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Additive manufacturing (AM), also known as 3D printing, is gaining the attention of various industries as
a viable alternative to conventional manufacturing, empowering design freedom, novel architectures,
composition control, and sustainability. Meanwhile, metal matrix composites (MMCs) are being
investigated for orthopedic implant applications due to their flexibility to achieve excellent strength,
corrosion resistance, and bioactivity. Combining these two research fronts by utilizing AM for
manufacturing multi-functional MMC bone scaffolds, having specific structures and compositions, has
led to the recent development of a new generation of biomaterials with enhanced material properties
not achievable with monolithic counterparts. Aimed at understanding the status of the research on the
topic and identifying the remaining challenges, this review article discusses the utilization of AM for
realizing the design vision of different MMC scaffolds, focusing on the synergistic combination of
mechanical and biological characteristics, such as enhanced biodegradability, strength, and osteogenic
properties. It starts by discussing the requirements for orthopedic implants and different AM techniques
utilized thus far for manufacturing them, especially MMC orthopedic implants. Then, it delves into
different MMCs, including Ti-, Mg-, and Fe-matrix composites that have been 3D printed into bone-
substituting scaffolds and discusses their recent progress and specific characteristics. Finally, we identify
the knowledge gaps and potential directions for developing MMCs further toward clinically viable,

rsc.li/materials-advances advanced orthopedic implants.

1. Introduction

Trauma, tumors, aging, and genetic disorders can result in
significant bone deformity, defects, or loss, which may require
assistive implants to treat and restore complete functionality of
the damaged bone(s). Osteoporosis, for example, is a serious
health condition affecting 200 million people worldwide." It is
characterized by decreased bone mass, leading to fragile bone
and eventual fracture.”” Bone tumors or metastases in bone are
another health complication that can cause pathological frac-
tures and decreased mobility.® While being rare, giant tumors
of bones account for 15-20% of all benign tumors, which are
locally aggressive bone tumors commonly occurring in young
adults.* Surgery is the most common treatment option for
tumor removal, and the residual cavity formed during surgery
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is then filled up with bone grafts to preserve the bone.* In
addition, congenital bone disorders affect children from an
early age, such as osteogenesis imperfecta (OI), which causes
brittle bones and frequent fractures, and fibrous dysplasia,
which causes fibrous (scar) tissues to replace healthy and
normal bone tissues.>® Depending on the fracture specifics,
the broken bones are treated with telescopic rods that grow
with the bone, thereby reducing surgical re-interventions, espe-
cially for children.’

The orthopedic and biomedical implant research commu-
nities seek to improve patient care and provide safer implants
by understanding the intricate interplay between biology,
mechanics, and biomaterials and optimizing material design
and manufacturing routes. Amongst the metallic group of
biomaterials, stainless steel, CoCr-, and Ti-based materials
are sought after for long-term or permanent implants, while
Mg- and Fe-based implants are designed for short-term or
temporary bone substitution. Most of these alloys were initially
developed and manufactured for applications other than
implants.” This called for the efforts to design better materials
tailored specifically for biomedical applications, considering
the specific requirements of the biomaterials implanted into
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the human body, particularly younger and more active patients,
and the trend towards less invasive surgeries, requiring materi-
als to withstand higher stresses and complex biological
environments.”"®

Biodegradable metals can, at least in theory, bring back the
native bone tissue while disappearing through gradual biode-
gradation. However, multiple challenges must be addressed
before realizing this ideal scenario. Two major challenges stand
out. First, the rate of metallic corrosion should be adjusted in
accordance with the rate of bone tissue regeneration so that the
biodegradable metal neither loses its structural integrity too
soon nor impedes bone regeneration due to its too slow
biodegradation. Second, most biodegradable metals and
alloys exhibit some levels of cytotoxicity, which may hinder
complete bone regeneration. Two technologies have emerged
in recent years that address the abovementioned challenges.
First, additive manufacturing (AM), also known as 3D printing,
has been used to tailor the micro-architecture of biodegradable
porous metals, adjusting their biodegradation rate. This is
particularly useful for biodegradable metals, such as Fe, gen-
erally with a lower biodegradation rate. Second, combining
biodegradable metals with some other materials to form metal
matrix composites (MMCs) has been used to address the
cytotoxicity of metals and induce bioactivity, such as an osteo-
genic response. This review is positioned at the interface of
these two technologies and concerns the biomaterials that can
simultaneously address both major challenges hampering the
translation of biodegradable metals into routine clinical
practice.

MMCs are an excellent choice for customized implant
applications, where the control over reinforcing and matrix
phases makes one capable of configuring properties at the
material design stage. Conventional manufacturing techniques
suitable for MMCs, such as powder metallurgy, have limitations
in realizing material design ideas, especially in architecture, to
mimic the interconnected porous structures and topography of
the native bone matrix. On the other hand, AM has revolutio-
nized the manufacturing industries to form complex and
customizable products and has been employed to produce
biomedical implants.® Recently, AM has been applied to man-
ufacture MMCs for orthopedic implants. It has received much
attention, mainly in the scientific community, due to its cap-
ability of achieving the performance and architecture of
implants that better mimic the natural bone. The integration
of AM into the implant manufacturing route to produce MMC-
based orthopedic implants offers unparalleled advantages,
allowing for precise control over the architecture and composi-
tion of the implants. The continuing demand for advanced and
customized solutions in orthopedic surgery drives the explora-
tion of AM for MMCs as a promising frontier for innovation.

In recent years, numerous articles on AM for MMCs have
been published across a wide range of journals. A thorough
literature search has identified the review articles that fall
under one of the following categories: (i) focusing solely on
AM techniques without referring to specific applications;"™*®
(ii) focusing on AM of metals and alloys for specific

7686 | Mater. Adv., 2025, 6, 7685-7721

View Article Online

Materials Advances

applications including implant applications with no mention
of MMCs;'"'872 (iii) focusing on selective AM techniques for
MMCs*"?* potentially for a broad range of applications; (iv)
focusing on AM of specific MMCs such as Mg-based or Ti-based
composites;>* ™ or (v) detailing bone implant requirements
without connecting them to AM or relevant biomaterials.>*®
Moreover, although the mechanical characteristics of AM
MMCs have been frequently reported,®>'**?*3 their biological
effects, either in vitro or in vivo, are often not included. Rarely
has a literature study been performed at an intersection of
implant requirements, AM methods for MMCs, MMC materi-
als, and their mechanical and biological assessments for ortho-
pedic applications. Therefore, this review aims to address this
gap by analyzing the basic requirements for bone implants,
exploring the AM methods suitable for producing MMC bone
implants - their capabilities and challenges, providing an
overview of the achieved performance of Ti-, Mg-, and Fe-
based composites fabricated by AM, and finally indicating the
directions of this research domain. It places its focus specifi-
cally on Ti-, Mg-, and Fe-based MMCs within the AM landscape,
based on the following considerations. Ti-based MMCs are
considered the benchmark for permanent load-bearing
implants due to their excellent strength, fatigue resistance
and biocompatibility, while Mg-based MMCs possess higher
degradability, being suitable for short-term bone repair or
replacement and Fe-based MMCs have slower corrosion
kinetics, endowing them with the capability of medium-term
biomechanical support. In other words, these three material
systems complement each other and span the whole spectrum
from permanent implants, i.e., Ti, to slowly and fast degrading
alternatives, i.e., Mg, and Fe respectively. It is important to note
that the issues to address in the case of zinc-based MMCs are
very different, primarily concerning the poor mechanical prop-
erties of zinc, including low fatigue strength and creep resis-
tance, and thus the type of materials added to Zn-based alloys,
such as graphene and its derives or carbon nanotube®!** are
meant to enhance their mechanical properties, instead of
bioactive ceramics added to Ti-, Mg- and Fe-based materials.
In other words, this review takes an application-specific
approach to connect the dots between AM processes, MMCs
based on the three material systems, and their potential in
orthopedic applications.

2. Requirements of materials used as
orthopedic implants

Biomaterials are natural or synthetic materials used to repair,
replace, or augment the body’s damaged tissues (nerves, bones,
etc.).*® Natural biomaterials are derived from natural renewable
resources, including plants, microorganisms, etc., while syn-
thetic biomaterials are artificial materials and/or the materials
that may have been derived from non-renewable materials.
Biomaterials have been used for centuries to treat different
human conditions. One of their earliest uses dates back to
ancient Egyptians when naturally derived sutures from animal

© 2025 The Author(s). Published by the Royal Society of Chemistry
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tissues were used to stitch wounds.” Metals were among the
first materials used to treat arthritis and bone defects.” Some
metals spontaneously oxidize and form a stable oxide layer on
their surfaces when in contact with air or a corrosive environ-
ment, which protects the inner material from corroding
further. However, this layer can be damaged, leading to further
corrosion. Due to this property of metals, ceramics, being ionic
compounds, were then explored for biomedical implants, as
they were considered better than metals in terms of chemical
stability. In the 1970s, a new concept was proposed: biomater-
ials should be engineered to initiate a positive tissue response
once implanted, thus helping healing. This concept triggered
the emergence of bioactive ceramics.” Bioactive ceramics have
been an active area of research ever since, especially for hard
tissue repair. In the meantime, soft materials, such as synthetic

(a)
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polymers and biological materials have also been used as
biomaterials, depending on the functional requirements. Syn-
thetic polymers may have better mechanical properties, while
biological materials tend to have better immunogenic
properties.>® Soon afterward, tissue regeneration emerged as
another important strategy, which is the recovery of tissue loss
through the growth and proliferation of special cells that
generate the required tissue matrix to restore impaired
function.®® The regenerative capabilities of biomaterials were
investigated and engineered to introduce healing factors into
the biomaterials to be implanted, including the incorporation
of bioactive molecules that are osteoinductive in the porous
scaffolds.®® Fig. 1a shows the progressive evolution of bioma-
terials of each generation and the corresponding targeted
properties.

1st Generation
Property: Bioinert

Ideally inert materials that do not

interact with the host tissues.

2nd Generation

Property: Bioactive

Materials initiating reactions at the
material-tissue interface to form
bond with the tissues.

3rd Generation

Property: Regenerative

7

Materials capable of assisting in
healing by initiating specific
cellular responses.

(b) Bioactivity
 Cytotoxicity
* Osseointegration

Mechanical
strength
* Yield strength
* Resistance to

(corrosion)
fatigue and wear

Metals for
bone
substitutes

Architecture
* Structure
» Composition
« Porosity
* Density

Fig. 1
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(a) Chronological classification of biomaterials concerning targeted properties and (b) requirements for metal-based orthopedic implants.
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Irrespective of the class of biomaterials, tremendous growth
has been seen in the active exploration and design of new
materials for biomedical applications, with every material hav-
ing its own advantages, limitations, and specific uses.*® Some
of the recently explored avenues include smart materials,?”*®
meaning that the implanted materials assist in healing through
geometrical features or embedded molecules, and/or react to
changes in external environment. This includes designing
materials’ bulk composition, surface properties, architecture,
or microstructure to interact with biological surroundings. This
review article focuses explicitly on the AM of MMCs recently
engineered for their use in orthopedic applications. The key
features required in biomaterial design for orthopedic implants
are illustrated in Fig. 1b and are described in detail in the
following subsections.

2.1. Biocompatibility

Biocompatibility refers to the capability of biomaterial to be
safe and functional for a specific application.*® Introducing an
implant into the human body initiates a natural defense
mechanism called foreign body reaction, which includes
inflammation and fibrotic processes. Furthermore, the implan-
tation of a biomaterial damages the tissues around the implant,
which triggers inflammatory reactions®® with cells from the
immune system attacking the foreign object to either digest or
encapsulate it to protect our bodies. These interactions happen
in three phases: phase 1 is the water-surface interactions
within nanoseconds after implantation, followed by phase 2
of protein interactions within the next few seconds. Stages 3
and 4 occur within hours and days after implantation, respec-
tively, when the implant is interacting with cells. The biomater-
ials properties can influence these interactions with impact on
subsequent cellular functions.*"*>

Biomaterial safety implies that it should not generate toxic
effects locally, remotely or systemically. For example, metallic
implants may release ions or corrosion products that can
become toxic above a certain concentration.*® The severity of
the toxic response depends heavily on the extent to which metal
ions and debris are released.*® Excessive release of metal ions
or metallic particles due to implant biodegradation may over-
whelm the antioxidant systems,** producing more potential
free radicals, which results in adverse reactions (i.e., cytotoxi-
city), leading to cell death and eventual organ dysfunction.
In addition, the associated inflammation can cause damage
to proteins, mitochondria, and even DNA, thus causing
genotoxicity.?® If the ion concentration increases further, ions
can enter the lymphatic and systemic circulation, reaching vital
organs, causing systemic toxicity.®*>4¢

Osseointegration is an important requirement for the long-
term stability of cementless bone implants*” and for tissue
regeneration that can be achieved through primary fixation and
tissue ingrowth involving cell migration, adhesion, prolifera-
tion and differentiation on the implant surface.’® It is a time-
dependent process leading to structural and functional con-
nection between the implant and the living bone.*® Osseointe-
gration can be facilitated by providing (bio)chemical and
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physical surface cues, (e.g., by introducing growth factors,
designing the biomaterial’s surface topography, etc.) to support
beneficial tissue-implant interactions.*”

Biological evaluation of medical devices is guided by the ISO
10993 standards that outline risk-based strategies for
assessment.*® Based on the end-use application, biocompat-
ibility can be evaluated through in vitro or in vivo testing and
related strategies can be selected, including irritation tests,
hemocompatibility, local implantation toxicity, systemic toxi-
city, etc.** The most common in vitro testing methods are
immersion and electrochemical analysis in a physiological
environment to understand materials’ biodegradation pro-
cesses and the leading corresponding byproducts, which helps
in cytotoxicity evaluation. Moreover, animal, or human cell
cultures are used to understand cell attachment, proliferation,
and differentiation, thereby providing a picture of potential
osseointegration. On the other hand, in vivo testing of implants
in animal subjects allows the evaluation of toxicity and osseoin-
tegration, paving the way for further optimizing the implant’s
biomaterial composition and structural design.

2.2. Biodegradability

Biodegradation is the gradual breakdown of a material
mediated by biological environments, which may be associated
with biological activity.*® As described eatlier, once in contact
with the biological system, metals may corrode or form a
passivation layer; both release metallic ions to different extents
into the system, possibly triggering immune responses or
adverse tissue reactions.>® This not only causes discomfort to
the patient but also has the potential to cause sepsis and
severe health risks. Secondary surgical interventions may be
needed to remove implants due to such immune response
complications.”” A second surgery is often associated with
additional health risks, financial burdens, and time expendi-
tures for the patient and the healthcare system. Improving
biomaterials’ properties, including composition, architecture,
surface modifications,® and manufacturing methods, are sug-
gested to minimize or avoid implant-related complications.>?
Biodegradable implants present a remarkable solution to
these problems by eliminating long-term biocompatibility
issues by offering the possibility to finely tune the rate of
implant biodegradation within the required timeframe for
bone regeneration without producing any harmful byproducts.
They structurally support the bone during the healing phase
while gradually shifting the weight-carrying task to the regen-
erating bone, further stimulating bone tissue regeneration.®
Moreover, the risk of inflammation at the implant site can
be significantly reduced in the case of biodegradable
implants.*>>* The suitable range of biodegradation rates for
bone-substituting materials is 0.2-0.5 mm year™".>*> New mate-
rials are being designed as alternatives to metal implants in
order to have lower cytotoxicity and better biodegradability,
biocompatibility, wear resistance, and strength.’®® In addi-
tion, MMCs are being actively researched as potential alterna-
tives to biodegradable metals by engineering their structures
and exploring different manufacturing routes, but significant

© 2025 The Author(s). Published by the Royal Society of Chemistry
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research still needs to be conducted before their clinical
adoption.

2.3. Microarchitecture

Biomaterials are generally engineered based on composition
design (i.e., a combination of two or more elements/materials),
microarchitecture design (i.e., distribution of materials in 3D
space), or an integration of both design approaches. Tuning the
material allotment in space expands the design space and
serves as a new variable for creating advanced materials to
exhibit specific property profiles.”*®' Bone-substituting mate-
rials are often designed to resemble the bone structurally and
functionally. The bone itself has a porous structure, with an
outer layer comprising of a compact solid-like structure with a
porosity of 5-30%, known as the cortical bone, and an inner
highly porous interconnected structure with a porosity ranging
between 30% and 95%, known as the trabecular, cancellous, or
spongy bone.**® Therefore, the scaffolds produced for ortho-
pedic implants should be porous to provide proper nutrient
supply within the scaffold, ensuring the viability and prolifera-
tion of bone cells.*® Moreover, to better mimic the original
bone, functionally graded scaffolds have been developed,®”"*?
whose porosity gradient is aimed to be close to the bone
structure, along with their structure and morphology. From a
material’s composition perspective, alloy design is a frequently
adopted approach well developed for biomedical implants to
optimize mechanical integrity and induce bioactivity. Conver-
sely, the combination of two different materials along with a
preselected microarchitecture is a developing arena, promising
new insights into property-specific material designs. Within
this context, the concept of meta-biomaterials is emerging,
where the microarchitecture and surface of bone-substituting
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materials are rationally designed to equip them with unusual
yet favorable mechanical,*®® mass transport,®® and
biological®” properties. Moreover, the overall strength of the
implants is determined by the combination of its composition
and structural features.®® Therefore, the perspective of material
design is very much aligned with the orthopedic requirements.

Fig. 2 shows various microarchitectural configurations for
biomaterial design. Generally, MMCs can be classified as con-
tinuously reinforced composites (long wires, filaments, fibers,
etc.) and discontinuously reinforced composites (short whis-
kers, small particles, short fibers, etc.).** Compared with dis-
continuous reinforcements, continuous dispersion gives better
strength and stiffness; however, it is costly, anisotropic, and
challenging to produce.®® Reinforcing the metal matrix with
particles or fibers having different configurations (unidirec-
tional, laminates, or short fiber) strengthens the metal and can
also induce bioactivity, depending on the reinforcing
agent(s).””’" Stranded structures can be engineered for added
strength, and thermal’® and electrical’”® conductivity in one
direction. Cellular materials (foams or lattices) are made by
designing pore connectivity or specific material allotment in
space. This gives rise to a porous structure especially suitable
for bone implants since the bone is cellular.’”* Sandwich
structures are great for strength and flexural stiffness, where
the core material is light with stiff outer faces.”® Lastly, multi-
layer structures are significant for combining strength and
controlled permeability for light, gases, moisture, etc.’® Since
MMCs’ properties depend on the size and volume of reinforce-
ment phases, along with the nature of the matrix-reinforcement
interface, optimal mechanical and biological properties can be
attained when fine, thermally, and chemically stable reinforce-
ment particles are dispersed in the metal matrix.
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Fig. 2 Schematic drawings of different configurations of (composite) material architectures.>® The figure is reproduced with permission from Elsevier,

copyright 2013.
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Biomaterials with architecture-guided cell response can
enhance their biocompatibility for bone applications. Architec-
tural features and surface irregularities may allow bone
ingrowth.>®’® Moreover, due to environmental interactions,
(multi-scale) surface roughness potentially alters the surface’s
chemical composition and energy with impact on cellular
responses.””

The feature size in implant design is important, too. Nano-
scale surface features may allow calcium phosphate (CaP)
deposition on the surface oxide layer but may not accommo-
date collagen fibrils.®® Features ranging from a few to tens of
micrometers offer optimum accommodation for the smallest
capillaries and whole cells, while features larger than this
enables lamellar or cortical bone formation.®® Porous implants
provide a larger surface area to facilitate tissue adhesion,
growth, and, thus, better osseointegration, even deep into the
porous structure.’”””®”® Pore dimensions have a similar trend
to feature size, where pore sizes of 100 um and above favor
lamellar bone formation, while pore sizes of 200-350 um favors
bone ingrowth.”® Moreover, the pore sizes of cancellous or
trabecular bone range between 200 and 1000 pum; therefore,
achieving bone scaffolds within this pore size range would
produce bone-mimicking implants and allow for adequate
bone growth and fluid circulation.”® A previous study investi-
gated the biological behavior of porous Ti scaffolds with
different pore size ranges.”® Scaffolds with smaller pores (45-
106 pm) provided more surface area for cell attachment and
had an excellent cell growth rate within the first 3 days.
However, the rate became slower after that. On the contrary,
the larger pore-size scaffolds (300-500 pm) initially showed a
slower cell growth rate, but the rate tremendously increased
towards the end of the 12-day culture time. Moreover, for bone
scaffolds, having a combination of macro- (larger than 50 pm)
and micro- (smaller than 20 pm) pores may be more favorable
as compared with only macro-porous structure since micro-
pores may induce and increase protein adsorption and cell
attachment, which promotes bone regeneration.”® In a nut-
shell, a combination of large and small features can influence
the stability of implants within the human body and should be
considered in the geometrical design of implants.

A biomechanical mismatch between the bone implant and
adjacent bone can give rise to the stress-shielding effect,>*°>
which causes surrounding bone to be relieved from the load,
reducing bone density. In association with the stress-shielding
effect, periprosthetic osteolysis may occur, possibly resulting in
the loosening of the inserted implant, subsidence, and eventual
failure, typically in joint arthroplasty.’>®! This issue can be
addressed by intelligent selection of implant biomaterials and
microarchitecture to minimize the mismatch in the elastic
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modulus with the adjacent bone, which reduces the stress-
shielding effect, improving the overall function of bone
implants.®” Thus, the porous architecture of implants can
improve osseointegration® while minimizing the stress shield-
ing effect.”®%

Microarchitecture and its effects have been widely studied
for metallic implants,®>”® mainly focusing on the impact of
porosity in biodegradable metals. However, it is a growing area
of research for MMCs.”""*> A significant challenge for biode-
gradable porous implants remains, as to the finding of a
balance between biodegradation and cytotoxicity. Combining
appropriate microarchitecture with careful design of biomater-
ial composition may offer novel solutions for this challenge,
where reinforcing materials can be chosen for required features
to modulate biodegradation, initiate specific cell functions,
and/or reduce toxicity.

2.4. Mechanical properties — quasi-static and dynamic

Sustaining mechanical loads, either quasi-static (tensile, com-
pressive, or bending) or multiaxial cyclic loading, is one of the
significant challenges that orthopedic implants face within the
body. Static and dynamic stresses paired with the complex and
aggressive body environment comprising electrolytes, proteins,
enzymes, etc., make the working condition exceedingly intri-
cate, requiring implants to be structurally strong but not
excessively stiff and have positive host-response upon implan-
tation. As the implant degrades within the bodily fluids, it
becomes important that the changes in its mechanical proper-
ties are tailored well to match the bone tissue regeneration
rate.®® The mechanical properties of materials depend on their
composition and processing/fabrication history, as well as their
microarchitectural design, including porosity.” The require-
ment of interconnected porosity may be limitedly met due to
the mechanical strength requirements for load-bearing
applications.®®> A bone substitute should be capable of provid-
ing mechanical support from in vitro trials to in vivo implanta-
tion. Microstructural designing, such as adding reinforcing
agents, alloying elements, and/or grain size alterations, signifi-
cantly affects the mechanical properties of the resulting
material.

Conventional quasi-static mechanical testing of materials
usually comprises uniaxial loading to understand the mechan-
ical behavior, where load/stress is applied, and the resulting
deformation is recorded. The typical data extracted from the
load-displacement curves of these tests are ultimate tensile or
compressive strength, yield strength, ductility (or elongation),
and elasticity modulus. Quasi-static loading conditions include
tensile, compression, shear, and torsion. Compression testing
is often conducted for biomedical scaffolds, considering that

Table 1 Mechanical properties of different bone tissues as adopted from ref. 90 and 91-93. The values can vary depending on species, age, anatomical

position, and testing conditions

Bone Porosity (%) Compressive strength (MPa) Tensile strength (MPa) Elastic modulus - tensile Elongation at break Mass density (g cm™?)
Cortical 5-30 130-240 25-283 5-23 (GPa) 1.07-2.10 1.8-2.0
Cancellous 30-95 0.12-1.1 15-38 10-1570 (MPa) — 1.0-1.4
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compression is the dominant form of loading experienced
in vivo by most bone implants and hard tissues. The implant’s
overall compressive strength describes its ability to withstand
compressive loads before failure. The mechanical properties of
cancellous and cortical bone are listed in Table 1. Repetitive
loading on implants can initiate crack formation, followed by
crack growth and failure due to overload, even if the stress
levels are far below the yield strength of the biomaterial.”
Fatigue is associated with crack initiation and growth, resulting
in degradation of mechanical properties and leading to the
failure of a component under cyclic loading.”®” Superimposing
fatigue with a corrosive biological environment makes the
situation more challenging, significantly decreasing the mate-
rial’s durability. Many implants endure millions of loading
cycles throughout their lifetimes. Therefore, they may fail due
to fatigue. Even for metallic mechanically stable implants and
interfaces, fatigue failure is an area of concern®*° due to time-
dependent dynamic loading and micromotion, which can
eventually lead to structural changes in the bones and/or
implant. To test biomedical implants’ endurance or fatigue
limit, fatigue tests usually run for 1 x 107-10® loading cycles to
establish the endurance limit.” If the maximum stress on the
implant is lower than the endurance limit, the given material is
expected to perform its function indefinitely without failure.

Crack initiation in implants is a combined result of
chemical and mechanical attacks. The crack initiation can
occur through the stress concentrations between the different
phases of the implant material®* or through the formation of
slip planes that consequently break down the protective oxide
(passivation) layer due to cyclic loading, thus exposing the
unprotected regions through which the crack propagates
further.®® Moreover, the material’s surface under loading is
most susceptible to crack initiation since stresses are the
highest at the surfaces, meaning that surface finish and resi-
dual stresses are vital in determining the overall testing
results.” Careful monitoring of corrosion current density dur-
ing in vitro corrosion fatigue testing can give indications of
crack initiation.®® On the other hand, crack propagation can be
accelerated due to hydrogen embrittlement at the crack’s tip in
aqueous media, thereby reducing the implant’s durability.
Therefore, the spontaneous re-passivation ability of the mate-
rial becomes an advantageous property to protect the surface
layer from crack propagation.’® The corrosion potential also
changes during fatigue tests in corrosive media, which depends
on one or both processes: the exposure of new surface due to
the formation of slip bands and crack initiation and propaga-
tion, which shift the corrosion potential towards negative
value.”® As re-passivation occurs, the corrosion potential
returns to positive values. Therefore, the final corrosion
potential is determined by the relative velocities of new surface
layer formation and its re-passivation.”> The morphology of
wear debris due to fatigue wear must also be considered during
corrosion testing to better understand the host-tissue reaction
to the debris in vivo.

Developing orthopedic implants resistant to fatigue, frac-
ture, and wear is crucial. Gearing biomaterials research toward
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composite materials for bone-substituting implants is an effec-
tive strategy for developing interconnected networks of differ-
ent materials or phases of different materials that can endure
cycles of stresses and trap wear debris once it is formed due to
surface fatigue.

3. Additive manufacturing

Porous metals were historically fabricated by using conven-
tional techniques for various industrial applications. However,
with the introduction of porous metals for orthopedic applica-
tions, the requirements for controlled porosity and improved
properties emerged. The conventional techniques appeared
incapable of precisely controlling porosity and producing a
predefined internal architecture and contoured external
structure.”®® To overcome these challenges, AM has become
the most promising alternative. AM is an advanced manufac-
turing technique that builds near-net-shape objects with
complex geometries, layer-by-layer, in a controlled manner,
using the data from digital models or computer-aided design
(CAD).>?%*%2 The digital design gives AM a significant advan-
tage in exercising precise control over the intricate geometrical
design required for the manufactured part.”**%>°® In recent
years, AM has evolved tremendously and has been applied
across many industries, from nanotechnology to space explora-
tion. For the biomedical sector, AM has great potential for
implant design as it enables rapid prototyping and manufactur-
ing with high resolution, precise control over macro and micro
architecture, light-weight (due to the architected nature of
materials), and short lead times, as compared with the tradi-
tional fabrication routes.”?®®*°” In addition, conventional
manufacturing methods produce a considerable amount of
waste material. In contrast, AM techniques are environmentally
friendly and sustainable and support circular economy®® since
they produce less material waste and CO, emissions. Imple-
menting AM ensures reductions in energy consumption and
production costs.”®

Depending on manufacturing needs, different AM techni-
ques have been crafted for smart manufacturing through layer-
by-layer deposition, which allows for exploring different mate-
rial and design concepts. Various factors contribute to the
selection of the AM process, including the material to be
processed, lead time, post-processing requirements, the accu-
racy of the part, the final properties required, and the surface
quality of the final product. According to the ASTM’s AM
technology standards, AM processes are grouped into seven
categories (Table 2).

Table 2 Seven categories of AM techniques and their respective pro-

cesses according to ASTM219
Category VAT BJ M] SL ME PBF DED
Process SLA 3D printing Polyjet UC FDM SLS DMD
DLP Ink-jetting Ink-jetting LOM SLM LC
Thermojet EBM EBDM
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Fig. 3 (a) Typical steps in AM processes,'®* and schematic drawings of various AM techniques suitable for MMC orthopedic implants: (b) selective laser
sintering and melting,°® (c) electron beam melting,*°® (d) direct melt deposition,*®* (e) binder jetting,'%” and (f) material extrusion.*°® (a, d) are reproduced
from University Malaysia Pahang Publishing, copyright 2022, licensed under CC BY 4.0; (b) is reproduced from IIETA, copyright 2024, licensed under CC
BY 4.0; (c) is reproduced with permission from Elsevier, copyright 2024; (e) is reproduced from MDPI, copyright 2025, licensed under CC BY 4.0; and (f) is

reproduced from Elsevier, copyright 2022, licensed under CC BY 4.0.

The general steps of AM and its main variants currently used stages. The initial stage is scheduling and designing the desired
in manufacturing bone substitutes are presented in Fig. 3a and  part, typically done by 3D scanning or with CAD software. This
b-f, respectively. The general workflow of AM involves three is followed by the actual printing stage, where the desired

Table 3 Comparisons between various AM technologies

AM technologies Heat source Initial material Environment Residual stresses Surface finish
SLM, SLS Laser Powder Inert High Low
EBM Electron beam Powder Vacuum Low Low
DED Laser, electron beam, plasma arc Powder, wire Inert High Low
BJ — Powder Room temperature Low Low
ME Heated printhead Filament, wire or granule Room temperature or inert Low Low
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design is printed with the selected material fed into the system.
Finally, the last stage is the post-processing of the AM part,
which includes cleaning, heat treatments, or decorative
enhancements.’ Table 3 shows the fundamental differences
between AM technologies regarding heat sources, materials
utilized, environment required for printing, residual stresses,
and surface finish of the built parts, while Table 4 outlines the
broad advantages and disadvantages of each technology. The
main features of these AM techniques are analyzed well in the
literature®>'°° % and are briefly overviewed in the following
subsections within the context of AM for MMCs.

3.1. Selective laser sintering

Selective laser sintering (SLS, described in the current subsec-
tion) and selective laser melting (SLM, described in the follow-
ing subsection) are both laser powder bed fusion (LPBF) 3D
printing technologies working with a laser beam as their energy
source. While the SLS is primarily used for polymers, SLM’s
main application is for metals. That said, SLS can be used in
some cases for metals, too.

SLS works by sintering fine powder, either directly or indir-
ectly, layer by layer by using a laser beam. The coherent and
directional laser beam heats the powder to a temperature below
its melting point, causing powder particles to fuse through
solid-state diffusion. However, in practice, the process often
involves partial melting, where the surface of the particles may
be slightly melted to enhance the bonding. Still, complete
melting and solidification do not occur.'®® The amount of the
liquid phase resulting from partial melting controls densifica-
tion and can lead to better particle bonding and reduce the
porosity by changing temperature-dependent properties such
as viscosity, wettability, etc."'® Partial melting often results in
incomplete densification and residual porosity tends to com-
promise the stress transfer between the reinforcement and
metal matrix once the composite is subjected to mechanical

Table 4 Advantages and disadvantages of different AM technologies
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loading. SLS is predominantly used for polymers and ceramics
but is also applied to metals for which a high-power laser is
required to selectively scan and fuse metal particles on the
powder bed.

As the laser moves away, the partially molten material is
solidified due to heat transfer by conduction, convection, and
radiation."® A single layer of powder is sintered and fused according
to the first 2D cross-section of the given 3D model.”* This process is
repeated layer by layer, by subsequent lowering of the build plat-
form at a predefined layer thickness. One of the applications of SLS
to metals is when a powder mixture of two metals is used, one with
a low sintering temperature and another main metal. The laser
beam then melts the low-sintering temperature metal that binds to
the main metal particles.

In indirect SLS, a preprocessing step involves coating the
powder with a binding polymer that needs to be debonded
from the green part later.®” Subsequent debonding and post-
processing steps could lead to low density and weak metal-
reinforcement interfacial bonding. SLS is a lengthy manufac-
turing process since it involves preprocessing the powder and a
sintering process, which consumes significant time. Laser-
beam-based AM processes including SLS generate high residual
stresses in the built material due to rapid heating and cooling
of the powder bed and printed part, which in turn causes local
plastic deformation and compressive residual stress under the
top surface.''* Therefore, post-AM heat treatments are required
to minimize residual stress and improve surface quality, which
adds to the total time needed for a finished product.®>'*

To produce MMCs, reinforcement addition usually requires
pre-mixing of required reinforcement with the matrix powder
before the SLS process, which ensures uniform particle dis-
tribution and enhanced mechanical properties. During the SLS
process, the interaction between the matrix and reinforcing
particles may occur and the phases in the matrix alloy may
become dissolved or transformed to other phases, which is

AM technique Advantages

Disadvantages

SLS - No support structures

- Complex geometries

SLM - Wider material compatibility

- No support structures

- Complex geometries

- Low residual stresses

- No oxidation due to inert environment
- No additives required for melting
- Wide range of materials

- Multi-material AM

- Powder and wire feedstocks

BJ - Low energy consumption

- Less oxidation

- Low residual stresses

- Less energy consumption

- Filament, granules, ink feedstocks
- Low residual stresses

- Multi-material AM

EBM

DED

ME

© 2025 The Author(s). Published by the Royal Society of Chemistry

- Limited material compatibility
- Rough surface

- High residual stresses

- Post processing

- Lengthy processing

- Rough surface

- High residual stresses

- Lengthy processing

- Rough surface

- Low dimensional accuracy

- Retention time within vacuum chamber after fabrication
- High residual stresses

- Lengthy post processing

- Lengthy post processing
- Interlayer porosity

- Interlayer porosity
- Filament breakage
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highly dependent on the parameters used for printing the part,
such as laser power, scanning speed, hatching distance, and
layer thickness, each of which affects the thermal history.
Powder bed-based AM processes may allow for better disper-
sion of reinforcing particles and retention of non-equilibrium
phases due to rapid cooling rates, which usually enhances the
mechanical strengths of the prepared parts.*

3.2. Selective laser melting

Selective laser melting (SLM) is one of the most widely used and
versatile AM processes and is very similar to SLS. The laser
beam melts the powdered material in SLM and fuses powder
particles, which require higher laser power than SLS. The
choice of process parameters and laser used to achieve con-
solidation determines whether SLS or SLM would be obtained
for the given material system since laser-material interaction
controls the extent of consolidation."*>"** A combination of a
low scanning rate and high laser power would feed in more
heat, resulting in SLM, while a higher scanning rate and low
laser power would result in SLS."*® SLM commonly uses ytter-
bium fiber laser, such as a 200 W model, with an inert gas such
as Ar or N in the building chamber, which ensures minimum
oxygen contamination during the process."** A thin layer of
powder is melted, the next layer is deposited on the previous
layer, and the process is repeated layer-by-layer by following the
design features from the CAD model. The substrate tempera-
ture can also be controlled, allowing for the control of the
cooling rate and, thus, post-solidification defect minimization.
SLM is compatible with various materials, including
aluminum, titanium, nickel alloys, MMCs, and amorphous
materials."'* Amongst important parameters for SLM are laser
power, scan speed, hatch spacing, overlaps, etc., which can be
controlled, and the desired microstructure can be engineered.
Micro-porous or dense structures can be made by controlling
these process parameters, such as laser power.®> Some of the
drawbacks of the SLM process include lengthy fabrication time,
high costs, surface roughness of the finished products (rough-
ness being dependent on powder characteristics and process
parameters),"™* internal stresses due to high cooling rates,
occurrence of balling due to surface oxide films and Marangoni
convection,"*® and vaporization phenomena that occur due to
the high temperatures of the melt pool, enabling some of the
elements to evaporate out of the melt pool.®?

Generally, a powder with very fine particle sizes has poor
flowability. In contrast, a powder with a mixture of coarse and
fine particles has good flowability and is beneficial for uniform
powder particle distribution within the SLM system to improve
the density of the resulting products.'*® Powder particle shape
and size are crucial parameters, although they are regarded as
external parameters that cannot be controlled since powder
manufacturers mainly supply powders. Regular and spherical
powders are preferred for SLM since particles do not cling to
each other and ensure better flowability and packing
density."'®""” Similar to SLS applied to MMCs, reinforcing
particles are often added to the metal powder before the
melting process,'*® which allows for good dispersion.
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Moreover, due to complete melting, interfacial bonding
between the matrix and the reinforcement is stronger due to
complete melting than that resulting from SLS.

Reinforcing particles can be added through an ex situ or an
in situ approach to manufacture MMCs using SLM, both of
which have merits and demerits. In the ex situ approach,
particles are added to the metal powder before manufacturing
begins. These particles remain in their original form through-
out the process, leading to their presence in the final composite
product.'™ This approach gives more control over the mor-
phology and distribution of the reinforcements, along with
more material choice options. Yet, the interfacial bonding is
weaker, and the risk of reinforcement contamination exists,
leading to potentially weaker mechanical properties. On the
other hand, the in situ approach refers to the formation of
reinforcement particles through chemical reactions with the
metal matrix during manufacturing."*® The laser’s thermal
energy initiated and supplied facilitates overcoming the reac-
tants’ activation energy barrier, thus forming new
compounds.'™ This in situ reaction is exothermic, and the
additional thermal energy facilitates melting, improving the
constituents’ bonding."™® In contrast to the ex situ approach,
the in situ one provides better reinforcement distribution and
stronger interfacial bonding."'® However, the choices of rein-
forcements are narrow, with potential reaction complexity and
unwanted phase production during the process.”'%12°

In situ reinforcing during SLM has been attempted, leading
to the formation of, for example, TiB/TiN/TiC/TisS; in a Ti
matrix."*® A study reported improved hardness and compres-
sive strength through the in situ formation of fine, needle-like
TiB from TiB, during SLM from a ball-milled Ti-TiB, powder
119121 Ti.-TiB composites are specifically beneficial as
biomedical composites because B is also biocompatible. In
addition, TiB provides mechanical and chemical stability.
However, an excessive addition of reinforcement leads to
detrimental effects on strength and especially on ductility."**
In another study using SLM, the ex situ approach was utilized to
incorporate mesoporous silica into the ZK60 matrix to enhance
its resistance to biodegradation.'* Mesporous silica was con-
sidered favorable for Mg surfaces owing to its high corrosion
resistance. Moreover, silica particles were homogeneously dis-
persed in the Mg matrix, leading to strong interface binding.
Controlling and optimizing the SLM parameters, including
laser type, laser power, wavelength, etc., can improve the quality
and performance of SLM-prepared products.'® For instance,
excessive power used in SLM may lead to severe defects, such as
keyhole pores, interfacial cracking and agglomeration. In addi-
tion, the inherent nature of the SLM process involving full
melting can create large thermal gradients within the product
and rapid solidification can lead to high residual stresses and
the coalescence of the clusters in the printed composites.'**

mixture.

3.3. Electron beam melting

Electron beam melting (EBM) works very similarly to SLM.
Instead of a laser, it uses an electron beam generated by a
tungsten filament, accelerated, and directed by magnetic fields

© 2025 The Author(s). Published by the Royal Society of Chemistry
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in a vacuum chamber. As compared with an inert atmosphere,
the vacuum chamber ensures that oxidation does not occur
during fabrication, which is an important consideration for
reactive metals, such as titanium, magnesium, iron, etc., assur-
ing high-quality products.'® The optimization of the EBM
process is more challenging due to the numerous controllable
parameters, including the electron beam’s power, focus, scan-
ning velocity, line spacing, diameter, substrate plate tempera-
ture, contour, and scanning strategies.’® Since the electron
beam is powerful enough to raise the temperature and even-
tually melt the materials and bind them layer by layer, additives
are not required to aid in the melting process.®® In contrast to
SLM, brittle materials can be manufactured by EBM by avoiding
solidification defects that arise from internal stresses due to
rapid cooling from their melting or solidifying points that
usually occur in the SLM process. Increasing the powder bed
temperatures can significantly reduce the cooling rate,"** allow-
ing defect-free brittle materials to be produced. In addition, the
formation of brittle phases in the material can be avoided,
leading to a more ductile material with a somewhat lower
strength.''* EBM is an excellent tool for manufacturing porous
structures for biomedical implants since the temperature sup-
ply is relatively uniform, making it possible to create stronger
connections between the layers.>*®> Some limitations of this
technique include low surface quality and dimensional
accuracy,®® due to the wider electron beam compared to lasers
and the increased time required for cooling the part before
removing it from the substrate due to high temperatures in the
vacuum chamber.""*

The dispersion of reinforcing particles is significant in the case
of MMCs, and uniform dispersion is required for better structural
and mechanical properties. A study has shown that during EBM,
the behavior of reinforcing particles is influenced by dynamic
wetting and Laplace pressure, where the wetting drives the particles
into the melt pool.”® In contrast, the curvature forces due to
Laplace pressure hinder their submergence.'”* Poor wettability of
reinforcing materials can produce an energy barrier at the particle-
matrix interface, leading to particle agglomeration. However, sub-
sequent layering with an optimum thickness can mitigate this
challenge, which can be achieved by rapid solidification during
the EBM process, ensuring a homogenous reinforcement
distribution."””* Though the pre-heated bed is beneficial for redu-
cing cooling rate, elevated temperatures and longer dwell times can
promote elemental vaporization from metal matrix and reinforce-
ments, along with grain coarsening and unwanted reactions
between the matrix and reinforcements.”> EBM produces low
surface finish, which could be beneficial for some bone implants
to enhance cell attachment, while other products might require
surface treatments as post-processing.'”® For instance, for Ti alloys,
different surface modification methods are employed to enhance
the mechanical and tribological properties of Ti implants at the
surface.

3.4. Directed energy deposition

Directed energy deposition (DED) involves using thermal
energy in the form of a laser, electron beam, plasma arc, etc.,
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to melt the material directly discharged from a nozzle. Direct
melt deposition (DMD) or laser metal deposition (LMD) are two
subsets of DED that specifically use a CO, laser beam to melt
the material that gets seamlessly fused with the material
deposited in the previously printed layers.®'°* The material
feedstock can be either powder or wire, depending on which
the DMD process is called powder-fed or wire-fed. In a powder-
fed system, metal powder is sprayed toward the substrate’s melt
pool, the laser beam (partially) melts the powder on the fly, and
the (semi) melted powder deposits on a substrate. This process
is iterated according to the given design until the finished
product is achieved. If the powder is made of a metal with a
high melting point, another metal with a low melting point acts
as a binder, and some additives acting as fluxing or deoxidizing
agents are often added to the main metal powder.'* The wire
feeding system comprises wire feedstock delivered from the
side at a certain angle, enabling the production of near-net-
shape parts. The process parameters to be controlled in DMD
include laser power, beam spot diameter, feedstock rate, gas
flow rate, and scanning speed. Due to the low complexity of this
method, DED is usually used to manufacture and repair larger
parts.”!

For the AM of MMC products, two powder or wire feedstocks
can simultaneously be fed to the DED system using separate
hoppers, which skips the requirement of mixing powders
before 3D printing and avoids the possibility of segregation
between different metal powders or reinforcements due to the
differences in their densities.'*” The utilization of varying
material feedstocks within one print cycle with precise control
over the location of deposition of those materials within the
component allows the production of MMCs and functionally
graded materials (FGMs).'**'*® Moreover, manufacturing
FGMs through multi-material AM is achievable compared to
conventional manufacturing methods.'*® To improve the wear-
and corrosion-resistance properties, in a study, the authors
manufactured functionally graded multilayers using DED, with
layers having different compositions fed by a twin feeder
system." A gradient shift in composition resulted in a micro-
hardness gradient at the interface. Sharp material transitions
can be substituted by gradual interfaces, thereby avoiding the
stress concentrations at the sharp transition regions.’* In
another study, laser cladding (LD) was used to deposit MMC
coating composed of Inconel 718 and tungsten carbide (WC).
The authors studied the resulting thermal history of the molten
pool as a function of different parameters involved in LD."*°
The study showed that the low scanning speed caused the pre-
cipitation of carbides due to a relatively long melt pool lifetime. In
contrast, a high scanning speed caused improper wetting of WC
particles with the matrix. The optimum molten pool lifetime was
determined to be 0.68 s."*° Moreover, the compatibility between the
matrix and reinforcing ceramic was considered crucial; materials
with higher chemical affinity would promote the decomposition of
the ceramic, which would eventually be detrimental to the perfor-
mance of the composite part.*

It is crucial to achieve uniform dispersion of reinforcing
particles and avoid agglomeration for MMC production using
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DED. Partial dissolution of phases within the metal matrix
occurs in laser DED processes, which promotes interfacial
reactions between the metal and the ceramic particles of the
reinforcement.’® DED can lead to uneven melting and distri-
bution if factors like laser power, scanning speed, layer thick-
ness, etc., are not carefully controlled.>*** Moreover, thermal
history management is crucial during DED to retain different
phases. Controlled cooling, post-processing, and process opti-
mization are required to ensure proper thermal management
during and after the DED process since the thermal history can
create defects and unwanted phase distributions.'>* Cracks can
be induced within the material due to large thermal gradients
during the process, which can lead to catastrophic failure of
produced MMC parts."*" A higher content of ceramics also
leads to crack formation. For instance, in a study on DED for
Ti-TiC, it was found that an addition of TiC greater than 5 wt%
led to crack formation due to higher dendritic TiC
occurrence.*> When mechanical load is applied to a MMC part
with a high TiC content, densely populated particles hinder
plastic deformation and cause stress to be localized. Micro-
cracks are prone to generate, extend and merge in the vicinities,
leading to premature failure."**> Therefore, even though, theo-
retically, a higher content tends to increase the strength,
structural differences and microcracks often lead to a high
brittleness and even a low strength. It has been shown that
differences in lattice structure, mechanical properties, and
thermal expansion between the matrix and reinforcement can
lead to cracking at the materials’ interface."*"**>'** Moreover,
mechanical properties depend heavily on the interface and
adhesion between the matrix and reinforcement. To address
the interface issue, a study explored the encapsulation of
ceramic particles with metallic coating to enhance the adhesion
and reduce crack formation due to material mismatch.”*" In
short, sensible material choice and DED process optimization
along with appropriate post-processing could lead to MMCs
with desired properties.

3.5. Binder jetting

Binder jetting (BJ), first developed and patented at the Massa-
chusetts Institute of Technology (MIT) in 1993, is a non-beam-
based multistep AM process in which a binder, typically a
polymeric liquid, is dispersed through a print jet on layers of
powder, one layer at a time.*>°”'**'%7 Two types of materials
are used in BJ: a powdered material of which the part is to be
made (e.g., metal or ceramic) and a binder material that glues
the powdered material with each other and between the
layers."** The binder material is deposited by a print head over
the powder layer, binding the loose powder particle. The stage
moves down with increments equal to the thickness of the
deposited layer. The process is repeated for building the entire
structure,®” called the ‘green’ part, which is not yet ready to be
used and requires post-processing to achieve desired
properties.”” BJ can process many types of powdered materials
and is a relatively fast process. Still, the post-processing steps of
the green part are time-consuming, including curing, de-
powdering, debinding, sintering, and finishing."*"** Since BJ
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predominantly depends on the bonding between the powder
and binder, almost any material can be printed using this
process.'®® Moreover, this method has relatively low energy
consumption, reduced oxidation, and low thermal and residual
stresses in the resulting parts.""!

In a study on the bonding at the metal-ceramic interface,
the authors used BJ to produce a cellular structure of cordierite
(2MgO-2A1,0;-5510,), followed by sintering, pouring a zinc
alloy (Zn-4AI-0.4Mg) melt into the cellular structure and then
allowing solidification to take place."*® Bonding was expected
due to mechanical interlocking and/or chemical reactions.
Mechanical interlocking indeed occurred when the molten zinc
alloy was drawn to rough ceramic surfaces due to capillary
action, where solidification occurred, creating mechanical
bonding at the interface. However, a chemical reaction was
not observed due to the stability of the ceramic. While a strong
interface was preferred, the authors considered that chemical
reactions could have an adverse effect, causing degradation of
the constituent materials.

The metal matrix and reinforcing agents should have com-
patible properties for adequate bonding, including comparable
particle sizes and shapes, thermal expansion coefficients, bin-
der compatibility, chemical stability, etc."*® Smaller particles
have higher surface area-to-volume ratios than larger powder
particles, leading to better sinterability and smoother surfaces
with higher sintered densities.'”> On the other hand, finer
particles agglomerate more than coarser particles, owing to
higher friction between particles.'>'* BJ is followed by a
debinding step that involves removing the binder material
prior to sintering. Debinding usually occurs chemically, or
thermally (~600-700 °C), or as a combination of both in an
inert, reducing, or vacuum environment that reduces the
carbon content from the retained binder residing inside the
green body, reducing the formation of carbides during post-
processing stages.?

Apart from BJ process parameters, the overall density of the
prepared part is also dependent on temperature, pressure,
time, and environment of the post-processing steps. Sintering
causes bond formation between contacting particles, which
reduces the porosity and causes the formation of equiaxed
grains and grain growth, along with the possibility of forming
secondary phases, which can impact the mechanical proper-
ties. The absence of a heat source in BJ prevents the formation
of in situ compounds. Therefore, reinforcements are required to
be incorporated within the feedstock.?” However, researchers
have developed in situ processes during the post-processing
steps for producing MMC parts."**'° For instance, researchers
formed Inconel 625-based MMCs using BJ and a carbon-
containing binder."*° During the sintering step after BJ, car-
bides were formed due to the reactions between the Inconel
elements (Cr, Mo, Nb) and carbon from the binder, which was
distributed across the grain boundaries, forming an intercon-
nected network across the matrix."****!

Compared with laser powder bed fusion (LPBF) processes, BJ
leads to interlayer porosity, facilitating cracks to coalesce,
which is detrimental to the structural integrity of the final
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part."” The pores cause anisotropic mechanical properties and
can act as stress concentrators, leading to premature failure.'?
Even though sintering helps in particle bonding, dimensional
accuracy, and mechanical properties, often, it does not elim-
inate porosity completely. Studies have shown that given the
same pore sizes and porosities, BJ results in weaker parts as
compared with LPBF.'>'*>"** This was attributed to BJ finally
giving rise to equiaxed grains and frequent twinning during
post-processing of cubic close-packed austenitic metals, such
as the Inconel 625 alloy, leading to a lack of grain orientation
and weaker material, as compared with LPBF processes that
generate complex microstructures with grains oriented along a
particular direction, producing a much stronger and continu-
ous structure.'” Moreover, the sintering environment signifi-
cantly determines the prepared part’s final density and
mechanical properties. Regardless of sintering temperature,
the Ar environment was found to lead to a lower density, while
vacuum resulted in a higher density and improved mechanical
properties.*?

3.6. Material extrusion

Extrusion-based 3D printing is a comparatively simpler and
cheaper AM process that utilizes feedstock materials in the
form of filaments, granules, or inks (liquid state) to print
materials following the design from a CAD model.'"**'%® When
this technology appeared in the late 1980s, it was primarily
used for polymeric materials. Since the last decade, the tech-
nology has been developed to contain advanced features,
including high building speed and compatibility with a range
of materials, including ceramics, glass, metals, food, and
constructional materials.>®1%%45146 The feedstock material,
usually filament, is heated until its viscosity decreases. The
liquified feedstock is collected in a reservoir, from which it is
pushed out of a nozzle to bond and settle over the previous
layer.'®® The control of the temperature for softening the
material and initiating chemical changes through curing
between the depositing layer and pre-deposited layer are the
key elements to ensure bonding between subsequent layers of
the printed part.'®'*® The main parameters involved in the
printing process are hatch spacing, layer thickness, orientation,
nozzle diameter, extruder temperature, and velocity.'*®™**® For
example, when printing a material containing metal or ceramic
particles to produce MMC scaffolds, the solid metal powder
and ceramic power are blended with a binder. After the
part is printed, debinding and sintering are required, which
are expensive and time-consuming steps.'*” Multi-material
extrusion-based 3D printing has recently been explored, which
involves multiple filaments and print heads, and it is challen-
ging due to the differences in melting point between different
materials involved.'®® Extrusion-based AM does not require a
high-power source, compared with SLM, EBM, etc., and thus,
costs less and is safer to use.'*® It also gives more control over
material composition since filaments with different combina-
tions can be used. Moreover, if the temperature during the
printing phase is carefully controlled, the residual stresses are
lower than in high-power AM methods. In the case of the
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feedstock containing metal particles, surface roughness can
also be improved by utilizing finer particles in addition to
reduced layer thickness.'*®

However, extrusion-based AM is prone to porosity due to the
layer-by-layer deposition of the material. The existence of
porosity will interfere with interlayer thermal transmission,
may weaken the interfacial bonding and lead to the formation
of more voids.’*® The size, morphology, and quantity of the
pores are determined by nozzle diameter, infill percentage,
printing speed, layer height, etc."*>**° In a study, the impacts
of two printing parameters (i.e., infill percentage and layer
height) were analyzed to determine their effects on the result-
ing porosity and strength of the material.'*® Variations in these
two parameters resulted in porosity values ranging between 9
and 22%. It was found that the infill percentage was the
dominant factor influencing the resulting structure by consis-
tently reducing porosity and increasing ultimate tensile
strength, as evidenced by the acquired data when the infill
percentage increased from 85 and 90% to 95 and 100%. Other
challenges concern filament breakage and nozzle cloggage,
causing geometrical misalignment and even manufacturing
failure. An accelerometer is often employed to monitor the
condition of the nozzle by measuring the vibration of the
mounting bar that supports the liquefier assembly."*

4. Metal matrix composites for bone
implants

One of the methods to achieve desired material properties is by
engineering materials’ composition. This can be done by either
forming a homogenous mixture of two or more metals to form
alloys or by combining two or more distinct materials with
different physical, chemical, and mechanical properties, form-
ing composites. Both material design approaches have been
actively adopted to form advanced (biodegradable) implants,
and these approaches can even be implemented simulta-
neously using AM methods. Moreover, porous structures can
be manufactured using AM,*>** which are known to enhance
osteogenesis®**! and reduce the volume of MRI image arti-
facts in the cases of metal implants made of titanium alloys or
tantalum.

One prominent composite material class is MMCs, which
are multiphase or hybrid materials formed by continuous or
discontinuous dispersion of a reinforcing material into a
metal matrix,"”® contributing toward meeting host-specific
implant biocompatibility requirements, including, biodegrada-
tion, and/or mechanical properties. The constituents in MMCs
must remain distinct throughout the processing history of the
material, which is distinctly different from alloys formed dur-
ing melting