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� 1  TiZrHfNbSc=5�>�?F XRD�� 

Fig.1  XRD pattern of the TiZrHfNbSc alloy 

 

 

 

 

 

 

 

 

 

 

 

� 2  TiZrHfNbSc=5�>�?F DSC�� 

Fig.2  DSC curve of the TiZrHfNbSc alloy 
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Table 1  Lattice parameter a, density ρ, HT and RT structure, and the temperature of the bcc-to-hcp polymorphic 

transformation for the pure metals and the alloy 

Metal Ti Zr Hf Nb Sc Alloy cal. Alloy exp. 

Lattice parameter, a/nm 0.3311 0.3545 0.3615 0.3301 0.3308 0.3439 0.3443 

Density, ρ/g·cm

-3

 4.51 6.51 13.31 8.57 2.99 7.13 7.16 

HT structure bcc bcc bcc bcc bcc - - 

RT structure hcp hcp hcp bcc hcp - - 

bcc-to-hcp transition temperature/� 893 863 1749 - 1335 - - 
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� 3  TiZrHfNbSc=5�>�? SEM� 

Fig.3  SEM-SE (a) and BSE (b) images of TiZrHfNbSc alloys 

 

��� 3b�����	
�����������

��������������� �������

����������!�"��#$%&'()

*+,-�.�/0�� 2� TiZrHfNbSc12�3�

�4567�" EDS�67#$%,�� 3a��� 1

89:;<�� 289=;���>'(��?�@

ABCD�EFGH�I?J�.KL�"

TiZrHfNbSc12�3��MNO�8� 4;67P#

$%,�TiQZrQHfQNbQSc 5R'(�M?STU

D�EV�)*+W-�.�'(KX-Y�Z([

�?SD��\�]^#$_`�TiZrHfNbSc12�

3��]a��\Q6bcdefgaI� 

���������	
��

� 5hTiZrHfNbSc12�3���ijklmn

mopq�#$_`���rstuv� 650 MPa�

wxyz� 30 GPa���{+|}�kl~x�� 60%

�klmo�)*+����-Y�� 3�,� TiQ

ZrQHfQNbQSc 5R������.��u<rst

u�

[22,23]

�����, Sc�S��u� HB=500~600 

MPa

[24]

�� 2000 MPa $���d������_`

HV≈HB��� Vegard����� 

mix

(HV) HV

i i

c=

∑

                       83; 

0.2 mix 0.2

( )

i i

σ c σ=

∑

                        84; 

#$��,�3�����.��u� 1122 MPa�r

stu σ

0.2

=226.4 MPa�"� 3�#$%&�����

�.��u<rstuA��8HVv 3800 MPa< σ

0.2

v 650 MPa;���H�� ���������- 

 

� ���� 3a� TiZrHfNbSc���	
����� 

EDS���� 

Table 2  EDS results of TiZrHfNbSc alloy for different 

regions in Fig.3a (at%) 

Region Ti Zr Hf Nb Sc 

1 19.87 15.93 29.74 15.81 18.65 

2 18.72 17.51 25.66 19.22 18.89 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

� 4  TiZrHfNbSc=5�>�?F SEM��W EDS����� 

Fig.4  SEM image (a) and EDS mapping of TiZrHfNbSc alloy: (b) Ti, (c) Zr, (d) Hf, (e) Nb, and (f) Sc 
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� 5  TiZrHfNbSc=5�>�?F��vw�X�x�� 

Fig.5  Compressive stress-strain curve of TiZrHfNbSc alloy 

at room temperature 
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Table 3  Hardness and yield strength of the pure metals and the studied alloy 

Metal Ti Zr Hf Nb Sc Alloy cal. Alloy exp. 

HV/MPa 990 920 1800 1350 - 

HB/MPa - - - - 500~600 

1112~1132 3800 

σ

0.2

/MPa 195 280 240 240 177 226.4 650 

 

� 6%ß����u�à&áH�â^�¡¿ão'(

I?ÑCD#$ä�,{+|}n¼x4�åæ�3

���� TiZrHfNbSc12�3���Ìdçèéêë

� ì�� 

��������

��

�

1) TiZrHfNbSc12�3���cdJ�� bcce

fg6b���Öuv� 7.16 g/cm

3

� 

2) ��a�I??S�\�{+�í�tîxC

������.��uv 3800 MPa�rstu σ

0.2

v

650 MPa�kloïðà& 60%$ñ����t£¤

¥�eft£� 

 

�� !    References  

[1] Yeh J W, Chen S K, Lin S J et al. Advanced Engineering 

Materials[J], 2004, 6: 299 

[2] Schuh B, Mendez-Martin F, Völker B et al. Acta Materialia[J], 

2015, 96: 258 

[3] Lu Y P, Gao X Z, Jiang L et al. Acta Materialia[J], 2017, 124: 

143 

[4] Zhang Y, Liu Y, Li Y X et al. Materials Letters[J], 2016, 174: 

82 

[5] Lu Y P, Dong Y, Guo S et al. Scientific Reports[J], 2014, 4: 

6200 

[6] Yu P F, Zhang L J, Ning J L et al. Materials Letters[J], 2017, 

196: 137 

[7] Nong Zhisheng(���), Zhang Bo(� �), Zhu Jingchuan(�

��). Rare Metal Materials and Engineering(�!?���

���)[J], 2018, 47(9): 2827 

[8] Lv Zhaoping(�� ), Lei Zhifeng(¡�¢), Huang Hailong 

(£¤¥) et al. Acta Metallurgica Sinica(?�Y¦)[J], 2018, 

54(11): 1553 

[9] Jayaraj J, Thinaharan C, Ningshen S et al. Intermetallics[J], 

2018, 89: 123 

[10] Guo N N, Wang L, Luo L S et al. Journal of Alloys and 

Compounds[J], 2016, 660: 197 

[11] Stepanov N D, Shaysultanov D G, Salishchev G A et al. 

Materials Letters[J], 2015, 142: 153 

[12] Zhou Fang(§ ¨), Liu Qibin(©ª«), Li Dongliang(¬

®). Rare Metal Materials and Engineering(�!?����

��)[J], 2017, 46(12): 3941 

[13] Senkov O N, Wilks G B, Scott J M et al. Intermetallics[J], 

2011, 19(5): 698 

[14] Senkov O N, Scott J M, Senkova S V et al. Journal of Alloy 

and Compounds[J], 2011, 509(20): 6043 

[15] Senkov O N, Scott J M, Senkova S V et al. Journal of 

Materials Science[J], 2012, 47: 4062 

[16] Rogal Ł, Czerwinski F, Jochym P T et al. Materials and 

0 10 20 30 40 50 60 70

0

1000

2000

3000

4000

5000

 

S
t
r
e
s
s
/
M
P
a

Strain/%



�2824�                                           �!?������                                          � 49� 

Design[J], 2016, 92: 8 

[17] Takeuchi A, Amiya K, Wada T et al. Intermetallics[J], 2016, 

69: 103 

[18] Tao Binwu(¯«°), Wang Keran(±²³), Liu Jianhua(©´

µ) et al. Rare Metal Materials and Engineering(�!?��

����)[J], 2005, 34(9): 1485 

[19] Zhang Y, Zhou Y J, Lin J P et al. Advanced Engineering 

Materials[J], 2008, 10(6): 534 

[20] Guo S, Ng C, Lu J et al. Journal of Applied Physics[J], 2011, 

109(10): 103 505 

[21] Vrtnik S, Kozelj P, Meden A et al. Journal of Alloys and  

Compounds[J], 2017, 695: 3530 

[22] Juan C C, Tsai M H, Tsai C W et al. Intermetallics[J], 2015, 

62: 76 

[23] Huang H L, Wu Y, He J Y et al. Advanced Materials[J], 2017, 

29: 1 701 678 

[24] Xu Guangxian(¶·¸). Rare Earths(�¹�º)[M]. Beijing: 

Metallurgical Industry Press, 1995: 206, 210 

[25] Tian F Y, Varga L K, Chen N X et al. Intermetallics[J], 2015, 

58: 1 

 

 

Microstructure and Mechanical Properties of TiZrHfNbSc 

Refractory High Entropy Alloy 

 

Jiang Honglin, Hu Zhifang, Yuan Xuetao, Yin Yanxi 

(GRINM Resources and Environment Tech. Co. Ltd, Beijing 101407, China) 

 

Abstract: The new TiZrHfNbSc refractory high-entropy alloy was prepared by vacuum arc melting with argon shield. The microstructure 

were studied by XRD, SEM and DSC, and the hardness and mechanical properties were measured by Vickers microhardness tester and 

micro-control electronic universal testing machine. The results show that the TiZrHfNbSc refractory high-entropy alloy has a single 

disordered bcc solid solution structure with the lattice parameter a=0.3443 nm. The alloy density is 7.16 g/cm

3 

and the Vickers 

microhardness is 3800 MPa. The alloy has high compression yield strength (σ

0.2

=650 MPa) and the compression deformation rate is more 

than 60%. The strengthening mechanism of the alloy is solid solution strengthening. 

Key words: high entropy alloys; microstructure; mechanical properties; solid solution strengthening 
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