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ABSTRACT
The urgent demand for nondestructive evaluation (NDE) and structural health monitoring
(SHM) systems for Next Generation Nuclear Power Plants accelerates the development of
nonlinear acoustics for material characterization. Taking advantage of its high sensitivity to
microstructure changes, the nonlinear acoustics method utilizes higher harmonic generation due
to nonlinearity in structures to characterize microstructure damage prior to the development of
macroscale damage. The very high temperature reactor (VHTR) is designed to survive up to
1000oC and last for 60 years. Inconel 617 is a primary candidate material for the VHTR.
The aim of this thesis was to use nonlinear acoustics approaches to evaluate
microstructure changes in crept Inconel 617 specimens and compare them with microscopy
results. Control mechanical creep tests were first conducted on seven Inconel 617 specimens.
Then these seven specimens, as well as an additional uncrept specimen, went through
experimental nonlinear acoustic bulk wave second harmonic measurements with the wave
propagation direction along the loading axis. Furthermore, scanning electron microscopy and
transmission electron microscopy were both used to characterize the microstructure degradation,
such as microvoids, dislocations, grain refinements, and precipitation in the specimen. Last but
not least, correlation between nonlinear acoustic response and microstructure degradation was
analyzed and discussed.
Experiment results show that the nonlinear parameter first increases and then decreases as
creep strain to rupture life percentage grows, which correlates with microscopy observations of
the precipitate distribution. Therefore, nonlinear acoustic measurements are more sensitive to
precipitation in crept Inconel 617 than other microstructure evolution, such as microvoids and
dislocation density.
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Chapter 1
Introduction

Motivation
Next Generation Nuclear Energy Plants are designed to operate at temperature up to
1000oC and pressures up to 7 MPa for a life span of 60 years [1], where creep damage is evitable
for the structural material. Inconel 617, the material of interest for this thesis, is a candidate
material for the intermediate heat exchanger (IHX) for a very high temperature reactor (VHTR),
the components of which would survive operating temperatures as high as 1000oC. This solidsolution strengthened nickel-based superalloy has very good corrosion, oxidation and creep
resistance due to the contributing alloying components [2]. Due to reliability and cost efficient
considerations for such harsh operating environment and long design life, nondestructive
evaluation (NDE) and structural health monitoring (SHM) systems are essential.
Macroscale damage, such as fatigue cracks and creep voids, however, leads to structure
failure in no time. That is to say when macroscale damage becomes detectable, time is limited to
take action for maintenance or repair. Figure 1-1 depicts that a shift left along the service life axis
to microstructure evaluation would be of great benefits for NDE and SHM in that we can take
action prior to macroscale damage occurs, which will directly result in higher reliability and
lower cost, especially for Nuclear Power Plants.
Conventional linear ultrasonic based NDE detects defects and damage limited primarily
to the macroscale level. Nonlinear ultrasonics, however, investigates higher harmonic generation
due to wave scattering [3] associated with microstructure evolution in the material. Thus, it is
capable of characterizing microscale damages. This thesis investigates the potential of using
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nonlinear bulk wave approaches to characterize microstructure evolution of creep degradation for
an early stage damage detection.

Figure 1-1. Schematic diagram showing benefit of earlier detection of damage [4].

Literature review and background

Nondestructive techniques for the detection of creep damage
Nondestructive evaluation (NDE) involves continuous monitoring or periodic inspection
of actual components to identify defects such as cracks or voids without destroying them. Several
different NDE methods for the detection of creep damage in power plants materials have been
proposed. A review of these approaches is presented here.

3
Replication
Replica metallography is the most commonly used method for creep damage detection.
Careful polished and etched surfaces of crept specimens are inspected by high magnification
microscopy to identify flaws such as voids and microcracks [5]. This technique can provide
quantitative data on the defects. Voids of 1 μm or less can be easily distinguished on the replicas
in laboratory conditions [6]. An obvious limitation of this technique is that it cannot detect
subsurface defects. It has been observed that some type of damage usually initiates in the interior
and macrocracks can develop more than half of the thickness before aligned cavities are visible
on the replica [7].

Magnetic methods
Magnetic NDE techniques are often used, and restricted, for damage detection on
ferromagnetic materials. Due to the fact that localized differences in the composition of the alloy
and the presence of residual stresses can cause changes in magnetic properties, inspection
methods based on variations in magnetic properties have been used to characterize creep damage
in alloy.
For instance, magnetic phases formed at grain boundaries in a stainless steel 304
specimen subjected to thermal aging at 650oC were observed. Since these magnetic properties
may be found at the early stage, changes in the magnetic properties may be used to detect creep
damage before cavities or microcracks start developing [8]. It was also observed that decrease
with creep life is due to the demagnetization caused by the presence of cavities in low-alloy steels
and by the precipitation of non-magnetic carbides in the martensitic 9Cr-1Mo steel [9]. However,
the measurements generally present a very large scatter. In addition, a method called Magneto-
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Acoustic Emission (MAE), based on the detection of elastic wave pulses has been proposed. Due
to the magnetostrictive effect which elongates or shortens domains in the direction of
magnetization, a small strain field is created in the material, and millions of small acoustic waves
are generated by the creation or annihilation of domains [10]. However, MAE results are not
repeatable because it is not possible to bring the magnetic domains back to exactly the same state
as before the inspection.

Eddy current
Eddy currents also have been used to study creep in some particular materials. However,
eddy currents depend on a variety of factors, such as microstructure, surface roughness, hardness,
local permeability variations or differences in chemical composition; it is therefore difficult to
distinguish between changes in the signal due to creep damage and those deriving from other
sources.
Eddy current imaging [11] has been used to identify areas of significant variation in
apparent eddy current conductivity in a Ni-based superalloy turbine bucket after service, where a
strong increase in the absolute thermoelectric power coefficient was also measured in the same
areas, indicating probable creep damage. However, the results of these tests need to be correlated
with the microstructural changes due to creep; more importantly, such increase in apparent eddy
current conductivity seems to be a peculiarity of Ni-based alloys [12].

Hardness
Measurements of Vickers hardness have been considered in many creep damage
researches, in addition to other techniques. The microstructural changes associated with thermal
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aging or creep vary with different materials: on Cr-Mo steel an approximately linear decrease in
hardness was observed between 20% and 90% of creep life, followed by a dramatic drop at
rupture [13].
The main reason why Vicker hardness has not been adopted as the fundamental technique
for the assessment of creep damage lies in the fact that hardness measurements in industrial
environments can often be affected by large errors [14]. Another reason can be the high
sensitivity of this technique to local microstructural variations, which results in large scatter and
poor reproducibility, especially if the load applied to the indenter for the measurement is low
[15]. It has therefore been suggested that hardness measurements can only give a qualitative
indication of whether a component has experienced excessive temperatures during service.

Linear Ultrasonics
Ultrasound has a long success history in many NDE applications both in lab conditions
and in the field. Linear ultrasonic techniques investigate wave velocity or attenuation variations
due to localized or volumetric creep. The sensitivity and reproducibility of ultrasonic testing has
considerably improved over the years. However, the feasibility of ultrasonic inspection at the
typical operating temperature of power plants is till the subject of research: most of the published
results have been obtained by tests at room temperature.
Ultrasonic wave velocity measurements are based on the variations in mechanical
properties such as density and elastic modulus caused by the creep damage. The relationship
between porosity of the material and ultrasonic velocities have been calculated analytically [16].
But several factors combine to cause velocities to change with creep life. In general, longitudinal
wave velocity decreases monotonically with increasing porosity or damage grade [17]. In the
initial stages the change is small and therefore it may be difficult to detect in the field [18].
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However, interpretation of the data is less straightforward in those cases where cavity formation
is not the dominant process. Tests on thermally aged 9Cr-1Mo steel showed non-monotonic
variations of the wave velocity with aging time, which leads to the conclusion that
microstructural changes, such as coarsening of precipitates, play a greater role than void
formation in creep damage [19].
Wave attenuation measurements are the most common approaches in ultrasonic NDE.
However, the possibility of using wave attenuation measurements for the detection of creep
damage remains controversial. This technique has been considered less promising than ultrasonic
wave velocity because small variations in grain size would produce larger variations of the
attenuation coefficient than creep pores [20]. Whereas, other authors claim that the attenuation
coefficient presents a better sensitivity to creep damage than the wave velocity [21]. In any case,
inhomogeneities in the material and large variations between specimens, in addition to large
measuring errors, can overwhelm any changes in the initial stages. It should also be mentioned
that attenuation measurements are difficult in practice and likely to give large scatter if the
surface of the tested component is rough or curved.

Nonlinear acoustics background
Most of the conventional ultrasonic methods based on velocity or attenuation
measurements, are quite sensitive to gross defects, but much less sensitive to early creep damage
stages that manifest in the form of microstructural changes. Nonlinear ultrasonics is an emerging
technique that has shown some promise for monitoring creep damage evolution in hightemperature components. Recent studies have shown that nonlinear ultrasonic measurements are
sensitive to the damages in the materials at an early stage and can be correlated to certain
microstructural changes leading to microvoids, nucleation and growth.
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Generally, nonlinear acoustics studies higher harmonics generation due to nonlinearities
of the material. The receiving signal contains information of interest at different frequencies,
often twice that of the transmitting signal.

Theory of bulk waves in weakly nonlinear elastic media
About half a century ago, Landau and Lifshitz [22] already had a qualitative description of
nonlinear vibration in the 1954 edition of their book Elasticity Theory. Harmonic generation is
associated with nonlinear elasticity and finite amplitude waves having a sufficiently large
displacement gradient.
Simplified one-dimensional derivation for nonlinear bulk wave propagation is presented in
the 2014 edition of Dr. Rose’s book [23] Ultrasonic Guided Waves in Solid Media as follows.
Bulk wave can be defined as one-dimensional wave propagation in an unbounded isotropic
elastic media. Having the assumption of material with linearly elastic, then the field equations are
simply:
𝜎,𝑥 = 𝜌𝑢,𝑡𝑡

(1.2)

𝜎 = 𝐸𝜀

(1.3)

𝜀 = 𝑢,𝑥

(1.4)

where the variables σ, ε and u represent stress, strain, and displacement respectively, and where ρ
and E are the mass density and Young’s modulus respectively. The subscripts x and t following a
comma denote partial differentiation with respect to the spatial and temporal variables respectively.
Navier’s equation can be derived from combining three field equations, which gives
𝑢,𝑡𝑡 = 𝑐 2 𝑢,𝑥𝑥

(1.5)

classic solution can be presented as follows,
𝑢 = 𝐴1 sin(𝑘𝑥 − 𝜔𝑡) + 𝐵1 cos(𝑘𝑥 − 𝜔𝑡).

(1.6)
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here 𝑐 2 = 𝐸/𝜌 is the longitudinal wave speed, 𝜔 = 𝑐𝑘 is the angular frequency, and k is the
wavenumber. For this linear case, the resulting displacement yields only fundamental frequencies
as excited. However, when considering material with nonlinear strain stress relations, where second
order terms are added:
1

𝜎 = 𝐸𝜀(1 + 2 𝛽𝜀)

(1.7)

Where β represents the nonlinearity parameter. The one-dimensional wave equation becomes
nonlinear due to its association with the material nonlinearity,
𝑢,𝑡𝑡 = c 2 (1 + 𝛽𝑢,𝑥 )𝑢,𝑥𝑥

(1.8)

Note that geometric nonlinearities, or finite deformation gradients, are not included here for
simplicity. Now, the fundamental harmonic solution of
𝑢1 = 𝐴1 sin(𝑘𝑥 − 𝜔𝑡)

(1.9)

is used. Additionally, a perturbation solution will lead to an equation representing generation of
higher order harmonics,
𝛽
8

𝑢2 = (𝐴1 𝑘)2 𝑥cos2(𝑘𝑥 − 𝜔𝑡)

(1.10)

and 𝑢 = 𝑢1 + 𝑢2 as given by Truell et al.[24] Therefore, the amplitude of this second harmonic
can be written as,
𝛽
8

𝐴2 = (𝐴1 𝑘)2 𝑥

(1.11)

and therefore nonlinear parameter β can be obtained as,
8𝐴

𝛽 = 𝐴2 𝑘 22 𝑥
1

which is proportional to A2/A12.

(1.12)
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Measurement of the second harmonic
The nonlinearity parameter β is directly proportional to the amplitude ratio A2/A12, also
known as relative nonlinear parameter 𝛽̅, through Equation (1.12). Either 𝛽̅ 𝑜𝑟β measurement
requires delicate instrumentation. Since signal amplitude of second harmonic is mathematically
several orders smaller than the fundamental signal, high power excitation with the purest possible
single frequency waveform is critical to guarantee decent second harmonic generation with
minimal influences outside of the solid media itself. A relatively long (more than 10 cycles) tone
burst sinusoidal pulse is preferred to concentrate the energy at a single fundamental frequency. As
Equation (1.11) implies, A2 is also a function of wave number k, which is proportional to
excitation frequency. Higher frequency excitation will directly lead to relative higher second
harmonic generation. However, due to the transducer limitation and the high attenuation property
of high frequency wave propagation, frequency range from 5 to 10 MHz is often implemented in
second harmonic acoustics measurements. When such excited ultrasonic wave propagates
through materials with nonlinearity, the nonlinear microstructural features distort the wave as it
travels through and higher harmonics are generated. While the distortion is not visible in the time
domain waveform, it is apparent is the frequency domain. Therefore, a consistent signal
processing procedure is also crucial for second harmonic measurements.

Second harmonic generation related to microstructure
Jhang et al.[25] reviewed a selection of nonlinear acoustics techniques for NDE to
characterize microscale damage. According to Cantrell:
In finite amplitude ultrasonics one generally measures the amplitude of
harmonics generated by the nonlinear interactions of an initially pure sinusoidal
sound wave with the material. The nonlinear interactions generally result from
lattice anharmonicity (stemming from a nonquadratic interatomic potential) or
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from nonlinearities involving defects, microstructural features, or other
disruptions in the lattice structure of the material.[26]
The famous Hooke’s law, which represents a linear relationship between stress and strain,
is a first-order approximation to the attractive and repulsive forces between atoms. Young’s
modulus represents the slope of the tangent of the net interatomic force relative to the atomic
spacing. The gross linear simplification under this assumption is that millions of atoms without
impurities and imperfections overwhelm the few imperfections. Thus, it is always appropriate,
but not always necessary, to use an interatomic potential with an order higher than quadratic.[23]
The nonlinearity parameter β can be related to microstructural evolution associated with
thermal aging, creep, and fatigue. Hikata et al.[27] developed the first such relationship based on
dislocation monopoles:
𝛽𝑚𝑝 =

24 𝛺𝛬𝐿4 𝑅3 𝐸12
|𝜎|
5
𝜇3 𝑏2

(1.12)

where σ is stress, b is the Burgers vector, Λ is the dislocation density, Ω is the conversion factor
from shear strain to longitudinal strain, R is the Schmid factor, L is the dislocation loop length,
and E1 and µ are the elastic and shear moduli.

Literature review of nonlinear acoustic experiments
Kim et al. [28] developed robust nonlinear ultrasonic bulk wave experimental procedures
to quantitatively characterize fatigue damage in nickel-base superalloy. A clear monotonic
increase in the nonlinear parameter β was found with the growth of fatigue damage in the
specimen. Though fatigue damage has been experimentally verified to have a clear correlation
with higher harmonic generation, the relation between higher harmonic generation and thermal
aging creep damage lack theoretical analysis and detailed experimental observations.

11
Kang et al. [29] conducted nonlinear bulk wave ultrasonic experiments on crept
superalloy. In addition, Baby et al. [30] accomplished microstructure evaluation on crept titanium
alloy by combining nonlinear ultrasonic bulk wave experiments with microscopy observation.
Experiment results from both Kang and Baby showed that nonlinear parameter β first increased
and then decreased with creep fraction life growth. Baby quantitatively investigated the voids
percentage versus the creep fraction life. Figure 1-2 shows that the voids percentage
monotonically increase while the measured acoustic nonlinearity fails to follow that tendency,
thus indicating the second harmonic generations are not sensible enough to characterize the
variation in voids percentage in creep specimen. Both of Kang and Baby set their wave
propagation direction perpendicular to the axial direction of mechanical creep tests, which results
in the demerit that only a small region of specimen was chosen to be investigated. Since
microstructure changes are not uniformly distributed along specimens, their experiments suffer a
loss of important information of other region of specimen. Moreover, Kang’s results lack data for
creep life-fractions from 60% to 90%. And Baby only included nonlinear ultrasonic tests results
for 4 differently crept samples including the as-received sample.
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Figure 1-2. Experiment setup schematic and experiment results from [30].

Xiang et al.[31] introduced nonlinear guided waves to investigate creep degradation of
titanium plates. Lamb waves were transmitted and received at twice the transmitting central
frequency (Figure 1-3. a). Relative nonlinear parameters were plotted versus creep life fraction,
where a tendency of first increasing and then decreasing can clearly be observed. They also built
an analytical model to predict how microstructure changes, such as precipitation, dislocation
density, affect the second harmonic generation, which agrees pretty well with their experiment
results. However, whether such analytical model can be applied to other materials or other testing
methods remains unknown. Based on their studies, they drew the conclusion as follows:
The acoustic nonlinearity of Lamb wave increases due to the rising of the
precipitation volume fraction and the dislocation density in the early stage, and it
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decreases as a combined result of the reduction of the precipitation volume
fraction and the dislocation density…

(a)

(b)
Figure 1-3. (a) Lamb wave experiment setup schematic, and (b) experiment result of relative
nonlinear parameter versus creep life fraction from [31].

In this thesis, comprehensive nonlinear bulk wave experiments along the creep test axial
direction were realized, which means the whole length of the specimen was investigated. In
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addition, 8 different crept specimens were investigated to characterize the full life span of creep
behavior of Inconel 617 specimen. Microstructure changes are investigated through SEM and
TEM to correlate them with nonlinear acoustic measurement results.

Microstructure behavior in crept Inconel 617 literature review
Creep-fatigue tests were conducted at 950 oC on Inconel 617 material by Rao et al. [5].
A.K. Ray et al. [32] studied 2.25Cr-1Mo steel tubes from a thermal power plant after 17 year of
service at nominally 540 oC and 40 MPa to predict their remnant life.
Chomette et al. [33] has conducted related creep tests on Inconel 617 at stresses of 70
MPa at 850oC and 30MPa at 950oC for microstructure evaluation using optical microscopy or
transmission electron microscopy (TEM). According to Chomette, Inconel 617 fails to show
classical creep behavior at high temperature. A strain rate drop is observed at the beginning of
creep tests to a minimum level. From the experiments, they observed some boundary migrations,
recrystallization, and specific growth and location of carbides such as M6C, Ti (C,N), and M23C6
carbides depending on the specimen treatment and creep test temperature.
Recently, Guo et al. (2013) [34] specifically focused on studying aging precipitation
behavior and mechanical properties of Inconel 617, where Inconel specimens were aged at 760oC
for up to 10000 h. They found that precipitates in aging Inconel 617 are M23C6 and M6C carbides
and γ’ phase. The carbide particles precipitated both at the grain boundaries and within grains,
and the γ’ phase were located at intragranular sites in the process of aging. After aging for 3000 h,
the carbide particles were discontinuously dispersed at grain boundaries, while after 5000 h the
carbide particles are merged. These discrete precipitates along and inside the grain boundaries
contribute to enhance hardness for the alloy for 300 h up to 3000 h. However, a decrease of the
hardness was observed after aging for 5000 h.
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Scope of this thesis
The aforementioned literature demonstrates the promising potential of using nonlinear
acoustic techniques for characterizing microstructure evolution in materials. Comprehensive
research on Inconel 617 from mechanical creep tests through nonlinear acoustic measurements to
final microscopy microstructure evaluation still needs to be accomplished. The objectives of this
thesis are listed as follows:


To conduct mechanical creep tests on Inconel 617 specimens to provide 7 different creep

life percentage samples for nonlinear acoustic measurements.


To design and build a nonlinear bulk waves measurement fixture for experimental

convenience and consistency.


To choose and set up proper experiment instrument, such as transducers, couplant, filter

to provide valid nonlinear acoustics measurement results.


To develop rigorous experiment procedures and signal processing procedures for

nonlinear bulk waves measurement.


To measure second harmonic generation of 8 nonlinear acoustic samples with wave

propagation direction along the creep loading axis and compare the result with previous literature.


To use scanning electron microscopy (SEM) to investigate surface microstructure

degradation of crept Inconel 617 samples.


To use transmission electron microscopy (TEM) to investigate microstructure evolutions

in crept Inconel 617 samples.


To analyze the observations from microscopy and correlate them with nonlinear acoustic

measurement results.
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The remainder of this thesis has been organized into 4 chapters. Chapter 2 mainly focuses
on the description of mechanical creep tests. Experiment methodology and specifications are
described in detail. In addition, experiment procedure and experiment results are provided.
Chapter 3 deals with the nonlinear acoustic measurement, which is the key experiment of
this thesis. It starts with the selection of transducer and couplant. After that, preparation of
acoustic samples, optimal excitation cycles, and experiment setup are illustrated. Results and
discussion are carefully stated after presenting the experiment procedure and signal processing.
Chapter 4 focuses on microscopy observation of microstructure evolution in crept Inconel
617 samples, where images from SEM and TEM are analyzed. Dislocation density, grain
refinement, and precipitation are specifically investigated through TEM images.
Chapter 5 analyzes the correlation between nonlinear acoustic results and microstructure
evolution observed from microscopy. The potential of using nonlinear acoustic to realize
microstructure evaluation for early creep stage degradation is illustrated. Summaries of the thesis
are listed. Some suggestions for future work are presented as well.
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Chapter 2
Mechanical Creep Tests

Creep is defined as the time-dependent deformation of materials subject to constant
mechanical load. Typically, creep occurs in Inconel 617 at temperature from 600 oC to 1000 oC;
as such, it is often a key factor not only in the design of components used in the power generation
industry, particularly in fossil plants and nuclear reactors, but also in the assessment of their
remaining life.[12]
Creep is one of the main phenomena responsible for the failure of structural materials
operating at elevated temperatures. At high temperatures, creep deformation is associated with the
synergistic effect of both microstructural changes and strain accumulation, which leads to
nucleation of microvoids, growth and coalescence, and subsequently to failure [30].
Uniaxial creep tests are usually achieved by applying constant load for a long period of
time, where the resulting stress is lower than the yield strength. Figure 1-2 is a plot of the
observed behavior of measured engineering strain as a function of time, which can be divided into
three stages: primary (transient), secondary (steady state), and tertiary stages. Different
deformation mechanisms occur for each stages and eventually lead to void formation, necking
and rupture.

18

Figure 2-1. Strain vs. time behavior during creep under constant load, illustrating three stages of
creep [2].

Since the steady-state regime covers most of creep life span, the minimum strain rate
during this stage is usually recorded and compared for experiments conducted over a range of
stresses for certain temperature, to determine the stress exponent “n”. This exponent is typically
taken to be the slope of the minimum strain rate versus the applied stress on log-log plot. The
following equation [2] is a general relation between the minimum strain and the following
parameters: applied stress σ, stress exponent n, activation energy for creep mechanism Q, the
universal gas constant R, absolute temperature T, and a constant A.
−𝑄

𝜀̇ = 𝐴𝜎 𝑛 𝑒𝑥𝑝( 𝑅𝑇 )

(1.1)

Analyzing the microstructure from creep experiments that have identical test parameters
(temperature and loading stress) but are interrupted at different time enables study of the
progression of deformation mechanisms and correlation with the generation of second harmonics
from nonlinear acoustics tests.
Creep tests on same Inconel 617 specimen have been conducted by Choi et al.[35] at both
950 oC and 850 oC. Experiment methods were adopted and continued to prepare more specimens
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for nonlinear acoustic measurements. Gloria Choi made great contribution in the mechanical
creep tests, including experiment design, sample preparation and data analysis.

Specimen and fixture
For the creep tests, dog-bone-shaped specimens were machined out of a 38 mm thick
annealed and hot rolled plate, which was supplied by the Idaho National Laboratory (heat QA
101053). The chemical composition wave determined by Carroll et al. [36] and is shown in Table
2-1. Specimens were machined to have the tensile loading axis along the rolling direction. The
original creep sample design had to be altered because the original loading pin was undersized.

Table 2-1. Composition in weight% for Inconel 617.[36]
Ni
Balance

Cr
21.9

Co
11.4

Mo
9.3

C
0.08

Fe
1.7

Al
1.0

Ti
0.3

Si
0.1

Mn
0.1

Cu
0.04

The altered creep sample pictures are shown in Figure 2-2. The modifications include
horizontal bearing surfaces and a reduced 6 mm × 10 mm gage section. The end fixtures (Figure
2-3) for the creep samples have horizontal bearing surfaces. The fixtures were drilled and tapped
for threaded rods that protrude out of the furnace.
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6 mm

38 mm

10 mm

Figure 2-2. Front and side views of an untested specimen with a 38 mm×10 mm×6 mm gage
section.

Figure 2-3. Picture of creep tests mounting fixture.

Hexagonal Boron Nitride (hBN) Aerosol Spray, manufactured by M.K. Impex Corp, was
applied on all potential contact surfaces to prevent touching surfaces from fusing together. It is a
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high temperature anti-stick release agent and lubricant, noted to have good chemical inertness,
which is stable up to temperature 1000°C in air.

1

Heating apparatus and loading rig
An Arcweld creep loading rig (Figure 2-4), model f-6: serial je-1883-j, with a 20:1
amplification of dead weight to applied force was employed and equipped with a furnace with a
control panel, with a dial meter that allows the input of the set temperature and the monitoring of
the furnace temperature. The cylindrical furnace is capable of heating to 2200°F and has a troughhole channel that allows the load train and specimen to slide through. This type of furnace
exposes the specimen to air, and solid insulation tiles were used to cover both top and bottom
gaps around the loading train.
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Figure 2-4. Picture of creep heating apparatus.

Data acquisition
The two tabs located on one side of each creep sample provide the means for attachment
of the LVDT (linear variable differential transducer) frame. The hardware involved in the data
acquisition are the following: an omega LDX-3A LVDT signal conditioner, NI SCB-68
connector block, and an NI data acquisition card. A schematic is shown in Figure 2-5. A custom
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written Labview program was used to record the voltage output once every ten minutes after
averaging 50 readings.

Specimen
deformation

LVDT

LVDT signal
conditioner

SCB-68-ESeries

Data
acquisition

Figure 2-5. Data acquisition diagram for creep deformation.

Temperature
Thermocouple type K (manufactured by Omega Engineering Inc.) with original glass
braid insulation was used. The special limits of error for thermocouple accuracy is +/- 1.1°C or
0.4%, and has a temperature range of 0-1250°C. The original thermocouple insulation was
replaced by ceramic thermocouple insulators.
The HH506RA Multilogger thermometer was used to monitor the specimen temperature
at two locations. One thermocouple attached to the center of the specimen and another used to
measure the ambient furnace temperature.

Experiment procedure
Experiment procedures are listed below:
1. Dimensions of the specimens were measured.
2. A thermocouple wire was spot-welded to the center of the gage section
3. Contact surfaces were sprayed with the boron nitride aerospray
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4. The load train was assembled by attaching the Nicrotung bars to the Inconel 617 fixtures
with the specimen in place. For LVDT attachment, a crescent-shaped disk with a groove
slides onto each of the tabs located at the end of the gage section of the specimen. The
LVDT frame was secured onto these disks with set screws. Thus, the metal components
that are in immediate contact with the specimen are all Inconel 617.
5. The specimen was first loaded with the appropriate amount of dead weight on the creep
rig, to ensure that the specimen does not slip out of disks that mount the LVDT. The
Labview data acquisition program was activated, then heating the specimen was started.
6. The furnace portion of the rig was adjusted so that the center approximately coincides
with the center of the specimen gage section. Initially the set temperature for the furnace
was fixed at about 20% greater than the intended test temperature. Approximately an
hour and a half later, when the specimen temperature reading would be about 100°C
lower than the intended test, the furnace temperature is set to a temperature about 7%
higher than the intended test temperature. For the rest of the duration of the experiment,
the furnace set temperature sometimes requires minor adjustment to ensure the specimen
temperature remains at the intended test temperature.
7. Typically, the heating was ceased and load was removed once the specimen has ruptured
(automatically due to machine interlock) or once the specimen has accumulated the
intended/desired strain (manually by operator). Once the specimen had cooled to room
temperature or approximately 50°F, the load train can be removed from the rig and
disassembled. The sooner it was disassembled, the easier it was to get pieces apart.
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Experiment results

Creep strain as a function of time at 850°C and 69 MPa
0.3

0.25

STRAIN (IN/IN)

0.2

C08 100%
C14 90%
C12 80%

0.15

C09 60%

C11 50%
0.1

C13 40%
C10 30%
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Figure 2-6. Creep strain as a function of time for seven specimens at 850°C and 69 MPa. Specimen
C08 crept to rupture, while other specimens were interrupted accordingly.
Figure 2-6 shows creep test results at temperature 850°C with constant loading of 207 N,
69 MPa (30% of the yield strength) for seven specimens plotted as strain versus time. C08 was
crept to failure, whereas other specimens were interrupted at certain amount of creep strain
percentage from 30% to 90% (missing data for 70%) compared to rupture strain (𝜺r=0.24). Except
for sample C08, which ruptured, all samples exhibited primarily steady state creep.
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Table 2-2. Seven crept specimens and their percentage to rupture strain and creep time.
Specimen No.

C08

C14

C12

C09

C11

C13

C10

Strain 𝜺𝒊

0.24

0.21

0.20

0.14

0.12

0.10

0.07

𝜺𝒊/𝜺r (%)

100

87.5

83.3

58.3

50.0

41.7

29.2

Approx. (%)

100

90

80

60

50

40

30

t (hours)

130

150

125

98.5

71

83
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Table 2-2 demonstrates the specimen number and their creep strain percentage to failure
strain and the creep testing time. In this thesis, percentage to rupture strain is approximated to
their nearest tens percentage so as to conveniently represent different levels of creep damage.
These specimens were prepared for nonlinear acoustics test and microscopy study to investigate
the correlation between second harmonic generation and microstructure degradation.
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Chapter 3
Nonlinear Acoustic Measurement
In this chapter, nonlinear ultrasonic experiments with longitudinal bulk waves
propagating along the creep test axial direction for 8 different creep life percentage samples are
described in detail. The most challenging task of nonlinear acoustics measurements is to
minimize nonlinearity influences from sources other than the material itself, such that only
material nonlinearity dominates the measured nonlinear parameters. In reality, it is impossible to
exclude nonlinearities from outside, such as transducer, couplant, pulse generator, and signal
processing. But there are several ways to minimize and stabilize nonlinearities from outside, thus
making the nonlinear measurement of the material itself feasible. Control variable experiments
are extremely crucial by only changing the samples while retaining all other experimental
environment constant. Transducers and couplant with less nonlinearities are preferable in
nonlinear acoustic tests. Low pass filter is needed to damp out electronic higher harmonic
generation from pulse generator. A special experiment fixture was designed to keep good
alignment and hold everything fixed when making measurements. Consistent experiment
procedures were strictly followed to reproduce more sets of data for averaging.

Transducer and couplant
The transmitter is a 5 MHz Lithium Niobate (LiNbO3) thin “disc transducer” (Figure 3-1)
fabricated by Boston Piezo-Optics. Such single crystal Lithium niobate transducers can introduce
much less nonlinearity than PZT transducers. The diameter of the transducer is 6.3 mm, with its
inner circular actuation diameter only 3.8 mm. The thickness of this disc transducer is only 0.6
mm, thus making it extremely fragile to handle. It was chosen to fit the small cross section of the
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acoustic sample, which is 8.5 mm × 5 mm. Originally, 10 and 20 MHz disc transducers were
attempted to be used as transmitter and receiver. Higher central frequency results in even thinner
thickness of the transducer, which leads to brittleness and fragility. Transducer frequently failed
due to high temperature while soldering lead wires or high stree while bonding.

Figure 3-1. Pictures of Lithium Niobate transducer (left) and acoustic sample (right).

Instead of using Lithium Niobate transducer, a 10 MHz Ultran KC25-10 I40204
“commercial transducer” is used as the receiver. This broadband commercial transducer was
selected to receive both fundamental and second harmonic signal.
Phenyl Salicylate (Salol) (Figure 3-2) and traditional ultrasonic gel couplant are selected
to be the couplant for the disc transducer and commercial transducer respectively. The special
Salol couplant has its melting point at 41.5°C, which can be melted by heat gun in several
seconds and will recrystallize at room temperature within several minutes. Salol couplant was
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chosen to minimize the variation from inconsistent couplant bonding conditions. Since Salol
remains in a solid state at room temperature, it is more stable and uniform than other types of
liquid or gel couplant. However, it is not applicable on commercial transducer, because the
operating temperature of commercial transducer was higher than its melting point.

Figure 3-2. Picture of a bottle of Salol couplant.

Acoustic sample
Since the crept specimens were stretched to different strain levels, their cross section
areas also shrank to different sizes due to the Poisson effect. In order to minimize the geometry
influences for the ultrasonic measurements, these seven specimens, along with another asreceived specimen, were machined down to the same size of 22 mm × 8.5 mm × 5 mm

31
rectangular blocks (Figure 3-1 right), as nonlinear acoustic measurement samples. The top and
bottom 5 mm × 8.5 mm ends of the samples were polished.

Excitation cycles
Nonlinear tests prefer a longer tone burst excitation of single frequency sinusoidal
excitation to ensure energy concentration at a certain frequency. The longitudinal wave speed c in
Inconel 617 is measured to be around 5000 m/s. The wave propagation distance, also the length
of the specimen along loading axis, L is 22 mm. The one way time of flight T can be calculated
as:
𝐿
𝑐

𝑇= =

22𝑚𝑚
5000𝑚/𝑠

=4.4 µs,

(3.1)

Since the excitation frequency f is 5 MHz, the wavelength λ can be written as:
𝑐

𝜆=𝑓=

5000𝑚/𝑠
5𝑀𝐻𝑧

=1 mm.

(3.2)

Experiments showed that having the amount of cycles such that the total length of the
excitation wave is less than the one way wave propagation distance would result in optimal
uncontaminated receiving signal. The total length of the excitation wave Lw can be calculated as:
𝐿𝑤 = 𝜆 × 𝑁

(3.3)

where N denoted the number of excitation cycles. Since we need:
𝐿𝑤 < 𝐿

(3.4)

𝜆×𝑁 <𝐿

(3.5)

22𝑚𝑚
1𝑚𝑚

(3.5)

Therefore,

𝐿

𝑁<𝜆=

= 22𝑐𝑦𝑐𝑙𝑒𝑠

Thus, in the nonlinear acoustic experiments, 20 cycles tone burst excitation was implemented.
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Experiment setup
Figure 3-3 shows the schematic diagram of the experimental setup. A tone burst signal of
20 cycles at 5 MHz is generated by a high-power gated amplifier (Ritec RAM-5000).The
amplified high voltage signal passes through a 50 Ohm Load to suppress the transient behavior
due to the mismatch in electrical impedances between the amplifier and the transducer. Then the
signal is fed to a 5 MHz low pass Filter to lower the higher harmonic generation of the electronic
system from pumping into the transmitter.

Loading
Axis

Figure 3-3. Schematic diagram of experiment setup

A special mounting fixture (Figure 3-4) was designed and built by John Weigle to hold
the sample fixed in vertical direction. And a Teflon block is contoured to guide the soldered lead
wires on the disc transducer, which is placed beneath the disc transducer. The commercial
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transducer is pressed down by constant pressure on the top of the sample when bonding and
testing.

Figure 3-4. Experiment mounting fixture pictures from side and top

Experiment procedure
The nonlinear acoustic experiment procedure is listed as follows:
1. The disc transducer was bonded to the sample by melting Salol with heat gun. It took
about 5 minutes to melt and then recrystallize.
2. The sample along with the disc transducer in place was installed into the mounting fixture
with the disc transducer placed onto the Teflon at the bottom. Indents were placed in the
Teflon to match the solder beads and guide the lead wires out.
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3. The commercial transducer was placed on top surface of the sample with Ultra Gel
couplant in between. A 1 kg dead weight was put on top of the transducer to provide
consistent couplant conditions for every independent test.
4. Salol couplant was heated with heat gun for a couple of seconds till it melted again and
then recrystallization under the dead weight (for uniform bond thickness), taking about
15 minutes.
5. A sinusoidal electronic tone burst signal of 5 MHz, 20 cycles was provided by RITEC
RAM 5000 to the disc transducer with 100% output level.
6. The receiving transducer position was perturbed to get the receiving signal with
maximum amplitude.
7. The signal from the receiving transducer was recorded and averaged 32 times by
oscilloscope.
8. The sample was taken out of the mounting fixture. Both transducers were removed from
the sample.
9. Steps 1 to 8 were repeated five times for each sample to have 5 sets of data for each
sample.

Signal processing
The influence of window choice for second harmonic measurement has been investigated
by Liu Yang in his Ph.D. thesis [37]. Figure 3-5 shows his analytical results where three types of
Tukey window, Hamming window, Blackman window, Chebyshev window, Rectangular
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window, and Blackmanharris window with constant window length are applied to the same time
domain signal as seen in Figure 3-5 (a). Although different window types give various amplitudes
for the harmonic response in Figure 3-5 (b), they result in constant primary and secondary peaks
after normalization, shown in Figure 3-5 (c).

Figure 3-5. (a) Time domain wave packet that was analyzed, dashed lines indicate general window
area. (b) Various window types of identical length were applied and resulted with different
amplitudes for the frequency spectra. (c) Normalized frequency spectra. [37]
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The Tukey window, with the cosine-tapered ratio of 0.9, is the optimal choice since it
introduces lowest level of side lobes after FFT, providing the best resolution of peaks in the
frequency domain when compared to other window types.

(a)

(b)
Figure 3-6. (a) Time domain signal from oscilloscope with red square region highlighted as
windowed region for FFT. (b) Normalized frequency domain signals after FFT in log scale.
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Figure 3-6 (a) shows sample time domain signals from the receiving transducer. They
were recorded and averaged 32 times by oscilloscope. Due to the fact that sample cross-section is
not large enough to eliminate interaction with boundaries, lower amplitude wall reflection signal
followed with the primary transmitting signal is detected. The time domain signal was fed to a
dedicated Matlab program for windowing and fast Fourier transform (FFT). The Matlab program
is written by Liu Yang, which is provided in the Appendix A. As discussed before, a Tukey
window with constant window length was applied to the original waveform in order to isolate the
waveform of interest. Figure 3-6 (b) gives an example of normalized frequency domain signal
after FFT, which enables identification of A1 at the primary excitation frequency f0 and A2 at 2f0.
Based on the received signal (in volts), the relative nonlinear parameter 𝛽̅ = 𝐴2 /𝐴12 can be
calculated.

Results and discussion
Figure 3-7 shows the experiment results of the measured spectrum amplitudes A1 and A2
as a function of creep life percentage given five individual nonlinear acoustic tests for each
damage state. Generally, A1 was controlled by perturbing the position of receiving transducer till
it reached the maximum receiving amplitude of the time domain signal. The Ritec output level
was 100% for each test. The amplitude of A1 was kept in a relatively small range from 2 to 3
Volts to guarantee A2/A12 values are not dominated by big variations from A1, since A2 will be
normalized by quadratic term of A1 for the calculation of𝛽̅ . Except data from 90% creep life
sample, A1 stays relatively stable, and A2 reaches its maximum at 60% and then decreases.
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Relative nonlinear parameter A2/A12, noted as 𝛽̅, normalized by the nonlinear parameter
value for the as-received sample, is used to characterize the ultrasonic response representing
material nonlinearity, which varies with remaining creep rupture life as shown in Figure 3-8. The
error bars in the plot represent the standard deviation from the 5 individual tests. The error can be
considered as very small among nonlinear acoustic measurements, thanks to the consistent
experiment environment. It can be inferred from Figure 3-8 that 𝛽̅ increases to a maximum level
at εi/εr=60% and then decreases with increasing creep deformation. It can be clearly observed that
the maximum nonlinearity response occurs at 60% of the rupture strain, with a significant change
of almost 150% comparing to the baseline (0% of rupture strain). However, after reaching the
peak, the relative nonlinear parameter dramatically drops back to the same level as the baseline
when rupture occurs. Liu et al. [38] conducted similar nonlinear acoustic measurements on
thermally aged Inconel 617 specimens. Their results (Figure 3-9) showed a very similar rise and
drop trend of the nonlinear parameter 𝛽̅ versus aging time, but the time scale is an order of
magnitude larger. While creep rupture took 130 h, the thermal aging test went for 1248 h. It
seems reasonable that the constant stress (69 MPa) plays a significant role in microstructure
evolution.
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Figure 3-7. Experimental results of measured A1 and A2 versus creep life percentage with respect
to rupture strain from five individual nonlinear acoustic tests.
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Figure 3-8. Normalized relative nonlinear parameter 𝛽̅ of 6 samples from 0% (no creep damage) to
100% of rupture strain with error bars representing standard deviation of 5 individual tests for each
sample.

Figure 3-9. Inconel 617 nonlinear parameter versus thermal aging time at 950oC [38].
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Since the nonlinear ultrasonic response is closely related to the microstructure, there
appears to be a complex microstructure evolution that causes the acoustic nonlinearity parameter
to not increase monotonically with damage accumulation.
Obviously, the evolution of 𝛽̅ doesn’t match the accumulation of creep strain. Such
observations have also been shown in literature [30] and [31]. Additionally, the nonlinear
parameter for thermal aging Inconel 617 [38] also increases and then decreases. Since the
nonlinear parameter variations are shown to be closely related to microstructural evolution,
microscopy investigation would be of great help to study the microstructure evolution. Thus, by
taking advantage of scanning electron microscopy and transmission electron microscopy,
hopefully, a plausible correlation between nonlinear acoustic response and microstructure
degradation can be shown.
In order to demonstrate the necessity of nonlinear acoustic, the linear acoustic approach
was also conducted as a comparison. Longitudinal wave velocities for these acoustic samples
were calculated by measuring the time of flight from time domain signals. Figure 3-10 shows
average measured wave velocities as a function of εi/εr(%) for all 8 acoustic samples. The
measured wave velocity remains in a small range varying from 4950 m/s to 4980 m/s with
variation within 0.6%. The dashed line in Figure 3-10 demonstrates the linear best fit curve,
indicating that the longitudinal wave velocity as a function of εi/εr can be regarded as constant.
These results illustrate that wave velocity is not sensitive enough to characterize creep
degradation.
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Figure 3-10. Wave velocity as a function of εi/εr(%) for 8 acoustic samples. Dashed line shows
the linear best fit.
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Chapter 4
Microscopy Investigation
Nonlinear acoustic response due to creep damage demonstrates a high sensitivity to
microstructure alteration in Inconel 617, starting long before failure occurs. However,
microstructure degradation for creep damage could be a result from dislocations, precipitates,
microvoids formation, grain size reduction, and so on. SEM (Scanning electron microscopy) and
TEM (Transmission electron microscopy) studies were conducted on several representative crept
sample, such that in depth microstructure evaluation on crept Inconel 617 correlating with
nonlinear parameter 𝛽̅ can be achieved.

Scanning electron microscopy
Sample as-received (0%), C10 (30%), C09 (60%), and C14 (90%) were chosen for SEM
secondary electron observation to represent different levels of creep life to rupture. The SEM
instrument model is Philips XL30.
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(a) As-received (0%)

(b) C10 (30%)
Figure 4-1. SEM images for (a) as-received (0%), (b) C10 (30%), (c) C09 (60%), and (d) C14
(90%).
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(c) C09 (60%)

(d) C14 (90%)
Figure 4-1. SEM images for (a) as-received (0%), (b) C10 (30%), (c) C09 (60%), and (d) C14
(90%).
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The progression of creep damage on the specimen surface is clear. Figure 4-1 (a) shows
only surface scratches from machining, while Fig (b) for 𝜺i/𝜺r=30% shows a nonuniform
distribution of microvoids. At 𝜺i/𝜺r=60% in Fig (c) the void size is significantly larger, and
then at 𝜺i/𝜺r=90% in Fig (d) microcracks larger than 20 µm are visible.

Transmission electron microscopy
Though these SEM results make physical sense, we cannot draw a plausible conclusion
on how these results can be correlated to nonlinear ultrasonic response, where the highest second
harmonic generation occurs at sample C09 (60%). To further answer these questions, we need to
rely on much higher resolution TEM observation.
Gloria Choi was involved in the all of the TEM investigation work including preparing
samples, taking images and analyzing images.
The model of the TEM instrument is JEOL 2010 with a LaB6 source providing 100 kV
and 200 kV. TEM samples were prepared from three specimens, which are as-received sample
(0%), C09 (60%), and C08 (100%), representing healthy, mid age, and crept to failure. TEM
samples are taken from the one end of acoustic sample,which was originally close to the necking
initiation region of creep specimen. These well polished TEM samples are in thin circular disc
shape with 3 mm in diameter, and around 100 nm in thickness.
Figure 4-2 shows TEM images specially focusing on dislocation density for three
different samples. Generally, dislocations scatter discontinuously in the as-received sample with a
low density distribution, as shown in Figure 4-2 (a). When the sample was crept to 60% of its
final rupture strain (Figure 4-2 (b)), however, the dislocation density is obviously higher
throughout the TEM sample,where networks of dislocations cluster together. Some of the
dislocation structures even collapse and form subgrain boundaries with clear orientations. The
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same things occur in C08 (100%), but to a much severe extent. As can be seen from Figure 4-2
(c), the contrast is sharper, which indicates larger matrix lattice misfit. In addition, dislocations
form a cell strcture, evident from the dark linkes, that effectively refines the grain boundaries.

(a) As-received (0%)
Figure 4-2. TEM images focus on (red arrows) dislocation density for (a) as-received (0%), (b)
C09 (60%), and (c) C08 (100%) sample.
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(b) C09 (60%)
Figure 4-2. TEM images focus on (red arrows) dislocation density for (a) as-received (0%), (b)
C09 (60%), and (c) C08 (100%) sample.
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(c) C08 (100%)
Figure 4-2. TEM images focus on (red arrows) dislocation density for (a) as-received (0%), (b)
C09 (60%), and (c) C08 (100%) sample.

Figure 4-3 shows another group of TEM pictures comparing the grain size and grain
boundaries. Grain boundaries in as-received (0%) (Figure 4-3 (a)) sample are mostly clean
straight cut throught the grain, which results in relatively large regular shaped grains. In sample
C09 (60%) (Figure 4-3 (b)), grain boundaries are constructed by irregular dislocation lines,
dividing the structure into grain sizes much smaller than those of as-received. However, the
boundary lines, which are more sharp and clear in sample C08 (100%) (Figure 4-3 (c)), indicates
severe discontinuity from plane to plane. The boundary lines, irregularly spreading out in all
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directions, separate the structures into much smaller pieces, which results in the smallest grain
sizes among these three samples.

(a) As-received (0%)
Figure 4-3. TEM images focus on (red arrows) grain boundaries for (a) as-received (0%), (b)
C09 (60%), and (c) C08 (100%) sample.
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(b) C09 (60%)
Figure 4-3. TEM images focus on (red arrows) grain boudaries for (a) as-received (0%), (b)
C09 (60%), and (c) C08 (100%) sample.
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(c) C08 (100%)
Figure 4-3. TEM images focus on (red arrows) grain boudaries for (a) as-received (0%), (b) C09
(60%), and (c) C08 (100%) sample.

The previous investigations on dislocation density and grain refinements illustrate that as
the sample ages under load at temperature, higher dislocation density and smaller grain sizes are
evident, which are expected. However, the observation on precipitation is rather interesting.
Generally, precipitates can hardly be located in the as-received sample (0%). Figure 4-4 (a) shows
a couple of precipitates that we were able to locate. In sample C09 (60%), precipitates occurr
much more frequently. Figure 4-4 (b) shows two big blocks of precipitates found in sample C09.
Interestingly, we could not find that many precipitates in C08 (100%), especially large ones. They
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have more of a stringer shape and are located along grain boundaries (Figure 4-4 (c)) and reduced
in size.

(a) As-received (0%)
Figure 4-4. TEM images focus on (red arrows) precipitation for (a) as-received (0%), (b) C09
(60%), and (c) C08 (100%) sample.
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(b) C09 (60%)
Figure 4-4. TEM images focus on (red arrows) precipitation for (a) as-received (0%), (b) C09
(60%), and (c) C08 (100%) sample.

55

(c) C08 (100%)
Figure 4-4. TEM images focus on (red arrows) precipitation for (a) as-received (0%), (b) C09
(60%), and (c) C08 (100%) sample.

Since the precipitation appears to be an important indicator, we do further quantitative
examination on estimating the size of the precipitates for different samples. Image processing
software IMAGEJ was used to measure the area of the precipitates according to the scale bar. As
stated before, it was hard to find precipitates in the as-received sample. Thus, while 5 precipitates
each were measured for C09 and C08 only 2 were measured for the as-received sample. The
results are given in Table 4-1.
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Table 4-1. Precipitates area measurement results (µm2) in decreasing size order.
Sample No.

1st

2nd

3rd

4th

5th

As-received (0%)

0.075

0.054

C09 (60%)

0.332

0.201

0.200

0.089

0.084

0.1812

C08 (100%)

0.360

0.065

0.051

0.029

0.018

0.1046

Average
0.0645

Table 4-1 shows that discounting the largest precipitate in C08, the second largest
precipitate in C08 (100%) is still smaller than the 5th one in C09 (60%). For the C09 (60%)
sample, the average size of precipitates is significantly larger than as-received (0%) and C08
(100%). It was observed that as-received Inconel 617 sample contains relatively small amount of
precipitates when it was manufactured. Due to high temperature and loading, rapid precipitation
occurrs inside the grains of C09 (60%) sample, where precipitates reaches their maximun size and
amount. Further creep strain accumulation directly results in reduction of the precipitates into
small strip pieces shown in Figure 4-4 (c). These precipitates, joined by dislocations in between,
construct new barriers as shown in Figure 4-4 (c).
Quantitative precipitate size measurement results from the TEM images are plotted in
Figure 4-5. The dashed line is the 2nd order polynomial fit line of the average area. Generally,
largest size and most abundant of precipitates were located in εi/ε0=60%, which is where the
maximum nonlinear parameter taken place. However, other microstructural phenomena such as
microvoids fraction and dislocation density, increase monotonically while the creep strain goes
from 0 to rupture. Obviously, precipitates, microvoids and dislocation all contribute to the
microstructural degradation in crept Inconel 617. But precipitates appear to dominate the
nonlinear parameter variation, since Figure 3-4 and Figure 4-4 follow the same pattern of first
increasing, next reaching their maximum at εi/ε0=60%, and then finally dropping down. In other
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words, nonlinear parameter measurements in this case are more sensitive to precipitation than
dislocation density, grain size, and microvoids fraction.
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Figure 4-5. Precipitates aera measurements for TEM images of as-received (0%), C09 (60%), and
C08 (100%) sample.
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Chapter 5
Conclusion

Thesis summary
The purpose of this thesis was to evaluate microstructure degradation for Inconel 617
samples using nonlinear acoustic and microscopy approaches. Mechanical creep testing was first
conducted in order to prepare samples with different levels of creep stages for further nonlinear
acoustic measurements. A special ultrasonic bulk wave testing fixture was made to guarantee
experimental consistency. In addition, experiment procedures were followed to ensure the
reliability and repeatability of the nonlinear ultrasonic measurements. Nonlinear ultrasonic tests
were run on 8 samples, the signal of which went through dedicated signal processing procedures.
Final nonlinear ultrasonic response was analyzed and discussed. Finally, SEM and TEM
investigation on chosen samples were performed to correlate microstructure changes with
previous nonlinear ultrasonic response.
The main contents of this thesis are summarized as follows:
1. Background on uniaxial creep tests on Inconel 617 was studied. Theory and
experiments of nonlinear acoustic approach to characterize microstructure
degradations were reviewed.
2. Controlled mechanical creep tests were conducted on 7 specimens to prepare
different stages of crept samples for nonlinear acoustic measurements.
3. Acoustic bulk wave testing fixture was designed to improve experimental
consistency and repeatability.
4. A Lithium Niobate 5 MHz disc transducer was implemented to realize wave
propagation direction along the loading axis and to lessen nonlinearity from
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transducers. Salol couplant was introduced to stabilize the couplant bonding
conditions.
5. Rigorous bulk wave nonlinear acoustic experiment procedures were followed to
achieve repeatable measurements for five independent tests per sample with
relatively small error.
6. Nonlinear acoustic results for 8 samples showed nonlinear parameter 𝛽̅ follows a
tendency of increasing, reaching the maximum at εi/εr=60%, and decreasing
afterwards.
7. Wave speed measurements are conducted to show that such linear acoustic approach
fails to characterize the creep degradation.
8. SEM investigations were conducted on four samples, showing that microvoids
fraction increases and then microcracks initiate as creep continues.
9. TEM investigations were conducted on three representative samples. Microstructure
evolution, such as dislocation density, grain refinements, and precipitations, were
characterized. Quantitative measurements on precipitate sizes were studied, showing
that TEM image for εi/εr=60% sample has the largest precipitates.
10. Microstructure changes corresponding to nonlinear parameter 𝛽̅ were finally
evaluated. The sensitivity of nonlinear parameter 𝛽̅ to microstructure changes,
especially precipitation, demonstrates the potential of using nonlinear acoustics to
characterize creep degradation in an early stage. In addition, it is promising to
develop NDE or SHM systems based on nonlinear acoustics for the Next Generation
Nuclear Reactor.
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A detailed list of findings is provided below.


Inconel 617 was creep tested at 850oC under a nominal stress of 69 MPa (30% of the
yield strength) for up to 130 hours and the strain-to-rupture was 0.24.



Six specimens were interrupted at 90%, 80%, 60%, 50%, 40%, and 30% of the strain-torupture.



SEM images of sample surfaces indicate that microvoids fraction increases
monotonically with creep strain growth.



TEM images show that dislocation density increases, that grain sizes diminish
monotonically with creep strain accumulation, and that precipitates enlarge in both size
and quantity until εi/εr=60%, then they diminish.



Nonlinear acoustics measurements verify that the nonlinear parameter rises and reaches
its maximum at εi/εr=60%, then decreases. These nonlinear acoustic results agree with
those in the literature for bulk waves [30] and lamb waves [31] nonlinear acoustic
measurements for crept titanium alloy.



The nonlinear results are also in qualitative agreement with results from thermally aged
Inconel 617 samples [38].



A plausible explanation for the nonlinear acoustic results is described as follows:

From the microstructural evolution analysis of SEM and TEM in the Inconel 617 samples, it can
be noted that rapid precipitation and dislocation accumulations during the early stage contribute
to the rise in the precipitate-matrix lattice misfit and dislocation density [39], which result in a
significant increase of relative nonlinear parameter 𝛽̅ before εi/εr=60%. With further creep aging,
precipitates split and reorganize along grain boundaries and re-dissolved into the matrix which
results in a decrease of local strain in the lattice that accounts for the drop of relative nonlinear
parameter𝛽̅.
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Microvoids fraction and dislocation density are observed to be monotonically increasing
with creep life growth. However, precipitations in crept Inconel 617 appear to have a tendency to
accumulate in size and increase in quantity in the early creep stage and then reversing back till
rupture strain, which agrees pretty well with the curve of nonlinear parameter versus creep life.
Such observation indicates that acoustic nonlinear parameter variations are more sensitive to
precipitates than microvoids fraction and dislocation density.
The sensitivity of acoustic nonlinear parameter to the microstructure changes, especially
precipitation, with respect to creep degradation of Inconel 617 demonstrates the promising
possibility of implementing nonlinear acoustic approaches to design NDE or even further SHM
systems for Next Generation Nuclear Reactor.
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Future work
Correlation between the nonlinear acoustic parameter to microstructure changes in
material is a very interesting topic, but still remains in academic fields. Some of the most
interesting further developments of this work are listed below.
1. Micro-level analytical modeling to understand nonlinear wave generations due to
microstructural changes need to be studied. This will be a big step ahead to
understand how different types of microstructure changes influence the nonlinear
acoustic responses. And quantitative prediction can be made to use for microstructure
evaluations and further NDE and SHM development.
2. Nonlinear ultrasonic guided wave studies on crept Inconel 617 plates and pipes can
be done for more practical researches to develop NDE and SHM systems, since
guided wave can cover larger area. Furthermore, global and localized microstructure
changes can be characterized using nonlinear acoustic approaches.
3. Complete quantitative analysis on SEM and TEM images needs to be done.
Quantitative studies on microvoids fraction, dislocation density, and grain
refinements should be investigated to present a comprehensive quantitative
correlation between nonlinear parameter and microstructure changes.
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Appendix
Windowing and FFT MATLAB Code for Nonlinear Measurements
%WRITTEN BY LIU YANG

clear all
%Experiment Folder/file information
folder ='...';
v

=101:105;

N

= length(v);

%Find Sampling Frequency

%Initialize arrays
a1 = zeros(1,N);
a2 = zeros(1,N);
a3=zeros(1,N);
list2=zeros(3,N);
list3=zeros(3,N);
p = zeros(1,N);

%Calculate A1, A2, P
for i=1:N
hdr = importdata([folder num2str(v(i)) '.hdr']);
dt = hdr(2);
sf = round(1/dt);
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%import data
data=resample(importdata([folder num2str(v(i)) '.dat']),100e6,sf);
if i==1
%Chose Windowing
[xmin xmax]=choose_window(data);
end

%Extract Signal and zero pad
w1 = window(@tukeywin,xmax-xmin+1,0.9);
signal(i,:)=[zeros(100,1);(data(xmin:xmax)-mean(data(15:xmin-20))).*w1;zeros(100,1)];

%Calculate FFT
f(i)=FFT(signal(i,:),100e6,4096);

%Extract A1, A2, P, beta from data
df=f(i).f(2)-f(i).f(1);
a1(i)=max(f(i).y);
f2=round(7e6/df);
a2(i)=max(f(i).y(390:450));
a3(i)=max(f(i).y(600:650));
para=a3./a1.^3;
p(i)=(max(signal(i,:))-min(signal(i,:)))/2;
beta=a2./a1.^2;
for k=1:N
list2(:,k)=[a1(k),a2(k),beta(k)]';
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list3(:,k)=[a1(k),a3(k),para(k)]';
end

end

