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Résumé :

Cette ¢étude évalue les performances du béryllium en tant que métal d'apport pour le brasage
des composants structurels en Zircaloy-4 (patins et espaceurs) dans les assemblages de
combustible nucléaire. Elle vise a caractériser les propriétés de cette jonction de brasage, et
d'identifier les facteurs clés de performance et de durabilité dans les conditions spécifiques
des réacteurs de recherche. La caractérisation expérimentale comprend la microscopie
optique, la microscopie électronique a balayage (MEB), la spectroscopie a dispersion
d'énergie (EDS) et les essais de microdureté. Les résultats démontrent que la préparation de
surface influence de maniére cruciale la qualité du joint, un contrdle précis du dépot de
béryllium est essentiel, l'interface présente une homogénéité structurale, et les joints
présentent une stabilité mécanique. Ces conclusions confirment 'adéquation du brasage au
béryllium pour le Zircaloy-4 dans des conditions controlées.

Mots-clés : Zircaloy-4, béryllium, brasage, patins et entretoises, jonction de brasage.

Abstract:

This project assesses the performance of beryllium as a brazing metal for joining Zircaloy-4
structural components (pads and spacers) in nuclear fuel assemblies. This study aims to
characterize the properties of the brazed joint and identify the key performance and durability
factors under the specific conditions of research reactors. Experimental characterization
includes optical microscopy, scanning electron microscopy (SEM), energy-dispersive X-ray
spectroscopy (EDS), and microhardness testing. The results show that surface preparation
critically influences joint quality, precise control of beryllium deposition is essential, the
interface is homogeneous, and the joints exhibit mechanical stability. These findings confirm
the suitability of beryllium brazing for Zircaloy-4 under controlled conditions.

Key words: zircaloy-4, beryllium, brazing, pads and spacers, brazed joint.
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General Introduction

General introduction

In the field of nuclear energy, the reliability of fuel assemblies is a fundamental requirement
for ensuring reactor safety and performance. The CANDU (Canada Deuterium Uranium)
pressurized heavy water reactor uses tubular fuel rods made of zirconium-based alloys, which
are known for their low neutron capture cross-section and good resistance to severe operating

conditions.

The manufacturing process for CANDU fuel elements is based on the assembly of Zircaloy-4
tubular cladding, to which structural components such as pads and spacers are attached. These
components ensure the spacing between the rods and facilitate homogeneous core cooling.
Their attachment requires precise processes, such as brazing, to ensure a mechanically robust

and stable joint over the long term.

Unlike welding, brazing enables two materials to be joined without melting, thanks to the
interposition of a filler metal whose melting point is lower than that of the base materials. In
this study, beryllium is used as the brazing metal for the bond between the pads/spacers and
the Zircaloy-4 tubes. Beryllium was chosen for its remarkable physicochemical properties:
low density, good thermal conductivity and the ability to form strong metallurgical bonds
with zirconium. However, the use of beryllium also entails significant health risks: beryllium
is a toxic element whose dust can cause serious diseases, such as berylliosis, requiring

rigorously controlled handling in a confined environment.

The aim of this work is to study the metallurgical phenomena involved in brazing Zircaloy-4
components, shedding light on beryllium deposition conditions, brazed joint formation
mechanisms, and the mechanical and microstructural properties of the assemblies obtained.

To meet these objectives, the study is divided into four chapters:

e Chapter 1: General information on zirconium alloys, covering the properties,

development and use of zircaloy alloys, particularly in the nuclear industry.

e Chapter 2: Brazing, which describes the basic principles of the process, the
physicochemical mechanisms involved, existing methods, and the factors influencing

joint quality.

12



General Introduction

e Chapter 3: Experimental methods, describing in detail the protocol applied for
preparation, beryllium deposition and component brazing, as well as the various

characterization techniques used (MO, SEM, XRD, microhardness).

e Chapter 4: Results and interpretations, in which the results obtained are analyzed
in terms of microstructure, mechanical behavior and weld quality, in order to draw

relevant conclusions for industrial optimization of the process.

This work is part of an effort to understand and control joining processes in a highly
demanding context, by balancing the technical performance required with the health and

industrial constraints inherent in the use of beryllium.

13
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Chapter 1: Overview of Zirconium Alloys

1 Introduction

Zirconium alloys are primarily used for manufacturing cladding tubes that encase nuclear fuel
pellets. Their main advantage lies in their extremely low thermal neutron capture cross-
section, which helps maintain a favorable neutron economy within the reactor core. In
addition to this nuclear benefit, these alloys exhibit excellent dimensional and microstructural
stability under prolonged irradiation, ensuring fuel reliability throughout its service life. They
also show outstanding corrosion resistance in high-temperature, high-pressure aqueous
environments, a critical factor in pressurized water reactors. Furthermore, zirconium alloys
possess favorable mechanical properties, including good ductility, high tensile strength, and
satisfactory creep behavior, allowing them to withstand the thermomechanical stresses
encountered in reactor operation. Ongoing optimization of their chemical composition and
microstructure continues to enhance their performance and contribute to the overall safety and

efficiency of nuclear reactors [1, 14, 22].
2 Physical properties of zirconium:

Zirconium, due to its extremely low thermal neutron capture cross-section, was quickly
recognized as a strategic material for nuclear applications, particularly in reactor core
components where minimizing neutron absorption is critical for maintaining efficient chain
reactions. In addition to its neutron transparency, zirconium offers a unique combination of
high corrosion resistance, good mechanical strength, and thermal stability, making it ideal for

use in fuel cladding and structural elements under harsh reactor conditions.

Table 1.1 summarizes the key physical properties of zirconium at room temperature, which
contribute to its suitability in high-performance environments such as pressurized water

reactors (PWRs) and boiling water reactors (BWRs).

15



Chapter 1: Overview of Zirconium Alloys

Table 1.1: Main physical properties of zirconium [1, 2, 28]

Property Value
Density at 20°C (g/cm?) 6.5
Melting point (°C) 1850
Thermal neutron capture cross-section (barns) 0.185
Specific heat at 20°C (J/kg/°C) 276
Thermal diffusivity at 20°C (1072 cm?/s) 11.8
Thermal conductivity at 20°C (W/m/°C) 21.1
Electrical resistivity at 20°C (u€Q-cm) 44
Young’s modulus at 20°C (MPa) 98,000
Shear modulus at 20°C (MPa) 36,500
Poisson’s ratio at 20°C 0.35

These properties make zirconium a material of choice in reactor engineering, where a balance

between neutron economy, thermal performance, and structural integrity is essential.

3 Zr alloys

The primary zirconium-based alloys developed and widely used in nuclear reactors can be
grouped into three main families, each tailored to meet specific performance requirements in

terms of corrosion resistance, mechanical strength, and irradiation behavior [1, 13, 24]:

e Zircaloy-type alloys (notably Zircaloy-2 and Zircaloy-4): These are traditional
zirconium alloys primarily alloyed with tin (~1.5%), which enhances mechanical
properties and corrosion resistance [1, 21]. They also contain minor additions of
iron, chromium, and, in the case of Zircaloy-2, nickel, which help control corrosion
and phase stability [3, 24]. Zircaloy-2 is often used in boiling water reactors
(BWRs) [1, 14], while Zircaloy-4, with reduced nickel content, is preferred in
pressurized water reactors (PWRs) due to its improved resistance to nodular
corrosion [21, 25].

e Zr-Nb-type alloys: These modern alloys contain 1 to 2.5% niobium, and in some
cases, small amounts of tin or iron. Niobium acts as a p-phase stabilizer and

significantly improves corrosion resistance under irradiation [13, 24, 26]. Alloys such
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as Zr-1Nb and Zr-2.5Nb are commonly used in pressure tubes and cladding in

advanced reactor designs, including CANDU reactors [13, 26].

e Zr-Sn-Fe-Nb-type alloys (e.g., Zirlo, E635): These advanced alloys combine tin,
iron, and niobium to balance mechanical performance and corrosion resistance,
particularly under high burn-up conditions [24, 26]. Zirlo, widely adopted in PWR
fuel cladding, offers superior dimensional stability and irradiation resistance compared
to conventional Zircaloys [13, 26]. E635, containing additional chromium and
vanadium in some cases, is used in VVER-type reactors for its enhanced strength and

creep resistance [24, 26].

3.1 Zircaloy-2

Zircaloy-2 was developed in the early 1950s as one of the first nuclear-grade zirconium
alloys, primarily for use in boiling water reactors (BWRs) [1, 3, 24]. Its chemical composition
is carefully controlled to balance mechanical strength, corrosion resistance, and neutron

economy. The typical composition of Zircaloy-2 is as follows : [1]
e Tin(Sn): 1.2-1.7 wt%
e Iron (Fe): 0.07-0.20 wt%
e Chromium (Cr): 0.05-0.15 wt%
e Nickel (Ni): 0.0 —0.08 wt%
e Oxygen (0): 0.10-0.14 wt%
e Zirconium (Zr): Balance

The inclusion of nickel distinguishes Zircaloy-2 from later alloys and plays a significant role

in its corrosion behavior and hydrogen pickup.

Zircaloy-2 consists of an a-zirconium matrix with intermetallic second-phase particles (SPPs)

dispersed throughout. Two primary types of intermetallics are present:

e Zr(Cr,Fe): Laves phase: These particles are typically 0.1-0.5 pum in size and
contribute to corrosion resistance by influencing oxide growth kinetics and acting as

cathodic sites during corrosion [2] .
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Zr2(Ni,Fe) phase: Nickel-containing intermetallics unique to Zircaloy-2, generally

smaller and less stable, have been linked to increased hydrogen pickup and nodular

corrosion susceptibility [1, 3, 24, 27].

The distribution and morphology of these precipitates are influenced by heat treatment and

thermomechanical processing, which also develop the characteristic crystallographic texture

critical for mechanical anisotropy and irradiation behavior.

Zircaloy-2 exhibits mechanical properties suitable for fuel cladding and structural components

in BWRs:

Yield Strength: Typically in the range of 300400 MPa at room temperature,

influenced by tin and oxygen content [1].

Ductility: Good ductility with elongations around 20-30%, allowing the alloy to

withstand stresses during reactor operation and handling.

Fracture Toughness: Zircaloy-2 generally shows lower fracture toughness compared
to Zircaloy-4, especially at higher hydrogen concentrations, due to hydride

embrittlement associated with its nickel content [3].

Creep Resistance: Adequate creep resistance at operating temperatures (~280-—

320°C), with strength enhanced by tin and oxygen solid solution strengthening.

Zircaloy-2 is renowned for its excellent corrosion resistance in BWR environments:

Nodular Corrosion Resistance: Zircaloy-2 resists nodular corrosion, a localized
accelerated corrosion form prevalent in BWRs. The presence of nickel and the nature

of intermetallic precipitates contribute to this behavior [1].

Hydrogen Pickup: Zircaloy-2 absorbs more hydrogen during corrosion compared to
Zircaloy-4, primarily due to nickel content. This hydrogen uptake leads to hydride

formation, which embrittles the alloy and can cause delayed hydride cracking [2].

Oxide Layer: The oxide formed is primarily monoclinic ZrO., which acts as a
protective barrier but can crack or spall under thermal or mechanical stresses, affecting

long-term corrosion resistance.
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Corrosion Kinetics: Corrosion proceeds with an initial rapid oxide growth phase
followed by a slower steady-state regime. The oxide thickness and hydrogen pickup

increase with exposure time and temperature.

Under neutron irradiation in reactor cores, Zircaloy-2 undergoes several microstructural and

property changes:

Irradiation Growth: Anisotropic dimensional changes due to defect accumulation

and texture effects cause elongation or contraction, impacting fuel rod geometry [1].

SPP Dissolution: Irradiation can cause partial dissolution or amorphization of

Zr2(Fe,Ni) precipitates, degrading corrosion resistance and increasing hydrogen pickup
[3].

Hydride Formation and Reorientation: Increased hydrogen uptake leads to hydride
precipitation, which can reorient under stress, reducing fracture toughness and

increasing susceptibility to delayed hydride cracking.

Radiation-Induced Segregation: Alloying elements may segregate at grain

boundaries under irradiation, influencing corrosion and mechanical behavior.

3.2 Zircaloy-4

Zircaloy-4 was introduced as an evolution of Zircaloy-2 to address specific limitations

observed in pressurized water reactors (PWRs), particularly related to hydrogen pickup and

corrosion performance. The critical compositional change was the near elimination of nickel,

which was found to exacerbate hydrogen uptake and nodular corrosion in Zircaloy-2 [1, 21,

27].

Typical composition ranges for Zircaloy-4 are:

Tin (Sn): 1.2 — 1.7 wt%

Iron (Fe): 0.18 — 0.24 wt%

Chromium (Cr): 0.07 — 0.13 wt%

Nickel (Ni): <0.01 wt% (effectively removed)
Oxygen (0O): 0.10 - 0.14 wt%

Zirconium (Zr): Balance
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The increase in iron content compensates for the removal of nickel, maintaining corrosion
resistance and mechanical strength. The alloying elements are carefully balanced to optimize

phase stability, microstructure, and neutron economy [2].

Zircaloy-4 is typically produced by melting and casting followed by hot extrusion and cold
pilgering to form tubing. Subsequent heat treatments, including annealing below the B-transus
temperature (~865°C), refine grain size and develop the characteristic crystallographic texture

essential for in-service performance [1].

The alloy’s microstructure consists of an a-zirconium matrix with finely dispersed Zr(Cr,Fe):
intermetallic particles. The absence of nickel eliminates the formation of Zr:(Ni,Fe)

precipitates, resulting in a more stable and homogeneous microstructure under irradiation

The microstructure of Zircaloy-4 is dominated by equiaxed or elongated a-phase grains,
depending on processing history. The intermetallic Zr(Cr,Fe): particles are typically 0.1-0.5

um in size and distributed along grain boundaries and within grains [1].

The cold pilgering and annealing processes induce a strong basal texture, with basal poles

oriented approximately 30° from the tube radial direction. This texture influences :

e Mechanical Anisotropy: Yield strength and ductility vary with loading direction due
to the hep crystal symmetry.

o Irradiation Growth: Anisotropic dimensional changes under neutron irradiation are

texture-dependent.

e Hydride Orientation: Hydrides preferentially precipitate on basal planes, affecting

embrittlement and fracture behavior [2].

Annealing treatments control grain size, typically targeting 5-15 pm for optimal balance
between strength and corrosion resistance. Fine grains improve strength but may increase

corrosion susceptibility, while coarse grains enhance corrosion resistance but reduce strength

[].

Zircaloy-4’s mechanical properties are tailored for the demanding environment inside PWR

COores:

e Yield and Tensile Strength: Typically, 350450 MPa at room temperature,
influenced by tin and oxygen solid solution strengthening and precipitation hardening

from SPPs.
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Ductility: Maintains elongations of 20-30%, essential for accommodating thermal

and mechanical strains during operation.

Fracture Toughness: Superior to Zircaloy-2, especially at elevated hydrogen
concentrations. The absence of nickel reduces hydride embrittlement, improving crack

resistance [3].

Creep and Fatigue Resistance: Adequate creep strength at operating temperatures

(~300°C) and good fatigue resistance support long fuel cycles and reactor safety.

Zircaloy-4 exhibits excellent corrosion resistance in PWR environments due to its optimized

composition and microstructure:

Oxide Layer Characteristics: Forms a dense, adherent monoclinic ZrO- oxide layer
that protects the substrate metal. The oxide grows slowly after an initial rapid phase,

following parabolic kinetics [1].

Hydrogen Pickup: Significantly reduced compared to Zircaloy-2, leading to lower

hydride formation and improved ductility retention over extended service [2].

Corrosion Mechanisms: The corrosion process involves oxidation of zirconium at
the metal/oxide interface, oxygen diffusion through the oxide, and hydrogen
generation. The alloying elements influence oxide growth rate, protect against

localized corrosion, and affect hydrogen diffusion [1].

Effect of Irradiation: Irradiation enhances corrosion rates and hydrogen pickup but

Zircaloy-4’s stable microstructure mitigates these effects better than Zircaloy-2 [3].

Zircaloy-4 demonstrates improved irradiation performance compared to Zircaloy-2:

Dimensional Stability: Texture and microstructure reduce irradiation growth and

creep deformation, maintaining fuel rod geometry [1].

SPP Stability: Zr(Cr,Fe). precipitates remain stable under neutron flux, preserving

corrosion resistance and mechanical integrity.

Hydride Behavior: Lower hydrogen pickup reduces hydride precipitation and

associated embrittlement risks.

Radiation-Induced Segregation: Less pronounced in Zircaloy-4, leading to better
grain boundary stability and corrosion resistance [2].
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4 Morphological Characterization of the Microstructure

The microstructure resulting from the B—a transformation in zirconium alloys is highly
dependent on the cooling rate [1,13,23]. A martensitic structure, consisting of very fine
needle-like plates, forms when the cooling rate exceeds 2000 K/s [23,29]. At slower cooling
rates, particularly below 200 K/s, all observations show the formation of a lamellar

microstructure known as Widmanstétten structure (Figure 1.1) [1,13].

This Widmanstitten structure typically appears in two main forms [1,13,23]. The first, known
as the "basket-weave" structure, consists of short, entangled lamellae that appear to have
nucleated randomly within the prior B-grain [13,23]. The second, called the "parallel platelets"
structure, is characterized by long, parallel lamellae that form alpha-phase grain colonies
[1,23]. These colonies appear to nucleate and grow from the prior B-grain boundaries

[1,13,23].

Several factors influence the development of one form over the other [13,23]. Insoluble
particles in the B-phase, such as ZrC carbides, ZrsSi silicides, or ZrP phosphides, can act as
nucleation sites [1,23]. Their heterogeneous distribution within the former B-grain results in
varying microstructures [13,23]. Notably, B-grain boundaries also serve as preferential
nucleation sites [1,13]. When nucleation occurs primarily within the grain volume—typically
promoted by large prior B-grains or high cooling rates—a basket-weave structure tends to
form [13,23]. In contrast, preferential nucleation at grain boundaries—encouraged by smaller

[B-grain sizes or slower cooling rates—Ileads to a parallel platelet structure [1,13].

The effect of cooling rate on microstructure can be explained as follows [1,23]: under slow
cooling, lamellae grow from prior B-grain boundaries where nucleation is energetically
favorable [13,23]. Simultaneously, the thickness of the lamellae increases due to the longer
diffusion time of alpha-stabilizing elements [1,29]. On the other hand, under rapid cooling,
nucleation on nano-precipitates distributed within the prior B-grain becomes energetically
favorable [23,29]. Due to the short diffusion time of alpha-stabilizing elements in such

conditions, the growth of lamellar thickness is limited [1,23,29].
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Figure 1.1: Widmanstdtten structure
S5 Influence of alloying elements

The alloying elements present in Zircaloy-4 (Zry-4) create a biphasic domain composed of
hexagonal close-packed (hcp, or a-phase) and body-centered cubic (bcc, or B-phase)
structures between approximately 810 °C and 980 °C [1, 13, 23]. These alloying elements
play a critical role in modifying the phase stability and transformation behavior of zirconium

[1,24].

They can generally be classified into two categories: alpha (a) stabilizers, which promote the
stability of the a-phase and elevate the allotropic transformation temperature [1, 21], and beta
(B) stabilizers, which instead favor the B-phase and reduce the temperature at which the a—f

phase transformation occurs [1, 13, 26].

Among the B stabilizers, a specific subgroup known as eutectoid beta stabilizers—including
elements such as Fe, Cr, Ni, Cu, Si, Nb, and V—induces a eutectoid decomposition of the 3-
phase when combined with zirconium [1, 13, 24]. These elements exhibit high solubility in
the B-phase at elevated temperatures but have limited solubility in the a-phase. As the
material cools, they tend to precipitate from the a-phase as finely dispersed intermetallic
compounds, which can significantly influence the mechanical properties, corrosion resistance,
and microstructural stability of the alloy.
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Table 1.2: Influence of Alloying Elements on the Phase Domains of Zircaloy-4
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Oxygen (O) is to be considered as an alloying element and not an impurity it has a

high solubility in the alpha phase and stabilizes at high temperatures [1,21]. Oxygen is

added to increase the yield strength through solution strengthening by occupying the
octahedral interstitial sites in the crystal lattice, without degradation of corrosion
resistance [1,21,25]. Typical concentrations range from 800 to 1600 ppm exceeding
1500 ppm of oxygen can reduce ductility [21,24]. In addition, Oxygen interacts with

dislocations at moderate temperatures, leading to age-strengthening phenomena that

depend on strain rate [13,23]. In the Zr-O system, the only stable oxide is ZrO- with a
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monoclinic structure stable up to about 1200 °C, above which it transforms into a
tetragonal phase [1,18].

- Tin (Sm) tends to expand the o-phase domain in zirconium, and its maximum
solubility in the hexagonal close-packed (hcp) zirconium is about 9 wt% at 940°C [1].
Originally, Sn was added at concentrations between 1.2% and 1.7% to improve
corrosion resistance, especially by mitigating the harmful effects of nitrogen (N)
[21,24]. For example, to compensate for 300 ppm of nitrogen in zirconium,
approximately 1% of Sn is needed [21]. However, in nitrogen-free zirconium, it has
been observed that Sn can actually deteriorate corrosion resistance [21]. Therefore, the
current trend is to slightly reduce the amount of Sn to maintain good creep properties
and overall performance, without significantly compromising corrosion resistance
[24,26].

- Iron, chromium, and nickel, at their typical concentrations, are completely soluble in
the B-phase [1]. However, their solubility in the a-phase is very limited, approximately
120 ppm for Fe and 200 ppm for Cr at their maximum solubility temperature [1,23]. In
pure binary systems, different intermetallic phases can form: ZrFe. and ZrCr. are
Laves phases with either cubic or hexagonal crystal structures, while Zr-Ni is a Zintl
phase with a body-centered tetragonal (C16) structure [1,24]. These precipitates are
called the Second Phase Particles (SPPs). In commercial Zircaloys, iron substitutes for
other transition metals, resulting in the formation of Zr:(NiFe) and Zr(Cr,Fe):
intermetallic compounds [13,24]. The specific composition and structure of these
SPPs significantly influence the alloy's mechanical properties [13,27] and corrosion
resistance [21,24].

- Niobium (Nb) is a strong B-phase stabilizer used primarily in advanced zirconium
alloys such as ZIRLO and M5 [13,26]. It lowers the a«>f3 transformation temperature
[1,26] and contributes to improve corrosion resistance and mechanical strength,
especially under irradiation [24,26]. Although its solubility in the a-phase is limited,
Nb can form fine, stable precipitates that help refine the microstructure and enhance
performance in pressurized water reactors [23,26]. Due to its low neutron absorption
and favorable in-reactor behavior, niobium is a preferred alloying element in modern

nuclear cladding materials [24,26].
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Sulfur has recently been found to be highly effective in enhancing creep resistance,
even at very low concentrations of 30-50 ppm [13,24]. Previously not regarded as
significant, sulfur is now intentionally added during processing to reduce variability in
mechanical behavior and to improve high-temperature strength [13,24].

The effectiveness of such low levels of sulfur on creep properties is attributed to the
segregation of sulfur atoms at dislocation cores, which alters their core structure

[23,24]. Importantly, sulfur does not impact the corrosion properties of the alloy.

6 Applications of Zirconium and Its Alloys

Zirconium and its alloys are widely used across various high-performance industries due to

their unique combination of properties such as excellent corrosion resistance, high melting

point, good mechanical strength, and low neutron absorption cross-section [1,14,22]. The

main application domains include:

Nuclear Industry: Zirconium alloys (such as Zircaloy-2, Zircaloy-4, and Zr-Nb
systems) are extensively used in nuclear reactors, particularly for fuel cladding and
structural components in both pressurized water reactors (PWRs) and boiling water
reactors (BWRs) [1,14,24]. Their low neutron absorption makes them ideal for
maintaining efficient nuclear reactions while withstanding extreme environments
[1,22,26].

Chemical and Petrochemical Industries: Thanks to their outstanding resistance to
corrosive agents such as acids, alkalis, and organic solvents, zirconium alloys are used
in heat exchangers, reactors, piping systems, and valves in chemical processing plants
[1,17,21].

Aerospace and Defense: Zirconium's strength-to-weight ratio and thermal stability
make it suitable for aerospace components exposed to high temperatures or corrosive
environments [1,26]. It's also used in certain defense applications, including missile
and propulsion systems [17,22].

Medical Field: Biocompatible grades of zirconium are used in surgical implants,
dental devices, and prosthetics due to their non-toxic and corrosion-resistant nature in

biological environments [1,17,25].
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e Electronics and Specialty Applications: Zirconium is employed in the production of
capacitors, vacuum tubes, and as a getter in electronic devices due to its ability to
absorb residual gases [1,17]. In addition, its compounds (e.g., zirconia) are used in

oxygen sensors, fuel cells, and advanced ceramics [1,18,22].

7 Conclusion

Zirconium alloys exhibit two phases: the a-phase, with a hexagonal close-packed (HCP)
structure, which is stable at low temperatures, and the B-phase, with a body-centered cubic
(BCC) structure, which becomes stable above the transus temperature—around 865 °C for

pure zirconium.

Alloying elements influence both the extent of the two-phase (a + ) region and the kinetics
of phase transformation. Depending on the quenching rate, the resulting a-phase structures

can vary.

During the manufacturing processes of these alloys, this allotropic transformation is often
repeated multiple times. Therefore, studying the resulting microstructure is crucial to better

control the subsequent fabrication steps.

The P—a transformation typically produces a lamellar microstructure known as the
Widmanstitten structure, which appears in two main morphologies: basket-weave lamellae
and parallel platelet lamellae. These lamellae nucleate within prior equiaxed B-grains, whose

crystallographic orientation influences that of the resulting a-grains.
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1 Introduction

Brazing is a widely used metal-joining technique in various industrial applications,
particularly when dealing with materials or components that are difficult to weld. Unlike
welding, which involves melting the base metals, brazing joins parts by melting a filler metal
that flows into the joint via capillary action without melting the base materials. This process
allows for the creation of strong, leak-tight, and precise joints, making it particularly suitable

for assemblies with complex geometries, thin-walled sections, or dissimilar metals.

The quality and reliability of brazed joints depend on several factors, including the choice of
filler metal, joint design, base material compatibility, and the brazing method employed.
Understanding the underlying physical and chemical mechanisms—such as wetting,
diffusion, and capillary action—is essential for optimizing the brazing process. This
document provides an overview of brazing principles, mechanisms, various brazing methods,
and the critical factors influencing joint integrity. It aims to serve as a technical reference for

researchers, engineers, and practitioners involved in metal joining processes.
2 Principle of brazing

Brazing is a metal-joining process in which a filler metal with a lower melting point than the
base metals is used to bond the parts without melting the main components. Unlike welding,
where the base metals are melted, brazing involves melting only the filler metal to create a
strong metallurgical bond. The process typically occurs above 450°C, and precise fitting of
the workpieces is essential to enable capillary action, which draws the filler metal into the
joint, ensuring a good bond. The brazing temperature is usually about 50°C higher than the
filler metal's melting point for optimal wetting and coverage [4].

Components that are difficult or impossible to join using other methods can often be
successfully joined through brazing. It is well suited for making complex assemblies with odd
shapes and varying thickness. During the joining process, maintaining tight tolerances is
crucial if the joint gap is too wide, capillary action will not effectively draw the braze filler
metal (BFM) into the joint. Another problem with brazing is that the brazed joint is not
homogenous, the boundary zone has different chemical and mechanical properties compared
the base metal. In some cases, certain BFMs can cause the joint to become more prone to

corrosion or brittleness [4].
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3 Brazing Mechanisms
Several physical and chemical phenomena are central to brazing:

* Capillary Action: Capillary action is the natural ability of a liquid to flow into narrow
spaces without assistance, driven by surface tension and adhesive forces between the liquid
and solid surfaces. In brazing, this phenomenon is essential for ensuring that the molten filler
metal spreads evenly into the joint gap, forming a strong bond upon cooling. The
effectiveness of capillary flow depends on proper joint design, including the spacing of the
surfaces, and is influenced by factors such as viscosity, vapor pressure, gravity, and
metallurgical reactions between the filler metal and base materials. Controlling these factors

ensures optimal flow of the filler metal and a high-quality brazed joint [4,5].

» Wetting: Wetting is essential for filler metal adhesion. It occurs when the adhesive forces
between the molten filler and the solid base metal exceed the cohesive forces within the
liquid. Good wetting ensures the filler metal spreads over and bonds to the surface. Oxide
layers or any surface contamination can prevent wetting, so it's really important to keep the

joint surfaces clean to ensure a strong, reliable bond [4,5].

* Diffusion: At brazing temperatures, atoms of the filler metal diffuse into the base metal,
forming metallurgical bonds. While diffusion strengthens the joint, excessive diffusion can

cause brittle intermetallic phases or embrittlement, so heat input must be controlled [5,20].

* Metallurgical Reactions: Alloying, carbide precipitation, stress cracking, and
embrittlement by elements like hydrogen or sulfur can occur depending on the materials and
thermal cycle. These reactions influence joint strength and durability and must be managed

carefully [5,21].
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4 Brazing Methods

Brazing can be performed using various heating techniques, each suited to specific
applications, geometries, and production volumes. The choice of method affects not only the

efficiency and precision of the process, but also the quality of the resulting joint.

e Torch Brazing: is a traditional and flexible method where a flame is applied directly
to the joint, the flame is generated by the combustion of a combination of oxygen and
a fuel gas. It is suitable for low-volume work, repair operations, or when manual
control is necessary. The filler metal is introduced when the required temperature is
reached, and heating can be easily adjusted by the operator [4,5].

e Furnace Brazing: provides uniform heating by placing components in a furnace,
usually under a protective atmosphere or in vacuum. It allows for the simultaneous
brazing of multiple joints and is ideal for industrial-scale production. The heat is
applied evenly to the entire part, reducing thermal distortion and oxidation [4,5,12].

e Induction Brazing: is one of the most advanced and precise heating methods used in
modern metal joining. It works by generating eddy currents in conductive materials
through a rapidly alternating magnetic field, which directly produces heat within the

metal. This technique offers several key advantages:

- Highly localized and controlled heating: Only the joint area is heated, which
protects nearby components from thermal damage—an essential feature in fields like
aerospace and electronics [5,12].

- Fast and energy-efficient: Since energy is delivered directly into the material,
induction brazing significantly reduces heating times and energy losses, making it up
to 80% faster than traditional methods [5,12].

- Exceptional temperature control: With real-time pyrometric monitoring,
temperatures can be maintained within a +2°C range, ideal for sensitive alloys or
complex thermal cycles [5].

- Clean, protective atmosphere: Without open flames or combustion gases, induction

brazing allows the use of inert or reducing atmospheres (like argon or hydrogen),
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which is critical when working with reactive or oxidation-prone metals such as
titanium or stainless steel [5,12].

e Infrared Brazing: uses radiant heat from high-intensity quartz lamps, offering precise
control over heating time and location [4,5].

e Dip Brazing: involves immersing assemblies in a molten salt or filler bath. This
ensures uniform heating and is beneficial for complex parts with multiple joints [5].

e Resistance Brazing: an electric current is passed through the joint, generating heat by

electrical resistance. The filler metal melts and flows into the joint [4,5].

5 Elements Influencing Brazing

Successful brazing depends on the careful consideration of several factors:

o Base Metal Characteristics: Properties like strength, thermal expansion coefficient
(CTE), and surface condition affect joint quality and residual stress [4, 5].

o Filler Metal Characteristics: The filler must have suitable melting behavior,
compatibility with the base metal, and appropriate mechanical and chemical properties
including ductility, corrosion resistance, and fatigue strength. Filler metal selection
must consider operating conditions and CTE compatibility [4, 5].

o Joint Design and Clearance: The shape of the joint (butt, lap, scarf) and the gap size
greatly influence the capillary flow and final joint strength. Very small gaps favor
strong, void-free joints [4, 5].

o Surface Preparation: Proper cleaning is critical. Surfaces must be free of oxides,
grease, and contaminants that inhibit wetting. Cleaning methods include chemical
(alkaline cleaning, solvent degreasing, acid pickling) and mechanical cleaning.

Brazing should be performed promptly after cleaning to prevent re-oxidation [4, 5].
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6 Conclusion

Brazing is a widely used metal-joining technique, especially when the parts to be assembled
are complex or made from materials that are difficult to weld. Unlike welding, it relies on a
filler metal that melts and flows into the joint by capillary action, without melting the base

materials.

The quality of a brazed joint depends on several factors: material selection, joint design,
surface condition, heating method, and understanding of physical phenomena such as wetting
and diffusion. Various brazing methods exist such as torch brazing, induction brazing, or

vacuum brazing each suited to specific production needs.
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1 Introduction

As part of this study, a rigorous experimental methodology was implemented to characterize
the properties of the materials and evaluate the quality of the assemblies produced. This
chapter presents the different stages of the process, from sample preparation to the
characterization techniques used. The methods implemented include cleaning and depositing
beryllium, fixing and brazing pads and spacers, as well as various microstructural,
mechanical, and chemical analysis techniques. Each step has been carefully chosen to ensure

reliable and representative results under the actual conditions of use in the nuclear field.

2 Material

Zircaloy-4 is used in the form of tubes (outer diameter: 13.4 + 0.3 mm; inner diameter: 12.3

mm) for claddings, and strips for pads and spacers with a thickness of 1.1 mm (Figure 3.1).

Figure 3.1: Pads, spacers, and Zircaloy-4 tube

In order to verify the chemical composition of the alloy used in our study, we performed
elemental analysis using the Thermo Scientific Niton XRF Analyzer, a portable analyzer
based on X-ray fluorescence (Figure 3.2). This non-destructive technique allows rapid and
accurate identification of the elements present in the material. The results obtained are
presented in the table below and compared to the data provided by the supplier's certificate, in

accordance with ASTM B353 — Grade R60804 (Zircaloy-4).
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Figure 3.2: Thermo Scientific Niton XRF Analyzer Software Interface

Table 3.1: Composition in % by mass of the alloy from the Zircaloy-4 study

Elements % | Sn Fe Cr v Zr O H C N HF
ASTM 1.2 -10.19 -10.07- /
9791 0-16 005 027 025 002
1.7 0.24 0.13
Thermo 1.54 |0.142 0,231 0.228 97.79 0 0 0 0 0
Scientific
Niton XRF

- A chromium concentration of 0.231% was found, exceeding the maximum limit
defined by ASTM B353, which is 0.13%. This abnormally high value could be
explained by local heterogeneity in the material or by the limits of precision related to

the XRF analysis method used.

- On the other hand, the presence of vanadium, measured at about 0.228% by mass, is
also a notable anomaly, as this element is not part of the usual composition of
Zircaloy-4. This detection could reveal either accidental contamination or variation

between different batches of raw materials.
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3 Welding of pads and spacers

3.1 Cleaning of structural elements

Before being used, the pads, spacers, and tubes are cleaned with water, followed by rinsing

with demineralized water. Then, an ultrasonic treatment removes the last traces of impurities.

Only the caps undergo a specific chemical treatment: they are stripped using a mixture of

nitric acid, hydrofluoric acid, and water, to properly prepare their surface.

In addition, mechanical stripping is carried out on the active area of the pads and spacers, i.e.,
the part in direct contact with the tube. This step uses a shot blasting machine that projects
abrasive particles to create controlled surface roughness. This texture is essential to ensure

good adhesion of beryllium during deposition.

This thorough preparation phase is crucial to ensure a high-quality final coating. It ensures
better resistance under service conditions and perfect compatibility with the requirements of

the reactor.

The entire process takes place in a controlled environment to avoid cross-contamination and

to meet the strict cleanliness standards required in the nuclear field.

Figure 3.3: Shot blasting machine
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3.2 Beryllium deposition

Beryllium is deposited on one of the surfaces of the pads and spacers using specialized
metallization equipment. This process is carried out inside a vacuum bell designed to
accommodate the pad holders and spacer holders, as well as the entire heating system,

including the resistors and electrodes.

The process begins by heating the crucible containing the beryllium using electrical resistance
until it reaches its boiling point. At this temperature, the beryllium evaporates and turns into
metal vapor. Under high vacuum conditions about 10~ mbar, corresponding to a secondary
vacuum, these vapors move freely inside the bell. As they condense, they are deposited
uniformly on all the metal surfaces present in the bell, particularly the pad holders, the spacer

holders, and especially the active surfaces of the pads and spacers themselves.

This deposition process, called PVD (Physical Vapor Deposition), produces a homogeneous
and strongly adherent coating, which is essential for withstanding the mechanical and thermal

stresses imposed by operating conditions in a nuclear environment.

Figure 3.4: Vacuum Metallization Equipment
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3.3 Attachment of pads and spacers to tubes
This operation is carried out using equipment called "capacitor discharge". The tube is
installed on a specially designed tube holder, which allows it to be held in position throughout

the procedure.

At the locations provided for the pads and spacers, suitable masks are placed, into which the
components to be treated (pads or spacers) are inserted. The equipment table moves
lengthwise in a precise manner, guided by markers and positioning stops. Centering fingers

ensure the correct alignment of the pads and spacers at the time of treatment.

A rotating drum also makes it possible to adjust the angular position according to the type of
fuel rod processed. Each pencil model has specific geometric characteristics, and the system
makes it possible to precisely adapt the position of each element according to these

requirements.

The entire device ensures high repeatability and perfect accuracy, which are essential to

ensure the quality and reliability of the capacitive discharge treatment process.

Figure 3.5: Capacitor Discharge Welding Equipment
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3.4 Brazing

Once the pads and spacers are properly attached to the tube, we proceed to the final step:
welding. This operation is carried out using high-frequency brazing equipment, specially
designed to heat only the targeted areas, i.e. the three contact points where the pads and

spacers are located, without affecting the rest of the tube.

The principle is based on localized heating, which causes the melting of the thin layer of
beryllium deposited beforehand. Upon melting, this layer perfectly wets the contact surface
between the pad (or spacer) and the tube. This wetting enables metallurgical interaction
between beryllium and the tube material, Zircaloy-4 (Zry-4). As a result, beryllium diffuses

into the Zry-4, leading to the formation of a Zr-Be eutectic.

This metallurgical phenomenon ensures a strong bond between the two parts: the pad (or
spacer) and the tube, thus guaranteeing a durable and high-quality joint, perfectly adapted to

the constraints of the nuclear environment.

Figure 3.6: brazing equipment
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4 Microstructural Characterization :
4.1 Preparing
4.1.1 Cutting

Axial sections were made using a micro-slicer equipped with a diamond blade, on all TIG

welded samples. This step prepares the samples for metallographic analysis.

4.1.2 Mounting

Cold mounting was preferred to prepare the samples for optical microscope analysis. A resin
was mixed with a hardener, and then the resulting solution was poured into molds containing
the samples.

For samples intended for scanning electron microscopy (SEM), the analysis was carried out
without mounting, due to the absence of conductive resin necessary for this type of

observation.

4.1.3 Polishing

The mounted samples were mechanically polished to obtain a flat, scratch-free surface
suitable for observation under an optical microscope.

The polishing started with the use of abrasive papers with decreasing grain sizes (180, 240,
400, 600, 1000, 1200 up to 4000). Then, a finishing polishing was carried out using a felt
fabric and diamond pastes with a grain size of 3 um and then 1 pum, making it possible to

obtain a mirror surface suitable for chemical etching and microscopic observation.

4.1.4 Chemical etching:

Prior to optical microscope observation, the mounted samples were subjected to chemical
etching to reveal the microstructure of the material. The solution used for this step is
composed of 3% hydrofluoric acid (HF), 47% nitric acid (HNOs) and 50% distilled water.
This solution makes it possible to bring out the metallographic contrasts.

Optical Microscopy (MO)AII micrographs and macrographs were acquired using a Carl Zeiss
optical microscope, model Axio Tech 100. This device is connected to a computer equipped

with acquisition software, allowing both the transfer and processing of the obtained images.
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4.2 Optical Microscopy (MO)
All micrographs and macrographs were acquired using a Carl Zeiss optical microscope,
model Axio Tech 100. This device is connected to a computer equipped with acquisition

software, allowing both the transfer and processing of the obtained images.

Figure 3.7: Photo of the Optical Microscope and the lighting device

4.3 Visual inspection

Visual inspection was an essential first step in assessing the quality of the welds. It allowed
for examination of the general appearance of the brazed areas in order to detect any defects
visible to the naked eye. This step helped identify unwelded areas, discontinuities, or a
possible excess of beryllium on the surfaces. Thanks to this simple but effective method, it
was possible to perform an initial sorting of the assemblies and to target the samples requiring

further examination.

4.4 X-ray diffraction (XRD) characterization
X-ray diffraction provides both qualitative and quantitative information essential for
identifying the different phases present in TIG-welded Zircaloy-4. This technique also

provides data on crystal structures, lattice parameters, crystallite size, and dislocation density.

X-ray diffraction analyses were performed using a PHILIPS X’PERT PRO MPD
“Multipurpose Powder Diffraction” diffractometer (Figure 3.8), equipped with a Bragg-
Brentano goniometer operating in (0 - 0) mode with a 240 mm radius and a standard

resolution of 0.01°. The diffractometer is fitted with a copper source emitting X-rays at a
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CuKa wavelength of 1.540598 A, with an acceleration voltage of 30 kV and a current of 40
mA.

All diffraction spectra were recorded over an angular range (20) from 20° to 100°, with an

increment of 0.02° and an acquisition time of 350 seconds for each increment.

Figure 3.8: PHILIPS X’PERT PRO MPD Powder Diffractometer

The identification of the different phases is carried out by comparing the sample analyzed
with the entries of the PFD-4 (Powder Diffraction File) database version 2018 of the
American organization ICDD (International Centre for Data Diffraction) implemented in the

X'PertHighScore Plus software of PANalytical.

4.5 Scanning Electron Microscopy (SEM) Characterization

The microstructural examination, as well as the physicochemical analysis of the sample
surfaces was carried out using a ZEISS Gemini SEM 300 scanning electron microscope
(SEM), illustrated in Figure 3.9. This equipment is coupled to an energy-dispersive X-ray
spectroscopy (EDS) microanalysis system, enabling the identification of the elemental

composition of the analyzed areas.
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I

L

Figure 3.9: ZEISS Gemini SEM 300 Scanning Electron Microscope

In addition to classic point analysis, two complementary techniques were used to enhance the
interpretation of the results: line scanning, which allows monitoring the variation in
concentration of one or more elements along a defined profile, and chemical mapping
(elemental mapping), which provides a spatial visualization of the distribution of elements
over a given area. These tools make it possible to correlate the micrographic structure more
closely with local metallurgical phenomena, for example by identifying areas of diffusion,

segregation or intermetallic phase formation.

5 Mechanical characterization

Mechanical characterization allows the evaluation of the key properties of a material under
stress, such as its strength or hardness, essential criteria in demanding sectors such as nuclear
or aeronautics. Among the available methods, the hardness test is particularly suitable for
locally analyzing the resistance to plastic deformation. In this study, only Vickers
microhardness was used, due to its accuracy and ability to characterize fine and

heterogeneous metallurgical structures.

44



Chapter 3: Experimental Methods

5.1 Vickers microhardness:
Hardness testing is one of the most commonly used methods for evaluating the mechanical
properties of a material, particularly its resistance to localized plastic deformation. It provides

precise information on the behavior of the material under concentrated stress.

As part of this study, microhardness measurements were carried out in the mechanical testing
and welding laboratory of the Draria Nuclear Research Centre. The tests were carried out
using a Vickers microhardness tester, model MHT-10 from the Paar Physica brand, known for

its precision and reliability.

The principle of the test is based on the use of a square-based pyramidal diamond indenter.
This indenter is applied to the surface of the sample using a specific load. Under the effect of
this load, a square imprint is left on the material. The Vickers hardness (denoted HV) is then
calculated by dividing the load applied to the surface of the impression, according to the

following relationship:
HV=F/S

where F is the applied force (in newtons N) and S is the area of the impression (in square

millimeters mm?). This method allows a fine characterization of the local resistance of the

material, especially in the case of welded or coated metal structures.

Figure 3.10: Semi-automatic microhardness tester on the left and Example of a

Microhardness imprint on the right
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6 Conclusion

The various experimental methods detailed in this chapter have enabled the implementation of
a complete and structured protocol for the analysis of Zircaloy-4 tubular assemblies. Material
control, deposition and welding processes, as well as microstructural and mechanical
characterization techniques, have provided a thorough understanding of weld quality and
associated metallurgical phenomena. These investigations are essential to validate the
conformity of components to the requirements of the nuclear sector, while providing essential

technical elements for the optimization of industrial processes.
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1 Introduction

As part of the ongoing optimization of fuel assemblies for nuclear reactors, improving the
bonding between metallic components represents a critical challenge. This study focuses on
the brazing process involving a spacer, a pad, and a Zircaloy-4 cladding using beryllium
(99.9% purity) as the filler metal. Particular attention was given to surface preparation, the

quality of the metallurgical interface, and the distribution of alloying elements after brazing.

To achieve these objectives, several characterization techniques were employed, including
macro- and micrographic observations, scanning electron microscopy with energy-dispersive
X-ray spectroscopy (SEM/EDS), X-ray diffraction (XRD), and microhardness measurements.
The aim is to gain a deeper understanding of diffusion and interfacial interaction mechanisms
in order to evaluate the stability and performance of the resulting joints under conditions

similar to those encountered in a nuclear environment.

2  Macroscopic Characterization

Macroscopic examination of the brazed samples allowed for the assessment of the influence
of beryllium deposition and surface treatments on the quality of the metallurgical joint. Figure
4.1 illustrates three different configurations: a spacer without beryllium deposition, a spacer
with a beryllium layer, and a spacer that underwent sandblasting. This comparison clearly
demonstrates the beneficial effect of sandblasting on the surface condition of Zircaloy-4 pads

and spacers, as it enhances both surface reactivity and adhesion.

Thus, careful surface preparation is essential to promote uniform diffusion of the brazing

material across the interface and ensure the formation of a high-quality, durable joint.

Spacer after
beryllium deposition

Spacer after
sandblasting

Spacer without surface
treatment

Figure 4.1: Surface morphology of spacers after sandblasting, without surface treatment, and

after beryllium deposition
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Figure 4.2(a) reveals localized oxidation within the brazed zone, occurring after the welding
process. This oxidation indicates inadequate control of the brazing atmosphere, which can

compromise the chemical and mechanical integrity of the joint formed with the cladding.

In Figure 4.2(b), a bonding defect is observed between the pad and the fuel rod cladding,
resulting from an insufficient amount of beryllium. This defect highlights the critical
importance of controlling the deposited quantity to ensure the formation of a continuous and

reliable interface.

Conversely, Figure 4.2(c) illustrates an excess of beryllium, leading to an irregular excessive
thickness at the brazed joint with the cladding. This excess may lead to uneven thermal
distribution, porosity formation, or mechanical instability, potentially jeopardizing the

structural integrity of the assembly.

These macroscopic observations confirm that the brazing quality between the pad, spacer, and
Zircaloy-4 cladding depends both on the thickness of the deposited beryllium and on

meticulous surface preparation.

Figure 4.2: (a) Localized oxidation in the brazing zone, (b) Bonding defect, (c) Excessive

beryllium at the joint

3 Microstructural Characterization

3.1 Optical Micrography
Optical micrographic analysis enabled a detailed examination of the microstructure of the

Zircaloy-4 fuel rod cladding, as well as the quality of the brazed joints with the pads. These
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observations are essential for evaluating the influence of the brazing process and beryllium

deposition conditions on the formation of metallurgical interfaces.

Figure 4.3 presents the typical microstructure of the Zircaloy-4 cladding after brazing. A
clear Widmanstdtten structure can be observed, which is characteristic of the thermal
treatments applied during the process. This morphology indicates a controlled phase

transformation, resulting from a relatively slow cooling rate following the thermal cycle.

Figure 4.4: Microstructure of the brazed joint between the pad and the Zircaloy-4 cladding
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Figure 4.4 illustrates the brazed joint between the pad and the cladding. A good
microstructural continuity is observed, with no visible discontinuities, suggesting effective

metallurgical interaction between the two materials. This indicates successful thermal brazing.

Figure 4.5: Two spacer—cladding brazed joints for two spacers

Figure 4.5 shows the microstructure of two spacer—cladding brazed joints for spacers
positioned at a specific location within the fuel element. The observations reveal an overall

homogeneity of the joints.

Figure 4.6: Localized porosity at the pad—cladding interface
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Figure 4.6 reveals a porosity-type defect in the brazing zone. This porosity, located at the
interface between the pad and the cladding, is a typical indicator of a welding issue, possibly
related to an uncontrolled atmosphere, surface contamination, or poor wettability of the

beryllium.

In Figure 4.7, another defect is observed, this time associated with an inhomogeneous
beryllium deposition and insufficient thickness. The lack of brazing material leads to an
incomplete joint, resulting in a clear discontinuity at the interface. This type of defect

emphasizes the need for strict control over the deposition thickness prior to welding.

Figure 4.7: Welding defect due to non-uniform beryllium deposition

Finally, Figure 4.8 highlights an excess of beryllium in the brazed joint. This surplus leads to
an irregular accumulation of the material, which may introduce internal stresses or promote

the formation of microcracks or weak zones within the joint.
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Figure 4.8: Excess beryllium defect in the brazing zone

3.2 SEM Characterization

Figure 4.9 presents two images obtained through scanning electron microscopy (SEM),
highlighting the contact zone between a spacer and a Zircaloy-4 cladding joined by beryllium
brazing. The first micrograph, providing an overview, shows a continuous and uniform bond,
with no visible macroscopic defects such as cracks, porosities, or delaminations. This
appearance suggests good wettability of the beryllium and effective control of the applied
thermal cycle [6,18].

The second image, captured at higher magnification, allows for a detailed examination of the
interface structure. A gradual transition between the two materials can be observed, with no
sharp boundary or signs of pronounced segregation [20,26]. This configuration indicates a
well-controlled diffusion of alloying elements, particularly zirconium and beryllium, resulting

in a homogeneous distribution at the microscopic scale [6,20,24].
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Figure 4.9: SEM microstructure of the Zr—Be brazed joint

Figure 4.10 presents a chemical mapping obtained via energy-dispersive X-ray spectroscopy
(EDS) combined with scanning electron microscopy (SEM). This method enables
visualization of the spatial distribution of elements within the sample. The results show a
generally homogeneous distribution of both major and minor elements, suggesting effective

diffusion of constituents during the brazing process [20].

From a quantitative standpoint, the sample is primarily composed of zirconium (86%), along
with various alloying elements: tin (5%), chromium (4%), iron (4%), and beryllium (2%).
These proportions are characteristic of a Zircaloy-4 type alloy, whose matrix is primarily
zirconium enriched with typical alloying additions. The slightly lower zirconium content
compared to standard values (97-98%) is likely due to the incorporation of beryllium within

the brazed zone [6].

The elevated concentrations of Sn, Cr, and Fe compared to typical Zircaloy-4 values may
result from local enrichment at the brazed interface, thermal treatment effects, or the use of a
modified alloy variant. The significant presence of beryllium (2%) confirms its role as the
brazing metal, with its diffusion into the matrix indicating effective transfer during the

process [6].

Additional analysis using eZAF Smart Quant identified two distinct phases within the sample:
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e A phase rich in zirconium (ZrL phase), also contains chromium: 96.31% Zr, 1.67%
Sn, 0.43% Cr, 1.57% Fe, and 0.02% Be.

e Chromium-free phase, richer in tin: 96.34% Zr, 2.38% Sn, 1.27% Fe, and 0.01%
Be.

This distinction indicates local redistribution of alloying elements particularly chromium and

tin induced by the brazing process [20].

Although the presence of beryllium is clearly confirmed, its precise quantification remains
challenging due to the limitations of EDS in detecting light elements. The low measured
concentrations (0.01-0.02%) contrast with the initial 2%, reflecting both spatial variability in
the sample and detection limits of the technique. Nevertheless, its detection remains a reliable

indicator of its integration into the brazed zone [6].

The overall uniformity of elemental distribution, without signs of segregation or depletion,
indicates well-controlled thermal brazing and high-quality bonding. In the nuclear field,
where Zircaloy-4 is commonly used for its low neutron absorption and corrosion resistance,
the use of beryllium as a brazing metal appears justified [6]. Its properties namely low neutron
absorption and ability to form strong joints at moderate temperatures make it an ideal

candidate.

However, the local compositional changes observed, especially in terms of chromium
distribution, may affect the corrosion resistance of the joint and warrant careful consideration

under actual operating conditions [24].
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Figure 4.10: EDS chemical mapping of the Zr—Be brazed zone

Figure 4.11 Figure 4.11 shows a line scan performed using energy-dispersive X-ray
spectroscopy (EDS) in conjunction with scanning electron microscopy (SEM). This analysis
was conducted to observe the distribution of chemical elements within the brazed zone
connecting a Zircaloy-4 type alloy to high-purity beryllium (99.9%), used as the brazing
metal. The scan follows a path crossing the interface between the two materials, enabling the

evaluation of chemical continuity and diffusion homogeneity at the microscopic scale.
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The results indicate a strong presence of zirconium in the matrix, with intensity values
ranging from 5500 to 6500 counts, consistent with the expected composition of Zircaloy-4
[1]. Other alloying elements such as tin, chromium, and iron were also detected, but at
significantly lower intensities (around 500 counts or less), confirming their secondary role in
the alloy. Beryllium was clearly identified, with an intensity comparable to that of the minor

alloying elements, indicating its effective incorporation into the brazed zone [6].

The concentration profiles along the scan line show a relatively uniform distribution of
zirconium, with no abrupt breaks or visible discontinuities [20]. The other elements, including
beryllium, exhibit smooth gradients without sharp transitions, suggesting efficient diffusion
and good chemical transition at the interface [20]. The absence of pronounced peaks or zones
of depletion or enrichment indicates that the joint is well-formed, with a gradual transition

between materials, typical of a metallurgically stable assembly [20].

In conclusion, these observations validate both the conformity of the Zircaloy-4 composition
[1] and the effectiveness of 99.9% pure beryllium as a brazing metal for this type of assembly
[6]. The observed chemical continuity and homogeneity across the analyzed zone are
promising indicators of joint quality, and thus of its mechanical performance and durability
under real operating conditions [20]. This analytical method proves to be highly relevant for
ensuring the reliability of such assemblies, particularly in critical applications such as those

found in the nuclear field [6,20].
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Figure 4.11: Elemental concentration profile (line scan) across the Zr—Be brazed zone

3.3 XRD Characterization

Figure 4.12 presents the results of the X-ray diffraction (XRD) analysis performed on the
brazed assembly. The resulting spectrum highlights the predominant crystalline phases
present in the analyzed zone, particularly those associated with Zircaloy-4. However, no

beryllium-containing phases were detected.

The XRD pattern reveals the formation of several intermetallic phases, with particular
emphasis on the (FeCr).Zr compound [20,24]. This ternary intermetallic phase represents a
significant finding as it indicates the occurrence of solid-state reactions between the
constituent elements during the brazing process [20]. The (FeCr):Zr phase belongs to the
Laves phase family, characterized by a hexagonal crystal structure (space group P6s/mmc)

with lattice parameters typically around a =4.98 A and ¢ = 8.15 A [20,24].

The absence of beryllium-containing phases remains notable and is likely due to the very low
beryllium content in the matrix, estimated at less than 2% [6,20]. At such low concentrations,
the detection limit of XRD is exceeded, especially if beryllium is homogeneously dissolved
within other phases without forming distinct intermetallic compounds [6,18]. Additionally,
beryllium may have formed amorphous phases or solid solutions that are not readily
detectable by conventional XRD techniques [6,20]. The limited sensitivity of this method thus

prevents the clear identification of trace elements, even if they played an active role in the
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metallurgical behavior at the interface, potentially acting as wetting agents or diffusion

enhancers during the brazing process [6,20].
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Figure 4.12: X-ray diffraction (XRD) spectrum of the brazed Zircaloy-4 sample

4 Microhardness Profile

The microhardness profile shown in Figure 13 reveals a heat-affected zone with moderate
hardening in the brazed area. This increase in hardness is typical of alloying element
diffusion—particularly Fe and Be into the matrix, which may induce solid solution
strengthening or the local formation of fine phases. The absence of sharp hardness peaks
suggests that the brazing process did not generate brittle zones, ensuring good mechanical

continuity at the interface.
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Figure 4.13: Microhardness profile of the spacer—cladding interface in Zircaloy-4 brazed with

beryllium

The microhardness profile shown in Figure 14 confirms the trends previously observed, while
highlighting increased joint homogeneity in the case of the double spacer configuration. The
more uniform distribution of hardness values indicates a more balanced diffusion of elements
across the interfaces. This mechanical stability supports the idea that the double spacer
configuration optimizes the thermal conditions during brazing and reduces stress gradients an

advantageous factor for long-term performance in harsh environments.
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Figure 4.14: Microhardness profile for double spacers—Zircaloy-4 cladding brazed with
beryllium Intensity
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5 Conclusion

The results obtained throughout this study highlight the effectiveness of beryllium as a
brazing metal for Zircaloy-4 assemblies, provided that surface preparation and thermal
process parameters are well controlled. Microstructural analyses confirmed the formation of
homogeneous and continuous interfaces, with no apparent critical defects. Elemental
distribution observed through SEM/EDS indicates a balanced diffusion of alloying elements,

although the accurate detection of beryllium remains limited due to its low concentration.

Microhardness profiles reveal a mechanically stable transition zone, without signs of
excessive embrittlement. These findings thus confirm the potential of this type of brazed joint

for applications in nuclear environment.
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General Conclusion

This study is part of a broader research initiative aimed at optimizing joining techniques
between metallic components used in the nuclear sector, specifically between spacers, pads,
and Zircaloy-4 cladding. The primary objective was to assess the performance of beryllium as
a brazing metal through an in-depth evaluation of the interface quality from microstructural,

mechanical, and chemical perspectives.

The various analyses conducted yielded several significant findings. Macroscopic
observations highlighted the notable influence of surface preparation—particularly
sandblasting—and the thickness of the beryllium coating on the overall brazing quality.
Typical defects such as oxidation, porosity, or excess material were identified and linked to
specific process parameters. These findings underscore the critical importance of rigorous

surface control prior to the brazing operation.

Microstructural examinations, initially performed using optical microscopy and further
refined with scanning electron microscopy (SEM), revealed satisfactory continuity at the
material interfaces, with no sharp discontinuities or zones of weakness. The gradual transition
between Zircaloy-4 and beryllium indicates a well-controlled diffusion process, resulting in a
homogeneous redistribution of elements at the microscopic scale. These results confirm the

quality of the brazed joints and the metallurgical stability of the interfaces.

Chemical analysis, carried out by energy-dispersive X-ray spectroscopy (EDS) coupled with
SEM, enabled the mapping of elemental distribution within the brazed region. The obtained
profiles demonstrated efficient diffusion of alloying elements—including zirconium, tin,
chromium, iron, and beryllium—across the interface. The observed chemical homogeneity
reflects a well-managed interdiffusion process, supported by appropriate thermal conditions.
The absence of significant segregation and the continuity of concentration gradients suggest a
consistent solid—solid interaction, with no apparent chemical discontinuities, contributing to

the mechanical integrity and long-term durability of the joint.

Microhardness measurements revealed a slight increase in hardness within the brazed zone,
indicating diffusion of alloying elements without the formation of brittle regions. In the case
of double spacers, the observed profile suggests enhanced homogenization and improved

mechanical stability at the interface.
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Overall, the results validate the potential of beryllium as a brazing metal for this type of

application. Its low neutron absorption, high diffusivity, and ability to form robust bonds at

moderate temperatures make it a promising candidate for nuclear fuel assembly components.

However, precise control of each processing step remains essential to ensure consistent

quality and reproducible outcomes.

Outlook and Future Work

Several research directions can be considered to further extend and deepen this study:

1.
2.

Optimization of the beryllium deposition process;

Advanced characterization of beryllium in the matrix using Raman spectroscopy;
Long-term aging studies of the brazed joint, including its mechanical performance and
corrosion behavior;

Comparative studies with alternative brazing metals.
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Appendix 1

Laser Granulometric Analysis

Analysis Conditions:

—

frequency (%)

Sample: White alumina (Al.Os)
Grade: 80-120 mesh
Mass: 0.5 g

Medium: Distilled water + dispersant

. Ultrasound: 2 min at 40 kHz

Temperature: 22.3°C
Refractive index: 1.768 (alumina) / 1.333 (water)

Obscuration: 12.4%
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Figure 1 : Differential distribution of Al>O;
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Statistical Parameters

Dio (um): 95

Dso (um): 148

Doo (um): 195

Arithmetic mean (um): 152
Geometric mean (um): 144
Standard deviation (um): 42.3
Uniformity (Dso/Dio): 2.05
Skewness: 0.12

Kurtosis: 2.84
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Roughness measurements

The roughness of a given surface can be determined by measuring a number of parameters.
Table 1, presents the most used Roughness amplitude parameters according to ISO 4287 such

as Rz, Ra

Table 1: Roughness amplitude parameters according to ISO 4287

Settings Settings Settings Representations Definition
On profiles or ripple
Total roughness.

PROTRUSIONS and HOLLOWS

Pp Rp Wp Max profile protrusion height Max (Zpi)
PV Rv Wv Max profile trough depth Max ( Zvi v
Pz Rz Wz Max profile height Max (Zp 1) + Max
(Zvi)
=>Rz=Rp+Rv
Pc Ground We Average height of profile elements 1 =&
Floor m Z Zt,
i=1
PT Rt Wt. Sum of the greatest of the protrusion oy
heights Zpi and the greatest depth of
the valleys Zvi (over the evaluation
length while the previous 4
parameters are determined over a
base length with the evaluation > 1
base)
AVERAGE ORDINATES
Pa Ra Wa Arithmetic mean deviation of the 1 (¢
- J |Z(x)|dx
evaluated profile (over a base length) Lo
with 1 =lp; Ir or Iw as the case may
be
PQ Rq Wq RMS deviation of the evaluated 1 !
profile (over a base length) with 1 ’T fo 22 (x)dx

72




Appendix 2

=lp; Ir or lw as the case may be

PSK Rsk Wsk Profile asymmetry factor (Skewness) | 1 [1 (b
— | f Z3(x)dx
defined on the amplitude distribution | Rq L Jo
curve with 1 =lp; Ir or Iw as
appropriate
(Ir= roughness base length)
Classical Rku Wku Profile flattening factor (Kurtosis)
Phenylketon defined on the amplitude distribution
y P L [l folr 74 (x)dx]
uria curve with 1 =Ip; Ir or Iw as| RO tr

appropriate

over a length of 12

In the process of manufacturing CANDU-type fuel elements, the thickness of the beryllium

deposit is usually controlled using a radioactive source. In our case, this method could not be

implemented. Therefore, a roughness check should be performed after sandblasting to ensure

optimal adhesion of the beryllium to the substrate.

For this study, we made several roughness measurements using a tesa rugosimeter,

model Rugosurf 10-G (Figure 1). This instrument is connected to a microcomputer equipped

with dedicated acquisition software, allowing the automatic transfer and statistical processing

of roughness data.

Figure 1: TESA-rugosurf 10-G

73




Appendix 2

uge

I
Mesure  Affichage  Options

S S

A58

pmid Profil Primaire (F) - Mesure n® 4 - Gonfiguration; Piéce 2n aki non décapée - Norme: 50 4267115 B0S0L - No Qut-<ff: 5 - Long, Cutoff: 0.8 mm Par P - 150 4287 / JIS B0601
Pamétre Veleur  Tol- Tol B
Nowvelle 00 Pa 0697um|  0.000] 100.000
configuration Pa 1011um | 0000| 100.000
Pt 485pm | 0000 100.000
Quvrir canfigurafion Pp 17l 0000 100000 |
5 Pv 314um | 0000 100.000 1
@ Imprimer ~ Pc 1286um  0.000| 100.000
- PSm 230 ym 0| 10000
@ Quitter 040 6L 0.30 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 480 480 Pac 485 pm 0.000 100.000 L
o PPc 5 /em 0 1000 =
Mesure i Profil d= rugasitd (R) - Mesure no 4 - Ganfiguration; Pizce =n sk nen décapie - Norme: 150 4287/115 BOS01 - No Qui<f: 5 - Lang. Quraff: 0.6 mm _
Paremétre Veleur  Tol- Tol -
- 200 Ra 0244pm| 0000| 100000
B Rq 0308pm | 0000| 100.000
Acquérir Ia demizre Py , . I Rt 2554um | 0000| 100.000
ra S ,JW”J iy V\'\/\\w'"wﬂ ML*‘“\\,‘ ;_N s A RYIaY .)\W/L‘vaﬂw\«mww\)\l‘ml‘ \" Wﬁmu.ﬂ WW""\J‘ Ro D64um 0000 100000 L
™ \ Rv 0844ym | 0.000] 100.000
. - | Rz 1488um | 0000| 100.000
Mémo 2o Rc 06pm| 0000 100000
40 0.60 k' 120 4 160 o 2 220 240 260 280 300 320 340 360 280 400 430 440 RSm 112 pm o 10 000 —
Jo- | Acouérir mémaire mm Roc 2554um | 0000| 100.000 ,
[z Efscer mémaire [T il ] eL1o0) Portance R Distr. OrdonnéesR
Paraméire Valeur  Tol- ol Paremétre Valeur Tol+
Rk 0305um|  0.000| 100.000 Rmax 2492;m|  0000] 100.000
Statistique Rpk 0361ym| 000D 100.000 A3z 088um | 0000 100.000 3 3
Rvk 0005pum|  0.000| 100.000 R3zm 1117y 0000 100.000
": % Mri %2% 0 100 E 2 E 2
atistigue
1 1
0 0t
0 % w0 B 00%

Configuration: Pizce en alu non décapée Norme: 1504287 [ JIS BO601 Longueur de Cut-off: 0.8 mm Nombre de Cut-off: 5 de: 24/02/2016 Utili

2 THEIEEEER S " TRIE o mpmer, a0lrmsoman s

Figure 2: Rugosoft 10-10G Software Interface

11:12

-
o R s "

We carried out four (04) tests on Pads, the results obtained are recorded in Table 2

Table 2: Quantities relating to the roughness measurement.

Ra

Rq

Rt

Rp

Rv

Rsk

Rku

Pad 1

0.659

0.902

7.980

5.561

2.237

3.324

0.451

4.878

Pad 2

0.543

0.747

8.466

4.646

1.559

3.086

0.845

5.277

Pad 3

0.662

0.963

9.269

7.164

2.414

4.750

0.569

4.137

Pad 4

0.644

0.808

2.554

1.488

0.644

0.844

0.389

3.711
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Figure 3: Roughness profile - Pad No. 1
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Beryllium Toxicity

1. Introduction

Beryllium (Be) is a lightweight, brittle metal used extensively in aerospace, nuclear reactors,

electronics, and manufacturing due to its high stiffness, thermal stability, and conductivity.

Despite these advantages, beryllium exposure poses serious health risks, particularly in

occupational settings. This appendix explores the toxicological profile, health effects,

mechanisms, diagnosis, treatment, and regulatory considerations related to beryllium toxicity.

2. Chemical and Physical Properties

Atomic number: 4

Atomic weight: 9.0122

Appearance: Steel gray, brittle metal

Common forms: Metallic beryllium, beryllium oxide (BeO), beryllium alloys
Solubility: Poorly soluble in water but soluble in acids, which can increase

bioavailability and toxicity.

3. Exposure Sources and Routes

Occupational Exposure: Mining, refining, alloy production, machining, recycling,
and manufacturing of beryllium-containing products.

Environmental Exposure: Generally low-level, through contaminated soil or water
near industrial sites.

Routes: Primarily inhalation of dust or fumes; dermal contact can cause sensitization;

ingestion is rare but possible.

4. Toxicokinetics

Inhaled beryllium particles deposit in the lungs, where soluble forms dissolve and
enter cells, while insoluble particles persist, causing chronic inflammation.
Beryllium can accumulate in lung tissue, lymph nodes, and bones.

The metal has a long biological half-life, contributing to prolonged immune activation.

5. Health Effects

5.1 Acute Beryllium Disease

Occurs after high-level exposure (rare today).
Symptoms: Acute chemical pneumonitis, cough, chest pain, dyspnea, fever, weight
loss.

Pathology: Lung inflammation with alveolar damage.
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5.2 Chronic Beryllium Disease (CBD)

o Immune-mediated granulomatous lung disease.

o Develops after sensitization, which can occur at low exposure levels.

e Symptoms: Chronic cough, progressive dyspnea, fatigue, weight loss, night sweats,
and fever.

o Diagnosis: Confirmed by beryllium lymphocyte proliferation test (BeLPT) on blood or
bronchoalveolar lavage cells, chest imaging showing granulomas or fibrosis, and lung
biopsy if needed.

e Prognosis: Variable; some patients stabilize, others progress to respiratory failure.

5.3 Beryllium Sensitization
e Asymptomatic immune response detectable by BeLPT.
o Sensitized individuals are at risk of developing CBD.
5.4 Carcinogenicity

o Classified as Group 1 carcinogen by IARC.

o Epidemiological evidence links beryllium exposure to increased lung cancer risk,
especially in workers with chronic exposure.

6. Mechanism of Toxicity

o Beryllium acts as a hapten, binding to self-proteins and triggering a T-helper 1 (Thl)
cell-mediated immune response.

o This leads to macrophage activation, granuloma formation, and fibrosis in lung tissue.

e QGenetic factors, such as HLA-DP alleles, influence susceptibility.

7. Diagnosis and Monitoring

e Beryllium Lymphocyte Proliferation Test (BeLPT): Detects sensitization by
measuring lymphocyte proliferation in response to beryllium.

e Imaging: Chest X-rays and high-resolution CT scans to detect granulomas and
fibrosis.

o Pulmonary Function Tests: Assess lung impairment.

o Biopsy: Lung tissue examination may be necessary for definitive diagnosis.

8. Treatment and Management

e Avoidance of further exposure is critical.

e Corticosteroids are the mainstay treatment to reduce inflammation and slow disease
progression.

o Supportive care includes oxygen therapy and pulmonary rehabilitation.

e Lung transplantation may be considered in end-stage disease.
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9. Regulatory Standards and Prevention

e Occupational exposure limits vary by country; for example, OSHA’s permissible
exposure limit (PEL) is 0.2 ug/m? for beryllium dust and fumes.

e Engineering controls (ventilation, dust suppression), personal protective equipment
(respirators, gloves), and medical surveillance programs are essential to prevent
sensitization and disease.

e Worker education and exposure monitoring are critical components of prevention.

10. Conclusion
Beryllium toxicity represents a significant occupational health concern due to its potential to
cause severe lung disease and cancer. Understanding its toxicology, mechanisms, and

preventive measures is essential for protecting exposed populations.
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