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Abstract Development of damage due to exploitation loadings was investigated using destructive and non-
destructive methods in materials commonly applied in power engineering or automotive industry. The
fatigue or creep tests for a range of different materials were interrupted for selected number of cycles or
deformation level in order to assess a damage degree. As destructive methods the standard tensile tests
were carried out after prestraining. Subsequently, an evolution of the selected tensile parameters was taken
into account for damage identification. The ultrasonic, magnetic and novel optical techniques were used as
the non-destructive methods for damage evaluation. The experimental programme also included
microscopic observations. The results show that ultrasonic and magnetic parameters can be correlated with
those coming from destructive tests. It is shown that good correlation of mechanical and selected non-
destructive parameters identifying damage can be achieved for the materials tested. The results of damage
monitoring during fatigue tests supported by contemporary optical techniques (Digital Image Correlation
and Electronic Spackle Pattern Interferometry) proved their great suitability for effective identification of
places of damage initiation.
The work additionally presents simulation of fatigue crack initiation for cyclic loading within the nominal
elastic regime. It is assumed that damage growth occurs due to action of mean stress and its fluctuations
induced by crystalline grain inhomogeneity and free boundary effect. The fluctuation fields in
polycrystalline metal subjected to the mechanical loading inducing uniform mean stress and strain states
development due to the material inhomogeneity related to grain anisotropy and inhomogeneity. The
yielding process develops at the low mean stress level in some grains due to the local strain accumulation
at their boundaries. These stress fluctuations, developing at a fraction of the macroscopic elastic limit, are
the source of initial structural defects and microscopic plastic mechanisms controlling the evolution of
defect assemble toward the state of advanced yielding. A mechanism responsible for damage accumulation
during cyclic loading below the yield point remains elusive and requires classification. The analytical
description is aimed at development of the consistent description of the microplastic state of material. The
macrocrack initiation corresponds to a critical value of accumulated damage.
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Chapter 6
Damage Identification Supported by
Nondestructive Testing Techniques

Zbigniew L. Kowalewski, Aneta Ustrzycka, Tadeusz Szymczak,
Katarzyna Makowska, and Dominik Kukla

Abstract Development of damage due to exploitation loadings was investigated us-
ing destructive and non-destructivemethods inmaterials commonly applied in power
engineering or automotive industry. The fatigue or creep tests for a range of different
materials were interrupted for selected number of cycles or deformation level in or-
der to assess a damage degree. As destructive methods the standard tensile tests were
carried out after prestraining. Subsequently, an evolution of the selected tensile pa-
rameters was taken into account for damage identification. The ultrasonic, magnetic
and novel optical techniques were used as the non-destructive methods for damage
evaluation. The experimental programme also included microscopic observations.
The results show that ultrasonic and magnetic parameters can be correlated with
those coming from destructive tests. It is shown that good correlation of mechanical
and selected non-destructive parameters identifying damage can be achieved for the
materials tested. The results of damage monitoring during fatigue tests supported by
contemporary optical techniques (Digital Image Correlation and Electronic Spackle
Pattern Interferometry) proved their great suitability for effective identification of
places of damage initiation.

The work additionally presents simulation of fatigue crack initiation for cyclic
loading within the nominal elastic regime. It is assumed that damage growth occurs
due to action of mean stress and its fluctuations induced by crystalline grain inho-
mogeneity and free boundary effect. The fluctuation fields in polycrystalline metal
subjected to the mechanical loading inducing uniform mean stress and strain states
development due to the material inhomogeneity related to grain anisotropy and inho-
mogeneity. The yielding process develops at the lowmean stress level in some grains
due to the local strain accumulation at their boundaries. These stress fluctuations,
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68 Zbigniew L. Kowalewski et al.

developing at a fraction of the macroscopic elastic limit, are the source of initial
structural defects and microscopic plastic mechanisms controlling the evolution of
defect assemble toward the state of advanced yielding. A mechanism responsible for
damage accumulation during cyclic loading below the yield point remains elusive
and requires classification. The analytical description is aimed at development of the
consistent description of the microplastic state of material. The macrocrack initiation
corresponds to a critical value of accumulated damage.

Key words: Creep Damage Fatigue Optical methods (DIC, ESPI) Nondestruc-
tive investigations Magnetic and ultrasonic techniques Microplasticity Crack
Modelling

6.1 Introduction

In majority cases, degradation of a material has a local character and it is based
on damage development leading to generation of cracks appearing around structural
defects or geometrical notches. An identification of these areas and their subsequent
monitoring requires a full-field displacement measurements performed on the objects
surfaces. This chapter presents an attempt to use the Electronic Speckle Pattern
Interferometry (ESPI) and Digital Image Correlation (DIC) for damage evaluation
and its monitoring on specimens made of different materials subjected to static,
monotonic or cyclic loading. Also effectiveness of other nondestructive techniques
will be discussed. Among them one can indicate magnetic and ultrasonic methods.

Determination of material behaviour under various loading types can be reached
by the use of different measurement techniques. The extensometer method is the
most popular manner applied either in static or fatigue tests for strain components
measurements versus time. This technique usually captures strain variations in a
single direction defined at the beginning of experiment by the loading direction.
The results collected in this way are important for typical engineering calculations
carrying out in order to describe material behaviour in the uni-axial stress state
conditions. For material examination under more complex loading, such data are
insufficient, because many materials exhibit anisotropy of mechanical properties.
Moreover, observations of damage zones and strain fields are not possible. Nowadays,
the problems related to multiaxial stress/strain analysis may be effectively solved by
the usage of modern, non-contact, optical methods, like DIC or ESPI for example.

DIC method, recommended for 3D measurements, is a stereoscopic technique
that usually applies two CCD cameras, light sources and advanced software (GOM
source). A mathematical description of DIC is available in the literature, Chu et al
(1985) for example. The method requires an application of the special pattern repre-
sented by black dots on a grey background (Chu et al, 1985; Lord, 2009). Thanks to
the markers defining the x and z coordinates, the method enables strain control up
to the specimen fracture. DIC can use a pattern of rectangles or squares, that origins
are directly selected for displacement/strain calculations. The results are presented in
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6 Damage Identification Supported by Nondestructive Testing Techniques 69

the form of full-field maps expressing strain distribution from beginning of a test up
to the specimen fracture (Chu et al, 1985; Lord, 2009). In further analyses the DIC
maps can be compared with FEA results (Toussaint et al, 2008; Gower and Shaw,
2010; Kamaya and Kawakubo, 2011) in order to validate material models or con-
stitutive equations. Digital Image Correlation is recommended for static and fatigue
tests conducted under various programs of loading. In the case of static experiments,
the DIC system is more flexible than in tests under cyclic loading. This is due to
the limited number of stages offered by DIC software to be recorded. Therefore, a
concept to capture strain variations due to cyclic loading should be formulated before
testing by means of the software targets or commands in C++ code.

The results coming from various research groups show that DIC can be used
for examination of material behaviour under typical tensile and compressive tests
(Forster et al, 2012), fracture toughness examinations (Durif et al, 2012), and ex-
periments for determination of the geometrical imperfection effects, such as notches
and holes (Lord, 2009). Data of monotonic tensile tests are usually represented by
the full-field maps reflecting strain distributions up to the fracture appearance. The
results of fracture toughness experiments present strain distributions close to the
fatigue crack, and enables the stress intensity factor values to be determined.

Electronic Speckle Pattern Interferometry is the second well known optical tech-
nique for displacement and strain measurements on the specimens surface. This
noncontact and noninvasive technique is used in the fields of experimental me-
chanics to obtain the displacement maps during stress testing. It is a type of the
holographic interferometry based on the analysis of laser beam, distracted from the
optically rough surface. The image of the specimen due to the reflected laser waves is
detected by the CCD (charge-coupled device) sensor of a camera and then transferred
to a computer.

ESPI method is based on the application of the elementary wave phenomenon -
interference. The interference process involves two beams: the first one illuminates
the specimen surface, and as the reflected beam interferes with a second one - the ref-
erence beam. Through the subtraction process of the speckle interferograms (before
and after loading up to the defined levels), correlation fringes are obtained. Having
them, a phase map can be generated. It represents a distribution of displacement
components in each direction, separately (Andersson, 2013). Final full-field stress
and strain phase maps are created as the result of mathematical operations under the
fixed boundary conditions (measurement area dimensions) and the material param-
eters (elastic modulus and Poisson’s ratio). The usage of this method during fatigue
testing enables the location of the greatest concentration of stress-induced defects
and allowswith high accuracy to predict the damage initiation. The presentedmethod
is a promising tool for identification of the real discontinuities such as defects and
fractures.
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70 Zbigniew L. Kowalewski et al.

6.2 Material Degradation Assessments Supported by Digital
Image Correlation

6.2.1 Digital Image Correlation – Short Characterization of the
Aramis 4M System

In majority practical cases, the DIC system is equipped with two digital cameras,
Fig. 6.1. Usage of the single camera only enables obtaining also two-dimensional
results, and moreover, for this type of configuration a time needed to achieve the
final result is much shorter than in the case of a two-camera system, however, we
do not have opportunity to capture the results in the third direction. The dimensions
of the measurement area that can be analyzed using the Aramis 4M system cover a
range from 10 7 [mm] to 4000 2900 [mm].

Regardless of a type of DIC system, single or double-cameras, a performance of
the tests planned must be preceded by the calibration procedure of a device using
the calibration plate containing the characteristic reference points, Fig. 6.1c. The
object must be unloaded during calibration stage. In order to ensure validity of the
calibration, it is necessary to provide coordinate values to the points visible in the
middle area of the calibration plate. They must be greater than the coordinates of the
remaining points. The whole process is based on the principle of correlation and the
method of looking for points of the same coordinate values. The procedure requires
a definition of the contour for analysis and registration of its shape, Fig. 6.1a. For
this purpose, the characteristic points of the analyzed layer are assigned by square

(a)
 

(b)
 

(c)

Fig. 6.1 ARAMIS system and its essential components: (a) general scheme of action (Toussaint
et al, 2008), (b) main measurement module, (c) calibration plate
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6 Damage Identification Supported by Nondestructive Testing Techniques 71

or rectangular areas (relatively small, e.g. 15 15 pixels) called "facets", Figs. 6.2
and 6.3.

Besides of the 15 15 pixel rectangular measurement areas, that can be changed
in the DIC software, a segment of the gradient measuring zone is characterized
by the presence of shared areas of the size of 2 2 pixels, Fig. 6.2. Into each
of the rectangular areas a unique gray background with black points of any shape
is assigned. It should be emphasized that in a research using DIC technique, it is
necessary to select the shared zones. It should also be noted that sizes of "facets"
affect the accuracy and speed of calculation. Increasing their dimensions decreases
the accuracy of measurements, but on the other hand, it accelerates the time of the
final result achievement. The rectangular areas are directly used in the analysis of
displacement/strain components.

In the next stage the loading process is executed, during which the displacement
components in the two- or three-dimensional area are determined. The values of
displacement components are then used to calculate the strain/stress components in
the form of full-field images. DIC system determines the coordinates in the two-
dimensional (2D) system based on the reorientation of the rectangle/diamond centre
of the facet, Fig. 6.3. The coordinates found using both cameras and the angle
between their axes enable determination of the coordinates in the three-dimensional
(3D) coordinate system. In the subsequent stages of analysis, a specific area of the
layer with the gray-black background is identified. Its location can be used to find
displacement. The initial stage (Stage 0) is assigned by the number "0", while the
next stages by the subsequent numbers: "1", "2", "3", etc.

Difficulties occurring during DIC systems usage are mainly related to the prepara-
tion of the gray-black layer containing characteristic points located in the measuring
zone of the specimen and the positioning of cameras, Fig. 6.1b, using a calibration
plate, Fig. 6.1c.

Fig. 6.2 A section of the
measurement field with the
facets arrangement defined by
green lines (GOM, 2007)  

Fig. 6.3 An example of
an enlarged section of the
analyzed area with a facet
contour (green line) and
a dashed line representing
the relationship between
the facets and strain: (a)
before deformation, (b) after
deformation (GOM, 2007)

 
(a) (b)
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72 Zbigniew L. Kowalewski et al.

DIC system designed for research in the field of large deformations can be suc-
cessfully used to determine the Young’s modulus, the Poisson’s coefficient, and to
identify the process of strengthening or weakening of the material in a wide range
of plastic deformation. It is also applied in the study of materials with high ductility,
exceeding 100%, and in determination of selected parameters of the fracture me-
chanics. In order to present high efficiency of DIC applications some representative
results will be demonstrated in the next subsection.

6.2.2 Investigations of Material Behaviour Under Monotonic
Tension Using Digital Image Correlation System

This section reports behaviour of engineering materials subjected to monotonic
loading of specimen that had notches in the shape of “U” and “V”. An influence
of such geometrical imperfections on fatigue process is studied on the basis of the
Wöhler diagrams, number of cycles to failure and fatigue notch factor. The results
of experiments conducted by the use of Digital Image Correlation system called 4M
Aramis are presented and discussed in detail. Tensile characteristic of the 41Cr4
steel, obtained by means of two independent techniques: standard extensometer and
DIC, are compared. The experimental program provided the results that confirmed
applicability of DIC technique for determination of typical mechanical properties.
The equivalent full-field strain distributions are presented for specimens with and
without the imperfections subjected to tension up to fracture. An influence of “U”
and “V” notches on variations of tensile curve was evaluated.

6.2.2.1 Specimens with Notches

Notches are defined as geometrical imperfections of structural components. Their
geometry is represented by the angle between their edges, radius and depth. Many
results express values of stress concentration factor (SCF) obtained by analytical
or numerical calculations. This enables the assessment of influence of stress con-
centration factor on stress values appeared in a notch tip. The second widely used
method for determination of the SCF influence comes as a result of the development
of Finite Element Analysis (FEA). In this case, advanced engineering software is
used to solve problems caused by different kinds of geometrical discontinuities. In
the case of this method many advantages can be stated, i.e. application of various
2D or 3D elements and analysis of macro- and micro-scales.

Its main drawbacks are material definition in the elastic-plastic state, as FEA
requires definition of material hardening or softening reached not only in the uniaxial
stress state, but also in a complex one. Despite of the use of modern, biaxial testing
machines, the material examination under various combination of stress components
is not easy and is still being under development.
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6 Damage Identification Supported by Nondestructive Testing Techniques 73

  

Fig. 6.4 Notched round specimens for fatigue testing (Fatemi et al, 2004; Pluvingae, 2001)

  

Fig. 6.5 Double-notched flat specimens used for examination of material behaviour under cyclic
loading (Fatemi et al, 2004)

Notches can influence material behaviour and reduce the lifetime of components.
They appear in drive shafts, engines, car bodies, turbines and others elements and
constructions of complicated shapes. Among many features of notches, strongly
related to their radius, angle, fillet at the tip, one can distinguish their size that can
influence the concentration of stress/strain components, time to fracture and failure
mode of the material.

Majority of specimens take a round or flat shape with macro- (Fig. 6.4) and
micro-notches (Whaley, 1964; Maruno et al, 2003). The size of the geometric dis-
continuities is unique for each type of specimen, and depends on the details of
the experimental procedure. In the case of round specimens, notches are machined
around the major axis of the specimen (Figs. 6.4 and 6.5), but for flat specimens
the geometric discontinuities are located on one (Whaley, 1964) or both sides of the
specimen (Fig. 6.5).

6.2.2.2 Material Behaviour Affected by Notches and Holes – Previous
Achievements

Essential efforts of many research groups (Wahl and Beuwkes Jr., 1930; Mazdumar
and Lawrence Jr., 1981; Lanning et al, 1999; Milke et al, 2000; Fatemi et al, 2002,
2004; da Silva et al, 2012) are made to describe phenomenology of the influence
of notches on material behaviour under various loading types up to fracture. As
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74 Zbigniew L. Kowalewski et al.

mentioned previously, notched specimens are usually designed by individual projects
of research groups.

Experimental results from tests for determination of the influence of notches on
fatigue show their significant effect on lifetime (Figs. 6.6-6.8). The differences in
lifetimes due to various stress levels can be even equal to 80% (Fig. 6.8). Boronski
(2007) assumed that the fatigue life determined at the notch bottom is the same as
the life for a smooth specimen when strains waveforms for the both specimens type
are the same.

The results presented in Fig. 6.7 illustrate variations of the fatigue notch factor
for values of the stress ratio R within a range of 0.5 1.0, due to the radius of the
notch machined in cylindrical and flat specimens. In the case of flat specimens, an
increase of this parameter is clearly visible. For the cylindrical specimen, the value
of the fatigue notch factor achieved a constant level.

Experimental procedures are also designed to elaborate the Wöhler diagrams on
the basis of the stress controlled tests, applying notches with different values of
the stress concentration factor (Fig. 6.8). These investigations are usually carried
out using round or flat specimens. As can be seen in the papers by Fatemi et al
(2002, 2004), a great decrease of the cycle number to failure was achieved when the
SCF increased three times. Distribution of experimental points from tests performed
on flat specimens, with the notch corresponding to the stress concentration factor
equal to 1.787, exhibited low agreement in comparison to the approximation by
semi-logarithmic function. The reason of such disagreement is usually related to the
specimens machining process and their mounting in the testing machines.

Fig. 6.6 Influence of notch
radius on the proportion of
cycle numbers to the initia-
tion of the first crack (Nc)
and fracture (Nf) at various
stress amplitudes for the
specimens: un-notched (1),
notched with radius 1.5 mm
(2); 6.35 mm (3); material:
24S-T4 aluminium alloy
(Bennett and Weinberg, 1954)  

Fig. 6.7 Fatigue notch factor
versus notch root radius for
cylindrical and flat specimens
with notches at a stress ratio
within a range from 0.5 to
1; material used: Ti-6Al-4V
(Lanning et al, 1999)  
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6 Damage Identification Supported by Nondestructive Testing Techniques 75

Fig. 6.8 Wöhler diagrams
determined on the circumfer-
entially notched round bars
at stress concentration fac-
tors equal of 1.0 (1), 1.787
(2), 2.833 (3). Material:
1141 medium carbon steel
micro-alloyed with Vanadium
(Fatemi et al, 2002, 2004)

 

Other experiments were conducted to determine the zone of cracks initiation
during fatigue (Fig. 6.9). In that case, the stress signal was used to control the
testing machine. Both smooth and notched specimen geometries were applied (Qian
et al, 2010). The application of smooth specimens in tests carried out at various
stress levels allowed the initiation and propagation of cracks from the surface to the
subsurface. In the case of notched specimens, the cracks appeared on the surface
only.

Analytical and numerical calculations were concentrated on determination of
stress gradients in the tip of the notch (e.g. Siebel and Stieler, 1955; Peterson, 1959;
Milke et al, 2000). Their magnitudes were calculated using an equation representing
dimensions of notches (Siebel and Stieler, 1955; Peterson, 1959; Pilkey, 1997),
Neuber’s theory (Neuber, 1961; Topper et al, 1967; Filippini, 2000; Neuber, 2001),
and proportion of the stresses and nominal stress in the notch (Peterson, 1959;
DuQuensay et al, 1986).

In FEM analysis, the influence of notches was calculated for specimens with
narrow geometrical discontinuities like “V” or “U” (Pluvingae, 2001; da Silva et al,
2012; Andersson, 2013). The maximum stress in the tip of a notch (da Silva et al,
2012; Andersson, 2013) and the stress concentration factor were also determined

Fig. 6.9 Wöhler diagrams of
the 40Cr steel, obtained for
smooth and notched specimen
with modes crack initiation:
1, 3 – surface; 2 – subsurface
(Qian et al, 2010)  
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76 Zbigniew L. Kowalewski et al.

(da Silva et al, 2012) as well as an estimation of the fatigue strength (Andersson,
2013).

6.2.2.3 Material Behaviour Affected by Notches and Holes – Current own
Achievements

Experimental procedure contained three stages:
1. determination of tensile characteristic;
2. investigation of the full-field strain distribution close to “U” and “V” notches;
3. examination of the influence of dimensions of “U” or “V” notches and their

interactions on material behaviour.
All tests were carried out at room temperature using servohydraulic 8802 Instron
and electro-dynamic Electropuls E10000 Instron testing machines. The Aramis 4M
Digital Image Correlation system was applied to determine distribution of the strain
components. Before testing, DIC device was calibrated. In the testing stages focused
on determination ofmechanical properties andmaterial behaviourwith the assistance
of geometrical imperfections and various tensile rates, an extensometer and the
4M Aramis were used simultaneously. The assessment of DIC system used for
determination of mechanical properties was made on the basis of a comparison
of data obtained by the extensometer and by virtual tensometers defined in DIC
software.

Application of Digital Image Correlation technique required the following stages:
1. adjustment of the distance between two cameras, its angle indicated in guidelines

of technical data;
2. positioning the 4M Aramis with respect to the centre of the measurement zone;
3. selection of a calibration plate. that should be chosen on the basis of dimensions

of the region for which the displacement is considered to be determined;
4. performing calibration procedure by application of the plate which takes various

orientations in the 3D coordinate system, and recording its positions;
5. mounting the specimen, having an artificial measuring zone represented by black

dots stochastically arranged on the grey layer, in grips of the testing machine;
6. capturing the first photo and establishing it as the reference one for displacement

determination and strain calculations.
Technical data (GOM folders) for calibration of DIC system were delivered by the
producer and contained the following features: measuring volume (height, length,
width), minimum length camera support, distance ring (it enable to change a camera
lens), measuring distance (from the central section of DIC device to the centre of
the measuring zone), slider distance (determined by two technical points on the
cameras), camera angle (it determines the centre of the measuring zone), calibration
object (a plate with special regular markers having determined coordinates, which
should be identified by cameras during the calibration process).

In the case of the experiments, the 4MAramis was used at the following technical
parameters:

A
ut

ho
r 

Pr
oo

f



6 Damage Identification Supported by Nondestructive Testing Techniques 77

• initial measuring zone determined on the specimen tested 25 10 3 [mm];
• calibration plate 25 18 [mm];
• slider distance 37.5 [mm];
• camera lens 75 mm + slider distance;
• camera angle 25 ;
• sampling rate 2 photos/s.

Comparison of tensile curves obtained by the use of the flat specimen and the
extensometer as well as DIC system is presented in Fig. 6.10. The axial stress was
calculated as a proportion of the axial force to the cross-section of the measurement
zone. Values of the axial strain were calculated for the same base.

Digital Image Correlation device and extensometer technique were simultane-
ously used in the monotonic test. For DIC calculations, two virtual tensometers were
selected to define the gauge length for determination of the axial strain. A comparison
of the results captured from the extensometer and DIC technique expressed a good
agreement in the stress-strain curves from the beginning of testing up to the ultimate
tensile strength occurrence. Differences in the last section of those characteristics
are related to the appearance of neck, which was located close to the extensometer
edge.

Mechanical properties calculated on the basis of data obtained by means of both
techniques, are listed in Fig. 6.10. Differences between tensile characteristics are
very small, indicating DIC system to be recommend not only for capturing strain
maps (Fig. 6.11), but also for determination of typical mechanical parameters.

The main advantage of DIC system is presented in Fig. 6.11, which shows vari-
ations of the axial strain distribution at various stages of tension. On the basis of
these results, the damage zone can be observed up to the specimen fracture (Fig.
6.11b-6.11d). It should be also mentioned that the distribution of the major strain
(black vectors) at the beginning of tensile testing enables the assessment of specimen
mounting quality in the testing machine (Fig. 6.11a).

Fig. 6.10 Comparison of ten-
sile characteristics determined
by the use of the extensometer
and the Aramis 4M. Material:
high strength steel  
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(a)
  

(b)

  
(c)

  
(d)

Fig. 6.11 Distribution of axial strain in the flat specimen under monotonic tension at various stages
of the testing: (a) specimen mounted in the testing machine before the experiment; (b) stage
corresponding to the proportional limit; (c) stage corresponding to the yield point; (d) stage before
specimen fracture

Another application of DIC method is illustrated in Fig. 6.12. The subsequent
images show the equivalent strain distributions for the specimen with the “U” -
shaped notch at various material states. The 4M Aramis system calculates them
using the following relationship:

eq =

√
2
3

(
2
1true
+ 2

2true
+ 2

3true

)
(6.1)
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6 Damage Identification Supported by Nondestructive Testing Techniques 79

Digital Image Correlation device and extensometer technique were simultaneously used 

in the monotonic test. For DIC calculations, two virtual tensometers were selected to define the 

gauge length for determination of the axial strain. A comparison of the results captured from 

the extensometer and DIC technique expressed a good agreement in the stress-strain curves 

from the beginning of testing up to the ultimate tensile strength occurrence. Differences in the 

last section of those characteristics are related to the appearance of neck, which was located 

close to the extensometer edge. 

Mechanical properties calculated on the basis of data obtained by means of both 

techniques, are listed in Fig. 10. Differences between tensile characteristics are very small, 

indicating DIC system to be recommend not only for capturing strain maps (Fig. 11), but also 

for determination of typical mechanical parameters. 

The main advantage of DIC system is presented in Fig. 11, which shows variations of 

the axial strain distribution at various stages of tension. On the basis of these results, the damage 

zone can be observed up to the specimen fracture (Fig. 11b-d). It should be also mentioned that 

the distribution of the major strain (black vectors) at the beginning of tensile testing enables the 

assessment of specimen mounting quality in the testing machine (Fig. 11a). 

  

 

 

  
  

(b) (c) 

    

(a) (d) (e) 

Fig. 6.12 The equivalent strain distribution in the “U”-notched specimen: (a) before loading, (b)
elastic state, (c) initial phase of plastic state, (d) localization of damage, (e) damage development
close to fracture. Material: aluminium

where: represents the major true strain components, i = 1 2 and 3. The major
strain components are defined by the following equation

1true = ln 1 +

for which = l l0 is the engineering strain, where l0 - gauge length, l - elongation.
Equation (6.1) represents the stress state in the strain coordinate system. It can be
found on the basis of theory of plasticity (Olszak, 1965; Chen, 2004; Westergaard,
2014). It should be emphasized that Eq. (6.1) can be used when the straining is
proportional, i.e. the constant ratios of d 1true d 2true d 3true are fulfilled.

Both initial images show the specimen at the beginning of the test, i.e. the referen-
tial stage with zero loading and in the elastic state (Fig. 6.12a, b). The elastic-plastic
state, shown in Fig. 6.12c, expresses the equivalent strain distribution and indicates
the deformation zone located close to the centres of the “U”-notches being initiators
of the maximum strain.
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These arc-shaped deformation regions appear where the growing damage occurs.
It is strongly evidenced in the following stages of specimen tension, presenting the
material behaviour before fracture (Fig. 6.12d, e). As it can be noticed in Fig. 6.12c-e,
the strain distribution is expressed by the zone in form of an arc at the test beginning
up to the specimen fracture. It shows that besides of the strain concentration, which
can be captured by DIC, the shape of strain fields should be taken into account as
data for the further analysis of the effects related to “U”-shaped notch.

DIC system was also applied for determination of the influence of geometrical
imperfection dimensions in form of the “U”-shaped (Figs. 6.13, 6.14) and “V”-
shaped (Figs. 6.15, 6.16) on the material fracture. The depth of the notches was the
same and equal to 1.3 mm. The radii of the “U”-notches were of 0.75 mm, 1.5 mm
and 2.5 mm. The angles between the edges of the “V”-notches were expressed by:
10 , 60 and 90 .

Effects resulting from the dimensions of the “U” and “V” notcheswere determined
based on variations of the equivalent strain isolines, Figs. 6.13, 6.15 (Szymczak,
2018). In the case of the “U” multi-notched specimen, the interaction between the
notches became more significant with an increase of theirs radius (Fig. 6.13b).
The results achieved for further tension also reflected this effect (Fig. 6.13c). It
disappeared when the damage zone became greater (Fig. 6.13d). The cracks can also
be followed on the basis of typical photos from the CCD cameras of DIC system (Fig.

Fig. 6.13 The equivalent
strain distribution in the
U-shaped, multi-notched
specimen at various stages
of monotonic tension: (a),
(b), (c) elastic-plastic state;
(d) elastic-plastic state before
fracture. Material: the 41Cr4
steel

11 
 

Another application of DIC method is illustrated in Fig. 12. The subsequent images 

show the equivalent strain distributions for the specimen with the “U” - shaped notch at various 

material states. The 4M Aramis system calculates them using the following relationship: 

 

 2
_3

2
_2

2
_1

3

2
truetruetrueeq    ,   (2.1) 

where: i represents the major true strain components, i = 1, 2 and 3. The major strain 

components are defined by the following equation    1ln_ truei , for which oll   is the 

engineering strain, where 0l - gauge length, l  - elongation. Equation (2.1) represents the stress 

state in the strain coordinate system. It can be found on the basis of theory of plasticity [9, 31, 

32].  

It should be emphasized that equation (2.1) can be used when the straining is proportional, i.e. 

the constant ratios of d1_true/d2_true/d3_true are fulfiled. 

 

 

(a) 

 
 

 

(b) 

 

 

 

 

(c) 

 
(d) 

 

Fig. 13. The equivalent strain distribution in the U-shaped, multi-

notched specimen at various stages of monotonic tension: (a), (b), 

(c) elastic-plastic state;  (d) elastic-plastic state before fracture. 

Material: the 41Cr4 steel 
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Fig. 6.14 The three stages
of the “U”-notched specimen
during monotonic tension:
(a) before loading, (b) crack
appearing, (c) crack growing

12 
 

 

Both initial images show the specimen at the beginning of the test, i.e. the referential stage with 

zero loading and in the elastic state (Fig. 12a, b). The elastic-plastic state, shown in Fig. 12c, 

expresses the equivalent strain distribution and indicates the deformation zone located close to 

the centres of the “U”-notches being initiators of the maximum strain. 

These arc-shaped deformation regions appear where the growing damage occurs. It is strongly 

evidenced in the following stages of specimen tension, presenting the material behaviour before 

fracture (Fig. 12d, e). As it can be noticed in Fig. 12c-e, the strain distribution is expressed by 

the zone in form of an arc at the test beginning up to the specimen fracture. It shows that besides 

of the strain concentration, which can be captured by DIC, the shape of strain fields should be 

taken into account as data for the further analysis of the effects related to “U”-shaped notch. 

DIC system was also applied for determination of the influence of geometrical imperfection 

dimensions in form of the “U”-shaped (Figs. 13, 14) and “V”-shaped (Figs. 17, 18) on the 

material fracture. The depth of the notches was the same and equal to 1.3 mm. The radii of the 

“U”-notches were of 0.75 mm, 1.5 mm and 2.5 mm. The angles between the edges of the “V”-

notches were expressed by: 10°, 60° and 90°. 

 

   

(a) (b) (c) 

Fig. 14.  The three stages of the “U”-notched specimen during 

monotonic tension: (a) before loading, (b) crack appearing, (c) crack 

growing 

 

Effects resulting from the dimensions of the “U” and “V” notches were determined based on 

variations of the equivalent strain isolines, Figs. 13, 17 [33]. In the case of the “U” multi-

notched specimen, the interaction between the notches became more significant with an 

increase of theirs radius (Fig. 13b). The results achieved for further tension also reflected this 

effect (Fig. 13c). It disappeared when the damage zone became greater (Fig. 13d), and it 

vanished with growing of the cracks (Fig. 13e). The cracks can also be followed on the basis of 

typical photos from the CCD cameras of DIC system (Fig. 14). This is very important for the 

final stage of testing, because crack growing causes fracturing measurement pattern and, 

therefore, the digital correlation is not possible to be done  (Figs. 13e, 14b, c). 

Assessment of the effects of notches effects has been carried out using analytical equations for 

the stress concentration factor and the maximum stress [25]. Their form for the multi-notched 

Fig. 6.15 The equivalent
strain distribution in the
multi-notched V specimen at
various stages of monotonic
tension: (a), (b) elastic-plastic
state; (c), (d) elastic-plastic
state before fracture. Material:
the 41Cr4 steel

14 
 

   

(a) (b) (c) 

Fig. 16.  The results for the multi-notched “U” specimen: (a) and (b) stress concentration factor 

and maximum stress as a function of notch radius, respectively; (c) tensile curve variations 

calculated by employing the cross section of the specimen 

 

    

(a)  (b)  

 
   

(c)  (d)  

Fig. 17. The equivalent strain distribution in the multi-notched V 

specimen at various stages of monotonic tension: (a), (b) elastic-

plastic state; (c), (d) elastic-plastic state before fracture. 

Material: the 41Cr4 steel 6.14). This is very important for the final stage of testing, because crack growing
causes fracturing measurement pattern and, therefore, the digital correlation is not
possible to be done (Figs. 6.13d, 6.14b, c).

Assessment of the effects of notches has been carried out using analytical equa-
tions for the stress concentration factor and the maximum stress (Pilkey, 1997). Their
form for the multi-notched “U” specimens is noted in equation set (6.1), where: KtU
is the stress concentration factor, r is the notch radius, D - is specimen width, and L
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Fig. 6.16 The three stages
of the “V” multi-notched
specimen during monotonic
tension: (a) before loading, (b)
at crack initiation, (c) at crack
growth

The effects resulting from the “V” notches presence can also be captured by means of 

DIC, Fig. 17 [33]. For this type of geometrical imperfections, the full-field equivalent strain 

distributions close to the tip of the notches and the entire measurement section can be observed 

(Fig. 17b). Besides the different values of “V” notch angle, an indication of the main 

concentrator for the maximum strain is difficult. The 30° and 60° notches appear to have a very 

similar influence on the strain distribution at the beginning of the test. Further tension leads to 

an increase of the strain level in both notches located diagonally, which appear to be the main 

reason for initiation of damage zone (Fig. 17c). As a consequence, the equivalent strain 

increased, generating a fracture in the middle notch and then in the diagonal one (Fig. 17d, e). 

 

 

 

   

(a) (b) (c) 

Fig. 18. The three stages of the “V” multi-notched  specimen during 

monotonic tension: (a) before loading, (b) at crack initiation,  (c) at 

crack growth 

Fig. 6.17 “U” multi-notched
specimen with the dimensions
(Pilkey, 1997)  

- is the distance between the notches, Fig. 6.17.
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(6.2)

Variations of the stress concentration factor versus notch radius expressed a linear
reduction of its value with the radius increase, Fig. 6.18a. The same course was
noticed for the maximum stress, as can be seen in Fig. 6.18a. This magnitude has
been reached applying the following formula:

max = KtU nom (6.3)

where: nom = F A0 – nominal stress, A0 – area of specimen cross section for the
measurement zone.

Looking at these results, it is easy to indicate the notches which are the dominant
geometrical imperfections for the crack appearance, i.e. having a radius of 0.75 mm.
This fact has not been confirmed by the DIC results in the final stage of tension (Fig.
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(a)
 

(b)
 

(c)

Fig. 6.18 The results for the multi-notched “U” specimen: (a) and (b) stress concentration factor
and maximum stress as a function of notch radius, respectively; (c) tensile curve variations
calculated by employing the cross section of the specimen

6.13), where the main crack occurred in the middle notch, for which the calculated
maximum stress was lower (close to 300 MPa) than for the smallest one radius
considered.

The effects resulting from the “V” notches presence can also be captured by means
of DIC, Fig. 6.15 (Szymczak, 2018). For this type of geometrical imperfections, the
full-field equivalent strain distributions close to the tip of the notches and the entire
measurement section can be observed (Fig. 6.15b). Besides the different values of
“V” notch angle, an indication of the main concentrator for the maximum strain is
difficult. The 30 and 60 notches appear to have a very similar influence on the
strain distribution at the beginning of the test. Further tension leads to an increase
of the strain level in both notches located diagonally, which appear to be the main
reason for initiation of damage zone (Fig. 6.15c). As a consequence, the equivalent
strain increased, generating a fracture in the middle notch and then in the diagonal
one (Fig. 6.15d).

For this type of geometrical imperfections, the stress concentration factor and
the maximum stress have been calculated by the use of the following equation set
(Pilkey, 1997):

KtV = C1 + C2 KtU + C3KtU
C1 = 10 01 + 0 1534 0 000647 2

C2 = 13 60 0 2140 + 0 000973 2

C3 = 3 781 + 0 07873 0 000392 2

(6.4)

where, KtV, KtU are the stress concentration factors for the “V” and “U” notches,
respectively; C are the coefficients, and is the angle between the edges of the
notches. The maximum stress has been found applying the following relationship

max = KtV nom

The results express a small lowering of the stress concentration factor and the
maximum stress with decreasing of the notch angle, Fig. 6.19. These data well
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(a)
 

(b)
 

(c)

Fig. 6.19 The results for the “V” multi-notched specimen: (a) and (b) stress concentration factor
and maximum stress as a function of notch angle, respectively, (c) tensile curve variations with
respect to dimension of the cross section of the specimen

reflect the final stage of the multi-notched “V” specimen tension (Fig. 6.15d). Small
differences between the values of the stress concentration factor and the maximum
stress at various notch angles show that all of the “V” notches examined can also be
treated as the potential places where the damage zones can occur.

The influence of the “V” notch on material straining during tension is illustrated
in Fig. 6.19c presenting a comparison of tensile curves determined by the use of
smooth and “V” multi-notched specimens. It is easy to notice that such geometrical
imperfections caused the 50% reduction of elongation and 30% lowering of the yield
point.

6.2.2.4 Damage Development Analysis Under Fatigue Conditions

Fatigue investigations were carried out on the MTS 810 testing machine, on plane
specimens. These tests included specimens with three types of nickel alloy structure
and with the layer thickness of 20 and 40 m. Due to the continuous record of
displacement maps, these tests were performed at high stress amplitude values equal
to 600 MPa and 650 MPa, in order to reduce the test time to several hours. The
loading frequency was 20 Hz, and the image was recorded every 5 seconds, i.e. the
map was recorded every 100 cycles. Table 6.1 presents images from selected fatigue
cycles obtained on a coarse grained specimen with a layer thickness of 20 m. The
amplitude of the alternating stress was 600 MPa. The specimen broke after 46 364
cycles, which is why the images recorded at the end of the specimenwere compacted.
For this specimen, the first signs of localization are visible after 45 thousands loading
cycles. The increase in deformation at this stage is connected with the formation of a
crack in the aluminide layer, which propagates into the material until the cohesion is
entirely lost. On this basis, the moment of crack formation can be estimated, although
the detection threshold is lower than that in the technically comparable ESPI method
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Table 6.1 Images showing strain distribution maps captured by DIC

10 000 

cycles 

 

15 000 

cycles 

 

20 000 

cycles 

 

25 000 

cycles 

 

30 000 

cycles 

 

40 000 

cycles 

 

45 000 

cycles 

 

45 600 

cycles 

 

45 800 

cycles 

 

46 000 

cycles 

 

46 100 

cycles 

 

46 200 

cycles 

 

46 300 

cycles 
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obtained. Subsequent images refer to the coarse specimen with the layer thickness
of 40 m.

6.2.2.5 Final Remarks Related to the Digital Image Correlation Technique
Application

Digital Image Correlation method can be applied for tests on specimens with or
without geometrical imperfections. It enables capturing damage zones up to the
specimen fracture. The method identifies the interaction of strain fields resulting
from the notches presence. The isolines created on the surface of multi-notched
specimen appeared at the initial stage of tension and disappeared at the moment of
damage zones creation and crack appearance. Independently on a type of geometrical
imperfections considered, a significant reduction of proportional limit and yield point
can be easily indicated. Typical DIC device is able to identify a strain distribution
close to the notch for elastic-plastic state. In the case of elastic state, the micro-DIC
method using microscope device is more recommended.

Thanks to the DIC technique such mechanical properties as the Young’s modu-
lus, yield point, ultimate tensile strength and elongation can be easily determined.
More importantly, the technique with some limitations in the accuracy of strain mea-
surement, can be attractive for damage development identification on surfaces and
subsurfaces. It can be also used to monitor deformation changes at high-temperature
fatigue tests, however, the usage of the induction heater reduces the field of the
camera view significantly. Nevertheless, the application of DIC to analysis of the
strain distribution changes seems to be a valuable tool for the monitoring of dam-
age development on the surfaces of many responsible elements of structures and
machines, including an identification of the places of the cracks initiation and their
further propagation.

Due to limited accuracy of the method in terms of damage monitoring, espe-
cialy in early stages of the fatigue process development, Electronic Speckle Pattern
Interferometry is regarded as more suitable for damage inspection. The main work-
ing principles of this technique together with some examples of application will be
described in the next section.

6.3 Material Degradation Assessment Supported by Electronic
Speckle Pattern Interferometery

6.3.1 Working Principles of Electronic Speckle Pattern
Interferometery

Electronic Speckle Pattern Interferometry (ESPI) is the next powerful non-destructive
optical method of stress and strain monitoring for early detection, localization and
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monitoring of damage in materials under monotonic and cyclic loading (Vial-
Edwards et al, 2001; Patorski, 2005; Gungor, 2009; Pierron, 2009; Dietrich et al,
2012; Szymczak et al, 2013; DANTEC, 2019). ESPI method allows to monitor a
deformation development until the specimen decohesion. A typical measuring sys-
tem consists of the CCD camera localized in the head of the system and four light
sources (Fig. 6.20). A reference speckle pattern formed by the reference beam is also
observed by the camera. The typical light source used in ESPI is a 75-mWNd: YAG
laser, emitting a green beam with the wave length of =785 nm. It is divided by the
beam-splitter into four beams. The image of the specimen due to the reflected laser
waves is detected by a CCD (charge-coupled device) sensor of the camera and then
transferred to the computer.

The results obtained by means of ESPI are derived from the physical surface
deformations. This noncontact and noninvasive technique is used in experimental
mechanics to obtain the displacement maps during the loading process. ESPI is
based on the application of the wave interference phenomenon. The main purpose of
this method is to obtain the fringe patterns which represent waves interference from
the coherent light sources illuminating surface of the object. The electromagnetic
waves are superimposed and the resulting wave intensity pattern is determined
by the phase difference between the waves. The illumination of a rough surface
with coherent laser light and subsequent imaging using a CCD camera generates
statistical interference patterns, the so-called speckles. These speckles are inherent
to the investigated surface. Superimposing a reference light, which is split out of
the same laser source, on these speckles results in an interferogram. If the object
under test is loaded, and the surface is deformed, the speckle interferogram changes.
Comparing an interferogram of the surface before and after loading will result in
a fringe pattern, which reveals the displacement of the surface during loading as
contour lines of deformation.

As shown in Fig. 6.21, the laser beam is divided into an object beam (blue
line) and reference beam (green line). When the object is displaced in the direction
normal to the viewing direction, a distance travelled by the object beam changes,
and as a consequence, the amplitude of the combined beams becomes altered. The
speckle effect is a result of the interference of waves having different amplitudes
(Fig. 6.22). This process can be analysed mathematically. Let us consider a pair of

Fig. 6.20 ESPI system: (a)
CCD camera, (b) light sources
(DANTEC, 2019)

19 
 

3. Material degradation of materials supported by Electronic Speckle Pattern 

Interferometery 

 

3.1. Working principles of Electronic Speckle Pattern Interferometery 

Electronic Speckle Pattern Interferometry (ESPI) is the next powerful non-destructive 

optical method of stress and strain monitoring for early detection, localization and monitoring 

of damage in materials under monotonic and cyclic loading [34-40]. ESPI method allows to 

monitor a deformation development until the specimen decohesion. A typical measuring system 

consists of the CCD camera localized in the head of the system and four light sources (Fig. 20). 

A reference speckle pattern formed by the reference beam is also observed by the camera. The 

typical light source used in ESPI is a 75-mW Nd: YAG laser, emitting a green beam with the 

wave length of λ=785 nm. It is divided by the beam-splitter into four beams. The image of the 

specimen due to the reflected laser waves is detected by a CCD (charge-coupled device) sensor 

of the camera and then transferred to the computer.  

 

Fig. 20. ESPI system: (a ) - CCD camera, (b) - light sources 

 

The results obtained by means of ESPI are derived from the physical surface deformations. This 

noncontact and noninvasive technique is used in experimental mechanics to obtain the  

displacement maps during the loading process. ESPI  is based on the application of the  wave 

interference phenomenon. The main purpose of this method is to obtain the fringe patterns 

which represent waves interference from the coherent light sources illuminating surface of the 

object. The electromagnetic waves are superimposed and the resulting wave intensity pattern is 

determined by the phase difference between the waves. The illumination of a rough surface 

with coherent laser light and subsequent imaging using a CCD camera generates statistical 

interference patterns, the so-called speckles. These speckles are inherent to the investigated 

surface. Superimposing a reference light, which is split out of the same laser source, on these 

speckles results in an interferogram. If the object under test is loaded, and the surface is 

deformed, the speckle interferogram changes. Comparing an interferogram of the surface before 

and after loading will result in a fringe pattern, which reveals the displacement of the surface 

during loading as contour lines of deformation. 

As shown in Fig. 21, the laser beam is divided into an object beam (blue line) and reference 

beam (green line). 
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Fig. 6.21 Laser speckle inter-
ferometry set-up (DANTEC,
2019)

Fig. 6.22 Origin of the
speckle (DANTEC, 2019)

20 

 

Fig. 21. Laser speckle interferometry set-up  [source: https://www.dantecdynamics.com] 

When the object is displaced in the direction normal to the viewing direction, a distance 

travelled by the object beam changes,  and as a consequence, the amplitude of the combined 

beams becomes altered. The speckle effect is a result of the interference of waves having 

different amplitudes (Fig. 22). This process can be analysed mathematically. Let us consider a 

pair of simple coherent waves expressed by: 

𝑈1(𝑥, 𝑦) = 𝐴1e
−i(ωt−φ1(x,y))                                      (3.1) 

𝑈2(𝑥, 𝑦) = 𝐴2e
−i(ωt−φ2(x,y))                                       (3.2) 

where (x,y) represent the coordinates of the image plane, A is the magnitude of the displacement, 

𝜑(𝑥, 𝑦) = 𝜑1(𝑥, 𝑦) − 𝜑2(𝑥, 𝑦) represents the phase difference between the two beams, and ω 

denotes the angular frequency. The light wave intensity can be found using the following 

equation: 

𝐼(𝑥, 𝑦) = ∫(𝑈1(𝑥, 𝑦) + 𝑈2(𝑥, 𝑦)) (𝑈1
∗(𝑥, 𝑦) + 𝑈2

∗(𝑥, 𝑦))𝑑𝑡                   (3.3) 

Applying Eqs. (3.1) and (3.2), the intensity of the light wave expressed by Eqn. (3.3) can be 

transformed into the following relationship: 

𝐼(𝑥, 𝑦) = 𝐴1
2 + 𝐴2

2 + 2𝐴1𝐴2𝑐𝑜𝑠(φ1(x, y) − φ2(x, y)) = 𝐴1
2 + 𝐴2

2 + 2𝐴1𝐴2cos(𝜑(𝑥, 𝑦)) (3.4)  

Thus, the amplitude of the light at any point of the image is the sum of the light amplitude of 

the reflected wave from the object and that which represents reference beam. 

 

 

 

 

 

 

 

 

Fig. 22. Origin of the speckle [source: https://www.dantecdynamics.com] 

 
simple coherent waves expressed by:

U1 x = A1e i t 1 x

U2 x = A2e i t 2 x (6.5)

where x represent the coordinates of the image plane, A is the magnitude of the
displacement, x = 1 x 2 x represents the phase difference between
the two beams, and denotes the angular frequency. The light wave intensity can
be found using the following equation:

I x =

∫
U1 x +U2 x U1 x +U2 x dt (6.6)

Applying Eqs. (6.5), the intensity of the light wave expressed by Eq. (6.6) can be
transformed into the following relationship:

I x = A2
1 + A2

2 + 2A1 A2 cos 1 x 2 x

= A2
1 + A2

2 + 2A1 A2 cos x
(6.7)

Thus, the amplitude of the light at any point of the image is the sum of the light
amplitude of the reflected wave from the object and that which represents reference
beam.
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reference state deformed object intensity pattern

Fig. 6.23 A schema of the fringe patterns determination (DANTEC, 2019)

  

Fig. 6.24 Original sinusoidal signal

The speckle effect occurs when the rough surface is illuminated by the coherent
light, if the surface roughness is greater than the wavelength . As the result of
the light beam scattering on the object surface, the interference of secondary waves
occurs, which leads to the formation of the characteristic speckle pattern.

When the specimen is deformed, the speckle pattern obtained before loading (ref-
erence image) is subtracted from the speckle pattern obtained after loading (mea-
surement image), fringes are obtained which represent contours of displacement (see
Fig. 6.23). The fringes represent the points of the same displacement. Based on the
fringe image, it is not possible to find a direction of displacement.

The intensity distributions I1 x and I2 x recorded before and after the object
displacement can be expressed by the following equations:

I1 x = A2
1 + A2

2 + 2A1 A2 cos x (6.8)
I2 x = A2

1 + A2
2 + 2A1 A2 cos x + x (6.9)

where x is the additional phase change due to the object deformation (Fig.
6.24). Figure 6.24 shows that bright interference bands (containing the maximum
intensity values) occur in places where the phase difference is of the even multiple
of . Dark bands (containing the minimum values of intensity) correspond to phase
difference of the odd multiple of . A new interference fringes are obtained by
subtracting the signals:
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1 2 3

Fig. 6.25 Phase shift algorithm (DANTEC, 2019)

I x after I x before = 2A1 A2 cos x + x cos x (6.10)

In the case of adding the signals of the wave intensity one can obtain

I x after+ I x before = 2A2
1+2A2

2+2A1 A2 cos x + x +cos x
(6.11)

The intensity of the interference pattern takes the form:

I x = A2
1 + A2

2 + 2A1 A2 cos x + (6.12)

where is the amount of phase shifting with j = 1 2 3 N representing the
integer number depending on the phase shifts number introduced. Applying the four-
phase shift method 3 4 4 4 3 4 , the phase of the wavefront computed
from the four interferograms is

x = arctan
I4 x I2 x
I1 x I3 x

(6.13)

There are three unknown values: A1 A2 x and is a known optical phase shift.
With the intensity maps the optical phase at each pixel can be calculated. Minimum
three images with different relative optical path length are acquired. Finally, one
can calculate the optical phase for each deformation stage (Fig. 6.25). A difference
between the phase maps calculated after and before the deformation is given by

x x after x before (6.14)

On the other hand, the optical path difference (OPD) for the object wavefront relative
to the reference wavefront can be determined from:

OPD x =
x

2
(6.15)

The OPD is related to surface heights by the multiplicative factor and accounts for
illumination angles and viewing which may differ from the normal surface.

Therefore, the phase change
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(a)

 
(b)

Fig. 6.26 Elaboration of ESPI measurements: (a) Phase map, (b) Continuous phase map
(DANTEC, 2019)

x x after x before

of the wavefront from the object surface before and after deformation is directly
associated with the component of displacement u x and can be expressed as

x =
4

sin u x (6.16)

where is the length of laser wave, and is the incident angle between two light
beams illuminating the object, and u x is the in-plan displacement component.

Finally, one can calculate the optical phase for each deformation stage (Fig.
6.26a). The next point is to unwrap the phase map. A definition of the starting point
is required (see Fig. 6.26a). The offset n 2 must be taken into account. The
displacement is encoded as levels of gray that represent the intensity at a given pixel
I x of the scalar field. Finally, the continuous phase map is determined, Fig.
6.26b.

In the next step the strain is calculated. Determination of the fringe pattern gradient
is shown in Fig. 6.27. Taking into account Fig. 6.27, the following relationship can
be formulated:

tan =

u

u
x

(6.17)

Applying the relationship between the derivative of displacement components and the
fringe orientation of the object before and after deformation, the strain components
can be found according to the following equations

u
x
=

u
=

x
= = (6.18)
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Fig. 6.27 Gradient vector and
the partial derivatives with
respect to the coordinate axes

The principal strain components are defined by the formulas

1 =
1 + 2

2
+

√(
1 2

2

)2
+
(

1 2

2

)2

2 =
1 + 2

2

√(
1 2

2

)2
+
(

1 2

2

)2
(6.19)

ESPI is implemented by producing interference between an optical wavefront scat-
tered from the object and the fixed reference wave, giving as a consequence the
displacement components for each point in the image of the object. The use of this
method during fatigue testing enables the location of the greatest concentration of
stress-induced defects to be determined, and more importantly it provides necessary
data for damage initiation predictions with relatively high accuracy. This issue will
be wider presented in the next subsection.

6.3.2 Representative Applications of Electronic Speckle Pattern
Interferometry in the Laboratory Investigations

6.3.2.1 The Results for the Nickel Alloy

Fatigue investigations were carried out on nickel alloy (C – 0.09%, Cr – 8.8%,
Mn – 0.1%, Si– 0.25%, W– 9.7%, Co – 9.5%, Al – 5.7%, Ta+Ti+HF– 5.5%)
under force control using the MTS-810 hydraulic testing machine. In each test the
maximum cyclic stress range and stress amplitude were equal to 600 MPa and 300
MPa, respectively. Both these parameters were lower than the yield point of the
material in question. In order to eliminate vibrations of the testing machine during
optical measurements the loading process of the specimen was executed manually
using a special device designed originally by the IPPT PAN workers. The loading
programme is presented in Fig. 6.28.
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Fig. 6.28 Scheme of loading
during fatigue test

 

Fig. 6.29 The field strain
distribution along Y axis cor-
responding to the acting stress
direction. Measurements per-
formed: (a) in the first loading
cycle; (b) after 50000 cycles.
Scale is matched to the ex-
treme strain values in the first
measurement  

As it is shown, the first cycle was conducted manually, and subsequently, a block
of cycles under the frequency of 10 Hz was carried out using the testing machine
(Kopeć et al, 2012). The process of cyclic loading was interrupted several times in
order to perform displacement measurements by means of the ESPI camera. The
experimental programme provided displacement measurements at the beginning of
test and after 20000, 40000 and 50000 cycles. The number of cycles to failure was
Nf = 54315.

ESPI observations carrying out at various stages of the fatigue degradation repre-
sent a status and dynamics of the damage development. They enable a determination
of the areas of the greatest stress concentrations and reflect a local character of the
fatigue damage initiation.

The field strain distributions along the Y axis corresponding to the acting stress
direction in the specimen are presented in Fig. 6.29. The figure shows strain distribu-
tions for different stages of the fatigue process, i.e. after: (a) first cycle; and (b) 50000
cycles. It has to be mentioned, that all these maps were obtained for the same scale in
order to enable a direct comparison of the results achieved. As it is seen, the method
enables identification of places where damage initiates. Figure 6.30 demonstrates
a location of decohesion on the specimen gauge length, that well agrees with the
largest displacement concentration occurring on the phase maps captured by means
of the ESPI measurements.
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Fig. 6.31 Strain distribution map on the plane specimen surface using ESPI for different stages of
the fatigue process

In Fig. 6.31 another example of the strain distribution map obtained using ESPI
for nickel alloy is presented for increasing number of loading cycles. The lateral
profiles of maximal cross-sectional strain distribution for increasing cycles number
are presented in Fig. 6.32. They enable identification of the highest values of strain on
the strain distribution maps, and therefore, provide info for the indication of potential
places of damage initiation.

6.3.2.2 The Results for the P91 Steel

The specimens used in this study were manufactured using X10CrMoVNb9-1 (P91)
polycrystalline steel. This is a low carbon, creep-resistant steel, typically used for

Fig. 6.30 Fatigue specimen
photo: (a) before the test; (b)
after the test ( f = 54315
cycle)
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Fig. 6.32 The lateral profiles of the maximal cross-sectional strain evolution

tubes, plates and structural components in the power plant industry. The content of
alloying elements in P91 is given in Table 6.2.

Table 6.2 Chemical composition of the P91 steel (in wt. %)

Element C Mn Cr Mo V Ni Cu Si S
P91 0,2 0,5 0,3 0,6 8 9,5 0,85 1,1 0,18 0,25 < 0,4 < 0,3 0,08 0,12 < 0,01

The purpose of tests on P91 steel was to provide experimental data of the evolution
of micro-strain regime during high cycle fatigue crack initiation. The whole fatigue
process was divided on the blocks of cycles and carried out using the hydraulic ser-
vocontrolled testing machine. The process of cyclic loading was interrupted several
times after selected numbers of cycles in order to perform displacement measure-
ments by means of the ESPI camera. Strain distribution maps at the maximum load
applied on the plane specimen surface using ESPI are presented for increasing num-
ber of the loading cycles in Figs. 6.33, 6.34 and 6.35. Three types of specimens were
tested: specimen with relatively rough surface, electropolished specimen and spec-
imen with the hole. The different stages of the fatigue process, from the beginning
up to the moment of crack initiation and subsequent propagation are presented.

During the process of cyclic loading the material deforms heterogeneously and
numerous strain concentration spots are visible in the case of rough specimen, Fig.
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(a)

 
(b)

Fig. 6.33 The lateral profiles of the maximal cross-sectional strain evolution

6.33a. The lateral profiles of the maximal cross-sectional strain distribution for
increasing cycles number for rough specimen on the surface are presented in Fig.
6.33a. It is expected that the microstructure of the material plays an important role in
the strain localization. In order to reduce roughness and remove some modification
of the material properties resulting from electro-machining (local heating-cooling),
the surface of specimen was electro-polished in the vicinity of cracks generated in
the fatigue process.

The strain distribution maps are presented in Fig. 6.34a. The lateral profiles
of the maximal cross-sectional strain distribution for increasing cycles number for
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(a)

 
(b)

Fig. 6.34 The lateral profiles of the maximal cross-sectional strain evolution

electropolished specimen are presented in Fig. 6.34b. As it is seen from the profiles,
Figs. 6.33b and 6.34b, the places of damage initiation are simple for identification.
They are well represented by the significant increase of strain.

In the case of specimen with the hole, in the first cycle the strain accumulation
spot is visible near the hole, (Fig. 6.35, 1 cycle). In the next cycles the material is
strengthened (Fig. 6.35, 2 cycles), but the local zones of strain accumulation in the
vicinity of the hole can be still observed, however, they have slightly lower level in
comparison to the first cycle. The crack localisation on the left side of the hole is
presented in Fig. 6.35 after 78057 cycles.
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Fig. 6.35 Strain distribution
maps - specimen with the hole

 

   

6.3.2.3 Mathematical Modelling of Fatigue Damage Evolution, Numerical
Implementation Supported by Electronic Speckle Pattern
Interferometry Results (Ustrzycka et al, 2017)

In this section the mathematical description of fatigue crack initiation and evolution is
formulated. The problem of damage evolution for metals subjected to cyclic loading
inducing fatigue crack initiation and its propagation within the elastic regime is
considered. The condition of damage accumulation is formulated after Mróz et al
(2005). It is assumed that, when the critical stress condition is reached on the material
plane, the damage zone is generated. Afterwards, the growth of damage zone can
be described. The mathematical model is applied to study damage evolution under
cyclic tension and the predictions are compared with experimental data. The profile
of normal strain x and stress x along the damage zone is expressed as a sum
of mean ( ¯ ¯ ) and fluctuation ( ˜ x ˜ x ) components

x = ¯ + ˜ x x = ¯ + ˜ x (6.20)

The material is assumed to be linearly elastic, but exhibiting a damage process at
strain concentration zones. In order to illustrate the problem (Fig. 6.36), a potential
damage zone is selected with the largest strain and stress fluctuations.

The damage evolution rule (6.21) was originally formulated by Mróz et al (2005)
for brittle materials

dD = A
(

0

c 0

)
d

c 0
(6.21)

where A and n denote material parameters, 0 is the damage initiation threshold
values, c denotes the failure stress in tension for the damaged material, 0 and

c are the threshold values for the undamaged material and D denotes the scalar
measure of damage 0 D 1 .

The stress value increases but the values of 0 and c decrease. Both 0 and
c depend on the damage state according to the formula
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Fig. 6.36 Damage zone with the major stress fluctuation

c 0 = c 0 1 D (6.22)

where p is a material parameter. The process of cyclic loading is described by the
time variation of stress in the following form

t =
1
2 a 1 + sin t =

2
T

(6.23)

where a is the stress amplitude. Substitution of from Eq. (6.23) into Eq. (6.21)
and integration lead to the equation of damage increase in a single cycle that can be
expressed as follows

˜∫
0

1 D dD =
A

2 c 0
+1

∫
0

{
1
2

1 + sin t 0

}
cos t dt (6.24)

Finally, damage evolution law for single cycle takes the form:

D̃ = 1

{
1

A
2 c 0

+1

[(
1
2 a 1 + sin t 0

) +1 (
1
2 a 0

) +1
]} 1

pn+1

(6.25)
The free edges of the sample due to surface irregularities act as a kind of stress
concentrators. The influence of edge defects on the damage evolution and crack
propagation is significant.

In order to account for the edge effect, the stress fluctuation function (see Fig.
6.36) is introduced and the total stress expressed as follows

x = ¯ + ˜ x = ¯ + ¯ x = ¯
(
1 + +

$$$ x
a

$$$ ) (6.26)
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Fig. 6.37 Damage evolution related to the number of cycles for different values of the parameter

where x denotes the fluctuation function, a is the width of the sample, and
m are the material parameters. The integration of stress fluctuation on 0 a makes
possible to establish parameter∫

0

˜ x dx = 0
∫
0

(
+

$$$ x
a

$$$ ) dx = 0 =
m + 1

(6.27)

Boundary condition at the external edge allows to designate parameter

˜ x = a = =
˜

m + 1
m

(6.28)

The value of is assumed to correspond to measured boundary fluctuation, here
= 1 1 ¯ . Finally, the stress distribution in expressed in the following form

x t = ¯
(
1 + +

$$$ x
a

$$$ ) [12 + 1
2

sin t
]

(6.29)

According to the mathematical description, the numerical analysis of damage evo-
lution (6.21) under mechanical loads (6.29) in elastic-plastic solids has been made.
The evolution of damage during the increasing number of cycles is shown in Fig.
6.37. The macro-crack initiation occurs at the critical value of damage D = 0 3.
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6.4 Alternative Non-destructive Testing Techniques for Damage
Identification

6.4.1 Introductory Remarks

In the previous sections the optical nondestructive techniques were presented as
the powerful tools for fatigue damage identification. It has to be mentioned how-
ever, that there are many other nondestructive testing techniques commonly used for
damage assessments (Narayan and Green Jr., 1975; Sablik and Augustyniak, 1999;
Marténez-Ona and Pérez, 2000; Ogi et al, 2000; Fel et al, 2001). There are also
many destructive methods supporting this issue (Hayhurst, 1972; Tra̧mpczyński and
Kowalewski, 1986; Kowalewski, 2005). Having the parameters of destructive and
nondestructive methods for damage development evaluation, it is instructive to ana-
lyze their variation in order to find possible correlations. This is because of the fact
that typical destructive investigations, like creep, fatigue or standard tensile tests,
give the macroscopic parameters characterizing the lifetime, strain rate, yield point,
ultimate tensile stress, ductility, etc. without any information concerning microstruc-
tural damage development and material microstructure variation. On the other hand,
nondestructive methods provide information about damage at a particular time of the
entire working period of an element, however, without sufficient information about
the microstructure and how it varies with time. Therefore, it seems reasonable to
plan future damage development investigations in the form of interdisciplinary tests
connecting results achieved using destructive and nondestructive methods with mi-
croscopic observations in order to find mutual correlations between their parameters
(Dietrich and Kowalewski, 1997; Makowska, 2014).

To assess damage using destructivemethod, the specimens after different amounts
of prestraining are usually stretched up to failure. The selected tensile parameters can
be determined afterwards, and their variations can be used for identification of dam-
age development. Ultrasonic and magnetic investigations are often selected as the
nondestructive methods for damage development evaluation. In the case of ultrasonic
method, the acoustic birefringence coefficient is often used to identify damage devel-
opment in the steels tested. Two magnetic techniques for the nondestructive testing
are especially suitable, i.e., measurement of the Barkhausen effect (HBE) and the
magneto-acoustic emission (MAE). Both effects are due to an abrupt movement of
the magnetic domain walls depicted frommicrostructural defects when the specimen
is magnetized. The laboratory test specimens are magnetized by a solenoid and the
magnetic flux generated in the specimen is closed by a C-core shaped yoke. Themag-
netizing current (delivered by a current source) has typicaly a triangular waveform
and frequency of order 0.1 Hz. Its intensity is proportional to the voltage UG. Two
sensors can be used: (a) a pickup coil (PC) and (b) an acoustic emission transducer
(AET). A voltage signal induced in the PC is used for the magnetic hysteresis loop
B H evaluation (low frequency component) as well as for the HBE analysis (high
frequency component). The intensity of the HBE is given by the rms (root mean
square) voltage Ub envelopes. The maximal values (Ubpp) of Ub for one period of
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magnetization can be then compared. An analogous analysis can be performed for
the MAE voltage signal from the AET. In this case, the maximal values (Uapp) of the
Ua voltage envelopes are compared. The magnetic coercivity Hc, evaluated from the
B H hysteresis loop plots, can also be taken into account.

6.4.2 Examples of the Results from Research Programs Executed
for Damage Analysis

6.4.2.1 Magnetic Techniques Combined with Destructive Methods

This section describes an application of non-destructive magnetic techniques sup-
porting damage evaluation due to creep or plastic flow on the basis of the selected
damage sensitive parameters coming from tensile tests and magnetic investigations
carried out on the P91 steel specimens. The low carbon, creep-resistant P91 steel is
typically used for tubes, plates and structural components in the power engineering.
Two different types of deformation processes were carried out. First, a series of the
P91 steel specimens was subjected to creep, and second one to plastic deformation
in order to achieve the material with an increasing strain level up to 10%. Sub-
sequently, non-destructive and destructive tensile tests were performed. Magnetic
methods based on measurements of magnetoacoustic emission and magnetic hys-
teresis loop changes were applied. The static tensile tests were carried out in order
to evaluate the mechanical parameters variations. It is shown that some relationships
between the selected parameters coming from the non-destructive and destructive
tests may be formulated.

Themagnetoacoustic emission (MAE) technique is based on the analysis of acous-
tic signals generated in the bulk of the material subjected to alternating magnetic
fields (Makowska and Kowalewski, 2015). MAE is generated during the movement
of non-180 domain walls (in the case of steels they are 90 domain walls) as a
result of local deformations (volume changes) induced by the local change of mag-
netisation in a material having the non-zero magnetostriction (Buttle et al, 1986).
Domain walls are pinned temporarily by microstructural barriers to disable their
motion, and then they are released abruptly with an increase of the magnetic field.
Grain boundaries, precipitates, dislocation tangles (Jiles, 1998) and voids (Blaow
et al, 2007) are microstructural barriers hindering domain walls movement. It was
also suggested that irreversible rotation of the domain through angles other than 180
can also contribute to the MAE signal (O’Sullivan et al, 2004). Magnetoacoustic
emission accompanies magnetic Barkhausen effect (MBE) that is produced in steels
by movement of both 180 and 90 domain walls. Movement of the 180 domain
walls (between anti-parallel domains) does not contribute to the generation of elastic
waves. Stresses are not generated as the result of 180 domain walls movements
or rotations, since the strain along a particular axis is independent on the direction
of the magnetic moments if they act along the same axis (Buttle et al, 1986). As a
consequence, the movement of 180 domain walls does not affect magnetostrictive

A
ut

ho
r 

Pr
oo

f



6 Damage Identification Supported by Nondestructive Testing Techniques 103

strain (Buttle et al, 1986). An advantage of the MAE method over the MBE method
results from the depth of measurements. In the case of MAE it is dependent only on
the ability to magnetise the investigated material and easily reaches 10 mm (or even
more in special cases) while for MBE it is only 0–1mm due to attenuation of the
generated electromagnetic waves (in the kHz range) by eddy currents (Blaow et al,
2007).

Magnetoacoustic emission intensity, coercivity, saturation induction were mea-
sured on the plain specimens of the P91 steel (having a cross section 5 mm 7 mm
and gauge length of 40 mm). The specimens were earlier subjected either to creep
(T = 773 K, = 290 MPa) or plastic deformation (T = 298 K, V = 1mm/min).
The loading process of each specimen was carried out to achieve the different strain
level. The creep process was interrupted to obtain various deformation levels i.e.:
0.85%, 1.85%, 3.15%, 4.60%, 5.90%, 7.90% and 9.30%, whereas the levels of plastic
deformation were as follow: 2.00%, 3.00%, 4.50%, 5.50%, 7.50%, 9.00%, 10.50%.

Envelopes of the magnetoacoustic emission signal were calculated according to
the equation:

Ua h =

√√√√√∫
0

U2
ta1 t dt

(6.30)

where: Ua h is the root mean square voltage from the acoustic wave sensor calculated
over an interval during which the average magnetic field Uta1 t is the output of
the sensor. The integral over a half cycle of the magnetic field was calculated as

int Ua =

max∫
min

Usa h dh (6.31)

where
Usa h =

√
Ua2 h U2

ta (6.32)

and Uta is the root mean square of the background noise voltage. Hysteresis loop
changes were characterised by means of coercivity H and saturation induction
B . The magnetic parameters were normalized with respect to their values for the
non-deformed specimen (Int Ua norm Hc norm Bs norm).

Example envelopes of magnetoacoustic emission are presented in Fig. 6.38. The
MAE envelope of the non-deformed specimen reveals a broad maximum with two
peaks (Fig. 6.38a). According to Kwan et al (1984) the first peak on the MAE
envelope is mainly due to the creation and the second one to the annihilation of
magnetic domains with high contribution of displacement of non-180 domain walls.
The changes in the height and width of the peaks in Fig 6.38b, c indicate that
magnetoacoustic emission is sensitive to material damage and depends on the type of
deformation. The two-peak broad maximum observed in the non-deformed specimen
transforms to a single maximum for the specimen strained up to 10.5% in the tensile
test (Fig. 6.38b) as well as for the specimen strained up to 9.3% in the creep test (Fig.
6.38c). It can be also noted that the single maximum for the specimen after plastic
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(a) (b) (c)

Fig. 6.38 The magnetoacoustic emission rms envelopes for specimens of the P91 steel:
a) non-deformed, b) after plastic deformation up to 10.5%, c) after creep up to 9.3% (Makowska
et al, 2014)

deformation is broader and lower than for the specimen after creep (Fig. 6.38b, c),
which will be discussed later. It can also be seen that the maxima of both envelopes of
strained specimens (by creep and plastic deformation) occur at a higher magnetizing
field than the maximum of the non-deformed specimen.

Possible explanation is related to the necessity of usage a higher magnetic field to
be able to move domain walls in the material with a higher density of dislocations.
Transformation of the peak shape for all deformed specimen occurs. The integrals
of half-period voltage signals from the magnetoacoustic emission rms envelopes for
each specimen were calculated. They are presented in Fig. 6.39.

The integral of the half-period voltage signal of the MAE Int Ua norm decreases
with the increase of strain level for both plastic and creep deformations, but the
dynamics of these processes are different—lower values of this parameter (for de-
formation values greater than = 2%) were obtained for specimens after plastic
deformation (Fig. 6.39). The integral of the MAE is almost insensitive to creep in
the range of strain between 0.85% and 9.3%. The decrease of both parameters may
be explained on the basis of previous knowledge provided by other researchers (Au-
gustyniak, 2003; Augustyniak et al, 2008). The plastic deformation produces defects
inside the martensite plates in the form of dislocation tangles that decrease signif-

Fig. 6.39 Integral of half-
period voltage signal of mag-
netoacoustic emission versus
pre-strain for the P91 steel  
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icantly the mobility of ‘non-180 ’ domain walls (Augustyniak, 2003). An increase
in dislocations density reduces the mean free path of the domain walls displace-
ment and increases their pinning force (Augustyniak et al, 2008). According to the
Granato-Lucke theory, it is believed that the ends of the dislocations lines are fas-
tened at points of strong and weak fixation. The points of strong fixation are the
nodes of the dislocation network, whereas the points of weak fixation are impurity
atoms (Baldev et al, 2001). Under applied stresses the dislocations segments bend
between the points of weak fixation. In the case, when the stress exceeds a defined
value, the dislocation segment breaks away from the points of weak fixation (Baldev
et al, 2001). As a result, due to the dislocation structure modification, movement
of the domain walls becomes less effective and the MAE intensity signal and its
parameters Int Ua decrease monotonically (Blaow et al, 2007).

Usually, in the case of creep of metallic materials, two main processes are domi-
nant: strain hardening and thermal softening (also called as recovery) (Bailey, 1935;
Zakharov et al, 2013). The same situation takes place in the P91 steel. The mate-
rial recovery occurs by dislocation cross slip and dislocation climb. As a result of
recovery and relatively high level of acting stress equal to 290 MPa, polygonization
of the material occurs thanks to the dislocation climb mechanism. The second im-
portant process involved during creep of the P91 steel is the hardening caused by
introduction of high density dislocation tangles to the material structure. Therefore,
the accelerated creep is a mixed process consisting of creep and plastic components
of deformation due to the high level of stress applied. Similarly, for plastic deforma-
tion, the movement of the domain walls is impeded due to the significant amount
of defects introduced to the material. However, a lesser decrease in the Int(Ua norm
values for specimens after accelerated creep than for specimens after tensile tests
was observed due the applied temperature (773 K).

The results of mechanical tests conducted on specimens with prior deformation
were used to determine the yield point and ultimate tensile stress variations. They
demonstrate the softening effect in the P91 steel after creep, whereas after plastic
deformation a hardening effect can be observed.

The main aim of the research program was to find relationships between damage
sensitive parameters of tensile tests and those determined from magnetic inves-
tigations. Representative results are shown in Figs. 6.40 - 6.42. They show the
relationships between the ultimate tensile stress and selected magnetic parameters.

Similarly to the results obtained for the yield stress in the case of plastic defor-
mation, the exponential relationships between the ultimate tensile stress and magne-
toacoustic emission integral can be observed in the strain levels considered (0–9%)
here, Fig. 6.40. It has to be noted however, that for the steel after creep the mutual
relationship between these parameters cannot be expressed as a function, since the
points representing increasing level of deformation are not located in the orderly
manner. The same types of relationships were found between the ultimate tensile
stress and coercivity, Fig. 6.41. Contrary to these results, variations of the saturation
induction Bs norm allow an estimation of the ultimate tensile stress of the P91 steel
either after creep (in the whole range) or plastic deformation (range 0 – 9%), Fig.
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Fig. 6.40 Variation of ul-
timate tensile stress of the
P91 steel versus amplitude
of magnetoacoustic emission

pp norm

 

Fig. 6.41 Variation of ulti-
mate tensile stress of the P91
steel versus coercivity c norm

 

Fig. 6.42 Variation of ulti-
mate tensile stress of the P91
steel versus saturation induc-
tion s norm

 

6.42. The relation Rm = f Bs norm) for the material after plastic deformation can be
described by the linear function, whereas that after creep, by the exponential one.
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6.4.2.2 Ultrasonic Techniques Combined with Destructive Tests

It has been found that various ultrasonic techniques can be applied to evaluate
the quality of the material in the as-received state and after deformation history
induced by creep, fatigue or plastic flow. Mutual relationships between parameters
of ultrasonic waves and those characterising creep were observed in the past (Frost
and Ashby, 1982; Brathe, 1978). Variations of nonlinear acoustic parameters were
investigated during creep (Ohtani et al, 2006). In late creep stages, when numerous
voids were created in the bulk steel specimens, an ultrasonic technique based on
acoustic birefringence was used to detect material damage (Kim et al, 2009).

Measurement of acoustic birefringence and evaluation of magnetic parameters
seem to be able to provide more comprehensive material degradation data than
the replica technique and destructive tests. Acoustic birefringence can be measured
using ultrasonic echo technique, for elements accessible from one side only (like
pipes for example). Its value is proportional to the difference in the round-trip travel
time of ultrasonic pulses polarized in the direction parallel and perpendicular to the
loading direction and, at the same time, perpendicular to the loading direction of the
specimen. It can be calculated as (Szela̧zek et al, 2009; Schneider, 1995):

B = 2
Vp Vl

Vl + Vp
= 2

tl tp
tl + tp

where: Vp velocity of shear wave polarized along the loading axis, Vl velocity of
shear wave polarized perpendicularly to the loading axis, tl time of flight of the shear
wave polarized along the loading axis, tp time of flight of the shear wave polarized
perpendicularly to the loading axis.

The value of acoustic birefringence depends on various factors influencing the
velocity of ultrasonic waves. One can indicate a material texture (preferred grain ori-
entations), concentration and orientation of voids (if any), impurities and dislocation
in the bulk of the material, and applied residual stresses in the material.

The advantage of acoustic birefringence measurements is the fact that there is
no need to know the exact thickness of the element under test. They do not depend
on temperature and they deliver information averaged over the element thickness.
Because of these features, this technique has found a wide application in ultrasonic
residual stress evaluation in the rims of mono-block railway wheels (Schramm et al,
1996).

Ultrasonic measurements were performed in five spots on each specimen along
gauge length. In this way, in specimens exhibiting necking, the maximal value of
acoustic birefringence coefficient could be found. Measurements were taken with a 5
MHz shear wave piezoelectric transducer coupled to the specimen surface by means
of the viscous epoxy couplant. Spots for measurements performed with ultrasonic
techniques on the specimen are presented in Fig. 6.43. The same specimens as those
used in magnetic investigations were considered.

It is shown, that also selected ultrasonic damage sensitive parameters can be corre-
lated with the mechanical ones. In our case we have found the acoustic birefringence
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Fig. 6.43 Spots of ultrasonic
measurements

 

Fig. 6.44 Variation of the
yield stress for the P91 steel
versus acoustic birefringence

 

coefficient as that which gives very promising results. Figure 6.44 well summarises
some achievements in this area. It illustrates mutual relationship between the acous-
tic birefringence coefficient and yield stress. The numbers in figure denote the level
of prior deformation. The yield stress of the P91 steel after deformation induced by
creep almost does not change with the acoustic birefringence coefficient. In the case
of prior plastic deformation the yield stress decreases linearly with an increase of
the acoustic birefringence coefficient.

6.4.3 Application of Magnetic Techniques in Real Structural
Elements for Rapid Inspection

The Barkhausen noise method, based on the measurement of voltage pulses gen-
erated by the magnetic domains moving due to the variable magnetic field (Buttle
et al, 1986), is regarded as a promising research tool for assessing a degradation of
the ferromagnetic materials used particularly in constructions for power engineer-
ing. Such a thesis is justified by the numerous papers describing the possibility of
determining by this method a degree of material damage in various stages of creep
(Palma et al, 2003; Mitra et al, 2007; Mohapatra et al, 2008; Makowska et al, 2014),
fatigue (Palma et al, 2003; Sagar et al, 2005) or stress/strain assessment during plastic
deformation due to tension (Stupakov et al, 2007; Piotrowski et al, 2009).

The 9Cr-1Mo (0.09%C) steel was tested under creep conditions (p = 125MPa and
T = 600 C) (Mitra et al, 2007). The results showed, that the rms of the Barkhausen
signal decreased in the primary creep, in the secondary period it dropped reaching
the minimum, and then strongly increased. In the tertiary stage, its value increased
slightly, taking almost linear relationship with respect to time.
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The Barkhausen noise parameter was also determined during fatigue of the
SAE8620 steel. It increased with the increasing number of fatigue cycles, and stress
amplitude as well. Stupakov et al (2007) investigated the low-carbon steel CSN12013
(C = 0.03%) subjected to plastic deformation up to 23% approximately. It was found
that with the increase of plastic deformation (up to 2.5%), the effective voltage of
the Barkhausen emission increased, and subsequently decreased. Just mentioned
examples of the research programs and their results show that the Barkhausen noise
parameters can be successfully used to identify degradation progress of materials in
power engineering elements. Applicability of this technique was also confirmed by
our investigations in which a degree of degradation of the turbine blade material was
tested. A relationship between the time of turbine blade degradation and Barkhausen
noise signal was found (Makowska et al, 2017). The tests were carried out for the
area of leading edge of the blade and those for the trailing edge part, Fig. 6.45. The
representative results were summarized in Figs. 6.46-6.48. They show the results of
the Barkhausen noise amplitude for blades after different values of the exploitation
time. The values of this parameter indicate that for the blades after longest exploita-

Fig. 6.45 General view of
the turbine blade fragment
(material: X22CrMoV12-1
(St12T)) showing places of
the magnetic investigations  

 

Fig. 6.46 The voltage difference (amplitude Ubpp) between maximum peak value of magnetic
Barkhausen emission (Ub) and its background noise (Utb) for blades after 26400 [h] of exploitation
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Fig. 6.47 The voltage difference (amplitude Ubpp) between maximum peak value of magnetic
Barkhausen emission (Ub) and its background noise (Utb) for blades after 36100 [h] of exploitation

 

Fig. 6.48 The voltage difference (amplitude Ubpp) between maximum peak value of magnetic
Barkhausen emission (Ub) and its background noise (Utb) for blades after 39800 [h] of exploitation

tion period considered here a significant lowering of the Barkhausen signal noise
can be obseved in comparison to that obtained for the blades after 26400 hours of
exploitation. Examination of blades A1-A3, Fig. 6.46, proves that in the case of
blades without visible defects the Barkhausen noise captured on the leading edge
was always proportionally lower than that on the trailing edge. This is also confirmed
by the results for blades C1 - C3, Fig. 6.48.

In conclusion one can say that the Barkhausen noise method is quite sensitive to
the material degradation. The tests enabled to observe the Barkhausen signal level
decrease evaluated in the cracks vicinity located on the trailing edge of the blades.
The lowest amplitude of the Barkhausen noise was observed for blades that suffered
on structural degradation accumulated due to stress state variation around the defects
in the form of blade material loss. The results achieved indicate that the Barkhausen
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noise method may in the future serve as an alternative technique for damage degree
evaluation of selected components working in power engineering. At the current
stage of the method development and taking into account a lack of the adequate
standards of the presented concept, a further intensive investigations are needed for
significantly larger number of cases.

6.5 Closing Remarks and Conclusions

The chapter presents selected results of damage development investigations due to
various loading types obtained by means of destructive and nondestructive testing
techniques.

The fatigue or creep tests for a range of different materials were interrupted
for selected stages in order to assess a damage degree. As destructive methods the
standard tensile tests were carried out after prestraining. Subsequently, an evolution
of the selected tensile parameters was taken into account for damage identification.

The results of nondestructive tests show that the selected ultrasonic and magnetic
parameters can be good indicators of material degradation and can help to locate the
regions where material properties are changed due to prestraining.

Taking into account ultrasonic methods, in order to evaluate damage progress in
specimens made of the steels, instead of velocity and attenuation measurement, the
acoustic birefringence measurements were successfully applied. In the case of mag-
netic investigations for damage identification the measurements of the Barkhausen
effect (HBE) and the magneto-acoustic emission (MAE) were applied. Both effects
show that the magnetic properties are highly influenced by prior deformation, and
moreover, they are sensitive not only to the magnitude of prior deformation, but also
to the way it is introduced.

Among nondestructive methods the relatively novel optical techniques were used
for damage initiation and further crack propagation monitoring. The results of dam-
age monitoring during fatigue tests supported by Digital Image Correlation or Elec-
tronic Spackle Pattern Interferometry proved their great suitability for effective iden-
tification of places of damage initiation.

The results show that ultrasonic andmagnetic damage sensitive parameters can be
correlated with those coming from destructive tests. It is shown that good correlation
of mechanical and selected non-destructive parameters identifying damage can be
achieved for the materials in question.

This study suggests that experimental investigations concerning creep and fa-
tigue problems should be based on the interdisciplinary tests, connecting parameters
assessed by classical macroscopic destructive investigations, plus microscopic ob-
servations with parameters coming from the non-destructive investigations.

The chapter additionally presents simulation of fatigue crack initiation for cyclic
loading within the nominal elastic regime. It is assumed that damage growth occurs
due to action of mean stress and its fluctuations induced by crystalline grain inho-
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mogeneity and free boundary effect. The simulations were supported by the results
captured by ESPI system.
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