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ESTIMATION OF NON-EQUIBIAXIAL STRESS USING INSTRUMENTED

INDENTATION TECHNIQUE

[Technical Field]

The present invention relates to an instrumented

indentation method to non-destructively estimate the

mechanical material property. Also, the present invention

relates to an estimation of non-equibiaxial residual stress

to be applied to an in-field structure and a weldment.

[Background Art]

Conventional methods for measuring residual stress

are classified into destructive and non-destructive types

dependent on the destruction of estimated materials. There

needs to introduce non-destructive type for estimating

residual stress for structures or facilities under

construction or in service because it's impossible for them

to apply to destructive type.

Conventional methods for measuring residual stress

are described that repeatedly measure variation of an

indention depth according to continuous indentation of the

indenter on the surface of samples and calculate the

residual stress based on the measured results such as the



indentation load and depth.

For example, there are described "Apparatus for

determining residual stress, method for determining

residual stress data using it, residual stress determining

method using it and recording medium thereof" in Korean

patent No. 0416723 and "Estimating method of residual

stress using continuous indentation" in Korean patent

No. 0517857.

[Disclosure]

[Technical Problem]

One object of the present invention is to non-

destructively estimate non-equibiaxial residual stress

among the mechanical material properties using a non-

equibiaxial indenter.

[Technical Solution]

In one aspect, The present invention provides a

method for evaluating an asymmetric residual stress for a

material by the indentation test. The method comprises:

applying the residual stresses with an uniaxial and an

symmetrical biaxial tensions on the material and then

performing an instrumented indentation test indenting an



asymmetric indenter on the material; and comparing a slope

of indentation load-depth curve when the long diagonal

direction of the asymmetric indenter is perpendicular to

the direction of the largest residual stress with that in

stress-free state, and then a slope of indentation load-

depth curve when the long diagonal direction of the

asymmetric indenter is parallel to the direction of the

largest residual stress with that in stress-free state, so

as to evaluate the asymmetric residual stress for the

material.

The asymmetric indenter may have geometry of 7.11:1

for long and short diagonal lengths.

The method may further comprise: determining the

ratio of the conversion factor (α x , α //) which associates

the residual stress with the induced indentation load

difference from the residual stress according to the

uniaxial residual stress and the longer diagonal direction

of the asymmetric indenter; and using the conversion factor

ratio and the ratio of the induced indentation load

dif fereces (∆ L i and ∆ L2) when the long diagonal direction

of the asymmetric indenter in the biaxial residual stress

state is perpendicular or parallel to the direction of the

largest residual stress, then to determine the stress

directionality (p) .

The conversion factor ratio may be 0.34.



The stress directionality (p) may be determined by the

formula below with the conversion factor ratio and the

indentation load difference ratio.

α // σ ryes α //

∆ L
2 _ L σ r

x
es _ α ±

L1 σ
I + - I +α , σ. α

The method may further comprise: solving the

simultaneous equations in the formula below which contains

the conversion factor, and the ratio and the sum of the

residual stress, and determining the residual stress of

both of the longer and shorter diagonals.

^'-0.34
res _ L1P σ r
x
es

AL 21- 0 .34
L1

L +AL
res res

(X -KX
//

The method may further comprise: comfirming a

relationship between the geometry of the asymmetric

indenter and the conversion factor ratio through the Finite

Element Analysis.

In other aspect, the present invention provides a

computer-readable medium comprising a program for execution



on a computing device, wherein the program comprising;

steps of the Method for evaluating an asymmetric residual

stress for a material by the indentation test.

In another aspect, the present invention provides an

instrumented indentation apparatus for applying an

instrumented indentation test by executing a computer-

readable medium comprising a program for execution on a

computing device, wherein the program comprising; steps of

the method for evaluating an asymmetric residual stress for

a material by the indentation test.

[Advantageous Effects]

The present invention is advantageous in that non-

equibiaxial residual stress among the mechanical material

properties is non-destructively estimated.

[Description of Drawings]

FIG.l is a perspective view of indenter applied to

one embodiment of the present invention.

FIGs 2a, 2b, 3a and 3b show the expression of

equations and the procedure for an instrumented indentation

test using an asymmetric indenter according to one

embodiment of the present invention.



FIG. 6 shows that what the residual stress of each

different axis affects the indentation load can be

expressed in the form of the summation.

FIG. 7 shows experimentally that the sum of the

indentation load from the uniaxially applied residual

stresses is substantially equal to the indentation load

difference from the biaxially applied residual stresses

inside 5% range except for the initial indenting range.

FIG. 8 shows that the indentation hardness was

inclined to be either the smallest or the largest when the

direction of the residual stress, and the long diagonal

direction of the Knoop indenter is either parallel or

perpendicular to each other.

FIG. 9 shows that the stress-induced pile-up shift

ratio on or near the biaxially measured impression of

indentation is proportional to the residual stress ratio.

FIG. 10 shows the procedures to solve the equations

for the instrumented indentation test according to one

embodiment of the present invention.

FIGs 11 and 12 show the new jig apparatus which is

invented for applying the asymmetric biaxial surfacial

residual stress (σ x
res

y
res 0 , σ z

res=0) to a cruciform

specimen, or a beam or rectangular specimen.

FIG. 13 shows the previous asymmetric Knoop indenter

with 7.11:1.



FIG 14 is the photograph of the Knoop indenter.

FIG 15 shows the measured values of the Knoop

indenter of FIG. 14.

FIG. 16 is the photograph of the instrumented

indentation equipment applied to one embodiment of the

present invention.

FIG. 17 shows that when the spherical indenter indents

an API X-65 material at the maximum 150/ n , and the average

size of grains is 10pm, there are about tens thousand

grains within plastic zone and millions grains within

elastic zone.

FIG. 18 shows that the grind condition of the surface

is determined and the indentation speed is determined

0 .Imm/min .

FIG. 19 is a mimetic diagram of the applied

experiment for determining the conversion factor.

FIGs 20 to 22 show the results when they are

overlapped with the curve in stress-free state.

FIG. 23 includes the graphs to linearly connect the

load differences with the starting point of coordinate when

the uniaxial residual stresses of 208, 389 MPa are applied.

FIG. 24 draws the conversion factors α , α //

according to the indentation depth.

FIGs 25 and 26 show the conversion factor ratios for

API X-65. FIGs 27 and 28 show the conversion factor ratios



for ASTM A35.

FIGs 29 and 30 show the conversion factor ratios for

JIS S45C respectively.

FIG 31 comparatively show the conversion factor

ratios for the above three steels at each depth at the same

time .

FIG 32 shows that it is found that the indentation

load difference is generated relative to the amount of the

residual stress regardless of the material.

FIG. 33 shows that the indentation load difference

from the instrumented indentation test for API X-65 is

compared with the actual residual stress ratio p when

various kinds of residual stresses are applied.

FIG. 34 shows the ratio of the indentation load

difference from the instrumented indentation test to the

actual residual stress after the residual stress with the

biaxial tension is applied to the three kinds of steels in

this specification.

FIG. 35 is the graph to show the sum of the conversion

factors, α ± , α // according to indentation depth.

FIG. 36 shows the result of the Knoop indentation

test for the API X-65 cruciform specimen to which the

residual stress with uni-axial tension of 208MPa is applied.

FIG. 37 shows the calculated residual stresses from

the above procedure when the simultaneous equations in



equation 14 and 15 are solved.

FIG. 38 shows that as the asymmetry is larger, so it

may be reflected of its effect on a large scale.

FIG. 39 shows that the experimental result when the

Knoop indenter is indented on API X-65 of stress-free

state is compared with that obtained by using the FEA.

FIG. 40 show the result from the computer mimitation

after the biaxial residual stress equal to the actual

experimental value is applied.

FIG. 41 shows the result from FEA in residual stress

states with various biaxial tensions (p=0, 0.25, 0.5, 1 )

when the ratios of long and short diagonal lengths in the

asymmetric indenter are a 3.5:1 and 14.1.

[Mode for Invention]

Hereinafter, an exemplary embodiment of the present

invention will be described with reference to the

accompanying drawings.

1 . Introduction

Residual stress is defined as stress that remains

inside the materials after external forces, heat gradient

or constraint conditions has been removed. That occurs on

heat treatment, welding, casting, cutting, drawing, rolling,



extruding, shot peening, coating and the like during all

kinds of manufacture or processing. In case of welding,

there exists residual stress substantially equal to yield

strength. In case of complex materials or thin film, there

is accumulated residual stress because of mutual restraint

on an interface.

Residual stress affects the intensity and mechanical

property of materials. Residual stress affects progress or

deterioration of a fatigue, destruction, corrosion and the

like. Therefore, it is very important to perform the

accurate analysis for residual stress from structures or

facilities to ultrastructures such as electronic products.

Conventional methods for measuring residual stress

are mainly classified into destructive and non-destructive

types dependent on the destruction of estimated materials,

as described above. It is impossible for conventional

methods to be applied to materials under the construction

because of destructing materials or the restraint of

samples and the like. The instrumented indentation method,

which is easy to perform on the construction and can

characterize materials on local scale, has recently

attracted significant research interest because it is non

destructive and easy to prepare the sample.

It is possible for the instrumented indentation

method to be applied to all areas from nano to macro scales.



The mechanical properties such as residual stress, hardness

and modulus of elasticity can determined by continuously

measuring load and depth values and analyzing the

indentation load-depth curves.

There are numerous methods to evaluate residual

stress. Among these, the instrumented indentation method

can evaluate residual stress by analyzing both the

indentation load difference between stress-free state

without residual stress and stress state with residual

stress and the difference of contact areas thereon.

However, this method using a symmetric indenter is

limited to an equibiaxial residual stress state because of

measuring only the average residual stress. It has been

known that the actual residual stresses on most of the

existed materials except for the thin film are the non-

equibiaxial residual stresses.

This inventor has determined the directionality of

residual stress using an asymmetric or non-equi indenter

such as Knoop indenter. Generally, Knoop indentation

method has been applied to an asymmetry or asymmetry

research on materials. The Knoop indenter is asymmetric

indenter with elongated four-sided pyramidal geometry of

which has a 7.11:1 for long and short diagonal lengths,

referring to FIG.l. It is proved mathematically and found

experimentally that the change on the load-depth curve is



dependent on the penetration direction of the Knoop long

diagonal by using the Knoop indenter. Only the Knoop

indenter is used to determine residual stress for each axis.

The previous study, Y . H . Lee and D . Kwon(Y. H . Lee

and D . Kwon: Acta Mater., Vol. 52 (2004) p . 1555) found

that the slope of indentation load-depth curve is changed

dependent on the existence of residual stress when indented

by an equi-indenter . When indented to keep the maximum

indentation depth constant, tensile residual stress leads

to the decrease of contact area because of sink-in.

Otherwise, compressive residual stress leads to the

increase of contact area and indentation load because of

pile-up. It is found that the load differences are

proportional to the increase of residual stress. As

described above, using a symmetric equi-indenter is limited

to measuring only the average residual stress without

determining asymmetry coefficient of residual stress.

Therefore, the specification develops a model to

determine asymmetry coefficient of residual stress by using

Knoop indenter in FIG.l as non-equi indenter. The Knoop

indenter is introduced from F . Knoop, C G et al .(F. Knoop,

CG. Peters and W .B . Emerson: J . Nat. Bur. Stand., Vol. 23

(1939) p . 39) .

Vickers indenter as an equi indenter is limited to

measuring only the average residual stress because of



symmetrical geometry of Vickers indenter. It is difficult

to perform quantitative analysis of the residual stress

without knowing the asymmetry coefficient p of residual

stress, as expressed in equation 1 . However, it is

possible to measure only the average residual stress. The

relationship between the indenation load differences and

the average residual stress is expressed in equation 2 .

[Math Figure l]

[Math Figure 2]

Wherein σ res is the penetration direction of the Knoop

long diagonal, p is the asymmetry coefficient, and L0-

L3 is the load difference. A is calculated by the Oliver

Pharr method.

It is difficult to predict or measure the contact

area when the residual stress is applied because of the

transformation of complicated indentation morphology. It

is possible to determine the contact area from AOLS/LO based

on the previous study(T.Y. Tsui, W .C . Oliver and G .M .

Pharr: J . Mater. Res., Vol. 11 (1996) p . 752) that the



indentation hardness is constant. Wherein A o and L0 are

the contact area and the indentation load in stress-free

state, respectively.

It is possible to easily calculate the contact area

in stress-free state by Oliver-Pharr method(W.C. Oliver and

G.M. Pharr: J . Mater. Res., Vol. 7 (1992) p . 1564). The

indentation load difference L0-Ls can be derived as the

difference of loads in stress-free state and stressed state

at the same indentation depth. If there is newly

introduced the conversion factor α which changes the

indentation load into the residual stress, The equation 2

is expressed as equation 3 .

[Math Figure 3 ]

The equation 3 can be expressed as equation 4 .

[Math Figure 4 ]

When L3 in equation 4 is added to that in equation 3 ,

the relationship between the indentation load difference

∆ L and the sum of residual stress is obtained.

[Math Figure 5 ]



Because α σ res /Lo is relatively less than 1 , there

can be expressed as equation 5 . The specification proves

theoretically that the residual stress experimentally

obtained from the previous study is propositional to the

load difference induced from the residual stress.

2 . Modeling

2.1. Determination of directionality of residual

stress

The Knoop indenter is the asymmetric indenter with

elongated four-sided pyramidal geometry of which has a

7.11:1 for long and short diagonal lengths, as shown in

FIG.l. The Knoop indenter yields a indentation load-depth

curve changed according to the indenting direction because

the asymmetric residual stress functions biaxially, as

shown in FIG. 2 . Because the tensile residual stress is

applied biaxially, the slope of the indentation load-depth

curve is lower than that in stress-free state regardless of

the indenting direction. When there is applied the tensile

residual stress having the longer x-axis diagonal length

than y-axis diagonal length, the slope of that where the

long diagonal of Knoop indenter is perpendicular to the x-



axis is relatively the lowest value, while the slope of

that where the long diagonal of Knoop indenter is parallel

to the x-axis is relatively the highest value.

It is confirmed through this experiment that the load

difference ratio can be expressed as a function of residual

stress ratio p . ∆ L i can be defined as the difference of

loads between the intended state where the long diagonal of

Knoop indenter is perpendicular to the x-axis and stress-

free state at the same indentation depth. ∆ L 2 can be

defined as the difference of loads between the intended

state where the long diagonal of Knoop indenter is parallel

to the x-axis and stress-free state at the same indentation

depth .

As to the above equation, the indentation load

difference induced from the residual stress at Vickers

indentation is proportional to the residual stress of each

axis. There is obtained the indentation load-depth curve in

the form of the summation, as shown in FIG. 3 .

It can be proposed that the applied residual stress

is proportional to the indentation load difference for the

Knoop indenter with elongated four-sided pyramidal geometry,

similar to the Vickers indenter. However, It can be

proposed that the relationships between the residual

stresses of the long diagonal and the short diagonal, and

the indentation load for the asymmetric Knoop indenter are



expressed as the equation 6 , to introduce the conversion

factors, α ± and α //, according to the residual stress and

the indenting direction, as shown in FIG. 4 and 5 .



[Math Figure 6]

The experiment shown in FIG. 6 is performed to prove

the assumption that the effect of the residual stress of

each different on the indentation load can be expressed in

the form of the summation. The sum of the indentaion load

difference in that the long diagonal of the indenter is

perpendicular and parallel to the direction of the

uniaxially applied residual stress of 200MPa is compared

with the load difference of the biaxially applied residual

stress of 200MPa.

The indentaion load-depth curve when the long

diagonal of the indenter is perpendicular to the direction

of the indented residual stress, can be defined as Li,

while the indentaion load-depth curve when the long

diagonal of the indenter is parallel to the direction of

the indented residual stress, can be defined as L .

If the sum of the indentation load from the

uniaxially applied residual stresses is substantially equal

to the indentation load difference from the biaxially

applied residual stresses, it may be confirmed that the

relationship between the indentation load difference and

the residual stress from equation 6 is valid or well-



directed. FIG. 7 shows experimentally that the sum of the

indentation load from the uniaxially applied residual

stresses is substantially equal to the indentation load

difference from the biaxially applied residual stresses

inside 5% range except for the initial indenting range.

The assumption is proved through this experiment that the

effect of the residual stress of each different on the

indentation load can be expressed in the form of the

summation .

The previous study to relate the Knoop indenter to

the residual stress by Oppel(G.U. Oppel: Experimental Mech.,

Vol. 4 (1964) p .135) found that the indentation hardness

was inclined to be either the smallest or the largest when

the direction of the residual stress is either parallel or

perpendicular to the long diagonal direction of the Knoop

indenter, as shown in FIG. 8 . The indentation hardnesses

from the 45°, 135°rotations are the values between ∆ H i and

∆ H2, and equal to each other. Because ∆ Hi+∆ H2=∆ H45°+ ∆ H i35 ,

it is found that shear strain doesn't affect the

indentation hardness change while normal strain affects

that.

It is found that the perpendicularly applied residual

stress affects the indentation hardness change. As

described in the previous study, ∆ L and ∆ L2 can be

derived as the sum of the indentation load differences from



the residual stress by each axis.

The ratio of ∆ L i and ∆ L2 can be expressed as the

residual stress ratio p which defines the directionality

of the residual stress.

[Math Figure 7 ]

∆L2 _ α
//σ r

x
es
+αxσ

es

If the denominator and the numerator of the equation

7 are divided by tes at the same time, the equation 7 can

be expressed as equation

[Math Figure 8 ]
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x
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a ±

α χ/α // is referred as the conversion factor ratio.

After the determination of the conversion factor ratio, the

directionality of the residual stress can be determined by

the indentation load difference from two indentations.

It is determined experimentally that the conversion

factor ratio is constant, regardless of the types of

materials or the indentation depth. Generally, the

conversion factor is a variable affected by the indentation



depth. However, it is determined experimentally that the

ratio of α and α // from the direction of the indentation

with the Knoop indenter is constant.

2.2. Evaluation of residual stress

It is impossible to determine the residual stress of

each axis through only the instrumented indentation test

with the symmetric indenter, when the asymmetric biaxial

residual stress exists. While the asymmetric biaxial

residual stress operates on the surface deformation, the

load change from the residual stress is transmitted to only

one of the indented axes due to the symmetry of the

indenter, regardless of the indenting direction.

If stress directionality or stress ratio p is

determined, it's possible to evaluate the residual stress

of each axis by equation 1 . When equibiaxial (p=l) or

uniaxial (p=0) residual stress states exist, it's

possible to evaluate the residual stress by equation 1 .

However, because various subjects such as weldments,

mechanical processing part or structural facility and so on

except for the special case such as thin film includes the

asymmetric biaxial residual stress, there has greatly high

request to determine the stress directionality. Y .H . Lee

et al .(Y. H . Lee, K . Takashima and D . Kwon: Scripta Mater.,

Vol. 50 (2004) p . 1193) performed the Rockwell indentation



test and measured an impression shape of indentation by

adopting a surface roughness tester, in order to confirm

the pseduo-residual stress ratio. In this study, it is

found that the stress-induced pile-up shift ratio on or

near the biaxially measured impression of indentation is

proportional to the residual stress ratio, as shown in

FIG. 9 .

There was the study to analyze an impression shape of

indentation through an atomic force microscope in three

dimensions and then predict the new stress factor and the

stress directionality. However, in this study, it is

possible to determine the stress directionality or stress

ratio p by adopting the Knoop indentation test only two

times. This method has a problem to perform the additional

Knoop indentation test as well as the Vichers indentation

test with the symmetric indenter.

The determination of the residual stress by adopting

only the Knoop indentation test has been studied.

The summation of the load differences in equation 6

can be expressed as equation 9 .

[Math Figure 9]

AL1+AL2 = ( X +a
//
)(σr

x
es

+σr
y
es

)

Here, a ± , a // in equation β are conversion factors

dependent on depth variables relating the residual stress



to the indentation load difference, and α x , α // are

determined by the long diagonal direction of the Knoop

indenter perpendicular and palellel to the direction of the

indented residual stress. Therefore, x , a
//

at the

given depth can be determined by the changing the amount of

the residual stress. If the experimentally obtained

conversion factors are added to equation 9 , the sum of the

residual stresses is obtained from the indentation load

difference .

The equations 8 and 9 are expressed as the sum and

the ratio of the residual stresses to get the equation 10.

[Math Figure 10]

x v ∆L ,+ ∆Lσ
res
+ σ
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es
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α , α // are the experimentally determined values,

while ∆ L i and ∆ L2 are determined from the indentation

load-depth curve. If the simultaneous equations in

equation 10 are solved, the residual stress of each axis

can be determined by only the Knoop indentation test.

FIG. 10 shows the procedures to solve the equations

for the instrumented indentation test according to one



embodiment of the present invention.

3 . Experimental procedures

The experiment is performed for evaluating the stress

directionality p and the residual stress through the Knoop

indentation test described in this specification.

The residual stress generator generates the biaxially

applied residual stress to makes the symmetric/asymmetric

stress states at first. And then the instrumented

indentation test is performed to obtain the indentation

load-depth curve according to the applied stress and the

indenting direction. Finally, it is compared with the

indentation load-depth curve in stress-free state.

The actual residue stress ratio and the residual

stress of each axis are determined from the indentation

load-depth curve change by adopting the above Knoop model.

The conversion factor ratio is analyzed through the Finite

Element Analysis. The introduction to the residual stress

generator, the preparation of the specimen, the Knoop

indenter, the applied instrumented indentation tester, the

experimental procedures and the Finite Element Analysis are

described as follows.

3.1. Residual stress generator

The new jig apparatus is invented for applying the



asymmetric biaxial surfacial residual stress (σ x
res σ y

res 0 ,

o to a cruciform specimen, or a beam or rectangular

specimen, as shown in FIG 11 and 12.

The newly invented jig apparatus includes the upper

and the lower jigs on which grooves is formed respectively

to support the cruciform specimen with 40X15X185mm. The

specimen is loaded inside grooves between the upper and the

lower jigs and is fixed by a jig joining screw. The bending

stress is induced by inserting a specimen bending screw

into the screw hole of the upper and the lower jigs. Each

of tensilely and compressively residual stress is applied

to the center area of specimen by inserting a specimen

bending screw into the indenting hole of the upper and the

lower jigs. It is possible to control the amount of the

applied stress by changing the inserting depth of the screw

through the strain gauge located at the center area of the

specimen. A curved supporting part is invented for

strongly restricting the center area of the specimen so as

to minimize out of plane deformation and at the same time

smoothly transmitting the bending stress. Also, when the

indentation load is applied to the center area of the

bending deformed specimen, the jig joining screws are

arranged by four and four on the inner and the outer sides

of the upper and the lower jigs, and a rear specimen with

15mm thick for minimizing the reduction of the generated



residual stress.

3.2 Preparation of specimen, Knoop indenter and

instrumented indentaion tester

3.2.1. Applied specimen and preparation of specimen

The specimen in this study is API X65 steel and JIS

S45C steel with a chemical components and mechanical

properties in table 1 . Because the latter steel has a good

mechanical property, it is usually used for structural

faculty and welding material. The above-described

rectangular and cruciform specimens are machined and heat-

treated in order to remove internal stress.

[Table l ]

Heat-treatment at an appropriate temperature below A i

for removing the residual stress generated from forge,

casting, machining and welding, is regarded as a stress



relief annealing. If the steer part with the residuary

residual stress is used as it is, the time elapse may

reduce the stress so as to let its size and shape change.

If a piece of that is cut by machining, the internal stress

of the material can't keep its equilibrium, so that it is

changed into its new equilibrium to become deformed. For

preventing this deformation, it needs to sufficiently

remove the residual stress by heating material at an

appropriate temperature. Usually it is performed above

recrystallization temperature (450 °C ) below deformation

point Ai. This temperature is maintained for one hour per

25mm thick and then a slowly cooling is performed at

200 °C/h.

Generally speaking, as the heating temperature is

higher, so the material is softerexperimentplastic

deformation by the residual stress happens and the stress

is reduced gradually and then removed completely. As

carbon content of carbon steel is more, so the residual

stress is more and it's hard to remove it. Full annealing

or normalizing is performed for refine of crystallization

grain and the control of structure together with the

residual stress relief.

In this experiment, API X-65 keeps 600 °C during about

two hours and another material does during about one hour,

and then slowly cooling is performed. After the residual



stress relief by heat treatment, the yield strength, the

modulus of elasticity and the poisson ratio is obtained

from the indentation test and the ultrasonic wave speed

analysis. The surface is grinded with a sandpaper 100, 200,

400, 600, 800, 1000 or 1500 times for the instrumented

indentation test and the attachment of a strain gauge.

3.2.2 Knoop indenter and instrument indentation

tester

The previous asymmetric Knoop indenter with 7.11:1 as

shown in FIG. 13 is used for evaluating the asymmetry of the

material, which comes from a phenomenon where the length of

the long diagonal is changed according to the crystal

direction of the material. Evaluating the asymmetry of the

material is converted into the hardness so as to obtain the

relationship with the crystal direction of the material.

There is the previous study to suggest the relationship

with the residual stress through the Knoop indenter

hardness as shown in FIG 8 .

The optical observation of the impression shape has a

lot of errors and obtains the residual stress through the

hardness by only the plasticity so that it is hard to

directly apply to the evaluation of the residual stress.

Because the previous Knoop indenter has been applied to the

small-scaled areas, the indentation load below 6kgf does



not distort the impression shape and a resolution of a

load cell causes the incorrect experimental value.

In this specification, the Knoop indenter is

manufactured with the geographically identical Knoop

indenter shape and consists of diamond, which can apply to

the indentation load to the macro scales arrange of above

lOOkgf. The applied instrumented indentation equipment is

Frontics Inc.'s AIS3000 (maximum load: 300kgf, load

resolution: 5.6gf, variable resolution: O.l m). This

equipment synchronizes the load measured by the load cell

with the variable signal measured by the variable sensor so

as to generate the indentation load-depth curve. The

indenter holder and the instrumented indentation equipment

are manufactured as one body in order to minimize the

compliance effect for an equipment, as shown in FIG. 14.

FIG 15 shows the measured values of the Knoop indenter of

FIG. 14. FIG 16 is the photograph of the instrumented

indentation equipment applied to one embodiment of the

present invention.

3.3 Experimental procedure

3.3.1. Determination of optimized experimental

conditions

There needs to determine various experimental

conditions before the instrumented indentation equipment is



applied. The important factors to the experimental value

are divided into two parts.

The first is the experimental variable to affect the

revival of the indentation load-depth curve as the basic

data of the instrumented indentation test. This factor may

be one or more of the indentation speed, the surface

roughness and the indentation depth and so on. When there

are less than 10 of crystal grains inside the indented

surface, not the average deformation properties of the

material but the individual properties of crystal grains

inducing the deformation are obtained from the test. As

shown in FIG. 17, when the spherical indenter indents an API

X-65 material at the maximum 150/im, and the average size of

grains is lO m , there are about tens thousand grains within

plastic zone and millions grains within elastic zone. This

specification determined that the optimized indentation

depth is lOO m because of the better revival from the

repeated experiment at various depth. For knowing the

relationship between the surface roughness and the

indentation speed, the standard deviations at indentation

depth of 20, 40, 60, 80, lOO m are compared with each other

when the indentation speeds are changed at various

roughness. The grind condition of the surface and the

indentation speed of 0 .lmm/min is based on the result of

FIG. 18.



The second is the analysis method as the most

important factor. In this specification, the difference

between load at stress-free state and load where the

residual stress is applied is analyzed per each depth of

lO m from 20/ Π to lOO m except for the initial depth.

3.3.2. Experimental procedure

The experimental procedure to obtain the indentation

load-depth curve at stress-free state for each specimen

before the residual stress is applied is as follows. A

cruciform specimen or a rectangular specimen is equipped

with the residual stress generator in FIG 11 and then the

instrumented indentation test is applied with the indenting

hole located at the center of the upper jig. There is

indented to the indentation depth of lOO m by O.lmm/min,

And then the load is removed to 70% of load relief rate.

Zero index is setup as lkg. When zero index for the

indenter with elongated four-sided pyramidal geometry is

setup as 0.06kg, nonlinear range may occur. Therefore, the

initial contact load is determined as lkgf. The experiment

is repeated three times according to each axis of the

indenting directions. There is indented with a distance

interval of 3mm between the impression shapes in order to

prevent overlapping the plastic zone of each other.

After the indentation load-depth curve is obtain at



stress-free state, the biaxial strain gauge is attached on

the surface of specimen and the elastic deformation ratio

is obtained from the strain gauge by rotating the specimen

bending screw. The elastic deformation ratio is exchanged

with the residual stress of each axis through equation 11.

[Math Figure ll]

The residual stress is applied within the elastic

limit by using Tresca yield condition.

There gradually increases a bend strain by about

5Ou ε on both sides of the specimen in order to prevent

the distortion of the asymmetric specimen until the strain

is attained to the destinated values. The instrumented

indentation test is applied at the same condition as the

indentation test of stress-free state.

When the indentation curves from the instrumented

indentation test are overlapped with each other, the curve

at the center area is selected as the curve representing

each stress state and then analyzed. When the axis to

which the stress-free state and the largest residual stress

is added is regarded as the x axis, the long diagonal of

Knoop indenter is perpendicular to the x-axis and the y-

axis to obtain the indentation load-depth curve and then



∆ L1 and ∆ L2 are determined as the load differences

obtained from each of depths through that.

3.3.3 Proof for direct summation

As described in 2.1 section, the experiment shown in

FIG. 6 is performed to prove the assumption that the effect

of the residual stress of each different on the indentation

load can be expressed in the form of the summation. The

sum of the indentaion load difference in that the long

diagonal of the indenter is perpendicular and parallel to

the direction of the uniaxially applied residual stress of

200MPa is compared with the load difference of the

biaxially applied residual stress of 200MPa.

3.3.4 Determination of conversion factor ratio

First of all, the conversion factor should be

determined for geting the conversion factor ratio. The

conversion factor α , α // in equation 6 are the constant

determined by the indentation depth and associated between

the residual stress and the induced load from the residual

stress when the residual stress is uniaxially applied and

the direction of the residual stress is perpendicular or

parallel to the direction of the indentation with the Knoop

indenter. There can determine α or α // at each depth

along with changing the amount of the residual stress.



FIG. 19 is a mimetic diagram of the applied

experiment for determining the conversion factor. There

can determine the residual stress and the anisotropic

factor of that from the ratio and the sum of conversion

factors at each depth.

3.3.5. Proof for Modeling

After the residual stress with a biaxial tension

including a uniaxial that is applied and the Knoop indenter

is indented to the direction parallel to each axis, the

anisotropic factor of the residual stress is determined by

using the load difference and the load ratio. The result

is compared with the actual residual stress ratio. The sum

of the residual stress is determined from the sum of the

load difference and gives the residual stress of each axis

from solving simultaneous equations with the residual

stress ratio. The residual stress is compared with the

actual residual stress applied at each axis.

4 . Finite element analysis

The input file is generated by MSC. Patran in order

to perform the computer mimitation of the Knoop indentation

test and the finite element analysis is performed by ABAQUS

finite element code. The geographic shape of the Knoop

indenter has 2-fold symmetry to perform the modeling by 1/4



of all specimens. The 3-D specimen is constructed by

32,160 of 8-node brick element. The reduced integration is

introduced in order to reduce the computing time. The von

Mises yield condition is applied for the finite element

analysis.

The bottom surface of the specimen is fixed to the

axial direction and the symmetry boundary condition is

applied across the centric surface. It is supposed that

the indenter has a rigid body and the specimen may be

plastic. The API X-65 is applied to the finite element

analysis of the instrumented indentation test. The plastic

movement uses the measured modulus of elasticity in 3.2.1

section, the yield strength and the poisson ratio, while

the plastic movement is modeled by using the tension curve

of the material which is obtained from the uniaxial tension

test.

Various kinds of the residual stresses are applied by

making a homogeneous stress field at both sides of the

specimen. The maximum indentation depth is 120/im and the

computer mimitation of the Knoop indentation test is

performed by controlling the indentation depth.

5 . Result and discussion

After the residual stress with equi and non-equi

biaxial tensions including an uniaxial is applied, the



indentation load-depth curves when the long diagonal of the

Knoop indenter is perpendicular to either x or y axes are

referred as L i and L2, respectively.

FIGs 20 to 22 show the results when they are

overlapped with the curve in stress-free state. These

results also show that all indentation loads of the applied

specimen in this specification are lOOkgf when the indented

depth is lOO m . These results show that when the

residual stresses of stress-free and equi-biaxial states

are applied, the indentation load-depth curves are constant

without the indenting direction. It may be known that what

the change of hardness happens according to the indenting

direction of the Knoop indenter in either the micro-

hardness test or the nano-indentation test means that the

effect on the crystallized direction of the material is

great .

In this specification, because of the relatively deep

indentation, a lot of the crystallization grains are

contained beneath the indenter, which causes the same

effect as the indentation of the isotropic material. It is

possible to consider the asymmetry of the material except

for the effect of the crystallized direction of the

material. It is confirmed that there is no problem for

performing the modeling in this specification to the macro

scale. However, the crystallized direction of the material



to the nano or micro scale should be considered. Because

the biaxial residual stress is considered in this

specification, the effect of the indenting direction on

"out of plane residual stress" does not appear. Therefore,

there needs the study including the effect of the indenting

direction on "out of plane residual stress" and the

modeling including the effect of the crystallized asymmetry

to apply to the thin film and the micro-scaled material.

This section describes the determination of the

conversion factor and the proof for the Knoop modeling. It

is shown that the conversion factor ratio is related to the

asymetry of the indenter through the finite element

analysis .

5.1. Determination of conversion factor ratio

First of all, the conversion factor should be

determined for geting the conversion factor ratio. The

conversion factor α and α // in equation 6 are the

constant determined by the indentation depth and associated

between the residual stress and the induced load induced

from the residual stress when the residual stress is

uniaxially applied and the direction of the residual stress

is perpendicular or parallel to the direction of the

indentation with the Knoop indenter. There can determine

α i or α // at each depth along with changing the amount



of the residual stress.

FIG. 23 includes the graphs to linearly connect the

load differences with the starting point of coordinate when

the uniaxial residual stresses of 208, 389 MPa are applied.

Only one line with the above three points is determined.

What this fitted line is similar to the straight line is

the same as the previous study by Vicker indenter, which

means that the load difference is generated relative to the

residual stress.

FIG. 24 draws the conversion factors α x , α //

according to the indentation depth. As shown in FIG. 24,

the conversion factors α ± r α // tend to be increased as the

indentation depth become larger. What the conversion

factors at each depth are directly determined and then the

conversion factor ratio is determined as their ratio, is

referred as a forward method.

The conversion factor ratio can be determined from

the indentation load difference ratio. As p=0 for the

uniaxial state, equation 8 may be expressed as equation 12.

[Math Figure 12]
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This method is referred as a reverse method. As both



values from forward and reverse methods are compared with

each other, so the proposed direct summation is confirmed

and the validity of this modeling is proved. If the

conversion factors are determined regarding the indenting

direction and their ratio is equal to the value from

equation 12 by modeling, the direct summation must be

proved.

FIGs. 25 and 26 show the conversion factor ratios for

API X-65. FIGs 27 and 28 show the conversion factor ratios

for ASTM A35. FIGs. 29 and 30 show the conversion factor

ratios for JIS S45C. FIG 31 comparatively show the

conversion factor ratios for the above three steels at each

depth at the same time. It is found in FIG. 32 that the

conversion factor ratios tend to be about 0.34 regardless

of the indentation depth.

However, the conversion factor ratios by the forward

method of API X-65 and ASTM A36 are about 0.35 and 0.31,

respectively. As they are regarded as an experimental

error, the relationship between the amount of the residual

stress and the load difference is analyzed by the data from

each material.

As shown in FIG 32, it is found that the indentation

load difference is generated relative to the amount of the

residual stress regardless of the material. It is

determined from this result that the conversion factor



ratio is 0.34. Although only three kinds of steels are

related with the above result, six kinds of the residual

stresses are applied and it is found that this result is

proportional to the amount of them. As their ratio is

constant regardless of indentation depth, it is determined

that the conversion factor ratio is a variable to relate

the Knoop indenter to the biaxial residual stress.

As described in 5.3 section, it is proved through the

finite element analysis that the conversion factor ratio is

a function of the asymmetry of the indenter. It is

confirmed in this specification that the indentation load

difference is generated relative to the residual stress of

each axis and the indentation load difference of each axis

in the biaxial state can be expressed in the form of the

summation.

5.2 Proof for the Knoop modeling

To prove the above described Knoop modeling, after

the residual stress with the uniaxial tension is applied by

the residual stress generator, the instrumented indentation

test is applied to each axis with the applied residual

stress, parallel to the long diagonal direction of the

Knoop indenter. As ∆ L i and ∆ L2 from the instrumented

indentation test is substituted for equation 13, the

asymmetry coefficient of the residual stress and the



residual stress of each axis may be calculated

[Math Figure 13]

∆L, + ∆Lσres + σres =
α , + a .

-0.34
res AL1P= ∆Ls 1- 0.34 2

L1

If the asymmetry coefficient of the residual stress

is compared with the actual residual stress, the residual

stress of each axis is compared with the actual residual

stress .

5.2.1. Determination of asymmetry coefficient of

residual stress

It is confirmed that the result of the actual

modeling through the conversion factor ratio (p=0 .34 ) is

substantially equal to the experimental result. FIG. 33 show

that the indentation load difference from the instrumented

indentation test for API X-65 is compared with the actual

residual stress p when variou kinds of residual stresses

are applied. The function fitted by equation 14 is equal

to this indentation result, which means that the Knoop

modeling is valid.

[Math Figure 14]



FIG. 34 shows the ratio of the indentation load

difference from the instrumented indentation test to the

actual residual stress after the residual stress with the

biaxial tension is applied to the three kinds of steels in

this specification. It is found that the asymmetry

coefficient p of the residual stress is determined from the

indentation load difference.

5.2.2. Determination of residual stress

FIG. 35 is the graph to show the sum of the conversion

factors, α , α // according to indentation depth. The sum

of the conversion factor per each depth can be calculated

to the sum of the residual stresses through equation 15.

[Math Figure 15]

x v ∆L +∆L
res res

(X1 + a
/

If the simultaneous equations in equation 14 and 15

are solved, the ratio and the sum of the residual stresses

may be changed into the residual stress of each axis. As



an example, it shows the result of the residual stress when

the residual stress with uni-axial tension of 208MPa is

applied. FIG. 36 shows the result of the Knoop indentation

test for the API X-65 cruciform specimen to which the

residual stress with uni-axial tension of 208MPa is applied.

The sum of the indentation load differences is induced from

the indentation load differences ∆ L i and ∆ L2. If the

simultaneous equations in equation 14 and 15 are solved,

the ratio and the sum of the residual stresses may be

changed into the residual stress of each axis, which is

shown in the table 2 . FIG 37 shows the calculated residual

stresses from the above procedure.

lTable 2 ]



However, as the sum of the residual stresses is

induced from the sum of the conversion factors according to

the indentation depth, the change of the indentation depth

may affect the amount of the finally decided residual

stress. As the ratio of the residual stresses is

determined from the conversion factor ratio which is

constant regardless of the indentation depth, it has

constant value regardless of the indentation depth.

Consequently, the determination of the residual stress

leads to the research against the physical meaning of

following conversion factor.

5.3. Research against the physical meaning of

following conversion factor

Suppose that the previous calculated conversion

factor ratio is the function of the asymmetry for the knoop

indenter. The symmetric indenter such as the vickers

indenter produces only one indentation load-depth curve in

various residual stresses regardless of the indenting

direction and the indentation load difference is

proportional to the average amount of residual stress.

However, The asymmetric Knoop indenter with asymmetry axis

length ratio of 7.11:1 produces the different indentation

load-depth curve in various residual stresses regarding

the indenting direction. In special, when the longer



diagonal of the knoop indenter is perpendicular or parallel

to the applied direction of the residual stress with the

largest tension, the indentation load tends to be

relatively either the smallest or the largest. As the

asymmetry is larger, so it may be reflected of its effect

on a large scale, as shown in FIG. 38.

The modified Knoop indentation test is applied by the

ABAQUS program. FIG. 39 shows that the experimental result

when the Knoop indenter is indented on API X-65 of stress-

free state is compared with that obtained by using the FEA.

It is proved that the FEA is valid because the experimental

result is equal to that from the FEA. FIG. 40 show the

result from the computer mimitation after the biaxial

residual stress equal to the actual experimental value is

applied. It is shown that the result is matched with the

fitted line with the Knoop modeling in 5.2.1 section.

FIG. 41 shows the result from the FEA in residual

stress states with various biaxial tensions (p=0, 0.25, 0.5,

1 ) when the ratios of long and short diagonal lengths in

the asymmetric indenter are a 3.5:1 and 14.1. When the

ratio of long and short diagonal lengths in the asymmetric

indenter are a 3.5:1, the conversion factor ratio is 0.63

higher than 0.34 in the actual Knoop indenter. In contrast,

when the ratio of long and short diagonal lengths in the

asymmetric indenter is 14.1, the conversion factor ratio is



0.14. As the asymmetry is larger than the Knoop indenter,

so it is found that the conversion factor ratio approaches

with 0 and that the ratio of the indentation load

difference when indented by the indenter with the knife

blade is the same as the ratio of the actual residual

stress .

This result shows that the conversion factor ratio is

the constant which is decided by the asymmetry of the

indener and the higher asymmetry leads to the effect of

only one axis on the residual stress. In contrast, if the

indener reaches the symmetry, so the conversion factor

ratio reaches 1 . Therefore, the conversion factor ratio

may be the function of the asymmetry of the indenter. In

this specification, the FEA is performed with Knoop

indenter with 3.5:1 and 14:1 and only the tendency is

observed. It is expected that the studies about the

geometry of the indenter and the conversion factor ratio

will appear soon.

[industrial Applicability]

6 . Result

The directionality of biaxial residual stress and the

residual stress for each axis were determined by using non-

equi indenter such as the Knoop indenter. The previous

study needed to determine the directionality (p) of residual



stress in order to evaluate the residual stress by using

the symmetric indenter. However it's possible to determine

the directionality of biaxial residual stress and the

residual stress for each axis using the asymmetric indenter

in this specification.

1 . After the residual stress with a biaxial tension

including a uniaxial that is applied, the Knoop indentation

test is made. The slope of indentation load-depth curve

when the long diagonal of Knoop indenter is perpendicular

to the direction to which the largest residual stress is

applied, is the lowest value, compared with that in stress-

free state. Also, the slope of indentation load-depth

curve when the long diagonal of Knoop indenter is parallel

to the direction to which the largest residual stress is

applied, is the highest, compared with that in stress-free

state .

2. Due to the asymmetry of the Knoop indenter with

elongated geometry of which has a 7.11:1 for long and short

diagonal lengths, it is determined experimentally that the

load difference from the residual stress is changed

regarding the indenting direction. The Knoop modeling was

performed by modifying the previous Veckers modeling based

on the above result.

It is proved mathematically and found experimentally

that the indentation load difference in the biaxial



residual stress state is induced from the conversion

factor (a _,_ , α //) which connects the residual stress with

the indentation load difference from the residual stress

regarding the uniaxial residual stress and the long

diagonal direction of the Knoop indenter.

3 . When the Knoop indenter, of which the long

diagonal direction is parallel or perpendicular to the

direction of the largest residual stress, is indented, the

applied load differences (∆ L1, ∆ L2) and their ratio may be

expressed as the function of the conversion factor

ratio (α ± , Q //) and the actual residual stress ratio (p).

As various tensile residual stresses are uniaxially applied

to three kinds of steels and the ratio of the conversion

factor (a ± , Q //) is determined, so the asymmetry of the

residual stress may be determined from the indentation load

difference ratio.

4 . It was experimentally determined that the

conversion factor ratio (α x , α //) is the constant value

0.34 regardless of the kind of the material and the

indenting depth. After the residual stress with various

biaxial tension is applied to the three kinds of steels and

then the Knoop indentation test is performed for them, the

directionality of the residual stress is determined through

the Knoop modeling. Also, it was mathematically found that

the sum of the conversion factor ratio (α ± , a //) is



proportional to the sum of the residual stress and the

residual stress of each axis is determined from the

previously determined residual stress ratio.

5 . It's confirmed that the conversion factor (α ± ,

α //) is the factor related to the geographical shape of the

indenter. As the asymmetry of the indenter is larger, so

it is supposed that the conversion factor ratio reaches

with 0 and that the ratio of the indentation load

difference is the same as the ratio of the actual residual

stress. However, the FEA was performed by using two

modified Knoops ((14 :1 , 3.5:1) and the above assumptions for

the experiment is proved to be valid.

6 . There has the problem to determine the indentation

load-depth curve in stress-free state at the actual

application. Also, other problem is to determine the

direction of the main residual stress. Basically, because

the evaluation of the residual stress from the instrumented

indentation test is that the residual stress is

quantitatively induced through the indentation load

difference from the residual stress at the same depth, with

being overlapped with the indentation load-depth curve in

stress-free state, it is inevitable to determine the

indentation load-depth curve in the stress-free state.

In order to solve this problem, there is the research

in which the indentation load-depth curve in the stress-



free state is also determined through the FEA recently.

Finally, it is very hard to determine the direction of main

residual stress except for the welding part. The direction

of main residual stress for the welding part may be

determined in reference to the welding line. Therefore,

There is the research in which the indentation test is

performed four times with the Knoop indenter rotated by

45 "and then the stresses are obtained from the indentation

load difference, the amount of main stress is determined

from the relation with stresses and the direction of main

stress .

Although embodiments of the present invention have

been described for illustrative purposes, those skilled in

the art will appreciate that various modifications,

additions and substitutions are possible, without departing

from the scope and spirit of the invention as disclosed in

the accompanying claims .



[CLAIMS]

[Claim l ]

Method for evaluating an asymmetric residual stress

for a material by the indentation test comprising:

applying the residual stresses with an uniaxial and

an symmetrical biaxial tensions on the material and then

performing an instrumented indentation test indenting an

asymmetric indenter on the material; and

comparing a slope of indentation load-depth curve

when the long diagonal direction of the asymmetric indenter

is perpendicular to the direction of the largest residual

stress with that in stress-free state, and then a slope of

indentation load-depth curve when the long diagonal

direction of the asymmetric indenter is parallel to the

direction of the largest residual stress with that in

stress-free state, so as to evaluate the asymmetric

residual stress for the material.

[Claim 2 ]

The method in claim 1 , therein the asymmetric

indenter has geometry of 7.11:1 for long and short diagonal

lengths .

[Claim 3 ]

The method in claim 1 , further comprises:

determining the ratio of the conversion factor (α ,

a //) which associates the residual stress with the induced



indentation load difference from the residual stress

according to the uniaxial residual stress and the longer

diagonal direction of the asymmetric indenter; and

using the conversion factor ratio and the ratio of

the induced indentation load differeces (∆ L i and ∆ L2) when

the long diagonal direction of the asymmetric indenter in

the biaxial residual stress state is perpendicular or

parallel to the direction of the largest residual stress,

then to determine the stress directionality (p) .

[Claim 4 ]

The method in claim 3 , wherein the conversion factor

ratio is 0.34.

[Claim 5]

The method in claim 4 , wherein the stress

directionality (p) is determined by the formula below with

the conversion factor ratio and the indentation load

difference ratio.

[Claim 6]

The method in claim 5 , further comprises:

solving the simultaneous equations in the formula

below which contains the conversion factor, and the ratio



and the sum of the residual stress, and determining the

residual stress of both of the longer and shorter diagonals.

- 0.34

1-0.34-^ 2

∆L ,

AL1+ AL2
res res

(X 1 -ha,,

[Claim 7 ]

The method in claim 6 , further comprises:

confirming a relationship between the geometry of the

asymmetric indenter and the conversion factor ratio through

the Finite Element Analysis.

[Claim 8 ]

A computer-readable medium comprising a program for

execution on a computing device, wherein the program

comprising; steps of the Method for evaluating an

asymmetric residual stress- ior a material by the

indentation test in any o/le of claims 1 to 7 .

[Claim 9]

An instrumented indentation apparatus for applying an

instrumented indentation test by executing a computer-

readable medium comprising a program for execution on a

computing device, wherein the program comprising; steps of



the method for evaluating an asymmetric residual stress for

a material by the indentation test in any one of claims 1

to 7 .
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