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Evaluation of Thin Film Residual Stress through the Nanoindentation
Technique and the Modeling of Stress Relaxation
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Abstract : Residual stress in thin film was evaluated by a nanoindentation technique combined with a new stress-
relaxation model. The dominant shape change in the nanoindentation curve during the stress relief in thin film was
identified as the increase or decrease of applied load for a given maximum indentation depth. The applied indentation
load of film under tensile stress was higher than that of stress-free film. Also, a stress-sensitive deformation
morphology around the indenter-thin film contact was proposed. Finally, the in-plane residual stress in thin film was
directly calculated from the change in the normal applied load arising from stress relaxation. The stresses for
diamond-like carbon (DLC) and Au films evaluated under the proposed analytical model agreed well with the residual
stresses measured by the conventional curvature method.
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Fig. 1. Schematic diagram showing the variation of-indentation
loading curves by the change of stress states'>'”.
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Fig. 2. Interaction of residual-stress-induced normal load (L) and
indentation load (Lr).
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Fig. 3. Theoretically modeled surface morphologies around the
contacts for (a) tensile stress, (b) stress free and (c) compressive
stress states.
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Fig. 4. Change of applied indentation load during stress relaxation
by maximum depth controlled path.

ORI K KKK K 6 KKK 0 O KKK I XK I IR I I X KK R

Ly Lo-Lr=bies Lo

i

>
PO.0.0.0.9.99.9.9.0.5.0.9.959.8.0.9.9.9.9.1

OO S

xxxxxx

Fig. 5. Schematic diagram of the changes in contact load and
morphology during maximum depth controlled stress relaxation.
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Fig. 8. Invariant contact lengths in DLC film regardless of residual
stress.

2§30 AA Faptute] ARIELF QA7 His) Q8%
ANFE F3lod, F o] AFIHE AFLYYSE M F
A AT

T, A7) Axe} IRHAE] WsE RARY] st ¢4
-l TAY BMa EDRS £ 718 F3-
tlojolR=A 71 wiute) QRISlE-HYTA B4 S B3 Hrt
® AR ASE 234 GPaZ 38 A Aol Wig £
A7 21.1 GPaoll B3] 10.9% ol Aol HrHES INE
F 9tk wbd, 29 89 AAAAARES B3 Dol Y&
ThHoll 24 € DLC "hete] F3Zele £ A7 7Hgst 2
o] A2 AefolA 249.0+8 nm, F-&F Fefollx] 246.3+6
nm& 1.1% olWe] ul43 A& Holn, o]2R¥ Hidte]
FAEE 2748 dFE4o| - IS v Au e}
& AAGYID| AL 0|43 YT AF Ao, BEFT &4F
pileup $Aol o3 A&e HEHA Hrirt B

2528 Byl Ao Y@ Afute] A AT 4
o] HHMX)o}&(flat punch theory)'?E T=3ted whuke] &4
ASE HrE. $A4 315 AAFAE IEAIE AE =
Mg dx, o] FAe vjEg B HA 71&7140A stiffness
sob BigiZat Hake AWM HE: ol hE Bttt ol
it B 7o) HEWAL FFEHY dYAIEE B3
Agzos 2YE 4 62 T3 FF HoldA 7 F ot

A2 = Coh2+ Cih + Cshl? + Coh 4 + Coh ¥ + Cshl/® ©)

A7 Coe AZHE AN 71818 el 2A3l 2452
TAHT, C oA Cs 7R eSS APF td A
(polynomial fitting)E $3) ATt E, stiffness S A (7)
& E31 A 35 Lot Hdl 40200 hpo?t BRI b
o 2oz BHY & Ut

L

= max_ 7
S —-h @)

max "~ i

olelz}l R uiube]l BAANAE FFele AR A (reduced
modulus; E)= 4 (8)2 £3l S9t HEHA ALE HHEH
01213 wlatel ERAS7 Pl FHE Ao PP

Zh hJ3El g slFAIARAC] ezt 4 (8yE T8k
dYaEd deshke FFA4 3 FFHolE B + U

S . O
" 2JA2 2(hgu-hoJAD
tojokzsA FHE utekzt Au Ehete] s Hrhe A A)
S 77} 4932 GPa# 142.2 GPaZ YERTE A4iz 2 uhet
o] el FaadAlrel WAe IS A (92 HER,
ARk} @A A} Poisson B! Eot viE tab dheto)
BAASTE 37tE & Aok

_(a=v) a=vhy
= (152 ©

1

8)

tlojoRz = g9l Ake} §Hd A9t Poisson HIE 74z} 1141 GPa
3} 0072 T8, thololEeA FHE ubztal Au vhEhe)
Poisson ¥]ofl X9 0.2209} 0432 tids A+, 7} up=t
9] @A ASE 830.8 GPa}t 132.3 GPag H7HEU). 28,
733 gololErA FHE vleteAE Poisson o 0.3 tHYst
Hels BAIGY ZAE 5.2%0 AUA] gk, oS gt
e Alg0l 1)) Poisson H]Y F&o] A 8- Jehdo)

Tlolopz A FHE ulats} Au Blebe] sl E 13} 20 o
g s5lA FEzolE sk, ol2RE Hu Aol #A

s] 06umDLC/SI (a)
a
e
g
®
B
? -2 ® Nanoindentation Analysis

7 -3.8 +0.5GPa({Curvature Method)
]
1] x T T ¥ v T v g v
14 18 18 20 22 24
r Contact Depth (nm)
-150
— 1.0pm AwSi (b)
w
o
£
2
£
7]
E
Tg # Nanoindentation Analysis
4 % E3 -94.3+28 5MPa(Curvature Method)
"—
0

30 40 50 60 70 80
[ Contact Depth (nm) ]

Fig. 9. Comparisons of the analyzed residual stress values for (a)
DLC/Si and (b) Aw/Si with the results from curvature method.



1106

FHEE - R

Table 1. Residual stress values of DLC film analyzed at various contact depths.

Indentation load Maximum indentation Residual-stress-induced Contact depth Contact area Analyzed residual
(uN) depth (nm) normal load (UN) (nm} (nm?) stress (GPa)
1950 4191 158.3 22.08 56059.5 -2.82
1850 40.59 1473 2092 512389 -2.88
1750 3923 1382 19.53 457204 -3.02
1650 37.80 1320 17.57 38546.3 -3.42
1550 36.34 1282 16.30 342276 -3.75
Table 2. Residual stress values of Au film analyzed at various contact depths.
Indentation load Maximum indentation Residual-stress-induced Contact depth Contact area Analyzed residual
(UN) depth (nm) normal load (UN) (nmy) (nm?) stress (MPa)
1450 84.36 79.47 75.60 1062624.7 -74.8
1250 75.95 70.56 67.81 915775.6 -77.1
1050 6591 53.98 58.35 749486.1 -72.2
850 55.01 60.00 48.09 585475.8 -102.5
650 44.03 49.22 38.12 469661.2 -104.8
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