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[1]

.bcdeNf`PAO��7ghi��j

O�klmnopqrs@�$mntp�nuvo

()*	��,-.`*wx@ABC�mnop@

y�XYz{|}�~�#��|}�BC�"���

g#����%o�#�h�������)�

[1,2]

.

P�����������%o���N�����

���'o����S�������� �¡¢o

�#£¤¥l*¦§¨9

[3,4]

. 

�%o���E	
r©�ª9«BC%&mn

�W,XY¬­®¯°±o�(²³¬­�´�µ�¬

­°±¶·# ļaser engineered net shape�LENS)��

�¹Aº�µ (electron beam freeform fabrication�

EBF3) � � » � % o � (wire and arc additive 

manufacturing�WAAM)�¬­¼½A¾(selective laser 

melting�SLM)���¹¼½A¾ (selective electron 

beam melting�SEBM)#¿À.P��Á3Z��ÂLENS�

EBF3]WAAMÃ`ÄÅ�µ���PjONBC¯Æ

/º%ÇmngÈ(¬­/��¹/�»)Ä?:ÉmnO

Ê�%&�ËÇ�µmnÌÍÄÅ�Î¸^_nu'

ÏÐÑ}ÒÓÔÕÖ���Â×É1 mUV�ØÖ�Ù

×É3 mUVÃ�ÚÓÔÛÙÜ$Õ��ÝÞ;,��

Å1ßmnU¥lØàá;�� Ý̧2Z�� (SLMâ

SEBM)C«¯Æã�µo�¿À�PjONä¯ÌÍ

Çmg�µÌÍåæ�Î�á'�µ���ÕçÂè

ÁQRé�Ì1 mÃ�éÌêëìíî�ÓÔÛÙ��

ÝÞï;ðñ;òí1ßmnó×k9. 

Üô«¯ÆõB#ö÷mn����%o���

S@ABC�mn¿ë Eøù�úû��ü�´�

µ�'��ýþ���jOklo�ÓÔ±�Øà�

���ò*mn�í�%&�9�����*�%&¸

mn�Í	¾�
��(�*ÐÑ��¸
«Pmg/

���Ù�����ç�o��'+î�##.��

��%&�Îr����*@ABC�%o�¿ë

�����]Ø����U�`Ü £¤���(

!"#. 

����������	
�

$�AO�É 3420 T�$]$aB EAO��

%Ù��<&'�(!)*+#jO�S56�01

g,=��-.¨/%&#¿ëE0,¨9.Úd1

So�nuýþ�����@U�µýþ��#2y.

����345$$]$aB��%o���*���

W,XY6$ÂWÃ�$7ÂW-CuÃ�$8ÂW-NiÃ�

#9[aB�$87ÂW-Ni-CuÃ�$8:ÂW-Ni-FeÃ
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#;[aBU]$<ýa%&#=Ö�. 

>?Ö3�@A�BC#

[5]

D9 SLM nu��

*6$EFä¯A¾/GHÎ`���GHÌÍqr

I�� E��GHJ¾�KL¸MÌ<NêëOP

QR�ST¬­OU�V9?W#nu"iú¾'¥

lÕî�A¾XY.Z:��[\�]^_#

[6]

Sú

¾�nu"i`�a�D9 SLM nuop*bcÙ

` 97%�6$de.�fÖ3�ghÉ#i

[7]

��*

'ícÙ$ SLM op6$�jk����µÝ��

�`�ç�#lm�mnÓÔç« 1 µm¸o¬­'

ícÙ�ÖÝ�bcÙâùz%Ù��G�Ö�ØÖ

bcÙ×É 75%�ùz%ÙÂHVÃ` 4850 MPa�p�

«¯ÆõBoe.qrs���Ö3� Jeong #i

[8]

D9 LENS��op*�Ù` 110 mm�6$t%�

Ü$cÙÉ: 98.4%�%Ù` 3.9 GPa�ùu)vî

�¨9Áw.xyE�BC��\�z¦{  #

[9]

|

D9 SEBM ��op6$}d�debcÙ×É

99.5%�~���#�µ��l:*E�vo.��

n�Ö3�]��#

[10]

S��¾ZêëD9 LENS

��op*�Ù` 1~4.5 mm�$�F�Ç<�õB

}avî����T�$�í` 80%ÂìíriÃ�

¶·FS 450 T?�FÇ<%�g7�Ü��.`

��Å(�o���'�>?Ö3� Chen   #

[11]

$ SLM o��6$�Î*g#��QR���de

�7ghiÉ: 146 W·(m·K)

-1

�ÕQRÁ(�*

16%�Ä?=rz��df�ac�ò. 

f�����Ö3���?#

[12]

$SLMop

W-Cuýa�hA���Ù ��Ù #�Î*���

��*¬­��ÇW�nW� �.y�Ö3�;i

��\�Song#i

[13]

D9SLMnuo�*W-Cu��

�}Ò���nu"i� ¡����ÙS123~276 

µmW¡¾.Ö¢å£Ö3�B¤¥#i

[14]

D9LENS

���µW(25)Cuýa%&=��£Ìnu"iú¾�

ol�%&êë¦T�z§��¨©�cÙ`11.78 

g/cm

3

�ùz%ÙÂHVÃ¦¨ª`3200 MPa.�m«

f¬RnÖ3�Zhang#

[15]

D9SLM����*W-Ni

aB��%o������Ni�í�(����
­

���®¯°¡`±m�²³�����´�µÙ�

m�o�cÙ�m. 

�m«f¬RnÖ3�Zhang#

[16]

D9SLM��

��*W-Ni-CuaB��%o����o¬­��Õ

ç?�WV`¶·¸EA¾�Ni-CuA¾×V`µ±¹.

o��%ÙÇ¯ÆF�E �F�ºjk:¬­�»

¼�½U]¯Æ�3��¾¿ÀÁ.Â5Ã$W-Ni-Fe

aBSLM�%o�ÌÍ�Î*ÄÅ��.}Æêøü

Õç�F��ÕÇ�ÈÉWU�ÕÊ�ÈÉ�ÙE�

«(�¯Æã��Ù�ËÌ×UÉ:W�AO��Ý

�ÍÎdÏÍ*^�O

[17]

.xyE�BC��\�z

¦{#

[18]

D9SEBM��op*90W-7Ni-3FeaB�

����*Ð'ícÙÇaBbc¾]�'W� �.

y¿n�Ö3�ÑÒÓ#

[19]

Äd��*90W-7Ni-3Fe

^�aB�éÌD9�NLENSnu���de�bc

ÙØ�×É99.6% Ç̧ÔÜ|}nuÜôÕ�z§µÕ

�Ö�%Ùâ(×�ÙÕ��ÚØÙ�Ú�. 

f�����Ö3�I��#

[20]

D9SLMop

W-C-Ni;[aB�h��ÊÛ)*WC�n����

¬­'ícÙ�(��WC�n�ÐÜ¾�ÝÙâ�

Ù¨�m�ÞcolW<ýa%&.Â5ÃSW�ß

màáTiC���TiC�r×UH´:W<���o¬

­'ícÙªâ?�Ø�bcÙ×É94.7%��P%Ù

��<ã�î

[21]

. 

`*wx$]PaBoptpäå��&,-��

������µ�Ù�#2y�VæÖ3�]æç   

#

[22]

è�r�%&ÇBC¯ÆýaÝé�ÎAêë

ìÂFDMÃop$<ýa%&�~$nu"iÂ�H

�í�ëì�Ù�!Ë�í��U�F�#Ã�Î*

ú¾.îïy�D93D�ëì��op�90W-Ni-Fe

aB���MÌnuú¾Ý|}��bcÙ×É

94.83%

[23]

�^$«$��µN�ð	î�ñò.ór

ClemsonÖ3�Carrillo#i

[24]

��*D9ôaõÁö

��%o�WC�¿À���÷øÝ�o�`
ù}

Ò��úû¡µ�o��'� üÃEý��Å��.

órStarckþ��Stawovy#i

[25]

��*$<0aB

µ±¹ëìnu���|}¼
�`18%~19%�Çö

÷nuÜo¸Øàoe�aASTM B777��. 

�%o�$Ò��¨9G�NV`γ"Ðñ��

9E�ù�°�.
«Ûc�µ�jO�D9^Zn

u×US40 mm	�ñ��Vo�°
ñ0.5 mm�

ù�Õç�ù
'�Ïñ�ÛÙ+�

[26]

.éÌ^�ç

�ùD9ö÷mn¿À	@o��ùu)�%o��

��
júû. 

[}V����Æ×�����E $]$aB

��%o��l*Õî����Æ.
«�%o��

�mg������jO�¥l����çÂ=rm

nç« 1 µmÃ�Üô«¯ÆõB#ö÷op¿À�o

��%Ù��bcÙ�Â=rde�bcÙÉ: 99.5%

]UVÃ�ê�)vî�¨9Áw.èÁ���0OS

«��£Ìnuú¾(�o��bcÙ���ÑÐ�

��3ù#���ÞcvoGH���(����'¸

����µ�Ù`�a���nu�Ð#. 
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�ÂTaÃN�ZÐõÜú�	î�%&�6�¨

9«¶���£¤�E 80
���.bc���8�

�íôi�¶��Öl
�`wx948��í��

2y���*
ù�.
«ð�������¾�


ù�Ñeé'	î�� ð!4�ð�¾;-

[27]

.c

�%o��� Eð�¾"oÐÑ�jO�'ØÖÍ

Ù#a Ê!4�Í$;-�fc%:*¦§ �. 

&'Ö3�(¬#

[28]

« 2015�D9 SLM��o

p*Ðõ�9
ùBC%&�$Pnu"i�Î*ú

¾���êøü
ù�êë��)�*'í�«
ù

Ti6Al4V]
ù 316Lé+Z.cÝ�0,��Ö3�

&×-#

[29]

t.*"iÜÄÂXYº
�ù
�ù/

�#Ã�
ù0â
ù�}d���
ù��8��

íÕç�+±�1ì¶�94S��2��)Üú�

]�¶r¾'í¿ë¸Eøù½3.Ö¢RnÖ3�

]4#

[30]

|U
ù5¾6%&`©·�D9¾33Ü

¶·��op*
ù�BC%&�~S7ã$8¶9

:;!4�Î<����^�¿À'E�>=:;¶�

>�*�¶éÐ��l*�?���. 

@Pªl�(�N�2016�
�;_�Ö3A9

BC�rD0O��.E�èFð�¾
ù�GHI

�¯ã��¹�%o� J��â7ã¨9K¥l�

��W,�oëLð�¾
ù�GHI��¯Æã��

¹�%o�LpÇ����èMNi`zOPQ

[31]

.

Sî�è©RâS£a�TU�l*
�Ü �Æ.

��fÖ3TU����üSD9ú¾Ý� SLMnu

"i?��%o���bcÙØ�×É 96.92%¸ùz

%ÙÂHVÃÞ 1200 MPa(�: 4450 MPa�(×�Ù

Þ 310 MPa(�Ì 739 MPa�Õ¯ÆõBÑe¨(�

* 2VUV

[32]

.TUÃWX*ð�¾
ù�t.��

¯op

[33]

�3D ëìtp]nu# E�h� EY

W�ZÑ[� J��.2017�\�]J^/ð�¾

3Dëì
ù�I�GHin]_ �`abc��è

Á�d.\� 27/ 3Dëì
ù�7ã}Î��. 

>e�
ù��%o����¾nVdE*·f

��.2019� 7g�� 2h 3Dëì���ßT��

�o"ºiSVæj�.
 3D klº���� 2 h

3D ëì���ßT���o"nVám"� 10 ð�

è��E 2 �Ç
ù���%o�cnÜ �r3N

oi�GH9�%o�
ù��&¯ÆpU]o3Dë

ì
ù�7ã¨9p.���q�°N�%o�¨9

«Ñ����W,2y��r���Ü ���o"

âÍs�3D ëì��'Ï+îH>����ß�� 

���t!4. 


«��AO	��`*Í��%o�ÌÍ�=

r��34ééuv�'¹�A¾-GH^�H"�

���Ð�cNwxy
./��xzå£Ö3� Zhao

#i

[34]

D9Gø���¿Àop* Ta

2

O

5

Áö��|

}¥l Ta

2

O

5


ù¶·��ÝD9�¾3Ã��¿À

ol
ù�.�e�}êø�î¿À¥l�
ù�S

Ðõ{��>��)µ|âÐ	#¿ë¨ê�vî�

1ß�'d'����nÍ©·�,-.y���Ö

3� Qin#i

[35]

|D9�r�íE1Gø�hëì*

ýþ�Ò��êëÜ}Ù` 4 µm�M|}ÝêëÜ}

Ù~�Ì 2.8 µm�êëìí��Å ü.^_��`

@A
ù���%o�(!*�����
. 

�������������	
�

=$]$aB�
ù�Ue�PÂ@ABCÂ�

�aB��aBÃ��%o�¿ëd�l*�"���

éÌÜ$Õò.^W,Ç�&���o���]¨9

ÁwE ./��BC�ÂReÃ
«��äå���

��f>���H��	��Ü ���E��. 

�$�aB��%o�����n�Ö3�B�

�

[36]

D 9 SEBM � � o p * Nb521 a B

ÂNb-5W-2Mo-1ZrÃ�~}a��}Æ$P���Û)

Ü�z§}ÒµÕ]í3�'�Î*h÷��.��

Nb521 aB�µ����1S`�ÇO� Nb

2

C Û)

ÜÇO�(Nb, Zr)CÛ)Ü�P�(Nb, Zr)CÜ`��Ì

Í�
 Nb

2

C Ü°¡c�.×Ù�}}Æêø Nb521

aB�µ��ëì¿L(×�Ù�~�Ý���`

550~650 MPa��«�½.�r��y���%&�

�\�BC#

[37]

D9 LENS ��op* Nb-16Si 9[

aB.}Æêø�¬­��$¶·½ Nb-16Si aBÜ

��ïøùjk�S�'¬­¹�V9a6 Nb ¯Æ

Ç6 Si¯Æ�Ð�Ê.¨�°±a�*����½�

Nb

3

SiÜâ NbSS (niobium solid solution)Ü.�¬­�

���m�aB���m NbSS Ü
±m�®¯�¡

`�ç#l��P¦¨ÓÔ
� 50 µm �¾Ì 1 µm

���aB� NbSS+Nb

3

Si �m��µ½
�ç�F

���m�®¯�¡`àá�� NbSS Ü��r�S

Nb

3

Si<�V�é�|�m.Ä?��¬­���m�

¶·}dÜ$cÙ
 91.1%�Ì 98.5%.��%Ù


6050 MPa®¯�mÌ 8980 MPa. 

�$�aB��%o�����n�Ö3� �

¡

[38]

��*��¹Aº�µ(EBF3)o� TZM �aB

���â�'.TZM �aB�E 0.4%~0.55%Ti�

0.07%~0.12%Zr�0.01%~0.04%C��í` MoÂìí
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riÃ�¦§¨9«�����_n#£¤.D9��

¹Aº¶·�%o� TZM �aB�l*�"���

Úd1S	
2y�XY Ti[\|*¢0�¶·��


£
�Ùé�¸0Anu¤E¥«�ò3ù�Úº

��Å~��
�'#.���nÍÖ3�¦§#

[39]

��* SLM ��op6 Mo�Mo-5Co aB.}Æê

ø�SLM�µ Mo-5CoaB�%Ù�(�
�Ùú«

SLM ��6 Mo�+ú«g�|}6 Mo¸S 400 T

&'ã*}Î�&'hi×É 0.1�<ã�	� Ä̧?�

S 700 Tù�)Õ`úv���(¨¾�'.©H�

fª�«XÖ3� Kaserer #i

[40]

£ÌS6 Mo �ß

m 0.45%C��ò* SLM�µÌÍ�¨¾õ�Ð��

GH�¬
¦ëÐ	�¡`­�Ð	�Øà��`

α-Mo@®X®¯� Mo

2

C�bcÙ(� 1.9%�%Ù(

� 65%�(°±�Ù(� 340%�ßm C [\aB¾

²:* ü�µÌÍ�(�o��'�V9. 

³rX´µ�¶Ö3� Marinelli #i

[41]

D9

WAAM��op*@ABC·Ù}Ò���
«�â

��g¸¹hi��ÕÖ�94ºëV)�*Öí�

�¸c
«�â$�g¸¹hi±���$ºëV¸

E��.éÌ
«AO����mV�%o�ÌÍ�

��GH�j»�·Ù}Ò��r�%Ù~é¨©�

cN¼�·Ù¡¾. 

¯ÆN LENS�SLM�SEBM #�%o�nu�

0,�%&�	ÖÍÙVjk��%o�ÌÍ]Øà

o���'.E½«>��rnÍõR��\�zD

ç#

[42]

�9Jã¿À��*¾ÂVÃ<aBz�¯Æ

�op}Î�¿À*nu"iÇ¯ÆµÕ�nÙr��

g3�ìW� �¸y���Ö3�Á�_#

[43]

Ué

�|µ��¯`�&�D9"Â#�����op*

Jµ�ÂNbÃ¯���M#��J¾Ý�¯Æ1Lc

Ù�ÃÍcÙ¨(�*� 3 V��êë­Ä��0�

 ü�Ä?��m&��Njk¯ÆJ¾�� J"

iG�¸xyE�BC��\�zÅ#i

[33]

dD9"

Â#�����op*Jµ�ÂTaÃ¯�MJ¾QR

Ý��ÂTaÃ¯êë­Æ�2=ï�Ç���1Lc

Ù(�� 1 V�É:*�%o��%&�,-. «

@ABC¯Æ�op�����Ã×"ÈxzÉÊB

C%&EËNÌþ�BÍÍ#i

[44]

���ê�Î�

�Ï. 

�����������	
�

V�@AaB¨NUÐ�Z@ABC`W�PÂ

[\áÑô/Õò.�����)���%&�³`


�[�ÒaB�^�aB�ÓXY 5Zð 5ZUV

�[�� Z�[���riS 5%~35%GW.Çö

÷aBÜô��ÒaBS�rVE�ø�jO�S�

'VdE	Öúû�/���Ù��%Ù�<���

(ã*�<!)�<��#��`%&�3£¤��

����gOG�

[45-47]

. 

@A�ÒaBNX�Õ
@ABC[\��Òa

B�ØÔN
ór�_��ÍÎ�� Senkov#34«

2010���)���ÕÔ����rXY WNbMoTa

] VWNbMoTa #.Senkov #i

[48,49]

���êø�^

2 ZaBS��aÜ�"�vî�ùu)PV`��

aB¨9�Õí. 

<«>����E=r34��*@A�ÒaB

��%o���nV.èÁÖ:S^�¿L��ôÕ

×H�h÷�W,E 4 ð��TU�r3N{Ø_Ù

��Ö3� Kunce TU�¶r«�Ö3� Henrik 

DobbelsteinTU�xzå£Ö3�(ÚÛ/Ü�TUU

]å'Ö3�@ÝTU. 

Kunce #

[50]

Õ Ô D 9 LENS n u o p *

TiZrNbMoV �ÒaB�����aB���Ç¬­

'ícnÜ �o¬­'íÕç?���
 bccÜ�

NbTi

4

ÜâÞ� α-Zr�Û)Ü����½ØÖ»ßí

2.3%ÂìíriÃ�gQRÝ~�` 1.78%¸co¬

­'íÕÖ�É: 1 kW?���
�"� bccÜ�

���½ØÖ»ßí` 0.59%�gQRÝ` 0.61%.

^���êø��%o�@A�ÒaBEà¨9«á

ß£¤. 

Dobbelstein#

[51]

D9 LENS��op*MoNbTaW

@A�ÒaB���D9âa¯Æ¤b×UÍ��µ�

Ú
«ã[\�AO���Øà�µ���rÇ�ä

¯Æ�rEáÚ�¸�µ}Æ$"i�Ùåæ��ç

g�Ù�¬­"i���µ��gö7#¸Sa�F

A¾GÁ�;$V�F�Î0A¸�µÌÍ�;$¨

�í¢�vo.�Ý�Â5op* TiZrNbHfTa �Ò

aB�£Ìèé¶·-0Anu�Øà��r±�#�

�ô�aB
 bccÜ���%ÙÂHVÃ�É 5090 MPa

[52]

.

SØ��������Â5S Mo <NVop*

Ti

25

Zr

x

Nb

50-x

Ta

25

�ÒaB����� Zr�í��m�

��
���Eð bcc Ü�¡� 2 ZéÄ� bcc Ü�

aB�%ÙÄ?%mº�¾��9Ü bcc n�U]H

´�¾#
0V9jk

[53]

. 

xzå£Ö3�(ÚÛ/Ü���TU

[54]

��*

@A�ÒaB��%o���nV.oD9 SLMnu

op WTaMoNb aB?��µ:� 12 F?
«g¨

íÌÖ�)�ê±â���kl�µïÀ�Þaë¸

�ÝD9EË�r-EË[ìa�ÄÅ¿À$¨í 
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�

�Î���~$nu"i�Îú¾�wx*¨íÌÖ

�2y���op*í�de]î4ï���.��

Å��êø�îaB����ç�%ÙÂHVÃ�É

8260 MPa��<��'vî

[55]

.SD9¬­¶·nu
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Fig.1  Fake blade made by additive manufactured refractory high 

entropy alloy
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Research Progress on Additive Manufactured Refractory Metals 

 

Ding Hongyu, Yin Yanjun, Guan Jieren, Chen Chao, Jiang Zhiyong, Wang Zili 

(Marine Equipment and Technology Institute, Jiangsu University of Science and Technology, Zhenjiang 212003, China) 

 

Abstract: Owning to high melting temperature, refractory metals possess excellent properties at high temperature, hence they are crucial 

materials in parts bearing extreme thermal conditions such as engine, gas turbine, rocket, missile, etc. So refractory metal parts are very 

important in military equipment and civil life. However, it is very difficult to fabricate due to the high melting temperature and high 

thermal conductivity. Additive manufacturing is a new technique developed in recent years, and it possesses unique advantages thus 

providing a possible fabrication route for refractory metals. In this paper, research progress on additive manufacturing of tungsten and 

tungsten alloy, porous tantalum, niobium alloy, molybdenum alloy and refractory high entropy alloys were summarized. It may be helpful 

for researchers dedicated in related field. 
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