
2.658
2.279
1.899

1.139
1.519

0.75952
0.37976
0

1.244
1.105
0.967231
0.829055
0.690879

0.414528
0.552703

0.276352
0.138176
0
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E
x(a) (b)
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ã 7 AÛ�.���y© (a),ØÓ�Ýe¾�â�ÄN-E�C/�[ ((b) 500 m/s, (c) 600m/s, (d) 700 m/s)
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4 ( Ø

éue�æ��ÈÅn8c�vkÚ��

@£, e�æ��ÈÅn��E,, cÙ´�«

®N�â��.�ÝJ(½. ÏLéõ¢�y

¢, æ^ He �ó�íNâU3ÄN/¤ W �

â�k��È, �ó�íN§Ý 200—300◦C, å

l 10—20 mm,íNØå 0.6 MPa�m, ¾®â

» D50 � 2µm �k|u¾æ��È. 'u W-Ni-Fe
Ü7®N, æ^e���{�´��Ñþ�Ü7æ

�. 3K�æ�5U�Ï�¥�æålÚíN§Ý

éæ�5UåX­��^.

3�©¢�¥��
þ°�gïÄ�c÷EâïÄ¤

Üd�Æ¬e�ìè!�®nó�Æwk?Æ¬!¥��

!�7á¤Ç#ïÄ
3eíÄå�æ��¾Ú¾ - q -

cæ��¡�|±, 3dL«a�.
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Abstract

Results of optical microscopy, scanning electron microscopy, AFM are presented for tungsten coating produced by low and high

cold gas dynamic spraying, respectively. The critical velocity of tungsten powder was calculated, what is more, tungsten particles

collision was also simulated by soft ANSYS/LS-DYNA. Cold gas dynamic spray (CGDS) is a rapidly developing coating technology,

in which spray particle are deposited through plastic impact on substrate at high velocities at low temperature. In these experiments, the

process produced a reasonably dense tungsten coating and tungsten alloy coating. This paper reports the effect of deposition parameters

which including temperature, spraying distance, particlesize, etc. on the structures formed.
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