3] 2. 24 24 24 > HR- S i
PERE: YIEE HE¥E XNEF 2018 £ % 48 % % 9 Hi: 094603 Q <¢ﬂ"?>%iﬁﬁ:
SCIENTIA SINICA Physica, Mechanica & Astronomica SCIENCE CHINAPRESS

Wk PERMFERARAXRZENTRAERANFELE

physcn.scichina.com
CrossMark

& click for updates

BARUATEAEER R ZE B

¥ %1,2*’ 5'%2;*?1;"—‘3, W ;;{1,2, i?':m, ﬁ,{ﬁl,z,ﬂ 5(1'&1’2, )féT-?'—ﬁ\S, a ik

1. RN B ) S0 AT T AR St ) 5 B 5K SR =, Jb T 100190,

2. HPE R B TRERRE R, JE5 100049;

3. WHLE Tl K2R T RE 22 B, A0 310014

4. bR AR IO, db5 1000765

5. ALHHUAE MR KL % g LR Rx, JbaT 100191

*BE RN, 5, E-mail: yangr@Inm.imech.ac.cn; [ A8, E-mail: baiyl@Ilnm.imech.ac.cn

ek H3: 2018-05-29; 3652 H #H: 2018-07-25; W45 H il H #: 2018-08-09
B 1 AR BE (4 5 11727803, 11172305, 11432014), 85 CREEHT ARG 2012CB937500)F i [EI B2t ki 1k 6 5 R H £ 5B
(%5 : XDB22000000) ¥ BT H

WE B LEANRS ZNABMAKAF MR TT &, TR EHRUT ENEER TR EREANEE
EFEARZANRERNEA AXEET RAAAHAE T YK T ENFEE B S i 07 @ 893t & : @it ff
WEMAE R RSP REERE, RMEELRGEE, EANES FTEMNFFINE LR SHK, AT Lh
ENWEEMEERE, KRTTENEHRUTHENEEANE, HETT HHAERNR TR WALE, BIE
ALY I R\ R B /INTIT 9 R BB R T BB R IR T KT A M A R L g A f5 4E, T 5 R AT I Br AR
FORT BB S IR T B K R o oy R AUAT R B MEAT 4 Z A VAR 6 3R HEANREFHMEEL, RANLT 4
FHAFMG TFHAFWERTEUM T EREERBH AR RIFESHORR, RE T EBENT &
AAR L5 By R 5.

XA AOREA, EARE, RTHAL (8%, S0 E

PACS: 62.20.-x, 62.20.F-, 46.80.4j, 07.10.-h

XA N T2 N T3/ 9 K R R
LSRR 7. E 19924EOliver M Pharr' 58 3%
I, RIBERE AmNE 1 A3 LAk,
DL A DR R s, DR TE AR 1) 45 A
WOMTHERINE, BB 2 BT A Z AR
2 Al Ao W ES T e S Y Nt S S V=SS NG 7
ARG, KIET FEES Iy, %2

FEORIR A N PSS HOR B ik, KGR T
SEEGERS . AL BORFINH, ARAERH, 18T R S
AR, HEG, 9KE N R EES0 nm A
b, MR ATEE; 7E50-10 nm, JR4s AT Y AR
1M, SERRIERET, RN TR NGO, A A
SE R HBUBOR B, T 3 B AR AN . R, B
KLU (1-100 nm) e A\ G B AL FIALER, 240K

SIS Mo, dKaRE, M, & ECKUUT AR AU ARS8 ORISR, b Rl B2 J7% ROC, 2018, 48: 094603
Yang R, Zhang T H, Xiao P, et al. The significance and challenges on determining the size-effect of indentation hardness at nano-scale (in Chinese). Sci
Sin-Phys Mech Astron, 2018, 48: 094603, doi: 10.1360/SSPMA2018-00206

©2018 (FERZE) FEit

www.scichina.com


https://doi.org/10.1360/SSPMA2018-00206
http://www.scichina.com
http://physcn.scichina.com
http://crossmark.crossref.org/dialog/?doi=10.1360/SSPMA2018-00206&amp;domain=pdf&amp;date_stamp=2018-07-30

WERAE. REREE WEY e RICE 2018 4F S 48 % 5 9 M

F o BEmS EEE s

¢ [EXE [ERE Ppp Skl

o

LN y >

T
T:<.ac e ot

hn | T e

l : he  ERER
.- }

B R AR A SRR

Figure 1 Illustration of indentation parameters with conical indenter.
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Figure 2 Comparison between numerical and experimental results of
hardness in single crystal Cu, based on available literatures.
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Table 1 Roughness of the specimen surface. Ra is the average
roughness (arithmetic average), Rq is the root-mean-square roughness

and Rt is the vertical distance from the deepest valley to the highest
peak

& ] Ra (nm) Rg (nm) Rt (nm)
(100) 0.170 0.216 1.98
(110) 0.201 0.256 2.10
rrn 0.261 0.348 3.19
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Figure 3 (Color online) Specimen specifications. (a) EBSD map for the surface orientation of (100), (110) and (111), no apparent grains and grain
boundaries are observed; (b) misorientation profiles of the surface to the presumed orientations, the misorientations are within 1.5°; (c) surface
morphology of specimens, scan size of 2 umx2 pm, the roughness peaks are under 3 nm.
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Figure 4 (Color online) Experiment and simulation results of indentation on Cu. (a) Hardness curves of the Cu samples. The hardness goes up then
goes down as the indentation depth deceases, the transition occurs in the range of 8-10 nm, and peak value can be observed in this range too. Hardness
value is higher for Tip-100, the corresponding depth to the hardness peak is lower than that of Tip-150. The effect of the tip radius abates when the
indentation depth is over 100 nm. (b) Displacement “bursts” in the loading curves. They correlate to each drop in hardness curve. (c) Force-depth
curves obtained using two indenters with 100 and 150 nm tip radius, respectively. The repeatability of the experiments is good when indentation depth
is within 10 nm and over 25 nm. In the range of 8-25 nm, the curves separate due to displacement “bursts” patterns in the curves. The 150 nm tip
loading curves are higher compare to these of 100 nm tip. (d) Hardness curves of the Cu. The hardness is lower with larger tip radius. (¢) Displacement
“bursts” patterns in the loading curves for the case of R=10 nm at 0 K. This is similar to that from the experiments, and each drop of hardness value
coincides with a burst in displacement curve. (f) A close look at the loading and unloading curves at shallow depth, and CSP distributions after the
indenter is retrieved from the sample at step point e and p. The loading and unloading curves converge with each other before step point e, and CSP
map shows the distortion of the lattice is not great and after the indenter is removed, the lattice will recover to origin state; and then a hysteresis loop
emerges when loading beyond step point e, indicating the deformation is not reversible. CSP map shown stacking fault and dislocation initiate, and the
lattice cannot be restored to its origin state after the indenter retrieves from the sample.
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Figure 5 (Color online) (a) Indentation force and (b) accumulated
times of force evaluation versus indentation depth obtained in MD and
MS simulations. (c) Dislocation distribution obtained in MD and MS
simulations at the last loading step.
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Figure 6 The regimes when attractive and adhesive force between the
sample and the indenter influence the simulation results, and the
definition of zero point for force and depth.
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Figure 7 (Color online) (a) Experiment and simulation results of
hardness of Cu in this paper, along with results from available
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Instrumented indentation is a method that has been widely used to obtain material properties at micro and nano scale, yet
creditable indentation size effect at real nano-scale and its mechanism are still unsolved. This paper summarizes our
recent work on progresses in experimental and simulation approaches to this problem. By confirming the crystalline
orientations and the surface roughness of the sample, obtaining the tip radius of the indenters, as well as considering tip
radius in large-scale molecular simulation, the gap between the experiment and simulation results is bridged, and these
two results can be cross verified with each other, which leads to a reliable hardness trend over the indentation depth at
nano-scale. Two opposite size effects are observed, and their different mechanisms are revealed, as the conventional size
effect results from the plastic behavior such as dislocation nucleation and propagation in the sample beneath the indenter,
while the initial reverse size effect is due to the combined effect of the indenter roundness and elastic behavior of the
material. Systematic investigation on the efficiency and fidelity of MD and MS is carried out, on problem of the
dislocation evolution during indentation, the influence of the relaxation time and convergence resolution on the load
curve and dislocation patterns are studied, and suggestion on choice of two simulation methods and the relaxation time
and convergence resolution are given.

nano-indentation, indentation hardness, size effect, dislocation, computational efficiency
PACS: 62.20.-x, 62.20.F-, 46.80.+j, 07.10.-h

doi: 10.1360/SSPMA2018-00206

094603-9


https://doi.org/10.1360/SSPMA2018-00206

