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CHAPTER 1. INTRODUCTION

From ancient times metals have been attractive objects for humankind and with the progress
of science the need for using metals for different applications have increased drastically. For
many years, researchers used traditional approaches for the discovery of new materials based
on slow trial and error techniques. In this traditional way, scientists chose the elements and
their proportion randomly, followed the process of production and finally tested the material
to observe their properties. They checked if the material properties could be useful for any
particular application, otherwise the process started from the beginning but changing the
constituent elements or their percentage. In modern times, scientists tried various methods to
improve the efficiency of metals and one of the best and more recent examples of this is the
advent of the so-called Metallic Glasses (MGs). Metallic glasses are metallic alloys with a
disordered structure that are produced when the metallic liquid is rapidly quenched to solid
state bypassing crystallization. Thus, the atoms have a local disordered atomic packaging and
a lack of the main features of crystalline materials such as atomic planes, crystalline directions,
grain boundaries and crystalline defects [1][2]. MGs can be used in plenty of applications such
as soft (e.g. transformer core laminations) or hard magnetic materials, wear-resistant light
alloys, materials with enhanced catalytic performance for fuel-cell applications and new alloys

for medical implants and dental amalgams [3].

On the other side, in the last decades, some groups have focused their research on a new
family of alloys which are called high entropy alloys (HEAS). These alloys are attractive
because of their unique composition, microstructure and adjustable properties. HEAs contain
more than 5 main elements in equal or near equal atomic percentage (at%) and the atomic
fraction of each component is greater than 5 at%. Thus, in a multicomponent phase diagram,

HEAs are situated in the center of the diagram (see figure 1.1).
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Figure 1.1 Schematic ternary alloy system where the blue corner region indicate the conventional
alloys based on one or two principal elements whereas the red center region indicates the ‘high-
entropy’ region (taken from [4]).

Besides of that, if we consider the number of elements which are used for the new alloys we
can see that there are some elements which are normally used frequently while there are others
scarcely used because of the difficulty during their processing, high prices, toxicity, etc. For
high entropy alloys normally five or more principal elements are used and this creates the
opportunity to use new elements from the periodic table and to investigate their new properties

for different applications.

1.1. Metallic Glasses

Metallic glasses were produced for the first time by Professor Pol Duwez in 1960 in the
California Institute of Technology at Pasadena. He synthesized the AuzsSizs alloy by rapid
solidification [1]. After that, hundreds and thousands of alloys with different compositions have
been produced as metallic glasses. In the early 1990s metal-metal systems such as La-, Mg-,
and Zr- based alloys were prepared by quenching from the supercooled liquid. The main
difference between metallic glasses and normal metallic materials is that metallic materials are
crystalline in their nature and the constituent elements are arranged in a periodic manner, while
metallic glasses have a disordered atomic structure which is produced by rapid solidification
from the liquid state. In many cases the cooling rate is very fast, between 10° - 10° K s, These
high cooling rates are needed because metallic melts have a high tendency to crystallize and,

therefore, high cooling rates are required to prevent crystallization. If the resultant alloy is fully
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amorphous it is characterized by a broad diffuse halo in an X-ray diffraction pattern, instead of
the showing the Bragg peaks associated to crystalline planes. In most of the cases, glassy alloys
can be produced only as thin ribbons, wires or sheets. However, in 1995, the first Fe-based
bulk metallic glasses (BMGs) were successfully developed in the Fe-Al-Ga-P-C-B
compositional system [2]. BMGs are non-crystalline metallic alloys that can be produced with
lower cooling rates than conventional MGs, between 10 and 100 K s depending on the
composition of the alloy. Therefore, it is possible to produce BMGs that are several centimeters
thick as the cooling rate is inversely proportional to the diameter of the resultant ingot. To
obtain a supercooled metallic liquid with enough glass-forming ability (GFA) to form a BMG
there are three empirical rules which are known as Inoue’s rules [5]: (1) the multicomponent
system should consist of three or more elements; (2) there should be a significant difference
between the atomic size of such constituent elements (>12%) and (3) the elements should have

a negative heat of mixing between them.

During the last 20 years a large variety of metallic glass-forming compositions have been
discovered and they can be classified into two big groups: metal-metal and metal-metalloid
types [3] Metal-metalloid type contains around 80% of metal atoms and 20% of metalloid
atoms (B, C, P, and Si). The metallic content can be of different types of metallic atoms such
as, for example, in the well-known cases of AugoSizo, FesoB2o, PdgoSizo, Pd77CueSiiz or
FeaoNisoB2o. In the case of the metal-metal type, they just contain transition metals without any
particular restriction regarding the atomic percentage of the elements, such as, for example, the
FegoZrio, NisoNbao, Mg70Znso or Cus7Zras binary systems. In the present work we will take as a
starting point a well-known alloy of the metal-metalloid type with 20 at% of B and 80 at% of
Fe that shows good soft magnetic properties, high abrasive resistance, prominent corrosion
resistance and high strength. However, these Fe-based metallic glasses have the limitation of a
reduced critical diameter, few millimeters when produced as bulk amorphous alloys, because
of their low GFA. Therefore, there is a limitation for the potential use of Fe-based metallic
glasses in engineering applications and, nowadays their production is mostly in form of thin
ribbons, wires and films [6]. The first Fe-based bulk metallic glass, Fe-(Al,Ga)-(P,C,B,Ge,Si),
was produced in a shape of a rod with 1-2 mm diameter in 1995 [7]. The largest thickness
achieved for Fe-based metallic glass is around 16 mm whereas Pd-based metallic glasses can
reach several centimeters. In many cases, researchers tried to improve the GFA of Fe-based
amorphous alloys and to produce bulk Fe-based metallic glasses by adding elements like Al,
Mo, Nb, Ga and Y in amounts of 1-30 at%.



1.2. Glass forming ability

There are many different methods to produce metallic glasses, like rapid solidification,
vapor deposition or electrodeposition. When an alloy is cooled down with sufficient cooling
rate from the equilibrium liquid state, the metallic melt become undercooled and bypasses
crystallization. However, each alloy has a different critical cooling rate and a parameter is
required in order to characterize how easy is for a melt to become an amorphous solid upon
cooling. The GFA is the ability of a melted alloy to solidify without crystallization in a
completely amorphous structure. It can be estimated directly by the critical cooling rate (R,.),
the minimum cooling rate which is required to completely suppress crystallization. R, can be
evaluated by using the Time-Temperature-Transformation (TTT) diagram. Figure 1.2 shows a
schematic TTT diagram for a melted alloy which is cooled down from above the liquidus
temperature (T;) to below the glass transition temperature (T,) with two different cooling rates.
The glass transition temperature (T, ), is the temperature at which the transition from

supercooled liquid to an amorphous solid takes place.

..........................

Liquid
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Temperature (K)
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Time (s) =

Figure 1.2 Schematic time-temperature-transformation (TTT) diagram (taken from ref. [3]).

According to curve (2) in Figure 1.2, a glass can be produced if the cooling process is fast
enough to avoid the crystallization of the melt. However, if the cooling is slower, like the one

indicated with curve (1) in the figure, the result will be a crystalline solid. The glass forming



ability of a melt is in direct relation with the maximum thickness (t,,.) in which the alloy can
be produced, being this thickness larger when the GFA is higher.

1.2.1. Parameters to describe the glass forming ability

There are several parameters that can be used to describe and characterize the glass forming
ability of metallic glasses, being the supercooled liquid region and the reduced glass transition

temperature the most used ones.
A) Supercooled liquid region (AT ,)

As the temperature of a molten alloy decreases, the specific volume and the enthalpy also
decrease becoming more and more viscous until it forms a glass. By convention, it is considered
that a glass is formed when the viscosity reaches a value of 10%2 Pa s, therefore this region is
considered as the glass transition region. Figure 1.3 shows the change in volume with
temperature and the glass transition temperature. The value of T; is usually determined upon
heating by means of a differential scanning calorimetry (DSC) or differential thermal analysis
(DTA) with heating rates of 10-20 K min™* from the increase in the heat capacity of the alloy.
A proper choice of the alloying system and its composition can reduce the critical cooling rate
for glass formation. As a result, the thickness of the glass parts can increase from few
micrometers (20-50 um) in rapid solidification processes to few millimeters or few centimeters

using conventional casting techniques [8].

According to Figure 1.3, in the heating process from a glassy state the alloy crosses different
regions until reaching the melting point. The increase in temperature decreases the viscosity of
the alloy and increases its volume until it reaches the glass transition temperature where the
disordered material enters in the supercooled liquid region. A further increase in temperature
leads to the melting point, T,,,, above it the liquid is the stable thermodynamic phase. In the
supercooled liquid region, the material can crystallize transforming to the stable
thermodynamic ordered phase. As it can be observed in the figure there is not a uniquely

defined T, but rather a glass transition range of temperatures, since the transition from a glassy
state to supercooled liquid depends on the kinetics. The region between T, and the
crystallization temperature (T) is known as the supercooled liquid region (SLR), AT,= T,-Ty.

AT, is a parameter that indicates the thermal stability of the liquid phase and its resistance to

crystallization. A larger value of AT, means that the supercooled liquid can exist in a wide



temperature range without crystallization and that it has a high resistance to nucleation and

growth of the crystalline phases [5].
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Figure 1.3 Change of volume of a molten alloy as a function of the temperature (taken from ref. [9]).

B) Reduced glass transition temperature (T,.,)

In 1969 Turnbull, for the first time, used the reduced glass transition temperature (T,.;) as a
parameter to assess the GFA of glass formers and now it has become widely used. The reduced

glass transition temperature is defined as [10]

T
=9 11
- @)

Trq
where Ty is the glass transition temperature and T is the liquidus temperature of the alloy. Thus,
the higher T, and lower T;, the higher the tendency to form glass and, therefore, a large value
of T,., means a high GFA. The GFA of a system is not just related to the cooling rate but it also
depends on the alloy composition. The T,., tends to be higher for large number of alloying
elements and, therefore, it is more easy to produce glassy multicomponent alloys than simple

binary or monoatomic systems [11].

1.3. High entropy alloys

For many years, researchers focused on the corner of the phase diagrams to develop new
alloys. However, as illustrated in Figure 1.4, the shifting of the focus to the center of the

diagram gave rise to the appearance of the so-called high-entropy alloys (HEAS).
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Figure 1.4 Number of equiatomic compositions as a function of the constituent elements together
with a sketch of the location in a phase diagram of the high-entropy and conventional alloys (taken
from ref. [4]).

High entropy alloys were for the first time introduced by Jien-Wei Yeh and coworkers. They
defined them as multicomponent solid solution alloys that contain more than five constituent
elements in equiatomic, or close to equiatomic, ratios. Such condition increases the
configurational entropy of mixing by an amount enough to overcome the enthalpies of
compound formation [12]. The configurational entropy, S, of a random mix of N elements is

defined by the following equation

N
AS = _szi In x; (1.2)
1

where R is the gas constant, x; is the mole fraction of the element i in the alloy and Y x; = 1.

Also, the entropy of mixing for N elements is

AS,, =RInN (1.3)
According to equation (1.3) by increasing the number of alloying elements the entropy of
mixing increases quickly. High entropy alloys can form crystalline structures like simple, single
phase solid solutions with different crystallographic arrangements, e.g., face centered cubic

(FCC), body centered cubic (BCC) or hexagonal close-packed (HCP) and in some cases can



be also arranged in an amorphous structure forming the so-called high-entropy metallic glasses
(HEMGsS).

The structure of HEAs can be predicted mainly by two parameters [13]: the atomic size

difference (8) and the mixing enthalpy (4H,,;,). The atomic size difference is defined as

n

5= Z ¢ (1- ;)2 (1.4)

i=1

where r is the average atomic radius and c; and r; are the atomic percentage and atomic radius

of the i-th component [14]. The mixing enthalpy is defined as

n
AHmixz Z 4Qijcicj (15)

i=1,i%j

Here Q;; = AH,,;,—;; is a regular solution interaction parameter between the i-th and j-th
elements, representing the enthalpy of mixing for binary equal atomic alloys composed of these
two components. The values of § and 4H,,;, determine if a solid solution or an amorphous
phase is formed (see figure 1.5). In particular, a solid solution can be produced if § is small (&
< ~0.066) and 4H,,;, is either slightly positive or significantly negative (-11.6 < AH,,;,, <3.2
kJ mol™) whereas an amorphous phase can be produced if & is large (6 > 0.064), and AH,,,;, is
negative (4H,,;, <-12.2 k] mol™1) [8].
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Figure 1.5 A typical two-dimensional § — AH,,;, plot showing the phase formation in HEAs,
including the regions where solid solutions (SS) or amorphous (AM) structures can be found (taken
from ref. [15]).

1.3.1. Properties and applications of High-Entropy Alloys

HEAs have an intensive lattice distortion effect which is related to the different atomic
radius of the various elements. This kind of effect can prevent dislocation movements and yield
to these materials a high strength and hardness. At the same time the interaction of the different
alloying elements is exacerbated, thus, high entropy alloys reflect the comprehensive properties
of all kind of alloying elements. High entropy alloys also have a nice corrosion resistance, due
to the simplified crystal structure, that can be higher than the one of widely used stainless steels
[16].

High entropy alloys can be used as cutting tools. We can compare the friction and wear
behavior of high entropy cutting tools with ordinary steels: while external load and rotational
speed are fixed, the friction of high entropy alloy coated cutting tools is always lower than the
ordinary high-speed steel. High entropy alloys used as coatings on the surface of cutting tools
can reduce the friction force in the cutting process, extend the tool life and amend the surface
quality of machined surfaces [16]. Moreover, some high entropy alloys have excellent
hydrogen storage capacity. Sahlberg et al. demonstrated that a high the entropy alloy
TiVZrNbHf can absorb a much higher amount of hydrogen than its constituents due to its
distorted BCC-structure which has a large capacity to store hydrogen. In general a simple
structure, often BCC or FCC, and the presence of lattice strains in the lattice or at interfaces
can be favorable for hydrogen storage due to the variation in atomic size radii of the constituent
atoms [17].

1.4. Alloy design

In the present thesis a new composition of a high-entropy metallic glass has been produced
and characterized combining a well-known metallic glass system (FesoB20) with a high-entropy
alloy (FeCoCrNi). On one side, FegoB2o has an amorphous structure at room temperature and
it exhibits great soft magnetic properties, high abrasive resistance and good corrosion resistance.
On the other side, FeCoCrNi is an equiatomic high entropy alloy with both high tensile strength
and ductility with a face-centered cubic (FCC) structure [18]. It is a well-known strategy for

improving the glass forming ability of an alloy to add elements with a low atomic weight, such
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as B or Si, and they are usually introduced into a ferromagnetic metal matrix [19]. The HEA
FeCoCrNi has been extensively studied and its strength has been improved through the addition
of minor elements that induce the precipitation of a second phase grains [18][20]. This
composition was used by Ding et al. as a base composition for developing new HEMGs in
which 18 to 22 at.% of B was added [21], thus combining the characteristics of FegoB2o with
the HEA design strategy in which the Fe atoms were substituted by equal amounts of Fe, Co,
Cr and Ni. These HEMGs show a higher hardness, ductility and improved corrosion
resistance as compared with the Fe-B amorphous alloys. On the other hand, Qi et al. produced
(FeCoNi)(B,Si) high-entropy bulk metallic glasses with good soft magnetic and mechanical
properties [22]. Thus, HEMGs with this set of elements could offer a combination of properties
very useful for industrial applications. However, a complete characterization of the
microstructural development during annealing is needed in order to be able to tailor their
properties by means of thermal treatments and to control the evolution of their properties during

working conditions in actual applications.

The present thesis is organized in the following way. In chapter 2 we will introduce all the
experimental methods for production and characterization of the alloys. In chapter 3, a
complete characterization of the alloys is shown, including structural and thermal
characterization with the help of differential scanning calorimetry, conventional and
synchrotron X-ray diffraction, scanning electron microscopy and Mdssbauer spectrometry. In
chapter 4, the results of the mechanical characterization will be presented, measuring the
hardness and wear resistances of the samples using the nanoindentation method. In chapter 5
the electrochemical characterization will be shown. Finally, in the last chapter, the conclusions

of this thesis will be presented.
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CHAPTER 2. EXPERIMENTAL METHODS

2.1. Sample preparation

Multicomponent alloys with composition (FeCoCrNi)1o0x-yBxSiy(with x= 0, 5, 10, 15, 20

and y=0, 5, 10, 15, 20 at% ) were produced. The detail of each composition is shown in Table

2.1, together with the labels assigned to each composition.

Composition Label Observations

(FeCoCrNi)goB2o A80B20 Objective: Preparation of new high entropy
- : - metallic glass alloys and study of their

(FeCoCrNisoBroSiao ABOBIOSILO | 1\ ctural, thermal and mechanical properties.

(FeCoCrNi)75B10Siis A75B10Si15

(FeCoCrNi)7oB1oSizo A70B10Si20 Results: Amorphous alloys; characterization

results are presented in the different chapters

(FeCoCrNi)70B15Sis A70B15Si5 of this work.

FeCoCrNi A100 Obijective: Determination of the composition
o - dependence of the glass forming ability of the

(FeCoCrNi)soSizo A80Si20 FeCoCrNi-BSi system.

(FeCoCrNi)goBsSis A90B5Si5

(FeCoCrNi)ssB1oSis ASSB10SI5 Results: Partially crystalline and crystalline

alloys.

(FeCoCrNi)goBsSiis A80B5Si15

(FeCoCrNi)7sB15Siio A75B15Si10

(FeCoCrNi)70B20Sizo A70B20Si10

(FeCoCrNi)soB20Siz20 A60B20Si20

(FeCoCrNi)70B15Siss A70B15Si15

(FeCoCrNi)gsBsSiio A85B5Si10

(FeCoCrNi)7sB10Siss A75B10Si15

Table 2.1. List of compositions that has been explored in this work together with a description of their
structure.

As a first step, the raw materials are cut and polished and, afterwards they are cleaned with
acetone or alcohol to remove possible contamination. Finally, these raw materials are weighted
with a high precision Semi-micro Discovery balance (AP110S). The purity and physical form
of the used raw elements are the following: 99.95 % for Fe sheet, 99.95% for Chromium lumps,
99.5% for Cobalt lumps, 99% for Boron lumps, 99.98% for Nickel wire and 99.999% for

Silicon lumps. In the next step, the master alloy is prepared by using an arc furnace (Edmund
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Buhler GmbH model MAM-1, see Figure 2.1a) under 99.999 % inert argon atmosphere. In
order to further decrease the content of oxygen, a small ball of Titanium is melted before the
melting of the elements. The arc-melter has a water-cooled copper crucible plate to cool down
the master alloy rapidly as well as to prevent the copper base from heating. The maximum
temperature that can be locally reached is close to 3500 °C. In all the cases, the master alloy is
re-melted twice to assure its homogeneity. After cooling the master alloy, it is transferred to

the melt spinning device (SC Edmund Buhler GmbH, see Figure 2.1Db).
a) b)
Ejection pressure

Induction
Heating Coil

OO0 90

Molten Alloy

Melt-spun ribbon

Rotating Wheel o =
\J

Figure 2.1 (a) Arc melter device, (b) scheme of the
melt spinner, (c) ribbons produced by melt
spinning.

The master alloy is placed in a quartz crucible and mounted in the chamber so that the end
of the crucible is 1mm above the copper spinning wheel. The quartz crucible has a small hole

(1 mm in diameter) in the bottom to allow the ejection of the melted alloy. In order to avoid
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contamination and oxidation, a vacuum below 102 Pa is created inside the melt spinner
chamber with the help of a turbo-molecular pump. Afterwards, the chamber is filled with argon
gas at the desired pressure to assure an inert atmosphere during the process, and the master
alloy is melted using an induction coil. The molten alloy is ejected to the rotating copper wheel
by applying an overpressure on the top part of the crucible. Due to the high thermal

conductivity of the copper, the molten alloy is rapidly solidified in a ribbon shape.

There are several factors which can have an effect on the quality of the ribbons which are
produced by melt spinner, such as: 1) the distance between the crucible and the copper wheel,
2) the diameter of the hole in the bottom of crucible; 3) the rotational speed of the copper wheel
which can affect the thickness of the ribbons and 4) the pressure which is applied to eject the

melted alloys from the crucible.

The parameters used in this work are the following: the distance between the end of the
crucible and the wheel is 1 mm, the pressure difference (overpressure) is around 0.4 bar and
the tangential speed of the copper wheel is 40 ms™. These parameters yield ribbons with 20-30

pm in thickness and 2 to 4 mm in width (see Figure 2.1c).

Afterwards, to obtain samples at different degrees of structural evolution, from the
amorphous state to the fully crystalline one, some pieces of the as-quenched ribbons of
(FeCoCrNi)goB2o and (FeCoCrNi)goB10Siio were annealed in a conventional furnace (Muffle
furnace Fuji-PXR-4 ) at various temperatures (673, 723, 773, 823, 873, 923, 973 K) with a
heating rate of 6 K mint under a stream of nitrogen gas. The samples were kept at the highest

temperature for 60 min and then cooled down to room temperature with the same heating rate.

2.2. X-Ray Diffraction (XRD)

X-ray diffraction is one of the most important techniques used for phase identification of
crystalline materials using electromagnetic radiation with typical wavelengths in the range of
0.5-2.5 A, which is useful for studying the crystalline structure of materials because the
distance between atoms in solids is compatible with the wavelength of the X-ray. The
interaction of the X-rays with the electrons of the studied sample results in a process of
scattering of the radiation that is distinctive for each material as they have a unique atomic

structure. The resulting diffraction pattern of crystalline materials contain multiple peaks
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known as Bragg diffraction peaks [23] (see Figure 2.2a), that appear at angular positions

defined by the Bragg law

2dsinf = nl (2.1)
where d is the perpendicular distance between a pair of adjacent planes, 8 is the angle of
incidence or Bragg angle, 1 is the wavelength of the beam and n is an integer number which is
known as the order of reflection and is the path difference, in terms of wavelength, between

waves scattered by adjacent plans of atoms.

Intensity
Inte ity

i
| ’} |
rw

¥ ¥ N N W H N M B Y DR

28 (Degree)

Figure 2.2 (a) XRD pattern of a crystalline alloy and (b) XRD pattern of amorphous samples [24].

For amorphous materials, the diffraction pattern shows a large bump distributed over a wide
angle (260) instead of high intensity narrow peaks as indicated in Figure 2.2b. This wide peak
has its origin in the fact that amorphous materials do not have long periodicity (no long-range
order), and atoms are randomly distributed in all directions, so the diffracted X-rays from
amorphous materials will be scattered in many directions leading to the large bump in the
spectra. In this work, the Bruker D8 Advance X-ray diffractometer has been used with
monochromatic X-rays using the Cu-K, radiation (1 = 0.1541 nm) over a 26 range from 20°

to 100° with a scanning step of 0.02° both for the as-quenched and annealed samples

2.3. Synchrotron X-ray diffraction

A synchrotron facility is a particular type of particle accelerator, in which electrons are
accelerated by an electric field and are forced to travel around a fixed closed-loop path by
magnetic fields. The acceleration produced by the magnetic fields to keep the electron beam
into its closed path causes the emission in the tangent direction of electromagnetic waves from

the electrons. The radiation thus emitted is called synchrotron radiation and its most important
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advantage compared to the conventional X-ray laboratory equipment is a highly collimated and
almost parallel beam and a photon flux which is several orders of magnitude higher than the
one obtained in conventional X-ray sources. Another characteristic of synchrotron radiation is
that it can be tuned in energy (at the different beamlines) and radiation with energy from the
infrared to the X-rays can be achieved. Therefore, the materials of interest can be studied in
many different ways and due to the high photon flux of the radiation better quality information

in less time can be obtained compared to the traditional X-ray sources.

In this thesis the structural changes during the crystallization of the amorphous ribbons
were measured in-situ while applying a constant heating rate. The measurements were carried
out in the beamline BL04 — MSPD (Material Science and Powder Diffraction Beamline) at
ALBA (see Figure 2.3a) with an incident energy of about 29.2 keV (the beamline operates
between 8 and 50 keV) and a wavelength of 1 = 0.4246 A with focused micrometer beam size
which was about 20x20 um?. A special furnace (a Linkam hot stage, Figure 2.3b) to change
the temperature of the sample was used while taking spectra every 5 seconds to investigate the
phase transformation. The Linkam hot stage can reach a maximum temperature of 873 K while
some of our samples crystallize above this temperature, so the samples were kept at 873 K for

120 minutes to complete the crystallization.

Figure 2.3 (a) BLO4-MSPD (Material science and powder diffraction Beamline setup. (b) Linkam
holder with the Al disc and the attached ribbons.

15



The ribbons with a thickness of about 20-30 um and a width of 2-3 mm were mounted on
an Aluminum disc with a 3 mm hole in the middle that is attached to the Linkam. The ribbons
were hold in the hot stage with silver paint (see figure 2.3b). The temperature increased from
room temperature up to 873 K at a heating rate of 20 K min'* and a spectra was recorded every
5 seconds. The diffraction pattern of the background was recorded at room temperature and

subsequently subtracted from the sample signal after intensity normalization.

2.4. Differential Scanning Calorimetry (DSC)

Differential Scanning calorimetry (DSC) is the most commonly used method for studying
the thermal properties of various materials. In DSC, the sample and reference are kept in two
places and the temperature rises in both at the same rate, so the instrument begins to measure
the difference in heat flow between the sample and reference. In the constant heating mode, the
temperature increases linearly with time [25]. DSC is used to measure different material
properties such as the glass transition temperature T, the crystallization temperature T, the
melting point T,,,, the heat capacity, etc. DSC shows exothermic and endothermic peaks that
can be associated with crystallization events and the melting point respectively. with DSC data,
the reduced glass transition temperature T, and the supercooled liquid region AT, can be
calculated to study the thermal stability of the system. In this work, the DSC measurements of
the alloys were performed using a NETZSCH 404 F3 instrument, shown in figure 2.4. The
heating rate used was 20 K min™ and from room temperature up to 1573 K under a flow of

Nitrogen.
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Figure 2.4 NETZECH 404 F3 Differential Scanning Calorimetry (DSC).

2.5. Scanning Electron Microscope (SEM)

The Scanning Electron Microscope (SEM) is an important technique that uses a focused ion
beam to produce an image of the surface of a sample. It consists essentially of an electron gun
that emits electrons to the sample, condenser lenses to control the path of these electrons and
detectors that measure the different signals that come from the interaction between the electrons
and the sample such as secondary electrons, backscattered electrons and characteristic X-rays.
Basically it can produce an image of the sample surface with very high resolution showing
details down to 5 nm. In this work, the SEM is mainly used to identify and quantify the
chemical composition by energy -dispersive x-ray spectroscopy (EDS) [26]. In the present
work, the images of as-quenched samples, annealed samples, and samples after
nanoindentation tests were taken by Zeiss NEON 40 device Focused lon Beam/Scanning
electron microscopy (FIB/SEM). Sample surface was analyzed with a SEM with electron beam
energy of 15 keV. Since the samples are in ribbon form, for the characterization of the inner
parts of the ribbons a trench of 15 um depth was dug with a Focused lon Beam of Ga ions. To
avoid the damage of the ribbon, a Pt protective coating was previously deposited on the surface.
Image J software was used to analyze the images and to measure the size distribution of the
grains in the partially crystalline and crystalline samples. The Energy-dispersive X-ray

spectroscopy (EDS) was used for qualitatively analyzing the chemical composition.
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2.6. X-ray Photoelectron Spectroscopy (XPS)

The X-ray photoelectron spectroscopy (XPS) was performed with a SPECS system
equipped with a Phoibos 150 MCD-9 detector and an Al anode XR50 source working at 150
W. For the high-resolution spectra, a scan step of 0.1 eV was applied. The sample spot analyzed
had a diameter of 1 mm? and the Casa XPS program (Casa software Ltd., Teignmouth, United
Kingdom) was used to evaluate the data. The spectra were normalized on the binding energy
scale relative to the position of C 1 s peak at 284.8 eV and the intensity of the adventitious
carbon signal was not taken into consideration. The shown spectra are not normalized on the

intensity scale.

2.7. MOssbauer Spectroscopy

Mdossbauer Spectroscopy is a technique which can give us information about chemical,
structural and magnetic properties of materials by studying the hyperfine interactions in the
nuclei. It works based on the resonant emission and absorption of gamma-rays by an atomic
nucleus without recoil [27]. For one nucleus to emit a y-ray and the second nucleus to absorb
it, the atoms containing the two nuclei must be bonded chemically in solid state. With the help
of Mdssbauer spectroscopy we can measure isomer shifts and nuclear moments (i.e spin,
magnetic dipole, and electric quadrupole moments). Méssbauer spectrometry can be performed
with different nuclei like °’Fe,1°Sn, *1Eu, 12! Sb and %'Dy but the nuclei of °’Fe is the most
suitable one for achieving recoilless resonance. A basic Mdssbauer spectrometer includes three
important parts: the radioactive source, the absorber (the material to be studied) and a detector.
If the emitting nuclei and absorbing nuclei are not in the same chemical state there would be
no resonance, thus the energy of the emitted photon should be changed and this is done by
Doppler effect moving the source (or the absorber). Here the radioactive source of >’Co in a
Rh matrix produce the y radiation with an energy of 14.413 keV by the decay of °’Co to excited
S"Fe. The energy levels in the Fe nucleus of the sample (absorber) can change due to the
presence of magnetic fields, electric field gradients or other factors, thus the energies at which
the resonance takes places yield information on the so-called hyperfine parameters that are

described in the following.

a) Isomer shift: is a shifting in the energy levels involved in the nuclear transition due to a

difference in the radius of the atom between the excited and the ground state. This parameter
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gives information about the chemical bonding and the crystal chemical environment. b)
Quadrupole splitting: if the electrical charge distribution around the Fe nucleus is not
symmetric, and electric field gradient appears causing the splitting of the energy levels of the
nucleus. Therefore, the quadrupole splitting can give information on the distortion of lattice

surrounding the absorbent Fe nucleus.

c) Magnetic splitting: the interaction between the magnetic moment of the nucleus and the
magnetic moment of surrounding atoms or an externally applied field causes the separation of
the nuclear spin levels, the Zeeman effect. For *Fe, this splitting gives rise to six possible

transitions. This parameter gives information on the magnetism of the sample.

In this work, the Mdssbauer spectra were taken in transmission mode at room temperature
and pressure using a conventional constant acceleration spectrometer with a 25 mCi source of

°’Co in a Rh matrix. The experimental spectra were fitted with Brand’s Normos program [28].

2.8. Nanoindentation

Nanoindentation tests are useful for evaluating various mechanical properties such as
hardness (H), reduced elastic modulus (E,), plastic energy (Up), elastic energy (Ug), wear-
resistance and elastic recovery. Modern nanoindentation devices (see Figure 2.5) have an
automatic process and are very accurate. Most of the nanoindenters use the Oliver and Pharr

method [29] to analyze the force-displacement curves obtained by indentation.

Figure 2.5 Nanoindentation device in Universitat Autonoma de Barcelona with a Berkovich indenter.
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In a nanoindentation process the load-displacement curve during loading and unloading is
obtained and used to calculate the hardness H and the reduced elastic modulus E,. The

hardness H of the specimen is calculated according to

Pmax

Ac

where P, 1S the maximum indentation load and A, is the contact area under load. For a

H =

(2.2)

perfect Berkovich indenter, like the one used in this work, the contact area can be obtained as

a function of the contact depth, h., with the following equation

A, = m.tan®P.h?2 = 24.56.h? (2.3)
where 1 = 70.32° and represents the effective semi-angle of the conical indenter equivalent to
the Berkovich one. This is important because in some cases there are phenomena such as pile-
up and sink-in that can lead to errors in the estimated contact area. In this study we use
continuous stiffness measurement (CSM), which is shown schematically in Figure 2.6, and
from the load-displacement curve the slope of the unloading curve is used to calculate the

stiffness values S.

P max

Loading

Load P

Unloading

he ke he h max

Depthd

Figure 2.6 Continuous stiffness measurement (CSM) showing: (a) the detail of the loading curve and
(b) the calculation of the stiffness by the slope of unloading curve [30].

The stiffness value is calculated by the following equation

_dp_ 2
§S=—r= ,B\/nEr.\/A (2.4)
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where the stiffness is calculated by the first derivative of the load along the load-displacement
curve during the unloading process and £ depends on the geometry of the indenter (for a
Berkovich indenter S is 1.034). E, is the reduced elastic modulus that can be computed from

equation

— = L 2.5
£ =+ 3 (2.5)

where v and E are the Poisson ratio and the elastic modulus of the sample and vi and E; are the
same properties for the material of the indenter tip. The wear resistance of the samples can be
calculated by the H/E, ratio and the elastic recovery can be evaluated as the ratio between the
elastic and the total (elastic + plastic) energy during the nanoindentation, U,;/U,:. These
energies are calculated in a nanoindentation experiment from the area between the unloading
curve and the x-axis for the case of U,; and from the area between the loading curve and the x-

axis for the case of Uy, [31].

In this work, the nanoindentation measurement of the as-quenched and annealed samples was
obtained employing a NHT2-Anton Paar nanoindenter on the middle of the cross-section area
of the samples which were mounted on a resin base and mechanically polished with different
sandpapers in a Struers Roto Pol-11 Surface Polisher (Cleveland, OH). In the final step, we
used Diamond compound and 1 um sandpaper. This nanoindenter used a Berkovich pyramidal-
shaped diamond tip under load control mode, the maximum applied load was 10 mN with a
loading segment of 30 s followed by a load holding segment of 5 s and by an unloading segment
of 30 s with a thermal drift below 0.005 nm s, It used continuous stiffness measurement to

collect material properties information as a function of displacement.

2.9. Corrosion

Corrosion is an electrochemical process in which electrons are transferred between the material
(mostly metal) and the environment, the corrosion reaction is basically divided in to a cathodic
and an anodic reaction. In the anodic reaction, the material (metal) is oxidized and release

electrons

M - M™ +ne~

In the cathodic reaction, the reduction proceeds as follows
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1. 0,+ 2H,0 + 4e~ - 40H™ Neutral and alkaline solutions

2. 2H* +2e~ > H, 1 Hydrogen evolution (in acidic conditions)
For measuring the corrosion resistance of various materials, we usually need an
electrochemical cell containing a metal electrode and an electrolyte. In an electrochemical cell,
a continuous electrochemical reaction take place, so chemical energy is converted in to

electrochemical energy, therefore the change in energy can be calculated using

AG =-nFE (2.6)
where n is the number of electrons involved, F is the Faraday constant (9.648x10% C mol?)
and E is the cell potential which is the potential difference between the two half cells. The
negative sign in this equation indicates that the cell serves as an energy source. Here in the first
step all the electrodes in the solution are connected together and remain for some time without
being connected to an external electrical connection. By this way we can measure the potential
in the circuit when it is stable, which is called the open circuit potential E, .. There are several
ways of measuring the electrochemical properties of a sample, being two of the most important

the linear polarization resistance and the electrochemical impedance spectroscopy.
Linear polarization resistance.

To measure the linear polarization resistance (LPR) we apply a potential above and below
the open circuit potential E, . and then record the current using a potentiostat. The resulting

curve is called a Tafel plot, an example shown in Figure 2.7

Anodic branch

Corrosion potential
N

/ % / Tafel B,

E,V

Corrasion current
density

Current density (logarithmic scale), A/cm?

Figure 2.7 Schematic corrosion process illustrating the anodic and cathodic current components [32]
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In this work the potential is always measured with respect to the Ag/AgCl (3.5M in KCI)
electrode that act as a reference potential. The measurement starts with a potential scan from
below the open circuit potential; the potential at which the current becomes zero is called the
corrosion potential E.,,., signaling the point at which the rate of oxidation is equal to the rate
of reduction. For calculating the I.,,, we can use the Tafel slope of the anodic reaction 3,
which is the slope of the linear region in the anodic branch, and the Tafel slope of the cathodic
reaction . which is the slope of the linear region in the cathodic branch. The intersection of

these two slopes give us the 1., (see Figure 2.7)
Electrochemical Impedance Spectroscopy.

In an electrochemical impedance spectroscopy (EIS) experiment an alternating potential or
current is applied to the sample and the response of the electrochemical system is measured.
There are two ways of showing the data, the Nyquist plot or the Bode plot. In the Nyquist plot,
for each excitation frequency, the real part of the impedance is plotted on the x-axis and the
imaginary part is plotted on the y-axis (Figure 2.8(a)), whereas in the Bode plot the data is
plotted with the logarithm of the frequency on the x-axis and the logarithm of the absolute

value of the impedance (|Z]) and the phase-shift () on the y-axis (Figure 2.8(b)).
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Figure 2.8 (a) Nyquist plot (b) Bode plot [33].

To simplify and better understand the EIS data, we can use the equivalent circuit diagram which
contains various components such as resistors, capacitors, constant phase elements and
diffusion elements that are able to model the processes taking place during the electrochemical

reaction. Each of these elements are briefly explained in the following:
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Resistors. We can use resistors in the equivalent circuit for the condition of electron transfer
from the electrode surface to the solution or vice versa, or even to describe the movement of
charges through solids and liquid phases. The impedance of a resistor is simply equal to its

resistance in units of ohms (), Zz = R, and is shown in the following figure

— —— . —R 2.7)

Capacitors. When non-Faradic charges accumulate at the solid/solid and solid/liquid

interfaces, we can use the capacitance model. These interfaces contain contacts between
adjacent metal oxide particles or nanocrystal particles, the contacts between metal oxide and a
conductive substrate or the double-layer formed at the solid/solution interface. We use the
following equation (2.8) and the figure in the circuit. In this equation Z., is the impedance of a

capacitor.

l l Ze=—= L (2.8)

C7 joc T wc

Constant Phase Elements (CPEs). In the electrochemical cell, which has inhomogeneities
on the surface of the metal oxide electrode, such surface can be considered as a non-ideal
capacitance in a double-layer at the solid/electrolyte interface. This model is mostly used for a
non-ideal behavior that may be caused by surface roughness, irregularities or porosity, and it
is presented by the following equation (2.9) and the figure in the circuit. Here Q is a non-ideal
capacitance and has units of F and g is an ideality factor ranging from 0 to 1.

S Zopp = m (2.9)

Warburg Diffusion. An important factor in EIS data analysis is the diffusion of mobile

charges through metal oxide electrodes and in solution, this diffusion impedance (Z,,) is called

Warburg diffusion and it is described by the following equation
% _ oV2 2.10
ZW - (w)1/2 ( )
where the o term describes the resistance associated with diffusion as function of the

concentration of charge carriers and their diffusion coefficients.
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2.9.2. Experimental details

In this thesis, the effects of B and Si on the corrosion resistance of three selected samples of
HEA (A) and HEMG (AB20 and AB10Si10) are evaluated. In section 2.1. it was explained
that samples were prepared by a rapid solidification technique from high purity materials in
ribbon shape, thus, they have a uniform homogeneous surface with a width of 1-2 mm and
thickness of 20-30 um. The corrosion tests for all the samples were performed on the air side
of the ribbons (the side of the ribbon which is in contact with air during the process of
solidification in the melt spinner) which acted as the working electrode in the electrochemical
cell. For preparing the ribbons for the measurements, the ribbon was connected to a pure copper
(99.9%) strip by a PTFE (Polytetrafluoroethylene) tape, which has a high temperature and
corrosion resistance and good stability, to get an electrical connection. The copper strip and the
wheel side of the ribbon were covered completely by the PTFE tape (Figure 2.9a) in order to
assure that only the sample to study is in contact with the solution. This contact was measured

with ImageJ software to be able to compute the corrosion intensity density.
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Figure 2.9 a) Preparation method of ribbon samples for corrosion testing. b) Sketch of the
electrochemical cell with three electrodes.

The electrochemical tests were performed in a three-electrode corrosion cell (figure 2.9b)
and carried out in 3 wt% (0.51M) NaCl solution. The reference electrode was a Ag/AgCl (3.5M
in KCI) (+0.205 V vs. saturated hydrogen electrode at 25 °C) and a spiral platinum wire (with
an area of ~3.6 cm?) was used as a counter electrode. The surface of the specimens exposed to

the solution was around 0.08~1.31 cm?. The measurements were performed with a SP-200 Bio-
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logic potentiometer (Bio-Logic Science Instrument, France), shown in Figure 2.10 and
controlled by the EC-Lab software. In the first step, the specimens were stabilized under open
circuit condition for 1h. In this step, the potentiostat measures the open circuit potential as a
function of time. At the end the of stabilization period, a quasi-steady state potential is attained
which is defined as the open circuit potential. For avoiding the influence of external
electromagnetic radiation, both electrochemical tests and immersion tests were done in a

Faraday cage [34].

Figure 2.10 photo of electrochemical measurement system: Computer (left), Bio-Logic SP-200
potentiostat/Galvanostat (middle), and Faraday cage (right).

The linear potentiodynamic polarization curves were recorded starting at -100 mV relative
to the OCP, and rising the potential in the anodic direction to 100 mV with a scan rate of 0.1
mV s. The measurements were repeated at least three times with fresh samples. Before
starting the scan, the sample remained in the solution for 1h to stabilize the open circuit
potential (OCP). Finally, the EIS tests were performed by applying a sinusoidal potential of 10
mV of amplitude and a variable frequency in the range from 100 kHz to 100 mHz. The EIS

spectra were recorded after 1h at the OCP.
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CHAPTERS. MICROSTRUCTURAL
CHARACTERIZATION

In this chapter, the process of casting the alloys by melt spinning and the characterization
of the as—prepared and annealed HEMG ribbons are presented. Moreover, we will focus on the
study of the crystallization process of the alloys. The thermal stability of the amorphous ribbons
will be examined by differential scanning calorimetry (DSC) that helps us to find out the glass
transition temperature (T,) and the crystallization temperature (T, ) and we will characterize the
changes in these two parameters by changing the percentage of the elements which are present
in the alloy’s composition. The microstructural characterization will be performed using X-ray
diffraction (XRD) and Transmission Mdssbauer spectroscopy (TMS). Finally, the distribution
of particle sizes during the heat treatments will be obtained with the help of data from Scanning

electron microscope (SEM).

3.1 Production of (FeCoCrNi) based alloys

During recent years the HEA Fe25C025Cr2sNizs has been extensively studied and its strength
has been improved through the addition of minor elements such as Al, Mn, Cu, Pd, Ti or V.
This composition was used by Ding et al. as a base composition for developing new HEMGs
in which 18 to 22 at% of B was added. These HEMGs show a higher hardness, ductility and
improved corrosion resistance as compared with the Fe-B amorphous alloys. Qi et al. produced
(FeCoNi)(B,Si) high-entropy bulk metallic glasses with good soft magnetic and mechanical
properties[22]. Thus, HEMGs with this set of elements could offer a combination of properties
very useful for industrial applications. In this thesis we report the production of new HEMGs
within the (FeCoCrNi)io0xyBxSly compositional system with x=0,5,10,15,20 and y =0,5,
10,15,20 in atomic percentages. The EDS analysis of the AB20 alloy was done in order to
check the homogeneity of the produced samples taking this composition as representative of
all the produced ribbons. The results are shown in Figure 3.1, where the SEM image is observed
together with the compositional maps of an inner part of the ribbon. In the upper central part
of the Figure, the atomic percentage of Fe, Co, Cr and Ni normalized to 100 are shown (the B

cannot be detected by EDS) indicating a that the production process we followed is able to
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generate the expected equiatomic composition. The rest of the panels show the concentration

distribution of Fe, Co, Cr and Ni clearly demonstrating the homogeneity of the produced alloys.
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Figure 3.1 EDS maps of element distribution in the AB20 alloy.

High entropy alloys can be produced in crystalline structures (simple FCC, BCC or HCP
solid solution structures) or, in some cases, in amorphous arrangements (metallic glass). As
explained in the previous chapter, the master alloys were prepared by arc melting under argon
atmosphere from high purity materials Fe, Co, Cr, Ni, B and Si. Amorphous ribbons were
produced by melt spinning with a single Cu —roller. The thickness and width of the resulting

ribbons were 20-30 um and 4 mm, respectively.

3.2. Structural characterization

The X-ray patterns of the as quenched ribbons shown in Figure 3.2 (top) illustrate only one
broad peak in the 26 range between 11° to 14° and no diffraction peaks corresponding to
crystalline phases are observed, while the (FeCoCrNi)70B15Siis alloy shows crystalline peaks
over the amorphous halo, indicating that this composition is only partially amorphous. The
large amplitude of the crystalline reflections, as compared to usual Bragg reflections, indicate
the crystalline phase is possibly in the form of nanocrystals. Figure 3.2 (bottom) shows the
diffraction pattern of the FeCoCrNi alloy clearly containing a single FCC structure, in
accordance with previous work [35]. The figure also shows the crystalline patterns of the
remaining compositions that are composed by single FCC or BCC structures or by multiple

phases in some compositions. It is worth to mention that the XRD patterns of compositions
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(FeCoCrNi)goB1o and (FeCoCrNi)70B20Siio can be compatible with a mixture of crystalline

phases with a certain content of amorphous phase.
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Figure 3.2 XRD patterns of the as-quenched samples. Diffraction spectra were obtained by
synchrotron radiation with wavelength 0.425 A. Amorphous or partially crystalline compositions
(top) and crystalline compositions (bottom).

3.3. Glass formation

According to the results of the XRD patterns the different compositions of the
(FeCoCrNi)100-x-yBxSiy system have been presented in Figure 3.3, indicating the structural state
of the as-quenched ribbons. Glass-forming ability is observed for composition
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(FeCoCrNi)goB2o, as shown previously [21], as well as for the series of compositions
substituting B by Si up to (FeCoCrNi)soB10Siio. Within this range of compositions, the partial
substitution of B by Si is not detrimental for the formation of an amorphous structure, thus
obtaining a new class of high-entropy metallic glasses with Si content. The further substitution
of B by Si results in crystalline samples. The increase of Si content maintaining a constant 10
at% of B produces amorphous samples up to (FeCoCrNi)70B10Sizo, the latter being already

partially crystalline.

37.5 ® Amorphous
W Amor./cryst.
A Crystalline

0.0
550 625 700 775 850 925 100.0
FeCoCrNi

Figure 3.3 Pseudo-ternary phase diagram of the produced compositions reflecting the state of the as-
guenched ribbons. Amorphous (blue circles), crystalline (red triangles) or partially crystalline
structure (green squares).

As it was explained previously explained in the Introduction chapter of this thesis, it is
possible to predict the structure of the alloy with the help of two parameters: the atomic size
difference (8) and the mixing enthalpy (4H,,;,). The values of these parameters determine if a
solid solution or an amorphous phase is formed. In particular, a solid solution can be produced
if 6 is small (6 < ~0.066) and 4H,,;, is either slightly positive or significantly negative (~ -
11.6 < AH,,;, < 3.2 kJ mol™) whereas an amorphous phase can be produced if & is large (6 >
0.064), and AH,,,;, is negative (AH,,;, <-12.2 kJ mol™) [36]. The regions in the §-4H,,;, map
where solid solutions or amorphous phases are favored following this model are shown in

Figure 3.4 as dashed regions. In order to validate this empirical model, we calculated the atomic
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size difference and the mixing enthalpy for the compositions produced, given in Table 3.1 and

plotted in the §-4H,,;,, map of Figure 3.4.

Alloy ) AH ;. (kJ mol™) Ref.
(FeCoCrNi)100 0.30% -3.75 [37]
(FeCoCrNi)goB10Siio 10.72% -23.36 This work
(FeCoCrNi)soB2o 14.70% -19.2 This work
(FeCoCrNi)goB1o 10.64% -12.48 This work
(FeCoCrNi)75B10Siis 10.74% -27.69 This work
(FeCoCrNi)75B15Sig 12.87% -26.01 This work
(FecoCrNi)eoB20Sizo 14.47% -34.19 This work
(FeCoCrNi)70B15Siis 12.85% -29.87 This work
(FeCoCrNi)70B20Sio 14.61% -28.15 This work
(FeCoCrNi)goBsSiis 7.91% -25.02 This work
(FeCoCrNi)soBisSis 12.89% -21.42 This work
(FeCoCrNi)gsB1oSis 10.68% -18.28 This work
(FeCoCrNi)goBsSis 7.72% -14.65 This work
(FeCoCrNi)soSizo 3.07% -26.4 This work
(FeCoCrNi)gsBsSiio 7.82% -20.20 This work
(FeCoCrNi)70B10Sizo 10.74% -31.30 This work

Table 3.1. Calculated parameters & and 4H,,;, for all the alloys produced.

From the XRD results, we can distinguish between three cases in terms of the structural
state: 1) Compositions with an amorphous as-quenched state; 2) Compositions with a
crystalline state composed of borides, silicides and intermetallic phases (labeled as multiphase
alloys), and compositions containing only FCC or BCC phases. For the latter ones, it is not
known at this moment if the B and Si atoms could be inside the FCC or BCC structures, as
substitutional or interstitial atoms, or accumulated in a small fraction of inter-granular

amorphous phase in the grain boundaries and not detectable by X-ray diffraction.
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Figure 3.4 AH,,;, versus § map for as-cast high entropy alloys showing the regions favorable for
obtaining crystalline solid solutions (upper left, blue dashed region) or amorphous alloys (lower right,
red dashed region).

The results confirm the general criteria in the case of the FeCoCrNi alloy, as reported
previously [4]. The alloys with B and/or Si that show crystalline FCC or BCC solid solutions
in their as-quenched states fall in the amorphous region although close to the border with the
solid solution region. The multiphase compositions do not follow any clear trend as they appear
mostly in the amorphous region but also outside the expected ranges for either amorphous,
intermetallic or solid solution formation. Therefore, the general criteria to distinguish between
the tendency to form HEAs and HEMGs is only approximately valid in these compositions,
probably due to the presence of large contents of metalloid atoms. Other factors, in addition to
the values of 4H,,;, and &, clearly play a role in determining the GFA in this compositional

system.

3.4. Thermal characterization

The thermal stability of the ribbons was investigated by DSC in a continuous heating
measurement up to 1500 K. The analysis of the DSC curves (Figure 3.5) shows a different
crystallization behavior depending on the B and Si contents. AB20 shows a fast crystallization
process and a second exothermic reaction at much higher temperatures. AB15Si5 and

AB10Si10 show a crystallization reaction split in two peaks, while AB10Si15 shows a single
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crystallization event at higher temperatures than for lower Si contents. The broad and small
exothermic event for the AB10Si20 composition is a consequence of the existence of already
formed nanocrystalline particles in the as-quenched ribbons as detected by XRD. Besides the
number of crystallization events, the presence of Si in the samples also changes the temperature
span between the first and second crystallizations, being maximum in the Si free composition
and being the two crystallizations almost overlapped in the AB15Si5 and AB10Si10 samples.
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Figure 3.5 DSC of the as quenched samples applying a heating rate of 20 K min™.

The glass transition (T,) and onset of the first crystallization event (T,) temperatures are
determined from DSC curves and from these parameters also the GFA of these HEMGs can be
assessed from the supercooled liquid region (AT, = T, — T,) and the reduced glass transition

temperature (T, = T4/Ty,). The values obtained from the DSC curves are shown in Table 3.2.

Alloy Label n Tg (K) Ta(K) Twm(K) ATx(K) Ty
FeCoCrNi A - - - - - -

(FeCoCrNi)soB2o AB20 0 744 788 1353 44 0.55
(FeCoCrNi)goB1sSis AB15Si5 1/3 720 769 1337 41 0.54
(FeCoCrNi)goB10Siio AB10Si10 1 753 810 1349 57 0.56
(FeCoCrNi)75B10Siis AB10Si15 3/2 763 871 1203 108 0.63
(FeCoCrNi)70B10Siz20 AB10Si20 2 812 852 1278 - -

Table 3.2. The glass transition temperature (T ), onset of the first crystallization event (T4), melting
temperature (T,,), supercooled liquid region (ATx) and reduced glass transition temperature (T',.4) for
the completely amorphous samples, indicating also the alloy label and the Si/B ratio (n).
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The values of T,., are in the range between 0.5 and 0.6. These relatively low values indicate
that these compositions are not likely to be produced as bulk metallic glasses. One exception
is the AB10Si15 sample that presents a slightly higher value. This sample is also the one that
shows a higher thermal stability with the maximum value of AT,. These results suggest that

there might exist a critical amount of Si that maximizes the GFA and thermal stability.

3.5. Structural characterization and effect of annealing on the as-

guenched ribbons

In order to study the evolution of the amorphous and crystalline phases during annealing, a
series of heat treatments were applied to the as-quenched samples. These treatments were
chosen in accordance with the DSC curves in order to shed light on the microstructural
evolution and characterize the structure at different stages of their transformation: 1) Before
the glass transition temperature; 2) At the beginning and at the end of the first crystallization
event; 3) At the end of the second crystallization event. Therefore, the amorphous ribbons were
annealed in an Ar atmosphere with a heating rate of 6 K min at different temperatures: 673,
723, 773, 823, 873, 923, 973 K. Figure 3.6 shows the XRD diffractograms for the AB20 alloy
annealed at the temperatures between 673 and 973 K. Annealing at 673 K, below the glass
transition temperature, does not induce any crystallization and the diffractogram still shows the
broad halo characteristic of the amorphous structure. However, the diffractograms at 723 and
773 K show the appearance of broad crystalline peaks, i.e. the formation of nanometer-sized
crystals, coexisting with an amorphous structure. This crystallization corresponds to the first
process with onset at T,, (Figure 3.5). The presence of the crystalline phases is detected by
XRD in samples annealed at temperatures below the T,, value determined by DSC at 20 K
mint (Table 3.2); this is because of the temperature shift, expected in glass crystallization, due
to the different heating rates as the annealing protocols were performed at 6 K min™. These
nanocrystalline peaks can be identified as a MsB phase, where M stands for metal and could
be any combination of Fe, Co or Ni as the phases FesB, NisB and CosB show compatible peaks
with the observed ones. The JCPDS cards used for the identification are detailed in Table 3.3.
It is worth to mention that the Ni and Co borides present an orthorhombic structure while the
iron boride is tetragonal, showing the complexity of the crystalline phase that leads us to

identify it as MsB. Although the first crystallization products in many Fe-based metallic glasses
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are typically BCC-Fe or the Fe23Bs phase, it is not unusual to find the precipitation of FesB in
some Fe-Si-B metallic glasses [38][39].

Phase JCPDS card

Fe-B 00-036-1332
CozB 01-075-1063
Ni2B 01-082-1697
FesB 00-039-1315
CosB 00-012-0443
NisB 01-082-1699
NiSi 01-073-2093

Table 3.3. JCPDS cards used for the identification of the crystalline peaks.

In the diffractograms of the samples annealed at 773 and 823 K an FCC phase begins to
grow. Therefore, as a consequence of the first crystallization event, MsB and FCC phase appear
in the AB alloy. The M3B phase is not stable as it disappears before the second crystallization,
as can be seen in the diffractogram above 873 K. At these higher temperatures the main peak
corresponds to the FCC structure and the smaller peaks can be clearly identified as M2B. In a
similar way than the MsB phase, this boride can be identified with a Co2B, a Fe2B and a Ni.B
phase, all with tetragonal structure. Thus, the second crystallization event induces the formation

of a M2B phase while the FCC phase continues to grow.
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Figure 3.6 XRD patterns of (FeCoCrNi)soBzo alloy after annealing at different temperatures. The
crystalline peaks are identified and correspond to an FCC phase and two borides.

The XRD diffractogram of AB10Si10 alloy annealed at the same temperatures is shown in

figure 3.7. Below 773 K, the diffractogram shows completely amorphous samples and at 773

K some nanocrystals begin to form that can be assigned to a BCC phase together with a peak

that can be ascribed to a M2(B,Si)

phase, that remains visible at higher annealing temperatures

including the fully crystallized sample. In this case, the Si can be incorporated in the structure

of the boride but can also be present in a Ni>Si phase. Annealing at 823 K yields the formation

of an FCC phase together with a new boride, the M2(B,Si) phase that continues to grow at

higher temperatures. At this temperature the peaks corresponding to the BCC phase are still

present. Further annealing induces the disappearance of the BCC phase and the growth of the

FCC and Mz(B,Si) phases.
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Figure 3.7 XRD patterns of (FeCoCrNi)soB10Siio alloy after annealing at different temperatures. The
crystalline peaks are identified and correspond to an FCC, BCC and M3(B,Si) phase.

3.6. In-situ characterization of the crystallization

In the previous sections we presented the XRD patterns for the AB20 and AB10Si10 in the

as-quenched state and annealed at different temperatures. The conventional laboratory XRD
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technique is useful to give information about the phases that appear during each crystallization
but give little information about the microstructural change with time. Thus, the structural
properties of the ribbons were investigated by Synchrotron XRD at the MSPD beamline of
ALBA Synchrotron. The X-ray synchrotron experiments were performed to measure in situ the
crystallization process. The ribbon was irradiated with monochromatic radiation of A= 0.4246
A during a heating up from room temperature to 793 K at 20 K min™ and held at this
temperature for 2h and cooled down to room temperature at 100 K min. Patterns were
collected with a time acquisition of 1 s every 5 s using a Rayonix CCD detector. A diffraction
without sample was taken at room temperature to have the background signal. The diffraction
pattern at each temperature and the one of the backgrounds has been subtracted after intensity
normalization. The diffraction was performed on the as-quenched ribbons; this may introduce
some artefacts in the detected intensities of the Bragg reflections due to possible texture of the
growing crystalline phases. However, the production of powder for the XRD analysis was
discarded in order to avoid structural changes originated due to the milling process. The
crystallization of the samples was analyzed in order to assess the role of Si and B on the
crystallization path and characterize the emerging phases. According to the value of the ratio
n = Si/B, and the DSC signal (Figure 3.5) we can distinguish two different regions. For n <1,
there are two crystallization events before 873 K, except for n = 0, where the second
crystallization occurs above 873 K. For values of n larger than 1, there is only one

crystallization event and, for n = 2 the crystals are already present in the as-quenched sample.

Figure 3.8 shows the crystallization for the case n = 0. The left panel shows the evolution
of the intensity of the diffraction peaks with the temperature. The amorphous character of the
as-quenched state is clearly seen by the low intensity of the broad peak between 10° and 15°.
This broad peak is replaced by sharp lines at temperatures close to 790 K signaling the
nucleation and growth of the crystalline phases. The continuity of the lines indicates the
existence of only one crystallization event while the increase in brightness of the lines shows
the increase in volume fraction of the crystalline phases as the holding time at the maximum
temperature increases. Therefore, with a holding time of 120 minutes at 793 K the second
crystallization event detected by DSC is not reached in the X-ray diffractograms. The right
panel of Fig. 3.8 shows the intensity versus the diffraction angle for selected temperatures from

the initial amorphous state up to the final crystallized state.
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Figure 3.8 Crystallization of the AB20 sample (n = 0). Left panel: 2D map of the crystalline peaks
showing their intensity (in a color scale) versus the diffraction angle 26 (x axis) and the temperature
T (y axis). Right panel: diffractograms of selected temperatures, from the initial amorphous phase to
the highest temperature with phase identification.

The crystallization pattern is complex with multiple low intensity peaks. The main phases
that can be identified are a solid solution with an FCC structure, the observed peaks correspond
to (111), (200), (220) and (311) reflections, and two borides: FesB and CoB. However, the
intrinsic chemical disorder characteristic of high-entropy alloys tends to produce crystalline
phases with a mixture of the main elements, thus it can be expected that the FesB and CoB
phase will contain other metal elements. This complexity of the crystalline phases is analyzed
in detail by Mdssbauer spectroscopy in the next section, showing that the Mdssbauer spectra
of the boride phases presented hyperfine parameters that differed from the ones corresponding
to a pure Fe-boride phase, thus confirming the presence of other elements (Cr, Co or Ni) in the
structure. The overall structure of the phases can be identified but, similarly to other works in
this type of materials [38][39], the exact distribution of metal atoms inside the borides (or
silicides, in the case of Si containing samples below) cannot be determined by the techniques
used in this study. Besides the two identified borides, the three more intense peaks between 18
and 20° can be attributed to a more complex boride close to the FesNizB structure and to the
intermetallic phase CrsNiz although the identification of this latter phase is ambiguous. As
explained before, in this experiment the second crystallization event observed by DSC cannot
be reached, although in the previous section it was shown that increasing the temperature
induces the formation of an M2B phase and the disappearance of the M3B phase. Thus, the first

crystallization can be summarized in the following way:

1 = 0: Amorphous — FCC + MB + M3B + MgB,
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where M stands for metallic atoms.

The crystallization for the case n = 1/3 can be seen in figure 3.9. The 2D map clearly shows
that two crystallizations processes take place in this composition. Firstly, the amorphous phase
crystallizes in a BCC structure, likely a solid solution, with the peaks at 12° 17° and 21°
corresponding to the reflections (110), (200) and (211), respectively. After reaching the
maximum temperature in the furnace, the second crystallization takes place with the nucleation
and growth of an FCC structure together with two borides, CrFeB and FeB. There is no clear
set of peaks that can be ascribed to a silicide phase, thus it is reasonable to assume that the
small amount of Si atoms is present in the other crystalline phases or in a residual amorphous
fraction. However, the small shoulder at around 11° together with the two more intense peaks

could also be compatible with an Fes.9Si>B phase. The crystallization path for this case is, thus:
n = 1/3: Amorphous — BCC — BCC + FCC + MB(Si) + M2B(Si),

where (Si) means the possible presence of this element in the structure, although not confirmed.
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Figure 3.9 Crystallization of the AB15Si5 sample (n = 1/3). Left panel: 2D map of the crystalline
peaks showing their intensity (in a color scale) versus the diffraction angle 26 (x axis) and the
temperature T (y axis). Right panel: diffractograms of selected temperatures from the initial
amorphous phase to the highest temperature with phase identification.

The composition with n = 1 also presents a double crystallization reaction (see Figure 3.10).
The first one takes places below 793 K and, like the previous composition, it can be ascribed
to a solid solution with a BCC structure. However, contrary to n =1/3, in the case of n =1 there
is a simultaneous crystallization of boride and silicide phases. In particular, peaks
corresponding to FezB, Ni>Si and Cri.4Feo.3sBo.gs can be globally identified as phases with an
M2(B,Si) structure, although some of the peaks can also be ascribed to a Co.B phase. The

second crystallization event maintains the previous phases and it induces the nucleation and
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growth of a solid solution with an FCC structure, resulting in the following global

crystallization path:

n = 1: Amorphous — BCC + M2(B,Si) -BCC + FCC + M(B,Si)
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Figure3.10 Crystallization of the AB10Si10 sample (n = 1). Left panel: 2D map of the crystalline
peaks showing their intensity (in a color scale) versus the diffraction angle 26 (x axis) and the
temperature T (y axis). Right panel: diffractograms of selected temperatures from the initial
amorphous phase to the highest temperature with phase identification.

The last of the studied compositions with a completely amorphous structure in the as-quenched
state corresponds to the case n = 3/2 and, contrary to the previous cases, it only presents one
crystallization event in Figure 3.4. From the 2D map of figure 3.11 it could be seen that there
are two different crystallization stages, however, looking at the selected diffractograms in the
right-side panel it can be seen that all the peaks are already present at the beginning of the
crystallization, although some of them are masked by the halo corresponding to the amorphous
matrix in which the crystalline phases grow. In a similar way than in the case n = 1, the main
existing crystalline phase is a solid solution with a BCC structure that grows simultaneously
with borides and silicides. In particular, the peaks can be identified with Ni»Si and Cr,B phases.
The peaks at around 11° and 17° are not identified but can be compatible with FesSis or NisSi
phases if some texture is assumed. Unlike the other compositions with less Si, in this case there
is no growth of an FCC structure. What it can be observed, however, is that after a relatively
short time at 793 K (approximately 30 minutes) the peaks corresponding to the BCC solid
solution begin to decrease in intensity at the expenses of borides and silicides. Therefore, in

this composition the crystallization path is more simple and can be summarized as follows:

n = 3/2: Amorphous— BCC + M(Si,B)
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Figure3.11 Crystallization of the AB10Si15 sample (n = 3/2). Left panel: 2D map of the crystalline
peaks showing their intensity (in a color scale) versus the diffraction angle 26 (x axis) and the
temperature T (y axis). Right panel: diffractograms of selected times after reaching the maximum
temperature in the hot stage.

The last of the studied compositions corresponds to the case n = 2, which is partially
crystalline in the as-quenched state, although the majority of the as-quenched structure remains
amorphous (see Figure 3.12). Despite this double character of the structure, the study of the
crystalline phases is interesting in order to have a better picture of the effect of Si in the
crystallization path of this family of HEMG. The crystals present in the as-quenched state can
be identified as a solid solution with a BCC structure that continuously grows when increasing
temperature. After the full treatment of the sample (120 minutes at 793 K) besides the BCC
phase, several peaks appear that are compatible with a Ni.Si phase. There are no clear peaks

corresponding to borides, although the peaks at 11.4° and 12.2° are consistent with a Ni.B

phase. Thus, the crystallization path is:

n = 2: Amorphous + BCC — BCC + Mx(Si, B).
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Figure3.12 Crystallization of the AB10Si20 sample (n = 2). Left panel: 2D map of the crystalline
peaks showing their intensity (in a color scale) versus the diffraction angle 20 (x axis) and the
temperature T (y axis). Right panel: diffractograms of selected temperatures from the initial partially
crystalline phase to the highest temperature with phase identification.

Summarizing, the analyzed crystallization paths show a clear trend with the Si content.
When there is no Si present in the HEMG (n = 0) the main phase is an FCC structure with a
complex combination of borides, including a metastable M3B phase together with other borides
and some intermetallic phase. Adding Si (n > 0) changes the structure of the principal
crystalline phase, that now is BCC instead of FCC. Moreover, the first borides to crystallize
are no longer the metastable M3B but the stable M:B. In the compositions with two
crystallization events (n < 1), the second crystallization induces the growth of the FCC
structure that coexists with the BCC phase. In the compositions with low Si content (n = 1/3),
there is also the formation of some MB phase. Increasing the Si content (n = 1) implies the
crystallization of only M2B and M,Si phases. Finally, for the compositions with the highest Si
content (n = 3/2 and n = 2) the second crystallization disappears obtaining a microstructure

composed of a BCC solid solution and M2(B, Si) crystals.

3.7. Characterization by Md&ssbauer spectroscopy

The Mdssbauer spectra of the studied samples are shown in Figures 3.13 and 3.16 for AB
and ABSi alloys respectively. The as-quenched ones and the annealed ones up to 673 K show
a typical wide doublet characteristic of paramagnetic amorphous phases. To consider the
structural disorder, these spectra have been fitted using a distribution of quadrupole splittings

(4) plotted in the insets of the figures. At 723 K the crystallization begins being noticed in both
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samples although, as already said, the crystallization path and products are different. For the
AB alloy, a sextet of a ferromagnetic phase appears with a value of the hyperfine magnetic
field (BHF) of 24.4 T. This phase grows in the sample annealed at 773 K, diminishes at 823 K
and completely disappears at 873 K.

100

99

a8

YR
40
9%

Transmission (%)
Transmission (%)

o
- =1

rl

IetE Ry (W)

a5
10

L] ' . - 4
94 000 025 030 0TS 100 133 O 823K
& (s

2 ]
c (=4
S k=]
v w
A W
E E
i Wi
c (=1
g - g
= 7 L =
%61y
. IR 723K 5] o ) ? 873K
000 07 030 Q7% L00 1L 1 20 ] L =}
& Imeres! BMF

. W " o 9 o 0angdian o 100.0 EotetNesl L o : g
. i I 995 Vo Ll &Y
g g %00 |
§ - g
o s W 85 i
2 : w i
5 esls £ 98.01.
c £ c £ I
e Ey = r 4
" oesa i, Foers]
11
ar10
94 -
3:0 B7s 038 a7 100 LIS 773K ’ R = - i 923K
93- & (mers) G6.5 BHF [T)
-10 -5 0 5 10 -10 -5 a 5 10
Velocity [mmy/s) Velocity (mmys)

Figure 3.13 Experimental Mdossbauer spectra (blue dots) and their fits (red lines) for the
(FeCoCrNi)soB2o alloy at six different representative stages of the crystallization process. In colored
lines there are the subspectra fitted for the different phases (purple for the amorphous phase, blue and
cyan for the FCC phase and orange and dark red for the borides). The insets show the distribution of
quadrupole splittings (for the as-quenched samples) or hyperfine magnetic fields (for the annealed
ones) needed for the fitting.

Therefore, taking into account the XRD results and the hyperfine values (with 4 = 0.09(8)
mm s and isomer shift § = 0.03(4) mm s, where the magnitude in parenthesis corresponds to
the standard deviation obtained from the fitting software[28] this ferromagnetic phase can be
ascribed to a MsB structure. The sextet corresponding to the M3B phase has a large width

(around 1.2 mm s™) to take into account the different metals (Fe, Co or Ni) that can enter in
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the structure and, thus, change the BHF value. We cannot use a distribution of hyperfine fields
due to the fact that the available version of the fitting program does not allow using
simultaneously a distribution of quadrupole splittings and BHFs. Moreover, at 773 K, besides
the amorphous and the boride phase, a new paramagnetic doublet appears that corresponds to
the FCC phase (with 4 = 0.54(1) mm s and § = 0.00(3) mm s*). At 823 K there is still a
remnant of the amorphous phase fitted with a distribution of quadrupole splittings and the
paramagnetic crystalline phase can be fitted using two doublets with very different values of
the quadrupole splitting (4 = 0.57 mm s and 4 = 0.27(2) mm s™*). The first doublet has been
fitted with fixed hyperfine parameters in order to disentangle its contribution from the one
corresponding to the amorphous phase with similar values of the hyperfine parameters. The
two doublets for the crystalline phase are necessary for two different reasons. On the one hand,
at 823 K are needed to keep the amount of amorphous phase below its amount at 773 K as it
would be unphysical that the amorphous phase grows with the annealing temperature. On the
other hand, at higher annealing temperatures, they are necessary to be able to account for the
different intensities of the two absorption peaks in the central part of the spectrum. As in the
XRD diffractograms only one FCC structure can be identified, this result indicates that the
crystalline structure of the FCC phase presents a distribution of different chemical environs
surrounding the Fe atoms. This is different than what is observed in the FCC phase of the HEA
FeCoCrNi (alloy A in this work) shown in Figure 3.14.
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Figure 3.14 Mossbauer spectrum of the as-quenched FeCoCrNi HEA in ribbon form (blue dots)

together with the best fitting (red line) to the experimental data. The inset shows the distribution of
quadrupole splittings.
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In this case all the elements are randomly distributed in the structure and the Mossbauer
spectrum cannot be fitted with two doublets. It is then necessary to use a distribution of
quadrupole splittings to consider the random chemical ordering surrounding the Fe nuclei and
characteristic of HEA alloys. The inset of Figure 3.14 shows this spread distribution over a
wide range of A values, whereas the AB alloy annealed at 823 K only have two main
contributions. From 873 K to 973 K the spectra are similar, with two doublets for the FCC
phase (with similar hyperfine parameters than the doublets at 823 K) and one BHF distribution
for the ferromagnetic phase with an average hyperfine field of 28.6 T and zero quadrupole
splitting and isomer shift. According to XRD results, this ferromagnetic phase can be
associated to a M2B phase. Although the M3B and M2B phases can present several subspectra
according to the different positions that the Fe atoms can occupy in the structure and the number
and types of elements surrounding it, such a detailed fitting model has not yielded good results
and we opted for a general approach in which we are not able to precisely identify the effect of

Co, Cr and Ni on the structure but we can identify and quantify the several phases that appear.

Figure 3.15 shows the evolution of the at% of Fe atoms in each phase obtained from the
fitting of the Mdssbauer spectra. These at% have an error of + 0.5 %, as estimated from the
fitting software. It is clearly shown how the amorphous phase firstly decomposes into an FCC
plus a M3B phases that coexist until 873 K, and at this temperature part of the FCC phase and
the M3B phase decomposes into a M2B phase. The inset of the figure shows the evolution of
the total ferromagnetic and paramagnetic phases demonstrating that in the fully crystallized

sample there is the same amount of both magnetic orderings.
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Figure 3.15 Variation of the at% (with an error of £0.5 %, smaller than the symbol) of the different
phases of the (FeCoCrNi)soB2o alloy as a function of the annealed temperature calculated from the
analysis of the Mdssbauer spectra. The inset shows in blue (red) the atomic percentage of the total
paramagnetic (ferromagnetic) phases as a function of the annealed temperature.

For the ABSi alloy the fitting of the spectra (Figure 3.16) can be performed similarly as in

the previous AB samples, although some of the crystalline phases that appear are different.
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Figure 3.16 Experimental Mdossbauer spectra (blue dots) and their fits (red lines) for the
(FeCoCrNi)soB10Siio alloy at all the stages of the crystallization process except the fully crystalline
one. In colored lines there are the subspectra fitted for the different phases (purple for the amorphous
phase, blue and cyan for the FCC phase and orange and dark red for the BCC and borides). The insets
show the distribution of quadrupole splittings (from 673 to 773 K) or hyperfine magnetic fields (from
823 to 923 K) needed for the fitting

In this case, the first crystallization at 723 K corresponds to a phase that can be ascribed to
a BCC phase close to BCC-Fe (with hyperfine field value of 34.1 T and zero quadrupole
splitting and isomer shift) and that disappears at 873 K. The appearance of the FCC phase is
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delayed until 823 K, where the two doublets with similar hyperfine parameters than in the AB
samples appear together with the formation of a new boride phase that would correspond to
M2(B,Si) (with hyperfine field value around 15 T and zero quadrupole splitting and isomer
shift). Thus, in this composition we also have the double distribution of environs in the FCC
phase. The boride phase was fitted using a BHF distribution in an analogous way than the M>B
phase in the AB alloy. However, the presence of Si in this phase diminishes the average BHF
in the distribution if compared with the M2B phase. It is worth to mention that at 823 K the
BCC phase has been fitted using a discrete wide sextet while the borides have been fitted with
a distribution of hyperfine fields. This has been done in this way in order to be able to
differentiate between the two ferromagnetic phases and keep track of their atomic percentages
during the transformation. The evolution of all the phases is presented in Figure 3.17 with the
inset showing that the fully crystalline sample contains more ferromagnetic (~64 at%) than
paramagnetic phases (~36 at%).
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Figure 3.17 Variation of the at% (with an error of £0.5 %, smaller than the symbol) of the different
phases of the (FeCoCrNi)soB10Siioalloy as a function of the annealed temperature calculated from the
analysis of the Mdssbauer spectra. The inset shows in blue (red) the atomic percentage of the total
paramagnetic (ferromagnetic) phases as a function of the annealed temperature.

Therefore, the substitution of B by Si, besides changing the crystallization products, also favors
the presence of ferromagnetic components. The crystallization path of both HEMGs can be

summarized in the following way:

AB amorphous - M3B - FCC + M3:B - FCC + M2B
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ABSi amorphous = BCC + Mz(B,Si) > FCC + BCC + My(B,Si) > FCC + Ma(B,Si)

3.8. Effect of annealing on the particle size distribution

The annealing temperature is shown to have a significant influence on the particle size
distribution and morphology of the ribbons. The SEM images of the interior of the AB20 and
AB10Si10 ribbons at room temperature and after annealing at different temperature up to 973K
are shown in figure 3.18. The first two figures on top show the AB20 and AB10Sil0 as-
prepared ribbons at room temperature with a smooth and homogeneous cross section
characteristic of the amorphous materials. Although, as detected by Mdssbauer, the
crystallization process begins at 723 K, the formed crystals are too small to be noticed in the
SEM images. In samples annealed at 823 K a clear crystalline structure, uniformly distributed,
is observed with a typical grain size that continuously grows from 923 K to 973 K. Comparing
the last rows of Figure 3.16 it can be concluded that the presence of Si hinders the growth of

the grains resulting in a sample with a smaller crystals compared to the AB sample.
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Figure 3.18 SEM images of the HEMGs alloys (FeCoCrNi)80B20 (left column) and
(FeCoCrNi)80B10Si10 (right column) in their as-quenched state (first row) and after annealing at
823, 873 and 973 K.

To further study the effect of Si in the microstructure, the grain size distribution of both
alloys as a function of the annealing temperature was computed from the SEM images of Figure
3.18. The average grain size was calculated by ImageJ software using the following procedure:
i) setting the scale according to scale of the photo; ii) measuring each grain 5 times from
different directions and iii) taking average of the length for each grain. The AB alloy (Figure
3.19 top) grows from ~69 nm at 823 K to ~185 nm at 973 K. In all the temperatures the width
of the distribution is large, especially after 823 K, indicating a microstructure without a well-
defined characteristic length. In contrast, Figure 3.19 bottom shows the grain size distribution
for the ABSi alloy, with a lower average grain size that grows from ~37 nm at 823 K to ~135
nm at 973 K and with a narrower width below 973 K. Therefore, the presence of Si instead of
B in the microstructure not only reduces almost to a half the average size of the crystals but

also produces a more uniform microstructure.
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Figure 3.19 Distribution of grain sizes in (FeCoCrNi)soB2o (top) and (FeCoCrNi)soB1oSiio (bottom)
after annealing at different temperatures.

3.9. Discussion

In this chapter, we have presented two different alloys and in each section their properties
and the effect of the annealing and the elemental composition on them has been discussed. In
the first step, (FeCoCrNi)soB20 and (FeCoCrNi)soB10Siio were produced and it has been shown
that both of them followed similar thermal behavior but the partial substitution of B with Si
causes the increase of both the glass transition temperature and the temperature of the first
crystallization event while it reduces the temperature of the second crystallization. Moreover,
it shows a slight increase in the supercooled liquid region (4T,.) after adding Si, therefore this
element increases the thermal stability of the alloy. Regarding the structure of these alloys at
room temperature, it has been shown that both, AB and ABSi were amorphous at room

temperature. By annealing the AB sample, the FCC and M3B phases appeared as a first
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crystallization product at 823K whereas M3B was not a stable phase and it disappeared before
the second crystallization. After the second crystallization, the FCC phase still grows beside
the formation of M2B and this M could correspond to the different metals (Fe,Co,Ni). On the
other side, for the ABSi alloy, the x-ray diffraction pattern showed a completely amorphous
phase below 773K and by increasing the temperature the nucleation and growth of some
nanocrystals like BCC and M2(B,Si) begin. By increasing the temperature to above 823K the
formation of FCC and some new boride phase started. At higher temperature, the BCC phase
is still there and the growth of FCC and M2(B,Si) continued.

An addition of 10 at% of B and 15 at% of Si to the base composition (equiatomic FeCoCrNi)
maximize the glass forming ability and thermal stability of the amorphous phase. Also we
studied the crystallization path of other compositions in this new family of high entropy
metallic glasses (AB20, AB10Si10, AB10Si20, AB10Sil15 and AB15Si5) characterizing their
structure by in-situ X-ray diffraction at ALBA synchrotron and we reach the following
conclusions. For Si/B ratios lower or equal than one the alloys present two crystallization
events while for higher values of this ratio there is only one crystallization peak. Moreover, as

the amount of Si increases the main crystalline phase changes from FCC to BCC.

In the last section of the chapter we discussed the microstructure and the effect of the heat
treatment on it. From a microstructural point of view there is a change in the size of
nanocrystalline particles in both alloys. According to our study, in the AB alloy the average
grain size at 823K was ~ 69 nm and by increasing the annealing temperature it will reach to
~185 nm at 973 K while in the ABSi alloy, the average grain size grows from ~ 37 nm at 823K
to ~135 nmat 973K. Eventually, the replacement of part of B with Si causes the microstructure

to reduce the size as well as to produce a more uniform microstructure.
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CHAPTER 4. MECHANICAL CHARACTERIZATION

The aim of this chapter is to study the mechanical properties and the deformation process of
the produced alloys by means of nanoindentation. This technique offers many advantages and
it requires only a small volume of test material [40]. Several mechanical properties related to
the elastic and plastic deformation response can be assessed from the load-displacement (P-h)
curve recorded during the nanoindentation process [41] that allow us to determine the hardness
(H), the reduced Young’s modulus (E;.), the plastic energy (U,), the elastic energy (U, ), the
wear resistance (H/E, ) and the elastic recovery (U,;/U,,:)- In this chapter, of all the produced
compositions we selected the ones with best glass-forming ability and the base alloy, the latter
to serve us as a reference. These compositions are: A, AB20, AB10Si10, AB10Si20, AB15Si5
and AB10Sil15, emphasized with a circle in Figure 3.3 of the previous chapter.

4.1. Nanoindentation

The mechanical properties of the as quenched and the annealed samples are obtained by the
nanoindentation equipment described in section 2.7. Figure 4.1 (top) shows the load-
displacement curves of all the samples in the as-quenched state, including composition A for
reference. In addition to the different penetration depths and corresponding hardnesses, the
slope of the unloading part of the indentation curves, related to the contact stiffness, indicates
a different value of the reduced Young’s modulus. From these curves the hardness and E, can

be calculated and the values are shown in Figure 4.1 (bottom) and Table 4.1.

Figure 4.1 (bottom) shows the change of these magnitudes as a function of the composition
for all the as-quenched samples. The large increase in hardness from the base composition (~

4 GPa) to the B and Si containing alloys (~14-18 GPa) can be explained by the strong nature
of the (B,Si)-M interatomic bonds and the change from an FCC crystalline to an amorphous
structure, where the absence of long-range order and crystalline defects increases the resistance
to plastic deformation. There is no clear trend in the values of H or E, as a function of
composition, all amorphous samples showing outstandingly high hardness values, three times

as hard as stainless steels [42].
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Figure 4.1 Load-displacement nanoindentation curves (top) and variation of hardness (H) and
reduced Young’s modulus (E,) (bottom) for as quenched ribbons at room temperature.

However, there is a clear increase of these magnitudes for AB10Si20, i.e. the alloy that has
the major content of B and Si and, in addition, contains some nanocrystals embedded in its
amorphous structure as discussed in the previous section. It is expected that the elastic
properties of a material are related to its atomic bonding in a way that compositions with
stronger bonds exhibit higher values of E,. [43]. There are two possible contributions to the
maximum values of H and E,. in the AB10Si20 alloy. On the one hand, the large amount of Si
creates stronger covalent bonds between this element and the metallic elements. On the other
hand, the interplay between the amorphous matrix and the nanocrystalline inclusions can

enhance the mechanical properties [35][44].
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Samples | H (GPa) | E, (GPa) U, (nJ) U, (nJ) Uior (NJ) H/E, Uai/U¢or
A 4.15 121.9 1.04 0.247 1.28 0.034 0.190
+0.12 +4.1 +0.029 + 0.008 +0.04 + 0.002 +0.011
AB20 14.40 167.1 0.353 0.343 0.690 0.086 0.490
+0.53 +4.8 +0.002 +0.002 +0.004 +0.005 +0.005
) 12.50 149.6 0.405 0.351 0.750 0.084 0.460
AB15Si5
+0.46 +6.5 + 0.006 +0.002 +0.008 + 0.006 +0.007
) 15.50 162.3 0.367 0.356 0.72 0.09 0.49
AB10Si10
+ 0.54 + 1.8 + 0.007 + 0.003 +0.01 + 0.003 +0.01
. 12.6 155.4 0.401 0.345 0.740 0.081 0.46
AB10Si15
+0.4 +2.1 +0.002 +0.001 +0.003 +0.003 +0.007
. 17.7 176.3 0.279 0.361 0.64 0.100 0.56
AB10Si20
+0.7 +3.6 +0.020 +0.002 +0.03 + 0.005 +0.025

Table 4.1. Hardness (H), reduced Young’s modulus (E;), plastic energy (U,), elastic energy (Ue;),
wear resistance (H/E,.) and elastic recovery (U,;/U;,:) measured by nanoindentation.

We can compare the hardness and elastic modulus values of the as-quenched alloys studied
here with other high-entropy alloys of similar compositions probed also by nanoindentation
[45][46]. In these references the maximum loads were between 10 and 30 mN, similar to the
ones applied in the present work, although some differences could be expected due to the
measures done at a strain rates of 5x102 s in the case of ref. [45]. Figure 4.2 displays the
values of the Young’s modulus versus hardness for several alloys that also contain Fe, Co and
Cr in the base composition and additions of other elements like, Cu, Si or Al to tailor their
properties. From this figure, it is clear that the micro alloying with Al and the incorporation of
Mn in the base composition are beneficial for the elastic modulus but it produces only a
moderate increase in the hardness. All these compositions present a diversity of structures and
microstructures depending on the particular composition and alloying element and comprise
FCC, BCC, mixture of BCC and FCC and also a mixture of FCC and HCP phases. The
composition with the highest elastic modulus is the Alz(FeCoCrNiCu) that consists of a BCC
phase in a dendritic configuration. Accordingly, it could be concluded that more than the
particular crystalline configuration of the alloy, the most determinant factor that contributes to
its mechanical behavior is the microstructural configuration of the main phase. The use of
important amounts of B and/or Si significantly improves (almost doubles) the hardness, while
keeping the elastic modulus almost constant. This increase of hardness opens a new route to

design new high-entropy alloys with improved properties seeking for a combination of
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constituent elements capable to amorphize the structure or induce a change in the

microstructure.
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Figure 4.2 Comparison of Young modulus and hardness for several compositions [45][46]. The
circle indicates the compositions investigated in this study.

In order to study the effect of nanocrystallization on the mechanical properties, two of the
compositions, AB20 and AB10Sil10, were selected and nanoindentation experiments were
performed at different stages of their crystallization process. These two alloys have the same
ratio of metallic and metalloid elements but different crystallization routes, forming FCC or
BCC crystals as described in the previous chapter. Specifically, the samples were annealed up
to different temperatures to examine their properties as a function of their degree of
crystallization. The set of annealing temperatures spans from below the glass transition up to
full crystallization. It is well known that below T, a heat treatment causes changes in the
physical and mechanical properties of glasses due to structural relaxation. The decrease of
excess free volume during this process usually causes a reduction of atomic mobility an
increase of Young’s modulus and hardness, and a loss of ductility of metallic glasses

[43][40][47][41].
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Figure 4.3 Variation of hardness (H) and reduced elastic modulus (E,.) as a function of annealing
temperature for AB20 (top) and AB10Si10 (bottom).

The results of H and E,. for the two compositions are shown in Figure 4.3 and are detailed
in Table 4.2. Figure 4.3 (top), corresponding to the Si-free material, shows a progressive
increase of both H and E,., up to the sample annealed at 773 K. According to our previous
characterization in chapter 3, after an annealing at 773 K the sample is composed of
nanocrystals (FCC and M3B) embedded in an amorphous matrix. At this point, the maximum
values of the hardness and reduced Young’s modulus are reached, being 24 GPa and 215 GPa,
respectively. The increase of the mechanical properties between the as-quenched and the
annealed amorphous samples can be attributed to the annihilation of excess free volume
associated to the structural relaxation of the glass [47]. At higher annealing temperatures, the
crystallization of the hard MsB phase also contributes to the increase in the strength of the

sample [44]. At annealing temperatures higher than 773 K, E, remains almost constant while
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the hardness decreases as crystallization progresses. The final state of the sample is composed
by FCC crystals together with the stable boride M2B. The decrease in hardness can be explained
by the growth of the FCC phase which has low hardness compared to the amorphous state.
Furthermore, with increasing the annealing temperature, the size of the FCC grains grows and
hardness decreases gradually as grain growth occurs [48]. In chapter 3 we studied the evolution
of the size distribution of the crystals as a function of the annealing temperature, resulting in
an increase of the average size from around 70 nm at 773 K up to 185 nm at 973 K. Thus, the
decrease of the hardness can be explained by the conventional Hall-Petch equation [49] that
predicts an increase of the strength with decreasing grain size due to dislocation pile-up at grain
boundaries. For the Si containing sample (Figure 4.3 bottom) the data shows a more complex
behavior, increasing its hardness and reduced elastic modulus up to a clear maximum that
occurs when annealing at 723 K, still before the crystallization onset. At higher annealing
temperatures, both H and E, decrease during the first crystallization step where a BCC solid
solution together with an M2(B,Si) phase appear as explained in the previous chapter. In the
second crystallization step, in which the BCC phase is replaced by FCC, E, increases again.
The decrease of both hardness and modulus at the final stages of the crystallization can be
explained by the appearance of the FCC solid solution and the increase in the average grain
size. Therefore, in the AB10Si10 material, the maximum value of the hardness occurs in a fully
amorphous although structurally relaxed structure, in contrast with the Si-free AB20 material
in which this maximum is found in a composite structure of FCC nanocrystals embedded in an

amorphous matrix.

More information can be extracted from the ratio between hardness and reduced elastic
modulus (H/E,), and from the elastic recovery, i.e., the ratio between the elastic energy (Uy,;)
and the total energy (elastic plus plastic, U,) [40][41][48][49][50][51]. The H/E, ratio is
related to the elastic strain to failure and it is a suitable parameter to describe the wear resistance
of the sample [22][29][52][53][54][55][56][57][58]. These values for all the analyzed
compositions are shown in Table 4.1, while for all the annealing temperatures of samples AB20
and AB10Si10 are shown in Table 4.2. Among all the studied compositions, AB10Si20 shows
the highest wear resistance and elastic recovery, showing that the presence of nanocrystals and
larger amount of metalloid percentage helps to improve these mechanical properties. For the
completely amorphous samples, AB10Si10 is the one with the better wear resistance, while all
have similar values of the elastic recovery. Focusing on compositions AB20 and AB10Si10

annealed at different temperatures, the wear resistance shows a similar trend as the hardness,
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being maximum at the sample annealed at 773 K in the Si-free sample, consisting of
nanocrystals embedded in an amorphous matrix, while for the Si-containing sample the
maximum wear resistance is found at the ribbon annealed at 723 K, still completely amorphous
but structurally relaxed. However, the elastic recovery is very similar in all the cases and around
the 50%, being maximum in the two compositions annealed at 773 K. Thus, the combination
of nanocrystals and a relaxed amorphous matrix yields the best performance in terms of energy

recovery.
AB20 H(GPa) | E.(GPa) | Up(N)) | Uy (N) | Upe(Nd) | H/E, | Up/Upoy
14.5 167.1 0.353 0.343 0.696 0.086 0.492
“ +0.6 +4.8 +0.002 | +£0.002 | +0.004 | +£0.006 | #0.005
673 K 16.1 184 0.341 0.326 0.667 0.087 0.488
+0.1 +3 +0.008 | +£0.003 | +0.011 | +0.001 | #0.012
23K 19.9 211.4 0.276 0.329 0.605 0.094 0.543
+1.1 +55 +0.005 | +£0.002 | +0.007 + 007 +0.009
T3k 24.6 215.7 0.198 0.382 0.580 0.114 0.658
+1.6 + 6.4 +0.006 | £0.003 | +0.009 | #£0.010 | #0.015
693 K 22.3 213.41 0.247 0.345 0.592 0.104 0.582
+25 +4.1 +0.012 | £0.003 | +0.015 | #0.013 | 0.019
673 K 18.3 209.43 0.307 0.316 0.623 0.087 0.507
+2.1 +11.6 +0.005 | +£0.002 | +0.007 | +£0.011 | #0.008
023 K 17.5 200.1 0.301 0.352 0.653 0.085 0.539
+0.1 +17.1 +0.005 | +£0.003 | +0.008 | £0.007 | +0.011
16.7 210.36 0.327 0.307 0.634 0.079 0.484
T +0.1 +6.5 +0.007 | £0.002 | +0.009 | £0.002 | #0.009
AB10Si10 | H (GPa) | E,. (GPa) | U,(n)) | U, (NJ) | Ugpe (NJ) H/E, | Ug/Usp
aq 15.55 162.38 0.280 0.435 0.72 0.095 0.6
+0.6 +1.9 +0.10 +0.084 +0.19 +0.004 +1.3
673 K 18.3 169.6 0.329 0.372 0.70 0.107 0.530
+0.5 +7.6 +0.007 | +0.003 +0.01 +0.007 | +0.011
723K 29.94 21155+ | 0.296+0.0 | 0.382+ | 0.678+0.0 | 0.141 0.563
+0.5 7.4 06 0.004 1 +0.007 +0.014
773K 21.4 168.1 0.198 0.382 0.580 0.126 0.658
+0.1 +35 +0.006 | £0.003 | +0.009 | #£0.003 | +0.015
823 K 16.7 191.5 0.318 0.330 0.648 0.087 0.509
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+0.9 +4.5 + 0.004 +0.002 + 0.006 + 0.006 +0.007
873 K 13.7 193.8 0.384 0.302 0.686 0.069 0.440
+0.6 +5.9 + 0.005 +0.003 +0.008 +0.005 +0.009
923 K 13.5 188.1 0.394 + 0.302 0.696 0.071 0.433
+0.7 +4.7 0.008 + 0.006 +0.014 +0.005 +0.017
973 K 10.4 167.6 0.472 0.307 0.779 0.062 0.394
+0.3 +3.1 +0.002 +0.005 +0.007 +0.002 +0.009

Table 4.2 Hardness (H), reduced Young’s modulus (E;.), plastic energy (U,), elastic energy (Ue,),

wear resistance (H/E,) and elastic recovery (U,;/U:,:) Measured by nanoindentation for AB20 and
AB10Si10 samples for different annealing temperatures.

The analysis of the SEM images of the indents can yield information on some phenomena
such as sink-in and pile-up [59]. Pile-up effect happens when the surface is indented heavily
and the localized plastic deformation zone pushes the surrounding material upward around the
indent. On the other hand, sink-in happens when the plastic zone tends to shift away from the
indent area. In crystalline materials, the formation of pile-up along a specific directional line
around the indent can be related to the crystallographic orientation of the crystal and to the
crystal symmetry [60]. The method of Oliver and Pharr to compute the hardness does not
consider the effect of pile-up and it can induce an overestimation of the calculated hardness
[61] and also influences the elastic modulus determination by changing the contact area. In
Figure 4.4 the SEM image of a typical indentation of annealed sample AB20 at 873K is shown

(a), together with the projected (b) and the pile-up area (c) calculated using the ImageJ software.

.....

Figure 4.4 SEM image of an indentation (left), definition of the area to compute the projected area
(middle) and the pile-up area (right).

Figure 4.5 shows the fluctuation of the pile-up area as a function of the annealing
temperature of samples AB20 and AB10Sil10. It can be seen that in both samples there is no
formation of pile-up until annealing at 723 K. At this temperature, the structure is mainly
amorphous although the AB20 sample contains some fraction of nanocrystals. It is important

to note that in this case the error bar in the pile-up area is relatively large and is compatible
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with a value close to zero. When amorphous metals deform plastically the deformation causes
an increase of the internal free volume. At higher annealing temperatures the behavior of the
two compositions is different. For the AB20 sample, the pile-up remains close to zero up to the
end of the first crystallization (at 823 K) when it reaches its maximum value. At this
temperature, the structure consists of an FCC solid solution together with the M3B phase. As
the crystallization progress and this boride is replaced by the M2B one, the pile-up area steadily
decreases. On the contrary, for the AB10Si10 sample, after an increase of the pile-up as the
amorphous structure relaxes before crystallization, the pile-up area is reduced to zero during
the first crystallization event in which the structure consists mainly of a BCC solid solution
together with the M2(B,Si) phase. As the BCC is replaced by the FCC one, the pile-up area
continuously grows until reaching its maximum value in the fully crystallized sample. The
effect of the pile-up is higher on the hardness than on the elastic modulus because the hardness
is inversely dependent on the area while the elastic modulus depends on the square root of the
area. The pile-up effect increases when the strain hardening exponent decreases [62]. Therefore,
the fully crystallized samples of the Si-containing composition behave more plastically than
the Si-free composition. However, for the samples annealed only to the first crystallization,
where the Si-free sample contain the M3B phase, the behavior is reversed, being more plastic
this composition than the Si-containing one. Some overestimation of H could happen due to
the formation of the pile-up. In a latter article [63], Oliver and Pharr reviewed the limitations
of their original model and noticed that a convenient parameter that illustrates the possible
influence of pile-up formation on the mechanical properties is the ratio he/hy,,,, Which is
independent of the indentation depth in self-similar geometries, such as the Berkovich indenter.
For conical or Berkovich indenters, when this ratio is smaller than 0.7 like in the present case,
the little pile-up observed (regardless of the work hardening behaviour of the tested material)
does not have a strong influence on the obtained results. Conversely, their original method

becomes more inaccurate for hs/h,, 4, > 0.7.
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Figure 4.5. Measured pile up area for different annealing temperatures (K).

4.2. Discussion

In chapter 4 we have studied the mechanical properties of a new family of high entropy
metallic glasses (AB20, AB10Si10, AB10Si20, AB10Si15 and AB15Si5) by nanoindentation.

The main results obtained can be summarized as follows:

1) There is a large increase in hardness in the new amorphous materials, as compared to the
base HEA, due to the strong nature of the (B,Si)-M interatomic bonds and the absence of order
and crystalline structure. However, the amorphous samples with nanocrystalline inclusions,

induced by annealing treatments, show further enhancement of the mechanical properties.

2) The evaluation of the mechanical properties as a function of the annealing temperature
reveals that the higher values of hardness are found in a structure composed of nanocrystals
embedded in an amorphous matrix in the case of the Si-free alloys and in a fully amorphous

structure, although relaxed by annealing, in the Si-containing alloys.

3) The wear resistance and elastic recovery are higher in the partially crystalline samples.
These results point towards a particular strategy to design new high-entropy metallic glasses
with improved mechanical properties within the (FeCoCrNi)ioo-xyBxSly system, i.e, the

development of a mixed structure consisting of nanocrystals embedded in an amorphous,
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relaxed matrix. As demonstrated in this work, this can be achieved by firstly obtaining an
amorphous structure by rapid solidification and posteriorly tuning the microstructure by

designing the appropriate annealing treatments.
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CHAPTERS.ELECTROCHEMICAL
CHARACTERIZATION

Corrosion-related accidents cause major economic loses and are a huge concern for the
safety of personnel and property. The direct annual cost of corrosion across the globe was
reported to be approximately 3 percent of global gross domestic product (GDP) [64]. In the
United States, around US$ 2-4 trilions is lost due to corrosion-related failures each decade.
Therefore, it is necessary to study corrosion and its different forms to design and choose
suitable materials for specific applications and improve safety standards. Corrosion is the
chemical reaction of a material within the environment which causes its degradation. This
reaction can be sorted in numerous ways including the nature of the corroding agent of which
there are two categories, wet and dry. Wet corrosion refers to the corrosion of a material in
aqueous environment with an electrolyte and dry corrosion refers to the corrosion of a material
in a gaseous environment. Another way to classify corrosion is the appearance of the corroded
metal (uniform or localized). Uniform corrosion take places when the corrosion reaction
happens over all the surface of the material while localized corrosion occurs at specific
locations [65]. Other mechanisms of corrosion can be categorized under the names of
electrochemical and direct chemical. Direct chemical corrosion is an attack resulting from
direct exposure of a bare surface to a caustic liquid or gaseous agent occurring simultaneously
at the same point while in an electrochemical attack the anodic and cathodic changes may take
place a measurable distance apart. Electrochemical is the most common corrosion process and
it happens when two or more electrochemical reaction occur, including at the minimum one
oxidation and one reduction reactions. In overall there are two main requirements for the
reaction: a) there must be an anode and a cathode to provide an area for oxidation and reduction
and b) there must be a pathway for electrons to flow from the anode to the cathode. If any of
these conditions are removed, the corrosion process stops. The anodic and cathodic sites can
be created on the surface of a metal due to heterogeneities (like composition and grain size
differences, surface roughness, impurities or inclusions, localized stresses or dislocation
arrays) or between two dissimilar metals exposed to the corrosive environment. Metals can
have three different responses to an electrochemical reaction according to the environment: it
can show immune, active or passive reaction. Immune reaction happens when materials are

thermodynamically stable in an environment and, therefore, they will not corrode. Active
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metals go through the corrosion reaction with the environment and form corrosion products. In
a passive reaction, corrosion at first happens but the resulting product is insoluble and acts as
a protective film. This coating layer dramatically reduces the rate of corrosion but if it is broken,

the metal turns over to an active reaction.

Corrosion can be avoided by the following methods: alloy additions, coatings and inhibitors
or design modification. It was discovered that the strongest influence on the corrosion behavior
is caused by the chemical composition and microstructure in the alloys. Proper material
selection is one of the most effective strategies to reduce the corrosion rate. Metallic glasses,
hold tremendous potential as corrosion-resistance alloys (CRAS) and a series of metallic
glasses based on copper, palladium, zirconium, titanium, magnesium and iron have been
successfully produced [66]. In the case of a positive influence of alloying on the corrosion
properties of alloys, B and Si have been shown as good alloying elements [67],[68]. Therefore,
the aim of this chapter is to assess the effects of B and Si against corrosion resistance of some
selected HEAMG’s compositions produced in this thesis, in particular (FeCoCrNi)goB2o and
(FeCoCrNi)goB10Siio, which were produced by rapid-solidification technique and were labelled
in chapter 3 as AB20 and AB10Si10 samples, respectively. The corrosion resistance of these
two samples will be compared with the one of the HEA (FeCoCrNi)100, labelled A. It is well
known that all sources of localized corrosion disappear in the absence of common structural
defects such as grain boundaries, dislocations and segregations [68][69],[70],[71],[72].
Moreover, previous research showed the effect of structure, chemical composition and material
homogeneity on the electrochemical behavior of amorphous alloys [73]. Considering the
remarkable corrosion resistance of Fe, Ni, and Co- based amorphous alloys, it is important to
study the effect of metalloid elements (B, Si) as well as other alloying elements (Cr, Mo, ..)
that could improve the glass forming ability or the corrosion resistance. The main studies on
the subject have shown that the corrosion resistance of Fe, Cu, Ni and Co-based amorphous
alloys in sulphate and chloride media is largely affected by alloying with various additional
elements such as Cr, Mo, Ni [72],[73].

5.1. Electrochemical measurements in NaCl solution

The potentiodynamic polarization curves for the A, AB20, and AB10Si10 samples in 3%
NaCl solution are shown in Figure5.1. The corrosion potential (Ecorr) and corrosion current

density (lcorr) Were determined by extrapolating the Tafel curves and are summarized in Table5
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1. The values of Ecorr and Icorr Of the as-quenched ribbons change with the amount of B and Si.
Here, AB20 has the highest Ecorr and lowest lcorr. With the reduction in B and increase in Si,
the Ecorr decreases while Icorr is kept constant. The crystalline ribbon without B and Si, which
we take as the reference material, has the lowest Ecor. It is well known that corrosion is more
likely to occur at grain boundaries, defects, and regions where there is large segregation of
elements, thus the amorphous nature of the AB20 and AB10Si10 samples promotes chemical
and microstructural homogeneity and improves the corrosion resistance [74]. Moreover, the
action of B as a corrosion inhibitor is also reported by several authors [75],[76]. Accordingly,
the Ecorr Value of the AB10Si10 is slightly lower than the one of the AB20 alloy, with the same
corrosion current density. These electrochemical parameters can be compared with the ones
corresponding to other high-entropy alloys. If we compare them with crystalline HEA, the
results shown here present a more noble Ecorr and lower leorr [77],[78],[79],[80] and they also
show an improvement with respect to other similar high-entropy bulk metallic glasses that
show Ecorr values between —23 and 77 mV [81].
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Figure5.1 Potentiodynamic polarization curves of as quenched A, AB20 and AB10Si10 ribbons in 3
wt% NaCl. The inset show the evolution with time of the OCP.

A"Oy Ecorr (mV) Icorr(nA cm—Z)
A 70 0.09
AB20 170 0.06
AB10Si10 150 0.06

Table 5.1 Summary of the quantitative analysis of the potentiodynamic polarization test of the A,
AB20 and AB10Si10 samples. The estimated error for the corrosion potential is 10 mV while for
the corrosion current is £0.01 nA cm™.

67



At this point, a question arise about which factor plays a more important role in corrosion
resistance. As commented on previously, some studies explain the improvement in the
corrosion resistance because of the high-entropy effect that reduces the mobility of the atoms
[82]. We can compute the entropies of these alloys and distinguish between the configurational
entropy and the mismatch entropy [83]; the configurational entropy is simply proportional to
the In(N), where N is the number of components, thus we have an increase in this entropy from
the A alloy (N = 4) to the AB10Si10 alloy (N = 6). The mismatch entropy has been shown to
be proportional to the delta parameter that is a measure of the atomic size difference between
the constituent atoms, and this value increase from 0.3% for the A alloy to 14.70% for the
AB20 and 10.72% for AB10Sil10 [84]. Therefore, from these values and the electrochemical
parameters, it would seem that the mismatch entropy is the main factor affecting the corrosion
resistance, but this analysis does not consider the fact that AB20 and AB10Si10 are amorphous
samples with a disordered structure. Thus, in order to clarify this point, a systematic analysis
of several families of HEAs and HEMGs should be performed but this is out of the scope of

this paper.
5.2. Electrochemical Impedance Spectroscopy (EIS) measurements

Figure 5.2a,b shows the Nyquist and Bode plots, respectively, of the EIS measurements on
the three samples. The absolute value of the impedance (|z|) at very low frequencies (o = 0)
represents the polarization resistance (Rp) which is the transition resistance between the
electrodes and the electrolyte while the value at very high frequencies (o = ) represents the
solution resistance, (Rs) [85]. As can be seen in Figure 5.2a, the three samples show similar
behavior. The phase angle shown in Figure 5.2b and defined as:

¢ =tan~?! (M) (5.1)

Re(Z)

presents some differences. The broadened base of the phase angle and its magnitude are a
signal of the pseudo-capacitive behavior, which can be modelled by using a constant phase
element [85,86]. Here the single local minimum indicates the presence of a capacitance element
that can be modelled by a single capacitor or two capacitors of similar magnitude. For all of
these three alloys, these capacitors can be passive films or an electrical double layer capacitance.
In order to quantitatively assess the differences between the alloys, the Nyquist and Bode plots

have been fitted to an equivalent circuit consisting of one resistor in series with a parallel
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combination of a constant phase element and a Warburg element and also in series with a
parallel combination of a resistor and a capacitor as illustrated in Figure 5.3b. The fitting was
performed with EC-Lab v11.10 software and the obtained parameters from the fitting are
provided in Table 5.2. The left part of the circuit, which contains the resistor R2 and the
capacitor C2, is related to the movement of mobile charges trough the solid and liquid phases

and the non-faradic charge accumulation at the solid/liquid interface of the electrode.
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Figure 5.2 (a) Nyquist plot of A, AB20 and AB10Si10 impedance fitted by the inset equivalent
circuit model. Raw data are dots and the fitting result is represented by lines of the same color and
(b) Bode plot of A, AB20 and AB10Si10

This charge accumulation in the interface constitutes what is commonly known as the
capacitive double layer (shown in Figure 5.3) where three different regions can be
distinguished: a first layer that mainly contains polar water molecules and adsorbed anions,
called the inner Helmholtz plane (IHP), a second layer with fully hydrated cations, called the
outer Helmholtz plane (OHP) and a final diffuse layer composed of hydrated anions and cations
[87]. From the values of Table 5.2, it is evident that the amorphous alloys present higher
corrosion resistance as the value of the capacitance is the lowest with respect to the crystalline
one. Therefore, it can be stated that in the amorphous alloys, the formation of the double layer
capacitance increases the corrosion resistance. However, the overall electrochemical behavior

also depends on the inhomogeneities of the electrode surfaces.
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Figure 5.3 (a) Schematic representation of a metal electrode surface in the solution and (b) the
equivalent electrical circuit used to fit the impedance data. R1 and R2 are the electrolyte and charge
transfer resistance, respectively. Q1 is the constant phase element, W1 is a Warburg element and C2
is a capacitor.

Electrode surface irregularities play a significant role in the electrochemical response. There
are several factors which cause these irregularities, such as surface roughness and chemical
heterogeneities (that include differences in the constituent elements, chemical impurities, and
surface band impurities and coatings). Moreover, solid electrodes are not smooth; they exhibit
complex surface morphologies with a varying degree of irregular interfaces (i.e., rough, porous,
and partially active interfaces). All these effects are modelled by the middle part of the
equivalent circuit, which contains a constant phase element (Qi:) that corresponds to
inhomogeneities in the surface on the atomic and nanoscopic scale (roughness) and
crystallographic disorder (due to anisotropic surface atomic structure) of the metal oxide
electrode, and a Warburg diffusion element (W) that corresponds to the diffusion of mobile
charges within the metal oxide electrode in the solution, respectively. The higher values of Q1
for the A alloy reflect the higher inhomogeneity of this alloy and its lower resistance to

corrosion. Finally, the right part of the circuit, R1, is related to the resistance of the electrolyte
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solution that in this case is higher for the AB10Sil10 alloy reflecting better electrochemical

behavior.
Alloy Ri(Q) | R, (kQ) [ C,(F) Q:i(Fs@D) | a | wy(Qs™V/?)
A 33.45 1149 1.697x 107° | 1.335x 107° | 0.906 | 3.219%x 10°
AB20 34.41 21310 0.854x 107 | 0.991x 10~° | 0.913 | 1.844x 10°
AB10Si10 | 100.4 258800 0.156x 107° | 0.200x 10~° | 0.927 | 5.543x 10°

Table 5.2 Parameters from the fitting of the Nyquist plot to an equivalent electrical circuit.

5.3. XPS analysis of A, AB20 and AB10Sil10 alloys immersed in
NaCl

The corrosion resistance of HEMGs in a particular corrosion environment will be
determined by how their surface reacts to the corrosion agent and by the composition of the
passive film that can be formed on the surface. Therefore, X-ray photoelectron spectroscopy
(XPS) is used in this work to evaluate the surface to obtain information about the effect of
anode polarization on the surface composition and determine the oxidation state of the different
elements [88]. The use of small amounts of Al, Cr, or Si has been shown to improve oxidation
resistance in conventional alloys due to the formation of a stable oxide layer on the surface
[89]. On the contrary, Fe-based HEAs do not present these restrictions on the amount of other
elements and, thus, Al, Cr, or Si may be present in higher concentrations in order to facilitate
the formation of the oxide films [90]. The XPS spectra of our samples are shown in Figures
5.4a,5.5a, and5.6a, for the A, AB20, and AB10Si10 samples, respectively. The figures show
the survey spectrum (low-resolution measurements in a large energy range) in panel (a) and
the high-resolution emission peaks associated with the Fe 2p, Cr 2p, and O 1s core electron
levels in panels (b), (c), and (d), respectively. Moreover, Figures5.5 and5.6 also include in
panel (e) the B 1s core electron level and the Si 2p core electron level emission peak,
respectively. The different dashed lines mark the theoretical energy of different oxidation states
of the corresponding element and are used as a reference. The C 1s line is due to the carbon
present in the sample holder and is used for the energy calibration. The presence of O in the
long-range energy spectra of the three alloys is observed before and after polarization

measurements, suggesting that an oxide film is spontaneously formed on the sample surface
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before immersion in the NaCl solution. Figure5.4a shows the normalized XPS spectrum of
sample A after immersion in a 3 wt.% solution of NaCl, indicating the presence of Fe, Cr, Co,
Ni, and O, although the peaks associated to Co and Ni are barely visible. High-resolution
spectra at the energy of the Fe 2p peak reveals that Fe is present on the surface as Fe®* with a
binding energy of 710.15 eV (Figure5.5b). On the other hand, the Cr 2p peaks are at 573.29
and 575.91 corresponding to metallic Cr and Cr3*, respectively (Figure5.5c). The presence of
Cr®* is considered to be crucial to the quality of the passivation film for the A composition. In
addition, the binding energy peaks of O 1s represents a M-O compound characteristic peak
corresponding to O~2 species (529.54 eV) and a M-(O-H), compound characteristic peak
corresponding to O-H species (532.06 eV) (Figure5.4d).
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Figure 5.4 (a) Normalised XPS spectrum of A after immersion in 3 wt.% NaCl ((b)-(d)) High-
resolution XPS spectra of Fe 2p3/2, Cr 2p3/2 and O 1s.

Figure 5.5(a) presents the normalized XPS spectrum of AB20 high entropy metallic glass
alloy before and after immersion in a 3 wt.% NaCl solution. The peaks of Fe 2p, Cr 2p, O 1s
and B 1s can be easily seen and the Co 3s and Ni 3p are barely visible. The Fe 2p (Figure
5.5(b)) presents 2 peaks centered at 706.81 and 710.09 eV which correspond to metallic Fe and
Fe3*, respectively. In the Cr 2p XPS spectrum (Figure 5.5(c)), the binding energy peaks are
centered at 573.53, 575.94, 576.88 eV and can be ascribed to metallic Cr, Cr®* and Cr®*.
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Deconvolution of the O 1s peak (Figure 5.5(d)) results again in two component peaks with
energies of 529.90 eV that represents a M-O compound characteristic peak corresponding to
02 species and a second peak (531.87 eV) that represent a M-(O-H)» compound characteristic
peak corresponding to O-H. B 1s spectra (Figure 5.5(e)) was also deconvoluted in two peaks
which were assigned to a boride (189.82 eV) and B3* (191.73 eV) bonds respectively.
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Figure 5.5 (a) Normalised XPS spectrum of AB20 after immersion in 3 wt.% NaCl ((b)-(e)) High-
resolution XPS spectra of Fe 2p3/2, Cr 2p3/2, O 1sand B 1s.

In Figure 5.6a, the full XPS spectra for sample AB10Si10 clearly shows the coexistence of
elemental Fe, Cr, O, and Si, but Co, Ni, and B are indistinguishable from the baseline. The

high-resolution XPS spectra of Fe 2p, Cr 2, O 1s, and Si 2p are shown in Figure 5.6b—e. In the
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Fe 2p XPS spectrum, the binding energy peaks at 706.42 and 710.02 eV are attributed to
metallic Fe and Fe®", respectively. There are three peaks of Cr 2p after immersion in solution
(Figure 5.6¢) at 573.23 eV that corresponds to metallic Cr, at 576.25 eV for Cr**, and at 577.99
eV for Cr®*. Moreover, the high-resolution XPS spectrum of O 1s (Figure 5.6d) comprises a
peak at 529.52 eV for M-O and 531.61 eV for M-(O-H).. The Si 2p spectrum (Figure 5.6e)
shows two peaks centered at 98.96 eV and 101.66 eV that correspond to metallic Si and Si**,

respectively.
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Figure 5.6. (a) Normalised XPS spectrum of ABSi after immersion in 3 wt.% NaCl ((b)-(e))High-
resolution XPS spectra of Fe 2p3/2, Cr 2p3/2, O 1s and Si 2p.
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In summary, in each of the samples, almost all the elements were detected on the surface,
both in form of oxides and unoxidized metal (M) species. As the XPS signal can gather
information from 5-10 nm in depth [91], the significant absence of Co and Ni in the survey
spectra means that these two elements do not play any role in the formation of the oxide layer
before immersion. The metal oxides Fe** and Cr* were detected on the surface of all samples,
and it is well known that these oxides can produce a certain level of protection in corrosive
environments [92,93]. These two oxides are the dominant oxide forms on the surface of the A,
AB20, and AB10Si10. Nascimento et al. [83] explained the high corrosion resistance of the
FeCoCrNi alloy by the high concentration of Cr.O3 in the passive film. The addition of B to
the A alloy results in the formation of B-O bonds on the surface of the AB20 sample, while the
decrease in B and the addition of Si yields the presence of silicates and a small fraction of
metallic Si on the surface of the AB10Si10 alloy. Moreover, and without needing to perform a
quantitative analysis, it is clear that for each sample, the oxidized form of each constituent
element has a higher percentage than the corresponding unoxidized metal (M°) species.
According to Qiu et al. [92], it is expected that the coexistence in the complex surface film of
both metallic oxides and unoxidized metal species can increase the passivity of the samples
and, thus, increase the corrosion resistance. Moreover, some research shows that boron addition
not only improves the GFA of Fe-Cr-B-based alloys but also promotes superior corrosion
resistance [94], which is in accordance with the results presented here. On the other hand,
replacing the B with Si in AB20, which has the highest Ecorr, favors the creation of silicates on
the surface of AB10Sil10, which according to Masumoto et al. [95] decreases the corrosion
resistance of the alloy, as has been observed in the above LPR results of these alloys in a 3

wt.% NaCl solution.

5.4. Microstructure characterization after immersion in NaCl

To gain a better understanding of the evolution of the corrosion product layer after the
immersion tests, SEM images were taken to analyze the surface morphology of the alloys. After
the polarization experiments, the specimens were cleaned with distilled water and dried in
nitrogen immediately. The morphology of samples A, AB20, and AB10Si10 before and after
immersion in a 3 wt.% NaCl solution and the linear polarization measurements are shown in
Figure 5.7. Before immersion, the amorphous samples are completely homogenous. In Figure

7b, which corresponds to the A alloy after immersion, we can see some localized corrosion in
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different points (small black points) which have been damaged by the chloride ion attack,
presumably in an area with a low Cr content [96]. Moreover, it should be mentioned that within
the sensitivity of the method no inhomogeneities in the element distribution were seen in the
FeCoCrNi alloy. Therefore, the passive films that are formed are relatively weakly bonded and
inadequate to restrict the propagation of the corrosion process in this system [97,98]. As can
be seen from Figure 5.7d,f, no pitting corrosion exists on the surface of the amorphous samples,
which is mainly due to the homogeneous formation of the passive film produced on the surface
by the borides and the possible mixture of oxides and hydroxides phases, as seen by XPS.
Moreover, the formation of this homogenous passive film is favored by the homogenous
amorphous structure. In order to better understand this passive film, a TEM study should be
performed.

Figure 5.7. (a) (c) (e) BSE images of the surface of samples A, AB20 and AB10Si10, respectively
before immersion in 3wt.% NaCl at room temperature. (b) (d) (f) BSE images of the A, AB20 and
AB10Si10, respectively, after immersion.
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CHAPTERG6. CONCLUSIONS

The present study about the preparation and properties of a series of new high-entropy alloys
(FeCoCrNi)100-x-yBxSiy with different percentage of B and Si content leaded us to the following

conclusions:

Alloys of nominal composition (FeCoCrNi)100-x-yBxSiy with (x=0, 5, 10, 15, 20 and y =0, 5,
10, 15, 20 in atomic percentages) were quenched by melt-spinning at a cooling rate of about
10° k s%. In the first four alloys, (FeCoCrNi)soBzo, (FeCOCINi)75B10Siis, (FeCOCrNi)soB10Siio,
(FeCoCrNi)goB1sSis, the partial substitution of B with Si is effective for the formation of an
amorphous structure whereas a further increase in the atomic percentage of Si produces

crystalline, or partially crystalline in the case of (FeCoCrNi)70B15Siis, samples.

According to the AH,,,;, versus 6§ map, the general criteria to distinguish between HEAs and
HEMGs are only approximately valid in this family of compositions due to the presence of

large contents of metalloid atoms.

The reduced glass transition temperatures, T,., , obtained by Differential Scanning
Calorimetry (DSC), which fluctuate between 0.5 and 0.6, indicate that these compositions are
unlikely to be produced as bulk metallic glasses. An addition of 10 at% of B and 15 at% of Si
to the base equiatomic composition (FeCoCrNi) maximize the glass forming ability and

thermal stability of the amorphous phase.

The study of the crystallization of the samples with composition (FeCoCrNi)soB2o and
(FeCoCrNi)goB10Siio shows that for the first sample the FCC and M3B phases appeared as the
first crystallization product at 823 K but M3B was not a stable phase and it disappeared before
the second crystallization. After the second crystallization, the FCC phase still grows beside
the formation of M2B and this M could correspond to different metals (Fe, Co or Ni). For the
second composition, it remained completely amorphous below 773 K and by increasing the
temperature the nucleation and growth of a BCC and M2(B,Si) phases slowly started. After the
temperature reached 823 K the formation of an FCC and a new boride phase started. Finally,

at the end of the process, we have a BCC phase together with an FCC and M2(B,Si) phases.

The results of the size distribution of the crystalline grains from SEM photos show the effect
of heat treatment on the average size of the nanocrystalline particles, as it increased from ~ 69
nm at 823 Kto ~185 nm at 973 K for (FeCoCrNi)soB20 and from ~ 37 nmat 823 K to ~135 nm
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at 973K for (FeCoCrNi)goB1oSiio. These results also show that the replacement of some part of

B with Si leads to the reduction of the size of the microstructure.

The results from Mdossbauer spectroscopy allow to complement the X-ray diffraction data,
confirming that the sample (FeCoCrNi)goB20 decomposes into FCC and M3sB phases and that
after 873 K some part of the FFC phase and MsB phase decomposes into M2B, producing that
at the end of the crystallization path there is the same amount of paramagnetic and
ferromagnetic phase. In the other sample, (FeCoCrNi)soB10Siio, the amorphous phase at the
room temperature decomposes in to a BCC phase and My(B,Si). With the increase in
temperature some part of the BCC phase decomposes to an FCC phase while the fraction of
M2(B,Si) crystals remain constant or even increased. Finally, after 873 K the BCC phase
completely vanished and a mixture of FCC and M2(B,Si) remained. The fully crystalline
sample contains more ferromagnetic (~64 at%) than paramagnetic phases (~36 at%). Therefore,
the substitution of B by Si, besides changing the crystallization products, also favors the

presence of ferromagnetic components.

According to the result regarding the mechanical characterization of the samples there is a
large increase in hardness in the amorphous samples with respect to the base HEA alloy
because of the strong nature of (B,Si)-M interatomic bonds and the absence of long-range order
and crystalline defects. All the amorphous samples exhibit excellent high hardness whereas
those amorphous samples with embedded nanocrystalline particles show better mechanical

properties.

This study shows that the use of an adequate amount of B and or/Si drastically improve the
hardness (close to double) and the value of the reduced elastic modulus. Moreover, the
amorphous character of the samples has shown a much higher hardness than other crystalline
alloys with a diversity of microstructures and with similar base compositions (Fe, Co, Cr) but

different alloying elements (Cu, Si, Al).

A microstructure consisting of a mixture of an amorphous phase with embedded
nanocrystals shows higher hardness values in Si—free samples while in the case of Si-containing

samples, the completely amorphous phase is the one with higher hardness.

The results of wear resistance and elastic recovery are higher in the samples that are partially
crystalline. All these results will enable us to create special strategies to design high-entropy

metallic glasses in the (FeCoCrNi)100-x-yBxSiy System with enhanced mechanical properties.
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The electrochemical properties and the effect of partial substitution of B by Si in the
(FeCoCrNi)goB10Sio, (FECoCrNi)soB2o and FeCoCrNi alloys were measured by linear
polarization resistance and electrochemical impedance spectroscopy techniques. The results
show that amorphous samples without Si and an adequate amount of B exhibit a higher
corrosion resistance due to the fact that B promotes the stability of the passivation films. The
higher corrosion resistance of (FeCoCrNi)soB2o may be attributed to the absence of
crystallographic defects, uniformity of passive film, as well as the intrinsic higher activity of
the amorphous surface. With the reduction of B and the increase of Si, the Ecor slightly
decreases while Icorr keeps constant. The crystalline ribbon without B and Si, that we take as a
reference, has a lower Ecor than the amorphous ribbons and this can be a consequence of the
formation of an FCC phase in the structure. From the XPS results it can be concluded that the
formation of different combinations of oxides and hydroxides protect the samples from

corrosion events on different points of the surface.
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