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ABSTRACT

Oxidation behavior of Zr-10Nb-10Ti and Zr-10Nb-20Ti (compositions aratamic
percent) alloys has been investigated in air between 300 afi@.78@her Ti content in the
alloy enhances the oxidation resistance. The calculated issthey Pandal' % show that
20Ti enters a 3 phase{r-HCP, BNb-BCC, andBZr-BCC) region at 50t while 10Ti alloy
continues to be a 2 phasezf and BNb) alloy until 556C and then enters the 3 phas&f
BNb, andBZzr) region. Both alloys have a single ph@s&r solid solution at 70 which is
detrimental for the oxidation resistancg.Nb-phase greatly contributes to the oxidation
resistance in these two alloys. The common oxidation products havadeedified as TiQ,

ZrO,, and NbOs. Formation of substoichimoetric structures has been observed at lower
temperatures. Both alloys suffer from pest oxidation at tempesabetween 500 and 58)
respectively (20Ti and 10Ti), up to 7AW XRD indicates strong peaks for monoclinic structure
of ZrO, at temperatures above 600 Vickers micro-hardness measurements for the as-cast
alloys and Rockwell Hardness measurements were conducted ons-testaand after
experimental exposure alloys, in order to obtain some sense oktttenical properties of the

alloys. Increased hardness is related to the formatifrzofphase in the microstructure.
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CHAPTER 1

INTRODUCTION

Aerospace and nuclear systems applications require matettiala balance of physical,
chemical and mechanical properties that allows an improved parficerunder very degrading
and extreme environments as encountered in nuclear reactor operation cqritigpms/olve a
combination of high temperatures, high pressures caused by superisézden oxidizing
environments, and intense irradiati®f. Zirconium and its alloys have been chosen as the
material of choice in the fuel cladding, tubing, and structuitiemal of nuclear reactors due to
its low neutron absorption, high strength, and good corrosion resist&hdehas also found
application as containment material in the chemical industryalite good corrosion resistance
and strength. Due to an increase in burn up time, higher reactoréuonps, and to improve the
performance of zirconium alloys in the event of a severetdisasnuclear reactors where the
core is melted, development of new Zr-based alloys for nucleaerpganeration and high
temperature applications is needed. As a result, a better undangtaf the corrosion and/or
oxidation behavior, and mechanical properties of zirconium alloyed etiter elements is of

great interest.

Zirconium-Nb containing alloys have been widely used as claddimtd) structural
material in nuclear reactors due to its improved corrosion resestalaimed to be the niobium
effect, when added to zirconiurfi¥! Other studies have been focused on the effect of other
moderate additions of different alloying elements i.e., Sn, Fe AC among others, on the

properties of zirconium based alloys. Therefore, it is of @ésteto study the effect of other



alloying elements, like Titanium, on the oxidation and mechapicgerties of zirconium based
alloys. Besides alloying, some other techniques, i.e. applicatiprotéctive coatings and ion
implantation, have been used to improve the oxidation resistandéoyd Ay promoting the

formation of a coherent and protective oxide scale on the surface of the metal.

In this study we investigate the oxidation behavior in stagnanbfaa niobium-
containing zirconium alloy with different titanium additions undemperatures from 300 to
700°C. The alloys under investigation are Zr-10Nb-10Ti and Zr-10Nb-ROdiomic percent.
Study of the effect of titanium additions in a Zr-10Nb alloyg heen chosen due to its good
strength, low density, and passive or protecting oxide formation.sBtgof experiments were
performed: (a) heating in air for 24 hours at various tempesfoom 300 to 70, short term
oxidation (STO) and (b) repeating the 7 cycles of part (a) aven demperature, long term

oxidation (LTO).

The funding of this project has been received from the DepartmeBheigy of the

U.S.A. under grant DE-FG26-05NT42491, Dr. Patricia Rawls is the program manager.



CHAPTER 2
BACKGROUND

2.1 Oxidation

When an atom, ion, or molecule has become more positively charged, doshas

electrons, we say that it has been oxidiZéd. Deteriorative mechanisms are different for

different material types. In metals, there is actual nmadtéss either by dissolution (corrosion)

or by the formation of nonmetallic scale or film (oxidation). dation of metal alloys in gaseous

atmospheres, normally air, is a phenomenon frequently termed sctmmgshing, or dry

corrosion.The process of oxide layer formation is of an electrochenmatire, and can be

described by the following reaction:

M + %20, — MO (For divalent metals) (Equation 1)

aM + b/2 O, — MOy, (For other than divalent metals) (Equation 2)

The previous reaction consists of two half-reactions, which are the oxidation antibreduc

M — M?%" + 2¢ (Oxidation reaction occurs at the metal-scale interface)  (Equation 3)

%0, + 26 — O° (Reduction reaction occurs at the scale-gas interface) (Equation 4)

Figure 1 is a schematic representation of the oxidation process:
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Figure 1. Schematic representation of the oxidation proédss.

In order for the oxide layer to increase in thickness electrurst be conducted to the
scale-gas interface; also metal ions must diffuse away themmmetal-scale interface, and/or
oxygen ions must diffuse toward this same interface. Alterngtieétctron holes and vacancies
may diffuse instead of electrons and ions. Therefore, the oxide seeves as an electrolyte
through which ions diffuse, and also as an electrical circuithferpassage of electrons. As a
result, the scale might protect the metal from rapid oxidatiberwit acts as a barrier to ionic

diffusion and/or electrical conductidf’

2.1.1 Mechanisms of Oxidation

The oxidation of a metal in air or any corrosive environment iseeavith temperature

and takes place under a combination of different physical and chemical processes

-Initially, there is an adsorption of oxygen atoms in the immedigiaity of the metal



substrate surface up to a certain solubility limit that chdogevery metal and increases

with temperature. At this stage oxygen acts as an electron donor in the metal.

-After saturation of the metallic surface and under favorablenibeynamic conditions,
nucleation and growth of crystallites, resembling oxide islandee@metal surface, takes
place forming a compact and continuous oxide layer that resultswiarihg of the
oxidation rate and further oxidation. The initial oxide filmypitally of an amorphous,

sub-stoichiometric nature.

-As the oxide grows, tensile and compressive stresses develtpe anetal-scale
interface, due to mismatches in the lattice parameters aefficeents of thermal
expansion between the oxide and the metal substrate, resultiregaratk formation and
propagation as a mechanism to relief the localized strésseto straining of the scale.
This leads to changes in the oxidation mechanism of the metabdbe formation of
new paths for faster diffusion of oxidizing species, as it ic#se with oxygen when the

metal oxidizes in air.

Diffusion of ion species and electrons is driven by a combinatioheothemical and
electrostatic potentials, which determine the oxidation kineticgdaflon mechanisms are
conformed by three general laws that involve logarithmic, linead parabolic oxidation
kinetics. The logarithmic behavior is typical of an initial fagtdation and low temperatures,
where oxygen reacts with the metal substrate to form an oxided@r to lower the interfacial

energy at the metal/gas interface. The oxidation rate desreasstabilizes as a result of oxide



growth or oxide scale thickening that slows down the diffusion of exyanions towards the
metal/oxide interface. The following stage of oxidation can obeineaid, parabolic, or a
combination of the two, oxidation kinetics. Under linear kinetics condiraxgdation takes place
at a constant rate, it is characterized by the formation dkeasies on the surface of the metal
that do not provide oxidation protection. As oxidation continues, anisotropictigroivthe
oxides, mismatches due to differences in coefficient of therrparesion, differences in crystal
structure, and composition gradients, among others can lead kingtamwelling, and spallation
of the oxide scale continuing the oxidation of the metal until theplearm completely oxidized
or destroyed. Finally, when the oxidation mechanism follows éphcabehavior, the oxidation
rate is gradually decreased due to the formation of a protemtide scale. Decrease in the
diffusion rate takes place due to the formation of a dense coherdatswale which impedes the

movement of ions; this effect is more prominent as the oxide increases in $isidkné* +°!

2.1.2 Protective Oxides

An oxide’s morphology is subject to change under different environments, time exposure,
and parent metal alloy composition following energetically faveratransformations. A
protective oxide must be able to create an adhesive and compattoxide interface, that
grows at a moderate rate, and that is able to self{ff@4@Dn the other hand, a protective oxide
slows down the oxidation of metallic alloys by acting as raidrafor the diffusion of ions. For
example, typical oxides that form readily under exposure to aminexitions are AlOs, Si0;,
and CpOs, they are well-known for their protective behavior; also, other sxadeZrQ, TiO,,

and NbOs have been found to have protective behavior under corrosion environifetits?



In order to reduce the degradation of metallic alloys under corrosr oxidation
mechanisms protective coatings and ion implantation have been usedhasiarte tailor the
growth of adherent, stable, protecting scales. Nb, Ti, Zr, HfNinelZr- based coatings have
been used as protective scales due to the presence of stable comihatinofer better
protection resistance in corrosive environmefits?® % Also, conversion coatings as Cs-Zr-Nb
on magnesium alloy AZ91 have been studied and found to have to form a cohesive inténface w
the substrate, and to improve the corrosion resistance of the magnasiyndue to the
formation of stable compounds of Ce@e0s, ZrO,, and NbOs. *®! Therefore, by improving
and predicting the oxidation resistance of a substrate other pararsath as dimensions and
mechanical properties can be maintained avoiding catastrophic fafllsguctural materials

under service conditions.

Furthermore, as an oxide scale coarsens its ability to accortenettasses due to
differences in crystal structure, and coefficients of theraxglansion between forming oxides
are of great importance since they will dictate the extentvhich this oxide will remain
passivating. As a result, metastable oxides with different tategc can be formed at non-
equilibrium conditions due to high local pressures arising from meclaumpressive stresses
in the oxide. For example, different polymorphs of zirconia have bbserved, specifically
tetragonal and cubic ZgQunder low temperature oxidation environments along with the stable
monoclinic form of ZrQ, even though, these crystal structures are not stable in equilibriu
conditions.*® 31 3% %51 A’ thermodynamic equilibrium phase diagram is presented in FRyure

showing different regions of stable structures in the Zr-O ploisgram as a function of



temperature and oxygen concentration.

Figure 2. Thermodynamic binary phase diagram of Zr-O at 1/%tm.

Figure 3 shows another diagram presenting regions of stabiliBrO, as a function
temperature and pressure which provides further evidence on they atali form

thermodynamically non-stable structures under high pressure conditions.
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Figure 3. Crystal structure stability of zirconia as a function of teryrerand pressur&™

2.2 lonization Energy

By definition the ionization energy of an atom or ion is the minimum energy esjtar
remove an electron from the ground state of the isolated gaseotmorTde first ionization
energy,ly, is the energy needed to remove the first electron from a natdral The greater the
ionization energy, the more difficult is to remove an electfShTherefore, this is a property
that is extremely important when dealing with the oxidation behavioretéls and alloys; since
it dictates to some extent how selective oxidation or corrosidintaiee place with different
metals, alloys and/or compounds at a different rate. The followirsgtable (Table 1) of the

ionization energy of the pure form of the metals pertinent to this study.



Table 1. lonization energies in eV and kJ/mol of the metals studied.

Atomic number, Z Element lonization energy, & | lonization energy, kJ/m6[" <*
22 Titanium 6.8281 658.8
41 Niobium 6.758859 652.1
40 Zirconium 6.63390 640.1

From the previous table we can see that zirconium has lower tionizmergy than the
other alloying elements. Therefore by alloying with eletaeof greater ionization potential it
might be possible to improve the oxidation resistance of the pureemiesmce the energy
needed to remove an electron from the alloy will be higher wlmnpared to, i.e. pure

zirconium, resulting in an increase in oxidation resistance.

2.3 Metal Selection and Properties

Niobium

(Niobe, daughter ofTantalus). Columbium was its previous nam@o{umbia, name for
America) until 1950, after 100 years of controversy, when its presaneé was adopted by the
International Union of Pure and Applied Chemistry. Niobium is a shiilytewsoft, and ductile
metal, and turns into a bluish cast color when exposed to air at engpetature for a long time.
It has poor oxidation resistance, and starts to oxidize in air at 200 Cused as an alloying
element to improve the strength in nonferrous alloys, and the sataspdor carbon and alloy

steels. Niobium has been widely used in advanced air framemsydta space program

10



applications®”

Titanium

(From Latin, Titans, the first sons of the Earth, Greek mythology) In its pure form
titanium has a lustrous white metallic appearance. It has alémsity, good strength, ease of
fabrication, and excellent corrosion resistance. The strengthapiutit is comparable to steel,
but with the advantage of being 45% lighter. Moreover, it also is B8&bvier than aluminum,
but double its strength. Titanium alloys are widely used farafir and missiles where extreme

service temperatures are encountered, and light weight strength is feébded.

Zirconium

(From Arabic,zargun, gold color) Its appearance is of a grayish-white lustrousimeta
Zirconium has been found to be extremely resistant to the corresuwenment inside atomic
reactors, and it allows neutrons to pass through the internal zircaruostruction material
without appreciable absorption of energ¥ircaloy (Zr-Nb based alloy) is an important alloy
developed specifically for nuclear applications. Zirconium has a verychigbsion resistance to
common acids and alkalis, sea water, and it is extensively gatpia the chemical industry

where corrosive agents are usét.

Table 2 present different physical and mechanical propertideddtathe metals studied for this

thesis.

11



Table 2. Physical and mechanical properties of zirconium, niobium and titanium.

Zirconium Niobium Titanium
Structure, and latticeHCP (a=3.230 | BCC (a=3.2972) HCP (a = 2.9503,
constants in A2 c=5.133, c = 4.6831,
c/a=1.589) c/a=1.5873)
BCC (a =3.62)
Melting Point, °¢* 1852 2468 1660
Density, g/cmi?*° 6.49 8.58 4.505
Yield Strength, 19psi'“*=" | 15.0 38 20.7
Young’s Modulus, 10 psi| 11.3 15.08 15.5
[29-30]

2.4 Zirconium-Oxygen System

The binary zirconium oxygen thermodynamic equilibrium phase diagranforms
regions of stability for different metallic zirconium phase<( & B-Zr) and several polymorphs
of Zr-O compounds that are stable at different temperature and dtiorpoanges. Parameters
as solubility of oxygen in the hexagonal close packed and baser aaridic structures of
zirconium can be obtained from the phase diagram. For example, e@ptai studies have
found thata-Zr (hexagonal) has a greater solubility of oxygen when cordptarets higher
temperature cubic structufe®>% As a result of adsorption of oxygen atoms into interstitias site
of metallic zirconium, changes in lattice parameters caaxpected to affect the mechanical and

physical properties of the metal or alloy. HCP zirconiurkniswn to dissolve interstitially large

12



amounts of oxygen into its octahedral sites. The diffusion of the oxygen atoms intcoheim
hexagonal structure causes an expansion of the lattice in thepbasaland the perpendicular
axis parameters. This expansion is more prominent in the z-divemtilattice parameter c. As a
result, some studies have suggested anisotropic or orientation rehateges in the diffusion
rate of oxygen in zirconium®”** Figure 4 shows the changes in lattice parameteiZofas a

function of oxygen dissolved

nm Ir-o fecZr] cph /
0.519 . -

0.516

0.515
0,376
nm

b 0.325

0.32¢

L=]

0323 ! _ J
Lr fi 17 16 0 26 ot%h 24

=

Figure 4. Expansion in the hexagonal closed packed zirconium structure as a functimeaf ox
dissolved!"™
Different stochiometric structures of zirconia are preserthéisobaric (1 atm) phase
diagram as a function of temperature and composition. The follo(Higyire 5) is a table

showing the crystal structure and lattice parameters of the differemqqigs 26 5% 671

13



Phase Structure Twvpe a [nm] b [nm] ¢ [nm]

0Zr0; mon 0.5169 0.5232 0.5341
B =9925¢

AZrO, tetr Hgl, 0.35882 0.51882

V0, cub CaF, 0.509

Figure 5. Lattice parameters of different polymorphs of zircoffla.

Furthermore, other less stable sub-oxides having an oxygen deyiagan be shown in
the phase diagrams. These are usually encountered as precursors sfafier Zr@compounds
in the oxidation process of zirconium. The zirconium sub oxides aredeoedi as pseudo-
crystalline or amorphous structures which are zirconium rich, angeoxgiepleted compounds
that contain large amounts of oxygen vacancies. These compoundsrigckahge order and

have been identified as g, Zr0, and Z50. ¥

2.5 Oxidation Mechanism of Zirconium-based Alloys

Studies on the oxidation of zirconium at low temperatures have shown that exygsn
physi-absorbed on the surface of zirconium by diffusion through inigrstites and grain
boundaries, reaching solid solutions of around 30-35at>%§*'No oxide is formed in this first
stage oxygen acts as an electron donor that occupies the odtadiedraof the zirconium
structure. Furthermore, when the solubility of oxygen reachesatigration limit, chemical
reactions forma a thin layer of sub-oxides having a protective ndtoiseinitial protective layer

slows down the oxidation rate of the substrate by acting aslemtrolyte that governs the

14



diffusion rate of ions through the scale. The initial sub-oxides haslark color, and turn to
white when ZrQ is formed. At this stage, the predominant electron transpbit isnneling up
to limiting oxide thicknesses and relatively low temperater&)0°C; when the critical oxide
thickness is reached or at intermediate temperatures, 300%C500°, thermionic emission and
concentration gradient diffusion become the mechanisms that driventtr@nsport through the
oxide scale. The oxide grows by the diffusion of anion species thithegbxide scale to react
with the substrate at the metal/oxide interface, there &ngally no outward diffusion of cations
through the oxide scale. Therefore, movement of the metal/oxiddaicg takes place in the
inward direction. At intermediate temperatures the linear oxiddaw governs the oxidation
rate of the substrate. Furthermore, previous studies have shownhiratlttropes of zirconia
can be stabilized in the oxide due to pressures induced by medisar@saes arising from oxide
growth. Furthermore, parameters such as fine grain sizehaid temperatures are also
responsible for stabilized tetragonal Zr@oexisting with monoclinic Zr® Finally, at
temperatures > 500°C high stresses are reached and exceedntjh ®f the cohesion between
oxide and metal interface, due to significant difference in tedficient of linear expansion
between the oxide and the metal substrate, cause flaking anakingraf the oxide scale; as a
result an increase in the oxidation rate is observed due to thetiforrobnew paths for oxygen
diffusion and fresh metal exposuf&: 44 45 48. 49, 51. 55, 56,58, 61, 62, 66. B Tharefore, repeated
formation of new oxide scale, spallation and cracking (as a mechatu relief the local

stresses), continues until compete oxidation or destruction of the metal subkeatelace.
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2.6 Alloying Effects on Zirconium

In reality no metal is in its pure form, because even very stgditied refining process
will not achieve completely pure metals containing only one atpetiss. These impurities
might be in solid solution with the base metal, forming a single phase ofntleessaicture as the
parent metal; or they might form a secondary phase with diffeseatture and properties
depending on the type of impurity, concentration, and tempefatutdioying is performed in
order to improve the properties of the parent metal (mechanicaicphychemical, electrical,

etc.).

A solid solution is formed when the foreign atom added to the ripaserial does not
cause changes in crystal structure, and no secondary phasesrae@. fohe alloying element
might dissolve into the parent metal acting as a substitutitoral @r occupying interstitial sites.
Parameters such as atomic size of the atom species, thetaetent of solubility of an impurity
atom in the base metal, traditionally differences in atomie gzto 15% are accommodated in
the solid solution without any structure transformation. Furthermolid, solubility increases if
the two metals have the same crystal structure in its pure form, sinceoradefaymation of the
initial structure takes place in order to accommodate foreignsatbmally, other factors like
electronegativity and valence play a role when dissolving impuiysin the base metal. For
example, atoms having different electronegativities will temdiotm intermetallic compounds
instead of solid solutions; also, metals with lower valence will have a tendedissblve metals

of higher valence.
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Common alloying elements introduced in zirconium to improve itshargcal and
corrosion properties are iron, niobium, chromium, vanadium, nickel, tingrsilamong others.
These impurities can be dissolved into the zirconium matrix, feewondary phases or
precipitates with different crystal structures, or be implamtedhe surface of the base metal.
Furthermore, studies on the addition of niobium in the range of 2.5-12.%4fcbnium have
shown an increase in the room temperature yield strength, and ultimate dteagth from 63.3
to 81.5 x 16 psi, and 87.5 to 102.2 x i(si, respectively. On the other hand, additions of
titanium to zirconium in range of 3.2 to 35.0% result in an increageelaf and ultimate tensile
strength from 42.5 to 110 x ipsi, and 85.4 to 138.8 x 3 0espectively?®® At the same time an
increase in hardness with respect to the pure zirconium nretablserved. Moreover, by
alloying with titanium an improvement in the mechanical properties dfake metal and, due to

the low density of titanium, a lighter alloy is obtained.

Furthermore, other studies have shown that niobium implantation amnizinc alloys
used in nuclear reactor environments, results in an improvement obrtosion resistance of
the alloy!"; it has been found that when X is dispersed in the oxide layer it acts a barrier
that reduces the migration and dissolution of zirconium, and thus improveothesion
resistance of the samplé¥*¥! Continuing with the niobium effect on zirconium, other studies
have found thap-Nb and Nb-rich phases remain unoxidized in the vicinity of thealkoaide
layer, and when they finally oxidize, they form amorphous oxideshina¢ been found to be

protective since they act as barrier to ion transport in the oxide 4§/
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Furthermore, Zr-2.5wt%Nb has been used as pressure tube materi@ANDU
(Canadian) reactors due to its good strength, high corrosion argl msistanc€’ Modern
reactors use alloys containing Nb, Zr-1wt%Nb-&, called M8™, which is similar to the
Russian E110 alloy, ZIRLY P! There are studies that suggest that Zr additions improve the
electrochemical corrosion behavior of Ti-30Nb ally’! For example Ti-23Nb-0.7Ta-2Zr-O
alloy shows improved corrosion behavior compared to conventional Ti-6AlldYia Ringer's
solution due to the passive film composed of Ti, Nb, Ta, and Zr. DavidsbiK@vacks have
found that Zr addition leads to better corrosion resistance due tadhble sxide layer of
Titanium alloys for medical implants. On the other hand, anothdy stuggests that the addition
of Zirconium is detrimental to the oxidation resistance compardé additions in the Ti-44Al-
xNb-2(Ta, Zr) alloys® Also, studies in the past have suggested that corrosion behavior of Zr-
2.5%Nb is sensitive to its microstructit@ and Zr has a tendency to form passive oxides in Ti

based alloy®'.
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CHAPTER 3
EXPERIMENTAL DETAILS

3.1 Alloy Fabrication

The Zr-based alloys were prepared by Ames National Laboratory lattheState
University using arc melting technique in an argon atmospheneotd axidation of the metals.
The base metals used had at least four nines purity (99.99%)elBloged alloys in this study
have the following compositions (in atomic percents): Zr-10Nb-100Ti alloy) and Zr-10Nb-
20Ti (20Ti alloy). Table 3 presents the concentration of each nietatomic percent, for the
studied alloys.

Table 3. 20Ti and 10Ti alloys concentration of each element in atomic percent.

Zirconium Niobium Titanium
20Ti alloy 70 10 20
10Ti alloy 80 10 10

Repeated melting process was employed to ensure the compleataifamoh miscibility

of the pure metals in the liquid condition. The specimens were setfimme the as cast bars by

electric discharge machining (EDM) or spark eroding with final dimensiorxd@ 8 2 mm.

3.2 Sample Preparation

The as-cast alloys were prepared for oxidation experiments in the followpg) s
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1. Samples were ground down to 600-grit using SiC sand papers in orderowere
oxide impurities and to expose a fresh metallic surface.

2. Four equal sized samples were cut from the original cubes, usliagnand disc
in a precision saw machine, for short term oxidation experimamid bigger
samples where used for long term oxidation having similar dimessio as
received samples.

3. Samples where ground again to 600-grit in order to remove sudeatelses and
imperfections left by the sectioning of the samples.

4. Dimension of the samples where measured using a micrometerden twr
calculate surface area exposed in the oxidation experiments.

5. Samples underwent a 10-15 minute ultrasonic bath in ethanol to rempve an
impurities and organic debris on the surface of alloy.

6. Ceramic crucibles made of Leco 528 HP where baked in box furaa@&9°C
for 24 hours, in order dehydrate and burn out any organic impurities.

7. All samples were weighed before and after oxidation expersnesing a
Sartorius analytical balance (model MC210S) with precision upxtaetimal

places

3.3 Oxidation Experiments

The oxidation behavior of both alloys was studied in stagnant aitdmperature range
from 300 to 700°C in a box furnace (Linderberg/Blue M model 1100) equippec \womputer

controlled temperature device. Actual temperature of the sanvpegalso measured by inserting
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a thermocouple into the furnace and touching the crucible containinguiif@es The heating
rate was set to 10°C/minute for all experiments. Isotherhmat $erm oxidation (STO) for 24
hours and cyclic long term oxidation (LTO, 7 x 24 hour cycles) for @8shexperiments were
performed on the as cast alloys. All samples were furnacedtmlroom temperature after each
oxidation treatment. The samples were weighed before anchatieng to determine the weight

gain per unit area as a function of either temperature for STO or tim& @treatments.

3.4 Sample Characterization

After oxidation experiments, samples were kept in sealed gleds to avoid
contamination before characterization. Sample characterizatitve astcast alloys and oxidized
samples was performed via scanning electron microscopy XSEMich includes energy
dispersive spectroscopy (EDS), and back-scatter electron modmgnalgo x-ray diffraction
(XRD) was used to identify crystal structures of the phases present srthstalloy and oxides
formed after each experiment. Sample characterization wasped in facilities provided by

the University of Texas at El Paso Metallurgical and Materials Eagimg Department.

3.4.1 Macrographs of Samples after Oxidation

Using a standard digital camera, photographs were taken daftezsklesamples after

oxidation experiments in order to obtain a macroscopic view of the degradation of ffiessam
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3.4.2 Scanning Electron Microscopy, SEM

As-cast and oxidized samples were mounted or encapsulated in regoxynd ground
using a series of silicon carbide papers: 240, 400, 600, 800, 1000 and 1200igat.p&lfshing
was performed with alumina slurries with particle sizesyoh,10.5um and 0.08m on felt cloth.
Samples were rinsed in water, and subsequently in ethyl alcohok barfgng. A chemical
etchant consisting of 10%HF acid in distilled wat8was used to chemically attack the surface
of the samples in order to improve the contrast of the different phasde microstructure.
Before SEM analysis all samples were sputter coated gatti using a SPI-Module sputter
coater to prevent any charging effects. The microstructures avealyzed by scanning electron
microscope (SEM), in secondary electron and backscatter electagigmmodes using Hitachi
S-4800 (FESEM), and the chemical composition of the phases was detrivy energy
dispersive spectroscopy (EDS) using EDAX Inc. Genesis Sp¥etrsion 5.21. Backscatter
electron imaging mode provides image contrast as a function okmfahcomposition, and
energy dispersive spectroscopy provides a qualitative analysieraéntal concentration. EDS
analysis was performed in both the metal surface and in the soatks at least 5 readings were
taken of different microstructural features to obtain a better staateling of concentration of
elements in different phases. Readings were performed wiglagsed time of 50 seconds.
Periodical calibration of EDAX detector was performed using ypemg aluminum and copper
samples following calibration procedures provided by the SEM machamufacturer in the
user's manual. EDS analysis was correlated with the uséReéf technique, and Pandat 7.1
Thermodynamical Phase Diagram Calculation software. The psmaosed for SEM, BSE, and

EDS were 20kV accelerating voltage, with a probe current pA28nhd a working distance
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ranging from 8.0 to 15.0 millimeters.

3.4.3 X-Ray Diffraction, XRD

Moreover, X-ray diffraction (XRD) was used to identify the phasgag a Scintag Inc.

XDS diffractometer with a monochromatic CuK(A=1.540562 Angstroms) radiation. The

parameters used for XRD analysis are the following:

Generator voltage: 45kV

Generator current: 45mA

Step size: 0.05°

Time at each step: 0.5 seconds

20 angle range: 20 to 90°

Tube divergence and scatter slits: 2 and 4 mm, respectively

Detector convergence and receiving slits: 0.1 and 1 mm, respectively

Previously stated polishing techniques were used on the asaraples to remove any

surface impurities before XRD. On the other hand, oxide products wereripetvén a glass

mortar until fine powders were obtained and the powder was adheeedlass slide by using

petroleum jelly before XRD analysis. Identification of the pbase oxides was made by the

Scintag and Radian Ltd. Powder Diffraction database version 1.06.
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3.4.4 Phase Diagram Modeling

Ternary phase diagram and fraction of phase calculations were pdoditb the help of
Pandat™ version 7.1 software provided by CompuTherm LLC (Madison, W§ pfogram can
produce isothermal sections for a variety of alloy systemsaafunction of elemental
composition. Prediction of different stable phases as a function gdfasion can be envisaged
in a range of temperatures. The software uses experimeantdheoretical thermodynamic data
to predict phase stability, crystal structure, and other paresrestea function of alloying degree

and temperature.

3.4.5 Hardness Testing

In order to obtain some indication of mechanical properties of th@lsapRockwell
hardness measurements were taken on as-cast and oxidized. &ogkwell hardness
measurements were performed using an Instron Wilson RockwedsS¥00T harness machine
with software Version 2. An ASTM International E 18-07 standast rreethod for Rockwell
Hardness of Metallic Materials was followéd!! The parameters used in the Rockwell scale A

hardness measurements were 10Kkg initial load, and 60kg final load usimgomdimdenter.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 As-Cast Metal Microstructures
4.1.1 Phase Diagram Modeling and SEM images

Isothermal sections of the ternary phase diagram of the ZFitNigstem as a function of
composition in atomic percent were produced for different tempesat Figure 6 shows the
isothermal sections at 25, 300, 400, 500, 600, andC7®@@m the Zr-Nb-Ti ternary phase
diagrams as calculated by the Pafidat" @ The two selected alloys of this study fall into the
area of two phase field at room temperature. The expected @raseZr-HCP and3-Nb-BCC

solid solutions. (HCP: Hexagonal Close Packed, BCC: Body Centered Cubic)
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Figure 7. As cast microstructure of the (a) 20Ti and (b) 10Ti alloys.
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Figure 7 shows the microstructures of the alloys in theasisaondition. The matrices in
both cases appear to beZr solid solution. However3-Zr-BCC laths are also present in both
alloys (contrary to the isotherms shown in Figure 6). The 203y also contains fine rounded

B-Nb particles.

4.1.2. X-Ray Diffraction, XRD

The XRD patterns obtained for the as-cast alloys are showigure 8. Characteristic
XRD peaks were matched to different phases with different atrydtuctures and lattice
parameters using a diffraction powder database. The phases dbssivg scanning electron
microscopy are confirmed with the XRD patterns obtained of tlwastsalloys. The 10Ti XRD
shows the presence afZr (HCP) and3-Zr (BCC) which was previously observed in the SEM
micrographs. Non-equilibrium microstructures can be present opposed texpexted
thermodynamically stable phases due to fast cooling ratésdthaot permit the complete
transformation of equilibrium structures in metals. On the other haed2@Ti XRD shows
peaks ofa-Zr (HCP), along withp-Nb (BCC); nop-Zr (BCC) peaks were observed in this

pattern, even though a small quantity of laths was observed in the SEM micrographs.
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Figure 8. XRD patterns of as-cast alloys.
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4.2 Short Term Oxidation Curves

Figure 9 shows the weight gain per unit area (W) as a functioridétion temperature
from 300 to 708C under STO conditions. This figure includes the anticipated phasies two
alloys based on the oxidation temperatures using the isothernguie B. Obviously this can
allow the determination of the relationship between the phases atation behavior directly.
The low W values up to 580 for both alloys are indicative of the presenc@-®b ando-Zr
phases. More detailed examination of the isotherms in thisnsyisidicates that two phase
region exists up to 49Q for 20Ti and up to 54& for 10Ti alloy. This means that the
introduction ofp-Zr (BCC) appears at 480 and 548C for 20 and 10Ti alloys respectively.
However, the alloys continue to show good oxidation resistance becatiseexistence of the
B—Nb phase even in the 3 phase field. The sharp increase in the W faalbeth alloys appears
to be associated with the disappearancp-Nb. It also appears that the two alloys go through
similar phase transformations but the transformation temperatgaesised for the 10Ti alloy.
The following reaction shows the phase transformation accordingetesotherms of Figure 6

(temperature increases from left to right):

BNb +aZr — BNb+oaZr+pZr — oaZr+pZr — BZr

B-Nb phase then should be interpreted as the microconstituent presérg gystem
which provides the oxidation resistance. It must be noted that thes8 mr@ionp-Zr, -Nb, -

Zr, are stable in a small temperature region consisting of @WZ in both alloys.
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Microstructures transform to two phase with Nb going to solid swistwith BCC and HCP
forms of Zr when temperatures are raised above the three @wses. It has been observed
that the alloys turn into complete powder onc&r disappears from microstructures in these
alloys leaving behin@-Zr as a single phase microconstituent. Another interesting éeafur
Figure 9 includes the demonstration of improved oxidation resistant®e Ti addition up to a
temperature of nearly 580 even though the differences between the W values for the two
alloys may be very insignificant. It should be noted the 10Tyatmtinues the linear oxidation

until nearly 568C.

31



490C 510C 585C
v v v
N
(o}
+
20Ti B-Nb + a-Zr N a-Zr + B-Zr B-Zr
7
o)
<
(o}
545C 565C 640C
v v v
N
(eo}
+
B-Nb + a-Zr N a-Zr + B-Zr B-Zr
S
10Ti p
<
(o}
0.20
4 Powdery oxidation products anly
0.18 - = Flaky oxidation products spalled from metal surface
NE = Oxidation products adhered ta grains on metal surface A
3 0.16 -
[T A
£ 0.14 - A
< 0.12 -
o
i 0.10 A i Zr—'lElNh-zElT?
% 0.08 - O Zr-10Kb-10Ti
o
= 0.06 -
=
2 0.04 -
% 0024
0.02 = o i H
+——'7 Q—g—
D.DD I I I I
300 400 500 600

700

Temperature, °C

Figure 9. Short term oxidation (STO) graph showing weight change per undtatgferent

temperatures for 10Ti and 20Ti alloys.

32



4.2.1 After STO Macrographs

Low magnification photographs were taken of each sample aftereSp&iments (Fig.
10-15) from these macrographs we can get insight on the degradatibe sample upon
reaction with air at different temperatures. Micrographs for 20id 10Ti alloys after STO
experiments are shown in the range of temperatures from 400 to 7008Cevident that
degradation of the samples is based on the formation of oxidation prahefaking increases
as a function of temperature in both samples. Initial prefeteotaation of certain
microstructure and/or grains can be observed due to the formaticeckfddides on the surface
of the metallic samples features. These dark oxides have baectehnized by other studies, as
initial zirconium-rich suboxides with high density of oxygen vacancldgese oxides have a
pseudo crystalline structure, due to the presence of many pointsdefabe lattice. At lower
temperatures, 400°C 20 & 10Ti samples have similar degree of degmad@agure 10, a & b),
but the difference in degradation is more evident after STO at 60§Qre 11, a, & b) where
we can clearly see that the alloy with higher titanium cordppears to have a better oxidation
resistance. Some spalled oxides can be observed in the 10Ti alloygnagh after 500°C STO.
Furthermore, photographs of the samples after STO at 550°C (Higura & b), show an
increase in the degradation of the 20Ti alloy relative to the &aldy; the 20Ti alloy has been
completely oxidized after 24 hours, leaving flake and powder whitkegxoducts, while the
10Ti alloy did not any undergo catastrophic oxidation; it conservesultgc shape with no
severe formation or decohesion of oxidation products. Moreover, oxidegildania, titania,
and niobium pentoxide are well known for their white colored solid appear the presence of

these oxides also has been confirmed with XRD. Furthermore, maunegod 10Ti samples
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after STO experiments at 570 and 580°C (Figure 13, a & b), respgctire presented in order
to track the changes in the samples appearance after expugerean observe that the
degradation of 10Ti alloy samples increases as a function of tatuperbut a solid metal piece
is still present at the end of the test giving us insight onxteneof oxidation of the samples.
Furthermore, experiments performed at these intermediate riaumas, 500°<T<600°C (Figure
11-14), show that 20Ti sample undergoes a catastrophic oxidation whil&0Thesample

oxidizes to a smaller extent showing a more passive oxidationnanel gradual degradation.
The previous results at intermediate temperatures are cladatgd to the microstructural and
phase changes taking place in the microstructure of the all@y faaction of temperature.
Furthermore, after the 600°C (Figure 14) isothermal 24 —hour expesitienboth alloys have
completely oxidized showing scale, chunks and powder products. Feial@0°C (Figure 15, a
& b) both metallic samples have converted into powder oxidation proddigs STO

experiments.

Figure 10. Macrograph of 20Ti (a) & 10Ti (b) alloys after STO aP@00
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Figure 11. Macrograph of 20Ti (a) & 10Ti (b) alloys after STO aP600

¥yl

°‘C .

Figure 12. Madograph of 20Ti (a) & 10Ti (b) alloys after STO at 550

Figure 13. Macrograph of 10Ti alloy after STO at 570 (a) and 580°C (b).
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Figure 14. Macrograph of 20Ti (a) & 10Ti (b) alloys after STO aP600

Figure 15. Macrograph of 20Ti (a) & 10Ti (b) alloys after STO aP@00

4.2.2 Microstructures

Figure 16 shows the microstructures developed atGi@fr both alloys. The dispersion
of rounded3Nb particles inoZr matrix is quite evident from this figure. It confirms thelzase
microstructure prediction from the isotherms at °“@020Ti alloy shows a three phase
microstructure at 50C as shown in Figure 17 by the inclusions of fZe laths. On the other
hand the 10Ti alloy continues to possess the two phase microstrac&@6C. It agrees well

with the isotherm at 56Q shown in Figure 6. The development of a three phase microstructure
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at 550C in 10Ti alloy is shown in Figure 18. This microstructure is/\@milar to that shown
for the 3 phase microstructure of 20Ti alloy at ®Dih Figure 17. The peculiar orientation of the
BZr laths it is traditionally termed a Widmanstéatten pattamd this is distinguished due its
defined orientation in the octahedrites; previous studies have also abgeraientation ofZr
grains in this patterr{?gl A two phase microstructure consistingoddr matrix andpZr laths is
shown in Figure 19 for 20Ti alloy at 582 and 10Ti alloy at 618C. We can clearly see that
these laths intersect themselves in specific crystallograi@ctions; change in misorientation
angle depends on how the octahedron is cut, or in other words, depends @ntloeigntation
relative to the polished surface of the metal. This microstreiavas obtained by heating the
alloys for 2 hours at the indicated temperatures. Thus it apiedrthe microstructures evolved

in this study conform well to the isotherms calculated by using the P¥retzftware
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Figure 16. Microstructures of (a) 20Ti and (b) 10Ti alloys after STOner@tat 400°C.
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Figure 17. Microstructures of (a) 20Ti and (b) 10Ti alloys after STO tegdtat 500°C.

39



\BZr

az/

20.0kV 16.1mm x2.00k SE(U) 2/12f2009 20.dum

Figure 18. Microstructures of 10Ti alloy after STO treatment at 550°C.
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Figure 19. Microstructures of (a) 20Ti at 862and (b) 10Ti at 61C after heating for 2 hours.
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4.2.3 Backscatter Electron Imaging

Backscatter electron imaging mode accentuates the contrasteedifferent phases and
separates them in different tones of gray that relate taehffeeoncentration of atom species in
certain phases or microconstituents that are part of the mmiwtsge. Figure 20 includes
selected micrographs for the 20Ti and 10Ti alloy that show ntracdsre transformations
taking place in the alloy due to phase changes. In these EBSBgnaighs we can observe the
formation of lath structure ofiZr by dissolution of preceding phases. This follows the

thermodynamical phase transformations calculated by P&hdat

BNb +aZr — BNb+oaZr+BZr — oaZr+pZr — BZr

42



20.0kV 8.9mm x4.50k ETPBSE 11/56/2009

az/ /BZf

20.0kV 9.8mm x3.00k ETPBSE 10/19/2009

Figure 20. BSE micrographs of 20Ti (a) and 10Ti (b) alloys showing miaicbgral
transformations after STO treatment at 500 and 550°C, respectively.
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4.2.4 X-ray Diffraction (XRD) Results

Oxide identification after the oxidation treatments wererictetl to only cases where
significant amount of powder formed which would correspond to oxidizegblsea at 600 and
700°C only for both alloys. XRD patterns shown in Figure 21 indich&edresence of TiO
(tetragonal), Zr@ (monoclinic & tetragonal) and NOs in both alloys at these temperatures.
However, 10Ti alloy shows significant increase in the peak fonadmic ZrQ, at 700
compared to the peaks at 800 The results on the oxidation of the Ti-13Nb-13Zr, Ti-15Zr-4Nb
[21] alloys agree well with our results. Their XPS study on thideoscale after 24 hours of
oxidation in air at 75 shows the presence of higher oxidation state, i.&., Nb>*, and zf".
Similar sets of oxide formation has been repo&dor Zr-10Nb alloys (obviously without Ti)

when oxidized in dry air between 973 and 1273 K.

XRD patterns for samples below 5@0have not been reported in this study due to the
absence of powder oxide formation. The samples either were akithza negligible extent
(marked as circles in Figure 9) or oxide formed (marked as squafegure 9) was firmly
attached to the metal surface. Powder formation is indicatethebtriangular symbols in the

STO graphs.
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Figure 21. XRD patterns of the oxidation products of 20Ti and 10Ti alloys after SAUD%
(a) and 600°C (b).
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4.3 LTO Experiments

Long term oxidation experiments were performed at 300, 400 and 500%Ce(28),
respectively, in order to obtain an understanding of the oxidation behavior of bothaétéoybe
first cycle of 24 hours. From Figure 22, we observe that thg afith better oxidation resistance
at low temperature is 20Ti alloy. The fact that LTO ekpents show that Ti has beneficial
effect on the oxidation resistance is consistent with the S@rienents of this study. It may
actually be assumed that the two phase structui®, and-Nb, thus is the desirable structure
for the compositions of the two selected alloys from the oxidation resigtamteof view.
Furthermore, normally the oxidation processes progress as @fuattime and it can show the
same oxidation behavior throughout the experiment or it might changdifrean to parabolic,
and vice versa. It is obvious that both alloys show linear oxidatitmwat temperatures; at 300
and 400°C the alloys are comparable in oxidation rate. Therefore, in order tabdéestand its
oxidation mechanism, calculation of oxidation rate has been perforniegl the following

equation:
W:k| t (Equation 5)
W is the weight gain per unit area, t is the time, and finally éxidation rate or slope.
Table 4 shows the calculated oxidation rates, with the fit valéle §Ris the mass gain per unit

area after LTO at 400 and 500°C experiments. The oxidation rate at 80@Gvas not

calculated due to negligible oxidation.
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Long Term Oxidation
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Figure 22. Cyclic long term oxidation (LTO) curves showing the isotherre@htv.change per

unit area for 20Ti and 10Ti alloys for 7 cycles of 24 hours.

Table 4. Calculation of oxidation rates and mass gain per area values for tlexpdi@®nents
(20Ti and 10Ti, respectively).

20TiLTO Total mass gain per area Oxidation rate constant
Temperature (T) m (mg/cm”2) k | (mg/lcm”2/hr) R"2
400 84 4.4 0.9977
500 157 7.2 0.9536
10TiLTO Total mass gain per area Oxidation rate constant
Temperature (T) m (mg/cm”2) k | (mg/lcm”2/hr) R"2
400 82 3.2 0.9941
500 402 19.8 0.9965
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4.4 Hardness Measurements

Hardness measurements were performed on selected samplesgdorgaiunderstanding
of the strength of the alloys in their as-received state ar@dfanction of temperature, time, and
microstructural features. It is well known that as a metaalloy is annealed its hardness is
reduced due to different factors, like grain growth, stresstfretirecovery in a previously cold
worked alloy, and/or formation of weaker phas®$ After hardness measurements, we observe
that tabulations (Table 5) of HRA measurements for the asaflags shows a significantly
lower hardness of 20Ti alloy when compared to 10Ti; by converting tamive familiar
Rockwell Hardness Scale C we observe that they have 21.5 and 30.9 HRE v@spectively;
this is a significant difference in hardness. In order to bettderstand or get a better feeling of
the hardness of this alloys we will use, as an example atfaéss value of common martensitic
steel (HRC 55) and for tool steel (HRC 65). Moreover, we seeceedse in hardness as a
function of increasing temperatures after STO experiments,hwtan be related to grain
coarsening in the microstructur&”! Finally, several 2-hour heat treatments at different
temperatures were performed on both alloys, and interestingly emaighserve an increase in
hardness value of the 10Ti alloy as it goes from intermedtatégher temperatures (500 to
700°C) (Table 5). An interesting correlation between increaserdméss and formation @Zr
cannot be avoided, inferring this higher temperature phase posseasises dtrength than its
lower temperature hexagonal form and the grain coarsening effeerdness is overwhelmed
by the formation ofZr laths. Finally, a graph has been produced (Figure 23) byngdi#RA
values as a function of temperature for the tested samples. fidpbd grovides a better

understanding of the effect of temperature, time, and microgsteuctn hardness of the
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zirconium alloys.

Table 5. Scale “A” Rockwell hardness values for both alloys after ditfesadation

experiments and heat treatments.

20Ti Alloy-STO 10Ti Alloy-STO
Temperature, ®C | HRA, avg. | Temperature,°C | HRA, avg.
25 61.1 25 65.7
20Ti Alloy-STO 10Ti Alloy-STO
Temperature, ® | HRA, avg. | Temperature, ® | HRA, avg.
300 64.9 300 68.5
350 66.1 350 65.2
480 58.5 480 59.9
485 60.0 485 55.4
490 57.6 490 55.7

10Ti Alloy-2hr. Heat Treatment
Temperature, °C | HRA, avg.

500 63.8
555 56.2
610 61.2
660 67.1

20Ti Alloy-2hr. Heat Treatment

Temperature, ®C | HRA, avg.
450 66.6
500 59.2
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Figure 23. Plot of HRA values for 20Ti and 10Ti alloys as a function of tempe@bdrtime.

4.5 Summary and Discussion

This work presents the results obtained from the studies of thelatmn between
microstructure and oxidation behavior of Zr-10Nb-20Ti and Zr-10Nb-10dy;ablso some

investigation of the mechanical properties of the alloys ametion of time, temperature and

microstructure by Rockwell hardness measurements.
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The SEM images of the as-cast microstructures of thesalkig.7, consisted of axZr
matrix, with presence of non-stabpZr laths for both alloys, plus evidence piNb phase
represented by spherical dark regions in the microstructure. XigD8JFof both as-cast alloys
confirms the presence of hexagonal and cubic zirconium in 10TigAndndBNDb in the 20Ti
as-cast alloy. Furthermore, no evidence of peakBZoin 20Ti alloy was detected, even though
there were some laths present in the SEM micrograph. This begtiie to very low content of
the p phase of zirconium in the as-cast microstructure. PEhdat, thermodynamic calculated
ternary isotherms, predicts the presence of two stable phadestticalloys at room temperature,
aZr andpBNb. These phases were present in the microstructure of 20Titaalogs plus some
evidence of3Zr. On the other hand, the 10Ti alloy showed a Igt4f laths, in Widmanstatten
pattern, present in the hexagonal zirconium matrix. As previoushaieepl, the presence of
non-stablefZr at low temperatures can be somewhat stabilized due to ndibegon fast
cooling, and/or alloying elements that can have an effect ortadhdization of non-equilibrium
phases'® Therefore, the expected transformation that produce a thermodytignstable
microstructure (equilibrium microstructure) are usually obtainedhvex@ended heat treatments
are performed at slightly higher temperatures in order to imptmvenobility or diffusion of

atoms species.

Short term oxidation experiments show that the slight improvemenbxafation
resistance when comparing both alloys is due to higher congentadttitanium in the alloy.
Furthermore, this effect can be observed as long as both akyys she same phase region and
contain the same microconstituents. For example, it appearssthatgas thggNb phase is

present the alloy has better oxidation resistance than whemphse is not present; a similar
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situation was found in other studies where the improved corrosion negistas attributed to
the radiation-enhanced precipitation foNb particles in ther-Zr during radiation™® * Also,
another study has found the presence of metfNib precipitates in the region around the
metal/oxide interface without oxidizing, and they concluded thatptesence of this phases
makes oxygen diffusion harder into the zirconium matrix, as a result it reduaesdhgon rate.
20. 2710 the other hand phase identification in this alloy system canreeqaite complex due
to very little information on the Zr-Ti-Nb system and due to then&dron of other intermediate
and metastable phases in the Zr-Nb system; for exampleishenether study which shows that
a Zr-2.5 wt% Nb alloy that was extruded at about’82Bad a two phase structure consisting of
hexagonahb-zirconium grains (containing up to about 1wt% Nb) and a grain boundarpnketw
of metastable cubip-zirconium (containing about 20 wt%NbBj! Also, Griffiths, Winegar and
Buyer$'® have found that the metastalfiirconium transforms into other phases, like an
intermediate hcpo-phase that forms after a 24 hour at 4DGstress-relief treatment in an
autoclave. Moreover, another study shows the general fabrication cb@ANDU pressure
consisting of extrusion at about 8@) air cooling, cold draw to about 20-30% strain and
autoclaving at 400 for 24 h After extrusion it consists of ~90% hepZr, which has Nb
content <1%, and ~metastable bfeZr, which contains approximately 20%Nb. During
autoclaving, B-Zr partially transforms top-Nb (~50%Nb)!* Finally, Robson states that
application of the model developed for the precipitation in zirconium umoballoys at
temperatures typical of reactor service (250°850suggests that in the absence of radiation
effects, the precipitation kinetics are very sluggish. For exampa Zr-2.5 wt% Nb alloy it is
predicted to take over 100 years for the equilibrium fractiop-b at 250C to be reached”

Therefore, phase composition might be slightly different than treys@rted for Zr-2.5 wit% Nb
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due to the addition of Ti to the system, which is acting as aisuimstal atom in solid solution
and not forming any particular phase. Also, it appears that boyysauffer from pest oxidation

at higher temperatures probably due to the difference in the @eetfof thermal expansion of
the oxide products!® Furthermore, this study has provided more information on how the
alloying elements might have a beneficial and/or adverseteffethe oxidation and mechanical
properties of the alloys depending on a combination of factorseld&mental concentration,
microstructural features, such as stable phases. By usiredjoded TTT (time-temperature-
transformation) diagrams for Zr-Nb alloys heat treatmentanninert atmosphere might be
performed in order to promote the formation of beneficial miouosires as related to oxidation

and mechanical properti&.

Also, the formation of tetragonal zirconia along with stable monclZrO, was
detected in non-equilibrium conditions due to the high pressures produdedalized stresses
present in the oxide scalé¥;35 49:51.54.55, 78]

Furthermore, macrographs of both samples after short term ioxida¢periments show
the presence of black oxides in an island pattern on the surfaoe wiketals. These oxides have

been previously observed in other studies and identified as sub-oxidesasfium containing

high density of oxygen vacancies in the lattic®.

Finally, hardness measurements performed on both alloys afteredi oxidation

experiments and heat treatments show an increased hardnesswiadnethe presence @fr is

detected in the microstructure.
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CHAPTER 5

CONCLUSIONS

Zr-10Nb-20Ti alloys exhibits superior oxidation resistance, afhasmall, compared to Zr-
10Nb-10Ti based on the weight gain per unit area as a function of regomeefor 24 hour
heating cycle.

Zr-10Nb-10Ti exhibits linear oxidation curve up to nearly 600°C condp@ar&r-10Nb-20Ti
alloy whose linear oxidation characteristics end afG00

The increase in temperature up to %Der Zr-10Nb-10Ti alloy exhibiting good oxidation
resistance is associated with the retentiorpldb (BCC) phase and development g#r
(BCC) phase in the microstructure deteriorates the oxidation resistance.

The microstructural sequence predicted by the isotherms tattbaPandal! 7.1 has been
experimentally verified for both alloys, Zr-10Nb-10Ti and Zr-10Nb-20Ti.

Linear oxidation behavior is found to be the oxidation mechanismgtaitace at lower
temperatures.

Increased hardness is observed fop#recontaining microstructures and for heat treatments

at higher temperatures where the body center cubic form of zirconium iszs@bil
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