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Analysis of Bending Residual Stress in SS400 Steel Beam Using
Continuous Indentation Technique and Stress Interaction Model
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School of Materials Science and Engineering, Seoul National University, Seoul 151-742, Korea
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Abstract : Apparent mechanical properties of welded structural components are deviated from the initially designed
values due to the residual stress. Thus, exact assessment of the residual stress using a nondestructive method became
an important issue in reliability researches. A nanoindentation model for evaluating the equi-biaxial thin film residual
stress was proposed in the previous study. However, the surface residual stress in the welded joint is a non-equi-
biaxial state and complex elastic/plastic deformations are involved in the macroindentation. Therefore, the previous
model was modified to evaluate the real non-equi-biaxial residual stress by considering a new stress-proportional
factor and a significant effect of the plasticity. The newly modified stress-analyzing model was verified empirically
by comparing the evaluated uniaxial stress with the already known residual stress of 4-point bended specimen.
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Fig. 1. Schematic diagram showing the theoretical analysis f
indentation unloading curve5) and the variation of indentation
loading curves by the change of stress states6-9).
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Fig. 2. Typical distributions of stresses near welded joint; the
residual stress parallel to welded line, σres,x is dominant over the
line-vertical residual stress, σres,y.
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Fig. 3. Schematic diagram for the changes in contact load and morphology during maximum depth controlled stress relaxation6-8).
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Fig. 4. (a) Photograph of 4-point bending jig and (b) formation of
uniaxial residual stress in a rectangular beam specimen using the
stress-generating jig.

Table 1. Chemical composition and mechanical properties of SS400 steel specimen

Sample C Mn Si Cu P S Zn Elastic modulus Poisson ratio Yield strength

SS 400 wt(%) 0.148 0.458 0.213 − 0.012 0.018 − 209 GPa 0.29 267 MPa

Fig. 5. (a) Multiple continuous indentation curves for stres
relaxed state and (b) superposition of indentation loading cur
from various uniaxial stressed states for SS400 steel specimen.
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O Ka �¯
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 ½F_ �»�c &w 456 2�± 7 Z

iö ���� ÈF ��ÒÓ� 7@�¿<.
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�  7(a)� ����� t� uv� 392 N
 �����

�F'� f ���� Vickers ��
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Table 2. Contact properties evaluated from the unloading parts in
the multiple indentation curve for SS400 beam specimen

Indentation load (N) Fitted unloading curve Contact depth (µm)

196 L=8.27(h-hf)1.61 64.9
245 L=9.49(h-hf)1.55 74.2
294 L=7.43(h-hf)1.65 83.1
343 L=7.98(h-hf)1.62 91.2
392 L=9.58(h-hf)1.55 98.5

Table 3. Power-law fitted loading curves of various uniaxial stress
and stress-free states for SS400 beam specimen

Stress state
(MPa)

Fitted loading
curve

Stress-induced load
at 90µm depth (N)

261 L=0.160h1.66 -30.1
198 L=0.119h1.74 -17.1
115 L=0.121h1.74 -10.2
40 L=0.152h1.69 2.2

-34 L=0.139h1.72 9.1
-116 L=0.161h1.69 15.2
-190 L=0.184h1.67 22.2

Stress-free (0) L=0.147h1.70 −

Fig. 6. Stress evaluated from the uniaxial indentation model bas
on theoretical unloading curve analysis partially deviated from t
applied residual stress of SS 400 steel beam.

Fig. 7. Difference in the analysis from indentation load-dep
curve with the real contact morphology; (a) underestimation of 
theoretically analyzed contact area, AC by the effect of plastic pile-
up and (b) schematic diagram for elastic-plastic contact morpholo
with considering pile-up and elastic deflection.
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Fig. 8. Comparison of the evaluated stress from the pile-up
modified indentation model and the residual stress measured from
strain gage. Two stress values from the contact-modified uniaxial
indentation model and the strain gage agreed well.
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	Sample
	C
	Mn
	Si
	Cu
	P
	S
	Zn
	Elastic modulus
	Poisson ratio
	Yield strength
	SS 400�wt(%)
	0.148
	0.458
	0.213
	-
	0.012
	0.018
	-
	209�GPa
	0.29
	267�MPa
	Indentation load (N)
	Fitted unloading curve
	Contact depth (mm)
	196
	L�=�8.27�(�h�-�hf�)1.61
	64.9
	245
	L�=�9.49�(�h�-�hf�)1.55
	74.2
	294
	L�=�7.43�(�h�-�hf�)1.65
	83.1
	343
	L�=�7.98�(�h�-�hf�)1.62
	91.2
	392
	L�=�9.58�(�h�-�hf�)1.55
	98.5
	Stress state (MPa)
	Fitted loading curve
	Stress-induced load at 90�mm depth (N)
	261
	L�=�0.160h1.66
	-30.1
	198
	L�=�0.119h1.74
	-17.1
	115
	L�=�0.121h1.74
	-10.2
	40
	L�=�0.152h1.69
	2.2
	-34
	L�=�0.139h1.72
	9.1
	-116
	L�=�0.161h1.69
	15.2
	-190
	L�=�0.184h1.67
	22.2
	Stress-free (0)
	L�=�0.147h1.70
	-







