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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 



ii 

 

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 
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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 

Student Number: 2010-20614 
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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, 
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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, 
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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 



 

5 

 

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 
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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 μm 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 
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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. 
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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 
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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 
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movements is illustrated in Fig. 2.1. The switch consists of two layers that 

have different thermal expansion coefficients 𝛼1  and 𝛼2  but the same 

length at room temperature. When 𝛼1 is larger than 𝛼2, as the temperature 

increases ∆𝑇 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]. 
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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 𝜎𝑥, 𝜎𝑦 respectively 

in the schematic diagram in Fig.2.2. 
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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]. 
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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. 
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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: 
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1 , 2  and 3  are the strain values measured in the three directions, and 
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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: 
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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 
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(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] 

  



 

21 

 

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). 
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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 d0: 
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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 IIT 

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 h the 

displacement relative to the initial un-deformed surface. Three important 

quantities can be measured from the L-h curves: the maximum load (Lmax), 

the maximum displacement (hmax), 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 hf, which is the permanent depth of 

penetration after full unloading, is also significant. The contact stiffness 

can be expressed by: 
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          (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, hd , as 

 

S

L
h max

d          (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]: 
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where, hpile is 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 (hc) is (Fig. 2.14). 

 

piledmaxc hhhh         (2-10) 

 

From the contact depth, the area of the contact Ac 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 Ac and the contact depth hc 

is: 
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)2( 2

ccc hRhA        (2-11) 

 

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

 

2
5.24 cc hA         (2-12) 

 

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

Eq. (2-14) 
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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 (hpile) 

divided by the contact depth (hc) and the work-hardening exponent n and 

the ratio of penetration depth hmax and indenter radius R, hmax/R. Using 

linear regression to obtain data, they expressed the plastic behavior of 

materials as:  

 











R

h
nf

h

h

c

pile max,       (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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where ψ is a plastic constraint factor that correlates the stress state in a 

uniaxial tensile specimen and triaxial stress state beneath a spherical 

indenter, ac is the contact radius and L is the load. Jeon et al. [59] used from 

38 experimental and simulated materials to derive the value ψ=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:  
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where α 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]: 

 

 
nK         (2-18) 

  EA        (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 𝐿0 − 𝐿𝑆  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 
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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 −2σres/3(σD
r) from the deviatoric stress. 

A mathematical tensor decomposition was performed:  
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   (2-20) 

 

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:  
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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:  

 

y

res

x

resL  //1                         (2-23) 

y

res

x

resL   //2                       (2-24) 
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Here   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 

the stress ratio (𝑝 =

y

res

x

res
) to be:   
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                      (2-25) 

 

where  ///  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 ( 1L , 2L ) 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 

determined. The residual stresses in each direction are defined as 0

res , 45

res , 

90

res   and 135

res  . 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 0L  , 45L  , 90L   and 135L  . That is, 

0

res  affects 0L  and 45

res  is related to 45L . 

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 0

res , 

90

res , and 45

res , 135

res : 
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From the plane stress transformation,    and p   are determined by 
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rotation of the stress direction using Eqs. (2-28) and (2-29) [69]: 
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By combining Eq. (2-26), Eq. (2-27), Eq. (2-28), Eq. (2-29), the principal 

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

L
Ac
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res

x

res 
13


       (2-32) 

From the Knoop indentation model, Eq. (2-21) is converted to: 
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As the left-hand sides of Eqs. (2-30) and (2-31) are the same, the right-

hand sides of Eqs. (2-30) and (2-31) are also equal:  
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            (2-34) 

 Assuming that the Knoop indenter is equivalent to the sum of 

Vickers indenters, the load difference L  is substituted into the sum of 

directional load differences for the Knoop indenter, 21 LL  . Eq. (2-34) 

can be converted to a sum of conversion factors as: 

cA
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where Ψ is a plastic constraint factor. Since Ψ can be taken as a constant 

equal to 3 in common metallic materials, the sum of the conversion factors 

//    is theoretically equivalent to the contact area of the Knoop 

indentation, and the ratio of conversion factors  ///   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: 
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where ΔL1 and ΔL2 are load differences from the two Knoop indentations 

according to principal direction. x

res  , y

res   can be expressed by 

rearrangement as: 
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As the ratio and sum of conversion factors are replaced by k and Ac, Eq. 

(2-37) and Eq. (2-38) reduce to: 
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If there is no information on the principal direction, it is calculated from 

Eq. (2-41): 
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The principal residual stresses I  and II  are then: 
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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 cm2. 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. 2.1 A thermal switch that turns on/off depending on the temperature change [26]. 
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Fig. 2.2 Residual stress distributions in plate butt joint [27].  
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Fig. 2.3 Schematic illustrations of heat cycles 

in welding and residual stress distribution [27]. 
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Fig. 2.4 Residual stress effect on thin film [24]. 
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Fig. 2.5 Mechanisms of thermal stress, intrinsic stress and epitaxial stress [24]. 
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Fig. 2.6 Schematic illustration of the force-per-width and micro structural 

characteristics for high-mobility and low-mobility films; (a) compressive 

stress in island by surface energy (tension) (b) tensile stress by 

elimination of grain boundary (grain growth) (c) compressive stress by 

continuous inputting impurity and extra atom and (d) tensile stress by 

substitution of island surface with grain boundary [38]. 
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Fig. 2.7 Hole-drilling method for evaluating residual stress. 
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Fig. 2.8 Schematic illustration of sectioning method. 
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Fig. 2.9 Schematic drawing of contour method 

based on super position principle [26]. 
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Fig.2.10 Residual stress distribution on a plane 

 which is measured by slitting method [26]. 
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Fig.2.11 Schematic drawing of curvature method. 
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Fig.2.12 Schematic drawing of X-ray diffraction method. 
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Fig .2.13 Determined properties from indentation load-depth curve. 
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Fig. 2.14 Schematic diagram of typical indentation load-depth curve [24]. 
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Fig. 2.15 Cross section of spherical indenter: 

contact morphology in the loaded state [24]. 
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Fig. 2.16. Schematic drawing of the tensile properties evaluation 

methodology [76]. 
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Fig. 2.17 Schematic diagram of residual stress effect on indentation depth 

at the same indentation load [24]. 
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Fig. 2.18. Shift in indentation load-depth curve from tensile and 

compressive residual stress [80]. 
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Fig. 2.19 Definitions of conversion factors [80]. 
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Fig. 2.20 Conversion factors in each orthogonal directions 

of Knoop indenter [6] 
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Fig. 2.21 Ratio of conversion factors with indentation depth [80]. 
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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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Wedge Indentation Test Setups 
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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 (𝜃) 

and an edge length (l), (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)). 

 

  



 

76 

 

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 μm. As said before, the 

diagonals of the Knoop indenter are depth-dependent parameters, so the 

indenting depth criterion calculation was taken as 100 μm. From the 

calculation, as the long diagonal of the Knoop indenter was about 3.05 mm 

at 100 μm 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 (h) at unit load (L) in the system: 
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L

h
C


 .        (3-1) 

 

Frame compliance as an indentation system characteristic can be obtained 

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

 

 
frametotalframetotalsample LChhhh  ,     (3-2) 

 

where hsample is the unknown accurate indentation depth, htotal is the 

indentation depth directly measured by the sensor, hframe is the compressed 

displacement at the frame and Cframe 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: 

 

 
framesampletotal CCC  ,        (3-3) 
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 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 cA1/ and 

1/Stotal 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 L1/   and 1/Stotal curves. In this thesis, the frame compliance is 

determined from the intercept of the cA1/ and 1/Stotal curve and obtained 
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as 0.066 μm/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 μm, 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. 

  



 

81 

 

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 cm2. 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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Fig. 3.2 Indent of wedge indenter with 

(a) 60 degree angle (b) 90 degree angle.  
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Fig. 3.3 Specification verification of suggested wedge indenter. 

(a) included angle (b) edge length. 



 

85 

 

 

 

 

 

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) 1μm (b) 3μm (a) 10μm (a) 20μm.
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Fig. 3.7 Recommended intervals between indents 

in indentation tests [76]. 
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Fig. 3.8 Comparison of required testing area  

for Vickers/Knoop and Knoop indentation models [80]. 
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Fig. 3.9 Plastic zone size beneath wedge indenter: 

(a) included angle direction (b) edge length direction. 
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Fig. 3.10 Considerations for indent size of two wedge indentations. 
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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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Chapter 4 

Determination of Conversion Factor (β) for 

Evaluating Stress Magnitude and Directionality 
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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 

//  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  is larger than y

res , when the edge length direction coincides with x

res , 

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

the edge length direction is perpendicular to x

res , the load value at a given 

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

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

indenting load (Fig.4.1).  

 

y

res

x

resxL   //
      (4-1) 

y

res

x

resyL  //         (4-2) 

 

where //  and   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: 
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To evaluate the stress directionality, p, four variables, xL  , 

yL , //  and  , must be obtained. In particular, each conversion factors 

( //  ,   ) are predetermined variables obtained from the linear slopes 

between load differences ( xL  ,
yL  ) 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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4630.// 



                        (4-6) 

030370.//          (4-7) 
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4.2. Physical Meaning of Conversion Factor Ratio 

 

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

indenter is defined as:  

 

res

L





         (4-8) 

 

where res  and ΔL 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 

indenter. The areas are designated 𝐴𝑖
𝜃, 𝐴𝑖

𝑙 along with the included angle 

direction and edge length direction (Fig. 4.4): 

 

𝐴𝑖
𝜃 =  

1

2
ℎ2𝑡𝑎𝑛 (

𝜃

2
)       (4-9) 

𝐴𝑖
𝑙 = ℎ𝑙       (4-10) 

 

where ℎ is indentation depth, 𝜃 is included angle, and 𝑙 is edge length. 

Since the suggested wedge indenter has 90 degree included angle, 1.5 mm 

edge length, and 100 μm 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 μm 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 is 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 (  /// ) 

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 μm, 70 μm, 80 μm, 

90 μm, and 100 μm 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 
Elastic modulus 

(GPa) 

Yield strength 

(MPa) 

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 

Cu11000 0.33 102 228 

   



 

105 

 

Table 4.2. Plastic zone size of two directions and the ratio. 

 𝑨𝒑
𝜽 𝑨𝒑

𝒍  
𝑨𝒑

𝜽

𝑨𝒑
𝒍
 

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 

Cu11000 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. 4.2. Definition of conversion factor (a) 𝛽⊥, (b) 𝛽//. 

  



 

108 

 

 

 

 

 

 

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

by finite element analysis. 
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Fig. 4.6. Geometrical self-similarity consideration of two directions 

for reviewing the conversion factor ratio dependency on indentation depth. 
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Fig. 4.7. Conversion factor ratio dependency on indentation depth 

determined from load difference of experiments and FEA [77]. 
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Fig. 4.8. Conversion factor ratio dependency on indentation depth 

determined from ratio of plastic zone size. 

 

60 70 80 90 100
0.25

0.30

0.35

0.40

0.45

0.50

 

 

 Average value

C
o

n
v
e

rs
io

n
 f
a

c
to

r 
ra

ti
o

 

Indentation depth (m)



 

114 

 

  



 

115 

 

Chapter 5 

Modeling for Evaluating Residual Stress 

Magnitude and Directionality 

 

 

Contents 

5.1 Modeling for Evaluating Sum of Biaxial Residual Stress 

Magnitudes with Wedge Indentation ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 

 

116 

5.2 Modeling for Evaluating Residual Stress Directionality and 

Magnitude with Wedge Indentation ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 

 

119 

 5.2.1 Known Principal Direction ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 119 

 5.2.2 Unknown Principal Direction ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 121 

  



 

116 

 

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): 

 

y

res

y

res

x

res

x

resyx LL  ////  
           (5-1) 

 

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

 

yx

y

res

x

res LL 



 )(

1

// 
              (5-2) 

 

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: 

 

90

//

0

0 resresL   ⊥       (5-3) 

900

//90 resresL  ⊥       (5-4) 

135

//

45

45 resresL   ⊥       (5-5) 

13545

//135 resresL  ⊥       (5-6) 

 

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

 

))(( 900

//900 resresLL   ⊥     (5-7) 

))(( 13545

//13545 resresLL   ⊥     (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 

 

90

13545900

   resresresres      (5-9) 

 

From Eq. (5-7), Eq. (5-8) and Eq. (5-9), the load difference relation can be 

expressed as: 

 

13545900 LLLL      (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). 

 

90

//

0

0 resresL   ⊥       (5-3) 

900

//90 resresL  ⊥       (5-4) 

 

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

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

residual stresses can be summarized as: 
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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 𝜎𝑟𝑒𝑠
0  , 𝜎𝑟𝑒𝑠

90  , 𝜎𝑟𝑒𝑠
45  , 

and 𝜎𝑟𝑒𝑠
135. The load differences induced by wedge indentation along the 

defined four directions are determined as Δ𝐿0, Δ𝐿90, Δ𝐿45, and Δ𝐿135. 

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 𝜎𝑟𝑒𝑠
0  , 𝜎𝑟𝑒𝑠

90   and 𝜎𝑟𝑒𝑠
45  , 𝜎𝑟𝑒𝑠

135 

can be evaluated by the ratios of Δ𝐿0, Δ𝐿90, and Δ𝐿45, Δ𝐿135. Here, 𝑝′ 

and 𝑝′′ are expressed as 
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From the plane stress transformation on [79], 𝜎𝜃 is expressed by rotating 

of the stress direction using the following two equations: 
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2tan                                (5-17) 

 

The relation between the principal angle and the four directional stresses 

𝜎𝑟𝑒𝑠
0 , 𝜎𝑟𝑒𝑠

45 , 𝜎𝑟𝑒𝑠
90 , and 𝜎𝑟𝑒𝑠

135 is as follows, where for convenience, x and y 

are replaced with 0 and 90: 
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Based on Oppel’s approach to the independence of Knoop hardness and 
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orientation, the effect of shear stress on load differences, 𝜏𝑥𝑦 of Eq. (5-

19) can be inserted into Eq. (5-18) to yield  
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When we consider the case θ = 45°, Eq. (5-20) becomes 
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Dividing both sides of Eq. (5-21) by 𝜎𝑟𝑒𝑠
0 + 𝜎𝑟𝑒𝑠

90  yields 
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By substituting 𝜎𝑟𝑒𝑠
0 + 𝜎𝑟𝑒𝑠

90  into 𝜎𝑟𝑒𝑠
45 + 𝜎𝑟𝑒𝑠

135 on the left side, Eq. (5-22) 

can be expressed as 
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Rearranging Eq. (5-23) produces 
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The principal direction is expressed as 

 

p

resres

resres

resres

resres 







2tan

900

900

13545

13545










     (5-25) 

13545

13545

900

900

2tan
resres

resres

resres

resres
p


















      (5-26) 

 

By dividing 𝜎𝑟𝑒𝑠
0  , 𝜎𝑟𝑒𝑠

45   on the right side of Eq. (5-26), the principal 

direction can be expressed by following stress ratio: 
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For the principal stress ratio expressed by 𝑝′ or 𝑝′′ and 𝜃𝑝, replacing 𝜃 

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

 

pp
resres

p
resresresres 





 2tan2sin

2
2cos

22

900900900

1 






 








         (5-29) 

pp
resres

p
resresresres 





 2tan2sin

2
2cos

22

900900900

2 






 








         (5-30) 

 

The principal stress ratio 𝑃 can be expressed as 
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Eq. (5-31) is rearranged as 
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By using two sets of stress ratio, Eq. (5-33) becomes 
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When x and y in Eq. (5-2) are replaced by 1 and 2, the equation can be 
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expressed as 
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By combining Eq. (5-34) and Eq. (5-35), the principal stresses can be 

expressed as  
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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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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 μm, 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 μm. 

The wedge indenter was made of tungsten carbide by H.M.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, SKD11, 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. 

 

Number Materials 

Elastic 

modulus 

(GPa) 

Yield 

strength (MPa) 

Applied uniaxial 

tensile stress (MPa) 

Experimental 

#1 
S45C 202 320 75 

Experimental 

#2 
S45C 202 320 150 

Experimental 

#3 
SKD11 209 700 203 

Experimental 

#4 
SCM4 200 362 270 

Simulation 

#1 
S45C 202 320 150 

Simulation 

#2 
STS303 206 328 180 

Simulation 

#3 
STS303 206 328 200 

Simulation 

#4 
STS303 206 328 250 
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Table 6.2. 

Mechanical properties of materials for model verification. 

Materials Poisson’s ratio 
Elastic modulus 

(GPa) 

Yield strength 

(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. 

  

1 2 21  
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Table 6.4. 

Summary of applied stress state conditions and evaluated stress magnitude and directionality. 
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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. 6.3 Finite Element Analysis modeling of wedge indentation 

(a) meshed wedge indenter and specimen (b) deformed shape of 

specimen in wedge indentation. 
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Fig. 6.4 Verification of invariant residual stress sum.  
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Fig. 6.5 Verification of principal direction: 

(a) uniaxial stress state, (b) equibiaxial stress state, (c) nonequibiaxial stress state. 
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Fig. 6.6 Verification of principal stress ratio: 

(a) uniaxial stress state, (b) equibiaxial stress state, (c) nonequibiaxial stress state. 



 

149 

 

 

 

Fig. 6.7 Verification of principal stress magnitude 

from uniaxial stress state.  
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Fig. 6.8 Verification of principal stress magnitude 

from equibiaxial stress state.  
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Fig. 6.9 Verification of principal stress magnitude 

from nonequibiaxial stress state. 
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Fig. 6.10 Comparison stress magnitude sum 

between wedge indentation and Vickers 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. 
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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 μm 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 



 

156 

 

directions, it was shown that the load differences set at 90° 

intervals could be used in evaluating residual stress magnitude.  

 

3. 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.  

 

4. 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.  

 

5. 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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초  록 

 

발전설비나 교통관련 구조물의 광범위한 손상은 

생명의 손실을 유발하고 복구를 위해 많은 노력과 비용이 

필요하기 때문에, 안전성 평가나 구조 신뢰성, 건전성 

평가는 사고 예방에 매우 중요하다. 예기치 않은 사고나 

고장을 막기 위해 구조물에 노출된 응력 상태를 고려해야 

한다. 특히, 잔류 응력은 외부 하중이나 열응력 등의 다른 

응력 없이 재료 또는 구조물에 존재하는 응력 상태로 

정의된다. 재료를 제조하고 가공하는 거의 모든 과정에서 

잔류응력이 발생하며, 이러한 잔류응력이 외부 응력과 

결합되면, 균일하고 벌크 스케일 재료로부터 구해진 항복 

강도 값 이하의 응력에서도 구조물의 손상이나 파괴가 

발생된다. 또한, 사용 중 구조물의 신뢰성에도 영향을 

끼치기 때문에, 잔류응력을 정량적으로 평가하는 것은 

산업 구조물과 설비의 안전한 사용 및 경제적인 

유지보수를 위한 기본요소이다. 

연속압입시험법은 압입하중 - 깊이 곡선을 분석하여 

기계적 특성을 평가하기 위해 고안된 기법으로 시험방법이 

간편하고 원리가 간단하여 실구조물의 기계적 특성평가 및 

잔류응력 평가에 활용되고 있다. 지난 수십 년 동안 

연속압입시험법은 경도 및 탄성 계수를 넘어서 인장 특성, 

파괴 인성, 피로 특성, 충격 특성, 계면 접착력 및 잔류 

응력을 평가하는 방법론으로 확장되어 왔다. 

연속압입시험법을 통한 잔류응력 평가기법은 무응력 

상태의 시편 또는 지역과 응력이 존재하는 영역에 

연속압입시험을 수행하여, 두개의 압입하중-깊이 곡선의 
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차이를 비교하는 것에 기반을 두고 있다. 한다. 기존의 

연구는 Vickers 압입자를 사용하여 평균 표면 잔류 응력을 

평가했으며, Knoop 압입자라는 비대칭 압입자를 사용하여 

주응력방향 및 응력비를 평가하였다. 그러나 기존 

연구에서는 용접부 부근의 잔류응력 분포변화 양상을 

파악하거나, 곡면부 파이프 등 압입시험 수행에 필요한 

면적을 최소화 해야하는 이슈가 존재하였기 때문에, 본 

논문에서는 wedge 압입자를 활용하여, 잔류응력의 방향성 

및 크기 평가법을 제안하고자 연구를 수행하였다.  

본 연구에서는 기존의 Knoop 압입시험모델 적용에 

필요한 면적에 절반정도가 되도록 길이와 내각으로 구성된 

wedge 압입자의 형상을 제안하였다. 이렇게 제안된 

압입자가 잔류응력 평가에 효용성이 있는지 검토하기 위해 

유한요소해석을 수행하였으며, 압입면적 축소 대비 타당한 

잔류응력 민감도를 확인하였다. 또한 wedge 압입자만의 

응력환산계수를 실제 실험과 유한요소해석을 병행하여 

확보하였으며, 응력환산계수의 비를 압입자 하부의 

소성변형면적 비율과 연계하여 그 물리적 의미를 

설명하였다. 또한, 잔류응력의 크기는 응력환산계수의 

합과 90도 간격으로 수행된 압입시험의 하중 차의 합으로 

모델링하였으며, 주응력 방향에 대한 사전정보의 유무에 

따라 2 회 압입시험 또는 4 회 압입시험을 통해 얻어진 

하중차와 응력환산계수의 비를 통해 잔류응력의 방향성 

평가법에 대한 모델링을 수행하였다. 

새롭게 고안된 wedge 압입 모델을 검증하기 위해 

응력유도지그와 다양한 소재 및 응력상태의 조합으로 

구성된 금속십자시편을 제작하여 검증하였다. 또한 새로운 
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모델과 기존의 Vickers압입시험 모델을 비교하여 두 가지 

데이터에서 서로 좋은 일치성을 확인하였다.  

 

주요어: 잔류응력; 연속압입시험법; Wedge 압입자; 

응력환산계수; 응력크기; 응력 방향성 
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