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L YG6MN�O	P�OAQR;OSTUVWX:�YZ[\]^_E`abc()�* WC-6Co+�,-7JA
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1  �  �  

ÏÐ�WC-6CoU�VWÑÒΦ5 mm×330 mmÓ

ÔÕÖ�}��� DIP�Zr���Z�Ä 1×10

8

 Pa


½�PÆ 15 s�Â��Z��Èb�� SHIP ���

�«�×� 1360 �
��PÆ 40 min
G� 5 MPa


½×½�PÆ 20 min�Z[\] YG6����/ØÍ
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�ÛÜÝ�ÞqÄß�R�-sà�

01`á WC-6CoU�VWc�/ 

Â� WC-6CoU�VW�GL 300 L
50 Hz¿¡

��}À��À���¨�bË 5:1
âãË 3:1
2%

(ä��7s�©�%p01�xÊË 0.2%~ 0.8%VC


0.3%~0.8% Cr
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ÞqÄß�R����åæ

0.3%VC
0.8%Cr
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�G����PÆsdY 8
24


48
72 h�çb
p 45 µm�è���é¥�Äfg

hiêhi��ê×� 230 �
Îê×� 110~120 �


bë�Ä 1.1 MPa�fghiSL\] YG6¾�bV

W�%p01�x��PÆ�¾�bÙÚ
@��r

s����åæ 48 h ��PÆ�ØÍ���-fgh

iZ[� YG6¾�b�ìÒ 30 Lí��}��GZ

[��r��̈ îïð®ñòó®�ôõ = 4.27: 1.19: 0.12©�

�� 258 t Å���Z�Å�Þb×�tZ4 40~50 

ö�Å�Ö�÷ø�4.65 mm�Å�ùa÷øY�

4.60ú4.67 mm�Å��Ä 23
23.5
24
24.5 MPa�

%p01Å��Ä��ÈÉ�
�ÛÜÝ
��É�

����åæ 24 MPa Å��Ä/ÌÍ�Å���È

b�� SHIP�����×�sdY 1320
1340
1360


1380 ����PÆ 40 min�G� 5 MPa�½×½�P

Æ 20 min���Z[r\] YG6�����01�x

��×��ÛÜÝ
ÙÚ
ÞqÄß�R����å

æ 1340 ö��×��û01 1340 öZ[���ü
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 ZEISS SIGMA 300��2

���������-ÙÚsà��������

YSK-IV(30mm)���Ä�¡�7	�������
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©����� AcoMT���¡5��7	�

7���5�¨Com©�HVS-30Z ������ �

7��ò!��(HV30)����"ür Φ3.6 mm×20 

mm��Û�·�#$s�Y 20%NaOHw K

3

Fe(CN)

6

þ���� MA3000�Û����7��%&��Û

ÜÝ�'�() ISO3327:2009C*+�,-.���

/{01����*+2�
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4ù�·� WDW-50A���5R*6��7��0

1��¨TRS©��� TSE-200É�#7��89o�
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  1  7J WC-6Co+�,-A XRD ¡ 

Fig.1  XRD pattern of WC-6Co composite powder 

 

: 2 Y WC-6Co U�VW� SEM )C/Á<=

Î�VW�?���CoÛ¸¹��4 WC�D���

� WC ?@�Y 100~200 nm�EF��G}YHI

WC?@4 CoÛ�JOX�;�û��

[24,25]

/KLÙ

EG}YHI WC?@MÆÙr��N�ÙrOÓ#

P@

[14,15,26]
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: 3Y WC-6CoU�VWQR@�sS:/Á<

=Î�VW�@�sST�D

50

Y 0.718 µm/�� Co

�� WC ?@�8UP@Y 100~200 nm�E D

10

Y

0.549 µm�z�­MN WC-6CoU�VWYOÓ#V

W/� 1Y WC-6CoU�VW�Oßrssà/Á<

=Î�WC-6Co U�VW�VWó67Xµ�B�6
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� WC-6Co U�VW�� DIP-SHIP Z[\]�

������G?@���Z�
r������V

b�Z[����ÌR.¼cdabef�R/ 

: 4 Y WC-6Co U�VW�� DIP-SHIP Z[�

\]YG6�����Û)C/: 4aY�þ�g�×100 

 

 

 

 

 

 

 

 

  2  WC-6Co+�,-A SEM¢£ 

Fig.2  SEM image of WC-6Co composite powder 
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  3  WC-6Co+�,-A¤¥eH]¦ 

Fig.3  Particle size distribution map of WC-6Co composite 

powder measured via laser diffraction 

 

h OM)C/Á<=Î�Z[����%&ªY A02�

i�Xµ%&/: 4bYþ�g� 1600 OM)C/Á

<=Î��ÛÜÝ�'}�	jk WC?@�sàl

r	j?@��`mY®̈ 1©̀ áVW WC?@�D�

�DR
�^���no� Co Û�· WC ?@pn

���̈ 2©��G?@���Z����qr WC?

@´µ���̈ 3©WC-6CoU�VWYs��OVW�

CoÛ¸¹��4 WC?@�D��� Cotu���

p }pnÙrãÛv¡�Co �Rw��x WC ?

@�WC ?@MÆ�yz �	
�4��p }2

{¶­��û���
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: 5 Y WC-6Co U�VW�� DIP-SHIP Z[�

\] YG6����� SEM)C/: 5aY�þ���

SEM)C/Á<=Î���} WC?@´µ���:

}|ÙG: 1
2
3���}?@Ì�ABY 1.2 µm�

7¸ WC?@ABY 0.8 µm��~s WC~î�Ù�

: 5b Yþ�Í�� SEM )C/Á<=Î��ÛY

WC?@��ÛY CoÛ�þ� CoÛ�WC?@��

Á��³4	jk�
�¸¹
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� 1  WC-6Co�������	
 

Table 1  Chemical composition of WC-6Co composite powder (ω/%) 

C

t

 C

f

 Co O 

S Al Ca K Mg Mo Na Si Fe 

5.82 0.20 5.96 0.20 

0.0046 0.0005 0.0056 0.0005 0.0013 0.0010 0.0006 0.0012 0.0060 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  4  WC-6Co+�,-./ DIP-SHIP7JKL YG6MN 

�OAOS¢£ 

Fig.4  OM images of ultra-fine YG6 cemented carbide prepared 

from WC-6Co composite powder by DIP-SHIP method:  

(a) corroded (×100) and (b) uncorroded (×1600) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  5  WC-6Co+�,-./ DIP-SHIP7JKL YG6 

MN�OA SEM¢£  

Fig.5  SEM images of ultra-fine YG6 cemented carbide prepared 

from WC-6Co composite powder via DIP-SHIP method: 

(a) corroded and (b) uncorroded 
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 Com=ω

Co

(4πδγ)/(4πδ

Co

)� � Co 6

7 6%���5�;�Y 4.22%���Y 5.33%/��

�ÄÆzcd����?@��D��-����Ä

�����} WC?@�]���-.�Û:;���

�� WC 7¸?@�/� 2 Y WC-6Co U�V��

DIP-SHIPZ[\] YG6������R/�¬�­®

�ÛÜÝ�RXµ�WC7¸?@ABY 0.8 µm��

�(HV

30

)Y(21500�100) MPa 	\v\] YG6X ��


����(TRS)ª/V�e CoÛ¸¹��WC?@�

Cot��	u�WC�û�����}H�YWC?@�

��WC?@��	
�qr����	
�E��ª/ 

2.3  WC-6Co �������� YG6 	
�� 

2.3.1  ��������	 YG6 
��
����� 

WC-6Co �� DIP-SHIP Z[\] YG6 ����

��G?@���Z��?@´µ���Y¶º»?

@´µ������G?@���Z�/�?@��

�Z��G��¾�¸¹�µ�����-sÇ��

�(0��¥sYÀ�<h�/h�MN WC-6CoV

WpnFGY67���p pnamyÙr%�/

mH�åæÀ���¨�bË 5:1
âãË 3:1
300 L

¿¡����j� 50 Hz©��G 0.5%VC
0.5%Cr

3

C

2




2%(ä(�7s�)���PÆsdY 8
24
48
72 h�

���¾��bÃfghiSL¾�bVW/ 

WC-6Co U�VW} Co Û¸¹�� WC P@�

U�Ve<OÓ#�Ù¥³4�z³4	j�

WC/WC �?��À�p }�R� WC/WC ?�s

����p } WC?@�pn2{�j��8�·

WC?@�û���Î3k?�´µ���3�/ 

: 6 Y�x��PÆZ[\] YG6 ¾�b�

SEM)C/Á<=Î�: 6a�� 8 h�VWOÓ­��

³4	j�sÇ��OÓ#P@�: 6b�� 24 h�V

W}OÓ#P@­�C ��e¡Ø³4	j�OÓ

#P@�: 6c�� 48 h�VW}OÓP@­�C �

8UP@��Á���¡Ø³4~sOÓ#P@�:

6d�� 72 h�VW}OÓ#3�C ��Î3´µ]

��OÓ#P@�]�OÓ#P@e���PÆ���

Co�¦¢X�qr/ 

�3Y�x��PÆZ[\]YG6¾�b�Oßr

s�Þq�R/Á<=Î�=>��PÆ��£��V

W}�Y67
¤ÑÉ�­�FG�@�ÐCDÍF�/ 

Q�: 6<� 3��¬�Y¶·�Z�sÇ¸¹�

��p }tZY67�@�R¥¸¹sÇ/�q�

��PÆ��¦T
§¨�`ªr£�E©Rº»�

PÆ���`ªÞb�OÓ3�/mH�WC-6Co U

�VWÀ�PÆåæY 48 h/ 

2.3.2  ��������	 YG6 
��
����� 

���-fghi� YG6¾�b�r��Í��

� 258 tÅ���Z/� 4Y�xÅ���Z[�È


��É�/Á<=Î®=>Å��Ä�F���ÈÉ

�ª«F�����É�ÐF�Í`ª/�È�É�

F�e4(ä�r���X�;�=>�Z�ÄF�

P@MÆ���F��¬&�%�C ��È�É�

T
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� 2  WC-6Co����� DIP-SHIP
��� YG6������ 

Table 2  Properties of ultra-fine YG6 cemented carbide prepared from WC-6Co composite powder via DIP-SHIP method 

Porosity  Physical and mechanical properties 

A B C 

 

 

WC average grain size/ 

µm 

Density/ 

g·cm

-3

 

Magnetic saturation/ 

% 

Magnetic coercivity/ 

kA·m

-1

 

TRS/ 

MPa 

Hardness, 

HV

30

/MPa 

02 00 00  0.8 14.78m0.05 5.02m0.10 32.22m1.00 1800m20 21500m100 

 

 

 

 

 

 

 

 

  6  ���v=>7JKL YG6§��A SEM¢£ 

Fig.6  SEM images of ultra-fine YG6 mixture produced with different ball-milling time: (a) 8 h, (b) 24 h, (c) 48 h, and (d) 72 h 
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� 3  ������
��� YG6������	
�� �� 

Table 3  Chemical composition and physical properties of 

ultra-fine YG6 mixtures produced with different 

ball-milling time 

Particle size 

distribution 

Ball 

milling 

time/h  

D

10

/

 

µm  

D

50

/

 

µm  

D

90

/

 

µm  

Oxygen 

content, 

ω/% 

Apparent 

density 

/g·cm

-3

  

8 0.618 1.451 6.824 0.28 2.57m0.05 

24 0.622 1.323 6.453 0.36 2.53m0.05 

48 0.634 1.227 4.029 0.42 2.62m0.05 

72 0.631 1.341 5.169 0.52 2.76m0.05 

 

: 7Y�xÅ��ÄZ[\]YG6������

Û)C/Á<=Î®: 7a³4	j�%����Å�

�ÄD�VWÅ�p }­;�7%����p }

%��Rw��ãÛ®¯�qr��}³4	j%��

: 7b��}³4	D�%&��­ 23.5 MPaÅ��

Ä°£·��rÉ���Rw�é�D�%��±�

4���É�²=��KLw�rÉ�: 7c}�ÛÜ

ÝXµ�©�­���É�	
�³­��°£KL

rÉ/: 7d���Û}Î3st3���­Å�p 

}Å�Äp����VW	]�´�Í§	��4�

Äçµ�p }Ùr´�Í§�¶}���±���

É�²=���°£�w�rÉ���´�Í§�³

4st�qr���É�`ª/ 

Q�� 4<: 7Á<=Î�WC-6CoU�VWZ[ 

� 4  ��!"#$
�"%&��'( 

Table 4  Preparation of compacts and alloy densities by  

different extrusion processes 

Extrusion pressure/ 

MPa 

Unsintered density/ 

g·cm

-3

 

Sintered density/ 

g·cm

-3

 

23 7.20m0.05 14.66m0.05 

23.5 7.38m0.05 14.74m0.05 

24 7.42m0.05 14.82m0.05 

24.5 7.45m0.05 14.80m0.05 

 

�¾�b4Å�p }�Å��ÄpD���É�ª�

�Rw�rÉ���}³4%��Å��Ä����s

t/mH�Å�p }Å��Ä�·¸J�JÅ��Ä

24 MPa�Z[����ÛÜÝXµ�rÉ�
/ 

2.3.3  �������	 YG6 �	
��
��� 

�� 

��xÊË�?@���Z��()�� 48 h�

Å��Ä 24 MPa�|A���¹Z[\] YG6��

��/�� ��G VC/Cr

3

C

2

�Z§¬���º»�

G VC
Cr

3

C

2

�µ� VC
Cr

3

C

2

 �·��Z?@�

�/: 8Y�x�Z�Z[\] YG6������Û

)C/Á<=Î�: 8a Y�G 0.2%VC
0.5%Cr

3

C

2

Z[��Û)C�Á=Î³4	jk� WC?@��

­�Z���G7�¼��R�§�½¾ WC?@´

µ��/: 8bY�G 0.5%VC
0.5%Cr

3

C

2

��Û)C�

��} WC k?@­�C ��n³4 7´µ�� 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  7  ��|66:7JKL YG6MN�OAOS¢£(¨100) 

Fig.7  Metallographic images of ultra-fine YG6 cemented carbide prepared under different pressing pressures: (a) 23 MPa, (b) 23.5 MPa,  

(c) 24 MPa, and (d) 24.5 MPa  

a 

b 

c d 
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� WC?@/�­ 1.0%¿À� �?@���Z�R

�§�Z?@��/: 8cY�G 0.3%VC
0.8%Cr

3

C

2

��Û)C�´µ��� WC ?@­�C �³4I

d´µ��� WC ?@�Id´µ��� WC ?@e

�� WC-6Co U�VW�OÓ�'c�lr/xP�

�: 8a <: 8b �ËÁÁ�Cr

3

C

2

��Z?@��§¬

¢� VC�� Cr4 CoÛ}âo�Â�� V�`ªW


C 4 Co Û}�oÃ��±E�Z?@��/: 8d Y

�G 0.8%VC
0.3%Cr

3

C

2

��Û)C���}³4I

d´µ���WC?@��­p7� VCR¥­���

Z WC ?@´µ���V R¥ÄÅ4 WC ?@�D�

4?@�D]Ó�`ªWC�DR��Z?@��

[28]

/ 

: 9Y�G�x�Z�Z[\]YG6�����

SEM)C/: 9aY�G 0.2%VC
0.5%Cr

3

C

2

� SEM

ÙÚ�Á<=Î³4Id´µk�� WC?@�k�

� WC ?@Y 3 µm ¿À�w: 8a �¬8r/: 9b

Y�G 0.5%VC
0.5%Cr

3

C

2

� SEM ÙÚ�@´µk

�� WC?@��³4	j 1 µm¿À WC?@��

WC?@�	: 9a­�]O�w: 8bsà�¬8r/

: 9cY�G 0.3%VC
0.8%Cr

3

C

2

� SEMÙÚ�@´

µk�� WC ?@�WC ?@¸¹�~j�Ù�IÙ

	L/: 9dY�G 0.8%VC
0.3%Cr

3

C

2

� SEMÙÚ�

WC ?@­�]O�j~/ÆÙ�z³4ÇId´µ

��� WC?@�w: 8dsà�¬8r/ 

� 5Y�G�x?@���Z�Z[\]YG6�

�����Û�ÞqÄß�R/Á<=Î��G 1.0%

¿À � VC/Cr

3

C

2

R­��½¾���´µ����

G 0.3%VC
0.8%Cr

3

C

2

Z[\] YG6 ������

�
Y(2450�20) MPa�E�G 0.8%VC
0.3%Cr

3

C

2

���(HV

30

)
YY(22150�100) MPa������

�ÁÈ�ÉÊ¨��

��ª©/ 

<WC-6CoU�VWY`bZ[\]YG6���

��J��} WC ?@ABCD3 0.5 µm P�\]

YG6 �����
��­�T
/�G Cr

3

C

2

�¦�

Z?@���FG WC/Co ?��7�· WC ?@~

j�Ù�IÙ	L�4ËLIÄPÌÍ{ÎÏw$Ð�
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Fig.8  OM images of ultra-fine YG6 cemented carbide prepared with different grain sizes inhibitor added: (a) 0.2%VC, 0.5%Cr
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;     

(b) 0.5%VC, 0.5%Cr
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; (c) 0.3%VC, 0.8%Cr
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; (d) 0.8%VC, 0.3%Cr
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  9  �I��de%��7{7JKL YG6MN�OA SEM¢£ 

Fig.9  SEM images of ultra-fine YG6 cemented carbide prepared with different grain sizes inhibitor added: (a) 0.2%VC, 0.5%Cr
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;    

(b) 0.5%VC, 0.5%Cr
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; (c) 0.3%VC, 0.8%Cr
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; (d) 0.8%VC, 0.3%Cr
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Table 5  Physical and mechanical properties of ultra-fine YG6 cemented carbide prepared with different grain sizes inhibitor  

added 

Content, ω/%  Porosity  Physical and mechanical properties 

VC Cr

3

C

2

  A B C 

 

 

WC average  

grain size/µm 

Density/ 

g·cm

-3

 

Magnetic 

saturation/% 

Magnetic 

coercivity/kA·m

-1

 

TRS/ 

MPa 

Hardness, 

HV

30

/MPa 

0.2  0.5  02 00 00  0.6 14.73m0.05 5.06m0.10 34.06m1.00 2100m20 20600m100 

0.5 0.5  02 00 00  0.5 14.79m0.05 5.04m0.10 38.25m1.00 2250m20 21200m100 

0.3 0.8  02 00 00  0.4 14.82m0.05 5.03m0.10 42.12m1.00 2450m20 21500m100 

0.8 0.3  02 00 00  0.4 14.80m0.05 5.03m0.10 40.02m1.00 2160m20 22150m100 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  10  ��DEGH7JKL YG6MN�OAOS¢£  

Fig.10  OM images of ultra-fine YG6 cemented carbide prepared at different sintering temperatures: (a) 1320 ,�  (b) 1340 �, (c) 1360 �,  

and (d) 1380 � 
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  11  ��DEGH7JKL YG6MN�OA SEM¢£  

Fig.11  SEM images of ultra-fine YG6 cemented carbide prepared at different sintering temperatures: (a) 1320 ,�  (b) 1340 �, (c) 1360 �, 

and (d) 1380 � 
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Table 6  Physical and mechanical properties of Ultra-fineYG6 cemented carbide prepared at different sintering temperatures 

Sintering 

temperature/© 

WC average grain 

size/µm 

Density/ 

g·cm

-3

 

Magnetic 

saturation/% 

Magnetic coercivity/ 

kA·m

-1

 

TRS/ 

MPa 

Hardness, 

HV

30

/MPa 

1320 0.4 14.78m0.05 5.12m0.10 41.08m1.00 2000m20 21200m100 

1340 0.4 14.80m0.05 5.08m0.10 43.26m1.00 2550m20 22600m100 

1360 0.5 14.82m0.05 5.07m0.10 37.42m1.00 2460m20 22000m100 

1380 0.6 14.85m0.05 5.02m0.10 36.10m1.00 2520m20 20800m100 

a b 

c d 

1 µm 
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  12  1340 �DEGH7JKL YG6MN�O��A SEM¢£ 

Fig.12  SEM images of fractures in ultra-fine YG6 cemented carbide prepared by sintering at 1340 © 

 

 

 

 

 

 

 

 

 

  13  1340 �DEGH7JKL YG6MN�Oaª«¬A SEM¢£ 

Fig.13  SEM images of corroded surfaces of ultra-fine YG6 cemented carbide prepared by sintering at 1340 © 
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In-situ Preparation of Ultra-fine YG6 Cemented Carbide via Sintering of WC-6Co 

Composite Powder  

 

Zhu Ertao

1

, Zhang Jiuxing

1

, Yang Xinyu

1

, Pan Yafei

1

, Yang Jiangao

2

 

(1. Hefei University of Technology, Hefei 230009, China) 

(2. Advanced Corporation for Materials & Equipment, Changsha 410118, China)  

 

Abstract: The in-situ preparation of WC-6Co composite powder was subjected to dry-bag type cold iso-static pressing without any 

pre-treatment (The pressing pressure was 1×10

8 

Pa and the holding time was 15 s). Ultra-fine YG6 cemented carbide was prepared by 

sintering the pressed blank in a low-pressure sintering furnace at a sintering temperature of 1360 °C for40 min, and it was kept under 5 

MPa pressure holding for 20 min. The morphology, metallography and physical mechanics properties of the YG6 cemented carbide were 

analyzed. The results show that abnormal grain growth can be observed from the ultra-fine YG6 cemented carbide, and the average grain 

size of the WC alloy is 0.8 µm. The hardness (HV

30

) is (21500±100) MPa, which is higher than that of the conventional ultra-fine YG6X 

cemented carbide. Then, the composite powder of WC-6Co was used to produce ultra-fine size YG6 cemented carbide by processes of 

wet-milling, pressure type spray drying, binder adding, extrusion forming, and low-pressure sintering. The effects of different grain growth 

inhibitor ratios, ball-milling time, extrusion pressure and sintering temperature on the properties of the alloy were investigated. The results 

show that when 0.3 wt% VC and 0.8 wt% Cr

3

C

2

 are added, wet milling time is 48 h, extrusion is at 24 MPa pressure and sintering 

temperature is 1340 °C, the produced ultra-fine YG6 cemented carbide has homogeneous WC grain size, and no WC grains with abnormal 

growth can be observed from the OM image of the YG6 cemented carbide. The average grain size of WC alloy is 0.4 µm, and the grains are 

in polygonal shapes with relatively round outlines. The strength and hardness of YG6 cemented carbide prepared under these conditions 

are the highest. The TRS of YG6 cemented carbide is (2250±20) MPa, and the hardness (HV

30

) is (22600±100) MPa. Intergranular fracture, 

along the WC and WC grain boundary fracture or WC and Co grain boundary fracture can be observed from the morphology of fractures. 

Key words: WC-6Co composite powder; ultra-fine YG6 cemented carbide; abnormal growth; WC grains size; wet-grinding; grain growth inhibitor  
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