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Instrumented Indentation Technique:
New Nondestructive Measurement Technique for Flow Stress-Strain
and Residual Stress of Metallic Matenals
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Abstract Instrumented indentation technique is a new way to evaluate nondestructive such mechanical properties
as flow properties, residual stress and fracture toughness by analyzing indentation load-depth curves. This study
evaluated quantitatively the flow properties of steels and residual stress of weldments. First, flow properties can be
evaluated by defining a representative stress and strain from analysis of deformation behavior beneath the rigid
spherical indenter and the parameters obtained from instrumented indentation tests. For estimating residual stress,
the deviatoric-stress part of the residual stress affects the indentation load-depth curve, so that by analyzing the
difference between the residual-stress-induced indentation curve and residual-stress-free curve, the quantitative
residual stress of the target region can be evaluated. The algorithm for flow property evaluation was verified by
comparison with uniaxial tensile test and the residual stress evaluation model was compared to mechanical cutting
and ED-XRD results.
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Fig. 8 Comparison between tensile curves from tensile tests and instrumented indentation test for (a) SCM
415 and (b) SKS3

Table 1 Tensile properties obtained from tensile tests and instrumented indentation tests

Yield strength (MPa) Tensile strength (MPa)
Materials
Tensile iur Error(%) Tensile iur Error(%)

P91 569.7 558.7 -1.9 772.0 807.5 46

545C 379.2 336.4 938 883.2 843.7 -4.5
SCM21 290.2 314.9 8.5 626.5 609.3 -2.8
SCM415 2374 230.1 -3.1 616.3 620.7 0.7
SKD61 348.9 361.8 37 896.5 882.2 -1.6

SKS3 366.4 330.9 9.7 781.5 810.6 37

API X70 592.9 550.9 -7.1 782.2 770.9 -14




312

(b) SS400

S
( N\
3 -
- = 2 i
3 gzk | 98 | 9o b £
FER &) 44 6 e | 3
m I~ 12 v o %)
_M-' mﬁ © @ m MMMH S
q 2| g8 | - o ™
- S o o 2 2@
.n.wm wmmm > - 1555 mu L ©
3 itz s =
. cEET ZeET b S LA gl @ T
2 138 L 38 Lozt i ! ooz El o <
g e 3 O i R g
mammm aMs 2 555 - 5 , : m
W_-' wwm”wmnum = +++ %m L L B L B B B B — T
_ \,, m o O O o o o o o o o o o o o o
£ gg® | 258 | 358 R o3 S e i Lo w w9
._m.l'v ”ﬂm ”mmwum L = = v \
H = 8 g © (ed) ssans [enpisay (edN) ssauis [enpisay
2 - N o L) o
Wl 7 | ol (BdW) yiBUang .
(. \_lm_lu
EEﬂamﬂwruﬂouﬁo_awﬂuuaﬂﬁﬁﬂ,_ﬁ.ﬂulﬂlqu o_aUrmmulgia,%Qﬂﬂl@mMﬂLﬂLﬁAﬂo
— O g o ) = = f o=
M = By BT W, FRANKT T g RN ET g EBTT eg oy
R g < RN = % . % I i < S T oo ¥ = o T o X - x
R N R N O - o A~ B - - S B~ BT O
BTRIFRXTHFRPIM AN G GO pn & aPXETBLT TS RN
BT L < - B N T W e =T — A E ®oo- R e I =
I R S X R RN o do ke B oW M X T
G0 gy B B KW A g T T e I m - O T ) = N T
w AR (I A . TR R e ET oM g H o
E.aomwﬂovmb%o_e T - Mo WL A S S olo ﬂﬂ‘mﬂ@om_.%womc{@aid.ﬂu A
TN g TR B o) TR R gy e g o =T g TR T gy P
T g T TeT R E R B2 T e oy B ol ®
2 CICI o o hos = Rl . < K] T T oo -
W gl T = W = S S (I G S~ B RO
T B 1O1_ﬁ| WM HT .mvrﬁ 1Cr+ HT N % Wﬁ oo ﬂi b\_ ME LZE m.__n_._uo_ c._o ,MI/ MH iﬂ 1_W| m ) dfll ;umo ° o_e EoOY ) JL N
of I oo o BN o B o H o T I ) O N e S\ M S
o o o o o o T H 7 o WY T Py =
ufxog%wwomﬂ% ,ﬂiﬂfmo@ %EL_L L Yo mumoiﬂﬁﬁg‘ Qﬂua%_om% .MML
S S I Sl RV e S I Bl B o PTPE S LD N
do ol o) T B oF o mo o B g e P T = 0 o B o o 2 ez N
. T o= B 0 2y B Eo_ = oy X B R y T oo g X o ok
K = R do o+ s » o r rl o o ol - ~ — > W o= 9 .z_ﬂ = =
wo o X BT T W T o, M f EwEXgyge | TayEwel gy
Mi%xmﬂa,_iwrﬂmu,@ﬂﬂﬂ m%ﬂo%ﬁu o o @B @ T B g A owmoF oo o
o W g mw o N @7 oW E W R 0 oo oo oo R Mm%
drd_ko,sdu71 = w oo 4 o oy RO B n o T X o
=~ (A ) TR N X s o K gl X o E X o T W wE pe
ubth%ma o o _L§|n.um m&m%a_uuf T S \ mM,mowerﬂa ﬂ__o,_ﬂiﬁwxda_.aﬁ
g o Moo WO wRe W % Woo) WoOPE T ~ W w F ol W o) T AR oo oo
KHAFEFTIHOIORTARNT PNITHKITTT o w My U om- W W E N M RN UE MR o

test, hole—drilling and saw-cutting methods

Fig. 10 Comparison among instrumented indentation

ar2e 7t

L

WHoz 2

A API X659

o)

ok :":
450MPa

=



313
tensile
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Table 2 Comparison

H 97 7A18E A A 26 W Al 5 F (20061 109)

I A" API X80

9|

o ¢
3} 44A1E ¥ ED-XRDE &3

Z

Fig. 112 wh&uyhg

1w oI B W W o T om onE M RN No 2% ok o8 7+ T M T by
=l £ Mt m AR % R To oF s 5 o 9 o W R e o
SIEIR mW gt e T " = mw=oaxsllT agre s o W
clz|18 o = AT T T H o o m%ﬂﬂ@r%ﬂmuﬁ e A
gl 2 S ST -~ Sl P owo < o 7 TR S I
2|3 o Moy m B g PR mE @y w3
=7 EE L, o f T wHE by R A A A i R
1E = b & oF B o e R0 w N RO
24|, TETINAT e, ramURsLEETEska T
glglE & T EE AW E g P T o B miomdd e
2| 2 e n TRy F e Zrrpne, 2 r _EXonwe
o < N T g < o0 o1 T o! o ; S S
2| = ST sl TE Y erediE_ o kiuaffrTEr
g T N — ~o ) — 0 T _MH_ o
- o Mo g B 2 <R T OE ok R g X o G n
£l & MRS g o I N ) ° P g %o
{E w%ﬁﬂ%%%%%woﬂ_n nm%%m_xz@ﬂ@ﬂ%%ﬁ@wwﬂ%?
g = i > Eo WO % o B — > W T XX H
5|2 < PEENT I LT P TR NE T LB S e gk
= on oyl | = ot
& Ca A N NS R I RN ARl R4
Gl T ol T %  orogo T oo KX ) T °
e G S R R - mHmo_,,%mﬂmﬁﬂuoer@m_nmoﬂmWﬂn%zowwﬁr_
c |x = L ﬂiﬁ K O HL_ o " e %0 el
g |z 3 T RET L WX T BB R MON o WO R R RCY
g |= M ==z =g TFEBTWTIANIPNWSIZTRMNWT N
e TN RVRN KA o oi s
TEETEITETECINSTIIES
o X O KW M omr W o % 9 of X o on =
T o
I B R A R R -
LW T E T vy P n b 2
90Qur«pro_o_mwﬂdmHouoﬂ:__eaoﬂ%%fr ——— = %
,Mo o g Mok mﬁ o 5 Mo o) R M oF W B M ) ak = a . h -
Mo wn @ K ol T i 5 ~ I 1% ;
— Rl PN odom PR B = =
S ER A LS F PSR LA . . IERSSual . . [Hh=NEk
= o T o " =~ oH R — Bom ot ny Bt - W m wE
%mwmiwﬁﬁﬁmmqiwmm Tl : w0 1 e e
@Mmuamoﬂmow_@mﬂﬂwo#oiﬂﬁ%ev : B "1 : ./\!V :
<3 g5 TE LTk W ey : S 5 . = i
bw X e T I w g g e RT Py e o st -8 [ | =8
cFEECS TR R sl p e T BT by L SRS RS i #
DB E om” Foa™ T THy a1 2N
R~ ﬂﬁ W Ral T 1uﬂ o ) ﬂ o_o n_i o o_e = a.a a U Ve | SR SR
TR s R ihTy  TECER L B JEN I b e
W = 2 M = % WT = W o &Uvr FoE w Mo (ed) ssaus [enpisay (Bdi) 55845 [ENPISaY
RS Rl & R DI TS Ny
R & TUIRETED T O A
Nror ® & oo 5 U B R R ER W oF OB RO S B oo e W

ZQ Aulo) unwHos A4 48T & Qe

and

indentation  test

of
ED-XRD for residual stress of APl X80

Comparison

Fig. 11



314

[TS, HYe, WEE
ol Ak EF XrayW T 71E FHSH [7] Suresh, S. and Giannakopoulos, A. E., "A
=4 i g 78 348 47) 98 Ex new method for estimating residual stresses
9] A HE Q7EA] gon, A7 mAEzF = by instrumented sharp indentation," Acta
= AR 1 Ao & dFo] gl AFS Materialia, Vol. 46, pp. 5755-5767, (1998)

o] =4o] QT EHE goFsh 4+ 2 A Ak [8] H. A. Francis, "Phenomenological analysis of
o &4 A48 4 Aok plastic spherical indentation," Transaction of
the ASME (Series H), Vol. 9, pp. 272-281,

IEH (1976)

[9] D. Tabor, "Hardness of metals," 2nd,

[1] C. O. Ruud, et al, "Comparison of three Clarendon Press, Oxford, (1951)

residual-stress measurement methods on a [10] Tsui, T. Y., et al, "Influences of stress on
mild steel," Experimental mechanics, Vol. 25, the measurement of mechanical properties
pp- 338-343, (1985) using nanoindentation: part I. experimental

[2] J. W. Joo and C. K. Park, "Determination of studies in an Aluminum alloy," Journal of

non-uniform residual stress by the hole Materials Research, Vol. 11, pp. 752-759,
drilling method," Transaction of KSME, A, (1996)
Vol. 22, pp. 268 - 277, (1998) [11] R. Hill, "The Mathematical Theory of

[3] J-H. Ahn and D. Kwon, "Derivation of Plasticity," Clarenden, Oxford, (1956)

plastic stress-strain relationship from ball [12] K. L. Johnson, "Contact Mechanics,"
indentation: examination of strain definition Cambridge Univ. Press, Cambridge, UK, pp.
and pileup effect" Journal of Materials 84-106 (1985)

Research, Vol. 16, pp. 3170-3178, (2001) [13] Y-H Lee, et al, "% Fzz847 A&54Y

[4] Haggag, F. M., '"In-Situ measurements of 718 o]&3F SS400 AEo] w3 AFLH

mechanical properties using novel automated 3ot dsta&A85E3A, 408 108, pp.

ball indentation system," ASTM STP 1204, 1042-1047, (2002)

American Society for Testing and Materials, [14] Oliver, W. C. and Pharr, G. M, "An

Philadelphia, pp. 27-44, (1993) improved  technique  for  determining
[5] Jung-Suk Lee and Dongil Kwon, et al, "An hardness and elastic modulus using load

instrumented  indentation  technique  for and  displacement sensing indentation

estimating fracture toughness of ductile experiments," Journal of Materials Research,

materials: a critical indentation energy model Vol. 7, pp. 1564-1583, (1992)

based on continuum damage mechanics," [15] J. Y. Kim, ‘"Determination of tensile

Acta Materialia Vol. 54, pp. 1101-1109, (2006) properties by  instrumented indentation
[6] Y-H. Lee and D. Kwon, "Residual stresses in technique: representative stress and strain

DLC/Si and Au/Si systems: application of a approach," Surface and Coating Technology,

stress-relaxation model to the nanoindentation A(2006)

technique," Journal of Materials Research, [16] =4, AYF, d&=, "SHASEE," pp. 66,

Vol. 17, pp. 901-906, (2002)

(2000)



