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Chapter 1 Introduction

Amorphous metal alloys, also called metal glasses in the particular case of obtaining by ultra-
fast cooling of the melt, have aroused increasing interest in recent decades, both from a scientific
perspective and in terms of their application potential. The special properties of these materials have
been the basis for the expansion of the fields of use, favoring the development of varied and innovative
applications. Depending on their chemical composition, we find them in uses that require the most
diverse operating properties: from precision micro mechanical components (which must have high
values of mechanical strength, ductility, corrosion resistance, wear resistance, vibration resistance), to
electronic components (which involve specific magnetic and electrical properties) or aerospace
components (which must withstand extreme temperatures and pressures), security systems, medical
applications even the sports equipment industry (from golf clubs to tennis rackets).

In this sense, the use of metal bottles in the manufacture of components from polymer matrix
composites reinforced with particles or strips has represented a new direction of success in order to
improve their behavior in the different applications in which they are used.

Even if the expansion of the forms under which amorphous structures can be obtained has
registered a spectacular leap from strips and wires to fruits and "bulks", the dimensional limitations due
to the elaboration processes are still a major impediment in diversifying the uses of these materials in
areas where their properties would contribute to the relevant improvement of the product
characteristics.

The present paper aims to broaden the application spectrum of these amorphous metal alloys by
resorting to various manufacturing methods that belong to the concept of Hybrid Additive Manufacturing.

Hybrid additive manufacturing is actually a development of additive manufacturing methods.

Additive manufacturing, commonly known as 3D printing, has as its principle of making an object
the construction layer by layer starting directly from a CAD model. These techniques allow the creation
of complex geometries without material loss. The negative aspects of a lower surface roughness, residual
stresses and mechanical properties affect the performance of this method.

Hybrid additive manufacturing of materials consists of introducing conventional manufacturing methods
into the manufacturing cycle by combining them with additive manufacturing techniques in order to
improve the quality of products of high complexity and superior performance.

The research in the present paper focused on the Cu-Ni-Sn-P family of non-ferrous alloys.

New technologies in the fields of computer science and electronics, as well as those in the
automotive, aeronautical and aerospace industries have revealed the role and importance of the new
families of non-ferrous alloys. Among the copper alloys in demand in these areas, the best performing
is the high-strength and elastic alloy Cu-Be. The limitations due to toxicity and high costs led to the
development of new families with similar properties from which the Cu-Ni-Sn family of alloys stands
out. The most representative alloy Cu-15Ni-8Sn has exceptional elastic properties: mechanical strength
and very good hardness, wear and corrosion resistance.
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At certain chemical compositions and technological processes, these alloys have a high capacity
for forming amorphous structures (GFA - Glass Forming Ability).
Thus, Cu-Sn-Ni-P-based metal bottles can be obtained relatively easily in various forms, such as wires,
strips or even massive products with a thickness of 1-3 mm, by pouring the melt into suitable molds.
As a result of its outstanding properties in the amorphous state (excellent electrical and thermal
conductivity, mechanical strength, high corrosion and wear resistance, etc.), they can be successfully
used widely in the aerospace, electronics and mechanical industries.

Chapter 2 State of the art

Amorphous metallic alloys

Disordered structures, especially amorphous ones, still have exceptional potential for
development, especially in that of applications in the new cutting-edge areas of industry. Although in
terms of production they have already reached the 3rd generation, and some of their developments,
such as dealloyed nanoporous structures, have found applications in the field of microelectronics,
sensors, etc. It is believed that there is still a huge untapped technological potential with the
implementation of new manufacturing technologies.

An amorphous alloy is generally structurally a monophasic material (100% amorphous
structure). Amorphous metal alloys, which are characterized by a lack of atomic arrangement over long
distances, exhibit a high yield strength, excellent mechanical strength, high thermoplasticity, and good
corrosion resistance. After the discovery of amorphous alloys, more than 60 years ago, the interest in
such materials increased significantly, even if the geometric dimensions obtained, limited by the
preservation of the amorphous structure, represented an impediment.[1], [2], [3], [4]

In recent years, through the development of new technologies, a large number of metal alloys
based on Zr, Mg, La, Ti, Fe, Cu and Ni have been made in the form of amorphous bars with dimensions
ranging from a few millimeters to a few centimeters.[2], [5]

Amorphous metal alloys obtained by ultra-fast cooling of melts are referred to as metal bottles.
Through this rapid solidification, the atoms in the structure are locked in their configuration from the
liquid state and thus avoid the formation of an orderly arrangement in space. However, at small
interatomic distances, a certain orderly arrangement of atoms can be observed. In recent years, these
alloys have seen a significant expansion of use in multiple industrial sectors, including aerospace,
automotive, as well as electrical and electronic engineering.[6]

Glass forming ability

One of the biggest challenges in obtaining massive amorphous alloys is their ability to form an
amorphous structure, a property known as glass forming ability (GFA) [7]. This capability is essential
for the development of metallic materials with improved functional properties, and a thorough
understanding of the mechanisms involved in the formation of amorphous structure is a fundamental
step in the advancement of this field. Amorphization capacity designates the ease with which a metallic
liquid can be cooled in a way that prevents nucleation and the growth of crystalline phases. This is
decisively influenced by the chemical composition of the alloy, as well as by the methods and
technological conditions applied in the solidification process. [8].

In the context of devitrification, the amorphization capacity of a system can be evaluated either
by means of the critical cooling rate (Rc) or by the maximum size of the amorphous sample obtained
(Dmax). A lower value of the critical cooling rate or a larger maximum diameter of the amorphous
sample reflects a higher capacity for amorphous phase formation. However, the precise experimental
determination of the cooling rate is difficult to achieve, and the value of the maximum size obtained is
significantly influenced by the elaboration technology used [9].

Previous studies have mainly focused on identifying the structural and thermodynamic factors
influencing the formation of the amorphous phase under rapid cooling conditions. However, the kinetic
influences of the process have been largely neglected. In addition, the criteria proposed in the literature
are often difficult to apply in practice, which limits their effectiveness as predictive tools for the selection
of optimal chemical compositions in order to obtain the amorphous structure.
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Subsequently, the analysis of the amorphization capacity of various alloys was extended by
taking into account kinetic parameters, such as nucleation rate, crystal growth rate and phase
transformation dynamics. These approaches have led to significant advances in understanding the
physical mechanisms involved in the formation of massive amorphous alloys. Among the aspects studied
are the crystallization processes, the influence of the alloying elements, the rheological behavior of the
melt (especially its viscosity), as well as the mechanisms of formation of the amorphous structure at
the macro- and microscopic scale. [10], [11].

Based on the characteristic temperatures and other physical properties of the amorphous alloys,
a number of additional parameters have been proposed for the evaluation of the amorphization capacity.
A notable example is the low glass transition temperature, Trg (defined as the ratio of the glass transition
temperature, Tg, and the melting temperature, Tl, introduced by Turnbull. However, it is important to
emphasize that this parameter was originally designed for monatomic systems, which reduces its
relevance in the case of multicomponent alloys. In a later approach, Lu's research showed that the
inverse ratio, Tl/Tg, shows a more faithful correlation with the amorphisation capacity in the case of
multicomponent systems, thus providing a more appropriate criterion for assessing the potential for
metal glass formation. [12], [13]

One of the criteria frequently used to evaluate the amorphization capacity is the one proposed
by Inoue, who formulated a set of empirical rules aimed at favoring the formation of massive amorphous
alloys. These four rules - which include the existence of at least three components, significant
differences between the atomic radii of the constituent elements, the enthalpy of negative mixing and
a complex structure of the atomic lattice - help to identify compositions with a high potential for
amorphous phase formation. The application of these criteria provides a useful framework for the design
and selection of alloys with good metal glass formability: [14]
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Figure 1 Parameters influencing amorphization capacity

Methods and procedures for obtaining
The diagram of a technological itinerary for obtaining products with an amorphous structure is
illustrated in the following figure:
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Figure 2 Schematic representation of the technological itinerary for the elaboration of amorphous alloy products,
highlighting the main melting and casting processes

Amorphous metal alloys can be obtained through a wide range of technological methods and
processes. Among the most used are mechanical alloying, rapid solidification from melting, irradiation,
ion implantation, laser processing, PVD and CVD deposition, electrolytic deposition, thermal spraying,
as well as the application of high pressures. Regardless of the method used, the common goal is to
increase the free energy of the system (by increasing the temperature, pressure or by introducing
mechanical energy), followed by rapid cooling of the material to preserve the metastable phase or using
this state as an intermediate step in obtaining the desired microstructure and properties.

Continuous methods for obtaining amorphous metal alloys in the form of ribbons
The production of metal alloys by liquid-phase solidification, using continuous methods, has
made significant progress in recent decades. These techniques make it possible to obtain products with
homogeneous properties, controlled dimensions and geometries adapted to the requirements of
industrial applications. Although the cooling rates characteristic of these methods (approximately 106
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K/s) are lower compared to those of conventional ultra-fast cooling processing, they are often sufficient
to achieve the amorphous phase in many alloy systems.

A critical aspect in the development of continuous amorphous fibers or strips is the stabilization
of the liquid jet before solidification. Alloys that can be easily drawn from the melt generally exhibit high
viscosity and low surface tension, characteristics that help maintain the coherence of the metal jet. On
the other hand, alloys with low viscosity and high surface tension tend to generate instabilities in the
jet, favoring its fragmentation into droplets and thus preventing the continuous formation of the
amorphous product.

Melt-spinning method

The Melt-spinning process is a method used for the rapid solidification of certain alloys, mainly to obtain
amorphous metal strips or so-called "metal bottles", which cannot be manufactured using conventional
continuous casting processes. Depending on the centrifugation conditions, amorphous structures can be
obtained due to the extremely high cooling speeds. In this process, first an alloy is melted inside a
crucible and then with the help of an inert gas, the melt is discharged through a nozzle located at the
bottom of the crucible directly onto the cooling roller, made of copper, where it solidifies instantly.
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Figure 3 Graphic demonstration of the steps taken in the Melt Spinning process[15]
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This process is an extremely complex one in which the rotation speed of the cooling roller, the
melt outlet pressure, the nozzle-cooling roller distance and the melting temperature are the most
important parameters. However, there are other parameters that can affect the shape, uniformity, grain
size and quality of the final surface, such as the geometry of the nozzle, the roughness of the wheel
surface, whether the process is carried out in air or vacuum, and even the type of gas used to discharge
the melt.[15]

Solidification method between two rollers

In this method, illustrated in the adjacent figure, the melt jet is forced to pass between two rotating
rollers. Upon contact with the cold surfaces of the rollers, the melt is rapidly cooled, which leads to the
formation of a strip of uniform thickness.



Universitatea

Politehnica

I0SUD - Universitatea Politehnica Timisoa limisoara
Doctoral School of Engineering Studies

l <+— Presiune

Topitura
Role de — - metalica

racire - /

Banda metalica. ——*

Figure 4 Principle diagram of the solidification method between two rollers

An essential condition for the successful achievement of amorphous metal strips by rapid
solidification methods is the synchronization of the output speed of the liquid jet from the crucible hole
with the solidification rate. For the elaboration of very small strips, cooling rollers pressed together are
used, which ensures efficient thermal contact. The surfaces of these rolls must have a high hardness
and be ground with high precision, in order to allow the formation of strips with uniform and constant
thicknesses.

The contact time of the melt with the cooling surface is extremely short, and then the metal
strip continues the process of cooling in the air, by radiation and convection. During this rapid
solidification method, the strip can suffer deformations both during solidification and in the subsequent
cooling step, as a result of mechanical compressive stresses. These internal stresses can lead, in some
cases, to cracks on the surface of the belt.

Planar flow casting method

Obtaining amorphous alloys on an industrial scale is only possible by using continuous rapid cooling
processes (Figure X). Within these technologies, the primary alloy, initially with a crystalline structure
and chemical composition optimized for amorphization, is melted by induction in a crucible made of
quartz. The resulting melt is then forced through the slot of an ejector nozzle, settling on the surface of
a rotating cylinder.

The direct contact of the liquid jet with the cold surface of the moving cylinder causes the ultra-fast
solidification of the alloy, favoring the formation of the amorphous structure in the form of a thin metal
strip.
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Figure 5 Principle diagram of the planar flow casting method[16]

In this method, the ejection nozzle is positioned at a very small distance from the cooling surface —
usually under one millimeter — which allows for effective mechanical stress of the metal bath and helps
to reduce disturbances during solidification. Ultra-fast cooling of the melt on the surface of a rotating
cylinder enables outstanding technological performance. Through this technique, amorphous metal
strips with large widths (between 20 and 100 mm) can be obtained under conditions of high efficiency
and stability.

Properties of amorphous metal alloys

Amorphous metal alloys are distinguished by a set of exceptional mechanical properties that are
difficult to find in other classes of materials. The absence of the crystal structure leads to high mechanical
strength, easy magnetization, low attenuation of acoustic waves, as well as increased electrical
resistivity. Also, the structural homogeneity, associated with an optimal chemical composition, gives
these materials a remarkable resistance to corrosion. In contrast to crystalline alloys, where the
solubility of the elements is strictly limited, metal bottles allow an almost unlimited solubility of chemical
components. This characteristic is the basis of atypical electronic behaviors at low temperatures, specific
to these materials and difficult to reproduce in other systems.

The presence of metallic interatomic bonds in the structure of these alloys confers distinct
properties compared to non-metallic glasses, including ductility and high breaking strength, without
manifesting the brittle behavior characteristic of brittle materials. Due to these outstanding
characteristics, massive amorphous alloys have found applicability in a wide spectrum of industrial and
technological fields.
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Nanoporous structures

Nanoporous structures are a distinct class of materials characterized by a three-dimensional
network of pores that are generally less than 100 nm in size. These structures are distinguished by an
extremely high specific surface area, a pronounced porosity and a controlled distribution of pore sizes,
which gives them unique physicochemical properties. Nanoporous materials can be synthesized from a
wide range of substances, including metals (e.g., porous gold and aluminum), silicates (such as
mesoporous silica), polymers, and metal-organic hybrid materials

Nanoporous structures can be classified according to pore size into microporous (less than 2

nm), mesoporous (2-50 nm) and macroporous (>50 nm). Depending on the composition, they are
divided into inorganic materials (such as silica and metals), organic (polymers) and hybrids. Synthesis
methods may include wet chemical processes (sol-gel, self-assembly), electrochemical techniques (e.g.,
anodizing aluminum to obtain porous aluminum oxide), physical methods (electron beam deposition or
ionization), and template-based replication techniques.
One of the most relevant examples for the manufacture of nanoporous structures is the controlled
anodizing of aluminum, which makes it possible to obtain an orderly network of cylindrical, hexagonally
arranged pores. This method is extremely versatile and allows fine control of parameters such as pore
diameter, depth and spatial distribution.

Due to their high surface-to-volume ratio and high porosity, nanoporous materials have
favorable characteristics for applications in areas such as controlled drug storage and delivery, molecular
separations, chemical sensors, catalysis, tissue engineering and, last but not least, micro- and nano-
electromechanical devices (MEMS/NEMS).

For example, mesoporous silica is intensively studied for applications in personalized medicine,
due to its ability to load and release drugs in a controlled manner. In the field of catalysis, nanoporous
networks ensure efficient transport of reactants to active sites, contributing to improving the efficiency
of chemical processes.

At the same time, porous anodized aluminum is widely used as a template for the synthesis of
nanostructures, due to its well-defined architecture. These structures can be chemically functionalized
for applications in microfluidics or as substrates for cell growth, in the context of tissue engineering.

Despite significant progress, research in the field of nanoporous structures faces a humber of
challenges. These include the difficulty of obtaining perfectly ordered structures over large areas,
limitations in terms of the scalability of manufacturing processes and the thermal or chemical stability
of materials in certain environments of use.

An emerging direction is the integration of nanoporous materials with other nanomaterials (e.g.
metallic nanoparticles or graphene) to create advanced functional systems capable of responding to
external stimuli. There is also a growing interest in the development of environmentally friendly, low-
impact synthesis methods in line with the principles of green chemistry.

In conclusion, nanoporous structures represent a promising platform for the development of
innovative solutions in numerous technological and biomedical fields. The ability to control architecture
at the nanoscale opens up significant opportunities in the design of materials with adaptive functionality
and superior performance. [17], [18], [19]

Nanoporous materials obtained by dealloying amorphous metal alloys

The dealation process is an electrochemical reaction in which the less noble chemical elements
in an alloy are removed or dissolved by the use of an oxidizing acid solution. Through this dissolving
process, a nanoporous material is obtained. This nanoporous structure consists largely of noble elements
and has no mechanical strength. The delineation process refers to the selective removal of one or more
less noble elements from an alloy by the corrosion mechanism. For this reason, the loosening process
is considered to be a destructive method in the electrochemical field. To date, this process has been
used to produce metal porous structures such as Au, Ag, Pt, Cu and other alloys and solid solutions and
metal bottles [20], [21], [22], [23], [24], [25]. To ensure the formation of a continuous porous
structure, the amount of the noble element(s) should be between 20-45 at% [26], [27]. Other important
parameters that play a crucial role during the dealding process include the critical corrosion potential,
the composition of the alloy, the pH and also the temperature of the electrolyte[28].

The main advantages of amorphous precursors compared to crystalline alloy systems include
the fact that they possess homogeneous composition and monolithic phase [29], thousands of metal
bottles have been produced, which provide multiple precursors of [9] And also, most amorphous alloys
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contain more than three different metals in their composition, which allows the formation of multi-
element nanoporous alloys [30]. During the tillage process of amorphous alloys, there are no granulation
and crystal structure boundaries that provide active centers for the tillage process. Therefore, a change
in the loosening mechanism may occur that provides access to advanced morphologies and properties
of the final materials.

Regarding the mechanism of formation of porous metals when using amorphous precursors,
various details are presented in the literature, including the diffusion coefficients of the elements that
form the so-called ligament structures[31], [32].

T & a 4 £
Figure 6 Close-up image of ligaments and pores obtained by unalloying a) the crystalline alloy
Au31Cu41Zn12.8Mn15.2 and b) the amorphous alloy Au40Cu28Ag7Pd5Si20[33]

Although most studies show that due to the selective dissolution of amorphous alloys the
resulting porous structure is nanocrystalline, there are also enough examples in the literature that reveal
the preservation of the amorphous structure after the dealloying process of the obtained metallic glass
[34], [35].

Hybrid additive manufacturing

Initially, Rajurkar et al. (1999) defined "hybrid machining" as a combination of two or more
material removal processes [36]. However, this definition has been criticized for being too vague, as
many conventional manufacturing methods inherently involve multiple processes. To refine this
definition, Kozak and Rajurkar (2000) pointed out that hybrid machining processes should exhibit
performance characteristics that are significantly different from those of individual processes when
performed separately[37]. Aspinwall et al. (2001) further clarified the concept, stating that hybrid
machining involves the independent application of several processes on a single machine, while
simultaneous application should be called "assisted" [38]. This distinction was important in delineating
what constitutes hybrid production. In parallel with these developments in machining, the metal forming
community has begun to use the term "hybrid" to describe processes that combine different forming
techniques, such as extrusion and electromagnetic forming [39]. This indicates that the concept of
hybridization was gaining ground in various production disciplines. In the early 2010s, the understanding
of hybrid manufacturing expanded to include processes beyond machining. Nau et al. (2011) proposed
that hybrid production should encompass the simultaneous use of different forms of energy in the same
processing area [40]. This led to a definition proposed by the International Academy of Production
Engineering (CIRP), which described hybrid manufacturing as involving the simultaneous and controlled
interaction of process mechanisms and/or energy sources that significantly affect process performance.
Zhu et al. contributed to the discourse by providing two definitions of hybrid manufacturing: a limited
definition that focuses on competing processes in the same processing area, and a broad definition that
encompasses the combination of manufacturing processes established in a new configuration [41]. The
limited definition emphasizes the synergistic effect of combining in-situ processes, while the broad
definition highlights the benefits of innovative combined approaches over conventional methods.
Lauwers et al. (2014) revised these definitions and classified hybrid production into two main groups
[42]. The first group (labeled "I") aligns with the limited definition, containing processes that combine
energy sources/instruments for a synergistic effect. This group is divided into assisted trials (I.A) and
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mixed trials (I.B). The second group (labeled "II") corresponds to the broad definition, in which
processes act separately but are combined to increase efficiency and productivity. New hybrid
manufacturing routes have emerged that combine additive manufacturing with conventional
manufacturing. This requires a change in Lauwers et al.'s original classification to include new subgroups
(II.A and II.B). Subgroup II.A refers to the controlled application of processes to mainly processed raw
materials, while II.B, referred to as hybrid additive manufacturing (HAM), involves the application of
processes to additively deposited materials. The overall vision of this new classification aims to improve
the applicability of additive manufacturing by overcoming its limitations, such as low productivity and
surface quality issues, while adding flexibility to traditional manufacturing processes. The evolution of
the definition of hybrid manufacturing reflects a growing understanding of the complexities and
synergies involved in combining different manufacturing processes. The discourse shifted from a narrow
focus on machining to a broader perspective encompassing various manufacturing techniques, paving
the way for innovative approaches that leverage the strengths of both additive and traditional methods
[43].
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Figure 7 Classification of metal additive manufacturing (MAM) processes with widespread application in
Construction of three-dimensional metal parts

Hybrid metal additive manufacturing combines conventional manufacturing methods with
additive manufacturing techniques to improve the production of complex metal components. Through
this combination, the aim is to overcome individual limitations and obtain intrinsic advantages [44],
[45].

Additive manufacturing, commonly known as 3D printing, builds objects layer by layer directly
from a CAD model. These techniques allow for the creation of complex geometries and reduce material
waste compared to conventional manufacturing methods. However, challenges such as surface
roughness, residual stresses, and limited mechanical properties can arise in metal parts achieved by
these methods.

To overcome these challenges, hybrid production systems have been developed. These systems
integrate additive manufacturing processes with conventional techniques such as turning, milling or
even forging. The hybrid approach allows in-situ machining during the additive process, resulting in
improved surface quality, dimensional accuracy, and mechanical performance [46], [47].

The evolution of hybrid metal additive manufacturing has been driven by advances in both
hardware and software. Innovations in laser and electron beam technologies, as well as the development
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of multi-axis CNC machines, have expanded the capabilities of hybrid systems. In addition, software
improvements in computer-aided design (CAD) and computer-aided manufacturing (CAM) have
facilitated the seamless integration of additive and conventional techniques.

The applications in which hybrid metal additive manufacturing is used cover various industries,
such as aerospace, automotive, medical, and tooling. In the aerospace industry, for example, hybrid
manufacturing is used to produce lightweight, high-strength components with complex geometries that
are difficult to achieve by conventional methods alone. In the medical field, it allows the manufacture
of customized implants with precise surface finishes, improving biocompatibility and patient outcomes
[45], [48], [49].

Despite its advantages, hybrid metal AM faces challenges that require further research and
development. These include optimizing process parameters to ensure consistent quality, developing new
materials compatible with hybrid systems, and reducing production costs to increase competitiveness
with traditional manufacturing methods.

Hybrid metal additive manufacturing represents a significant advancement in the production of
complex metal parts, combining the strengths of additive and traditional manufacturing techniques.
Research and technological developments continue to expand its capabilities and applications,
positioning it as a transformative approach in modern manufacturing.

Chapter 3 Purpose, Objectives, Experimental Program

The purpose of this thesis is to develop the applications of families of amorphous non-ferrous metal
alloys to the realization of components for electronic equipment, sensors, parts subjected to complex
stresses using hybrid additive manufacturing methods.
In order to achieve the goal, the main objectives pursued are:
e development of amorphous metal alloys based on Cu-Ni-Sn-P with improved properties by
additional alloy with Ga in the form of strips, rods and discs;
e obtaining nanoporous structures in the form of fruits, short bands from Cu-Ni-Sn-P-Ga by the
process of hilling and obtaining powders by grinding;
¢ making polymer matrix composites reinforced with Cu-Ni-Sn-P-Ga particles or strips;
e characterization of them in terms of morphological, physical, mechanical, chemical properties;
e the development of new applications of these materials using various ways of realization that
belong to the concept of hybrid additive manufacturing in areas where their properties contribute
to the relevant improvement of product characteristics.

The experimental program will thus focus on research aimed at obtaining Cu-Sn-Ni-P amorphous
alloys in different forms or integrated into other compositions, characterizing them from a structural,
physical, mechanical, chemical point of view, as well as their use in the production of components,
subject to complex stresses, produced by methods specific to hybrid additive manufacturing.
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Chapter 4 Equipment and methodology for experiments and testing
Equipment for the experimental program

The experiments carried out in order to achieve the assumed objectives required specific equipment and
equipment, such as:

Induction melting plant;

Planetary Ball Mill (XQM);

Mixing/homogenizing plant (Laboratory mixer, Rheomix R3000p/R3010p);

Composite filament extruder (EvoFill device);

Additive manufacturing equipment (Creality CR-10 Mini);

Thermoforming equipment (Wickert WLP);

Equipment for dealing.

Equipment and apparatus for structural characterization and determination of
mechanical and chemical properties

In order to characterize the structural and mechanical and chemical properties, the following were used:
e Difractometru de raze X (xPert Powder3 Panalytical);
e Installation for simultaneous thermal analysis (STA 449 F1 Jupiter, Netzsch);
e  Microscop electronic de scanare (SEM - Quanta FEG 250 FEI);
e Dispersed energy (EDX - Quanta FEG 250 FEI) spectroscopy;
e Microscop optic (Olympus BX51M);
e Microdurimetru Vickers (Volpert Micro-Vickers Hardness Tester);
Nanoindentor (Anton Paar Step 500);
Tensile testing equipment (Zwick Roell Z005 device);
Equipment for compression testing (LBG TC100 device);
e Wear test equipment (Pin-on-disk tribometer TR-20 micro).

Chapter 5 Experiments and Results

Choice of compositional field

It has been shown that crystalline alloys of the Cu-Ni-Sn family are recommended for mechanical
strength, high wear resistance and corrosion, having multiple uses including in robotics, electronics
industry, aerospace.

The obtaining of amorphous alloys of this family is conditioned, in addition to technological
constraints, by a favorable chemical composition consisting of the introduction of metalloids, the most
used being phosphorus.

They were obtained in this way even in our laboratory [50] Cu-Ni-Sn-P metal bottles with improved
mechanical properties in the form of strips, wires and thin bars by casting in metal molds with high
conductivity.

In order to widen the dimensional range of these alloys, additional alloy with Gallium was used.
This is a metal used in obtaining amorphous structures due to its characteristic of increasing the capacity
of amorphization.

Gallium has a very low melting point. Its addition to an alloy tends to reduce the overall melting
temperature, which allows the alloy to cool rapidly without crystallization and also favors the formation
of an amorphous structure during solidification.

Given the specific requirements for an amorphous alloy and the desire to achieve the lowest possible
melting temperature as well as a narrow solidification range, the following chemical composition of the
primary alloy was chosen: CuZ5Ni6éSn5P14-xGax. 3 variants of alloys were prepared.

Table Alloy variants



Universitatea

Politehnica

I0SUD - Universitatea Politehnica Timisoa limisoara
Doctoral School of Engineering Studies

No b ¢ Alloy

1 0 Cu75Ni6éSn5P14
2 4 Cu75Ni6Sn5P10Ga4
3 6 Cu75Ni6Sn5P8Ga6

Obtaining amorphous metal alloys

Elaboration in the form of strips, fruits, discs

Elaboration of the primary alloy

The first stage in the manufacturing process consists of obtaining the primary alloy (master alloy). It
was carried out using the installation developed in its own laboratories.

The technological process comprises the following steps: cutting the primary alloy bars into
segments up to 40 mm, placing them in the crucible and fixing it, heating the alloy by induction,
adjusting the speed of the cooling roller, positioning the crucible on top of the roller, applying an inert
gas overpressure to the melt and ejecting it through the nozzle hole on the surface of the cooling roller

After weighing, the raw materials were fed into an alumina crucible and subjected to a five-fold
melting and“remelting‘ process to ensure the best possible homogenization of the alloy.
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Figure 9 Smelting of raw materials A

The casting of the primary alloy was carried out in a metal mold, resulting in bars with a diameter of
610 mm.

Figure 10 Castn frm of pimary alloy and solidified primary alloy

Obtaining amorphous alloys in the form of strips
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The "melt-spinning" method was applied, which consists of ultra-fast cooling of the melt on the
surface of a rotating cylinder.
The tests were carried out on all three types of Cu-Ni-Sn-P-Ga alloys.
Based on previous experiments on the development of strips by ultra-fast melt cooling [51], [52],
[53], the following parameters were determined as optimal:
topituria temperature: 800 °C;
cooling roller speed: 4200 rpm;
overpressure applied to melt: 0.3 atm;
nozzle-cooling roller surface distance: h = 0.6 - 0.8 mm;
Angle of inclination of the crucible to the vertical: 8°.
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Continuous strips with geometric uniformity, with a thickness of 25 ym and a width of 1.5 mm,
were obtained. The macroscopic appearance of these bands is shown in Figure 5.4.

— o\-‘ ‘ ’ \

Figura 11 Imagine macroscopica benzi metalice

The production of Bulk Metallic Glasses (BMGs) in the form of rods (bars) and discs required the
use of casting molds designed for this purpose, made of Cu-Cr alloys, and provided with an additional
cooling system. The molds consist of two symmetrical halves that are held in place with the help of four
screws.

Figure 12. Copper mold for obtaining massive amorphous alloys in the form of discs
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Figure 13. Copper mold for obtaining solid amorphous alloys in the form of fruits

Alloys with additional 4 % and 6 % Ga were tested.

For heating and melting the alloy, the same plant was used as in the case of strips. The molten
alloys were ejected into a mold.

The result was to obtain fruits with diameters from 1 mm, 2 mm, respectively 3 mm and
discourses with thicknesses of 1 mm and a diameter of 10 mm (fig. 5.7).

Figure 14. Macroscopic images of the metal fruits and the metal disc

The primary alloys developed have a crystal structure evidenced by X-ray diffraction. EDAX
investigations certify the presence of the component chemical elements and the proposed
concentrations.

For all 3 types of amorphous alloys developed in the form of strips, an amorphous structure was
highlighted by X-ray diffraction analysis. In the case of obtaining massive amorphous alloys, X-ray
diffraction analysis showed different structures. Thus, in the case of 1 and 2 mm nuts, and discs obtained
from the Cu alloy7snissnspiocas AN @amorphous structure is certified. For 3 mm diameter bearings of the
same alloy and 1 mm diameter bearings of Cu alloy7snissnspscas, the structure is partially amorphous,
with spikes specific to crystalline compounds.

A further increase in the gallium proposition at the expense of phosphorus is not beneficial for
obtaining massive amorphous alloys. It is concluded that the Cu alloyssnissnspiocas The alloy
supplemented with 4% gallium leads to increased amorphization capacity and will be used in
experiments for application development. For the complete characterization of this alloy, the thermal
stability and specific parameters were determined.

In order to determine the thermal stability and the specific parameters of the glass transition
temperature T4, and the crystallization temperature Ty, differential scanning calorimetry (DSC) was
used. A Netzsch STA 441 Jupiter device was used. The glass transition temperature Tg, the crystallization
temperature Tx and the melting temperature Tm were determined as the beginning temperatures of the
peaks, during the heating of a sample weighing approximately 10 mg at a rate of 20 K - M1 ynder a
purified nitrogen flow rate at a flow rate of 40 ml - min-1,
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Obtaining nanoporous alloys

As shown, to obtain nanoporous alloys, the most used process is selective dissolution following
an electrochemical reaction also called dealing.

Dealloying of ribbons, rods and amorphous metal discs

The obtained Cu7sNisSnsPi10Gas metal strips were subsequently subjected to a coating
treatment in oxidizing acid solutions to selectively remove the nickel from the composition and obtain a
nanoporous structure. For this step, three different acid solutions were used, namely sulfuric acid
(Hzso04), hydrochloric acid (HCI) and hydrofluoric acid (HF). Different exposure conditions were also used,
varying the exposure time, solution temperature and solution concentrations.

The delineation process carried out in H2S04 solution at a concentration of 1M at 25 °C for 60
minutes leads to the best results. A large number of nanopores, evenly distributed on the surface of Cu-
based ribbons, were obtained compared to other treatment solutions.

In the case of untying the fruits and the metal disc, the samples of the composition
CuzsNieSnsP10Gas were subjected to a solution of H2S0O4 1M at a temperature of 55°C, for 336 hours
(14 days). The samples analysed include three rods with diameters of 1 mm, 2 mm and 3 mm, as well
as a metal disc with a diameter of 10 mm.

The SEM images shown in Figure 5.18 reveal a very porous structure, with pores varying at the
nanoscale (about 100nm), evenly distributed in the structure of the amorphous metal strip.

Figure 15. SEM images of the nanoporous structure obtained from dealloying

Microscopic analyses performed on the cross-sections of the fruits and discs show a porous area on the
surface of samples with thicknesses between 165 and 237 ym. The bluish tint of the reaction solution
used in the delineation certifies the dissolution of the nickel-rich phases. In the case of 3 mm bars, the
thickness of the affected layer is reduced due to the additional barrier to penetration of the acid solution
by the increased volume of the material sample.

Structural Characterization of grinded ribbons
The powders obtained by grinding the CuzsNieSnsP10Gas unalloyed bands were investigated
using the scanning electron microscope.

10.00 kv WD =146 mm 158K X
Heve A0S Smatonde 038 Somadcrte o 6% Mymes 25 0
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Figure 16. SEM images of the morphology of ground powders

From the SEM images shown in Figure 5.24, the morphology of the powders is characterized by an
irregular shape, with particles having angular contours and rough surfaces. This morphology is typical
for powders obtained by intense mechanical grinding, where fracturing processes dominate over plastic
deformation processes. The particles do not exhibit spherical or ordered shapes, but rather fragmented
aspects, which indicates a brittle breakage of the material during grinding.

Composite Making by Compo-Casting Method

In order to effectively fill the nanopores of a metal alloy de-alloyed with a polymer, it is essential
to adapt the viscosity of the polymer so that it can fully penetrate the porous network of the reinforcer.
The determination of the required viscosity can be done theoretically and/or experimentally, depending
on the geometry and size of the pores.

The Washburn equation describes the dynamics of the advancement of a non-volatile liquid into
a capillary tube (or into a moldable porous medium such as a network of cylindrical capillaries), under
the action of surface tension forces and in the absence of external pressure.

rycosf
2= 1YE%7
21
Where:
e L = the depth of penetration of the polymer into the pores;
e r = the radius of the pore;
e vy = surface tension of the molten polymer;
e 0O = the contact angle between PLA and the metal alloy;
e n = viscosity of the molten polymer;
e t = penetration time

For the calculation of the process parameters, the pore size of approximately 99 nm measured
on the obtained deallied amorphous bands was chosen. For the viscosity calculation we use the
processing temperature for PLA at 200 °C.

The viscosity calculation using the Washburn equation will be like this:

rycosé -t
212
(49,5 -107%) - (35 - 1072) - (0,87) - 600
2+ (1-1076)2
(49,5)(35)(0,87)(600) - 1012
= 2-10712
905.347,5 - 10712
T= T 102
n =452,7Pa - s

r):

The calculation shows that the viscosity required is about 450 steps for PLA to melt to 200 °C be
able to penetrate 99 nm pores in a porous layer 1 pm deep in 10 minutes. The actual viscosity of molten
PLA is between 100 and 250 Pa's, which means that PLA has a lower viscosity than the calculated
threshold of 450 Pa-s. Thus, the polymer has the ideal viscosity to penetrate the 99 nm pores.
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Obtaining filaments by extrusion of composite material

The composite material, represented by the polymeric matrix of PLA and reinforced with 10%
powders and short strips of the alloy CuzsNieSnsP10Ga4, obtained by the composition-casting method
was then shredded in order to be introduced into the extrusion equipment in order to obtain the filament
necessary for additive manufacturing by the FDM method. Following the extrusion process, a filament
with a slightly variable diameter of between 1.3 - 1.5 mm was obtained, which makes it suitable for
further use in the additive manufacturing process by the FDM method.

|

Figure 17. Macroscopic image of the obtained filament

Manufacture of parts by additive manufacturing and thermoforming

For the 3D printing of the composite material, a layer height of 0.2 mm was chosen. The filling
density was chosen at 75%, which resulted in a rectilinear filling model with a filling angle of 60°. Print
speed has been set to 40 mm - s . The nozzle temperature usedduring the printing process was 210 °C
and the print bed temperature was set to 60 °C.

Figure 18. Macroscopic image of the distribution of particles and short bands in the 3D printed sample

Through _the thermoforming process, specimens in the form of discs (fig. 5.36) were made of composite
material made by the composite-casting method. The composite material, consisting of a matrix of
polylactic acid (PLA) and copper-based amorphous metal powder, was placed in a preheated mold and
subjected to heat treatment at a temperature of 170 °C. For a comparative study, a sample was also
made only of polymeric material.
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Figure 19. Thermoforming samples : left - composite material; right - PLA

To facilitate the complete formation of the parts in the mold and to ensure a uniform density, a
pressure of about 10 MPa was applied. Following the application of the mentioned temperature and
pressure, the pieces in the figure were obtained, with a circular geometry, having a diameter of 30 mm
and a thickness of 5 mm.

Hardness testings

Alloys of the Cu-Ni-Sn-P-(Ga) family exhibit high strength properties in both crystalline and amorphous
states. The hardness of these families of alloys is high, certifying that this family of alloys has some of
the highest strength properties of non-ferrous alloys. At the same time, the amorphous state induces a
slight increase in hardness.

Nanoindentation

In the experimental program, nanoindentation tests were carried out to have a more complete
evaluation of the mechanical properties. The tests were performed using an NHT Antonn Parr
nanoindenter and the Oliver & Pharr method was used to interpret the data.

Amorphous Band Tests Withzsnissnspi0Ga4
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Figure 20. Charge-discharge curve on amorphous bands Cu75Ni6éSn5P10Ga4
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Tests on Amorphous Metal Strips Cu75Ni6Sn5P10Gas Dealloyed
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Figure 21. Loading-Unloading Curve Metal Strip Cu75Ni6Sn5P10Ga4 Unalloyed
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Figure 22. Loading-unloading curve 3D printed sample made of composite material
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Nanoindentation tests on amorphous metal strips reveal values of indentation hardness of over
4000 MPa, and those of Vickers hardness around 500. Variations in hardness and mode of elasticity are
attributed to inherent nanoscale heterogeneity in amorphous materials. In the case of dealloyed strips,
a significant reduction in hardness and elasticity mode is observed, as a result of structural changes
(partially crystallized) and high porosity, which may affect the use of nanoporous alloys in certain
applications. The mechanical properties determined by nanoindentation in the case of the polymer
matrix reveal the low hardness values and the modulus of elasticity, which is not usable for structural
applications. In the case of reinforcement of the PLA polymer matrix with particles and short strips of
the amorphous alloy, there is a spectacular improvement in hardness and modulus of elasticity and a
complex behavior (combinations of elastic and plastic deformations during the test) of the composite
under mechanical stress.

Tensile and compression test

Quasi-static mechanical tensile tests were performed to characterize the mechanical properties
of the raw filaments. There are currently no specific standards available for filament testing. The
filaments were tested under the elaborate conditions having a diameter of 1.3 mm. To obtain the
reproducibility of the results, four samples of 70 mm in length were tested.
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Figure 23. Stress-strain curve for composite filament

Curve 1 has a tensile strength of about 44 Mpa. The deformation at break is low, standing around
0.4%, which indicates a brittle and rigid behavior. The elastic region has a steep slope, suggesting a
high modulus of elasticity and, implicitly, a higher rigidity than the other specimens. This behavior is
characteristic of a rigid and brittle material, possibly a composite with a very low and well-dispersed
metal powder content, where reinforcement contributes to rigidity without significantly compromising
the initial mechanical characteristics of the polymer.

A notable decrease in tensile strength is also observed, in the case of curve 2, with a peak of
around 27 Mpa. At the same time, the deformation at break is slightly higher, reaching about 0.45%.
The rigidity of the material is noticeably lower. This profile may indicate a composite with a weak
interface between the polymer and metal phases, where particles do not contribute effectively to charge
transfer and, on the contrary, can act as crack initiators, reducing overall mechanical performance.
Uneven dispersion or poor interface adhesion could explain these results.
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Curve 3 stands out for an intermediate resistance, around 36 Mpa, but what differentiates it is
the significantly higher deformation at break, of about 0.6%. Stiffness lies between the first two cases,
suggesting a balance between flexibility and strength. This behavior can be associated with a composite
formulation in which the metal powder is sufficiently well dispersed to contribute to energy absorption
without drastically compromising the structural integrity of the material.

In order to evaluate the mechanical compressive behavior of the 3D printed composite, tests were
carried out, both on the composite made of PLA reinforced with 10% powders and short strips of dealloy
amorphous metal alloy, and on a sample of pure PLA, both being manufactured under the same
conditions (density 70%, temperature 210°C).

20 +
©
o
EI 15_
(0]
0
c
[p]
d
E 10—
Q
c
=)
] R
c 5 e
@
[ /

0 - /

T T T T T T T T T
0 5 10 15 20

Deformatie [%]

Figure 24. Stress-strain curve for 3D printed composite material

The compression curve of the composite made of PLA and 10% reinforcing (fig. 5.44) begins with a
rapid increase in tension, which indicates an initial material-specific stiffness. In the first percentages of
deformation, a concave area appears, typical of 3D printed materials by FDM, explained by the
compaction of the internal voids resulting from the porous structure. As the deformation progresses,
around 5-15% a plateau region appears, in which the tension remains almost constant. This behavior
signals the controlled collapse of the walls of the internal cells and the absorption of energy through
successive deformations of the microstructure.
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Figure 25. Stress-strain curve of PLA polymer material

The compression curve of the samples made of pure PLA (fig. 5.45) shows a behavior similar to
that observed in the reinforced composite, but with some notable differences. Initially, the tension
increases rapidly with the application of the load, reaching a peak of about 8.5 Mpa in the first 2% of
strain. This increase is associated with the rigidity of the intact structure and the initial closure of
microvoids. After this point, the curve enters a plateau region that extends to around 15% deformation.
In this area, the voltage stabilizes at values of about 6.5-7 Mpa, indicating the progressive and
controlled collapse of the porous internal structure.

Corrosion test
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Figure 26. Electrochemical behavior analysis
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The amorphous alloy strip CuzsNieSnsPioGas exhibits significantly improved corrosion resistance
compared to the master alloy according to electrochemical tests performed in 3.5% NaCl solution at
room temperature. The bias curves highlight a lower corrosion current density and a more stable passive
zone for the amorphous strip, indicating the formation of a thin and compact protective film. The
amorphous, homogeneous structure without grain boundaries reduces the initiation and propagation of
localized corrosion. Also, the alloying elements (Ni, Ga, P) help to improve passivation, making this alloy
an attractive option for applications in aggressive salt environments.

Chapter 6 Applications

Applications of Amorphous Metal Ribbons

Amorphous metal strips with the composition CuzsNizSnsP13 obtained in the form of continuous
strips with a thickness of 25 pym, have proven to be highly effective brazing alloys for making high-
quality capillary joints. The amorphous structure, devoid of crystalline grains and intermetallic phases,
contributed essentially to the excellent behavior in the brazing process, regardless of the type of base
material used (copper, stainless steel or combinations of these).
The behavior in the resistance brazing process highlighted the ability of the amorphous alloy to melt
quickly, without significantly thermally affecting the base material. This behavior is visible in the case
of copper platbands, where a continuous single-phase structure was obtained, without porosities or
inclusions, at currents of 300-400 A and brazing times of 20-25 s. Also, the results obtained from the
shear tests confirm the formation of mechanically robust joints, in which the breakage occurred in the
copper, and not in the joint area.

Applications of Fully Dealloyed Metallic Ribbons as Breath Sensors

Respiration sensors are often used to detect specific gases in human or animal respiration (e.g.
CO2, water vapor, volatile organic compounds - VOCs, or even ammonia in certain pathological
conditions). Dealloyed amorphous alloys, having nanoporous structures with a large specific surface
area, would be ideal for sensing due to the large number of active sites.
One of the promising applications of de-alloyed metal strips is their use in breathing sensors,
demonstrated by testing them with a sensor based on gold interdigitated electrodes for respiration
monitoring. Strips de-alloyed in H2so4 solution were tested @t different concentrations: 0.5M, 1M and 2M.
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Figure 27. intensity-time variation for the amorphous metal bands of Cu7sNieSnsP10Ga4 dealloyed in 1M Hasoa
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In the case of the 1M H, »s04 dealloyed band, the initial responses are very pronounced, some exceeding
0.018A, suggesting a particularly strong sensor response. However, a rapid and sharp decrease in the
intensity of the peaks is observed, which indicates an accelerated desensitization. The base level is
higher than in the other cases, but it has a decreasing trend during the measurement.

Applications of de-alloyed metal ribbons as supercapacitors

Amorphous alloys based on Cu-Ni-Sn-P-(Ga) are well known for their outstanding properties,
which include good wetting of base materials, increased oxidation resistance, and dimensional stability
during the heating process. These characteristics recommend them for industrial uses in brazing
processes, especially for joining sensitive or porous metal materials, such as heat exchangers or catalytic
converters. By their amorphous nature, these alloys allow the formation of uniform, thin bonding layers
without the formation of unwanted intermetallic phases or brittle microstructures.

Interestingly, the chemical composition of Cu-Ni-Sn-P has recently demonstrated its versatility by
extending its applicability to emerging areas such as electrochemical energy storage. The dealation
process applied on the amorphous Cu-Ni-Sn-P-(Ga) bands led to the formation of high porosity
structures (nanoporous copper — NPC) and to the development of an amorphous secondary phase based
on tin pyrophosphate (Sn2P207), with pseudocapacitive properties. This hybrid architecture, made up
of porous copper, copper oxide and Sn2P207, offers an advantageous combination of electrical
conductivity, chemical stability and ion intercalation capacity, essential characteristics for materials
active in supercapacitors.

Locally dealloyed rods and disc applications

Rods and discs made of Cu-Ni-Sn-P-(Ga) alloy, subjected to a local surface coating process, can
be successfully used in advanced tribological applications, due to the microstructural and chemical
changes that occur in the surface layer. Local loosening leads to the formation of a porous surface, with
a rough topography and a varied chemical composition, capable of reducing friction and increasing wear
resistance under conditions of intense mechanical stress.

This porous structure can act as a reservoir for solid or liquid lubricants, facilitating their uniform
distribution during mechanical contact. Also, the elements present in the alloy, such as Sn and P,
contribute to the formation of hard and wear-resistant phases, and Cu ensures good thermal
conductivity, helping to efficiently dissipate the heat generated during friction. As a result, these
materials can operate without external Iubrication in demanding environments, such as those
encountered in aerospace, automotive, or precision mechanical applications.

Composite Applications

The wear curves shown highlight a clear difference between the behavior of the plain PLA
material and that of the powder-reinforced PLA composite and short strips of CuzsNieSnsP10Gaa4
amorphous metal alloy de-alloy. The black curve, related to simple PLA, indicates a marked wear over
time, with a pronounced evolution in steps and oscillations, a sign that the material suffers rapid
degradation and may be sensitive to load variations or unstable friction conditions. In contrast, the
orange curve, associated with the reinforced material, shows a slower and smoother increase in wear,
with reduced fluctuations, suggesting a more stable behavior in working mode. The difference in
performance between the two materials confirms that the introduction of amorphous alloy particles and
short fibers contributes significantly to improved durability and reduced wear, making the composite
material a more suitable choice for demanding applications.
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Figure 28. Wear curves for thermoformed samples: black — PLA; orange — composite material

Chapter 7 Conclusions and own contributions

The experimental research carried out for this purpose led to the following conclusions:

1. Master alloy primary alloys of the Cuzsnissnspia-xcax family were developed by casting in the form of
bars with a diameter of 10 mm, with x=0,2,4 both on the induction melting plant and on the electric arc
vacuum remelting plant. The primary alloys have a crystalline structure evidenced by X-ray diffraction.
EDAX investigations certify the presence of the component chemical elements and the proposed
concentrations.

2. Non-ferrous amorphous alloys of the Cu7snissnsp14-xGax family were obtained, With improved characteristics as
a result of the alloy with Ga, in the form of strips, rods and discs, obtained by melt-spinning technique,
respectively mold casting. By adding an additional 4% Ga, the amorphization capacity has been
increased, making it possible to produce fruits with diameters up to 2 mm and discs with a thickness of
1 mm.

For all 3 types of amorphous alloys developed in the form of strips, an amorphous structure was
highlighted by X-ray diffraction analysis. In the case of obtaining massive amorphous alloys, X-ray
diffraction analysis showed different structures.

3. Nanoprobe materials were created by a process of dealing the amorphous metal strips
CuzsNieSnsP10Gaas in oxidizing acid solutions for selective nickel removal. Similarly, fruits and discs of
the same alloy were also subjected to the same process at a higher temperature and longer durations.
EDX analyses supplemented with SEM analyses confirm the removal of Ni from the composition and the
achievement of a porous structure with pore diameters close to 100 nm. The investigations also showed
that the dealled bands exhibit a lower amount of amorphous phase and a higher degree of crystallinity.

4. Local nanoporous structures were obtained on massive amorphous alloys Microscopic analyses
performed on the cross-sections of the fruits and discs show a porous area on the surface of the samples
with thicknesses between 165 and 237 pm

5. Composites with polymer matrix and amophic particles and short strips have been made from the
amorphous alloy Cursnissnspiocas- The use of the compocasting method ensures a uniform distribution of
the reinforcement in the matrix.

6. Following the extrusion process, a filament with a slightly variable diameter of 1.3 - 1.5 mm was
obtained, which makes it suitable for further use in the additive manufacturing process by the FDM
method.
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7. Composite products have been made by additive manufacturing by the filament deposition method
(FDM), using the filament obtained by the extrusion process. Through _the thermoforming process,
specimens were made in the form of composite discs made by the composite-casting method.

8. The mechanical tests carried out revealed:

Through the hardness test, it was highlighted that the amorphous state induces a slight increase
in resistance properties.

Nanoindentation tests on amorphous metal strips reveal values of indentation hardness of over
4000 MPa, and those of Vickers hardness around 500. Variations in hardness and mode of elasticity are
attributed to inherent nanoscale heterogeneity in amorphous materials. In the case of dealloyed strips,
a significant reduction in hardness and elasticity mode is observed, as a result of structural changes
(partially crystallized) and high porosity, which may affect the use of nanoporous alloys in certain
applications. The mechanical properties determined by nanoindentation in the case of the polymer
matrix reveal the low hardness values and the modulus of elasticity, which is not usable for structural
applications. In the case of reinforcement of the PLA polymer matrix with particles and short strips of
the amorphous alloy, there is a spectacular improvement in hardness and modulus of elasticity and a
complex behavior (combinations of elastic and plastic deformations during the test) of the composite
under mechanical stress.

The tensile tests performed on the composite material denote the specificity of the stress
behavior of this material and the complexity of the interaction between the powder and the PLA matrix.
The mechanical behavior differs depending on the concentration and distribution of the reinforcing
material. At slightly lower concentrations, the composite has a high rigidity, and in the case of a very
good dispersion of metal powders, it can lead to increased ductility and improved toughness.

Compression tests revealed the low strength of the composite compared to the polymer matrix
due to its superior homogeneity.

9. Use of amorphous metal strips with the composition CuzsNi6SnsPi14 obtained in the form of
continuous strips with a thickness of 25 um, as brazing alloys. The amorphous structure, devoid of
crystalline grains and intermetallic phases, has made an essential contribution to the realization of high-
quality capillary joints regardless of the type of base material used.

10. Realization of breathing sensors, based on de-allied metal bands demonstrated by testing them with
a sensor based on gold interdigitated electrodes for respiration monitoring. The tilling process
contributes significantly to increasing the sensitivity of the sensor, and the optimal concentration for
maximum performance is 1M H2S0a.

11. Use of amorphous Cu-Ni-Sn-P-(Ga) dealloyed bands as active materials for supercapacitors. The
applied dealation process led to the formation of structures with high porosity and to the development
of an amorphous secondary phase based on tin pyrophosphate (Sn2P207), with pseudocapacitive
properties. This hybrid architecture, made up of porous copper, copper oxide and Sn2P207, offers an
advantageous combination of electrical conductivity, chemical stability and ion intercalation capacity,
essential characteristics for materials active in supercapacitors.

12. Making the composite by incorporating amorphous alloy particles and short fibers contributes
significantly to improved durability and reduced wear, making the composite material a more suitable
choice for demanding applications. The wear curves highlight a clear difference between the behavior
of the plain PLA material and that of the powder-reinforced PLA composite and short strips of
Cu7zsNisSnsP10Gas amorphous metal alloy strips. The curve of the simple PLA indicates a marked wear
over time, with a gradual evolution and pronounced oscillations, a sign that the material suffers rapid
degradation and may be sensitive to load variations or unstable friction conditions. On the other hand,
the curve associated with the composite material shows a slower and smoother increase in wear, with
reduced fluctuations, which suggests a more stable behavior in working mode

Through the studies and researches carried out within this thesis, the following original
contributions have been made:
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e obtaining amorphous non-ferrous metal alloys based on Cu-Ni-Sn-P-Ga in the form of fruits,
discs, strips, particles with improved characteristics as a result of alloy with Ga;

e carrying out detailed mechanical, chemical and structural investigations on the alloys and
products obtained (XRD, DSC, SEM, micro-Vickers analyses, nanoindentation, corrosion tests
and tensile and compression tests) that have certified properties that make them usable in
different fields;

e the development of technological processes specific to hybrid additive manufacturing by
including in the manufacturing cycle of the products obtained, the methods of compo-casting,
extrusion, additive manufacturing, thermoforming;

e determination by calculation of the parameters of the manufacturing process of composites with
polymer matrix and nanoporous reinforcer;

e realization of "breathing" sensors by unalloying elaborate amorphous alloys;

e manufacture of polymer matrix composites made of particle-reinforced PLA and short strips used
in the manufacture of parts with mechanical strength and wear by processes specific to hybrid
additive manufacturing.

As a result of the experiments carried out and the results obtained, new research directions in
this field have emerged:

1. Development of new chemical compositions with high amorphization capacity in order to diversify the
production of massive amorphous alloys (third generation of amorphous alloys).

2.Improving the characteristics of particle- and short-strip reinforced polymer composites to broaden
the field of application by developing new manufacturing technologies and equipment.
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