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ABSTRACT

Burnable poisons are used in all commercial reactors to level the power
distribution and to reduce the requirements for an excessively large control system. It has
been proposed that metallic rare earth elements, serving as burnable poisons, might be
alloyed with the fuel cladding rather than mixed with fuel in the form of compounds.

This research project studies the effect of such additions on the ductility and the corrosion

resistance of three such alloys.

Alloys of Zircaloy-4 with 0.5 % Gd, 2.0 % Dy, and 2.0 % Er, chosen to represent
the maximum likely concentrations of the absorbing elements to be used in a nuclear
reactor, were melted and rolled into sheet. Tensile tests were conducted to obtain a
quantitative measure of ductility. In addition, coupons were exposed to superheated
steam in an autoclave to test the corrosion resistance of the alloys. Only the Gd alloy
survived the test. Scanning electron microscopy and energy dispersive x-ray analysis
were conducted to investigate the possibility of second phase formation and segregation
of the rare earth elements in an attempt to elucidate the mechanism of failure of the

alloys.
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Chapter 1

INTRODUCTION

1.1. Background

Bumable poisons are used in all commercial reactors to aid in reactivity control,
to reduce local power peaking, and optimize fuel utilization. At the beginning of the
cycle, a reactor core is loaded with fresh fuel, which must contain excess reactivity to
compensate for fuel depletion, fission product poisons, and temperature effects that create
negative reactivity [1]. Current technology uses control rods and bumable poisons to
control excess reactivity in the core. Fixed burnable poisons are generally used in the
form of chemical compounds of boron, gadolinium, and other rare earths that are shaped
into separate lattice pins or plates. These materials can be considered as additives and are
usually distributed more uniformly than control rods and become less disruptive to the
core power distribution. It has been proposed that metallic rare earth elements, serving
as bumable poisons, might be alloyed with the fuel cladding rather than mixed with fuel
in the form of compounds [2]. Alloying Zircaloy-4 with metallic rare earth elements and
studying the effect of such additions on ductility and corrosion behavior are required. In
this study, samples were exposed to high temperature steam, and Scanning Electron
Microscopy (SEM) and Energy Dispersive x-ray (EDX) analysis were performed to

determine the mode failure of the alloys.



1.2 Reactivity Control

Control materials are used in a nuclear reactor to absorb neutrons in order to
control the reactivity in a desirable manner. There exist three common ways in which
control materials may be used. First, movable rods are used to adjust and maintain the
reactivity at a desired value at any time during the operation of the reactor. Second,
bumable poisons are built into the core in fixed positions. Third, chemical shims, also
known as soluble poisons, which produce uniform neutron absorption, are dissolved in
the water coolant. Boric acid, known as boron soluble, is considered to be the most
common soluble poison in commercial pressurized water reactors. When present in the
coolant, the thermal utilization factor decreases, causing a decrease in reactivity. By
changing the concentration of boric acid in the coolant, the reactivity of the core can be
varied. When the boron concentration is increased, the coolant absorbs more neutrons,
adding negative reactivity. On the other hand, the positive reactivity is increased when
the boron concentration is reduced. The variation of boron concentration in a PWR is a
slow process that is used to counterbalance fuel burnout. In normal operation of a PWR,
expansion of the coolant, which also serves as a moderator, causes insertion of negative
reactivity. If a high concentration of boron were dissolved in the coolant, expansion of
the coolant would lead to less boron in the reactor, thus introducing positive reactivity.
Therefore, there is a limitation on the concentration of boron that can be tolerated in the
reactor coolant. As a result, a chemical shim alone cannot take the place of a bumnable

poison.



Control rods cannot be used alone to compensate for the excess reactivity for
several reasons. First, they take up room that would otherwise be used for fuel. Second,
they lead to the requirement of inserting regulating control rods deep into the core to
offset the excess fuel, thus producing non-uniform power distribution throughout the core
life where most of the power is produced in a small fraction of the core volume early in
life. To control large amounts of excess fuel without adding additional control rods,
burnable poisons are incorporated throughout the core to remove neutrons by absorption.
This leads to a more uniform power distribution. The ideal burnable poison would be one
that has properties corresponding to the fuel depletion characteristics. This requirement
is achieved when the poison’s absorption cross section is greater than the fuel cross-
section during the first part of the fuel cycle, and the poison is completely burned during
the last part of the cycle. An alternative is using lumped or heterogeneous poisons to
make the reactivity of a poison material more uniform over core life through the use of
self-shielding. In this process, the poison is considered to be thick enough that only the
external layer of the poison is exposed to the neutron flux. Absorption in the external
layers reduces the number of neutrons entering the internal material. When the external
layers of poison absorb neutrons and are converted to non-poison materials, the internal
layers start absorbing more neutrons, and the negative reactivity of the poison material is

fairly uniform [2].

The most widely used burnable poisons in all commercial nuclear reactors are
elements such as gadolinium, erbium and boron. These materials suffer from two

common disadvantages. First, the rare earths result a small residual negative reactivity



which leads to earlier refueling. Secondly, boron transmutes to helium, which is
insoluble and creates undesirable internal fuel pin pressure. The transmutation absorption

reaction is described as follows.

B +n — "Li+ *He (1.1)

A sufficiently high burnup, the combination of fission product gases and helium from
boron transmutation will produce a pressure higher than the reactor coolant pressure. If
this happens, the cladding will creep away from the fuel resulting in an undesirable
increase in the centerline temperature. This problem can be partially solved by simply
spreading the boron BP’s over all fuel rods, reducing the amount of boron in each of the
fuel rods that contain the poison. This process increases cost and increases the burnup
rate of the boron burnable absorber. One way to resolve the helium issue is to use other

burnable absorbers.

Gadolinium is one of the rare earth elements which possess a high neutron
absorption cross section and a burnup rate that can be made to correspond to that of the
25 isotope used as nuclear fuel [3]. From isotopic perspective, >'Gd (15.8 % natural
isotopic abundance) with 61,000 barns (Average over a PWR Spectrum) thermal cross
section transmutes to '>*Gd, which has a thermal absorption cross section of only a few
bams. As gadolinia (Gd,03) doped UO, neutron absorber material has been successfully
proven to extend the lifetime of a reactor core and level the power distribution in

commercial reactors, it has been selected as one element for the present study.



Dysprosium is another candidate burnable poison which is composed of several
stable isotopes. '**Dy (28.1% natural abundance and 2,650 barns thermal cross section)
exhibits better characteristics than the majority of stable dysprosium isotopes. The use of
dysprosium fully enriched in '*Dy will enhance the quality of dysprosium based
burnable poisons in pressurized water reactors. As '**Dy possesses a much larger thermal
cross section than the other stable isotopes, dysprosium enriched in '*Dy leads to a
reduction of the residual reactivity at the end of fuel life [4]. Finally, '*Dy has an
uniform burnup rate over a period of 4 years which makes it a candidate for use in
generation IV reactors with an extended fuel cycle [2]. Detailed information of the other

stable isotopes is provided in Table 1.1

Table 1.1: Stable dysprosium isotopes

Isotope Natural Abundance Thermal Cross Section
(%) (Thermal Spectrum
Average)
Bepy 0.06 33
PEpy 0.1 43
"Dy 2.3 56
*Ipy 18.9 600
2py 25.5 194
1Dy 24.9 124




Erbium also has isotopes with high absorption cross sections, '*’Er (22.9% natural
isotopic abundance) shows a large neutron cross section with 660 barns thermal cross
section that produces '**Er with a very small thermal cross section. Besides 1’Er and
1%8Er, erbium has several isotopes that have smaller capture cross sections, which are
difficult to burn out and thus have a residual negative reactivity at the end of reactor core
life. Erbium is currently used in the form of oxide powder which is homogeneously
mixed into UO; , enabling a pressurized water reactor to operate with a 2 year reload
cycle [S]. Table 1.2 presents a summary of the natural isotopic abundance and thermal

cross section of other erbium isotopes.

Table 1.2: Stable erbium isotopes

Isotope | Natural Isotopic Abundance Thermal Cross Section
(%) (Thermal Spectrum
Average)
162y 0.14 19
1$Er 1.6 13
1%y 33.4 19.6
10; 14.9 5.8




An ongoing research project is focused on alloying metallic rare earth elements,
serving as burnable poisons, with the fuel cladding rather than mixing the BP’s with fuel
in the form of chemical compounds. A goal of this research is to investigate the effect of

such additions on the ductility and the corrosion resistance of three such alloys.

1.3. Review of Current Burnable Poison Configurations

Several types of burnable poison designs have been used in PWR’s. One method
used by both Westinghouse and Framatome is to use boron carbide (B4C) in non-fueled
rods. The burnup characteristics of B4C assemblies depend on concentration of B4C in a
given rod. Experience has shown that B4C burns more slowly than gadolinium because
its absorption cross section is about one decade smaller than that of Gadolina (Gd;O3)
without isotope enrichment [6]. Westinghouse has produced two major forms of
burnable poisons: Pyrex Burnable Absorber Assemblies (BAA) and Wet Annular
Burnable Absorber (WABA). The BAA configuration uses borosilicate glass (B,O3; —
SiO; with 12.5 w % of B,0s in the form of Pyrex) clad in 304 stainless steel. The
WABA configuration utilizes annular pellets of B4C-Al,O; that contain 14w % of B4C
clad in Zircaloy [6]. Framatome Cogema Fuels uses Burnable Poison rods made of B4C-
Al,O5 pellets contained in Zircaloy tubing. When comparing the WABA to the BAA
configuration, Wagner and Parks [7] reported that the BAA burnable poison rods displace
a greater volume of water and result in a larger effect on reactivity. An illustration of a
segment of a Westinghouse 17X17 assembly lattice with WABA used for modeling by
the HELIOS code is shown in Figure 1.1[7]. Another type of burnable poison used in
PWR’s is the Integral Burnable Absorber in which neutron absorbers such as gadolinia

7



Lower-right quadrant of W17x17
assembly with 24 WABA rods present

Enlarged view of WABA rod

Figure 1.1: Illustration of a segment of lattice assembly with WABA BPRs used to
model with the HELIOS code, J. C. Wagner and C.V. Parks, Parameter Study of Effect of
the Burnable Poison Rods for PWR Burnup Credit
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(Gd;03) or erbia (Er,O3) are mixed directly with the uranium dioxide (UO,) fuel in a
specific rod within an assembly. Gadolinia (Gd;O3) burmable poison is incorporated also
in BWR’s homogeneously mixed in the fuel pellets of a number of fuel rods [6].

O’Leary and Pitts reported that fuel designs using gadolinia may incorporate
approximately 20 Gd;O; -UO; fuel rods in a single fuel assembly while fuel designs using
erbia may require as many as 90 Er,03 - UO; fuel rods in a single fuel assembly [6].
zirconium diboride (ZrB,) is another non-removable burmable poison used in PWR’s by

Westinghouse.

With the end of Cold War, reduction in nuclear arsenals was necessary to
decrease a surplus of nearly 100 tons of weapons grade plutonium. This led to a proposal
of using surplus plutonium as fuel for nuclear reactors. The Canadian Deuterium
(CANDU) reactors have been an optimal choice for buming weapons grade plutonium as
mixed oxide (MOX) due to their capability for continuous refueling. Scientists stated
that to burm safely in CANDU the plutonium must be transformed into oxide and alloyed
with dysprosium burnable poison. The transformation of plutonium into oxide increases
the amount of plutonium needed to obtain a particular burn rate, decreases the local peak
power and the local positive moderator void coefficient (MVC) have in the middle of the
fuel bundle. Thus, dysprosium changes the bundle configuration and makes the MVC

more negative [2].



1.4. Research Objectives

This research provides experimental studies for evaluating the effect of alloying
fuel cladding material, Zircaloy-4, with metallic rare earth elements, such as dysprosium,
erbium and gadolinium. It investigates the effects of additions of these rare earth
elements on ductility and corrosion resistance. Since corrosion failures cause reduction
of life of the fuel cladding including contamination by radioactive materials, it is very
important to determine corrosion resistance of fuel cladding [8]. Corrosion resistance was
evaluated by autoclave testing with superheated steam, and ductility was evaluated by

tensile testing.

1.5. Scope and Organization

This research is presented in seven chapters. The first chapter presents a general
background of bumnable poisons used in commercial nuclear reactors. Chapter 2 provides
a detailed discussion of zirconium alloys as a reactor material and development of the
Zircaloy alloys. Chapter 3 presents the fabrication procedures and specimen description.
Chapter 4 discusses corrosion testing of the zirconium alloys. Chapter 5 discusses optical
microscopy, specimen preparation for light microscopy, optical microstructural analysis,
scanning electron microscopy, and sample preparation mechanical properties. Chapter 6
discusses tensile testing and fractography analysis. Chapter 7 contains conclusions and

suggestions for future work.
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Chapter 2

ZIRCONIUM ALLOYS

2.1. Zircaloy as a Reactor Material

Zirconium alloyed with other metallic elements is a very promising metal for use
as a basic structural and fuel-cladding material in thermal reactors, at temperatures up to
about 450°C (842°F) limited by corrosion behavior. Several requirements for a material
to be used in water-cooled and moderated nuclear reactors are low neutron absorption,
creep resistance, corrosion resistance, fabricability, and compatibility with fuels.
Zirconium possesses a high melting point, sufficient strength, good thermal conductivity,
low thermal expansion, low cross section for capture of thermal neutrons and excellent
corrosion resistance [9]. As a consequence, it is used in commercial nuclear reactors
primarily for its low neutron absorption cross section and excellent high temperature
properties. Zirconium is in group IVA of periodic table and experiences an allotropic
transformation from hexagonal close packed (hcp) to a body cubic center (bcc) phase
when heated above 862°C (1583.6°F) [10]. Its most important application is for fuel
cladding. Generally, zirconium extracted from the ore contains approximately 0.5 to 3.0
percent of hafnium which has a high thermal neutron cross section (Thermal Spectrum
Average). It is important that most of the hafnium be removed from zirconium for use in
the thermal reactors [11]. Nuclear power generation applications use for more than 90%
of the commercial zirconium production, with reactor grade zirconium being essentially

hafnium free. Zirconium is also used in the chemical industry, but in this application it is
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not necessary to remove hafnium as is done to produce nuclear grade Zirconium.
Zirconium is usually manufactured by the Sponge or Kroll process in which the metal is

made by the reduction with magnesium [11].

One of the outstanding properties of zirconium that will be considered in this
investigation is the metal’s ability to resist corrosion in high temperature water and
steam. It also resists attack by most acids, alkalis and salts in aqueous solution under all
reasonable conditions. Corrosion resistance of zirconium in water at high temperatures is
important from the reactor standpoint. However, it should be pointed out that the
corrosion behavior of zirconium alloys is very sensitive to the presence of impurities and

markedly dependent on the composition of the alloy [12].

There are several fabrication techniques, such as machining, hot and cold rolling,
forging, extrusion, and drawing that can be utilized with zirconium when reasonable
means are taken to prevent oxidation. As hot operations have the advantage of easy size
reduction, zirconium ingots are hot rolled as the initial operation. The metal can also be
cold-worked, followed by annealing in vacuum or in an inert atmosphere to avoid
contamination by oxygen and nitrogen from air. Powder-metallurgical methods can also
be performed to make zirconium parts. Such parts fabricated from powder have highly
satisfactory mechanical properties [12]. In addition, zirconium metal has excellent
welding characteristics but the operation must always be conducted in an atmosphere of

high purity inert gas.
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Fission of the fissile materials in the fuel results in the production of radioactive
fission products, of which solid fission products are retained in the fuel matrix and
gaseous fission products may diffuse from the fuel and be released into the coolant
system. This represents a major concern to the public. It is important to prevent the
release of these fission products from the fuel. This can be accomplished by sealing the
fuel ’pins” of a cladding material such as Zircaloy. Besides having high thermal
conductivity, low neutron absorption cross section, good multi axial rupture strength, and
zirconium also has the advantages of having high thermal conductivity, good creep
strength and high ductility. Furthermore, a common failure mode for fuel rods is pellet-
cladding interaction (PCI) which results from interaction between the fuel and cladding in
a corrosive environment. Vapors of cesium and iodine are released to the gap and may
corrode the interface and result in Stress Corrosion Cracking (SCC) of the inner surface

of the cladding [13].

A new fuel design incorporates a pure zirconium liner on the inside surface of the
clad. Pure zirconium is more easily worked than Zircaloy and can adapt to the sharp
features of the fuel to minimize early failure [14]. A process known as hydriding of
Zircaloy cladding may also cause fuel failure. Zircaloy alloy has an extremely high
affinity for hydrogen. When it reacts with water, a thin film of zirconium oxide (Zr;0) is
formed on the external surface by interaction of the clad with the coolant. The rate of this
reaction is largely dependent on partial pressure of hydrogen and can only happen in

areas of low oxygen concentration in the coolant [13].
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2.2. Development of the Zircaloys

2.2.1. Introduction

Although several metallic elements were tested for use as structural materials in
the cores of water- cooled reactors, only aluminum and magnesium met the low cross
section requirement [12]. However, at high temperatures, both materials fail to meet the
requirements of strength and corrosion resistance. Since zirconium’s mechanical
properties had proven to be adequate for nuclear application, these facts, combined with
its low cross section to thermal reactors, led to the selection of zirconium as the material
to be used in water- cooled and moderated nuclear reactors [8]. Since it was a concern
that radiation fields in a reactor would accelerate the corrosion process, a study was
performed to analyze the corrosion resistance of zirconium, which led to a family of
zirconium-base alloys known as Zircaloys. The Naval Reactors Branch and the
Pittsburgh Naval Reactors Office of the US Atomic Energy Commission were two major
organizations to develop Zircaloys from high purity metal produced by the Van Arkel
process that led to the discovery of Zircaloys -1, -2, and -3 [15]. Crystal bar zirconium
produced by the Van Arkel, process is a very high purity and ductile form of zirconium
metal that is utilized mostly in research and special applications. The Van Arkel process
has been obtained by an iodide decomposition process [11]. It produces the highest
purity metal currently available and is most commonly used. Schemel reported that
Kaufman and Utermeyer discovered that measurements of the thermal neutron cross
section of zirconium exhibited poor performance when the metal tested had not been
separated from the hafnium [11]. When hafnium was fully separated, zirconium showed
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a very low thermal neutron absorption cross section. This led the US Naval Nuclear
Propulsion Program to use hafnium as a control rod material in naval reactors due to its
high thermal neutron cross section [11, 15]. Even though hafnium is used in naval
reactors, controlled amounts of iron and oxygen are still needed to make sure that

strength levels are achieved. Figure 2.1 shows zirconium sponge and crystal bar.

Unalloyed zirconium is weak and contains minor amounts of impurities. Alloying
additions were necessary to improve mechanical properties of the material. A certain
amount of tin was added in order to suppress the deleterious effects of nitrogen that

affected the acceleration of corrosion of crystal bar zirconium.

Figure 2.1: Zirconium sponge and crystal bar, J. H. Schemel, ASTM Manual on
Zirconium and Hafnium, pp. 6, 1977

15



The amount of tin needed to lend the most favorable corrosion resistance to zirconium
containing interstitial impurities such as nitrogen was dependent on the nitrogen content
of the alloy. As zirconium - tin alloys and unalloyed zirconium exhibit the same
behavior, it was proposed that another alloy that contained 2.5% tin be developed. The
unalloyed zirconium mixed with zirconium — tin that contained 2.5% tin to form

Zircaloy-1 [15].

The literature data illustrate that additions of tin to impure zirconium did not
produce satisfactory corrosion resistance unless nickel, iron, and chromium were also
added to zirconium-tin alloys. The tin content was dropped from 2.5% to 1.5% in order
to improve the alloy. Although, a value of 0.22 % of iron was used in binary alloy
development, the total alloy content was to be maintained at a minimum in order to
facilitate the fabrication, and a value of 0.12% tin was then adopted for the binary alloy.
The chromium content was about 0.1 % in the binary alloy and indicated that corrosion
increased as chromium content increased. The concentration of chromium was fixed at
0.1% to prevent the hardness of the alloy from increasing. Regarding the nickel
concentration, a value of 0.25% was used for binary zirconium-nickel alloys. Since
nickel increases the corrosion resistance and shows major influence in extending the life
of zirconium alloy, 1.5% tin with 0.12% iron and 0.1% chromium were mixed to develop

Zircaloy-2 [15].

The fundamental characteristic of Zircaloy-2 is its excellent corrosion resistance
in high-temperature water in which it was differentiated from unalloyed zirconium. The
corrosion is distinguished by the formation of an adherent zirconium dioxide film that
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protects the alloy from further corrosion. This dioxide film can grow at a very low
temperature up 482°C (900°F) without changing its structure [11]. The water corrosion
of Zircaloy-2 is partially affected by metallurgical treatment, but the resistance to steam
at temperatures up 398.8°C (750°F) and above can be disturbed by heat treatment up to
787.7°C (1450°F) or by slow cooling through the two-phase region, 787.7°C to 1015.5°C
(1450 to 1860°F) [15]. A few years later, it was noticed that nickel in the Zircaloy-2
favored the absorption of hydrogen during reactor operation. The liberated hydrogen
came from the corrosion reaction with water. When its concentration is extremely high
in the cladding materials, zirconium hydride (ZrH,) is precipitated, which reduces the

ductility of the cladding [16].

Zr0, + H,O - ZrH, + %Oz (21)

This situation was encountered in the early power plants that used Zircaloy-2 that
contained nickel, responsible for the hydrogen up-take [17]. A new zirconium alloy with
high corrosion resistance, strength, and ductility greater than Zircaloy-2 was fabricated
and known as Zircaloy-3. This new alloy was developed not because of deficiency in the
properties of Zircaloy-2, but by the desire to improve the corrosion resistance still further.
The composition of Zircaloy-3 and Zircaloy-2 were almost the same, but the amount of
tin in Zircaloy-3 was set at 2.5% as opposed to 1.5% for Zircaloy-2. The major
difference between Zircaloy-2 and Zircaloy-3 was that Zircaloy-2 stringers were smaller
in size; more uniformly distributed and contained fewer precipitates, Zr (Cr, Fe), and Zr,
(Ni,Fe) while Zircaloy-3 stringers were caused by a segregated grain boundary precipitate

[11,18,19].
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There was found to be a similarity between Zircaloy-2 and Zircaloy-3 in terms of
water corrosion properties, and because it was found to be easy to minimize the
appearance of stringers in Zircaloy-2, Zircaloy-3 was then abandoned due to its large size
of stringers. The Zircaloy-2 composition was re-evaluated to produce two new Zircaloy
alloys, Zircaloy-2 nickel - free and Zircaloy-4. The Zircaloy-2 nickel-free is primarily
developed without the nickel addition. Zircaloy-4 is the other zirconium alloy, which
contained the same chromium and tin levels as Zircaloy-2, but the iron content was
increased to balance the removal of nickel. The difference between Zircaloy-2 and
Zircaloy-4 is primarily due to nickel, which tends to absorb hydrogen so that Zircaloy-4
absorbs less hydrogen than Zircaloy-2 during high temperature water corrosion [15, 17].
Zircaloy-4 is used in pressurized light water reactor (PWR) applications and Zircaloy-2 is
used in boiling water reactor (BWR) but has also, in Sweden, been tested in (PWR)

environment [20].
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Chapter 3

ALLOY PREPARATION

3.1. Introduction

Three rare earth-doped alloys have been prepared: zircaloy-4 alloys doped with
0.5 % Gd, 2.0 % Dy and 2.0 % Er. These are the maximum burnable poison
concentrations in cladding expected for reaction application. These alloys were prepared
by vacuum arc melting at Oak Ridge National Laboratory (ORNL). In addition, pure
Zircaloy-4 was prepared using similar processing steps to serve as a control. These
alloys were cold-rolled to 35 % reduction of area, the maximum thickness that was
believed safe without experiencing cracking [21]. Intermediated anneals were used to
prepare for the next stage of the rolling process. Five rolling steps were required to
achieve a final thickness of approximately 1 mm (0.04 inch). Coupons were machined
and exposed to superheated steam in an autoclave to test the corrosion resistance of the
alloys. Tensile specimens were machined to obtain a quantitative measure of ductility.
Scanning electron microscopy and energy dispersive x-ray analysis were performed to
investigate the second phase formation and segregation of the rare earth elements in order

to determine the mechanism of failure of the alloys.

3.2. Melting of Doped Alloys

Alloys were prepared from Zircaloy-4 (Teledyne Wah Chang Heat No. 242971)

bars and inert gas arc melted to introduce the rare earth dopant. Zircaloy-4 bar was cut in
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several pieces and weighted a total of 231 g. The alloy was then drop cast into a copper
mold 60.2 mm (2.37 inches) long, 25.4 mm (1 inch) wide and 3.17 mm (0.125 inches)
thick. Undoped Zircaloy-4 was also arc melted and cast in order to serve as control
material. Approximately 297 g of Zircaloy-4 and 5.93 g of dysprosium were drop cast in
the same ingot’s size. The third melt was composed with 296 g of Zircaloy-4 and 5.92 g
of erbium drop cast in a different mold 140 mm (5.5 inches) long, 25.4 mm (1 inch) wide
and 9.52mm (0.375 inches) in thickness. Several samples of each ingot were obtained for
chemical analysis, one each at the top, middle, and bottom of the gadolinium ingot and a
single sample from each of the dysprosium and erbium ingots and then sent to an
analytical laboratory for elemental analysis’. The results obtained confirm that the
concentrations of the rare earth elements were nearly equal to the concentrations chosen

for the absorbing elements. Table 3.1 shows the concentrations of the rare earths.

3.3 Alloy Fabrication

Three Zircaloy-4 based alloys were prepared, one doped with gadolinium, one
doped with dysprosium and a third doped with erbium. Figure 3.1 is a flowsheet for a
melt of a pure Zircaloy-4 that served as a control. Figure 3.2 shows a similar diagram for
Zircaloy-4 doped with erbium, and Figures 3.3 and 3.4 show the processing of the
dysprosium and gadolinium doped alloys, respectively. The alloys were rolled to 35%
reduction of area using a maximum reduction of 10% per pass with several intermediate

anneals. These sequences led to a fully recrystallized state.

*QGalbraith Laboratories Inc.
P. O Box 51610, Knoxville, TN 37921 — 1700
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The chemical composition of Zircaloy-4 used in this research is given in Table 3.2 [22].

Table 3.1: Summary of rare earth concentrations in Zircaloy-4 doped ingots

SAMPLE ID RARE EARTHS DESIRED MEASURED
CONCENTRATION. | CONCENTRATION
(WEIGHT %) (WEIGHT %)

18526-1 Gd 0.5 0.50
Ingot bottom

18526-2 Gd 0.5 0.49

Ingot top

18526-2 Gd 0.5 0.50

Ingot top

Zircaloy-4 Gd 0.5 0.49
Mold Ingot top

18527-1 Gd 0 <0.03
Ingot bottom

18184-1 Dy 2 1.80

Ingot top

18785-1 Ex 2 1.83

Ingot top
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Table 3.2: Chemical Composition of Zircaloy-4 (Wah Chang Heat No 242971)"

Main Element Composition | Element Weight Percent

Sn 1.28
Fe 0.22
Cr 0.12
Fe + Cr 0.34
(0) 0.13
|___Element inppm |
B 0.30
C 161
Ca <10
Cd <0.25
Cl <5
Co <10
Cu <25
H <3
Hf 53
Mg <10
Mn <25
Mo <10
N 27
Na <5
Nb <50
Ni <35
P 8
Pb <25
Si 97
Ta <100
U <1
\" <25
W <50

*Wah Chang
P. O Box 460, Albany, Oregon 97321 — 0136
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As cast Zircaloy-4

v

Cold Roll. 10% per pass. 35% RA

19 mm thickness

\ 4
Anneal at 815°C. 30 min. 10 Pa

\ 4
Cold Roll. 10% per pass. 35% RA

12.2 mm thickness
h 4

Anneal at 815°C. 30 min. 10™* Pa

A 4
Cold Roll. 10% per pass. 35% RA

7.79 mm thickness
h 4

Anneal at 850°C. 30 min. 10™ Pa

h 4
Cold Roll. 10% per pass. 35% RA

3.81 mm thickness
Y

Anneal at 850°C. 30 min. 10™* Pa

v
Cold Roll. 10% per pass. 35% RA

1.87 mm thickness

v
Anneal at 850°C. 30 min. 10 Pa

\ 4
Cold Roll. 10% per pass. 35% RA

1.37 mm thickness

v
Anneal at 850°C. 30 min. 10™* Pa

Figure 3.1: Simplified flowsheet of undoped Zircaloy-4 prepared by arc melting in an
inert atmosphere and cast into an ingot and cold rolled to about 1 mm
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As cast Zircalov-4 + 2% Erbium

Y
Cold Roll. 10% per pass. 35% RA

9.22 mm thickn
b ickness

Anneal at 815°C. 30 min. 10 Pa

\ 4
Cold Roll. 10% per pass. 35% RA

6.17 mm thickness

A 4
Anneal at 815°C. 30 min. 10™ Pa

v

Cold Roll. 10% per pass. 35% RA

v 3.886 mm thickness

Anneal at 850°C. 30 min. 10 Pa

Y
Cold Roll. 10% per pass. 35% RA

v 2.032 mm thickness

Anneal at 850°C. 30 min. 10 Pa

!

Cold Roll. 10% per bass. 35% RA

1.07 mm thickness
\ 4
Anneal at 850°C. 30 min. 10 Pa

Figure 3.2: Simplified flowsheet of Zircaloy-4 doped with 2% erbium prepared by arc
melting in an inert atmosphere and cast into an ingot and cold rolled to about 1 mm
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As cast Zircaloy-4 + 2% Dysprosium

v
Cold Roll. 10% per pass. 35% RA

0.9.19 mm thickness
h 4

Anneal at 815°C. 30 min. 10 Pa

\ 4
Cold Roll. 10% per pass. 35% RA

6.22 mm thickness
v

Anneal at 815°C. 30 min. 10™ Pa

Y
Cold Roll. 10% per pass. 35% RA

3.911 mm thickness
\ 4

Anneal at 850°C. 30 min. 10™ Pa

\ 4
Cold Roll. 10% per pass. 35% RA

2.1 mm thickness

v
Anneal at 850°C. 30 min. 10™ Pa

\ 4
Cold Roll. 10% per pass. 35% RA

1 mm thickness
\ 4

Anneal at 850°C. 30 min. 107 Pa

Figure 3.3: Simplified flowsheet of Zircaloy-4 doped with 2% dysprosium prepared by
arc melting in an inert atmosphere and cast into an ingot and cold rolled to about 1 mm
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As cast Zircalov-4 + 0.5% Gadolinium

v

Cold Roll. 10% per pass. 35% RA

h 4

Anneal at 815°C. 30 min. 10 Pa

v

Cold Roll. 10% per pass. 35% RA

¥

Anneal at 815°C. 30 min. 10 Pa

h 4

Cold Roll. 10% per pass. 35% RA

Y

Anneal at 850°C. 30 min. 10 Pa

h 4

Cold Roll. 10% per pass. 35% RA

Y

Anneal at 850°C. 30 min. 10 Pa

h 4

Cold Roll. 10% per pass. 35% RA

4

Anneal at 850°C. 30 min. 10 Pa

A 4

Cold Roll. 10% per pass. 35% RA

h 4

Anneal at 850°C. 30 min. 10* Pa

18.79 mm thickness

12.19 mm thickness

7.87 mm thickness

4.31 mm thickness

2.13 mm thickness

1 mm thickness

Figure 3.4: Simplified flowsheet of Zircaloy-4 doped with 0.5% gadolinium prepared by
arc melting in an inert atmosphere and cast into an ingot and cold rolled to about 1 mm
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Chapter 4

CORROSION OF ZIRCONIUM ALLOYS

4.1. Introduction

Of the properties that can be affected by doping Zircaloy-4 with rare earths,
ductility, strength, and corrosion behavior are the most likely to be degraded. To
investigate corrosion, it was decided to perform a high temperature steam exposure test in
an autoclave. ASTM G2, 1996, G2-88 (Reapproved 2002) [Standard Test Method for
Corrosion Testing of Products of Zirconium, Hafnium, and Their Alloys in Water at
360°C (680°F) or in Steam at 400°C (750°F)] was used to test the specimens. According
to this standard, the test is primarily used as an acceptance test for products of zirconium,
hafnium, and their alloys. This standard has been widely used in the development of new
alloys, heat treating practices, and evaluating of welding techniques. It was decided to

use steam at 400°C for a period of 14 days.

4.2. Fabrication and Specimen Description

The rare earth doped Zircaloy-4 sheets described in chapter 3 were machined into
coupons. Subsequently, all specimens were chemically etched, thoroughly cleaned and
carefully rinsed to prepare the surfaces for testing in order to eliminate the effects of
machining. It is necessary to produce a smooth shiny surface free of stains, as specified
in ASTM G2-88 [Standard Test Method for Corrosion Testing of Products of Zirconium,

Hafnium and Their Alloys in Water at 360°C (680°F) or in Steam at 400°C (750°F) [25,
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26]. Four replicate specimens of each alloy were supplied to Battelle Columbus
Laboratory* for testing. Each specimen was approximately 1.4 mm thick, 50 mm wide,
and 20 mm long. A hole having a nominal diameter of 3.2 mm had been drilled on one
end of each specimen for hanging on a support fixture. Specimens prior to autoclave

testing are depicted in Figure 4.1 [23].

4.3. Autoclave Testing

Immediately prior to testing, the specimens were again thoroughly cleaned, wiped
with reagent grade acetone and ethanol and then weighed with an analytical balance to a
precision of 0.01 mg. Upon weighing, the specimens were hung on a quartz fixture
designed to hold the specimens during the autoclave operation. A 250 ml charge of
distilled water with a resistivity of 18 M-ohm-cm was placed in a one-liter autoclave
along with the specimens and holder. Figures 4.2 and 4.3 show photographs of a quartz
specimen holder and a top view of the specimens in situ [23]. The specimens were
exposed to high-temperature steam in an autoclave for 336 hours at 400°C (750°F)
according to ASTM G2-88 (Reapproved 2002). The pressure of the autoclave was
maintained at 1,500 Psi during the entire operation. The specimens were removed and

then weighed to determine the weight gained.

*Battelle Columbus Laboratory
Columbus, Ohio 43201 — 2693
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Figure 4.2: Photograph of the quartz specimen holder and the zirconium specimens prior
testing
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Figure 4.3: Photograph of top of autoclave holding specimen holder and water

4.4. Autoclave Performance Results

Undoped Zircaloy-4 survived the test, as expected, and exhibited the measured
mean mass gain of 1.07 g per square meter which agrees with the mass gain found in the
round robin tests listed in ASTM G2 within about a factor of two [24]. From this result,
one can conclude that coupons of pure Zircaloy-4 were corroded because corrosion rates
are measured as weight gains rather than weight losses since the oxide film cannot be
removed easily. On the other hand, the Zircaloy-4 doped with gadolinium revealed a
weight loss. During the autoclave test, some of the alloy ingredients will disappear or
partially disappear and lead to the degradation of metal caused by a reaction with the
environment, such as oxidation and chemical attack of the metallic surface resulting in a
failure of the specimen. Anderson reported that, “All zirconium alloys react with water
to form the corrosion product zirconium dioxide and hydrogen” [11].

The anodic reaction can be written as follows:
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Zr (m) ——p Zr*(aq) +4¢° 4.1)

The cathodic reaction may be:

H,0 + H + 2¢ » H,(g)+OH 4.2)
Zr**(aq) + 4OH" ——» Zr (OH)4 (aq) 4.3)
This result can be supported by the fact that formation of a passive film on surface of the
Zircaloy-4 alloys in an oxidation process. The growth of the film is partially determined
by the migration of the zirconium ions provided in Equations 4.1 and 4.2 [27]. In the
case of Zircaloy-4 doped with 0.5% Gd, it is apparent that oxide did not form a stable
tenacious layer as evidenced by the loss of metal. Two of the doped alloys failed to pass
the corrosion test. Zircaloy-4 doped with erbium and Zircaloy-4 doped with dysprosium
turned to powder. Scanning electron microscopy (SEM) and energy dispersive x-ray
(EDX) were used to conduct an investigation to determine the failure of these two alloys.
Figure 4.4, shows the powder collected from the bottom of the autoclave. The powder is

composed of fine and large particles. Table 4.1 shows the results of corrosion testing.
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Table 4.1: Summary of weight changes before and after autoclave corrosion testing

As- Cleaned | Post-test Weight | Mass gain
Alloy Sample | received | Weight (g) | Weight (g) | Change (g) | (g/m?)

Weight S g !

Z-1 0.81908 0.81905 0.82198 0.00293 1.10
Z-2 0.81310 0.81308 0.81560 0.00252 0.94

Z-3 0.81500 0.81498 0.81779 0.00281 1.05

Zr 100 % Z-4 0.81198 0.81192 0.81508 0.00316 1.18
Mean: 1.07

Std dev: 0.10

G-1 0.61502 0.61498 0.61370 -0.00128 -0.479

G-2 0.61618 0.61614 0.61486 -0.00252 -0.479
Zr+0.5%Gd | G-3 0.61178 0.61172 0.60737 -0.00435 -1.629
G-4 0.61462 0.61456 0.61097 -0.00359 -1.345

E-1 0.56289 0.56282
E-2 0.56968 0.56954
Zr +2% Er E-3 0.56667 0.56658 No data available

E-4 0.57105 0.57097

D-1 0.58896 0.58894
Zr+2%Dy | D-2 0.58919 0.58913 No data available
D-3 0.59091 0.59088
D-4 0.58328 0.58323
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Chapter 5

MICROSTRUCTURES OF ZIRCONIUM ALLOYS

5.1. Optical Microscopy

The optical microscope is the most important tool currently used in the analysis of
microstructures. It is used together with scanning and transmission electron microscopes
in order to examine the microstructure of metals, noting the effects of alloying elements,
plastic deformation, including heat treatments. The microscope is built of two distinct
and separate optical systems: the objective and the eyepiece. It differs from the
biological-type microscope in that reflected light rather than transmitted light is used.

The total magnification is based upon the size of the virtual image relative to the object.
The virtual image appears to exist at 250mm, which is the closest distance from the eye at

which a normal-sighted person focuses with maximum eye accommodation [28].

5.2. Specimen Preparation for Light Microscopy

Three perpendicular surfaces of each alloy were prepared for viewing using
conventional metallographic techniques. Due to the expected unstable nature of the
microstructures, samples for further examination were prepared by electropolishing. To
obtain the microstructures that characterize the Zircaloy-4 morphological features,

samples were polished at Oak Ridge National Laboratory, using the Struers* polishing

*Struers Inc.
Cleveland, OH 44145
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Equipment and abrasive products using the following procedure:

¢ 5 minutes: Dp-Allegro Disc:Dp-Lub (drip): 6 micron suspension

e 5 minutes: Dp-Largo Disc:Dp-Lub (drip): 6 micron suspension

e 5 minutes: Dp-Dac cloth: Dp-Lub (drip): 3 micron suspension

e 5 minutes: Dp-Nap cloth: Dp-Lub (drip): 1 micron suspension
The samples were etched for less than one minute in a mixture of 50% water, 20%
hydrofluoric acid, 10% nitric acid and 20% sulfuric acid [29]. Optical metallography was
performed to determine any change in microstructure or precipitate morphology after the

addition of rare earth elements.

5.3. Optical Microstructural Analysis

The interpretation of the microstructure of metals and alloys is the most
important tool available in examining the effects of mechanical, thermal, and chemical
treatments. Adding another element to a pure metal to form a solid solution does not
usually change the microstructure in an obvious manner, but the mechanical and physical

properties are modified completely [30,31].

The first examination was to view the general morphology and determine grain
size. The grain structure is shown in figures 5.1-5.4. Grain size was determined by the
line intercept method in ASTM E-112-96, Standard Test Methods for Determining
Average drain size. Magnification was determined using a standard scale with 0.01 mm

graduations. Figure 5.1 represents the microstructure of undoped annealed Zircaloy-4 at
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Figure 5.2: Zircaloy-4 doped with 0.5 % gadolinium after annealing at 850°C/30 minutes
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Figure 5.3: Zircaloy-4 doped with 2% dysprosium after annealing at 850°C/ 30 minutes

Imm

Figure 5.4: Zircaloy-4 doped with 2% erbium after annealing at 850°C/ 30 minutes
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220x. The grains appear uniform and equiaxed. Small precipitates expected to be of Zr
(Cr,Fe); and Zr, (Ni,Fe) appear within the grains. The grain size was determined to be 6
pm, ASTM grain size 8. Figure 5.2, shows the microstructure of Zircaloy-4 doped with
0.5% gadolinium annealed at a temperature of 850 °C for 30 minutes. It revealed
uniform grain size with grain boundaries decorated with precipitation at a magnification
of 220x. The average grain size of 6 pum is similar to unalloyed Zircaloy-4. The nature of
these precipitates remains to be determined by further analysis. The micrograph of
Zircaloy-4 doped with 2% dysprosium annealed at 850°C for 30 minutes is shown in
Figure 5.3. After examining the microstructure at magnification of 220x, the grain size
of 6um was determined, in agreement with that of undoped Zircaloy-4. Although grain
size was similar to that of undoped Zircaloy-4, there appears to be larger precipitates.
Figure 5.4 shows the microstructure of Zircaloy-4 doped with 2% erbium with fine
equiaxed grains with an average grain size of 6 pm. The shape and size of grains turned

out to be heterogeneous when compared to the control.

5.4. Scanning Electron Microscopy

In order to reveal more detail, scanning electron microscopy (SEM) was used to
examine the specimens. There are several reasons for using the SEM rather than other
instruments. Bindell reports that the SEM provides the investigator with a highly
magnified image of the surface of a material that is very similar to what one would expect
if one could actually see the surface visually [28]. It is also capable of being operated

with a large depth of field, which permits a large amount of the sample to be in focus at
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one time. Furthermore, the SEM generates micrographs of high resolution, which reveal
closely spaced features, which may be analyzed at a high magnification. With these
advantages, the SEM is capable of generating good images that represent the three-
dimensional sample. In addition, an energy dispersive x-ray spectrometer is used to
determine the elemental concentration in a microvolume of sample. The SEM used for
this investigation (Carl Zeiss model 1525)* has a resolving power of 2 nm and a
magnification of over 500,000x while a modern light microscope has a magnification of

approximately 1000x and a resolution of 0.02um [32].

5.4.1. Sample Preparation

It is relatively easy to conduct an analysis of the internal structure of zirconium
alloys using a scanning electron microscope (SEM) since it requires very little in terms of
sample preparation. In addition, a metallic sample is conducting so that charge build-up
on the surface of the specimen is avoided. The specimen must be vacuum compatible
and must fit into the specimen chamber [28]. Most of the specimens examined were
epoxy-mounted specimens already prepared for light microscopy. Since the samples
were epoxy mounted, a copper foil was placed on top of the sample to conduct a current
to the stage ground. The combination of higher magnification, greater resolution, larger
depth of field, and ease of sample preparation makes the SEM one of the most

sophisticated desirable instruments for many research areas [32].

*Carl Zeiss
Thornwood, New York 10594
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The high-energy electrons in the beam of the SEM eject low level, k and 1
electrons from elements of the target. Characteristic x -rays resulting from the cascade of
higher-level electrons to fill the vacant states permits identification of the elements in the

sample. This is known as energy dispersive x-ray analysis (EDX).

The powder residue from the autoclave was examined to determine if the sample
failed along grain boundaries and if segregation of the dopant elements produced failure.
Figure 5.5 shows SEM micrographs of powder collected on the bottom of the autoclave,
after autoclave exposure for 336 hours. The powder was composed of large and small
chips of Zircaloy-4 doped with erbium and dysprosium. Examination with energy
dispersive x-ray (EDX) directing the beam on random particles showed both Zircaloy-4
constituents and dopant elements, but no segregation was detected. A representative
composition is shown in Table 5.1, and the corresponding energy spectrum is shown in
Figure 5.6. A large particle was found fractured in two pieces, shown in 5.7. The energy
dispersive x- ray (EDX) spectrum, Figure 5.8, and corresponding composition, Table 5.2
again reveals no segregation. Energy dispersive x-ray was also conducted randomly on a
large particle of the powder collected after the autoclave testing. Figures 5.9 through
5.12 show the EDX spectrums and SEM micrograph and Tables 5.3 through 5.6 present
EDX compositions conducted on bright and dark areas. The tables also represent
information of small particle and the second part of large particle. Again, these tables

and figures reveal no segregation of rare earths along grain boundaries.
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SignalA=SE2  Dete :3 Mar 2004
Photo No. = 80 Time 100042

Counts

1500 4

1000
110

500— Er,
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Energy (keV)

Figure 5.6: EDX spectrum of fine powder collected at the bottom of the autoclave test
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Table 5.1: EDX compositional analysis of fine powder collected at the bottom of the

autoclave
ELEMENT ELEMENT WEIGHT % ATOMIC %

O 4440 82.21

Zr 53.46 17.36
Sn 0.61 0.15
Dy 0.59 0.11

Er 0.93 0.17
Total 100.00 100.00

1mm EHT = 10.00 KV Signal A = SE2 Date :3 Mar 2004
WO» 19mrm Photo Ho. = 81 Time ADQF01

Mag= 17X

Figure 5.7: SEM micrograph of large particle found in the powder collected from the

bottom of the autoclave
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Table 5.2: EDX compositional analysis on large particle found in the powder collected at
the bottom of the autoclave

ELEMENT ELEMENT WEIGHT % ATOMIC %
0) 51.01 85.68
Zr 47.99 14.14
Sn 0.29 0.07
Dy 0.71 0.12

Total 100.00 100.00
Counts
2500-—_ Zr
2000
1500—5
1000-§
110
500-] &
1 D
1 T Sn Dy
D ——————————————
0 2 4 6 8
Energy (keV)

Figure 5.8: EDX spectrum on dark area of large particle of the collected powder after
autoclave test
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Table 5.3: EDX compositional analysis on dark area of large particle of the collected

powder after autoclave test

ELEMENT | ELEMENT WEIGHT % ATOMIC %
0 4781 84.05
Zr 50.84 15.68
Sn 0.68 0.16
Dy 0.67 0.12
Total 100.00 100.00
Counts
2500 1 Tzq

2000
1500
1000

500

Energy (keV)

Figure 5.9: EDX spectrum on bright area of large particle of the collected powder after
autoclave test
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Table 5.4: EDX compositional analysis on bright area of large particle of the collected
powder after autoclave test

ELEMENT ELEMENT WEIGTH % ATOMIC %
O 49.68 85.07
Zr 48.49 14.56
Sn 0.89 0.20
Dy 0.95 0.16
Total 100.00 100.00

Counts
11 A
2500—:
2000—5
Mo #
1500—:
1000—2
500—:' " gn
d y Z
s S BN, e S
0 5 10 15
Energy (keV)

Figure 5.10: EDX spectrum on small particle found in collected powder after autoclave
test
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Table 5.5: EDX compositional analysis on small particle found in collected powder from
the bottom of autoclave

ELEMENT ELEMENT WEIGHT % ATOMIC %
O 49.99 85.23
Zr 48.36 14.46
Sn 0.57 0.13
Er 1.08 0.18
Total 100.00 100.00

EHT = 20.00 kV Signal A = SE2 Dte :24 Mar 2004
WD= 7mm Photo No. =404  Timae :AD:1745

Figure 5.11: SEM micrograph on fracture surface of the left part of large particle of
powder collected from the bottom of the autoclave
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Table 5.6: EDX compositional analysis on fracture surface of the left part of large
particle of powder collected from the bottom of autoclave

ELEMENT ELEMENT WEIGHT % ATOMIC %
O 38.54 78.33
Zr 59.55 21.23
Sn 0.78 0.21

Dy 1.13 0.23
Total 100.00 100.00
Counts
3000—; i
eooo—i
1o
4000
2000
'- Sn Dy . .
0 T oSy
0 5 10 15
Energy(keV)

Figure 5.12: EDX spectrum of fracture surface of the left part of a large fractured
particle of the powder collected on the bottom of the autoclave

47




Chapter 6

TENSILE TESTS

6.1. Introduction

The tensile test is the most widely used mechanical property test. The purpose is
to measure strength and ductility. This experiment is based on the America Society for
Testing and Materials (ASTM) standard tensile test. In this project, metallic rare earth
elements, serving as burnable poisons are alloyed with Zircaloy-4 rather than mixed with
fuel in the form of compounds. The effect of such additions on the ductility is the subject
of interest. The tensile loads are applied to a specimen, which has an approximate area of
0.0322 cm? (0.0050 square inches) and a gauge length of 12.7 mm (0.5 inch). The
applied axial loads and the corresponding deformation are measured, and stresses and
strains are also determined. In addition, a stress-strain plot is developed from the stress

and strain data, which exhibits important information about the mechanical properties.

Another key objective of this experiment is to identify the failure mechanism
through analysis of fracture surfaces. Fractography, as the technique is called, was used
to determine the failure origin, direction of crack propagation, failure mechanism,
material defects, environmental interaction, and the nature of stresses [33]. Once again,
scanning electron microscopy (SEM) was used to perform the fracture surface analysis.
Energy dispersive x-ray analysis was again used to investigate elemental segregation and

precipitation.
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6.2. Background

The design performance of a product depends on mechanical properties of a
material and its capacity to resist deformation under stress. The tensile test is the most
fundamental type of mechanical test that one can perform to characterize the mechanical
properties of materials. This test uses a machine that applies and measures force or load
at constant strain rate. Generally, an extensometer or strain gauge is attached to a gauge
section on the test specimen to measure the axial elongation, but this is not necessary to
obtain useful data. A strain gauge load cell in the load train monitors the specimen load.
The gauge length and initial cross sectional area are obtained from measurement of the

test specimen. Strain, g, is defined by

L (6.1)
ly

where,

1, = The initial gauge length

I, = The final gauge length

The stress is computed from the expression

c = A£0 (6.2)

where,

F =Tensile load being applied to the specimen

A, = Initial cross-sectional of the gauge section
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This is known as the engineering stress, based upon the original area rather than upon the
instantaneous area which is used to compute the true stress, another useful quantity. A
stress-strain curve is developed when force-elongation data are converted to stress and
strain. It is more preferable to deal with the stress-strain curve rather than force versus
elongation due to its dependency on specimen dimensions. The point of maximum stress

is typically called ultimate tensile strength or UTS on the plot. It is computed as follows:

UTS = ~—ma (6.3)

where,
F_ .. = Maximum tensile stress
A, = Initial cross-sectional area of the gauge section

After the point of maximum load has been reached, the gauge section is no longer
uniformly strained. Deformation is mostly confined to a localized region of necking of

the specimen.

There are three parameters that are used to characterize the ductility of a material.

First, the total elongation is defined as follows

TE = (ILI_I_O) (6.4)

where,
I, = The initial gauge length

I, = The final gauge length
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TE = Total elongation
=21 (6.5)

where,

A, = Initial cross-sectional of the gauge section
A, = Final cross-sectional of the gauge section

RA =Reduction of area

UE = (ll’—lﬁ) (6.6)

l,, = the elongation at maximum load

Uniform elongation (UE) is an additional measure of ductility and is the ductility up to

the point where uniform deformation breaks down.

When performing the tensile testing, the initial stage of the test is characterized by
elastic deformation where the relationship between the applied load and elongation of the
specimen is linear. In this region, the ratio of stress and strain is constant and computed
as follows [31]:

E =

g 6.7
£

where,

o = Stress

¢ = Strain

E is the slope of the line and called Modulus of Elasticity or Young Modulus, which is a

measure of stiffness of the material. At the point that the curve is no longer linear and
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deviates from the straight line, plastic or irreversible, deformation starts to occur. This
point is defined as the elastic limit where there is a gradual transition from elastic to
plastic behavior. In the USA, the yield strength or offset yield strength is a more

commonly measured parameter and is set as the stress at a plastic strain of 0.2% [31].

F

(Strain-Offset=0.002)
Stress = AO (6.8)

Typical behavior is shown in Figure 6.1. The linear region exists up to point A, which is
known as elastic limit or proportional limit. Beyond the proportional limit, the yield
stress is reached, where the plastic strain is equal to a pre-defined value, 0.2%. Beyond
point C, where the force is maximum, the specimen begins to deform non-uniformly and
necking begins. The specimen can no longer strengthen by deformation, and the load
supported decreases until rupture at point D. As an elastic and plastic deformation curve
illustrates, Figure 6.2 presents a visual description of stress-strain behavior where the
circular insets represent the geometry of the deformed specimen at different points along

the curve described in Figure 6.1 [31].

A

Stress

Strain

Figure 6.1: Schematic of elastic and plastic deformation
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Stress

Strain

Figure 6.2: Visual description of engineering stress- strain behavior to fracture point F

6.3. Tensile Specimen Design

The same sheet that was used for the corrosion test coupons was used for tensile
testing. The specimens were stamped from the sheets that were used in the annealed
condition and accommodated the testing mechanism that uses a loading shoulder to apply
the necessary force. Each specimen was composed of a pair of shoulder ends, illustrated
in Figure 6.3, which provided the point of contact between the specimen and the testing

mechanism.
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A

L38.18mm

R2.5mm -\

C8.57mm

|

’ ™

G12.41mm

Figure 6.3: Schematic of tensile testing specimen

A oem

Tensile tests were conducted at room temperature at a strain rate of 6.67E-4s™ by

using a MTS* model, servo-hydraulic testing machine, which may be used for both

tension and compression testing. The maximum load capacity of the load frame was

25,000 kg (55,115.5 1b) and 65,000 1bf load cell was used. The type of grip used for this

experiment is called a shoulder grip, designed at the University of Tennessee Knoxville

Machine Shop. A total of 4 specimens from each alloy including undoped Zircaloy-4

were tested.

*MTS Systems Corporation,
Eden Prairie, MN 55344-2290
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6.4. Results and Discussion

6.4.1. Tensile Testing

An extensometer was not fastened to the specimen; however extension was
measured by a linear variable differential transformer, LVDT, attached to the pull rod.
This results in recording deformation of the load train and the machine itself, but this
unwanted deformation was subtracted out. Figure 6.4 a presents a typical curve from a
tensile test of undoped Zircaloy-4. This plot was developed from Figure B-1 that is
shown in appendix B. Figure A-2 in appendix A also presents tensile test results for free
Zircaloy-4 of specimen 3. Since these specimens were tested without an extensometer
attached to the gauge length, the elastic portion of the curve is not meaningful. Because
of this, a handbook value for Young’s Modulus was used to draw the elastic portion of
the curve in Figure 6.4 and the other tensile curves presented in this section. A value of
98 GPa for pure Zircaloy-4 reported in [10] was used to construct the linear portion of the
curve. Corresponding curves for the doped alloys are shown in Figures 6.5-6.7. It can be
observed in Table 6.1 that the undoped Zircaloy-4 specimens have both shown lower
ductility, ultimate tensile strength and yield strength than the basic mechanical properties
reported by Bertolino, Meyer and Ipina [32] who observed 522 MPa ultimate tensile
strength, 365 MPa yield strength and 27.8% elongation for mechanical properties of
Zircaloy-4 at room temperature. The total elongations reported in table 6.1, are almost in
agreement with that of 18% for unirradiated guide tube specimens at room temperature
and 22% for unirradiated cladding specimens at 300°C (572°F) reported by Yagnik,
Rashid and Yang [35]. The uniform elongations reported in Table 6.1, are close
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Table 6.1: Mechanical properties of the Zircaloy-4 alloys

Tensile
Properties

Undoped
Zircaloy-4

Erbium
doped

Dysprosium doped

Gadolinium Doped

Samples

2r-1 2r-3

Er-1 Er-2

Dy-1 | Dy-2 | Dy-3

Gd-1 | Gd-2 | Gd-3

Yield
Strength
(MPa)

394 379

331 366

456 455 | 462

414 | 428 392

Ultimate
Tensile

Strength
(MPa)

461 461

428 | 468

526 | 524 | 537

497 517 | 455

Total
Elongation
(%)

21 20

25 24

23.3 22 23

16.6 | 185 | 10.8

Uniform
Elongation
(%)

76 9.2

8.64 8.4

884 | 80 | 768

7.4 104 | 43
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to that of 12% for unirradiated guide tube specimens at room temperature and 9% for
unirradiated cladding specimens at 300°C (572°F). Pierron, Koss and Motta have also
reported 466 MPa yield strength, 488 MPa ultimate tensile strength and 10.4% elongation
for mechanical properties of Zircaloy-4. It can be seen that the mechanical properties
reported in the literature are higher than the experimental ones. One the other hand there
is not much difference between the results reported in Table 6.1 and the vendor’s data
shown in Table 6.2. The difference reported is probably due to difference processes used
for each material.

Table 6.2: Literature ambient-temperature mechanical properties of Zircaloy-4 alloys
tested [36]

Material Vendor Certification: Wah Chang Lab - Data: UNLV
(Heat No.)

YS UTS(MPa) | %EL | %RA | YS(MPa) | UTS(MPa)
(MPa)
Zircaloy-4 379.9 548.8 239 | 58.3 | 384 542
(243195)
Zircaloy4
(242731) 3433 538.4 28.5 |[NA |NA NA

For information only: Vendor Test Material Certificate-Accession Numbers
Mol 20030120. 1900, Mol 20030318. 0019. Data Source DID # 032HA.001
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6.4.2. Fractography

Scanning electron microscopy (SEM) fractography studies were performed on the
broken tensile specimens of Zircaloy-4 doped with dysprosium, erbium and gadolinium
and unalloyed Zircaloy-4, used as the control material. Figure 6.8 shows the lateral side
of a fractured specimen of low magnification. Besides the black spots observed on the
side of the fracture end which are identified as dirt pick up prior to the tensile test, at this
low magnification, only a limited-ductility fracture is apparent. Figure 6.9 reveals
spherical and elongate dimples from uniaxial tensile loads. Figure 6.10 shows slip bands
characteristic of plastic deformation, lending supporting evidence that doping with

dysprosium did not severely embrittle the material.

Mag= 28X 200um EHT = 10.00 kv Signal A = SE2 Date 23 Jun 2004

WD= 9mm PhotoNo.=217  Time .102847

Figure 6.8: Scanning Electron Microscopy micrograph of Zircaloy-4 specimen doped
with 2% dysprosium (A-Dy-1-1) at low magnification. It shows a view of the side of the
fracture end which contained particles identified as dark spots
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EHT = 20,00 &V Signal A = 8E2 Date :8 Jun 20
WOs= 27mm PhotoNo.= 122 Time 1110521

FE SRS ST e S

Figure 6.9: Scanning Electron Microscopy of an undoped Zircaloy-4 specimen (A-Zr-1-
3) fracture surface showing spherlcal dimples resulting from uniaxial tensile loads and a
secondary crack

r , . EHT = 10.00 kv SignalA=SE2  Dute:23 Jun 2004
b il l———‘ W= Smm Phototo.» 21§ Time 102618

P T S R e, E _ S fheiaa - B A o

Figure 6.10: Scanning Electron Microscope micrograph of Zircaloy-4 doped with
dysprosium of specimen (B-Dy-2-4) showing grain structure that contained slip lines on
the surface of the fracture end.
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Figure 6.15 shows the fracture surface of a Zircaloy-4 specimen doped gadolinium.
Initial examination of the specimen fracture surface immediately revealed that plastic
deformation is well identified even at low magnification. For more detailed studies, high
magnification was used as seen from Figure 6.11, showing dimples characteristic of
ductile fracture. It also exhibits dimples associated with ductile ligaments caused by
microvoid coalescence that often accompanies fracture. Each dimple is one half of a
microvoid that formed and then separated during the fracture process [34]. Since the
ductile fracture process normally occurs in several stages, beginning with the necking
process followed by microvoid formation and coalescence and continuation of crack
growth, different microstructure characteristics might be formed. Shear areas
characterizing a final shear fracture mode that provided more detailed information to the
tensile direction were observed on Figures C-12, C-14, C-16 and C-20. Similar low and
high magnification fractographs are shown for Zircaloy plus erbium in Figures 6.11 and
6.13. Again, only ductile rupture is evident on the fracture surfaces. Figures 6.14 and
6.15 show corresponding ductile features for Zircaloy-4 doped with gadolinium. Again,
only ductile features are observed. EDX studies on the fracture surfaces did not reveal
any concentration of rare earth elements above the doped levels. What is most significant
is that intergranular fracture was never observed nor was cleavage fracture. No severe

embrittiment resulting from the rare earth additions was observed.
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EHT = 20.00 kv Signal A = SE2 Dt :@ Jun2004
WD = 3tmm Photo No.= 74 Time 9:13:16

Figure 6.11: Scanning Electron Microscopy micrograph of a Zircaloy-4 specimen doped
with dysprosium specimen (A-Dy-1-3) showing ductile mode fracture caused by
microvoid coalescence

Mag= 45X ﬂm EHT = 20.00 KV SignolAzSE2 Do 8 Jun2004

V0= 28 mm PhotoHe.= 102 Time :1034'4%

|
|
- e

Figure 6.12: Scanning Elecwron Microscopy micrograph on fracture surface of Zircaloy-4
sample (A-Er-1-1) doped with 2% erbium. The fractographic examination shows plastic
deformation obtained at low magnification.
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EHT = 20.00 & Signal A = SE2 Ote :@ Jun 2004
WO « 28mm Photo Ho.= 104  Time :1035'50

Figure 6.13: Scanning Electron Microscopy photomicrograph on fracture surface of
Zircaloy-4 doped with 2% erbium specimen (A-Er-1-3) showing several microstructure
features at high magnification such as dimples resulting from ductile fracture, shear and
inclusions

EHT = 20.00 ¥ Signal A = SE2 DOxtta :@ Jun 2004
WDe 28mm Photo Ho. = 88 Time 103341

Figure 6.14: Scanning Electron Microscopy of Zircaloy-4 doped with 0.5% gadolinium

specimen (B-Gd-2-1) on fracture surface showing fine-grained microstructure and plastic
deformation
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EHT=2000Kv  SignalA=SE2  Cute:@Jun200s
Wihe 28mm Photo Ho. = 88 Time 100429

Figure 6.15: Scanning Electron photomicrograph of Zircaloy4 doped with gadolinium
of sample (B-Gd-2-3) on fracture surface showing ductile fracture with dimples
associated with ductile ligaments caused by microvoid coalescence
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Chapter 7

CONCLUSIONS AND FUTURE WORK

7.1. Conclusion

This thesis involves an experimental program to determine the effects of doping
Zircaloy-4 with rare earth burnable poisons. Various analytical techniques have been
employed in order to understand the effects of the alloying process including corrosion,
scanning electron microscopy (SEM), x-ray fluorescence (EDX), optical microscopy,
tensile testing and fractography. Based on the experiments and investigations conducted

on Zircaloy alloys, the following specific conclusive points can be reported:

1. The tensile properties of Zircaloy-4 were not significantly affected by additions of
0.5% Gd, 2% Dy and 2% Er.

2. The corrosion resistance of Zircaloy-4 was reduced by the addition of 0.5% Gd.

3. The corrosion properties of Zircaloy-4 doped with 2% Dy or 2% Er were
completely unacceptable. The failure appears to result from enhanced general
attack due to addition of an active metal.

4. No segregation of any rare earth metal was observed and no intergranular
embrittlment was observed. This leaves open the possibility of reducing the rare

earth concentration to a safe level since it does not concentrate in local areas.



7.2 Future Work

Since this research project is the first attempt in alloying metallic rare earth
elements such as dysprosium, erbium and gadolinium, serving as bumable poisons, with
the fuel cladding rather than mixing with fuel in the form of compounds, there are many

areas for future improvement.

The time and temperature the specimens are exposed to superheated steam in the
autoclave could be crucial when corrosion occurs. Gadolinium exhibits poor corrosion
and erbium and dysprosium completely transform to powder. Since detailed time and
temperature data do not exist in the open literature, the characteristics of the powder
should be explored to determine the effect of very high temperature and large
temperature changes on the materials. Also, future experiments may be required to
expose specimens in the autoclave for few hours or 10 hours maximum with intermediate

neutron scattering analysis to better understand the structure of the corrosion products.

The corrosion properties of the dysprosium and erbium containing alloys were
completely unacceptable. Future experiments should be conducted to determine
corrosion properties of a set of alloys with varying amounts of rare earth elements to
determine if it is the concentration that is critical or if it is the particular element. From
the present data, it cannot be determined if it is 2% versus 0.5% concentration that is

critical or if dysprosium and erbium are worse than gadolinium.
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Appendix A
ADDITIONAL TENSILE TEST RESULTS
ZRCALOY-3
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GADOLINIUM-2
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Figure A.3: Stress — strain curve of Zircaloy-4 specimen doped with 0.5% gadolinium-2
at room temperature '
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Figure A.4: Stress-strain curve of Zircaloy-4 specimen doped with 2% erbium-1 at room
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Appendix B

TENSILE TEST CURVES AS OUPUT DIRECTLY FROM THE TENSILE

MACHINE
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Erbium-1
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Gadolilium-3
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Appendix C

FRACTOGRAPHY

EHT = 10.00 " GignalA=SE2  Data 23 Jun 2004
WO+ 9mm Photo Ho.®»223  Time :1041°05

Figure C-1: Scanning Electron Microscopy micrograph of Zircaloy-4 specimen doped
with 2% dysprosium (A-Dy-1-7) developed at low magnification. It can be seen that a
large crack was localized on the fracture end.
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EHT = 10.00 k¢ Signal A = SE2 Dt :23 Jun 2004
WO« 8mm Photo Ho.= 231 Time 1105530

Figure C-2: The fractography micrograph of undoped Zircaloy-4 (A-Zr-1-1) specimen
developed at low magnification, showing a view of the side of the fracture end which
contained dirt particles identified as dark spots

I~ o = EHT » 10.00 v SignalA=SE2  Due:23 Jun2004
’ Mag= 28X i WO= 9mm Photo Ho.= 224 Time 1104245
ISR St S AR S e e e e oy S e T s o [

Figure C-3: Scanning Electron Microscopy micrograph of Zircaloy-4 doped with 2
percent dysprosium of specimen (C-Dy-3-1) at low magnification
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5 o - T EMT=10.00Wv  SonalA=SE2  Deve:25 Jun 2004
e bl <. "dimm: Photo Ho.= 227 Time 104523

Figure C-4: Scanning Electron Microscopy micrograph of Zircaloy-4 doped with 0.5
percent dysprosium of specimen (C-Dy-3-4) on the surface of the fracture end at high
magnification

~

— EHT = 10100 kv Signal A=SE2  Dupe:28 Jun 2004
WD=- 8mm Photo No.= 241 Time :11 083

Figure C-5: Scanning Electron Microscopy micrograph of undoped Zircaloy-4 of
specimen (C-Zr-3-1)
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SignalA=SE2 (e :23 Jun 2004
Photo No. = 244 Time 131205

Figure C-6: Scanning Electron Microscopy of free Zircaloy-4 of specimen (C-Zr-3-4).
reveals slip lines, rough surfaces and dirt particles at high magnification

EHT » 20,00 kv Signal A = SE2 Ceste :@ Jun 2004
WO« 31 nmm Photo Ho. » 72 Time 9'44:32

Figure C-7: Scanning Electron Microscopy of Zircaloy-4 doped with 2 percent
dysprosium of specimen (A-Dy-1-1) showing plastic deformation that is a fundamental
measurement of ductility.
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EHT = 20.00 kv Signal A = SE2 Date ;8 Jun 2004
Wo= 28mm Phobo He. = 80 Time 350:21

Figure C-8: Scanning Electron Microscopy of Zircaloy-4-Gadolinium specimen (A-Gd-
1-1) on fracture surface showing plastic deformation

EHT » 20.00 kv Signal A = SE2 Dot :B Jun 2004
WD= 28mm Pheto He. = 82 Time 9:51:58

Figure C-9: Scanning Electron Microscopy of Zircaloy-4-Gadolinium specimen (A-Gd-
1-3) on fracture showing dimples caused by microvoid coalescence.
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EHT » 20.00 &V Signal A = SE2 Cate :8 Jun 2004
WO~ 27mm Phota No.= 120 Time ;110848

Figure C-10: Scanning electron photomicrograph of undoped Zircaloy-4 specimen (A-
Zr-1-1) on fracture surface exhibiting plastic deformation

EHT » 20.00 &V Signal A = SE2 Date @ Jun 2004
WD+ 3Mmm Photo Ho. = 7@ Time 9:31:38

Figure C-11: Scanning Electron Microscopy of Zircaloy-4-Dysprosium specimen (B-
Dy-2-1) on fracture surface showing plastic deformation
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- 20 EHT » 20.00 & SignalA=SE2  Date :@.Jun200¢
Msg = (ShO/X WO« 3 mm Photo Ho.= 80 Time 93316

Figure C-12: Scanning Electron Microscopy of Zircaloy-4 doped with 2 percent
dysprosium of specimen (B-Dy-2-3) on fracture surface revealing a transition of shear
deformation and elongate dimples

EHT = 20.00 kv Signal A = SE2 Data :8 Jun200s
WD = 27 mm Photo No.= 108 Time:104218

Figure C-13: Scanning Electron Microscopy of Zircaloy-4 doped with 2 percent erbium
of specimen (B-Er-2-1) on fracture surface presenting plastic deformation at low
magnification
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ENT » 20.00 kv SignilA=SE2  Dase :2Jun2008
WO= 27mm Photo Hp.= 110 Time 1104327

Figure C-14: Scanning Electron Microscopy of Zircaloy-4 doped with erbium of
specimen (B-Er-2-3) showing typical ductile fracture surface that contained large crack.
No segregation could be detected on the secondary crack surfaces. The crack is rare
event possibly initiated by an inclusion

EHT » 20.00 kv Signal A = SE2 Date ;2 Jun 2004
WO e 27 mm Photo Ho.= 126 Time :13:14'59

Figure C-15: Scanning Electron Micrograph of free Zircaloy-4 specimen (B-Zr-2-1) on
fracture surface showing plastic deformation

88



Signat A = SE2 Dt 8 Jun 2004
PhotoNo.= 128 Time 1131608

Figure C-16: Scanning Electron Micrograph of undoped Zircaloy-4 of specimen (B-Zr-
2-3) showing fracture surface that reveals shear and plastic deformation

EHT = 20.00 &V Signal A = SE2 Cato @ Jun 2004
WO= 28mm Phota No. = 84 Time 9:41;24

Figure C-17: Scanning Electron Microscopy of Zircaloy-4 doped with 2 percent
dysprosium of specimen (C-Dy-3-1) on fracture surface revealing plastic deformation
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Figure C-18: Scanning Electron Microscopy of Zircaloy-4 doped with dysprosium of
specimen (C-Dy-3-3) on fracture surface showing spherical dimples characteristic of
ductile fracture resulting from initial tensile loads.

Signal A = SE2 Dazre :@ Jun 2008

10| EHT » 20.00 &
F_zm WD+~ 27mm Photo No.= 114 Time 1105033

Figure C-19: Scanning Electron Microscopy of Zircaloy-4 doped with 2 percent erbium
of specimen (C-Er-3-1) on fracture surface showing plastic deformation associates with
few particles of dirt
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EHT = 20.00 kv Gignal A = SE2 Cate 2@ Jun 2004
WD = 27 mm PhotoHlo.= 116 Time 1105139

Figure C-20: Scanning Electron Microscopy of Zircaloy-4 doped with 2 percent erbium
of specimen (C-Er-3-3) on fracture surface showing shear deformation and few dimples
caused by fracture ductile

EHT = 20.00 kv Signal A = SE2 Dt :@ Jun 200
WO = 28 mm PhotoNp.= 132 Time 1152121

= ~a —— T o~

Figure C-21: Scanning Electron Microscopy of undoped Zircaloy-4 of specimen (C-Zr-
3-1) on fracture surface exhibiting plastic deformation
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Signal Dato 82008
Photo He.= 13¢  Time 1142228

Figure C-22: Scanning Electron Microscopy of free Zircaloy-4 of specimen (C-Zr-3-3)
on fracture surface spherical dimples and shear deformation

92



VITA

Chryso Kasongo Kahambwe was born in Lubumbashi, Democratic Republic of
Congo, on September 21, 1967. He attended Saint-Boniface Primary School
(Lubumbashi) and graduated in July 1980. In September 1981, he was admitted as a
freshman at Athenee of Katuba High School; then in September 1983, he transferred to
Maadini High School and majored in Science. In September 1984, he transferred to
Kiwele (Lubumbashi) High School where he received the high school diploma in Biology
and Chemistry in 1987. The following September, he was accepted at Polytechnic of
University of Lubumbashi, majored in Chemical Engineering. He took one year off from
college in 1988 and returned to college in 1989. In September 1990, he moved from
Lubumbashi to Botswana via Zambia where he worked for one year as a machine
operator at Spie Batignolles (French Company). In September 1993, he traveled to the
United States and admitted as freshman at Nashville Technical Institution, Tennessee in
1994. In January 1995, he transferred to Tennessee States University and majored in
Chemistry. In January1996, he transferred to University of Tennessee Knoxville, and
received the Bachelor of Science degree in Chemical Engineering in December 1999. He
worked for eight months as a field engineer at United Consulting Firm in Atlanta,
Georgia. In January 2001, he returned to University of Tennessee Knoxville to continue
graduate school, where he received the Masters of Science degree in Nuclear Engineering
in December 2004, and interested to look for a nuclear engineering position or related

field around the country.

93



58@1 7111*\, 11@



	Investigation of Zircaloy-4 Doped with Metallic Burnable Poisons
	Recommended Citation

	tmp.1497539229.pdf.oJ6cZ

