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Table 1  Chemical composition of Mo-Nb single crystals  
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¶ 1  Mo-Nb458 XRD¶· 

Fig.1  XRD patterns of Mo-Nb single crystal: (a) (111) crystal plane, (b) (110) crystal plane, and (c) (112) crystal plane 
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¶ 2  G9*`9a�bV7NCº»¶ 

Fig.2  Schematic diagram of surface deformation during loading 

and unloading 

 

 

 

 

 

 

 

 

 

 

¶ 3  °±5²³´ Mo-Nb4589:-;<=> 

Fig.3  Load-depth curves of Mo-Nb single crystals of different  

crystallographic orientations 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

¶ 4  'H� 200 nm� Mo-Nb(110)458'(CD 

Fig.4  Nanoindenter images of the indenting of Mo-Nb(110) 

single crystals under 200 nm indentation depth:        

(a) indentation surface topography and (b) 

three-dimensional topography 
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Table 2  Elastic response rates(R) under different contact depth (h, h

f

) of Mo-Nb (100), (111) and (112) crystal plane 
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Fig.5  Dependence of nanohardness on indentation depth for  

Mo-Nb single crystals 
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Fig.6  Dependence of elastic modulus on indentation depth  

for Mo-Nb single crystals 
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Fig.7  Dependence of nanohardness (H) on indentation depth 

(1/h) for Mo-Nb single crystals 

3.2

3.6

4

4.4

4.8

0.004 0.008 0.012

 (112)

lg[(1/h)/nm

-1

]

l
g
(
H
/
G
P
a
)

4.0

 (110)

 (111)



� 3�                               �  �����	
��Mo-Nb
	���������                        �827� 

B��.b�9��J6����X�	�ÖQ

[17]

$

`& mM¢�Mo-Nb()� i�789:��§gN

fc�31�	�ÖQd>Ù)R�Z��u 3Ã*�


Mo-Nb(111)�²³��i}���fJK31Mo-Nb

()(111))��ÖQQód>(110)O(112))�$ 

3  �  � 

1) Mo-Nb ()
;BOvBde'pqef�

PQ�.OÖQ�.�
vBde'GPQ.��Ö

Q.�ò��AB-CDwxg� ¡hÀíhi 

!�31
;BOvBde'�,ôõg��jkí

lSQmj¾*+�,./2Ë¡12��� !�

�1 Mo-Nb()69:�;<������$ 

2) Ï�ÐÑ[N��M� Mo-Nb (110)¤(111)O

(112)()��NpqT 4.88¤4.01O 4.36 GPa�PQ

HRpqT 240.5¤210.9O 232.8 GPa��,�N­®

���N�¯;�´��� ¡12�²³���P

QHRO�,�N����g©$ 

3) => Nix-GaoHI m¡ Mo-Nb (110)¤(111)

O(112)()+²³����?@�N�pqT 3.96¤

2.61O 3.47 GPa�ÆÇÈÉÊN h*pqT 1196¤2753

O 1559 nm�²³��i}pqT 0.18¤0.16O 0.18¾


���Npq�> 4106¤5645O 4693 nm��²³

��8�	�NOPQHRÕn����$ 

 

����    References  

[1] Glebovsky V. Crystal Growth: Substructure and Recrystalliza- 

tion[M]. Rijeka: InTech, 2012: 59 

[2] Hu Zhongwu(���), Li Zhongkui(���), Guo Rangmin 

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

#$%&'())[J], 2012, 41(11): 2025 

[3] Hu Zhongwu(���), Li Zhongkui(���), Yin Tao(* +) 

et al. Chinese Journal of Rare Metals(!"#$)[J], 2000, 

34(1): 48 

[4] Zhang Qing(� ,), Li Zhongkui(���), Zheng Yuzhu(-

./) et al. Rare Metal Materials and Engineering(!"#

$%&'())[J], 2005, 34(12): 1948 

[5] Yu Weiliang(012 ). Physical Testing and Chemical 

Analysis(Part A:Physical Testing)(3456:7389)[J], 

2003, 39(8): 401 

[6] Xie Cunyi(:;<). Physcis(73)[J], 2001, 30(7): 432 

[7] Jin Qiaoling(=>?), Li Guolu(�@A), Wang Haidou(BC

D) et al. Surface Technology(EFGH)[J], 2015, 44(12): 

127 

[8] Ma Q, Clarke D R. Journal of Materials Research[J],1995, 

10: 853 

[9] Zhu A, He D Y, He R J et al. Materials Science & 

Engineering A[J], 2016, 674: 76 

[10] Knap J, Ortiz M. Phys Rev Lett[J], 2003, 90(22): 6273 

[11] Yao Tao(I  +), Liu Yi(J  <), Li Zeli(�KL) et al. 

Precious Metals(M#$)[J], 2016, 37(1): 27 

[12] Zhou Liang(N  O ), Yao Yingxue(PQR ). Mechanical 

Science and Technology(STUR'GH)[J], 2006, 25(1): 6 

[13] Yang Xiaojing(IVW), Zhao Biao(X Y), Li Yong(� Z) 

et al. Hot Working Technology([\((])[J], 2016, 45(16): 

80 

[14] Liu Y, Varghese S, Ma J et al. International Journal of 

Plasticity[J], 2008, 24: 1990 

[15] Hu Zhongwu(���), Li Zhikui(���), Zhang Qing(� 

,) et al. Nonferrous Metals("^#$)[J], 2008, 60(2): 1 

[16] Guo Z Q, Fu T, Fu H Z. Materials Characterization[J], 

2000, 44(4-5): 431 

[17] Lyakishev N P, Burkhanov G S. Metallic Single Crystals[M]. 

Moscow: Eliz, 2002: 165 

[18] Ke Rui(_ `), Zhang Yumin(�a ), Zhou Yufeng(N.

b). Journal of Synthetic Crystals(c(	
Rd)[J], 2013, 

42(10): 1978 

[19] Duan Xi(e  f), Wu Yali(ghL). Journal of Synthetic 

Crystals(c(	
Rd)[J], 2015, 44(12): 3467 

[20] Soifer Y M, Averdyan, Rapoport L. Materials Letters[J], 

2002, 56(3): 127 

[21] Mcelhaney K W, Vlassak J J, Nix W D. Journal of 

Materials Research[J], 1998, 13(5): 1300 

[22] Poole W J, Ashby M F, Fleck N A. Scripta Materialia[J], 

1996, 34(4): 559 

[23] Cawkwell M J, Nguyen-Manh D, Woodward C et al.  

Science[J], 2005, 309(5737): 1059 

[24] Zhu L N, Xu B S, Wang H D et al. Materials Chemistry and 

Physics[J], 2012, 136(2-3): 561 

[25] Wang Y, Raabe D, Klüber C et al. Acta Materialia[J], 2004, 

52(8): 2229 

[26] Oliver, W C, Pharr G M. Journal of Materials Research[J], 

1992, 7(6): 1564 

[27] Dong Meiling(ijk), Jin Guo(# @), Wang Haidou(BC

D) et al. Materials Review(%&ld)[J], 2014, 28(3): 107 

[28] Jin Hongping(#mn), Chen Jianguo(op@). Materials for 

Mechanical Engineering(ST()%&)[J], 2013, 37(9): 84 

[29] Nix W D, Gao H J. J Mech Phys Solids[J], 1998, 46(3): 411 

[30] Dursk K, Franke O, Böhner A et al. Acta Materialia[J], 

2007, 55(20): 6825 



�828�                                          !"#$%&'()                                            � 47q 

[31] Fleck N A. Acta Metall Mater[J],1994, 42(2): 475 

[32] Jang J, Yoo B, Kim Y et al. Scripta Materialia[J], 2011, 

64(8): 753 

[33] Mao W G, Shen Y G, Lu C. Scripta Materialia[J], 2011, 

65(2): 127 

[34] Manika I, Maniks J. Acta Materialia[J], 2006, 54: 2049 

[35] Milman Y V, Golubenko А А, Dub S N. Acta Materialia[J], 

2011, 59(20): 7480 

[36] Wei Shizhong(rs� ). Preparation and Properties of 

Molybdenum Alloy (tu#�vw'xy )[M]. Beijing: 

Science Press, 2012: 94 

 

 

Nanoindentation Size Effect of Molybdenum-Niobium Single Crystals with Different 

Crystallographic Orientations 

 

Zhang Wen

1,2

, Zhang Pingxiang

1,2

, Gao Xuanqiao

2

, Li Laiping

2

, Hu Zhongwu

2

, Cheng Jun

1,2

, Zhao Bin

1,2

 

(1. Northwestern Polytechnical University, Xi’an 710072, China) 

(2. Northwest Institute for Nonferrous Metal Research, Xi’an 710016, China) 

 

Abstract: The load-displacement curves, the elastic modulus, the indentation morphology, the nanohardness-loading depth and elastic 

recovery of high purity Molybdenum-Niobium single crystal were investigated by nanoindentation and scanning probe microscopy. The 

results show that Mo-Nb single crystal has a good plastic deformation ability. Mo-Nb crystal plane undergoes elastic deformation and 

plastic deformation during the loading-unloading process, and the load-displacement curve does not show discontinuity, which 

demonstrates that cracks and brittle fracture are not formed in the indents. Moreover, the pile-up behavior around indents reveals that 

Mo-Nb single crystal has a relatively low processing strain hardening tend. The nanohardness and elastic modulus of Mo-Nb single crystal 

were measured by continuous stiffness measurement (CSM), and a size effect on the nanohardness and elastic modulus was observed, 

which decreases with the increase of indentation depth. The order of the different nanohardness and elastic modulus is: (110) crystal plane 

> (112) crystal plane > (111) crystal plane. The Nix-Gao model was employed to analyze the nanoindentation mechanical characteristics of 

Mo-Nb single crystal, and the intrinsic hardness in the limit of infinite depth (H

0

) are 3.96, 2.61and 3.47 GPa, respectively; the size effect 

index (i) are 0.18, 0.16 and 0.18, respectively. The characteristic length (h

*

) of (110), (111), (112) crystal plane are 1196, 2753 and 1559 

nm, respectively. Mo-Nb single crystal has an obvious size effect when the indentation depth is below the characteristic length, and the size 

effect becomes more insignificant when indentation depth is deeper than the characteristic length. The nanoindentation size effect will 

disappear as the impression are deeper than 4106, 5645 and 4693 nm, respectively.  

Key words: Molybdenum-Niobium single crystals; nanoindentation; nanohardness; elastic modulus 
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