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ABSTRACT
Inconel 617, a nickel based super alloy is the premier candidate material for intermediate
heat exchanger components in the next generation nuclear power plant. This is due to its
excellent high temperature properties, most notably its corrosion resistance and yield strength.
Once in service, nondestructive structural health monitoring of these components, via ultrasonic
evaluation methods, within the nuclear power plant is essential in ensuring the safety of the plant
in addition to decreasing the reoccurring service costs. In developing such a method, results
yielded from destructive evaluation are necessary in determining the accuracy the ultrasonic
evaluation. The focus of this research is performing the destructive evaluation, via optical
microscopy and scanning electron microscopy, to determine how thermal aging, as well as creep
and low-cycle fatigue testing impact the microstructure of Inconel 617. Aspects include
examining oxidation and carbide depleted region thicknesses in thermally aged samples, and
observing grain boundary twinning and performing precipitate analysis in creep and low-cycle
fatigue tested samples.
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Chapter 1
Introduction
Within recent times, there has been tremendously increasing interest in the fields
of energy sustainability, energy independence, and environmentally friendly forms of
energy production. One potential energy production opportunity capable of fulfilling the
needs of society is nuclear power; through continued operation of current nuclear power
plants and implementation of the next generation nuclear power plant. The next
generation nuclear power plant will consist of a Generation IV or very high temperature
reactor. The Generation IV reactor presents great advancements in the aspects of
sustainability, safety, reliability, as well as economics. However, as the alternative title
entails, the reactor will include extremely strenuous component environments, which will
be capable of reach 1000°C. Whether it is the current power plants or next generation, it
is necessary to have evaluation methods for components in order to ensure component
structural integrity, which increases safety, reliability and service life of the power plants,
as well as reduces service costs.
Some of the most significant components of the next generation nuclear power
plants will be contained within the heat exchanger unit, which is responsible for
containing helium, the heat transfer medium, which transfers energy from the primary
reactor to a secondary unit which converts it to electricity. Operational conditions for the
heat exchanger will generally be within 750 to 850°C, but extreme situations can result
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temperatures in excess of 950°C. In order for components to withstand such strenuous
environments, they must be constructed of a material with excellent high-temperature
properties. As a result, Inconel 617, a nickel-based super alloy with great hightemperature abilities, is the premier candidate for use as the material from which the heat
exchanger components will be constructed.
Even though Inconel 617 has been proven to be capable of withstanding the
working conditions within the next generation nuclear power plant, it is necessary to
develop a way to monitor the structural health of components during use in order to
maximize safety of the plant. Establishing a way to monitor the structural health of
components will create exposition of degeneration, cracks or other flaws before resulting
in catastrophic failure. This will also increase the safety of this form of energy
production and decrease the lifecycle costs for service and repair of the heat exchanger
components.
In an attempt to develop a nondestructive evaluation method, fellow researchers
are using ultrasonic transducers to assess the microstructure of tested samples of Inconel
617, which have been exposed to testing environments meant to replicate those of the
heat exchanger components in the next generation nuclear plant. Such testing
environments include thermal aging, as well as creep and low-cycle fatigue testing.
However, in order to confirm accuracy of their results, a comparison between their data
and that of an additional evaluation method must be made.
The focus of this thesis includes performing destructive analysis, via optical
microscopy, on the same samples of Inconel 617 as used in ultrasonic evaluation. This
will include removing portions of the samples and performing optical microscopy on
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them to expose the microstructure of the alloy within micrographs. These micrographs
will then be assessed to determine how certain environments at the microscopic level
impact the alloy, as well as determine how the microstructure evolves. In addition, two
samples will undergo scanning electron microscopy (SEM) and electron dispersive
spectroscopy (EDS) in order to confirm precipitate composition. Once analyzed, the
results from this research, as revealed within the micrographs, will be compared to those
determined by ultrasonic evaluation with hopes of finding a direct correlation between
the two. If such a correlation is discovered, major progress towards developing a
nondestructive method of evaluation of Inconel 617 will have been made. This in turn
will also present substantial progress in ensuring the safety and reliability of the next
generation nuclear power plant as well as decrease the recurring service and lifecycle
costs of the power plant’s components.
However, in order to perform the optical microscopy and SEM, a sample
preparation process must be designed. This must include removing small portions of the
sample, then grinding, polishing and etching it. In order to perform each step, specific
equipment and supplies are necessary. The details, such as polishing methods and
etchant composition and time applied, must be determined by trial and error to yield the
best-prepared surface.
Implementation of the next generation nuclear power plant and prolonged use of
the current plants in service will aid in providing low-emission and sustainable energy.
As a result, nuclear energy is a valuable substitute to the conventional use of fossil fuels,
which are harmful to the environment and atmosphere. When compared to conventional
coal power plants, nuclear plants only require refueling in 18-month cycles while coal
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power plants require tons of coal on a daily basis. This is especially important when
discussing the aspect of sustainability. With increasing global populations, the necessity
of energy is constantly increasing, demanding more fuels to enable power plants. Such
demands will eventually result in depletion of coal and other fossil fuels. Plus, the
byproduct of nuclear energy production, nuclear waste, is magnitudes smaller than that
yielded from fossil fuels. However, there are complications that become a concern
involved with nuclear waste that are not an issue with energy production by fossil fuels.
By developing nondestructive evaluation techniques to continually monitor
structural health, the operational lifetimes or current power plants will increase in
addition to an increase in the safety of all nuclear power plants. This in turn will increase
national energy efficiency, by decreasing costs and emissions yielded by energy
production.
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Chapter 2
Literature Review
2.1 Inconel 617
Over the last several decades, Inconel or Alloy 617 has been used in a variety of
applications. These include use as components within ducting systems, combustion cans
and transition liner in aircraft and gas turbines, among others [1]. However, the current
interest in Inconel 617 is due to it being the primary candidate for heat exchanger
components in the next generation nuclear power plant. As a result, the alloy has been
subjected to tests and experiments meant to replicate the environment of a hightemperature, gas-cooled nuclear reactor [2]. Within this reactor, the most critical
components are those of the heat exchanger. The heat exchanger contains helium, which
will transmit the majority of the reactor’s thermal output to a secondary unit, responsible
for powering a turbine to generate electricity. Conditions in such working environments
will consist of temperatures between 750 and 850° C, but capable of exceeding 950° C in
the most strenuous conditions. In order to withstand these demanding conditions, an
alloy with high-temperature capabilities and stability is necessary for the construction of
these components [3]. Inconel 617 is capable of withstanding such environments due to
its composition, microstructure and properties.
Inconel 617 is a nickel-based alloy, with other primary constituents including
chromium, cobalt and molybdenum. The alloy also consists of other elements of smaller
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composition percentage. Common chemical compositions of Alloy 617 consist of
approximately 55% nickel, 22% chromium, 12% cobalt, 10% Molybdenum, and 1% or
less of a combination of others, most notably aluminum, titanium and carbon. The
chemical composition is subject to change from specimen to specimen, resulting in minor
variations of material properties [2].
Inconel 617 is a solid solution, strengthened, austenitic alloy, with a facecentered-cubic crystal structure. It has superior high-temperature tensile properties,
excellent corrosion, oxidation and reduction resistance in a broad variety of hostile
environments, and creep resistance up to 1000° C [4]. Each component of Alloy 617’s
composition affects the alloy’s overall properties. High percentages of nickel and
chromium contribute high reaction resistance, while the combination of chromium and
small percentage of aluminum result in oxidation resistance at elevated temperatures [5].
High nickel concentration also enables Inconel 617 to experience plastic deformation in
multiple slip planes, increasing its ductility [4]. Cobalt and molybdenum increase the
overall strength of the alloy [5]. As a result of its exceptional properties, Inconel 617 is
labeled as a “superalloy”.
In addition to the previously stated properties, at elevated temperatures, Inconel
617 undergoes a yield strength anomaly, or an anomalous increase in yield strength. As
stated within “Mechanism of yield strength anomaly of Alloy 617” by Roy and
Marthandam, Inconel 617 experiences an increase in yield strength at 800 and 900°C.
The tensile yield strength of Alloy 617 consistently decreases with increasing
temperature from 30 to 700°C, but experiences an increase at 800 and 900°C, which are
common operating temperature range of the application previously stated. However, at
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1000°C, the yield strength of the alloy greatly decreases. This and other information
including ultimate failure strength, percent elongation and percent reduction in area are
evident in Table 2-1 [4].

Table 2-1: Average tensile properties of Inconel 617 vs. temperature

Temperature (°C)
30
100
200
300
400
500
600
700
800
900
1000

YS ksi (Mpa)
54 (371)
44 (306)
41 (283)
38 (265)
37 (254)
35 (244)
32 (221)
31 (211)
34 (234)
34 (237)
19 (131)

UTS ksi (Mpa)
124 (856)
112 (774)
110 (761)
109 (752)
106 (728)
101 (697)
100 (688)
87 (598)
57 (392)
35 (240)
19 (131)

% El
78.35
74.4
78.41
77.71
79.9
78.68
79.05
80.83
100.23
84.49
88.23

% RA
61.98
56.88
60.17
56.2
57.41
53.74
48.56
48.44
73.02
78.53
72.07

2.2 Testing Conditions
In order to understand the microstructural evolution of Inconel 617, and predict
the active life of nuclear plant components, the alloy must be subjected to testing and
experimentation. For our purposes, we will focus on samples exposed to thermal aging
as well as creep and low-cycle fatigue testing. Most notably, the creep testing can be
used in order to stimulate void nucleation and growth among other microstructural
developments that result in reduction of material integrity and load carrying abilities.
Performing such testing and analysis aids in formulation of component maintenance and
service scheduling, and increases the overall safety and reliability of the components [6].
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2.2.1 Thermal Aging
Thermal aging is a form of testing that relates changes in material microstructure
to thermal exposure. For our purposes, thermal aging was applied to represent service
conditions within the next generation nuclear power plant. Within this process, no force
is applied to the specimens in order to determine how the microstructure reacts to thermal
exposure exclusively.
2.2.2 Creep Testing
Creep is time-dependent deformation that a material experiences as a result of
uniaxial loading. The applied load is constant and is less than the material’s yield
strength. The environments at which these loads are applied are usually at elevated
temperatures in order to simulate working environments. Because of this, the load
carrying capabilities of a material are significantly less during creep progression [7].
During creep testing, at the atomic level, dislocations are formed and move
throughout the material, consequently causing work hardening in the material. The
number or dislocations continually increase and relocate until they come upon barriers,
which prohibit their movement [9]. The results of creep testing are presented in strain
versus time, and often extend until failure, via rupture [7]. Creep consists of three stages
that can be seen in Figure 2-1. Within the initial stage, strain occurs at a brisk rate, but
then reduces, becoming nearly constant in the succeeding stage. Within the second stage,
the slope is referred to as the minimum or steady-state creep rate. Finally, in the third
stage, the creep or train rate is increased until the tested piece fails [7].
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Figure 2-1: Stages of creep

Creep failure comes as a direct result of development or nucleation of voids on
grain boundaries as well as cavitation [8]. Voids are the product of adjacent grains
translating at different creep rates. During this phenomenon, gaps or voids form between
the grains [9]. These voids are oriented normal to the applied stresses, and increase in
number and proximity as creep continues. Void nucleation is a result of not only applied
stress, but creep strain energy density as well [6]. This increase in proximity of these
voids eventually leads to the development of cracks [8]. As stated within “Modeling
Creep Damage Based on Real Microstructure” by Prawoto and Aizawa, “creep-induced
void nucleation and cracking at grain boundaries are controlled by the grain boundary
diffusion”. In addition, assisting in this process is the presence of impurities and
inconsistencies in the materials. The key is in determining the nucleation rate of the
voids, in order to formulate the rate at which cracks form and propagate [8]. Figure 2-2
shows the creep strength of solution annealed Inconel 617. Within this figure, the creep
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strength of the alloy is revealed for multiple temperature values and increasing stress
values [5].

Figure 2-2: Creep strength of solution-annealed Inconel 617 [5]

2.2.3 Low-Cycle Fatigue Testing
As previously stated, in addition to thermal aging and creep testing, the samples
of Inconel 617 being examined have undergone fatigue testing. Fatigue testing consists of
samples experiencing alternating, cyclic uniaxial loading until failure is reached. When
conducting this form of testing, the material is tested in strain-control using an
extensometer, and undergoes both tensile and compressive loads. For the observed
samples, low cycle fatigue testing methods were applied. Low cycle fatigue testing
consists of low cyclic frequency and large loads applied to the samples. The loads
applied generate stress levels higher than the yield stress of the samples [10]. The results
yielded from low cycle fatigue testing include determining relationships between stresses,
plastic and total strain, and fatigue life of the tested material. Such testing, similar to
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creep, is often done at elevated temperatures in order to replicate predefined working
environments for the material [11]. Results of low cycle fatigue testing of Inconel 617 as
well as the influence of changing strain rate and temperature are visible in Table 2. In
Table 2-2, NA is the number of cycles to macrocrack initiation, while Nf is cycles to crack
failure.
Table 2-2: Low cycle fatigue properties of Inconel 617 [2]

Figure 2-3 provides a visual of the common mechanical arrangement for fatigue
testing [12]. Within this mechanism, the sample is mounted in the center holdings, and
either hydraulic cylinders or electronic actuators, depending on the machine, create the
tensile or compressive loads, which are applied to the samples.

Figure 2-3: Mechanical arrangement for fatigue testing [18]
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2.3 Sample Preparation
The objective of this research is to correlate microstructure evolution of Inconel
617 from ultrasonic nondestructive evaluation with destructive microscopy. However,
within this thesis, only destructive microscopy is portrayed. In order to perform any form
of microscopy on the tested material, sample preparation must take place. General steps
include removing small portions of the tested samples, via cutting with designated blades
well suited for nickel-based material. The portion to be examined is then mounted in a
manner specific for the form of microscopy being performed. At this point, the mounted
specimen undergoes grinding, polishing and etching before being observed. Silicon
carbide paper is most often used for grinding purposes. Succeeding this is mechanical
polishing which is done using three to five micron diamond solutions [14]. When
preparing samples for transmission electron microscopy, electropolishing and
electromechanical etching follow mechanical polishing, which are unnecessary for
optical and scanning electron microscopy. Electromechanical etching consists of
applying a solution of a combination of acids, at a specific temperature, with an applied
voltage [15]. However, the sample preparation stages for optical microscopy include
cutting, mounting, grinding, mechanical polishing, and conclude with basic etching.
Similar to the electromechanical etching, the etchant is a combination of acids but can be
applied at room temperature with no applied voltage. When etching the surface of the
samples, etching time is a concern. Under etching can leave surface flaws created during
grinding or polishing, such as scratches or residues; while over etching can cause grain
boundary pitting and even remove surface carbides or other precipitates [16].

13

2.4 Microscopy Results
Once necessary preparatory steps are complete, microscopy can be conducted.
The images produced from microscopy are displayed via micrographs and expose
changes in the microstructure. For this thesis, only optical microscopy will be conducted,
yielding results that will then be compared to those of ultrasonic evaluation in order to
aid in developing a non-destructive method of assessing components made of Alloy 617.
2.4.1 Impact of Thermal Aging
Each form of testing yields different impacts on the microstructure of Inconel
617. Samples of the alloy which have been exposed to thermal aging at temperatures of
800°C to 1000°C have demonstrated formation of an oxide layer, and carbide exhausted
area below the oxide layer. Aging for extended periods of time at 100°C have resulted in
grain growth, and an extensive distribution of grain dimensions. The increases in
oxidation layer thickness, grains and grain sizes are also responsible for alterations in
mechanical properties; notable decreasing yield strength with increasing aging time and
aging temperatures. Also, increased aging time and temperature increases the size of the
carbide-exhausted area, as chromium transfers to aid the creation of the oxide layer [3].
Figures 2-4 and 2-5 illustrate the formation and expansion of the oxide layer as well as
carbide depleted zone for samples of Inconel 617 aged for 30 and 3000 hours respectively
at 1000°C [3]. The micrographs in Figure 2-6 reveal the evolution of the microstructure
of Inconel 617 after undergoing aging at 950°C for 1, 10, 100, and 1000 hours [14].
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Figure 2-4: Optical micrograph of Inconel 617 aged for 30 hours at 1000°C [3]

Figure 2-5: Optical micrograph of Inconel 617 aged for 3000 hours at 1000°C [3]

Figure 2-6: Evolution of the microstructure of Inconel 617 from thermal aging at 950°C [14]
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2.4.2 Impact of Creep Testing
Creep testing impacts the microstructure of Inconel 617 in ways varying from
other forms of testing. Previous research done by Roy et al. in 2009, which has included
performing creep testing at 750, 850 and 950°C with loads 10% of the material’s yield
strength, has demonstrated the existence of austenitic grains, annealing twins and
precipitates in samples tested in each of the stated temperatures. The grain diameters
were found to be between 0.098 and 0.126 mm for tested samples, while those of the asreceived samples were 0.097 mm. Precipitates, within these samples consist of
chromium carbide, Cr23C6 or an intermetallic stage of chromium and molybdenum, which
would results in Mo6C. However, the Cr23C6 is more acceptable since Cr has a higher
diffusion coefficient in Inconel 617 than Mo [17]. Figures 2-7 and 2-8 are micrographs
presenting the microstructure of Inconel 617 after undergoing creep testing at 850°C, 24
MPa, for 1000 hours, and 950°C, 18 MPa for 216 hours respectively [17].

Figure 2-7: Creep testing at 850°C, 24
MPa,1000 hours; vertical loads applied
relative to image [17]

Figure 2-8: Creep testing at 950°C, 18
MPa, 216 hours; vertical loads applied
relative to image [17]

16

2.4.3 Impact of Low-Cycle Fatigue Testing
Unlike creep testing and thermal aging, fatigue testing is often done until material
failure. Preceding research has found that at temperatures of 750°C, fatigue deformation
induces cellular precipitation of carbides in the alloy [13]. Fatigue testing also leads to
the generation of primary carbides in the form of M23C6 and secondary carbides as M6C.
Changes in strain rate of the fatigue testing can result in these carbides being located in
intergranular and intragranular regions, which are evident in the TEM micrographs in
Figure 2-9 [15]. Favored locations for the precipitation sites include deformation bands
and twin boundaries. Also, cavitation occurring on grain boundaries adjacent to the
fracture surfaces and can be seen in Figure 2-10 [15].

Figure 2-9: Intergranular and intragranular precipitate distribution [15]
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Figure 2-10: Intergranular cavitation adjacent to fracture surface of Inconel 617 [15]

The results of preceding works, such as those seen in the previous figures will be
compared to optical micrographs of the specimens used within this research in order to
determine the state of the microstructures of the tested specimens. However, there are
anticipated difficulties included in determining the classification of precipitates, due to
the inability of optical microscopy to define such characteristics. As a result, scanning
electron microscopy and electron dispersive spectroscopy will be used on several samples
to assist in classifying precipitates. Nevertheless, establishing general properties within
the microstructure of the tested samples will serve as a beneficial tool when comparing
results yielded by microscopy to those of ultrasonic testing, in an attempt to develop a
non-destructive evaluation method of Inconel 617.
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Chapter 3
Testing Conditions
3.1 Testing
As stated within previous sections, samples of Inconel 617 have been subjected to
a variety of testing conditions in order to replicate environments, which thermal heat
exchanger components in nuclear reactors could experience. The environments to which
these samples have been exposed include thermal aging, in addition to creep and lowcycle fatigue testing. Each form of testing impacts the microstructure differently than the
others. Also, the conditions applied in each form of testing, such as temperature, applied
stress, etc., have varying effects on the material as well. In order to fully understand how
its environments affect the microstructure of Inconel 617, the conditions for each form of
testing must be presented and considered.
3.2 Thermal Aging
Thermally aged samples were not subjected to any applied loads but only high
temperature environments for specific periods of time. Four samples of Inconel 617
underwent thermal aging and were aged at the same temperature, which was 950°C.
However, each of the observed samples was thermally aged for different amounts of
time. The samples were aged in thirteen day periods or periods of 312 hours. The
sample, which underwent the least amount of thermal aging, endured one period of
thirteen days. On the other hand, the sample which endured the greatest amount of
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thermal aging was exposed to four periods or a total of 42 days of thermal aging at
950°C. In addition, the other two samples underwent thermal aging treatments, one
undergoing two thirteen-day periods while the other underwent three.
3.3 Creep Testing
Four samples were analyzed which underwent creep testing. Gloria Choi,
graduate student, of the department of engineering science and mechanics at Penn State,
tested these samples. These samples were of dog bone shape and had a rectangular cross
section. The samples were mounted in the testing mechanism via pin and clevis. As with
thermal aging, each of the samples was exposed to different conditions, which included
different temperatures, strain rates and hold times, among others. Table 3-1provides the
test parameters for the samples observed.
Table 3-1: Test parameters for creep-tested samples [18]

Temperature
(°C)

Yield
Stress
(MPa)

% of
initial
stress to
yield
stress

Initial
Stress
(MPa)

Psi

Specimen
Area
(in2)

Force on
Specimen;
20:1 arm
(lbs)

Weights
Applied to
rig
(lbs)

950

120

36.6

44

6373.9

0.093

595

29.75

Within Table 3-1, the specimen area is the average of the samples tested. Table 3-2
shows the creep rate at which each sample was tested in addition to the duration of time
which the sample endured that creep rate.
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Table 3-2: Creep rate and time length of testing on samples of Inconel 617 [18]

Specimen
C02

C04

C05

C06

Run time
from

To

Duration (hrs)

Creep rate (s-1)

2.8

15.7

12.8

8.6E-07

19.0

52.8

33.8

9.4E-07

30.0

105.0

75

5.8E-07

117.0

229.0

112

6.9E-07

253

358

105

7.5E-07

4

7

3

1.3E-06

7.17

20.67

13.5

1.0E-06

30

105

75

1.1E-06

117

193

76

1.1E-06

The final results of the creep testing are evident within Table 3-3 as well as the time
required getting the testing environment to 950°C in addition to time required and
temperature when the samples reached 0.05% strain.
Table 3-3: Results of creep testing of Inconel 617 [18]
Specimen
% to
Eng.
Eng.
Final
Initial
Strain
Strain at
Strain
true
thermal
Rupture Load
after
strain
strain +
Removal
cooling
value
loading
(%)
(%)
(%)
strain
(%)
C02
100%
24.40
Ruptured 21.83
-0.02 to
0.05
C04
60%
14.66
14.68
13.68
-0.04 to
0.02
C05
30%
7.34
7.26
7.08
-0.02 to
0.04
C06
74%
18.15
18.19
16.68
-0.03 to
0.04

Time and
Temp.at
0.05%
strain
[Hr]
(°C)
2.7 (920)
3.9 (955)
2.4 (950)
2.3 (890)

Time
to heat
to
950C
[Hr]
(°C)**
3.6
(948)
3.8
(948)
2.52.8***
3.5
(954)

Test/
Load
time
(Hr)

66.2
61.5
21.2
44.7
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3.4 Low-Cycle Fatigue Testing
In order to determine the impact of low-cycle fatigue testing on Inconel 617, three
samples were analyzed. These samples were tested by Westmoreland Mechanical
Testing and Research, INC and were exposed to different temperatures, frequencies,
ramp rates, etc. to determine the impacts of different conditions. Similar to creep testing
samples tested were of dog bone shape, but with a circular cross section. The ends of
samples were threaded for mounting in the testing mechanism. Table 3-4 provides the
low-cycle fatigue testing conditions for the previously stated samples.
Table 3-4: Low-cycle fatigue testing conditions for samples of Inconel 617

Within this table, it is evident that each of the three samples was tested at the same strain
amplitude. However, the two samples exposed to the same temperature were tested at
different strain rates, while the two samples tested at the same strain rate had to endure
different temperatures. In addition, it is clear that the samples that were tested at lower
creep rates and higher temperatures experience crack initiation at a lower number of
cycles than those at strain rates and lower temperatures.
The three types of testing which have been applied to samples of Inconel 617 will
yield different results at the microstructural level. Due to previous works it is anticipated
that the thermally aged sample will experience surface and internal oxidation, as well as
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the development of an oxide-depleted region, while for the creep and low-cycle fatigue
tested samples, formation of precipitates, especially along grain boundaries is predicted
as well as twinning grain boundaries. The predictions will be supported or disproved by
micrographs produced via optical microscopy.
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Chapter 4
Experiments and Procedures
4.1 Sample Preparation
The experimentation portion of this work was included in developing a sample
preparation technique in order to prepare tested samples for optical microscopy. As
stated in the literature review, this includes removing a small portion of the tested
samples then mounting it in a fast-curing resin. Once mounted, the samples must undergo
grinding, polishing and etching to remove all surface debris and scratches, yielding a
mirror-like surface capable of being viewed at high magnification and resolution within
the optical microscope. The two most complicated portions of the sample preparation
process are in the polishing and etching portions, which took multiple attempts to
discover how to yield the best results.
4.2 Sample Cutting
The process begins with using a saw specially designed for sample preparation
purposes to remove a small portion of tested samples to be observed with the optical
microscope. Also, when using the saw, specific blades and machine settings must be
used depending on the sample material. All equipment and materials used for the entirety
of the sample preparation are purchased from Struers. Saw machinery being used is an
Accutom-5 cut-off saw, with a silicon carbide cut-off wheel. The speed of the cut-off
wheel during sample cutting is 3000 rotations per minute, with a feed of 0.015
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millimeters per second. Through the duration of cutting, water is applied to the blade in
order to maintain low temperature of the blade and limit the opportunity for failure.
Figure 4-1 is a photograph of the exact saw being used. The sample is placed in a holder
underneath the plastic hood to protect the operator from any projected fragments.

Figure 4-1: Struers Accutom-5 sample cut-off saw

4.3 Sample Mounting
Once the sample has been cut from the tested specimen, the sample must be
mounted in a fast-curing resin, allowing the sample to be ground, polished, etc. without
having to touch the surface to be examined, which could potentially jeopardize the final
results. The mechanism used to mount the samples is a ProntoPress-20 as seen in Figure
4-2, which melts the powdery resin material, then cures it by rapid cooling.
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Figure 4-2: Struers ProntoPress-20 sample mounting machine

Resin used for mounting samples of Inconel 617 is Isofast, which is a diallyl phthalate
hot mounting resin with glass fibers in it. The complete mounting process is eleven
minutes, seven of which are for heating at 180°C, the other four allocated for high-rate
cooling. The final result of sample mounting is the formation of a green puck made of
the cured resin, with the mounted sample visible within the puck’s cross-section as within
the examples in Figure 4-3.

Figure 4-3: Several mounted samples of Inconel 617
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4.4 Sample Grinding
Upon completion of the mounting phase, the mounted sample must undergo
grinding in order to remove debris from cutting and mounting, as well as large surface
scratches, which are often visible to the naked eye. Grinding takes place on a RotoPol-22
grinding and polishing machine, which is visible in Figure 4-4.

Figure 4-4: Struers RotoPol-22

As with the cut-off wheel, grinding is done using silicon carbide paper pads. Also, water
is continuously applied to the silicon carbide for two reasons. First, the water keeps both
the silicon carbide and sample cool in order to avoid damage to sample. Second, the
water removes debris on the silicon carbide papers, as the sample is grinded. This debris
mainly consists of large pieces of the sample that are removed, for example, edges
produced during cutting. The water facilitates removal of this debris by causing it to

27

proceed off the edge of the pad as it spins at a speed of 150 rotations per minute. There
are five cycles of grinding each sample must undergo. These include using silicon
carbide papers numbered 180, 220, 320, 1200, and 2400 in that order. Silicon carbide
paper number 180 has the coarsest grit, while the 2400 has the finest. In order to proceed
to finer grit silicon carbide paper, the surface is examined under a simple microscope at
ten times magnification to ensure there are no large surface scratches. Once this is
confirmed, the next silicon carbide paper in the sequence is used for grinding until the
number 2400 paper has been applied, which then completes the grinding phase. Notably,
for grinding, no sample holder is used. Each sample is held by hand, and is stabilized on
the spinning silicon carbide paper by applying a small, immeasurable amount of force
vertically on the sample.
4.5 Sample Polishing
Following sample grinding is sample polishing. Each sample undergoes three
rounds of polishing, two of which are using the same polishing materials. The machine
used for polishing is the same used for grinding. However, for polishing, a mechanical
sample holder is used which, in addition to the spinning polishing pad, also spins and
applies a user-specified amount of force to the sample being polished. Figure 4-5 shows
a sample undergoing the process of polishing. It is worth noting that for polishing, only
one sample is prepared at a time.
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Figure 4-5: Inconel 617 sample being polished

The polishing portion of sample preparation must be completed in the manner that
best removes all residues, scratches and other flaws on the surface that have been created
during other stages of sample preparation. If not done properly, significant surface flaws
such as residues or scratches will remain, resulting in tainted images from the optical
microscopy. Figure 4-6 presents a sample that has not been properly polished, and shows
the existence of substantial surface scratches that must be removed.

Figure 4-6: Improperly polished sample with clear surface scratches
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Removal of such flaws is done by determining the right polishing procedures,
which include type and amount of polishing solution used, what polishing pads are best
suited for the material as well as polishing time and amount of vertical force needs to be
applied to the samples. The three stages, which the samples of Inconel 617 have endured,
are necessary in order to best remove all flaws and prepare the samples for optical
microscopy.
The first round of polishing is accomplished on an MD-Dac polishing cloth with
DiaPro polishing solution. DiaPro polish is a water based 3-micron diamond suspension
with lubricants. For this phase of polishing, the pad platform and sample holder spin in
the same clockwise direction at 150 rotations per minute for a total of three minutes.
During the three-minute span, the sample holder also applies a thirty-newton force to the
sample being polished. Throughout the duration of this phase of polishing, additional
polishing suspension and distilled water are applied to the polishing pad. Additional
solution is applied every twenty seconds after polishing begins, while distilled water is
applied to the pad every thirty seconds after polishing begins. The reason for adding
additional polishing solution is due to the fact that as the pad platform spins it causes the
solution to be forced to the edge of and eventually off of the pad, thus resulting in the
need of additional solution. Also, distilled water is applied in order to remove any large
sample fragments, which could potentially scratch the polished face of the sample.
The second and third rounds of polishing are completed using the same polishing
pad and solution. The pad used is an MD-Chem cloth final polish pad made of porous
neoprene. The polishing solution used is OP-AA suspension, which is an acidic alumina
suspension. Polishing time using this pad and solution combination is two minutes, for
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both the second and third polishing phases. The differences between the phases are in the
force applied to the samples as well as the spin direction. In the second polishing phase,
a force of twenty newtons is applied to the sample, which is being rotated by the sample
holder in a counterclockwise manner, while the polishing pad continues to be rotate
clockwise. For the latter polishing phase, a fifteen-newton force is applied to the sample,
and the polishing pad and sample holder rotate in a clockwise fashion. For both the
second and third rounds of sample polishing, the sample holder and polishing pad still
rotate at a speed of 150 rotations per minute. Also, through the duration of these two
phases, similar to the first round of polishing, additional polishing suspension and
distilled water are applied to the polishing pad, with polishing solution applied every
twenty seconds and distilled water being applied every thirty seconds.
Once mechanical polishing of a sample using the MD-Chem cloth pad and OPAA suspension is completed, a residue from the polishing suspension is evident on the
surface of the sample. In order to remove this, an additional MD-Chem cloth pad is
needed. The pad used to remove the residue has had no prior use in polishing samples.
This pad is wetted using distilled water and the sample surface is lightly slight across the
wet pad. During this process, not vertical force is applied to the sample. Removal of the
residue marks the conclusion of the polishing portion of sample preparation.
4.6 Sample Etching
Etching marks the final step in sample preparation for performing optical
microscopy on samples. Etching includes using an acid or other penetrating solution to
remove excess residues or surface particles such as dust or other small artifacts not
removed by polishing. The result of etching includes clear exposition of grain
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boundaries, voids and other aspects that are incapable of being focused within the optical
microscope without the use of a surface etchant. However, in order to be able to see such
microstructural aspects, a sample must be etched with the proper etchant and necessary
etching time. Under etching results in the inability to clearly see aspects of sample
microstructure, while over etching removes certain aspects entirely. Figure 4-7 displays a
micrograph of a sample of Inconel 617, which has been under etched, while Figure 4-8
shows a sample, which has been over etched. In order to compare the effects of under
and over etching, Figure 4-9 shows a sample, this has been properly etched and clearly
exposes features of the microstructure. It is worth noting that all three of these figures
are at the same magnification, which is 200x.

Figure 4-7: Under etched sample of Inconel 617
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Figure 4-8: Over etched sample of Inconel 617

Figure 4-9: Properly etched sample of Inconel 617

In order to properly etch the polished samples of Inconel 617, a solution
consisting of three acids was used. The three acids included hydrochloric, acetic and
nitric acids at volumes of thirty, twenty and twenty mL, respectively. These three acids
are mixed and applied to the surface of the samples via a dropper, and remain on the
samples for nine and a half minutes. The duration of time which the samples were
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exposed to the etchant was determined by means of trial and error. Experimentation with
etching times of one to twelve minutes was conducted. From this, it was determined that
etching for 9.5 minutes resulted in good clarity of grain boundaries within images, with
little removal of them via over etching. Once the etching period is complete, the etchant
is then removed and distilled water is applied to the samples, which are then ready for
optical microscopy.
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Chapter 5
Results & Analysis
5.1 Aspects Considered
Each form of testing differently impacts the microstructure of Inconel 617. As a
result of the testing conditions, in each sample of Inconel 617, there will be different
aspects that will be focused on during analysis. Within thermally aged samples, the oxide
thickness and thickness of the carbide depletion region will be the main focus. However,
for creep-tested samples, precipitate identification and precipitate concentrations are the
key areas of interests. Finally, for low-cycle fatigue tested samples, emphasis will be on
twinning and precipitate concentration, especially those around grain boundaries. All
samples will then be compared to the as-received sample of Inconel 617, which has not
undergone any form of testing, and is visible in Figure 5-1.

Precipitates

Figure 5-1: As-received sample of Inconel 617
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Within Figure 5-1 there is clear evidence that precipitates exist. By using ImageJ
analysis software, 21,657 particles of size 0.225 micron exist in an area of 0.252 square
millimeters with an average particle size of approximately 1 micron. It is assumed that
the majority of these particles are some form of precipitate. In addition, the precipitates
do not appear to be at the grain boundaries. Also, there appears to be no twinning evident
in this image. ImageJ will be used for analysis of all other samples included in this work.
5.2 Analysis of Thermally Aged Samples
Of the four samples exposed to thermal aging, those exposed to one and four
thirteen-day periods will be assessed in order to establish a comparison. Figure 5-2
provides an image of the area near the sample edge of the sample exposed to one aging
period.
Surface
Oxidation
Internal
Oxidation

Figure 5-2: Inconel 617 exposed to 13 days of thermal aging at 950°C

As anticipated, in Figure 5-2, surface and internal oxidation is evident as well as a
carbide-depleted region. Within this sample, the measured thickness of the surface
oxidation layer is approximately nine microns, while that of the internal oxidation is
approximately fifty microns at the deepest point. In addition, the thickness of the

36

carbide-depleted region is approximately 95 microns from the surface of the sample, or
45 microns from the deepest point of the internal oxidation.
Figure 5-3 is a micrograph of a sample of Inconel 617 exposed to four periods, or
a total of 52 days of thermal aging at 950°C.

Figure 5-3: Inconel 617 exposed to 52 days of thermal aging at 950°C

Similar to Figure 5-2, Figure 5-3 also includes surface and internal oxidation, as well as a
carbide-depleted region. However, if Figure 5-3, the thickness of the surface oxidation is
approximately ten microns, while that of the internal oxidation is approximately 45
microns. Also, the thickness of the carbide-depleted region is approximately 135 microns
from the sample surface or approximately ninety microns from the deepest point of
internal oxidation. Within both samples, no twinning is evident. It is worth noting,
within Figures 5-2 and 5-3 there appears to be a large number of particles directly
beneath the internal oxidation, which could lead to the idea that these particles are
carbides or other precipitates. However, these are not precipitates. These small particles
are nothing more than dust, which had accumulated on the polished and etched face of
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the sample in the time frame of preparation completion and performing optical
microscopy.
5.3 Analysis of Creep-Tested Samples
As previously stated, the key areas of interests for creep-tested samples of Inconel
617 are precipitate identification and their concentration in the samples. The precipitates
focused upon are those which are 0.2 microns or larger. This is due to results yielded
from SEM. When conducting SEM, it was found that the smallest evident precipitates
had one dimension that was no smaller than 0.2 microns. In addition, there appeared to
be two types of precipitates within the samples. These were precipitates of size greater
than five microns and those of size less than five microns. It can also be stated that the
precipitates of each category all had similar shape and color. Data regarding precipitate
concentration in each of the creep-tested samples in evident in Table 5-1.
Table 5-1: Creep-tested sample precipitate concentrations

Area
Precipitates of Precipitates of
Analyzed
Total
Size
Size
Sample (square mm) Precipitates
> 5 microns
< 5 microns
C02
0.252
166
52
114
C04
0.252
350
82
268
C05
0.252
136
72
64
C06
0.252
146
23
123
Note: precipitates counted of size 0.2 micron or larger

Average
Size
(microns)
3.563
2.162
5.88
3.266

From the data within Table 5-1, it appears that there is a direct correlation between
engineering strain and average precipitate size, as well as time taken to get to 950°C and
average precipitate size. For example, the time necessary for sample C05 to get to 950°C
was the shortest of all samples, and it has the largest average precipitate size of them all.
However, sample C02 had the third shortest time necessary to get to 950°C, but it had the
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greatest engineering strain at removal, and the second largest average grain size. Also, it
seems that there is also a relationship between time taken for the samples to get to 950°C
and number of precipitates. Sample C04 was heated much faster than the other samples,
and had many more precipitates than the others.
In order for the results of this research to be valuable to fellow members of the
research group attempting to develop a nondestructive evaluation method, the
composition of precipitates is needed in addition to their size and concentration. This
analysis was performed on two creep-tested samples, C02 and C06. In order to complete
such analysis, scanning electron microscopy and electron dispersive spectroscopy were
completed. Figure 5-4 is an SEM generated image of sample C02 at a location near the
failure surface.

Void
Precipitates

Figure 5-4: SEM image of creep tested Inconel 617 sample C02

In Figure 5-4, both precipitates and voids are present. Voids have an elongated shape and
form as the material approaches failure or rupture. Also, the voids seem to grow along
the grain boundaries. The precipitates have a more geometric, almost polygonal, shape.
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Within Figure 5-4 the precipitates seem blackened, almost looking like voids; this is due
to the fact that because the precipitates are of lower density than the bulk Inconel 617.
The electrons within the beam generated by the scanning electron microscope hit the
precipitate material and go right through it, as do the ejected x-rays, which are caused by
the electron beam contacting the Inconel 617. Both the beam and ejected x-rays fail to
recognize the precipitate due to the density difference between it and the 617. Figure 5-5
shows another view of a precipitate within the same sample, but at a higher
magnification.

Figure 5-5: Precipitate in creep tested sample C02

Within Figure 5-5, it is clear that the precipitate shape is very comparable to a square.
This specific precipitate represents one of two common sizes of precipitates found in the
creep tested samples of Inconel 617, as found via SEM in samples C02 and C06. This
sample represents the larger of the two types of precipitates. In order to determine the
composition of this precipitate, EDS was conducted. The results of the EDS present the
basis for concluding that the larger precipitates within the creep-test samples of Inconel
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617 are titanium nitride rich carbides. Figure 5-6 displays the EDS data that lead to this
conclusion.

Figure 5-6: EDS results for larger size precipitate

Within this figure, it can be seen that the carbide is titanium and nitrogen rich. In
addition, there appears to be chromium and manganese too. However, most likely these
additional elements present are the result of excess x-rays reaching materials outside of
the carbide within the bulk material.
As previously stated, in addition to the type of carbide just discussed, there was a
second category of precipitate, which was much smaller in comparison. These
precipitates were smaller than five microns in size and primarily were located along grain
boundaries within the creep-tested samples. This precipitate can be seen in Figure 5-7,
which is an image from the same sample in Figure 5-5, but at a much higher
magnification.
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Figure 5-7: Smaller precipitates in creep tested sample C02

Once again, EDS was used to determine the constituents of these precipitates. Unlike the
larger precipitates, when the scanning electron microscopy was conducted, the smaller
precipitates had a higher density, resulting in an image of the actual precipitate being
yielded, rather than something similar to a void. The results of EDS from these
precipitates are provided in Figure 5-8.

Figure 5-8: EDS results for smaller size precipitates
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The EDS results for the smaller precipitates show that similar to the larger ones, the
smaller precipitates are carbides as well. However, they vary from the previous carbides
in the sense that these ones are chromium and molybdenum rich rather than titanium
nitride rich. Due to their constituents, these carbides are much more brittle than the
larger ones. Also, because of their location and orientation within the Inconel 617,
buildup of these carbides as strain increases within the material likely causes the
formation of voids along the grain boundaries. SEM and EDS was also conducted on
sample C06, and yielded the same results found from that conducted on sample C02, thus
confirming the existence of the same carbides multiple samples.
Previous research also supports the existence of both of these forms of carbides
within creep-tested Inconel 617. As demonstrated in “Creep-Fatigue Interaction of
Inconel 617 at 950°C in simulated Nuclear Reactor Helium” by Rao et al., their findings
also included the existence of two primary carbides within creep-tested samples. The
first of which was identified as particles with the form Ti(C,N), which is the same as the
larger titanium nitride rich carbide found via SEM and EDS. The second carbide they
identified was of the form M23C6 in addition to a transformation of this, in the form M6C
[15]. These carbides were chromium and molybdenum rich, just as the smaller carbides
found along the grain boundaries within the SEM images. As a result, the accuracy of
our acquired results is confirmed.
Finally, within the creep-tested samples, it appears that twinning of grain
boundaries has occurred. These are evident in samples by the change in contrast between
grains. Figure 5-9 provides a visual of a polished surface of a creep-tested sample at 50x
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magnification. Within this figure, twinning is seen along grain boundaries where there is
a change in contrast from one side of the grain to the other.

Figure 5-9: Creep tested sample showing clear twinning

5.4 Analysis of Low-Cycle Fatigue Tested Samples
Aspects within the low-cycle fatigue tested samples of Inconel 617 that will be
focused on are precipitate concentration and the existence of grain boundary twinning.
As with the creep-tested samples, ImageJ was used for precipitate analysis. However,
SEM and EDS was not used to confirm the identity of precipitates. Table 5-2 presents
the precipitate data for the fatigue-tested samples.
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Table 5-2: Precipitate data for low-cycle fatigue-tested samples of Inconel 617
Sample

Area Analyzed
(suare mm) Total Precipitates

Precipitates of Size > 5
microns

Precipitates of Size < 5
microns

Average Size
(microns)

LCF-3

0.252

326

31

295

1.81

LCF-5

0.252

679

42

637

2.09

LCF-17

0.252

534

21

513

2.099

Note: precipitates counted of size 0.2 micron or larger

Within Table 5-2, it is clear that there are many more precipitates generated within lowcycle fatigue-tested samples than there are in those which had undergone creep testing.
Also, the average size of the precipitates is much smaller. In addition, it appears that the
majority of the precipitates seem to accumulate along the grain boundaries, similar to the
smaller precipitates within the creep-tested samples. Figure 5-10 exposes this aspect of
low-cycle fatigue tested sample LCF-5.

Figure 5-10: Low-cycle fatigue-tested sample LCF-5

Unfortunately, scanning electron microscopy and electron dispersive spectroscopy was
not conducted on any low-cycle fatigue-tested samples of Inconel 617, meaning that the
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constituents of evident precipitates were not confirmed. However, the assumption can be
made that the larger precipitates, greater than five micron, are titanium rich carbides,
while the smaller are chromium and molybdenum rich carbides as within the creep-tested
samples, but this has not be confirmed.
The final aspect considered in the fatigue-tested is grain boundary twinning. As
expected, all fatigue-tested samples have twinning grain boundaries, similar to those
within the creep-tested samples. The twinning grain boundaries are also evident within
Figure 5-10 by using the same ideology as with the creep-tested sample that included
them.
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Chapter 6
Closure
By completing optical microscopy on the tested samples previously noted, a basis
was formed in establishing how different testing environments impact the microstructure
of Inconel 617. It was observed how different periods of thermal aging at constant
temperature impacted the internal and external oxidation layers, as well as the carbide
depletion region.

Also, twinning grain boundaries, in addition to precipitate

concentration were exposed for varying parameters of creep and low-cycle fatigue testing
which specimens had undergone. Within two of the creep-tested samples, two primary
forms of precipitates were identified using scanning electron microscopy and electron
dispersive spectroscopy as well.

Some of the most notable findings include the

determining of the precipitates composition, as well as finding the high concentration of
precipitates, especially smaller precipitates of size smaller than five microns, along the
grain boundaries within both the creep and low-cycle fatigue tested samples.
Unfortunately, there were goals that were not met, and other work that would
have been beneficial if completed. Initially, it was expected that grain size analysis
would have been completed in addition to the precipitate analysis for creep and fatigue
tested samples.

As a result of complications, this was not conducted.

Such

complications included uneven surfaces on the samples. This is a direct result of the
grinding step of the sample preparation process. When grinding, the samples are held by
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hand, which does not ensure evenly distributed forces being applied to the samples;
which results in the surface not being perfectly flat or even.

This issue creates

complications within micrographs. Most notably, when focusing the optical microscope,
due to the differences in depth, certain portions of the sample with be clear and in focus,
while others are not. Under these circumstances, precipitates can usually be observed,
but grain boundaries not in the well-focused-on region become obscured. These grain
boundaries then cannot be analyzed due to the software being incapable of recognizing
the boundaries that are not in clear focus. This problem exists for all magnifications
when using the optical microscope.

Henceforth, it was determined that the grain

boundary analysis would not be completed since too many assumptions would need to be
made; which would yield inaccurate results.
In addition to hoping to complete grain boundary analysis, performing SEM and
EDS on the low-cycle fatigue tested samples would have been beneficial. In doing so,
the composition of the precipitates within these samples could have been determined.
This also could have been used to expose similarities between the creep-tested and lowcycle fatigue tested samples. Unfortunately, time restriction eliminated the possibility of
completing this additional research.
Future work can include the aspects that were unable to be completed during this
research.

In addition, it is likely to be beneficial to conduct transmission electron

microscopy on all samples in order to expose smaller precipitates that may have been
overlooked by optical microscopy and the quickly performed scanning electron
microscopy. Also, once a nondestructive ultrasonic evaluation method is developed, and
results have been yielded for specimens, performing destructive evaluation, optical
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microscopy, SEM, or TEM, would be valuable in confirming the accuracy of the results
yielded. This is especially true since this would be the first time throughout this research
group’s work that the same samples would have been examined by both nondestructive
and destructive methods.
All in all, this research was beneficial in understanding the impact different
testing environments had on the microstructure of Inconel 617. Such results will prove
valuable when determining whether those yielded from nonlinear ultrasonic are similar or
not. Finally, once a correlation is found between the two forms of testing, substantial
progress toward developing a nondestructive structural health monitoring method of
components in current and next generation nuclear power plants will have been made.
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Appendix A
Research Team

Research Group: Ultrasonic NDE

Advisor: Dr. Cliff Lissenden
Other Group Members:
Yang Liu: Ph.D. Student in Nonlinear Acoustics
Xiaochu Yao: Ph.D. Student in Mechanical Engineering
Gloria Choi: Masters Student in Engineering Science
John Weigle: Undergraduate Student in Engineering Science
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Appendix B
Research Tools
Machines:
Machine
Struers Accutom - 5
Struers ProntoPress - 20
Struers RotoPol – 22
Nikon Epiphot 300
Philips XL 30 ESEM

Purpose
Saw used to cut sample from tested piece
Sample mounting machine
Sample grinding and polishing machine
Optical Microscope
Scanning Electron Microscope

Materials:
Material
Struers Silicon Carbide Cut-Off Wheel
Struers Isofast Resin
Struers Silicon Carbide Paper
(numbers 180,220, 320, 1200, 2400)
Struers MD-Dac Polishing Cloth
Struers Dia Pro Solution
Struers MD-Chem Pad
Struers OP-AA Solution
Hydrochloric, Nitric, & Acetic Acids

Purpose
Wheel to cut portions from tested pieces
to be observed
Sample mounting material
Sample grinding
Polishing pad for first round of sample
polish
Polishing solution for first round of polish
Polishing pad for second and third round
of sample polish
Polishing solution for second and third
round of polish
Etchant components

Software:
Software
Clemex Vision Professional Edition
ImageJ

Purpose
Image capturing software
Image analysis
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Appendix C
Broader Impacts
The broader impacts of this research include increasing the safety of current and next
generation nuclear power plants. Results yielded from the destructive analysis methods
presented within this thesis will assist in the development of a nondestructive evaluation
method for components within these power plants; which is the ultimate the research
group. Using these results will assist in confirming or disproving results found via
ultrasonic evaluation. Once a correlation is found, and a nondestructive method is fully
developed, a great step will be made towards implementing the next power plants, and
prolonging the service life of those currently in use. Implementation of the
nondestructive evaluation mechanism will expose flaws within nuclear power plants
before failure of components occurs. This is highly beneficial by increasing the overall
safety of the power plants and decreasing the reoccurring service costs involved with
mechanism inspection. At the global level, extended life of current nuclear power plants
ensures continued efficient and environmentally-friendly energy production; while
implementation of the next generation nuclear power plant means even better efficiency
due to the high-temperature reactors involved. Increasing our dependence on nuclear and
other forms of sustainable and environmentally friendly forms of energy production is
vital. They present opportunities away from conventional coal and fossil fuel energy
production methods, which are becoming increasingly expensive and harmful to the
environment and atmosphere. This research represents a small portion of the work taking
place to continue service of current nuclear power plants and to implement the next
generation of them, in attempt to provide sustainable, efficient and environmentally
friendly energy.
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