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E���F 12~15���
G�HI�J*�

KL#/F 1800~2000 M�NOPQRST)UVW

�ABX.�YZ��[\]0^<�_ 1400 M�`

#6a

[4]

EbJ�
����cI�[\�d�]0

efghi$%�Hjk#/9l 1453 M�mnop

qr-.��Esf$%t��&uFg>�$%v

^<w��jkx2467 My:w9�z/x8.57 g/cm

3

y

{|}�~#�#�$a��6-H�F!���#

)*+,�����]0

[5-7]

E����������

�.��j�:����{���%;���� �

�� ¡{¢£txNb

3

Al:Nb

5

Si

3

:NbCr

2

;y ¡

�u$%�¤u$%�¥KL:¦§�6¨©{�#ª

¡THABVW;�«¬­�®¯����°

[8-11]

E 

±²³´µ�j¶� �u$%·¸¹º¡»

(NbC:TiC:ZrC ;)¼sug��>xniobium solid 

solution�Nbssy½
¾<=�¡�¿À�^<|}�

Á«Â$�ÃÄÅ $% �ÆÇ&È¡º¡»�¥

ÉTHÊËÌ&ÍÎu$%��$a��6

[12-14]

E�

ÏÌÐ��.�Ñ$%¡s)cÒÂtÂ$����

%ÆÇ ��� ¡{º¡» ¡��Ó�tu$

%�Ô¹¥Õ���%ÆÇ�$%g>{ ¡t¦§

ÂÖ�×ØÙÚ�ÛÜÝÞHa�{ßÊàF��Ý

á!"u$%^<���â�ãäE 

1  �  � 

���%� �åä�¥F Nb-35%Ti-6%Al- 

5%Cr-8%V-5%C (æç¥è)xéêF Nb-35Ti-6Al-5Cr- 

8V-5C�ë3y�$%��.�ìu:í:î:ï:ð

Óñ��{º¡í��XFæ]0�òó�¥ô�¤õ

ö÷�ø¬ 100 g�ù$��¤ QM-BPàúûüý�

ÏÛà�Ñ$%¡�½þ�üý���F 250 mL�ü

ýýü�. GCr15 �`�ü����.�	F 6 { 2 

mm 2
�ü�H�¯�F 3:1�ü0�F 3:1�üý�

	F 200 r/minE�Ñüý
J��<��Týü�½

þ��¤õö÷�¿�����¿���Ä� 3~5��

A�üý��F��ABCD&��üýÄ�·�ª

¡��E��)cÒÂ¤��/�l 10

-2 

Pa� ZRY55

��6��)cÒÂ��Ûà��.c��	F 50 mm

�ÒÂ�^ � !"0EF#$�	���%&��

�'��~#(,ë)* 10 MPa�)ca�+#	/

F 15 /� min�ÒÂ#/ 1500 ���#/,�¼*c-

ÒÂca 30 MPa��¤ÒÂ#/ 1500 ����(,ë
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A# 60 min�A#Â.¼��(,ë��PQE 

�. X’Pert-Pro" X/01/2�½3üý43

���)cÒÂ]0Ûàt¦�»t¥Õ�4567

20°~90°�89	/ 4°/min:�. JSM-6460 "89�

;{ Axio Scope A1]0<=;���ÒÂ]0�=

>¦§ÊËÛà>?{¥Õ:%t5@�ABCF

HCl:HNO

3

:HF:H

2

O

2

=50:18:16:16E�. Instron-5500R

D65E��ÒÂ]0Ûàa��645�cF5@

F Φ6 mmG9 mm� !�cF	2F 5G10

-3

 s

-1

E 

2  ����� 

���������	
��
������������	�

�ÑüýæH��u�:í�:î�:ï�:ð�:

º¡í��ÊËIJ 1KLEH·d�%MÓñxNb:

Ti:Al:Cr:Vy��NO�	PQF 30~60 µm�TiC

��PQF 1~2 µmEJ·%MÓñRSd�FTUt

Ë�^<Þ<�VWE 

�¥ô�FNb-35Ti-6Al-5Cr-8V-5Cxæç¥è, %y

ù$��¤��ABCDë�Ñüý 3:6:9 h¼ SEM

£��çÊËIJ 2KL�J·Ì&X����üý4

3�Y*ZÓñ��RS[\]¡�̂ e_
¾Þ<�

RS`abcEJ 2a:2b¥dFüý 3 h¼��ÊË

ó\�J·½3PQ�%MRS¥ÉOe�VWÞ<

xsJ 1·æH��ÊUfgy�¨Þüý 3 hZÓñ

RS¥ÉOehlOe^i�ßÊ½Þ<Eüý 6 h¼

xJ 2cyù$��·�TU��[jßÊF\UÊË�

kellüýÄ�·TU��¤mnX.ë¨«o¡

W
¾pqÛÜ¸ri�ßÊ%&�Eüý 9 h¼�æ

HTU���VWst�ù$��·�\U��Þ<Y

�xJ 2d:2ey��Þ<u¤PQ]��vU��EJ

2fFJ 2d�w+@®J�J·RS]�� TiC��O

e¥ÉlTU{\U%M��¨WE 

J 3FJ 2f EDSÓñ«89¼%MÓñ¥Éó\E

Â°¨Þ�üý 9 h¼�$��·+¥ Nb:TiRS^<

t�w®�PQ�d�&TU{\Uu¤��H¨«x

�y¯]�%MRS:ù$��·� Al:Cr:VRS&

vUÊûOe¥É�+¥ CrRSY¨bF\UÊËE 

ÏzÂ°¨Þ���üý43�Y*�ù$��·

� TiC ��­{<|¥}�~�|}�TU%MÓñ

��¤ýüs��&Týüsýü�¿�mn�cX

.ë
¾Þ<�i�ßÊ�TURSVW�pq�i�

ßÊF\URS�i�ßÊ%&\U%MRS�+u¤

�z/����¤���*Æ�¡X.ëp��]��

vU��E�

2.2  ������ Nb-35Ti-6Al-5Cr-8V-5C����  

½3üý43�ù$��¤ 1500 M�#:ca 30 

MPa���(,ëA#60 min¼ �$%�XRDJ�E

IJ 4KL�ÒÂ$%Ol Nbss{(Nb, Ti)C�tÖ�E

�J·Ì&X�Nb-35Ti-6Al-5Cr-8V-5C$%Nbss{(Nb, 

Ti)C�1/�t�lì Nb��xJ 4· A�0y{ TiC 
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Fig.1  Original morphologies of element powders for mechanical ball milling: (a) Nb, (b) Ti, (c) Al, (d) Cr, (e) V, and (f) TiC 
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± 2  -.<=>? Nb-35Ti-6Al-5Cr-8V-5C5�78 SEMµ^ 

Fig.2  SEM morphologies of Nb-35Ti-6Al-5Cr-8V-5C powders after different ball milling time: (a, b) 3 h, (c) 6 h, and (d~f) 9 h 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

± 3  ± 2fVr�Y{|6 EDS{|olm 

Fig.3  EDS mapping of metal elements for Fig.2f: (a) all metal elements, (b) Nb, (c) Ti, (d) Al, (e) Cr, and (f) V 

�

��xJ 4· B�0y�1/�O��
¾��E�±

�0���L�­� Nb-35Ti-6Al-5Cr-8V-5C $% Nbss

�i��èF 0.32297 nm�t�lì Nb��xJ 4·

A�0yi��è 0.33067 nmxPDF: 35-0789· bcc Nbss

i��èF 0.3306 nmy�� 0.00763 nm�kell�

Óñ Ti:Al:Cr:V ��Û¹ Nbss i�¸r�E

Nb-35Ti-6Al-5Cr- 8V-5C $%(Nb, Ti)C �i��èF

0.42821 nm�t�l TiC��xJ 4· B�0y�i�

�è 0.43213 nm (PDF: 65-0242· fcc TiC�i��èF

0.4327 nmy�� 0.00392 nm�̈ Þ$%(Nb, Ti)C·�%

Mæç& TiFd��º¡»·u¤Þ<� Cæç�tE 

2.3  ������ Nb-35Ti-6Al-5Cr-8V-5C ��!"

#�$�% 

½3üý43��)cÒÂ Nb-35Ti-6Al-5Cr- 

8V-5C$%� SEM�}/�çÊËIJ 5KLx��

«��l)cÒÂ����y�sJ 4 XRD¥ÕÂ°t 
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± 4  ²³ Nb�TiC 78�<=-.>?_ Nb-35Ti-6Al- 

5Cr-8V-5C»¼01235� XRD±½ 

Fig.4  XRD patterns of pure Nb, TiC powder and vacuum 

hot-press sintered Nb-35Ti-6Al-5Cr-8V-5C alloys after 

different ball milling time 

�&�$%l�tÖ�x�}/�ç�tÃÄ�/ß¡

¿Àæç�è����NOæç�è���/�®y�

J·�/w®x¨bF� y�tF(Nb, Ti)CtEJ 5a

Füý 3 h¼ÒÂ$%�9¡ó\�º¡»�>�¥è

¢F 11.45%�J 5a·º¡»Oe¥Él Nbss�+�^

�Hw+@®JxJ 5by�Xº¡»¾£`abcwF

Þ<�º¡»PQ¢F 100 µmEJ 5c{J 5e¥dFü

ý 6{ 9 h¼ÒÂ$%� SEMÊË�Hº¡»�>�¥

è¥d¢F 10.94%{ 10.3%�sJ 5a ·º¡»�>�

¥è�d½®�ks$%· CÓñ¤¯t3e�&�E

^e���üý43�Y*�$%·(Nb, Ti)Ct�PQ

Þ<ß�xJ 5c {J 5ey��Hw+@®JxJ 5d {

J 5fy�XPQ]��£(Uº¡»Þ<Y�E�Â°

¨Þ���üý43�Y*�%MÓñ��­{p�{

]¡�Oe¥Él%MÓñRS¨«� TiC���
ß

­¥F¥}�)cÒÂÄ�·ZÓñ¦}6a<§%&

¾��(Nb, Ti)CtPQß��¨}¡E 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

± 5  <=-.>?0123 Nb-35Ti-6Al-5Cr-8V-5C5�A´µ^ 

Fig.5  Morphologies of hot-press sintered Nb-35Ti-6Al-5Cr-8V-5C alloy after different ball milling time: (a, b) 3 h, (c, d) 6 h, and (e, f) 9 h 
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� 1  � 5f ��� 9 h � Nb-35Ti-6Al-5Cr-8V-5C ��(Nb, 

Ti)C�

��

�Nbss	
���
��� 

Table 1  EDS analysis of (Nb, Ti)C, Nbss and grain boundary 

obtained from Nb-35Ti-6Al-5Cr-8V-5C alloy after 

ball milling for 9 h in Fig.5f 

Point 1  Point 2  Point 3 

Element 

ω/% at%  ω/% at%  ω/% at% 

Nb L 62.05 44.82  22.14 12.71  38.57 24.23 

Ti K 23.55 33.00  76.80 85.49  51.00 62.15 

Al K 02.84 07.07  0 0.76 01.51  01.72 03.71 

Cr K 04.58 05.91  00.29 00.30  03.41 03.83 

V K 06.99 09.20  00.00 00.00  05.31 06.08 

 

J 5f·N�TUxPoint 2y{¨}£(U�º¡

»��¤ Nbss �+5u¤�/©l Nbss {(Nb, Ti)C

t
3�£	�w®�(ª «xJ·¬0KLy��

 «F NbssiS�iÁEJ 5f· Nbss:TU(Nb, Ti)C

TiÁ­�%Mæç6�¥Õè±I¨ 1KLEÌ&X

� NbssxPoint 1y�+ Al:Cr:V�æç�®�l�

¥ô��¯Þ Al:Cr:VÓñd�¥Él Nbss�+:

TU(Nb, Ti)CtxPoint 2y·%Mæçd�& TiFd�

ksJ 4 XRD·(Nb, Ti) C�1/�����e�&

�:iÁ­xPoint 3yTiæç¤¯w��Al:Cr:V�

Óñ¤¯�l(Nb, Ti)C t�9l Nbss t�¨Þ Nbss

iÁ­u¤ Tiæç�°±E 

J 5 ·½3üý43��)cÒÂ Nb-35Ti-6Al- 

5Cr-8V-5C$%SEM �}/ó\·NbssiS�iÁ¨

b½Þ<�F�¥}�¥ÕüýÆÇ�ÒÂ]0iSP

QTHÊË�×ØÙÚ��.ABC�ÒÂ5@ÛàA

B­²�AB¼³­´�<=¦§ÊËIJ 6KLEJ

6aFüý 3 h¼Nb-35Ti-6Al-5Cr-8V-5C$%%tó\�

J 6bFJ 6a�À�%t¦§�µ¶�J·Ì&·¸�

¿À� NbssiS�iÁÊËEº¡»d�¥Él Nbss

�iÁ­�sj¶� �º¡» ¡u$%ÊË½3�

e NbssiÁ­�½e¹ºu¤º¡»Ekellj¶

� � Nb-35Ti-6Al-5Cr-8V-5C$%���Ä�F»¼

i��Ä��½¾º¡»¿s Nbss&¼i¦§�Êû

u¤sÀ¾ NbssiS�Ái3�Ü���%� �$

%e&ZÓñ��RS�Â:¦}TÃÂi�»²¡�

Ä�Ê��ÄÅÆ(,ëæç�¦}6a<§%&

NbssiS�iÁ­½6¹+Ê�º¡»

[15]

EJ 6c{J

6dFüý 6{ 9 h¼�ÒÂ]0%tó\E��Ì&X

����üý43�Y*�ÒÂ$%Nº¡»¥É¨}

¡THRSPQ����Nbss �iSPQ��üý4

3�Y*ÇÈb���hÉE 

��&�������� Nb-35Ti-6Al-5Cr-8V-5C ��'(

)*�

J 7F Nb-35Ti-6Al-5Cr-8V-5C��üý 3:6:9 

h¼��)cÒÂ]0~#cF�Àa-ÀßÊ0E�

J·Ì&X���üý43�Y*�Nb-35Ti-6Al- 

5Cr-8V-5C $%� /ÈbÞ<�Y*hÉ�cFÊ

0¤Àß¯F 5%
J¨b�|}�Ë�ßÊ ¡6

a�½3üý43��)cÒÂ$%�ÌÍ /(σ

0.2

) 

{Î§ /(σ

max

)I¨ 2KL�üý 9 ht�lüý 3 h 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

± 6  -.<=>?_ Nb-35Ti-6Al-5Cr-8V-5C5�¾��DFGA´ 

Fig.6  OM images of Nb-35Ti-6Al-5Cr-8V-5C alloy after different ball milling time: (a, b) 3 h, (c) 6 h, and (d) 9 h 
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± 7  <=-.>?0123Nb-35Ti-6Al-5Cr-8V-5C5���

1�»¿J-¿@ÀÁ 

Fig.7  Compressive true stress-strain curves of hot-press sintered 

Nb-35Ti-6Al-5Cr-8V-5C alloy at room temperature after 

different ball milling time 

 

¼ÒÂ$%� σ

0.2

s σ

max

O�� 200 MPaÏ�E���

�üý43Y*$%cFÊ0·ÌÍ /-Î§ /

ÐÑ�90�*Æ�¡ßÊ6a<K�+xl¢ 13%

+�-¢ 18%yE 

� 2  ������ Nb-35Ti-6Al-5Cr-8V-5C �������

������� !"#(σ

0.2

)$%&"#(σ

max

) 

Table 2  Carbide ratio, 0.2% offset yield stress (σ

0.2

) and 

maximum stress (σ

max

) at room temperature for 

Nb-35Ti-6Al-5Cr-8V-5C alloy after different ball 

milling time 

Milling time/h 

Ratio of  

(Nb, Ti)C, φ/% 

0.2% offset 

yield stress, 

σ

0.2

/MPa 

Maximum 

stress, σ

max

/ 

MPa 

3 ~11.45 1021 1301 

6 ~10.94 1077 1406 

9 ~10.3 1204 1497 

 

J 8 F½3üý43)cÒÂ Nb-35Ti-6Al-5Cr- 

8V-5C $%~#cF¼�<=¦§�H�«Nàl)

cÒÂ����EJ 8aFüý 3 h$%cF¼�=>

¦§ÊËE�J·Ì&X�cFßÊ¼$%·�pß

Ê�º¡»�+u¤ÒÓEJ 8b FJ 8a �w+@®

J�w®PQ�º¡»xPoint 1yu¤Þ<�ÔÕº

¡»Ïë�ÒÓ�£	�w®�º¡»xPoint 2y�+ 

3@u¤ÔÕÒÓ���®Tº¡»{�PQº¡»�

ÒÓ��OÖ�lNà¥ÉE×e�J·sº¡»�+ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

± 8  <=-.>?0123 Nb-35Ti-6Al-5Cr-8V-5C5���1�_6�DFG 

Fig.8  Microstructures of hot-press sintered Nb-35Ti-6Al-5Cr-8V-5C alloy of different ball milling time after compression at room 

temperature: (a, b) 3 h, (c~e) 6 h, and (f~h) 9 h 
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ÒÓ���gNà��PQº¡»¨«_
bÞ<�

ÒÓxPoint 3yEJ 8c:8d¥dFüý 6 h¼ �$%

½3@®¡è� SEM�}/�çó\�J·º¡»�

+�ÒÓÊËsJ 8bt3��gNà�ÔÕlº¡»

¨«EJ 8eFsJ 8d�À�£��çÊËE�J·Ì

&X�º¡»�+�ÒÓÔ/w®�º¡»�ÒÓ½Ø

Ø
¾¤H¨«Üe¤��l����ÔÃ�ÙÚº

¡»�º¡»¤cFÄ�·vcFßÊÜ
¾p�EJ

8f~8h¥dFüý 9 h¼ÒÂ$%cFßÊ¼�=>¦

§ÊË�J·¨}º¡»Y����J 8h·sÒÓ�

��gNà��PQº¡»�+Çu¤ÒÓxPoint 1y�

¨Þüý 9 hÒÂ$%·¨}�º¡»`Û�t�¥®

a{ßÊ�ksJ 7·üý 9 h$%Î§ /�Ü�i

�ßÊ¯w®e�&�Esº¡»
¾Þ<�p�bc

½3�e�J 8· Nbss�+THsº¡»�Á«­_


bÞ<�ÒÓ�¨Þ Nbss^<|}�~��Nbsss

º¡»^<w �Á«Â$6aE 

�$¥Õüý 3:6:9 h ¼��)cÒÂ]0�

~#cFa�àFxJ 7y{ßÊJ¼�<=¦§xJ

5{J 8y�Â$]0 /ß¡� Hall-PetchÙÚÌÐ�

��üý43�Y* Nbss iSPQ��<1l��

H�$%�]i ¡|°:34(Nb, Ti)C¨}¡<Ý

l��H�$%�¢£t ¡6a�2 
 ¡|°¼

3X.%& �$%~#cF /�<|��EÞ��

��«ß±]i ¡ÙÚiS]¡¤��$% /�

34¿+¥��$%�i�ßÊ6a:à��«üý

3 h$%·�º¡»PQw®��á�º¡»`Û�ß

Ê¯w�¤cFÄ�·�â
¾ÒÓÜ%&$%`Û

cF6a89x�ÀlJ 7·üý 3 h$%i�ßÊ

6aw�y���üý43Y*¨}¥É�º¡»67

ãs`Û¥®�ßÊ¯xJ 8hyEvÞ�2Úvñ34

X.%&�$%��üý43�Y*i�ßÊ6a�

�E�±²³´µ�j¶� � Nb-35Ti-6Al-5Cr-8V
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Microstructure Evolution and Mechanical Behavior of Powder Metallurgy 

Carbide-reinforced Niobium Alloy 

 

Wei Wenqing, Cao Guangming, Liu Bingqiang, Cui Dawei 

(Weifang University, Weifang 261061, China) 

 

Abstract: Nb-35Ti-6Al-5Cr-8V-5C alloys were prepared by powder metallurgy method combining mechanical alloying and hot press 

sintering. The powder deformation behavior, microstructure evolution and mechanical properties of the alloy powder with different ball 

milling time were investigated by XRD, SEM, etc. The result shows that the massive metal particles of the Nb-35Ti-6Al-5Cr-8V-5C 

composite powder are transformed into flakes firstly and then deformed into flocculent morphology during the implementation of impact 

extrusion as the ball milling time increases, and the TiC powders are distributed uniformly on the surface of flake metal powder. The 

Nb-35Ti-6Al-5Cr-8V-5C alloy consists of Nbss phase and (Nb, Ti)C phase, and the volume fraction of carbide for each alloy is about 11%. 

Ti is mainly distributed in (Nb, Ti)C and the grain boundary of Nbss, while the element of Al, Cr, V is mainly distributed in Nbss grain. 

The size of Nbss and (Nb, Ti)C phase is decreased with the increase of ball milling time. The compressive mechanical properties and 

plastic deformation capacity at room temperature are significantly increased by grain refinement of Nbss and reinforced phase dispersion 

of carbides. After compression deformation a good interfacial bonding between Nbss and carbide exists, nevertheless, there are obvious 

nearly parallel cracks in carbide particulates. Furthermore, it is evident that the mechanical property of Nb-35Ti-6Al-5Cr-8V-5C alloy 

prepared by powder metallurgy is better than that prepared by arc melting method. 

Key words: carbide-reinforced niobium alloy; powder metallurgy; mechanical properties 
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