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Evaluation of Thin Film Residual Stress through
the Theoretical Analysis of Nanoindentation Curve

Yun-Hee Lee, Jae-il Jang and Dongil Kwon
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Abstract

Residual stress is a dominant obstacle to efficient production and safe usage of device by deteriorating the
mechanical strength and failure properties. Therefore, we proposed a new thin film stress-analyzing technique
using a nanoindentation method. For this aim, the shape change in the indentation load-depth curve during the
stress-relief in film was theoretically modeled. The change in indentation depth by load-controlled stress

relaxation process was related to the increase or decrease in the applied load using the elastic flat punch theory.

Finally, the residual stress in thin film was calculated from the changed applied load based on the equivalent
stress interaction model. The evaluated stresses for diamond-like carbon films from this nanoindentation
analysis were consistent with the results from the conventional curvature method.
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Fig. 4 Interaction of residual stress-induced normal
load( L, ) and indentation load( L, )
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qable 1 Variation of indentation depths at maximum
3 indentation loads for two kinds of DLC films

Qe 0.5 ym DLC film | 0.6 tm DLC film

; (at 1000 pN) (at 2000 UN)

. Mgf;’f‘md 37744076 nm | 4030 +0.61 nm
F"“‘Eﬁdmg 43.68+0.68 nm | 42.45 + 1.08 nm

Table 1 3 22 Z3E Aok 27 ool Ho g
gatzel U7HEAE W dEE $YHold W
38 ZAE B9, 05 m FA el e
076 nm o] AAAMEE 7HH 0.6 m FAE
= wtube] 2000 uN o HdiEsE U7MEE o
gl dgZelE 71 Hol F&d whehelA
0,61 nm S Zte HHEd, A9 4+ 1.08 nm &
f 2 ¥3sE JelgE 891% 5

glak a2 7lg f5Fd oel ZF Age] o
# doizE= 10 719 YYsF-HATAE FHst
on, FHE TA F 7 FAARCAAN A=
24 Fig 6 23 JehlR, dehe] AE 43
ARZE S EHsgT ¢4 #AFIHY IFgS
wj A g v Srjo] otE 7)1 AE EAe] zelE
#azt7] gk A gdsE A7 AAA
500 uN ¢ FY3 gUEFel digske ddAel
o] WslE A&t ¥R A 05 m FA e
ulobel) A o}zl 2937 nm o HF 0.6 m F7 2
ghakol| = 1775 nm 2= B4 AL dUZelE v}t
e Aoz velgoh w3 05 md 0.6 m F7
o Zpfrutel thdt FRr| AXE A4k 2, 4
z} 35 GPa ¥ 21.1 GPa & uERton o248 H
05 m 579 tiolelmE=Al FHE uiupo] ubz o]
qY F2 AdEslE A% 5 dick

2.2 Al Afue ¢gAsE-Hegdn
s 2 o, 353 A dlsts-HeS
Ao Aoz dZog 293 YE Aog
et &, Y9 d8lEES st ete 53
g gtupe ghdAr AR dig Ag4de & 4F
22 Aefol g et ZF-SE o] gk o %
BRI 2459 nfAEe] WslE A §l8td
0.6 m F79 clolopE =4 FhE uhupe A Hof
A gGsE-dAS4T Hoasaa 48 o
E Pa4e dAgqdEnZ o #assg &
o] BIFAATH BAE o83t EAE HE7
AxE 4% 2F3Y dHlA 234 GPa B FF
2 abefel 21.1 GPa © B3 109 % o]’ Zdl H
7bslgich whA Qalde Ao A S Ed A
7)ol zZFo2 AeelA 2490 £ 8 nm, F&8

o e R

the SRIRAS) o83 $4¢ B9 e 373 W7} 1275

2000

0.6um DLC/Si
® As-deposited film

15001 o Free-standing film

1000 4

500

I Indentation load (1N) J

0o 10 20 30 40
Indentation depth (nm) J

(a) Indentation curves for 0.6 pm DLC film

1000

0.5m DLC/Si

Z | ;59 @ As-deposited film

= ' O Fres-standing film

®

o

= | s00

©

S

5 250 4

s

k=

w— () e . : |
0 10 20 a0 40

[ Indentation depth (nm) |

(b) Indentation curves for 0.5 pm DLC film

Fig. 6 Shape change in indentation load-depth curves for
two DLC films by the effect of residual stress
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Unloading curve
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Fig. 7 Analysis of elastic unloading par in indentation
load-depth curve
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Table 2 Reduced modulus and intrinsic film modulus for

two DLC films
0.5 ¢m 0.6 pm
DLC film DLC film
Reduced modulus
101.10 378.33
(GPa) 0}
Film elastic
44 42.05
modulus (GPa) 15 2
(= i) Pre-determined reduced modulus of
& ' [ 0.6 pm DLC film: 378.33GPa
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(a) Contact depths for 0.6 m DLC film
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(b) Contact depths for 0.5 ym DLC film
Fig. 8 Determination of contact depths for lower loads
using the reduced modulus from maximum
indentation load and Eq.(8)
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ble 3 Contact properties and relaxed maximum depth
" at each indentation load for 0.6 m DLC film
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Table 5 Evaluated residual stress at each indentation load
for 0.6pm DLC film

Table 4 Contact properties and relaxed maximum depth
at each indentation load for 0.5 gm DLC film

f

Indentation Contact Contact Relaxation
load (uN) | depth (nm) | radius (nm) | depth (nm)
900 25.08 269.53 6.061
800 23.38 256.15 Sl
700 21.45 240.45 5.239
600 19.52 224.07 4.900
500 17.30 204.38 4.420
400 14.68 188.75 3.799
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Tables 3 #}

Contact Contact il Indentation | Residual stress-induced Residual
depth radius dth G Load (uN) normal load (uN) stress (GPa)
(nm) (nm) P 1900 23151 3.59%
23.24 139.41 2.087 1800 220.14 -3.605
22.09 133.60 1.986 1700 200.79 -3.581
20.89 127.18 1.962 1600 188.83 -3.716
19.65 121.27 1.885 1500 172.94 -3.743
18.43 115.07 1.816 1400 158.14 -3.802
16.81 106.94 1.674 1300 135.45 -3.770
15.59 100.73 1.643

Table 6 Evaluated residual stress at each indentation load
for 0.5 ym DLC film

Indentation | Residual stress-induced | Residual stress

Load (uN) normal load (pN) (GPa)
900 383.58 -1.627
800 34423 -1.615
700 296.61 -1.576
600 258.45 -1.582
500 21372 -1.564
400 162.94 -1.528
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Fig. 9 Comparisons of the analyzed residual stress values
for 0.6 and 0.5 gm DLC films with the results
from curvature method

erelzte] FF S AT v

sagk BHEoA Fig. 9 2 0.5 pm DLC 429
e A EE Bl Hke ZP Feea 38
Hel R e BEHAE
obd AnEd dYsE-Ng T B @
goAlgel dg AdgAnes e AHE 0.5m
Frle] clojopREA FhE whute uhoe] H o)
o] dgbAd Fel Wo] 0.6 m FAS] whute] vl
A3t vebdeh adez AFeEe A £9
7 2o w4 FriEcn 498 £ Aok

5. 2 £

abel ) BF-ZHEY AA wE i A
YA dFAEE delaF-assAde FdsE
olgel gAY RAYHoRN 33
tolel2 ey FHE wupe] RREHE
7 $8 AU E dxde GUAF-RASAY &
H& 58 AdE 2FEYHL weARe 9B
7te] RHH o2 ALgHe] 3 £ ATANE F
7 AY 7o ASE FEYAAM S3E 29
o} @A en, U dIANEE T FFHE
4 Hr} 2d¥e] Ba4de $AT 5 AT £
AFolA PBojRl FAH HAE Al oS
i gt

() @7 we ddstT A7FEA9 71
7] W3l FARoE QY F AUy, 94
&9 dAvAS B9 4EY A uF A, 4
A AEFAAe 3= 11 % oHE P,
i FHe HAFPo|(BA) R ARPES

A -

Ex gojxAE.

g <+ 3k

2T

A5
Aol g djsF ArkAe 34E
tEA7]7] flste], AFYY 29 @A
sink-in 3 pile-up o R HEYFS RdHE3

o},

(2) o].cﬂg]_%.g_ g;gﬁ},“ 2.“().1-'—].!3:]).-1 ul—rﬂ- -]._T—;_
$4d2 AAT o Jebvde Ao $Yde] fEHE
¢ W9 Ao Hgstm, AFTAT AAS
o) AupE wdgste v UYL E
T BFEY H7HAE ot 2o AAAUT.

|O

2E,a,,

L
G, =— h =i
y (h, —n)

A, (1= )A,
(3) stEAle] 2493 2l Had AR
2L 05 m & 06 um TholopREA FHE wpbut
of ol 22t -1.582 + 0.032 GPa T —3.735 + 0.110
GPa 2 Hr7}=Ela, dlo]a FEHAAN doR
Fo@ o]l 108 + 0.07 GPad} 3.8 + 0.5 GPa =}
AL gh2 vheERdlch
4) 0.6 m FA9 gepelM v UYAFLR
248 AH28AE A0 ANE7IHeE o &%
ZEYAM dojxl Aol AAFAG. ¥E, 05
mm F72] drabe A e IRIAE 2 fefl
AF2de] ZEY vl UA BAEE AT
gtk ol AHute] FRY Ax v
golg 23} 2o 06 pm Wrte] v]s) wjg- T
Aejolu], ol m HEPYY FHEE 24Y
o] ZA wekale] ¢dAte] HFSH g U7

EE FAATE olFE ABE T UG

v =

ital

S el

(1) Noyan, 1. C. and Cohen, J. B,
Stresses, Springer-Verlag, New York.
(2) Karlsson, L., Hultman, L. and Sundgren, J.-E., 2000,
"Influence of Residual Stresses on the Mechanical
Properties of TiICxNI-x (x=0, 0.15, 0.45) Thin Films
Deposited by Arc Evaporation,” Thin Solid Films, Vol.

371, pp. 167~177.

(3) Uhlmann, E. and Klein, K., 2000, "Stress Design in
Hard Coatings," Surface and Coatings Technology, Vol.
131, pp. 448-451,

(4) Fang, W. and Lo, C.-Y., 2000, "On the Thermal
Expansion Coefficients of Thin Films," Sensors and
Actuators, Vol. 84, pp. 310~314.

(5) Ruud, C. O., DiMascio, P. S. and Yavelak, J. 1., 1985,
"Comparison of Three Residual-stress Measurement
Methods on a Mild Steel," Experimental Mechanics,
Vol. 25, pp. 338~343.

(6) Joo, J. W. and Park, C. K., 1998, “Determination of
Non-uniform Residual Stress by the Hole Drilling

1987, Residual




7 Trans KSME A, Vol. 22, pp. 268~277.

. A. 1., Sue, 1. A. and Martin, P. J., 1996,
cal Measurement of the Residual Stress in
ios " Surface and Coatings Technology, Vol. 81,

, 1995, "Micro-strain

\ Doerner, M. F. and Nix, W. D., 1986, "A Method for
erpreting the Data from Depth-sensing Indentation
ents,” J. Mater. Res., Vol. 1, pp. 601~609.
th arr, G. M. and Oliver, W. C., 1992, "Measurement
“of Thul Film Mechanical Properties  Using
indentation,”" MRS bulletin, July, pp. 28~33.
-Smés, G. and Carlson, R., 1932, "Hardness
ements for Determination of Residual Stresses,”
nlletm February, pp. 35-37.
b nderwood, 1. H. 1973, "Residual-stress
reme t Usmg Surface Dl‘;placemi:ms. around an
i . 13, pp.

£ B3 uete| Z{eE Hrt 1279
and Li, Che-Yu, 1991, "Residual Stress Measurements
of Thin Aluminum Metallizations by Contmuous
Indentation and  X-ray  Stress  Measurcment
Techniques," J. Mater. Res., Vol. 6, pp. 2084-2090.

(15) Tsui, T. Y., Oliver, W, C. and Pharr, G. M., 1996,
"Influences of Stress on the Measurement of
Mechanical Properties Using Nanoindentation: Part | .
Experimental Studies in an Aluminum Alloy," J. Mater
Res., Vol. 11, pp. 752~759.

(16) Bolshakov, A., Oliver, W. C. and Pharr, G. M., 1996,
"Influences of Stress on the Measurement of
Mechanical Propertics Using Nanoindentation: Part [
Finite Element Simulations," J. Mater: Res., Vol. 11, pp.
760~768.

(17) Suresh, S. and Giannakopoulos, A. E., 1998, "A
New Method for Estimating Residual Stresses by
Instrumented Sharp Indentation," Acta Mater., Vol. 46,
pp. 5755~5767.

(18) Tsui, T. Y. and Pharr, G. M., 1999, "Substrate
Effects on Nanoindentation Mechanical Property
Measurement of Soft Films on Hard Substrates." ./
Mater. Res., Vol. 14, pp. 292~301.

(19) Thomsen, N. B., Fischer-Cripps, A. C. and Swain,
M. V., 1998, "Crack Formation Mechanisms during
Micro and Macro Indentation of Diamond-like Carbon
Coatings on Elastic-plastic Substrates," Thin Solid
Films, Vol. 332, pp. 180~184.



