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This chapter deals with description of the state—of-art methods for residual stress determination. As any stress quantity, residual stress has

multi-component tensor nature. Also, unlike the live stresses, residual stresses cannot be determined by tracking their evolution from an initial

state. Also, residual stresses are scale-dependent and hence if the gauge volume of the measurement is changed, the perceived stress state also

gets changed. In this context, residual stresses are often classified into Type I (Macro-Scale Stress), Type II (Micro-Scale Stress) and Type

III (Nano-scale stress). Various papers based on challenges of measuring residual stresses and measurement techniques were reviewed and

described herewith. Description of various conventional as well as latest techniques for residual stress determination such as those based on (a)

destructive and non-destructive methods and (b) qualitative and quantitative approach. Namely the methods such as X-ray diffraction method,

Hole-drilling method, Neutron diffraction method, photo-stress coating method, curvature method, Magnetic and Eddy current techniques,

and Eigen strain approach are described in the following sections.

Keywords: Curvature Method; Crack Compliance method; Destructive and Non-destructive Techniques; Eddy Current Techniques; Residual
Stress; Hole-Drilling Method; Eigen-strain; Magnetic Method; and XRD technique.

Introduction

Residual stress is defined as the stress that exists in the body of
a member not being subjected to external forces. The residual
stresses develop due to forming and/ or processing operation as
well as by environmental conditions. These stresses can arise
due to (i) mechanical effects; which generate residual stresses
by producing plastic deformation as result of processes during
production or treatment, however, the residual stresses can be
introduced mechanically into a component to develop a par-
ticular stress profile. (ii) thermal effects; in this case residual
stresses can be generated due to heating or cooling processes
which in combination with material limitation develop inter-
nal stresses caused due to severe thermal gradients., and (iii)
chemical effects; in this case, reaction such as precipitation can
generate residual stress in a component due to volume change.
Moreover, the chemical surface treatment, coating and nitriding
can also generate residual stresses.

The residual stresses affects the performance and durabili-
ty of many different natural and engineered systems [1] such
as plants, sea shells, bone and dental tissues, electronic parts
and electro-chemical systems (batteries and fuel cells), and
most-importantly structural components and assemblies which
are used in infrastructure systems, transport sectors, and civil

engineering construction sector. Furthermore, residual stresses
affect the stability, response, and progressive failure character-
istics of structural components during its service conditions.
Thus these residual stresses affect the evolution of systems
from initial intended structural and mechanical state that may
result in loss of bond between parts of the system resulting in
fracture or voiding or excessive deformation or distortion. Cur-
rently, it has become clearer that degradation processes that
limit the lifetime and performance of systems begin at the fin-
est atomic and molecular scales, progress through the nano-and
micro-scale, and finally lead to failure manifesting themselves
at millimeter to meter to kilometer ranges.Resdual stresses can
be categorized in three types as per their extension levels [2-
6], namely (a) Type-I: these stresses vary within the body of
the component over a range much larger than the grain size
and may cover an area of several material’s grains, (b) Type-I1:
these stresses extend over a distance of one grain or a part of it,
and (c) Type —III: these stresses appear in very small portion of
material and vary within several atomic distances in the grain
limits.

Thus measurement of residual stress is important in predicting
service life, analyzing distortions, and determining the cause
of failure. It may be noted that the residual stresses can be de-
sirable or undesirable depending upon its nature, for example,



residual stress in a surface of a component can be either tensile
in nature or compressive in nature. The near surface tensile re-
sidual stresses tend to accelerate initiation and growth phases
of the fatigue process while compressive residual stresses close
to the surface may prolong fatigue life [7]. Mostly, surface ten-
sile residual stresses are undesirable [2]. Welding, machining
and grindings are examples of operations that generate surface
tensile stresses. Tensile residual stresses may increase the rate
of damage by fatigue, creep or environmental degradation and
lead to the capacity reduction caused due to failure by brittle
fracture or by other modes of damage such as shape change
or fine cracks on the surface. It has also been stated by authors
[7-8] that residual stresses can raise or lower the mean stress
experienced over a fatigue cycle. Welding is one of the most
significant cause of the tensile residual stress. The magnitude of
residual tensile stresses developed by welding could be of the
order of material yield strength.

Tensile residual stress in the welded component or elements
can be reduced to the minimum level possible by appropriate
selection of welding process, welding materials, fabrication se-
quence, and structural geometry. In addition, low stress no-dis-
tortion welding techniques can also reduce the tensile residual
stress. In addition to the above, shot peening and low plasticity
burnishing could be also employed to introduce compressive
residual stresses to minimize the undesirable tensile residual
stresses. Thus introducing near surface compressive residual
stresses through plastic deformation and or overloading con-
dition could improve the performance of components such as
increased fatigue life.

In this paper, a state-of-art review of the techniques and/ or
methods or evaluation or measurements of residual stress is
presented for their application and challenges associated with
each technique. A range of techniques is available but each has
a number of disadvantages and it is unlikely that a single tech-
nique will be feasible for variety of situations in practice. Thus
it is essential to provide review of various techniques with their
appropriate application in conjunction with their disadvantages/
limitations and challenges. For easy understanding of the mea-
surement techniques for residual stress, the measurement tech-
niques have been classified into two categories: (1) Destructive
Techniques and (2) Non-destructive techniques. Description of
various destructive and non-destructive techniques is given be-
low in subsequent sections.

Destructive Techniques for Residual Stress Mea-
surement

The destructive techniques of residual stress evaluation are
those that destroy the sample for relief of stresses for example
curvature method, hole drilling method, and compliance meth-
od. Description of each of the destructive techniques are given
below:

Curvature Method

The curvature method is often used to determine the residual
stresses within coatings and layers. The deposition of layers
may cause substrate to curve. The changes in curvature during
deposition can be used to determine the corresponding varia-
tion in the stress as a function of deposit thickness. Curvature
can be measured with the using profilometry or strain gages

based on their direct contact with sample or specimen. While
other methods such as Video, laser scanning grids, double crys-
tal diffraction topology can be used to measure change ins cur-
vature without direct contact. It may be noted that curvature
measurements are usually made on narrow strips having width
to length ratio <0.2 to avoid multi-axial curvature and mechani-
cal stability [2]. As per Stoney [9] formula, the residual stresses
in a coating or thin films can be calculated using Eq. 1.
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Es is the Young’s modulus; v, is the Poisson’s ratio and h_ is the
thickness of the substrate; h, is the thickness of the film; R and
R are the radii of curvature of the substrate after and before
deposition. The Stoney formula as given above is based on the
following hypotheses [9]:

* The thicknesses of the substrate and the coating are smaller
than the lateral dimensions;

» Deformations and rotations are infinitesimal;

* The substrate and the coatings are homogenous, isotropic, and
linear elastic;

* The radius of curvature is equal in all directions (i.e., spherical
deformation);

* The stress and radius of curvature are constant on the whole
surface of the plate.

It may be noted that the Stoney formula is frequently used, even
if the above hypotheses are not completely respected. Also, there
are several methods available in literature for determination of
curvature. For example, Masters and Salamon[10] and Harper
and Whu[11] used punctual curvatures measured in the centre
and at a quarter of sample while Ngo et al. [12] showed that
the film stress depends on the curvature of the entire susbstrate.
The authors [12] extended the Stoney formula for non-uniform
misfit strain distribution. In an another approach, Fillon [13]
monitored the evolution of stress using a multi-beam optical
stress sensor technique. In this method, hypothesis of unifor-
mity of curvature was assumed and substrate curvature was
measured in two orthogonal directions. For each direction, they
took six measurements and the average value was considered.
Ardigo et al. [9] in their study measured Silicon substrate cur-
vature before and after TiN film coating taking into account
the whole surface and determined the residual stress using the
Stoney formula. It is demonstrated that the deformation is in-
fluenced by the shape of the substrate. The authors [9] stated
that the choice of radius (i.e., maximum, minimum or mean
value) is critical for the determination of the stress. It is also put
in evidence that when the shape of sample approaches a strip,
the deformation after coating tends to become more spherical
which is in agreement with data available in literature.

Crack Compliance Methods

The crack compliance method is most suitable for simple ge-
ometry where stresses vary in one direction only. In this meth-
od, a component is instrumented with a number of strain gaug-
es. A slot is then made into the component by some convenient
techniques such as electric-discharge machining. Changes in
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the strain gauge readings are recorded as the slot is extended.
From these readings, it is original residual stress components
along the line of the slot is predicted.

Nowell et al. [14] have described the application of the disloca-
tion density method to the calculation of compliance functions
required for the analysis of experimental data regarding changes
in surface strain as a slot is cut. The kernel functions for speci-
mens of finite thickness such as beam and plates are provided.
It has been demonstrated by means of numerical solution that
the accuracy of results could be improved by the use of multiple
gauge locations. However, the major disadvantages of the crack
compliance method are the possibility of multiple solutions and
the lack of appropriate mathematical framework for the treat-
ment of errors. Some sample results have been presented for the
case of plastically bent beam. It is shown that the method is ca-
pable of accurate predictions of the residual stresses close to the
top surface from which cut is made. However, the predictions
are less satisfactory when the point is away from the surface
of cut. But the quality of results could be improved by using
additional gauges on the bottom face. It has been concluded
that the compliance method is appropriate where the thickness
of slot is negligible compared with its depth. Thus the slot can
be modelled as a crack of zero thickness. The crack solution is
found to be accurate for most practical geometries [15].

The crack compliance technique is destructive , however, it of-
fers the advantages of low cost and potentially good accuracy
for a number of common situations.

Hole Drilling Method

The hole drilling method is mostly used method for residual
stress evaluation. This method measures released strains due to
boring a small hole and the released strain is measured by strain
gauge rosettes glued around the hole in the area of interest where
residual stresses are to be measured. The rosette typically con-
sists of three strain gauges arranged at 0 degrees, 90 degrees,
and 135 degrees around a centre point where hole is drilled.
Figure 1 shows a magnified photograph [16] of hole-drilling
strain gauge. These rosettes are commercially available in sev-
eral sizes and geometries ranging from 1.6 mm to 6.3 mm hole
diameter. In this method, it is assumed that material is isotropic,
linear elastic, and the variations of stress within the boundaries
of the hole are small.

For cracks originating just below the surface down to a depth of
2mm or for distortion issues in thin parts, this method is found

to be most common. Walker [16] in his article has stated tha-
thole-drilling method is accurate and sensitive for measuring
residual stresses from the surface to a depth of about 2 mm or
more. In this method, maximum depth of measurement is lim-
ited by the diameter of the hole drilled by the ultra-high speed
mill. The maximum depth sensitivity of the three strain gages
built into the strain rosette is 0.7 times the diameter of hole [16].

In the above discussion, it has been assumed that the hole is
drilled centrically towards strain gauge rosette. However, the
hole is eccentric to the strain gauge rosette. Svaricek and Vlk
[17] have described the Vangi’s method [18] for residual stress
determination with an eccentric hole. This method has used
correction for elimination of the deviation of strains due to ec-
centricity. But these corrections are valid for a thin plate with
through hole. In the paper [17], necessary calibration coeffi-
cients have been determined and relaxed strains are simulat-
ed for eccentricity 0.2 mm for uniaxial, the equi-biaxial and
the shear state stress and for the strain gauge rosette RY 61
S. The hole drilling process along with the use of calibration
coefficients and data analysis is described in ASTM:E837-95
(Standard Test Method for Determining Residual Stresses by
the Hole-Drilling Strain-Gauge Method).

The advantages of the hole-drilling method is that the meth-
od can be used on large components and in-situ because the
hole-drilling equipment is portable. Also, the actual test is
quick and inexpensive and can be done wide range of materi-
als with curved or flat surfaces [19]. The limitation of the hole
drilling method [2] is that the relieved strain decay rapidly with
depth into the metal so the detection is sensitive to near surface
stresses and is variable with depth. Also, this method is sus-
ceptible to errors due to position of holes, depth (measured and
controlled to 1 micro meter), diameter and concentricity (must
be within +0.025 mm). The drilling process can induce stresses
and to minimize this high speed drilling is used. The process is
destructive and errors are difficult to interpret. Also, the errors
may be introduced by the surface roughness and flatness.

Non-Destructive Methods

The non-destructive techniques of residual stress evaluation are
those that do not destroy the sample for evaluation of residual
stresses, for example Eigenstrain approach, Magnetic method,
Eddy current method, Utrasonic methods, X-Ray Diffraction
Method, and Neutron diffraction method. Description of each
of the destructive techniques are given below:

Figure 1. Photograph of a hole-drilling strain gauge rosette in place after measurement [16].
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Eigenstrain Approach

Recently, the Eigenstrain approach to predict the residual
stresses has got considerable interest. This is due to the fact
that it is possible to reconstruct the residual stress field of a
component starting with a set of residual stress measurements
on a baseline sample with reasonable computational time [20].
The eigenstrain indicates any permanent or non-elastic strain
generated inside a component after a non-elastic process. The
term eigenstrain has also been referred as inelastic strain [21],
inherent strain[22], and equivalent transformation strain [23].
The other strains such as creep strain, phase transformation
strain, thermal strain, etc. can be incorporated into the term ei-
genstrain. As these non-elastic strain componentes cannot be
separated , this property becomes an advantage when eigen-
strain is applied into an Finite element model. This eigenstrain
approach is mathematically found to be complicated and hence
found to be feasible only for simple geometry samples with
limited engineering applications. The results obtained from ap-
plication of eigenstrain prediction have been presented for ap-
plications such as friction stir welding [24], shot peening [25],
and Laser Shock Peening (LSP) [26]. These results are partially
or completely based on the model proposed by Korsunsky. The
model proposed by Korusnky is called Eigenstrain Reconstruc-
tion Method (ERM). Details of this method can be found in
the reference [27]. With Eigenstrain Reconstruction Method,
the whole residual stress field within a body can be determined
with availability of a bunch of measurements. It is divided into
three steps, i.e., the measurement of the residual stress field in
a certain area of the sample; the calculation of the eigenstrain
values, and the application of the eigenstrain values to the same

sample to know its entire residual stress field. It may be noted
that although the method has shown its versatility in different
fields, the calculation of the eigenstrain is strictly dependent
on the researcher’s experience in making the correct choice of
the polynomial fit used to predict the eigenstraindistributioner.
It has also been demonstrated that in spite of indirect deriva-
tion of the eigenstrain from experimental residual stress data,
physically it is more accurate than that extracted from an finite
element model that may not accurately reproduce either the re-
sidual stress or plastic strain field that led to it.

X-ray Diffraction (XRD) Method

In this method of predicting residual stress, the strain in the
crystal lattice is measured and the residual stress is determined
using the elastic constant with assumption of linear elastic dis-
tortion of a crystal lattice plane. In this case, X-rays impinge
over an area of sample wherein many grains and crystals con-
tribute the measurement. The exact number is dependent on
the grain size and geometry of the beam. Although the strain
measurement is considered to be near surface, the x-rays pen-
etrate some distance into the material where penetration depth
depends on the anode, material, and angle of incidence. Thus
the measured strain [28] is essentially the average over a few
microns depth under the surface of the specimen.

The X-ray diffraction method is non-destructive and is appli-
cable to crystalline materials with relatively small or fine grain
size. The material may be metallic or ceramic provided that a
diffraction peak of suitable intensity and free of interference
from neighbouring peaks can be produced. In a National Mea-
surement Good Practice Guide [28], XRD measurement rec-

Figure 2. Coordinate system used for calculating surface strains and stresses [28].

Principal ases of Strain

Principal Stresses, corresponding
strains and stress directions of interest

Figure 3. Schematic showing diffraction planes parallel to the surface and at angle [28].

6,=0 N
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ommendations are meant for stress analysis using the peak shift
only. However, if a full triaxial analysis of stress is performed
using a stress-free reference, absolute peak location has to be
determined. The reference [28] assumes that the measurement
are made with assumption that the stress normal to the surface
is zero, plane stress condition.

To perform a strain measurement, the specimen is placed in the
X-ray diffractometer and it is exposed to an X-ray beam that in-
teracts with the crystal lattice to cause diffraction patterns. The
diffraction peaks are located by scanning through an arc of the
radius. It is known that the thereis clear relationship between
the diffraction pattern observed when X-rays are diffracted
through crystal lattices and the distance between atomic planes
i.e, interplanar spacing within the material. By changing the
inter-planar spacing, different diffraction patterns areobtained.
Furthermore, changing even the wavelength of the X-ray beam
results in a different diffraction pattern. The inter-planar spac-
ing of a material that is free of strain will produce a character-
istic diffraction pattern for that material. When a material is
strained, elongations and contractions are produced within the
crystal lattice, which results in change of the inter-planar spac-
ing of the {hkl} lattice planes. This induced change in inter-pla-
nar spacing, d, will cause a shift in the diffraction pattern. Thus
the strain deduced in the material can be determined by evalu-
ating the change in the inter-planar spacing which is evaluated
by the precise measurement of the shift of the X-ray diffraction
pattern. A mathematical relationship between the inter-planar
spacing and strain is established below.

As the measurement is made within the surface, stress normal
to the surface,0,=0, but the strain ¢ (normal to the surface) is
not equal to zero. The strain, ¢ can be measured experimentally
by measuring the peak position, 26 and solving Eq. 2 for a value
ofd.

n A= 2d sinf - (2)

Normal strain,

Where d_is unstrained inter-planar spacing.It may be noted that
the strain within the surface of the material can be measured by
comparing the unstressed lattice inter-planar spacing with the
strained inter-planar spacing. However, there is need to precise-
ly measure the unstrained inter-planar spacing.By altering the
tilt of the specimen within the diffractometer, measurements of
planes at angle y (See Fig.3) can be made and thus the strains
along that direction can be determined using Eq. 4.

Fig. 3 shows planes parallel to the surface of material and planes
at angle ¢ to the surface. This illustrates how planes that are at
an angle to the surface are measured by tilting the specimen so
that planes are brought into position where they will satisfy the
Bragg’s law given by Eq.2.

If we assume that at the surface of the material, where the X-ray
measurement can be considered to have been made and that ,c,
=0 then,

g, =—v(5x+5y)=—%(0'x+0'y0) ------ 5)

Thus combining Eqs. 3 and 5, we have

Note that Eq. 6 applies to a general case, where only the sum of
the principal stresses can be obtained and the precise value of
do is still required.

To measure a single stress acting in some direction in the sur-
face, O, Elasticity theory for an isotropic solid shows that the
strain along an inclined line (m3 in Fig.2) is given by:

1+ ) .
&y = _EV ((7] cos’ ¢+ o, sin’ gzﬁ)sm2 W —%(a] +0,) —eee 7)

If we consider the strains in terms of the inter-planar spacing,
and use the strains to evaluate the stresses, then it can be shown
that
E dw —d,
O, =—F——F| ———— | —meeen
¢ (1+v)sin2(//{ d ] ®)

n

Eq. 8 allows us to calculate the stress in any chosen direction
from the inter-planar spacings determined from two measure-
ments, made in a plane normal to the surface and that containing
the direction of the stress to be measured. The most commonly
used method for stress determination is the sin? method. In this
method, a number of XRD measurements are made at different
tilt angles, y. The inter-planar spacing or 26 peak position is
measured and plotted as a curve similar to that shown in Fig. 4.

Fig. 4 can be used to calculate stress by determining the gradi-
ent of the line and with basic knowledge of the elastic proper-
ties of the material. This assumes a zero stress at d=dn, where
d is the intercept on the y-axis when Sin?y = 0. Thus the stress
is given by Eq. 9.

Where m is the gradient of the d vs sin’*¢ curve.
Magnetic Method

This method is magnetic in nature and therefore limited to fer-
romagnetic materials. Because of the phenomenon of magne-
tostriction, magnetic properties such as permeability depend
sensitivey on stress. The working principle of this method for a
steel bar can be described as below [29].

Suppose that the test bar is inserted in a solenoid and subjected
to an axial magnetic field and that the bar also has a secondary
coil wound on it. If the frequency of applied a-c magnetic field
is very low( a few cycles/sec), then the field H is essentially
uniform throughout the cross-section of the bar. The voltage
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Figure 4. Example of inter-planar spacing, d vs sin’ s plot.

1.2295

1.229

1.2285

d (311)°A

1.228

1.2275
0 0.1 0.2

Linear dependence of d (311) upon sin?y for shot peened 5056-0 aluminium

Shot peened 5056-0 Al

Sinty 0.3 0.4 0.5

induced in the secondary coil is then a function of the magnetic
properties averaged over the entire section of the bar. However,
if the frequency is high, the eddy currents which are generated
will shield the inside of the bar from the applied field and only
the outer portion will be magnetized. The secondary-coil out-
put will then reflect the magnetic properties of only the outer
portion. If the bar is residually stressed, then both the stress and
magnetic properties vary from axis to the surface, and this vari-
ation will cause the secondary coil output to vary in a different
way with frequency than if the bar is stress free.

There are two magnetic methods: (i) magnetostriction and (ii)
Barkhausen noise. The magentorestriction method as discussed
above is based on the measurement of permeability and mag-
netic induction [29] while the Barkhausen noise method is
based on the analysis of magnetic domain wall motion [30-31].
If magnetostrictive materials are stressed, preferred domain ori-
entations are altered. This makes domains most nearly oriented
to a tensile stress to grow (i.e., positive mgnetorestriction) or
shrink (i.e., negative magnetorestriction). Stress induced mag-
netic anisotropy causes the rotation of an induced magnetic field
away from the applied direction. It is possible to monitor these
small rotations in the plane of component surface by a sensor
coil. If there is no rotation, then the principal axes of magnetic
field and stress are parallel. When the assembly is rotated, both
the principal stress directions and the size of principal stress
difference can be measured.Magnetoaccoustic emission is the
generation of elastic waves caused by changes in magnetostric-
tive strain during the movement of magnetic domain walls and
is generally detected from the material bulk.

Barkhausen emission on the other hand is recorded as a change
in the electro motive force (emf) proportional to the rate of
change in magnetic moment detected by probe coil as domain
walls move. It is attenuated at high frequencies by eddy cur-
rent shielding and so provides only a near surface probe (<
250 micrometer). It may be noted that the magnetic methods
have the advantage of providing cheap and portable method for
non-destructive residual stress measurement. Recently, Sorsa et
al. [32] based on Barkhausen noise measurement predicted the
residual stress and hardness of a case-hardened steel samples.
A data based approach for building a prediction model has been
proposed by the authors. This approach consists of feature gen-
erating, feature selection and model identification and valida-
tion steps.

Ultrasonic Methods

This method is based on changes in the ultrasonic speed when
the material is subjected to a stress. This change in ultrasonic
speed is a measure of the stress averaged along the wave path.
The acoustoelastic coefficients which are necessary for the
analysis are usually calculated using calibration tests. Different
types of the waves can be employed but the commonly used
technique is the critically refracted longitudinal wave method.
The greatest sensitivity is obtained when the wave propagates
in the same direction as the stress. The basic equation for the
stress calculation is as follows:

Where V_ is the velocity of a wave in an unstressed medium, ¢
is the stress, and K is a material constant known as acoustoelas-
tic constant.

Recently, Kudryavstev et al. [33] have presented details of ul-
trasonic technique and device for residual stress measurement.
Authors have highlighted the importance of ultrasonic method
as non-destructive technique for residual stress measurement.
An Ultrasonic Computerized Complex (UCC) non-destructive
technique for measurement of residual and applied stress has
been described. It has been concluded that the developed ul-
trasonic method and associated portable instrument along with
supporting software can be used for non-destructive residual
stress analysis in laboratory samples and real structure elements
for a wide range of materials. Furthermore, it has been high-
lighted that the expert system allows analyzing effects of weld-
ing residual stresses and their redistribution under the effect of
cyclic loading and various improvement treatments on the fa-
tigue life of welded elements.
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