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Chapter 8
Conclusions
8.1 Conclusions
This research work experimentally investigated the influence of the grain size distribution and
the associated scattering regimes on the acoustic nonlinearity parameter. The combined effect
of grain size variation and the plastic deformation on the polycrystalline materials also studied
using nonlinear ultrasonics. To this end, the thesis explored the microstructural characterization
on the annealed, forged and deformed microstructures of austenitic stainless steel material
using the ultrasonic nonlinearity parameter. A novel multi-frequency nonlinear ultrasonic
methodology is introduced in this thesis for a reliable characterization of the heterogeneous
microstructures in polycrystalline materials.
The key findings this thesis has made are concluded below.
1. The acoustic nonlinearity parameter 𝛽 was found reducing linearly with grain growth in
the Rayleigh scattering regime and deviating from this linearity in the Rayleigh to
stochastic transition zone. A reliable evaluation of grain size in polycrystalline materials
using a single frequency measurement, therefore, requires the Rayleigh scattering condition
to be satisfied so that the 𝛽 would be independent of the scattering losses.
2. The multi-frequency approach reveals that the change in the order of 𝛽𝜔𝑖 or the deviation
in Δ𝛽𝜔𝑖,𝑗 with grain coarsening can be used as a precursor for undesired grain growth in
polycrystalline materials. For a set of input frequencies (𝜔𝑖 ), these changes indicate that
the mean grain size has deviated from the Rayleigh scattering regime corresponding to
those frequencies. This approach can be employed as an efficient tool for rapid screening
of materials with unknown process history where wide variations and distributions of grain
sizes are expected. The frequencies can be chosen such that the event at which the
nonlinearity parameter deviates from its linear trend may be set as the boundary where the
grain size-dependent properties are extinct. Hence, this methodology can be brought out as
a stand-alone technique to be deployed to characterize the microstructural variations.
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3. The results further infer that the conventional single-frequency NLU measurement would
not be reliable against the grain size variation or distribution as the multi-frequency
approach is required to observe the changes in the linear trend of 𝛽𝜔𝑖 and changes in the
order of 𝛽𝜔𝑖 and thereby the deviation in the 𝛥𝛽𝜔𝑖,𝑗 with grain coarsening. The multifrequency NLU methodology has a reasonable correlation with the microstructure, and its
reliability was evaluated against the heterogeneous microstructure in large diameter
forgings.
4. A study on the effect of grain size distribution on the acoustic nonlinearity parameter has
revealed that the material with wide distribution exhibited reduced nonlinearity. The result
infers the significance of considering the distribution width in characterizing the
microstructural features from the nonlinear response of the material. Though the results
discussed here are in the context of the Rayleigh scattering regime, a similar influence of
the distribution on 𝛽 is expected for other scattering regimes also.
5. The nonlinearity parameter is very sensitive to the variations in grain size, even in the
presence of deformed microstructure. Hence, nonlinear ultrasonics is an efficient tool for
characterizing the combined effect of grain size variations and plastic deformation in
metallic materials.
From the present research, it is understood that the role of grain size distributions and thereby
the scattering regimes need to be considered while interpreting the results based on the
measured acoustic nonlinearity parameters in single-phase polycrystalline materials. This
understanding is vital for reliable characterization of microstructural features and to enhance
the consistency in structure-property correlations using nonlinear ultrasonics. The results
obtained in this thesis infer that, the multi-frequency approach can be used as a reliable tool to
1. Measure the grain size in a polycrystalline material
2. Evaluate the grain size distribution and heterogeneity in the microstructure
3. Assess the effect of deformation in polycrystalline structural materials.
These understandings are very important in solving the inverse problems in nonlinear
ultrasonics, leading to a non-destructive evaluation method of polycrystalline materials with a
minimum of a priori information.
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SUMMARY
Grain size and its distribution are the important parameters that influence the properties of
metals and alloys. However, in large components, grain size variation occurs across the
thickness or diameter, leading to corresponding material properties variations. Though in-situ
metallography can be used to measure the grain size on the surface, estimation of grain size
variations across the thickness is not feasible. In this context, the non-destructive evaluation
(NDE) methods find widespread applications in material characterization due to their faster
and reliable volumetric evaluation capabilities. Among several complementary NDE methods,
ultrasonic methods are commonly employed in manufacturing and process industries owing to
its applicability on any material and competence of real-time analysis. However, the traditional
linear ultrasonic methods such as attenuation or velocity measurements have low sensitivity
towards certain microstructural features, and their use is restricted on coarse-grained materials.
In such cases, the nonlinear ultrasonic (NLU) method is an ideal choice. The response of the
NLU parameters to microstructural changes is more sensitive than the conventional ultrasonic
methods. Therefore, the NLU has become an active area of research with the objective of
characterizing materials at various processing stages and also to understand service exposed
degradation mechanisms. There is a significant amount of literature on the use of nonlinear
ultrasonics for material characterization, and evaluation of grain size variation in
polycrystalline structural materials is one of the areas in which unique features of NLU can be
exploited.
The grain size distribution in a polycrystalline material is, most often, lognormal, and the larger
the mean grain size, the wider is the distribution. The mean grain size is often used to describe
the microstructure to correlate with the mechanical properties. However, the lognormal
distribution of the grain size results in different acoustic scattering regimes to coexist in a
polycrystalline material. Different scattering regimes can have different effects on the NLU
parameters introducing uncertainty in the correlation of these parameters with the grain size
variations. Therefore, characterization of such material using a single-frequency nonlinear
response, assuming a mean grain size, is insufficient. In addition, it is quite possible in
industries that the metallic components are supplied not always in solution annealed condition
and hence deformation assisted microstructural changes may exist. Also, the heat treatment
and processing conditions like annealing, normalising, ageing and hot/cold working can alter
the microstructural features such as dislocation density, precipitates and secondary phases in
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addition to the inherent grain size variations. Therefore, it is essential to understand how the
nonlinearity parameter would be affected in the presence of not fully annealed or deformed
microstructure that could be present in a component. This understanding will help to consider
nonlinear ultrasonics as a potential nondestructive evaluation tool for inspection of the
materials, primarily for the evaluation of the variations in grain size. Therefore, the present
thesis dwells into these areas and introduces a novel multi-frequency nonlinear measurement
approach.
The multi-frequency methodology presented in this thesis significantly improves the reliability
of structure-property correlations in polycrystalline materials. This approach allows visualising
the grain size variations and the associated scattering regimes from the nonlinear response of
the material. In the Rayleigh scattering regime, the nonlinearity parameter decreases linearly
with grain growth and deviates from its linearity in the Rayleigh-to-stochastic transition
regime. Experimental and numerical investigations have shown that the distribution of grain
size also has a considerable influence on the measured acoustic nonlinearity parameter. It is
also demonstrated that, even though the NLU parameter is affected by the plastic deformation
in the material, it is possible to use this parameter to study the variation of grain size in materials
subjected to different levels of plastic deformation. Such investigations, which have never been
explored, are important in developing nonlinear ultrasonics as a robust nondestructive
evaluation technique for microstructural characterization that can be employed for field
applications which include inspection, quality control, remnant life assessment and failure
analysis.
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Chapter 1
Introduction
1.1 Background
In metals and alloys and even in structural ceramics, grain size is an important parameter that
influences the mechanical properties, thereby affecting material strength as shown by Hall1 and
Petch2 through their famous Hall-Petch relation. Among different strengthening mechanisms
available for metals and ceramics, reducing the grain size is the only mechanism that serves
the twin purposes of increasing strength and ductility. However, absolute uniformity in the
grain size is most unlikely in regular industrial practices. In polycrystalline materials, the grain
size is seldom uniform and follow a lognormal distribution.3 Appropriate grain size is important
not only for ensuring the properties intended for the applications but also for successfully
processing the material from the initial cast structure (after solidification) to the finished
product. In fact, for metal forming operations, appropriate grain size and its distribution are
critical to producing intermediate products that undergo further processing.
Metallography is the most widely used technique employed to measure grain sizes.
Conventional microscopy techniques,4 essentially destructive, are not always feasible during
manufacturing or in finished components. The microscopy results are based on the data
generated on a small set of representative test coupons. However, anomalies in the
manufacturing processes can challenge the validity of the assumption that a small set of
samples is representative of a batch of materials or a component in terms of microstructural
properties. In reality, such a small set of samples would indicate an inaccurate statistical
estimation of the properties of the actual component. On the other hand, the in-situ techniques
on the components involve time-consuming surface preparation followed by replica
development and microscopic analysis and therefore not been regularly practised on-site except
for the life extension program. Further, the microscopy techniques are primarily confined to
the surface and not suitable to study the grain size variation across the thickness. In this context,
non-destructive evaluation (NDE) methods find extensive applications due to their faster and
reliable volumetric evaluation capabilities. The NDE methods play a vital role in the
uninterrupted and secure operation of any machinery. Ultrasonic techniques are the most
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common among several complementary NDE methods due to their applicability to any
material, the competence of real-time analysis and complete volumetric evaluation, which leads
to a reasonable correlation between the structure and property. This technique is also well
recognized for use during in-service inspection to detect the nucleation and growth of defects
and to assess its acceptance and service life. Conventional ultrasonic methods used in NDE
rely on the linear theory of elasticity where the field variables like stress, strain and
displacement are linearly related and approximated by the first-order term of Hook's law. These
ultrasonic methods measure a few specific parameters like reflectivity, velocity and
attenuation. The material properties or discontinuities are characterized based on the
characteristic property of such parameters. However, studies on several metallic and nonmetallic materials showed that the nonlinear ultrasonic (NLU) response is the most sensitive
indicator of degradations compared to the linear attenuation and velocity measurements. 5
Nonlinear ultrasonics rely on the generation of harmonics from the discontinuities in the lattice
continuum. When a monochromatic elastic wave propagates through a medium, the waveform
gets distorted due to the interactions with the discontinuities such as dislocations, precipitates,
grain boundaries and micro-cracks. Such distortions generate harmonics of the fundamental
frequency. The acoustic nonlinearity parameter is a measure of such distortions which is
calculated from the amplitudes of the fundamental and harmonic components. The nonlinearity
parameter can, therefore, represent the state of the material microstructure reliably. However,
in nonlinear ultrasonics, the amplitude of the harmonics is orders of magnitude smaller
compared to that of the fundamental component, and hence there must be a compromise on the
selection of the frequencies based on attenuation and propagation distance of the medium. The
NLU methods nowadays are widely used in characterizing materials at various processing
stages6–15 and also to understand the service exposed degradation mechanisms. 16–22

1.2 Scope of the research
The scope of the present research work is to demonstrate the feasibility of the nonlinear
ultrasonic technique for characterizing the grain size variations and its distribution in bulk
metallic materials. In a polycrystalline material, the elastic waves undergo attenuation, which
depends on the wavelength and size of the scatterer (grains), defining the so-called scattering
regimes.23 Because of the difference in their wavelength, the attenuation of the fundamental
and harmonic components used in nonlinear ultrasonics is different in different scattering
regimes. Therefore, the size and distribution of grain size, as well as the frequency of the
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elastic waves, would influence the nonlinearity parameter as this parameter depends on the
simultaneous measurements of the fundamental and harmonic amplitudes. There have been
attempts for correction factors to compensate for the attenuation losses, 24–26 but these
procedures require simultaneous estimation of the attenuation coefficients and the nonlinearity
parameter. Such efforts are time-consuming, tedious and challenging to implement when the
material is coarse-grained or thick. Also, such correction procedures are not feasible in heavy
forgings or castings where all possible variations in grain sizes coexist within a single
component. The nonlinearity parameter, which is conventionally measured using a single
excitation frequency, would, therefore, be insufficient to characterize such a microstructure
accurately. In addition, characterization of grain size variations in the components which are
undergone deformation is challenging as both grain size and the deformation-induced
microstructure influence the nonlinear response of the elastic waves.
Therefore, it is appropriate to investigate the effect of scattering regimes and the deformation
in polycrystalline materials using ultrasonic nonlinearity parameter. A deeper understanding of
the effect of different scattering regimes on the nonlinearity parameter will lead to more
efficient ways of interpreting the wave-material interaction mechanisms. In characterizing
highly heterogeneous structural materials and improving the correlations between structure and
property, this understanding may effectively be utilized.

1.3 Objective
The primary objective of the present research is to characterize the grain size variations and the
plastic deformation in polycrystalline materials using nonlinear ultrasonics, taking into account
the inherent attenuation losses of the elastic waves at the fundamental and harmonic
frequencies. Specifically, the objectives of the research are summarized as follows:
•

Experimental investigations on the effect of scattering regimes on the measured
acoustic nonlinearity parameter,

•

Characterization of the microstructural heterogeneity in a component where variations
in grain size coexist,

•

Investigations on the effect of grain size distributions on the acoustic nonlinearity
parameter, and

•

Study of the combined effect of the grain size variations and the plastic deformation in
polycrystalline structural materials using the acoustic nonlinearity parameter.
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It is to be noted that the acoustic nonlinearity parameter used in this thesis is derived from the
fundamental and second harmonic components, which is referred to as the quadratic
nonlinearity parameter.

1.4 Organization of the thesis
The thesis comprises Nine chapters as outlined below:
Chapter 1 consists of the introduction to the problem and the scope and objective of the
research. In Chapter 2, a comprehensive review of conventional, as well as non-linear
ultrasonic methods used in the non-destructive evaluation of materials are presented.
Formulation of the acoustic nonlinearity parameter and the factors affecting this parameter is
discussed in detail. Beyond this, the chapter presents a systematic classification of
microstructural characterization using the acoustic nonlinearity parameter. This chapter also
describes the gap area found in the literature which has been taken up for this research. In
Chapter 3, experimental procedures, materials and characterization methods followed in this
thesis are discussed in detail. In Chapter 4, the effect of scattering regimes on the nonlinearity
parameter is investigated on a set of annealed microstructures of SS304. A multi-frequency
non-linear measurement approach is introduced for the first time in this chapter. The frequency
dependence of the nonlinearity parameter is discussed in detail and correlated with the
scattering related losses to the fundamental and harmonic frequency components. In Chapter
5, the observations derived for the annealed microstructures were extended to characterize
forged materials in which all sort of grain size variations coexist in a component. The effect of
grain size distribution, combined with the scattering regime, is explored for the characterization
of the heterogeneous microstructure. Chapter 6 investigates numerically and experimentally
the effect of grain size distribution on the nonlinearity parameter within the context of a single
scattering regime. Chapter 7 investigates the use of non-linear ultrasonics to study the
combined effect of grain size variation and plastic deformation in polycrystalline materials.
Chapter 8 presents the summary and conclusions drawn based on results and discussion. In
chapter 9, potential areas of future work plans are discussed.
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Chapter 2
Background and Literature Review
2.1 Introduction
Non-destructive evaluation (NDE) of materials is well recognized and well addressed in the
design codes and standards; for example, ASME (American Society of Mechanical Engineers)
Boiler and Pressure Vessel Code Section V and the associated ASTM (American Society for
Testing and Materials) Standards. Among several NDE methods, the ultrasonic testing methods
are the most versatile technique used for defect detection and microstructural characterization.
Based on the interaction mechanism of the ultrasonic waves within a material, the ultrasonic
NDE methods are broadly classified into linear and nonlinear ultrasonics. The linear ultrasonic
methods are commonly used for defect detection, whereas the nonlinear methods are
implemented in the microstructural characterization.
This chapter reviews the applications of linear and nonlinear ultrasonic methods in the nondestructive evaluation of microstructural features in metallic materials. Advantages of
nonlinear ultrasonics over linear methods are also discussed. A comprehensive review on the
nonlinear elasticity, factors affecting the acoustic nonlinearity parameter and the
microstructural characterization using this parameter will be covered in this chapter. Various
aspects of the polycrystalline grain boundaries and harmonic generation are also discussed. The
elastic wave propagation through a polycrystalline material and the directional effects on the
harmonic amplitudes are illustrated using a finite difference approach. Finally, the influence of
various scattering regimes on the nonlinearity parameter is highlighted, and few gap areas were
identified for investigation.

2.2 Non-destructive evaluation using linear ultrasonic methods
Ultrasonic testing is the most preferred non-destructive evaluation method for the
characterization of microstructure and properties of materials. With the advancement in
electronics, the reflectivity, velocity and attenuation can be measured very accurately to
correlate them with various material properties with a reasonable confidence level.
Conventional ultrasonic NDE of materials relies on the linear theory of elasticity where the
5
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field variable like stress, strain and displacement are linearly related. The applications of the
linear ultrasonic NDE methods are broadly classified into two; defect detection and
microstructural characterization.
2.2.1 Defect detection
For several decades, ultrasonic methods have been used in the identification and
characterization of defects in materials.27–29 The technological development of ultrasonic
volumetric evaluation started from the manual straight beam pulse-echo inspection to the
advanced imaging formats like B-, C- or D- scans and later the application of tomography
methods like synthetic aperture focusing technique (SAFT) for 3D reconstruction of the data.30
The major drawback associated with the pulse-echo inspection, especially on coarse-grained
or thick components like forgings and castings, is the weak signal-to-noise ratio (SNR). Ricci
et al.31 described a pulse-compression method to improve the SNR and demonstrated it on
forged steel structures with large dimensions and high attenuation. Senni et al.32 compared the
performance of the pulse-compression technique with the conventional pulse-echo method on
forged steel products and showed that the chirp-based pulse-compression technique enhances
the inspection capabilities. The chirp-based approach reduces the side lobes, which is a
requirement in detecting tiny defects in large structures. However, inspection of the materials
having larger dimensions is challenging due to an increase in attenuation, which limits the
reliability of ultrasonic testing. The synthetic aperture focusing technique (SAFT) could
improve the lateral resolution by extending the aperture of a transducer and processing several
successive measurements, thereby focusing the ultrasound inside the object. It also reduces the
backscattering effects from the coarse grain microstructure. Fendt et al.33 demonstrated the
application of SAFT combined with the pulse-echo technique to locate and quantify small
defects in steel forgings. Nevertheless, the use of single/double crystal ultrasonic transducers
in the pulse-echo examination of the components cost prolonged testing and evaluation time.
The phased array ultrasonic methods, however, could replace the requirements of multiple
fixed-focus transducers with a single phased array probe.34 Dupont-Marillia et al.35 investigated
the possibility of ultrasonic phased array inspection of forged steel blocks of dimensions up to
1000 mm. Using the CIVA simulation software, they have optimized the phased array probe
and the ultrasonic wave propagation sequence in a total focusing method (TFM). Based on the
results, a 32-element phased array probe was fabricated and used on a forged steel block of
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dimension 777 mm. Alavudeen et al.36 used phased array technique in the investigation of
fatigue cracks formed under room temperature and sub-zero temperature. Though the defect
detectability of the phased array method is much higher than that of the conventional pulseecho method, the underlying reflection properties of sound waves limits its sensitivity against
defects such as crack tips. In this context, the time of flight diffraction (TOFD) technique37,38
is found suitable to detect the extremities of the crack tips. The TOFD method is not governed
by the laws of reflection and hence possess better accuracy in the detection of crack tips
compared to the reflection-based methods such as pulse-echo or phased array. Abraham et al.39
were the first to construct a 3D profile of the crack tips in a forged 17-4 PH stainless steel rod
of 100 mm diameter using the TOFD technique. Due to its reduced scanning time and increased
volume coverage, TOFD is a better choice to be implemented on the components at elevated
temperatures.40
The pule-echo technique, the phased array and the TOFD are sensitive to defects whose
dimensions are of the order of a wavelength. Therefore, these techniques are not used in
characterizing microstructural features. In this sense, ultrasonic velocity, attenuation and
backscatter analysis are the better choices, as they are influenced by the microstructure.
2.2.2 Microstructure characterization
2.2.2.1

Velocity measurements

Propagation of elastic waves in a solid is the result of infinitely small displacements of
integrated crystalline lattice in the material, maintaining the law of conservation of momentum.
Knowing the distance 𝑥 the wave propagates in the material in time 𝑡, the velocity can be
determined using the relation 𝑑𝑣 = 𝑑𝑥/𝑑𝑡. In an elastic continuum, the velocity of an elastic
wave is related to Young’s modulus (𝐸), rigidity modulus (𝐺) and the Poisson’s ratio (𝜐) of
the medium by the following relationships:

𝑐𝐿 = √

𝐸
1−𝜐
𝜌 (1 + 𝜐)(1 − 2𝜐)

(2.1)

𝐸
1
𝐺
𝑐𝑇 = √
=√
𝜌 2(1 + 𝜐)
𝜌

(2.2)
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𝑐𝑅 =

0.87 + 1.12𝜐 𝐸
1
√
1−𝜐
𝜌 2(1 + 𝜐)

(2.3)

where, 𝑐𝐿 , 𝑐𝑇 and 𝑐𝑅 are the speed of elastic waves in the longitudinal, transverse and Rayleigh
modes respectively. Equations (2.1) to (2.3) imply that the modulus of elasticity and density of
the medium determines the velocity and, therefore, less sensitive to the microstructural
variations, like grain size, which does not change the modulus or density considerably. For
example, only a 0.5% variation in the longitudinal velocity and 1.23% variation in the shear
velocity was reported in annealed AISI 316 stainless steel for an increase of 183% in the grain
size.41 It was also reported a minimal variation (< 3%) between the cold worked and
recrystallization conditions in modified austenitic stainless steel.42 Further, in a study
conducted by Dupont-Marillia et al.43 on the variations of grain size from the surface (70 µm)
to the core (700 µm) in large steel-ingots, a variation of < 2% in the phase-velocity was noted,
and there was no consistent trend in group-velocity variations. Similarly, little variation in
longitudinal velocity but a marginal change in shear velocity (< 2%) between martensite and
pearlite phases in L80 steel has also been reported.44 Insignificant variation in longitudinal
wave velocity was also noted between the surface and the core of high strength steel45 and in
P91 steel with significant changes in grain size.46 All these results illustrate the limitations of
using the change in velocity as a reliable precursor to minor variations in the microstructural
features.
2.2.2.2

Attenuation measurements

Attenuation is a cumulative effect of the scattering and absorption of elastic waves in a
dissipative medium. The scattering arises from the fact that the material is not strictly
homogeneous, while the absorption arises from the damping effects of the dislocations and
internal friction. Scattering losses, however, are orders of magnitude higher than that due to
the absorption and, hence, microstructural characterization of engineering materials using
ultrasonic attenuation is focused mainly on the scattering mechanisms.23,47–49 An elastic wave
propagating in a medium can be written as
𝑈(𝑥, 𝑡) = 𝑈0 𝑒 𝑗(𝜔𝑡+𝑘𝑥)

(2. 4)
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with 𝜔 is the angular frequency and 𝑘 is the wavenumber. If the wavenumber 𝑘 is a complex
quantity of the form 𝑘 = 𝜁 + 𝑗𝛼 with 𝜁 and 𝛼 are being real quantities, the wave propagation
can be written as
𝑈(𝑥, 𝑡) = 𝑈0 𝑒 𝑗(𝜔𝑡+𝜁𝑥) 𝑒 −𝛼𝑥

(2. 5)

with 𝑒 −𝛼𝑥 is the exponential attenuation with 𝛼 as the coefficient of attenuation. The
attenuation coefficients for the longitudinal and transverse mode of elastic waves in a
crystalline medium are given in the following form:50
𝛼𝐿 = 𝛼𝐿𝐿 + 𝛼𝐿𝑇
(2.6)
𝛼 𝑇 = 𝛼 𝑇𝑇 + 𝛼 𝑇𝐿
where 𝛼𝑖𝑗 quantifies the energy lost by a coherent wave of mode 𝑖 by scattering into a wave of
mode 𝑗, where 𝐿 corresponds with longitudinal and 𝑇 corresponds with transverse. In Eq. (2.6)
the individual contributions of each scattering mode are observed. Experimentally, the
attenuation coefficients are determined from the frequency spectrum of the first (𝑢1 (𝜔)) and
second (𝑢2 (𝜔)) back-reflected echoes of frequency 𝜔 using the relation47
𝛼(𝜔) =

1
𝑉1 (𝜔)
𝐷2 (𝜔)
𝑙𝑛 [
𝑅𝐴 𝑅𝐵
]
2𝑥
𝑉2 (𝜔)
𝐷1 (𝜔)

(2.7)

where 𝑉1 (𝜔) and 𝑉2 (𝜔) are the spectral amplitudes of the 𝑢1 (𝜔) and 𝑢2 (𝜔) , 𝐷1 (𝜔) and
𝐷2 (𝜔) are the Lommel diffraction corrections to the 𝑢1 (𝜔) and 𝑢2 (𝜔) , 𝑅 = (𝜌𝑚 𝑐𝐿𝑚 −
𝜌𝑤 𝑐𝐿𝑤 )/(𝜌𝑚 𝑐𝐿𝑚 + 𝜌𝑤 𝑐𝐿𝑤 ) defines the reflection coefficients at the top (RA) and bottom (RB)
surfaces in which 𝑐𝐿𝑚 and 𝑐𝐿𝑤 are the longitudinal velocity in material and water, respectively
and 𝜌𝑚 and 𝜌𝑤 are the density of material and water.
Ultrasonic attenuation was used to determine the volume fraction of porosity in aluminium
alloy A357 where the average pore size was in the order of 100 µm, and the pore concentration
varied up to 6%.51 Palanichamy et al.41 showed a variation in ultrasonic attenuation (using 2
MHz longitudinal waves) to be >40% with increasing grain size from 60 μm to 170 μm (183%)
on the contrary to minor variations (1.23%) in the velocity. This variation in attenuation is
sufficient enough to distinguish marginal variations in the grain size using ultrasonic
attenuation measurements. However, one of the drawbacks associated with the attenuation
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measurement is that its efficiency is affected by the metallic and non-metallic phases and
texture present in the material. For example, it was shown in titanium alloy forgings that a
higher loss in back reflection was not related to the grain size but the basket-weave textures
and their dimensions.52 Similarly, a comparable attenuation in P91 steel having two different
grain sizes due to the presence of delta ferrite in the martensitic matrix was reported.46 Also,
similar attenuation for bainite and perlite phases was reported even though they possess
different morphology. In the lamellar duplex microstructure in pearlite steel, it was shown that
the lamellar spacing determines the attenuation coefficients.53 These results, therefore, suggest
that prior microstructural information is a prerequisite to derive a quantitative interpretation
from the attenuation measurements. Li et al.54 have compared the sensitivities of ultrasonic
velocity and attenuation measurements over a range of grain sizes from 70 µm to 143 µm in
TP304 stainless steel and found that the attenuation is much more sensitive to the grain size
than the ultrasonic velocity. But this method requires tedious signal pre-processing and hence
possess limited implementation in the field. Nevertheless, velocity and attenuation
measurements are generally being performed in an immersion bath which limits the feasibility
of these techniques on large components which are in service. To overcome this drawback,
Dong et al.49 developed a laser-based technique to perform in-situ attenuation measurements.
But this technique introduced considerable error in the standard deviation in the measurements
of grain size compared to that observed from the microscopic methods such as electron
backscatter diffraction (EBSD) and hence not viable to distinguish minor variations in the
attenuation. Laser Doppler vibrometry is another method employed for material
characterization. Maio et. al.55 have used the LDV to assess the variations in the ultrasonic
velocity of guided waves in composite structures and correlated with the delamination that
occurred. However, the LDV is confined to the surface characteristics and limited by the
surface reflectivity of the specimen and hence rarely used in the industrial scale.
In reality, measurements of both the velocity and attenuation require that the thickness of the
material or wave travelling distance to be known precisely. It is also worth noting that the
power-law dependence23 of the attenuation coefficients on the grain size (𝐷) and wavelength
(𝜆) confines these measurements on to the fine-grained or homogeneous materials and lower
thickness range. In this context, the ultrasonic backscatter method has got its attention and has
been used for material characterization.

10

Chapter 2 Background and Literature Review
2.2.2.3

Backscatter analysis

The ultrasonic waves scattering from the microstructural features in structural materials have
a detrimental effect on ultrasonic velocity and attenuation measurements. However, the
backscattering carries vital information on the material microstructure and hence is relevant for
material characterization. Backscattering occurs at the grain boundaries in a polycrystalline
material due to the mismatch of crystalline anisotropy. 56 Significant amount of work has been
reported in ultrasonic backscattering. A realistic backscatter model was developed by Rose57
for the detection of alpha inclusions in titanium jet engine disks. Lobkis et al.58 have obtained
an analytical solution for the dependence of the backscatter signal on the frequency and average
grain size, and the result was applied on Titanium alloy duplex microstructure. It was shown
that the dominant factor for the backscattering is the interaction length of the grain in the
direction of wave propagation instead of the cross-section. Dupond et al.59 have used the
backscatter technique to characterize the microstructure in the forged bars of Inconel 600 alloy
of diameter 135 mm. Experimental studies carried out on the specimens with different grain
sizes were validated with the modelling approach and found a one-to-one correlation. Yang
and Rokhlin60 have developed a backscatter model for textured polycrystalline materials. They
have modelled the realistic textures for cubic polycrystals, and the numerical results were
compared with the experimental data available in the literature. In a study conducted by Zhang
et al.,61 however, it was shown that the backscattering measurements are suitable for weak
scattering materials like aluminium, whereas the attenuation measurements are useful for
materials with large grains such as steel and copper.
One of the major limitations of this method is its reliability in the remnant life assessment. The
microscopic imperfections serving as nuclei of the material degradation are considerably
smaller than the acoustic wavelength used. Therefore, the backscatter or even the attenuation
and velocity measurements are not sufficiently sensitive to the early stages of degradation or
microstructure evolution and hence lead to uncertainty in a reasonable estimation of the
mechanical properties required to assess the remaining life of the component. Compared with
the attenuation and velocity measurements, the backscatter method has no requirement of
parallel smooth surfaces and precisely known thickness. However, more complicated statistical
methods such as the figure of merit,62 singly scattered response,63 doubly scattered response64
etc. are required to correlate the backscatter signals from a different set of microstructures at
different probe positions. The above limitations encountered in linear ultrasonic methods are
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overcome in nonlinear ultrasonics (NLU). In addition, the nonlinear response is more sensitive
indicator of degradation compared to the linear ultrasonics.5

2.3 Nonlinear ultrasonics
For the last few decades, the nonlinear ultrasonics has become an active area of research in the
field of material science65,66 and bio-medical engineering.67 The basic principle of the nonlinear
ultrasonics relies on the nonlinear elasticity of the medium which responding to a finiteamplitude monochromatic elastic wave during its propagation.
2.3.1 Nonlinear elasticity
Nonlinear elasticity is the theory of elasticity under finite deformation and anharmonic
interatomic forces. In a periodic crystalline lattice, elastic properties are determined by the
interatomic forces acting on each atom described by, for example, the Lennard-Jones empirical
relation for the interatomic potential
𝑟0 12
𝑟0 6
𝑉(𝑟) = 𝑉0 [( ) − ( ) ]
𝑟
𝑟

(2.8)

Fig. 2.1: Lennard – Jones potential curve in which the region of harmonic approximation is
highlighted
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where, 𝑉0 is the depth of the potential well and 𝑟0 is the interatomic distance at which the
potential energy is zero. The interatomic forces (𝐹) are proportional to the displacement of
atoms for small displacements (𝑟) and hence
𝐹 = −𝑘(𝑟 − 𝑟0 )

(2.9)

which results in a harmonic potential
1
𝑉(𝑟) = 𝑘(𝑟 − 𝑟0 )2
2

(2.10)

The above expression shows that the potential energy curve is parabolic for small
displacements at which the restoring force is linear with respect to the displacement of atoms.
Fig. 2.1 schematically illustrates the Lennard – Jones potential curve in which the harmonic
approximation is highlighted. This assumption is valid virtually for any physically realistic
system because the atoms only move within a small region around their equilibrium positions.
Hence, the monochromatic nature of the elastic wave in the medium remains unchanged.
However, for larger displacements, the restoring force deviates from this harmonic
approximation and the higher-order terms in the Taylor expansion of the potential energy

Fig. 2.2: Schematic of the harmonic generation from a nonlinear system when a
monochromatic elastic wave propagates through it.
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𝑉 (𝑟) = 𝑉0 + 𝑉1 (𝑟 − 𝑟0 ) +

1
1
𝑉2 (𝑟 − 𝑟0 )2 + 𝑉3 (𝑟 − 𝑟0 )3 + ⋯
2!
3!

(2.11)

comes into the picture. Under this condition, the waveform gets distorted by its interactions
with the higher-order lattice potential energy terms. Such interactions are nonlinear, leading to
the generation of the harmonics of the fundamental frequency. Schematic representation of the
harmonic generation is depicted in Fig. 2.2. Measurement of the harmonic amplitudes provides
information about the nonlinear response of the medium in terms of a dimensionless quantity
called the acoustic nonlinearity parameter. For a medium with quadratic nonlinearity, the onedimensional elastic wave equation is written as68
𝜕2𝑢
𝜕𝑢 𝜕 2 𝑢
2
=
𝑣
[1
−
𝛽
]
𝜕𝑡 2
𝜕𝑥 𝜕𝑥 2

(2.12)

where 𝑣 is the longitudinal phase velocity at the fundamental frequency, and 𝛽 is the second
order (quadratic) acoustic nonlinearity parameter. It should be noted that, when 𝛽 becomes
zero, Eq. (2.12) reduces to the linear wave equation
𝜕2𝑢
𝜕2𝑢
2
=𝑣
𝜕𝑡 2
𝜕𝑥 2

(2.13)

2.3.2 The acoustic nonlinearity parameter
Consider a pure sinusoidal wave of displacement amplitude
𝑢 = 𝑢0 cos (𝜔𝑡)

(2.14)

of frequency, 𝜔 is launched into a material at 𝑥 = 0 , where 𝑢 is the instantaneous
displacement amplitude and 𝑢0 is the initial displacement at 𝑡 = 0. A perturbation expansion
of the displacement amplitude 𝑢 can be written as69
𝑢 = 𝑢(1) + 𝑢(2) + ⋯

(2.15)

where, 𝑢(1) and 𝑢(2) are the displacement amplitudes of the fundamental and second-harmonic
waves. The perturbation approach is adopted in order to find out the approximate solution to 𝑢
by starting from the exact solution of 𝑢(1) which is known. The nonlinear behaviour of the
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material determines subsequent terms. The contribution of 𝑢(1) is the solution to the linear
wave equation (2.13)
𝜕 2 𝑢(1)
𝜕 2 𝑢(1)
2
=𝑣
𝜕𝑡 2
𝜕𝑥 2

(2.16)

The plane wave solution to Eq. (2.16) subjected to the boundary condition x = 0 is
𝑢(1) = 𝐴1 cos (𝑘𝑥 − 𝜔𝑡)

(2.17)

where 𝑘 is the mode wave number (longitudinal bulk wave in the present thesis) and 𝜔 is the
angular frequency. A first-order perturbation equation for the contribution 𝑢(2) is obtained by
substituting Eq. (2.17) into the nonlinear term of Eq. (2.12), which yields
𝜕 2 𝑢(2)
𝜕 2 𝑢(2) 1 2 3
2
=
𝑣
− 𝑣 𝛽𝑘 (𝐴1 )2 𝑠𝑖𝑛2(𝑘𝑥 − 𝜔𝑡)
𝜕𝑡 2
𝜕𝑥 2
2

(2.18)

It must be noted that the nonlinear term in Eq. (2.18) is a second harmonic sinusoid. A solution
to Eq. (2.18) subjected to the above boundary condition is obtained by assuming a general
solution of the form
𝑢(2) = 𝑓 (𝑥 )𝑠𝑖𝑛𝑔2(𝑘𝑥 − 𝜔𝑡) + 𝑔(𝑥)𝑐𝑜𝑠2(𝑘𝑥 − 𝜔𝑡)

(2.19)

It is assumed that the 𝑓 and 𝑔 are functions of 𝑥 and that both the functions vanish at 𝑥 = 0,
since the boundary condition dictates that the second harmonic vanishes at 𝑥 = 0.
Substituting Eq. (2.19) into (2.18) yields,

(4𝑘

𝑑𝑓 𝑑 2 𝑔
𝑑𝑔 𝑑 2 𝑓
+ 2 ) 𝑐𝑜𝑠2(𝑘𝑥 − 𝜔𝑡) − (4𝑘
−
) 𝑠𝑖𝑛2(𝑘𝑥 − 𝜔𝑡)
𝑑𝑥 𝑑𝑥
𝑑𝑥 𝑑𝑥 2

(2.20)

1
= 𝛽𝑘 3 (𝐴1 )2 𝑠𝑖𝑛2(𝑘𝑥 − 𝜔𝑡)
2
Equating the coefficients of the sinusoidal terms in Eq. (2.20) yields

4𝑘

𝑑𝑓 𝑑 2 𝑔
+
=0
𝑑𝑥 𝑑𝑥 2

(2.21)

and
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4𝑘

𝑑𝑔 𝑑 2 𝑓
1
− 2 = − 𝛽𝑘 3 (𝐴1 )2
𝑑𝑥 𝑑𝑥
2

(2.22)

A consistent solution to Eq. (2.21) and (2.22) is found by assuming from (2.21) that 𝑑𝑓/𝑑𝑥
and 𝑑 2 𝑔/ 𝑑𝑥 2 are zero. This implies that 𝑓 = 𝑓0 is a constant, 𝑑 2 𝑓/ 𝑑𝑥 2 = 0 , and that
𝑑𝑔/𝑑𝑥 = 𝑔1 is also a constant. Hence, Eq. (2.22) yields 𝑑𝑔/𝑑𝑥 = 𝑔1 = −(1/8)𝛽𝑘 2 (𝐴1 )2 or
𝑔 = 𝑔0 − (1/8)𝛽𝑘 2 (𝐴1 )2 𝑥 where, 𝑔0 is an integration constant. Since the second harmonic
must vanish at 𝑥 = 0, both 𝑓0 and 𝑔0 must be zero. A solution to the nonlinear wave equation
(2.12) is then found from Eq. (2.16), (2.17) and (2.19) to be
1
𝑢 = 𝐴1 𝑐𝑜𝑠(𝑘𝑥 − 𝜔𝑡) − 𝛽𝑘 2 (𝐴1 )2 𝑥 𝑠𝑖𝑛2(𝑘𝑥 − 𝜔𝑡) + ⋯
8

(2.23)

Eq. (2.23) shows that, in addition to the fundamental wave of amplitude 𝐴1 and angular
frequency 𝜔, a second harmonic signal of amplitude
1
𝐴2 = 𝛽𝑘 2 (𝐴1 )2 𝑥
8

(2.24)

and angular frequency 2𝜔 is generated. The Eq. (2.24) implies that the second harmonic
amplitude hinges on the nonlinearity parameter 𝛽 and grows linearly with propagation distance
𝑥. Equation (2.24) also suggests that the nonlinearity parameter of the material is obtained
experimentally by measuring the absolute amplitudes of the fundamental and the second
harmonic components. Therefore, the second order nonlinearity parameter of a material can be
written as
β=

8 𝐴2
𝑘 2 𝑥 𝐴1 2

(2.25)

that defines the nonlinear response of the material towards a finite-amplitude acoustic wave.
The Eq. (2.23) suggests that the quadratic nonlinearity parameter of a material can be calculated
from the amplitudes of the fundamental and second harmonic components. Nevertheless, for
an ideal material, such nonlinear response is minimal as the acoustic pressure on the atoms in
a perfect periodic lattice is very small compared to the interatomic forces. However, every
crystalline lattice induces an intrinsic nonlinearity ( 𝛽 𝑙𝑎𝑡 ), referred to as the material
nonlinearity, arises from the elastic constants of the medium, which is defined as70,71,

16

Chapter 2 Background and Literature Review

𝛽 𝑙𝑎𝑡 = − (

𝑘3
+ 3)
𝑘2

(2.26)

where, k2 and k3 represent the linear combinations of second-order and third-order elastic
constants, respectively. The Eq. (2.26) suggests that the crystalline structure and the geometry
of local atomic arrangement are the dominant factors in determining the magnitude of the
nonlinearity parameter. For the principal directions in a cubic lattice, the expressions for k2 and
k3 are given in Table 2.1.

Table 2.1: 𝑘2 and 𝑘3 for the principal directions in a cubic lattice
Direction

𝑘2

𝑘3

[100]

𝐶11

𝐶111

[110]

𝐶11 + 𝐶12 + 2𝐶44
2

𝐶111 + 3𝐶112 + 12𝐶166
4

[111]

𝐶11 + 2𝐶12 + 4𝐶44
3

𝐶111 + 6𝐶112 + 12𝐶144 + 24𝐶166 + 2𝐶123 + 16𝐶456
9

However, no material is perfect in nature. The atomic periodicity is distorted in the vicinity of
grain boundaries, precipitates, micro cracks and dislocations due to the excess strain fields they
induce into the crystalline lattice. In the vicinity of these discontinuities, the displacement
potential deviates from the harmonic approximation introducing higher-order potential terms
given by Eq. (2.11). In an elastic medium, distortions in the atomic arrangements due to such
discontinuities induce excess nonlinearity (𝛽 𝑒𝑥 ), referred as the geometric nonlinearity, in
addition to the intrinsic material nonlinearity ( 𝛽 lat ). Therefore, the effective acoustic
nonlinearity parameter 𝛽 of a realistic crystalline material measured using Eq. (2.25) is a
summation of 𝛽 𝑙𝑎𝑡 and 𝛽 𝑒𝑥 :
𝛽 = 𝛽 lat + 𝛽 ex

(2.27)

Experimentally, separation of the individual contribution of 𝛽 𝑙𝑎𝑡 and 𝛽 𝑒𝑥 is very difficult.72,73
However, in the single-phase polycrystalline material where the change in grain size alone is
studied in this thesis, the material nonlinearity may be assumed to remain the same irrespective
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of the grain size. The relative variation of the nonlinearity parameter among different
microstructural conditions measured and reported in this thesis, therefore, represents the
change in the excess nonlinearity. The nonlinear response of the medium induced by the higherorder lattice potential terms and the discontinuities has become the basis of the non-destructive
evaluation of materials using the nonlinear ultrasonic technique.

2.4 Material characterization using nonlinearity parameter
The acoustic nonlinearity parameter, 𝛽, depends on the structure, geometry and shape of the
atomic arrangement in a crystalline solid. Hence the 𝛽 gets affected during degradation and
processing mechanisms. Monitoring the changes to 𝛽 is a powerful tool to understand the state
of the material. The following sections briefly review the relevant literature on the application
of nonlinear ultrasonics in the context of material characterization.
2.4.1 Nonlinear response of the dislocations
Dislocations are the most common type of defects in crystalline materials at which the lattice
continuity is distorted. The stress field of the dislocations in an elastic continuum creates
nonlinear stress-strain behaviour in a localized volume near the dislocations and distorts the
ultrasonic wave during its propagation. There exist several models to address different
configurations of dislocations in metals. Hikata et al.19 were the first to study the contributions
of pinned dislocation segments to the excess acoustic nonlinearity parameter. Such pinned
dislocation segments often appear in precipitate strengthened metallic materials. Bowing of the
pinned dislocation under shear stress induces shear strain which gives rise to second harmonic
generation. However, this model does not account for the effects of lattice resistance on the
bowing of the dislocations. Cantrell et al.74 developed a model of dislocation bowing that
accounts for the lattice resistance by assuming that, in moving under the influence of applied
stress, the dislocations encounter a periodic Peierls-Nabarro lattice barrier stress which changes
the dynamics of dislocation bowing and leads to a periodicity in the harmonic generation
amplitude. Cash and Cai20 used dislocation dynamics (DD) simulation to demonstrate that
constant dislocation line tension is insufficient to predict the contribution of dislocations to 𝛽.
They have proposed a new model which accounts for the orientation-dependent line energy
and provided a significant improvement over the models using constant line energy suggested
by Hikata19 and Cantrell.74 In this model, a strong dependence of 𝛽 on the orientation of
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Burgers vector relative to the direction of the dislocation was shown by the DD simulations.
Later, Cash and Cai75 proposed a model which extended to an infinite dipole train and an
infinite Taylor lattice. This analytical model offered an improvement over the existing models
on 𝛽 arising from the dislocation dipoles and multipoles. Gao and Qu76 further developed a
model for the excess acoustic nonlinearity parameter caused by extended dislocations which
relate the nonlinearity parameter with the dislocation density and stacking fault energy. The
separation between the two partial dislocations which forms an extended dislocation is stressdependent implying that extended dislocations may interact with propagating waves.
The nonlinear interaction of elastic waves with dislocations has been studied extensively in the
literature. The monotonic increase in β with an increase in carbon content in the quenched
martensitic steel has been reported by Hurley et al.77 and the increase in β was related to the
increasing pinned dislocations affected by internal stresses, which were confirmed by XRD.
Matlack et al.14 used nonlinear ultrasound to monitor radiation damage in reactor pressure
vessel steels. The increase in β from unirradiated specimen to medium dose specimen was due
to an increase in dislocation density, and the decrease from the medium dose to high dose
material was attributed to the formation of nanoclusters which reduce the mobility of
dislocations cause reduced higher harmonic generation. The harmonics generated due to the
dislocation substructures is a quantitative indication of the amount of damage that happened to
a material. Hence by measuring the acoustic nonlinearity of a material, the damage associated
with dislocation accumulation and the resulted microplasticity can be evaluated. The
generation and accumulation of dislocations is the fundamental mechanism which governs the
properties of a material during plastic deformation, fatigue and creep.
2.4.1.1

Nonlinear response arising from the plastic deformation

Plastic deformation to materials generate dislocations, and the dislocation multiplication
influences the yield strength, ductility and radiation resistance.78 To ensure continuity of strain
across the grain boundaries, the boundary between the grains remains intact when a
polycrystalline material gets deformed under uniaxial strain. The constraints imposed by the
continuity of strain at the grain boundaries cause a considerable difference in the deformation
between the nearby grains and within each grain. Such differences cause the strain in the
vicinity of a grain boundary differs from that at the centre of the grain. Although the strain is
continuous across the boundaries, there may be a steep strain gradient in this region. Plastic
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deformation produces dislocations which result in a higher state of internal stress. For example,
an annealed metal contains about 1013 dislocations per mm2 while a severely plastically
deformed metal can have about 1014 to 1015 mm-2 due to dislocation multiplication.12 Ashby79
suggested a dislocation model for polycrystalline deformation in which the distinction was
made between the statistically stored dislocations and the geometrically necessary dislocations.
The statistically stored dislocations are similar to the dislocations trapped in a single crystal,
whereas the geometrically necessary dislocations are generated as a result of non-uniform
strain in the grain. In this model, the polycrystal is deformed, allowing each grain to slip
according to Schmid’s law which generates statistically stored dislocations. The deformation
process generates voids that overlap between grains, and these discrepancies are corrected by
the introduction of appropriate geometrically necessary dislocations until the grains again fit
together. Therefore, plastic deformation of polycrystalline materials generates dislocations,
and, with an increase in strain, dislocation multiplication and pile ups occur.
Nonlinear ultrasonics has been widely used to study the effect of plastic deformation on the
microstructure and material properties. The acoustic nonlinearity is a function of the microdeformation state and the microstructure in materials. 80 The ultrasonic nonlinearity parameter
(𝛽) and microplastic deformation (𝜀𝑝 ) can be expressed as
𝛽 = 𝑓(𝜀𝑚 , Ξ, 𝜎)

(2.28)

𝜀𝑝 = 𝑔(𝜀𝑚 , Ξ, 𝜎)

(2.29)

with 𝜀𝑚 and Ξ representing the micro-deformation state and the microstructures in materials,
respectively and 𝜎 being applied stress. The local microstructures include dislocations, grain
boundaries and phases and the micro-deformation state include the contributions of dislocation
field and misfit field from two phases or precipitates. Therefore, from Eq. (2.28) and (2.29) it
can be assumed that the acoustic nonlinearity is mainly dependent on the microplastic state
𝛽 = 𝜓(𝜀𝑝 , 𝜎)

(2.30)

In addition to the dislocation generation and pile-ups, when a metal undergoes uniaxial tension,
certain crystallographic planes tend to orient themselves in a preferred manner with respect to
the direction of strain. However, due to the complex interactions between the multiple slip
systems in a polycrystalline aggregate, the individual grains cannot rotate freely, and hence the
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lattice bending and fragmentation will occur. Nevertheless, the uniaxial tension in a
polycrystalline material makes the grains elongate in the direction of tension.
Also, when austenitic stainless steel deforms, the metastable austenite can be transformed into
martensite during plastic deformation.81 Formation of the deformation-induced martensite
(DIM) depends on many factors such as chemical composition, strain rate and nucleation sites.
The formation of the DIM increases the strength of the material and accommodate enormous
strain. Deformation induced martensite (𝜒) as a monotonic function of the plastic strain (𝜀𝑝 )
𝜒 = 1 − exp (−𝐴𝜀𝑝 )

(2.31)

suggests that the amount of martensite phase increases with an increase in plastic strain.80
However, the stacking fault energy (SFE) plays a vital role in the formation of induced
martensite.82 The SFE of an alloy can be calculated using the relation83
𝑆𝐹𝐸 (

𝑚𝐽
) = −53 + 6.2 (%𝑁𝑖 ) + 0.7(%𝐶𝑟) + 3.2 (%𝑀𝑛)
𝑚2

(2.32)

+ 9.3 (%𝑀𝑜)
where alloys are in weight per cent. The SFE also has a dependence on the temperature; it
decreases with the decrease in temperature. Formation of the DIM is much favoured in the
alloys with low stacking fault energy, < 15 𝑚𝐽/𝑚2 . For the stacking fault energy more than 20
𝑚𝐽/𝑚2 , the deformation microstructure of austenite alloys will consist of the deformation
twins. As the crystallographic structure of the martensite (bct) is different from that of the host
austenite (fcc), the formation of the DIM distorts the elastic waves. It generates harmonics in
addition to that arises from the dislocations. However, in the absence of deformation-induced
phases, the plastic strain, 𝜀𝑝 , is a sole function of dislocation density after completely removing
the external loading.19 Hence change in the nonlinearity parameter can be approximated as
𝛽 = 𝛽0 + 𝛼𝜀𝑝𝑛

(2.33)

where 𝛼 being a constant, 𝑛 being an exponential index and 𝛽0 is the nonlinearity at the
reference level.
The variation in 𝛽 as a function of the plastic deformation was investigated on AA7175-T735
aluminium alloy and showed two-stage dislocation dynamics.84 The slow rate of change of the
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nonlinearity parameter with strain was correlated with the increase in the dislocation density,
and the higher rate was due to the formation of the cellular dislocation pattern. An analytical
model was proposed by Zhang et al. to investigate the generation of harmonics during the
process of multiplication and motion of dislocation in cold-rolled stainless steel.85,86 Viswanath
et al.12 were used the acoustic nonlinearity parameter as a tool to characterize the degree of
cold working in AISI type 304 stainless steel. For a cold work of 47%, the overall increase in
β was found to be 170%. All these studies indicate that the nonlinear response originates from
the interaction of elastic waves with the dislocations that can be used to characterize the plastic
deformation.
2.4.1.2

Nonlinear response of fatigue damage

Prediction of the lifetime of cyclically loaded components and structures are crucial in the
industry. The classical approach based on the fatigue life curves of the materials is a qualitative
method that can predict the number of cycles required for the appearance of cracks. However,
early stages of fatigue damage before crack initiation cannot be predicted by this method. This
limitation is overcome using nonlinear ultrasonic measurements. During fatigue of metals, selforganized substructure arrangements of dislocations such as veins and persistent slip bands are
formed. These dislocations accumulated at the grain boundaries resulting in strain localization
and initiation of microcracks which finally produce substantial changes in the material
nonlinearity.87
Nagy5 has carried out a series of experiments on several metallic and non-metallic materials
during fatigue to compare the sensitivities of different linear and nonlinear ultrasonic
parameters towards fatigue damage. He has pointed out that the nonlinear ultrasonic response
is prior and more sensitive indicators of degradation compared to the linear attenuation and
velocity measurements. Kim et al.88 studied the fatigue damage in nickel-base superalloy, and
the effectiveness of β in characterizing the damages was demonstrated during high-cycle and
low-cycle fatigue. A significant increase in β during low-cycle fatigue and a marginal variation
during high-cycle fatigue was correlated with the plasticity of the specimen and quantitatively
illustrated how β could be used to characterize the damage in the early stages of fatigue.
Cantrell and Yost89 demonstrated a monotonic increase of the material nonlinearity parameter
with an increasing number of fatigue cycles. Nonlinear response of the ultrasonic waves was
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used for the prediction of residual fatigue life of aluminium alloy specimens, 90 nickel-based
superalloy91 and in several other materials.92–96
2.4.1.3

Nonlinear response during creep

Creep is a permanent deformation that occurs in materials over an extended period provided
the material is subjected to stress at high temperature. Creep failure is due to the excessive
deformation of the material. Baby et al.8 showed a 200% change in the nonlinearity parameter
as a function of the creep fraction life in a near-α high-temperature IMI 834 titanium alloy.
Their results were in good agreement with the microstructure observations. Balasubramaniam
et al.97 used a low amplitude harmonic generation method to characterize creep damage in pure
copper in contrary to the traditional high amplitude methods. The low amplitude nonlinear
behaviour occurs when dislocations are constrained between two quiescent lattice planes. The
results were correlated with the micro-void concentrations caused by creep damage. Wang et
al.98 used a nonlinear ultrasonic technique for characterizing the creep damage in ASME T92
steel welded joints. The nonlinearity parameter has increased three folds in the heat-affected
zone compared with the base metal, and this increase was due to the cavity growth as a result
of creep.
The above review shows that the detection and characterization of the generation and
accumulation of dislocations in materials could be used as a potential tool to evaluate the plastic
deformation, fatigue damage and creep failure in their initiations states itself.
2.4.2 Second phase precipitates and the nonlinear response
Precipitation of secondary phases in the solid-solution of the metal matrix is the principal
strengthening and hardening mechanisms of alloys. Generally, the precipitate has a crystalline
lattice spacing that is different from that of the matrix material. The misfit parameter 𝛿 is
defined as16
𝛿=

𝑎𝑝 − 𝑎𝑚
𝑎𝑚

(2.34)

where, 𝑎𝑝 and 𝑎𝑚 are the lattice parameters of the precipitate and the matrix, respectively. For
example, the lattice parameter for an fcc austenitic stainless-steel matrix is 0.359, whereas that
of the Cr23C6 precipitate is 1.05 nm. The radial stress 𝜎𝑟 in the matrix at a distance 𝑟 from a
spherical precipitate of radius 𝑟1 embedded in a finite body matrix is given by
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𝜎𝑟 = −

4𝜇𝛿𝑟1 3
𝑟3

(2.35)

where 𝜇 is the shear modulus.
Cantrell and Yost17,99 in their work on aluminium alloy 2024 suggest that nonlinear ultrasonic
measurements are a potential technique for non-destructively assessing the optimum heat
treatment time for precipitation strengthening of heat treatable alloy material. Studies on the
precipitation kinetics of 18Ni maraging steel10 showed that the nonlinearity parameter was
responding differently during the nucleation of the precipitates and their subsequent growth.
The results indicated that nonlinear measurements could identify different stages of the
precipitation process. Mondal et al.18 demonstrated that variations in the yield strength with
quenching rate closely resemble the changes in β, and this variation has been explained by a
dislocation-precipitate interaction model in week force condition. Abraham et al.16
demonstrated that the β is very sensitive to the precipitation of chromium carbide along the
grain boundaries in AISI type 304 stainless steel subjected to sensitization heat treatments. An
increase in the β with the soaking time showed a one-to-one correlation with the
electrochemical and microstructural observations. Matlack et al.100 studied the effect of copperrich precipitates in thermally aged 17-4 PH stainless steel on the acoustic nonlinearity
parameter. Nonlinear ultrasonic measurements using Rayleigh waves showed a decrease in the
nonlinearity parameter with increasing aging time. The results are interpreted using the
precipitate-pinned dislocation model, along with hardness and microscopy observations. The
strength induced by precipitation characteristics was studied using the nonlinear ultrasonic
parameter in an age hardenable aluminium alloy.18 It was shown that the nonlinearity parameter
scales with coherent to incoherent precipitation phase transition. They have modified an
existing model in order to account for weaker interactions between the dislocations and
coherent precipitates.
2.4.3 Excess nonlinearity from cracks and interfaces
Detection of micro-cracks at the early stages of fracture is very important. Conventional
ultrasonic non-destructive testing methods are sensitive to open cracks but much less sensitive
to micro-cracks in their initiation stages. A crack that is perturbed by a harmonic wave responds
in a nonlinear manner. When a crack is closed, it may remain undetected by the linear ultrasonic
techniques,101 but it can be excited ultrasonically to generate measurable second and higher-
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order harmonic signals.102 Nazarov and Sutin103 have shown that the appearance of
macrocracks in the material also produces large increases in β. The cracks' contribution to the
acoustic nonlinearity parameter can be orders of magnitude higher than the lattice contribution,
which has been verified in a compact tension specimen of Al6061 with a crack initiated by a
fatigue test.21
Contact acoustic nonlinearity is a topic of interest to evaluate the quality of interfaces. 104 When
an ultrasonic wave hit an interface, the waveform gets rectified, and the nonlinearity that arises
during such interactions could be used to monitor the quality of diffusion bonds105. The
difference in nonlinear response between strong and weak bonds manifested by the dynamic
strains has been characterized by Hirsekorn.106 Nonlinear ultrasonic evaluation was also used
in the structural materials used in civil constructions. Chen107 used the nonlinear ultrasonic
method as a quantitative tool to track the evolution of microcracking in Portland cement mortar
samples due to alkali-silica reaction.
The literature reviewed in this section indicates the nonlinearity parameter is a sensitive tool to
characterize the microstructural changes and to detect the degradation mechanisms in their
initiation stages. Nevertheless, the acoustic nonlinearity arises from the polycrystalline grain
boundaries is discussed in the following sections because the main focus of this thesis relies on
the harmonic generation from the grain boundaries.

2.5 Acoustic nonlinearity from polycrystalline grain boundaries
Since grains are the fundamental building block of any structural material, accurate
characterization of the grain size and its distribution in any polycrystalline engineering
structural material is essential. In a single-phase polycrystalline material, grain boundaries are
the potential sources of harmonic generation. Propagation of elastic waves through a
polycrystalline material demands continuity in the displacement and stresses at the grain
boundaries. However, the nonlinear relation between the interatomic forces and displacement
at the grain boundaries distorts the waveform. Hence nonlinear response of such a material is
directly related to the area fraction of the total grain boundaries in a unit volume, and in turn,
to the grain size. In general, a grain boundary is a planar interface at which the atomic
periodicity does not retain. A widely accepted model of a grain boundary is the dislocation
model and is used below to discuss the nonlinear interactions in a polycrystalline material.
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2.5.1 Dislocation model of grain boundaries
The dislocation model of grain boundaries is initially suggested by Burgers108 and Bragg.109 In
a polycrystalline material, a grain boundary can be visualized as an infinite array of edge
dislocations, as schematically illustrated in Fig. 2.3. Read and Shockley110 has provided a
quantitative study of these models in which they estimated the energy of grain boundaries based
on the dislocation model. They have formulated a proposition that the grain boundary energy
is the sum of energies of two sets of dislocations that are originating from two neighbouring
grains under an assumption of the unique geometry of the slip planes. Later, Berdichevsky111
has shown that the above proposition is valid for arbitrary geometry of slip planes.
In a polycrystalline material, more is the angular rotation of one grain with the other, larger is
the inclination of the planes that terminate as dislocations at the boundary, and closer is the
spacing of the dislocations in the vertical boundary. The dislocation spacing in the boundary
thus determines the angular inclination between the lattices. If the angle of rotation (𝜃) of the
crystal structure across the boundary is assumed to be small, then
𝜃 = 𝑏/𝑑

(2.36)

where 𝑏 is the Burgers vector, and 𝑑 is the dislocation spacing. It must be worth noting that the
interior of the grains is free of long-range stresses. However, the atoms around a dislocation
are displaced from their equilibrium positions which induce strain energy associated with the
dislocation. Insertion of the half-plane of atoms into a perfect periodic lattice produces
compressive stress in the half-space volume containing the extra plane of atoms and tensile
stresses in the other half. The Shockley-Read equation represents the grain boundary energy is
𝛾𝑏 =

𝜇𝑏
ln 𝛼
𝜃 (
− ln 𝜃 + 1)
4𝜋(1 − 𝜐)
2𝜋

(2.37)

where, 𝜇 is the shear modulus, 𝜐 the Poisson ratio and 𝛼 is a factor accounting for the
dislocation core energy. Since a grain boundary consists of an array of edge dislocations, it also
possesses strain energy which distorts the elastic wave and thus generates harmonics.
Therefore, the harmonic generation in a polycrystalline material is directly related to the grain
size. During annealing and deformation of a polycrystalline material, the size and nature of the
grains change, which would cause a change in the dislocation density in the material. In
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Fig. 2.3: Schematic representation of a grain boundary and an array of edge dislocations
polycrystalline materials, grain boundaries often block dislocation motion, thus creating
dislocation pileups against the boundaries. Gao and Qu112 have developed an analytical model
to calculate the acoustic nonlinearity parameter induced by dislocation pileups in isotropic
elastic solids. Since the elastic waves interact with the dislocations in the grains in the annealed
and deformed conditions, the harmonic generation mechanism would be different.
2.5.1.1

Grain growth during annealing

During annealing, grain growth is driven by the reduction of total grain boundary energy such
that the grain boundaries migrate towards their centre of curvature with a speed that is
proportional to the curvature.113 Therefore, different grains grow differently under the same
heating conditions, and the kinetic model predicts exponential grain growth.114,115 The grain
growth phenomena may be categorized into two; normal and abnormal grain growth. The
microstructure evolves uniformly during normal grain growth. On the other hand, during the
abnormal grain growth, a subset of grains grows at a high rate at the expense of their neighbours
and result in a microstructure dominated by a few very-large grains. A synthetic microstructure
with normal and abnormal grain growth is represented in Fig. 2.4. There exist several methods
to distinguish between normal and abnormal grain growth. Shirdel et al.116,117 proposed the
ratio of the maximum grain size (𝐷𝑚𝑎𝑥 ) to the mean grain size (𝐷𝑚𝑒𝑎𝑛 ) higher than 5 to
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Fig. 2.4: Synthetic microstructures with (a) normal and (b) abnormal grain growth. The colour
in each grain is only to differentiate them.
represent an abnormal grain growth. A transition from normal to abnormal grain growth
generally occurs at 0.8 𝑇𝐻 where, 𝑇𝐻 the homologous temperature during solutionising heat
treatments. Although  is extensively used for material characterization, Mini et al.68 was the
first to investigate nonlinear response of grain boundaries in polycrystalline materials. They
have reported a quadratic like variation of  with increasing grain size. Similar behaviour was
observed in a recent work by Choi et al.118 on stainless steel grade 304L also.
2.5.1.2

Deformation of grains

During deformation, the constraints imposed by the continuity at the grain boundaries cause
considerable differences in the deformation between nearby grains and within each grain. This
is due to the difference in dislocations within the volume of the grains and at the grain
boundaries.79 Deformation of a polycrystalline material generates additional geometrically
necessary dislocations. In addition, metastable materials can produce strain-induced martensite
during plastic deformation.81 The initial grain size, microstructural constituents, and the strain
determines the density of the geometrically necessary dislocations. Viswanath et. al12 have
shown a considerable increase in the dislocation density and strain-induced martensite in coldworked AISI 304 austenitic stainless steel. The nonlinearity parameter was increased to 168%
with 47% cold rolling, which is due to the increased dislocation density and the strain-induced
martensite. Zhang et. al80 also reported a 77% increase in the nonlinearity parameter of the
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austenitic stainless steel, which is subjected to a true strain of 40%. These studies indicate the
sensitivity of the NLU on the characterization of deformation behaviour.
2.5.2 Nonlinear wave propagation in solids
In general, the constitutive stress-strain relationship in a homogeneous isotropic material can
be written as
𝜎𝑖𝑗 = 𝐶𝑖𝑗𝑘𝑙 𝜀𝑘𝑙

(2.38)

where, 𝜎𝑖𝑗 is the Cauchy stress tensor, 𝜀𝑘𝑙 is the finite-amplitude strain tensor and 𝐶𝑖𝑗𝑘𝑙 is the
fourth-order elastic stiffness tensor with 81 components. In the case of an isotropic solid, the
number of components of the stiffness tensor reduces to 2, i.e., 𝜆 and 𝜇, the Lame parameters.
Hence, the nonlinear wave equation in an isotropic material with quadratic nonlinearity can be
written as
𝜕2𝑢
𝜕2𝑢
𝜕𝑢
𝜌 2 = (𝜆 + 2𝜇) 2 [1 − ]
𝜕𝑡
𝜕𝑥
𝜕𝑥

(2.39)

However, a single-phase polycrystalline material consists of grains of random crystallographic
orientation separated by the grain boundaries, as shown in Fig. 2.4. Individual grains within a
polycrystalline material are single crystals, each with its own size, shape and crystallographic
orientation. The crystallographic axes of the individual grains generally do not coincide with
the reference axes of the global reference frame. The structure of packing of these grains is
generally referred to as a microstructure, and an example microstructure is illustrated in Fig.
2.5 where the crystallographic axes and the global reference frames are represented. However,
by angular rotations using the Euler angles (𝜑1 , 𝜙, 𝜑2 ), the crystallographic system can be
brought to the reference frame. Orientation changes from grain-to-grain lead to a continuously
changing set of elastic properties, which makes the medium polycrystalline. In a polycrystalline
material, the nonlinear wave equation can be written in terms of the stiffness matrix (𝐶 ∗ ) as

𝜌

𝜕2𝑢
𝜕2𝑢
𝜕𝑢
∗
=
𝐶
[1 − ]
2
2
𝜕𝑡
𝜕𝑥
𝜕𝑥

(2.40)
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Fig. 2.5: Schematic representation of (a) the crystallographic axes and orientation, (b)
polycrystalline microstructure and (c) a global reference frame.
For a polycrystalline material, the elastic stiffness matrix 𝐶 ∗ is defined as 𝑅𝐷 𝐶𝑅𝐷𝑇 where 𝐶 is
the stiffness tensor composed of 𝐶11 , 𝐶12 and 𝐶44 , for cubic system, and 𝑅𝐷 is the bondtransformation matrix in terms of the Euler angles.119
Snapshots of a 2D finite element visualization of the propagation of a monochromatic elastic
wave of frequency 2 MHz through an isotropic homogeneous medium (using Eq. (2.39)) and
through a polycrystalline medium (using Eq. (2.40)) are shown in Fig. 2.6. In the
polycrystalline medium, the elastic waves interact with the grain boundaries where the atomic
periodicity is not maintained and hence causes a difference in the acoustic impedance between
the grain volume and the boundary. As a result, the waves undergo scattering, diffraction, mode
conversion, as well as harmonic generation. A three-cycle sinusoidal input of frequency 2 MHz
was assigned for this visualization. The random polycrystalline microstructure was generated
using Voronoi tessellations.120 Individual grains were generated using the rotation of the
stiffness matrix about a global reference frame. The grain boundaries were modelled as
displacement continuous while the edge boundaries were assigned low reflection boundary
conditions. The element size used was one-tenth of the wavelength used. The material
properties used to represent the isotropic medium was the Lame constants 𝜆 = 107.05 GPa and
𝜇 = 77.52 GPa and that used to represent the polycrystalline medium121 was 𝐶11 = 204.6 GPa,
𝐶12 = 137.7 GPa and 𝐶44 = 126.2 GPa. In both cases, longitudinal and shear wave velocity
was taken as 5800 𝑚/𝑠 and 3200 𝑚/𝑠 respectively and the density (𝜌) as 7930 𝑔/𝑚3 .
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(a)

(b)

Fig. 2.6: Snap shots of the wave propagation in (a) an isotropic homogeneous medium and (b)
in a polycrystalline medium.
2.5.2.1

Direction dependent nonlinearity

When a monochromatic waveform is propagating through a polycrystalline material, it
encounters different crystallographic directions based on the relation between the
crystallographic axes in each grain and the global reference frame described in Fig. 2.5. As the
harmonic generation is a function of the crystallographic direction, corresponding nonlinear
responses in 𝐶11 , 𝐶12 and 𝐶44 directions are obtained by solving the one-dimensional finite
difference approximation to Eq. (2.40) given by
𝑗+1

𝜌[

𝑢𝑖

𝑗

𝑗−1

− 2𝑢𝑖 + 𝑢𝑖
Δ𝑡 2

𝑗

𝑗

𝑗

𝑗

𝑗

𝑢 − 2𝑢𝑖 + 𝑢𝑖−1
𝑢 − 𝑢𝑖−1
] = 𝐶𝑖𝑗 [ 𝑖+1
] [1 − ( 𝑖+1
)]
2
Δ𝑥
2Δ𝑥

(2.41)

with the boundary conditions
𝑢(𝑥, 0) = 𝐼(𝑥)

(2.42)

𝜕
𝑢(𝑥, 0) = 0
𝜕𝑡

(2.43)

𝑢(0, 𝑡) = 0

(2.44)

𝑢(𝐿, 𝑡) = 0

(2.45)
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where, 𝐼(𝑥) is the waveform introduced into a material with the temporal domain and the
spatial domains defined by [0, 𝑇] and [0, 𝐿], respectively. The Eq. (2.41) implies that the
displacement characteristics in a polycrystalline medium depend on the stiffness parameter,
𝐶𝑖𝑗 . For a waveform of input frequency 5MHz, the nonlinear responses in 𝐶11 , 𝐶12 and 𝐶44
directions are plotted in Fig. 2.7. In this model, the grain boundaries were not incorporated,
and hence the grain boundary harmonics were not present. The difference in the fundamental
as well as harmonic amplitudes are evident for different 𝐶𝑖𝑗 directions. Also, there exists no
consistent correlation between these amplitudes with 𝐶𝑖𝑗 values which indicates the directional
dependence of the nonlinear interactions. This suggests that the geometry and shape of the local
atomic arrangement are the dominant factors in determining the magnitude of the nonlinearity
parameter, as indicated in Eq. (2.26) and Table 2.1. However, in a polycrystalline material with
equiaxed grains, random orientations of single-phase crystallites imply statistical isotropy and
homogeneity. For this reason, one may average out the orientation effects induced by the
individual grains. The nonlinear measurements provide a spatial average of the individual

Fig. 2.7: Harmonic amplitudes for a 5.0 MHz input as the wave propagates along the C11,
C12 and C44 directions
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contributions of 𝐶𝑖𝑗 over a large volume and, therefore, the resultant harmonics are the
collective representation of the lattice discontinuities such as grain boundaries.
It is to be noted that the zero-frequency components displayed in Fig. 2.7 are called the static
displacement components, which arises from the third-order elastic constants. The static
displacement component, which is generally denoted as 𝛽𝑑𝑐 has been used by researchers for
material characterization.122,123 Meanwhile, the third-order nonlinearity parameter, which is
defined as
𝛾=

32 𝐴3
𝑘 4 𝑥 2 𝐴31

(2.46)

for the third harmonic amplitude 𝐴3 has also been used for material characterization.124,125
However, the present thesis is limited to the use of the second-order (quadratic) nonlinearity
parameter (𝛽 ) to characterize the microstructural features and to interpret the associated
physical phenomena.

2.6 Factors affecting the acoustic nonlinearity parameter
The nonlinearity parameter measured using the Eq. (2.25) can be influenced by several
experimental factors such as coupling conditions, instrument nonlinearity, source diffraction
and attenuation.126 Under proper experimental conditions, nonlinear effects related to the
coupling and instrumentation do not have any significant impact because these effects exist
alike at all measurement intervals. But, the effects of diffraction due to the finite size of the
source (transducer) and the attenuation due to material absorption need to be considered
carefully.
2.6.1 Source diffraction
The diffraction coefficients to the fundamental and second harmonic components respectively
are given by127
𝐷(𝜔) = 1 − 𝑒𝑥𝑝( − 𝑖𝑘𝑎2 /𝑥)[𝐽0 (𝑘𝑎2 /𝑥) + 𝑖𝐽1 (𝑘𝑎2 /𝑥)]
and,
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𝑥

𝐷(2𝜔) =

|∫0 [𝐷(𝜔, 𝑥 − 𝜎/2, 𝑎]2 𝑑𝜎 |

(2.48)

𝑥

with the 𝐽0 and 𝐽1 being the Bessel functions. The Lommel’s diffraction correction factor
accounted for the beam divergence due to the finite size of the radiation source128 is given by
|𝐷(𝜔)|2
𝐷𝛽 =
|𝐷(2𝜔)|

(2.49)

Generally, the diffraction coefficients are considered negligible for longitudinal waves used in
nonlinear measurements over short propagation distances, as shown in Fig. 2.8.

Fig. 2.8: Diffraction coefficient as a function of the wave propagation distance
2.6.2 Material attenuation
In a material, interaction mechanisms of the fundamental and harmonic components are
different as they differ in their wavelength. The second harmonic wave grows with propagation
distance due to the nonlinear interactions and also diminishes due to attenuation, which is
independent of the cumulative growth effect.129 On the other hand, the fundamental wave is
subjected only to attenuation losses. For small propagation distances, the energy transfers from
the fundamental to the second harmonic mode during harmonic generation is negligible
compared to the energy of the propagating fundamental wave as the second harmonic
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amplitude (𝐴2 ) is several orders smaller than that of the fundamental (𝐴1 ). Therefore, in nonlinear ultrasonics, attenuation of fundamental and harmonic components is addressed
separately.
Addition of dissipative terms to the linear wave equation (2.13) gives69
𝜕2𝑢
𝜕2𝑢
𝜕3𝑢
2
=
𝑣
+
𝑏
𝜕𝑡 2
𝜕𝑥 2
𝜕𝑡𝜕𝑥 2

(2.50)

where b is the damping constant. The solution of this equation yields:
𝑢 = 𝐴1 𝑒 𝑖(𝑘1 𝑥−𝜔𝑡)

(2.51)

𝐴1 = (𝐴1 )0 𝑒 −𝛼1 𝑥

(2.52)

where

𝑘1 = 𝜔1 /𝑣 and 𝛼1 is the coefficient of attenuation for the fundamental wave; (𝐴1 )0 is the
amplitude of the fundamental wave at 𝑥 = 0.
Equation (2.52) implies
𝑑𝐴1
= −𝛼1 𝐴1
𝑑x

(2.53)

It is assumed that the second harmonic component's attenuation is independent of the
attenuation of the fundamental wave. In analogy to Eq. (2.53) we can write,
(

𝑑𝐴2
)
= −𝛼2 𝐴2
𝑑𝑥 𝑎𝑡𝑡𝑛

(2.54)

According to Eq. (2.25), the amplitude of the second harmonic signal also increases with the
propagation distance. Therefore,
(

𝑑𝐴2
1
)
= 𝛽𝑘 2 𝐴1 2
𝑑𝑥 𝑆𝐻𝐺 8

(2.55)

where, SHG denotes second harmonic generation. Hence the net spatial change in 𝐴2 is
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𝑑𝐴2
𝑑𝐴2
𝑑𝐴2
1
=(
)
+(
)
= 𝛽𝑘 2 𝐴1 2 − 𝛼2 𝐴2
𝑑𝑥
𝑑𝑥 𝑆𝐻𝐺
𝑑𝑥 𝑎𝑡𝑡𝑛 8
1
= 𝛽𝑘 2 (𝐴1 )0 2 𝑒 −2𝛼1 𝑥 − 𝛼2 𝐴2
8

(2.56)

The solution to this equation subjected to the boundary condition 𝐴2 = 0 at 𝑥 = 0 is
1
𝑒 −2𝛼1 𝑥 − 𝑒 −𝛼2 𝑥
]
𝐴2 = 𝛽𝑘 2 (𝐴1 )0 2 [
8
𝛼2 − 2𝛼1

(2.57)

Therefore, losses in the fundamental and second harmonic amplitudes due to the attenuation
within the medium is governed by the Eqns. (2.52) and (2.57), respectively. These equations
may be used to determine the proper nonlinearity parameter of the material from the
experimentally measured nonlinearity parameter. The experimentally measured nonlinearity
parameter 𝛽𝑚𝑒𝑎𝑠 is determined from Eq. (2.25) as
𝛽𝑚𝑒𝑎𝑠 =

8 𝐴2
𝑘 2 𝑥 𝐴1 2

(2.58)

Substituting Eqns. (2.52) and (2.57) in Eq. (2.58) yields
{1 − exp[−(𝛼2 − 2𝛼1 )𝑥 ]}
]
𝛽𝑚𝑒𝑎𝑠 = 𝛽 [
(𝛼2 − 2𝛼1 )𝑥

(2.59)

which implies that, in an attenuating medium, the material nonlinearity gets modified by the
term given in the square bracket, which is a function of the attenuation coefficients (𝛼𝑖 ) of the
material. This term, hereafter denoted as 𝛽𝛼𝑖 , shows how the material nonlinearity which has
been arisen from the 𝛽 𝑙𝑎𝑡 and 𝛽 𝑒𝑥 of a medium gets modified due to the attenuation of the
fundamental (𝛼1 ) and harmonic (𝛼2 ) components. In a polycrystalline material, the attenuation
is predominantly due to the grain boundary scattering governed by the power-law relations to
the grain size 𝐷 and the frequency 𝑓 (or wavelength 𝜆) of the elastic wave which defines
different scattering regimes summarized in Table 2.2 where, 𝐶𝑅 , 𝐶𝑆 and 𝐶𝐺 corresponds with
the constants of proportionality.130
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Table 2.2: Scattering Regimes in a Polycrystalline Material
Conditions

Type of Scattering

Scattering Dependency

𝜆 > 2𝜋𝐷

𝑘𝐷 < 1

Rayleigh

𝐶𝑅 𝐷3 𝜆−4

𝐶𝑅 𝐷3 𝑓 4

𝜆 < 2𝜋𝐷

𝑘𝐷 > 1

Stochastic

𝐶𝑆 𝐷 𝜆−2

𝐶𝑆 𝐷 𝑓 2

𝜆 << 𝐷

𝑘𝐷 >> 1

Geometric

𝐶𝐺 𝐷 −1

𝐶𝐺 𝐷−1

Attenuation coefficients for the longitudinal elastic waves in the Rayleigh and stochastic
regimes can be written as131
𝛼𝐿𝑅

4 𝜋 2 𝜇2 2
3
[
] 𝐷3 𝑓 4
=
+
3
1125 𝜌2 𝑣𝐿 𝑣𝐿5 𝑣𝑠5

(2.60)

𝛼𝐿𝑆

16 𝜋 2 𝜇2
=
𝐷𝑓 2
525 𝑣𝐿6 𝜌2

(2.61)

and,

From the Taylor series expansion of Eq. (2.59), such modifications to the nonlinearity
parameter are no longer valid for the cases where (𝛼2 − 2𝛼1 )𝑥 ≪ 1 . During an NLU
measurement, the calculated 𝛽 from the amplitudes of the 𝐴2 and 𝐴21 is a cumulative
contribution of all the terms mentioned in Eq. (2.59), and hence the interpretation of the results
must be judicious. Meanwhile, several authors have attempted correction factors to compensate
for the diffraction and attenuation losses.24,25,132,133 But such compensations can be achieved
either through simultaneous measurement of attenuation coefficients25 or through finding out
the transfer functions24 of the ultrasonic transducers used. Such attempts are time-consuming,
tedious and challenging to implement when the material is coarse-grained, anisotropic or thick
and have limited application on the field components. Therefore, correction methods cannot be
generalized, and the measured 𝛽 needs to be interpreted judiciously.

2.7 Methodologies in nonlinear ultrasonics
In general, the acoustic nonlinearity parameter can be measured using any of the four
methodologies, which are schematically represented in Fig. 2.9. Researchers generally employ
longitudinal bulk wave through-transmission mode for material characterization due to its
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simplicity in implementation. The characteristic behaviour of the bulk nonlinear response to
microstructural changes has been widely used to establish a correlation between the structure
and property, as well as to characterize different processing and degradation mechanisms of
materials, which include, but not limited to fatigue, 6,134 creep,8,9,97,135 aging,10 cold work,12
irradiation damage,14 thermal damage,136 precipitation,16–18,99,137,138 dislocation,19,20,139 residual
stress140 and cracks21. These studies show that the bulk nonlinear response in the throughtransmission mode is highly sensitive to the microstructural features associated with the early
stages of degradations. The Rayleigh wave mode has also been used in the nonlinear
characterization of fatigue damage,96 precipitates100 and thermal degradation.13 However, the
Rayleigh mode is confined to a shallow region on the surface of the test material and hence
reveals only the surface characteristics.
Recently, research in nonlinear ultrasonics has got its interest in wave mixing methods. In this
method, the resultant sum and difference frequencies are received from the interaction of two
monochromatic waves of slightly different frequencies. In the wave mixing method, elastic
waves interact among themselves (phonon-phonon interaction) provided the law of
conservation of energy and momentum of phonons are satisfied.141–143 However, these
conservation laws demand favourable angle of incidents, wave modes and the frequencies to
happen the wave mixing. Both collinear and non-collinear wave mixing methods have been

a

b

c

d

Fig. 2.9: Schematic representations of different methodologies for nonlinear measurements; (a)
through-transmission, (b) Rayleigh, (c) collinear wave mixing and (d) non-collinear wave
mixing.
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used to characterize the intergranular corrosion, 144 micro-cracks,22 ageing,145,146 fatigue
damage147 and plasticity.147,148
The present thesis, however, is confined only to the longitudinal mode bulk throughtransmission method (Fig. 2.9(a)) using different excitation frequencies and thereby studying
the harmonic response under different microstructural conditions.

2.8 Summary and the way forward
This chapter reviewed the relevant literature on the non-destructive evaluation methods using
linear and nonlinear ultrasonic techniques. The nonlinear ultrasonic technique is susceptible to
the marginal changes in the microstructural features where linear ultrasonic methodologies are
not sufficient. However, in a polycrystalline material, the mean grain size, its distribution and
the associated scattering regimes can influence the acoustic nonlinearity parameter. In the
previous studies correlating the nonlinearity parameter with the microstructure, a single length
scale, the mean grain size, was often used to describe the size of all the grains within a
polycrystalline material.68,118 The natural materials are generally organized with a distribution
of grain sizes, most often lognormal,3 so that different scattering regimes coexist. The
fundamental and harmonic components interact differently with these scattering regimes and,
therefore, correlation of the measured acoustic nonlinearity parameter with the microstructural
features would be tedious. It is emphasised that the correction methods are not always feasible
to be implemented during the NLU measurements. Hence a detailed investigation on the effect
of grain size distribution and the associated scattering regimes on the acoustic nonlinearity
parameter is essential, which has found to be the potential problem identified for the present
research.

2.9 The gap areas for research
Though a considerable amount of literature exists on the use of nonlinear ultrasonics for
material characterization, there remain certain gap areas with respect to the objective of
demonstrating the feasibility of nonlinear ultrasonics as a potential NDE technique for
characterizing the grain size variations in bulk metallic materials. The gap areas identified for
research are briefed below.
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•

The grain size distribution in materials is lognormal so that different scattering regimes
can coexist. Therefore, the characterization of such materials using only a single
frequency or assuming a single mean grain size is insufficient. Hence, it is essential to
investigate the influence of grain size distribution and the associated scattering regimes
on the nonlinear response of a polycrystalline material.

•

Though grain size variation in different specimens with uniform average grain size has
been demonstrated using NLU, it has not yet attempted to characterize the grain size
variation present in large components across its thickness or diameter. This is
particularly important to demonstrate the feasibility of nonlinear ultrasonics to study
the grain size variation in actual industrial applications.

•

Though nonlinear ultrasonics has been used to characterize the plastic deformation in
structural materials, a combined effect of the grain size and the plastic deformation has
yet to be explored. Such an investigation is essential to understand the nonlinear
response of any structural component which is under loading.

These areas were turned out to be the basis of the present research. A novel multi-frequency
nonlinear measurement approach is introduced for the first time in this thesis for the
characterization of the heterogeneous microstructure in single-phase polycrystalline materials.
The multi-frequency approach enables visualizing the influence of different scattering regimes
on the acoustic nonlinearity parameter.
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Experimental Methods
3.1 Introduction
The present chapter describes the materials and the general experimental procedures used in
this thesis. Section 3.2 provides a brief description of the material selection and the processing
methods chosen for the investigation. Section 3.3 describes the linear ultrasonic measurement
procedure, which includes the methodology followed for the C-scan imaging and calculation
of the attenuation coefficients from the frequency spectrum of received signals. Section 3.4
describes the experimental set up used for nonlinear ultrasonic measurements which include
the selection of the ultrasonic transducers, calibration of the equipment and normalization
procedures. Beyond this, the signal processing methodology adapted to obtain the nonlinearity
parameter is also explained. Subsequently, the procedure for microstructure analysis using
optical microscopy and electron backscatter diffraction is explained in Section 3.5. It is to be
noted that any specific deviation from these experimental procedures and the specimen
preparation in the subsequent parts of the thesis will be addressed accordingly in their
corresponding sections.

3.2 Material selection
Materials used in this thesis is of austenitic stainless steels, AISI 304 and 304L grades.
Austenitic stainless-steel was chosen for the present investigation owing to its enormous
industrial applications and single-phase microstructure. Annealed, forged and deformed
microstructural conditions were used to investigate the ultrasonic nonlinear response. Details
of the selection and processing of materials are described in the following sub-sections.
3.2.1 Austenitic stainless steel with different mean grain size
In order to study the effect of grain size variations and the associated scattering regimes on the
nonlinearity parameter, large variations in grain size are generated in AISI Type 304 austenitic
stainless-steel material through systematic annealing heat treatments. The chemical
composition (wt.%) of the selected material is given in Table 3.1.
41

Chapter 3 Experimental Methods

Table 3.1: Chemical composition of the AISI 304 material
C

Cr

Ni

Mn

Si

P

S

Cu

Co

Mo

W

Fe

0.07
4

19.0
7

10.2
2

0.81
6

0.43
8

0.04
4

0.02
2

0.04
7

0.09
5

0.30
8

0.28
6

Balanc
e

Specimens of dimension 50mm × 50mm × 12mm were solutionized in a muffle furnace under
different annealing conditions, as given in Table 3.2. The furnace temperature was calibrated
using a reference thermocouple with an accuracy of ±2 ℃. The annealed specimens were
further machined to a thickness of 10 ± 0.01 mm, maintaining plane parallelism between the
major surfaces. Specimens of dimension 10 mm3 were cut from each annealed specimen for
optical microscopy and EBSD analysis.

Table 3.2: Annealing heat treatment to the AISI 304 specimens
Specimen ID
Temperature (˚C)
Soaking Time
(min)

A

As
Received

B

C

D

E

F

G

H

I

1050 1100 1100 1150 1150 1200 1200 1200
60

60

120

60

120

60

90

120

3.2.2 Forged components with heterogeneous microstructure across the diameter
Two AISI 304L austenitic stainless-steel forgings (F1 & F2) of diameter 200 mm were chosen
to study the heterogeneous microstructure using nonlinear ultrasonics. The chemical
composition (in wt.%) of the F1 & F2 is given in Table 3.3. Strips each of 20 mm wide in the
cross-sectional plane (transverse axis) were cut along the diameter as shown schematically in
Fig. 3.1. These strips were machined to a uniform thickness of 10 ± 0.02 mm, and a surface
finish of 1 µm was ensured. Both the strips were subjected to radiographic examination and
found to be free from any volumetric defects. These strips were then subjected to immersion
C-scan imaging as well as nonlinear ultrasonic measurements. Specimens of dimension 10
mm3 for microstructure analysis were cut from the locations where nonlinear ultrasonic
measurements were performed. Subsequent to the microstructure analysis, energy dispersive
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spectroscopy (EDS), electron backscatter diffraction (EBSD) and the hardness measurements
were also performed on these specimens.

Table 3.3: Chemical composition of the Forgings
C

Cr

Ni

Mn

Si

P

S

Cu

W

Fe

F1

0.031

17.79

8.85

1.614

0.413

0.029

0.025

0.179

0.128

Balance

F2

0.032

17.82

9.08

1.625

0.405

0.028

0.017

0.579

0.128

Balance

Fig. 3.1: Schematic representation and the photographs of the strips extracted from the forging
of diameter 200 mm

3.2.3 Materials with similar mean grain size but different grain size distribution
Two AISI 304 austenitic stainless-steel plates (designated as 𝑃1 and 𝑃2 ) from different
production lots were used to investigate the effect of grain size distribution on the measured
acoustic nonlinearity parameter. It has a chemical composition given in Table 3.1. The plates
were subjected to similar hot rolling conditions and heat treatment cycles. Specimens of
dimension 100mm × 100mm × 12mm were cut from these plates and machined to a thickness
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10 ± 0.01 mm with uniform surface finish and plane parallelism for the linear and nonlinear
ultrasonic measurements. Specimens for metallography were also prepared, and the mean grain
size (𝐷𝑚𝑒𝑎𝑛 ) and the standard deviation (𝜎) were measured as described in Section 3.5.1. Twins
were also considered when measuring the grain boundaries as it is a common practice in the
ultrasonic characterization of microstructure.149
3.2.4 Materials subjected to pre-defined plastic deformation
AISI type 304 austenitic stainless steel material of chemical composition given in Table 3.1
was used for generating deformed microstructure. Specimens of dimension 220mm × 25mm ×
12mm were solutionized in a muffle furnace for different annealing conditions as given in
Table 3.4 in order to produce four different grain sizes. The annealed specimens were further
machined to flat tensile specimens of dimensions shown in Fig. 3.2.
Table 3.4: Heat Treatment Matrix and the Grain Size Measurement
Specimen ID

K

L

R

S

Temperature (˚C)

1050

1050

1100

1150

Soaking Time (min)

30

60

60

60

The experimental set up for the tensile deformation consists of a computer servo control
material testing machine of capacity 250 kN (HT-2402). Specimens from each unique grain
size were subjected to 6.6 × 10-4/s strain rate under uniaxial tension and tested to fracture to
obtain the stress-strain curve. The elastic and plastic deformation limits for each specimen were
estimated from these curves. The fracture behaviour of the specimens was studied under a
scanning electron microscope. In addition, confocal microscopy and surface profilometry were
used to estimate the surface roughness near the fracture.

Fig. 3.2: Schematic of the flat tensile test specimen
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Subsequently, a set of tensile specimens of specific grain size were deformed separately into
the true strains of 0.33, 0.51 and 0.67 which are well below the UTS. The deformed specimens
were further machined to a surface finish of better than 1 micron to achieve a smooth surface
for ultrasonic contact measurements. For microscopic studies, small specimens were cut from
the middle of the gauge length of the deformed specimens. The ferrite number and the straininduced martensite within the gauge length of the deformed specimens were evaluated using a
ferritscope magnetic Barkhausen emission (MBE) as described in sections 3.7 and 3.8,
respectively.

3.3 Linear ultrasonics
3.3.1 C-scan imaging
It is clear from the literature that a quantitative measurement of the ultrasonic attenuation is not
always feasible or, in certain situations, inferior to the acoustic nonlinearity measurements.
However, in order to have a qualitative comparison, the attenuation behaviour of the specimens
was evaluated at the frequencies used for the NLU. One of the well-known methods for
ultrasonic non-contact attenuation mapping is immersion C-scan imaging. The specimens were
immersed in water and held in the far-field of the unfocused immersion transducers of centre
frequency, 𝑓𝑐 . Such a non-contact method eliminates the effect of contact pressure and
coupling conditions on the ultrasonic signals and to accomplish an automated scanning for the
C-scan imaging. The water column height between the transducer face and the specimen
surface was more than 𝑟 2 /𝜆𝑤 , where 𝑟 is the radius of the transducer and 𝜆𝑤 is the wavelength
in water. Care has been taken to keep the surface of the specimen normal to the ultrasound
beam. A schematic representation of the experimental set up used for the C-scan imaging is
shown in Fig. 3.3. The system is equipped by an automated 6-axis manipulator (DHVANI
make) to perform an X-Y raster scan. The ultrasonic pulses were generated and received in
pulse-echo mode by means of a JSR DPR-300 pulser-receiver and digitized using an NI data
acquisition card of 100 MHz sampling rate.
The received signals were stored in a digital storage oscilloscope (DSO), and the frequencydependent attenuation was calculated from their spectral amplitudes using Eq. (2.7). Fig. 3.4
shows a typical time domain signal in which the front wall echo (𝑢0 ), the first (𝑢1 ) and second
(𝑢2 ) back-wall echoes are indicated. The receiver gain of the pulser-receiver was adjusted to
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keep the first back-wall echo above 80% of the full-screen height. However, in order to
construct the frequency-dependent C-scan images, the received time domain signals were
further processed through a Bessel bandpass filter with a bandwidth 𝑓𝑐 ± 0.5 MHz.

Fig. 3.3: Schematic of the experimental set up used for the immersion-based (C-scan imaging)
attenuation measurement

Fig. 3.4: Time domain signals in immersion mode showing the front wall echo (𝑢0 ), the first
(𝑢1 ) and second (𝑢2 ) back-reflected signals
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3.3.2 Frequency-dependent attenuation
Attenuation of ultrasonic waves in a medium causes frequency shift, and, as a result, the
spectral peak (𝑓𝑝 ) need not be at the centre frequency (𝑓𝑐 ). Such a shift is dominant at higher
frequencies and with the order of back-wall reflection. Therefore, for a given input pulse, the
frequency shift will be large for the second back-wall echo compared to the first. Fig. 3.5(a)
highlights the first (𝑢1 ) and second (𝑢2 ) back wall echoes received from an AISI type 304
austenitic stainless-steel plate of thickness 10 mm in the immersion pulse-echo mode using a
transducer of centre frequency 10 MHz (𝑓𝑐 ). It is evident from Fig. 3.5(b) that the peak
𝑢

frequency of the first back-wall echo (𝑓𝑝 1 ) was shifted to 9.5 MHz and that of the second back𝑢

wall echo (𝑓𝑝 2 ) was shifted to 8.8 MHz as a result of the dispersion and scattering effects.
Therefore, amplitude-based attenuation measurements in the time-domain would be erroneous.
Hence, the frequency spectrum of the first and second back-wall echoes need to be obtained,
and the frequency-dependent attenuation can be calculated using Eq. (2.7) from the amplitudes

Fig. 3.5: (a) A time domain signal with the first (𝑢1(𝜔) ) and second (𝑢2(𝜔) ) back wall echoes
and (b) the corresponding FFTs (𝑣1(𝜔)) and second (𝑣2(𝜔)). The frequency spectrum shows a
𝑢

𝑢

shift in the peak frequencies (𝑓𝑝 1 = 9.52 MHz and 𝑓𝑝 2 = 8.8 MHz) from the excitation
frequency (𝑓𝑐 = 10 MHz).
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of the 𝑣1(𝜔) and 𝑣2(𝜔) . However, for thick materials with abnormal grain growth and larger
mean grain sizes, high-frequency attenuation measurements would be difficult due to the severe
scattering losses.

3.4 Nonlinear ultrasonics
3.4.1 Experimental set-up for nonlinear ultrasonics
The experimental set up used for measuring the nonlinearity parameter includes a RITEC make
RAM-5000 SNAP system, a 50 Ω load, transducers, digital storage oscilloscope (DSO), probe
fixture, cables and a personal computer as schematically illustrated in Fig. 3.6. The SNAP is a
computer-controlled transmitter-receiver unit with an operational frequency ranging from 250
𝑘𝐻𝑧 to 80 𝑀𝐻𝑧. It can provide high power RF tone burst signals modulated with a rectangular
or a Hann window to drive the transducers without any induced harmonic distortions. It consists
of two gated amplifiers of different frequency ranges, a superheterodyne receiver that can filter,
reverse the phase and sweep the frequency of the fundamental and harmonics. The number of
cycles can be adjusted, and the signal phase can be inverted using the software interface. A
special probe holder assembly has ensured the coaxial alignment of the transducers. This

Fig. 3.6: Schematic of the experimental setup for the NLU measurements
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Fig. 3.7: (a) Photograph of the NLU experimental set up and (b) the computer interface to
control the RAM-5000 NLU system.
spring-loaded assembly could maintain constant coupling pressure on the transducers during
the measurements. A photograph of the experimental setup and the computer interface to
control the RAM-5000 SNAP are shown in Fig. 3.7.
3.4.1.1

Transducers

Longitudinal piezoelectric transducers were used in the through-transmission mode for the
NLU measurements. The transducers were of Panametrics (Olympus) make, and the details are
given in Table 3.5. They are untuned transducers that provide heavily damped broadband
performance. The transmitter and receiver transducers are designated as Tx and Rx,
respectively, as indicated in Fig. 3.6. Three sets of Tx - Rx pairs: 2.25 MHz - 5.0 MHz, 5.0 MHz
- 10.0 MHz and 7.5 MHz - 15.0 MHz were used for nonlinearity measurement. Due to the nonavailability of the 4.5 MHz transducer, a 5.0 MHz transducer was used to receive the second
harmonic component when the input frequency was 2.25 MHz. The range of frequency
combinations (2.25 MHz to 15.0 MHz) was chosen in such a way that, the ultrasonic waves in
this range interact through the Rayleigh and/or stochastic mechanisms with the grain sizes of
the materials used in the present thesis (mean grain size varies from 33 𝜇𝑚 to 391 𝜇𝑚).
However, the experiments were conducted independently for each pair of transducers.
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Table 3.5: Details of the ultrasonic transducers used for NLU measurements
Frequency

Part No

1

2.25 MHz

V133-RM

2

5.0 MHz

V110-RM

3

7.5 MHz

V121-RM

4

10.0 MHz

V112-RM

5

15.0 MHz

V113-RM

3.4.1.2

Nominal Element Size

6.25 mm

Linearity check

Prior to the commencement of actual experiments, the SNAP system and the transducers were
ensured to have a linear response against the system power levels and the transducer output.
The transducers (Tx) were excited at their rated frequencies using sinusoidal tone bursts. The
excitation power level was varied from 10% to 100% of the maximum output power of the
SNAP system. The ultrasonic wave thus generated was transmitted to a fused silica disc of
thickness 9.3 mm, and the propagated wave was received from the opposite side using the

Fig. 3.8: Amplitude of 6-cycle 2.25MHz waveform with power level varying from 10% to
100% of the SNAP system. Signal amplitude increases proportionally with the power level.
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respective pair transducers. The received signal was then subjected to Fast Fourier Transform
(FFT), and the amplitude of the fundamental frequency was plotted against the corresponding
SNAP power levels. A typical waveform of a 6-cycle 2.25 MHz input and the corresponding
frequency spectra for different power levels are shown in Fig. 3.8 and Fig. 3.9, respectively. A
similar analysis was conducted for other frequencies also. In each case, the tone burst length
of the input waveform was kept identical.
The spectral amplitudes for all three input frequencies were measured at different SNAP power
levels (%) and plotted in Fig. 3.10. In all three cases, a linear regression fit with the 𝑅2 values
of 0.99 was observed. This has ensured the linear behaviour of the SNAP system towards the
frequencies used in the NLU measurements. It is worth noting that the difference in their slope
among the frequencies is due to the difference in the transducer response, which is expected.
However, such differences will be normalized by the procedure described in section 3.4.7.
Therefore, it would not affect the interpretation of the results in a relative measurement of the
nonlinearity parameter being pursued throughout the present thesis.

Fig. 3.9: Spectral amplitude of 6-cycle 2.25MHz waveform with power level varying from 10%
to 100% of the SNAP system. The amplitude increases with the power level.
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Fig. 3.10: Linear relationship between the input power levels and the output amplitudes for
different transducers. Power levels are in % of the maximum output power of the SNAP system.

3.4.2 Nonlinear ultrasonic measurements
A uniform layer of couplant was applied between the specimen and the transducers in order to
displace any air gap in between. It was ensured that the same transducers, excitation range and
surface conditions were maintained for repeatability and to reduce the experimental and
instrumental nonlinearities. The NLU measurements were carried out at multiple locations in
each specimen, and, at each location, the material response for six different power levels of the
RITEC system (40% to 90% with an increment of 10%) was obtained. Reducing the range of
the applied power levels during the experiment minimized the number of measurements and at
the same time ensured a realistic estimate of the acoustic nonlinearity from the slope of the 𝐴2
vs. 𝐴21 plot. The output from the receiver was stored in a digital storage oscilloscope
(KEYSIGHT InfiniiVision DSOX3024T), which digitized the received signal into 16000 data
points at a sampling rate of 200 MHz. These data were further used to extract the harmonic
content of the signal.
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3.4.2.1

Signal analysis

Fast Fourier transform (FFT) is an efficient algorithm generally employed to analyse the
frequency components embedded in a signal. For a signal 𝑓(𝑥), the FFT is performed as
∞

𝑓(𝑡) = ∫ 𝑓 (𝑥 ) 𝑒 −2𝜋𝑖𝑡 𝑑𝑥

(3.1)

−∞

However, the leading (transient) and trailing (ringing) edges of a purely sinusoidal waveform
get distorted due to the damping effect of the piezoelectric crystal, surface characteristics of
the transducer face and the specimen roughness. A typical sinusoidal waveform of fundamental
frequency 5 MHz received from a 10 mm thick austenitic stainless-steel material used in this
study is shown in Fig. 3.11. Distortions to the sinusoidal nature can be observed in the transient
and ringing regions due to the damping effects mentioned above. A distortion-free region can
be identified at the middle of the time domain waveform if a sufficient number of cycles (signal
length) are provided. This region can be segmented and utilized to extract the harmonic
response of the material. However, this methodology cannot be implemented on thin specimens
or while applying low-frequency inputs since the number of waveform cycles is limited in both
cases. In this context, windowing of the received signals followed by the FFT is of the right
choice.

Fig. 3.11: Distortions in the received time domain signal due to the transient and ringing effects

53

Chapter 3 Experimental Methods
3.4.2.2

Windowing functions

The spectral leakage associated with the Fourier transform is one of the major drawbacks of
any windowing function. Fourier transform algorithm is based on the assumption that the time
record is exactly repeated throughout all time and that the signals contained in a time record
are thus periodic at intervals that corresponds to the length of the time record. Spectral leakage
is a result of this assumption. If the signal has a non-integer number of cycles, this assumption
is violated, and spectral leakage occurs where energy from a given frequency component is
spread over adjacent frequencies. A proper window is to be selected in order to minimize this
effect over a non-integer number of cycles. For an integral number of cycles, all windows yield
the same spectral amplitude and have excellent amplitude accuracy. The frequency resolution
of the windowed signal is limited by the width of the main lobe, and the amplitude resolution
is limited by the spectral leakage. The rectangular window has the narrowest main lobe, and
other windows introduce a significant spread. As the primary lobe narrows and spectral
resolution improves, the window energy spreads into its side lobes, and spectral leakage
strengthens. In general, there is a trade-off between the suppression of spectral leakage and the
frequency resolution.
Windowing of the input data is equivalent to convolving the spectrum of the original signal
with that of the window. The sinusoidal signal shown in Fig. 3.8 may be considered as
modulated with a rectangular window which is defined by
1,
𝑤 (𝑛 ) = {
0,

0≤𝑛≤𝑁
𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

(3.2)

However, the selection of a proper window function is based on the frequency components of
interest, spectral resolution, amplitude accuracy and flatness of the spectrum. A proper window
function may be selected based on the peak sidelobe level (PSL) and the side lobe roll-off rate.
The sidelobe level is the maximum value of the side lobes relative to the main lobe, and the
side lobe roll-off rate is the asymptotic decay rate of the side lobes. If the signal contains
frequency components distant from the frequency of interest, choose a window with a high
sidelobe roll-off rate and if there are components near the frequency of interest, choose a
window with a lower PSL. Therefore, processing of the time domain signal to extract the
harmonics and thereby the 𝛽 using the fast Fourier transform heavily depends on the
windowing functions used. Some of the most commonly used windowing functions150 are
introduced in Eqns. (3.3) to (3.6).
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Hanning window function
2𝜋𝑛
0.5 (1 − 𝑐𝑜𝑠 (
)) , 0 ≤ 𝑛 ≤ 𝑁
𝑤 (𝑛 ) = {
𝑁
0,
𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

(3.3)

Hamming window function
2𝜋𝑛
0.54
−
0.46
(
), 0 ≤ 𝑛 ≤ 𝑁
𝑤 (𝑛 ) = {
𝑁
0,
𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

(3.4)

Blackman window function
2𝜋
4𝜋
0.42
−
0.50𝑐𝑜𝑠
(
𝑛)
−
0.08𝑐𝑜𝑠
(
𝑛) , 0 ≤ 𝑛 ≤ 𝑀 − 1
𝑤 (𝑛 ) = {
𝑁
𝑁
0,
𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

(3.5)

where, 𝑀 = 𝑁/2 for N even and 𝑀 = (𝑁 + 1)/2 for N odd.
Bartlett window function
2𝑛
,
𝑁
𝑤 (𝑛 ) = {

0≤𝑛≤

2𝑛
2− ,
𝑁

𝑁
2

(3.6)

𝑁
≤𝑛≤𝑁
2

Table 3.6: Windowing Functions and Parameters
Window Function

PSL (dB)

Side Lobe Roll-Off
Rate (dB/octave)

Main Lobe Width

Hanning

-31

-18

8𝜋/𝑁

Hamming

-42

-6

8𝜋/𝑁

Blackman

-58.1

-18

12𝜋/𝑁

Bartlett

-26.5

-12

8𝜋/𝑁

Rectangular

-13

-6

4𝜋/𝑁

The window function, which gives high resolution to the harmonics in a signal, should be
chosen. The resolution of a window function is characterized by its peak sidelobe level, side
lobe roll-off rate and main lobe width, which are tabulated in Table 3.6. Also, the filter
visualization for these window functions is shown in Fig. 3.12.
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Fig. 3.12: Filter visualization in time domain and frequency domain for different window
functions

3.4.2.3

Optimization of the window function

Effect of various windowing functions on a sinusoidal time domain (TD) signal of fundamental
frequency 5 MHz and the corresponding FFT are compared in Fig. 3.13. The fundamental (A1)
and the second harmonic (A2) components are clearly visible in the spectrum, and their
amplitudes can be measured accurately. As it is seen, the amplitude of the side lobes of the
windowed (modulated) signals is significantly reduced compared to that of the unmodulated
(raw) signal.
The 𝐴2 vs 𝐴21 plot for a typical received signal modulated with the five windowing functions
is compared in Fig. 3.14. The output power level of the SNAP system was varied from 40% to
90% of the maximum power level in steps of 10%, and a linear regression fit was found to be
the best fit connecting 𝐴2 and 𝐴21 for all six power levels. This linearity holds good even with
the modulation. However, the change in the slope of the 𝐴2 vs. 𝐴21 plot with modulation is the
characteristic property of each window function which is related to the spectral leakage while
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performing the FFT. Spectral leakage of the 𝐴1 component into the side lobes is drastically
reduced with modulation, which causes an increase in the slope. Therefore, the nonlinearity
parameter derived from the slope of the 𝐴2 vs. 𝐴21 depends on the modulation. However, the
modulation will not affect the interpretation of the results as long as the nonlinearity parameter
is measured as a relative variable for a fixed windowing function. The Hanning window
function is one of the simple and most popular windowing functions which has the highest side
lobe roll-off rate (-18 dB/octave) and lower main lobe width. Hence, in this thesis, the received
waveforms are Hann modulated in order to eliminate the fluctuations at the leading and trailing
edges and then performed the FFT to compute the harmonic components. As it is seen from
Fig. 3.14, the 𝐴21 which is in the denominator of Eq. (2.25) is several orders of magnitude higher
than the 𝐴2 . Therefore, any change in the amplitude of A1 due to, for example, attenuation of
the fundamental wave in the material, can affect the measured β significantly due to the way
Eq. (2.25) is defined.
Fig. 3.15 shows the typical time-domain signals modulated with the Hanning window function
and the corresponding frequency spectra for three different input frequencies used in this thesis.
The amplitude of the fundamental (A1) and the second harmonic (A2) components was
measured from the frequency spectrum, and the slope of the 𝐴2 vs 𝐴21 curve was used to
calculate the β.

57

Chapter 3 Experimental Methods

(a)

(b)

Fig. 3.13: (a) Received time domain signal (𝑇𝐷𝑅𝑎𝑤 ) modulated using the Blackman (𝑇𝐷𝐵𝑙𝑘 ),
Bartlett (𝑇𝐷𝐵𝑎𝑟𝑡𝑡 ), Hanning (𝑇𝐷𝐻𝑎𝑛𝑛 ) and Hamming (𝑇𝐷𝐻𝑎𝑚𝑚 ) windowing functions and (b)
the corresponding FFTs
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Fig. 3.14: The 𝐴2 vs 𝐴21 for the signals modulated with different windowing functions

Fig. 3.15: Typical time-domain signals of frequency (a) 2.25 MHz, (b) 5.0 MHz and (c) 7.5
MHz and (d-f) the corresponding frequency spectra
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3.4.2.4

Signal duration

It is worth noting that, when the waveform duration (signal length) is longer, the probability of
the anharmonic interactions with the crystalline lattice increases, which raises the harmonic
amplitude. The effect of pulse duration on the spectral amplitude is illustrated in Fig. 3.16 for
a 5 MHz tone burst transmitted to an AISI type 304 austenitic stainless-steel material of
thickness 10 mm. The signal length was varied from 1 cycle to 13 cycles and, in each case, the
corresponding FFT of the received signal was plotted. The spectral response indicates that,
•

as the signal length increases, amplitudes of both the fundamental and second harmonic
components increases, and,

•

the spectrum becomes smoother and narrower as the number of cycles increases.

It is evident from Fig. 3.16 that, larger the number of cycles, the sharper the spectrum and
hence higher will be the accuracy in measurement of harmonic amplitude. However, the
number of cycles is limited by the thickness of the material in order to avoid the interactions
between the propagating and reflected waves. In addition, the tone burst length of the input
waveform was kept identical (2.6 𝜇𝑠) for all three input frequencies, and the details are given
in Table 3.7. The finite element visualization of each waveform inside the AISI type 304
austenitic stainless-steel specimen of thickness 10 mm (Fig. 3.17) confirms that the applied
tone burst length does not cause the reflected echoes reaching the receiver transducer.

Table 3.7: Details of tone burst length and waveform duration
Frequency

Tone burst length

2.25 MHz
5.0 MHz

Number of Cycles
6

2.6 𝜇𝑠

13

7.5 MHz

21
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Fig. 3.16: Spectral amplitudes as a function of number of cycles. The spectral amplitude
increases with the number of cycles (from 1 to 13 cycles for the given case).

(a)

(b)

(c)

Fig. 3.17: Waveform visualization of input sinusoidal signals of frequency (a) 2.25 MHz, (b)
5.0 MHz and (c) 7.5 MHz propagated through a material of thickness 10 mm. Propagation
direction in indicated by an arrow.
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3.4.2.5

Normalization procedure

Normalization of the measured 𝛽 with that of a reference specimen is a standard procedure to
remove nonlinearities from other sources, such as instrumental or experimental. In general, the
normalization can be performed by 𝛽𝑛𝑜𝑟𝑚 = 𝛽𝑚,𝜔𝑖 /𝛽𝑟,𝜔𝑖 where 𝑚 stands for the test
specimen, 𝑟 stands for the reference for a given frequency, 𝜔𝑖 . The normalization also enables
us to compare the relative variation of the nonlinearity parameter in materials while performing
the NLU with different input frequencies. However, the reference specimen chosen for
normalization would vary depending on the scope of the analysis and hence will be described
promptly in the respective sections.

3.5 Evaluation of the microstructure and mechanical properties
3.5.1 Optical microscopy
Small specimens cut for grain size measurements were polished to diamond finish and
subjected to electrolytic etching in 60 wt.% HNO3 solution to reveal the grain boundaries. The
photomicrographs were obtained using an inverted optical microscope (Olympus GX51).
3.5.1.1

Grain size measurement

In a polycrystalline material, different grains grow independently under the same heating
conditions, and hence the size of a single grain cannot be used for explaining the
microstructure. The mean grain size (𝐷𝑚𝑒𝑎𝑛 ) and the standard deviation (𝜎𝐷 ) in the materials
used for the present investigation were estimated from the photomicrographs as per the ASTM
standard E112. In metallography, the grain size is usually expressed by the mean grain
diameter, 𝐷𝑚𝑒𝑎𝑛 , which is defined as the average orthogonal distance between the infinite pairs
of parallel planes tangent to the surface of the grain. Therefore, from now on, the grain size
refers to the 𝐷𝑚𝑒𝑎𝑛 . In polycrystalline materials, grains follow the lognormal distribution,
which can be written as
𝑃 (𝐷 ) =

1
𝐷𝜎√2𝜋

𝑒𝑥𝑝 [−

̃)
𝑙𝑛2 (𝐷/𝐷
]
2
2𝜎

(3.7)

̃ = 𝑒 𝜇 which is related to the volumetric mean
where the median of the grain size distribution 𝐷
̅= 𝐷
̃ 𝑒 (𝜎2/2) where 𝜎 is the logarithmic distribution width, and 𝜇 is the
of the distribution 𝐷
mean of the normal distribution.
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3.5.1.2

Aspect ratio measurement

The aspect ratio (length-to-breadth ratio represented as a/b) of each grain of the specimens
subjected to the plastic deformation was estimated from the photomicrographs. The aspect ratio
measurements were elaborately discussed in Chapter 7.
3.5.2 Electron backscatter diffraction
Specimens used for the optical microscopy were further polished by 0.25 µm diamond
suspension followed by colloidal silica treatment. The specimens were then etched
electrolytically in 1:9 Perchloric acid and Methanol solution, and the EBSD data was collected
at a step size of 2 μm. The EBSD data were further processed using the OIMTM software for
the inverse pole figure (IPF) maps and the grain orientation spread (GOS).
3.5.3 Hardness measurement
Hardness was taken at multiple locations on the specimens using a micro Vickers hardness
tester (MMT-X7, Matsuzawa make). A diamond indenter ground in the form of a square
pyramid with an angle of 136° between the faces was used for indentation. Micro indentation
corresponding to a load of 200gf was imparted to each specimen. From the length of the
diagonals of indentation, the hardness was determined. Measurements were taken at multiple
locations to obtain a statistical distribution of the hardness.
3.5.4 Measurement of strain-induced martensite
The presence of martensite in austenite would influence the acoustic nonlinearity as its crystal
structure (bct) is different from that of the austenite (fcc) matrix. Metallography or X-ray
diffraction (XRD) techniques are widely used to measure the strain-induced martensite in
metallic materials. Though such measurement provides good qualitative results of the
martensite phase, their results appear to be overestimated since they are restricted to the
surface,151 and hence the absolute errors in the estimated martensite content can be higher.
Therefore, measuring the magnetization of the material is a more effective and representative
technique to determine the volume fraction of the martensite phase. 152 Hence, the magnetic
Barkhausen emission (MBE) measurement on the gauge length of the plastically deformed
specimens was carried out. The MBE measurements provide the spatial average of the
martensite content over a large volume, which eliminates the inaccuracies associated with the
surface preparation. The MBE was measured using a Rollscan 300 system (M/s Stresstech,
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Finland) with MicroScan-600 magneto elastic analyser equipped with a standard sensor S1138-15-01 consists of an excitation coil with a magnetizing core and a detecting coil placed
between the magnetizing core legs. The excitation was given at a magnetizing voltage of 7V
and magnetizing frequency of 125 Hz. The measurements were made within the gauge length
in each specimen with properly maintaining the similar coupling conditions. The received
signals were sampled at a frequency of 1 MHz without any digital frequency filter and were
exported as .txt files for post-processing.
In addition to the MBE analysis, the ferrite number of each specimen was measured using a
feritscope (Fishcher FMP30). It may be noted that the ferrite number is commonly used to
estimate the delta ferrite content in austenitic stainless steels and can also be used to detect
deformation-induced martensite. It is therefore used only for the qualitative assessment of the
microstructure.

3.6 Summary
This chapter detailed the experimental methodology adopted in the present thesis.
Experimental investigations organized in the subsequent chapters are
•

studies on a set of annealed microstructures in AISI Type 304 austenitic stainless steel
to understand the frequency dependence of the nonlinearity parameter at different
scattering regimes,

•

characterization of the microstructural heterogeneity in large diameter forgings where
all possible variations in grain size coexist within a single material,

•

investigation on the effect of grain size distribution on the acoustic nonlinearity
parameter, and

•

investigations on the characterization of the combined effect of grain size variations
and plastic deformation on the acoustic nonlinearity parameter.

64

Chapter 4
Influence of Scattering Regimes on the
Acoustic Nonlinearity Parameter
4.1 Introduction
From the detailed literature review presented in the previous chapter and the scope of objectives
identified for the present work, it is clear that there is potential for developing nonlinear
ultrasonics as a non-destructive evaluation technique to study the grain size variations in
polycrystalline materials. There are little works already reported in this area but were confined
to the elastic waves of a single frequency.68,118 However, a single frequency analysis is not
adequate in polycrystalline materials because various acoustic scattering regimes can coexist
within the material, allowing the fundamental and harmonic frequency components to have
different interaction mechanisms. As stated earlier, correction mechanisms are not always
feasible to be implemented. Therefore, the nonlinear response at different acoustic scattering
regimes in a polycrystalline material needs to be investigated systematically, considering the
difference in the interaction mechanisms of the fundamental and harmonic components. A
multi-frequency nonlinear ultrasonic methodology is introduced in this chapter to study the
nonlinear response at different scattering regimes in a polycrystalline material.

4.2 Materials and methods
Austenitic stainless-steel type AISI304 has been selected for this study due to its single-phase
polycrystalline nature. The thickness of the material was fixed to 10 mm as it falls within the
thickness range most often employed for the fabrication of storage tanks and vessels in
chemical and nuclear industries using this material. Grain size variation in the material was
achieved by subjecting the material to solid solution annealing at different peak temperature
and duration as described in Section 3.2.1. Subsequently, the specimens were subjected to
ultrasonic C-scan imaging for attenuation mapping followed by nonlinearity measurements as
per the procedures described in Section 3.3 and 3.4, respectively.
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4.3 Results and discussions
4.3.1 Microstructure
The photomicrographs of the annealed specimens are shown in Fig. 4.1, and the corresponding
histogram representation of the grain size distribution is presented in Fig. 4.2. The grain size
in each annealed specimen was measured from the optical micrographs as per the ASTM
standard E112. The average grain size and the standard deviation are given in Table 4.1. The
histograms were superposed with the lognormal distribution curve since the grain size
distribution in polycrystalline engineering materials is mostly lognormal.3 Coexistence of fine
as well as coarse grains in the annealed specimens is evident from the histograms. The mean
grain size (𝐷𝑚𝑒𝑎𝑛 ), and the boundary at which the Rayleigh to stochastic scattering transition
occurs (𝐷2.25 , 𝐷5.0 and 𝐷7.5 ) for three different input frequencies (2.25 MHz, 5.0 MHz and 7.5

A

B

C

D

E

F

G

H

I

Fig. 4.1: Optical micrographs of the AISI 304 austenitic stainless-steel specimens subjected to
different annealing conditions: (A) as-received, (B) 1050 ℃ / 60 min, (C) 1100 ℃ / 60 min,
(D) 1100 ℃ / 120 min, (E) 1150 ℃ / 60 min, (F) 1150 ℃ / 120 min, (G) 1200 ℃ / 60 min, (H)
1200 ℃ / 90 min, and (I) 1200 ℃ / 120 min.
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MHz) used in this investigation are also indicated. These transition boundaries and their
positions to the 𝐷𝑚𝑒𝑎𝑛 have a significant effect on the measured 𝛽, which will be discussed in
the subsequent sections. The scales of the histograms are not maintained consistently for clear
visualization of the grain size distribution.

Table 4.1: The mean grain size and the standard deviation of the annealed specimens
Specimen ID

A

B

C

D

E

F

G

H

I

𝐷𝑚𝑒𝑎𝑛 (µm)

44

101

121

153

176

210

228

274

391

𝜎𝐷 (µm)

16

41

51

66

93

124

150

189

327

Dmean = 44 µm

Dmean = 101 µm

Dmean = 121 µm

Dmean = 153 µm
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Dmean = 176 µm

Dmean = 210 µm

Dmean = 228 µm

Dmean = 274 µm

Dmean = 391 µm

Fig. 4.2: Grain size distribution histogram of the annealed specimens. The Dmean and the
boundary (𝐷𝜔𝑖 ) between the Rayleigh and stochastic scattering regimes for three excitation
frequencies are also indicated by dotted lines.
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The inverse pole figure (IPF) maps obtained from the electron backscatter diffraction (EBSD)
analysis are shown in Fig. 4.3, which indicates the absence of any texture. The annealing
process also dissolved all precipitates like chromium carbide (Cr23C6), which was confirmed
through electrochemical methods. However, an increase in 𝐷𝑚𝑒𝑎𝑛 and σD with temperature
and soaking time illustrates that the substantial grain growth happens at elevated temperatures,
which are evident in the corresponding histograms. As proposed by Shirdel et al.116,117 the ratio
of 𝐷𝑚𝑎𝑥 to 𝐷𝑚𝑒𝑎𝑛 is plotted in Fig. 4.4 for the given set of annealed specimens. The specimens
with this ratio more than 5 is said to have abnormal grain growth. Abnormal grain growth
happens in a material due to the phenomenon that certain energetically favourable grains grow
rapidly, resulting in a bimodal distribution. The main factors which lead to abnormal grain
growth are texture, second phases and grain boundary faceting, which governs the kinetics of
grain growth. Therefore, Table 4.1 and Fig. 4.4 infer that the abnormal grain growth occurs at
0.8 TH or higher, where TH (1450 °C) is the homologous temperature of AISI 304 stainless
steel.

Fig. 4.3: The IPF maps of annealed specimens with average grain size (a) 44 𝜇𝑚, (b) 153 𝜇𝑚
and (c) 274 𝜇𝑚 shows no texture; (d) IPF legend
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Fig. 4.4: Normal and abnormal grain growth is categorized based on the 𝐷𝑚𝑎𝑥 to 𝐷𝑚𝑒𝑎𝑛 ratio
4.3.2 Ultrasonic attenuation
The C-scan representation of the first (𝑢1 ) and second (𝑢2 ) back-wall echoes for 𝜔 = 5 MHz is
shown in Fig. 4.5 and Fig. 4.6 respectively. The colour code represents the signal amplitude at
each point in the specimen mapped to its position. In order to obtain the frequency-dependent
C-scan images corresponding to the input frequency of 5 MHz, the received time domain
signals were passed through a Bessel bandpass filter with bandwidth 5.0 ± 0.5 MHz. Index and
scan length in the C-scan images indicate the raster scan lengths in two perpendicular directions
while scanning in the immersion system. The time domain signals received from the specimens
G (Dmean = 228 μm), H (Dmean = 274 μm) & I (Dmean = 391 μm) in comparison with that of the
specimen A (Dmean = 44 μm) in Fig. 4.7 reveals that severe attenuation of the back-wall echoes
happened in the specimens with abnormal grain growth. The amplitudes (𝑢1 and 𝑢2 ) of the
back-reflected echoes from the specimens with abnormal grain growth were decreased
drastically closer to the noise levels (originated from the grain boundary backscattering). In
these specimens, severe attenuation would be expected at higher frequencies. Therefore, in
such cases, Eq. (2.7) cannot be so useful, and the attenuation measurements would be
inaccurate on the specimens with abnormal grain growth. Fig. 4.8 shows the C-scan
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representation of the attenuation. The specimens with abnormal grain growth display a noisy
pattern in their attenuation C-scan images due to the prominent backscatter echoes which
overcome the second back-reflected echo amplitudes. Therefore, high-frequency attenuation
measurements are not feasible on specimens with coarse (abnormal) grains.

G

H

I

D

E

F

A

B

C

Fig. 4.5: C-scan images obtained from the 1st back-wall echo of the annealed specimens for ω
= 5 MHz. Index and scan length indicate the raster scan length in two perpendicular directions.
Color code indicates the reflected amplitude from the back wall.
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G

H

I

D

E

F

A

B

C

Fig. 4.6: C-scan images obtained from the 2nd back-wall echo of the annealed specimens for ω
= 5 MHz.

Fig. 4.7: Amplitude losses of the first and second back reflected echoes for ω = 5 MHz of the
specimens A (Dmean = 44 μm), G (Dmean = 228 μm), H (Dmean = 274 μm) and I (Dmean = 391
μm)
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Fig. 4.8: Attenuation C-scan images of the annealed specimens obtained for ω = 5 MHz.

4.3.3 Nonlinear ultrasonics
The ultrasonic nonlinearity parameters of the annealed specimens for three input frequencies
were measured as described in section 3.4. The measured nonlinearity parameter (𝛽𝑚𝑒𝑎𝑠 ) was
normalized (𝛽𝑛𝑜𝑟𝑚 ) to that of the as-received material according to the procedure described in
section 3.4.7.
4.3.3.1

Change in βnorm with Dmean

Standard error prediction fit plot of the 𝛽𝑛𝑜𝑟𝑚 against the 𝐷𝑚𝑒𝑎𝑛 is plotted in Fig. 4.9. The
𝛽𝑛𝑜𝑟𝑚 for the input frequency of 2.25 MHz (𝛽2.25 ) decreases linearly with an increase in grain
size. This linear dependency is deviated for 𝛽5.0 and 𝛽7.5 towards the higher grain sizes. For
the easiness of discussion, a quantity Δ𝛽𝜔𝑖,𝑗 is defined as Δ𝛽𝜔𝑖,𝑗 = 𝛽𝜔𝑖 − 𝛽𝜔𝑗 where 𝜔𝑖 and 𝜔𝑗
corresponds with the lower and higher input frequencies under consideration. Few
combinations of the Δ𝛽𝜔𝑖,𝑗 are illustrated in Fig. 4.9. It is seen that the Δ𝛽𝜔𝑖,𝑗 is changed its
magnitude with grain growth. Also, the 𝛽𝑛𝑜𝑟𝑚 ’S intersect at few locations and beyond this
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𝚫𝜷𝝎𝟐.𝟐𝟓,𝟓.𝟎

𝚫𝜷𝝎 𝟓.𝟎,𝟕.𝟓
𝚫𝜷𝝎𝟐.𝟐𝟓,𝟕.𝟓

Fig. 4.9: The normalized 𝛽 vs. the average grain size. Examples of the Δ𝛽𝜔𝑖,𝑗 and the point of
intersection of different 𝛽𝜔 ’s are indicated.
point the Δ𝛽𝜔𝑖,𝑗 has reversed its polarity. Besides, an order 𝛽2.25 > 𝛽5.0 > 𝛽7.5 is maintained
up to a particular 𝐷𝑚𝑒𝑎𝑛 and thereafter, this order is found lost.
4.3.3.2

Change in β with the reduced wavenumber

In the Fig. 4.10, the 𝛽𝑛𝑜𝑟𝑚 is plotted against the reduced wavenumber, 𝑘𝐷, which is defined
for the input wavelength. It is quite interesting to note that, the linear dependency of 𝛽 holds
only up to 𝑘𝐷 ≈ 1 and then found to deviate, irrespective of the frequency. Polynomial
regression analysis on 𝛽 vs 𝑘𝐷 showed a linear, quadratic and cubic dependency for 𝛽2.25 , 𝛽5.0
and 𝛽7.5 respectively to be the best fits with maximum 𝑅2 value (𝑅2 = 0.99, 0.99 and 0.98
respectively) and the minimum norm of residuals. The polynomial regression fit has exhibited
the following relations.
𝛽2.25 = −0.49𝑘2.25 𝐷 + 1

(4.1)

𝛽5.0 = 0.25(𝑘5.0 𝐷)2 − 0.82𝑘5.0 𝐷 + 1.2

(4.2)
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Fig. 4.10: Normalized 𝛽 vs. the reduced wavenumber, 𝑘𝐷. The linear dependency of 𝛽 holds
only up to 𝑘𝐷 ≈ 1 and then found to deviate, irrespective of the frequency.

𝛽7.5 = −0.058(𝑘7.5 𝐷)3 + 0.43(𝑘7.5 𝐷)2 − 0.97𝑘7.5 𝐷 + 1.3

(4.3)

Deviation in 𝛽 with grain size (Fig. 4.9) and applied frequency (Fig. 4.10) can be explained
based on the classical scattering theory. According to Eq. (2.59), the measured 𝛽 is a modified
version of the material nonlinearity by the attenuation coefficients, 𝛼1 and 𝛼2 . As briefed in
section 2.6.2., the 𝛼1 and 𝛼2 fall into different scattering regimes based on the frequency and
grain size values, and hence the 𝛽 gets modified accordingly. Therefore, the behaviour of 𝛽
with grain growth is associated with the difference in the scattering related attenuation of the
fundamental and harmonic components.
4.3.3.3

The behaviour of β based on classical attenuation theory

The term 𝛽𝛼𝑖 defined in Eq. (2.59) which represents the influence of the attenuation coefficients
𝛼1 and 𝛼2 on 𝛽 is plotted in Fig. 4.11 for a set of grain sizes inclusive of that used in this study
and for three input frequencies (denoted as superscripts to 𝛽𝛼𝑖 ). According to classical
scattering theory, the transition from Rayleigh to stochastic regime occurs at 𝑘𝐷 = 1. For the
fundamental and second harmonic frequency components used in this investigation, the grain
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Fig. 4.11: The 𝛽𝛼𝑖 against the mean grain size for the different excitation frequencies (a) 2.25
MHz, (b) 5.0 MHz and (c) 7.5 MHz. Dashed line indicates the 𝐷𝜔 satisfies 𝑘𝐷𝜔 = 1 condition
for the fundamental frequency and the dotted line is that for the second harmonic.
size (𝐷𝜔 ) where the suffix corresponds with the frequency at which the transition condition
𝑘𝐷𝜔 = 1 encounters are tabulated in Table 4.2.
Table 4.2: The grain size (𝐷𝜔 ) at which the transition condition 𝑘𝐷𝜔 = 1 for the
fundamental and harmonic components
Fundamental

Second Harmonic

2.25 MHz

410 𝜇𝑚

4.5 MHz

205 𝜇𝑚

5.0 MHz

184 𝜇𝑚

10.0 MHz

92 𝜇𝑚

7.5 MHz

123 𝜇𝑚

15.0 MHz

62 𝜇𝑚
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In Fig. 4.11, the dashed line indicates the 𝐷𝜔𝑖 which satisfies the condition 𝑘𝐷 = 1 for the
fundamental frequency and the dotted line is that for the second harmonic. Fig. 4.11 is divided
into three regions based on the type of interactions. Region I: both the fundamental and second
harmonic components are in the Rayleigh scattering regime; Region II: fundamental
component in the Rayleigh regime while the second harmonic is in the stochastic regime; and
Region III: both fundamental and second harmonic components are in the stochastic scattering
regime. From this figure, it is evident that there exists an abrupt transition in 𝛽𝛼𝑖 at each region
boundaries. It should be noted that the influence of attenuation is negligible in the region I,
especially at lower frequencies, as a result of (𝛼2 − 2𝛼1 )𝑥 ≪ 1 in Eq. (2.59). In region II, the
second harmonic component (𝐴2 ) encounters stochastic scattering (whereas the fundamental
component is still in the Rayleigh regime), and, due to an increase in 𝛼2 , the 𝛽𝛼𝑖 lowers. The
𝛽𝛼𝑖 decreases continuously from region I to II with grain growth because of the same reason.
Meanwhile, in region III, the 𝛽𝛼𝑖 lifts considerably from the previous decreasing trend once the
fundamental component starts stochastic interactions. This is a consequence of the increased
𝛼1 term in the 𝛽𝛼𝑖 in Eq. (2.59). Minimal variation to the 𝛽𝛼𝑖 for the 2.25 MHz input is also
evident from Fig. 4.11 which indicates that the 𝛽2.25 is not being influenced by the scattering
dependent attenuation for the given set of grain sizes.
Therefore, the linear variation of 𝛽2.25 and the deviation for 𝛽5.0 and 𝛽7.5 around 𝑘𝐷 = 1
(defined for the fundamental frequency) observed in Fig. 4.10 is justified. In this linear region,
by knowing the values of 𝑘 and 𝛽, the grain size 𝐷 can be determined quantitatively. The
linear, quadratic and cubic fit to the curves in Fig. 4.10 indicates that the measured acoustic
nonlinearity parameter is frequency-dependent, which in turn depends on the scattering regime.
However, a one-to-one correlation between Fig. 4.10 and Fig. 4.11 cannot be expected because
the analysis in Fig. 4.11 was based on the 𝐷𝑚𝑒𝑎𝑛 and has not accounted for the distribution in
grain sizes and its associated scattering losses which will be discussed in the subsequent
chapters.
4.3.3.4

Order of the βω with the scattering regime

In Fig. 4.10, for all input frequencies in the Rayleigh scattering regime (𝑘𝐷 < 1), an order
𝛽2.25 > 𝛽5.0 > 𝛽7.5 is maintained which is a consequence of the increased attenuation of 𝐴2
with frequency as the 𝐴2 is in the numerator of Eq. (2.25). It is also evident that such an order
does not hold for 𝑘𝐷 > 1. This is because of the quadratic term of 𝐴1 in the denominator of
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Eq. (2.25) which would either change the magnitude of Δ𝛽𝜔𝑖,𝑗 , or alter the above-mentioned
order itself. Such occurrences are indicated by arrows in Fig. 4.9. For example, the 𝛽5.0
intersects with 𝛽7.5 at a particular grain size and thereafter the above order in 𝛽𝜔 deviates. At
this point of intersection, the condition
𝛽5.0 = 𝛽7.5

(4.4)

is satisfied. Considering the longitudinal velocity 5800 m/s in stainless steel, the wavenumber
𝑘 = 2𝜋⁄𝜆 for different frequencies are 𝑘5 = 5.41 × 103 𝑚−1 , 𝑘7.5 = 8.12 × 103 𝑚−1 , 𝑘10 =
10.82 × 103 𝑚−1 and 𝑘15 = 16.24 × 103 𝑚−1 , where the subscript denotes the frequency in
MHz. Substituting these values into Eq. (4.4) using Eq. (2.25) it reduces to
𝐴10
𝐴15
2 = 0.444 × 2
𝐴5
𝐴7.5

(4.5)

Substituting Eqns. (2.52) and (2.57) into Eq. (4.5) yields,
𝑒 −2𝛼5 𝑥 − 𝑒 −𝛼10 𝑥
𝛼15 − 2𝛼7.5
𝑒 −𝛼5 𝑥
× −2𝛼7.5 𝑥
=
𝛼10 − 2𝛼5
𝑒
− 𝑒 −𝛼15 𝑥 𝑒 −𝛼7.5 𝑥

(4.6)

Rearranging Eq. (4.6) results in,

(

𝑒 −2𝛼5 𝑥 − 𝑒 −𝛼10 𝑥
𝛼15 − 2𝛼7.5
)
×
(
) = 𝑒 −2(𝛼5 −𝛼7.5 )𝑥
−2𝛼
𝑥
−𝛼
𝑥
𝑒 7.5 − 𝑒 15
𝛼10 − 2𝛼5

(4.7)

where the coefficients of attenuation (𝛼𝑖 ), in turn, influenced by the scattering regime. Similar
solutions can be arrived for other points of intersection shown in Fig. 4.9. In such cases, the
coefficients of attenuation in Eq. (4.7) will be of the corresponding frequency components.
Therefore, change in the order of 𝛽𝜔 depends on the grain sizes and the applied frequencies,
which defines the respective scattering regimes. The points of intersection in Fig. 4.9 can,
therefore, be varied by changing the input frequency combinations. The results further suggest
that a single frequency measurement would not be adequate for estimating the grain size
variations in heterogeneous materials as the nonlinearity parameter is greatly affected by the
scattering regime.
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4.3.3.5

Statistical analysis of the scattering contribution to β

The number density of grains in the respective stochastic scattering regimes ( 𝑁𝜔𝑠 )

of

specimens, for example, B (𝐷𝑚𝑒𝑎𝑛 = 101 μm), D (𝐷𝑚𝑒𝑎𝑛 = 153 μm) & I (𝐷𝑚𝑒𝑎𝑛 = 391 μm) for
three input frequencies is illustrated in Fig. 4.12. In the specimen 𝐵, an insignificant number
of grains were present to produce stochastic interactions with the 2.25 MHz waves. A clear
difference in the grain size distribution among the regimes as well as the specimens is evident
in Fig. 4.12. All the annealed specimens, except specimen A in which all the individual grain
sizes are well within the Rayleigh scattering regime for the three input frequencies, show a
similar difference. The grain size in specimen A varies from 10 μm to 124 μm which is evident
in the histogram representation given in Fig. 4.13. The number densities of grains in the
respective stochastic scattering regimes of specimens B, D & I for the three input frequencies
are compared with that of specimen A in Table 4.3. More the number of grains, more significant
will be the scattering.

Table 4.3: Number density (%) of grains contributing to the stochastic scattering of
fundamental and harmonic components in specimens A, B, D & I
Specimen ID
Fundamental
Second Harmonic
----𝑁2.25
𝑁4.5
A
--0.75
𝑁5.0
𝑁10.0
(𝐷𝑚𝑒𝑎𝑛 = 44 μm)
--14.0
𝑁7.5
𝑁15.0
--1.25
𝑁2.25
𝑁4.5
B
3.75
53.5
𝑁5.0
𝑁10.0
(𝐷𝑚𝑒𝑎𝑛 = 101 μm)
23.25
83.5
𝑁7.5
𝑁15.0
1.49
24.5
𝑁2.25
𝑁4.5
D
30.0
78.75
𝑁5.0
𝑁10.0
(𝐷𝑚𝑒𝑎𝑛 = 153 μm)
59.25
93.0
𝑁7.5
𝑁15.0
27.5
73.75
𝑁2.25
𝑁4.5
I
80.0
98.75
𝑁5.0
𝑁10.0
(𝐷𝑚𝑒𝑎𝑛 = 391 μm)
96.25
100
𝑁7.5
𝑁15.0
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𝑫𝒎𝒆𝒂𝒏 = 𝟏𝟎𝟏 𝝁𝒎

𝑫𝒎𝒆𝒂𝒏 = 𝟏𝟓𝟑 𝝁𝒎

𝑫𝒎𝒆𝒂𝒏 = 𝟑𝟗𝟏 𝝁𝒎

Fig. 4.12: Distribution of grain sizes in the respective stochastic scattering regimes of
specimens B, D & I for the three input frequencies. For clear visualization, the x-scale is not
maintained uniform.
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𝑫𝒎𝒆𝒂𝒏 = 𝟒𝟒 𝝁𝒎

Fig. 4.13: Grain size distribution in the specimen A in which the 𝐷𝑚𝑒𝑎𝑛 = 44𝜇𝑚. All grains
are within the Rayleigh scattering regime for all three input frequencies.
Therefore, in addition to the 𝐷𝑚𝑒𝑎𝑛 , the distribution of grains in a microstructure can have a
considerable influence on the value of 𝛽 . Hence, the degree and the coefficients of the
polynomial equations (Eq. (4.2) – (4.4)) are related to the 𝐷𝑚𝑒𝑎𝑛 as well as the grain size
distribution in a given microstructure.
In a previous study by Mini et.al.68 the effect of scattering regimes on the acoustic nonlinearity
parameter was not addressed even though they dealt with the 𝐷𝑚𝑒𝑎𝑛 in the scattering transition
regime in polycrystalline copper. They have reported a quadratic like variation of  (for an
input frequency of 5 MHz) with increasing grain size. Similar behaviour was also observed in
a recent work by Choi et al.118 on stainless steel grade 304L. Nevertheless, the results in the
present chapter expose the dependence of the acoustic scattering regimes on the measured
acoustic

nonlinearity

parameter.

Therefore,

characterization

polycrystalline materials needs to be addressed cautiously.
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4.4 Summary
Traditional attenuation measurements have limited application on the materials where
abnormal grain growth (coarse grain) occurs, whereas, the nonlinearity parameter is very
sensitive to the microstructural conditions. The frequency dependence of the nonlinearity
parameter on the scattering regimes can be used to draw a reliable characterization of the
microstructural conditions. To this end, a novel multi-frequency NLU methodology is
introduced in this chapter. The observations are summarized below.
•

The acoustic nonlinearity parameter 𝛽 varies linearly in the Rayleigh scattering regime
and deviates from linearity at the scattering transition zone. This behaviour was
explained based on the classical scattering theories. A reliable evaluation of grain size
in polycrystalline materials using a single frequency measurement, therefore, demands
the Rayleigh scattering condition be satisfied so that the 𝛽 would be independent of the
scattering losses.

•

The multi-frequency approach reveals a deviation in the Δ𝛽𝜔𝑖,𝑗 and a change in the
order of 𝛽𝜔𝑖 with grain growth. These changes can be used as a precursor for evaluating
the undesired grain growth and can also be employed as an efficient tool for rapid
screening of materials with unknown process history where wide variations and
distribution of grain sizes are expected. In such cases, deviation from the linear
variation in 𝛽𝜔𝑖 or a change in the order in 𝛽𝜔𝑖 may be set as the boundary where the
desired properties (grain size dependent) are extinct. For a set of input frequencies (𝜔𝑖 ),
a change in the order of 𝛽𝜔𝑖 is an indication that the mean grain size has deviated from
the Rayleigh scattering regime corresponding to those frequencies. Therefore, the
multi-frequency methodology can be used as a reliable stand-alone technique to
characterize the microstructure evolution in polycrystalline materials.

•

It is also observed that the grain size distribution, in addition to the mean grain size, can
have an influence on the measured acoustic nonlinearity parameter.

This chapter has confined the measurements on different specimens of different average grain
size. In the next chapter, the application of the proposed multi-frequency methodology is
extended into components in which all sort of grain size variations coexist.
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Characterization of Heterogeneous
Microstructure in Heavy Forgings
5.1 Introduction
In the previous chapter, it is clearly demonstrated that the nonlinearity parameter varies with
grain size in the material, and this variation, in turn, depends on the scattering regime, i.e., the
mean grain size and the frequency of the elastic wave. The nonlinearity parameter was found
to be decreasing linearly with grain growth in the Rayleigh scattering regime, whereas it
deviated from this linear trend at the Rayleigh-to-stochastic scattering transition zone. An
explanation of this behaviour was made on the basis of the difference in the attenuation
characteristics of the fundamental and harmonic components in polycrystalline materials.
It may be noted that the work reported in the previous chapter is based on the NLU
measurements carried out on different samples of different average grain sizes, specifically
produced by varying heat treatments independently on each sample. However, in practice, it is
possible to have a wide variation in grain size in the same material, and this is especially true
for thick plates, pipes with large wall thickness, heavy forgings and castings. Therefore, it is
important to demonstrate that nonlinear ultrasonics can reveal such variations in a single
component and hence this technique can be proposed for characterizing the industrial
components and structures. Hence, in the present chapter, the multi-frequency methodology is
applied on austenitic stainless steel forgings, which are apparently produced using different
process routes. The multi-frequency NLU is drawn-out to investigate the grain size variations
present in such components.

5.2 Materials and methods
Two AISI 304L austenitic stainless-steel forgings (F1 & F2) of diameter 200 mm whose details
are given in Section 3.2.2 were chosen to study the heterogeneous variation of microstructure
using nonlinear ultrasonics. Experiments were conducted on the strips extracted from the heavy
forgings, as shown in Fig. 3.1. The strips were submerged in water, and the C-scan imaging
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was made using two un-focused immersion transducers of central frequency (𝜔𝑐 ) 5.0 𝑀𝐻𝑧 and
10.0 𝑀𝐻𝑧 as described in section 3.3. The first (𝑢1 ) and second (𝑢2 ) back-wall echoes were
obtained over an area of 200 × 20 mm2 with a scanning resolution of 0.3 mm × 0.3 mm and the
attenuation C-scan images were constructed.
Subsequent to the immersion scanning, the same strips were loaded into the experimental set
up for nonlinear measurements described in Section 3.4. The NLU measurements were carried
out independently for three pairs of transducers (𝑇𝑥 - 𝑅𝑥 ) kept at the location of the core and at
a distance, 10 mm, 30 mm, 50 mm, 70 mm and 90 mm away from the core to either direction.
These locations were identified from the C-scan images and later confirmed through
microscopy that, the nonlinearity parameter ( 𝛽 ) at these locations would represent the
microstructural features across the diameter meaningfully.

5.3 Results and discussions
5.3.1 Microstructure
Photomicrographs and the corresponding histogram representation of the grain size distribution
obtained at different cross-sectional locations in F1 and F2 are shown in Fig. 5.1 and Fig. 5.2,
respectively. Grain size variations in these two forgings are significantly different. The mean
grain size (𝐷𝑚𝑒𝑎𝑛 ) and the standard deviation (𝜎𝐷 ) in grain size distribution are given in Table
5.1. The standard deviations in Table 5.1 suggest that that the grain size variations are minimal
in F1 compared to F2, which is evident in the histogram representations. It is to be noted that,
for the forging F2, maximum grain size (𝐷𝑚𝑎𝑥 ) was found near the surface whereas, in the case
of F1, there is a decrease in grain size from the core to the surface. Also, in both forgings, the
𝐷𝑚𝑒𝑎𝑛 satisfy the Rayleigh scattering conditions for the three frequencies used in the present
investigation.
The 𝐷𝑚𝑎𝑥 , 𝐷𝑚𝑒𝑎𝑛 and the ratio 𝐷𝑚𝑎𝑥 /𝐷𝑚𝑒𝑎𝑛 are plotted against the distance from the core in
Fig. 5.3, Fig. 5.4 and Fig. 5.5, respectively. As described in Section 4.3.1, the ratio of
𝐷𝑚𝑎𝑥 /𝐷𝑚𝑒𝑎𝑛 determines the abnormality in grain growth. Near the surface of F2, the ratio of
𝐷𝑚𝑎𝑥 /𝐷𝑚𝑒𝑎𝑛 is found to be 5.8, which confirms the abnormal grain growth. Reason for the
broader distribution of grains and the abnormal growth near the surface in F2 is unknown.
Probably, the forging ratio employed during the forging process of F2 would have been high
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resulting in high strain deformation on the surface and this would have resulted in an abnormal
grain growth under intermittent annealing operation.
Table 5.1: Grain Size Measurements in the forgings 𝐹1 and 𝐹2
Distance (mm) from the Core:

0

30

50

70

90

Forging, F1
𝐹

1
𝐷𝑚𝑒𝑎𝑛
, µm

103

71

79

53

38

𝜎𝐹1 , µm

43

31

24

21

15

Forging, F2
𝐹

2
𝐷𝑚𝑒𝑎𝑛
, µm

118

106

96

63

130

𝜎𝐹2 , µm

58

45

44

29

112
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a

f

𝑫𝒎𝒆𝒂𝒏 = 𝟏𝟏𝟖 𝝁𝒎

𝑫𝒎𝒆𝒂𝒏 = 𝟏𝟎𝟑 𝝁𝒎

b

𝑫𝒎𝒆𝒂𝒏 = 𝟕𝟏 𝝁𝒎

g

𝑫𝒎𝒆𝒂𝒏 = 𝟏𝟎𝟔 𝝁𝒎

c

h

𝑫𝒎𝒆𝒂𝒏 = 𝟗𝟔 𝝁𝒎

𝑫𝒎𝒆𝒂𝒏 = 𝟕𝟗 𝝁𝒎

d

𝑫𝒎𝒆𝒂𝒏 = 𝟓𝟑 𝝁𝒎

i

𝑫𝒎𝒆𝒂𝒏 = 𝟔𝟑 𝝁𝒎

e

j

𝑫𝒎𝒆𝒂𝒏 = 𝟑𝟖 𝝁𝒎

𝑫𝒎𝒆𝒂𝒏 = 𝟏𝟑𝟎 𝝁𝒎

Fig. 5.1: Optical micrographs of the F1 obtained at (a) the core and at distances (b) 30 mm (c)
50 mm (d) 70 mm and (e) 90 mm from the core and (f – j) indicate the corresponding
micrographs of the F2. Scale is set at 50 µm.
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𝑫𝒎𝒆𝒂𝒏 = 𝟏𝟎𝟑 𝝁𝒎

𝑫𝒎𝒆𝒂𝒏 = 𝟏𝟏𝟖 𝝁𝒎

𝑫𝒎𝒆𝒂𝒏 = 𝟕𝟏 𝝁𝒎

𝑫𝒎𝒆𝒂𝒏 = 𝟏𝟎𝟔 𝝁𝒎

𝑫𝒎𝒆𝒂𝒏 = 𝟕𝟗 𝝁𝒎

𝑫𝒎𝒆𝒂𝒏 = 𝟗𝟔 𝝁𝒎

𝑫𝒎𝒆𝒂𝒏 = 𝟓𝟑 𝝁𝒎

𝑫𝒎𝒆𝒂𝒏 = 𝟔𝟑 𝝁𝒎

𝑫𝒎𝒆𝒂𝒏 = 𝟑𝟖 𝝁𝒎

𝑫𝒎𝒆𝒂𝒏 = 𝟏𝟑𝟎 𝝁𝒎

Fig. 5.2: Histogram representation of grain size distribution in F1 obtained at (a) the core and
at distances (b) 30 mm (c) 50 mm (d) 70 mm and (e) 90 mm from the core and (f – j) indicates
the corresponding grain size distribution in F2.
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Fig. 5.3: Variations in the maximum grain size (𝐷𝑚𝑎𝑥 ) as a function of distance from the core

Fig. 5.4: Variation of the mean grain size (𝐷𝑚𝑒𝑎𝑛 ) as a function of distance from the core
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Fig. 5.5: Variation in the ratio 𝐷𝑚𝑎𝑥 /𝐷𝑚𝑒𝑎𝑛 as a function of distance from the core

5.3.2 Chemical heterogeneity
Energy-dispersive X-ray spectroscopy (EDS) analysis was conducted at different radial
locations of the forgings to understand the chemical heterogeneity along the diameter. A typical
EDS spectrum is shown in Fig. 5.6. The element wt.% was measured at various locations from
the core and found that the chemical heterogeneity is absent in both the forgings. The element
distribution as a function of the distance from the core is shown in Fig. 5.7.

Fig. 5.6: Energy dispersive spectrum at a particular location of F1
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(a)

(b)

Fig. 5.7: Element (wt.%) distribution as a function of distance from the core in (a) F 1 and (b)
F2

5.3.3 Hardness
Vickers hardness measurements scrutinized the effectiveness of the recrystallization in the
forgings. The hardness variation in the radial direction of the forgings is shown in Fig. 5.8. The
hardness in both the forgings are much higher (262 to 275 HV0.2 in F1, whereas it varied from
305 to 326 HV0.2 in F2) compared to that commonly reported on solution annealed 304L grade
steels (150 - 160 HV0.2). An expected variation of hardness with grain size as per Hall-Petch
relation is also found missing. Higher hardness in the forgings suggests that they would have
supplied in cold-forged condition or forged at lower temperature and supplied not in the
solution annealed condition. Contribution to hardness from the work hardening overrides the
effect of grain size variations.
Relatively higher hardness of F2 than that in F1 is probably due to higher copper content in F2
(0.579 wt.%) compared to 0.179 wt.% in F1 (Table 3.3). The copper solubility in iron is limited,
resulting in copper-rich precipitates during cooling in the forging operations or at an
intermediate temperature where copper precipitation occurs.153 As the forging was heavy, it
would have undergone air cooling. Therefore, it can be assumed that the forgings would have
seen a temperature range of 700 ℃ to 800 ℃ for a substantial period during which copper can
precipitate easily. Ren et al.153 studied the precipitation behaviour of Cu in type 304 austenitic
stainless steel at different ageing stages and showed that the hardness changes with ageing time
attributed to the nucleation and growth of Cu-rich phases. Similar studies by Xi et al.154 in 316L
austenitic stainless steel also showed that the hardness increased to a peak value at the early
stage of aging and remained nearly unchanged with prolonged aging time. The mismatch in
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Fig. 5.8: Variation of hardness in F1 and F2 as a function of the distance from the core
the stress field caused by such insoluble precipitates rich in Cu would result in an increment in
the hardness. However, the chemical homogeneity was maintained along the diameter.
One specimen near the surface from each forging were subjected to annealing at 1050 ℃ for a
soaking period of 30 min. The hardness was lowered to 163 HV0.5 in F1 and 167 HV0.5 in F2,
after annealing, which confirms the possibility of anomalies happened during the forging
process.
5.3.4 Grain orientation spread
The grain orientation spread (GOS) is a quantitative tool extensively used for the assessment
of microstructure evolution.155,156 In a study reported on pure aluminium,155 the GOS less than
6 was defined for fully recovered microstructure. Later, Alvi et al.157 defined this cut off value
to be 3 to distinguish the recrystallized and non-recrystallized grains. Cheong and Weiland156
have used the GOS as a quantitative tool to study the microstructural evolution occurring
during annealing. They could discern the alloying effect on the recrystallization in hot
deformed Al-Cu-Mg alloys.
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The EBSD data was collected on the specimens in the forged and annealed conditions at a step
size of 0.5 μm for a scan area of 200 μm2. The local orientation at each point was collected
using TSLOIMTM software version 7.01 attached to the Carl Zeiss, Supra 40 FESEM. The
EBSD data were further processed using the OIMTM software. Inverse pole figure (IPF) maps
which show the surface orientation at each point with respect to the normal to the specimen
surface and the grain orientation spread (GOS) were also generated using the OIMTM software.
The inverse pole figure (IPF) maps obtained from the specimens near the surface of F1 and F2
(both in forged and annealed conditions) are shown in Fig. 5.9. The GOS obtained from the
EBSD analysis are shown in Fig. 5.10 and found to be lower than the above-mentioned cut-off
values suggesting that the forgings were recrystallized completely. However, the higher
hardness observed may be due to the residual work hardening effects remains as a result of the
improper heat treatments after the forging process. Nevertheless, from the hardness data, it can
be inferred that the work hardening effect is uniform across the diameter.

a

b
e

d

c

Fig. 5.9: IPF maps obtained from (a) 𝐹1 and (b) 𝐹2 in forged conditions and, (c) and (d) are in
the corresponding annealed conditions; (e) represents the IPF legend.
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Fig. 5.10: Grain orientation spread in obtained in the forged and annealed conditions

5.3.5 Ultrasonic attenuation
The ultrasonic C-scan images of the first back-wall echo (𝑢1 ), the second back-wall echo (𝑢2 )
and the attenuation (𝛼) obtained for ω = 5 MHz and ω = 10 MHz are shown in Fig. 5.11(a) and
Fig. 5.11(b), respectively. The line-profiles of the attenuation obtained from the attenuation Cscan images is plotted in Fig. 5.12. The coefficient of attenuation for ω = 5 MHz (𝛼5 𝑀𝐻𝑧 ) is
observed to be similar in both F1 and F2 to a distance of ~80 mm from the core. However, there
is a marginal variation in the 𝛼10 𝑀𝐻𝑧 among the forgings within this range (Fig. 5.12(b)). A
considerable increase in 𝛼10 𝑀𝐻𝑧 compared to 𝛼5 𝑀𝐻𝑧 closer to the surface in F2 is attributed to
the frequency-dependent attenuation of elastic waves in a coarse grain microstructure. The
higher the frequency and larger the grains, the greater will be the attenuation which explains
why the 𝛼10 𝑀𝐻𝑧 > 𝛼5 𝑀𝐻𝑧 near the surface of F2. The fluctuations in the 𝛼10 𝑀𝐻𝑧 near the
surface of F2 is because of the coarse grain microstructure which scatters the 10 MHz waves
considerably. The 𝑢2(10 𝑀𝐻𝑧) is feeble near the surface of F2 and the backscatter noise would
dominate in amplitude. In such conditions, accurate measurement of the 𝑢2(10 𝑀𝐻𝑧) alone
would be difficult and hence results in a noisy appearance, as shown in the attenuation plot.
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Fig. 5.11: C-scan images corresponding to first back-wall echo (𝑢1(𝜔) ), second back-wall echo
(𝑢2(𝜔) ) and the attenuation (𝛼(𝜔) ) in F1 & F2 for (a) 𝜔 = 5 MHz and (b) 𝜔 = 10 MHz
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Fig. 5.12: Attenuation profile as a function of distance from the core in F 1 & F2 for (a) 𝜔 = 5
MHz and (b) 𝜔 = 10 MHz
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Similar noisy pattern was seen in the attenuation C-scan images which have been obtained for
the annealed specimens with abnormal grain growth (Fig. 4.8). In the case of the forgings, it is
also worth noting that the attenuation varies symmetrically in the radial direction about the
core, which is apparent in the corresponding C-scan images. Though the high-frequency
attenuation is very sensitive to the grain size variations (Fig. 5.12(b)), its application is limited
to the materials with more refined grains or thin specimens owing to the scattering losses.
5.3.6 Nonlinear ultrasonics
The nonlinear response of the forgings for three different input frequencies was calculated and
then normalized separately with that of the maximum 𝛽 obtained for each frequency. This
normalization provides a quantitative and relative comparison of the grain size variation across
the diameter of each forging. The 𝛽 will be maximum at the location where the grains are small.
From Table 5.1 and Fig. 5.2, it is clear that the smaller grains appear near the surface of 𝐹1
whereas it appears around 30 mm below the surface of 𝐹2 .
5.3.6.1

Nonlinear response in F1

Fig. 5.13 plots the 𝛽𝑛𝑜𝑟𝑚 for each input frequencies. Since 𝛽 was symmetric to the core, only
a radial portion is illustrated to enhance the clarity in the discussions. The 𝛽 is maximum near
𝐹

1
the surface which is in line with the 𝐷𝑚𝑒𝑎𝑛
given in Table 5.1. It is important to note that an

order 𝛽7.5 < 𝛽5.0 < 𝛽2.25 is consistently maintained from core to the surface. However, a closer
look reveals that, the 𝛽2.25 and 𝛽5.0 varies linearly from the core to the surface whereas 𝛽7.5
𝐹

1
showed a deviation in its linearity near the core even though the 𝐷𝑚𝑒𝑎𝑛
lie in the Rayleigh

scattering regime for 7.5MHz.
The deviation in 𝛽7.5 can be understood on account of the grain size distribution. The classical
attenuation theory was formulated based on the assumption that all grains have the same
volume, and the grain size distribution is small. The power-law dependency in the Rayleigh
and stochastic regimes are valid at the theoretical Rayleigh point defined as 𝑘𝐷 = 0.1 and at
the stochastic point defined as 𝑘𝐷 = 10, respectively. In the Rayleigh-to-stochastic transition
zone (𝐾𝐷 varies from 0.1 to 10), the attenuation exhibits neither fourth-order nor quadratic
dependency on frequency. The variations in the dependency are due to the simultaneous
occurrence of the Rayleigh and stochastic scattering due to the coexistence of fine and coarse
grains in the microstructure.47,48,149 However, 𝐾𝐷 = 1 has been widely accepted as the Rayleigh
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to the stochastic scattering transition point. Attenuation due to the stochastic interactions with
larger grains is predominant even though there exists Rayleigh scattering.158,159 Arguelles and
Turner160 analytically demonstrated the influence of grain size distribution on attenuation and
subsequently verified it on Titanium alloys.49,161 These studies illustrate that the coexistence of
the fine and coarse grains in a microstructure can have significant effects on the attenuation
coefficients.
As given in Table 4.2, the Rayleigh to stochastic scattering transition condition for the three
input frequencies used in the present study occurs at the grain sizes 𝐷2.25 = 410 μm, 𝐷5.0 = 184
μm and 𝐷7.5 = 123 μm. Though the 𝐷𝑚𝑒𝑎𝑛 along the diameter of the F1 lie in the Rayleigh
scattering regime for all three input frequencies, the actual microstructure consists of a wide
distribution of grain sizes (Table 5.1). The grains with dimensions larger than the 𝐷𝜔 defined
above cause stochastic attenuation to the corresponding input frequency (𝜔𝑖 ) even though the
𝑘𝜔𝑖 𝐷𝑚𝑒𝑎𝑛 lies in the classical Rayleigh regime. Table 5.2 shows the measured 𝑘𝜔𝑖 𝐷𝑚𝑒𝑎𝑛
values for three input frequencies (𝜔𝑖 ) as a function of the distance from the core.

Table 5.2: The kD values for the three input frequencies
Distance (mm) from the Core:

0

30

50

70

90

Mean Grain Size (𝐷𝑚𝑒𝑎𝑛 ), µm

103

71

79

53

38

𝑘2.25 𝐷𝑚𝑒𝑎𝑛

0.251

0.173

0.192

0.129

0.092

𝑘5.0 𝐷𝑚𝑒𝑎𝑛

0.557

0.384

0.427

0.286

0.205

𝑘7.5 𝐷𝑚𝑒𝑎𝑛

0.836

0.576

0.641

0.430

0.308

Fig. 5.14 represents the histogram of grains 10 mm away from the core and at the core, which
contributes to the stochastic scattering of the input wave of 7.5 𝑀𝐻𝑧. It is evident that the
number of grains that interacts stochastically to the 7.5 MHz input wave is increasing towards
the core. A higher probability of larger grains that could not be confined within a lognormal
distribution curve was also noticed. It is also evident from Table 5.2 that, the 𝐾𝐷 value for 7.5
MHz input frequency near the core approaches the classical scattering transition condition
(𝐾𝐷 ≈ 1). As a result, an increased attenuation of the 7.5 𝑀𝐻𝑧 occurs which, in turn, lifts the
𝛽7.5 as a consequence of the quadratic dependency of A1 in the denominator of Eq. (2.25). This
suggests that the condition for 𝐷𝑚𝑒𝑎𝑛 to be in the stochastic scattering regime need not be
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necessary to observe a deviation in the linear behaviour of 𝛽 with grain growth. The importance
of considering the grain size distribution in a microstructure emerges at this juncture.
The grains whose dimensions larger than the scattering transition condition can cause a
deviation in the behaviour of 𝛽. Such deviation in 𝛽 can be seen on close observation of Fig.
4.9 plotted for the solution annealed microstructures in SS 304 also. Therefore, it is worth
noting that the difference in 𝛽 value with frequency (∆𝛽𝜔𝑖,𝑗 = 𝛽𝜔𝑖 − 𝛽𝜔𝑗 where 𝜔𝑗 > 𝜔𝑖 ) is a
qualitative representation of the number density of grains in the respective scattering regime.
The ∆𝛽𝜔𝑖,𝑗 is illustrated schematically in Fig. 5.13. It is also to be noted that, such analysis of
∆𝛽𝜔𝑖,𝑗 is valid only for the 𝛽𝑛𝑜𝑟𝑚 since the 𝛽𝑚𝑒𝑎𝑠 does have an influence on the transducer
response, which varies among different transducers (Fig. 3.10). However, the above-said order
will be lost if a sufficient number of grains interact stochastically with the input frequencies,
and such an occurrence is evident in the case of F2.

∆𝛃𝛚𝟐.𝟐𝟓,𝟓.𝟎

∆𝛃𝛚𝟓.𝟎,𝟕.𝟓

Fig. 5.13: Normalized β as a function of distance from the core in F1. The ∆𝛽𝜔𝑖,𝑗 at a particular
location is illustrated.
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Fig. 5.14: The distribution of grains contributing to stochastic scattering for an input excitation
of 7.5 MHz in F1 (a) at 10 mm away from the core, and (b) at the core.
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5.3.6.2

Nonlinear response in F2

The 𝛽𝑛𝑜𝑟𝑚 as a function of distance from the core in F2 is plotted in Fig. 5.15. The nonlinear
response in F2 is found to be different from the F1. Irrespective of the frequency, maximum 𝛽
was observed around 30 mm beneath the surface corresponding to the location of minimum
𝐹

2
grain size of 𝐷𝑚𝑒𝑎𝑛
. From this location, the β decreases gradually towards the core but

maintaining the relation 𝛽7.5 < 𝛽5.0 < 𝛽2.25 . However, only a marginal difference between β7.5
and β5.0 is seen within the inner volume of F2 on contrary to that observed in F1. This can be
understood from the relatively higher 𝐷𝑚𝑒𝑎𝑛 as well as 𝜎 compared to that in F1 (Table 5.1).
Higher 𝜎 value indicates the presence of larger grains and hence the coexistence of different
scattering regimes, which influence the 𝛽 as discussed in the previous sections.
In addition, the order 𝛽7.5 < 𝛽5.0 < 𝛽2.25 is lost near the surface of 𝐹2 , with swapping of 𝛽7.5
and 𝛽5.0 . Such swapping in the order of 𝛽𝜔 and variation in the ∆𝛽𝜔𝑖,𝑗 happens if there exists
a sufficient number of grains that interact stochastically with the input frequencies. This has a
resemblance to the Fig. 4.9 in which such swapping were observed at certain 𝐷𝑚𝑒𝑎𝑛 ’s. The
relative position of 𝛽𝜔𝑖 depends on the number density of grains contributing to the stochastic
scattering of the fundamental and harmonic frequencies. To illustrate this fact, a comparison

Fig. 5.15: Normalized β as a function of distance from the core in F2
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of the number density of grains in the stochastic scattering regime for fundamental and
harmonic frequencies near the surface (𝑁𝜔𝑠 𝑖 ) and at the core (𝑁𝜔𝑐 𝑖 ) is tabulated in Table 5.3.
Similar tabulation for the 𝐹1 is presented in Table 5.4 and a clear difference among the 𝑁𝜔𝑠 𝑖 and
𝑁𝜔𝑐 𝑖 is evident. Relatively closer 𝑁𝜔𝑠 𝑖 and 𝑁𝜔𝑐 𝑖 is evident in the case of 𝐹2 (Table 5.3) whereas,
there exist a distinct difference among the 𝑁𝜔𝑠 𝑖 and 𝑁𝜔𝑐 𝑖 in 𝐹1 (Table 5.4). More the number of
grains and higher the frequency, larger will be the scattering losses. Therefore, abnormal
behaviour of 𝛽 in 𝐹2 is attributed to the heterogeneity in the grain size distribution. On the other
hand, in both forgings, 𝛽2.25 showed a linear variation towards the grain coarsening as a
consequence of the scattering independent nonlinear interactions since the size of all the grains
falls within the Rayleigh scattering regime for this frequency.

Table 5.3: Number density (%) of grains contributing to the stochastic scattering of
fundamental and harmonic components near the surface and at the core in F 2
Fundamental

Surface

Core

Second Harmonic

𝑠
𝑁2.25

3.43

𝑠
𝑁4.5

15.79

𝑠
𝑁5.0

19.37

𝑠
𝑁10.0

48.43

𝑠
𝑁7.5

34.43

𝑠
𝑁15.0

71.83

𝑐
𝑁2.25

0.59

𝑐
𝑁4.5

6.23

𝑐
𝑁5.0

12.05

𝑐
𝑁10.0

61.27

𝑐
𝑁7.5

38.45

𝑐
𝑁15.0

85.46

Table 5.4: Number density (%) of grains contributing to the stochastic scattering of
fundamental and harmonic components near the surface and at the core in F 1
Fundamental

Surface

Core

Second Harmonic

𝑠
𝑁2.25

---

𝑠
𝑁4.5

---

𝑠
𝑁5.0

---

𝑠
𝑁10.0

---

𝑠
𝑁7.5

---

𝑠
𝑁15.0

7.69

𝑐
𝑁2.25

---

𝑐
𝑁4.5

3.38

𝑐
𝑁5.0

7.69

𝑐
𝑁10.0

52.9

𝑐
𝑁7.5

23.4

𝑐
𝑁15.0

82.7
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It is therefore worth emphasizing that the NLU measurement using a single frequency would
also be able to monitor the grain size variations along the diameter of the forgings as the
nonlinearity parameter is related to the grain size variation which is evident in Fig. 5.13 & Fig.
5.15 in comparison with the 𝐷𝑚𝑒𝑎𝑛 in Table 5.1. However, the results presented here and in
the previous chapter infer that the influence of the grain size distribution will not be revealed
in the conventional single frequency measurement as a multi-frequency approach is required
to observe the changes in the linear trend of 𝛽𝜔𝑖 and changes in the order of 𝛽𝜔𝑖 and thereby
the deviation in the 𝛥𝛽𝜔𝑖,𝑗 with grain coarsening. The multi-frequency NLU methodology has
a reasonable correlation with the microstructure and has reliability in assessing the
heterogeneous distribution of the grain size in large forgings. The existence of heterogeneous
microstructure that was not disclosed in the hardness values could be revealed in the order of
𝛽𝜔𝑖 as well as the 𝛥𝛽𝜔𝑖,𝑗 . Therefore, this methodology can be used as a reliable NDE tool to be
applied in process industries for quality assurance of the materials. In the following section,
this methodology is further validated on a third forging (𝐹3 ) of similar material and dimension
for which the process history was also unknown.

5.4 Validation of the multi-frequency nonlinear approach
The nonlinear measurements were carried out on the third forging, 𝐹3 , of the same diameter as
per the procedure adopted for other two forgings. The normalized 𝛽 as a function of the
distance from the core is plotted in Fig. 5.16. Within the inner volume of the forging, there
exists only a marginal difference between the 𝛽2.25 and 𝛽5.0 . Also, the 𝛥𝛽𝜔𝑖,𝑗 is much reduced
compared to that was seen in the 𝐹1 and 𝐹2 . However, the order 𝛽7.5 < 𝛽5.0 < 𝛽2.25 is
maintained within the inner volume as well as near the surface on the contrary to that observed
in the case of 𝐹2 . From the variations of 𝛽 as a function of the distance from the core, the
following assumptions have arrived.
1. The maximum value of the 𝛽 around 30 mm beneath the surface indicates that the
grains are smaller at that location resembling 𝐹2 .
2. Relatively smaller variation in 𝛽𝑛𝑜𝑟𝑚 (in the inner volume) indicates that the variation
in 𝐷𝑚𝑒𝑎𝑛 as a function of distance from the core is minimal. Also, smaller variations in
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Fig. 5.16: Normalized β for 𝐹3 as a function of distance from the core. The F1 limit indicates
the extent to which the 𝛽𝑛𝑜𝑟𝑚 in F1 varies as a function of the distance from the core.
the ∆𝛽𝜔𝑖,𝑗 indicates that the standard deviation in grain size is smaller in 𝐹3 compared
to that in 𝐹1 and 𝐹2 .
3. Linear variation of 𝛽𝑛𝑜𝑟𝑚 (in the inner volume) indicates that the mean grain size is
within the Rayleigh scattering regime as far as three input frequencies are concerned.
The relatively lower 𝛽7.5 in the inner volume may be due to the presence of grains
whose sizes are big enough to cause considerable attenuation to the corresponding
second harmonic component (15 MHz).
4. The difference in the behaviour of ∆𝛽𝜔𝑖,𝑗 near the surface indicates that the standard
deviation in the grain size distribution is relatively higher at this location compared to
the rest of the material.
Fig. 5.17 depicts the microstructure and the grain size distribution as a function of distance
from the core in 𝐹3 . The mean grain size and the standard deviation were measured from the
micrographs and tabulated in Table 5.5. The above assumptions drawn from the nonlinearity
measurements are hereby validated through the obtained photomicrographs. The conclusions
are:
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1. The minimum mean grain size (53 µm) around 30 mm beneath the surface confirms the
maximum value of the 𝛽 obtained at that location.
2. The variation in 𝐷𝑚𝑒𝑎𝑛 along the diameter of 𝐹3 is small (53 µm to 73 µm) compared
to that in 𝐹1 (38 µm to 103 µm) and 𝐹2 (63 µm to 130 µm). Also, the standard deviation
is minimal compared to other forgings. For comparison, the F1 and F2 limits in Fig. 5.17
indicate the extent to which the 𝛽𝑛𝑜𝑟𝑚 in those forgings were varied as a function of the
distance from the core. A one-to-one correlation and thereby a prediction of the grain
size in 𝐹3 is not possible at this stage since the normalization of the 𝛽 was made to the
𝛽 obtained at the minimum 𝐷𝑚𝑒𝑎𝑛 which is different in each forging. In addition, the
standard deviation of grain size in 𝐹3 is small (27 µm to 39 µm) so that the number
density of grains which can stochastically interact with the input frequencies are
insignificant.
3. The mean grain sizes observed in the rage 53 µm to 73 µm and minimal standard
deviation in 𝐹3 ensures the Rayleigh scattering regime for all three input frequencies.
However, the grain size distribution would have provided a sufficient fraction of grains
to have stochastic interactions to the 15.0 MHz harmonic component which caused a
relatively lower 𝛽7.5 in the inner volume.
4. Table 5.6 indicates that the number density of grains which are responsible for the
stochastic scattering of the fundamental and harmonic components near the surface and
at the core are almost similar whereas distinct variations are in the case of 𝐹1 (Table
5.3) and 𝐹2 (Table 5.4). There exists a considerable fraction of grains near the surface
which can interact stochastically with the 10 MHz and the 15 MHz components (Table
5.6) that would have caused a lower value to 𝛽5.0 and 𝛽7.5 near the surface. Near the
surface, the 𝐷𝑚𝑒𝑎𝑛 = 69 µm and the 𝜎 = 39 µm would have caused a difference in the
behaviour of ∆𝛽𝜔𝑖,𝑗 in comparison with the inner volume.

Table 5.5: Grain size measurement in the forging 𝐹3
Distance (mm) from the Core:

0

30

50

70

90

Forging, F3
3
𝐷𝑚𝑒𝑎𝑛
, µm

𝐹

73

64

62

53

69

𝜎𝐹3 , µm

31

33

32

27

39
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The assumptions derived from the nonlinearity parameter, therefore, matches with the
microstructural variations. Hence, the multi-frequency nonlinear ultrasonics is a reliable
method to characterize the heterogeneous microstructure.
Table 5.6: Number density (%) of grains contributing to the stochastic scattering of
fundamental and harmonic components near the surface and at the core in F 3
Fundamental

Surface

Core

Second Harmonic

𝑠
𝑁2.25

---

𝑠
𝑁4.5

---

𝑠
𝑁5.0

0.4

𝑠
𝑁10.0

20.0

𝑠
𝑁7.5

5.6

𝑠
𝑁15.0

52.0

𝑐
𝑁2.25

---

𝑐
𝑁4.5

---

𝑐
𝑁5.0

1.0

𝑐
𝑁10.0

25.4

𝑐
𝑁7.5

8.8

𝑐
𝑁15.0

54.4

5.5 Industrial relevance of multi-frequency approach
Large structural components like forgings used in the power plants are obtained by continuous
forging/casting routes and ingot metallurgy. The cast structure is modified to wrought
structures by the process of hot or cold forging operations which involve intermediate
annealing. Hot forging is the most commonly used method for the manufacturing of large
components, considering the minimum power requirements. Strain, strain rate, and forging
temperature are three essential parameters in the hot forging process, and the final
microstructure in the finished product is a function of these interlinked parameters. However,
variation in the grain size and its distribution cannot be ruled out in a large component.162–164
As steels are hot forged typically in the austenite phase, variation in the prior austenite grain
size (PAGS) across the thickness can be expected,165 suggesting variations in mechanical
properties. Variation in grain size across the thickness of large components is inevitable, and
such variations lead to variations in mechanical properties, especially ductility and fracture
toughness. Therefore, a non-destructive evaluation technique that can predict the grain size and
its variation across the thickness or cross-section would be useful as quality control or
inspection tool for qualifying such components. The results in this chapter suggest that the
multi-frequency NLU is a reliable NDE tool to be applied in process industries for quality
assurance. However, a detailed investigation of the contribution of the grain size distribution,
which makes a microstructure heterogeneous, is necessary.
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a
𝑫𝒎𝒆𝒂𝒏 = 𝟕𝟑 𝝁𝒎

b
𝑫𝒎𝒆𝒂𝒏 = 𝟔𝟒 𝝁𝒎

c
𝑫𝒎𝒆𝒂𝒏 = 𝟔𝟐 𝝁𝒎

d
𝑫𝒎𝒆𝒂𝒏 = 𝟓𝟑 𝝁𝒎

e
𝑫𝒎𝒆𝒂𝒏 = 𝟔𝟗 𝝁𝒎

Fig. 5.17: Optical micrographs and the corresponding grain size histogram of the F3 obtained
at (a) the core and at distances (b) 30 mm (c) 50 mm (d) 70 mm and (e) 90 mm away from the
core. Mean grain size is also indicated.
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5.6 Summary
The observations in this chapter are summarized below.
•

Though the high-frequency attenuation is very sensitive to the microstructure, its
applicability is restricted on coarse grain parts and therefore not practical on large
forgings in which significant variation in grain size is expected.

•

The existence of heterogeneous microstructure in large diameter forgings that was not
disclosed in the hardness values could be revealed by evaluating the order of 𝛽𝜔𝑖 as
well as the 𝛥𝛽𝜔𝑖,𝑗 which has got a one-to-one correlation with the microscopy results.

However, it is also observed that even if the 𝐷𝑚𝑒𝑎𝑛 lies in the Rayleigh scattering regime, there
is a deviation in the linear behaviour of the 𝛽 with grain growth. This is because of the influence
of grain size distribution on the acoustic nonlinearity parameter, which is investigated in detail
in the next chapter.
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Chapter 6
Effect of Grain Size Distribution on the
Acoustic Nonlinearity Parameter
6.1 Introduction
The mean grain size and its distribution in polycrystalline materials have a vital influence on
the measured acoustic nonlinearity parameter. As seen in Chapter 4, the nonlinearity parameter
varies linearly in the Rayleigh scattering regime, and it deviates from its linearity in the
Rayleigh-to-stochastic scattering transition regime which is a function of the mean grain size
and the applied frequency. However, it was found in the analysis on the heterogeneous
microstructure of forgings in Chapter 5 that, even if the 𝐷𝑚𝑒𝑎𝑛 lies in the Rayleigh scattering
regime, there is a deviation in the linear behaviour of the 𝛽 with grain growth (Fig. 5.13). An
attempt was made to explain such deviation on the basis of the grain size distribution.
The grain size in any polycrystalline material is distributed lognormally.3 The effect of such
distribution on the nonlinearity parameter has to be considered for a reliable characterization
of the microstructure. Extensive studies have been reported in the literature on the influence of
grain size distribution on the attenuation of elastic waves159–161, but such an attempt has yet to
be extended to the acoustic nonlinearity parameter. Therefore, this chapter investigates the
effect of grain size distribution on the measured acoustic nonlinearity parameter. Results are
provided for the austenitic stainless-steel materials having comparable mean grain size and
distinct distribution assuming equiaxed grains and random crystallographic orientation.

6.2 Materials and methods
Two AISI grade 304 austenitic stainless-steel plates (designated as 𝑃1 and 𝑃2 ) from different
production lots as mentioned in section 3.2.3 were used in this study.
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6.3 Results and discussions
6.3.1 Microstructure
The photomicrographs of the specimen 𝑃1 and 𝑃2 are shown in Fig. 6.1. The grain size in the
specimen 𝑃1 was measured to be within 12 to 110 𝜇𝑚 and that in 𝑃2 ranges from 8 to 124 𝜇𝑚
with an identical mean grain size of 42 𝜇𝑚. The dimension of all the grains was confined within
the Rayleigh scattering regime for the three input excitation frequencies used in the present
investigation. The standard deviation (𝜎) in grain size in these specimens was, however,
distinct and the logarithmic distribution was measured to be 𝜎 𝑃1 = 0.45 and, 𝜎 𝑃2 = 0.52,
where the superscript denotes the specimen. Therefore, the nonlinearity parameter derived from
𝑃1 and 𝑃2 would be influenced by the grain size distribution only.
The probability distribution function (PDF) of the grain size is represented as histograms fitted
with lognormal distribution curves in Fig. 6.2. Presence of larger grains in specimen 𝑃2 is seen
in the histogram. Careful observation of Fig. 6.2 shows that the fitted lognormal distribution
function did not envelope the real distribution of grain sizes completely. The statistical
parameters associated with the distribution of the random variables can be calculated using the
method of moments such as the mean, standard deviation, skewness, kurtosis, mode and the
median. For the given specimens, these parameters in logarithmic distribution are listed in
Table 6.1. It is evident from the table that, higher the standard deviation, more is the skewness
which has led to the probability of occurrence of larger grains in the microstructure. Presence
of such larger grains in a microstructure, in turn, affects the β considerably due to the scattering
assisted attenuation.

𝑷𝟏

Fig. 6.1: Optical micrographs of the specimens 𝑃1 and 𝑃2
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Fig. 6.2: Grain size distribution in the specimens with (a) 𝜎 𝑃1 = 0.45 and (b) 𝜎 𝑃2 = 0.52
presented as histograms with fitted curves for lognormal distribution.

Table 6.1: Grain Size Distribution Statistics
Parameters

Specimen 𝑃1

Specimen 𝑃2

Mean (𝜇)

3.7375

3.7380

Std Dev. (𝜎)

0.446

0.520

Skewness

0.781

1.061

+1 to +0.3: strongly positive skewed

Kurtosis

3.298

4.178

> 3.0: extremely leptokurtic

Mode

3.378

3.333

Median

3.761

3.652

Remarks

6.3.2 Nonlinearity parameter
The measured 𝛽 was normalized with that of the fused silica of the same thickness according
to the procedure given in section 3.4.7. Fused silica was selected as the reference material for
normalization because of its isotropic nature to the acoustic wavelengths used and consistency
in the 𝛽 value.128 The 𝛽𝑛𝑜𝑟𝑚 for the given specimens measured for three input frequencies is
plotted in Fig. 6.3. It is seen that, an order 𝛽2.25 > 𝛽5.0 > 𝛽7.5 (suffix corresponds to the
applied frequency) is maintained, and in each case, the specimen with wider 𝜎 shows a
relatively lower 𝛽 consistently. Variation in 𝛽𝑛𝑜𝑟𝑚 with distribution in grain size can be
explained as follows.
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Fig. 6.3: Normalized β in 𝑃1 and 𝑃2 for three input frequencies 2.25MHz, 5.0 MHz and 7.5
MHz. The specimens are represented in terms of their 𝜎 values in the legend.
In a polycrystalline material, the probability distribution function 𝑃(𝐷) of the grain sizes (𝐷)
is defined as
𝑃 (𝐷 ) =

1
𝐷𝜎√2𝜋

𝑒𝑥𝑝 [−

̃)
𝑙𝑛2 (𝐷/𝐷
]
2
2𝜎

(6.1)

̃ = 𝑒 𝜇 which relates to the volumetric mean of the
where the median of the distribution 𝐷
̅= 𝐷
̃ 𝑒 𝜎2 /2 where 𝜎 is the logarithmic distribution width, and 𝜇 is the mean of
distribution 𝐷
the normal distribution. For a continuous lognormal distribution of grain sizes 𝐷, the spatial
correlation function, describing the probability that two points at correlation distance (𝑟) fall
in the same grain, maybe written as160
∞
𝑟
𝜂(𝑟) = ∫ 𝑃(𝐷) exp (− ) 𝑑𝐷
𝐷
0

(6.2)

̅ and varying 𝜎, and the corresponding 𝜂(𝑟)
The 𝑃(𝐷) is plotted in Fig. 6.4(a) for a constant 𝐷
is plotted in Fig. 6.4(b). The 𝜂(𝑟) has a higher amplitude at larger 𝑟 for broader distributions
which indicates the presence of bigger grains. Fig. 6.5 shows the synthetic microstructures
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Fig. 6.4: (a) Probability distribution for a constant mean, 𝐷𝑚𝑒𝑎𝑛 = 42 μm , and varying
distribution widths (σ = 0.1, 0.3, 0.5, 0.7, 1.0) and (b) the corresponding spatial correlation
function
developed for the mean grain size and the distribution given above. These microstructures were
obtained using a digital representation environment for the analysis of microstructure in 3D
(DREAM.3D®). With an increase in grain size distribution, the presence of larger grains is
apparent in the microstructure.
Attenuation of longitudinal waves in a polycrystalline material with a grain size distribution
can analytically be written as160
𝜋

𝑘𝐿2 𝜋
𝛼𝐿 = 2 2 ∫ 𝜂̃(𝜃𝑝𝑠 )𝑀1 (𝜃𝑝𝑠 )𝑠𝑖𝑛𝜃𝑝𝑠 𝑑𝜃𝑝𝑠
4𝜌 𝑐𝐿

(6.3)

0

with
∞

𝜂̃(𝜃𝑝𝑠 ) = ∫ 𝑃(𝐷)
0

𝐷3
𝜋 2 [1 + 𝐷2 (𝑘 2 + 𝑘𝑠2 + 2𝑘𝑘𝑠 𝑐𝑜𝑠𝜃𝑝𝑠 )]

2 𝑑𝐷

(6.4)

where 𝜂̃(𝜃𝑝𝑠 ) is the Fourier transform of the spatial correlation function, 𝜃𝑝𝑠 is the scattering
angle, 𝑀1 is the autocorrelation function of the elastic constants for the corresponding incident
and scattered wave modes of wave vectors 𝑘 and 𝑘𝑠 respectively and 𝑘𝐿 and 𝑐𝐿 are the
wavenumber and velocity of incident longitudinal waves. In the Rayleigh scattering regime
where 𝑘𝐷 ≪ 1 Eq. (6.4) becomes
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a

b

d

c

e

Fig. 6.5: Synthetic microstructures for the 𝐷𝑚𝑒𝑎𝑛 = 42 𝜇𝑚 and the grain size distributions (a)
𝜎 = 0.1 (b) 𝜎 = 0.3, (c) 𝜎 = 0.5, (d) 𝜎 = 0.5 and (e) 𝜎 = 1.0 respectively.
∞

𝜂̃(𝜃𝑝𝑠 ) = ∫ 𝑃(𝐷)
0

𝐷3
𝑑𝐷
𝜋2

(6.5)

In a single-phase polycrystalline material, it may be assumed that the anisotropy in the bulk
modulus vanishes considering the bulk modulus of a single crystallite of cubic symmetry is
equal to that of a polycrystal containing the cubic crystallites.166 Also, random orientations of
single-phase crystallites imply statistical isotropy and homogeneity to the polycrystal. In this
condition, the Eq. (6.3) reduces to160
𝛼𝐿𝑅

̃ 3 𝑘𝐿4
1 𝐷
9𝜎 2
672
1344 𝜇 𝑐𝐿5
]
=
exp (
) × [
𝜇+
15 𝜌2 𝑐𝐿4
2
36
48 𝑐𝑇5

(6.6)

where 𝜇 = 3(𝐶11 − 𝐶12 − 2𝐶44 )2 /175 is the second order anisotropy166 in the shear modulus.
The attenuation coefficients for a monochromatic plane wave of frequency 5 𝑀𝐻𝑧 and a set of
distributions illustrated in Fig. 6.4(a) is plotted in Fig. 6.6. Assuming cubic symmetry of the
material, the elastic constants were taken as 𝐶11 = 200.4 𝐺𝑃𝑎, 𝐶12 = 129.3 𝐺𝑃𝑎 and 𝐶44 =
125.8 𝐺𝑃𝑎.167 Fig. 6.6 illustrates that the distribution of grain size influences the ultrasonic
attenuation measurably. The deviations from the theoretical prediction by Stanke and Kino48
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which was observed while measuring the attenuation in low carbon steels,158 copper alloy,149
Nickel,159 and titanium alloys49,161 were also accounted for the distribution in grain size.
Therefore, the 𝜎 can substantially influence the measured 𝛽 as it is decided by the attenuation
coefficients, 𝛼𝑖 , according to Eq. (2.59). This influence, termed as 𝛽𝛼𝑖 in Eq. (2.59), is
graphically exemplified in Fig. 6.7 for a propagating monochromatic elastic wave of frequency
5 𝑀𝐻𝑧. It is evident from this figure that the 𝛽𝛼𝑖 reduces considerably with an increase in 𝜎
and the 𝐷𝑚𝑒𝑎𝑛 .
Therefore, the drop in measured 𝛽 (Fig. 6.3) with an increase in applied frequency is a
consequence of the difference in the attenuation of the 𝐴1 and 𝐴2 components as discussed in
the previous chapters. The scattering transition condition for the respective second harmonic
components occur at 𝐷4.5 = 205 𝜇𝑚, 𝐷10.0 = 92 𝜇𝑚 and 𝐷15.0 = 62 𝜇𝑚. This implies that,
the higher harmonic components of 10 𝑀𝐻𝑧 and 15 𝑀𝐻𝑧 are likely to undergo stochastic
interactions with few grains in the microstructure. In such cases, the attenuation coefficient

Fig. 6.6: Attenuation coefficients for different grain size distributions for an input
monochromatic plane waves of frequency 5 𝑀𝐻𝑧
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Fig. 6.7: 𝛽𝛼𝑖 vs. 𝐷𝑚𝑒𝑎𝑛 for different grain size distributions for an input frequency of 5 MHz
varies as 𝐷𝜔2 which impose higher attenuation even if Rayleigh type of interactions occur.
The histogram representation of grains contributing to the stochastic scattering of 10 𝑀𝐻𝑧
𝑠
𝑠
(𝐷10
) and 15 𝑀𝐻𝑧 (𝐷15
) components is superimposed on the total distribution (𝑇𝐷 ) and
𝑠
illustrated in Fig. 6.8. The volume fraction (𝑉𝜔𝑠 ) and the corresponding logarithmic mean (𝜇𝜔
)

and distribution width (𝜎𝜔𝑠 ) in each stochastic scattering regime is determined and tabulated in
Table 6.2. These parameters decide the attenuation coefficients of the corresponding harmonic

Fig. 6.8 Total grain size distribution (𝑇𝐷) superimposed with the distribution at the scattering
𝑠
𝑠
regimes for 10 MHz (𝐷10
) and 15 MHz (𝐷15
) in specimens with (a) 𝜎 = 0.45 and (b) 𝜎 = 0.52
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components. Higher the volume fraction (𝑉𝜔𝑠 ) and the applied frequency, higher will be the
attenuation which results in 𝛼15 𝑀𝐻𝑧 > 𝛼10 𝑀𝐻𝑧 leading to 𝐴2 (15 𝑀𝐻𝑧) < 𝐴2 (10 𝑀𝐻𝑧) .
Consequently the 𝛽 drops with an increase in the applied frequency.

Table 6.2: The grain distribution parameters contributing to the stochastic scattering of
harmonic components

𝑃1

𝑠
𝜇10.0

4.37

s
μ10.0

4.31

𝑠
𝜎10.0

0.15

𝑠
𝜎10.0

0.19

𝑠
𝑉10.0

3.73

𝑠
𝑉10.0

3.75

𝑠
𝜇15.0

4.59

𝑠
𝜇15.0

4.62

𝑠
𝜎15.0

0.07

𝑠
𝜎15.0

0.11

𝑠
𝑉15.0

16.50

𝑠
𝑉15.0

19.65

𝑃2

The observed order in 𝛽 (𝛽2.25 > 𝛽5.0 > 𝛽7.5 ) in Fig. 6.3 has a similarity with that shown in
Fig. 6.9 where the 𝛽𝛼𝑖 defined in Eq. (2.59) is plotted for the similar distribution widths and

Fig. 6.9: Variation of 𝛽𝛼𝑖 for three different frequencies and two grain size distributions
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Fig. 6.10: Δ𝛽𝜔𝑖,𝑗 against the mean grain size. A relation 𝛽2.25 − 𝛽5.0 < 𝛽5.0 − 𝛽7.5 is
exhibited which is a function of the grain size distribution, 𝜎.
input frequencies. The difference in β with the applied frequency exhibits the relation
𝛽2.25−5.00 < 𝛽5.0−7.5 similar to that observed from the numerical results plotted in Fig. 6.10.
However, the difference between the experimental and the numerical results are expected
which is attributed to the deviation in the distribution of grain size in 𝑃1 and 𝑃2 from an ideal
lognormal distribution which is evident by comparing Fig. 6.2 with the Fig. 6.11.

𝑃

1
Fig. 6.11: Ideal lognormal distribution for (a) 𝐷𝑚𝑒𝑎𝑛
= 3.7401 𝜇𝑚 , 𝜎 𝑃1 = 0.45 and (b)

𝑃

2
𝐷𝑚𝑒𝑎𝑛
= 3.7375 𝜇𝑚, 𝜎 𝑃2 = 0.52
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In summary, the results demonstrate that the grain size distribution has a considerable impact
on the measured acoustic nonlinearity parameter. Although the results discussed here are in the
context of the Rayleigh scattering regime, a similar influence of the distribution on 𝛽 is
expected for other scattering regimes also. Hence, deviation from the linear trend in β with
grain growth observed in the annealed (Fig. 4.9) and forged microstructures (Fig. 5.13), can be
accounted for the effect of grain size distribution on the measured acoustic nonlinearity
parameter. Therefore, the distribution of grain size should be considered in order to interpret
the findings correctly. This fact was not adequately addressed in literature while correlating the
nonlinearity parameter and the grain size in copper68 and stainless steel.118
The results in this chapter have industrial relevance. As the size of the component increases,
grain size variation occurs across the thickness.168 The manufacturing practices may also lead
to the development of prior austenite grain size variations across the dimensions resulting in
changes in mechanical properties.165 The ultrasonic attenuation or velocity measurements are
not effective in characterizing such changes. Though property variation can be evaluated with
several destructive tests, such practices are costly and time-consuming and cannot be
implemented on a finished product. In such cases, nonlinear ultrasonic testing would be an
ideal choice due to its superior response towards the microstructural changes in contrast to the
linear ultrasonic methods.169 However, most research in nonlinear ultrasonics accounts for only
the mean grain size when characterizing material degradation. These models need to be
modified more comprehensively to include the role of grain size distribution which is crucial
for reliable characterization of microstructural features that meet the design requirements.

6.4 Summary
The effect of grain size distribution on the acoustic nonlinearity parameter is investigated in
this chapter. The numerical results were validated for two austenitic stainless-steel materials
with similar mean grain sizes having distinct distribution widths. It was found that the material
with a wider distribution exhibits reduced nonlinearity. Results demonstrated the significance
of the distribution width in characterizing the microstructural features from the nonlinear
response of the material. This observation is vital for accurate characterization of
microstructure as the reliability of the nonlinear measurements depends heavily on the
knowledge of the mean grain size as well as its distribution.
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Chapter 7
Combined Effect of Grain Size and Plastic
Deformation on Nonlinear Response
7.1 Introduction
It is quite possible in industries that the metallic components are supplied not always in solution
annealed condition. Also, the fabrication processes like bending and forming may introduce
deformation induced residual cold-work in the components. Further, in the case of austenitic
stainless steel, cold working is widely employed to improve its strength. In prototype fast
breeder reactor (PFBR), cold worked austenitic stainless steel components are used for reactor
core applications because of the beneficial effects of cold working in improving the resistance
to radiation-induced void swelling of the clad.170 Hence it is appropriate to characterize such
deformations effectively. The objective of the present chapter is, therefore, to explore how the
nonlinearity parameter would be affected in the presence of not fully annealed or deformed
microstructure that could be presented in a component. This understanding will help to consider
the nonlinear ultrasonics as a potential nondestructive evaluation tool for inspection of the
components primarily for the evaluation of the variations in grain size. Therefore, the combined
effect of grain size and the plastic deformation is studied in this chapter using the nonlinear
ultrasonics.

7.2 Materials and methods
Specimens with four different grain sizes were generated by annealing heat treatments as
described in Section 3.2.4. Subsequently, a set of tensile specimens in each grain size were
tested up to fracture to obtain the stress-strain properties. In each grain size, another set of
specimens were deformed to the true strains of 0.33, 0.51 and 0.67. The acoustic nonlinearity
parameter was measured in the gauge length of these deformed specimens using an input
frequency of 5.0 MHz. This frequency was chosen in order to keep the mean grain size in all
the specimens within the Rayleigh scattering regime for the fundamental frequency component.
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Since the final thickness of the specimens is reduced to 7 mm after machining, duration of the
sinusoidal input of 5.0 MHz was limited to eight-cycles.

7.3 Results and discussion
7.3.1 Microstructure
Fig. 7.1 shows the photomicrographs of the specimens in the annealed condition, which reveals
that the grains are equiaxed. The grain size histograms given adjacent to the photomicrographs
reveals the variation in grain size distribution with an increase in mean grain size. The mean
grain size (𝐷𝑚𝑒𝑎𝑛 ) and the standard deviation (𝜎) are tabulated in Table 7.1.

Table 7.1: Heat treatment matrix and the grain size measurement
Specimen ID

K

L

R

S

Temperature (˚C)

1050

1050

1100

1150

Soaking Time (min)

30

60

60

60

𝐷𝑚𝑒𝑎𝑛 , 𝜇𝑚

81

97

131

183

𝜎, 𝜇𝑚

37

45

63

96

7.3.2 The stress-strain curves
The engineering stress-strain curves and the true stress-strain curves of these annealed
specimens are shown in Fig. 7.2 and Fig. 7.3, respectively. The strain exponential coefficients
of the specimens K, L, R and S were measured to be 0.397, 0.381, 0.336 and 0.359 respectively.
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K

𝑫𝒎𝒆𝒂𝒏 = 𝟖𝟏 𝝁𝒎

L

𝑫𝒎𝒆𝒂𝒏 = 𝟗𝟕 𝝁𝒎

R

𝑫𝒎𝒆𝒂𝒏 = 𝟏𝟑𝟏 𝝁𝒎

S

𝑫𝒎𝒆𝒂𝒏 = 𝟏𝟖𝟑 𝝁𝒎

Fig. 7.1: Optical micrographs of the annealed specimens and the histogram representation of
the grain size distribution. Scale in the micrographs is set to 100 μm.
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Fig. 7.2: Engineering stress-strain plots for the given annealed specimens

Fig. 7.3: True stress-strain plot for the given annealed specimens
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7.3.3 Effect of strain on the polycrystalline grains
Photomicrographs obtained at the centre of the gauge length of the specimens deformed up to
the strain levels of 0.33, 0.51 and 0.67 are shown in Fig. 7.4 to Fig. 7.7, in which the subscript
denotes the true strain. In comparison to the microstructure of the annealed condition (Fig. 7.1),
it is evident that the grains are elongated in the loading direction of the specimen. The
deformation of the grains is represented in terms of their aspect ratio in Table 7.2. The
histogram representation of the aspect ratio is shown adjacent to the photomicrographs. It is
worth noting that the distribution of the aspect ratio is found to be lognormal. The standard
deviation in the aspect ratio of the specimens in the annealed condition was minimal
irrespective of the grain size, whereas it is substantial and inconsistent with deformation.
Depending on the orientation of the grains with respect to the preferred crystallographic
direction for deformation and the loading axis, there could be grain rotation as well as
elongation during uniaxial tensile loading. The difference in the preferred crystallographic
direction among the grains increased the standard deviation in the aspect ratio of the deformed
grains. Further, this ratio depends on the initial dimension of the annealed grains and the
applied strain.

Table 7.2: Mean aspect ratio (𝑎/𝑏) of the elongated grains and the standard deviation (𝜎)
Specimen ID
K

True Strain

L

R

S

𝑎/𝑏

𝜎

𝑎/𝑏

𝜎

𝑎/𝑏

𝜎

𝑎/𝑏

𝜎

Annealed

1.23

0.31

1.24

0.31

1.24

0.30

1.22

0.27

0.33

1.77

0.49

1.83

0.48

1.82

0.58

1.65

0.38

0.51

1.99

0.58

2.08

0.62

2.13

0.64

1.98

0.55

0.67

2.49

0.85

2.62

0.76

2.44

0.69

2.29

0.58
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K0.33

Mean = 1.77
σ = 0.49

K0.51

Mean = 1.99
σ = 0.57

K0.67

Mean = 2.49
σ = 0.85

Fig. 7.4: Optical micrographs of the specimen K (𝐷𝑚𝑒𝑎𝑛 = 81 μm) subjected to the true strain
(a) 0.33, (b) 0.51 and (c) 0.67 and the corresponding distribution of the aspect ratio. Suffix
represents the true strain.
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L0.33

Mean = 1.83
σ = 0.48

L0.51

Mean = 2.08
σ = 0.62

L0.67

Mean = 2.62
σ = 0.76

Fig. 7.5: Optical micrographs of the specimen L (𝐷𝑚𝑒𝑎𝑛 = 97 μm) subjected to the true strain
(a) 0.33, (b) 0.51 and (c) 0.67 and the corresponding distribution of the aspect ratio. Suffix
represents the true strain.
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R0.33

Mean = 1.82
σ = 0.58

R0.51

Mean = 2.13
σ = 0.64

R0.67

Mean = 2.44
σ = 0.69

Fig. 7.6: Optical micrographs of the specimen R (𝐷𝑚𝑒𝑎𝑛 = 131 μm) subjected to the true strain
(a) 0.33, (b) 0.51 and (c) 0.67 and the corresponding distribution of the aspect ratio. Suffix
represents the true strain.
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S0.33

Mean = 1.65
σ = 0.49

S0.51

Mean = 1.98
σ = 0.55

S0.67

Mean = 2.29
σ = 0.58

Fig. 7.7: Optical micrographs of the specimen S (𝐷𝑚𝑒𝑎𝑛 = 183 μm) subjected to the true strain
(a) 0.33, (b) 0.51 and (c) 0.67 and the corresponding distribution of the aspect ratio. Suffix
represents the true strain.
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7.3.4 The acoustic nonlinearity
The nonlinear response of the materials in the annealed and deformed conditions is calculated
from the amplitude ratio of the fundamental to the harmonic components. The normalization
was carried out separately for the annealed and deformed conditions with the β of the smallest
grain size specimen (K, Dmean of 81 µm) obtained at the same condition. The results are plotted
against the mean grain size in Fig. 7.8. This normalization process enables to visualize the
relative change in β as a function of grain size and the applied strain. The percentage variation
of β due to deformation, with respect to the annealed conditions, is plotted in Fig. 7.9. From
Fig. 7.8 and Fig. 7.9 it can be inferred that
1. There is a significant increase in β from the solution annealed condition with the
application of the plastic deformation. For example, the β has increased by 89%, 116%,
183% and 226% on the specimens with the Dmean of 81 µm, 97 µm, 131 µm and 183
µm respectively for a true strain of 0.67, whereas, the variation was found to be79%,
101%, 165% and 196% for the true strain 0.51 and 76%, 96% 145% and 161% for the
true strain 0.33. The change in β is the maximum at the initial stages of the deformation.
2. The quadratic type variation of β with grain size observed for the annealed conditions
is changed to linear with the deformation (Fig. 7.8),
3. The linear variation of β (for the specimens in the deformed condition) with grain size
retains irrespective of the strain but with a change in their slope (Fig. 7.8), and
4. The percentage variation of β due to deformation is related to the strain and the grain
size of the material (Fig. 7.9), which shows a quadratic behaviour with grain size.
The observed behaviour of the nonlinearity parameter can be explained based on the
microstructural changes happened within the material during deformation. The acoustic
nonlinearity in a deformed polycrystalline material originates from the grain boundaries, straininduced phase changes and dislocations.12 In general, the size of the grains do not vary during
deformation except its aspect ratio, and hence, the grain boundary area after deformation would
be the same as that of the annealed condition. Strain-induced martensite is common in stainless
steels subjected to deformation.171 However, in the present specimens, the martensite formation
was negligible which has been ensured by magnetic Barkhausen emission (MBE) and ferrite
number (FN) measurements. Absence of the martensite formation during deformation is due to
the high stacking fault energy of the material used in this study (29.15 𝑚𝐽/𝑚2 ) and
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unfavourable strain rate and temperature. Therefore, change in the nonlinearity parameter
observed in the deformed specimens is due to the strain-induced dislocations. Though the
dislocation density on the deformed specimens was not measured, the results are validated from
the data available in the literature. Viswanath et. al12 have shown a considerable increase in the
dislocation density with cold-work in AISI 304 austenitic stainless steel. Zhang et. al80 have
also shown a significant increase in dislocation density with plastic deformation in austenitic
stainless steel. Though both authors have reported the formation of induced martensite during
deformation, they have not mentioned about the SFE of their materials.
The hardness of a material is an indirect way of representing the dislocation density. Grace et
al.172 has shown that the dislocation density estimated from the hardness in Ni using the NixGao model consistent with those obtained by transmission electron microscopy. Fig. 7.10
shows the variation of the acoustic nonlinearity parameter with hardness. The β showed a linear
relationship to the hardness, and the consistency of the hardness with grain size was also
maintained regardless of the strain applied. Therefore, it is reasonable to assume that the change
in the acoustic nonlinearity parameter with deformation is directly related to the generation and

Fig. 7.8: Nonlinear response in the annealed and deformed conditions as a function of mean
grain size.
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accumulation of the dislocations in the matrix which in turn related to the grain size and the
applied strain.

Fig. 7.9: Percentage variation of the nonlinearity parameter with respect to the annealed
condition as a function of the applied strain
A significant increase in the nonlinearity parameter initially in Fig. 7.8 is due to the sudden
generation of dislocations once the material in the unstrained condition is subjected to strain.
The dislocations stored in the matrix contributes to the work hardening behaviour of the
material. With increasing deformation, the dislocations lead to the formation of cell structures
made of dislocation dipoles. During plastic deformation, the individual grains sub-divide into
volume elements called cell blocks and separated by dense dislocation walls.80,173 Zhang et.
al80 showed that the dislocation density was increased significantly with plastic strain. These
authors have also reported the formation of dislocation cells and heavily tangled dislocations
as well as shear bands with increasing strain. With an increase in plastic deformation, these cell
blocks further sub-divided into cells to accommodate additional plastic deformation and the
cell size shrinks and the number of cells increases. The cell boundaries are of high-density
dislocations, whereas the cell interior is relatively free from dislocations. Schematic illustration
of the dislocation cell structure is shown in Fig. 7.11. The mean free path for dislocation slip
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Fig. 7.10: The acoustic nonlinearity parameter vs. the hardness. Consistency in the hardness
with grain size also maintained irrespective of the applied strain.
during deformation is proportional to the grain size at low dislocation density and to the subgrain size at high densities. The increase in dislocation density during deformation is due to the
mutual trapping of dislocations into low-energy cell walls. In the absence of deformationinduced martensite, the cell blocks and the dislocation walls determine the nonlinear response
of the material.

Fig. 7.11: Schematic illustration of dislocation cell structure within a prior austenite grain
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The quadratic type behaviour of β observed in Fig. 7.8 at larger mean grain size (for the
specimens in the annealed condition) is due to the presence of larger grains, as discussed in
Chapter 4 and 5. Interestingly, this quadratic behaviour was lost after deformation and showed
a linearly decreasing trend with grain size. A possible explanation to this behaviour is the
formation of cell blocks as discussed above, which act as grain boundaries. Therefore, effective
size of the scatterer is decreased and the probability of occurring stochastic interactions to the
fundamental frequency component is reduced.
The difference in the change in β with strain presented in Fig. 7.9 is in contrast with the reported
values of 168% increase12 in β for a true strain of 0.38 and 77% increase80 in β for a true strain
of 0.4. The possible reasons for this difference could be (1) the initial grain size and its
distribution, (2) initial state of the material, (3) deformation process, (4) cell size variations (5)
attenuation of elastic waves at fundamental and harmonics frequencies and (6) thickness of the
material. For example, cold rolling12 of AISI 304 from 12 mm thickness to 6.5 mm thickness
introduced different textures and more dislocations compared to the tensile deformation.
Besides, Viswanath et. al12 has reported a 13% volume fraction of induced martensite in the
specimen with 38.5% true strain. Meanwhile, in the present study, the deformation-induced
martensite was negligible. Also, the studies by Viswanath et. al12 and Zhang et. al80 were
conducted on a single material and have not mentioned about the mean grain size and its
distribution. The mean grain sizes of 81 𝜇𝑚, 97 𝜇𝑚, 131 𝜇𝑚 and 183 𝜇𝑚 used in the present
study can be assumed to be larger than the grain sizes of the specimens used by these
researchers. Therefore, a one-to-one comparative analysis with the present results is not
possible at this stage. However, the changes in the acoustic nonlinearity parameter with the
strain (Fig. 7.9) is qualitatively in line with the results reported in the literature. It is also worth
noting from Fig. 7.8 that the nonlinearity parameter is sufficiently sensitive to the variations in
grain size even though there exist deformation induced changes in the microstructure. Though
we did not measure the cell structure in the present study, it reasonably assumes that for a given
strain, deformation is more homogeneous in fine grain material compared to coarse grain
material. This suggests that the cell structure would be finer in the material with smaller D mean
compared to the material with larger Dmean. Probably this could be the reason for change in β
is the maximum at the initial stages of the deformation as seen in Fig. 7.8 and the divergence
in β variation against the grain size observed in Fig. 7.9.
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From the results and discussions presented above, it is clear that even in materials that have
undergone plastic deformation or in materials that are not subjected to solution annealing
treatment to remove the effect of prior deformation (like the materials supplied in as-rolled or
as-forged condition), NLU can be used to study the grain size variations. However, variation
in the nonlinearity parameter with grain size decreases in the presence of a deformed structure
(Fig. 7.8). In this context, it may be noted that in the case of forgings F1 and F2, for which the
variation in grain size across the diameter is studied and reported in Chapter 5, hardness value
reported is higher than that is expected for solution annealed material indicating these forgings
are supplied not in completely solution annealed condition. Yet, the nonlinear response was
able to clearly reveal the grain size variation in these forgings. It is to be noted that in a finished
product like forgings, pipe or plates, the deformation experienced would be more or less
uniform and change in the nonlinear response would be mostly due to change in grain size.
However, if there is localized deformation, as often occur in the fabrication of components, the
nonlinearity parameter would vary at the location of this deformation. In fact, variations in the
nonlinearity parameter can be used to have an estimate of the extent of such deformations
undergone locally.

7.4 Summary
This chapter explored the combined effect of the grain size variation and plastic deformation
on the acoustic nonlinearity parameter. The nonlinearity parameter is sufficiently sensitive to
the variations in grain size even though there exist deformation-induced changes in the
microstructure. This parameter was found changing linearly with the hardness which is closely
linked to the increase in dislocation density with deformation. However, more investigations
using other microscopic tools like transmission electron microscopy and X-ray diffraction is
needed to understand such changes in the deformed materials. Also, a detailed investigation is
required to extract the effect of texture, deformation-induced phase transformation and
precipitates, if any, on the nonlinearity parameter which has not been encountered in the present
study.
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8.1 Conclusions
This research work experimentally investigated the influence of the grain size distribution and
the associated scattering regimes on the acoustic nonlinearity parameter. The combined effect
of grain size variation and the plastic deformation on the polycrystalline materials also studied
using nonlinear ultrasonics. To this end, the thesis explored the microstructural characterization
on the annealed, forged and deformed microstructures of austenitic stainless steel material
using the ultrasonic nonlinearity parameter. A novel multi-frequency nonlinear ultrasonic
methodology is introduced in this thesis for a reliable characterization of the heterogeneous
microstructures in polycrystalline materials.
The key findings this thesis has made are concluded below.
1. The acoustic nonlinearity parameter 𝛽 was found reducing linearly with grain growth in
the Rayleigh scattering regime and deviating from this linearity in the Rayleigh to
stochastic transition zone. A reliable evaluation of grain size in polycrystalline materials
using a single frequency measurement, therefore, requires the Rayleigh scattering condition
to be satisfied so that the 𝛽 would be independent of the scattering losses.
2. The multi-frequency approach reveals that the change in the order of 𝛽𝜔𝑖 or the deviation
in Δ𝛽𝜔𝑖,𝑗 with grain coarsening can be used as a precursor for undesired grain growth in
polycrystalline materials. For a set of input frequencies (𝜔𝑖 ), these changes indicate that
the mean grain size has deviated from the Rayleigh scattering regime corresponding to
those frequencies. This approach can be employed as an efficient tool for rapid screening
of materials with unknown process history where wide variations and distributions of grain
sizes are expected. The frequencies can be chosen such that the event at which the
nonlinearity parameter deviates from its linear trend may be set as the boundary where the
grain size-dependent properties are extinct. Hence, this methodology can be brought out as
a stand-alone technique to be deployed to characterize the microstructural variations.
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3. The results further infer that the conventional single-frequency NLU measurement would
not be reliable against the grain size variation or distribution as the multi-frequency
approach is required to observe the changes in the linear trend of 𝛽𝜔𝑖 and changes in the
order of 𝛽𝜔𝑖 and thereby the deviation in the 𝛥𝛽𝜔𝑖,𝑗 with grain coarsening. The multifrequency NLU methodology has a reasonable correlation with the microstructure, and its
reliability was evaluated against the heterogeneous microstructure in large diameter
forgings.
4. A study on the effect of grain size distribution on the acoustic nonlinearity parameter has
revealed that the material with wide distribution exhibited reduced nonlinearity. The result
infers the significance of considering the distribution width in characterizing the
microstructural features from the nonlinear response of the material. Though the results
discussed here are in the context of the Rayleigh scattering regime, a similar influence of
the distribution on 𝛽 is expected for other scattering regimes also.
5. The nonlinearity parameter is very sensitive to the variations in grain size, even in the
presence of deformed microstructure. Hence, nonlinear ultrasonics is an efficient tool for
characterizing the combined effect of grain size variations and plastic deformation in
metallic materials.
From the present research, it is understood that the role of grain size distributions and thereby
the scattering regimes need to be considered while interpreting the results based on the
measured acoustic nonlinearity parameters in single-phase polycrystalline materials. This
understanding is vital for reliable characterization of microstructural features and to enhance
the consistency in structure-property correlations using nonlinear ultrasonics. The results
obtained in this thesis infer that, the multi-frequency approach can be used as a reliable tool to
1. Measure the grain size in a polycrystalline material
2. Evaluate the grain size distribution and heterogeneity in the microstructure
3. Assess the effect of deformation in polycrystalline structural materials.
These understandings are very important in solving the inverse problems in nonlinear
ultrasonics, leading to a non-destructive evaluation method of polycrystalline materials with a
minimum of a priori information.
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9.1 Scope for future work
Several directions may be explored to extend the findings in this thesis. Some of them are
briefed below.
9.1.1 Need for modelling studies
It was experimentally observed that, there exist a relationship between the 𝛽𝜔𝑖 , Δ𝛽𝜔𝑖,𝑗 , 𝐷𝑚𝑒𝑎𝑛
and 𝜎𝐷 which can be used to characterize the microstructure evolution. Though the findings in
this thesis were based solely on the experimental measurements, a generalized approach cannot
be drawn out of these results as, for example, similar heat treatment may cause difference in
the 𝐷𝑚𝑒𝑎𝑛 and 𝜎𝐷 . This is because of the differences in the kinetics of grain growth which in
fact depends on chemical composition as well as the annealing conditions.174
There exists considerable deviation in the experimentally measured grain size distribution from
an ideal lognormal distribution curve. For example, measured grain size distributions in
specimen A (𝐷𝑚𝑒𝑎𝑛 = 3.71, σ = 0.40) and specimen I (𝐷𝑚𝑒𝑎𝑛 = 5.74, σ = 0.63) mentioned in
Chapter 4 which are being superposed with the lognormal distribution curves are compared
with that of the ideal distribution in Fig. 9.1. Careful observation of Fig. 9.1 shows that the
fitted lognormal distribution function did not envelope the real distribution of grain sizes
completely. Such differences in the distribution of grain size will vary with the kinetics of grain
growth and hence influence the nonlinearity parameter considerably. Consequently, the 𝛽𝜔𝑖
and Δ𝛽𝜔𝑖,𝑗 observed in the experimental curves of Fig. 4.9 may not always be accurate to
predict the microstructural evolution during annealing process in polycrystalline single-phase
materials though the trend is to remain the same. A similar argument is valid for the
experimental curves obtained in Fig. 5.13, Fig. 5.15 and Fig. 5.16 for the forged
microstructures. Such facts should be addressed more systematically through rigorous
modelling studies generating ideal curves connecting different combinations of 𝐷𝑚𝑒𝑎𝑛 and 𝜎𝐷
to the 𝛽𝜔𝑖 . However, the difference between the experimental and the numerical results
reported in Chapter 6 are expected and is attributed to the deviation in the distribution of grain
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(a)

(b)

(c)

(d)

Fig. 9.1: (a) Experimental and (b) theoretical grain size distribution for specimens with 𝐷𝑚𝑒𝑎𝑛
= 3.71, σ = 0.40 and (c & d) for specimens with 𝐷𝑚𝑒𝑎𝑛 = 5.74, σ = 0.63
size from the perfect lognormal distribution which is evident by comparing Fig. 6.2 with Fig.
6.11.
9.1.2 Effect of scattering from defects on the measured β
The investigations on the effect of scattering regimes on the acoustic nonlinearity parameter
revealed a novel methodology in the characterization of microstructure. However, the
investigations were limited to the grain boundary scattering and the associated changes in the
nonlinearity parameter. Since the scattering related attenuation to the fundamental and
harmonic components depends on the size of the scatterer and the wavelength, a similar
analysis may be extended to the characterization of micro cracks, inclusions and porosity in
structural materials. These defects are strong scatterers to the elastic waves used in the
ultrasonic testing and hence their effect on the acoustic nonlinearity parameter should be
studied in detail for establishing reliable structure-property correlations.
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9.1.3 Effect of the sub-grains on the measured β
In this thesis, the grain size was measured from the optical micrographs in which the grain
boundaries with high misorientation angle (> 10°) are visible during electrochemical etching.
Though the analysis has given a good correlation with the microstructure, the grains are also
divided into recrystallized and deformed grains with a mean disorientation angle < 3° and < 1°,
respectively. A study that considers such low-angle grain boundaries would enhance the
understanding of microstructural properties based on the nonlinear response. The combination
of EBSD studies of the evolved sub-grains provides good opportunities to expand the
knowledge of this relation.
9.1.4 Solving inverse problems of nonlinear ultrasonics
Inverse problems are the ultimate resolution to imply any nondestructive evaluation method
with a minimum of a priori information. Though the multi-frequency nonlinear ultrasonics has
found to be a reliable tool in characterizing grain size variation and their distribution in
polycrystalline materials, inverse problems are of prime interest in the industry to characterize
the grains. Nonlinear inverse problems constitute an inherently more difficult family of inverse
problems, and, to this end, the development of a forward model is needed as a first step. Such
an attempt is indeed necessary for creating models to predict the abnormal grain growth in
polycrystalline materials reliably. However, this direction remains underdeveloped.
9.1.5 Collinear wave mixing for inspection of large diameter forgings
It is apparent that the multi-frequency nonlinear ultrasonic measurements are more precise and
comprehensive in monitoring heterogeneous grain size variations in large diameter forgings.
However, detaching a strip of material with the required surface finish and plane parallelism
for ultrasonic measurements would be difficult, non-economic and time-consuming during
production stages in industries. In such cases, a nonlinear wave-mixing methodology can be
well adapted. The nonlinear wave-mixing method is based on the principle of three-phonon
interactions.175 During such interactions, the law of conservation of energy
𝜔1 ± 𝜔2 ↔ 𝜔3

(9.1)

and, momentum
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𝑘1 ± 𝑘2 ↔ 𝑘3

(9.2)

of phonons are satisfied. These conservation laws demand favourable angle of incidents, wave
modes and the frequencies to perform the wave mixing.146,147,176 A schematic representation of
the proposed non-collinear wave-mixing method, which can be implemented on large diameter
forgings during production and processing stages is depicted in Fig. 9.2. Transducers (T1 & T2)
for sending the ultrasonic waves into the component and a transducer (R) to receive the
resultant interactions are aligned in such a way that the resonant wave generated at the sum and
difference frequencies of the interacting waves in the region of interest reaches the receiver.
Nevertheless, the region of intersection can be altered by moving the transducers as indicated
by the arrows, thereby a quantitative scanning of the component is possible. This methodology
has implication in the inspection of bigger forgings which are being used for the fabrication of
critical components in power and automobile industries.

R
𝜔3 , 𝑘3
𝜔2 , 𝑘2
T1

𝜔1 , 𝑘1
Region of
intersection

𝜃2

𝜃1

T2

Fig. 9.2: Schematic of the proposed non-collinear wave mixing method for inspection of
cylindrical forgings during different stages of manufacturing
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Never give up on a dream just because of the time it will take to accomplish it.
The time will pass anyway.
-

xxiii

Earl Nightingale
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coarsening can be used as a precursor for undesired grain growth in
polycrystalline materials. This approach can be employed for rapid
screening of materials with unknown process history where wide
variations and distributions of grain sizes are expected.
Experimental and numerical studies on the effect of grain size
distribution have revealed that the material with wide grain size
distribution exhibits reduced nonlinearity. The results infer the
significance of considering the distribution width in characterizing
the microstructural features from the nonlinear response of the
Harmonic generation in different
material. It is also demonstrated that the nonlinearity parameter
crystallographic directions
can be used to study the plastic deformation even in the presence
of grain size variations. The results are important in developing nonlinear ultrasonics as a robust
nondestructive evaluation technique for microstructural characterization of polycrystalline materials.
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