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In this work, the amorphous alloys CossNb23Bs, FesSisB13, CossCu2sBo, and FessNb2sBs were synthesized by
high-energy mechanical milling (HEM) and investigated as promising biomaterials for bone tissue regeneration.
The synthesis was carried out with a 20 g powder load, a ball-to-powder weight ratio of 20:1, a rotation speed of
300 rpm, and a total milling time of 15 h, using ethyl alcohol (C-HsO) as a process control agent and an inert argon
atmosphere. The amorphous alloys were characterized by X-ray diffraction (XRD), Fourier-transform infrared
spectroscopy (FTIR), textural analysis, SEM, thermogravimetric analysis (TGA-DTA), magnetic measurements
(VSM), mechanical testing, and in vitro cytotoxicity assays. Swelling degree analyses showed favorable results,
indicating the potential biomedical applicability of the amorphous Co- and Fe-based alloys. Cytotoxicity tests
revealed that the safe concentration, at which cell viability exceeded 70%, demonstrates promising potential for the
use of these materials as metallic biomaterials for bone tissue regeneration and temporary orthopedic implants.
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Introduction

Increased life expectancy has led to a rapidly aging
population, resulting in a higher incidence of bone
diseases such as osteoporosis and fractures [1,2].
However, the search for ideal biomaterials remains one of
the greatest challenges in medicine, for example for their
use in bone tissue regeneration and implants [3]. There are
many clinical reasons for developing new materials to
replace human bone, for example in the reconstruction of
defects, including the need for orthopedic implants that are
corrosion-resistant and better adapted mechanically to
their biological environment [4,5].

Bone is a mature connective tissue that ensures the
function of our body, protects vital organs and forms a
stable foundation for muscle and joint function. Bone also
plays an important physiological role in supporting
hematopoiesis and mineral homeostasis in our body and
serves as the main protective barrier for vital organs [6].
Current surgical procedures for bone repair involve
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transplanting tissue grafts of natural origin or biomaterials
developed using various methods such as powder
metallurgy and rapid solidification [7].

The most commonly used reconstructive graft is an
autologous graft, in which the patient's tissue is harvested
from a donor site and transplanted into a damaged or
defective recipient site [8]. These techniques have some
limitations due to the limited availability of autologous
grafts and the potential for trauma and invasive (surgical)
procedures for the patient [9]. These limitations of grafts
have led to the development and use of biomaterials as
alternatives to bone tissue regeneration processes [10].

The purpose of biomaterials is to play a fundamental
role in the regeneration of bone tissue by temporarily
acting as a support structure that gradually distributes the
load across the affected area, thereby providing a pathway
for cell growth until the bone tissue is fully restored [11].
To achieve this, the structure must maintain its shape and
appropriate mechanical properties throughout the
regeneration process until the injured area is fully restored
[12,13].
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Amorphous alloys, as a metallic biomaterial, were
first synthesized by Pol Duwez in 1960 in a binary metal
alloy system AugoSiz using a rapid cooling technique (in
the range of 10° - 10° K s!) and have attracted the attention
of researchers 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  corrosion  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 reduction [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 CosNb23Bs,
Fe73SioBi3, CossCuz3Bg and FegsNbygBs by high energy
milling (HEM) for applications of synthetic biomaterials
in bone tissue regeneration. However, the use of the
amorphous alloys CO@ngszg, Fe7gSi9B13, COGSCU23BQ
and FessNbysBs, synthesized by high energy milling
(HEM), is being used for biomedical field. Then, their
physical-chemical, magnetic, thermal, mechanical and
biological properties were evaluated, in addition to their
viability for application in the biomedical field.

I. Materials and methods

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
C069Nb23Bg, Fe7gSi9B13, COsgCU23B9 and F664Nb23Bg (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 (C2H¢O) (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 CuK, radiation (A = 1.54056 A) produced at
45 kV and 40 mA. The diffraction angle (20) varied
between 10° 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
obtained 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
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C069Nb23Bg, Fe7gSi9B13, C068Cu23B9 and F664Nb28B8. The
thermal studies of the amorphous powders of CogoNb23Bs,
Fe7gSi9B13, C063Cu23B9 and Fe64szng were collected
after grinding, using differential thermal analysis (DTA)
and thermogravimetric 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
C059Nb23B8, F€7gSiQB13, CO(,gCUQ3B9 and F664Nb28B3. The
uniaxial compressive mechanical tests were conducted in
a WDW-100 testing machine at a deformation rate of
1 10* s! at room temperature. The powder sizes of the
alloys C069Nb23Bg, Fe7gSi9B13, C068CU23B9 and
FessNbogBg 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 COsngszg, Fe7gSi9B13, COsgCu23Bg
and FessNbsBs. 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 CoeNb23Bs, FessSioBi3, CossCuzsBo
and FessNbysBs, 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.

II. Results and discussion

Figure 1 shows the diffractograms of the alloys
CosoNb23Bs (a), CogsCu3By (b), FessNbosBg (c¢) and
Fes5Si9B13 (d) processed by mechanical grinding (HEM).
In the diffractograms, in the 26 range of 40°— 50°, a typical
diffuse halo is observed, 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.

Figure 2 illustrates the vibrational spectra of the
amorphous alloys CogNbx;Bs (a), CossCusBo (b),
FesaNbogBg (¢) and Fe7sSioBi3 (d) obtained by HEM in the
infrared region of 4000 - 500 cm™.

The FTIR spectra of the amorphous alloy CogNb23Bg
(a) showed a band at ~2335.6 cm ™, which is attributed to
the stretching vibration modes of the C=O group of
atmospheric CO; [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), species 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 Co304 [28].

Analyzing the FTIR spectrum of the amorphous alloy
Fe73SioBi3 (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
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stretching mode of the Si-O group [30].
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Fig. 1. X-ray diffraction patterns of the amorphous alloys
C069Nb23B8 (a), COsgCuZ3B9 (b), F664Nb28B8 (C) and
Fe7gSi9B13 (d)

The band that appears around 1992 cm™ corresponds
to the O-Fe-O stretching mode of Fe;Os3 [31]. The band at
638 cm’' represents the stretching vibration of the
Fe-O bond in Fe;04 [32]. The occurrence of a band at
592 c¢cm-1 is attributed to the stretching vibrational mode
of the Si-O-Fe group [33]. The bands at 3825 cm™' and
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3650 cm™ in the FTIR spectrum of the CogCuxsBy (c)
alloy are attributed to the axial stretching mode of the
O-H group, due to the H,O 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 (IT) ions, which can be attributed to vibrations caused
by atmospheric CO, [35]. The absorption band near
2100 cm™ can be ascribed to the stretching vibrations of
B-O bonds in BOs™ units, which involve the interaction of
distinct oxygen groups. Furthermore, the FTIR band at
1532 cm™ is attributed to a metal-metal charge transfer
process associated with the oxo-bridged Co—O-Cu
linkage in octahedral coordination [36].

The absorption spectra in the 1250 cm™ range are
attributed to the stretching of non-bridged oxygen atoms
of the Co-OH type [37] Regarding the FTIR band around
2650 cm™ of the amorphous alloy FesuNbysBs (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 FessNb,sBg alloy
(d) is caused by the stretching 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=0 [42,43]. Furthermore, the strong
absorption band at 650 cm™ reported in the FTIR spectrum
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Fig. 2. FTIR spectra of the amorphous alloys CosoNb23Bs (a), CossCuz3Bo (b), FecaNbagBs (¢) and FezsSioBis3 (d).
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of the amorphous alloy is attributed to the stretching
vibrations of Fe-O and Fe;O; bonds [44].

All absorptions and assignments related to the
amorphous alloys CogNb2;Bs (a), CoesCusBo (b),
FesaNbogBg (¢) and FessSioBi3 (d) are described in Table 1.

Figure 3 illustrates the micrographs of the amorphous
alloys a) C069Nb23B3, b) CO68CU23B9, C) Fe7gSi9B13 and d)
FeesNbogBg obtained by SEM. The micrographs of each
amorphous alloy give an idea of the morphological
structure of the amorphous powders and were grouped
with a scale of 50 pum and a magnification of 100kx.

In the micrograph of Figure 3 a) CosoNb23Bs, an
agglomeration of particles with irregular and very
flattened morphology 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) CossCu23Bo
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 CossCuz3Byg alloy powder during high-
energy milling [47].

The representative SEM micrograph of the
amorphous alloy c) FessSioBi3 shows that the powders are

Table 1.

Wavenumber and absorption bands for the amorphous alloys
C069Nb23B8 (a), C068CU23B9 (b), FCMszng (C) and F€7gsi9B13 (d)

Amorphous alloys ‘Wave number Assignment
(cm™)
~2335.6 Stretching vibration modes of the C=0O group of
atmospheric CO,
CogeNb,3Bg (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
FeySigBy; (b) 1992 O-Fe-O stretching mode of Fe,03
638 Stretching vibration of the Fe-O bond in Fe;0, 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,
CoggCuysBg(c) 2100 Stretching vibrations of the B-O bonds of BO*
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
FegNbygBs (d) 2000 Asymmetric stretching of the O-Fe-O group
~1960 Stretching vibration of Nb=0O
650 Stretching of Fe-O and Fe,0;
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Fig. 3. Micrographs obtained by SEM of amorphous alloys
a) C069Nb23Bg, b) CossCuzsBo, C) Fe73SioBi3 and d) FessNbasBs.
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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 um 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) FessNbygBs, 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 pm 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 C069Nb23Bg (a), C068Cu23B9 (b), FC64szng (C) and
Fe73SioBi3 (d), which allows the determination of the
decomposition temperatures (°C), transformation of
amorphous phases and mass losses.

In the TGA curve in Figure 4 (a) referring to the
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CogNby3Bs 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-temperature 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 Ty=372.12°C and the first crystallization
temperature is around Tx=406°C for the amorphous alloy
CosoNb23Bg (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—T,=33.88°C with amorphous alloys/bulk
metal glasses (BMG) [53]. 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). It is assumed that the grain size may have
increased since the ionic radius of Co (0.65A) is larger
than that of Nb (=0.62A) [54].

The measurements of the superimposed TGA/DTA
curves of the FessSigBi3 alloy in Figure 4 (b) show the
DTA curve exhibiting a single exothermic peak for
crystallization of the supercooled liquid at 500.13°C (Ty).
In amorphous alloys or even in amorphous materials, there
is a glass transition behavior prior to crystallization. In
Figure 4 (b) for the Fe73SioBi3 alloy, an endothermic peak
corresponding to the glass transition of 468.59°C (T,) and
the supercooled liquid region can be observed, which is
considered a good indicator of thermal stability, since a
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Fig. 4. Superimposed TGA/DTA curves of the amorphous alloys
CogoNb3Bs (a), CogsCuzBog (b), FecsNbogBs (C) and Fe73Si9B 13 (d)
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higher value of AT causes a delay in nucleation, that is,
AT = TT, = 31.54°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].

In the amorphous alloy CosgCuz3By in Figure 4 (c), it
is observed that at Tx=853.20°C there is a small formation
of a small exothermic peak for the crystallization of the
supercooled liquid, followed by a low glass transition
temperature of Ty=832.93°C (almost imperceptible in the
graph in Figure 4 (¢). 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—T, =20.27°C shows a good
indicator of thermal stability, with this type of
stoichiometry of the amorphous alloy CoesCuz3Bo [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
CossCuz3By as illustrated in Figure 4 (c).

Figure 4 (d) illustrates the thermal events observed
from the superimposed TGA/DTA curves for the
FessNbsBg alloy, where two exothermic peaks can be
observed. The first peak is caused by the crystallization of
the bee-Fe(Nb) phase, and the second peak is due to the
crystallization of Fe:B and Fe;B phases that act as an
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inhomogeneous nucleation site diluted with the
amorphous phase that is related to the structural relaxation
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 T
and Ty, which are determined by the onset of the DTA
peaks, are Tx; = 283.63°C and Tx, = 384.80°C, which,
followed by their glass transition temperatures, are
Ty = 240.05°C and Tg = 346.19°C, respectively. In
addition, the values of ATI = Tx;—Tg = 43.58°C and
ATy = To—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 4 (d), the TGA curve has a first
small high step in the first temperature range from 776 to
792°C and in the second step, a temperature ranges
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
COsng23Bg (a), F€7gSi9B13 (b), CoesCuz3Bo (C) and
FesNbogBsg (d) obtained by HEM by N,
adsorption/desorption isotherms.

Thus, the amorphous alloys CosNbxsBs (a),
Fe7gSi9B13 (b), COégCU23B9 (C) and Fe64szng (d)
presented surface structures with an adsorption isotherm
curve profile, which according to [UPAC - 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
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Fig. 5. N, adsorption/desorption isotherms for amorphous alloys
Coe9Nb23Bs (a), Fe7sSioBi3 (b), CossCu2sBy (c) and FessNb2sBs (d).
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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 contribution 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 desorption branches, as they also do
not return to the origin. It is observed that the absence of
limitation of the adsorbed amount of Ny is saturated at high
values of P/P,, indicating a strong tendency for a
mesoporous material [66,67]. It is observed in the
isotherms of amorphous alloys that the inflection point in
the hysteresis occurs around P/P, = 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/P,=0.8-1 [68] in Fig. 5.

The relative pressure (P/P,) 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 a force in the hysteresis loop, due to the
so-called tensile strength effect (this phenomenon perhaps
occurs for N, 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 1is 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 desorption processes
undergone by the adsorbent materials.

In summary, the isotherms for the amorphous alloys
C069Nb23Bg (a), Fe7gSi9B13 (b), COsgCUnt (C) and
FesaNbogBg (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 amorphous alloys
C069Nb23Bg (a), Fe7gSi9B13 (b), C063Cu23B9 (C) and
FegaNbysBs (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 reactions of various organic
compounds. On the other hand, the average pore diameter
values for the amorphous alloys CogNbxBs (a),
Fe7gSi9B13 (b), CO(,sCu23B9 (C) and F€64Nb28B3 (d) were
3.16, 4.19, 3.14 and 4.18 nm, respectively, which are
relatively close values compared to published works
[71,72], when studying the morphological characteristics
of other amorphous alloy compositions.
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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 structure 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 CosoNb23Bs (a),
Fe7gSigB13 (b), CO@gCuBBg (C) and Fe64szng (d), which
were obtained by HEM.

The M x H hysteresis loops of CogNb2:Bs (a),
Fe7gSi9B13 (b), CO68CU23B9 (C) c F664szng (d) show the
estimated saturation magnetizations of
M; = 15.023 emu/g, Ms = 18.932 emu/g,

M;=15.021 emu/g and M= 18.832 emu/g, remanent
magnetizations of M; = 0.01603 emu/g,

M; = 0.01820 emu/g, M;=0.01525 emu/g  and
M; = 0.01819 emu/g, and the estimated coercive fields of
Hc=70.86 kOe, H.=77.82kOe, H.=70.14kOe and
H¢ =77.81 kOe.

In the upper part of Figure 6, it was observed that the
amorphous alloys have hysteresis 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 remanent
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; ratio defines
the degree of quadrature of the hysteresis loop of a
magnetic material, 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/M; > 0.5) and multidomains
(MvV/M; < 0.1) [75].

A value of M/M; « 0.1 indicates that the powder
particles are multidomains where the magnetization
modification may be due to the domain wall motion at
relatively low fields. This means that amorphous alloys
produced through mechanical alloying (MA) present
multidomains compared to other metallic alloy systems
that are based on Bloch domain wall models and uniaxial
anisotropic ferromagnetic particles that are randomly
oriented with domains very close to (~0.5) [76,77].
Generally, in mechanically milled amorphous alloys, the
remanence/saturation ratio (M/M;) 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 increased 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 CoeNb2:Bs (a), FessSioBiz (b),
COsgCu23B9 (C) € F664Nb23B8 (d)
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Fig. 7. Stress-strain curves of mechanical tests of

compressive strength of amorphous alloys CosoNb23Bs (),
Fe7gsigB13 (b), Cos3Cu3By (C) c F664Nb23B8 (d)

The amorphous alloy CogNb3Bs (a) as ground by
mechanical grinding (HEM) exhibits a moderate elastic
modulus of 6.80 MPa and a high yield strength of
82.37 MPa. The elastic modulus of the Fes3SigB13 alloy (b)
was 4.23 MPa and the yield strength was slightly higher at
72.44 MPa than that of the CogNby3Bs alloy (a). The
CossCuz3Byg 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 FessNbysBs (¢)
exhibits a moderate elastic modulus. The amorphous
alloys studied here, CoeNb23Bs (a), FezsSioBi3 (b),
CogsCu23Bo (¢) e FesNbagBs (d) did not show any fracture
as can be observed after the elastic deformation stage of
the curve measured at the strain rate of 1 107 57! at room
temperature [80]. In the right corner inside the red circle,
an increase in force is observed that corresponds to the
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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 CosoNb23Bg (a) is twice that of the
CossCuz3By alloy (d), but it is observed. Note that the
CogoNby3Bs alloy (a) has a lower deformation than the
Fe73SioBi3 alloy (b). In fact, these values indicate that the
Cog9Nby3Bs alloy (a) is more resistant to mechanical stress
and has a lower deformation capacity compared to
Fe7sSioBi3 (b), but in general it can be said that all
amorphous alloys have good properties and are innovative
materials and are being considered for biomedical
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 properties and corrosion
resistance, which are directly related to cytocompatibility
and biocompatibility 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
FessNbysBg (d) has a greater deformation, reaching twice,
when compared to CossCu23Bo (c) [84]. This indicates that
the sample FessNb:Bs (d) has a compressive strength that
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is twice that of the other alloy CosgCu23By (). In practical
terms, the sample FessNbysBs (d) resists more stress and
also has a greater deformation capacity when compared to
CossCuz3Bo (¢), 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 compression
of these alloys is higher [87].

Figure 8 Illustrated the data obtained in the MTT cell
viability test for samples F1-CogNby3Bs, F2-FessSioBi3,
Gl—COsgCu23B9 and G2-F664szng.

162% * 40
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Fig. 8. Cell viability of each sample (F1-CossNb23Bs, F2—
F67SSi9B13, G1-CoesCu23Bo, G2—F664Nb28B8), with the
dotted line at 70% representing the ISO 10993-5 threshold
for non-cytotoxicity.

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-CogNb,3Bs and
G2-FessNbygBs, which were those with the highest cell
viability, respectively.

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-CosoNb23Bs,
F2-Fe75Si9B13, G1-CoesCur3Bo and G2-FegsNbogBs, 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 statistical evidence to reject the null
hypothesis that the cell viability means of the groups F1-
C069Nb23Bg, FZ-Fe7gSi9B13, GI-CO68CU23B9 and G2-
FessNbogBg 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
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relatively low (SSG = 1317.375). This is consistent with
the low F-statistic observed. The between-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 variability 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-CogNba3Bs, F2-
Fe7sSi9Bl3, GI-C068CU23B9 and G2-F664Nb28B3. It is
concluded that the different titanium alloys did not have a
significant impact on cell viability according 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 TFMG. 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 considered 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
Z137C034CuxTio MG and require 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 amorphous titanium-based alloy
TisaZr10Pd10CusxCoxxTar  (x 0, 4, 8) showed
biocompatibility characteristics with osteoblast-like cells
(Sa0S-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 MggsoZn3sCas presented low cytotoxicity in
relation to the MC3T3 cells tested, demonstrating great
application as a promising biomaterial in orthopedic
implants [94].

On the other hand, found in the release of metal ions
such as Zn?" and Mg?" the induction 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
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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 characterized 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 others 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 protocols 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 described and appropriately cited.

Conclusions

Through the high-energy milling (HEM) technique, it
was possible to obtain amorphous powders of the alloys
C069Nb23Bs, Fe7ssi9B13, COasCU23B9, and FessNb2sBs after
15 h of milling, demonstrating their potential as metallic
biomaterials for bone tissue regeneration and biomedical
orthopedic applications. XRD results confirmed the
successful production of fully amorphous structures, while
FTIR spectra revealed characteristic vibrational bands
associated with the functional groups present in the
studied alloys. Complementarily, SEM micrographs
showed particle agglomeration with irregular
morphologies and sizes both above and below 50 pm,
supporting the structural complexity of the amorphous
state.

Thermal analysis further reinforced these findings, as
the superimposed TGA/DTA curves exhibited a
pronounced mass increase, likely associated with the
oxidation of transition metal ions (Co, Nb, Fe, Cu, and Si)
upon heating, leading to phase transformations. In
parallel, textural analysis revealed type IV isotherm
profiles with type H3 hysteresis loops, suggesting a
mesoporous nature. These characteristics were consistent
with the observed hysteresis curves, which displayed
behavior typical of ferromagnetic materials, evidencing
soft magnetic properties relevant to biomedical

applications.

Mechanical testing provided additional support for
their potential use, as the stress—strain curves obtained
under compression confirmed good resistance to
deformation. Finally, cytotoxicity assays demonstrated
that the amorphous alloys CoesNb2:Bs, FersSioBis,
Cos:Cu2sBo, and FesaNb2sBs exhibited no toxic effects on
cells. In particular, the Co- and Fe-based alloys showed
excellent in vitro biocompatibility, as specified by BS EN
ISO 10993-5:2009, confirming their promise as metallic
biomaterials for bone tissue regeneration and temporary
orthopedic implants.
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AMop¢Hi criIaBH, CHHTE30BaHI METOA0M BHCOKOCHEPTeTUYHOI0
NOAPIOHEHHS: JOCJI/I)KEHHS Ta 3aCTOCYBAHHA AK OioMaTepiaJiB

Jlabopamopis cunmesy kepamiunux mamepianis, @edepanvruil ynisepcumem Kamnina-I panoe, eyn. Anpicio Benosy,
882 — Boookoneo, Kamnina-I' panoe 58429-900, Ilapaiba, bpazunis, luciano.uepb@gmail.com

V wiii poboti amopdHi crmaBu CossNb23Bs, FersSioBi3, CossCuzsBo Ta FesaNb2sBs Oynu cuaTe30BaHi MeTo10M
BHCOKOEHEPTeTHYHOI0 MeXaHoaKTHBaliiHoro moapioHenns (BMII) Tta nmocmijpkeHi sSK  IEepCHEKTHUBHI
Olomarepianu s pereHepamii KicTkoBoi TkaHMHM. CHHTE3 NpPOBOAMBCH 3 HaBaHTaxeHHsAM 20 T mpu
CIIBBITHOIIEHHI MacH KyJb 10 mopomky 20:1, mBuakocti obepranas 300 06/xB, gacy moapibHenHs 15 rox, 3
BuKopuctanusM etmioBoro cnupty (C:HsO) sk perymoBanbHOrO cepefHHKa Ta iHEpTHOI aTMocdepu aproxy.
AMopdHi crulaBu OyiaM OXapakTepH30BaHI MeToAaMH peHTreHiBebkoi audpakuii (PJ), iHppauepBoHOi
criektpockornii dyp’e (ICD), texcryproro ananizy, CEM, TepmorpasiMerpuysoro anamizy (TT'A), MarHiTHUX
BuMipioBaib (MB), MexaHi4HUX BUNPOOYBaHb i TECTiB HUTOTOKCHYHOCTI in vitro. CTymiHb HaOyXxaHHsS MMOKa3aB
MMO3UTHBHI pe3yIbTaTH, IO CBIAYHUTH PO MOTEHIIiaN 3acTocyBanHs amoppHuX Co- Ta Fe-craBiB y GioMeauIuHI.
I[{uTOTOKCHYHI JOCTI/DKCHHS BHUSBWIM, MO OC3MeYHA KOHIICHTpAIlis, 3a SKOi JKUTTE3NATHICTh KJIITHH
nepesuiryBana 70%, € MEpCTIEKTUBHOIO JUIl BUKOPHCTAHHS IIMX MaTepiaiiB sIK MeTaJeBUX OioMmaTepiamiB Uit
pereHepaiii KicCTKOBOI TKAHMHH Ta THMYaCOBUX OPTOIEANYHHX IMIUIAHTATIB.

KoarouoBi cioBa: amopdHi cmiaBu; OioMeIuYHI 3aCTOCYBaHHS, pereHepauis KICTKOBOI TKaHHMHH;
BHCOKOCHEPTEeTHYHE MEXaHOAKTHBaMiiHe mopioHeHHs (BMII).
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