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1 Introduction

More than 90% of patients over the age of 40 suffer from varying degrees of joint
disease. For patients with advanced arthritis, artificial implants made from biomed-
ical materials help release pain and increase people’s life [1]. All of these require
orthopaedic surgery, resulting in an increasing number of replacements. Biomedical
applications are designed and fabricated primarily in accordance with the require-
ments of the implant and are commonly used in different parts of the body. The
ultimate goal of the researchers is to complete the implantation of the human body
without failure or modification of the operation. Therefore, the choice of materials is
significant and need to be given priority consideration. Such a material should have
the following advantages in human body fluid environment including great corro-
sion resistance, high strength, low Young’s modulus, good wear resistance and no
cytotoxicity. So far, three common metals have been used for implants, i.e. stainless
steel, Co based alloys and titanium alloys [2, 3]. Titanium alloys have been exten-
sively studied on the basis of excellent mechanical properties such as the light
weight, high strength, corrosion resistance, good biocompatibility and low modulus
[4–7]. Conventional titanium alloy manufacturing methods such as casting and
powder metallurgy need subsequent mechanical processing, which consumes more
time and energy.

Titanium alloys are usually manufactured through casting technology, powder
metallurgy technology and foaming technology [8, 9]. However, these traditional
techniques involve multiple processing steps, requiring longer periods of time, as
well as more material resource and energy consumption [10]. In addition, the high
reactivity of titanium and oxygen and its high melting point bring some challenges to
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these typical technologies. Compared with many other metal alloys, the complexity
of the extraction process, the difficulty of melting, the manufacturing and
mechanical problems make the titanium alloys expensive. The material removal
from the traditional multistep manufacturing process is difficult. High cost and
difficult processing are the two main reasons that titanium alloy is difficult to be
widely used. The porous structure method is very necessary for the manufacture of
the parts with complex shapes.

In recent decades, the development of additive manufacturing (AM) technology
has stimulated and improved the development of the implants [11–14]. The porous
implants can be produced directly from the additive manufacturing system without
any subsequent processing program. These implants have obvious advantages, such
as low Young’s modulus and light weight, which can promote the ingrowth of bone
cells. Compared with the conventional methods, additive manufacturing can realize
the pore structure of complex unit structure by precision machining, which has
aroused great concerns. Until now, selective laser melting (SLM) and electron
beam melting (EBM) are the two most common additive manufacturing technolo-
gies used for manufacturing metal components [7]. The parts produced could have
complex structures and have high mechanical properties. The combination of addi-
tive manufacturing technology and high performance biomedical titanium materials
will help to succeed in the field of implants. This paper mainly focuses on the
development of biomedical titanium alloys and their AM as-produced parts as a
medical implant.

2 Additive Manufacturing for Biomedical Application

Additive Manufacturing, commonly referred to as 3D printing, is a method of
fabricating objects from three-dimensional model data based on the principle, by
melting a layer of powder using a laser or electron beam, Through the computer
control to produce the structure of complex components [7]. Due to its rapid,
efficient and accurate control of the internal pore structure and the complex shape
of the produced components, additive manufacturing has been widely concerned in
the fields of aerospace and biomedicine. Generally, there are two representative
additive manufacturing techniques, i.e. selective laser melting and electron beam
melting [7]. In this part, the additive manufacturing working principle and produc-
tion process (including selective laser melting and electron beam melting), micro-
structure, mechanical properties of as-produced products and their applications in
biomedical field are briefly discussed.
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2.1 Selective Laser Melting (SLM)

Selective laser melting system was first reported by Fraunhofer Institute ILT in
Aachen in 1995 in Germany. Differently, selective laser melting systems use a laser
spot as an input energy to completely melt the powder bed, which was deposited on
the metal plate in advance. The computer controls the laser beam through two
mirrors and then the laser beam is focused on the powder bed. The input laser
beam with a high energy of up to 1 kW and the mechanical movements of the
scanning mirror permit accurate laser beam scanning up to ~15 m/s scan rate to make
sure the powder melted completely [15]. The processing chamber is filled with argon
gas atmosphere during manufacturing process to avoid occurrence of oxidation
[16]. So far, a wide range of materials including metals, polymers and ceramic
[8, 17–21] have been used for industry applications. The SLM-produced compo-
nents including the solid parts and complex porous structures exhibit excellent
mechanical properties without subsequent treatment [22, 23].

The main goal of the selective laser melting is to obtain completely dense and
defect-free parts. However, achieving this goal is not easy because of the absence of
mechanical stress in the selective laser melting, which is dominated by gravity, recoil
forces, melt pool surface tension and thermal effects [7]. The selective laser melting
process involves a large number of process parameters, so proper control of the
relevant parameters will result in a high quality product. Some parameters, such as
laser wavelength and laser operating mode, cannot be changed for a specific
selective laser melting system. In addition, certain properties of the powder, such
as surface tension and thermal conductivity, which defines the boundary conditions
for the selective laser melting process, are fixed. In contrast, other parameters, called
manufacturing or process parameters, can be calculated and optimized [11]. Many
previous articles have studied and optimized in details for processing parameters of
some specific materials.

In general, for a given material, the laser energy density, E, applied to a certain
volume of powder material during selective laser melting is defined by

E ¼ P

vts
ð1Þ

where P is the input power, v is the scanning speed, t is the layer thickness and s is
the hatch space. A near-full density component can be obtained by a group of
optimized parameters which balance all factors above during selective laser melting
process. As can be seen in Eq. 1, increasing the input power and/or reducing the scan
speed or layer thickness or scan hatch space can rise the laser energy density, thereby
increasing the temperature of the melt pool. A higher laser energy density will result
in a larger amount of melting area and therefore higher final density [10]. Since the
formation of a complete melting is a necessary condition for the manufacture of
dense parts, obtaining high-density parts requires sufficient laser energy density.
Laser energy density is a key factor that affects the densification and quality of
SLM-made parts. For a given material, the value of the energy density can be
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precisely calculated from the known processing parameters. The optimized energy
density usually has a range rather than a fixed value. In general, the minimum critical
laser energy density produces the densest part. For example, the critical laser energy
densities (CP-Ti, Ti-6Al-4V and Ti2448 of pure titanium with selective laser melting
are around 120 and 40 J/mm3, respectively [25]. A schematic of these selective laser
melting processing parameters is shown in Fig. 1. In selective laser melting, the laser
beam travels to the powder bed at a constant rate, called scanning speed (v), which
controls the selective laser melting production time. In other words, if you need a
short production time, you need a higher scanning speed. However, the maximum
laser power for a particular selective laser melting device must be taken into account
when increasing the scan speed [25]. Layer thickness defines the energy required to
melt/solidify a layer of powder and the production time. The thickness of the layer is
very important, as good inter-layer connectivity is only possible when previously
processed layers are re-melted. If a larger layer thickness is used in the SLM process,
the production time of manufacturing a component can be reduced. However, higher
energy inputs also require full melting of the thick layer, which can result in
increasing surface roughness and reducing dimensional accuracy. The scanning
distance (s) is usually chosen parallel to the selective laser melting line, so it is
also named as “hatch space” [25]. Scanning strategy is laser scanning track referred
to the scanning length and pattern, the pattern can be a straight line or a circle. There
are several common scanning strategies including cross-hatching zigzag scanning
pattern, unidirectional scanning, inter-layer scanning and interlayer rotation scan-
ning (Fig. 2). For a give material, different strategies will result in different relative
density and mechanical properties; for example, the relative density of
SLM-produced Ti-6Al-4V samples with cross-hatching zigzag scanning pattern
can reach 99.9% [25].

Fig. 1 Schematic of selective laser melting parameters [24]
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2.2 Electron Beam Melting (EBM)

Electron beam melting is another AM system equipped with an electron beam
launching device, which can produce nearly full density parts in a vacuum environ-
ment [29, 30]. The working principle and process of electron beam melting are
similar to that of selective laser melting (Fig. 3) [27, 28]. The main difference with
the selective laser melting is that the electron beam melting uses different heat source
and chamber atmosphere. The heat source of electron beam melting is electron beam
with a voltage of 60 kV, which preheats the substrate plate to a pre-setting temper-
ature before dropping the powder [6, 7]. The electron beam will prescan the powder
for sintering the powder and then scan the powder bed based on the sample CAD
geometric shape. These differences in beam energy input and chamber environment
of electron beam melting and selective laser melting result in the different micro-
structure (referred to melt pool size, phase type and grain size) and mechanical
properties (referred to hardness, compressive, tensile and fatigue properties) of
selective laser melting and electron beam melting products. The densification rate
and microstructural homogeneity of EBM-produced part with an optimized param-
eter results in an improvement of relative density and mechanical properties [6, 7].
Some studies have been conducted to study the performance of EBM as-fabricated
components and improve the properties of those samples. Some previous works
have reported that plenty of implants such as knee, hip joint, and jaw replacements
have been produced successfully by electron beam melting.

Fig. 2 Different selective laser melting processing patterns: (a) Uni-directional scanning, (b)
Bi-directional scanning, (c) Inter-layer scanning, and (d) Interlayer rotation scanning [26]
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3 Development of AM Biomedical Titanium Alloy

The ideal goal of researchers is to get a material that can be implanted into the human
body for a long time without reoperation. Therefore, the performance of materials is
considered a priority. Such a material should have the advantages of strong corrosion
resistance, high strength, low modulus of elasticity, good wear resistance and no
cytotoxicity in human environment [25, 29]. Among the three common metal
materials used in medical field, titanium alloys have excellent mechanical properties
in terms of low density, high strength, excellent corrosion resistance, good biocom-
patibility and low modulus [25, 29]. As a result, they prefer biomedical applications
because they have good performance.

It is reported that the first titanium and its alloys were developed in the United
States in 1940s [25]. Until now, titanium alloys have been widely used in aerospace,
chemical and medical industries. Different titanium alloys also have different prop-
erties. For example, commercially pure titanium has good biocompatibility, but its
low strength (~500MPa) limits its wide application [9]. In the past few decades, a lot
of efforts have been made to develop titanium based alloys with excellent mechan-
ical properties and excellent biocompatibility. At present, the most commonly used
titanium alloy is an α + β type Ti-6Al-4V, originally developed for aerospace
industry. Subsequent research had found that it has excellent corrosion resistance
and high strength making it an ideal choice for biomaterials. Zhang et al. [31]
reported that the cell had a very high survival rate on the thin disk fabricated by
Ti-6Al-4V alloy. Johansson et al. [32] showed that Ti-6Al-4V also applied to the soft
tissue of rats after implantation. However, recent studies [16, 33] shows the adverse

Fig. 3 Schematic diagram of electron beam melting system [27, 28]
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properties, including some cytotoxic components such as Al and V, which are
associated with neurotoxicity and neurodegenerative diseases [34]. Furthermore,
Ti-6Al-4V presents much higher elastic modulus (~110 GPa) compared to human
bone (less than 30 GPa), this can cause stress shielding, resulting in bone loss and
premature failure. Some researchers reported that β-type titanium alloys composing
of non-toxic elements with low modulus are good materials for potential applications
as implant [35].

The β phase of titanium alloys, which is metastable under the β/α transition
temperature, can be reserved at room temperature through introducing some β
stabilizer elements, for example, the elements of Nb, Ta, Mo, Zr and Sn can be
used for producing βtitanium alloys. Due to their non-toxic property, these alloys can
be manufactured as implants to pursue an improvement of long-term performance
[1, 36]. Synthes et al. [37] made a comparison for the performance of Ti-7.5Mo,
Ti-15Mo, Ti-10Mo and Ti-13Nb-13Zr, and considered Ti-15Mo alloy as potential of
medical material with fine microstructure, high strength and low modulus. After
systematical study, Ho et al. [38] pointed out that the Ti-15Mo comprised the low
modulus with a value of ~77 GPa. Furthermore, some β type TiNb-based alloys
presented the super elasticity; for example, Kim et al. [39] observed the super
elasticity in Ti-(15–35) (at.%) Nb alloys with a recoverable strain of 3.3%, this
excellent performance expands the scope of application of TiNb-based alloys. Hao
et al. found that Ti-24Nb-4Zr-7.5Sn alloy had the lowest Young’s modulus of
52 GPa and great super elasticity at room temperature [40]. The following studies
reported that Ti2448 alloy in the as hot-rolled state exhibited peculiar non-linear
super-elastic behaviour with the greatest recoverable strain up to 3.3% and incipient
Young’s modulus of 42 GPa. Until now, many titanium alloys have been processed
by AM technologies. The materials, manufacturing methods and their mechanical
properties are listed in Table 1.

3.1 Selective Laser Melting (SLM) of Titanium Alloys

Selective laser melting is able to successfully produce a variety of titanium alloys,
such as commercially pure titanium (CP-Ti), Ti-6Al-4V and Ti-24Nb-4Zr-8Sn
(Ti2448), and some of the them have been well applied in medical field [50]. As a
traditional implant material, CP-Ti is one of the most commonly used titanium alloys
in AM printing medical applications. SLM as-produced CP–Ti samples mostly
demonstrate the importance of manufacturing parameters, microstructures and
mechanical properties [11]. It was reported that the input energy density (E) of
120 J/mm3 is suitable to melt the powders sufficiently and build almost fully dense
CP-Ti parts with the relative density is high than 99.5% [51]. However, the input
power and scan speed should be adjusted at this energy density for achieving high-
density parts (Fig. 4).

Laser processing parameters affect the microstructures of the SLM-produced
CP-Ti samples, variation from plate-like α to acicular martensitic α' phase (Fig. 5)
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which can be determined by different laser scan speed (v). With a constant input
energy density (E) of 120 J/mm3, once the laser scan speed is lower than 100 mm/s
complete allotropic transformation of β to a takes place in the process of solidifica-
tion because of energy thermalization in the melt pool (Fig. 5a). On the other hand,
with increasing the laser scan speed over 100 mm/s, both kinetic and thermal
characteristics below cooling go up, resulting in the growth in temperature gradients
in the melt pool [60], and thereby causing the generation of α' in the final SLM-
produced sample (Fig. 5).

As mentioned earlier, Ti–6Al–4V is another commonly used titanium alloy with
an (α + β)-type phase in medical field. Literature showed that SLM as-produced Ti–
6Al–4V samples are composed of dominant fine acicular α' martensite and some
prior β grains [26, 52]. This microstructure is different with the typical α + β
morphology of Grade 5 sample (Fig. 6). SLM-produced sample comprising acicular
α' martensite as a result of fast cooling rate exhibit a high tensile strength with a value
of 1267 MPa [42]. This is because cooling rate is faster during selective laser melting
solidification process (103–108 K/s) [53] than the critical cooling rate of Ti–6Al–4V
martensitic transformation with the value of 410 K/s from β to α'. The near fully-
dense SLM as-produced Ti–6Al–4V samples comprise microhardness of 409 Hv,
which is higher than that of the samples manufactured by superplastic forming with a
value of 346 Hv [54]. Furthermore, other mechanical properties, such as tensile UTS
and yield properties, of the SLM-produced Ti–6Al–4V samples (Table 1) are higher
than that of cast counterparts [26]. Corrosion resistance of SLM-produced sample is
another important property. However, most the studies on selective laser melting
process have mainly focused on the manufacturing process, densification and
mechanical properties for as-produced parts. There is a lack of research into the
corrosion behaviour of titanium parts (and other metallic materials) produced by
selective laser melting. Recent studies have demonstrated the corrosion behaviour of
SLM-produced Ti-6Al-4V in 3.5% NaCl solution compared to the commercial
Grade 5 alloy [4, 52]. Potentiodynamic measurements pointed out that the corrosion

Fig. 4 Relationship
between relative density and
laser power for the
SLM-fabricated CP–Ti parts
at fixed energy density of
120 J/mm3. Samples A, B,
and C show different
examples of relative
densities [9]
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current density in the passive range of the SLM-produced Ti–6Al–4V alloy is twice
that of the commercial Grade 5 alloy. This illustrates that the SLM-processed sample
has worse corrosion resistance than the commercial Grade 5 alloy. The corrosion
behavior of selective laser melted samples can also be affected by the building
directions. Dai et al. revelled that XY-plane of SLM-produced sample had a greater
corrosion resistance in comparison with XZ-plane in 1 M HCl solution, although
having slight difference in 3.5 wt.% NaCl solution, pointing out that the different
building planes presented more pronounced difference in corrosion resistance in
harsher solution system [4]. Such a phenomenon was also found in SLM-produced
Al-12Si alloy [61].

Recently, some β type titanium alloys produced by selective laser melting have
been reported. Zhang et al. manufactured β type Ti2448 solid bulk parts by selective
laser melting [16]. The relative density and micro-hardness generally increased with
decreasing the laser scan speed, which corresponds to a higher laser energy density.
Nearly full density samples (>99%) were obtained with a laser power of 200W and a

Fig. 5 Cross-sectional
(Y-X) optical microstructure
of the SLM-manufactured
CP–Ti Samples, (a) Plate-
like a and (b) acicular [9]
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scan speed range of 300–600 mm/s. Compared with material prepared by conven-
tional processing methods, SLM-produced samples with similar tensile property but
without pronounced super-elastic properties as a result of the high oxygen content of
the pre alloy powder. An example of a SLM-produced acetabular hip cup sample
was completed with complex outer scaffold (Fig. 7). Liu et al. [10] reported an
topology optimized porous structure with 85% porosity manufactured by Ti2448
material [10]. The relative density was influenced by laser scan speed and input
energy. A high relative density specimen (>99%) was obtained under a scan speed of
750 mm/s and an input power of 175W. The compressive strength reached ~51 MPa
with a high ductility of ~14%. The results above showed that SLM-produced Ti2448
meets the requirement of implant in terms of mechanical properties. Very
recently, the author also found that the topology optimized structure exhibits the
excellent balance of bending and buckling stress with a high elastic energy absorp-
tion, a low Young’s modulus (~2.3 GPa) and a high compressive strength
(~58 MPa) [63].

Fig. 6 Optical
microstructure of the (a)
SLM-produced Ti–6Al–4V
sample and (b) Grade
5 alloy [52]
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3.2 Electron Beam Melting (EBM) of Titanium Alloys

Electron beam melting technology could process titanium components under a
vacuum environment and obtain lower costs and more efficient production than
conventional methods. Moreover, the advantages of electron beam melting include
the ability to produce complex shapes to meet specific industry needs, as well as
other advantages such as short processing cycles and efficient material utilization,
making it an excellent alternative to titanium products. So far, Ti-6Al-4V alloy has
been widely used as electron beam melting production. In order to improve the
mechanical properties of the resulting components, extensive efforts have been made
to optimize the process parameters to manipulate the microstructure of
EBM-produced samples. Researches have also been conducted on another type of
titanium alloy such as β-type Ti2448) [14, 30].

The microstructure of EBM as-produced Ti-6Al-4V is very complicated. In the
electron beammelting process, the electron beam scans at high speed the powder bed
and melts to generate a melt pool, and the liquid metal rapidly solidifies. As the
building layers accumulate, the solidification of the solid part of the building below
the building level is affected by the multiple thermal cycling effects in the vacuum
environment due to lower cooling rates and heat build-up in the electron beam
melting process. This results in the overall temperature of the sample being
maintained at a high level, and this plays a key role in stress annealing elimination.
Such a process facilitates good matching of sample strength and plasticity and
uniformity of part performance [7, 14, 55–58]. The solid part of EBM as-produced
Ti-6Al-4V contains columnar prior β grains which are delineated by α grain bound-
ary and a transformed α/β structure, and Widmanstätten pattern and lamellar colony
within the prior β grains [12, 41]. The generation of an α grain boundary along the
grain boundaries of the prior β grains indicates the diffusive nature of the β-α
transformation. In this way, the microstructure obtained in EBM-produced sample
differs with the one observed in other AM-produced parts. Such as in selective laser

Fig. 7 An example of the
SLM-produced precise
Ti–24Nb–4Zr–8Sn
acetabular cup [16]
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melting process with extremely fast cooling rates lead to a diffusion less martensitic
β-α0 transformation. The texture of the parent β grain in EBM-produced sample
exhibits a strong <001> β pole along the build direction (z axis) [5].

The EBM as-produced β titanium porous sample exhibits excellent properties.
Fig. 8 shows the side view of EBM-processed, X-ray diffraction (XRD) patterns and

Fig. 8 (a) Porous structure model used and side view of EBM-processed Ti2448 component, (b)
XRD profiles of the starting powder and EBM-processed components, (c) and (e) OM, and (d) and
(f) SEM images of Group A. (c, d) are at horizontal plane and (e, f) are vertical views [6]
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microstructure. Clearly, the EBM as-produced porous structure contained α phase
due to a high temperature building environment and long time for cooling down. Liu
et al. reported that the EBM-produced Ti2448 rhombic dodecahedron porous struc-
tures with a porosity of 70% exhibited great mechanical properties, for example, the
ductility and the strength of the EBM as-produced sample are ~11% and ~37 MPa,
respectively. The Young’s modulus is only ~0.86 GPa, which is much lower than the
Ti-6Al-4V rhombic dodecahedron porous samples with the same porosity
(~1.4 GPa) [59]. EBM-processed Ti2448 porous samples have about two times of
the strength-to-modulus ratio of the Ti-6Al-4V porous structures with the same
structure and porosity of 70% [7]. The study for both SLM- and EBM-produced
Ti2448 samples in terms of building parameters, defects pores, microstructures and
mechanical properties has been conducted [7]. It was reported that selective laser
melting sample with a finer laser beam spot created a deeper melt pool with more
defect pores than that of EBM-produced sample. The formation of defect pore was
significantly affected by the tin vaporization during the manufacturing process. The
defects with a size smaller than 50 μm had limited effect on the compressive
properties of the porous samples, but could decrease the fatigue properties of the
sample under the higher stress levels [7]. More results on the processing and
mechanical performance of the EBM-produced porous titanium structures have
been summarized in our recent review article [30]. Very recently, it was reported
that EBM-produced functionally graded Ti-6Al-4V alloy interconnected mesh struc-
tures show a combination of low density (0.5–2 g/cm3), high fatigue strength
(~70 MPa) and energy absorption (~50 MJ/mg), which is superior to the ordinary
uniform cellular structures [62].

4 Conclusion

This chapter summarizes the development of biomedical titanium for selective laser
melting and electron beam melting. Biomedical titanium alloys such as Ti-6Al-4V
are generally preferred materials for medical implants because of their low Young’s
modulus, superior biocompatibility, and high corrosion resistance compared to
stainless steels and CoCr alloys. Porous structure can further improve the biocom-
patibility and reduce the Young’s modulus of titanium alloy. Ti-24Nb-4Zr-
8Sn (Ti2448) and other new biomedical titanium alloys with low modulus and
non-toxic components will be the promisng material of choice for the next genera-
tion of biomedical implants.

Additive manufacturing (AM) technology based on titanium biomaterials has
great potential in the medical industry. The complex structure made by AM provides
enhanced mechanical properties and improved bone in-growth in the manufacture of
artificial implants. Further research needs to focus on improving the roughness of
AM implants by surface treatment, and reducing defects by optimizing building
process. More studies are needed to prepare and fabricate for gradient porous
structures with gradient Young’s modulus to reduce the stress concentration of the
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implants, and to design and manufacture more reliable implants that are more
suitable for the human body and to bring better clinic results for patients.
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