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Abstract:

CoCrFeNiAlx (x = 0, and 1 mol, named as AlO, and All.0, respectively) high-entropy
alloys were mechanically alloyed for 24 h. X-ray diffraction, scanning electron
microscopy, and vibrating sample magnetometry investigated crystal structure,
microstructure, and magnetic properties. During the milling process, a dual FCC + BCC
solid solution with a crystallite size of 15-34 nm was formed. The saturation
magnetization (Ms), coercivity (Hc), and squareness ratio (Mr/Ms) have been estimated
from hysteresis loops. The Ms values diminished as a result of promoting the formation

of the FCC solid solution by the Al addition.

Keywords: High-entropy alloys; Powders; XRD; SEM; VSM
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General introduction

For several decades, the development and improvement of nanomaterial synthesis methods
have gained much attention among researchers and engineers. Indeed, getting materials of

nanometric scale with controlled size and shapes is crucial for several applications in different

fields.

Nowadays, nanomaterials are on the way to forming the heart of the next industrial
generation since the discovery and development of the atomic force microscope (AFM). This
microscope explores matter down to the dimensions of the atom. A high-resolution scanning
analysis microscope allows imaging, measuring, and manipulating surfaces at the nanometer
scale. This finding has made the universe of nano-materials and their reality more palpable. At
this scale, the behavior of matter gives rise to new fundamental mechanical, structural, optical,
electronic, and magnetic properties that differ significantly from those observed in bulk
materials [1]. These unique properties emerge due to quantum confinement effects, high
surface-to-volume ratio, and dominance of negligible interatomic interactions at larger scales.
This occurrence opens up vast possibilities for advancements in nanotechnology, paving the
way for innovations in medicine, renewable energy, advanced electronics, and materials

engineering.

Scientific research has exceeded the conventional alloys based on two or three components
to explore the multicomponent alloy systems, such as high entropy alloys (HEAs), which have
gained significant attention since their discovery in 2004 by Cantor et al. [2]. The HEAs are
named for the high configurational entropy [3] resulting from the randomness of elements in

their solid solution form.

Compared to conventional alloys, HEAs contain multiple principal elements (typically five
or more) in various proportions, with each principal element carrying a concentration of 5-35
atomic percentages [4], leading to unique properties; in contrast, conventional alloys rely on a
dominant-based metal with minor alloying additions. This high configurational entropy
stabilizes solid-phase solutions rather than intermetallic compounds. HEAs can possess solid-
solution phases with face-centered cubic (fcc), body-centered cubic (bee), or hexagonal close-
packed (hcp) [5]. One can also add some minor elements with concentrations less than five

atomic percentages to enhance the properties of HEAs.

High entropy systems containing Co, Cr, Cu, Fe, Mn, Ni, and Al have been widely studied

with varied preparation and processing methods such as arc melting, induction melting,
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mechanical alloying, plasma sintering, etc. [6-8]. The wide range and critical nature of their

structural, physical, and mechanical properties make them a focal point of ongoing research.

This work aims to elaborate CoCrFeNi and CoCrFeNiAl high entropy alloys by the
mechanical alloying technique. Scanning electron microscopy (SEM), X-ray diffraction
(XRD), and vibrating sample magnetometer (VSM) have been employed to follow the
morphology, microstructure, structure, and magnetic properties of samples to discuss the effect

of the Al addition on different properties.

The manuscript contains a general introduction, three chapters, and a general conclusion.
The first chapter deals with a bibliographic review of high entropy alloys, their different
properties, and application domains. The second chapter is dedicated to the sample preparation
and characterization techniques. The third chapter presents and discusses the structural,
microstructural, and magnetic properties of the ball-milled CoCrFeNi and CoCrFeNiAl alloys.

Finally, the general conclusion summarizes the main results obtained.
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Chapter I: Bibliography

This chapter deals with a bibliographic review of nanomaterials specifically high entropy

alloys, their different properties, and application domains.
I.1. Nanomaterials

The prefix Nano comes from the Greek "Nanos" which means "very small". In 1955, it was
chosen as a subunit of the meter (1 nm = 10 m). On the 29th December 1959, in his speech
given to the American Physical Society, Richard Feynman opens the way to a then unexplored
field of research "the infinitely small". He considered an aspect of physics based on the tiny

size of the atoms, where it is feasible to write large amounts of information.

Nanomaterials are defined by the fact that they consist of an assembly of nanometric
particles with a size down to 100 nm. They possess a higher concentration of free atoms located
at the boundaries of their grains, which leads to improved characteristics or different properties
from those of conventional micrometric materials. These changes concern the mechanical,

physical (optical, magnetic, and electrical), and chemical properties.
I.2. Classification of Nanomaterials

One can classify nanomaterials depending on their size, place of origin, structural

configuration, pore size, and potential toxicity as depicted in Figure I.1.

I.2.1. Classification based on the structural configuration/composition

According to their structural makeup, one categorizes the nanoparticles into four groups:

organic/dendrites, inorganic, carbon-based, and composite.

1.2.2. Classification based on dimensions

Based on their dimensions, nanomaterials can be zero-dimensional (0D), one-dimensional

(1D), two-dimensional (2D), and three-dimensional (3D) materials.

1.2.3. Classification based on pore dimensions

Nanomaterials are classified into three groups based on the length of their diameter
dimensions: micro-porous (pore size < 2 nm), mesoporous (pore size 2—50 nm), and macro-
porous (pore size > 50 nm). The size of the pores determines the size of molecules and affects

diffusion and interaction properties.
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Figure L 1: General classification of nanomaterials.
1.2.4. Classification based on origin

Nanomaterials can be divided based on origin into natural nanoparticles, such as volcanic
ash, protein molecules, mineral springs, and artificial nanoparticles like carbon nanotubes and

semiconductors.

I.2.5. Classification based on potential toxicity

Nanomaterials are classified into three groups based on their toxicity degree (high,
moderate, and low toxicity). For instance, highly toxic nanomaterials refer to fibre-like
nanoparticles, persistent granular nanoparticles, and CMAR nanoparticles (carcinogenic,
mutagenic, asthma-genic, reproductive toxin) [1]. Some metal oxide nanoparticles (e.g., TiO2,

ZnO) are toxic under UV exposure or high doses; they have a moderate toxicity. The
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biocompatible nanomaterials exhibit minimal or no harmful effects on biological systems and

the environment; they are low-toxic.

1.3. Properties of Nanomaterials

The properties of nanometer-scale materials differ significantly from those of bulk
materials due to the crystallography, composition, surface area, and nanoscale size effects,

which can be seen in several properties.

1.3.1. Physical properties

The melting temperature of a bulk material is independent of its size. However, the melting
point of nanomaterials decreases as the particle size decreases due to the unbounded surface
atoms. When subdividing a bulk material into nano-scale materials, its total volume remains
unchanged. However, its collective surface area increases. Compared to bulk materials, the
increased surface-to-volume ratio at the nano-scale can enhance the catalytic efficiency and
surface-dependent properties. The surface molecules of orators have a high surface energy and
a proclivity to agglomerate, affecting the structural, microstructural, and morphological

properties.
1.3.2. Magnetic properties

The magnetic behavior of elements can change according to the size of magnetic
nanoparticles, leading to soft or hard magnets with improved properties such as coercivity. Non-
magnetic bulk materials can become magnetic at the nano-scale. For example, gold and

platinum are non-magnetic in bulk but magnetic on the nano-scale.
1.3.3 Optical properties

Localized surface Plasmon resonance (LSPR) is an optical property of nanoparticles. Some
studies have shown that by decreasing the size of Au nanoparticles, the emission light position
changes from the near-infrared (NIR) region to the ultraviolet (UV) region. Due to their small

size, nanoparticles can lose their LSPR and become photo-luminescent [2].

Furthermore, matter can change color at the nano-scale; for example, gold nano-spheres
can turn yellow at 100 nm, greenish-yellow at 50 nm, and red at 25 nm, while silver can also

turn orange at 200 nm, light blue at 90 nm, and blue at 40 nm spherical thin film length [3].
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1.3.4. Electrical properties

Nanomaterials can increase conductivity in ceramics but increase electric resistance in
metals. Electron conduction is delocalized in bulk materials, which means electrons can move
freely in all directions. When the scale is reduced to the nano-scale and due to electron
confinement, the energy bands are replaced by discrete energy states, causing conducting
materials to behave as semiconductors or insulators. This result indicates that the metal is

becoming a semiconductor.

1.3.5. Chemical properties

The stability and sensitivity of the nanoparticles to elements such as moisture, environment,
heat, and light significantly influence their performance and potential applications. The
flammability, corrosiveness, anti-corrosiveness, oxidative potential, and reduction potential of
nanoparticles all play a role in determining their applications [4]. Nanomaterials exhibit
significantly improved or novel catalytic properties, such as enhanced reactivity and selectivity,

compared to their bulk counterparts [5].
1.3.6. Mechanical properties

The mechanical properties of materials, such as elasticity, ductility, tensile strength, and
flexibility, play crucial roles in their application. Influence on mechanical properties in
nanomaterials, such as increased hardness, yield strength, elastic modulus, and toughness
compared to bulk materials. The strength and hardness of nanostructured materials increase

with decreasing grain size and grain boundary deformation [6].

1.4. HEAS’ Properties based on prior research

Because components are usually more localized in HEAs than traditional alloys, regardless
of the same alloy family, changing just one element can considerably affect the microstructure

and electrical, magnetic, mechanical, and thermal properties.

1.4.1. Electrical properties

For the same composition, the fcc-phase has a larger electrical resistivity than the bec-
phase. For instance, the electrical resistance of AlxCoCrFeNi alloys (0 x 2) rises with a linear
trend with temperature. A non-monotonic electrical resistivity dependence could result from

the microstructures switching from “fcc” to “bec” as the Al content rises [7].
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1.4.2. Magnetic properties

Investigations on the magnetic characteristics of HEAs have mainly concentrated on alloys
made of Cr, Co, Al, Cu, Ni, Ti, and Fe. Higher magnetization often results in more magnetic
elements. However, adding components to alloys can have a considerable influence. For
example, the magnetization is decreased when Cr is added. Similarly, to conventional magnetic
materials, higher coercivities are associated with finer microstructures. Miracle et al. [8]
reported that as-processed materials often exhibit distinct microstructures and magnetic

characteristics compared to annealed ones.

1.4.3. Thermal properties

Thermal conductivity is frequently determined by measuring a material’s density, specific
heat, and thermal diffusion coefficient. The region with the lowest thermal conductivity is the
fcc + bee duplex. However, low Al concentration single-phase fcc alloys have a thermal
conductivity almost half that of high Al content (single-phase bcc alloys). Specifically, the
increased Al concentration in single-phase zones implies lower thermal conductivity, which is
mainly caused by lattice distortions and the improved phonon mean free path brought on by

lattice thermal expansion at elevated temperatures [9].

1.4.4. Mechanical properties

One can highlight that the composition and microstructure significantly influence the
mechanical characteristics. Defects are crucial for alloys’ microstructure and considerably affect
the mechanical properties. Meanwhile, the composition determines the elastic characteristics and
atomic interactions that manage the dislocation behaviors [10]. Besides, it is essential to recap
that the alloy’s hardness depends on its constituent parts and their interaction. Yeh et al. reported
that HEA has variable compressive behavior depending on temperature and strain rate. Figure

1.2 depicts that most HEAs have more hardened surfaces than standard alloys [11].
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Figure 1.2: Maximum and minimum hardness of the most studied HEA systems [11].

L.5. Functional properties of HEAs

For instance, HEAs show great interest in their mechanical and microstructural

characteristics. Meanwhile, focusing on their functional abilities, HEAs display mingled

properties of soft-magnet, radiation resistance, thermoelectric, and catalytic qualities. These

functional characteristics depend on their unique multi-principal element solid solution

structure and are crucial for numerous applications such as electromagnetic interference

shielding, nuclear magnetic resonance, and solar plates. Table I.1 summarizes some prospective

applications of HEAs in different fields [12].
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Table I.1: HEA and their Favourable Features

HEA

Favorable Features

Solar absorber coating

Excellent absorption capacity, robust corrosion resistance,
high-temperature mechanical properties, and exceptional

strength and hardness.

Diffusion barrier films

Exceptional thermal stability and diffusion resistance.

Aviation and turbine manufacturing (engine
components, steam turbine blades, boiler
pipes, heat exchanger tubes, aero engine

components)

High efficiency, high solubility, hardness, great thermal

stability, = high-pressure,  high-temperature = materials,

superconductivity and low density, outstanding cold

formability and high strength-to-weight ratio.

Components of a nuclear reactor

Ion irradiation resistance, creep resistance, less radioactive

waste, and higher temperature strength.

Marine ship vessel

Low specific energy requirements, improved workability, and

the design of HEAs with high melting points.

Coating in the automobile sector

Higher bond strength, no phase shift, excluded aggregation,

and a lower wear rate.

Tools and high-temperature applications

Larger ingots, higher purity, less energy use, and greater

microstructural control.

Coatings

High-temperature oxidation, hot corrosion resistance, and

thermal stability.

The automotive and tiny electronics sector

Better surface finish, quick and effective.

Welding

Better mechanical strength, low porosity.

Aerospace

High stress and high-temperature resistance.

Biomedical materials (biological

equipment, bio-ceramic materials)

Excellent wear qualities, chemical stability, high hardness,

strong biocompatibility, and high stiffness.

10
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Chapter I1: Experimental Methods

This chapter outlines the methodology for developing the studied system and presents the
various characterization techniques employed. The analysis of the obtained diffractograms is

carried out using the MAUD refinement program.
I1.1. Synthesis via High-Energy Milling

High-energy milling, also known as mechanosynthesis, is a technique that enables the
synthesis of nanostructured materials at room temperature. It is often hard to produce such
materials using traditional methods like melting or physical vapor deposition (PVD). Initially
developed in the late 1960s for the fabrication of oxide-dispersed nickel-based alloys (Al2Os,
Y-0s) used in gas turbines, this process has since gained widespread attention. It enables the
creation of various non-equilibrium materials, including amorphous alloys, supersaturated solid
solutions from immiscible or partially miscible elements, quasicrystals, and disordered metallic

alloys [1-3].

Despite its relatively low energy efficiency, the mechanosynthesis method offers a pathway
for scaling up from laboratory to industrial production. Depending on the type of milling
equipment used, powder mixtures ranging from just a few grams (10 g) to large-scale batches

of up to one ton can be processed.
I1.1.1. Fundamentals of Mechanical Milling

High-energy milling involves the vigorous agitation of powder, consisting either of pure
elements or of pre-alloyed materials, together with milling balls inside a hermetically sealed
stainless-steel container (jar), as depicted in Figure II.1. The repeated collisions between the
balls and the powder particles induce a series of plastic deformations, fracturing, and cold-
welding events. This process leads to the progressive refinement of the powder grains,

ultimately resulting in the formation of a fine and homogeneous mixture [1, 3, 4].
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Figure IL.1: Gridding jars [5].

During each collision, a portion of the powder (around 1000 particles) is trapped between
balls, absorbing elastic energy. The impact force deforms the particles, causing them to fracture
(Figure I1.2). The newly generated surfaces subsequently undergo re-welding [6]. The interplay
between these two processes, fracture and welding, determines whether the particles grow or

decrease in size, depending on the ductility or brittleness of the agglomerated powders.

Figure I1.2: Milling Mechanism [4].

During the milling process, the powder experiences intense plastic deformation, resulting
in a higher defect density within the crystal lattice and an increase in temperature. The kinetic
energy transfer drives this temperature rise between the milling balls and the powder particles,

facilitating the formation of solid solution regions.
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I1.1.2. Milling Parameters
I1.1.2.1. Nature of the starting materials

The structural characteristics, particle size, miscibility of the elements, and initial
composition of the powder mixture play a crucial role in determining the size, shape, and
morphology of the final product. Depending on the nature of the starting materials. One can

identify three types of powder mixtures:

¢ Ductile-Ductile Systems: In the initial milling phase, powder particles undergo
flattening due to micro forging. These flattened particles weld together, forming a
layered (lamellar) structure. As milling time progresses, diffusion distances shorten, and
defect density increases, enhancing the homogenization process.

e Ductile-Brittle Systems: The ductile particles flatten, while the brittle particles
fragment and become embedded within the ductile matrix. With extended milling, a
lamellar structure develops, where brittle fragments distribute uniformly if they are
insoluble. If solubility exists between the components, they intermix, achieving
chemical homogeneity.

e Fragile-Fragile Systems: in fragile—fragile systems, brittle particles continuously
fragment, leading to a progressive reduction in particle size over time until reaching a
critical size. Therefore, the most fragile ones will be smashed and become embedded

within the remaining particles [6, 7].
I1.1.2.2. Milling Energy (Kinetics)

The milling energy is directly related to the movement speed of the milling jars, whether
through rotation or vibration. For example, a higher milling speed accelerates the formation of

the final product.
I1.1.2.3. Internal Atmosphere of the Jars

To prevent contamination, inert gases such as argon (Ar) or helium (He) are typically used.
However, when producing oxides, nitrides, or hydrides, reactive gases such as air, nitrogen

(N2), or hydrogen (Hz) can be employed.
I1.1.2.4. Milling Duration

Milling duration defines the time required to obtain the final product. It depends on several

factors, including the type of milling machine, the interaction between the milling balls and the
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powder (elastic collisions or friction), the nature of the powder, and temperature control during
milling. Continuous milling may lead to a different product compared to milling with

intermittent pauses [8].
11.1.2.5. Ball-to-Powder Mass Ratio

The mass ratio between the milling balls and the powder significantly affects phase
formation in the milled material. This ratio can range from 1/1 to 220/1. Increasing the ball-to-
powder ratio reduces the time needed to achieve the final product [9]. Using a higher ratio
implies more frequent collisions per unit of time with greater energy transfer to the powder,

accelerating then the alloy formation [10].
I1.1.2.6. Powder Contamination

Powder contamination is influenced by both milling time and intensity, as well as the
mechanical properties of the milled material. Contamination from milling tools can be
minimized by using jars and milling balls made of materials similar to the powder being

processed.
I1.1.2.7. Types of Milling Machines

Milling machines vary in terms of operating principles, energy input, and capacity.
Common types include planetary mills, attractors, and vibratory mills, each offering different

advantages depending on the application.

e Planetary Mill: In this type of mill, a set of milling balls (typically 1 to 2 cm in
diameter) is placed inside a chamber along with the powder. The chamber itself is
mounted on a rotating disk that spins in the opposite direction (Figure II.3). Common
planetary mills include the Fritsch Pulverized PO, P5, and P7, with capacities ranging
from 10 to 250 cm?®.
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Figure I1.3: Planetary Mill.

Vibratory Mill: Here, the milling balls and powder are agitated in three perpendicular
directions simultaneously. The SPEX 8000 vibratory mill is the most widely used
model. While it provides higher energy input than planetary mills, its capacity remains

relatively low.

Attritor Mill: In this system, over 1000 milling balls (0.2 to 1 cm in diameter) are
contained within a vertical chamber, agitated by rotating elements fixed to a central
shaft. Attritor mills have a significantly larger capacity, ranging from 0.5 to 100 kg
(Figure 11.4). Table II.1 provides a comparative summary of the properties of these

different milling machines.

Figure I1.4: Attritor Mill.
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Table I1.1: Comparison of different mills [11]

Attritor Planetary Vibratory
Number of balls <1000 5-12 4-12
Ball diameter (mm) 2-10 10-20 10
Ball movement Rolling Rolling + Impact Impact
Ball speed (m/s) 0-0.8 2.5-4 -
Kinetic energy (10%J/ball) <1 1-40 <12
Impact frequency (Hz) > 1000 100 200
Power (W/g.ball) <0.001 0.01-0.8 <0.24
Average temperature (°C) 150 50-120 60

I1.1.2.8. Milling Temperature

In high-energy milling, two types of temperatures are considered: local and macroscopic
temperatures. The local temperature refers to the temperature of powder particles undergoing
intense shear forces, and the macroscopic one represents the average temperature of the milling
tools (jar and balls). The temperature rise during milling can be beneficial in certain cases, as it
enhances diffusion, promoting homogenization and alloy formation. However, excessive
temperature increases can have adverse effects, such as triggering phase transformations,
decomposing supersaturated solid solutions or metastable phases formed during milling, or

even crystallizing an amorphous phase.

I1.2. Characterization Techniques

I1.2.1. X-Ray Diffraction (XRD)

X-ray diffraction (XRD) is a powerful technique for analysing the crystal structure of
materials. It provides information about crystallite size, macro strain levels, atomic positions,

and phase identification. The identification of crystalline phases is based on measuring the
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intensity and position of diffraction peaks. The determination of atomic positions allows for the

calculation of interlunar distances (dnq) using Bragg’s law (Figure IL.5):
2dpki Sinf = ni (IL1)

Where 6 is the angle of the incident X-rays, n is the order of reflection, and A is the wavelength

of the incident X-rays.

Figure I1.5: Reflection of X-rays by a family of lattice planes spaced at a distance d.

The X-ray diffractograms were recorded using the PANalytical Empyrean diffractometer
in Bragg-Brentano geometry (6 —26) over the angular range of 20—-80° with a step size of 0.01°.
The radiation used was Cu with a wavelength of Acu(Ka) = 1.54056 A. The diffractograms were
refined using the Rietveld method with the MAUD (Materials Analysis Using Diffraction)

software [12, 13], which is based on the Rietveld refinement technique.

The Rietveld method is a structural refinement technique that involves simulating a
diffractogram based on a structural model and adjusting the parameters until the simulated and

measured diffract grams overlap, by minimizing the least squares of the following equation:

M =3 wi(yi —¥)? (IL.2)

where yi and yci are, respectively, the values of the intensities measured and calculated in step

i and wi = 1/y: is the weight associated with the intensity y.
yi=yir + hs Yn Ln|Fa? G (20: — 26,) AnPy (IL.3)

with yisr: Intensity of the continuous background; 4: Multiplicity of reflection; s: The scale
factor; L;: Factor of Lorentz and polarization; Fj: Factor structure; G: Function profile of the

reflection 4; 26. is the angle of diffraction; 26;: the angle of diffraction for the reflection #;
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Ap: Function of asymmetry; and Px: Function describing the preferential orientation of the

crystallites.

The quality of the refinement is given by several factors including the parameter y? or

goodness of fit, which must tend towards 1:

2 _ Rwp
X _Ep (I1.4)

Hence, the weighted (Rwp) and experimental (Rexp) profile factors are defined by:

_ [Eyi—yed® /2
Rup = [F5o24] (IL5)
N-p 11/2 (I1.6)
Rexp = EWiJIiZ]

where i is the intensity measured at the i™ step and yc: the intensity calculated at the i
step of the diagram w; = 1/yi; N the number of points of the experimental diffraction

diagram; and P the number of refined parameters.

The average size of the crystallite size (L) 1is inversely proportional to the total

enlargement of the Bragg peak and is given by Scherer’s formula:

Ly = —2
( ) L. cos6 (H7)

Figure I1.6: PANalytical Empyrean diffractometer (LM2S Laboratory, UBMA Annaba).
19



Chapter I1: Experimental Methods

I1.2.2. Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) is based on the principle of electron-matter
interaction, allowing the production of high-resolution images of a conductive sample surface.
Electrons emitted from a heated filament due to thermoelectric effects are accelerated by a
potential difference and then scanned across the observed surface in two directions. Multiple
detectors collect the emitted electrons, enabling the reconstruction of a three-dimensional image
of the surface. This results in an atomic number contrast image produced by backscattered

electrons and a topographic contrast image generated by secondary electrons.

The morphology of the powders was studied using a QUANTA 250 scanning electron
microscope, with an image resolution of 3584 x 3094 pixels (16 bits), magnification up to
20000 times, an analysis depth in the micrometer range, and a minimum analysable size in pm

(Higher National School of Mines and Metallurgy, Annaba).

ﬂﬂl' Wﬂ
I“‘ W‘*‘v“’“ﬂﬁfﬂf

Figure IL.7: SEM QUANTA 250 (ENSMM, Annaba).

I1.2.3. Vibrating Sample Magnetometer (VSM)

The magnetic hysteresis loop is obtained using a Vibrating Sample Magnetometer (VSM),
which allows the determination of saturation magnetization, remnant magnetization, and
coercive field. Its operating principle is based on the flux method, where the sample vibrates
vertically at a fixed frequency and a constant amplitude, generating a variation in magnetic flux

within the measurement coils. This flux variation is proportional to the sample's magnetization,
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inducing an electromotive force (EMF). By applying a constant magnetic field, the
magnetization of the material can be calculated as a function of the applied magnetic field,
which is generated by an electromagnet. For measurements, a 40 mg powder sample is packed
inside a transparent plastic diamagnetic capsule, which is suspended from a rod inside the VSM

chamber. The measurements were conducted at T = 300 K under a magnetic field of 2 T (20
kOe).

Figure I1.8: VSM Lakeshore type 7404 (LM2S Laboratory, UBMA Annaba).
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Chapter Il : Results & Discussion

This chapter is devoted to the presentation and discussion of the results obtained from
the mechanically alloyed CoCrFeNi and CoCrFeNiAl powders. The influence of the aluminium
content on the structure, microstructure, morphology, and magnetic properties is studied by X-

ray diffraction, scanning electrons microscope, and vibrating-sample magnetometer.

I11.1. Sample preparation by mechanical alloying

The elemental powders cobalt, chromium, iron, nickel, aluminium were weighed using
a highly sensitive electronic balance (METTLER TOLEDO) with a precision of 10 in order
to produce mixtures with a nominal composition of CoCrFeNi and CoCrFeNiAl (at.%), named
as AlO and Al1.0, respectively. The reactants, along with the milling balls, were placed in a 60
ml stainless steel jar under an inert atmosphere inside a glove box filled with purified argon.
The jar's lid, equipped with a sealing gasket, was screwed onto the cylindrical body of the jar.
The jar was then placed on the platform of a planetary ball mill, model Retsch PM400. Milling
was carried out at room temperature for 24 hours using 6 g of the powder mixture with six 12
mm diameter balls (corresponding to a ball-to-powder mass ratio of 12:1). A rotation speed of
400 rpm was selected to promote the "direct impact" mode. The milling was carried out in 30-
minute cycles followed by 15-minute pauses. The jars were opened after a cooling period of 15
to 30 minutes.

The various instruments used in the preparation of the powders are shown in Figure III.1.

Ball Mill Device Jar Analytical Balance Glove Box

Figure II1.1: Instruments employed in the powders’ elaboration.
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II1.2. Structural and microstructural properties

I11.2.1. X-ray diffraction analysis

During the milling process, the trapped powder particles between the balls and/or in the
ball-wall surface are subjected to severe deformation, fracture, welding, and rewelding
depending on the nature of the metallic powders. The total mixing of the elemental powders at
the atomic level is evidenced by the disappearance of their diffraction peaks, as shown by the
XRD patterns of the mechanically alloyed Al0 and All1.0 powders for 24 h in Figure I11.2.
Moreover, the broadening of the diffraction peaks and the decrease in their height are related to
the crystallite size reduction and the introduction of an important fraction of structural defects
during the milling process, such as vacancies, grain boundaries, dislocations, and so on.
Likewise, the peak asymmetry can be related to the structural heterogeneity through the
existence of more than a single solid solution. Furthermore, the effect of Al addition is revealed
by the shape and position of the main diffraction peak. Accordingly, the phase identification
was determined using the MAUD program [01], which is based on the Rietveld method [02].
The structural refinement was achieved with two phases: BCC type (lattice parameter ap=2.865
A, space group Im-3m), and FCC type (lattice parameter ap = 3.528 A, space group Fm-3m) as
depicted by Figure II1.3. For the HEAS, the formation of disordered solid solutions during the
milling process is allowed by the proximity of the atomic radii of the constituent components
Al Cr, Fe, Mn, Co, and Ni (rai > rcr > rco = InNi > Tre), their large negative enthalpies of mixing,

and their activation energies (Table 1).

Intensity'”? [Count'?]
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Figure II1.2: XRD patterns of the milled A0 and Al1.0 powders for 24 h.
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Figure I11.3: Rietveld refinement of the ball-milled Al0 and All.0 powders for 24 h.

The misfit in the mixing enthalpy of the constituent elements affects the configurational
entropy of a random solid solution. Moreover, the higher the magnitude of the mixing enthalpy
of binaries scales, the more probable the local chemical short-range order. Hence, to obtain a
random solid solution, it is important to minimize both the magnitude and fluctuation in the
mixing and formation enthalpy associated with a multicomponent alloy because the enthalpy
acts like “resistance” against the random solid solution formation. This disagrees with the

higher configurational entropy, which favors random solid solution over other phases.
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Table III.1: Characteristics of the starting Al, Cr, Fe, Co, and Ni elements: atomic radii (1),
Valence Electron Concentration (VEC), melting temperature (Tm), crystal structure, activation
energy (Q) [03], and enthalpies of mixing for binary pairs of the multicomponent alloy (AHmix)
[04].

Element Al Cr Fe Co Ni
r (nm) 0.143 0.128 0.124 0.125 0.125
VEC 3 6 8 9 10
Tm (K) 933 2180 1811 1768 1728
Crystal
FCC BCC BCC HCP FCC
structure
Q (kJ/mol) 2104 313 309 270 304
Al / -10 —11 -19 22
Cr -10 / -1 -4 =7/
AHmix
Fe —11 -1 / -1 =2
(kJ/mol)
Co -19 -4 -1 / 0
Mn 22 -7 —2 0 /

Crystal structures, lattice parameters, average crystallite sizes, microstrains, and weight
fractions are summarized in Table 2. The presence of BCC and FCC solid solutions in the Al0Q
and All1.0 samples is different from those obtained earlier [05-07], where it has been reported
that the crystal structure consists of a single FCC phase. Those discrepancies can be attributed
mainly to the preparation conditions. Indeed, a single-phase FCC solid solution was obtained
after 2040 h in the mechanically alloyed CrMnFeCoNi using a planetary ball mill (RETSCH
PM-400), a ball-to-powder ratio of 10:1, and a rotation speed of 400 rpm [08]. Moreover, it has
been reported that the FeCoCrNiMn HEA prepared by arc melting followed by homogenization
for 48 h at 1200 C exhibited a single FCC structure. Furthermore, the FCC structure was stable
by long-term annealing at 900 C but became thermodynamically unstable at intermediate
temperatures of 700 °C and 500 °C [09]. The phase’s stability in HEAs can be affected by
changes in composition. For example, the addition of Al to the CrMnFeCoN:i alloy promotes a
BCC structure over FCC one. In the composition range of 8 at% < Al < 16 at%, Al addition
leads to a change from FCC to a mixture of FCC and BCC, while a single BCC phase is obtained
for higher Al content [10]. Usually, the addition of a new element to a multicomponent system
leads to much larger thermodynamic changes, which depend on the type of the element added.

For example, CoCrFeNiAl and CoCrFeNiMn have similar configurational entropies but are
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significantly different in their properties and structures, which are predominantly BCC and
exclusively FCC, respectively [11]. The type of solid solution (BCC, FCC, or BCC + FCC) in
the HEAs can be controlled by the valence electron concentration (VEC). Hence, a BCC solid
solution can be formed with a VEC lower than 6.87, FCC with a VEC higher than 8, and a
mixture of BCC + FCC with a VEC in the range of 6.87-8. It seems that the proposed criterion
to predict the formation of a single FCC solid solution [11] is not valid for the Al0 powders,
although the VEC is equal to 8.25. This means that the crystal structure and phase formation

can be influenced by other parameters, mainly in the MA process.

Table II1.2: Lattice parameter, a, crystallite size, <L>, micro strains <¢2>'2, and weight
fractions obtained from the Rietveld refinement of the XRD patterns of the ball-milled Al0 and
Al1.0 HEAs for 24 h.

Sample | Structure a+107 (4) <L>%1(A) | <0®>"?(%) | Fraction £l (wt %)
FCC 3.586 214 0.05 75.5
AlD
BCC 2.882 239 0.03 24.5
FCC 3.596 341 0.4 11.7
AlL.0
BCC 2.870 154 0.02 88.3

The VEC number is valuable for predicting the crystal structures of compounds.
Nevertheless, these rules mean that any misfit in the physical/chemical properties of the
constituent elements of an alloy is not in favor of a random solid solution. He et al. have
suggested the idea of entropic stabilization [13]. The notion of entropy stabilization involves
increasing disorder within a material to stabilize a specific structure. It should involve the
following measures: (1) to increase the number of elements, (2) to minimize all sorts of property
misfits (atomic size, chemical bond, etc.), and (3) to maximize the melting temperature. By
increasing the number of constituent elements, the configurational entropy of the system
increases because the material has more ways to distribute its constituent atoms, enhancing the
disorder at higher temperatures. Moreover, alloying elements with different properties leads to
stress/strain and induces the formation of ordered structures, which are usually less entropically
favored. Thus, selecting elements with similar properties reduces the stress, enhances the
disorder, and minimizes property misfits.

The lattice parameter of the BCC solid solution in the mechanically alloyed AlO
powders (a = 2.882 A) is slightly higher than that of Al1.0 (a = 2.870 A), and their relative

deviations are about 0.59% and 0.17%, respectively. The small expansion of the crystal lattice
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can be related to the slight misfit in the atomic radii of the elemental powders. Moreover, the
lattice parameter of the FCC solid solution of the A0 powders (a = 3.586 A) is lower than that
of the Al1.0 powders (a =3.596 A), and their relative deviations reach as much as 1.64% and
1.93%, respectively. The significant increase in the lattice parameter of the FCC solid solution
for the All1.0 powders can be related to the aluminium addition with a larger atomic radius
(0.143 nm) compared to the other elements. The lattice distortion of the two solid solutions
might be attributed to the severe plastic deformation that introduces many types of structural
defects and an increase in their density during the milling process. Likewise, the significant
lattice distortion of the FCC solid solution can be due to the nature of the starting powders,
particularly the ductility of Ni and Al, and the lower fusion temperature of aluminium (660 °C).
The crystallite size of Al0 powders is almost identical for FCC and BCC solid solutions
(~21-24 nm) but varies slightly for the Al1.0 alloy (34—15 nm). Moreover, the microstrains,
which are more important for the FCC than BCC solid solutions, agree well with the crystal
lattice distortion. The microstructure of HEAs may be affected by many factors, such as high
entropy, severe lattice distortion, etc. [ 14]. The weight fraction of the BCC solid solution, which
may include both A2 and B2 structures, increases from ~25% for AlO to ~88% for All.0 alloy.
Simultaneously, the weight fraction of the FCC solid solution decreases from ~75% for AlO to
~12% for All.0 alloy. The increase in the weight fraction of the BCC solid solution for the
Al1.0 alloy evidences the Al addition. Indeed, although aluminium has an FCC structure, it acts
as a strong BCC stabilizer, and its addition enhances the strength of the alloy at the cost of
reduced ductility. The increase in the BCC weight fraction with aluminium addition is in

suitable agreement with the reported results earlier in the literature [11].
I11.2.2. SEM analysis

Figure I11.4 shows typical images of the mechanically alloyed Al0 and Al1.0 powders
for 24 h. The powder particles exhibit both small and large particles with irregular shapes and
sizes due to cold welding. Indeed, the existence of smaller and bigger particles is due to the
competition between fracturing and cold welding during the milling process. One can
emphasise that during the milling process, the dominant forces of repeated cold welding,

agglomeration, deagglomeration, and fracturing inside the jars result in sized particles.
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Figure I11.4: SEM photos of the ball-milled AlO and All.0 powders.

II1.3. Magnetic properties

The hysteresis cycle gives information on the magnetic behavior and magnetization
changes of the HEAs powders, at room temperature, as shown in Figure II1.5. The hysteresis
loops reveal that the samples are soft magnetic materials. The sigmoidal shape is a characteristic
of ferromagnetic character. The magnetization reaches a maximum value that depends on its
intrinsic properties, such as its chemical composition and crystal structure. Therefore, the
reduced M; values (Ms = 22 emu/g) of the Al0 and All.0 powders (Ms = 29 emu/g) can be

mainly attributed to the formation of the FCC solid solutions.

The coercivity is an extrinsic property that can be affected by the microstructure
(crystallite size, particle size, morphology, grain boundaries, etc.) and crystal defects such as
vacancies, interstitials, and dislocations. The values of He (150-189 Oe) can be due to the
important amount of structural defects that are induced into the powder particles during the
milling process. Thus, the produced powders have semi-hard magnetic behavior. The
squareness ratio M/Ms is a dimensionless quantity between 0 and 1 that measures how square
the loop is. M/M; is used to characterize how a material retains its magnetization when the
external magnetic field is removed. It provides information regarding whether particles are
multiple magnetic domains (M,/M; < 0.1), pseudo-single domains (0.1 <M/M;s <0.5) or single
magnetic domains (M/Ms > 0.5). According to the M,/M; ratio values, which are about 0.16
and 0.17 for AIO and All.0, respectively, the mechanically alloyed HEAs are pseudo-single

domains.
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Figure I11.5: Hysteresis loops of the ball-milled Al0 and Al1.0 powders.
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General Conclusion

The effect of aluminium addition on the structure, microstructure, morphology,
and magnetic properties of the synthesized CoCrFeNiAlx (x =0, and 1 mol, named as
AlO, and Al1.0, respectively) high-entropy alloys has been studied. The powders were
elaborated using the mechanical alloying process. The characterization techniques are
X-ray diffraction (XRD), Scanning electron microscopy (SEM), and vibrating sample
magnetometer (VSM). The Rietveld refinement of the XRD patterns reveals the
formation of two disordered solid solutions. The aluminium addition causes a slight
change in the lattice parameter (arcc) is in the range of 8.38—9.4 nm and agcc) varied
between 8.38—9.4 nm). The crystallite size values are in the range of 15-34 nm.
Morphology micrographs are investigated with SEM technique; it showed irregular size
of the particles. Furthermore, the mechanically alloyed powders exhibit typical
hysteresis loops of ferromagnetic materials. The addition of Al affects the saturation
magnetization and coercivity. The saturation magnetization, coercivity, and squareness
9atio Mr/Ms values are in the range of 22-29 emu/g, 150-189 Oe, and 0.16-0.17,
respectively. Both the produced powders fall into pseudo-single domain. As
perspective, it would be interesting to optimize the elaboration conditions and study the

mechanic and corrosive properties.
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