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Externally loaded Residual stress
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A: Original stress

= B: Part cut in two

a, fully relaxed (= 0) on surface

+ C: Forced back flat
(starting from stress free)

o, on surface = original o,
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Brittle materials

Ductile materials

Fracture
surface
Deformation Relatively little or no deformation Large plastic deformation
Cittbiians Stress controlled Strain controlled
critical fracture stress at the crack tip (o) critical fracture strain at the crack tip (g;)
Formation of When stress reached critical fracture stress When strain reached critical fracture strain
fracture energy
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Brittle Fracture Model
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r=4Xa,
(a, : contact radius)
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32112 ¥&8 B F Ay9x H7}

a9 3600149k 2ol FEHo A EAE Loading =412 Eq. (3-5)%

Zol xdE 4 o Eq. (345 &85t Eq. (3-6)3 o] 1% dHo]
7}5 3kt
2(n) = oPn™ (3-5)
) =an" = a0 —= ot (3-6)
L max L max
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rdzol(mel thsto] 0ol A F-8 2 th 9 2L 0] (hy o ) 7HA] A 23
SR
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wh., . = f FB(n)dn (3-7)
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AGst dAAIHoAM S F A= dY S22 Unloading =F

Aol Ul Hm, ¢ 24 ARNNE GYANE A =d @A ol
gwdoel W3 BB Be 84 7] Wil Unloading Z4< )
g dol X Hel A wAE sFo] 0 o D w X =HA Aol FAE
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Eq. (3-15)¢F 7o)

Edo] sbmstth WAL olFstel ohAl vrehu
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A BAE SRI% Eq. (3-13)% (3-16)= T3t B Eq. (3-17)
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QB = 0.86227-SB = 0.86227 . L ¢a

\/% (3-17)

1Y 3218 HFSgo] wE Unloading =4& oA AF3 Q9 7)
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2715 Zt= AAX o2 A Y. Unloading =142 Eq. (3-18)9F #29]

FASAT I, & ahFol 0 Y wel Bolg maT B oA 2o]7}

9" (h) = Q" (h— '}

(3-18)
B — JB — B 'B
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LB
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[ max B (3-20)
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(3-22)
2 AFoA = Eq. (3-22)9 #AE &8sl oA A<td W*efyjr
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Sp=(0.023-¢,7°%)-(4.3-102-¢,'" ), 0,,=5,"0;;

S.=(0.010-¢,7%%)+(1.2-104-¢,*")n, 0p.=S."0

RS c

nr (3-31)
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3.1 ke asfdel AHgE Input &4 H =2

Input Properties & Condition

Maximum indentation Depth 100 pm
Conical indenter Rigid type
Base material Isotropic hardening
Elastic modulus [GPa] 100 150, 200
Poisson’s ratio 0.3
Friction coefficient 0.1

Yield strength [MPa] 150, 300, 450
Strain-hardening exponent 0.1,02,03
Residual stress (RS/YS) -0.5,0,0.5
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32 54 Zeld A 8FH 2 al

Compressive Tensile
Stress — free Stress — free
k ratio 1.095 0.936
Load ratio (at hmax) 1.065 0.926
Load ratio (at h= 0.067) 1.078 0.922
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3% 33 kw %

W AE A A

ky, or the nonlinear relationships Equations Indenter and source
k,=[(1.5tan 6 + 0.327)(1 + 0.27)] " = 5.74|y_703¢ (21) Conical indenter 60° <8< 80°
k=517 for W/W,=0.15; 7.3 for W /W, <0.15 (22) Conical indenter 8=70.3°
k,=4.68 (23) Berkovich
k,=2tan@ (24) Berkovich

H g \7! (25) Berkovich
kW(!ZI 'E:_r + rrtans)
W, H Hr )2 (26) Berkovich
e =78 - 155(%)

2 3 i
We Hi H Hi (27) Berkovich
e = 0394 —15975(#r )" + 24105 ()
we=727 tan6(1 + L tan )~ (28) Berkovich
F:niu =1—402 hE'r;[ (29) Berkovich
e =1 1545 / (142964} (30)  Berkovich
(31) Berkovich

me=1/(1+2tane’r)
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a | -665E-03 |lx, | k14
b | -408E-08 | oA
c | 3336334 , Y
d | -9.77E-03
X4 WTA
e | -3.02E-03 -
£ | -420707 %5 Wet.
X hA
g 3.49E-04 6 c
h 3.03045 [[x7 | Liax
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—u— Ex periment
30| —— FEA Simulation 2D

Indentation load (kaf)

19 34 STS304 Aol theh #3kas s dy) A

Aol Skl st -9 vl
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= = =5iress-free state (Estimation target)

Stressed state (Exp. target)

peoT uonejuapu

Indentation Depth
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Elastic recovery No recovery Elastic recovery
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unloading
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Indentation depth, h
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Elastic recovery

(a) (b)

% 314 FRAF A B EE HEHA Y Teet A @A (a)

A= A4, (b) Unloading ©] % A%
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hy /e =0.9735
h, /. =0.8548
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Displacement ( 1 m)
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Strain gauge
V. gaug

éﬁ Tensile @

Specimen
(Al alloy 8009)
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Elastic Modulus (GPa)
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Abstract

Kyungyul Lee
Dept. Materials Science and Engineering

The Graduate School

Seoul National University

Residual stress is a "locked-in” stress remaining in materials
and structures even after eliminating the sources of external load or
stress. Interactions among the process time, exposed temperature,
non-uniform elastic—plastic deformation and microstructural
transformation result in the residual stress of materials. The
interactions develop elastic stress 1in response to the local
incompatible strains to preserve dimensional continuity. The stress
has self-equilibrating character to satisfy the force and moment
equilibrium in whole volume of materials. Most of manufacturing
processes originate the residual stresses regardless of the scale and
shape of components. For example, forming process to change the
shape of materials and surface modification process, involving
non-uniform plastic deformation, including rolling, extruding and
peening 1S main mechanism creating residual stress. Manufacturing

process Including heat treatment, such as welding, casting and
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induction hardening, 1s related to microstructural phase transformation
of metals and ceramics which occurs the local changes in material
density. The destructive method cannot be applied to a structure or
environment In operation because it must damage the evaluation
target. Accordingly, there is a need to develop a method with good
accessibility that can be applied to the field while reducing damage to
the measurement object.

In this study, using the unique elastic/plastic characteristics of
materials that do not change depending on residual stress, it is
presented to express the indentation curve in a stress—free state as
the stressed state. In addition, using the relationship between
Indentation work, Indentation hardness, and reduced modulus, a model
was proposed to evaluate the residual stress of the material to be
evaluated in the absence of a stress—free test specimen.

The proposed model was verified step by step using finite element

analysis and by performing an experimental method.

keywords : Instrumented indentatio test; Conical indentation;

Residual stress; Reliabilty; Finite element analysis.
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