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structural and functional materials with extraordinary properties, including exciting strength along with
superior mechanical properties and biological properties. TFMG top-coats have the potential to improve the

strength, corrosion resistance, biocompatibility, and life span of potential biomaterials (metallic, ceramics,

ﬁ:t‘zﬁirgsg'lass or polymers). This article reviews the mechanical properties and biological behavior of TFMGs as well as the
Thermal stability current progress in Zr-based, Ti-based, Fe-based, and Mg-based TFMGs for biomedical applications.
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1. Introduction

Bioimplants are devices fabricated as support to injured biolo-
gical structures or a substitute for a missed biological part. The
material may be a combination of natural or inorganic, or organic
elements that are biocompatible and help humans throughout the
healing duration [1]. The biomaterials are used in restoration func-
tion and enhance the field of medicine and dentistry. The utmost
established and trusted materials that are accepted to be used as
biomaterials are metals and metal alloys, polymers, and ceramics. All
the materials have their own unique properties along with pitfalls in
their respective field of application.

The minimum requirement for a successful implant is to avoid
adverse tissue reaction, strength, resistance to degradation, and
wear and modulus closer to bone [2]. Metals and metal alloys are the
appropriate materials for bearing loads due to their strength and
wear resistance, which is mostly used as a substitute or fixe bone
implants. Stainless steel (SS 316L), Ti and its alloys, and Cobalt-
chrome (CoCr) alloys are the metallic components used as bioim-
plants and for biomedical application [3,4]. The low carbon SS (316L)
is a biocompatible material due to the formation of a passive layer of
chromium oxide and highly resistant to corrosion, and has good
strength. When compared to SS, CoCr alloys have a longer implant
duration time and are more averse to encounter fatigue fracture [3].
Ti and alloys are extensively used in the biomedical field due to their
lightweight, strength, and resistance to corrosion [5]. Osseointe-
gration is a unique property of Ti and its alloys which is the direct
interface between an implant and bone without any ligament fibers
or cartilage and scar tissues existing between the implant and bone
[6]. The tissue compatibility of Ti was verified by calcium phosphate
formation ability in simulated body fluids [7]. Adhesion and pro-
liferation of osteogenic cells are due to the wettability, surface
morphology (roughness), etc., which are important factors pre-
vailing hard-tissue compatibility. The bone formation takes place via
three stages the initial one is the inflammatory response period, and
the next is the induction period, and finally, bone formation [8]. The
composition and chemical state of the surface oxide film of the
implant varies according to the surrounding environment, while the
film is macroscopically stable. A passive film maintains a continuous
process of partial dissolution and re-precipitation in the electrolyte
so, the surface composition is always changing according to the
environment [9].

When a material is placed in biological environs, it should exist
without any contrary effect, which is the essential requirement of a
biomaterial. The biomaterial’s surface is the interface that interacts
with the physiological surroundings (blood, bone, and tissue), which
is the ultimate factor for refusal or acceptance of a material in the
human. The material implanted in the human tries to isolate it by
wrapping it in fibrous tissues (fibrous layer formation), weakening
the bond formation between the implant and the tissues close to it
and leading to implant failure [10]. The additional problem in im-
plants is their corrosion property, leading to metal ions’ release,
causing inflammation [11]. Biocompatibility and bioactivity depend
on the surface properties of the biomaterial. To make the implant
surfaces more bioactive, compatible, and enhance their properties,
surface modification is an effective method to protect them in body

environs. Surface modification is an important and efficient way to
overcome wear and degradation properties in the biomedical field.
Thin film fabrication techniques will be employed to coat various
efficient coatings on the implant surfaces that can significantly
change their morphology, composition, and structure. Multiple kinds
of thin film coating techniques comprise wet chemical coating
methods like sol-gel, dip coating, CVD (chemical vapour deposition),
etc. and PVD (physical vapour deposition) like sputtering, evapora-
tion, PLD (Pulsed laser deposition) etc. [12]. Metallic glasses (MGs)
are potential candidates for biomedical applications since they are
amorphous in nature, have improved wear and corrosion resistance,
and avoids stress shielding.

2. Bulk metallic glasses (BMGs)

Decades before researchers found interest in MGs for medical
application, these were used in widespread areas like jewellery and
sports equipment etc. MGs are the fast cooled molten alloy that
suppresses the crystalline nucleation phases and forms glassy alloys.
The glassy alloys are unusual metallic materials that are amorphous
and exhibit discrete atomic order arrangement compared to crys-
talline materials [13]. The amorphous MGs possess worthy features
like greater strength and resistance to degradation or corrosion [14].
After the glass transition temperature (T) and before the crystal-
lization temperature (Ty) and crystallization event, MGs are softer
and more formable but amorphous. The region between T and Ty is
the supercooled liquid region (SCLR). In this region, the MGs can be
shaped by applying a small force using processing techniques like
forming, extrusion, injection blow moulding before cooling to solid
MG [15]. The fast cooled alloy system frameworks offer improved
mechanical and anti-corrosion properties. The alloy composition can
be prepared with nontoxic elements to make them more bio-
compatible and bioactive [16]. The MGs have better properties than
existing biomaterials in surgical instruments and implants used in
the load-bearing application. MGs have a high elastic strain limit of
2% compared to the bone of 1% [17]. Their modulus of elasticity is
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Fig. 1. The comparison of the mechanical properties of crystalline metals alloys and
BMGs with the human bone [19].
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nearer to the bone and avoids the stress shielding which favours
hard-tissue prostheses [18]. The MGs exhibit an extraordinary elastic
limit of ~2% compared to bone (~1%) [17]. It proposes that MGs are
more flexible with the usual twisting and bending of the bones and
subsequently transfer stress more uniformly than metallic bioma-
terials and reduces stress and stress shielding effects, and heals
faster [19].

Fig. 1 elucidates the comparison of elastic modulus and strength
of the conventional crystalline alloys, metals and BMGs with human
bone. Fig. 1 displays that the BMGs have high strength and low
elastic modulus compared to traditional crystalline materials, which
makes them highly appropriate for bioimplants application [19]. The
first metallic glass of AuysSiys was fabricated by Klement et al. by fast
quenching of metal alloy molten liquid with a cooling rate of 106 K/s
in 1960 [20]. The initially stated BMG was fabricated by Chen et al.
They prepared Pd-Cu-Si BMG of the diameter 1-2 mm specimens
with glassy nature and stability against crystallization reflected with
greater reduced glass temperature (T,g) [Tr = (Tg/T;)] [21]. Later ex-
tensive research was performed in investigating MGs with higher
glass forming ability (GFA) and good mechanical property.

A couple of decades after, a wide range of different alloy com-
positions were formed as glassy metals, like Pd, Zr, Cu, Fe, Ni, Ti, Co,
Au and Mg-based glassy alloys by different solidification approaches
[15,22]. MGs which can be used for biomedical application should be
nontoxic or free of harmful materials like Be, Ni, Cu, and Al and
mostly Ti, Zr, Fe- based BMGs are used as non-degradable biomedical
materials [23]. The controlled degradation and nontoxic nature,
along with biocompatibility and bioresorbable interaction with
hosts, make Mg-based BMGs an appropriate biodegradable bioma-
terial [24,25].

3. Thin film metallic glasses (TFMGs)

The finding of MGs has inspired unavoidable extensive research
due to their scientific and technological significance in under-
standing the knowledge of glass metals development. Since BMGs
are tough to fabricate as a sheet thicker than 10 mm or bigger, or
difficulty in moulding into complicated sizes impedes its real-time
applications and commercialization. The cooling speed (critical
cooling rate) required to solidify molten liquid melt without indu-
cing crystallization is inverse to the square of the thickness (1/t%) and
proportional to thermal diffusivity («) of the sample (k): T o x/t2
[26]. The critical cooling rate ranges from 150 K/s to 1K/s or lower;
for nominal values of thermal diffusivity (x) [27]. So, to get homo-
genous MGs x and thickness of the material are the crucial factors.

Condensing vapour atoms can prepare thin films of the MGs to
solid thin films of amorphous layers on different substrates. The thin
film deposition process is in more equilibrium compared to the
molten liquid quenching or casting process. The vapour to solid
condensation route favours MG alloys’ formation with

Aim
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supersaturated immiscible elements without any problem. These
systems are different from the constant or rapid cooling of molten
melt and constrained into a sudden energy gradient by a change in
phase directly from vapour to solid by avoiding the intermediate
formation of a liquid phase. The phase formed is amorphous in
nature, and their compositions are near similar to the BMG com-
ponents, and they are called thin film metallic glasses (TFMGs) [26].
Often, they fill the need of BMGs yet with the help of the underlying
substrate. Surface modification of the crystalline biomaterials with
TFMGs gives a simple way to avoid the fabricating obstacles related
to BMGs, but achieve the ultimate properties of metallic glasses. In
the biomedical field, the most essential is the surface properties such
as corrosion resistance which coatings of TFMGs can very much
improve on to mechanically compliant materials [28]. When the
MGs are fabricated as thin film, they have improved GFA and offer a
range of composition for amorphous films. Their favourable fabrica-
tion techniques include physical vapour deposition methods like
sputtering, PLD, etc. [29,30].

Vacuum coating methods like sputtering involve the target ma-
terials’ atoms being transmitted to the substrates through ion
bombardment and the atoms layers are condensed as a thin film. The
atomic transformation in the sputtering process has a greater
cooling rate than regular cooling of the liquid molten material to a
solid process which is a possible approach for TFMG [31]. The
sputtering technique avoids microsegregation and nanocrystalliza-
tion. This process offers dense coatings and films with a good bond
to substrates, and TFMGs fabricated are uniform with control over
their elemental compositions; the mixing the elemental atoms in
the thin film [32]. The combinatorial sputtering process can tune a
large number of compositions and variations in microstructure, and
it is a favourable way for the formation of TFMG systems [33].

PLD (pulsed laser deposition) method with a laser at high va-
cuum is a scalable and reliable technique for fabricating thin films.
PLD is a flexible process as several types of materials can be de-
posited, and any material can be used as a substrate. Also, it enables
microstructure ranging from crystalline to entirely amorphous [34].
Furthermore, PLD can be employed to grow complex compositions
by congruent vaporisation, ensuring that the film grown replicates
the same composition as that of the target. This process is pre-
dominantly appropriate for noble metal-based amorphous coatings
comprising metalloids like boron, which are challenging to coat by
other thin film coating or deposition processes [34,35].

Developing of TFMGs has gained attention in making it and
overcoming the hurdles of the BMG, such as fabrication of bigger or
complicated size. TFMGs with good corrosion resistance, GFA and
improved stability in tissues integrate with different living tissue
(biocompatibility), which are potentially suitable for biomedical
applications. Fig. 2 shows the aim of enhancing biomaterial perfor-
mance by TFMG and displays their types. TFMGs properties and
biocompatibility have been investigated by researchers
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Table 1

Description of the focus points of some review articles published since year 2005 on TFMGs.

Reference

Discussion of biological

studies

Discussion of corrosion

property

Discussion of mechanical

property

Discussion of thermal

property

Focus points legends: ([@-Present, x-absent)

Name of the
authors

Year

Arockiarajan

(36]

> TFMGs fabrication and properties

Chu et al.

2010

> TFMG explored for MEMS applications

> [nteratomic potentials are derived by simulations

(33]

> TFMGs are of high strength, large plasticity within AT, and

Chu et al.

2012

excellent wear resistance
> TFMGs includes solid-state amorphization upon annealing

> Potential applications in microelectronics and optoelectronics.
> Tunable composition and related property enhancements

> Tribological and surface properties of the TFMG

> Superior plasticity and ductility

(37]

2020 Yiuet al.

> Enhancing the fatigue life of engineering alloys

> Medical needles and guidewires

(38]

> Production and structure of Zr based thin film metallic glasses
> Thermal properties of Zr-based thin film metallic glasses
> Examination of the mechanical properties Zr TFMG

Korkmaz et al.

2020

[Present article]

> Thermal properties of MGs are more significance due to its role

Rajan et al.

2021

for the thermal stability and glassy nature.
> The mechanical properties of TFMG attain excessive

(This article)

prominence.
> The chemical stability of the TFMG was assessed by the

corrosion studies
> TFMGS properties and biocompatibility have been investigated

> Biodegradable metallic glasses
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systematically and reported. Table 1 presents a comprehensive dis-
cussion about the TFMGs and the focus points of the studies. The
current review sums up and discusses the development made in the
region of different types of TFMGs as biomaterials in the previous
years.

4. Zr-based TFMGs for bioimplants and devices
4.1. Thermal properties of Zr-based TFMGs

Among different types of ternary and quaternary MGs, Zr-based
MGs have extraordinary GFA with a large SCLR. The binary MGs of Zr
based systems like Zr-Cu have greater GFA, which leads to an ex-
tensive glass-forming range [39]. The GFA was also influenced by
APD (atomic packing density), in which the MGs structural stability
is associated with its native arrangement of atoms. This outcome of
APD correlated to Cu-Zr MG properties is reported by Park et al. [40].
Rauf et al. proposed the reason for improved thermal stability of the
Cu-Zr MGs against crystallization. The difference in the atomic size
of atoms of Zr and Cu (0.155 nm and 0.135 nm) is densely packed. It
leads to a local atmosphere around Cu and Zr molecules away from
the contending structure crystalline phase, [41] thereby avoiding
crystallinity. Zr-Ni-Al-Si TFMGs were fabricated by C.-Y. Chuang
et al., who elucidated the XRD and DSC outcomes of the coatings
with different nitrogen flow rate or percentage of target poisoning.
Fig. 3a. showed the amorphous nature of ZN-0 and ZN-1, and the
other specimens are crystalline. The DSC curves displayed (Fig. 3b.)
T, and T, when they are amorphous, and the crystalline specimens
do not display Ty and Ty representing the absence of a glassy
amorphous state [42]. Only the amorphous glassy films show the
glass transition in the thermogram. Rajan et al. stated a T, (reduced
glass transition temperature) of 0.3473 for Zr-Cu-Ag-Al TFMGs. They
suggested not only T, and Ty values; Ty, is also a pointer of the alloy
to form MG. Typically the thumb rule for predicting GFA of MGs is
T,g>2/3 [26]. This criterion is relaxed for TFMGs due to vapour phase
condensation, deviation in composition and adatom probability on
the substrate’s surface [26].

4.2. Mechanical properties of Zr-based TFMGs

The orthopaedic biomaterials are used in various biological
conditions like loadings and wear from the biological environment.
The hardness of different BMGs and corresponding Youngs modulus
is displayed in Fig. 4. The hardness and modulus of the BMGs are
nearly equal to the crystalline titanium, and Zr based TFMGs also
show the same hardness (3-6GPa) and Youngs modulus of
(80-130 GPa) [43]. The summary of the mechanical properties of Zr
based TFMGs and BMGs are displayed in Table 2. Chen et al. studied
the nitrogen incorporated Zr-Cu-Al-Ag-Ta TFMGs where the nitrogen
atoms centred short-range order (SRO) arrangements of atoms
leading to a rapid rise in hardness. The nitrogen atoms centred
structures showed greater elastic modulus due to the reach of lower
configuration potential energy [44|. Similarly, Chuang et al. also
found the hardness and modulus increases with an increase in
nitrogen for Zr-Ni-Al-Si TFMGs (Fig. 5) due to the formation of
nanograins of crystalline ZrN [42].

The scratch test tests the adhesion of the TFMGs to the sub-
strates. Liu et al. coated ZrCuAINi TFMG on SS and measured the
scratch resistance of TFMG, and reported that the shear bands nu-
cleation, formation and propagation are responsible for the
ploughing and wear deformation behaviour [58]. The scratch re-
sistance of Zu-Cu-Ag-Al TFMGs is verified by critical loads (Lc),
acoustic emission and the depth of penetration of the coatings
[26,31]. The tribological characteristic of ZrCuFeAlAg TFMG was
studied by Cai et al. in dry and artificial saliva conditions using a ball
on plate technique. The fretting wear rate of the TFMG was 2.8 times
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14 -sti ied i
T . The non-stick nature of the TFMG .coa.tec! needles was stuFIIed in
i - vitro by a mouse model whose skin is similar to human skin. The
Bl leanad BMG H =0 0F8E . . . .
129 & Pd bassd BMG M =0 Uos images (Fig. 7A-D) represent the puncturing of mouse dorsal skin by
P uncoated needle and TFMG-coated needle. The tissues clearly stuck
— 104 & Tibased BMG to the uncoated needles (Fig. 6a, b); elevated tissue area referred to
% & Lrbased TFMG as a hump during retraction. The TFMG coated needles displayed
= g4 ¥ Irbassd TEMG (this susdy) (Fig. 7C, D) no observable hump clearly illustrating the non-sticky
E . nature. The cells’ adhesion to the TFMG coated needle was 79.6%
c @B TFMG lower than that in the bare needle, which was attributed to the non-
E stick behaviour. The anti-adhesion performance of the TFMG is ori-
E i < ginated from the smooth and grain boundary-free surface, as well as
the low surface energy [62].
=
a . . . . . 4.3. Corrosion studies of Zr-based TFMGs
L] 50 100 160 200

Young's modulus (GPa)

Fig. 4. The hardness and Youngs modulus of different BMGs and Zr based TFMGs [43].
Reproduced from [].C. Ye, et al., J. Appl. Phys. 112 (2012) 053516], with the permission
of AIP Publishing.

inferior in the air or dry condition, and in artificial saliva (wet con-
dition) wear rate is lower as 1.8 times even at the higher coefficient
of friction which displays improved fretting wear resistance [47].

TFMG coated surgical blades’ sharpness can be assessed by the
blade sharpness index (BSI). BSI is the ratio of external load applied
to work done to the necessary energy needed to propagate a cut in
the material. Tsai et al. evaluated the sharpness of blade made of
BMG and TFMG coated SS blade and revealed that both BMG blade
and TFMG coated blade showed lower BSI (0.25 and 0.23) when
compared to the uncoated SS blade (0.34), which corresponds to
26.5% improvement on blades’ sharpness [59]. Later he coated two
types of Zr based TFMGs of different thickness and found the coated
blades are durable after 20 cm cut, and the BSI was less than 0.45,
which suggests the coatings increase the sharpness and durability
[60]. Chu et al. reported Zrs3CussAlgTas TFMG coated needles of the
syringe and compared them to coatings of titanium nitride and ti-
tanium. TFMG coatings revealed the insertion force was reduced to
~66% and ~72% for retraction force with lower COF (coefficient of
friction) as displayed in Table 3, and the non-sticky nature of the
TFMG coated needles with very low friction was referred in
Fig. 6 [61].

The corrosion property of Zr based TFMGs were studied in dif-
ferent physiological environments such as SBF [31,63,64], 5.0 wt%
aqueous NaCl solution [65], artificial saliva [47], phosphate-buffered
saline (PBS) [66], 1M HCl [67] and Hanks solution [28,64]. It was
witnessed that the TFMG coated specimens showed low corrosion
current density (I.,;;) and higher corrosion potential (Eo;) when
compared to the crystalline materials like stainless steel, Ti and Ti
alloys. This suggests that the Zr based TFMGs are more corrosion
resistant in different physiological solutions and indicates they are
more protective when coated on to crystalline substrates[31,52,63].
When the Zr TFMG is immersed in an electrolyte, a passive layer is
formed on the TFMG surface, which is mainly a stable layer com-
posed of Zr02. A minimum amount of addition of Ag [68] and /or Nb
[69] stabilizes and resists the dissolution of ions and improves the
resistance to corrosion in different solutions. Rajan et al. studied the
corrosion resistant property of Zr,gCuseAlgAgs (at%) TFMG by im-
mersing it in to SBF for 21 days and noticed that the potential rises
more nobler for the coatings and the coatings immersed in SBF[52].
Two types of ternary TFMGs corrosion property was studied by Jabed
et al. in PBS and sodium sulfate solutions which demonstrated an
inferior passive current density and corrosion [46]. The corrosion or
degradation of the material was mostly affected by the amorphous
nature and formation of oxides of Zr, Ti, Al and Ag on the surfaces.
The corrosion mechanisms of the Zr-based TFMG were discussed by
Chuang et al. The surface morphology of the coatings after the cor-
rosion test showed river-flow shapes and cracks tending to pitting
and crevice corrosion with filiform reaction(Fig. 8) [67].
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Table 2
Summary of mechanical properties of Zr-based TFMG and BMG systems.
Chemical composition (at%) Elastic modulus GPa Hardness GPa Vickers hardness (Hv) (kg mm?) Yield strength (GPa) Reference
TFMGs
Zrs53Cuy0AlNig 117 5.5 - 2.6 [43]
Zrs5yCligg 97 5.4 - - [45]
ZrgeCugAgs 78 4.2 - - [45]
Zr73Cu16Ag11 80 43 - - [45]
Zr47CuzsAgs 110 5.9 - - [45]
Zr46TiaoAg14 109.15 6.12 - - [46]
Zr46TigzAly 126.5 5.61 - - [46]
Zr6014Cu22 31Feq 85Alo 7A83 116.1 7.0 - _ [47]
Zr411Ni3g3Al1 3 Sis» Niz7 223 14.7 - - [42]
ZrasCus, 123 5.2 - - (48]
ZrsCusNigsAlys 159 8.2 - - [48]
Zr50Cusg 98 6.2 - - [49]
Zrs5Cu30.4Nig6Algg 112 47 - - [50]
Zr35CuoAlgNisN3s 190 9.5 - - [51]
Zr33 4Cu476Al5.4Nig 1B123N26 8 219 15.1 - _ (51]
ZrasCussAgsAls 112.6 8.92 - - [52]
BMGs
Zrg4CuyNijoAlyg 113 GPa - - - [53]
Zre1Cuy7,5Ni10Al75Sis - - 510 - [54]
Zrgo+xTiz5Al10Fe12,5-xCu10Ags 70-78
(at%, x=0, 2.5, 5) - 443-460 - [55]
Zr46Cu37,6Ags 4Alg 92 - 554 - [56]
Zrs19CuU233Niq05Al4 3 102 - 550 - [56]
Zrs; TisNizoCuysAlg 100 - 542 - [56]
ZrezsAlioFesCuyy 5 80 - 459 - [57]
4.4. Biological property of Zr-based TFMGs
g
wimEg ___..--"'- -"“---____ In the biomedical application, the biomaterials’ major require-
= 008 = R e ment is outstanding biocompatibility, which is an essential property
L1 wa = that avoids any adverse reaction in the human environment. More
s e ‘E - biological studies like antibacterial activity, hemocompatibility, in
3 m » 3 vitro cell line studies and their cell response and in vivo animal
:E C oo § studies were employed to inspect the biocompatibility of Zr based
= :! r ——— & TFMGs. Zr based TFMG with Ag and Cu are antibacterial, and the
E_ : ] il o —— antibacterial activity was studied using the different bacterial strains
£ 44" such as E. coli and S. aureus [31,45,46,77-79]. The SEM analysis dis-
E bdgr—rrrrrrrrrrrTTrYTTTT played the bacterial cell shrinkage and the death of both bacteria at
= i & &8 O

o e - ] L]
Targed poiioning rale| %)

B W

Fig. 5. The hardness, elastic modulus and H/E of Zr-Ni-Al-Si TFMG [42].

The Zr based MGs show pitting behaviour when they are im-
mersed in NaCl [47,70-72]. The Zr-Cu TFMGs develop a passive
protective layer of ZrO, and display a passive behaviour in the quasi-
stationary polarization state in anodic polarization. Additionally,
CuO is also formed on the surface by the dissolution of Cu by the
hydrolysis reaction|[73]. The standard equilibrium potentials are
-1.904 V and -0.038 V for Zr/Zr** and Cu/Cu?". So the ZrO, layer will
be formed preferentially compared to CuO [73]. The higher anodic
potential passivates the TFMG surface with depletion of copper and
enrichment of Zr [74]. Jayaraj et al. [75] and Homazava et al. [76]
found the dissolution of copper in polarization curves, and copper
tends to dynamically dissolve primary in the 0.5M NaCl due to the
high pitting liability.

Table 3

higher magnification, as shown in Fig. 9D, and the bacterial colony
reduction was observed at lower magnification (Fig. 9C) on the Zr
based TFMG surface and uncoated surface. The antibacterial beha-
viour of TFMGs can be attributed to the release of the weakly bonded
Cu or Ag ions or redox reaction and chemical ionization [78]. The
negatively charged bacterial cell walls attract the metal ions by
the electrostatic force of attraction and attach to it, which damages
the cell membranes, react with proteins and affect the bacteria and
finally killing them [31,77,79].

The material’s blood compatibility or hemocompatibility was
studied by incubating the specimen with blood. The hemocompati-
bile surfaces reveal individual RBC without agglomeration and
morphology of disc structured biconcave shape, which is the original
shape of the blood cells (Fig. 10) on the Zr TFMG surface [63]. The
non aggregated platelets with early pseudopodia structure suggest a
low initiation of the thrombogenic cycle or no platelet activation,
revealing the blood compatibility of TFMG surfaces (Fig. 10), whereas

Force created by insertion and retraction of needles, surface roughness and COF of the coatings [61].

Coating material

Insertion peak force (N)

Retraction peak force (N)

Surface roughness (nm)

Coefficient of friction

Rubber Pork muscle Rubber Pork muscle
Bare 227 £0.13 0.15 £ 0.02 1.51 + 0.05 0.044 + 0.010 16.2 £ 2.7 033 £ 0.03
Ti 227 £0.18 0.16 £ 0.02 1.64 £ 0.12 0.039 + 0.006 119 £ 1.6 0.36 + 0.03
TiN 2.06 £ 0.24 0.14 £ 0.02 1.50 + 0.20 0.034 + 0.004 14.2 £ 0.7 0.23 £ 0.01
TFMG 0.78 + 0.09 0.08 + 0.01 0.43 + 0.05 0.026 + 0.003 10.0 £ 1.7 0.05 + 0.01
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(a)

Fig. 6. Images of uncoated needle (a) and TFMG-coated,

the uncoated Ti surfaces are less compatible [63]. The hemo-
compatibility can also be measured by a Quartz crystal microbalance
(QCM) system. The Zr TFMG coated QCM absorbed larger albumin
and lower fibrinogen protein, and the TFMG coated QCM attained a
lower ratio of fibrinogen/albumin (F/A) was 3.9, which indicates
hemocompatibility [80].

Several studies have inspected the cytotoxicity of Zr based TFMG,
and the results showed better biocompatibility for TFMG than the
uncoated Ti specimens. The in vitro cells line studies like MTT assay
and cell morphological studies were carried using mouse fibroblast
cells (L929 fibroblast cells) [31,47], mouse preosteoblast MC3T3-E1
cells [46,63,81] etc. The material implanted in the human environ-
ment releases metal ionic species, and different biological allergic
pathways may be triggered, which cause inflammation and leads to
implant loosening and other complications. MTT assay confirms the
cell viability and proliferation confirms the nontoxic nature of TFMG.
Fig. 11. displays the morphology of the MC3T3-E1 preosteoblast cells

Journal of Alloys and Compounds 876 (2021) 159939

(b) needles when retracted from pork muscle [61].

cultured on the two systems of TFMGs. A greater number of cells
have adhered with red coloured stretched cytoskeleton and blue
coloured nuclei spread on the surfaces indicates the viable cells. The
elongated cell number, which increases with the period and tre-
mendous growth on the surfaces, indicated the nontoxic nature of
TFMGs. Generally, the toxic ions disrupt the structure and the
function of cells, which results in distorted morphology of cells, but
the cells on the TFMGs retained their original morphology indicating
the nontoxic nature [82].

The in vitro studies like cytotoxicity and hemocompatibility are
employed to avoid excess animal model usage for non-suitable
materials. But the animal model in vivo implant studies only show
the actual direct response at the tissue materials interface. Hence, in
vivo animal study is required to confirm the material’s biocompat-
ibility. The bone formation after 8 weeks of implantation of the new
bone formed on the coated specimens is shown in Fig. 12 [63]. The
bone formation was good for all three specimens (uncoated Ti, Zr

Fig. 7. Photography of puncturing of mouse dorsal skin: (A, B) bare stainless steel needles; (C, D) TFMG-coated needle [62].
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Fig. 8. The morphology of Zr-based TFMGs’ after corrosion (a) pit and crevice corrosion (b) the filiform corrosion [67].

TFMG, ZrO, thin film) and the bone affinity was greater for control
(uncoated Ti) compared to Zr based TFMG [63].

5. Ti-based TFMGs for biomedical implants

Ti-based MGs established quite interesting applications in the
biomedical industries because of their ease of fabrication and re-
markable mechanical properties like high strength and low Youngs
modulus (55-110 GPa), which is nearer to human bone (15-30 GPa)
and good in corrosion-resistant property [83]. Although they are
good in mechanical property, their composition for glassy metal
alloy formation requires the presence of Ni or Be, which are toxic
and cause allergic reactions. At present, Ti-based MG’s chemical
composition eliminate the toxic elements and their enhanced me-
chanical properties and corrosion-resistant properties makes them
extremely feasible for biomedical applications.

10 juim
—

5.1. Thermal properties of Ti-based TFMGs

The thermal properties of MGs are more significant due to their
role in thermal stability and glassy nature. The DSC parameters of
different Ti-based TFMGs have been investigated and displayed in
Table 4. When the TFMGs are heated with a constant increase in the
rate of heat, the initial stage that occurs is the glass transition
temperature (Tg) and later is the crystallization temperature (T); the
supercooled region (AT,=T,-Ty) is the region between T and T,.
The continuous heating leads to melting temperature (Tm) and li-
quidus temperature (TI) crossing the crystallization temperature (T,)
[84]. The TiggNb5Zr10Si15 and TigoCuzgPd14Zr10 TFMG showed nearly
the same and a wide and larger AT, [10,84]. Ti-Cu-Zr-Ni-Hf-Si
TFMGs was prepared by Kobata et al. and investigated the thermal
formability by varying the bias voltage, and the thermal formability
of the TFMGs was enhanced with the increase in bias voltage [85].

Fig. 9. Bacterial morphology on (A, B) uncoated SS surface and (C, D) Zr based TFMG surface [31].
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Ir TFMG

Whole blood test

PRP

Fig. 10. Hemocompatibility studies of the uncoated Ti and TFMG coated spe-
cimen [63].

The increase in bias voltage and the Ar ion bombardment rearranges
the film's atoms when grown with Ar incorporation to the glassy
structure, and TFMGs thermal stability is improved. The irradiated
ions improved the TFMGs AT,, and the amorphous structure and
thermal properties are modified [86].

5.2. Mechanical properties of Ti-based TFMGs

The mechanical properties of biomedical materials attain ex-
cessive prominence due to their role in biomedical applications. The
physical and mechanical properties of the metallic implant materials
and Ti and Zr based metallic glasses are compared in Table 5. The

Journal of Alloys and Compounds 876 (2021) 159939

Ti-based MGs have comparatively low Youngs modulus, greater
fracture strength, outstanding specific strength and good compressive
yield strength.

Nanoindentation is a reliable and convenient way to evaluate the
TFMGs’ mechanical properties like Young’s modulus and hardness
gained from a solo test. The summary of the mechanical properties
of Ti-based TFMGs and BMGs are displayed in Table 6. The measured
Young’s modulus and hardness are greater than the BMGs, which
may be due to the difference in the microstructure between the as-
sputtered film and the bulk counterpart. Fig. 13 displayed a typical
load vs indentation curve obtained for Ti-based TFMG. Two systems
of Ti-based TFMG showed Youngs modulus of 110 GPa [91]and
106.4 GPa with a hardness of 7 GPa [91,92].

The scratch test evaluates the scratch resistance and adhesion of
the coatings to the substrate. The thin film’s adhesion failure at
normal load is evaluated by the critical load (Lc), which indicates
resistance to scratch. When the Lc is higher, the applied force is also
higher to make a scratch on the film, which implies the coating is
more resistant to scratch. The Lc1 indicates the initial crack occur-
rence, Lc2 (first delamination) is due to local interfacial spallation or
fragmenting failure and Lc3 (total delamination) is the total damage
of coating [52|. The Ti-Cu-Pd-Zr TFMG showed an Lc3 of
2.53 + 0.558 N and the work of adhesion was calculated from the
formula [91]:

P
Le= 7r_dc\/ZEW
8 t

where,

Lc - critical load

d. - track width

E - coatings’ elastic modulus
T- thickness of the film

W - work of adhesion

The work of adhesion of the film was calculated for the critical
loads Lc3 is 1.4x 10 N/m [91].

Fig. 11. The MC3T3-E1 cell morphologies (a-c) Zr-Ti-Cu-Ag and (d-f) Zr-Ti-Co-Ni TEMGs for different period of time [82].
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Fig. 12. Microscopic images of the specimen implanted bone after 8 weeks [63].

5.3. Corrosion properties of Ti-based TFMGs

The chemical stability and environmental stability of the TFMG
can be assessed by the corrosion studies based on the electro-
chemical reactions. Corrosion studies of Ti-based TFMGs have been
carried out by the researchers in different types of electrolytes such

10

as simulated body fluid (SBF) [10,91,92], Hank’s solution [64,100],
1 mass% Lactic acid [101], phosphate buffered saline (PBS) [101,102],
HBSS [101] and Ringer solution [103]. The electrochemical reaction
of the Ti based TFMGs in SBF with different contents of titanium was
measured by Ke et al. [64]. The corrosion resistance becomes pro-
gressively higher when titanium content increased in the film [64].
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Table 4

The DSC parameters of Ti based TFMGs.
Material Tg Tx ATy Reference
Tiz4NissZra 736K 789K 53K [87]
TisgNioZr13 - 754K - [87]
TigoCuzsPd 4Zr10 508.1°C 557.4°C 49.3°C [84]
TigoNb15Zr10Sis 4513°C 506.3 °C 51°C [10]
TigsSiisTa0Zr1o 464 °C 515°C 51°C [88]
TiasCussZrag 331°C 374°C 43°C [88]
Tis7Cuyg(Zro.95-Hfp 05)s5Si10 587 °C 601 °C - [89]
Tig1.5Cugp. 521, sNiy sHfsSiy 702K 747 K 45K [85]

Fig. 14. shows the potentiodynamic polarization plots (Tafel) and
impedance of the TFMG and uncoated Ti. The nobler potential and
the higher Rct of TFMG showed corrosion resistance behaviour with
very little corrosion rate [92].

When the coated samples were placed in the electrolyte, a pas-
sive layer is formed, and the Ti oxidise forms a layer of TiO, which is
the reason for nobler potential and resistance to corrosion. The
Ti-based TFMGs displayed passive behaviour with a minimum
corrosion rate compared to conventional biomedical alloys such as
316L SS [91], Ti and its alloys[10,92].

5.4. Biocompatibility of Ti-based TFMGs

The biocompatibility of the TFMG materials used as implants
attains great importance. These implant materials should have the
ability to co-exist in the human body interacting with tissues and
without producing any adverse reaction. Biological studies like an-
tibacterial activity, hemocompatibility, in vitro cell line studies and
their cell response and in vivo animal studies can be employed to
inspect the biocompatibility of Ti-based TFMGs. Ti-based TFMG with
Cu are antibacterial, and the antibacterial activity was studied using
the different bacterial stains such as E.coli (Fig. 15) [91]. The SEM
images (Fig. 15(I)) show the reduction of bacterial colonies and the
cell density on the TFMG coated specimen at lower magnification.
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The higher magnification displays shrunk or distorted bacterial cells.
The E.coli destruction was visualized by Epi-fluorescent microscopy
images (Fig. 15(1)) in wet condition. Initially, E.coli was green, and
they were alive; after 12 h of incubation with TFMG, they turn red in
colour, confirming the bacterial death. The antibacterial activity may
be due to the presence of copper in the alloy. When the copper is in
contact with the bacteria, it will weaken the cell membrane, and
holes will be created through which copper ions enter the cell and
damage the entire system [91].

Hemocompatibility is a necessary factor for biocompatibility
which replicates the grade of an interface between material and
blood. The SEM images (Fig. 16.) represents the uncoated Ti and
Ti-based TFMG coated specimens employed for hemocompatible
studies with blood cells [10]. The bare substrate showed the mor-
phology of accumulated and activated platelets with 3D fibrin mesh
formation leading to the RBCs agglomerations and platelets de-
formation and finally the thrombus formation. The coated specimen
exposed no cluster formation of RBCs and maintained a biconcave
shape, which is the RBCs’ original morphology without agglomera-
tion representing better blood compatibility [10].

The biocompatibility and bioactivity of the Ti-based TFMGs have
been examined via both in vitro cell response (cytotoxicity and mi-
neralization) and in vivo animal studies. The cytotoxicity studies
studied for Ti-based TFMGs, and outcomes have validated that
Ti-based TMGs exposed better biocompatibility than uncoated Ti
specimens. The in vitro cell line studies like MTT assay and cell
morphological studies were carried using mouse fibroblast (L929
fibroblast cells) [10,31,84], mouse pre-osteoblast MC3T3-E1 cells
[10],0steoblast Sa0S2 cells [10,104], MG-63 cells [105]. The in vitro
cytotoxicity studies of Ti based TFMG by 1929 fibroblast cells are
shown in Fig. 17. The cells grown in the TFMG extracts are observed
to have distinct stress fibres and elongated morphology even in 100%
concentration of extracts, confirming the viable cells and nontoxic
nature of Ti-based TFMG [92].

The osteoblast cells should adhere to the TFMG surface, which
influences the proliferation and differentiation. The Sa0S-2 cells

Table 5
The mechanical properties of several implant materials and bone [90].
Properties Natural bone Ti alloy Co-Cr alloy Stainless steel Ti-based MG Zr-based MG
Density (g/cm®) 1.8-2.1 44-45 8.3-9.2 7.9-8.1 44-52 5.9-6.7
Young's modulus (GPa) 3-20 110-117 230 189-205 78-115 80-100
Compressive yield strength (MPa) 130-180 758-1117 450-1000 170-310 1950-2165 ~200
Fracture toughness (MPam'/?) 3-6 55-115 N/A 50-200 40-100 50-90
Table 6
Summary of Ti-based TFMG and BMG systems and their mechanical properties.
Chemical composition (at%) Youngs Hardness GPa  Vickers hardness (Hv) Specific strength (kN Reference
modulus GPa (kg mm?) m/kg)
TFMGs
TigoCuszePd14Zrio 106.4 7 - - [92]
Tig7Zr41Si12 109 52 - - [64]
TisgZr33Sis 115 53 - - [64]
TigsZI25Sio 116 6.2 - - [64]
Ti7s5Zr19Sis 110 4.8 - - [64]
Tia.8CU42 3212 5Ni73Hf4 7511014 128 6.5 - - [86]
BMGs
TigoCuszePd14Zr1o 82 - - 270 [93]
TigsZr10Cus;Pd1oSny 95 - 650 - [94]
(Tio.a5Zr01Pdo1Cu0 31SN0.4) 100-xMx (M: Ta and Nb) 97-119 - - - [95]
(x=1-5)
TizoZr0NizeCuzoBeag 130 8 - - [96]
TizoZroHf20Cuz0Bexg 125 7.6 - - [96]
(TigsCugoZripNis)100 — XAl (x =0-8) 60-160 5.5-7.3 - - [97]
Tigq.5Zr5 sHf5Cus75Niz5SiiSns 150 4.7 600 - [98]
TigoZr25Nij2CusBesg 95 - 530 - [56]
Tig7CusgZrsFe; sSn,SijAgs 100 - 588 - [99]

1



S.T. Rajan and A. Arockiarajan

164
144
124
104
B
G-
4
7

Load {mH)

(- %
0 L

100 150 200 250 2300 350
Indendation depth {nm)

Fig. 13. Load vs indentation curve obtained for Ti based TFMG [92].

were used for differentiation and mineralization for Ti-based TFMG
by Rajan et al. The studies carried out confirm uniform coverage of
Sa0S-2 cells, similar to TCPS control (Fig. 18). The alkaline phos-
phatase (ALP) activity of the SaOS-2 cells was greater than uncoated
TiAlV (control) and also showed good mineralization (calcification)
[10]. MC3T3-E1 cells were cultured on Ti-based TFMG and stained
with the alizarin red s, and the crimson red colour on the samples
confirms the calcium deposits [10].

In vivo studies of Ti-based TFMG extracts were carried out on
Albino rabbits by Rajan et al. The studies confirmed no erythema and
oedema formation and did not display any indications of toxicity.

Control SFM

Journal of Alloys and Compounds 876 (2021) 159939

The index of irritation for erythema and oedema was zero for con-
trol, and for specimen extract, it is 0.03 for all animals (rabbits),
which is an indication of nontoxicity [10].

6. Fe-based TFMGs for bioimplants and devices

Compared to Zr-based or Ti-based MGs, Fe-based MGs are very
much lower in cost, making them economically feasible for bioim-
plants applications on a large scale and having a good GFA. Fe based
MGs are attractive due to their very high fracture strength, excellent
hardness and superior resistance to corrosion and magnetic
properties [106].

6.1. Thermal properties of Fe-based TFMGs

TFMG systems are based on the empirical rules set forwarded by
Inoue. (1) MGs should have a minimum of three elements, (2) they
should have a mismatch of atomic size above 12% and (3) they
should have a negative heat of mixing for the main components
[107]. The heat of mixing of atomic pairs of Fe based alloy is
displayed in Table 7.

Chen et al. studied five Fe based TFMGs with different Fe content.
When the Fe content increases in the composition, the Ty increases
from 909.4K to 989.2 K, but the SCLR AT is not dependent on Fe
concentrations. The highest AT is for lowest Fe containing TFMG
with 37.6 wt% while the highest Fe composition showed a lower AT
of 26.3 °C [108]. Fe-Cr-Mo-C-B-Y MGs of two different forms (rod and
film) were employed for DSC. The MG in rod form showed Tg and T,
whereas no T was found for the TEMG. The volume fraction of the
amorphous phase in a TFMG calculated by comparing AH (heat of
crystallization) of the TFMG using the below formulae, and for rod,
was found as 89.7% [109].

Fig. 14. (a) Tafel plot and (b) AC impedance studies of TFMG coated and uncoated Ti [92].
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Fig. 16. SEM analysis after the blood contact (a, b), uncoated Ti (control) lower magnification and higher magnification (c, d), Ti based TFMG lower magnification and higher
magnification [10].

13



S.T. Rajan and A. Arockiarajan

h
6.25 %

1.56 %

Journal of Alloys and Compounds 876 (2021) 159939

Fig. 17. Microscopic images of L929 cells in different TFMG extract concentrations [92].

am. % = AHcoating
AHrod

(2)

When a rare earth element is added to the Fe-B-Nb system, the
AT (SCLR) will increase rapidly. The TFMG with Nd showed greater
AT and higher glass-forming ability [ 110]. Fe-B-Nd-Nb TFMG showed
a AT of 96K. The reason for higher SCLR can be attributed to
the substrate’s strain acting in the TFMG, which controls the
annealing [111].

6.2. Mechanical properties of Fe-based TFMGs

Nanoindentation is an appropriate approach for evaluating the
mechanical properties such as the film hardness and modulus ex-
perimentally. The summary of the mechanical properties of Fe based
TFMGs and BMGs are displayed in Table 8.

Fig. 19a. exhibits a characteristic load-displacement curve in-
cluding loading, holding and unloading from which Young’s modulus
and hardness information can be obtained. The hardness, elastic
modulus and HJE ratio of Fe-Zr-Ti TFMGs with different Fe content
are displayed in Fig. 19b. When the Fe concentration increases
hardness, elastic modulus and H/E ratio increase proportionally
[108]. Fig. 19a. portrays the load-displacement curves of Fe-Zr-Ti
TFMGs with different Fe content showing clear, discrete pop-ins. The
pop-ins are related to a single shear band and quickly accommodate
the applied strain, leading to a load drop. The breakage of dis-
placement is due to the activation of a shear band in the course of
nanoindentation [108]. Similar observations of pop-ins are found in
Fe-Cr-Mo-Co-C-B-Si TFMGs fabricated at different sputtering cur-
rents [113]. By tuning the TFMG compositions, the mechanical
properties of Fe-based TFMGs’ can be improved.

Surgical blades’ sharpness was evaluated by blade sharpness
index (BSI). BSI is the ratio of external load applied to work done to
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the necessary energy needed to propagate a cut in the material. The
BSI can be calculated from the formula [106]:

si
N Fdx
Si tch
Where,

BSI =

F- applied force,

dx - increment of blade displacement,

&; - initial depth of blade indentation before substrate fracture
t - thickness of substrate

Jic - resistance to fracture.

Jang et al. studied the sharpness of the commercial blade, and
TFMG coated SS blade revealed a TFMG blade showed lower BSI
(0.28) compared to the uncoated SS blade (0.31), which corresponds
to sharpness improvement on coated blades. The TFMG coated blade
was more durable even at 50 cm cutting length may be due to its
greater hardness of 1200 HV [106]. Adhesion of the Fe-Zr-Nb TFMGs
of different Nb content was studied Lou et al. by scratch test and
HRC-DB test. The Daimler-Benz Rockwell-C (HRC-DB) adhesion test
uses an extreme load of 1471 N to assess the bonding of TFMGs with
the substrate. All the TFMGs showed good adhesion property ran-
ging from 39.9N to 50N, but Fe-TFMG with lower Nb content
showed excellent adhesion property. HRC-DB test revealed excellent
adhesion of HF1. The scale of HF1 to HF4 are good quality of adhesion
of films to the substrates [117].

6.3. Corrosion of Fe-based TFMGs

The stainless steel of biomedical grade releases Ni ions when
used as an implant for a long term in the aggressive biological en-
vironment. The Fe base TFMG coated on SS showed greater pitting
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Fig. 18. Microscopic images of the growth of Sa0S-2 cells (a) Ti6Al4V, (b)TFMG, (c)TCPS undifferentiated control, (d) TCPS differentiated control [10].

Table 7
The heat of mixing of atomic pairs [108].

Atomic pair Heat of mixing, AHpx (kJ/mol)
Fe-Zr 25

Fe-Ti -17

Zr-Ti 0

potential and lowered passivation current density in artificial sweat
solution. After pitting corrosion, the TFMG exposes a very sluggish
upsurge in the current density, which is attributed to the formation

of a passive layer or by-product layer of corrosion [118]. Corrosion
studies of Fe based TFMGs have been carried out by the researchers
in different types of electrolytic solution like artificial sweat solution
[118] Ringer’s solution [117] Hank’s solution [119], 5 wt% NaCl aqu-
eous solutions [108,113] and 1 K mol/m3 HCl aqueous solution [109].
The stainless steel (AISI420) resistance to corrosion was enhanced
from 12 to 65 times greater by coating Fe based TFMG on to it in
ringer solution [105,117]. The uncoated SS surface showed corrosion
pits and by-products due to corrosion. But the TFMG coated surfaces
are without any defects like holes showing the influence of Nb ad-
dition on the enhancement of corrosion resistance of the TFMG

Table 8
Summary of Fe-based TFMG and BMG systems and their mechanical properties.
Chemical composition (at%) Youngs modulus GPa Hardness GPa Vickers hardness (Hv) (kg mm?) Specific strength (kN m/kg) Reference
TFMGs
Fes7_ 33 Zr3s Nbyy_o6 107-114 8-8.6 - - [112]
Zrss. 29 Tio1 o -17F€37_ 49 102-124 73-9.3 - - [108]
Fe44Cr1sMo014C07C40BsSis 1934 8.45 - - [113]
BMGs
Feg3sM014C15BgEr 204 - 1122 - [114]
Fes5CrgMo,4C15BgEr, 209 - 1122 - [114]
Fe4CrisMo14Ci5BgEr, 213 1122 [114]
FesoCrisMo14C(13 + X)B(8-X)Er; (x=2,4, 5and 6)  210-220 - - - [115]
(Feo.9C0o4 )53.5CT6M014C(15+x) B(s-x)Elo.s (x=3and 4) 200 - - - [115]
Fe;0B20Si10 - - 714 - [54
Fey (x=63-71) Cry (y=0-3)Moz(z=5-12) P12C;oB,  176-183 - 845-974 - [116]
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Fig. 19. (a) Nanoindentation load-displacement curves and (b) The hardness, elastic modulus and H/E ratio of Fe-Zr-Ti TFMGs with different Fe content [108].

[117]. Similarly, the AISI420 SS substrate was coated with Fe-Zr-Ti
TFMG with different Fe concentrations by Chen et al. who studied
their corrosion behaviour [108]. The greater corrosion resistance of
the amorphous TFMGs is due to the irregular atomic arrangement,
absence of dislocation, vacancy and absence of crystalline defects.
The resistance to corrosion can be improved by alloying components
having strong passivation capabilities like Ti, Cr, Mo and the valve
elements such as Al, Zr, Hf, Nb and Ta [120]. The different atomic size
reduces the free volume, and the vacancy and voids are prevented in
TFMG which is also a reason for the improved anticorrosion
property.

6.4. Biocompatibility of Fe-based TFMGs

The improved mechanical and corrosion property assure the
biocompatibility of Fe-based TFMGs as forthcoming biomaterials.
The necessary requirement of a material used on the tissues is its
capability to avoid any contrary effect. The reports say the Fe-based
TFMGs displayed enhanced biocompatibility for in vitro cells line
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studies such as for MG-63 cells [105,117], L929 and NIH3T3 fibroblast
cell [119]. MTT assay showed more viable cells for L929 and NIH3T3
cell lines compared to the negative control. The L929 cell density
increases in a culture period of four days and the morphology of the
cells in later periods seem to be spindle-shaped and elongated
morphology [119]. The osteosarcoma MG63 cell line was adopted to
study the toxicity of the TFMG [117]. The coated specimen exposed
noteworthy O.D. (optical density) value for the fifth day, and the Fe-
Zr-Nb coatings provided a better cell growth and viability, which is
free of toxicity and demonstrates their enhanced biocompatibility
[117]. The metallic ions of Fe and Nb in allowed concentrations are
less toxic, and a trace amount of Fe (metallic part of haemoglobin) is
present in human blood [117,119].

7. Biodegradable metallic glasses

Compared with traditional bioinert materials, biodegradable
temporary implants are more desirable in the biomedical field as
these biodegradable materials gradually dissolve and are consumed
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Fig. 20. (a) Tafel plot of Mg based TFMG and pure Mg (b) MTT cell viability of MG63 osteosarcoma cells [132].
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Fig. 21. SEM analysis after the blood contact (a) PCL, (b) PCL/Mg TFMG, (c) PCL/HA, (d) PCL/HA/Mg TFMG [133].

in the body environment and thereby eliminate the necessity for
removal surgery of the implant after healing [121]. In the arena of
degradable implants, Mg and its alloys are most interesting as a non-
toxic, biodegradable and bioabsorbable material [122]. The evolution
of hydrogen is efficiently suppressed in vivo with no impact on
biocompatibility, and the degraded product ions stay well in humans
[15]. Mg-based MGs exhibit lower Young's modulus (20-30 GPa),
which is almost comparable with the human bones and a density of
about 1.6-2.4 g/cm?; these properties make them potential appli-
cants as biomedical materials [123].

The progress of magnesium faces some practical challenges. The
magnesium and Mg alloys’ rate of degradation is higher in the
human body environment, which result in the fall of mechanical
integrity of the Mg implant before the healing time ends for the bone
tissues. Two different methods can reduce the corrosion or de-
gradation of Mg. The primary one is alloying the biocompatible
elements with Mg. The second one is modifying the material by any
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treatment or coating a protective layer over it that delivers a resistive
barrier to corrosion in the body environment.

The ternary Mg-Zn-Ca MGs have gained attention with improved
corrosion resistance and lightweight in biomedical applications
[124-126]. Mg forms Mg(OH),, which is more active in improving
embryonic cell growth, and it is also antibacterial. The Ca addition in
the alloy forms fine Mg,Ca precipitates and improves the mechanical
property by precipitation hardening [127,128]. The tensile strength
and creep strength is improved with Zn addition, and also they de-
crease grain size and enhance the alloy castability [129]. It is reported
that the solubility of Zn was 2 wt% into Mg at room temperature in the
equilibrium state. When the Ca and Zn are in appropriate amounts in
the Mg-Zn-Ca MGs system, they exhibit a greater combination of
resistance to corrosion and mechanical properties with biocompat-
ibility. Different elemental composition and fabrication techniques
were employed to fabricate fully amorphous Mg-based MGs with
minor difficulties and cost effectiveness [130].
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Fig. 22. Representation of various challenges encountered by TFMGs and its future research direction. The extreme right column recommends further research investigation of

TFMGs.
7.1. Mg based TFMG

Mg based TFMGs have currently dragged in huge attention due to
their encouraging biocompatibility, biodegradability and mechanical
properties. Only a few research pieces are going on Mg TFMG and
little used for biomedical application because of the degrading
property. The Mg-based TFMG can be fabricated by pulsed laser de-
position (PLD) [131] and Sputtering [123,132,133]. Liu et al. fabricated
Mg-Zn-Ca TFMGs of different thickness, and the found the density of
the film decreases with increase in thickness and the grain size re-
mains unchanged [123]. The corrosion characteristics and bio-
compatibility of Mg TFMGs of different composition of Zn were
studied by Li et al. [132]. The TFMGs showed good corrosion re-
sistance compared to pure crystalline Mg, and when the zinc content
got increased to more than 50%, it showed passivation (Fig. 20a). The
cell viability of human osteosarcoma cells (MG63) was reduced when
the Zn content increased and the cell attachment and proliferation
also showed that an increasing Zn content hindered the cell
proliferation and resulted in poor biocompatibility (Fig. 20b) [132].

Biodegradable polycaprolactone (PCL) with nano-hydroxyapatite
was electrospun, and Mg TFMG was coated on electrospun fibres.
The MG TFMG coated scaffolds showed (Fig. 21.) the disc structured
biconcave shape for the attached RBCs representing better blood
compatibility [133].

8. Future perspective and challenges

Although BMGs have great potential as future biomaterials, there
are considerable challenges associated with the development of
biomedical BMGs. The limited critical sizes of BMGs would hinder
the design of biomedical devices with complicated shapes using
BMGs. Besides, structural relaxation and the associated embrittle-
ment may occur in some BMG systems while processing via an-
nealing treatments. Here, the key issues faced by TFMGs, some
proposed strategies and future research trends are briefly described.
Fig. 22 illustrates the current challenges faced by TFMGs, outlook,
and proposed solutions.

TFMGs as overcoats open a wide window for biomedical en-
gineers to be explored. There are challenges allied with the devel-
opment of TFMGs in the biomedical application, for e.g., the
development of TFMGs without the inclusion of toxic elements
(Ni, Be), but with good GFA is a challenge in the biosafety concerns.
The TFMG with good GFA that comprises a noble metal, namely
palladium (Pd), increases production costs. These issues may

18

seriously impede the wide-reaching applications of TFMGs in
bioimplants applications. Thus, eliminating the noble elements and
the toxic elements with greater GFA in TFMGs will be another
challenge and research direction in the development of TFMGs for
biomedical applications. Combinatorial magnetron co-sputtering
techniques can be employed to design and fabricate TFMGs com-
position library with different physical, chemical and biological
properties.

TFMG with antibacterial activity and biocompatibility or non-
toxicity is another challenge. Ag and Cu are good substitutions to
inhibit bacterial colonies and adhesion. But when their concentra-
tion is higher, they induce toxicity to tissues or human cells, so their
percentage used in the alloy should be antibacterial as well as non-
toxic to human cells. Additionally, surface modification, such as the
formation of nanopillars or nanostructures produced by ion etching,
inhibits bacterial growth and enhances the growth of tissues or
human cells [134]. These nanostructures fabricated should be cap-
able of segregating bacteria and enhance tissue cells and cellular
function. Therefore, the future trend will combine biocompatible
and antibacterial coating material or the nanostructured surface
to promote human cell growth and resist bacterial adhesion. This
approach can be used in a wide range of biomedical applications.

Multi-functional or multilayered coatings have been developed
to attain their desired properties of biomaterials surface. The bio-
material’s biological and mechanical properties are selectively im-
proved by modifying the TFMG surfaces by overcoats while the
features of the TFMGs are retained. The multilayered coatings will
certainly magnify its use in the biomedical field. The bone bioma-
terial interface binding can be attained by combining different
coatings (e.g. HaP or Bio glasses) with different techniques.
Additionally, the creation of mesh-like or porous structured over-
coats promote bone growth at the interface and upsurge implant
fixation and heals earlier [135]. Considering this fact, multi-
functional or multilayered coatings on TFMGs for biomedical appli-
cations is one of the essential directions for further studies.

9. Conclusions

Research over a couple of decades has developed a large number
of TFMGs of different composition, inspiring intense research con-
sideration in the search for novel physical and chemical phenomena
in non-equilibrium, disordered, multicomponent films. TFMGs pro-
vide great promise as one of the best coatings for surface mod-
ification of biomedical materials and devices. In the present review,
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an effort is made to cover the mechanical and thermal properties,
corrosion, and biological response of specific TFMGs based on Zr, Ti,
Fe and Mg. It is noteworthy that the biodegradable Mg-based me-
tallic glasses progressively degrade in the human environment after
serving their purpose. Degradable metallic glasses (both bulk and
thin films) are sparingly reported and open a new area to be ex-
plored further. These remarkable properties of TFMGs lead them
directly to beneficial biomedical applications such as bioimplants
and surgical devices.
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