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Fig. 2 Indentation load-depth and hardness-depth curves of 8 tests
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Fig. 3 Representative indentation load-depth and hardness depth curves of during strain rate step test
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Fig. 5 Correction of hardness at each step strain rate:a. Reference strain rate is 0. 1s™*;
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Tab.1 Relevant parameters before and after gradient effect correction at each step strain rate

REBIE BIEE
H H,/GPa h* /mm

0.1s7! 1. 336 1.279 175

0.022s7" 1. 263 1.128 386

0.005s ' 1.162 0.872 1314

0.001s ' 1. 114 0.843 1718

J3E AR A BURAE R m 0. 041 0.098
16 T T S %o Tl 2 55 06 250 7 A 48 14 O R A 18T 6 i
75 WL T L2 B T J 1 37 75 ¢ S0 6 B H T i oy
M TE TR, e v S A8 TE 5008 45 21 19 17 A8 R SR AR AL 02} u
m, = 0. 041, M 4& 1E J5 B4 BT 15 2 ) B A2 A U 4R 2L =
m.=0. 098 B IE Ji i fifl BE{E 25 B 17 R ARG B2 2000 /Y 52 ¥ 5ol
W 2 Bt B8 R b [ B = o
‘ ® = uncorrected result

139 40 B TE J5 B I 78 AR U R A TE 1Y I 28 R 0.2} *  corrected result
AR RO 5 T 130% . 47 F 4R BT FE U WL X T i 2 76 s 4 3 2
AR BRI T Sk T T B AR ol B Xk S 6 445 2R Y 5 ) bafs)
AT 22 750N S 56 K A AT A T LS Rk A A R B 6 O FE — ok A
LI 5 Fig.6 Logarithmic hardness-logarithmic
3 ZE'I,/[»_\, strain rate curves

(1 FIH G200 G4 K JRIRAON 2 f i i e £ 4T T
i A5 R B BRI 3 HE AR R AR AR 0. 1s ' R /NI AR RO 0. 001s 1L BN SR HEAT T U RN AR R B B R
203 0y P 220 5 v 7 A 3R R AR S R A 5 I i A5 B BR A AT B JEE i TR A TR R G L ke U
6 o Jim 5 [ IR 30 5 e 7 418 24 A 32 o 1Y A8 50 R o A R T IR, R T Sk TR BT A A 9 7 T A R
JEE I e {ELA A U A B2

(2) 75 B8 T 3k A i At r 94 IO 72 o6 R N o S 30 R AT B OE PR T B TE R 5 R A8 I Kl i A
R R 1) IO 78 R AR B, 4 2R R WIME TE 5 R A8 T A A R AR B AN ) 3 D A R B BRI 1
AT B3 R A A7 AN ] B R A X I A SR A 52 0 (L AR A JRE ) S WA A SR A A S g A B M v
AR SI2 36 45 2R 000 T A RUBE RN T DB IE

S Ok

[1] Oliver W C, Pharr G M. An improved technique for determining hardness and elastic modulus using load and
displacement sensing indentation experiments[ J]. Journal of Materials Research, 1992, 7(3):1564—1583.

[ 2] Pharr G M, Oliver W C, Brotzen F R. On the generality of the relationship among contact stiffness, contact area,
and elastic modulus during indentation[J]. Journal of Materials Research, 1992, 7(3):613—617.

[ 3] Oliver W C, Pharr G M. Measurement of hardness and elastic modulus by instrumented indentation: Advance in
understanding and refinement to methodology[ J . Journal of Material Research, 2004, 19(1):3—20.

[4] Cheng Y T, Cheng C M. Analysis of indentation loading curves obtained using conical indenters[J]. Philosophical
Magazine Letters, 1998, 77(1):39—47.

[5] Cheng Y T, Cheng C M. Scaling relationship in indentation of power-law creep solids using self-similar indenters



N

224 N I B (2020 )

[J]. Philosophical Magazine Letters, 2001, 8(1):9—16.

[6] Cheng Y T, Cheng C M. Scaling, dimensional analysis, and indentation measurements[]]. Materials Science and
Engineering, 2004, R44. 91—149.

[ 7] Nix WD, Gao H J. Indentation size effects in crystalline materials: a law for strain gradient plasticity[J]. Journal
of the Mechanics and Physics of Solids, 1998, 46(3):411—425.

[ 8] Mayo M J, Nix W D. A micro-indentation study of superplasticity in Pb, Sn, and Sn-38wt% Pb[J]. Acta Metall,
1988, 36(8):2183—2192.

L9 BB, BN, REB S 90K E AL BT 500 85 4R A8 R BOURPELT ] D REA BE. 2015, 1(46):01046 —
01050 (JIA Chunnan, XIAO Gesheng. YUAN Guozheng. et al. Nanoindentation characterization of strain rate
sensitivity of lead-free solders[J]. Journal of Functional Materials, 2015, 1(46):01046—01050 (in Chinese))

[10] Alkorta J, Martinez-Esnaola ] M, Sevillano J G. Critical examination of strain-rate sensitivity measurement by
nanoindentation methods: application to severely deformed niobium[]]. Acta Materialia, 2008, 56:884—893.

[11] Maier V, Durst K, Mueller J, et al. Nanoindentation strain-rate jump tests for determining the local strain-rate
sensitivity in nanocrystalline Ni and ultrafine-grained Al[J]. Journal of Materials Research, 2011, 26(11):1421—
1430.

[12] Long X, Tang W B, Feng Y H., et al. Strain rate sensitivity of sintered sliver nanoparticles usingrate-jump
Indentation[ J|. International Journal of Mechanical Sciences, 2018, 140:60—67.

[13] Fischer-cripps A C. Nanoindentation[ M]. New York: Spring-Verlag, 2002.

[14] Lucas B N, Oliver W C. Indentation power-law creep of high-purity indium[J]. Metallurglcal and Materials
Transactiona A, 1999, 30:601—610.

Research on the strain rate sensitivity of crystal copper
indentation based on strain-rate-step tests

YANG Yu, XIAO Ge-sheng, XING Xue-gang, SHU Xue-feng
(Institute of Applied Mechanics, College of Mechanical and Vehicle Engineering, Taiyuan University of Technology, Taiyuan 030024,
China)

Abstract; Some mechanical properties of materials, such as elastic modulus, hardness, yield strength,
and strain rate sensitivity, can be in-situ obtained by nano-indentation tests. In this work, indentation
strain-rate-step tests are carried out to examine the strain rate sensitivity of polycrystalline copper
samples. Hardness-indentation depth curves show that the deformation gradient underneath indenter
has significant influence on the hardness values at each step of strain rate. The plastic strain gradient
theory based on crystal mesoscopic mechanism is adopted to modify the indentation deformation
gradient effect. The strain rate sensitivity index obtained from the modified and unmodified
experimental data are compared. It is shown that strain-rate-step tests can be used to characterize the
strain rate sensitivity of materials under a single indentation test on the basis of effectively removing
the influence of indentation deformation gradient.

Keywords: nanoindentation; crystal copper; strain-rate-step test; strain gradient effect; strain rate

sensitivity index



