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Calibration of Contact Depth for Evaluating Residual Stress
using Instrumented Indentation Testing
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ABSTRACT

Residual stress is the key parameter for reliability and lifetime assessment because it can reduce the fatigue
strength and fracture properties of industrial structures. Recently, instrumented indentation testing (IIT) has been
widely used for evaluating it, since it does not need specific specimen and time-consuming procedure. However,
conventional Oliver-Pharr method”, which is used for calibrating contact depth to analyze indentation load-depth
curve, cannot estimate plastic pile-up between indenter and surface of specimen. Here, we introduce f parameter
which is the ratio of contact depth and maximum depth, to consider pile-up height. And, its application for

evaluating residual stress of weldment is introduced.
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Plastic pile-up(&=4 2
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h. =contact depth
hmax =indentation maximum depth

hs =height of elastic deflection
hy =final indentation depth
f =ratio of he and hpax

Ows —residual stress
hpile. =height of pile-up

L =indentation load
S =stiffness (initial slope of unloading curve)
p  =stress ratio
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=), Instrumented indentation testing(1< %Y A1 &), Contact depth(FZ210]),
o

A, =contact area
n =strain hardening exponent
E: =reduced elastic modulus
y  =plastic constraint factor
1.ME

AAE AL 19789 THAAFLAL 1577}
AME o F, BA ALY 30% o4& A 3HH
A A Bokol 83 & @dsta T dA 9
A8 b dulEe] +97)7ke] F&2 AFEAE 30
el S35t glo] o]g 22 dd F2EY V)7
AR B A% &4 ARt 8 AGoE B2
Ha Yot

Ade AR B i@ AAA, A &
e YA A7) e AT AP S Rl



FssHA 37 Sistel B oz o
Boolt}, ofs} ge ATS} HHol,
A BEEE 249 NAH 54 59
AT £ B ATAE o3 of
BIHORE T 547t WS A
T 1A B 9% o

i LU I RS U 2

O U N TR NI 1 A >

oi_\l_:{HJﬁéWir%

o off kY

o
2
I\
o
L2}
N
1>
ﬁ
r
1:0
>.
o
=)
oft
N
N
o

N2

£
o

Brt= EUﬂ
At Azl *’—#‘3}% A<l 7] uﬂi% w4
saw-cutting), %3 374 (hole-drilling) 5|
]94' 2 7S AFAL volHE A gt
a, 9 ]’ ]@'9] 5111'?‘7“01 Aol 7}

Zot
[e

i,

ool (2 H ojo o U A 1%
_g

33 ﬁo}&l % ol gl
oa ol wekah] 9 A7t
@ wsk A Sel A

=
-_E

NI\
ol -

o

(R
ro
L
Hu
ole

%
=
o

o] HlolHuv 27
7] dETE F
Al A gHE]

=)

=

ol

ol

X

i\
A oox ge r
o..N_, ol

Application
of the test force

Removal
of the test force

he |
he

Indentation
depth

[

Fig. 1 Typical load-depth curve of instumented inden-
tation testing

Transaction of the KPVP, Vol. 7, No. 1

ol EH £33 100um 9|2
A 9] 71741%4 E4¢ 9+
Ao, A& Azl @ A7} H
7ro 2 HEAQl Yo|E 7} A0 7}
Atk whekA &9 T *éﬁ
ato} ko] FRIRs} B LA A3

o]r
Ol
o

.

=

ot fom

to

%

o
oﬁl,
N
)
ol
ol

i

_&
iy ot

i
2

I
o

fo 2 W o

e > o b

me :124_
N o
i
2

o 2,

re
o

]
m
P
(N
o

ok
&
Y

00
_gh
.| 7“ i)

0

e

s I
P.L
ofy
T
do
JH
rx
1o

ol
<
1 rr

o
o

> 2
Eir )

o |

o2
~
m a3
re da

to 1 .

Yo rlr

Ay

ox
K:)
>

2
=il
o oo

N

N

ol

£
o o F

O
% o
[
flo o M
A

jins

2
O
o,

fins

)

o

e

I

R
u
ole
v

rlo

2

o
o
)

ol
-
rlr

o
jins
of
ol
oly
tjo

N
-
ol
-
32

tjo

=

ko
RO A O
u Sk o P oo o}

2
o
oo
R R

o

>
e
2 =
-HN' ]I‘Q

olN
o =2

N
-
o
o

©
N
N

it

N
NI

2
Hl

z

M)
o
i
(o

L Stress free
state

Compressive K
stress state /
’

Tensile
stress state

o Common
indenting depth

h; Depth
Fig. 2 Variation of indentation loading curves with
changes in the stress state




_O|L
ofy
o

fo o}
X
B
olo
)
o
I
2
ot
o
o
nj
»E
rlo
ol

ol g8 —

o
M
o 1o
i
3L
=1
olo
i)
e
o
o
S
rlr
2 o

2_1,
i)
o
o
m
o
X
u
oo
5

R )

>
]
o
ofo
o
2

o

2 o2

=
=1
ot

ok (oL
o i

olo

L)

o

ET‘

jinA

o

4 & ofy
ol fo v o o g

o rx
W ol

o rlr

2
2 |o
P

rir
e o
-4
1o
N
fo
=
o
o
frtl
_>|4_,
o
o
k1
%0
A
o

>
=)
N, of =51
i r
o i)

o]
— ok of
ofl o2
o ol

;
2
RO
o olo
M = g
ok (o o
My ok iy
b dr 3t
S o
e o
oo B A oox
SR oo L
ofN 2 o 2

oz

g{r(‘
Ao
22

&5 59 (spherical cavity model)< 743t Th.
AAA shell= S0l (core)’t B H AL, oA T -
< A A Hl(hydrostatic stress)©] 8- o] HAY 5}

. Sur esh9]' Giannakipoulos” = 7] Zd-& o]
3] = 4784 e wE ddstE
stk Aet 92 Ao A4 E
2 Ao EAstE YoM ATy &
3

& o
rlo
-
ogtt
ofd
offt
b
1,
=
-z
o
o

oo orr 2
o
=

N,

2

i

Mo

w _lhjt
[

¥2

32

X

o2 derie ai
F8 AdeE AR
A

EoME v

Plastic
zone

Hydmstanc » G

S ress

deviatoric stress
Fig. 3 Schematic diagram of spherical cavity model

£g0]9] 14 4

3L
Hu
oo

H|(stress ratio) pg Y3+ x4 yF9
Z]FZ]— Ores, pcresg’]' E"]_-o] ]%E}-LH gj\]:]— 1:‘0
Hol 7tEH 7Y FEE A9 o

N,
i1

¢

OHEAQD:“Z
0
8o [0y ¥
e
\ o
TET
T of
[0 T
o mﬁ,:
oloﬁ_ﬂ)ll
i
_°,£r1o&
rO L omy 4l 2 ol 2 oo e

xo A

o
-

jia

A
o
3L
i
ole
1
A=)

d

i)
2 ol

2

F*‘_O.ﬁo?.:—lﬂi-hr
°

SEIN

i

)

MmN
o

Biaxial stress (1)

a+p) O, 0 0 @-p O 0 0

@e-p, 0
3 3
0 o E, 0 0 —“g—”)vm

Hydrostatic stress Deviatoric stress

2 (AA =1 +plow3 B0 2F-EHel 23
°4 F=9 FHsFolg 498 5 91, Fig. 2914

T8l td F7HES ol9F FYsTy BH 4
(2)9} ol Aejdnh

3(Ly— L
Orese — (07])1 (2)
' (14+p) » A,
I (7 2%
Tes,y p res,r (1 +p) A T
o AFEH O ot WSt ShlEtsS v
3t Acs AEUA S gt y= &ATEAT
(plastic constraint factor)E WEFH I & Aol A=
Tabor’7} AN whe} 7o) 302 7 I
3. BE0lo| 2
2 @AY MEE L9t AOIER o] 58 73
= Aol ZFEH e A A 248 &
T Ut Lt A@AANM St 24 H = A
ojB® F7HAQl B4 o] B st A= YA

daete 7171833 =24 A7d A1z 20119 3€



g Foll AHACRE FHo] EVbssr] Wl A%
ZAolE &3t AEste HA o ‘—’Jﬁ'é}‘:}

J#1} Fig. 4 2 Fig. 5014 ¢} o] AA A<}
AE g9o] 9ee JEZolE A F9 ’ﬂ'ﬁfﬂ'ﬂ 4
e Al FHAA WA= B WY, 24
Y s Rtgalof gk ©d W3 (elastic deflection)
< 3zl AA © ol &4 %4

H
(plastic pile-up) #/d2 3}
&t7] wZoll AApet S 74zt %}"]Z—l"]% J/}EH%
7t 2 AAaHbEA BtEE J4E o]
o AA JEFZole A (3 2ol

Indenter

h&ile

thIﬂX

Fig. 4 Schematic diagram of plastic pile-up between
indenter and surface of specimen

(b)

Fig. 5 Optical image of residual indentation mark (a)
and its 3D profile (b) for API X20

Transaction of the KPVP, Vol. 7, No. 1

max hd + hpile 3

HEZolg HASE 7Y & /Mg e 2eln
9l Oliver-Pharr 7] Y8 Hertz7} A3 =93t
(contact mechanics)ZH-E] =5 o] 2] (4)9} o] &
4 Hdl 3 HEzol9 d=d A=E BAY
o 2y &4 Bl tid a7t o] F4AA Xk
sta ik

|

2
=
N

B b b

A= °L

S

f=1.2445(1—0.6n)

1—7.2%) )

2 AP HAYPAoE EEFHo] O
FEaitke AR o] A A o] gt

A6 ffste] LA 7IAA &
& 7173 84 4*(Strain-hardening exponent), &5
A4 E&(Yield strain) 5& TE &olor st @A
o] 9lof A 8l ol st EgEo =

Kang %”% S Aol WALE Fushnrt

7)E A7E o ANE EZols) &4 4
3} BAYE A4S Hastel FUSEAAFA A
e 2S£

oA LRI QA ABe e A4S

k. A AFE vhol ol A4 Yol T2
FE OIAE AR ofe ATAE o) 7H3As
A9 B A geldE Ah el ol

HAL RS Yol A 200 A B4 2
Aol distel FAAPe AABAT, T A% 7
ARASRT B8 AA o] 24 2ol © 2 o



120 % 6
116 s © %
112} % g 2 g
w108} %
°
1.04 § °
% o
1.00
0 3 s ) 12 15 18 21
max / (hmax-hf)

Fig. 6 Linear relation of contact depth function for
projected area and normalized recovery depth

Lo A

SE-NAFA B BHe ARalel YUAI} A
Holl 7}Fgk v 7} A Q1 YU (irreversible work)2] 71d-S
ZQete sl dstaAt 5190 M Fig 63 o] ¢F 20
o] kAo FEA | thate] 1 AdFE FelEty
Hez HuY + Ak

f=1.06x10""2

hmax
™ +1.00

Aol A= 248 ol A
AolA o3 H=d
|34t

_Q

z
of
o
m

_Il"

HAoZHE ZHF
ig. 7% APIL Alge] &4
Stk 84S awaHsIMe ARgs)
A (emery paper)E 2000817}4] 283},
o W sl a3E Hulg wiAEY
o xF WO R 7Y W3} Fo
32 Z 2170
$8& st

Fig. 83} Zo| Frontics Inc.oll A 7]k
Advanced indentation system 3000 (AIS3000) 7]7]&
o] &3 H Y, YULEEE 03m/min, H) AYEF
< 80kgfZ AFIAT. FdUAE A (tip)F-Eo]
Ar = Feje} 2L ThololRER o] Foj7l G &

)
o ox

2L o

e

m\‘
rlo

tlo 1o oX
IV

o o2

re
o

fEOR e B

P
bt

o o
é_'.:,ﬁo.?z

e

>
)

o
-

o oM R > op

=2

oy &
4

s
jins
>
e

45

00000000
87 654321

Fig. 7 Schematic diagram of weldment specimen and
locations of indentation

Fig. 8 Advanced

indentation
(Frontics, Inc.)

system (ALIS) 3000

s HUAE ol &3t

Fig. 9% okl A E Holg Z s Uehd 19
o|t}. A7) A3k ule} o] AF A} 2 Yol A
ol ]H(Target)ﬂ' AFgHo] 2R g= T
A ]/“1 2 dlo]E(Reference)’} A2 ZA

o] 5 Fato] Al U ol EA3

Hol 4 ]i Cx’i"]OP—é‘Oﬂ FEFS MRS F
Y g Aol &L HolH
To: tloE Bt e 9lZlo]
stgol B =4 H7HH

H
FHol 29 Aee AN

o o]o e d

)

rlr &

oF
=

:1lm rulo

g
1

m%_%é_\.im%rzinloﬂﬂrlo

01 ElE 9A 284 =93 W&ol uhet
AYstr]) Aste] 4 7o) A E dlol
Elol t@ F520] £4 st 2 A4S Fig
48 wlke} 2+o] Oliver-Pharr 7]

d
A

1090 erh i o
WO AN GYZolst B ATAN AAE 7
o2 438 gazolast A% A Hi

ARPE wAdlel A% e AAAYY 44
) WS WIS Y] MEOE HHY % 9

AT =]

=23 A7d A1z 2011 3€



46

A, weba I gho] WAl BIhE Hof, £
M= BoHOE OF 15% 2ol & LAY st
=3 ARME HEolE AHEH gt
T8 (mean pressure)< AFE3H 12 == Fig.

2o

Hog 3

==

80

Target
704 Reference

[rom

O 60

<

©T 504

(W]

O 4l

C

O 30

=

8

C 204

8

£ 104

0 T T T T T
0 20 40 60 80 100 120

Indentation depth (um)
Target
Reference

5

S 704

SN—

o

©

o

c

el

]

S 60+

[

(]

©

£

160
Indentation depth (um)

Fig. 9 Comparison of indentation load-depth curve at
stressed state (target) and stress-free state

(reference)

140
—_
1S
= O——O0—— —70,,”777770
£ 120
o3
3
= O D“*D““D
[}
© 100
c
Q {0 Oliver-Pharr method
O \m‘

80 T T T T

4 5 6 7

Points
Fig. 10 Comparison of contact depths from Oliver-Pharr
method and f parameter

Transaction of the KPVP, Vol. 7, No. 1

AEwA Y dlg @A erz
27F 2U 2 srgEch B A s
2 9k 35%7F YEha, ol A7
o o 847 A&t HoE A

o,
ENET
S op
o

o to

o
p

)
By

e 1
oxl

mol L 3 m
e
olo

¥o i

=

&

2] I
iRy

A

(rt

=

ot

lo

fru

i

rln

= 4
oo ofo

Me
m1-4 é_‘d

[e]
> mio g
{u
lo,
3L
Ju
olo
— 1%

I
2
2 ofy

ol
2
o 2

2
il
olo
il

o

i K

de X ol
tlo o
Bis)

- e

o

)

ol

—& .
<

o

=

of, oX
o

b
ol
o
N

oo mx ro

H

ot

ofo

m

2

of

o g
%o Lo

X
Hu

N N
i ot
olo >
L) ok
X
T
ul
ol
o
30,
32
flo Ly

gk
re

°

%ol 30 b 2 e @

& A Aol ooy o

ul
[
I
%3
o
oot

32 o X0 (0 xR N

o

32

4.0

3.04

254

2.04

—1 Oliver-Pharr method
—O— f parameter

1.5+

Mean pressure (GPa)

1.0

5
Points

11 Comparison of mean pressure from Oliver-Pharr
method and f parameter

100

Base Weld Base
HAZ o |HAZ
—
o] 50
o
=3
o 01 Foln
% g g
— 0./ ] ol
® 50 o \|:| / \g
= a] o
@© / B EI\
=} ] O
B 1004 B
3
B
(s I
-150 T T T T T

25 10
Points
Fig. 12 Residual stress profile along x-axis using ins-

trumented indentation testing



NRE 01%“8}@1 AT

£zlo)o BA
}d de o] &
ste o, &4
9 &7 B
l*l SRz

e rfe

L g
EORR

=il
oo

K o
<

e 3o ot

Oliver-Pharr 7] 3} H]
Hkg o2 23k 35% A
+ 9,104 ke

2
dob o> ¢
°

_{

e ngt
9‘1«,
3R
41

18 o
tio

om

ot 1o oo ot o
ofmt 3L
o
oft (&
oy &
e Ay

o
il
ol 8 oo > O

Jﬂ_\;ﬂi

ol
2

- ‘Im'

s et

e
o
it
ol
N

O_El‘
o
=2
e
i
o
ofo
i

ol
o

e

1o % R > O Hr i o ok i 2 N

iy is)
: lm—h
ot

4 I
3

30

ATE AAAAR FF- 227 E/ME A (K00
01337) 9 B&HE7|eR Y R0 A A

ERA7<493 4452 A9 (2010K001433) 9
Yoz FYHAFYL FAA A EA TAE

Py,

1o]9] BAY 47

D
re

=t

. Oliver, W. C., Pharr, G. M., 1992, “An improved
technique for determining hardness and elastic-
modulus using load and displacement sensing
indentation experiments”, Journal of material
research, Vol. 7, p. 1564.

. Choi, Y., Lee, H. S., Kwon, D., 2004, “Analysis
of Sharp-Tip-Indentation Load-Depth Curve for
Contact Area Determination Taking into Account
Pile-up and Sink-in Effects”, Journal of Materials
Research, Vol. 19, pp. 3307-3315.

. Lee, Y. H., and Kwon, D., 2004,
Biaxial Surface Stress by Instrumented Indentation

Acta Materialia, Vol. 52,

“Estimation of

with Sharp indenters”,
pp. 1555-1563.

. Tabor, D., 1951. “Hardness of Metals”, Clarendon
Press, UK.

. Dieter, G. E., 1986. “Mechanical Metallurgy”,
McGraw-Hill, Hightstown, NIJ.

. Suresh, S, and Giannakopoulos, AE, 1998, “A
New Method for Estimating Residual Stresses by
Instrumented Sharp Indentation”,
Vol. 46, pp. 5755-5767.

. Kang, S. K, Kim, J. Y., Park, C. P.,, Kim, H. U,
Kwon, D., 2010,
instrumented indentation hardness determined by
instrumented indentation test™, Vol. 25, No. 2,
pp. 337-343.

Acta Materialia,

“Conventional Vickers and true

i

3 A7d A1z 20119 3¢9




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


