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Introduction

Zirconium, a lustrous, grayish-white transition metal, has attracted significant
attention in materials science and engineering due to its remarkable properties
and versatile applications. With their excellent corrosion resistance, low neutron
absorption cross-section, and outstanding mechanical properties, zirconium and
its alloys have become indispensable in various industrial sectors, ranging from
nuclear reactors to biomedical implants [1].

One of the most notable features of zirconium is its exceptional corrosion
resistance, attributed to the formation of a stable oxide layer on its surface. This
inherent property makes zirconium alloys highly desirable for applications where
exposure to aggressive environments, such as high temperatures and corrosive
chemicals, is commonplace [2]. Moreover, the mechanical properties of zirconium,
including high strength, ductility, and thermal stability, make it indispensable
in the aerospace and automotive industries [3].

Additionally, the low neutron absorption cross-section of zirconium makes
it an ideal material for nuclear reactor components, facilitating efficient energy
production while ensuring safety and reliability [4].

Currently, there is a tendency for the development of zirconium alloys with
enhanced mechanical properties. Structural components made from mechanically
stronger alloys decrease the cost and increase the safety of nuclear reactors. Using
such a material would make nuclear reactors more stable during regular operation,
as well as during accidents in which the stress on individual components is
increased. Therefore, the development of zirconium alloys with better mechanical
properties is a way to improve the efficiency and safety of nuclear reactors [5].

The zirconium alloys in modern reactors contain a relatively low amount
of alloying elements. Commonly used Zircaloy-2 and Zircaloy-4 contain less than
1.5 wt% tin and less 0.2 wt% chromium and iron. The advantage of low alloyed
zirconium is that the low cross section for neutrons is maintained. On the other
hand, strengthening mechanisms such as solid solution and precipitation hardening
are not fully utilized.

It was shown that a microstructure containing both o and 8 phases produces
excellent mechanical properties [6]. An example of this microstructure is the widely
used titanium alloy Ti-6A1-4V with excellent mechanical properties, which is
utilized in a variety of fields from aerospace to biomedicine [7].

With all these factors in mind, new zirconium alloys were developed at the
Department of Physics of Materials at Charles University: Zr-4Sn-1Cr and
Zr-4Nb-2Al1 (in wt%). These ternary alloys contain both « (Sn, Al) and 3 stabi-
lizers (Nb, Cr) in higher amounts than commercial alloys. The main objective
was to design a composition that would lead to high material strengthening and
favorable microstructure.



1 Literature review

1.1 Phase composition of Zirconium
and its alloys

A variety of different phases exist in zirconium and its alloys. They are divided
based on thermodynamic stability into equilibrium phases, which exist in thermo-
dynamic equilibrium, and non-equilibrium phases. The existence of equilibrium
phases depends on composition, temperature, and pressure and can be described
by an equilibrium phase diagram. Non-equilibrium phases exist in the material
when a rapid change, for example quenching, prevents the establishment of an
equilibrium state.

1.1.1 Equilibrium phases

At room temperature and normal pressure, zirconium crystalizes in the hexag-
onal close-packed (hcp) a phase. It is a crystal structure of the P63/mmc space
group with lattice parameters a = 3.2316 A and ¢ = 5.1475 A (figure . When
the temperature is raised above 865 °C, the a transforms to the body-centered
cubic (bce) B phase, which is of the Im3m space group with the lattice parameter
a=361A (figure . The addition of alloying elements to zirconium usually
changes the temperature of this transformation. Some elements raise the tem-
perature of a — 3 transformation and stabilize the a phase. Other elements
allow the [ phase to exist in equilibrium at lower temperatures by lowering the
temperature of the transformation. This property is the main criterion by which
we divide the alloying elements in zirconium alloys. Elements that increase the
temperature of this transformation are called « stabilizers. Elements with this
property are usually non-transition metals such as Al, Sn, and interstitial elements
like O, C, and N. On the other hand, elements decreasing the temperature are
called (8 stabilizers. These are usually transition metals like Cr, Nb, and noble
metals with unfilled or just-filled d-electron bands. Another notable 5 stabilizer is
hydrogen, which usually occupies interstitial positions in the « or 3 crystal lattice

[8]-

a
a
®
a
Figure 1.1 Hexagonal close-packed Figure 1.2 Body centred cubic crys-
crystal structure [9]. tal structure [10].



In zirconium alloys, in which the number of chemical components is at least
two, o and [ can coexist in an equilibrium. Regions in the phase diagram
where only a or 3 exist are separated by an a+f coexistence region. The range of
temperatures in which these phases exist in equilibrium generally increases with the
addition of solute atoms. There are two important equilibrium temperatures: the
« transus temperature, below which only « exists, and the § transus temperature,
above which only /5 exists [8].

Apart from « and 3, other equilibrium phases are found in Zr alloys. At high
pressures and low temperatures, the equilibrium w phase exists (see figure .
It has a hexagonal crystal lattice with P6/mmm symmetry group and lattice
parameters ¢ = 5.036 A and ¢ = 3.109 A. Another group of equilibrium phases that
form in zirconium alloys are called intermetallic phases. In a phase diagram, they
appear in between the phases of the pure elements and form a variety of orderer
and disordered crystal structures. The types of intermetallic phases and the
causes of their formation will be further discussed in chapter [I.2], and examples
of intermetallics from relevant Zr-X systems will be presented in chapter [1.3|

e

S bece | | ]
=2

g |

2 |

Q

€ |

o |

|_

hcp
® bce
Pressure

Figure 1.3 Phase diagram of elemental zirconium [8].

1.1.2 Non-equilibrium phases

Non-equilibrium phases form when a rapid change, such as rapid cooling,
prevents the establishment of equilibrium. Important non-equilibrium phases
in zirconium and its alloys are the martensitic phases and the athermal w. There
is an important distinction between athermal w and equilibrium w mentioned
in the previous section. The equilibrium w exists only at high pressures, while
athermal omega forms during quenching of the § phase in highly [ stabilized
alloys and can exist in a metastable state in ambient conditions.

If an alloy contains sufficient amounts of 3 stabilizing elements, a transforma-
tion from [ to martensitic phase may occur during rapid quenching. The marten-
site phase forms during a martensitic transformation, a diffusionless transformation
involving a cooperative movement of atoms throughout the material. Depending on
the composition of the alloy, this martensite may either be hep o or orthorhombic
o”. If only moderate amounts of 3 stabilizing elements are present in the parent
B, the o/ martensite is formed. When a higher content of § stabilizing elements is
present, the o’ martensite forms [§].
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Figure 1.4 Classification of zirconium alloys [12].

During martensitic transformation, the crystal lattice must undergo high
deformations. For this reason, the start of martensitic transformation is not exactly
at temperature T in which the Gibbs energy of the martensite and the [ phase
are equal. Sufficient undercooling must be present in order for the driving force
of the transformation to overcome the energy barrier. The temperature where this
condition is satisfied and martensitic transformation starts is called martensite
start temperature My and is usually 50 °C below the Ty [11].

The presence of martensite in quenched zirconium alloys plays an important role
in the classification of Zr alloys. Alloys which contain only a phase in equilibrium
at temperatures around 600 °C are called « zirconium alloys. Alloys that contain
o' or o martensite after quenching from the 8 phase, are called o + [ alloys.
Finally, alloys that retain a fraction of the § phase after quenching are called
metastable § alloys (see figure 18].

1.2 Intermetallic phases

An intermediate phase, or in the case of metallic elements, an intermetallic
phase, is a phase of a crystal structure different from the primary phases, which
lies between them in the phase diagram. In some cases, the intermetallic phases
exist over a large range of compositions; in other cases, they are bound by strict
structural constraints and exhibit an exact stoichiometry [13].

Generally speaking, intermetallic phases are hard and brittle, but due to their
partial metallic bonding, they are less brittle than ceramics. The brittleness
of an intermetallic phase tends to decrease with increasing crystal symmetry and
decreasing unit cell size. This allowed some intermetallic phases to be considered
as potential structural materials, as in the case of ZrsAl and TizAl [§].

The structure of intermediate phases is governed by relative electronegativity,
valence, and atomic size. We can then distinguish three distinct types of interme-
diate compounds based on the main reason for their formation: Electrochemical
compounds are created due to the attractive bond between highly electropositive
and electronegative components. The formation of electron phases is governed



by the electron concentration expressed as the ratio e/a of valence electrons per
atom [14]. When the atomic diameters of two elements differ by a large margin,
size-factor compounds may be formed. We can distinguish between interstitial and
substitutional size-factor compounds. Typical examples of interstitial compounds
are borides, hydrides, carbides, and nitrides of the transitional metals. Suppose
the ratio between interstitial and metal atom radii exceeds 0.59. In that case,
the distortion caused by the interstitial atom becomes significant, and more com-
plex crystal structures may be formed, leading to the formation of substitutional
size-factor compounds [13].

1.2.1 Laves phases

In a binary compound in which the two elements have atomic size differences
around 20-30%, the Laves phase structure achieves the most efficient packing
of atoms. These phases have the formula ABs, where A atoms are arranged
in a hexagonal manner, and B atoms are arranged on a space lattice of tetrahedra
(see figure . In Zr-X systems, these phases crystallize in one of three structures:
ZrCuy with cubic lattice (space group Fd3m), ZrZn,, and ZrNiy with hexagonal
lattice (space group P63/mmc) [13]. Phases with structures of these prototypes
are generally called C15, C14, and C36 Laves phases, respectively [15].

The smaller atoms are arranged on a space lattice of tetrahedra in all of
the Laves phases. The different ways of joining these tetrahedra produce the three
different Laves structures. In the C15 structure, the smaller atoms are positioned at
the corners of the tetrahedra. The tetrahedra are then connected in space in a way
that can be seen in figure . This arrangement leads to large holes (figure ,
which, in the ideal case, are filled with atoms with a size ratio of 1.225 with respect
to the smaller atoms. The resulting cubic C15 structure is displayed in figure
[I.5b. Another way to describe the Laves structures is as a stacking pattern of two
layers A and 17, where the second layer is created by a 180° rotation of the first
layer. The C14, C15, and C36 structures can then be described by repeating A
or v/ layers, as can be seen in figure [15].

Due to the strict geometrical conditions placed on their structure, the range
of composition of the Laves phases is very narrow around the 1:2 stoichiometric
ratio [15].



(a) (b)

Figure 1.5 Laves ZrCus (C15) structure. a) Framework of the ZrCus structure.
b) Complete ZrCug structure .
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Figure 1.6 Stacking of Laves structures. a) ZrZny (C14). b) ZrCus (C15).
c) ZrNiz (C36) [15].



1.3 Binary systems Zr-X

1.3.1 Zr-Cr
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Figure 1.7 Equilibrium diagram of the Zr-Cr system [16].

In the context of zirconium alloys, chromium is a [ stabilizing element. When
chromium is added to Zr alloy, it will lower the temperature of g transus and
increase the retention of the § phase. The phase diagram of the zirconium-
chromium system shown in figure [I.7] At low chromium content, the zirconium-
chromium system forms solid solutions of hcp a and bee S phases. The maximum
content of chromium soluble in the « phase is relatively low: 0.49 at.% Cr at 863 °C.
On the other hand, the 5 phase might contain up to 8 at.% of chromium [17].

When the terminal solubility of chromium in zirconium is exceeded, three
intermetallic Laves phases form in zirconium-chromium alloys. The cubic aZrCr,
(C15) and two hexagonal phases 5ZrCry (C36) and vZrCry (C14). All of them
exist in a narrow composition range around the Zr:2Cr stoichiometry. The aZrCr,
is stable at low temperatures up to 1592°C, above which it transforms to ZrCr,
(see figure . The 5ZrCry exists in a narrow temperature range of only about
30 °C and transforms to the vZrCry at around 1622 °C [17].

An important phase transformation for zirconium alloys, where chromium
content is usually a few weight percent at most, is the eutectoid transformation
B8 — aZr + aZrCry. This transformation occurs at a chromium content of
1.65 at.% and temperature of 836 °C. The hcp a precipitates as thick laths
within the 8 grains, and large crystalline ZrCry particles form at grain boundaries
of the dissolving  grains [18§].

The quenching of alloys with less than 1.8wt.%Cr fully suppresses the pre-
cipitation of ZrCr, at the eutectoid temperature and creates a fully martensitic
microstructure.



Alloys with more than 2.5 wt.% Cr retain a fraction of the initial 8 phase
upon quenching. In alloys with less chromium, the quenching of the 5 phase
leads to diffusionless transformation to o/ martensite. After reheating and aging,
the ZrCry precipitates, depending on the concentration of chromium, uniformly
through the martensite or heterogeneously at twin and martensitic interfaces [19].
At higher concentrations of chromium (3.4 at.% Cr), the metastable w phase
forms upon quenching. If aged under eutectoid temperature, the martensite and
w phases decompose to equilibrium a + ZrCry [19).

Chromium is commonly used in commercial Zr alloys; examples are Zircalloy-2
and Zircalloy-4, which contain 0.1 wt% of Cr. Chromium is used due to its positive
effect on corrosion resistance and mechanical properties, such as creep resistance
and tensile strength [20]. Due to the low solubility of chromium in zirconium,
intermetallic particles of ZrCry are generally present [5]. The presence of these
particles was reported to promote electronic conduction, which leads to higher
hydrogen evolution on the oxide-water interface. This results in a lower hydrogen
pickup into the material itself [21].

1.3.2 Zr-Sn
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Figure 1.8 Equilibrium diagram of the Zr-Sn system [22].

The zirconium-tin system plays an essential role in commercially used zirconium
alloys. In widely used alloys, Zircalloy-2 and Zircalloy-4, tin is the most abundant
alloying element, making up to 1.7 wt% of these alloys. It is mainly used to mitigate
the adverse effect of N on corrosion resistance and to increase the mechanical
properties of the alloys [5]. Furthermore, the addition of Sn leads to an increase
in yield strength and creep resistance. The mechanism of increased creep resistance
is assumed to be due to the reduction of Zr self-diffusion |23| or by lowering
the stacking fault energy [24].



Tin exhibits « stabilizing properties in Zr alloys. In elemental zirconium, tin
can increase the stability of a phase from 863 °C up to 953 °C in the Zr-6.55n
(in wt%) alloy.

If we look at the Zr-Sn phase diagram in figure [I.8, we can see five inter-
metallic phases: ZrySn, n, 11, 172 and ZrSny. The ZrsSn phase has the A15 cubic
structure with a typical 3:1 stoichiometry. However, in the case of ZrySn, it exists
around the 4Zr:1Sn stoichiometry. The unusual stoichiometry can be explained
by the mechanism of how sublattices are occupied. In the A15 structure there
are two sublattices, one with three atoms per cell and one with one atom per cell.
In most A15 structures, each sublattice is occupied only by one element, leading
to a 3:1 composition. In Zr,Sn, the first sublattice is occupied only by Zr atoms,
and the second sublattice is occupied by 20% Zr and 80% Sn atoms, which leads
to the 4:1 composition of Zr,Sn [25].

All of the n phases are strongly related. The n; and 7, have the Zr;Sns and
ZrsSn, compositions, respectively. Their crystals have the same space symmetry
group (P63/mmc) and, in most cases, the same occupancy of sites in the lattice.
Above 1000 °C only one 1 phase exists with the ZrsSns,, composition, where z is
between 0 and 1 [25].

The ZrSny phase has the structure of the Si;Ti prototype, with exact 1:2
stoichiometry.

1.3.3 Zr-Nb
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Figure 1.9 Equilibrium diagram of the Zr-Nb system [26].

Niobium is a strongly [ stabilizing element, which is evident from the Zr-Nb
phase diagram in figure [1.9. The solid solution of bce [ phase exists from
980 °C to 1740 °C at all compositions. The solubility of niobium in « zirconium
is very low, with a maximum of around 0.6 wt%. At higher concentrations



and temperatures below 620 °C, the zirconium-rich hcp a and niobium-rich bee
B coexist in an equilibrium [27].

The o/ martensite and athermal w form during quenching from the 8 phase
field. In alloys with less than 7 wt% Nb, all of the 8 phase transforms to the
o/ martensite. When the concentration of Nb is increased up to 7.5 wt% Nb,
the quenching preserves a portion of the original 3, and both the metastable
o/ martensite a w phase forms during rapid cooling. In alloys with more than
7.5 wt% Nb, only 8 and w phases are present in the alloy after quenching .

The martensitic start temperature in pure Zr is at 860 °C. This temperature
decreases with an increase in the Nb content. Adding 6 wt% Nb to elemental
zirconium can lower the martensitic start temperature below 500 °C .

Adding Nb to zirconium alloys for nuclear purposes improves the mechanical
properties without a substantial increase in neutron capture cross section. It mainly
increases the hardness of the alloy and increases creep resistance. The addition
of Nb also decreases the adverse effects of impurities such as N and C .

1.3.4 Zr-Al
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Figure 1.10 Equilibrium diagram of the Zr-Al system .

Aluminium is an « stabilizing element. A high number of intermetallic phases is
present in the Zr-Al phase diagram (see ﬁgure. We will focus on the zirconium-
rich side of the Zr-Al phase diagram, where the ZrsAl and Zr,Al are found .

The Zr-richest intermetallic phase in the Zr-Al system is the ZrsAl. It has
the cubic structure of the CuAus prototype and an exact 3Zr:1Al stoichiometric
ratio [31]. At compositions lower than 25 at.% Al, the ZrzAl coexists with
the aZr up to 940 °C; and between 940 °C and 988 °C it coexists with the 5Zr
phase. At the temperature of 988 °C, the Zr3Al undergoes a peritectoid reaction
Zr3Al < ([Zr + ZryAl, during which the intermetallic ZroAl is formed. The ZryAl
has a hexagonal crystal structure of the InNi, prototype and an exact 2Zr:1Al
stoichiometric ratio [30].
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1.3.5 Zr-H

The presence of other elements in zirconium alloys is not always deliberate.
Zirconium alloys will always contain elements like oxygen and hydrogen that diffuse
to the material during production and operation. One problem related to such
contamination is hydrogen-induced embrittlement. The formation of zirconium
hydride causes a loss in the ductility of the material, which causes safety issues,
mainly in water-cooled nuclear reactors, where zirconium is used as a structural
material.

When zirconium alloys are in contact with water, corrosion occurs, and an oxide
layer forms on the surface. This leads to the release of hydrogen, which diffuses
into the material and forms a solid solution with zirconium. When the maximum
hydrogen solubility in zirconium is reached, zirconium hydride starts to precipitate.
The precipitation is usually in the form of ¢ hydride, in which the Zr atoms form
a fcc lattice and the H atoms randomly occupy the eight tetrahedral interstitial
sites (see figure . At room temperature, the 0 hydride has the stoichiometry
ZrH, 59 and the lattice parameter a = 4.778 A [32].

Figure 1.11 Structure of § zirconium hydride [32].

1.4 Zr alloys in nuclear industry

Zirconium alloys play an indispensable role in the nuclear industry. Its 15 times
smaller neutron capture cross-section than steel allows zirconium components
in nuclear reactors to be made lighter and smaller. The construction of fuel cladding
and other structural components from zirconium alloys decreases the need to enrich
uranium fuel, making nuclear energy safer and less expensive. The timeline
of zirconium alloys used in nuclear industry is shown in figure

Elemental zirconium has low corrosion resistance, which is further lowered
by the presence of nitrogen. For this reason, a zirconium alloy named “Zircaloy-
2”7 was developed where Sn, Fe, Cr, and low amounts of O and Ni were used
to increase strength and corrosion resistance. Another successful alloy devel-
oped was the Zircaloy-4, where no Ni was present, and the amount of Fe was
increased to 0.2 wt%. Zircaloy-2 is currently in use in boiling water reactors due
to its superior corrosion resistance at elevated temperatures [33]. Zircaloy-4 is
used in pressured water reactors due to its lower hydrogen absorption [34].

The addition of Nb instead of Sn also leads to an increase in corrosion resistance.
This was utilized by Russian engineers, who designed the E110 and E635 alloys,
which are based on the Zr-Nb system with the addition of small amounts of Sn
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and Fe in the case of the E635. These alloys have high strength and creep
resistance. Due to its good corrosion resistance, the E110 was used as a fuel
cladding. The E635 was used as a structural material because of its better
mechanical stability. These alloys were relatively susceptible to oxidation and
hydrogen uptake, which led to faster embrittlement.

To further optimize the properties of the E635 alloy, an alloy based on the sys-
tem Zr-Sn-Nb-Fe called “ZIRLO” was designed in 1987. This alloy showed a lower
corrosion rate at high temperatures, lower in-reactor corrosion rate, and higher
creep resistance than Zircaloy-4. Due to its superior properties, it was used in al-
most all Westinghouse-designed plants in the United States and several European
countries during the late 1990s [35].

One of the latest developments in zirconium alloys was the optimization
of Zircaloy-4. It was shown that the reduction of the Sn content to 0.6-0.7 wt%
in the Zircaloy-4 leads to an improvement of waterside corrosion resistance ,
which is one of the most critical properties for use in pressured water reactors.
Cold working and thermal aging of the optimized Zircaloy was used to enhance
the precipitation of Zr and Fe-based intermetallic particles, further increasing
the corrosion resistance .

1940 1950 1960 1970 1980 1990 2000 2010 2020 Remarks

@ Obsolete

| Zircaloy-2 and Zircaloy-4 |
| | I I

| : E110, ;5125. E635 : | in
! - - ] commercial

I ZIRLO | use

OPT ZIRLO in
developing

Figure 1.12 Timeline of nuclear cladding materials .
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2 Aims of the thesis

Zirconium and its alloys are of high importance in the nuclear industry, where
they are utilised as structural materials in fuel cladding due to their excellent
mechanical properties and low cross section for thermal neutrons. Development
of new improved alloys is a way to make nuclear energy safer and less expensive.

Two new zirconium alloys were developed with the aim to create highly
strengthened alloy with a + ( microstructure: Zr-4Sn-1Cr and Zr-4Nb-2Al.
This work focuses on characterisation of these new alloys. It can be divided
into two parts:

In the first section, we focused on understanding the phase transformations
of the new alloys and investigating the microstructure to verify the presence
of the intended o + [ microstructure. The principal tasks can be summarised
as follows:

o Verify the microstructure of the alloys using scanning electron microscopy.

o Study the phase transformations in situ using resistometry and differential
scanning calorimetry.

o Determine the phase composition after annealing at different temperatures
using x-ray diffraction and scanning electron microscopy.

The second part focuses on mechanical properties, which are strongly influenced
by phase composition and microstructure. This section aims to determine the me-
chanical properties of the selected alloys after thermomechanical processing and
explain the connection to their phase composition. The main tasks can be sum-
marised as follows:

o Study the microhardness.
o Perform tensile tests on the alloys after thermomechanical treatment.

o Analyse the influence of phase composition on mechanical properties.
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3 Studied material and
experimental methods

3.1 Studied material

In this work, we characterize two zirconium alloys: Zr-4Sn-1Cr and Zr-4Nb-2A1
(in wt%). These alloys contain one « stabilizing (Sn, Al) and one /3 stabilizing (Cr,
Nb) element. In the first alloy, tin was added to promote solid solution hardening.
Chromium was added with the aim to strengthen the material by precipitation
of intermetallic phases and to stabilize the g phase. The second alloy contains
a lower amount (2 wt%) of a stabilizing aluminum and a higher amount (4 wt%)
of § stabilizing tin, with the goal to further stabilize the § phase.

The studied alloys were produced in UJP Praha by electric arc melting,
during which elemental metals were melted by electric current and mixed to form
the desired alloy. However, the materials fabricated by this process contain
high amounts of defects. These defects are produced by non-ideal mixing and
by different cooling rates in different parts of the material. To get rid of such
defects, homogenization heat treatment was performed. The alloys were annealed
at temperature of 1200 °C for 4 hours. This temperature was chosen to be
sufficiently higher than the expected [ transus, so that the homogenization
treatment would be performed in the § phase field.

3.1.1 Hot swaged samples

To achieve grain refinement and a +  microstructure, we used hot rotary
swaging as a thermomechanical treatment of the studied alloys. Due to dynamic
recovery at increased temperatures, subjecting the material to substantial de-
formation without forming internal defects is possible. The hot swaging of Zr
alloys is done in two steps, the first one is performed at temperatures above
the § transus [6], [38]. Growth of large § grains is promoted during deformation
at this temperature. During cooling from the temperatures above the 3 transus,
the a phase grows from the large g grains. The resulting o phase is commonly
lamellar with Widmanstéatten microstructure. The second step is deformation in
the o+ 3 phase field. During this step, the coarsening of the o grains is promoted,
resulting in small equiaxed « grains [6]. The temperature parameters chosen for
the hot swaging of the alloys are discussed in detail in chapter [4.5]

In order to conduct the swaging, the material had to be prepared in the form
of cylindrical rods. This was done in an arc furnace, where an electric arc melted
the material in an argon atmosphere. This process resulted in rods that were
140 mm long and had a diameter of 12 mm. After the preparation of the rods, we
performed the hot swaging. The rods were heated by an induction coil, which was
positioned in front of the swaging machine. The temperature of the heated rod
was monitored by an infrared camera. After the rod was heated to the desired
temperature, it was manually fed through the swaging machine. The diameter
of the rods was decreased by 0.25-0.5 mm in each subsequent passage through
the machine. During the forging in the J region, the diameter of the rods was
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reduced to 8 mm, followed by forging in the o + 8 region in which the diameter
was further reduced to 5.5 mm.

3.2 Experimental methods

3.2.1 Scanning electron microscopy (SEM)

Scanning electron microscopy uses a beam of high-energy electrons to create
an image of the studied surface. Electrons with energy usually between 10-
30 keV are focused into a beam that scans the surface and produces a variety
of signals. By detecting these signals, we can obtain information about the chemical
composition, morphology, and crystal orientation of the sample. Due to the short
de Broglie wavelength of high-energy electrons, it is possible to study objects
smaller than 1 nm.

Firstly, a beam of electrons must be created, which is usually done using
a tungsten filament or a field emission gun (FEG). In microscopes where tungsten
filament is used, the electron beam is created by heating the filament to tem-
peratures over 2500 °C. At this temperature, electrons are thermally emitted
from the filament and further accelerated by electrical voltage. The field emission
gun, also known as a cold cathode emitter, works on the principle of quantum
tunneling caused by a strong electric field. In comparison with the tungsten
filament, FEG creates a very stable, bright electron beam [39]. The electron beam
is then collimated by magnetic condenser coils and scanned across the specimen
by deflection coils (see figure . The electrons then penetrate the surface and
interact with the electrons of the specimen. The interaction volume of the electron
beam has a “pear” shape (see figure , and its size is determined by the energy
of the beam, the chemical composition of the specimen, and the incidence angle
of the beam. The interaction of the primary electron beam with the sample creates
secondary electrons (SE), Auger electrons, backscattered electrons (BSE), and
characteristic x-rays [40].

Each of these signals gives us different information about the specimen. The sec-
ondary electrons are electrons excited from the specimen by the primary beam.
These electrons have low energies (below 50 ¢V) and can escape only from
a near-surface layer of the material, providing information about the morphology
of the surface. Backscattered electrons are electrons of the primary beam that
are scattered through a large angle and re-emerge from the sample. Such scat-
tered electrons have much larger energies and come from larger volumes than SE.
The probability of scattering is proportional to the atomic mass of the scattering
atom, which means that BSE gives us information about the chemical composition
(chemical contrast). Depending on the orientation of the studied crystal, BSE
can be channeled along particular crystallographic planes, leading to a contrast
between different crystallographic orientations (channeling contrast) [40].

Characteristic X-rays are created when the inner shell electron of the material
is excited out of the sample by a primary electron. This creates an empty energy
level, which is soon filled by electrons from a higher energy orbit, which leads
to the emission of x-rays of energy equal to the difference between the two levels.
The structure of electron energy levels is unique for each element, and so the emit-
ted X-ray is characteristic of a given element. The detection of the characteristic
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Figure 3.1 Diagram of scanning electron microscope [41].

X-rays is employed in energy-dispersive X-ray spectroscopy (EDX or EDS), which
is used to determine the chemical composition [40].

As it was mentioned, the SEM image is constructed by detecting two types
of electrons — backscattered electrons and secondary electrons. Traditionally, they
are detected using one BSE detector and one SE detector. Newer microscopes
employ multiple in-lens detectors to increase the amount of information gathered.
These detectors collect both BSE and SE, and the detected electrons are later
sorted by energy or emission angle. In this work, we used a detection system with
three detectors to gather SEM images, as shown in figure [3.3] These detectors
are placed along a tube that is under 8 kV voltage, which attracts the signal
electrons. The first of the detectors is the T1, which detects the high-energy
BSE and provides chemical and orientation contrast. Secondary electrons, which
have a lower energy than BSE, are instead focused through a hole in the middle
of the T1 and are registered by the T2 detector. This detector provides mainly
morphological information. SE with even lower energy than 2 eV pass the T2
detector and are registered by the T3 detector. These electrons are th most
surface-sensitive and provide information about small surface features. They are
strongly affected by surface electric fields, providing surface charge contrast [43].
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Figure 3.2 Interaction volume of primary electrons in SEM .

Figure 3.3 Diagram of detectors in SEM .
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3.2.2 Energy dispersive spectroscopy (EDX)

Energy dispersive spectroscopy is an analytical method used for qualitative and
quantitative chemical analysis of materials. EDX can identify elements heavier
than beryllium and lighter than uranium. It works on the principle of detecting
the energy of characteristic X-rays created by the interaction of the beam of pri-
mary electrons with the atoms in the material. We obtain an energy spectrum,
which is then analyzed. Qualitative chemical analysis is done by identifying
the characteristic lines of a given element with peaks in the measured energy spec-
trum. The abundance of a given element can be determined from the integrated
intensity of its characteristic peaks.

The spatial resolution of EDX is determined by the volume that is penetrated
by the electron beam. This volume is commonly called the “interaction volume
for X-rays”, its size depends on the energy and diameter of the electron beam
and the composition of the analyzed material. Higher electron energy results
in greater penetration depths and larger interaction volumes. Denser materials
tend to have smaller interaction volumes due to increased scattering and absorption
of the incident electrons [44].

To estimate the size of the interaction volume, we used the program Casino,
which uses the Monte Carlo method to simulate the paths of individual electrons.
The simulation was performed for both alloys and electron energies of 5, 10, and
30 keV. The results of electron trajectories for the alloy Zr-4Sn-1Cr are in figure
It is evident that the interaction volume rapidly increases with the electron energy.
At 5 keV, almost all the electrons lose all their energy in a spherical volume with
a diameter of 200 nm, while at 10 keV, the diameter increases to around 500 nm.
At 30 keV, the volume in which the characteristic X-rays can be produced is much
larger, with a diameter of around 2.5 pm. It is important to note that the number
of produced X-rays is lower at the outer parts of the interaction volume because
these electrons might not have sufficient energy to produce a characteristic X-ray
[45].

Figure 3.4 Simulated interaction volumes for Zr4Sn1Cr at energies a) 5 keV b) 10 keV
and c) 30 keV.
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3.2.3 SEM sample preparation

Samples for SEM observation were prepared by grinding on sandpapers of dif-
ferent grits from 320 to 4000, followed by final polishing. We used two different
final polishing methods to prepare the surface. The first method was polishing
on special cloth with a 1:3 volume ratio of 30% hydrogen peroxide and suspension
of colloidal silica OP-S for 20 minutes. In the second method, we used the Buehler
VibroMet 2. In this method, the samples were moved by vibrations on a cloth
surface, which was submerged in an alumina suspension. The vibrational polishing
was done in two steps, with the first polishing on 0.3 pm sized alumina particles
and the second on 0.05pm sized particles. Each of these steps was performed
for a duration of 4 hours.

The first method (OP-S) led to insufficient polishing. The signal in both
BSE and SE had a very weak contrast, and many of the details were not visible.
In some cases, some contrast was visible, for example, between the intermetallic
phase and the « phase in Zr-4Sn-1Cr (see figure [3.5h). This is due to the large
difference between the composition of these two phases. The contrast between
different grains was either not visible or weak, like in the case of Zr-4Nb-2Al,
where despite that, different a lamellae could have been distinguished. This is
very well visible in the figure [3.5h, where the o phase looks like one homogenous
grain. The second method, vibrational polishing, gave more promising results.
Unlike after the OPS, individual « grains were distinguishable (see figure ),
but the signal was insufficient to see an orientational contrast between them.

After both polishing methods, the surface was damaged by zirconium hy-
dride. During the polishing, the surface is in contact with the water or hydrogen
peroxide present in the polishing suspension. Zirconium interacts with the oxy-
gen present in the suspension, which then leads to the release of hydrogen into
the material, forming zirconium hydrides [46]. The presence of hydrides on the
surface is an issue because they obscure the actual microstructure of the bulk
material. After the OPS polishing, the hydrides were present as darker patches
distributed on the surface. Furthermore, some grains contained more zirconium
hydride than others, which could be explained by the fact that the hydride prefers
(0001)4|](111) hyarige and [1120]4||[110]pydride Orientations to the a during nucle-
ation [47] |48]. In the vibrationally polished samples, the hydrides were mainly
located between « grains but were also present on the grains. In the figure [3.5p
they are visible as dark gray oblong regions in « grains.

To obtain information about the bulk microstructure of the alloys, we had
to remove the zirconium hydrides without damaging the surface. This was done
on the vibrationally polished samples by an ion beam milling system, Leica EM
RES102, where the surface is bombarded by argon ions that remove a small layer
of the surface. The ion milling was done in two steps; in the first step, the ions were
directed onto the surface under the angle of 10°. The advantage of a higher angle is
a higher material removal rate. However, it leads to the creation of surface topology.
Such surface topology lowers the SEM signal because it increases the probability
of absorption of the back-scattered and secondary electrons. A second step
of milling at a lower angle of 4° was performed to mitigate the artificial topology.

We tried different durations of both ion milling steps to optimize the time
and ensure that the resulting surface is rid of the hydride. Sufficient results were
obtained after 3 hours of milling, followed by 1.5 hours of flattening the surface
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at lower angles, after which large areas of the surface were suitable for SEM
imaging. However, even after 3 hours, isolated regions of hydride were present
on the surface, as shown in figure [3.5k. SEM images presented in section results
and discussion (section E[) were prepared by vibrational polishing followed by ionic
polishing.

Intermetallic particle

ke

Zirconium hydride

Zirconium hydride

Zirconium hydride

Figure 3.5 SEM image of zirconium hydride present in Zr4SnlCr after different
polishing methods. a) OPS polishing. b) Vibrational polishing. ¢) Vibrational + ion
polishing.

3.2.4 X-ray diffraction analysis (XRD)

X-ray diffraction is a technique for characterizing the structures of crystalline
materials. It works on the principle of constructive interference of X-rays scattered
by electrons in the studied sample. X-rays are produced by a cathode X-ray
tube and later monochromatized, collimated, and directed towards the sample.
The X-rays are scattered elastically by the atomic planes in the sample and
produce constructive interference according to Bragg’s law:

2dhkl sinf = n)\, (31)

where dpy; is the spacing of {hkl} planes generating the diffraction, € is the diffrac-
tion angle, n is an integer and A\ the wavelength of the X-rays.

In this work, we used the Rigaku R-axis RAPID II diffractometer. This
diffractometer operates at a voltage of 50 keV and a current of 40 mA, producing
Mo Ka X-ray radiation. The instrument also has a graphite monochromator,
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which selects the Mo Ka; spectral line with the wavelength of 0.7093 A. This
diffractometer operates in a transmission geometry, where the diffracted x-rays
penetrate the sample and are detected by a cylindrical 2D detector. The sample is
located in a motorized goniometer, which tilts the sample along the horizontal axis
¢ and vertical axis £. This motion allows us to obtain diffraction from different
crystal planes. The measurement results in a diffraction image (see figure
obtained by the 2D detector. The image is then azimuthally integrated to obtain
the conventional diffraction line profile [49].

We prepared the samples for XRD using SiC sandpapers to achieve thickness
between 100-150pm. This thickness was chosen as a compromise between minimal
absorption and maximal diffracting volume. The fitting of the line profiles was
performed using the program X’Pert HighScore Plus.

Figure 3.6 XRD image captured by 2D detector.

3.2.5 Differential scanning calorimetry (DSC)

Differential scanning calorimetry is a thermoanalytical technique commonly
used to study phase transformations. In this work, we used the Netzsch DSC 404
C Pegasus DSC device, which measures heat-flux DSC. In this method, the sample
and a reference are connected by a heat bridge and subjected to a constant heating
rate. The measured signal is a temperature difference between the sample and
the reference, usually plotted as a function of temperature or time.

When a first-order transition occurs in the measured sample, the release
or absorption of heat results in the change in temperature difference between
the sample and the inert reference. This change in temperature difference is then
detected as a peak in the DSC signal. Based on the orientation of the peak, we can
determine if the process is exothermic or endothermic. If an exothermic process
occurs in the material, we detect an increase in sample temperature compared
to the reference. In case of an endothermic effect, the sample temperature increase
slows down or stays constant. The start and end of a first-order transition are
characterized by the onset and endset of the measured peak, respectively.

Second-order transitions are characterized by an abrupt change in the heat
capacity and are detected as a rapid change in the baseline of the DSC signal.

We performed the DSC measurements in situ during heating up to 950 °C and
cooling from 950 °C to room temperature, in both cases at a rate of 5 °C/min. Sam-
ples for this method were cut by Accutom-50 precision saw into cubes of an approx-
imate weight of 50 mg. The samples were subsequently polished using sandpapers
of 1200 grit to remove any impurities from the surface caused by the cutting.
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3.2.6 Electric resistance measurements

Electric resistance measurements provide information about the processes that
take place in the material. Precipitates, grain boundaries, and phase boundaries
disrupt the periodicity of the electronic potential, leading to the scattering of con-
duction electrons and an increase in electric resistance. Any change in the material
structure, for example precipitation of a second phase, is accompanied by a change
in electric resistance. Therefore, electric resistance measurements may be employed
to study microstructural and phase transformations in situ.

In this work, we measured the resistance using the four-point method. The di-
agram and the sample used for this method are shown in figure [3.7 An electric
current [ is passed through two outer contacts (contacts 1 and 4 in figure ,
while the voltage is measured between the inner contacts (contacts 2 and 3 in fig-
ure . In this arrangement, the resistance of contacts 1 and 4 do not affect
the measurement. the resistance of the voltmeter contacts 2 and 3 can be neglected
since the resistance of the voltmeter is much greater than the resistance of the sam-
ple. Other errors affecting the measurement are transient and thermoelectric
effects at the voltage contacts. These effects change the measured voltage due
to temperature and material differences between the contacts and the sample
material. These effects are eliminated by commutating the current and averaging
the measured voltage. the measured electric resistance R is then calculated as:

U
= — 2
R=", (32)

where U is the averaged voltage, and I is the absolute value of current passing

through the sample.

12 mm

=® v E |

Figure 3.7 Diagram of the four-point electric resistance measurement and the sample
used for this method.

7,5 mm

In this work, we performed four-point resistance measurements in situ during
heating. The sample was prepared according to the diagram in figure and pol-
ished with sandpapers of grit up to 1200 to remove any impurities from the surface.
Next, the sample was positioned in a furnace with a protective argon atmosphere
and heated up to 900 °C at a rate of 5 °C/min. The current was supplied
by Sourcemeter Keithley 2420, and the voltage was measured by Nanovoltmeter
Keithley 2182.
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3.2.7 Micro hardness testing

The indentation test is a standard method to characterize the material proper-
ties. It is used to measure the hardness of the material, but it can also provide
information about other properties, such as stiffness and yield strength. In this
work, we performed the microhardness tests on the indentation device Qness
Q10. We used the Vickers indentation method, in which a square base pyramid-
shaped diamond indentor is pressed into the surface of the material. The Vickers
microhardness (HV) is then given by the ratio of the force applied by the in-
dentor to the surface area of the resulting indentation. Due to the geometry
of the pyramidal indentor, the value of HV is calculated by the equation:

~ 2sin(136°/2)F _ 1.8554F

- . (33)

HV

where the F' is the applied force, which in the case of this work corresponded
to a weight of 0.5 kg, d is the average diagonal length of the indentation, and

1.8554 is a factor given by the pyramidal geometry [50].
In this work, the microhardness tests were performed on the samples prepared
by vibrational and ion polishing used for SEM imaging.

Figure 3.8 Diagram of the Vickers hardness measurement [51].

3.2.8 Tensile testing

Tensile tests are commonly performed to obtain mechanical properties of mate-
rials such as strength, toughness, and ductility. During the test, the specimen was
subjected to uniaxial tension until failure. The specimen was gripped by one arm
that remained static and a second arm that deformed the sample at a constant
speed. We performed the tests on the Instron 5582 machine at a strain rate
of 1073/s. The sample geometry used for tensile testing is shown in figure .
It had enlarged ends of cylindrical shape, which were used to grip the speci-
men during testing. The gage section was cylindrical with a length 10 mm and
a diameter of 2 mm.
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Figure 3.9 Geometry of tensile test specimen.

During loading, we obtain the relation between engineering stress and engi-
neering strain, which can be plotted as a stress-strain curve. The engineering

stress,
0. = F/ A, (3.4)

is defined as the tensile force I’ applied to the initial cross-section area Ay. And
the engineering strain,

Ee = AL/L(]a (35)

is defined as the change in length AL divided by the initial length L,. When
a material is subjected to small stresses, the bonds between atoms are stretched.
Such deformation is reversible, and when the stress is removed, the material
returns to its original length. This is called elastic deformation and is observed
as a linear dependence of the stress-strain curve. The elastic deformation is
characterized by Young’s modulus E, which is defined as

E =0,/ (3.6)

When the stress increases above a certain point, the deformation ceases to be
completely reversible, and we speak of plastic deformation. This deformation is no
longer caused by the stretching of bonds but rather by the motion of dislocations,
twinning, and phase transformations, such as martensite formation. Usually,
the start of plastic deformation is visible as a deviation from linearity in the stress-
strain dependence. The offset yield strength oy is the limit that characterizes
the start of plastic deformation. It is obtained by constructing a linear line parallel
to the elastic stress-strain plot with an offset of 0.2%. The o5 offset yield strength
is then the stress at which this line intersects the stress-strain curve.

The ultimate tensile strength is defined as the highest value of engineering
stress. Up to this point, the deformation of the specimen should be uniform
in the measured length. In ductile materials, the tensile strength is the point
at which the deformation starts to localize. This leads to the formation of a neck,
which is observed as a decrease in the stress-strain curve. Brittle materials fracture
before any neck can form, and the tensile strength is the fracture strength.

The ductility of a material is the maximal plastic deformation before frac-
ture. In most ductile materials, the elastic deformation at fracture is relatively
small compared to the plastic deformation and can be neglected. In such case,
the ductility is defined as

Ly—L
%El:u7

» (3.7)

where the Ly is the length at fracture.

24



It is desirable to obtain data that can be used to characterize the material
properties under different loading conditions. In that case, the data needs to be
presented in terms of true stress and true strain. True stress is defined as

o= FJA, (3.8)

where A is the cross-section area at the time of the applied force. The true stain
is defined as

e =1In(L/Ly). (3.9)

If the deformation is uniform along the whole gage length, the true quantities can
be calculated from the engineering ones as

o=o0.(l1+¢.) (3.10)

e=In(l+e¢.). (3.11)
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4 Results and discussion

4.1 Characterisation of initial state
of Zr-4Sn-1Cr

4.1.1 X-ray diffraction

We investigated the phase composition of the initial state of Zr-4Sn-1Cr
using x-ray diffraction in transmission geometry as described in section [3.2.4]
The measured XRD line profile, shown in figure [£.1] was fitted with the theoretical
models of hep and Laves C15 structures. The theoretical positions and relative
intensities of the peaks are shown in the lower part of the figure [4.1] The analysis
concluded that the alloy consists of the hcp o phase and the intermetallic Laves
C15 ZrCry phase.

From the area of the peaks, we determined that the majority (97.3 wt%)
of the material consists of the a phase, and the remaining material (2.7 wt%)
crystallized in the Laves C15 phase. However, the determined fraction should be
taken only as an approximative value because of the local nature of the measure-
ment. The integrated intensity of the peaks corresponds to the local composition
of a relatively small interaction volume (the x-ray beam had a width of 0.3 mm,
and the sample thickness was approximately 100 ym), which can differ from the av-
erage phase composition in the whole material. From the position of diffraction
peaks, we determined the lattice constants. For the hexagonal o phase the lattice
parameters a, = 3.223 A, ¢, = 5.150 A were found. For the cubic Laves phase
azrere = 7.226 A was determined. The weight fractions and lattice parameters
of a and ZrCr, phases in the initial state of Zr-4Sn-1Cr alloy are given in table

Zr4Sn1Cr initial state

Log. intensity (arbitrary un.)
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Figure 4.1 XRD profile of the initial state of Zr-4Sn-1Cr. The positions of peaks
belonging to a phase and ZrCr2 are indicated in the lower part of the image by red and
green markers, respectively. The length of the markers corresponds to the theoretical
intensity of the peaks.
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Phase Weight fraction (%) a (A) b (A) ¢ (A)
o 97.3 3.223  3.223 5.150
ZrCry 2.7 7.226 7.226 7.226

Table 4.1 Weight fractions and lattice parameters of phases present in Zr-4Sn-1Cr.

4.1.2 SEM and EDX

Figure 4.2 SEM photograph of the microstructure of Zr-4Sn-1Cr
(BSE contrast).
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Figure 4.3 SEM photograph of ZrCry crystals (low energy SE con-
trast).

We used scanning electron microscopy to observe the microstructure of the ini-

tial state. We used mainly the BSE detector, which gives chemical and channeling
contrast, and the low energy SE detector, which collects secondary electrons only
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from the nearest surface. In figure .2, which was captured using the BSE detector,
we see large o grains. We can also observe chanelling contrast between differently
oriented grains. Smaller black dots are the Laves C15 particles, which are visible
due to the chemical contrast between the o grains and the Laves C15 phase.

Figure [£.3] captured using low energy secondary electrons provides a better
view of the ZrCry particles. The distribution of these particles is not homogeneous,
and their precipitation seems to be preferred at specific nucleation centers. Such
centers could have been the § grain boundaries, which were present in the material
during homogenization at temperatures above the 3 transus. We determined that
the crystals have apparent diameters up to 3.5 pm.

We performed the EDX chemical composition measurement on the o and ZrCr,
phases. The used voltage was 10 keV, for which we in chapter calculated
the radius of interaction volume to be around 500 nm. The particles of the Laves
phase in figure (location 1) contain 63.5 at. % of chromium and 36.5 at.%
of zirconium. That is in accordance with the Zr-Cr phase diagram in figure [1.7]
and the approximate 1:2 stoichiometric ratio. The measurements from the o phase
at locations 2 and 3 in figure [4.4] show that all chromium in the material is
incorporated in the intermetallic crystals and « phase is a solid solution of only
zirconium (95.5 wt%) and « stabilizing tin (4.5 wt%). The results of the EDX
chemical analysis are in table [£.2]

Location | Element | Wt % | At. %
1 Zr 50.2 36.5
(ZrCry) Cr 49.8 | 63.5
Sn 0 0
2 VA 95.5 96.5
() Cr 0 0
Sn 4.5 3.9
3 VA 95.5 96.5
(o) Cr 0 0
Sn 4.5 3.5
Figure 4.4 BSE image of the EDX Table 4.2 Weight fraction and lattice pa-
measurement. rameters of phases present in the initial state

of Zr-4Sn-1Cr.

4.1.3 Conclusion to initial state characterisation

In this section, we investigated the phase composition and microstructure
of the Zr-4Sn-1Cr alloy. We determined that the Zr-4Sn-1Cr consists of relatively
large o grains and smaller intermetallic particles of ZrCry. The 8 phase was not
detected in the alloy, which we attributed to the fact that all the g stabilizing
chromium was retained in the intermetallic phase. We determined the lattice
parameters and weight fractions of the phases by XRD and their chemical compo-
sition by EDX.
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4.2 Temperature evolution of phase composition
in Zr-4Sn-1Cr

A common means of the thermomechanical treatment of zirconium alloys is
hot forging. This process consists of forging in the [ and later in the a 4 3
field [52], [38]. In this chapter, we investigate the a — [ transformation and
other transformations that occur in the Zr-4Sn-1Cr alloy. The aim is to use this
information later to correctly choose the parameters of the hot forging.

First, the sample in the initial state (described in previous chapter was
subjected to in-situ differential scanning calorimetry and electric resistance mea-
surements during heating. The purpose of these measurements was to determine
the temperature range where the @ — [ transformation takes place, as well
as to hint at other temperatures of interest where different changes in the alloy
may occur. After that, we heat-treated the alloy at temperatures chosen based
on these results and studied the samples by X-ray diffraction and scanning electron
microscopy.

4.2.1 DSC and electric resistance measurements
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Figure 4.5 DSC and electric resistance measurements of Zr-4Sn-1Cr.

We performed the DSC measurement during heating and cooling in the tem-
perature range 20-950 °C with a heating rate of 5 °C per minute. The result
of the measurement can be seen in figure In the graph, we omitted the start
of heating and the end of cooling. The electric resistance measurement was exe-
cuted in a similar way, with a heating rate of 5 °C per minute. The difference was
that the maximum temperature was only 900 °C, which was due to the limitations
of used equipment. To better understand the changes occurring in the material,
it is more convenient to study the rate at which the resistivity changes rather
than its absolute values. For this reason, the results in figure are presented
as the first derivative of resistivity with respect to temperature.

As expected, the a — [ transformation was detected in both DSC and
resistivity measurements. Because of high « stabilization by Sn, the a — f
transformation is shifted to higher temperatures in comparison with unalloyed
zirconium. From the DSC measurement during heating, we determined from
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the onset of the peak that the start of the transformation is at 844 °C. Even
though the end of the transformation is not visible in the measurement, we can see
the maximum of the signal at 830 °C followed by returning of the signal towards
the baseline, which indicates the slowdown of the transformation. Therefore,
we can assume that the g transus is not far beyond the temperature of 950 °C.
When analyzing the DSC signal, it is important to keep in mind that the kinetics
of the transformation play an important role. This can be seen in the DSC signal
during cooling, where the transformation is shifted to lower temperatures.

In the resistance measurement, the o — [ transformation is marked by a rapid
decrease in resistivity. During heating, we can clearly see the change from a steady
to a rapid decrease of dR/dT starting at 791 °C. This means that in the first part
of the experiment, the resistivity of the sample was increasing steadily, and then
the increase of resistivity slowed due to the @ — [ transformation. As in the case
of DSC, the end of the transformation was not detected because of an even lower
maximum achievable temperature. During cooling, we can see the end of a —
at 759 °C.

In both DSC and resistometry, a signal change was detected at around 330 °C.
In the DSC during heating, this effect appeared as an increase in signal from
the initial baseline. We detected no change at this temperature during the cool-
ing experiment. In resistivity measurement during heating, a slight decrease
in otherwise increasing resistivity was detected at around 334 °C.

4.2.2 XRD

From the results of DSC and resistivity measurements, we chose temperatures
at which the Zr-4Sn-1Cr alloy was heat treated: 500, 700, 820 and 940 °C. We chose
temperatures 500 °C and 700 °C to understand the changes that happen in the alloy
when heated through the effect observed around 300 °C. The temperatures 820 °C
and 900 °C were chosen to study the start and end of the o — ( transformation,
respectively. The heat treatment was performed in the following way: the alloy
was linearly heated at rate of 5 °C to the given temperature. We heat-treated
the alloy at the temperature for 1 hour and then quenched the sample to suppress
diffusion and at least partly preserve its high-

After each heat treatment, we performed X-ray diffraction measurement.
The measured XRD profiles are in figure We can see that at all of the selected
temperatures (500-940 °C), the intermetallic ZrCry is present in the alloy. We can
see two intense reflections at 18.7 ° and 19.5° belonging to the (311) and (222)
crystallographic planes of the cubic C15 Laves structure. Another intense peak
at 16° corresponding to the (220) reflection of the Laves phase is overlapped by
the strong diffraction of the (002) and (101) planes of « phase.

We can also see that the XRD spectrum lacks any strong diffraction peaks from
the bee £, even though from the DSC and resistometry, it is evident that a starts
to transform into 8 at around 800 °C. The [ phase is not present in the material
because of the martensitic transformation that occurs when the § phase is subjected
to rapid cooling. The temperature of the start and end of this transformation
is mainly governed by the chemical composition of the g phase. We already
determined that nearly all of the (8 stabilizing Cr is contained in the intermetallic
particles. The lack of 5 stabilizing elements means that the martensitic start and
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Figure 4.6 XRD profiles of the initial and heat-treated states of Zr-4Sn-1Cr.
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end temperature is relatively high, and after quenching, all of the (3 is transformed
to the hep o martensite. Because both the equilibrium o« and martensitic o/ have
both hcp structure with relatively similar compositions, their diffraction patterns
overlap.

4.2.3 SEM

In this section, we focus mainly on the evolution of the intermetallic phase
ZrCry, which was determined to be present in the alloy in the temperature range
up to 940 °C. In the initial state, we observed large particles of ZrCrs with diameters
of their intersections up to a few um (see figure [1.7h) that were heterogeneously
distributed in the material, which sometimes formed chains of particles.

The ZrCry particles significantly evolved when the sample was heat treated
at 500 °C. In figure [4.7p, we see an SEM image of the sample taken using the back-
scattered electrons. We can see small ZrCry particles filling the v grains. These
particles can be seen as dots or lines, indicating that they are fiber-shaped. We
did not observe any change in the microstructure or size of the «a grains after
the heat treatment at 500 °C.

In the heat-treated sample at 700 °C, the intermetallic particles evolved
in the same way as during the 500 °C treatment. The material contained the fiber-
shaped ZrCr 5 particle, which filled the « grains (see figure )

After the heat treatment at 820 °C, the sample contained intermetallic particles
similar to the initial state (see figure ) In the figure, we can also see gray
patches of zirconium hydride, which were present on the surface even after 3 hours
of ion milling,.

In the sample heat-treated at 940 °C, almost all of the original @ phase
transformed. In the figure [£.7p, we see martensitic plates that formed when
the 8 was quenched. In some locations, we observed the original o grains, which
indicates that the temperature of the 3 transus was not crossed.

32



Figure 4.7 BSE images of ZrCrs particles in the Zr-4Sn-1Cr alloy a) in the initial
state, b-e) after different heat treatments.
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4.2.4 Discussion of phase composition evolution

In the SEM and XRD experiment, we observed the intermetallic ZrCry phase
present in the Zr-4Sn-1Cr alloy. We determined that the particles of ZrCry were
present after all heat treatments (500-940 °C) and observed changes in their
microstructure after heat treatments at 500 °C and 700 °C. We observed the for-
mation of o' martensitic plates after heat treatment at 940 °C and subsequent
quench.

We calculated lattice parameters (see figure and phase composition (see
figure from the XRD line profiles (figure after each heat treatment. We
measured no significant deviation of lattice parameters of both phases from those
determined in chapter (table . It was expected in the case of ZrCry since
it has a strict stoichiometric composition due to its ordered nature. We measured
a stable fraction of ZrCry after each heat treatment, around 2-3 wt%, which is
within the expected error caused by the fitting of the XRD profiles and the local
phase composition.
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Figure 4.8 Lattice parameters obtained by XRD analysis of phases present
in Zr-4Sn-1Cr after different heat treatments.
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Figure 4.9 Phase composition of Zr-4Sn-1Cr after different heat treatments.



4.3 Characterisation of initial state
of Zr-4Nb-2Al

The second investigated alloy, Zr-4Nb-2Al, differs from the first alloy in the ratio
of o and f stabilizing elements. This alloy contains more [ stabilising elements,
4 wt% of niobium instead of 1% wt chromium. Furthermore, niobium is more
efficient in (8 stabilization, as discussed in chapter m (see the Zr-Nb phase
diagram At 620 °C and 18.5 at.% of Nb there is the eutectoid transformation
B — «a + [, meaning that below the temperature of 620 °C the a + 3 coexist
in thermodynamic equilibrium [53]. At this temperature only 0.6 at.% Nb is
sufficient for small fraction of 3 to exist in an equilibrium. The niobium content
needed for the coexistence of a and 3 even decreases for lower temperatures.
Compared with the Zr-Cr system, in which the temperature must be at least
836°C for equilibrium [ to exist. Thus, we expected stronger 3 stabilization,
which would result in the presence of the bee 8 phase in the initial state.

4.3.1 X-ray diffraction

As expected, the XRD analysis detected both the o and 8 phases. Figure [4.10]
shows the measured profile with the identified peaks. We determined that 87 wt%
of the material crystallizes in the « phase, with the rest 13 wt% being the 5 phase.
We also measured the lattice parameters for both phases, see table [£.3] We
determined the lattice parameters a, = 3.204A ¢, = 5.113 A for the a phase.
For the 3 phase we determined the lattice parameter ag = 3.505 A

RN Zr4Nb2Al initial state
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Figure 4.10 XRD profile of the initial state of Zr-4Nb-2Al.

Phase Weight fraction (%) a (A) b (A) ¢ (A)
o} 87 3.204 3.204 5.113
B 13 3.505  3.505 3.505

Table 4.3 Weight fraction and lattice parameters of phases present in the initial state
of Zr-4Nb-2Al.
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4.3.2 SEM and EDX

We investigated the microstructure of the initial state of Zr-4Nb-2Al using
scanning electron microscopy. As with the Zr-4Sn-1Cr alloy, we obtained most
of the information about the material using the BSE and low-energy SE detectors.
An overview of the microstructure is in figure .11 where we can see the chemical
contrast between darker o and brighter 5, meaning that the [ phase contains
heavier elements. This is in agreement with the assumption that the a phase
would contain higher amounts of a stabilizing Al, which has atomic number 13
and is relatively light. On the other hand, the 8 phase contains [ stabilizing Nb,
which has atomic number 41. Note that zirconium, with its atomic number 40,
lies next to Nb in the periodic table of elements

At first glance, we can see the difference in the microstructure when compared
to the previous alloy. The microstructure consists of very fine o lamellae, which
are surrounded by the [ phase. This microstructure is typical for a+ 8 zirconium
alloys and forms when the a precipitates from the § phase during cooling. This
results in the formation of a plates, which have a specific orientation with respect
to the parent [ phase . Figure presents a closer look at the microstructure.
It is apparent that the a forms a much finer structure than in the Zr-4Sn-1Cr alloy.
In the Zr-4Nb-2Al, the apparent width of the « laths is in the order of 1-2 pm.
On the other hand, large « grains with the size in the order of tens of ym were
observed in Zr-4Sn-1Cr. Interesting to note is the high contrast between o and
from low energy secondary electrons in figure [f.12b. In figures [4.12h and .12,
we can also see the light polyhedral-shaped contours that arise from the surface
morphology created during ion polishing.

Figure 4.11 BSE image of the initial state Zr-4Nb-2Al.

We investigated the composition of the a and 3 by the EDX analysis. The en-
ergy of characteristic X-rays is similar for Zr and Nb due to their proximity
in the periodic table. The Zr La line with the energy of 2.044 keV overlaps with
the Nb La line with the energy of 2.169 keV. This problem is usually solved
by EDX analysis from their Ka lines, which can be distinguished. To excite
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Figure 4.12 SEM image of the initial state Zr-4Nb-2Al. a) BSE contrast, b) low
energy SE contrast.

Scan | Phase | Zr (wt%) | Nb (wt%) | Al (wt%)
1 « 98 0 2
o] 83 16 1
2 o} 97 1 2

Table 4.4 Results of quantitative EDX analysis of the initial state of Zr-4Nb-2Al.

these spectral lines, it is advised to use an electron beam of an energy that is
at least double the energy of the spectral lines, which means 30 keV in this case.
However, at this energy, we calculated that the interaction volume from which
the x-rays are collected is around 4 pm. Even though the X-rays are more likely
to be created closer to the beam than on the edge of the interaction volume,
it would be problematic to use an interaction volume larger than the features we
want to study. For this reason, we opted to use a lower energy of the primary beam
(10 keV) with a calculated interaction volume with a diameter of 500 nm. Even
though the La have similar energies, it is possible to separate them, but it may
lead to higher error in the composition of Nb and Zr. We decided to perform
a line scan through multiple regions to further minimize the error.

The apparent thickness of the § phase in the studied surface was around
0.1-0.2 pm. To maximize the precision of the chemical composition measurement,
a location with a high amount of § phase was analyzed, see figure [4.13] The loca-
tions with high amounts of § usually contained small dark particles. We performed
two line scans, the first one through g phase only and the second one through
f phase with dark particles. From the ends of the first line scan (see figure ,
we determined that the a contains mainly zirconium and aluminum. Niobium
was not detected in the o phase (see table [4.4). We determined the composition
of # from the plateau between points 7 and 11 in figure We detected high
niobium content in the 5 phase 16 wt%. We measured a lower content of Zr and
Al in comparison with the « (see table [4.4)).

We performed the second line scan through the 5 phase with dark particles
(see figure [4.14). It is evident that these regions are richer in zirconium and
contain less niobium. For comparison with the first line scan, we calculated
the composition of v from the first 5 points in this scan (see table . The results
differ slightly from the first scan, but the results are within the range of error
of both measurements. We can conclude that the a contains mainly zirconium
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Figure 4.13 BSE image and results of EDX line scan performed on the initial state
of Zr-4Nb-2Al.
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Figure 4.14 BSE image and results of EDX line scan through S phase with dark
particles performed on the initial state of Zr-4Nb-2Al.
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and aluminum and that most of the niobium is in the 8 phase. When analyzing
EDX results, it is essential to remember that the interaction volume for X-rays
is larger than for back-scattered and secondary electrons. Therefore, the EDX
analysis results might not always correlate perfectly with an SEM image because
under the surface visible in the SEM image, there might be a different composition
that influences the EDX results.

4.3.3 Conclusion to initial state characterisation

In this section, we investigated the phase composition and microstructure
of the studied Zr-4Nb-2Al alloy. We detected the presence of hep o and bee 8. Fine
microstructure of these phases was investigated by scanning electron microscopy.
We measured the chemical composition of these phases by energy-dispersive X-ray
spectroscopy. From the analysis we concluded that almost all niobium in the alloy
is present in the § phase. This is in accordance with the Nb-Zr phase diagram
(figure , which at low temperatures predicts a niobium-rich 5 phase.
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4.4 Temperature evolution of phase composition
in Zr-4Nb-2Al

In this section, we investigated the phase composition of Zr-4Nb-2Al in the same
way as that of the alloy Zr-4Sn-1Cr, with the aim of studying the evolution of inter-
metallic phases present in the alloy. In situ DSC and resistometry measurements
were performed, followed by postmortem SEM and XRD on the heat-treated
samples. The author already investigated this alloy in his bachelor thesis [54],
where he used DSC and resistivity measurements to investigate the o — 3 trans-
formation. In the next section, the resistivity measurement during heating is
discussed, taken from [54], and a new measurement during cooling is added, which
was not previously presented. In this work, we conducted a new DSC experiment
measurement both during heating and cooling.

4.4.1 DSC and electric resistance measurements
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Figure 4.15 DSC and electric resistance measurements of Zr-4Nb-2Al.

The DSC curves during heating and cooling at a rate of 5 °C/min are pre-
sented in figure [£.15] At the start of heating, an endothermic process took place
in the alloy, from 120 °C to 415 °C. In the next segment of the heating experiment,
we observed another endothermic effect, detected as an endothermic peak from
744 °C to 833 °C. In previous work [54], the author already determined that
the alloy undergoes the a — [ during this temperature range. During cooling,
we detected this transformation as an exothermic peak from 678 °C to 799 °C.
It is shifted to lower temperatures due to undercooling. After the end of a — 3
at 835 °C, we observed no further process in the material.

The electric resistance measurement revealed more detailed information about
the changes in the material. As in the case of the alloy Zr-4Sn-1Cr, the results are
presented as the first derivative of electric resistance with respect to temperature
(see figure [£.15)). As we can see from the positive derivative at the beginning
of the experiment, the resistance of the alloy steadily increased. At around 200 °C,
we measured a decrease in the derivative. The cause for this may be the same
as for the first endothermic peak in the DSC measurement. Both the observed
endothermic peak and the decrease in the resistance derivative suggest a particular
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phase dissolved during this process. In such a case, the decrease in the derivative
can be explained as a dissolution of particles that acted as scattering centers
for conduction electrons.

The resistance derivative reached zero value at 445 °C, indicating the maximum
in electric resistance. After this temperature, the derivative maintained a stable
value, and the electric resistance decreased steadily. Then, from 550 °C onward,
the derivative rapidly decreased, appearing as two subsequent bends. The first
bend took place from 550 °C to around 700 °C (which we measured as a rapid
decrease in electric resistance). The second bend in resistivity had a minimum
at 788 °C, after which the derivative increased and stabilized at 832 °C.

The measurement during cooling shows one prominent peak in the deriva-
tive between 650 °C and 810 °C where the resistivity of the sample increased
rapidly with decreasing temperature. A similar bend in the derivative to the one
in the heating experiment occurred at 650 °C.

According to the DSC and resistivity results, four annealing temperatures
were chosen to explain the changes occurring in the Zr-4Nb-2Al alloy. Since we
already examined the initial state, we chose the temperature 500 °C to investigate
the changes during the first endothermic peak. We chose the temperatures of 610,
700, 820, and 850 °C to examine the material at different stages of the transfor-
mations detected between 550 °C and 835 °C. We heat-treated the alloy at these
temperatures for one hour and quenched it in a water bath.

4.4.2 SEM and XRD

In this section, we study the alloy Zr-4Nb-2Al using the SEM and EDX
methods. The alloy was heat treated at temperatures chosen in the previous
section using the results from DSC and resistivity measurements. The first
heat treatment we performed was at 500 °C. In the XRD analysis, we detected
diffraction patterns of @ and 3 phases (see figure . We detected well-defined
peaks of both phases except for the reflection of {110} planes of bee 3, which was
hidden behind the stronger reflections of {002} and {101} planes of the hcp «a.
From the integrated intensity of the peaks, we determined that the heat-treated
material consisted of approximately 91 wt% « phase and 9 wt% [ phase. This is
a decrease in the content of 5 compared to the initial state, where we measured
13 wt% of . However, it is reasonably within the error of the measurement, which
consists of the error caused by the fitting and the local nature of the measurement.

We noticed no significant change in the microstructure when we examined
the sample in the scanning electron microscope. As in the initial state (figure
4.17h), the heat-treated material comprised of « lamellae surrounded by the
phase. Representative pictures of the microstructure of the sample in in figure
417b.

Next, we performed a heat treatment at 610 °C to investigate the rapid
decrease of resistivity, which we detected from 500°C onwards. We performed
the XRD measurement of this sample and analyzed the given line profile. In
addition to § and « phases, we detected the intermetallic Zro Al phase, which
has a hexagonal structure of the P63/mmc space group. Only a few weak
diffraction peaks of the ZroAl were detected. The diffractions from {100} and
{101} were well visible at angles 9.6° and 11.8°, while the theoretically most
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Figure 4.16 XRD line profiles of the initial and heat-treated states of Zr-4Nb-2Al.
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Figure 4.17 BSE images of alloy Zr-4Nb-2Al a) in the initial state, b-g) after different
heat treatments.
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intensive diffraction from the {110} planes at 16.7° was overlapped by the strong
diffractions of the o and /3 phases. Other weaker peaks of the Zry Al were detected
at 19.3°, 20.5° and 23.7°. Because of the weak peaks of the Zr,Al, it was impossible
to fit their intensities correctly. Thus, we performed the quantitative analysis only
on the more intense peaks of the o and 3 phases and excluded the intermetallic
phase. From the fit, we determined that 83.8 wt% of the material was the o phase
and 16.2 wt% the [ phase. This means that more  developed in the material
during treatment at 610 °C compared to the sample heat-treated at 500 °C.

We also observed an increase in the fraction of the § phase and the precipitation
of the intermetallic ZryAl in the scanning electron microscope. Figure .17
shows partially dissolved a and a larger amount of § phase. The intermetallic
Zr, Al particles can be observed as black dots embedded in the 3 phase in figure
M.1I7d. Aluminum is an « stabilizing element, and as it was verified by EDX
measurements in chapter 4.3] it has a higher affinity to form a solid solution with
the hep o phase. This means that when the transformation @ — S occurred,
high amounts of aluminum were released from the dissolving a phase, which
then formed an intermetallic phase ZrsAl. Interestingly, from the equilibrium
binary phase diagram Zr-Al (figure , it follows that for the alloy with less
than 33.3 at.% (or 9 wt%) the intermetallic phase ZrzAl should be present
in the alloy instead of the detected ZroAl. This prediction is only true in a binary
alloy; for this reason, we simulated equilibrium phase composition for the exact
Zr-ANb-2Al (wt%) composition in a Thermo-Calc program. This simulation also
predicted that in equilibrium, the ZrsAl phase should be present in the material.
Specifically, it should be present from low temperatures up to 688 °C, while
the ZryAl should be stable from 688 °C to 781 °C. Both predictions say that
the ZrsAl intermetallic phase should form in the alloy instead of the measured
ZryAl phase. This disagreement may be explained by the fact that the release
of aluminum during o« — [ creates a higher local concentration of aluminum,
favoring the formation of the aluminum richer Zr, Al hexagonal phase.

We performed further heat treatment at 700 °C, which is the start temperature
of the second rapid decrease in resistivity. From the XRD analysis, we concluded
that all previous phases were present in the alloy: «, 3, and Zr,Al. In addition,
the intermetallic phase ZrzAl was present in the material, which is a cubic phase
of the Pm3m space group, identified by peaks at 13.2° and 26.5° corresponding
to the 110 and 220 planes, respectively. For the same reason as above, we analyzed
the quantitative phase composition only for the o and [ phases. Compared with
the previous samples, the fraction of 3 increased to 20.4 wt%.

BSE image of the state heat treated at 700 °C is in figure 4.17e. We can
see further thinning of the a lamellae and the intermetallic particles of ZryAl
still present in the [ phase. Larger dark particles are visible in figure |4.17f
at boundaries between the a and [ phases.

Next, we studied the alloy after heat treatment at 820 °C. This temperature is
within the endothermic peak detected in DSC measurement and within the second
peak in resistivity measurement (figure . The S transus temperature, which
is the temperature at which all of the o phase transforms to the 3 phase, is
at 831+2 °C for the alloy Zr-4Nb-2Al [54]. This means that after annealing
at the chosen temperature, most of the original hcp a should transform to the bec
£ phase. From the x-ray diffraction, we determined that there was no change
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in the phases present in the sample compared to the previous heat treatment
(700 °C); a,  and intermetallic Zro Al and ZrsAl. We analyzed the XRD line profile
(see figure and indexed three peaks belonging to the Zrs Al intermetallic phase,
one distinctive peak at 18.6° which belongs to the {200} planes and less visible
peaks at 13.2° and 26.5° which belong to {110} and {320} planes, respectively.
For the cubic ZryAl we identified well defined peaks belonging to {100}, {101}
and {200} planes and one less visible peak from {202} planes.

The quantitative analysis performed on the XRD profile revealed that the vol-
ume fraction of the a and S phase was 88.7 wt% and 11.3 wt%, respectively. Note
that the volume fraction of the § phase decreased compared to the previous heat
treatment at 700 °C. The material would be expected to contain more 3 phase
than after the heat treatment at 700 °C, because with the increasing temperature,
it is energetically favorable for the material to contain more bee 5 phase. However,
as stated in [11], zirconium alloys undergo martensitic transformation to hexago-
nal or orthorhombic martensite when quenched from above the martensite start
temperature. The martensite start temperature is below the [ transus for ele-
mental zirconium and further decreases for more /3 stabilized alloys [8]. Whether
any [ phase is retained after the quench is determined by the martensite finish
temperature. In this case, a portion of the initial 5 was retained after the quench;
this means that the martensite finish temperature for the 5 phase after the anneal
lays below the temperature of the quenching bath, which was 20 °C in our case.

The o martensite has the same crystal structure as the equilibrium « but dif-
ferent composition since it forms from the § phase by a martensitic transformation,
not by nucleation and growth. Because of that, the diffraction line profile of the «
and o' is the same and only slightly shifted from each other due to the difference
in lattice parameters. This led to the broadening of hcp peaks in the measured
XRD line spectrum (see figure [£.16)).

The fact that during the heat treatment, more than 11.3 wt% of the alloy
was the bbc [ is captured in the images from scanning electron microscope (see
figure [4.18a). The BSE signal primarily gives contrast based on the chemical
composition, meaning that there is little to no contrast between the original
and the transformed o/ martensite since they have the same composition. We
analyzed the image by the color threshold in the ImageJ program, which divides
the pixels of the image based on their brightness. This gave us a rough estimate
that during the heat treatment (820 °C), the material contained around 50 %
£ phase.

In figure [L.17f, we can see dark intermetallic particles and large regions
of transformed [ phase. These particles formed preferentially near the § grain
boundaries, as can be seen in figure [£.18h. Almost no intermetallic particles were
present further inside the [ grains. Since the size of the § grains was of the order
of millimeters, there were areas in the scale of 100 pm without any intermetallic
particles. This inhomogeneous distribution of intermetallic particles proved to be
an obstacle for the previously discussed x-ray diffraction. The x-ray beam had
a diameter of 0.3 mm; therefore, there was an insufficient amount of intermetallic
particles in some measured regions. For this reason, multiple measurements
had to be performed in various locations to obtain diffraction signal from both
intermetallic phases. The line profile presented in figure [£.16] was measured in such
a region where both intermetallic phases were present. The fractions of the o and
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Figure 4.18 BSE images of EDX analysis of the Zr-4Nb-2Al alloy. a) Boundary
between 3 grains. b) Close-up image of the EDX analysis.

[ phases discussed above were calculated from this line profile.

We performed the EDX analysis of the «, § and intermetallic phases near
the grain boundary (see figure ) We measured the x-ray spectra at selected
points (marked by crosses in figure ) with an acceleration voltage of 5 keV.
The analysis results are presented in table As it was explained in chapter
the majority (16 wt%) of the Nb in the initial state was incorporated in the 5 phase.
During the heating of the sample and the subsequent heat treatment, the o phase
patially transformed to the g phase. After heat treatment, the 5 phase contained
Zr and Al atoms which were released during the dissolution of the o phase. This
effectively lowered the content of Nb in the § phase to 4.4 wt%. The lower
stabilization of the § phase led to less of the § being retained after the quench.

Weight frac. (%) | Atomic frac. (%))
spot 1 | Al 7.8 22.3
Zr 92 77.2
Nb 0.6 0.5
spot 2 | Al 7.3 20.9
Zr 92.1 78.6
Nb 0.6 0.5
spot 3 | Al 1.8 5.8
() | Zr 98.0 94.0
Nb 0.2 0.2
spot 4 | Al 1.7 5.6
() | Zr 97.9 94
Nb 0.4 0.4
spot 5 | Al 1.3 4
B) | zr 94.4 92
Nb 4.3 4
spot 6 | Al 1.4 4.6
B) | zr 94.2 91.2
Nb 4.4 4.2

Table 4.5 Results of EDX analysis performed on Zr-4Nb-2Al alloy heat-treated
at 820 °C.

The last heat treatment we performed was at 850 °C, beyond the previously
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determined S transus. In this state, no 8 or intermetallic phase were retained after
the quenching, as it can be seen from the measured XRD line profile in figure
The intermetallic particles dissolved into the § phase during the heat treatment,
which then transformed into the o/ martensite during the quench. This resulted
in a microstructure consisting of fine martensitic plates without any original

o lamellae (see figure [1.17g).

4.4.3 Discussion of the phase composition evolution

Figure [4.19| shows the lattice parameters of the o and [ phases after differ-
ent heat treatments. The data for the initial state are denoted as "IS". Due
to the same crystal structure of the o and o/ martensite, we could not distinguish
the peaks of the individual phases. This means that in cases where the o/ was
present, we calculated the lattice parameters from the contributions of both
phases. In figure [£.19, we see the increase in the cubic f lattice parameter with
increasing temperatures. With increasing temperature, the hexagonal structure
of o displays a decreasing tendency in the ¢ lattice parameter. The « lattice
parameter increased after 700 °C and 820 °C treatments compared to the initial
state.

The weight fractions of a4a’ and [ phases obtained by the XRD are shown
in figure After heat treatment at 500 °C, we measured a decrease to 9 wt%
 compared to the initial state (13 wt%). We determined this decrease to be
an effect caused by the local composition and the error of the measurement. After
heat-treatments at 610 °C and 700 °C the fraction of S increased. In the state
after treatment at 700 °C we observed the precipitation of intermetallic Zry Al
phase from the [ phase. The fraction of 3 observed after treatment at 820 °C
decreased due to martensitic transformation to o/. Intermetallic particles of ZryAl
and ZrzAl were observed in this state. In the sample heat-treated at 850 °C, no
[ was retained, and we observed a fully martensitic microstructure without any
intermetallic phases.
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Figure 4.19 Lattice parameters obtained by XRD analysis of phases present
in Zr-4Nb-2Al after different heat treatments.
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Figure 4.20 Phase composition of Zr-4Nb-2Al after different heat treatments.
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4.5 Mechanical properties after
thermomechanical treatment

After we investigated the phase composition and microstructure of the alloys, we
performed thermomechanical treatment of the alloys by hot swaging. The swaging
was done at two temperature steps: in the § region above the § transus and below
the § transus in the o + [ region. From the results in chapter we determined
the ideal temperature range for the o +  swaging of the Zr-4Sn-1Cr alloy to be
850-950 °C. For the swaging in the [ region, we determined the temperature
range of 1000-1200 °C. From the results in chapter we determined the ideal
temperature range for the o + § and g swaging of the Zr-4Nb-2Al alloy to be
600-800 °C and 850-1200 °C, respectively.

Both alloys were successfully swaged in the § phase field at temperatures
between 1000-1200°. However, due to insufficient control of the feeding rate and
the induction heating, both alloys were swaged in the temperature range of 600-
800 °C in the next step. Resulting in the alloy Zr-4Nb-2Al being successfully
forged in the a 4+ ( field, while the alloy Zr-4Sn-1Cr was forgedbelow the ideal
range at temperatures in the a phase region.

4.5.1 Microstructure after swaging

We investigated the microstructure of the swaged alloys using SEM. The sam-
ples were cut from the rods in the transverse direction. The microstructure
of Zr-4Sn-1Cr after the swaging consisted of « grains of the apparent diameters
ranging from submicron sizes to a few pm (see figure ) We observed crystals
of ZrCry phase similar in size to those in the initial state investigated in chapter
[1.1] (see figure [£.21p). We performed an XRD measurement and, from the line
profile in figure [4.22] calculated the fractions of phases to be 98 wt% « and 2 wt%
ZrCrsy.

The microstructure of the alloy Zr-4Nb-2Al consisted of small lamellar o grains
with the apparent thickness below 150 nm (see figure ) The XRD measure-
ment (see figure showed the presence of a phase and ZryAl intermetallic
phase, which precipitated during the forging in the o+ 5 phase region. The lattice
parameters considerably decreased compared with the initial state (see table .
We identified no peaks from the 5 phase, possibly due to the change in the lat-
tice parameter of the a phase, which shifted the stronger « reflections on top
of the f reflections.

Zr-4Sn-1Cr ao (A) | by (A) | ca (A)
Initial state 3.223 | 3.223 | 5.150
Hot swaged state | 3.222 | 3.222 | 5.149
Zr-4Nb-2Al ao (A) | by (A) | ca (A)
Initial state 3.204 | 3.204 | 5.113
Hot swaged state | 2.950 | 2.950 | 4.686

Table 4.6 Comparison of o phase lattice parameters between initial and hot swaged
states.
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Figure 4.21 SEM microstructure images of hot swaged alloys. a) BSE image of Zr-
4Sn-1Cr alloy. b) Low energy SE image of Zr-4Sn-1Cr. ¢) BSE image of Zr-4Nb-2Al.
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Figure 4.22 The XRD line profiles of hot swaged Zr-4Sn-1Cr and Zr-4Nb-2Al alloys.
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Zr-45n-1Cr HV | Error
Initial st. 180 | 10

Hot swaged st. (longitudinal) | 269 | 3
Hot swaged st. (transverse) | 251 | 2
Zr-4Nb-2A1 HV | Error
Initial st. 240 | 10

Hot swaged st. (longitudinal) | 296 | 5
Hot swaged st. (transverse) 190 | 6

Table 4.7 Results of the Vickers microhardness tests.

Alloy Ductility (%) | 092 (MPa) | oyrs (Mpa) | E (GPa)
Zr-4Sn-1Cr 14 533 897 46
Zr-4Nb-2A1 13.7 509 944 42

Zircaloy (stress relieved) 18 570 770

Table 4.8 Results of tensile tests of hot swaged Zr-4Sn-1Cr and Zr-4Nb-2A1 alloys
compared to mechanical properties of commercial Zircaloys [55].

4.5.2 Tensile and microhardness tests

We performed Vickers microhardness measurements on the swaged and initial
states of both alloys. Due to the possible anisotropy of the swaged samples,
we investigated the microhardness of samples cut in two different directions.
The first set of samples was cut in the longitudinal direction and the second
in the transverse direction (as described in chapter [3.1.1)). The measurement
results are in table In the Zr-4Sn-1Cr alloy, the microhardness differs slightly
between the longitudinal and transverse samples. We measured a substantial
increase in microhardness between the initial and swaged samples. This is due
to the fine microstructure of sub-micron grains in the swaged samples (figure
4.21h), which impede the dislocation motion more than the large grains observed
in the initial state (figure [4.2)).

In the case of the Zr-4Nb-2Al alloy, we measured a substantial difference
in microhardness in the longitudinal and transversal directions. The measured
microhardness was more than 100 HV higher in the longitudinal plane than
in the transversal plane, indicating large anisotropy in mechanical properties.
The longitudinal sample (296 HV) achieved higher microhardness than the initial
state (240 HV), which we attribute to the decrease in the « grain size.

We performed tensile tests on both swaged alloys. The measured true stress-
true strain curve is in figure [4.23] and the results of the tensile tests compared
with typical mechanical properties of commercial thermo-mechanically processed
Zircalloys (Zircaloy-2 and Zircaloy-4) are in table .

Compared to the commercial Zircaloys, both alloys Zr-4Sn-1Cr, and
Zr-ANb-2A1 achieved higher ultimate tensile strength, lower yield strength, and
lower ductility. According to [55], the ductility of the forged alloys might be
increased by stress relieving annealing, which is performed for Zircaloys at 480 °C
for 4 hours followed by slow cooling.
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Figure 4.23 True stress-true strain curve of hot swaged Zr-4Sn-1Cr and Zr-4Nb-2Al
alloys.
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Conclusion

This work focused on the characterization of two newly developed zirconium
alloys, Zr-4Sn-1Cr and Zr-4Nb-2Al. In the first part, we focused on the microstruc-
ture and phase composition of the studied alloys.

o In the alloy Zr-4Sn-1Cr, we determined the presence of hep v and intermetal-
lic ZrCry phases in the initial state and after heat-treatments at various
temperatures (500-940 °C) using XRD analysis. In SEM, we observed
the evolution in the microstructure of the ZrCry particles between the initial
state and heat-treatments at 500 °C and 700 °C.

o In the initial state of the second alloy, Zr-4Nb-2Al, we observed o + (8
microstructure, consisting of fine o lamellae in the § matrix. We observed
zirconium-rich particles which were present in the § phase. We heat-treated
the alloy at temperatures between 500 °C and 850 °C. After the heat
treatment at 610 °C, we observed the precipitation of intermetallic Zr, Al
particles. The ZryAl particles were distributed in the g phase and at bound-
aries between « and (3 phases. In addition to ZryAl, the presence of ZrsAl
phase was determined in samples heat-treated at 700 °C and 820 °C. After
heat treatment at 850 °C, we observed a microstructure fully consisting
of o/ martensite with no intermetallic phases being present.

In the second part, we determined the ideal parameters for the hot swaging
based on the phase composition investigation and performed § swaging followed
by a swaging of the Zr-4Sn-1Cr and [ swaging followed by « + [ swaging of the
Zr-4Nb-2A1 alloy. We then investigated the microstructure and mechanical prop-
erties by microhardness measurements and tensile tests.

e The microstructure of Zr-4Sn-1Cr swaged in the 5 and « phase regions
consisted of « grains of the apparent diameters ranging from submicron
sizes to a few pm and ZrCr, particles. We measured a substantial increase
in the microhardness of the swaged material in both the longitudinal (259 HV)
and the transverse (251 HV) samples in comparison with the 180 HV
of the initial state.

o We observed small lamellar a grains of thickness below 150 nm in the hot
swaged Zr-4Nb-2A1. The presence of intermetallic Zr,Al, which formed
during the a + 8 swaging, was determined by XRD analysis. The micro-
hardness of swaged Zr-4Nb-2Al showed considerable difference between
the longitudinal (296 HV) and transverse (190 HV) samples, which had
lower microhardness than the initial state (240 HV).

o Both hot-swaged Zr-4Sn-1Cr and Zr-4Nb-2Al alloys showed higher ultimate
tensile stress of 897 MPa and 944 MPa, respectively, compared to commercial
thermo-mechanically processed Zircaloy-2 and Zircaloy-4 (770 MPa).
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Future work will include further research on the thermomechanical processing
of zirconium alloys:

e Research and design of optimal heat treatment of the hot-swaged alloys,
including recrystallization and stress-relieving annealing. It is probable that
the optimal heat treatment will differ from the usual treatment of low-alloyed
zirconium alloys.

o Repeat the hot swaging of Zr-4Sn-1Cr correctly in a + 8 and [ phase fields
and study the differences in microstructure and mechanical properties with
the g and o swaged state.

Additionally, future work will focus on further study of the phase composition
of Zr-4Nb-2Al:

o Determine the presence of § phase in the hot-swaged Zr-4Nb-2Al alloy using
transmission electron microscopy (TEM) since the investigation by XRD
was inconclusive.

o Study the zirconium-rich particles present in the initial state by TEM. The
dissolution of these particles is the probable cause of the first endothermic
peak observed in the DSC measurement.
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