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Micromechanical Analysis of the Effect of Residual Stress
on the Nanoindentation Curve

Yun-Hee Lee and Dongil Kwon

School of Materials Science and Engineering, Seoul National University, Seoul 151-742, Korea

Abstract : A new model is presented for measuring equi-biaxial stress on thin-film using nanoindentation, The model
was focused on the analysis of a depth-shift in the nanocindentation curve by stress effect. A load-controlled relaxation
of the shifted indentation depth was chosen to avoid the variation of the contact area occurred in a depth-controlled
relaxation. Nanoindentation experiments on (100) W single crystal at artificial equi-biaxial stress states verified that
the proposed load-controlled relaxation model is capable of analyzing the residual stress within the standard

deviation of * 35.9 MPa.
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Fig. 1. Analysis of the unloading curve at the stress-free state” and
elimination of the stress effect at the loading curve during a load-
controlled relaxation™'*'®,
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Fig. 2. Recovery of indentation depth during the load-controlled
stress relaxation based on the elastic flat punch theory®.
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Fig. 3. Cross-sectional shape of equi-biaxial stress-generating jigs;

(a) tensile stress using a concentric bending jig and (b) compressive
stress using a coercive inserting jig'®.
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Fig. 4. Plastic pile-up profile around Berkovich indentation mark
on (100) W single crystal.

Table 1. Equi-biaxial applied stresses of the artificially strained
(100) tungsten single crystal using the stress-generating jigs

Ten Com #1 Com #2
Strain gage +3943 X 10% -3.882X 10* -5.956 X 10
Applied stress (MPa) +224 -220 -338
100001 ndentation on (100) tungsten
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> 8000 © Com#1; -220 MPa
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- . '
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8
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g 1
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Fig. 5. Superposition of nanoindentation curves from (a) various
applied stress states and (b) stress-free state.
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Table 2. Power-law fitted loading curves for various applied stress
states in (100) tungsten single crystal

Stress state Loading  Fitting range Relaxed depth
(MPa) curve (UN) (nm)
Stress-free (0)  L=2.98h'*  3000-10000 -
Ten (+224) L=287h"4  3000- 5000  3.5(at 5000 puN)
Com#1 (-220) L=2.95h'%  6000-10000  -7.5 (at 10000 uN)
Com #2 (-338) L=3.10n"¥  6000-10000 -11.7 (at 10000 uN)

Table 3. Calculated contact properties at various indentation load
based on the concept of invariant reduced modulus regardless of
indentation depth

Load Depth  Contact Contact Effective contact
(UN) (nm)  depth(nm) area(nm®) radius (nm)
10000 2535 2420 2999184.8 977.1
9000 237.6 2274 2601414.5 910.0
8000 219.3 209.3 21523553 827.7
7000 200.2 190.5 1740422.6 744.3
6000 180.2 170.8 13714437 660.7
5000 159.1 150.2 1052518.7 578.8
4000 136.6 128.4 791418.1 501.9
3000 1122 105.1 593727.3 4347

o000 Elastic analysis o
§ G =c
ndent
s oo el
E -2000-
& Nanoindentation
g / (load control, of )
-4000
®
400 -200 0 200

Reference stress (Gage; MPa)

Fig. 6. Stress evaluated from the elastic analysis of the relaxed
depth was overestimated.
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Fig. 8. Comparison between the evaluated stress from the elastic/
plastic analysis of the relaxed depth and the applied stress measured
from strain gage.
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Fig. 7. Schematic diagram showing the increase of contact
pressure beneath the flat punch by the effect of plastic work-
hardening'®,
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HEAEF slolA £98 g3AZ o Yehle gideld] ¢t
2o gzl gada] ol&g FAsl HegoRH TFREH
Br1ae AtET). 217k 7kE (100) TEA BAKl)
e v JRINEE Sl 2R-3E HrRe B A9
Ao AZsgon, B A7 dojxl FHH A8 vh
3 o] ¥ ¢ AU

1. uiste) B9 2% WY F UAH AR ARE

Table 4. Total stresses evaluated from the elastic/plastic analysis were consistent with the applied values measured from strain gage

. Elastic analysis portion, Plastic analysis portion, Total stress evaluated from
Applied stress X0, (1-Xg) 0% elastic/plastic analysis
+224 MPa +136.1 = 6.1 MPa +87.4 £ 0.4 MPa +2257+ 65MPa
-220 MPa -133.8+ 7.3MPa -114.6 £ 1.9 MPa -2483+ 5.6MPa
-338 MPa -211.6 £ 14.7 MPa -181.9 =04 MPa -393.5 £ 14.5MPa
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ZFPEE - MR

g /45 434 3}F(residual-stress-induced normal load)Z % ¢
3, A3l Fol DA izl 3EE wy HHH
2] o] FAE Aol Yo EN AF-3Y HrR)E FEsl
Aek. Q7R Al (100) B2 DERNA Lol S
Aol gaHzle AN B 8 HrRE ol8sl 43I
o Brke 883 ok & 2EQ AolA2ReE &4H <7t
SR Ff HriEen, o] e ¢E FM IIE
243 pileup WH FFo2 AIEHU.

2. AF-5Y g3k dAiskes d9ldeld 8-S MR
B3] slsle] HHAR] gl 389 &4 7137E o
¢ olg3an. I 88 FYoE FEFFY oF ¢
A3 sink-in Z018 FR-Y sldrt gle T3 dH] &
AHYE F319 A7) Heide 371 d)lFoldl vig8t
E HE3UEF s S gasi o] gEkEe vt
B 3538 A e welfo g &guYe] 39
M AF-SH FrHE A=A

3, AA dFelY FEE-e B B AAFESR PAHY,
B Ao 24 HEZo|(plastic contact depth, he)t B4
F3 3ol (elastic deflection depth, hy)2] ¥ & &/24 &
2 7H33l HAFAHY WAy BR-SY RIS okt 2ol
FE3h A7keE Aele] g2 BAFCA dolR vk ot
A=Al FAhdsls A IF-3E Bl didsi ot
3 A EFEUA 1359 MPa oJUjolA AEEIQ] Aojxg
FE 249 718 dAger 1R-8Y ke g3
o] xSt

3Eraeff
(1-v*)Ac

9K, ((h")"-hy)
2(23eff)"

EP —
res

Xg(hf-h)+(1-Xg)

13,

14,

15.

16.

18.
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