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Abstract

Ahn, Hee-Jun
Department of Materials Science and Engineering
The Graduate School

Seoul National University

Safety and reliability assessments are of vital importance in
preventing accident because the failure of structures induces not only
extensive damage but also loss of life, and requires huge effort and expense
for recovery. In order to prevent unexpected accidents or failures, the stress
states in structures must be considered. In particular, residual stress is
defined as a stress state that exists in bulk materials or components without
external load or other sources of stress. Residual stress arises in materials
in almost every processing and manufacturing procedure. When residual
stress is combined with external applied stress, some structure can fail at
stresses beneath the yield strength of homogeneous and bulk material. In
addition, residual stresses are detrimental to the performance and
reliability of in-service structures. For these reasons, the quantitative

assessment of residual stress is fundamental for the safe use and



economical maintenance of industrial structures and facilities.

Instrumented indentation testing (IIT) was developed to measure
mechanical properties by analyzing the indentation load-depth curve. Over
the last several decades, IIT has been extended beyond hardness and elastic
modulus to methodologies evaluating for tensile properties, fracture
toughness, fatigue characteristics, impact properties, interface adhesion
and residual stress.

IIT evaluates residual stress by looking at the difference in the
indentation load-depth curve for the stress-free and stressed states.
Previous research has evaluated the average surface residual stress using a
Vickers indenter, and has also obtained information on the principal
direction and stress ratio using a two-fold symmetric indenter, for example,
Knoop indenter. As it can be necessary (as in testing curved pipes, or
narrow welding regions) to evaluate nonequibiaxial residual stress within
a small indent area, here we suggest a novel way to evaluate the
directionality of the residual stress, p, using a wedge indenter characterized
by two parameters, edge length and inclined angle.

The present work describes a new wedge indentation model for
evaluating surface nonequibiaxial residual stresses without change in

indenter. We develop a wedge-indentation-mechanics model based on



predetermined conversion factors determined by IITs for various uniaxial
stressed states combined with finite element analysis (FEA) simulations.
With this new model with pre-information on principal direction, two
wedge indentation tests with respect to principal directions are required.
On the other hand, without information on principal directions, four wedge
indentations at intervals 45 degrees from some randomly chosen direction
are needed. Principal directions and stress ratio are evaluated with two sets
of load difference ratios at 90-degree intervals and a predetermined
conversion factor ratio. The sum of the surface residual stress is obtained
from the sum of load difference directionality with 90- degree intervals and
the sum of conversion factors.

To verify the suggested wedge indentation model, indentation tests
were performed on 15 combinations of cruciform specimens, applied stress
and various principal directions using stress-generating jigs. Additionally,
the biaxial residual stress as evaluated using the new model are compared

with values from the Vickers indentation model.

Keyword: Residual stress; Wedge indenter; Conversion factor; Principal
direction; Stress magnitude; Stress directionality
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Chapter 1

Introduction

Contents

1.1. ObjeCtiVC Of the Thesis ......................................................

1.2. Outline Of the Thesis srovreeererrrrrrrmrmrmrn



1.1 Objective of the Thesis

Many structural materials are subjected to forces or loads when in
service. In such situations it is necessary to know the material properties
and to design the structures into which it is made in such a way that no
excess deformation, let alone fracture, will occur. An important mechanical
property for safety and reliability assessment is strength, defined as the
resistance to deformation and often assessed by tensile testing. In tensile
testing a dogbone-shape specimen is deformed, usually to fracture, with a
gradually increasing load that is applied uniaxially along the long axis.
This standard method generally requires specific specimen geometry and
size. In addition, testing procedures are complex and must be well
controlled, thus making mechanical properties evaluation quite difficult;
furthermore, it cannot be applied to in-service structures.

Residual stress is able to defined as a stress state that exists in a
bulk material without application of an external load (including gravity) or
other source of stress, such as a thermal gradient [1, 2]. Residual stress can
be generated in materials, components or structures in most steps of

materials manufacturing such as rolling, drawing, bending, forging,



pressing, brazing, and welding in component combining process. Also,
thermochemical treatments like quenching, ion plating, film deposition,
carburizing and nitriding can induce residual stress. As residual stress is
also the stress state already present in structures, it can be affected by the
operating environment so that environmental operating effects are
superposed or cancelled out. Hence the evaluation and management of
residual stress is key issue in reliability because it can reduce not only
tensile properties like yield strength but also fatigue strength and fracture
properties of structures. In additions, in the electronics industry, assessing
and maintaining residual stress is significant in preventing failures such as
bending, twisting, buckling, and cracking.

Previous research on measuring residual stress falls into two
categories: destructive and nondestructive methods. Destructive methods,
such as hole-drilling, sectioning, slitting, and layer-removal methods, are
based on measuring strains changes before and after stress relaxation
through mechanical deformation in the target sample. Because these
methods do need on stress-free references, there are relatively few
limitations on the target materials, but their practical application is severely
limited by their destructive characteristics. On the other hand, methods

without specimen destruction, such as X-ray or neutron diffraction,
3



magnetic Barkhausen noise and ultrasonic method, can assess the
difference in physical parameters between residual stressed and stress-free
specimen. The drawback of these techniques is the need to keep the
specimen in a stress-free state. In addition, the results often show poor
reproducibility and greater scatter than mechanical relaxation methods,
because interpreting the signal and separating out residual stress effects,
microstructural factors and environmental noise are very difficult.

Instrumented indentation testing, which developed from
conventional hardness testing, differs greatly from these other techniques
in that it measures the indenting load and depth continuously and
simultaneously. Also, the test procedure is relatively simple, as observing
the residual impression area is not necessary, it can be operated with a
portable apparatus for in-field nondestructive applications such as pipes,
vessels, or any structure in plants, vehicles, airplanes, etc. In addition,
micro- and nano-scale applications as in thin films, electronics modules
and components are simple to perform.

Many studies have sought to evaluate residual stress with IIT.
Suresh and Giannakopoulos proposed a theoretical model using a sharp
indenter to assess the equi-biaxial stress based on residual-stress-

independent parameter, contact area. Thus they set up their model from the
4



ratio of the true contact area of stressed and stress-free samples in terms of
residual stress and contact hardness [3].

Lee et al. [4,5] suggested a modified sharp indentation model that
extracts a plastic-deformation-correlated deviatoric stress component in
tensor form. Han et al. [6] tried to obtain the information on stress ratio, p,
using a twofold-symmetric indenter, the Knoop indenter. This indenter
defines two included angles, the ratio of major and minor axes of an indent
is 7.11:1 [7], and has been used to assess material anisotropy by its
directional hardness [8-23]. Han’s model was given in terms of the load
differences of two Knoop indentations at two orthogonal axes along the
principal directions; the ratio of conversion factors, which are linear slope
to uniaxial residual stress with load differences from two Knoop
indentations operated at a 90° interval. This ratio is experimentally taken
as 0.34 and was validated from two indentation tests on specimens with
various stress ratios. Choi et al. [24] proposed using two sets of two
indentations each at 45° degree intervals for specimens whose principal
directions are unknown. From these four load differences along the 0°, 45°,
90°, and 135° directions, the residual stress directionality (principal
direction and ratio) can be deduced in terms of two sets of load differences.

However, previous research found that several indentations with two kinds
5



of indenters, Vickers and Knoop indenters, are required. Since changing
indenters in the field is inconvenient, a method for evaluating residual
stress, including its magnitude, with only Knoop indenter is researched.
The objective of the current study is to develop a residual stress
assessment method using a smaller indent. A new model for evaluating
residual stress magnitude and directionality was suggested with novel
indenter shape, a wedge. A wedge indenter, consisting of a included angle
and edge length, was chosen after considering the decrease in the amount
of indent size along its edge, and the experimental ease of using the
included angle. To obtain a conversion factor ratio for a wedge indenter,
two indentation tests are conducted orthogonally on specimens in a
uniaxial stress state. In addition, FEA simulations were run with wedge-
shape indenters and stressed samples to obtain a conversion factor and
investigate the physical meaning of the conversion factor ratio. The
conversion factor ratio for the suggested wedge indenter was found to be
0.463 and the FEA verification was performed. The model for residual
stress magnitude assessment was set up with the sum of conversion factors
at 100 um indentation depth, as the conversion factors and its ratio are
depth-dependent parameters in wedge indentation. The previous Knoop

indention model for residual stress directionality was modified and
6



experimentally verified for 15 combinations of stress states and material
specimens using a stress-generating jig, and the results were compared

with previous Vickers indentation models for stress magnitude assessment.



1.2 Outline of the Thesis

This thesis has seven chapters. The objective and outline of thesis
are briefly introduced in Chapter 1. Research background about definition,
origin, and measurement methods of residual stress, the introduction of
instrumented indentation tests, and previous research of residual stress
assessment with IIT was described in Chapter 2. The origin of
instrumented indentation tests and the basic concept of its use to evaluate
various mechanical properties, as well as giving an historical overview of
residual stress evaluations using instrumented indentation test are also
included in Chapter 2. Chapter 3 discusses the experimental conditions, for
example, shape of novel suggested indenter, compliance and zero index of
machine, and the consideration on indent interval. In Chapter 4, the
conversion factor which is relating parameters between uniaxial residual
stress and load difference according to indenting direction is determined
by experiments and finite element analysis. The approach for physical
meaning of conversion factor ratio are supplement in Chapter4. The
theoretical modeling for the magnitude and directionality evaluation of

surface residual stress with wedge indentation test are described in Chapter



5. Experimentally verification work of the suggested model with stress
generating jig and the results comparison of wedge indentation model and
previous Vickers indentation model are contained in Chapter 6. Finally,

Chapter 7 summarizes and concludes the findings of this study.
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2.1. Definition of Residual Stress

Residual stresses are stress fields that exist without any external
load. All mechanical processes can induce elastic/plastic deformations that
may create to residual stresses [26]. A thermal gradient caused by
nonuniform heating or cooling [26, 2], incompatibitities from plastic
deformation, discontinuity in deformation under temperature changes
produced by mismatched thermal expansion coefficients, or self-
equilibrating internal sources of stresses in a free body without external
force or constraints on its boundary may all produce residual stress [27].
In addition, residual stress can be caused during manufacturing processes
such as welding, brazing, cladding and thin film processing, or during heat
or thermochemical treatments like quenching, carburizing, nitriding and
ion plating [26, 2]. Thus, the residual stress state depends on both prior
processing and material properties arising from the current mechanical
processing or the environment. As these residual stresses can induce
various unexpected failures, cracks, fractures, and distortion, their
measurement and analysis are important.

A thermal switch that uses residual stresses to produce desired

12



movements is illustrated in Fig. 2.1. The switch consists of two layers that
have different thermal expansion coefficients @; and a, but the same
length at room temperature. When «; is larger than «,, as the temperature
increases AT will make layer 1 expand more than layer 2. However, the
bonding between the two layers keeps layer 1 from expanding freely. In
this case, a tension state is induced in layer 2 and a compression state is in
layer 1. The two features are interrelated: any tension or compression is
always balanced and the stress in the region restricted from expansion is

compressive and vice versa [26].

13



2.1.1 Residual Stress in Weldments

Welding is a process of joining metal by applying heat or heat
combined with pressure and adding a filler material. When the two base
metals are melted, a filler material is typically added to the joint to form a
weld pool and they are quenched together. In this process, the thermal
coefficient difference between the base metals and the filler introduces
residual stresses of various directions and magnitude. A non-uniform
heating gradient causes changes in the expansion and shrinkage of each
part of the base metals, and these deformations are expressed by thermal
strain from solidification of the melted part. In addition, this thermal stress
is accompanied by a phase transformation in the metals due to the welding
processes.

Welding residual stress has two parts: in-plane residual stress,
which is parallel or perpendicular to the welding line, and out-of-plane
residual stress, the through-thickness residual stress generated during thick
plate welding. The in-plane residual stresses are a longitudinal residual
stress and transverse residual stress and are shown as o,, 0, respectively

in the schematic diagram in Fig.2.2.

14



Fig. 2.3. details the generation of welding residual stress along the
welding line. There are no temperature distribution in the section [A-A],
so residual stress is not present. In the section [B-B], a large temperature
distribution is induced by the melted pool located in the center, and lower
residual stress exists in the center because there are no mechanical
constraints. As the temperature distribution in section [C-C] decreases, the
filler material and adjacent base metals are cooling and shrinking. During
this stage, tensile residual stress is generated in the center and compressive
residual stress appears around the center to balance the equilibrium state.
There is no temperature distribution in section [D-D], and the magnitude
of residual stress is increased by completion of cooling stage: we see a

residual stress distribution similar to that in section [C-C].

15



2.1.2 Residual Stress on Thin Film

Residual stress in thin films leads to bending, twisting, buckling,
or cracking, and is one of the main factors in film failure (Fig.2.4).
Residual stress in thin films is of three types: thermal stress, intrinsic stress,
and epitaxial stress (see Fig. 2.5) [29-31]. The thermal stress is introduced
by the difference in thermal expansion coefficient between the thin film
and is created in the deposition process or in the in-service environment.
The intrinsic stress is defined as a self-generated stress during film growth.
Microstructural changes such as grain boundaries, dislocations, vacancies,
impurities, and secondary phases or phase transformations cause changes
in density changes, and elastic strain and stress are induced to maintain
coherency between substrate and volume. Epitaxial stress is generated by
the coherency of substrate and film that have similar atomic constants.
Generally, intrinsic stress is observed as a compressive state at the top and
bottom and tensile state at center through-thickness direction and is called
CTC behavior [31-38]. Fig. 2.6 shows a schematic illustration of CTC

behavior.

16



2.2 Measurement of Residual Stress

2.2.1 Destructive Methods

2.2.1.1 Hole-drilling Method

The hole-drilling method is a conventional method based on

measuring the strain difference between the original surface and a stress-

relaxed region after a small hole is drilled. A strain gauge rosette attached

on the specimen surface, detects relaxed strain in the three directions

around the hole (Fig.2.7). The principal residual stress and direction can

be determined from:

max & té&; 1

res AA E

min _81+<93 1

" AA 4B

(‘93 - 51)2 + (‘93 +&—2¢, )2 (2-1)

(‘93 _‘91)2 + (53 +& —2¢, )2 (2-2)

g, & and &; are the strain values measured in the three directions, and

17



A and B are constants correlated with the elastic properties of target
specimens.

This method has two limitations. The first is that it is destructive and
accompanied by plastic deformation caused by the hole-drilling. This
plastic deformation around the hole disturbs the relaxation of residual
stress and may induce additional deformation near the strain gauge. The
second limitation is its dependency on the operator’s skill. For these
reasons, the accuracy and repeatability of residual stress measurements can

be poor.

2.2.1.2 Sectioning Method

The sectioning method is mainly used for non-uniform residual
stress evaluation in welded specimens (Fig. 2.8). Many strain gauges are
attached perpendicular to the specimen cutting line and then the values of
the strains relieved by cutting the part of specimen are measured. The in-
plane biaxial residual stress in each direction is calculated by Eq. (2-3) and

Eq. (2-4) using these measured relieved strains:

18



Ores = E > (5X +vgy) (2-3)

ol = . E > (gy +vgx) (2-4)

The quantitative residual stress is affected by the distance between the
strain gauges and the cutting region, but the results can be used to estimate
the relative distribution of residual stresses.

Nowadays, the deformation due to each sectioning is recorded and later
used in a three-dimensional (3D) finite element analysis (FEA) to obtain
the residual stress [26]. This method also called the contour method and
based on solid mechanics, determines residual stress by carefully cutting a
specimen into two pieces and measuring the resulting deformation due to

residual stress redistribution (Fig. 2.9) [39].

2.2.1.3. Slitting Method

The slitting method uses a cut of progressively increasing depth to

relax the residual stress on a given plane during the deformation is recorded

19



(Fig.2.10). It is a more rapid method than sectioning and layer removing
and can be applied in both the near-surface and through- thickness
direction. This method was developed in order to obtain the distribution of

residual normal stresses in one or more planes of interest. [26]

20



2.2.2 Non-destructive Methods

2.2.2.1 Curvature Method

The curvature method is a fundamental method for measuring
residual stress in thin films [40]. The curvature of the substrate is evaluated
by laser, optical interferometry or another method and the residual stress is
evaluated from the Stoney equation (Eq. 2-5) using this curvature value

(Fig. 2.11).

2
af{i} t|1_1 (2-5)
1-v).6t, (R, R

The limitation of this method is that it measures only an average residual

stress: it cannot evaluate the residual stress in local area.

2.2.2.2 X-ray Diffraction Method
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The X-ray diffraction method for measuring residual stress is based on the
lattice spacing and diffraction angle (Fig. 2.12). The residual strain is
expressed by Eq. (2-6) using the lattice spacing measured in the stressed

state d and that measured in the stress-free state do:

—d"””_do zi[a¢(l+v)sin21//] (2-6)
d, E

This method can be used only for specimens with regular crystalline

structure, and the result can be easily affected by microstructural factors.
2.2.2.3 Magnetic Barkhausen Noise Method

The magnetic Barkhausen noise method measures the change in
the noise signal in ferromagnetic materials caused by an external magnetic
field. Residual stress can change materials’ the magnetic properties. The
results of this method are shown as a deviation from a reference stress level
in a master curve. However, this method has the limitations that it can be

applied only to ferromagnetic materials and that it is difficult to determine
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master curves for such complex microstructures as weldments.

2.2.2.4 Ultrasonic Method

The velocity of ultrasonic waves as they propagate through a
medium (solid or liquid) is related to the elastic property of the medium.
As residual stress can influence the ultrasonic wave velocity, this method
can evaluate residual stress effects. It easily detects longitudinal and
circumferential stress, but it cannot evaluate local residual-stress
distributions, since its results are averaged over the distance traveled by
the ultrasonic wave. Also, it has the limitation that it is not easy to separate

the effect of residual stress from environmentally detected noise.
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2.3 Instrumented Indentation Test

Instrumented indentation testing (IIT) has been developed from
conventional hardness testing, which simultaneously records indentation
load and penetration depth. The greatest difference between indentation
testing and conventional hardness testing is that in IIT it not necessity to
measure the indent after unloading. Instead, the elastic modulus and
hardness are obtained by analyzing the indentation load-depth curve. The
theory and technique of IIT have been extended to nondestructive
evaluation of other advanced properties such as tensile properties, fracture
toughness, fatigue properties, interfacial adhesion properties and residual
stress (Fig. 2.12). As mentioned above, the significant characteristic of II'T
is its simple and in-field, in-situ methodology. In addition, it does not
require any particular specimen shape. To extend its availability, standards
for IIT have been established for hardness/material parameter and residual
stress measurement, including methods of verification and testing machine
calibration [41-44].

IIT can yield some of the material properties and characteristics

from tensile tests by analyzing the indentation load-depth curve and taking
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into account the stress field beneath a spherical indenter. By converting the
indentation load-depth curve to a stress-strain curve, a defined
representation, tensile properties such as yield and ultimate tensile strength,
elastic modulus and strain-hardening exponent can be obtained.
Ductile/brittle models have also been developed for estimating fracture
behavior by considering the fracture criterion from mechanical properties.
Both models take the indentation fracture energy as matching to the
fracture energy required for crack extension. In addition, methods for
evaluating residual stress have been established based on a stress-invariant

contact hardness model.
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2.3.1 Basic Properties

IIT has been generally used to obtain elastic modulus and hardness
in local region from indentation load and depth [45, 46]. Indentation load
and depth are recorded in real time during a test. After the load is
completely unloaded by indenter, the material deformation has two parts:
elastic recovery and permanent deformation. As the unloading curve
depends only on the elastic properties, it can determine the stiffness and
elastic modulus. Fig. 2.13 is a schematic illustration of an indentation load-
depth curve, where the parameter L designates the load and % the
displacement relative to the initial un-deformed surface. Three important
quantities can be measured from the L-/4 curves: the maximum load (Lmax),
the maximum displacement (/max), and the elastic unloading stiffness (S),
also called the contact stiffness and defined as the initial slope of the
unloading curve. Experimentally accurate sensing of these parameters is
important because it relates directly to the accuracy of the hardness and
elastic modulus. The final depth /s which is the permanent depth of
penetration after full unloading, is also significant. The contact stiffness

can be expressed by:
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S=— 2-7)

Determination of the accurate contact depth is a significant step in
evaluating elastic modulus and hardness, as it is the dominant factor.
Materials show elastic deflection and plastic pile-up/sink-in. With contact

mechanics [46], Oliver and Pharr expressed the elastic deflection, 44, as

h, =& (2-8)

where ¢is a constant depending on indenter geometry. The constants are &
= 0.72 for conical indenters, ¢ = 0.75 for parabolic indenters including
Vickers and Berkovich indenter (which approximates to a sphere at small
depths) and ¢ = 1.00 for flat punches [45].

Much research on plastic pile-up/sink-in behavior has been performed to
find the relationship between indentation behavior and parameters. The

plastic pile-up behavior is expressed by the work-hardening exponent and
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the ratio of maximum indentation depth and to indenter radius [47-57]:

hmax
hpile = f(n,?) (2'9)

where, /pie 1s the plastic pile-up height from the undeformed surface.
Using Eq. (2-9) to approximate the vertical displacement of the adjacent

region of contact, the contact depth (4c) is (Fig. 2.14).

h, =ho—hy +ho, (2-10)

C max

From the contact depth, the area of the contact 4. can be worked out and
the hardness and elastic modulus evaluated from the indenter geometry.
The area function must be carefully calibrated and deviations from non-
ideal indenter geometry must be taken into account. For a spherical
indenter, the relation between the contact area 4. and the contact depth 4.

1S:
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A, = 7(2Rh, —h?) (2-11)

For sharp indenters such as Vickers or Berkovich indenters, the relation is:

A =24.5n] (2-12)

Finally, the hardness and elastic modulus are calculated in Eq. (2-13) and

Eq. (2-14)
H = e (-13)
Nz S
E =% > 2-14
2 JA ( )
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2.3.2 Advanced Properties

2.3.2.1 Tensile Properties

In order to determine mechanical properties, the plastic behavior,
that is the plastic pile-up/sink-in, at the indent must be considered. Kim et
al. [58] proposed a relationship between the heights of plastic pile-up (/i)
divided by the contact depth (%4c) and the work-hardening exponent »n and
the ratio of penetration depth Amax and indenter radius R, /ma/R. Using
linear regression to obtain data, they expressed the plastic behavior of

materials as:

Do _ f(n, hmaX) (2-15)

Tabor’s research [59] proposed a representative stress with indentation
load as the relation between mean pressure (indentation load normalized

by contact area) and representative stress:
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(2-16)

<+
Blr

where y is a plastic constraint factor that correlates the stress state in a
uniaxial tensile specimen and triaxial stress state beneath a spherical
indenter, ac 1s the contact radius and L is the load. Jeon et al. [59] used from
38 experimental and simulated materials to derive the value =3, which
covers most metallic materials. Ahn et al. [60], studying the representative
strain under a spherical indenter using a tangential function, express

representative strain as:

E =

o a
L | X =gt 2-17
1—( ¥ x ( j atany ( )

where o is a proportional constant equal to 0.14 determined by finite

element analysis and is independent of material. From indentation testing
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with several loading-unloading curves, fifteen points of representative
stress and strain are obtained. A constitutive equation is used to describe
the tensile curve from each representative stress-strain point. There are two
options for hardening behavior, Holloman-type, and linear-hardening type

[61]:

o=Ke" (2-18)

o=A+E¢ (2-19)

From these constitutive equations, the yield strength is determined though
the 0.2% offset method, and ultimate tensile strength is calculated from
representative strain and the corresponding work-hardening exponent
based on instability in tension. Fig. 2.15 summarizes the method for

evaluating tensile properties using spherical indentation.

2.3.2.2 Residual Stress
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The indentation load-depth curve can be shifted by the magnitude
and direction of residual stress (Fig. 2.16). Work based on evaluating
residual stress from changes in contact morphology during indentation
shows that hardness and elastic modulus are invariant properties,
independent of residual stress [1, 62-63].

Tsui et al. [62] used IIT to look for a relationship between the
applied stress state and such mechanical properties as conventional
hardness, indentation hardness, elastic modulus and stiffness: they found
that conventional hardness, elastic modulus and stiffness were invariant.
Bolshakov et al. [63] did similar work using Finite Element Analysis to
establish the exact indentation contact area. Suresh et al. [3] first developed
a theoretical model for estimating surface average residual stress by
measuring the apparent contact area during instrumented sharp indentation.
Swadener et al. [64] suggested a residual stress measurement method with
spherical indentation test for improved residual stress sensitivity.
Giannakopoulos [65] analyzed analytically and experimentally the effect
of the initial surface stresses on the load-depth response in instrumented
sharp indentation. And Lee et al. [5] and Jang et al. [66], using tensor
analysis of the stress beneath the indenter for the same purpose, linked the

zz-direction deviatoric stress component to the indentation load. Since a
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stress-induced normal load difference L, — Lg affects only z-direction
deviatoric stress, a relation between load difference and residual stress is
found. Lee et al. [5, 67] looked at evaluating residual stress directionality
in specimens in nonequibiaxial residual stress states by observing the
contact morphology. Han et al. [6] and Choi et al. [68], working on
evaluating stress directionality by instrumented Knoop indentation testing,
found a relationship between uniaxial residual stress and load difference
that they called it a conversion factor. By performing instrumented Knoop
indentation tests twice in the principal direction, they created a model for
biaxial residual stress directionality with a conversion factor ratio.

Kim et al. [69] studied estimating principal direction and stress
directionality by performing instrumented Knoop indentation testing four
times and related the physical meaning of the conversion factor ratio to the
size of the plastic zone beneath the indenter. Kim et al. [70] recently
developed to establish a method to evaluate biaxial residual stress
magnitude, directionality, and principal direction using only instrumented

Knoop indentation testing.

2.3.2.3 Fracture Properties

34



Previous research has used the indentation cracking method to
evaluate fracture toughness in brittle materials such as ceramics.
Estimating fracture toughness for brittle material involves a crack that
occurs in the indenter contact and is the main factor in characterizing the
fracture toughness. In ductile materials such as metals, however, cracking
does not occur during indentation. Many researchers have tried to estimate
the fracture toughness of metals, using a criterion that matches the critical
fracture point to indentation parameters, and many models such as critical
fracture stress [71], critical fracture strain [72], and critical void volume
fraction [73] have been developed.

Nevertheless, it still remains possible that the fracture toughness
of ductile materials can be estimated from instrumented indentation tests.
Previous research [73] has characterized the stress state ahead of the crack
tip and spherical indenter tip by finite element analysis and shown that the
stress concentration generated by indentation with a spherical indenter is
similar to that ahead of a crack tip. The result means that the material under
spherical indenter is highly constrained by surrounding elastic material and
that the constraint effect at a certain indentation depth is similar to that in
front of a sharp notch. Even though indentation of a ductile material to a

certain critical depth is sufficient to initiate a crack, the high constraint
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effect might suppress crack formation. Hence, fracture toughness can be
predicted by determining a critical indentation depth corresponding to the
onset of unstable crack extension. Using an energy approach, the energy
required for fracture initiation can be expressed as the ratio of the
indentation deformation energy absorbed per unit area to the critical
indentation depth.

Lee et al. [74] developed a simple and realistic approach to
estimating fracture toughness in metallic materials. The concepts of the
critical fracture stress and critical fracture strain are applied to set up a
fracture toughness model using IIT for relatively brittle and ductile
metallic materials. For brittle fracture it was assumed that cleavage fracture
takes place when the local tensile stress exceeds a critical value that was
expressed in terms of a yielding condition. In contrast, the ductile fracture
model was deduced by linking the local strain to the fracture strain in
tension tests as determined from material properties measured by IIT. Each
fracture criterion is then used to determine the indentation fracture energy

corresponding to the fracture energy required for crack extension.
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2.4 Evaluation of Residual Stress using indentation

2.4.1 Vickers indentation model

Residual stress is evaluated by finding the difference in load to
indent a stress-free and a stressed specimen. If the specimen is in a tensile
or compressive residual stress state, the indentation load-depth curve shifts
upward or downward (Fig. 2.17). Tensile residual stress adds to the
indentation load, since the indenter can penetrate the material more easily
than in the stress-free state, and compressive residual stress decreases the
indentation load.

To analyze the relation between the quantitative amount of
residual stress and the load difference, Lee et al.[5] tried to calculate the
equi-biaxial residual stress by the biaxial residual stress and to correlate
Lres with —205/3(6”) from the deviatoric stress.

A mathematical tensor decomposition was performed:
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Biaxial stress

O-I’ES,X 0 0 O-res,x 0 0
0 Gres,y 0 = 0 pares,x 0 =
0 0 0 0 0 0
(2-20)
a*p, 0 0 @2-p, 0 0
3 res,x 3 res,x
o EPo o0 | o &R, o
0 0 a+p 0 0 _@+p
3 O 3 O
Hydrostatic stress Deviatoricstress

If the stress ratio p, which is the ratio of residual stress at the x, y-axis and
the z-axis direction (indenting direction) component of the deviatoric stress

tensor is pre-informed, each residual stress is expressed as:

N (PR
=@+ p)- A (2-21)
_ _3p(L—-Ly) )
Gres,y - pares,x - (l+ p) A:T (2 22)
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2.4.2 Knoop indentation model

2.4.1.1 Determination of residual stress ratio

It is not possible to evaluate non-equibiaxial stress stress using
Vickers indentation because the Vickers indenter has fourfold symmetry.
Knoop indentation was suggested because the Knoop indenter has twofold
symmetry, so that it can establish a stress difference from two indentations
at a 90° interval. It is assumed that residual stress and load difference at
the same depth from Knoop indentation have a linear relationship. The
Knoop indenter has a 7.11:1 ratio of long and short indent diagonals and
causes different load differences in the load-depth curve according to the
penetration direction. For quantitative evaluation, a relation between the

load difference and residual stress in each direction is introduced:

AI‘l = aJ_O-lf(es + a//O-r):es (2'23)

AL, = 0% +a, 0 (2-24)

res
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Here a, and «/ are correlation factors between the residual stress and

the indentation load difference, as shown in Fig. 2.18, and are depth-

dependent variables. Han et al. [6] experimentally obtained conversion

factors for each direction with a Knoop indenter (Fig. 2-19); they found

the relationship between the ratio of load difference of each directions and
y

. GFBS
the stress ratio (p = ——) to be:

res

y
ﬂ + GI’ES ﬂ.‘r p
AL a, o) a
2 _ 1 res  _ 1 (2_25)
y a
ALl 1+ o O-rxes 14+ 20 p
Q| Oy a,

where o, /a, is a predetermined conversion factor ratio of value 0.34.

The load difference ratio is a function of stress directionality and the
conversion factor ratio; the conversion factor is derived experimentally as
0.34. Their experiments showed that the ratio is not dependent on depth
(Fig. 2.20).

As the load difference (AL, AL,) in Eq. (2-25) is easily retained by two
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Knoop indentations at 90° intervals (Fig. 2.21) and the conversion factor
ratio is predetermined independent of materials, indentation depth, and
residual stress state, the stress ratio, p, can be obtained.

By combining two kinds of indentation testing, Knoop indentation
and Vickers indentation, the surface residual stress can be obtained. In
particular, we can deduce the axial residual stress and hoop residual stress

in weldments, and we can also perform local stress mapping near the weld.

2.4.1.2 Determination of principal direction

The basic concept of evaluating the principal direction by Knoop
indentation [69] starts from determination of residual stress ratio. Two
Knoop indentations are made at 45° intervals from two previous Knoop
indentations. In other words, four Knoop indentation tests are made along
the 0°, 45°, 90° and 135° directions (see Fig. 2.22). The 0° is indentation

is located randomly and the 45°, 90° and 135° directions are also

45
res?

determined. The residual stresses in each direction are defined as’,, o

90
res

135

and o,

o, . Knoop indenter is related by the perpendicular residual

stress to the orientation of the long diagonal of Knoop indenter. Hence load
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differences obtained from four Knoop indentations along the preselected

directions are also determined as AL,, 4L,., ALy, and AL .. That is,

o’ affects AL, and o isrelated to AL,;.

res
From two sets of Knoop indentations at 90° intervals, the values

of the two stress directionality are measured from the load differences

using Eq. (2-25). P’ and p" are defined as the stress ratios between ¢°

res?

135.

90 45
Ons» a0d 0., O

res?

AL, oy
' O_fe(; _ ALy, «a,
0
o a, AL
res 1_J70 (2-26)
a, ALy,
AL, oy
135
pﬂ — O-rjg — A|‘135 al (2-27)
O res 1_ﬂ AL45
a, Al

From the plane stress transformation, o, and &, are determined by
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rotation of the stress direction using Eqs. (2-28) and (2-29) [69]:

0 90 0 90

o, = O'res ;Ures n Ores > O'res cos 20 + T, sin 20 (2-28)
2t

tan 29p = ﬁ (2-29)

res ~ “res

By combining Eq. (2-26), Eq. (2-27), Eq. (2-28), Eq. (2-29), the principal

direction @, and ratio of principal residual stresses P can be expressed as:

tan 26, = (L+ pHL-p) (2-30)
L-p)e+p")

P:2:(1+p)cos20p—(1—p) (2-31)
o, (L+p)cos26, +(1-p')

Kim et al. [70] recently established a way to evaluate biaxial residual stress
magnitude, directionality, and principal direction using only instrumented

Knoop indentation testing. The sum of the conversion factors can be
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derived by comparing previous Vickers and Knoop indentation models. By
substituting p into the Vickers indentation model (Eq. (2-21), and Eq. (2-

22)), the sum of the surface residual stresses is determined as:

O +0.) =—iAL (2-32)
v A

or +o) = iLLa (AL, +AL,) (2-33)
Lty

As the left-hand sides of Egs. (2-30) and (2-31) are the same, the right-

hand sides of Eqs. (2-30) and (2-31) are also equal:

31,1
v A

(AL, +AL,) (2-34)

a, +o

Assuming that the Knoop indenter is equivalent to the sum of
Vickers indenters, the load difference AL is substituted into the sum of

directional load differences for the Knoop indenter, AL, +AL,. Eq. (2-34)

can be converted to a sum of conversion factors as:

o, +oy, = % A, (2-35)
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where ¥ is a plastic constraint factor. Since ¥ can be taken as a constant
equal to 3 in common metallic materials, the sum of the conversion factors
o, +a, is theoretically equivalent to the contact area of the Knoop
indentation, and the ratio of conversion factors «,/a, is 0.34 from
previous Knoop indentation models [6]. As the two sums and ratios of two
conversion factors are obtained, each conversion factor is calculated. For

a known principal axis of residual stress and two Knoop indentations in

each principal direction, the principal residual stress can be expressed as:
ALl — aL a// 0:(65 (2_3 6)
AL, ay o o

where AL1 and AL: are load differences from the two Knoop indentations

according to principal direction. o o’ can be expressed by

res ? res

rearrangement as:
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AL, — 1AL
ok = ) (2-37)
(1 05,,)(6& + a/,)
aj_
AL, — 41 AL
ol = = (2-38)
(1 a//j(cﬁ + a’//)
a,

As the ratio and sum of conversion factors are replaced by k and 4., Eq.

(2-37) and Eq. (2-38) reduce to:

. 31 KAL AL,

res — v K k—1 (2'39)

o) = 5% m}%l&l (2-40)

If there is no information on the principal direction, it is calculated from

Eq. (2-41):
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AL, - AL,

tan 26, = 2-41
AL - AL, (2-41)
The principal residual stresses o, and o, are then:
o =2 L (AL + AL )+ XFLAL Z AL (2-42)
v 2A, k-1 cos26;
a“=§_1—(AL1+A|?)—k+1AL1_AL2 (2-43)
v 2A k-1 cos26,

Compared to previous research using both Vickers and Knoop indenters,
four Knoop indentations and contact areas for the Knoop indenter are

needed.
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2.5 Limitations of Previous Methods

We often want to know the stress directionality in a small indent
area, for example a curved structure or in-field experiments, and the Knoop
indenter is difficult to use for small indent sizes because it has two obtuse
angles. The intervals between the indents in indentation tests are generally
recommended to be 10 times the indentation depth. Therefore doing four
Knoop indentation tests and a Vickers indentation test requires a
rectangular testing area of about 1.5 ~ 2 cm?. Since residual stress varies
with specimen location, local mapping in this smaller testing area means
higher resolution in residual stress result. In addition, for in-field testing,
changing the indenting tip is inconvenient and making two kinds of
indentations is time-consuming. Moreover, curved surfaces may impose
restrictions on the testing area (see Fig.2.16) it might be decreased more
than 30% of testing area by using Knoop indentation only.

If the Knoop indentation test is performed on smaller indentation
depths, as the load difference decreases rapidly, small experimental issues
such as specimen surface preparation or indentation normality can become
significant. In order to overcome this difficulty, I suggest here performing

indentation testing with a novel indenter shape, a wedge indenter. There
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are two reasons for evaluating residual stress directionality with a wedge
indenter. The first is the decrease in indent size. Unlike the Knoop indenter,
the wedge shape makes it possible to select the edge length independent of
indenting depth. The second reason is the increased sensitivity to residual
stresses. In this case the increased load difference between stress-free and
stressed-state specimens, can be related to residual stress sensitivity on
each direction. When the specifications are controlled, it is possible to
maximize the residual stress sensitivity in one direction in biaxial residual
stress. Here we propose a technique for residual stress evaluation with a
wedge indenter and verify our model by applying stress to cruciform

samples using a stress-inducing jig and by finite element analysis.
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Fig. 2.5 Mechanisms of thermal stress, intrinsic stress and epitaxial stress [24].

54




= :

§ & 7

~ ’I’

3 7

ol ® &
/ SIQ

fa '1 S[I.GSSIIZ

O Averag® » Film
stress

® ©
=i
_
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substitution of island surface with grain boundary [38].
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Hole-drilling method

Fig. 2.7 Hole-drilling method for evaluating residual stress.
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Fig.2.12 Schematic drawing of X-ray diffraction method.
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Fig. 2.15 Cross section of spherical indenter:

contact morphology in the loaded state [24].
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Fig. 2.22 Schematic illustration of determination

of stress directionality using Knoop indenter [80].
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(a) (b)
Fig. 2.23 (a) Stress directions of 0°, 45°, 90° and 135° and principal

stresses and (b) orientations of Knoop indentations perpendicular to stress

directions [24].
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3.1 Wedge Indenter Shape

Most symmetrical indenters, like Berkovich, Vickers, cube corner
and Knoop indenters are defined by their included angles; a spherical
indenter is defined by its radius. However, customized indenters are often
used as well. As mentioned before, the Knoop indenter was introduced to
evaluate biaxial residual stresses, but is difficult to use for small indent
sizes because it has two obtuse angles. For accuracy in indentation testing,
enough indenting depth is essential, and the size of a Knoop indent
increases as the indenter penetrates into the specimen; it is not easy to
decrease the indent depth and yet attain similar accuracy and sensitivity.
To overcome this limitation, another indenter shape, the wedge shape, is
suggested. The wedge indenter has two dimensions: an included angle (0)
and an edge length (/), (Fig. 3.1). Included angle and edge length are

considered in order to optimize the shape of the wedge indenter.
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3.1.1 Included Angle

The various included angles in wedge indenters are selected to
investigate the plastic deformation beneath the indenter. In this thesis, two
included angles, 60° and 90°, are considered. Although it is easily seen that
the smaller included angle gives a smaller conversion factor ratio, which
makes it more sensitive to stress directionality, the cracking induced by
indentation is a concern. For stability and applicability to in-field structures,
indentation tests with 60° included angle and 90° included angle are carried
out on the same specimen. As shown in Fig. 3.2, the 60° wedge indenter
makes a crack near the indent, but there is no crack near the 90° wedge
indenter. Also, as the short length of the 90° included angle wedge indenter
matches the half-indent impression of the Knoop indenter, we think this
indenter shape a good one for our purposes. The 90° included angle is

verified with optical microscopy (Fig. 3.3 (a)).
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3.1.2 Edge Length

In order to take advantage of the indent size, the edge length of the
custom wedge indenter is targeted to be one half the long diagonal of the
Knoop indenter with an indentation depth of 100 um. As said before, the
diagonals of the Knoop indenter are depth-dependent parameters, so the
indenting depth criterion calculation was taken as 100 pm. From the
calculation, as the long diagonal of the Knoop indenter was about 3.05 mm
at 100 um indentation depth, the edge length of wedge indenter was taken
as 1.5 mm independent of indentation depth. Fig.3.3 (b) shows the edge

length of suggested wedge indenter as observed with optical microscopy.
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3.2 Setting Machine Compliance and Zero Index

3.2.1 Machine Compliance

Measuring the indentation depth in instrumented indentation is the
most significant technique originating in hardness testing. As interesting
feature of IIT is that even though the instrumented indentation tester is
composed of an accuracy sensor for displacement measurement, the actual
indentation or penetrated depth cannot be measured precisely. When
compressed by the load cell, the indenting frame penetrates the specimen
and the penetrated depth is recorded by a displacement sensor. However,
the real penetration depth to the specimen is not the same as the depth
measured by the displacement sensor, because the frame is also deformed
during indentation and this additional displacement is included in the load-
depth curve. Thus the deformation effect of the indenting frame must be
calibrated in order to obtain an accurate indentation depth.

The concept of frame compliance is generally adopted in order to
calibrate frame deformation. Compliance is defined as the calibration of

length (4h) at unit load (L) in the system:
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c=", (3-1)

Frame compliance as an indentation system characteristic can be obtained

at various indentation depths by Eq. (3-2):

hsample = htotal - hframe = htotal - LCframe’ (3'2)

where /sampie 1s the unknown accurate indentation depth, Aww is the
indentation depth directly measured by the sensor, Afiame is the compressed
displacement at the frame and Cfame is frame compliance (Fig. 3.4). Oliver
et al. [45] suggest a general method to determine frame compliance by
considering elastic contact mechanics and invariant hardness. The general

relations between compliances and indentation parameters are as follows:

Ctotal = C + C

sample frame?
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1 1

= +C rame ° (3 _4)
Stotal Ssample f
L \/_ L frame ’ (3'5)
total 2 E \/_
1 JzJH 1
- +C frame» (3 '6)
Stotal 2 E \/_

Eq. (3-5) is the most general form for determining frame
compliance. If contact area is measured by optical microscopy and

stiffness is obtained from the unloading curve of the indentation load-depth
curve, frame compliance can be taken as the intercept of the 1/,/A, and

1/Sioar curve. As the elastic modulus is taken as constant, this method is
generally accepted. Eq. (3-6) is converted from Eq. (3-5) from the
definition of hardness. Frame compliance and the indenter area function
can be derived from reference materials whose elastic modulus is known.

From Eq. (3-6), frame compliance is also obtained from the intercept of
the /~L and I/Sww curves. In this thesis, the frame compliance is

determined from the intercept of the 1/ \/K and 1/Sioral curve and obtained
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as 0.066 um/kgf (Fig. 3.5).

3.2.2 Zero Index of Wedge Indenter

As a wedge indenter has not an initial point contact but a line
contact characteristic, manufacturing a perfectly sharp wedge indenter is
not easy. From the limitations on indenter shape, the initial contact is
instable. From several indentation tests with smaller indenting depth than
the general indenting depth (Fig. 3.6), the specific minimum indentation
depth where linear contact occurs is certified. The indenting depth is
conservatively matched as 10 um, and is converted into load, 6 kgf. As the
zero index is the initially determined load value, for the obtaining stable

indenting load - depth curve, the zero index is set at 6 kgf.
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3.3. Determination of Indent Interval

The intervals between the indents in indentation tests are
recommended to be 10 times the indentation depth for such widely used
indenters such as sharp or spherical indenters, as shown in Fig. 3.7.
Therefore four indentation tests and one Vickers indentation test need a
rectangular testing area of 1.5 ~ 2 cm?. Fig. 3.8. shows that curved surfaces
may impose restrictions on the testing area: it might be decreased by more
than 30% of testing area by using Knoop indentation only.

According to ISO documents [18], test results are not affected by
any plastic deformation introduced by a previous indentation in a series.
For convenience in determining the indent interval, finite element analysis
is used and the deformed plastic zone over yield strength is certified (see
Fig. 3.9). For common applications, the material with the largest yield
strength over elastic modulus ratio is selected. The two cases composed of
two parallel indents are considered as in Fig. 3.10, for the more general
case, four indentations are also considered and compared to the Knoop
indentation model in Fig. 3.11. Fig. 3.12 shows photographs of wedge and

Knoop indents on stainless pipe.
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Fig. 3.1 Shape of wedge indenter.
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(@)

<60 degree>

(b)

<90 degree>

Fig. 3.2 Indent of wedge indenter with

(a) 60 degree angle (b) 90 degree angle.

83



(b)

1499.79 um

Fig. 3.3 Specification verification of suggested wedge indenter.

(a) included angle (b) edge length.
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Fig. 3.4 Deformation of indenting frame and sample [81].
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Fig. 3.5 Machine compliance of wedge indenter.
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Fig. 3.6 Several indentation tests smaller indenting depth

than that of generally used: (a) lum (b) 3pum (a) 10um (a) 20um.
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= P (10 X indentation depth, ISO 14577-1)

Fig. 3.7 Recommended intervals between indents

in indentation tests [76].

88



lcm

: In case of angled pipe

Max. flat area ?
on curvature 3
lcm
lcm ‘
=
w
1
£ < o
o o
Il / O\ /7 '\ )
Testing area for Testing area for
Knoop indentation Vickers & Knoop indentation

Fig. 3.8 Comparison of required testing area

for Vickers/Knoop and Knoop indentation models [80].
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<Included angle direction>

(b)

<Edge length direction>

Fig. 3.9 Plastic zone size beneath wedge indenter:

(a) included angle direction (b) edge length direction.
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(@)

<Wedge indent size - case 1>

\
2 mm
: _ s (~ 4.0 mm
1.7 mm 2.7 mm 1.7 mm
2 mm
/
~ 6.1 mm

(b)

<Wedge indent size - case 2>

2.7 mm 2.0 mm ~ 3.4 mm

1.7 mm

~ 6.7 mm

Fig. 3.10 Considerations for indent size of two wedge indentations.
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(a)
< Wedge indent size - case 3>

2mm 3 mm 1.7 mm

~ 7 mm

<Knoop Indentation>

| —

/" X\

About 10 mm

Fig. 3.11. Considerations for indent size

of four wedge indentations and four Knoop indentations.
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Fig. 3.12. Comparison of indent size of two wedge indentation (red)

and two Knoop indentation (blue)
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4.1. Modeling of Conversion Factor with Uniaxial stress

state

Han et al. [6] and Choi et al. [68] introduced conversion factors as

o, and «, for instrumented Knoop indentation testing that are variables

relating the residual stress to the indentation load difference. They obtained
stress directionality with a constant conversion factor ratio, of 0.34,
regardless of residual stress state and indentation depth. This is an
empirically determined value, without consideration of its physical
meaning.

Following a similar procedure, the conversion factors, its ratio,
and its summation are obtained for the wedge indenter. When wedge
indentations are made on a specimen in nonequibiaxial stress, the

indentation load-depth curves change depending on indenter direction. If

X
res

X

o} res >

is larger than o , when the edge length direction coincides with o

res ?

the load value at a given indenting depth h, L, attains its maximum. If

X
res ?

the edge length direction is perpendicular to ¢, the load value at a given

indentation depth h, L ,is a minimum at that indentation depth. The load
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differences AL, and AL, between a stressed and stress-free specimen

are calculated by considering the effect of each principal stress on the

indenting load (Fig.4.1).

ALx = ﬂ//ali(es + /BLO-ryes (4-1)

AI-y = ﬂio-rxes + IB//O-ryes (4'2)

where f, and f, are conversion factors linking the residual stress to the
indentation load difference and the subscripts mean the direction between
the principal stress and the edge length direction of the wedge indenter; the
concept is similar to the conversion factors, «,, @, in instrumented
Knoop indentation (Fig. 4.2).

In order to obtain information on stress directionality, the ratio of load

differences can be addressed:

X y
ALX — ﬂ//o-r:s +ﬁLO-I’;S , (4-3)
ALy ﬂio-res + ﬂ//ares
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= = (4-4)
AL, 1+ By O
B o
AL _By
D= O'ryeS _ ALy IBJ_ (4_5)
O res 1_&ALX
B AL

To evaluate the stress directionality, p, four variables, AL, ,

AL,, f, and p , mustbe obtained. In particular, each conversion factors

y 2
(p,, PB.) are predetermined variables obtained from the linear slopes
between load differences ( AL, , AL, ) and applied uniaxial stresses

regardless of residual stress state and material. To determine these
conversion factors, indentation tests were performed in various uniaxial
tensile stress states.

The relationships obtained between applied stress (which
corresponds to residual stress) and load differences in two orthogonal
directions are plotted in Fig 4.3. The two slopes of the relations yield the

ratio and sum:
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ZIL=0.463 (4-6)
1
B, + B, =0.03037 4-7)
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4.2. Physical Meaning of Conversion Factor Ratio

In previous research [69, 77], the conversion factor £ for a wedge

indenter is defined as:

p="= (4-8)
O

where o, and AL are residual stress and load difference, respectively.

Since the conversion factor is a relationship between load (or force) and

stress, we presume that it is relevant to any subjected area.
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4.2.1. Subjected area of Penetrating Indenter

First, since the indentation load differs with indenter orientation
of indenter, the surface penetrated by the indenter is considered. The
perpendicular area of the indent penetration can be calculated from
indenter geometry if we ignore the elastic, plastic deformation near the

0

indenter. The areas are designated AY, A! along with the included angle

direction and edge length direction (Fig. 4.4):

A? = %hztan (g) (4-9)

Al = hl (4-10)

where h is indentation depth, 6 is included angle, and [ is edge length.
Since the suggested wedge indenter has 90 degree included angle, 1.5 mm
edge length, and 100 pum indentation depth, the ratio of two penetrated area
converges to 0.033, and it is not suited the experimentally determined

conversion factor ratio.
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4.2.2. Subjected area of Plastic Zone beneath Indenter

As the residual stress evaluation algorithm is correlated with the
deviatoric stress term induced by the indentation load, it can be assumed
that the size of the plastic deformed zone related by a conversion factor.
Thys, the size of the plastic zone under the wedge indenter is compared
with conversion factor ratio obtained experimentally. Because the method
for experimentally identifying the plastic zone size is not well established,
a finite element analysis of wedge indentation is introduced. The analysis
was conducted by inputting mechanical properties of 6 materials (see Table
4.1), the subjected area ratio from two directional plastic zone size
conversion factor ratio at 100 um indentation depth. The plastic zone size
is calculated by counting the plastic region which exceeds the input yield
strength of material as gray area in Fig. 4.5. The ratio, 0.474 is determined
as in Table 4.2., and it 1s deduced that the relation between conversion

factor and subjected area of plastic zone under indenter is present.
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4.3. Indentation Dependency of Conversion Factor Ratio

For the Knoop indenter [10], the conversion factor ratio (o, /)

converges to 0.34 independent of indentation depth because of the
indenter’s geometrical self-similarity in both perpendicular directions.
However, a wedge indenter has the indenter’s geometrical self-similarity
in the included angle direction, but there is no geometrical self-similarity
in the edge length direction (Fig. 4.6). Hence, a linear relationship between
the conversion factor ratio and indentation depth is deduced. Fig.4.7 shows
a linear relationship between the conversion factor ratio from the load
difference obtained in experiments and finite element analysis and
indentation depth. For determining physical meaning of conversion factor
ratio, the two directional subjected areas of plastic zone are considered
through finite element analysis approach. The plastic zone area is obtained
from various steps in ABAQUS that correspond to 60 um, 70 um, 80 pm,
90 um, and 100 um indentation depth. The plot of the plastic zone size
ratio and indentation depth shows linearity as expected (Fig. 4.8) and is a
meaningful result. However, the slope and intercept values are somewhat

different from Fig. 4.7, the further studies are needed on this difference.
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Table 4.1. Mechanical properties used for plastic zone size ratio.

Materials | Poisson’s ratio Elasti(((:}r}r’lg)dulus Yiel(dl\zi[)rgl gin
S45C 0.29 202 320
STS303 0.30 206 328
STS304 0.29 183 235
STS410 0.28 198 418
Al2024 0.33 72 408
Cul1000 0.33 102 228
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Table 4.2. Plastic zone size of two directions and the ratio.

AS Al j_g
S45C 254602 499094 0.510
STS303 126118 255703 0.493
STS304 236226 455105 0.518
STS410 228076 470633 0.485
Al2021 178964 417198 0.429
Cul1000 164782 401525 0.410
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Fig. 4.1. Schematic indentation load-depth curve

from two wedge indentations in the biaxial stress state.
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Fig. 4.3. Relationship between applied stresses and load differences [77].
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Fig. 4.4. Subjected area of penetrating wedge indenter.
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(b)

Fig. 4.5. Determination of plastic zone size of two directions

by finite element analysis.
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Direction1
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for entire indentation depth but edge length direction does not. ’

Conversion - -
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independent of indentation depth

Conversion factor ratio
dependent of indentation depth

Fig. 4.6. Geometrical self-similarity consideration of two directions

for reviewing the conversion factor ratio dependency on indentation depth.
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Magnitude and Directionality

Contents

5.1 Modeling for Evaluating Sum of Biaxial Residual Stress
Magnitudes with Wedge Indentation ««--««-«eesseeeeeesees 116

5.2 Modeling for Evaluating Residual Stress Directionality and

Magnitude with Wedge Indentation «-««---e-eeeeeereeeeeee 119
5.2.1 Known Principal Direction « - -«-sssessesseess 119
5.2.2 Unknown Principal Direction «««-««-xeseeeeereeees 121

115



5.1. Modeling for Evaluating Sum of Biaxial Residual Stress

Magnitudes with Wedge Indentation

To evaluate the surface residual stress by instrumented indentation
testing, with a Vickers indenter, the load difference between the stressed
state and stress-free state is needed: with a Knoop indenter, two
indentations are needed. A novel modeling with wedge indenter is

introduced that is based on the summation of Eq. (4-1) and Eq. (4-2):

ALx +ALy = ﬂ//o—:es +ﬁj_o_|3(es +ﬂj_o-|}:es +ﬁ//0_r£s (5-1)

The sum of the residual stresses can be obtained by rearranging Eq. (5-1):

1
ol +o’

res res :—ALX +ALy (5'2)
By +5.)

As the sum of the conversion factors is predetermined (see Eq. (4-7)), the
sum of the residual stresses can be obtained by any load differences from

two wedge indentations on principal directions.
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The sum of load differences at 90° intervals for the case of
unknown principal direction is found. To estimate the principal direction
and stress ratio of the residual stress, four times indentation tests at 45°
intervals are needed and the relation of the sum of load differences between

0°, 90° and 45°, 135° is found:

ALy = .0 + ByOres (5-3)
Algy = B0 + .0 (5-4)
ALy =0+ B0 (5-5)
ALy =)0+ .0 (5-6)

The sum of Eq. (5-3), Eq. (5-4) and Eq. (5-5), Eq. (5-6) is

ALy +ALgy = (B, + B) (O + O (5-7)

AL +AL 5= (B, + ﬁ//)(o'fei + (T:rl:s5 (5-8)

This model is based on the assumption that the evaluated each directional
residual stresses by wedge indentation is independent on the orientation of

wedge indentation as a reference line. This approach is the same that a
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principal direction from the hardness obtained axisymmetric indenter is
invariant of orientation. Oppel [ 78] suggested that the relationship between
normal stress and change of Knoop hardness is linear and also that this
relation is valid for angular orientation (Fig. 5.1). He also found that
changes in hardness were equal for 45° and 135° indenter orientation,
which the sum of hardness changes in directions perpendicular to each
other for a particular point at a particular loading is constant, and that
hardness changes do not depend on shear stresses. This relation is
expressed as

O+ O =0+ 0 =0, + 0,00 (5-9)
From Eq. (5-7), Eq. (5-8) and Eq. (5-9), the load difference relation can be

expressed as:

ALy +ALgy =AL 5+ AL 5 (5-10)
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5.2 Modeling for Evaluating Residual Stress Directionality

and Magnitude with Wedge Indentation

5.2.1 Known Principal Direction

For a known principal axis of targeted surface residual stress, as
in weldment, only two wedge indentation tests on the axis which are
known in advance are needed (See Fig. 5.2(a)). The principal surface
residual stress can be expressed as in Eq. (4-1) and Eq. (4-2) and

rearranged as Eq. (5-3) and Eq. (5-4).

ALO = ﬁLO-r(')es + ﬂ//afeg (5'3)

A|—90 = ﬂ//o-lf)es + ﬂio-l?e(; (5'4)

Eq. (4-5) can be used for evaluating the stress ratio, p, and can be expressed

as
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ALy, By

_0, _ ALO ﬂj_ (5_1 1)
0, 1_& Alg,
B AL

By combining the stress magnitudes as expressed in Eq. (5-2), the principal

residual stresses can be summarized as:

B AL,
(AL +ALy) 1 (AL +ALy) B. AL,

= 5-12
(B.+By) 1+p (B, +B)) 1_&AL90 +AL90 _ﬁ ( )
B AL, AL, B

1

ALy, B ﬁ
_ (ALO "‘ALgo) p _ (ALO +AL90) AI—o ﬂL

2 Bo+By) L+p (B +B)) 1_&%_,_%_& G-13)
B, AL, AL, B,
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5.2.2. Unknown Principal Direction

As mentioned in the previous chapter, the basic concept of
estimating principal direction by wedge indentation is based on four wedge
indentation tests at a randomly oriented 0° to 135° at 45° interval in
Fig.5.2(b) The residual stresses of each directions are 0%, 0%, Or,
and 0,35. The load differences induced by wedge indentation along the
defined four directions are determined as AL, ALgy, AL,s, and AL;ss.

These four load differences can be thought of as two sets of load
difference with 90 degree interval. From the stress directionality evaluation
model, Eq. (4-5), The stress ratios between ¢, 0,5 and o>, o3>

can be evaluated by the ratios of ALy, ALgy, and AL,s, AL,35. Here, p’

and p'' are expressed as

ALy, _ﬁ
oX AL, B,
p'=re = 5-14
O-?es 1_ﬁAL90 ( )
B AL,
AL By
pu_ O-:-e355 _ AL45 ﬂi (5 15)
O_:less 1_&AL135
ﬂj_ AL45
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From the plane stress transformation on [79], oy is expressed by rotating

of the stress direction using the following two equations:

o,+to, o0,-0, .
o, = > + > c0s20+1t,,sin20 (5-16)
27,
tan20, =——— (5-17)
o, -0,

The relation between the principal angle and the four directional stresses

0

02, 0, 020, and ¢35 is as follows, where for convenience, x and y

are replaced with 0 and 90:

0 90
o, = O_res ; O-res Ores 5 Ores Cos 260 + Ty sin 26 (5- 1 8)
27,
tan26, = 50 _ g% 17
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orientation, the effect of shear stress on load differences, 7, of Eq. (5-

19) can be inserted into Eq. (5-18) to yield

0 90 0 90
O' + O' O,..— 0O O .0 .
O, =—2 > e > €08 20+ —=—"=-tan 26, sin 20

(5-20)
When we consider the case 8 = 45°, Eq. (5-20) becomes
Oy = Ores era'es + Tes ;0'962 -tan 26, (5-21)
Dividing both sides of Eq. (5-21) by 6% + 6.2 yields
ERE AT R 622

By substituting 0% + 0% into op> + o052 on the left side, Eq. (5-22)

can be expressed as
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o 1 1o —o®

45 - 135 :E E E)es rgeg -tan ng (5-23)

GI’GS + O-I'ES O-I‘ES + Gres
Rearranging Eq. (5-23) produces

45 135 0 90
Ores " Ores _ Ores ~ Ores

45 135 0 4+ 5% -tan 29p (5-24)
O-res + O-I'ES O-TES O-res

The principal direction is expressed as

45 135 0 90
Ores " Ores _ Ores " Ores tan 20
45 135 0 g0 "Nz, (5-25)
+0 O, ..+to
O s res res res

0 90 45 135
O T 0

Otes — O
— res res | res res
tan249p 0 90 45 4 ;135 (5-26)
O-res O-res O-TES O-res

By dividing ¢, o> on the right side of Eq. (5-26), the principal

direction can be expressed by following stress ratio:
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90 135

1+ Gres 1_ O-res

o o'

tan20, =— = —=
l O-I’ES l O-YES

T o Tt s

Ures O_res

tan26?p:1+—g-1_—|[p)..
- +

|

(5-27)

(5-28)

For the principal stress ratio expressed by p’ or p" and 6,, replacing 6

with 6, and 6, + 90° in Eq. (5-20) yields

0 90
O, O log

2

0 90
+ O O

2

0 90 0
— O O — O,
o. _ res res _ res res COS 20 _ res
2 2 P 2

The principal stress ratio P can be expressed as
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0 90 0
o, = res res | ~res ~Ores cos zep + (O_res g
2 2

90

reSJsin 20p -tan 249p
(5-29)
90

Ies jsin 20p -tan 20,,

(5-30)



0

GI’ES + Gres _ Gres

90

o, _ 2

'S cOoS zap

0 90
_(%%jsmze tan2g
2 p p

0

res

90

0 O-res + O-res + o
2

'S cOS 26?p

0o 90
+(O-reso-re5jsin 26, -tan 26,
2

(5-31)
Eq. (5-31) is rearranged as
o, _(ares Ora) €08 20, — (0 — Oy ) COS* 26, ( ?eg)sm 20,
01 (Op +07) €020, + (0 g — O ) COS” 26, ( er)Sln 26,
(5-32)
o, _(ares+ares)cosza — (o, —o2)(cos’ 20, +sin 20)
o, (o2 + reS)cos26? +(o2, —o)(cos’ 20, +sin 249)

(5-33)

By using two sets of stress ratio, Eq. (5-33) becomes

0,

(1+p)cos20, - (1~

p’)

o, (+p)cos26, +(1-p’)

(5-34)

When x and y in Eq. (5-2) are replaced by 1 and 2, the equation can be
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expressed as

1
o, +0,=———AL, +AL (5-35)
R+ p)

By combining Eq. (5-34) and Eq. (5-35), the principal stresses can be

expressed as

(AL, +ALy,) @+ p)cos 26, +(1-p)
~(Bi+B) 2:@+p)cos2e,

(5-36)

1

(AL, +ALy,) (1+ p’)cos 26, —(1-p')
B+ B) 2+ p)cos26,

(5-37)
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Fig. 5.1. Change of Knoop (axisymmetric) hardness

of aluminum and steel due to uniaxial stress [78].
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Fig. 5.2 Schematic drawing of wedge indentations:

(a) known principal direction (b) unknown principal direction.
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Fig. 5.3 Summary of wedge indentations: (a) known principal direction (b) unknown principal direction.
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Chapter 6

Experimental Verification of Model
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6.1 Experimental Details

6.1.1 Testing Equipment and Specimens

The AIS 3000 equipment made by Frontics Inc., Republic of
Korea, (Fig. 6.1), used for the instrumented indentation tests. The
resolution of load and depth resolution is 5.6 gf and 0.1 pm, the maximum
load was 300 kgf and loading and unloading speed were fixed at 0.3
mm/min. The experiments were performed as displacement control
condition and maximimum indentation depth was determined as 100 pm.
The wedge indenter was made of tungsten carbide by HM.TEC in
Republic of Korea (Fig. 3.1).

To determine the conversion factor ratio, the experimental process
used on three samples: SCM4, S45C and SKD11, properties of which
appear in Table 6.1. As the residual stress is not a material property but a
stress state, it can be deduced that the residual stresses are independent of
materials. For convenient and rapid material supply, the experimental
materials were carbon steel. The 10-mm-thick cruciform samples (Fig. 6.2)

were machined from a bare plate and heat-treated to remove internal
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manufacturing stress. After stress relaxation by annealing, no bending or
warping was observed in the sample. Indentation samples were finely
polished with no. 1500 sand paper.

To verify the model developed here, six kinds of materials
(Al6061, SKDI11, S45C, STS304, STS316, STS440C) were used:
material properties are summarized in Table 6.2. The specimen shape and
heat treatment are the same as those of specimens for the conversion factor

ratio determination.
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6.1.2 Strain Apparatus

A stress-generating jig was designed to apply strain to the
cruciform specimen by two independent orthogonal loading axes, as
shown in Fig. 6.2. Surface strains were induced by stress-applying screws
at the end of each specimen, and they were indicated by strain gauge on
the exposed specimen surface. The biaxial stresses were calculated from
biaxial strains of the two orthogonal axes using the elastic modulus and
Poisson’s ratio. The Tresca yield criterion is considered for preventing
plastic deformation, two orthogonal principal stresses were determined
below each specimen’s yield strength. The applied stress states for
conversion factor ratio determination are shown in Table 6.3, and the
applied stress states for principal stress determination consisted of uniaxial,

equibiaxial, and nonequibiaxial stress, as summarized in Table 6.3.
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6.2 Finite Element Analysis Condition

Finite element analysis was performed using the commercial finite
element code ABAQUS 6.12. Various uniaxial applied stress states were
generated in the specimens, and wedge indentation was conducted twice
perpendicular and parallel to the applied uniaxial stress direction. The
specimens were S45C and STS303. The simulation of wedge indentation
was made up of 104,832 elements of C3D8R mesh-type specimen, 1901
elements of R3D4 and 20 elements of R3D3 mesh-type indenter (Fig. 6.3.).
The elastic modulus and yield strength of STS 303 were 206 GPa and 328
MPa, and those of S45C were 202 GPa and 320 MPa. The material models
for the specimens were both isotropic plastic hardening and the friction
coefficient between specimen and indenter was 0.2. The Knoop
indentation simulations comparing the load difference sensitivity in
residual stress with wedge indentation were performed with 21,071 mesh
elements. The simulation were supplemented by the linear relationship
between two load differences and applied stress (150 MPa, 180 MPa and
250 MPa, p=0). The S45C specimen with 150 MPa applied stress was

intended to match the experimental data, and the purpose of considering
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material STS 303 was to examine the feasibility of extending the new
model to other types of materials. The size of specimen was 8§ mm in the
included angle direction (x-direction), 8 mm in the edge length direction
(z-direction), and 4 mm in the indenting direction (y-direction). The mesh
of the specimen beneath indenter was made up of a mesh region size 0.031
mm in the x-direction, 0.031 mm in the z-direction and 0.016 mm in the y-
direction. The entire zone size with fine mesh was 0.50 mm, 3.0 mm, and
0.25 mm in the x-, z-, and y- directions, respectively: and as shown in Fig.
6.3 (b), the zone size covers the region directly penetrated by the indenter,
and the highly deformed region that occurs in sink-in or pile up in
indentation testing. For efficient analysis, the mesh size increases with

distance from the indenter.
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6.3 Results and Discussion

6.3.1 Verification of Experiments with Stress-generating Jig

In order to confirm the two set of load difference sum at 90°
interveal are converged, four times wedge indentation test are conducted
on 7 combinations of materials and applied stress states (see Fig. 6.4).

To verify the wedge indentation model, indentation tests were
performed on 16 combinations (Table 6.3) of materials and applied stress
states, as mentioned in the previous section. Fig 6.5 shows the evaluated
principal stress directions of uniaxial, equibiaxial, and nonequibiaixal
stress states. Fig 6.6 is the results of evaluated principal stress ratios of
uniaxial, equibiaxial, and nonequibiaixal stress states. Fig 6.7, Fig 6.8 and
Fig. 6.9 are the evaluated results of maximum, minimum and summation
of principal stress, these validations are shown to be within about + 20%
error range for the principal stress ratio and angle and + 30 MPa for sum
of stress magnitude. The results for all six materials suggest that the new
model can be applied to common metallic materials for room-temperature

wedge indentation tests.
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6.3.2 Comparison of Residual Stress Sum with Previous Vickers Model

In order to verify the novel developed indentation model, the
magnitude of surface residual stress is evaluated with a Vickers indenter
and wedge indenter. The residual stress with Vickers indenter is evaluated
using Eq. (2-20) and that with wedge indenter is evaluated with Eq. (5-2).
The contact area of Vickers indenter is observed by optical microscopy.
The results are compared in Fig. 6.10.

As shown in Fig 6.10., the residual stress values from the wedge
indentation model are reasonably matched, but a little bit overestimated
compared to those from the Vickers indenter. This residual stress difference
results from the inclusion of plastic pile-up. As the results from Vickers
indentation model take plastic pile-up into account, the contact area is
larger than in the wedge indentation model, which ignores plastic pile-up.
The wedge indentation model takes into account only the load difference
sum and constant conversion factor sum: for more accurate results, more

consideration of contact morphology is needed.
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Table 6.1.
Experimental and simulation conditions for determination of conversion

factors: various materials and applied tensile stress states.

. Blesiie Yield Applied uniaxial
Number Materials modulus i
strength (MPa) tensile stress (MPa)
(GPa)

EXpe;'t"l"e”ta' s45¢C 202 320 75
EXpe;'tg"e”ta' S45C 202 320 150
EXpe;g‘e“ta' SKD11 209 700 203

Experimental
o scMma4 200 362 270
S'm‘;'f‘“o” s45¢C 202 320 150
S'm‘;';‘“o” STS303 206 328 180
S'm‘;';‘“"” STS303 206 328 200
S'm‘;'j‘“o” STS303 206 328 250
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Table 6.2.

Mechanical properties of materials for model verification.

Elastic modulus

Yield strength

Materials Poisson’s ratio (GPa) (MPa)
Al6061 0.33 68.9 250
SKD11 0.27 209 700

S45C 0.29 212 343
STS304 0.29 193 215
STS316 0.27 193 250

STS440C 0.27 204 204
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Table 6.3.

Applied stress state conditions and principal direction for model

verification.
Applied
Classification Materials Stress (MPa) Principal
direction(®)
(o] o, (o8] + o,
Al6061 55.1 0.0 55.1 40
Uniaxial STS440C 255.0 0.0 2550 20
STS316 150.2 0.0 150.2 23
Al6061 50.1 49.3 994 40
S45C 150.0 150.0 300.0 38
Equibiaxial STS440C 2252 223.6 448.8 23
STS304 76.4 75.8 152.3 15
STS316 104.6 1034 208.1 15
Al6061 136.8 54.8 191.6 35
SKD11 174.9 35.9 2109 28
S45C 75.9 55.5 1314 20
Nonequibiaxial STS440C 142.8 93.8 236.6 15
STS440C 2138 164.6 378.4 25
STS304 109.8 57.9 167.7 0
STS316 195.1 62.5 2577 37
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Table 6.4.

Summary of applied stress state conditions and evaluated stress magnitude and directionality.

Applied Evaluated
Classification | Materials Stress (MPa) Principal Stress ratio Stress (MPa) Principal
o o, o, +0, direction() p o, +0, o, o, direction(®)
Al6061 55.1 0.0 55.1 40 0.01 53.0 523 0.6 333
Uniaxial STS440C 255.0 0.0 255.0 20 -0.07 2105 227.5 -17.0 286
STS316 150.2 0.0 150.2 23 0.09 176.9 161.6 153 305
Al6061 50.1 493 994 40 0.98 99.1 50.0 491 412
S45C 150.0 150.0 300.0 38 1.02 3055 151:3 1541 278
Equibiaxial STS440C 225.2 223.6 4488 23 0.74 3985 2287 169.8 231
STS304 764 75.8 1523 15 0.92 190.0 99.0 91.0 184
STS316 104.6 1034 2081 15 11T 2167 102.8 1138 9.8
Al6061 136.8 54.8 1916 35 0.39 1838 1321 51.6 394
SKD11 1749 359 2109 28 0.20 1983 165.0 33:3 272
S45C 759 55:5 1314 20 0.85 1383 747 63.6 198
Nonequibiaxial | STS440C 1428 93.8 236.6 15 0.58 205.2 1295 757 165
STS440C 2138 164.6 3784 25 0.75 368.5 2105 158.0 312
STS304 109.8 579 167.7 0 0.50 1834 122.6 60.8 -24
STS316 195.1 62.5 257.7 37 0.39 266.9 1918 751 39.7
142
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Fig. 6.1 AIS 3000 equipment made by Frontics Inc.
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Fig. 6.2 Schematic drawing and photograph

of 10-mm-thick cruciform samples.
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Fig. 6.

(a) meshed wedge indenter and specimen (b) deformed shape of
specimen in wedge indentation.
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Chapter 7

Conclusion
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A wedge indentation model is proposed to evaluate the biaxial
residual stress using instrumented indentation test. The suggested model is
modified from a previous model using both a Vickers and a Knoop indenter,
since the latter is difficult to use in in-field testing and cannot be applied
to facilities of certain shapes such as angled pipelines and weldments. In
previous research, the ratio of conversion factors was taken as constant,
based on empirical results because of the geometrical self-similarity in the
long diagonal and short diagonal directions. To obtain the conversion
factors of wedge indentation, experimental and finite element analysis are
performed and the sum and ratio are determined. In addition, evaluating
the sum of surface biaxial residual stress was modeled with two wedge
indentations. A model for finding the principal stress direction and
magnitude was suggested with four wedge indentation tests. On the basis
of this result, two wedge indentation models were established for two
testing conditions: known and unknown principal direction. The model
was verified experimentally using a stress-generating jig, and the results
show good agreement (within about 20% error or 30 MPa) in evaluating
the applied principal direction and stress magnitude.

The primary results of this thesis are the following.

154



1. The wedge indentation model to evaluate and quantify the stress
directionality p was described. From experiments on four
combinations of materials and stress states and finite element
analysis of four conditions, perpendicular and parallel conversion
factors were obtained by linear slope between applied stress states
and load differences. The conversion factor ratio was 0.463 and the
sum of conversion factors was 0.03037 at 100 pm indentation
depth. The physical meaning of the conversion factor ratio was
examined by matching the conversion factor ratio and the plastic
zone size beneath the wedge indenter. Different from the
conversion factor ratio for the Knoop indenter, the conversion
factor for a wedge indenter has geometrical self-similarity on the
included angle direction not on the edge length direction. It was
also shown that the relationship between conversion factor ratio
and indentation depth is linear and that the ratio of subjected plastic

zone size is linear with indentation depth.

2. The model for evaluating the sum of surface biaxial residual stress
was constructed with the sum of two load difference and sum of

conversion factors. When there is no information on principal
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directions, it was shown that the load differences set at 90°

intervals could be used in evaluating residual stress magnitude.

Two wedge indentation models have been developed for two test
conditions: for known principal direction and unknown principal
direction: for these conditions two and four wedge indentation

respectively, are necessary. The summary was attached in Fig.5.10.

For experimental verification of the wedge indentation model,
indentation tests were performed on 16 combinations of materials
and stress state using a stress-generating jig as summarized in
Table 6-3. The results for the stress directionality from the new
model show good agreement (within about 20% error range), and
the stress magnitude results were valid to 15 MPa. In addition,
these results suggest that the new model can be applied to general

metallic materials.

To extend the validity of the wedge indentation model, it was
compared to the previous Vickers indentation model. The
evaluated values of residual stress magnitude values matched
reasonably well (see Fig. 6.10).
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