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SUMMARY

This research determines the sensitivity of nonlinear ultrasound (NLU) to the
changes in microstructure of heat treated Fe-1.0% Cu and Fe-0.1% Cu binary alloys. The
Fe-Cu material investigated in this research serves as a surrogate material to simulate the
evolution of radiation damage that occurs in reactor pressure vessels (RPVs) of light water
reactors (LWRs). The formation of the Cu-precipitates in RPV steel is one of the main
factors leading to radiation embrittlement. With RPVs seeing more neutron irradiation than
originally anticipated, developing nondestructive evaluation (NDE) techniques capable of
evaluating the integrity of these structures is highly desirable. This research investigates
the sensitivity of the NLU technique, second harmonic generation (SHG), to the changes
in the surrogate material microstructure. It is experimentally observed that as the surrogate
material is heat treated the nucleated Cu-precipitates grow up to a few nanometers and then

coarsens.

For the experimental procedure used in this research, ultrasonic longitudinal waves
are propagated through the thickness of the specimens where higher harmonics are
generated. The nonlinearity parameter, 5, can then be calculated by relating the amplitude
of the fundamental frequency to the amplitude of the second harmonic wave. Additionally,
a theoretical model was applied to relate the change in £ to the change in the Cu-precipitate
radius. As will be seen in the results, there is a signification increase in £ for the Fe-1.0%
Cu specimens in contrast to there being little change in £ for the Fe-0.1% Cu specimens.

The significant increase in  demonstrates the sensitivity of SHG to these Cu-precipitates.

xii



CHAPTER 1. INTRODUCTION

1.1 Motivation and Objectives

With the nuclear industry in the United States entering the first period of life
extension, light water power reactors will see more neutron exposure and duty cycles than
were originally anticipated. While remaining life may be determined using destructive
tests, this is not always a viable option. Therefore, it is very important to develop
nondestructive evaluation (NDE) techniques to access damage due to chronic radiation
exposure in these nuclear reactor pressure vessel (RPV) steels. These techniques will be
one of the keys that will help provide the nuclear industry with a technical basis for a

second life extension (operation to 80 years).

When looking at ultrasonic NDE techniques, the decision must be made between
the use of conventional linear ultrasonic techniques or nonlinear ultrasonic (NLU)
techniques. Linear ultrasound is known to be able to detect damage that is on the same
order of magnitude as the wavelength of the ultrasonic wave where as NLU is known to be
able to detect microstructural damage that is orders of magnitudes smaller than the
wavelength of the ultrasonic wave. For the material investigated in this research, it will be
shown that the microstructural damage (Cu-precipitates) is on the order of nanometers,
while the wavelength is on the order of millimeters. With the damage being so small in this
material, it is desirable to use NLU as this will allow for the use of ultrasonic waves in the

2-5 MHz range which is a realistic capability of the experimental setup.



To date, work has been done demonstrating the sensitivity of NLU techniques to
irradiation damage [1-4]. However, irradiation embrittlement is caused by a variety of
different mechanisms as will be describe in CHAPTER 3. Therefore, it is important to
separate these variables in order to determine the contribution of each to the sensitivity of
NLU. This is accomplished through the use of surrogate specimens. Not only do surrogate
specimens control the type of damage that will occur in these specimens, but also provides
a specimen that can easily and safely be handled in a laboratory setting instead of a hot

cell.

This research focuses on a very important embrittlement variable which is the
precipitation of Cu that occurs during irradiation. In order to do this, two sets of Fe-Cu
surrogate specimens, 0.1% and 1.0% by weight of Cu, were investigated. Fe-Cu binary
alloys is a material that is well known to simulate radiation damage [5-8]. As Fe-Cu is heat
treated, the Cu-precipitates in the material grow in size simulating different amounts of

radiation damage.

The sensitivity of NLU to the growth of these Cu-precipitates was investigated
through the use of the NLU technique, second harmonic generation (SHG). SHG is a
technique where a single frequency wave propagating in a nonlinear elastic material will
generate higher harmonics as it interacts nonlinearly with the microstructure of the material
[9]. The amplitude of the fundamental frequency is then related to that of the second
harmonic resulting in the acoustic nonlinearity parameter, f. S values for each of the heat
treated surrogate specimens can be compared to determine the sensitivity of SHG to these

Cu-precipitates.



1.2 Previous Work: SHG

SHG has been shown in many publications to be sensitive to microstructural
damage in a variety of materials. The benefit of using SHG is the ability to detect
microstructural damage that is orders of magnitudes smaller than the wavelength of the
introduced ultrasonic wave in contrast to linear ultrasonic methods that can only detect
damage that is on the same scale as the wavelength of the wave. It has been shown that
microstructural features such as dislocations [10], dislocation dipoles [11], and precipitates
[12] can be detected with SHG. Hurley et al studied the precipitation of Cu-rich precipitates
in ASTM A710 steel where the nonlinearity parameter was compared to inhomogeneous
strain [13]. Viswanath et al studied the change in the relative nonlinearity parameter of
M250 maraging steel as it was heat treated for varying lengths of time [14]. Another study
developed a procedure to relate the nonlinearity parameter to the fracture toughness of the
material [15]. All of these studies show the ability of SHG to detect microstructural changes

in the material.

1.3 Structure of Thesis

This thesis will start off in Chapter 2 by deriving the equations needed to calculate the
acoustic nonlinearity parameter. Extensions of these relationships will then be made to
theoretically calculate the acoustic nonlinearity parameter for the specific microstructural
condition of precipitate pinned dislocations. It will be assumed that the nonlinearity in the
Fe-Cu specimens is due to the Cu-precipitates pinning dislocations. Finally, the end of
Chapter 2 will give a brief description of how the attenuation and velocity in the specimens

was calculated.



Moving on from the theoretical background of NLU, Chapter 3 will give a brief
background on radiation embrittlement. This chapter will set up the context for the need of
the surrogate specimens studied in this research as well as provide a description of the

current evaluation method of RPV steels.

Chapter 4 will provide a more in depth look at the surrogate material. It will provide
the background for the evolution of the Cu-precipitates. It will also discuss the radii of the

Cu-precipitates as well as the hardness that was measured for these specific specimens.

Looking to Chapter 5, an in-depth description of the experimental procedure will be
discussed. This chapter first looks at the preparation of the specimens and then delves into

the actual experimental method used to make the NLU measurements.

The next chapter, Chapter 6, discusses the results from both the NLU and linear
ultrasound measurements. The nonlinear results for both sets of surrogate specimens will
be investigated and compared. Additionally, an existing theoretical model will be used for
the change in the nonlinearity parameter and will be compared to the experimental results

for the Fe-1.0% Cu specimens.

Chapter 7 provides conclusions of the thesis as well as some ideas for future work that

may be done in this field of study.



CHAPTER 2. NONLINEAR ELASTIC WAVE PROPAGATION

2.1 Derivation of the Nonlinearity Parameter

Consider a single frequency sinusoidal longitudinal wave whose angular frequency
is . This wave propagates in the x-direction through the thickness of a nonlinear, isotropic,
elastic material where the equation of motion [10, 16] in one direction can be written as

Equation (1)

62u _ aO'xx (1)

pﬁ 0x

where p is the density of the material, u is the particle displacement, and o, is the normal
stress in the x-direction. This material has a quadratic nonlinear relationship between stress
and strain so the normal stress [10] can be written as Equation (2)

Jdu 1 Ju z (2)

O-xx = 0-0 + Ela‘l'zEz (a)

where oy Is the pre-existing stress in the material, E; is the second order elastic constant
and E, is the third order elastic constant. It is also known that the material nonlinearity
parameter, £, for a material in its virgin state has a relationship with the second and third

order elastic constants as can be seen in Equation (3). Equation (3) written in terms of the

second and third order Brugger elastic constants is given as:

B = 2 _ (3C11 + C111) (3)



Combining the constitutive equation for quadratic nonlinearity, the equation of motion, and
the relationship for $, one can derive the nonlinear wave equation[10] Equation (4) in one-

direction to be

2 2
Tu_ .o = o 07u (4)
at? dx] 0x?

where ¢; is the longitudinal wave speed in the material. A perturbation solution to this wave

equation which will be considered in this paper can be written in Equation (5) [10].

A, xk?
Ugyt = Aq sin(kx — wt) + 'BlTsin(ka — 2wt) + -+ ()

This solution takes into consideration that as a propagating wave travels through the
material and interacts with the microstructure, higher harmonic waves will be generated
(ie. 2w, 3w, etc.) [10, 17] where the amplitude of the second harmonic seen in the second
part of Equation (5) is found to be equal to

_ BACxk? (6)

A
2 8

By rearranging Equation (6) with respect to £, an equation (7) for the material nonlinearity
parameter can be found, and it can be seen that acoustic nonlinearity parameter is
proportional to the ratio of A, to A4,

84, A,

xk24,%2  A;°

B

With this knowledge, the value for a relative 8 can easily be determined through the

measurement of the amplitudes of the first and second harmonic waves. It is important to



note that this calculation of g assumes plane wave propagation as well as the absence of

attenuation, diffraction, and scattering.

2.2 Contribution of Microstructural Damage to Nonlinearity

In the Fe-Cu specimens investigated in this research, it is known that Cu-precipitates
nucleate and grow as the thermal aging of the material progresses (for more information
see CHAPTER 4). As these precipitates grow, they interact with the dislocations in the
base Fe matrix. These precipitates act as pinning points causing a bending of the dislocation
segment. Figure 1 shows a three-point bending scenario of the interaction of the dislocation

segment with the precipitates.

Dislocation Segment

O | 2L |

Bending Precipitate

Pinning Precipitates

Figure 1. Pinned Dislocation Segment

2.2.1 Dislocation contribution to nonlinearity parameter

Before one can understand the effect of precipitate pinned dislocations on the
nonlinearity parameter of the material, the effect of just pinned dislocations should be
determined. Hikata et al. developed a model for the effect of pinned dislocations in a

material on the acoustic nonlinearity parameter [10]. In their model, they considered a



pinned edge dislocation which is lying in the slip plane of an isotropic crystal. If a
longitudinal stress, a, is applied to this dislocation segment, the dislocation segment will
bow and form a circular arc of radius, . In this model, it is assumed that the dislocation
density is low enough that the interaction between dislocations can be ignored. This
longitudinal stress can be related to the shear stress through the use of the Schmid factor, R:
T = Ro. Equation (8) shows the relationship between this shear stress and the line tension,

T, due to the applied stress where G is the shear modulus and b is the Burgers vector.

T Gb
T=—=

b 2r (®)

In relationship to the shear stress, the corresponding shear strain can be determined using
Equation (9) where A is the dislocation density, L is half the dislocation segment length,
and S is the area swept by the dislocation segment (S = r?2 (9 — %sin(ze)). Plugging in

for the area swept by the dislocation segment and assuming that € is small, one can solve

for the second answer of Equation (9).
2 4
Ab _ 2AL 4AL (9)

_ e 3
2L° =3¢ " Tsgepe”

Ya

Knowing this information about the shear strain from the dislocation segment motion, the
total longitudinal strain can be determined by adding the dislocation strain and the lattice
strain as can be seen in Equation (10) where Q is the conversion factor from shear strain to

longitudinal strain.

e=¢g +Qyy (10)



Using the longitudinal stress-longitudinal strain relationship seen in Equation (2) to
determine the strain from the lattice, the total strain in the material can solved for as seen

in Equation (11).

1  2QAL?R E, 4QOAL*R3
€:<E—1+T>G+FO’2+W0'3 (11)

1

Now consider that an additional oscillatory stress, Aa, is applied to the dislocation segment
in addition to . This additional stress will cause the dislocation segment to move even
further causing an additional strain, Ae. Ao is a function of Ae and can be written as seen

in Equation (12).

Ao =|—+

1 20AL12R]! A
E. 3G ¢

(12)

E, 12QAL*R3 1 20AI2R] )
“z3t 5 O||E T €
E, 5G3b E, 3G
By comparing the form of Equation (12) to that of Equation (2), it can be seen that the
nonlinearity parameter is the negative ratio of the coefficients in the stress equation. Using

this knowledge an expression of the total nonlinearity of the material can be written as

Btot = |— (13)

E, | 240AL°R® 171 20AL°R -
EZ 5637 C||E, " 3G

2QAL%R . 1
py is much, much smaller than = Therefore,
1

For most materials, it can be assumed that

Bior CaN be written as



E, 24QAL*R3E,*
Btot = _E_1+—563b2 o (14)

As was seen in Equation (3), the lattice contribution to the nonlinearity parameter is 8, =
- EZ/El. From this relationship of the lattice contribution, the change in the nonlinearity
parameter due to pinned dislocations can be determined and is seen in Equation (15). Note
that in order to evaluate this equation, one needs to know the stress applied on the
dislocation segment.

_ 24QAL*R3E,*|o| (15)
5 G3b?

2.2.2 Precipitate pinned dislocation contribution to the nonlinearity parameter

Cantrell and Yost later used the relationship in Equation (15) to quantify the change
in the nonlinearity parameter by plugging the stress caused by a precipitate into Equation
(15) and applied the derived formula to evaluate the precipitation process in an aluminum
alloy [18]. This model assumes that the precipitates are randomly distributed throughout
the material. It also assumes that the precipitates are spherical in shape and are elastically
isotropic, and the stress is due to misfit between the lattice structures of the precipitate and

the matrix. The main addition to the Hikata et al. model is the definition of the radial stress.

Here the radial stress is assumed to be caused by the spherical precipitates randomly
embedded in the matrix of the material. Equation (16) shows this relationship between the
stress and the radius of the precipitate where § is the misfit parameter between the

precipitate and the matrix and r; is the radius of the spherical precipitate.

10



4Gy 3
o=- (16)

(L/,)°

Plugging this expression for the radial stress (Equation (16)) into Equation (15) one will
get Equation (17) for the change in the nonlinearity parameter due to a dislocation segment
that is pinned by precipitates.

AB ) QALR3C,4%|68|ry3 (17)
Bo ByG2b?

As can be seen in Equation (17), all of the variables except for L and r; are material
constants and are therefore not dependent on the growth of the precipitate. However, since
L and r; are dependent on the nucleation and growth of the precipitates, it is important to
develop relationships to calculate each of these quantities. The radius of the precipitate is
known to be a function of the critical radius, r, the volume fraction of critical nuclei, f,,
and the volume fraction of growing nuclei, f, as can be seen in Equation (18). The critical

radius is defined to be the statistical radius at which the nucleation of a precipitate occurs.

1/3
n =T (1 + ;—g) (18)

Since the precipitates are randomly distributed throughout the matrix, the distance,
L, between the precipitates is dependent on the volume fraction of critical nuclei as well as

the critical radius as can be seen in Equation (19).

1/3

n

11



Now that the equations for the radius of the precipitate and the distance between
precipitates are known, they can be substituted back into Equations (17) to finally obtain
the relationship between precipitate pinned dislocations and the nonlinearity parameter as
seen in Equation (20). If one were to know the material properties of the specimens that
they were investigating, one would be able to develop a theoretical model for the change

in the nonlinearity parameter as a function of precipitate growth.

AB QAR3C2|8|reir® , . _ _
= e AL (£ ) 20
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CHAPTER 3. RADIATION EMBRITTLEMENT IN RPV STEEL

3.1 Radiation Embrittlement Mechanisms

The chronic radiation exposure that is seen by these light water power reactors leads
to the embrittlement of the RPV steels [19, 20]. While embrittlement in the RPV steels is
a very complicated process and depends on many variables such as chemical composition,
neutron fluence, neutron flux, irradiation temperature, etc., studies have shown that this
embrittlement is caused by a combination of multiple microstructural changes [21].
Examples of these microstructural changes include vacancies, microvoids, dislocation
loops, and the formation of precipitates including clusters enriched with Cu, Mn, Ni, and

Si, as well as phosphide formations, and carbide formations [19-23].

Despite the complexity of embrittlement, the causes of irradiation embrittlement on
a basic level can be broken down into two main material changes [24, 25]. One material
change, radiation hardening, is considered to be the major contributor to embrittlement.
Radiation hardening will be described in more detail later on in this chapter. The second
material change is the segregation of precipitates along the grain boundaries. This
segregation of precipitates along grain boundaries can result in intergranular failure.
Precipitates that typically move to grain boundaries causing this intergranular failure

include phosphorus and sulfur.

3.1.1 Radiation Hardening

Radiation embrittlement is typically characterized by an increase of the ductile-to-

brittle transition temperature (DBTT). The DBTT indicates the transition temperature

13



between the low toughness brittle fracture region and the high toughness ductile fracture
region. In this section, the focus on the mechanism causing this increase in DBTT will be
material hardening. As precipitates nucleate and grow in RPV steel, the precipitates
provide an obstacle to the motion of dislocations in the material. This hindrance to motion
results in a hardening of the material, as described in more detail in Section 4.4. This
hindrance of motion also leads to an increase in the yield strength of the material [20, 25-

27]. This increase in the yield strength of the material induces an increase in the DBTT.

While there are many precipitates that form in RPV steel as irradiation occurs such
as Mn, Ni, and Si, Odette et al have provided considerable evidence the main contribution
to this hardening and consequently embrittlement is Cu rich precipitates (CRPS) [26, 27].
In many of the RPVs in the United States, there is a significant amount of Cu present in
the RPV steel coming from the use of recycled steel [21, 25]. Since Cu is one of the main
variables contributing to radiation embrittlement and significant amounts of Cu can be
found in RPV steel, it is desired to study these Cu-precipitates through the use of surrogate

specimens.

3.2 Current Surveillance and Monitoring Methods

Currently, the only method of surveillance for RPVs is through destructive tests. The
standard method is the placement of samples made out of the same RPV steel, typically
Charpy-V-notch impact specimens (CVN), inside the RPV at the startup of the RPV. These
samples are placed in areas of the RPV where the neutron flux is much higher than the
RPV will experience itself. This placement allows for the integrity of the RPV to be

monitored, and these samples provide a projective model for the RPV itself. Periodically

14



during reactor shutdowns, a CVN is removed from the RPV and a Charpy impact test is
performed allowing for the determination of the DBTT [20, 26-28]. A practical issue with
the CVVN specimen based DBTT determination is that the CVVN specimens initially placed
at the start of the RPVs are running out as the design life of the RPVs are ending. Additional
sets of CVN specimens could be placed but how to relate the DBTT based on new CVN

specimens to the actual DBTT of RVP steels remains an open question to be answered.
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CHAPTER 4. FE-CU SURROGATE SPECIMENS

4.1 Overview

The use of surrogate specimens to simulate different types of damage provides
many benefits in this field of research. Instead of having to travel to a specific site to make
in situ measurements and use any protective measures required for that environment,
surrogate specimens allow for measurements to easily be made in a laboratory
environment. In addition, surrogate specimens provide a method to separate variables that
might be affecting the microstructure of the material. This separation of variables allows
for the study of each effect separately and reduces any compounding effects that might be
occurring in the measurements being made. A better understanding of each individual
variable allows for a better understanding of the initial material as a whole. This

understanding allows for better and more accurate results in situ.

This research focuses on one of the critical variables which contributes to the
embrittlement that occurs during radiation, the formation of Cu-precipitates as discussed
in Section 3.1.1. Therefore, it is very important to study the effect that these precipitates
have on the sensitivity of SHG. This formation of Cu-precipitates can be simulated through

the use of Fe-Cu surrogate specimens.

Two sets of surrogate specimens (Six specimens per set) were manufactured
through the melting of pure Fe and pure Cu at the Korean Atomic Energy Research Institute
(KAERI). One set contained 1.0% by wt. Cu, and the second set contained 0.1% by wt. Cu.

Both sets of specimens were thermally aged for varying amounts of time at 500°C. Since

16



there were six specimens in each set of surrogate specimens, one specimen from each set
was set aside as a baseline specimen and the remaining five specimens from each set were
heat treated using the following heat treatment schedule: 5 hours, 15 hours, 30 hours, 100
hours, and 300 hours, respectively. This thermal aging promotes the nucleation and growth
of Cu-precipitates and simulates different amounts of radiation damage. More details of

the manufacturing and heat treatment of these specimens can be seen in Section 5.1.

4.2 Interaction between Cu-precipitate and matrix

The Fe-Cu specimens investigated in this research are a very similar to Fe-Cu
material that has been studied extensively in the past. Many experimental measurements
as well as computer simulations have been performed in order to better understand the
evolution of these Cu-precipitates and their interaction with the a-iron matrix as heat
treatment time increases. In particular, the coherency of the Cu-precipitates and the a-iron

matrix as precipitate radius grows is of interest.

It is well known that as the Fe-Cu material is heat treated the structure of the Cu-
precipitates transforms from the coherent BCC (body-centered cubic) structure to semi-
coherent 9R structure to incoherent FCC (face-centered cubic) structure[29-34]. Many
studies have been performed to determine the critical transition radius for each of these
structural transitions. Othen et al. showed that this transformation from BCC to 9R occurs
when the Cu-particle size is between 4 to 5 nm and the transformation from 9R to FCC

occurs when the Cu-particle size is approximately 18 nm [33].

17



4.3 Precipitate Radii of Fe-1.0% Cu Specimens

Microscopy measurements were performed on an identical set of Fe-1.0% Cu
specimens at KAERI. These microscopy measurements included the determination of the
Cu-precipitate radii as a function of heat treatment time through small-angle neutron
scattering (SANS) measurements conducted at the HANARO reactor [35]. These SANS
measurements were completed using a neutron wavelength of 4.31 A and a magnetic field
of 1.2 tesla. Figure 2 displays a graphical representation of these measurements and Table
1 displays the actual values of the exact radii measured. As can be seen from the figure,
the radii of the Cu-precipitates increased as a function of increasing heat treatment time
which was expected. While SANS data was only collected for heat treatment times of 5
hours to 100 hours, it is presumed that the precipitate radii will continue to increase as the

heat treatment time is increased to 300 hours.

Precipitate Radius (nm)
N w S (6} (0)) ~ oo

5 15 30 100
Heat Treatment Time (hours)

Figure 2. Cu-precipitate radius for Fe-1.0% Cu specimens
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Table 1. Cu-precipitate radius of Fe-1.0% Cu specimens

Heat Treatment Time (hours) 5 15 30 100

Radius (nm) 24 | 3.72 | 463 | 7.15

As can be seen from Figure 2 and Table 1, at a heat treatment time of 30 hours, the
radius of the Cu-precipitates is 4.63 nm. This indicates that a transition of the Cu-
precipitates from BCC structure to 9R structure might be occurring after the 30 hour
specimen. This conclusion is drawn from the fact that this radius falls in the transition range
that was discussed in Section 4.2. While the precipitate radius continues to increase as heat
treatment time increases, it is presumed that this set of specimens never reaches the
transition from the 9R structure to the FCC structure because the largest precipitate radii
observed is 7.15 nm (while there is no data for the 300-hour specimen the precipitate radii
is expected to be slightly larger than 7.15 nm) which is way below the transition radius of

18 nm as discussed in Section 4.2

4.4 Vickers Hardness Measurements Fe-1.0% Cu

Many studies have shown that as the radius of the Cu-precipitates grows there is
hardening of the material and after a critical radius there is a transition to softening of the
material [31, 34, 36, 37]. The initial hardening of the material is due to the Cu-precipitates
creating a stress that provides a resistance to the dislocation motion. This initial hardening
occurs when the precipitates have a BCC structure such that the precipitates have a coherent
lattice structure with the matrix’s. However, as the precipitates transition from the BCC

structure to the 9R structure, there is an increase in the distance between Cu-clusters which
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changes the stress that is present on the matrix which consequently no longer induces as

large of a resistance to the dislocation motion. This leads to the softening of the material.

Vickers hardness measurements were also made by Park et al on an identical set of
Fe-1.0% Cu specimens [38]. Figure 3 displays these Vickers hardness measurements. As
can be seen, there is an initial increase in the hardness of the material followed by softening
of the material as was to be expected. This softening begins after the 30-hour specimen.
This is what was expected because it was predicted that the transition from the BCC

structure to the 9R structure occurred for this specimen as was discussed in Section 4.4.
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Figure 3. Vickers hardness measurements [38]
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CHAPTER 5. EXPERIMENTAL PROCEDURE

5.1 Surrogate Specimen Preparation

The Fe-1.0% Cu and Fe-0.1% Cu surrogate specimens used in this research were
manufactured at the Korean Atomic Energy Research Institute (KAERI). The material was
manufactured by melting pure Fe and pure Cu. The material was then solution treated in a
vacuum at a temperature of 850°C for five hours. Finally, the material was water-quenched
to make two sets of binary alloy specimens, Fe-0.1% Cu and Fe-1.0% Cu [38]. Once
manufactured, these specimens were sent to the researcher’s lab for further specimen

preparation.

5.1.1 Heat Treatment

Both the Fe-1.0% Cu and Fe-0.1% Cu specimens underwent a heat treatment
schedule. This heat treatment schedule caused the nucleation and growth of Cu-precipitates
in this material simulating one feature of radiation damage that occurs in RPV steels as was
explained in CHAPTER 3. Each set of Fe-Cu material consisted of 6 specimens all
manufactured using the same process, as described at the beginning of the section, resulting
in a total of 12 specimens, six Fe-0.1% Cu and six Fe-1.0% Cu. From each set of specimens,
one specimen was set aside as the baseline, untreated specimen. Each of the remaining
specimens was heat treated following the following schedule respectively, 5 hours, 15
hours, 30 hours, 100 hours, and 300 hours. The heat treatment was performed in a furnace
at a temperature of 500°C. Throughout the heat treatment cycle, the temperature of the

furnace was monitored regularly through the use of a thermocouple in order to ensure that
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the temperature of the furnace remained 500°C. After the completion of the heat treatment
time, the specimen was carefully removed from the oven and placed on a concrete block.
After the specimen was taken out of the furnace, the specimen remained untouched and

was allowed to gradually cool at room temperature.

5.1.2 Surface Treatment

When making NLU measurements, it is very important to have smooth (almost
mirror like) surface conditions. Since the through thickness measurements require the use
of both sides of the material, smooth surface conditions are desired on both sides of the
specimen. In order to achieve these conditions after heat treatment, these specimens were
taken to ME machine shop at Georgia Tech for initial surface conditioning. Initially, a low
stress machining and a surface grind was performed on each of the specimens. Both of
these steps were done to remove the fire scale that formed on the surface of the materials
during heat treatment. Next, each specimen was sanded using sand paper from 80 grit to
2000 grit. The sanding was done on each side of the specimen, and the grit was only
increased after the effects of the previous grit were no longer visible. Figure 4 displays a
sample surrogate specimen before and after surface preparation. After preparation, it was

found that the dimensions of the specimens are 150 mm x 32 mm x 9.4 mm thick.
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Figure 4. Top:Specimen after heat treatment, Bottom:Specimen after surface preparation

5.2 Nonlinear Ultrasonic Measurement Setup and Procedure

The nonlinear ultrasonic measurements performed on these surrogate specimens
consists of the generation of a fundamental frequency sinusoidal wave which travels
through the thickness of the material and is received on the other side of the material. Figure
5 displays a schematic of the experimental setup that was used for these nonlinear

longitudinal measurements.
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Figure 5. Schematic of Experimental Setup

This experimental setup consists of a 0.5” diameter, Panametrics V106
piezoelectric generating transducer (center frequency of 2.25 MHz) fixed on one side of
the specimen and a 0.5” diameter, Panametrics V109 piezoelectric receiving transducer
(center frequency of 5 MHz) fixed on the other side of the specimen. Between the
transducers and the surface of the specimen, there was a thin layer of light oil coupling.
This thin layer of light oil coupling allows for better transmission of acoustic energy

directly from the transducer to the material.

The receiving transducer had a center frequency that was twice that of the
generating transducer in order to better capture the very small amplitude of the second
harmonic wave that was generated in the material. With the amplitude of the first harmonic
wave being orders of magnitude larger than that of the second harmonic wave, the receiving
transducer was still able to capture the signal well despite the center frequency being closer

to that of the second harmonic wave.
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Extra care was taken to ensure that the generating and receiving transducers are
aligned along their center axis when performing these through thickness measurements.
This allows for a direct transmission of the signal. In addition, extra care was also taken to
ensure that consistent pressure was applied to each of the transducers when affixing them

to the material.

For the measurements that were conducted in this thesis, the fundamental ultrasonic
signal was a 6 cycle tone burst at 2.2 MHz generated using a function generator (Agilent
33250A). A tone burst length of 6 cycles was chosen because this is the maximum of cycles
that could fit into the thickness of the material (i.e. the longest signal packet that could be
used without seeing any effects of reflections). This generated signal was then transmitted
to a high-power gated amplifier (RITEC GA-2500A) where the signal was amplified and
the input voltage to the transducer could be varied through the use of a dial on the amplifier.
From the amplifier, the amplified signal was then transmitted to the generating transducer
which in turn transmitted the signal through the thickness of the material. As the wave
traveled through the thickness of the material, it interacted with the microstructure of the
material (Cu-precipitate pinned dislocations) and generated a second harmonic wave as
was described in Section 2.2.2. The receiving transducer on the other side of the material

then received the signal.

The received signal was then directly transmitted to an oscilloscope (Tektronix
DPO5034B) where the signal was recorded and averaged for 512 averages. The signal was
then saved for post-processing that occurred later on. An example of this received signal

can be seen in Figure 6. After a single measurement had been saved, the amplitude of the
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input voltage was increased (increased amplification) and the next signal was saved. This

process continued until the entire input voltage range had been traversed.

LT
i

Figure 6. Example Time-domain Signal

5.3 Nonlinear Post-Processing

After all of the signals in the time-domain were recorded for a single sample, post-
processing was done in order to extract the amplitudes of the fundamental wave, A1, and
the second harmonic wave, A.. Typically, a fast Fourier transform (FFT) is performed on
these waveforms in order to extract the frequency content. However, the number of cycles
that were used in these measurements were too few to be able to use a FFT. When looking
at the FFT of the data, it can be seen that the side lobes of the fundamental frequency
interfere with the amplitude of the second harmonic which in turn corrupts the data as can

be seen in Figure 7.
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Figure 7. Sample FFT showing interference of side lobes

Therefore, the Prony method, described later in Section 5.3.1 was used to extract
the amplitude values for both the fundamental frequency and second harmonic frequency
for each of the measured signals. Figure 8 shows a sample of A; and A for one of the
measurement sets. The measurement number corresponds to a linear increase of the input

voltage. As is expected, it is seen that the amplitude of the fundamental frequency and

second harmonic increases as the input voltage increases.
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Figure 8. Sample of amplitudes for A; and A>

27



Once the amplitudes of the harmonics have been extracted, a plot is made of A
versus A12 where a linear function was fit to the data. An example plot of this linear fit
function and the corresponding A, versus A:? data points can be seen in Figure 9. The slope
of this linear function is known to be relative  as can be seen earlier in Section 2.1 in

Equation (7).

0.16 O msmt
slope = 0.001648

0.14

0.12

0.08 |

0.06

0.04

0.02 -

Figure 9. Example of the linear relationship between A; and A;?

5.3.1 Prony Method

The Prony method is a technique that was developed to fit a linear combination of
p exponentials to a set of data points. This technique develops an equation that
approximates a discrete data set. These exponentials represent the fundamental and higher
harmonics generated as the wave travels through the material. From this technique,
information about sinusoidal frequencies, amplitude, phase angle, and damping factor can
be determined. In this research, the only information that was of interest was the sinusoidal

frequencies and their corresponding amplitudes. The Prony method can be broken down
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into three general steps. Step one is developing a model which fits the data and finding the
corresponding parameters. Step two finds the roots of a polynomial developed from the
parameters. The roots of this polynomial can then be used to determine the frequencies and
damping factors. Finally in step 3, all of this information can be used to determine the
amplitudes and phase angles. All three steps will be expanded upon and explained in more
detail further in the section. It is important to note that the signal investigated with the
Prony method must be a finite sample with discrete data points. While the full derivation
of the Prony method can be seen here, more information can be found at the following

resource [39].

For example, consider the sinusoidal signal that was measured in the nonlinear
longitudinal measurements. The Prony prediction model for this sinusoid can be seen in
Equation (21) where A, is the amplitude, ay, is the damping, f is the frequency, 8, is the
phase angle, and T is the sampling interval in seconds (1/sampling frequency). Equation
(21) can be written in a form that is simpler to solve as can be seen in the second solution
of the equation. Equation (22) shows the value of h;, and Equation (23) shows the value

for z;,

p p
%[n] = Z Ake(ak+k2nfk)(n—1)T+j6k — Z hkzkn—l (21)
k=1 k=1
h, = A,el% (22)
Zp = elax+k2nfi)T (23)
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In this research, there are enough data samples to solve for all of the desired
parameters. Therefore, an exact fit to the model can be made. This means X[n] = x[n]
where x[n] are the exact data points pulled from signal. x[n] has a length of N where it
will be said that N=2p. In this case, x[n] will be the middle 4 cycles of the larger sinusoid
(the sinusoid with a lower amplitude is a reflection of the signal), and the sampling

frequency, fs, is 250 MHz. x[n] can be expanded into matrix form as seen in Equation (24).

x[1] oz, ... )N
x[?] _ zl1 ... z}, h.2 (24)
x(pl] |2 oz o gty

In order to find the solution to Equation (24), it is desired to solve for z, separately. In
order to do this, consider a p™" order polynomial @(z) known as the characteristic equation
as seen in Equation (25). This polynomial can be expanded into a power series as seen in

Equation (26) where a[m] are complex coefficients and a[0] = 1.

P
O(z) = (z—2z,) (25)
l_[ .
p
?O(z) = a[m]zP~™ (26)

Next, shift the indices of Equation (21) from n to n-m and multiply the entire equation by

a[m] as seen in Equation (27).
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p
a[m]x[n — m] = a[m] Z hyzp ™1 (27)
k=1

Now take the summation of Equation (27) over m=0 to p so that the equation is in a similar

form to @(z) as can be seen in Equation (28) which is valid forp + 1 < n < 2p.

Zp: a[m]x[n —m] = zp: hy, zp: a[m]zp—m1 (28)

m=0 k=0 m=0

L= 2"PzP7™1 a substitution can be made into Equation (28)

l

Knowing that z/"™™"

resulting in the following equation

p p p
almlx(n—m] = » hz'? > a[m]zl™ =0 (29)

It can be seen that the third summation in Equation (29) is equal to @(z;). Since z, is a
root of @(z), X2, _, alm]zl ™™ " is equal to zero and consequently the entire equation (29)
is equal to zero. Expanding upon this fact, one can write the left hand side of Equation (29)

into matrix notation as seen in Equation (30).

xipl - xp-1 - x| afl] X[p+1]
X[ p:+ 1] x[:p] x[:2] a[:2] _ x[p:+ 2] (30)
X[2p-1] x(2p-2] - x[pljalp] X[2p]

Using Equation (30) and the least squares method, one can solve for the coefficients, a[m].

Now that these coefficients are known, one can solve for the roots of the characteristic
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equation. To better understand this characteristic equation, the expanded form can be seen

in Equation (31).

ZP +azP 7t + -+ ap_1z+a, = (z—2)(z — 2z) (- )(z — Zp) (31)

The roots of the characteristic polynomial can then be used to calculate the damping factors

and the frequencies as seen in Equations (32) and (33), respectively.

a = ln|;k| (sec™) (32)
tan~1! (Im{Zk})
3 Re{z:} (33)
fi = —— 2 (12)

Since the values of z;, are now known, Equation (24) can be solved for the h; values using
a least squares algorithm. These h; values can then be used to determine the amplitudes

and phase angle values as seen in Equations (34) and (35), respectively.

A = |hyl (34)
0, = tan~! <ZZ§ZS) (radians) (35)

The main advantage of the Prony method is that it can be used to decompose short time
domain signals into their frequency, amplitude, phase angle, and damping components
without the worry of side lobe interference that is seen in FFTs. However, it is important

to note that noise has a larger effect on the Prony method than on the FFT. In these

32



measurements, the signal to noise ratio was very high and averaging of the measurements

improves the signal to noise ratio even more.

5.4 Linear Ultrasonic Measurements

5.4.1 Attenuation

The attenuation measurements were made by using an immersion technique as is
depicted in Figure 10. As can be seen in the figure, these measurements make use of the
pulse-echo method [40] where a pulse is generated and sent into the water. The pulse then
travels through the water and through the thickness of the specimen where is reflected off
the back wall and travels back through the thickness of the material. When this wave
reaches the front wall, part of the wave is transmitted to the receiver while part of the wave
is reflected back towards the back wall. This wave propagation provides the two reflections

that were measured by the oscilloscope and used for the attenuation calculations.
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Figure 10. Schematic for Attenuation Measurements

A sample signal for the attenuation measurements can be seen in Figure 11. In the
figure, the reflections from the specimen can be seen. Next, a Hann window was placed

around each of the reflections and a FFT was taken in Matlab to determine the frequency

spectrum of each reflection.
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Figure 11. Attenuation Time Domain Signal

After the frequency spectrum was obtained, the attenuation at a particular frequency

can be calculated according to Equation (36) where h, and h, are the distances depicted in
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Figure 10, k; is the wavenumber in the water for a particular frequency, k, is the
wavenumber in the material for a particular frequency, D, is diffraction correction
calculated using Equation (37), a is the diameter of the transducer, V; is the amplitude of
the first reflection at a particular frequency, and V, is the amplitude of the second reflection

at a particular frequency.

2 klaz
R, ?D, (st
a(f) = 2_221“ g2k (22’; + th))% (36)
Dy (—z(m n hz_))
D,(s) = |1 — e 5 (Jo(s) + i/, ()] (37)

5.4.2 Longitudinal Wave Velocity

The longitudinal wave velocity for the surrogate specimens used was calculated using
the data already taken for making the attenuation calculations. The time of flight, ¢,
between the maximum of the first and second reflections was measured and then used to
calculate the longitudinal velocity of the specimen as seen in Equation (38).

2 x thickness

== (38)
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CHAPTER 6. RESULTS AND DISCUSSION

6.1 Overview

This chapter presents the experimental and theoretical results for these surrogate
specimens. Using the procedure presented in CHAPTER 5, nonlinear ultrasonic
measurements using the SHG technique were made on both sets of surrogate specimens
(Fe-1.0% Cu and Fe-0.1% Cu). For each of the specimens, five measurement sets were
made in order to determine the consistency and repeatability of the measurements.
Additionally, a theoretical prediction was made as a comparison to the experimental

results.

6.2 Nonlinear Ultrasonic Results

The experimental results for relative g for the Fe-1.0% Cu specimens can be seen in

Figure 12. Since the thickness of each specimen (propagation distance) is equal and the

- A
same frequency was used for each measurement set, the results for £ are the ratio of A—§
1

where the amplitude of A, and A4, is in volts.
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Figure 12. Relative p for Fe-1.0% Cu Specimens

Each measurement point represents an average of 5 measurement sets, and the error
bars are the standard error for each of the heat treatment times. As can be seen in Figure
12, there is a significant change in f as the heat treatment time increases. There is an initial
drop in g from the baseline state to the 5-hour heat treatment time, that is assumed to be
due to the initial nucleation of Cu-precipitates; a similar behavior was seen in [18]. Cantrell
and Yost [41] observed an increase of 3 for a short period in the very beginning followed
by a decrease. In this measurement, this initial increase might have been missed to the
small number of data points for short heat treatment periods. After the initial drop for the
5-hour specimen, the measured g increases with increasing heat treatment time. This
increase for the 5-hour to the 30-hour specimens is due to an increase in the radius of the
Cu precipitates with increasing heat treatment time as evidenced by the SANS results of
Figure 2. After the 30-hour specimen, there is a coarsening effect and a loss of coherency

as evidenced by Figure 3 with a decrease in hardness. However, there is still an increase in
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S which may be due to one of two reasons. One reason is that some of the Cu-precipitates
will remain coherent with the Fe-matrix which would result in a continued increase in .
The second reason is as the Cu-precipitates transform from a BCC structure to a 9R
structure some of the dislocations will become unpinned. While it might be expected that
this would lead to a decrease in g, it actually might cause a compounding effect where the
total nonlinearity parameter is a combination of # due to the increase in precipitate radii as

well as f due to the dislocations in the material.

It is also seen in the figure that the measurements for the Fe-1.0% Cu specimens
produced sufficiently small error bars. Experimental conditions that contribute to the size
of these error bars include inconsistencies in coupling conditions between measurement
sets and inconsistencies in clamping force between measurement sets. Knowing that these
inconsistencies lead to variations in determination of £, it is very important to take as much
care as possible when preparing the experimental setup. To provide more consistency for
the coupling conditions, the specimen and transducers should be wiped down using a
smooth cloth in between each measurement set, and the same amount of light-oil couplant

should be applied to the transducers each time.
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Figure 13. Relative p for Fe-0.1% Cu Specimens

Figure 13 shows the experimental results for the Fe-0.1% Cu specimens. As can be
seen in the figure, these results are not conclusive. It can be seen that on average there is a
slight increasing trend in . However, this increase in £ is still within the range of the error
bars. This is because the Cu content is too small for the precipitation to occur in the same
time scale as in the 1% specimens. However, the small up-and-down behavior may be
corresponding to the same behavior in Cantrell and Yost [41]. In other words, the same
phenomenon occurs over extended time scale and with much smaller magnitude. This

hypothesis is to be validated in a further research.

6.3 Theoretical Model

The theoretical model for the nonlinearity parameter developed for this thesis is
based on the model for precipitate pinned dislocations developed by Cantrell and Yost [18]

as seen in Section 2.2.2. While the model provides a great model for the effect of precipitate
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pinned dislocations on the nonlinearity parameter, it does not account for instances when
the elastic properties of the matrix and precipitate are not equivalent. In order to account
for this difference in elastic properties, Hurley et al developed a new expression for the

radial stress around the precipitate [13].

This expression for the average stress on a dislocation segment can be seen in
Equation (39) where B is the bulk modulus of the precipitate and G is the shear modulus

of the material.

64Gr136[ 3B
(L)? [3B+46G

o] = 2|0, | = (39)

Plugging this equatoin for the average stress into the model developed by Cantrell and Y ost
(Equation (20)), one gets the expression for the change in the nonlinearity parameter due
to these precipitate pinned dislocations as given in Equation (40). This model assumes that
the average precipitate radius is the critical radius, and that all of the growing precipitates

are at the critical size.

QAR3C112|6|ra,,g
GZben1/3

Ap =4
g 95 + 4G

All of the variables in Equation (40) except for the average radius remain constant for all
of the specimens. Therefore, their values were found in the literature, except for the volume
fraction which was calculated from the weight percentage of Cu in the material. The
average radius was determined from the SANS measurements that were made on the

specimens and seen in Table 1.
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The values for the constants found in Equation (40) are summarized in Table 2.
These values were determined by consulting the literature and confirming their value with
multiple papers. The lattice misfit parameter was calculated by finding the percent change

in the lattice parameter from that of pure a-iron to that of the Fe-Cu matrix.

Table 2. Constants for Theoretical Model

Burgers | Dislocation | 2" Elastic | Shear Schmid | y strain to | Lattice | Bulk
Vector, | Density, A | Constant, | Modulus, | Factor, ¢ strain, | Misfit, | modulus,
b Cu G R Q ) B

248 A | 6x10¥m? | 286 GPa |83 GPa 0.3 0.3 1.4% 140 GPa
[42-44] | [44-46] [45, 47] [42-44] [13,18] |[13,18] |[48,49] | [13]

The volume fraction of Cu-precipitates was calculated from the percent weight of Cu
in the material which is known to be 1.0%. Knowing this, the weight of Cu in the material
can be calculated by multiplying the total weight of the specimen (333 g) by 1.0%, giving
3.33 g of Cu in the material. The volume of Cu, v,,, in the material can be found by
dividing this mass of Cu by the density of Cu, 8940 kg/m?® [50] (3.72x10"m?). The volume
fraction of Cu, f,,, can then be calculated by using Equation (41) where v;,:4; is the total
volume of the material. The total volume of the material can be found by adding the
volumes of Cu and Fe. The volume of Fe is found in the same manner as the volume for

Cu was found (density of Fe is 7870 kg/m?® [50]).

Vcu

= 0.89% (41)

fo =

Vtotal

Now that the values for the constants, volume fraction, and precipitate radius are

known, they can be plugged into the model to find Ag for each of the heat treatment times.

41



While the change in the nonlinearity parameter shows the trend of the nonlinearity in the
material as heat treatment time increases, it does not allow for a comparison between the
theoretical model and the experimental results. In order to make this comparison, the total
nonlinearity parameter in the material needs to be calculated and then normalized by the
undamaged state of the material. The total nonlinearity parameter is equal to AgS plus the
nonlinearity parameter of the undamaged Fe polycrystal, S.. AL is found in the literature to

be 8.76 [51] and can also be calculated using Equation (3).

Figure 14 displays the results of the theoretical model for the Fe-1.0% Cu specimens.
The radii size for the Fe-0.1% Cu specimens was not measured so the theoretical model
was not applied for these specimens. It should be noted that the theoretical model was only
calculated for the 5-hour through 30-hour specimens. This is because the model is no longer
valid after the start of coarsening. As can be seen in the figure, there is an increasing trend

in S as the heat treatment time increases.
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Figure 14. Theoretical Model for g for Fe-1.0% Cu specimens

6.4 Comparison between Experimental Results and Theoretical Results

Now that the experimental results and theoretical model for the Fe-1.0% Cu
specimens have been calculated a comparison can be made between the two. In order to
make a comparison with the normalized theoretical g, the experimental results are
normalized by the value of the 5-hour specimen. The 5-hour specimen is used to normalize
the data because it is the first heat treatment time after the nucleation of the Cu-precipitates.
Figure 15 shows the graphical comparison between these two sets of data. As can be seen
in the figure, both the experimental data and theoretical model have very similar increasing
trends in £ as the thermal aging of the material increases. The increase in g for the
theoretical model from the 5-hour specimen to the 30-hour specimen is 14% and the
increase in g for the experimental data from the 5-hour specimen to the 30-hour specimen
is 18%. The overall increase in the experimental data from the 5-hour specimen to the 300-
hour specimen is 42%. These significant increases in  demonstrate the sensitivity of NLU

to these Cu-precipitates.
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Figure 15. Comparison between experimental 4 and theoretical g for Fe-1.0% Cu
specimens

6.5 Linear Ultrasonic Results

While the focus of this research is on SHG using NLU, linear ultrasonic
measurements, attenuation and velocity, were made as a comparison. As discussed in
Chapter 1, linear ultrasound is not very sensitive to changes in the microstructure where
the micro-damage is much smaller than the wavelength of the introduced wave. This lack
of sensitivity will be seen in the linear measurements that follow because in this research,
the “micro-damage” comes in the form of Cu-precipitates whose radii are on the order of

nanometers whereas the wavelength of the fundamental frequency approximately 3 mm.
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6.5.1 Attenuation

The immersion technique, described in Section 5.4.1, used to measure the
attenuation avoids the complications and inconsistencies that arise in contact
measurements. It allows for more consistent and better coupling conditions between the
transducer and the specimen. However, this method would be impractical and very difficult

to implement in the field.

The results for attenuation of the Fe-1.0% Cu specimens as a function of frequency
can be seen in Figure 16. Figure 17 shows the attenuation of the specimens at 2.25 MHz
(center frequency of generating transducer) as a function of heat treatment time. As can be
seen in the figure, there is not as large of a change in the attenuation of the specimens
throughout the thermal aging as there was change in £. There is a decrease in attenuation
as heat treatment time increases until the 100-hour specimen and then there is an increase
in the attenuation. This trend in attenuation was also seen by Hurley et al who made linear
and nonlinear measurements on ASTM A710 specimens which contained Cu-rich
precipitates [13]. However, Hurley et al did not know the cause of this decrease and then
increase in attenuation. Additionally, this decrease in attenuation and then increase in
attenuation was seen by Matlack for a set of irradiated specimens [52] where the attenuation
decreased from the unirradiated state to medium fluence and the increased from medium

fluence to high fluence.
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6.5.2 Velocity

Figure 18 shows the results for the longitudinal velocity in the Fe-1.0% Cu
surrogate specimens. As can be seen in the figure, the Cu-precipitates seem to have no
effect on the velocity in the material where the change in velocity from the untreated

specimen to the 300-hour specimen is only 1%.
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Figure 18. Velocity of Fe-1.0% Cu Specimens

6.6 Comparison Linear and Nonlinear Measurements

From these measurements, a comparison can be made between the measurements of f
and longitudinal velocity for the Fe-1.0% Cu specimens. Attenuation will not be compared
because of its unexpected behaviour. Figure 19 shows a comparison between the
normalized S values for the Fe-1.0% Cu specimens and the normalized longitudinal
velocity values for the Fe-1.0% Cu specimens. As can be seen in the figure, the increase in
[ is approximately 42% while the change in the velocity is only about 1%. This comparison

demonstrates the difference in the sensitivity to the Cu-precipitates of the two different
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methods. It shows that NLU is much more sensitive to these nanoscale changes in the Fe-

1.0% Cu material than linear ultrasound is.
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Figure 19. Comparison between normalized £ and normalized longitudinal velocity for
Fe-1.0% Cu specimens
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CHAPTER 7. CONCLUSION AND FUTURE WORK

7.1 Overview

This chapter provides a conclusion to the work that was completed for this thesis and an

outlook to future work that could be completed to further work in this area.

7.2 Conclusion

The measurements made on these Fe-Cu specimens show the sensitivity of SHG to
the formation of Cu-precipitates if the Cu content is high enough. The results for the Fe-
1.0% Cu specimens show a definitive increasing trend in £ as thermal aging increases.
Initially, it is seen that g decreases from the baseline state to the 5-hour specimen. This
decrease in S is due to the nucleation of Cu-precipitates. After this initial period, it is seen
that £ increases with heat treatment. For the 5-hour through 30-hour specimens, this
increase is attributed to the growth of Cu-precipitates. However, for the 100-hour and 300-
hour specimens, the exact reason for the increase in £ is unknown. The increase is either
due to not all of the precipitates transforming to an incoherent state or due to both the
precipitate growth as well as free dislocation contributing to . From the 5-hour specimen

to the 300 hour specimen, it is seen that 5 increases significantly by approximately 42%.

These experimental results are complimented by the results of a theoretical model.
The theoretical model relates the material properties, volume fraction of Cu-precipitates,
and radii of Cu-precipitates to the nonlinearity parameter. As was seen in the experimental
results, the theoretical model shows that £ increases as the radii of the Cu-precipitates

increase.
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In contrast to the Fe-1.0% Cu specimens, the results for the Fe-0.1% Cu specimens
were inconclusive. It was seen that f had a slight increasing trend as heat treatment time
increased but was insignificant and very inclusive. These results show that the Cu content
in the Fe-0.1% Cu specimens was not large enough to be detected by SHG. Additionally,
the results of the linear measurements, velocity and attenuation, show very little variation

in the measurements as the heat treatment time increases.

7.3 Future Work

This research demonstrates the sensitivity of NLU to Cu-precipitates if the Cu
content is large enough. However, more work needs to be done in order to detect Cu-
precipitates in materials where the volume fraction of Cu is lower. This lower volume
fraction of Cu would be a better representation of RPV steel where the largest amount of
Cu is found to be around 0.5% [25]. Additionally, newer nuclear reactors are being made
with even less Cu (around 0.01%). Higher sensitivity to Cu-precipitates would allow for a

better comparison to these newer reactors.

This research only provides results from the SHG technique of using longitudinal
waves that propagate through the thickness of the material. It would be desirable to be able
to use Rayleigh waves to measure the nonlinearity of the material. One benefit of Rayleigh
wave measurements is being able to make measurements only on one side of the material.
This provides a benefit when one side of the material cannot be accessed. Another benefit
of Rayleigh wave measurements is the reduction in the influence of system nonlinearity.
With these benefits, it seems like Rayleigh wave measurements would be the obvious

choice. However, it was found that with the current systems Rayleigh wave measurements
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cannot be made on this material. When attempting to make the Rayleigh wave
measurements, it was found that the attenuation in the material was so large that the
received signal was lost in the noise. Note that the attenuation of Rayleigh waves is about
twice higher than that of longitudinal waves at the same frequency. Additional study of the
material and setup would need to be done to be able to perform these Rayleigh wave

measurements.

Additional microscopy and material study needs to be done to better link the change
in S to the microstructure of the material. The exact reason for the continued increase in j
for the 100-hour and 300-hour specimens is unclear. Therefore, more work could be done

to link £ to the changes in the microstructure.

It would also be of interest to heat treat the specimens for even longer period of time
to provide even larger Cu-precipitates where the matrix transforms to the FCC structure.
NLU measurements on these specimens would provide more insight to the connection from

the material to .
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