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1. Introduction

Increased life expectancy has led to a rapid aging of the population and, consequently, a higher incidence of bone
diseases, such as osteoporosis, as well as bone fractures [1,2]. However, the search for an ideal biomaterial still persists
as one of the greatest challenges in the medical field, such as its application for bone tissue regeneration and implants
[3]. There are many clinical reasons for the development of new materials to replace human bone, such as in the re-
construction of defects, including the need for orthopedic implants that are resistant to corrosion and mechanically

more suited to their biological environment [4,5].

Bone is a mature connective tissue that provides functionality for our bodies, protection of vital organs, and a sta-
ble base for muscle and joint function. Bone also plays an important physiological role in supporting hematopoietic
and mineral homeostasis activities in our bodies, being the main protective barrier for vital organs [6]. Current surgi-
cal procedures for bone repair include transplantation of tissue grafts of natural origin or biomaterials developed from

various methods, such as powder metallurgy and rapid solidification [7].

The most common reconstructive graft is autograft, which involves harvesting the patient's tissue from a donor
site and transplanting it to the damaged or deficient recipient site [8]. There are some limitations to these techniques,
as autografts have limited availability and can result in trauma and invasive (surgical) procedures in patients [9].
These graft limitations have led to the development and use of biomaterials as substitutes for the bone tissue regener-

ation process [10].

The purpose of the biomaterial is to play a fundamental role in bone tissue regeneration by temporarily acting as a
support structure that allows the gradual distribution of stress in affected areas, thus providing a pathway for cell
growth until the bone tissue is fully recovered [11]. In order to achieve this purpose, the structure must maintain its
shape and adequate mechanical characteristics throughout the regeneration process, until the injured region is com-

pletely recovered [12,13].

As a metallic biomaterial, amorphous alloys were first synthesized in 1960 by Pol Duwez using the rapid cooling
technique (on the order of 105 - 106 K s-1) in a binary metal alloy system Au80Si20, and attracted the attention of re-
searchers around the world due to their special properties [14,15]. Amorphous alloys have a long-range disordered
atomic structure and exhibit unique magnetic properties, high mechanical strength, low elastic modulus, good corro-

sion resistance, and satisfactory biocompatibility for biomedical applications [16].

Due to the importance of amorphous alloys, several technologies have been developed to obtain them over time,
among which are the chilling of molten metal into ribbon forms (melt-spinning) [17], arc furnace casting (cooled metal
mold) [18], centrifugal casting [19], gas atomization (hot or cold extrusion) [20], spray forming [21], chemical reduc-
tion [22], electrodeposition [23] and high energy milling (HEM) [24]. Among the methods mentioned, HEM stands out
for being a powder processing technique that allows the production of homogeneous materials from the mixture of
elementary powders [25]. Thus, the objective of the present work was the synthesis of amorphous alloys with the
compositions Co69Nb23B8, Fe785i9B13, Co68Cu23B9 and Fe64Nb28B8 by high energy milling (HEM) for applications
of synthetic biomaterials in bone tissue regeneration. However, the use of the amorphous alloys Co69Nb23B8,

Fe785i9B13, Co68Cu23B9 and Fe64Nb28B8, synthesized by high energy milling (HEM), is being used for biomedical
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field. Then, their physical-chemical, magnetic, thermal, mechanical and biological properties were evaluated, in addi-

tion to their viability for application in the biomedical field.

2. Material and method:

Elemental metal powders (99.9% purity, from Exodo Cientifica — LTDA/Brazil) of Co, Fe, Nb, Cu, Si and B with
nominal compositions of amorphous alloys Co69Nb23B8, Fe785i9B13, Co68Cu23B9 and Fe64Nb28B8 (in at. %) were
mechanically ground in a planetary ball mill (Fritsch Pulverisette 5). The powder mixture load was maintained at 20 g
for all tests, as well as the ball-to-powder ratio by weight of 20:1. The test speed adopted was 300 rpm and a grinding
time of 15 h. Finally, ethyl alcohol (C2H60) (2 mL) was used as a process control agent (PCA) in the grinding medium
to regulate the morphology of the homogenized powder and an argon atmosphere. The microstructural evaluation of
the samples obtained from the mechanical alloy was performed by X-ray diffraction (XRD; BRUKER diffractometer,
model D2 Phaser) using CuKa radiation (A = 1.54056 A) produced at 45 kV and 40 mA. The diffraction angle (20) var-
ied between 102 and 80° with a step of 0.012° and a time of 5s. A TESCAN scanning electron microscope, model
VEGA 3, operating in the voltage range of 5 or 10 kV, was used for the microstructural characterization. The samples
were placed on a metal support (stage) and previously coated with a thin layer of gold (Au). Then, images were ob-
tained at different points of the samples and at magnification in the order of 100 kx. From the analysis of the images, it
was possible to observe the surface morphological modifications in the amorphous alloys Co69Nb23B8, Fe785i9B13,
Co68Cu23B9 and Fe64Nb28B8. The thermal studies of the amorphous powders of Co69Nb23B8, Fe785i9B13,
Co68Cu23B9 and Fe64Nb28B8 were collected after grinding, using differential thermal analysis (DTA) and thermo-
gravimetric analysis (TGA) equipment from SHIMADZU DTG-60H. All thermal studies were conducted under an
argon atmosphere with a heating rate of 10°C/min. The textural analysis was performed using a Quantachrome
NOVA 2200E BET surface area and pore size analyzer, Autosorb IQ model, to obtain adsorption/desorption isotherms
of the amorphous alloys Co69Nb23B8, Fe785i9B13, Co68Cu23B9 and Fe64Nb28B8. The uniaxial compressive mechani-
cal tests were conducted in a WDW-100 testing machine at a deformation rate of 4 10-4 s-1 at room temperature. The
powder sizes of the alloys Co69Nb23B8, Fe785i9B13, Co68Cu23B9 and Fe64Nb28B8 were pressed into cylindrical disc
shapes and are 2 mm in diameter and 4 mm in height. Compression tests were performed at least in triplicate for the
amorphous powders Co69Nb23B8, Fe785i9B13, Co68Cu23B9 and Fe64Nb28B8. The magnetic properties were studied
by a vibrating sample magnetometer (VSM) at room temperature of 25 °C and a magnetic field in the range of + 40
kOe. The cell viability assay by MTT for the amorphous alloys Co69Nb23B8, Fe785i9B13, Co68Cu23B9 and
Fe64NDb28B8, performed using the MTT assay with MC3T3 osteoblastic cells, showed a cytotoxic profile that, at the
safe concentration, the cell viability was higher than 70%, promising potential for applicability as metallic biomaterial

for biomedicine.

3. Results and Discussion:

Figure 1 shows the diffractograms of the alloys CosNb23Bs (a), CoesCu2sBy (b), FeesNb2sBs (c) and FezsSioBis (d) pro-
cessed by mechanical grinding (HEM). In the diffractograms, in the 20 range of 40° — 50°, a typical diffuse halo is ob-
served, with no indication of an obvious diffraction peak corresponding to the crystalline phases, as shown in the central
part inside the red dashed circle, characteristic of an amorphous structure.
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Figure 1. X-ray diffraction patterns of the amorphous alloys CossNb23Bs (a), CossCu23Bo (b), FessNb2sBs (c) and FersSioB1s
(d)-

Figure 2 illustrates the vibrational spectra of the amorphous alloys CossNb23Bs (a), CossCu23By (b), FessNb2sBs (c) and
FezsSioBis (d) obtained by HEM in the infrared region of 4000 - 500 cm.
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Figure 2. FTIR spectra of the amorphous alloys CossNb23Bs (a), CossCu23B9 (b), FessNb2sBs (c) and FezsSioBis (d).

The FTIR spectra of the amorphous alloy CossNb2:Bs (a) showed a band at ~2335.6 cm™, which is attributed to the
stretching vibration modes of the C=0O group of atmospheric CO2 [26]. The FTIR absorption spectrum in the vicinity of
~2094 cm™ slightly decreases in intensity, which is most likely due to the formation of some dicarbonyl Co?(CO):2 species
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absorbing at lower frequencies [27]. The band observed at 626 cm™ is attributed to the stretching frequency of Co-O,
where Co is Co? and is tetrahedrally coordinated due to the presence of the spinel of Co3Os [28].

Analyzing the FTIR spectrum of the amorphous alloy FezSisBis (b) it can be observed that the absorption band
observed at 2338 cm! corresponds to the presence of (R)O-H groups (R = Si and B or Ba), for example, the silanol group
SiOH [29]. A broad band was observed in the region of 2104 cm™ corresponding to the characteristic stretching mode of
the Si-O group [30].

The band that appears around 1992 cm! corresponds to the O-Fe-O stretching mode of Fe20Os [31]. The band at 638
cm! represents the stretching vibration of the Fe-O bond in FesOx [32]. The occurrence of a band at 592 cm-1 is attributed
to the stretching vibrational mode of the Si-O-Fe group [33]. The bands at 3825 cm™! and 3650 cm in the FTIR spectrum
of the CoesCuz2sBo (c) alloy are attributed to the axial stretching mode of the O-H group, due to the H2O molecules having
an incompletely developed hydrogen bond [34].

The presence of a band at 2250 cm! indicates the involvement of unstable oxidation processes of Cu(I) to Cu (II)
ions, which can be attributed to vibrations caused by atmospheric CO2 [35]. The band around 2100 cm™ is due to the
stretching vibrations of the B-O bonds of BO*, which involves the bonding of different oxygen groups [36].

The FTIR band at 1532 cm! can be attributed to a metal-metal charge transfer exclusive to the oxo-bridged Co-O-
Cu bond in the octahedral coordination [104]. The absorption spectra in the 1250 cm™ range are attributed to the stretch-
ing of non-bridged oxygen atoms of the Co-OH type [37] Regarding the FTIR band around 2650 cm! of the amorphous
alloy FessNb2sBs (d) is directly related to the presence of niobium. The nature of this band cannot be clearly established,
but it may be related to the formation of P-OH:--O-Nb bridges instead of P-OH---O-P [38].

This vibration becomes narrower as the niobium oxide content increases. The evolution of this band indicates that
in addition to a decrease in the amount of OH, niobium oxide changes the nature of the OH bond and, therefore, the
associated vibration frequency [39]. The band observed at ~2250 cm™ in the FessNb2sBs alloy (d) is caused by the stretch-
ing vibration modes of the B-H group [49].

The band around 2000 cm is attributed to the asymmetric stretching vibrations of the O-Fe-O group [41]. The
FTIR spectrum showed the presence of a strong band at ~1960 cm, being attributed to the stretching vibration mode of
Nb=O0 [42,43]. Furthermore, the strong absorption band at 650 cm-1 reported in the FTIR spectrum of the amorphous
alloy is attributed to the stretching vibrations of Fe-O and Fe2Os bonds [44].

All absorptions and assignments related to the amorphous alloys CosNb23Bs (a), CossCuzsBs (b), FessNb2sBs (c) and
Fe7sSioB13 (d) are described in Table 1.

Table 1. Wavenumber and absorption bands for the amorphous alloys CossNb23Bs (a), CossCu23B9 (b), FessNb2sBs (c) and
Fe7sSioBis (d).

Amorphous alloys ‘Wave number Assignment
(cm™)
~2335,6 Stretching vibration modes of the C=O group of
atmospheric CO,
CogsNby3Bg (a) ~2094 Formation of dicarbonyl species
~626 Attributed to the Co-O stretching frequency
2338 Presence of (R)O-H groups (R= Si and B or Ba)
2104 Si-O group stretching mode
FeySigBys3 (b) 1992 O-Fe-O stretching mode of Fe,0;
638 Stretching vibration of the Fe-O bond in Fe;Oy stretching
592 Presence of stretching vibration of the Si-O-Fe group -
3825-3650 Axial stretching mode of the O-H group
2250 Oxidation of Cu(I) ions to Cu (II) due to atmospheric
CO,
CoggCupBg(C) 2100 Stretching vibrations of the B-O bonds of BO3*-
1532 Assigned to the oxo-bridge bond Co-O-Cu
1250 Co-OH type stretching
2650 Formation of P-OH---O-Nb bridges
~2250 B-H group stretching vibrations
FegsNbygBg (d) 2000 Asymmetric stretching of the O-Fe-O group
~1960 Stretching vibration of Nb=0

650 Stretching of Fe-O and Fe,0O;
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Figure 3 illustrates the micrographs of the amorphous alloys a) CossNb23Bs, b) CossCu23Bo, c) FezsSi9B13 and d) FessNb2sBs
obtained by SEM. The micrographs of each amorphous alloy give an idea of the morphological structure of the amor-

phous powders and were grouped with a scale of 50 um and a magnification of 100kx.
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Figure 3. Micrographs obtained by SEM of amorphous alloys a) CossNb23Bs, b) CossCu23By, c) Fezs5i9B13 and d) FessNbzsBs.

In the micrograph of Figure 3 a) CossNb23Bs, an agglomeration of particles with irregular and very flattened mor-
phology is observed, which occurs due to the plastic deformation and ductility of the powders that undergo hardening
and bonding by crushing, resulting in final particles with irregular morphology and non-uniform size [45]. In this case,
the particle size increased with irregular shape and produced a mixture with a wide particle size distribution of 50 um
[46].

The amorphous powder particles in b) CossCuzsBs were milled for 15 h to reach a size of 50 pm, which shows an
irregular particle morphology, typical of small flakes that transform into fine particles due to the plastic deformation of
the CossCu2sBo alloy powder during high-energy milling [47].

The representative SEM micrograph of the amorphous alloy c) FezsSisBis shows that the powders are hardened by
intense plastic deformation during grinding, becoming brittle in nature. In this case, irregular agglomeration and cold
welding occur over fracturing mechanisms. Thus, the particle size is reduced and a mixture of hemispherical particles
with a narrow size distribution of 50 pm is developed [48]. In this way, a more homogenized and very uniform mixture
was obtained. As shown in the micrograph of the powder of the amorphous alloy d) FessNb2sBs, it is clear that it presents
an irregular agglomeration morphology with a uniform and homogeneous distribution, due to the numerous fractures
and reduction of particles with a size of 50 um due to the cold-welding process, presenting very few pores on its surface
[49]. The balance between fracture and cold welding of powder particles is assisted by the high contact pressure between
the spheres and powders, as well as between the spheres and vials, leading to the creation of new surfaces that come
into contact with each other under significant plastic deformation.

This results in the flattening of the powder particles and the emergence of a varied and irregular morphology [50].
Continuous milling led to a combination of continuous fracturing and cold-welding processes, resulting in aggregates
of smaller particles with irregular shapes and particle sizes of 50 um during the 15 h of milling. Thus, it can be stated
that this caused the fracture to occur more abruptly.

Figure 4 illustrates the thermal events observed from the superimposed TGA/DTA curves for the amorphous
alloys CosNb23Bs (a), CossCu23Bo (b), FessNb2sBs (c) and FezsSioB1s (d), which allows the determination of the decomposi-
tion temperatures (°C), transformation of amorphous phases and mass losses.
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Figure 4. Superimposed TGA/DTA curves of the amorphous alloys CoeNb23Bs (a),
Co6sCu23Bs (b), FessNb2sBs (c) and FezsSioBis (d).

In the TGA curve in Figure 4 a) referring to the CosNb23Bs alloy, the TGA curve has
endothermic behavior up to a temperature of ~421°C, representing a mass loss of ~3.65%.
The exothermic peak in the DTA curve, located around 406°C, is possibly associated with
some crystallization or phase transformation process, or even followed by high-tempera-
ture oxidation with some mass gains [51,52]. Compared with other similar amorphous
alloys, B in the alloy composition effectively increases the crystallization temperature and
its thermal stability.

According to Figure 4 a), the glass transition temperature is Tg=372.12°C and the
first crystallization temperature is around T-=406°C for the amorphous alloy CosNb23Bs
(a), which corresponds to the supercooled liquid region corresponding to the endothermic
peak used, which is considered a good indicator of thermal stability, since the higher value
of AT causes a delay in the nucleus, that is, AT=Tx-Tg=33.88°C with amorphous alloys/bulk
metal glasses (BMG) [53,54]. At higher temperatures, Co ions such as Nb are oxidized by
the environment and therefore the mass can be slightly increased to 114.9% (see Figure 4
a)). Itis assumed that the grain size may have increased since the ionic radius of Co (0.65A)
is larger than that of Nb (=0.62A) (Lee, 1999).

The measurements of the superimposed TGA/DTA curves of the FezSioBis alloy in
Figure 4 b) show the DTA curve exhibiting a single exothermic peak for crystallization of
the supercooled liquid at 500.13°C (Tx). In amorphous alloys or even in amorphous mate-
rials, there is a glass transition behavior prior to crystallization. In Figure 4 b) for the
Fe7sSioB1s alloy, an endothermic peak corresponding to the glass transition of 468.59°C (Tg)
and the supercooled liquid region can be observed, which is considered a good indicator
of thermal stability, since a higher value of AT causes a delay in nucleation, that is, AT =
Tx«-Tg=231.54°C, for amorphous alloys/bulk metallic glasses (BMG - Bulk Metallic Glasses)
[55,56]. At higher temperatures, both the Fe and Si ions of the TGA are oxidized by the
environment, so that the mass easily increases to 129.73% as shown in Figure 4 b). The
increase in grain size is due to high-temperature oxidation, which led to a greater increase
in the ionic radius of Fe (0.78 A) than that of Si (=0.26 A) [57].
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In the amorphous alloy CossCu23Bo in Figure 4c), it is observed that at Tx=853.20°C
there is a small formation of a small exothermic peak for the crystallization of the super-
cooled liquid, followed by a low glass transition temperature of Tz=832.93°C (almost im-
perceptible in the graph in Figure 4c)). This reveals a residual increase in the amorphous
phase at 850°C, due to the decrease in crystallization in this last exothermic peak [58].

The value of AT causes a delay in the growth of the grain nucleus, that is, AT = Tx-Tg
= 20.27°C shows a good indicator of thermal stability, with this type of stoichiometry of
the amorphous alloy CossCu23Bo [59]. It is also noted that there is a reactive step at the
thermal decomposition temperature that is relatively high, between 902.85°C and 1000°C,
which shows good thermal stability properties indicating that the mass becomes constant
in this temperature range. Co ions like Cu ions are oxidized by the environment and,
therefore, there is a drastic increase in mass to 122.64% in the TGA curve of CossCu23Bo as
illustrated in Figure 4 c).

Figure 4d) illustrates the thermal events observed from the superimposed
TGA/DTA curves for the FessNb2sBs alloy, where two exothermic peaks can be observed.
The first peak is caused by the crystallization of the bcc-Fe(Nb) phase, and the second
peak is due to the crystallization of Fe2B and FesB phases that act as an inhomogeneous
nucleation site diluted with the amorphous phase that is related to the structural relaxa-
tion that occurs just before the glass transition, resulting in a generally low characteristic
temperature before the phases form [60,61].

The first and second crystallization temperatures Tx1 and Txz, which are determined
by the onset of the DTA peaks, are Txi = 283.63°C and Tx = 384.80°C, which, followed by
their glass transition temperatures, are Tg1 = 240.05°C and Tg2 = 346.19°C, respectively. In
addition, the values of AT1 = Tx-Tg1 =43.58°C and AT2=Tx-Tg=38.61°C cause a delay in
the grain nucleus, that is, creating thermal stability for amorphous alloys/bulk metal
glasses (BMG - Bulk Metal Glasses) [62].

According to Figure 4d), the TGA curve has a first small high step in the first tem-
perature range from 776 to 792°C and in the second step, a temperature range between
824 and 847°C, presenting in both a relatively high thermal decomposition. Figure 5 shows
the results of the textural characterization of the amorphous alloys CoeNb2Bs (a),
Fe7sSioBis (b), CoesCuzsBy (c) and FessNb2sBs (d) obtained by HEM by N2 adsorption/desorp-
tion isotherms.
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Figure 5. N2 adsorption/desorption isotherms for amorphous alloys CosNb2sBs (a),
FersSioB1s (b), CoesCu23Bo (c) and FessNb2sBs (d).

Thus, the amorphous alloys CoeNb2sBs (a), FersSioBis (b), CoesCuzsBe (c) and
FeesNb2sBs (d) presented surface structures with an adsorption isotherm curve profile,
which according to IUPAC - International Union of Pure and Applied Chemistry, fall into
type V [63], suggesting a mesoporous characteristic of the materials (pore size in the range
of 10-250 A) and an ordered arrangement of pores giving it a well-ordered structure
[64,64]. At the same time, analyzing the hysteresis shapes corresponding to the different
pore geometries, it can be observed that these amorphous alloys are represented by type
3 (H3) hysteresis loops (formation of wedge-shaped pores, parallel cones or plate-shaped
pores) [65]. The presence of the hysteresis loop indicates that mesopores also accompany
the micropores. This phenomenon has been established for activated carbons prepared
under low nitrogen flow rates (500°C) [66].

Thus, it can be concluded that these moderate carbonization conditions are a contri-
bution to the mesopores. The pores present in these amorphous alloys are important for
orthopedic biomedical applications. Based on Figure 5, typical isotherms for mesoporous
solids are observed, and are characterized by a very sharp hysteresis loop between the
adsorption and desorption branches for amorphous alloys.

In addition, a very significant hysteresis can appear in the adsorption and desorp-
tion branches, as they also do not return to the origin. It is observed that the absence of
limitation of the adsorbed amount of N: is saturated at high values of P/Po, indicating a
strong tendency for a mesoporous material [66,67]. It is observed in the isotherms of amor-
phous alloys that the inflection point in the hysteresis occurs around P/Po = 0.4-1, which is
typically a characteristic of the existence of strong mesoporosity and an adsorption and
desorption cycle. Mesoporous phases with medium and large pores were observed in the
same range of P/Po=0.8-1 [68] in Figure 5.

The relative pressure (P/Po) in the separated region in the adsorption and desorption
curves was greater than 0.8 in the amorphous alloys in which larger pore diameters were
observed. The hysteresis was caused by the high capillary condensation that occurred in
the mesopores [69]. The desorption hysteresis curve H3 contains a slope associated with
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a force in the hysteresis loop, due to the so-called tensile strength effect (this phenomenon
perhaps occurs for N2 at 77 K in the relative pressure range of 0.4 to 0.45). In conclusion,
the isotherms of the amorphous alloys are similar to each other and present the same type
IV isotherm and H3 curve of the hysteresis loop. The isotherms presented a hysteresis
loop of type H3. This hysteresis typology is characteristic and normally associated with
non-rigid aggregates of plate-shaped particles, originating slit pores. It is characterized by
presenting different evaporation and condensation paths between the adsorption and de-
sorption processes undergone by the adsorbent materials.

In summary, the isotherms for the amorphous alloys CoeNb23Bs (a), FersSioBis (b),
CossCu23B9 (c) and FesasNb2sBs (d are similar to each other and presented the same type IV
isotherm profile and H3 hysteresis loop. The measured specific surface areas of the amor-
phous alloys CossNb23Bs (a), FezsSisBi3 (b), CossCu23Bo (c) and FesaNb2sBs (d) are 3.215, 4.237,
3.121 and 4.201 m? g respectively. These values are in good agreement with the results
reported [70], when they developed new amorphous alloy catalysts of Ni-P (R-Ni-P), Ni-
Co-B, and Ni-B (P)/SiO: type for Fischer-Tropsch process in catalytic hydrogenation re-
actions of various organic compounds. On the other hand, the average pore diameter val-
ues for the amorphous alloys CoeNb2sBs (a), FersSioBis (b), CossCu2sBoe (c) and FessNb2sBs
(d) were 3.16, 4.19, 3.14 and 4.18 nm, respectively, which are relatively close values com-
pared to published works [711,72], when studying the morphological characteristics of
other amorphous alloy compositions.

The mesoporous nature of these amorphous alloys obtained by HEM is confirmed
by the particle volume and diameter values, which range from 2 to 50 nm according to the
IUPAC classification that characterizes mesoporous materials [73,74].

Pore volume and particle size are fundamental parameters for studying the struc-
ture and porosity of these amorphous alloys, since they are related to their total area,
which can serve as a reaction substrate in biomaterials. Figure 6 illustrates the behavior
of magnetization (M) as a function of the applied coercive field (H) through hysteresis
loops for the amorphous alloys CossNb23Bs (a), FezsSioB1s (b), CoesCuz2sBo (c) and FeesNb2sBs
(d), which were obtained by HEM.
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Figure 6. M x H hysteresis curves for amorphous alloys CossNb23Bs (a), FezsSisB1s (b),
CoesCu2sBs (c) e FesaNb2sBs (d).
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The M x H hysteresis loops of CossNb23Bs (a), FezsSisB1s (b), CossCu23Bo (c) e FessNb2sBs
(d) show the estimated saturation magnetizations of Ms = 15.023 emu/g , Ms = 18.932
emu/g, Ms = 15.021 emu/g and M;s = 18.832 emu/g, remanent magnetizations of M: =
0.01603 emu/g, Mr = 0.01820 emu/g, M: = 0.01525 emu/g and M: = 0.01819 emu/g, and the
estimated coercive fields of He = 70.86 kOe, Hc = 77.82 kOe, Hc = 70.14 kOe and Hc = 77.81
kOe. In the upper part of Figure 6, it was observed that the amorphous alloys have hyste-
resis curves of ferrimagnetic behavior, which are characteristic of soft magnetic materials,
which magnetize and demagnetize at low field values, due to their small values of rema-
nent magnetization and coercivity, but different from zero, thus revealing the complete
formation of the narrow magnetic hysteresis cycle after grinding the powder for 15 h. The
remanence/saturation ratio (M:/Ms) varied in the range of 0.000081 to 0.001066. However,
the M:/M;s ratio defines the degree of quadrature of the hysteresis loop of a magnetic ma-
terial, providing information about how well the material retains its magnetization when
an external magnetic field is applied and removed. It is an insightful criterion to assess
the domain state, distinguishing between single domains (M:/Ms > 0.5) and multidomains
(M:/Ms « 0.1) [75]. A value of Mi/Ms « 0.1 indicates that the powder particles are mul-
tidomains where the magnetization modification may be due to the domain wall motion
at relatively low fields. This means that amorphous alloys produced through MAE pre-
sent multidomains compared to other metallic alloy systems that are based on Bloch do-
main wall models and uniaxial anisotropic ferromagnetic particles that are randomly ori-
ented with domains very close to (~ 0.5) [76,77]. Generally, in mechanically milled amor-
phous alloys, the remanence/saturation ratio (M:/Ms) value is usually very low, between
0.001 and 0.1 [78,79]. However, on the other hand, extrinsic characteristics such as grain
and/or particle size directly influence magnetic multidomains and can contribute to in-
creased magnetization, since the larger the particle and/or grain size, the lower the energy
level, favoring greater magnetization [80]. Figure 7 illustrates the typical compressive
stress-strain curves for the amorphous alloys CossNbz23Bs (a), FersSioB13 (b), CossCuzsBo (c) e
FeesNb2sBs (d).
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Figure 7. Stress-strain curves of mechanical tests of compressive strength of amor-
phous alloys CoesNb:23Bs (a), FezsSisBis (b), CoesCuzsBo (c) e FessNb2sBs (d).

The amorphous alloy CoesNbz23Bs (a) as ground by mechanical grinding (HEM) exhib-
its a moderate elastic modulus of 6.80 MPa and a high yield strength of 82.37 MPa. The
elastic modulus of the FezsSisB3 alloy (b) was 4.23 MPa and the yield strength was slightly
higher at 72.44 MPa than that of the CosNbz23Bs alloy (a). The CoesCuz2sBe alloy (d) has a
very low elastic modulus of 2.42 MPa and yield strength of 41.40 MPa compared to other
alloys. It is found that the amorphous alloy FessNb2sBs (c) exhibits a moderate elastic mod-
ulus. The amorphous alloys studied here, CosNbz23Bs (a), FezsSioBis (b), CossCu2sBo (c) e
FessNb2sBs (d) did not show any fracture as can be observed after the elastic deformation
stage of the curve measured at the strain rate of 1 10-* s™! at room temperature [80]. In the
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right corner inside the red circle, an increase in force is observed that corresponds to the
linear elastic deformation zone of the material (slope of the linear elastic zone) during the
initial compression phase of each alloy [81]. It should be noted that high elastic moduli
correspond to materials with more pronounced elasticity. Although a test was performed
for each amorphous alloy, only the best value for each composition was reported, since
the lack of tension and friction homogeneity between the sample surface and the machine
plates, due to imperfect plane parallelism in small samples, did not drastically alter the
stress-strain response during the test. The compressive strength value of CossNb23Bs (a) is
twice that of the CossCu23Bo alloy (d), but it is observed. Note that the CossNb23B8 alloy (a)
has a lower deformation than the FezSioBs alloy (b). In fact, these values indicate that the
Cos9Nb23Bs alloy (a) is more resistant to mechanical stress and has a lower deformation
capacity compared to FezSioBis (b), but in general it can be said that all amorphous alloys
have good properties and are innovative materials and are being considered for biomed-
ical applications due to their peculiar atomic structure in terms of amorphous phase and
chemical composition.

In addition, amorphous alloys based on Co and Fe have excellent mechanical prop-
erties and corrosion resistance, which are directly related to cytocompatibility and bio-
compatibility for biomedical applications. Therefore, they can be directly applied in future
studies, such as in vitro cellular studies, antimicrobial properties and in vivo studies in
animals, such as in the area of human orthopedics and bone regeneration [82].

Although the compressive strength test was performed under the same conditions,
only the best value of each alloy is provided here and, depending on the application, we
can say that both amorphous alloys have better properties and can be applied in metallic
biomaterial [83]. It is also observed that the amorphous alloy FessNb2sBs (d) has a greater
deformation, reaching twice, when compared to CossCu23Bo (c) [84]. This indicates that the
sample FeesNb:2Bs (d) has a compressive strength that is twice that of the other alloy
Co6sCu23B9 (c). In practical terms, the sample FessNb2sBs (d) resists more stress and also
has a greater deformation capacity when compared to CossCu23Bs (c), but, depending on
the application, they are said to have analogous properties [85]. Experimental results show
that amorphous alloys based on Co and Fe obtained from the conventional milling process
(HEM) present high elastic deformation and do not fracture [86]. These results indicate
that the B and Si contents improve the resistance to deformation, therefore, the compres-
sion of these alloys is higher [87].

Figure 8 Illustrated the data obtained in the MTT cell viability test for samples F1-
Co6Nb23Bs, F2-Fe7sSioB13, G1-CoesCu23Be and G2-FessNba2sBs.
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Figure 8. Illustration of the percentage of cell viability obtained for each sample ana-
lyzed (F1-CosNb23Bs, F2-FezsSioB1s, G1-CossCuzsBe e G2-FesusNb2sBs), with the dotted line
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representing the limiting value of 70% which, according to ISO 10993-5, is the minimum
acceptable value for the biomaterial to be non-cytotoxic.

It can be seen that the samples presented cell viability above 70% as specified in the
BS EN ISO 10993-5:2009 standard, although their variability is high and the minimum
value is slightly below that specified, with emphasis on the samples decoded as F1-
Cos9sNb23Bs and G2-FessNb2sBs, which were those with the highest cell viability, respec-
tively.

However, all of them showed signs of having promising potential for applicability as
metallic biomaterial for bone tissue regeneration and temporary implants for orthopedics.
Based on the statistical analysis of the results obtained by the ANOVA test applied to the
cell viability data of samples F1-CoeNb2:Bs, F2-Fe7SioBis, G1-CoesCuzBy and G2-
FecNb2sBs, we can infer that the calculated F statistic was approximately 0.100, while the
associated p-value was approximately 0.956. This indicates that the F statistic is very low
compared to the critical value of the F distribution for a significance level of 0.05, and the
p-value is greater than the chosen significance level. Therefore, there is insufficient statis-
tical evidence to reject the null hypothesis that the cell viability means of the groups F1-
Co69Nb23Bs, F2-FersSioB1s, G1-CossCuzsBo and G2-FessNb2sBs are equal.

When we look at the distribution of variation in the data, we see that most of the
variability is within groups (SSE = 17528.5), while the variability between groups is rela-
tively low (SSG = 1317.375). This is consistent with the low F-statistic observed. The be-
tween-group degrees of freedom (df_between) are 3, indicating that we are comparing the
means of three different groups, while the within-group degrees of freedom (df_within)
are 4, indicating that the amount of data within each group is being considered.

The between-group (MSB) and within-group (MSW) mean squares assess the varia-
bility between and within groups, respectively. With MSB around 439.125 and MSW
around 4382.125, the F-ratio close to 0.1 indicates that the variability between groups is
lower than that within groups. Thus, there is no significant difference between the means
of groups F1-CossNb23Bs, F2-FezsSioB1s, G1-CossCu2By and G2-FesNb2sBs. It is concluded
that the different titanium alloys did not have a significant impact on cell viability accord-
ing to the data and methodology used.

As expected, and widely disseminated in the literature, the cytocompatibility of
metal alloys, such results demonstrate, is in agreement with studies by Thanka Rajan et
al. (2019) in which the viability of SaOS-2 cells was validated, which was greater than
100% for all dilutions, even at the 100% concentration of extracts coated with TEMG. The
control (uncoated Ti6Al4V) showed lower viability than the specimen coated with TEMG
[88].

In contrast, when compared with a study in which, despite the sample not being con-
sidered cytotoxic, only 78% cell viability was observed, and even after 48h of cell culture
[89]. A new decrease in the proliferation rate (73%) is recorded after 72h. This suggests
that the cells appeared to be very sensitive on the surface of Zrs7Cos4Cu2Tis MG and re-
quire more time to record a constant increase in the number of viable cells [90].

In this regard, that corrosive species within the human physiological environment
activate the thermodynamic corrosion tendencies of metallic materials [91,92]. Depending
on the toxic nature of the released cations, several biological factors can be activated,
which introduce inflammatory cascades and cell apoptosis. In this context, the new amor-
phous titanium-based alloy TisuZr1oPdioCus~CozxTar (x =0, 4, 8) showed biocompatibility
characteristics with osteoblast-like cells (SaOS-2) that demonstrated excellent results for
potential development of biomedical applications [93].

For comparison and example, evaluated the amorphous alloy based on Mg-Zn-Ca
synthesized by mechanical grinding and used the MTT assay with MC3T3 osteoblastic
cells and showed that the amorphous powder extract MgeZnssCas presented low cytotox-
icity in relation to the MC3T3 cells tested, demonstrating great application as a promising
biomaterial in orthopedic implants [94].
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On the other hand, found in the release of metal ions such as Zn? and Mg? the in-
duction of angiogenesis and cell proliferation, in addition to attenuated pro-inflammatory
responses, which suggests a significant viability for such in the extracts studied with the
release of ions that are conducive to the induction and viability of cell growth [95-100].

Although the results mentioned above in this thesis demonstrate that cell viability
was around 70%, as specified in the BS EN ISO 10993-5:2009 standard, presenting it as a
promising metallic biomaterial with potential for bone tissue regeneration and temporary
orthopedic implants. This result can be corroborated by the studies when they character-
ized crystallized and relaxed amorphous Mg-Zn-Ca alloy tapes for application in bone
regeneration, as well as in the biomedical orthopedics area [101-103].

The Materials and Methods should be described with sufficient details to allow oth-
ers to replicate and build on the published results. Please note that the publication of your
manuscript implicates that you must make all materials, data, computer code, and proto-
cols associated with the publication available to readers. Please disclose at the submission
stage any restrictions on the availability of materials or information. New methods and
protocols should be described in detail while well-established methods can be briefly de-
scribed and appropriately cited.
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