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Verification of Residual Stress-analyzing Model through Nanoindentation Tests
on (100) W Single Crystal at Artificially Stressed States

Yun-Hee Lee and Dongil Kwon

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

Abstract : A nanoindentation model for analyzing thin-film stress has been developed by considering stress
interaction and relaxation concepts. It was applied to the stress characterization of diamond-like carbon and Au thin
films in previous studies(Y.-H. Lee et al., J. Kor. Inst, Met. & Mater., 39 (2001) p. 1101 and Y.-H. Lee et al., J. Kor.
Inst. Met. & Mater., 40 (2002) p. 744). However, the validity of the proposed model cannot be directly confirmed by
the thin film testing with various affecting factors. Nanoindentation on thin film can be affected by additive
deformation of free-standing film, surface roughness and microstructural inhomogeneity. Therefore, we tried to verify
the proposed model experimentally through the nanoindentation tests on an artificially stressed monolithic material
instead of thin film. An electropolished (100) tungsten single crystal, which is free from the microstructural
inhomogeneity, was used for a nanoindentation specimen. Nanoindentation curves obtained from the stress-free and
the artificially stressed states using specially designed jigs were compared and analyzed based on the proposed stress-
analysis model. The analyzed stress from the proposed model was consistent with the artificially applied stress

measured from the strain gage attached on the specimen surface.
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Fig. 1. Schematic diagram showing the contact de?th analysis

from power-law fitted indentation unloading curve® and shaj

variation in indentation loading curve by the change of stress state™'".

Ve AIAIEE et QIS kEY] /-8 'S
ZARIA R 23R AR UrHe O 9EiA e
ATl FAE YYAERY) AT oF 10% A= F
2F Yepilov, g dv)7e B8 3 e A
HERHL 7Y el Fashl 788 Adule] HEHA
g3l er Are BAAFE FFSH FHIAG,
Bolshakov® & #3844 (finite element analysis)S %3}
o 2] A7REY AdejolA WlEhe 4R A HERAES
FEARIAL. o|2RE] F-SH o3 LAY A4 HEGL F
2 Ze] Wgo s st FAHY, HEEe] JEFHA
I AAAEE FAF-EH T AT RoZ YT,
HAAE B AREY FF-SE & E B3k et
@] g¥] st o] FpAsiERE AF-3EE Hls)
37} ke ATk AIFEQT B ARES HA3drdels 2
S8 49ey 7] AL IEd AR Hr 27
248 AFEAt. 7] RdoMe wite] 2% FwEk A58
Y3} FAg 37)9) 7MY 2723 (imiginary residual stress)©]
U Frisle] BF-88 A Y sEREAY 3

I hy+hy

Hal7t fdEle 2o® vtk &, AT dddeledl o
231 R-gol F IslES) MRS HEHAHOE v
o2 dhte] AF-HE Wt 27] YL AF tolo}
24 718 vekdiamond-like carbon thin film)@ €8 Au
ubzte] JR-88 Wl AgsAen, FEF3e7t & JH0M
T FEYOAM "ok R-SER| 9 dREhs e eI
O, oY e AN ES 53 vtute) AR58E Hrkshe
e 27] GA HEY Jo, o]&3Q] Hrinde] 4R
3§ A8 e HFol g8g 4ot

L eloAEi B8t TIRSY Wt 28

gt AF-SEE Wrkhe 2] Y0 viEe g AF-3¥a
U 7H) AHAR] A3 EE AAPEF Y SHAA st
I, A0 AR dsAEES BN AlEe AReY ¥
7b 71E sl A JYEALO. BRSOl Y A4
HY viaje g3E B43t7] S8l ahate] SHE 2% 3R
Y (Cresx=Oresy) B HA-8-%(deviator stress) F-#7HS £33}
Aok AN AUE HFY oy FEHAARY -20./37}
-0l 4 HESH viAe o FAFHAY, 4
U7 NA 2E-3He A wAE qUEEe] Ao,
L -20Ac/30E AOfHAGH?. 49 sFad7Erdeoln &5
+8 $% F 33} F(residual stress-induced normal load; L)
£ A8, Y SEAAFANAN PFERA, A B
AH-&Ee Yozt rhstch. 2y RS 93 sEA7t
FA B sy Do IRFET0) BHg HA R
Bolz HERHL YT 7g 2 tidle] 2§y 29} o] 7
F-89 Aol wet Wl &, U3 gyFel, hold F
8 AEie] SFURWAIA ko] HEHA, A U9F BFSE
FeiolMe AUz FHE sink-in Ho), 08 st} AT =
Aasith. aee JHY AF-8HY WkE sl 29 2
oA F-39 43l e d&Foz BAsle Zlo] Hasls
oo S 22 9 ARSEHE 71 A" Lo gdEE
£ r7tetd el hE FAAII A Za Y(rigid
frame)2 2 UYL} AJHE T3l 278 AAANE Ho)
#dHe7 hE RAEHESE &t A% AF-SHE Yk
A3 FIH AFR-EHol o8 LAHUD sink-ino] A A HHA
HUAE A FHM oJllel= ¥ (rebounding force)ol
S Ao, oy A Zajele) el o) Ao 4l

Ag

<f=m
~F=m
=
Sz

Tension

Stress-free

Fig. 2. Changes in indentation load and contact morphology bg/) applying equi-biaxial tensile stress. The contact parameters converge to

those of stress-free state by a depth-controlled stress relaxation®"'



24 A 583 2] #4049 A 12E (20029 12€)

1231

ofe #AI5Z, YUAE Wik Ve UYE R HFAYe
Z71% YL olFA Bk &, YUAE HA Lol @
& SUY 2% ARY FE ST, L2 B, 39
A5k AE YYHE WS A2 Q2 vdepil UL,

Ly=Lr+Le, =Lr-3f, "d(0- A0 @

HEAg E7] 948 43 A Foll vehe HEHA 39,
o9 Wshe 4Yshedl st 4o8 2= i Al
Foll AME 2% (Berkovich) Ak HEAFE YdstE]
aploz AgAoz AR[SEUL, AR HPHA A43HA
o2 YUY AR 29} 8 A3y T HEH
A g 28 wsls Aejd A7 3RS B A Qe
ALY, O RiLT +(Rp-RiLo)Li+(R;-RoLo)LE + (Ro-
RiLo)Lr-RoLeE TR oM, RIM Rye HEHEHE 4UsHE
o] thgrog REY o Yetvte HE3 Agolth

o, =L
res_ZQ

29 Wt zglle] dEM HE
AtE ¥F-H HrH )& vIAE ol w4 v
2re] 2589 Wil A-g3lgien, HEZlold F-AsAl 44
3 AFYAE JERIAH?, e 719 AlARE 88 A
el2] ZHf-2H(free-standing filmpell & e AX M e 3t
W7t F AAUERE 2] g3t ajZolPd] gt HE
LAt A WAL, B 288 JE HrkE s
= e NS BEle 38 AHE tEske A
dUFA Aol Hasirt A Auv weiMe 29 39 2
o] &2 HEZ oM F-&H el ANy 17t vhesdt. tholot
24 w4 gtete] 9 AAZN06 um FA ek 1.8113
nm, 0.4mm 57 ¥9: 8.6+3.1 nm)oll B3k 1.0 um F4 9]
Au gtete ¥ AA7]|7} 24.6+:78 nmE IS AA, ¢ ¢
PAFAME AT Aol a7t wAig Aoz #dd

©)]

-300
1.0um Aw/Si
—e— Nanoindentation model
Curvature technique
-200 4 ."“.\. »
e

Residual stress (MPa)

N / --.

U L T T T
15 30 45 60

Contact depth (nm)

Fig. 3. Overestimation of residual stress according to the
nanoindentation model in Au thin film by the effect of surface
roughness and microstructure.
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Fig. 4. Formation of equi-biaxial tensile stress on disk specimen
using a concentric bending jig.



1232 R

. mi_

5 Aade 37 1.5mme] W A % (inner supporting ring)
& A AR 9 R 229 Abeld)] Lomme] FAE
Zh= 27 8.0mme] B Avkd 49y 9dEA AHe =98
I, F AaFE prRleg sl AlHe sAYA] FEEd
S AN AR A2 7] AE ARS FTRIIE A
A2 FAR =FE AW B 7IEE AF8-o] Fls)
o, A7FEe] e FHe] FAE AEHQ] AloAdlA &4
¥ HIERHH AMEAT. 53] #UT 5 2% A <
7H8ol FAse 9L 71E9 44 FEAFHINM S sk
SYENSE fAFEHAl R AR E QK% golr] diie] v
PPANPE AH F49] A7 1.5 mm 99 oA S8t

SHE 2% F A/ HE Al FAAHRY e WH
(inner diameter) Zhe= 377 FE(wbe)ll YAE AHE 7}
A2 7MY 2E(coercive inserting) 2 FAA3Ich A7 8.0
mmé| YAE AL FH UYREE =YHE 59 B(warping)
2AAEE AAE] sl FAE 25 mmE F7MIHL, 27
59 o] RE UAE 9 1029 HAE ZEE 7HEid.
TT7%4 FE 4F B WAL 47 813 79mmE 7HUE,
A Aol 5.7mm=z S EHAC EdHo] HH A 70
mm®] $% pusher® o]&3le] WY A|UE FA R "o ¥
So2M T 2% Y E A, RE F AHe] 7]
A7 FEuhg ddsle] 2@ 59 o] ¥ el 7943 Al
o] FAE G Ve APANFEE FHE| k] B A2E
sk Al HEE Avldion, e FYAIE ol Al
FHol 2EHQ] AojAE FEsta B A2E AAHTeEN ¢

”

— N

Tube cutting
planes

Pl;:i's'.:her .

2

'\%‘r

Steel tube with inclined
inner diameter

(100) tungsten  Rigid Knoop
Strain  Specimen ring  indentation
gage / mark

Compressive stress - —=|
Fig. 5. Formation of equi-biaxial compressive stress in disk
specimen using a coercive inserting jig.
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Fig. 6. Electrostatically driving nanoindentation system coupled
with an atomic force microscope.
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Table 1. Equi-biaxial applied stresses of the artificially strained
(100) tungsten single crystal using the stress-generating jigs. The
stress values in brackets are measured from direct observation of
specimen before and after compression jig removal

Ten Com #1 Com #2
Strain gage +3.94310* -3.882X10% -5956x10*
Applied stress(MPa) +224 -220 (-243) -338 (-324)

+19.0MPa®| 88 Hapr}t @I oy, 2EHRI Aol &
A &¥A 9 83 HARE YA
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88 el ddsis-qae 18 el ST 5
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UAFAE 538 Aol AAFAEE 7000 T8 el F
HIM & ME Stressfree; 7|15 @) LER] YR|E= &
4 VERIRIAL, ¥R Sk 171l dig3led I E4(-220
MPa-Com #1; 71& O, -338 MPa-Com #2; 715 NELS ¢
Z0 2 olF(shifting)dhe P VERASUTH &8 &) AaE
S AAE Aol FAHE 788 YYste-afIHEL 128
Tbyst o] ¥ A3 FHEE ASE Ul Wi
A7HEHel &gt Al AHFL g&g FAT + Ak

g 79 49 A REAE 27 Y oY, YAE
oA el FFH3 2] & popin FY9'P © A4
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2 4o 8
5 42 :‘.'1
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Fig. 7. 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 curve Fitting range
Stress-free L=2.98h'4 3000-10000 uN
Ten(+224 MPa) L=2.87n'¥ 3000~ 5000 uN
Com #1(-220 MPa) L=2.95h'¥ 6000-10000 uN
Com #2(-338 MPa) L=3.11n'¥ 6000-10000 uN

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

Depth Contact depth Contact area
(uN) (nm) (nm) (m?’)
10000 2535 2420 2999184.8
9000 237.6 225.6 2234080.2
8000 2193 207.5 1846477.5
7000 200.2 188.7 1491556.1
6000 180.2 169.1 1174530.9
5000 159.1 148.6 901553.3
4000 136.6 1269 679263.3
3000 1122 103.9 511887.0

Table 4. Direct comparison of the stresses evaluated from
nanoindentation model and measured from strain gage attached on
the specimen surface

Applied stress Evaluated stress from
from strain gage indentation model
4224 MPa +263.1 = 10.2 MPa
-220 MPa 2252+ 11.1 MPa
-338 MPa -364.0 £ 14.7 MPa
300 -
(100) Tungsten single crystal _Q )

©  Nanoindentation model

2

Stress (Indentation; MPa)
s

150 _-" "\ Reference line
a’ Cindert — Ostrain gage
3004 .
.0
-300 -150 0 150 300

Reference stress (Gage; MPa)

Fig. 8. Comparison of the evaluated stress from the nanoindentation
model and applied stress value from strain gage.
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!]ndentation load

Elastic additive bending

Fig. 9. Additive deflection of a disk-shaped specimen by

indentation load in the case of the concentric bending jig".
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