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Abstract

Purpose This paper reviews the recent developments of two newly developed intermetallic compounds (IMCs) of metallic
glasses (MGs) and high-entropy alloys (HEAs) as potential implantable biomaterials.

Methods The paper commences by summarizing the fundamental properties of recently developed MGs and high-entropy
alloys (HEAs). A systematic review is presented of the recent literature about the use of AM technology in fabricating MG
and HEA components for biological implant applications.

Results The high strength, low Young’s modulus, and excellent corrosion resistance make these IMCs good candidates as
bio-implantable materials. Recent studies have shown that additive manufacturing (AM) techniques provide an advantageous
route for the preparation of glassy metallic components due to their intrinsically rapid cooling rates and ability to fabricate
parts with virtually no size or complexity constraints. A practical example is conducted by AM producing a porous gradient
Ti-based MG spinal cage. The produced MG powders and the in vivo test results on an 18 M-old Lanyu pig confirm the
feasibility of the AM technique for producing implantable IMC-based prosthesis.

Conclusion The non-crystalline structure of MGs alloy and the random crystalline composition of HEAs provide unique
material properties that will substantially impact the development of future implantable prostheses.

Keyword Intermetallic compounds - Metallic glasses - High-entropy alloys - Additive manufacturing - Implantable
biomaterials
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implantation corrosion [2, 3] and low wearing resistance,
the FDA has announced that hip implants carry risks includ-
ing years of component material, especially, for metal-on-
metal hip implants. In addition, the cobalt-chromium and the
stainless alloys are prone to crevice corrosion, which may
result in the release of excessive metal ions into the body
[4, 5]. Moreover, the high strength of these commercial bio-
implantable materials is higher than 300 GPa, which is much
higher than the strength of the cortical bone of 11.5-17 GPa
[6]. The high strength of the implant may cause stress shield-
ing effects and result in another bone fracture, such alloys
are usually suitable only for short-term implantation. That is,
at some point, the implant must be surgically removed and
replaced. Several different materials have been employed
for the fabrication of bio-implants, including bio-ceramics,
polymers, and new alloys. Over-developed materials, bio-
ceramics have good chemical inertness, high dimensional
stability, and strong bioactivity [7]. However, they are also
highly brittle, which limits their practical usefulness. Poly-
mers are beneficial for producing implantable species with
low load usage since polymers have a high degree of bio-
compatibility and bio-absorbability. However, their mechan-
ical properties are far inferior to those of bio-ceramics or
alloys [8].

Alternatively, intermetallic compounds are complexes
composed of two or more elemental metals. IMCs differ
from traditional alloys in that the metal elements exist in
discrete proportions, whereas in alloys, their concentrations
vary continuously. Broadly speaking, IMCs can be catego-
rized as either metallic glasses (MGs) or high-entropy alloys
(HEAs), depending on their crystalline structure, number
and proportion of metallic elements, configurational entropy,
and so on. Manufacturing MGs and HEAs is challenging
due to their complex compositions. These new alloys have
many attractive mechanical, chemical, and biological prop-
erties, and have thus attracted significant interest in many
applications in recent decades. In general, intermetallic
compounds have many advantages for the fabrication of
biological implants, such as a low Young's modulus and a
passivation layer on the surface, which improves the corro-
sion resistance and inhibits the release of toxic metal ions
into the body. In addition, these new alloys can be produced
as a bio-degradable metal that provides short-term strength
and then is degraded and resolved in the tissue for long-
term tissue regeneration purposes. For example, Mg-based
biodegradable alloys have thus been proposed as a more fea-
sible candidate for long-term implants [9]. Accordingly, the
feasibility of utilizing MGs and HEAs for the fabrication of
bio-implants has attracted growing attention in the litera-
ture. However, the delicate materials properties of these new
intermetallic compounds rely on special composition design
and unique fabrication processes. Thanks to the recent
developed metal additive manufacturing technology, the

super-fast cooling rate during laser machining makes it pos-
sible to produce delicate metal structures with amorphous
microstructures. In these regards, AM techniques have been
widely used to fabricate various intermetallic compounds for
bio-implants applications.

This paper aims to introduce the fundamental properties
and recent materials designs for the two major categories of
the new intermetallic alloys of MGs and HEAs. The mate-
rials properties and the corrosion resistance behaviors of
the newly designed IMCs were collected and compared. A
systematic review has been conducted, pertaining to the use
of AM technology in fabricating MG and HEA components
for biological implants. This paper provides a quick way to
learn the fundamentals and recent developments for AM-
produced IMCs for biomedical applications.

2 Brief Overview for Two Major IMCs

Table 1 summarizes the mechanical and electrochemical
properties of the recent developed IMCs. The yield strength,
Young's modulus and the measured corrosion potential for
the MG and HEA IMCs are compared with that of corti-
cal bone and other commercially available metal prosthe-
ses. It is clear that the cortical bone has a far lower yield
strength and Young's modulus than the stainless and com-
mercial Ti6Al4V and CoCrMo alloys. Alternatively, metal-
lic glass materials exhibit relatively low Young's modulus
and high yield strength, which is beneficial for producing
bone prosthesis for high loading applications. Moreover, the
electrochemical corrosion potential of typical Ti-based and
Zr-based MGs is much higher than that of commercial Ti
alloys and stainless steel, indicating higher corrosion resist-
ance for these MGs and lower risk of ion release into the
body fluid after implantation. For potential bio-degradable
Fe-based and Mg-based MGs, they provide shorter high
strength and low Young’s modulus for the attachment of
newly grown tissues. The high reactive elements in these two
MGs degraded and are then absorbed into the body after a
period after implantation, leaving only the biological tissues
after the degradation. It is also noted that the porous MGs
have an even lower modulus near the modulus of typical
cancellous bone, which provides the possibility for simul-
taneously constructing the cortical bone and the cancellous
bone using the AM process to mimic the real bone structure.

2.1 Metallic Glass

Metallic glass, as its name suggests, is a metal alloy with
glass properties. Most traditional alloys have a polycrystal-
line structure, wherein the grain boundaries effectively form
a type of defect in the material. Takeuchi and Inoue [34] pro-
posed the following general rules of thumb for the definition
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Table 1 Mechanical and chemical properties of different IMC system, cortical bond and other commercial biocompatible metals

Materials Processing method Yield strength (MPa) Young’s Modulus Corrosion potential References
(GPa) (mV)
MG ZrCuFeAlAg Copper mold casting 1700 +28 82+19 —416+7 (in SBF) [10]
Selective laser melt- 1670+ 36 79+2 - [11]
ing
Selective laser melt- 350+ 10 13+1 - [11]
ing (70% porosity)
ZrCuFeAl Copper mold casting  — 50 - [12]
ZrCuAlAg Copper mold casting 1910 92 —555+30 (in [13]
Hank’s)
ZrCuNiAl Copper mold casting 1865 102 —575+20 (in [13]
Hank’s)
Selective laser melt- 1504+ 103 70 - [11]
ing
ZrTiNiCuAl Copper mold casting 1813 100 — 646 +40 (in [13]
Hank’s)
Selective laser melt-  600-1500 85 - [11]
ing
TiZrNiCuBe Copper mold casting 1645 95 — 625+40 (in [13]
Hank’s)
ZiTiAlFeCuAg  Copper mold casting 1450 +20 70x1 —184+36 (in PBS)  [13]
TiCuZrFeSnSiAg Copper mold casting 2010 100.4+0.1 —110+40 (in PBS)  [14]
TiZrHfCuNiSiSn Copper mold casting 2000 +78 80+12 - [15]
TiZrCuPdSn Copper mold casting ~ >2000 93.3 - [16]
TiZrTaSi Copper mold casting — 90 —436+34 (in [17]
Hank’s)
Hot pressing (54% 144 8.6 - [18]
porosity)
TiZrSiTaCoSn Hot pressing (72.4% 19 2.3 - [19]
porosity)
FeCoCrMoCBY  Copper mold casting — - — 570 (in PBS) [20]
Selective laser melt- 3.5 213 - [21]
ing
FeMoPCB - 2900 - - [22]
FeCrMoPC Copper mold casting — — —317+13 (in [23]
Hank’s)
MgZnCa Copper mold casting ~ 716-854 48 - [24]
MgZnCaSr Copper mold casting 848 +21 18.9+0.1 - [25]
MgNdZnZr Selective laser 9.4+0.65 0.466 +0.035 - [26]
melting (porous
structure)
HEA TiTaHfNbZr RF sputtering on Ti64 12,150+ 340 181.3+2.4 - [27]
Copper mold casting ~ 800-985 80 —391.16 (in PBS)
TiZrHfNbFe,, 5 Copper mold casting 1100 50 — 300410 (in PBS) [28]
TiZrNbTaMo Copper crucible 1356 115.49 —900 (in PBS) [29, 30]
casting
Selective laser melt- 1690+ 78 1409 - [29]

ing
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Table 1 (continued)

Materials Processing method Yield strength (MPa) Young’s Modulus Corrosion potential References
(GPa) (mV)
Bone and others Cortical Bone - 130-150 10-40 - [31]
Cancellous Bone — Axial: 4.5+0.9 Axial: 0.431+0.217 - [32]

Transverse: 1.6+ 1.0

CoCrMo CNC machining 450-1030
Ti6Al4V CNC machining 760-1050
Selective laser melt- ~ 967-978
ing
316L SS CNC machining 190-690
Selective laser melt-  430-512
ing
Pure Ti CNC machining 170485
560+5

Selective laser melt-
ing

Transverse: 0.127 +92

210-255 — 4444135 (in PBS) [31]
101-125 — 435444 (inPBS)  [31]
115 - [11]
193-210 —221+7(nPBS)  [31]
193-210 - [11]
102.7-104.1 - [33]

11343 - [11]

of amorphous alloys, including a multi-component system
consisting of three or more elements, significant differences
(more than 12%) among the atomic size ratios of the three
main components and a negative heat of mixing between the
three main components. In general, metallic glasses have a
unique atomic structure, so they do not contain microstruc-
tural defects such as vacancies, dislocations, twins, or grain
boundaries. In addition, metallic glasses usually have more
promising corrosion-resistant properties due to their amor-
phous structure. The amorphous structure of metallic glass
makes it a low modulus and high elastic strain limit [35, 36].
Nevertheless, metallic glass is typically composed of various
atoms of different atomic sizes, such that the mechanical
properties of MGs can be designed and adjusted. Figure 1
shows the basic mechanical properties of some of the most
common metallic biomaterials. It is clear that the metallic
glass materials exhibit a wide range of the Young's modu-
lus and yield strength compared to that of other crystalline
materials. In addition to the favorable mechanical properties
described above, MGs also have good chemical properties
compared to traditional alloys. Furthermore, in contrast to
traditional alloys, which are mostly polycrystalline and liable
to corrosion at the grain boundaries. MGs have an amor-
phous structure with greatly improved corrosion resistance.
Not only that, but the corrosion resistance can be further
enhanced through the addition of Cr, Mo, and P [37].
Metallic glass was first discovered by Klement, Willens,
and Duwez in the amorphous state of an AuSi alloy [46].
Since that time, many MG systems have been developed with
compositions including Pd-, Pt-, Zr-, Fe-, Ti-, Mg-, Co- and
Au-based systems [47]. Traditionally, MGs have been applied
mainly in the engineering field [36]. However, their potential
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Fig. 1 Mechanical properties of cortical bond and various metal
alloys used for producing implantable devices. The data for Ti-based
MGs are from [14-17, 38], Zr-based MGs are from [10, 12, 13, 39],
Fe-based MGs are from [21-23], Mg-based MGs are from [24, 25,
40], HEA are from [27-30, 41-43], Porous BMG are from [11, 20,
44, 45]

for application in the biomedical field has attracted growing
attention over the past several decades [48]. Unlike typical
crystalline alloys, MGs have an amorphous structure, like
glass, and have a glass transition temperature (Tg) lower than
their crystallization temperature (Tx), and between these two
temperatures, they have plastic-like properties. However, the
atoms conjugate and form a crystal structure at a low cooling
rate below the melting temperature. Therefore, superfast cool-
ing for forming the amorphous structure for the MG system is
essential. In addition, the ease of making MGs also depends
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on the glass-forming ability (GFA) of the alloy system. In par-
ticular, the lower the GFA, the higher the cooling rate must be.
The critical cooling rate required for the earliest binary metal-
lic glasses was as high as 107 K/s, which posed significant
challenges to manufacturing. However, through the addition of
other metal elements to the binary system, the critical cooling
rate has now been reduced to the order of around 10° K/s [49,
50]. However, the metallurgy process provides the cooling rate
of 10% K/s or even lower, which is difficult to form a metallic
glass structure, especially for the bulk orthopedic implants.
The cooling rates of the material surface and the inner part
are different, and they may form different alloy structures
from the outside to the inner parts. Alternatively, the cooling
rate for selective laser melting provides a high cooling rate of
10° K/s during the AM manufacturing process [51]. The high
cooling rate and the layer-by-layer formation of the designed
structure provide the possibility for producing bulk implant-
able prosthesis with amorphous microstructure. Therefore, a
great amount of research has been reported on producing bulk
metallic glasses using selective laser melting techniques.

2.2 High-Entropy Alloy

High-entropy alloy is another category for intermetallic com-
pounds which exhibit different material properties compared to
metallic glass. Conventional alloys are typically composed of
one or two metal elements in the structure, and other elements
of minor ratio are added as required to achieve the desired
material properties. For example, steel is based on Fe with Co
and Ni added to make it less prone to rust. In contrast, in 1995,
Yeh [52] introduced a new class of alloy system, referred to as
high-entropy alloys (HEAs), consisting of five or more main
alloying elements with high mixing entropy and a concen-
tration of 5-35 at% each. His research opened the new field
for intermetallic compounds and inspired several researchers
working on this new specialty metal alloy system. Research
on HEAs has grown exponentially since 2004 [53]. While
early studies focused mainly on the structural application and
the material property characterization of HEAs, more recent
research has investigated the potential of HEAs as bio-implant
materials [54]. For example, several studies have considered
the use of HEAs as implant coating materials [55-59], while
others have explored their feasibility for bone implant [60] and
dental implant [61] applications.

For multi-component alloys, with n elements mixed at an
equal atomic ratio to form a solid solution, the mixing entropy
can be expressed as [62]:

AS RiInn

conf —

Where AS_ ¢ is the material configuration entropy, R is
the gas constant (8.314 kJ/mol), and n is the element spe-
cies that compose the material. A simple inspection of the
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formula reveals that the mixing entropy exceeds 1.609R
when the number of elements in the alloy reaches five, or
more, and it is for this reason that such alloys are referred to
as HEAs. In general, low entropy alloys are with the mix-
ing entropy AS_. ;<R and HEAs are with AS_ > 1.5R.
Other alloys are defined as medium-entropy alloys. Due
to the different characteristics of their various elements,
HEAs possess many interesting properties and effects that
are not observed in traditional alloys. Broadly speaking,
these effects fall into four core categories, as described in
the following.

2.2.1 High-Entropy Effect

In the solid state, HEAs consist of an elemental phase, ran-
dom precipitation phase (random solid solution phase) and
an IMC phase. The random precipitation phase is the ideal
internal structure of HEAs, and it has profound effects on
the properties of the alloy. For example, similar to the case
of steel strengthened by the precipitation of carbon, the
random precipitation phase in HEAs results in a far higher
strength than that of general alloys. Moreover, the phase has
a relatively high entropy value, and hence, HEAs tend not to
deform or melt very quickly when heated at high tempera-
tures. Among the various types of phase that can exist in
alloy systems, the solid solution phase has the highest mix-
ing entropy [63]. Thus, in multi-element alloys, this charac-
teristic contributes to the formation of random solid-solution
phrases rather than IMC phases. However, the factors affect-
ing the formation of this random solid solution phase also
include the mixing enthalpy [63, 64], the atomic size differ-
ence, and the valence electron concentration (VEC) [64]. In
addition, when HEAs are annealed at relatively low tempera-
tures, the random solid solution phase may transform into an
intermetallic phase [65].

2.2.2 Sluggish Diffusion Effect

HEAs have a slow diffusion effect. As a result, they are less
prone to structural changes such as grain growth or recrys-
tallization, which also makes HEAs stable at high tempera-
tures. The slow diffusion effect occurs since each vacancy
in HEAs is surrounded by a different atom, resulting in a
different lattice potential energy (LPE) for every vacancy.
The same phenomenon also leads to the influence of diffu-
sion kinetics within the HEAs [66]. Early studies examined
the one-dimensional diffusion phenomenon in alloys using
random walking models with random LPE bias [27, 67]. The
results showed that LPE changes on diffusion were limited
to binary systems. Thus, Tsai et al. [66] employed a quasi-
binary method combined with the Sauer-Fraise method to
analyze the diffusivity of a pure face-centered cubic crystal
Co-Cr-Fe-Mn-Ni alloy system.
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2.2.3 Severe Lattice Distortion Effect

The lattice structure of HEAs is composed of elements of
various sizes, and these differences in size between them
produce different stresses and strains on the nearby lat-
tice. The resulting lattice distortion enhances the mechan-
ical properties of HEAs [68]. However, it also prompts
the scattering of electrons and phonons, and therefore
reduces electrical and thermal conductivity [69, 70].
Furthermore, the twisted lattice structure also diffuses
X-rays, resulting in a low diffraction peak intensity [71].

2.2.4 Cocktail Effect

The cocktail effect of HEAs was first proposed by Ran-
ganathan [72], who showed that the final properties of
HEAs are dependent on the basic features and mutual
interactions of the various elements of the alloy. The
high complexity of the atoms in the alloy formed vari-
ous heterogeneous structures such that the cocktail effect
was presented. For example, the strength and ductility of
CrMnFeCoNi HEA can be further enhanced through add-
ing Al since Al prompts a change in the internal structure
from FCC to BCC [73, 74].

Therefore, HEAs can inhale more external energy
by reducing the internal entropy compared to typical
pure metals or medium entropy alloys. The mechanical
property of HEAs is close to the cortical bone, which is
beneficial for matching the materials property of nature
bone structure in orthopedic prostheses. However, a low
cooling rate during HEAs production provides more time
for atom diffusion, which may result in the formation of
uncontrollable intermetallic phases. The rapid cooling
rate of the AM process limits atom diffusion such that
the desired microstructure remains after the fabrication
of HEAs species. Therefore, the mechanical and electro-
chemical properties of the HEAs produced with the AM
process is more controllable.

Fig.2 A The designed model
for porous gradient spine cage
B An example for the AM
produced porous gradient
prosthesis

2.3 IMCs Produced with Additive Manufacturing
Technology

Additive manufacturing (AM), also called 3D printing, is
highly efficient approach for fabrication of components
with complex geometries, high precision, material savings,
design flexibility, and customization [75]. One of the first
AM methods was that of stereo-lithography (SLA) devel-
oped in 1986 [76]. However, many different AM techniques
have been developed since then, including fused deposi-
tion modeling (FDM) [77], selective laser sintering (SLS)
[78], selective laser melting (SLM) [79], and direct energy
deposition (DED) [80]. Traditional machining removes
unnecessary parts by turning, milling, etc., and processes
the desired shape. This method is limited by space, making
some complex geometries impossible to manufacture. Addi-
tive manufacturing, on the other hand, is formed by stacking
layer by layer, so that complex geometries can be produced.
Not only that, but AM technique, such as SLM, break down
the cooling process into manifold steps, each of which is suf-
ficiently fast to guarantee glass-formation [81-83]. Additive
manufacturing is employed in many fields nowadays, includ-
ing the aerospace industry [8§4-86], biomedical industry [87,
88], construction industry [89, 90], and so on.

Additive manufacturing has many benefits to produce
bio-implants. For example, it is extremely versatile in terms
of the size, geometry, and complexity of the parts that it
can produce. Hence, it is ideally suited to the fabrication of
parts customized to the requirements of particular patients.
Figure 2 shows the designed porous gradient spine model
and the AM-produced porous gradient spine cage for spine
fixation surgery. Cortical bone and cancellous bone can be
simultaneously produced in a single process. Moreover, AM
techniques could fabricate porous structures and even porous
gradient structures to match the Young's modulus of real
bone structure [91-93]. The holes also provide the space for
the bone cells to conduct osteointegration such that stress
shielding phenomenon can be reduced [94, 95]. Therefore,
the AM process is ideal for procuring custom-made implants
with desired material properties. Figure 3 shows the process
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(A) Target patient

(Lanyu pig) (B) CT scan

(C) Modelling and design

e

(E) SLM prosthesis production

(F) In-vitro test and correction

(D) Printed plastic model

(G) Surgical implantation

Fig.3 Schematic showing the typical process flow for producing custom-made implant

flow for producing a custom-made implant using the metal
SLM AM process. An example regarding the SLM spinal
cage for animal implantation tests is used to showing the
process. First, target patient, here we use Lanyu pig as the
example, is scanned with high-resolution CT. The obtained
images are then converted to a digital model for the prosthe-
sis design, as shown in Fig. 3C. A plastic model is produced
using 3D printing to have a real model showing the real
spine structure (Fig. 3D). The designed prosthesis is then
produced with the SLM process and then in-vitro test by
combining the printed metal species and the plastic model
(Fig. 3E and F). Finally, the produced prosthesis is then
implanted into the target position with surgery operations
(Fig. 3G).

3 Various 3D Printed MGs for Biomaterial
Applications

The material characteristics of metallic glasses are bifacial
for producing biomedical implants, especially for orthope-
dic applications. The mechanical and chemical properties
of MGs can also be designed by mixing various metal ele-
ments of different compositions. In general, non-toxic ele-
ments such as titanium, zirconia, silicon, tantalum and even
cobalt are preferred. Titanium and its alloys are the most
common for producing bio-implants due to their excellent
bio-compatibility and long-term clinical validation [1].
However, titanium exhibits a high melting temperature of
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1,668 °C which makes the titanium alloy difficult to form
metallic glass texture during fabrication. Therefore, it is
essential to reduce the melting point of Ti-based alloys by
introducing various elements. This is the very first important
step for producing Ti-based MG powder using the powder
atomization technique. Figure 4 shows the typical melting
point for various Ti-based MGs. It is clear that the TiSn and
TiZr MG systems have high melting temperatures of higher

TiZr

o TiZrTaSi TiZrP
< MGs  TizrSi TiZB
j?: 1200 TiZtTaPSi  TiCoP
e
(P =]
§ 1100 .
T 10000 TiCo  TiCoB  TiCoSi
ply SMGSS 17,0085
TiCu . :

: - TiCuZrP  TiCuP

- TiCuPSi  TiZrCoTaSi
TiZrCoTaSnSi

Fig.4 Schematic showing the melting point of various Ti-based MG
compositions
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than 1200 °C which is difficult to be molten and atomized. In
contrast, the TiCu-based MG has lower melting point which
make it easy to be produced. Nevertheless, copper is con-
sidered a toxic element that is not recommended to be used
for producing implantable medical devices. To lower the
melting temperature of the popular TiZr alloys, more ele-
ments such as Si, Ta are added to form the MGs composed
of more than 5 elements [96]. The melting temperature of
these MG systems can be as low as around 800 °C. Figure 5
presents the SEM images for the produced TiZrTaSiSnCo
6-element MG powders using atomization technique and the
XRD diffraction patterns for the powders of different size
ranges by the authors’ group. The SEM images showed that
the produced powder had a perfect round shape, which is
beneficial for the AM process (Fig. 5SA and B). The XRD
results also indicated that the produced powders of a size
smaller than 63 pm were with an amorphous structure, as
shown in Fig. 5C. The round shape and the amorphous struc-
ture of the atomized MG powders are essential for producing
bulk amorphous prostheses using the SLM process. Below
reviews the recent progress of various metallic glass systems
as implantable biomaterials.

3.1 Zr-Based Metallic Glass

Zr and Ti have similar biocompatibilities and are both inert
and non-toxic metals. Zirconium oxides are commonly used
as dental implants due to their high mechanical strength and
good corrosion resistance [97]. Furthermore, pure Zr and Zr
alloys have a lower Young’s modulus than Ti and its alloys,
and thus effectively lower the stress shielding effect [10].
Consequently, Zr-based MGs have increased potential for the
realization of biological implants. Liu et al. [12, 39] and Sun
et al. [98] prepared Ni-free, Zr-based MG (ZrCuFeAl) for
biomedical applications using an arc melting technique. Both
materials had a high fatigue strength and fracture toughness.

Fig.5 The SEM images of
TiZrTaSiSnCo MG powder
produced by gas atomization of
different sizes a 25- 37 pm b
37-44 pm and C the XRD pat-
terns for the atomized powders
of different sizes

(€)

Intensity (a. u.)

Moreover, with a value of around 82 + 1.9 GPa, the Young’s
modulus was lower than that of pure Ti and its alloys. Sun
et al. [99] performed cytotoxicity tests and in vitro corrosion
tests on Ni-free and Ag-bearing Zr-based metallic glasses.
The cell culture performance of the Zr-based MG was found
to be superior to that of traditional Ti6Al4V alloy. The cor-
rosion performance of the Ag-bearing Zr-based MG was
also better than that of Ti6Al4V in Hank's solution. Notably,
due to the presence of a surface passivation layer on the
Zr-based MG, the daily average concentrations of Cu, Fe,
and Al ions released in simulated body fluid (SBF) were
found to be just 1.4, 7.2, and 5.6 ppb [39], respectively, and
were hence far lower than the concentrations judged to be
harmful to the human body [100]. Not only that, but the low
concentration of released Ag ions has an antibacterial effect,
which is beneficial in reducing the risk of infection following
implantation [47, 101].

Hua et al. [102] prepared Ni-free Zr, TiAlFe, and CuAg
bulk metallic glasses (BMGs) for biomedical applications
using a copper mold process. The test results showed that the
compression plasticity and notch toughness of the Zr-based
MG increased with increasing Zr content. Furthermore,
when tested on L929, MG63, and MC3T3-E1 cell culture
solutions, the cell adhesion and proliferation activity of the
Zr-based MG were similar to those of Ti6Al4V. The cyto-
toxicity of the Zr-based MG (0—1 grade) was also similar to
that of Ti6Al4V. Sun et al. [11] investigated the osteogenesis
and angiogenesis of ZrTiCuAl MG in SBF environments and
found that both properties were superior to those of pure Ti.
In addition, the oxide film on the surface of the MG formed
a protective barrier, which improved the corrosion resist-
ance. Notably, the MG not only exhibited good osteointe-
gration, but also enhanced angiogenesis [103] as a result of
the release of Cu ions. Liu et al. [104] fabricated Ni-free,
Ag-containing Zr-based MGs with complex geometries
and porous structures using an SLM technique. The glasses
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were shown to possess many favorable properties, includ-
ing a high degree of amorphous phase (~95%), a high den-
sity (99.7%), a high strength (> 1700 MPa), a low Young's
modulus (~80 GPa), and a reasonable fracture toughness
(36 MPa). Moreover, the glasses also exhibited excellent
bio-corrosion resistance in SBF, with a released metal ion
concentration after 30 days of immersion well below the
safe limit for bio-implantation applications. The in vitro cell
culture performance of the glasses was also comparable to
that of commercial medical Ti6Al4V alloys. The porosity
of the glasses was found to reach as much as 70%, with a
Young's modulus of just 13 GPa and a strength of 350 MPa.
Hence, the properties were comparable to those of human
bone tissue [105].

3.2 Ti-Based Metallic Glass

With high strength, low weight, and excellent biocompatibil-
ity, pure Ti and its alloys (e.g., Ti6Al4V) are among the most
commonly used commercial biomaterials [106]. The oxide
layer formed on the surface of Ti-based materials provides
good wear resistance and corrosion resistance, and hence
Ti-based MG has attracted great attention for the fabrication
of bio-implants [14, 107]. However, the melting point of Ti-
based MG is extremely high, and therefore the manufactur-
ing process is challenging when using traditional methods
[47, 83]. Calin et al. [15] fabricated a completely amorphous
structure of TiNbZrSi MGs with an amorphous structure and
no harmful additions (e.g., Cu or Ni) using a casting process.
The experimental results showed that the prepared materials
had better corrosion resistance than commercial Ti6Al4V,
with no pitting following electrochemical testing in Ringer’s
solution. Pang et al. [38] developed TiCuZrFeSnSiAg MG
rods with a critical diameter of 7 mm using a Cu mold cast-
ing process. It was shown that the corrosion resistance and
biocompatibility of the glass alloy were both better than
those of the Ti6Al4V alloy.

Many studies have conducted the implantation testing of
Ti-based BMGs. For example, Wang et al. [16] conducted
animal experiments using the TiZrHfCuNiSiSn BMG devel-
oped by Huang et al. [96] and found that the glass bound
spontaneously with bone tissue and showed both high hard-
ness and good wear resistance. Kokubun et al. [17] enhanced
the GFA of the TiZrCuPd MG developed by Zhu et al. [18]
by adding 2-4% Sn. Subsequent in vivo implantation tests
showed that the bone adhesion and osteointegration ability
of the resulting glassy alloy were comparable to those of
Ti6Al4V. Furthermore, no significant diffusion of ions was
detected three months after implantation.

Huang et al. [19], investigated the electrochemical activ-
ity and biocompatibility of two TiZrSi MG systems with
low (or no) toxic metal elements. The two glasses showed
no significant toxicity in MTT cell assays and exhibited low
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inflammation and a good osteoinductive response following
implantation for one month. Liao et al. [44] and Nguyen
et al. [20] mixed Ti-based ground MG powder with NaCl
and produced BMGs with a porous structure using a hot
pressing technique. It was shown that the BMGs retained the
original amorphous state of the Ti-based MG powder and
had a Young’s modulus of just 8 GPa. Furthermore, in vivo
implantation tests showed that the sintered BMGs exhib-
ited a good osteointegration effect after six-month in vivo
tests in New Zealand white rabbits. Nguyen et al. [20] used
trace amounts of Sn and Co to reduce the melting point
and increase the GFA of a TiZrTaSi system. Powder mate-
rial was produced by gas atomization and then hot-pressed
with Al particles. The resulting powder particles had a high
roundness and a completely amorphous state. Furthermore,
the produced BMG had a porosity of up to 72% given the
optimal addition of Al particles.

Figure 6 presents the in-vivo investigation into the feasi-
bility of Ti-based BMG for bio-implant applications using
the process shown in Fig. 3. A CT image was first acquired
of the spine of a Lanyu pig with spinal injury. A plastic
replica of the spine was produced using a 3D modeling and
printing approach. Using the plastic replica as a model, a
bone implant fabricated of Ti-based glassy alloy was cre-
ated using a powder bed fusion (PBF) technique. Figure 6A
shows the photo image of the pig on the next day after the
implantation surgery. The pig was able to stand, indicat-
ing successful surgery for cage implantation. The pig was
sacrificed 30 days after the implantation and the spine was
removed for further X-ray and histology inspections. The
X-ray images indicated that the implanted 3D-printed spe-
cies had a good integration with the surrounding bones, as
shown in Fig. 6B (frontal view) and 6C (lateral view). The
removed spine was also cut and stained to determine the new
in-growth tissue. The results showed that the holes of the
implanted 3D-printed porous structure were occupied with
newly grown tissues and the purple stain indicated that the
tissues were bone cells. The results confirmed that the 3D
printed prosthesis provided excellent osteointegration which
may drastically reduce the stress shielding effect and prolong
the lifetime of the implanted prosthesis.

3.3 Fe-Based Metallic Glass

Iron is an essential element in the human body and plays
an important role in the transport, storage, and activation
of molecular oxygen, together with many other important
functions [22]. Stainless steel was the first alloy to be suc-
cessfully used as a biological implant [107]. However, many
other biodegradable Fe-based alloys have been subsequently
developed. Notably, these materials not only have a degrada-
tion rate far lower than that of Mg-based materials, but also
produce no hydrogen as they degrade. Thus, Fe-based MG
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Fig. 6 In vivo test using a 18 M-old Lanyu pig A One day after the implant surgery, B front view and C lateral view for the X-ray images of the
implant after one month D Cross-section histology view of the retrieved spine cage E Enlarged view of red box

has significant potential as an implant material. Hua et al.
[23] investigated the wear behavior and corrosion resistance
of FeCoCrMoCBY BMG and showed that it outperformed
316L stainless steel and CoCrMo alloy in both regards. Li
et al. [21] showed that FeCrMoPC MG had better corrosion
resistance in artificial saliva than Ti6Al4V and was thus a
favorable candidate for dentistry applications. In addition,
the results obtained in NIH3T3 cell culture tests showed
that it had lower cytotoxicity and better cell adhesion per-
formance than either 316L stainless steel or Ti6Al4V. The
results of Liu et al. [108] found that FeMoPC MG had no
obvious ability to inhibit Escherichia coli bacteria, but

suppressed the growth of Staphylococcus aureus. Further-
more, it showed a degradation behavior similar to that of
pure Fe in SBF.

Additive manufacturing (AM) enables the production of
BMG without size limitations. However, Fe-based MG has
high brittleness, and hence the large thermal stress produced
during SLM processing readily induces microcracks. Finite
element simulations were adopted to investigate the origin
of these microcracks and subsequently added high-toughness
Cu or CuNi alloy was added as a secondary phase to the
system to form bulk metallic glass composites (BMGCs)
[108, 109]. The 3D printed Fe-based BMG is fragile, with a
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strength of about 106 MPa and a fracture toughness of only
2.2 MPa m'”2. With the addition of 50 wt% Cu or CuNi, the
fracture toughness of BMGCs is as high as 47 MPa m'??,
which is about 21.4 times that of the original Fe-based BMG
[110].

3.4 Mg-Based Metallic Glass

Magnesium and its divalent ions play an important role in
osteogenesis, bone healing, and bone properties [111, 112].
Moreover, Mg-based biomaterials are biodegradable. After
biodegradation, the implant space is replaced by new bone to
form a complete biological structure, leaving no metal with
corrosion and material fatigue. However, Mg-based materi-
als prompt the evolution of hydrogen during the degrada-
tion process, which has adverse effects on the human body.
Thus, while Mg-based MGs are promising candidates for
biodegradable implants, their properties must be carefully
controlled through the addition of appropriate elements. One
of the first Mg-based MGs was the Mg-Cu-Y system devel-
oped by Inoue et al. [24, 113]. Baulin et al. [40] improved
the GFA and thermal stability of the MgCaAu glassy alloy
system through the addition of Yb. The results indicated
that Yb was beneficial in mitigating the deleterious effects
of impurities during processing.

Zberg et al. [25] studied the hydrogen evolution phenom-
enon of magnesium in vivo and found that Zn-rich, Mg-
based MGs (about 35 at%) exhibited significantly lower
hydrogen evolution than a crystalline Mg alloy reference
(WZ21). Nielson [114] reviewed the biological role of
strontium, an alkaline earth metal with chemical and bio-
logical properties similar to those of calcium. In general,
the findings showed that, when used as an implant material,
strontium tends to reduce bone resorption and promote the
uptake of calcium into the bone. Li et al. [26] found that
the incorporation of a small amount of strontium (~ 1 at%)
into the MgZnCa system significantly improved its GFA,
fracture strength and specific strength. Notably, the rapid
dissolution of strontium also facilitated the formation of a
surface passivation layer during the etching process, which
was beneficial in controlling the degradation behavior of
the material. The same group later investigated the bone-
forming response of MC3T3-E1 preosteoblasts on Mg-based
substrates [115]. The results showed that MgZnCaSr BMG
not only had better corrosion characteristics and degradation
behavior than commercial AZ31B magnesium alloy, but also
prompted faster cell adhesion and diffusion in in vitro tests.
Wang et al. explored the feasibility of AM techniques for the
fabrication of implants using MgNdZnZr alloy [45, 116]. It
was shown that the Mg-based alloy scaffolds had a porous
structure with good mechanical properties and degradation
behavior, and a cell activity suitable for cell adhesion and
proliferation. However, several drawbacks of AM technology
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for the processing of Mg-based materials have been identi-
fied, including the risk of explosion and the low evapora-
tion temperature and high vapor pressure, which promote
powder splashing and lead to reduced stability of the AM
process. Furthermore, AM-processed Mg-based materials
are also prone to stress-corrosion cracking, such that pas-
sivation coverage is usually used to increase the durability
of Mg-based alloy [117].

4 3D-Printed HEA Biomaterials

Existing HEAs can be broadly divided into two categories:
HEA systems composed of Al and Fe, Co, Ni, Cr, and other
elements, and refractory high-entropy alloys (RHEAs)
systems composed of Ti, Ta, Nb, Zr, Hf, and so on. Since
RHEASs are composed of almost exclusively of biocompat-
ible elements, they have attracted significant interest in bio-
medical applications, particularly those RHEAs composed
of TiTaNbZr with additional elements such as Mo or Hf to
change their properties [54]. Liu et al. [59] sputtered a high-
entropy alloy coating of FeCoNiAlTi on Ti6Al4V, which
effectively reduced the friction coefficient of Ti6Al4V and
reduced the wear that often occurs as a joint. Aksoy et al.
[57, 58] sputtered equimolar TiTaNbZrHf on a NiTi shape
memory alloy (SMA) substrate with a magnetron sputter-
ing system. The RHEAs coating was found to result in a
significant improvement in the mechanical strength of the
substrate. Moreover, the mechanical properties of the two
materials were very similar, thereby prolonging the life of
the coating on the substrate during long-term mechanical
loading. Finally, in immersion tests in artificial saliva and
gastric juice, the released Ni ion concentration was lower
than the critical value of 9 ppm required to safeguard human
health [118]. Canadinc et al. [56] found that sputtered equi-
molar TiTaNbZrHf improved both the hardness and the
Young’s modulus of Ti6Al4V substrates, thereby increasing
their wear resistance and suitability for long-term orthopedic
implants.

Wang et al. [28] studied a novel RHEAs, TiZrHfNbFe.
The research results show that RHEAs have good compre-
hensive mechanical properties, and also has better corrosion
resistance and wear resistance than TigAl,V in the PBS solu-
tion. Motallebzadeh et al. [41] prepared TiZrTaHfNb ingots
using an arc melting method and compared their wear resist-
ance, wettability, and pitting corrosion with those of several
other common biomaterials (316L stainless steel, CoCrMo
and Ti6Al4V). The results showed that the prepared RHEA
outperformed the other alloys in all regards. Furthermore,
the presence of a high concentration of electronegative ele-
ments such as Ti and Zr in the RHEA resulted in the forma-
tion of a corrosion-resistant passivation film on the alloy sur-
face, which improved its oxidation and corrosion resistance.
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Yang et al. [42] examined the corrosion behavior and in vitro
biocompatibility of TiZrHfNbTa and found that it resulted
in a better adhesion, viability, and proliferation of MC3T3-
El1 cells than a conventional Ti6Al4V substrate. The results
indicated that the TiZr-based HEA exhibited good biocom-
patibility compared to that of typical Ti6Al4V alloy. Alter-
natively, a 900 HV of CoCrFeNiMo HEA layer was success-
fully formed on Ti6Al4V sheet via laser cladding technology
to enhance the mechanical and chemical properties [43].
Wu et al. [61] also showed that TiTaNbZrHf exhibited no
cytotoxicity toward human gingival fibroblasts (HGFs) and
selectively enhanced their proliferation and adhesion rather
than favoring fibrinolysis or pro-inflammatory conditions.

Hua et al. [29] studied the mechanical properties and cor-
rosion behavior of TiZrNbTaMo systems with two different
composition ratios. Similarly, Li et al. [30] also investigated
the biocompatibility of TiTaNbZrMo alloy with different
Ti contents. In addition, Nagase et al. [119] designed two
RHEASs, TiZHfCoCrMo and TiNbTaZrMo, based on the
TiZrNTMo and CoCrMo alloy system. Both RHEAs have
been reported to exhibit excellent biocompatibility with
pure Ti and have higher hardness. In general, the two stud-
ies confirmed that both alloy systems had excellent mechani-
cal properties and a strong potential for biological applica-
tions. Ishimoto et al. [120] prepared TiNbTaZrMo with low
porosity using a SLM technique. The test results obtained
for osteoblast cultures showed that the alloy prompted the
growth of osteoblasts with a broader morphology and denser
network of actin fibers than those cultured on pure Ti or
316L substrates, also shown in Table 1.

Various intermetallic phases may precipitate during the
conventional metallurgy process, resulting in complex HEA
microstructures. Therefore, the mechanical and chemical
properties of the produced HEAs are difficult to control and
cracks may occur in some cases. Alternatively, the high cool-
ing rate in the AM process prevents HEAs from precipitation
and limits the formation of intermetallic phases, such that
the properties of AM-produced HEAs are more controllable.
Although the production of HEAs powders for AM process
is still new and challenging, more researchers have joined
this new field to speed up the development of 3D printed
HEAs biomaterials.

5 Conclusion

This paper has presented a comprehensive review of the lit-
erature relating to the application of metallic glass (MG)
and high-entropy alloys (HEAs) systems to the fabrica-
tion of biomedical implants using additive manufacturing
(AM) techniques. In terms of the MG alloys, the review has
focused principally on Zr-based, Ti-based, Fe-based, and
Mg-based systems. By contrast, for the HEAs systems, the

review has concentrated mainly on TiTaNbZr-based sys-
tems. Ti-based metallic glass is still relatively mature and
has development potential. Mg-based metallic glasses also
mitigate the hydrogen evolution problem that occurs when
Mg alloys degrade in vivo. HEAs are still in the stage of
technological development, and most of them are currently
using film-forming to explore the basic properties of their
materials. The review has additionally confirmed the utility
of AM techniques for fabricating biomedical components
with good porosity, high-precision, low Young’s modulus,
low cytotoxicity and high biocompatibility utilizing MG or
HEAs systems. As of today, there are still a number of chal-
lenges for introducing these new intermetallic compounds
to practical clinical usage, such as these materials are cat-
egorized as new materials and need to be approved as FDA
Class III medical devices. The great potential for future
clinical implantation is still attractive for researchers who
are working in this field by combining the AM process and
newly developed IMCs. Overall, the findings of this review
suggest that the combination of metal glass alloys and AM
technology will continue to generate many fruitful research
and development opportunities for biological implants and
related applications for years to come.
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