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Analysis of Non-equi-biaxial Surface Residual Stress through
the Modeling of Shape Shifting in Instrumented Indentation Curve

Yun-Hee Lee, Jeong-hyun Jeong, Joo-Seung Park* and Dongil Kwon

School of Materials Science & Engineering, Seoul National University, Seoul 151-742, Korea
*Korea Agency for Technology & Standards, Ministry of Commerce, Industry & Energy, Gwacheon 427-716, Korea

Abstract : Non-destructive instrumented indentation is proposed as a promising alternative of the conventional
stress-measuring methods based on already-reported its sensitivity to applied stresses. In this study, we tried to
expand the current indentation model on equi-biaxial stress to the characterization of general surface stress in non-
equi-biaxial state. A contribution of the surface stress on indentation plasticity was theoretically extracted from the
non-equi-biaxial stress matrix. And, a newly derived stress equation was expressed as a multiple of stress non-equi-
biaxiality and residual-stress-induced normal load. An experimental tests for confirming the model were also
conducted on artificially strained API X665 steel plate, and produced the non-equi-biaxiality factor consistent with that
from theoretical analysis.
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Fig. 1. Non-uniform deformation morphology around contact
formed by spherical indentation on pre-existing non-equi-biaxi

stress state.
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Fig. 2. Stress-generating jig for simulating the general surface
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Table 1. Chemical composition and mechanical properties of API X65 steel specimen

Sample Cc Mn Si P S Fe Elastic modulus Poisson ratio Yield strength

API X65 wt(%) 0.08 1.45 031 0.019 0.003 Bal 210 GPa 0.3 490 MPa
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Table 2. Stress-proportional factors, stress-directionality coefficients and power-law fitted loading curves of several stressed and
unstressed states for APl X65 steel specimen

Test Applied stress (MPa) k-value Stress-directionality ...\ . . Stress-induced load
No. 04(=0red 0y(=kO1ed (oy/ay) coefficient g at 55um depth (N)
#1 -415 -414 4.-1'.0 . 15 L =0.116H% -16.7
(equi-biaxial)
#2 -375 -248 +0.66 1.81 L =0.162h" 15.2
(biaxial)
#3 -408 0 .O . 3.0 L =0.196K™ -8.9
(uniaxial)
#4 -239 +231 0.97 100 L = 0.146A% +0.2
(pure shear)
#5 +414 0 .O . 3.0 L =0.132A% +8.6
(uniaxial)
46 +428 +427 *10° 15 L=0.173A" +20.9
(equi-biaxial)

Fitted loading curve of stress-free state: L = 0.175h

300—; i Table 3. Contact properties evaluated from the unloading parts in
. the multiple indentation curve for APl X65 specimen
2504 e 3 Indentation Fitted unloading Contact depth
= wo H load (N) curve (um)
T 209 R : 08 L = 21.66(h-h" 36.6
2 e T e = 196 L = 8.75(h-h>% 54.3
§ 1504 <4 #1:k=+1.0(-415/-414MPa) g ' ’
2 W H2 k=+0 66 (-375 /-248 MPa) %" 294 L =2.92(h-ph** 68.1
& - #3: k=0 (-408 MPa) 1
S 100 . #4:Kk=-0.97 (-238 / +231 MPa) Ac=1.15x101.2+3.50x10°L -4.15¢x10
B - #5: k=0 (+414 MPa)
£ D #6:k=+1.0 (+428 ] +427 MPa)
504 @ Stress-free_“
‘me&f-"' l Table 4. Experimental determination of stress-directionality
0 ,g@ee@"‘-‘l . . . coefficient by comparing analyzed stress without considering
15 30 45 60 directionality and applied stress from strain gage
Indentation depth (Lm) . Stress without Stress-
Test  Applied stress directionalit directionalit
Fig. 4. Superposition of representative indentation loading curves No. (MPa) Lbi2 JO(MP y ffici ty
for various applied stress states on the multiple indentation curve for fes/ Q(MPa) coetnicien
stress-free state. #1 -415 -269.% 1.9 1.54
#2 -375 -201.x 10.7 1.87
#3 -408 -125.#15.8 3.25
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	 -8.9
	#4
	-239
	+231
	-0.97 (pure shear)
	100
	L = 0.146h1.80
	 +0.2
	#5
	+414
	0
	0 (uniaxial)
	3.0
	L = 0.132h1.81
	 +8.6
	#6
	+428
	+427
	+1.0 (equi-biaxial)
	1.5
	L = 0.173h1.78
	+20.9
	Fitted loading curve of stress-free state: L = 0.175h1.75
	Indentation load (N)
	Fitted unloading curve
	Contact depth (mm)
	 98
	L = 21.66(h-hf)1.55
	36.6
	196
	L = 8.75(h-hf)2.04
	54.3
	294
	L = 2.92(h-hf)2.53
	68.1
	AC�=�1.15¥10-1L2�+�3.50¥102L�-�4.15¥103
	Test No.
	Applied stress (MPa)
	Stress without directionality /�W�(MPa)
	Stress- directionality coefficient
	#1
	-415
	-269.9 ± �1.9
	1.54
	#2
	-375
	-201.0 ± 10.7
	1.87
	#3
	-408
	-125.7 ± 15.8
	3.25
	#4
	-239
	+3.1 ± 24.4
	77.1
	#5
	+414
	+140.7 ± 43.7
	2.94
	#6
	+428
	+282.8 ± 65.9
	1.51







