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Table 1  Chemical composition of 4Cr5MoSiV1 steel  

powder (ω/%) 

C Si Mn P S Cr Mo V Fe 

0.374 1.1 0.333 0.025 0.022 4.98 1.14 0.323 Bal. 
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° 1  89MN±��²³´�� 

Fig.1  High speed camera results of LMI procedure�
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° 2  Z[��Oa XRD°· 

Fig.2  XRD pattern of the compound layer 
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° 3  Z[��O¸¹W�f 

Fig.3  Cross-section morphology of compound layers 
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° 4  Z[��O��º» SEM¼½ 

Fig.4  SEM images of different areas of MMC layer produced by LC: (a) WC particles, (b) WC/Fe interface, (c) carbide 1, (d) carbide 2, 

(e) matrix (low magnification), and (f) matrix (high magnification) 
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Table 2  Chemical composition of the cladding layer at  

different positions in Fig.4 (at%) 

Position C Cr Mo Si W Fe 

A 12.78 2.96 0.98 0.84 48.73 33.60 

B 13.01 3.12 0.88 0.92 45.69 36.48 

C 14.32 3.08 0.82 0.76 43.18 37.84 

D 24.77 3.55 0.62 0.80 24.18 45.76 

E 8.28 4.06 0.79 0.81 8.36 77.67 

F 26.31 62.82 1.52 0.21 2.53 6.61 

 

���������	�����

[ 5 7¤¥YZ�+�ga�A�{VY©²

�ÞÕÜ��È�(y¿é§ñ�7
ßo�TUV

WþÜÞÕJ�Uga�êÕ� 5 ëyßo
$�é

¿J�%¤¥YZ��é¿ØÙÞÕ� 7237.4 MPa


"kl�KL� 4Cr5MoSiV1� 4800~5200 MPa%Ì

jkl� 4Cr5MoSiV1
ga�H� WC Ü±v� C

k=³´�VW�
�" VW�Ò>W�ñýo


ì¤¥YZ�VWío"�ÞÕ%¥±
W0Cr0Mo0

V ¿��ñ�7�£k=
î�£ñ�7
�àkT

UVW�
»{�à���N
ï'UsHÕ�"g

a�VWþÜÞÕ%¤¥YZ��ÞÕ�bj¹Ø�

ÙÕÜ�
ð©ga�A��v�ÞÕ"
ñ¨©V

Y
ÞÕñr%U©�
MMCs�£�H�
¤¥Y

Z�ð©VÅþÜ´s�C~
´s�
��g��

SBC5
�bg� WC��Ñ
ð©¤¥YZ�ç

þ
g�´s�CmÇ
g��SBC�A
�b

WC ���A
WC ��W�Ü�)êÕ©²�&Ù

ÕÜ�%¥U©�
WC ���à±HÕ�g��S

a 

b 

c 

d 

e 

f 

+E 

+F 

+B 

+A 

+D 

+C 



µ1548µ                                       ¶<PQ�����                                              � 48� 

BCÊËÌÍ
g��SBCñÃ
WC �����

g���BCñÃ
à±HÕñ"
g�� W0Cý

oñ"
Ì�¤¥YZ�VWÞÕñ"%¥±
ñð

© Q235 VÅ
¤¥YZ��pqHÕñ"
¤¥Y

Z�VW¥T�HÕñr
ÞÕñr%ga�A�Þ

Õòrk©A�ÞÕ
Öß7�çè×N����í


ga�S��$óô�kõ���M��
÷öçè

S 250 #!sQ���´
A��SUsHÕ�÷ñ

È-%ø#Ä��7
Sefga������C�


ga��k=Ü�KÚÛÚ£�SUs��¿ÆD


Fv�yÝ��S
)�ga��ÞÕÜ��SUs

�ùäD% 

2.5  ����	��
���� !�� 

¤¥YZ�0Þá¥TK 4Cr5MoSiV1 åæ��

�BCm�ú%°[ 6 È¢%?�$�ûs$¤¥Y

Z��é¿åæ��� 0.283
Þá¥T� 0.325


4Cr5MoSiV1� 0.463
¤¥YZ��åæ��wkÞ

á¥T�Æ 4Cr5MoSiV1%[ 7 �FGé�*+àè

�¤¥YZ�0Þá¥T�Æ 4Cr5MoSiV1 W�+ü

[Æ�>?�o��Ì�*+;, ��
Ì�*+;=

�*G*+W�/F*+W�%¤¥YZ��Ì�*+

;� 43.45, W�+ü�Þá¥T� 1.73 ý
 

4Cr5MoSiV1� 28.7%J¤¥YZ��*G�W�+ü

�"
�Þá¥T�*G� 2.9ý
4Cr5MoSiV1�*

G� 6.8 ýJ¤¥YZ��Ì�*+;7Þá¥T�

1.7 ý
4Cr5MoSiV1 � 43 ý%�b*+�H��W

�+üKÌ�*+;
¤¥YZ�/F«È�@*D% 

[ 8�FGé�*+àè�¤¥YZ�*+�H¢

þ[%¤¥YZ��*+~�Ü� 3ë'(%S*+�

ó
TUVW���VW�k�Ué��'(��
H

kVW�ÞÕrkWC��
'�´�*+%Ìbkl 

 

 

 

 

 

 

 

 

 

 

 

 

° 5  Z[��Oaxgytn¾ 

Fig.5  Vick-hardness distributions of MMC 
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° 6  Z[��O]y¥[P¯ 4Cr5MoSiV1��¢£¿À 

Fig.6  Friction coefficients of compound layer, cemented carbide  

and H13 steel 
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Fig.7  Wear volume loss (a) and relative wear rate (b) of 

cemented carbide, H13 steel and MMCs 

0.0 -0.2 -0.4 -0.6 -0.8

0

200

400

600

800

 

 

H
a
r
d

n
e
s
s
/
�

1
0

 
M

P
a

Distance from the Surface of MMC, d/mm

MMCs

HAZ

Substrate

0 2 00 4 00 60 0 80 0 100 0 120 0

0 .0

0 .2

0 .4

0 .6

0 .8

1 .0

C
O
F

W e ar  Tim e , t/ s

 C O F  o f M M C s

 C O F  o f C e m e nt e d  C a rb id e

 C O F  o f 4C r5 M o S i V 1 st e e l

MMCs Cemented  Carbide 4Cr5MoSiV1

0

300

600

900

Wear volume loss of disk

 

 

W
e
a
r
 
V

o
l
u

m
e
 
L

o
s
s
/
�

1
0

-
3

m
m

3

Different Pins

  

  

Wear volume loss of pin

MMCs Cemented  Carbide 4Cr5MoSiV1

0

20

40

 

W
e
a
r
 
R

a
t
e

Different Pins

 Wear rate

a 

b 



� 5 �                  �  �ª«�¬®89MNWC-W

2

C

p

/4Cr5MoSiV1Z[��Ogehi¯����¨©       �1549� 

��������	
�������������

�����������������������

WC� ��!�"#$%�&����'()�*+�

,-���WC� ./01234�56789:;�

<�=>?�@ABC�D�EFGH�IWCJ,�

KLM�� NO�=>P12BC�D�EF�QR

�STGU�VWWC�34�56��������

'�WC� X=>?�?YZ�[B\)���]^

_`B89�abc"�<�=>?�XWC� �d

efghIij�kblmno"#$%��defg

.1289����X+p�q&r 6M"#$%��

COFst�u#� 

r 9v"#$%���Fwr�xr 9Myz�

MMCs{[|}���Fwlm~��MMCs���

��v���� ���=>?������m�

WC� �34	�� 

 

 

 

 

 

 

 

 

 

 

° 8  ��±�ÃÄ° 

Fig.8  Schematic diagram of wear process 

 

 

 

 

 

 

 

 

° 9  Z[��O���f 

Fig.9  Morphologies of worn surfaces of MMCs: (a) “Plane” particle, (b) “Embossment” particle, (c) broken particle, and (d) substrate 
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Abstract: WC

p

/4Cr5MoSiV1 metal matrix composite (MMC) on Q235 steel was produced by laser melt injection (LMI) using casting WC 

particles (WC

p

) as reinforced particles and 4Cr5MoSiV1 steel particles as metal matrix. Microstructure of MMC layer was analyzed by 

X-ray diffraction (XRD), optical microscopy (OM) and scanning electron microscopy (SEM), microhardness was tested along the depth 

direction of the coatings, the pin-on-disk wear test was conducted at room temperature, and morphologies of worn surfaces was analyzed 

by SEM. Results show that the compound layer mainly comprises γ-Fe, WC, M

2

C, M

6

C, M

23

C

6

, and (Fe,W)

3

C (M=Fe, Cr, W, Mo), and 

carbides exhibit different forms in the composite layer. The hardness of the compound layer is 723.74 MPa, which is 4.6 times as large as 

that of the substrate and 50% higher than that of traditional hardened 4Cr5MoSiV1steel. The average friction coefficient of MMC layer is 

0.283, which is only 87.1% of that of the cemented carbide and 61.1% of that of the 4Cr5MoSiV1 steel. The relative wear rate is 43.45, 

which is 1.7 times as large as that of the cemented carbide and 43 times that of the 4Cr5MoSiV1 steel. 

Key words: laser melt injection; WC particle; microstructure; wear resistance 
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