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Selective Laser Melting of Titanium
Alloys and Titanium Matrix
Composites for Biomedical
Applications: A Review**
By Lai-Chang Zhang* and Hooyar Attar*

Titanium materials are ideal targets for selective laser melting (SLM), because they are expensive and
difﬁcult to machinery using traditional technologies. After brieﬂy introducing the SLM process
and processing factors involved, this paper reviews the recent progresses in SLM of titanium alloys and
their composites for biomedical applications, especially developing new titanium powder for SLM.
Although the current feedstock titanium powder for SLM is limited to CP-Ti, Ti–6Al–4V, and Ti–6Al–
7Nb, this review extends attractive progresses in the SLM of all types of titanium, composites, and
porous structures including Ti–24Nb–4Zr–8Sn and Ti–TiB/TiC composites with focus on the
manufacture by SLM and resulting unique microstructure and properties (mechanical, wear/corrosion
resistance properties).
1. Introduction
The combination of low density, low Young’s modulus,
good mechanical properties, good corrosion resistance,
and high biocompatibility makes titanium alloys one of
the most desirable materials for biomedical implant
materials.[1–3] Titanium alloys have much lower Young’s
moduli (55–110 GPa) in comparison with 316LSS (210 GPa)
and Co–Cr alloys (240 GPa). However, they still have moduli
much higher than bone (10–30 GPa). Such a big difference in
moduli between implant made of these materials and the
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surrounding bone causes bone resorption around the implant,
leading to implant loosening and, consequently, patient may
require painful revision surgery. This biomechanical incompatibility is called “stress shielding effect.” As such, implant
materials should possess a modulus closer to that of the bone
they replace in order to reduce the stress shielding effect.
This has directed to the development of new types of titanium
implant materials (including design and manufacture) having
a low modulus closer to that of bone, with the aim to
obtain lower stiffness without major sacriﬁce of other key
requirements.[3–10] Many low-modulus, non-toxic b-type
titanium implant materials have been developed, such as
Ti–29Nb–13Ta–4.6Zr (TNTZ),[3] Ti–35Nb–7Zr–5Ta (TNZT),[9]
and Ti–24Nb–4Zr–8Sn (Ti2448).[10] Another solution is to
employ porous structures instead of solid materials because
introducing porosity could reduce both the modulus and
weight of a material with respect to solid counterparts.
Furthermore, the modulus of porous structure can be
manipulated easily and the bone cell in-growth can be
improved in comparison to solid counterparts.[11–17] Hence,
porous structures can be considered for joint replacement
surgery and bone grafting.[18,19]
Titanium alloys are usually produced by solidiﬁcation/
casting,[20–25] powder metallurgy,[26–28] space holder technology,[29] and foaming.[30] In general, these conventional
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technologies involve highly time-, material-, and energyconsuming multiple processing steps. Moreover, high reactivity of titanium with oxygen and its high melting points give
rise to some challenges to these typical technologies. The
complexity of extraction process, difﬁculty of melting,
problems of fabrication and machinery make titanium alloys
expensive compared to many other metallic materials. The
hard machinery and high cost of materials removal arising
from the conventional multi-step manufacturing processes
are the two main obstacles of various potential applications of
titanium alloys. Near-net shape approaches are desirable to
make titanium components especially with complex shapes.
Selective laser melting (SLM), one of emerging advanced
additive manufacturing technologies, is providing an ideal
platform for producing titanium components. It has the
capability of producing near fully dense components in a
range of important engineering alloys directly from computer
models. SLM offers a wide range of advantages such as net
shape ability for complex shapes, high material utilization,
and minimal machining, making SLM an attractive alternative
to produce titanium components especially with complex
shapes. On the other hand, because SLM is a complex
metallurgical process, an understanding of the roles of many
interrelated processing parameters is required in order to
produce high-density and high-quality components by SLM.
This review focuses on the selective laser melting of titanium
alloys and titanium matrix composites especially of new
titanium alloy powder materials. In this review, a brief
introduction to SLM technology and interrelated processing
464
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parameters involved is ﬁrst presented. Afterwards, the SLM
of solid titanium alloys and titanium matrix composites is
reviewed in order to understand how highest possible dense
samples are obtained without any major defects (e.g., cracks,
balling effect, and/or un-melted areas). Thirdly, the SLM of
titanium porous structures potential for biomedical applications is discussed. As titanium alloys are generally categorized into alpha (a), beta (b), and a þ b type groups, this paper
aims to brieﬂy review the recent progresses in the SLM of
these three groups of titanium materials as well as titanium
matrix composites and porous structures. The unique
microstructure that is produced during SLM process and
the resulting advantageous mechanical properties along with
corrosion resistance property are discussed. In addition, due
to the limited availability of feedstock powder in titanium
alloys, some progresses in developing titanium alloys powder
for SLM are also discussed.

2. Selective Laser Melting (SLM) Process and
Processing Parameters Involved
Traditional subtractive manufacturing processes are basically a material removal process and controlled by removing
undesirable layers of a material in order to form a product
with favorite shape. Unlike subtractive manufacturing
processes, emerging advanced additive manufacturing technologies such as SLM are a layer-wise process in which parts
are produced layer by layer by selectively full melting and
consolidating the starting powder using computer-based laser
beam under a protective atmosphere. SLM process ﬁrstly
starts with creating a 3D model of a product using computer
aided design (CAD) software, followed by mathematically
sliced thin layers. Then, these thin layers are transferred to a
speciﬁc SLM device in order to realize the ﬁnal product on the
basis of layer by layer. Afterwards, a substrate is ﬁxed and
leveled for part fabrication on the build platform. Loose
powder of thin layer is deposited on the build substrate with a
thickness identical to the sliced layer thickness. The powder
bed is scanned and processed based on the pre-designed
CAD model using pre-deﬁned manufacturing parameters
and patterns. After fabrication of the ﬁrst layer, the
manufacturing process is repeated for the next layers until
the build of the whole component is complete.[31] The term
“selective” indicates that only partial powder is processed.
The term “laser” speciﬁes that laser is applied for processing
and the term “melting” shows that selected powder is
melted completely. A SLM system generally contains a
controlling computer system, a processing laser, an automatic
powder feeder container, and main accessorial parts (e.g.,
inert gas system protection, roller/scrapper, and overﬂow
container).[31] SLM offers a wide range of advantages in
comparison with the common manufacturing methods, such
as near-net-shape production, lower production time, high
material utilization and almost no geometric constrictions,
leading to fabricate complex-shape parts nearly without need
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2.1. Processing Parameters Involved
The most primary objective in SLM process is to obtain
parts with full density and free of defects. Achieving this goal
is not easy because there is no mechanical pressure during
SLM, which is characterized mostly by gravity and capillary
forces as well as thermal effect. A large number of processing
parameters are involved during SLM; therefore, appropriate
control of the relating parameters leads to a product with high
quality. Some parameters (such as laser wave length and laser
working mode) are not varied and are determined by the SLM
device itself. Also, some properties (such as viscosity and heat
conductivity) of powder used are ﬁxed, which deﬁne the
boundary conditions of SLM process. In contrast, other
parameters, known as manufacturing or processing parameters, should be calculated and optimized with care.[35,46–48] In
general, for a given material, the laser energy density, E,
applied to a certain volume of powder material during
SLM is deﬁned by:[34]
E ¼ P=ðv  t  sÞ

ð1Þ

where P is the laser power (W), v is the scan speed (mm s1), t
is the layer thickness (mm), and s is scan spacing (mm). The
laser energy density is a function of these key factors for the
densiﬁcation and the quality of SLM-fabricated parts,
thereby determining their properties. As seen from Equation 1, increasing laser power and/or decreasing scan speed
or layer thickness or scan spacing would increase the laser
energy density and therefore the temperature of the powder.
A higher incident laser energy density results in a larger
amount of melting and therefore higher ﬁnal density. As the
formation of a fully molten is essential for manufacturing
fully-dense parts, sufﬁcient laser energy density applied to
powder materials is required for obtaining high density

Fig. 1. Schematic of selective laser melting (SLM) parameters (modiﬁed from[50]).
Reproduced with permission from Wiley [ref. no. 3690340540650].
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parts. In general, a minimum critical laser energy density is
required to produce parts with maximum density.[34,35,46–49]
For example, the critical laser energy density for SLM of
fully dense commercially pure titanium (CP–Ti), Ti–6Al–4V
and Ti–24Nb–4Zr–8Sn are around 120,[47,48] 120,[49] and
40 J mm3,[46] respectively.
The schematic of these SLM processing parameters is
shown in Figure 1.[50] During SLM, laser beam moves across
the powder bed with a constant speed known as scan speed
(v), which controls the time of production in SLM. In other
words, higher scan speeds are required if short production
time is needed. However, the maximum laser power of a
speciﬁc SLM device should be considered when increasing
scan speed. Layer thickness (t) deﬁnes the amount of energy
and production time required to melt/consolidate a layer of
powder. Layer thickness is very important as good connectivity between layers can only be possible when previously
processed layers are re-melted too. The production time is
reduced if larger layer thickness is applied. However, higher
energy input is also required to melt thick layers completely
which may cause the increase in surface roughness and
reduction in dimensional accuracy. Scan spacing (s) is usually
chosen as parallel lines in SLM and, therefore, it is also called
“hatch space.” It has been reported[34,51] that scan spacing
determines the overlap of adjacent solidiﬁed tracks, thereby
signiﬁcantly inﬂuencing the porosities and surface roughness
of SLM-produced parts. The scan spacing should be chosen
carefully to ensure a good bonding of adjacent tracks. Thus,
this should vary between the half width and the full width of
melt pool.
Length and pattern of laser scanning vectors are other
important parameters (also called “scanning strategy”) in
SLM process. The length of scanning vector is deﬁned by
geometry of scanning. This scanning, known as

Fig. 2. Different SLM processing patterns: (a) Uni-directional scanning, (b) Bi-directional
scanning (zigzag) scanning, (c) Inter-layer scanning, and (d) Interlayer rotation
scanning.[34] Reproduced with permission from Elsevier [ref. no. 3690341342886].

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.aem-journal.com

465

REVIEW

for further post-processing.[32–35] SLM technology has
attracted a great deal of attention for fabricating several
types of metallic parts, which mainly include titanium,[34–36]
aluminum,[32,33,37–40] steels,[41,42] superalloy,[43,44] and recently
bronze materials.[45]
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“manufacturing pattern,” can be designed in different ways.
The laser scan pattern typically consists of parallel and
straight lines with possibility of circular or spiral coverage.
The direction of scanning patterns can be changed inside a
single layer or between consecutive layers. As shown in
Figure 2,[34] the ﬁrst two variations (Figure. 2a–b) are called
uni- and bi-directional (zigzag) scanning patterns, respectively. Also, scanning direction can be rotated from section to
section similar to the island scanning (inter-layer) as shown in
Figure 2c. The direction of scanning can be also rotated
between consecutive layers by different rotation angles
(Figure 2d). The design of manufacturing pattern inﬂuences
the quality of SLM-processed part.
2.2. Needs of Developing New Alloy Powder Materials
for SLM
The SLM process has to deal with some parameters related
to powder, laser, and scan which play important roles on the
density, surface quality, microstructure and the resulting
properties of the SLM-produced samples. During SLM, heat
energy causes the melting/consolidation of metallic powder
in which temperature can go up until evaporation temperature. Therefore, the properties of a starting material as well as
speciﬁc powder characteristics are of important for the
formation of melt pool and laser absorption. For example,
characteristics (e.g., type, shape, size) and properties of the
powder signiﬁcantly affect the SLM process, powder ﬂowability and the interaction between laser and powder material.
SLM involves powder as the starting material to produce
parts; therefore, the morphology of the starting powder can
play a key role in determining the density and quality of the
ﬁnal SLM-processed products. Powder morphology deﬁnes
the extent to which the particles are packed together when a
new layer of powder is deposited on the previously formed
solid layer. Thus, powder morphology is a crucial factor in
deﬁning the layer thickness and surface roughness during
SLM process. Powder morphology relates to the shape and
size of powder particles and strongly depends on the powder
production methods. Ideally, powder materials with spherical
shape are desirable for SLM. Spherical shaped powder
materials are generally prepared by atomization. However,
the chemical compositions of feedstock powder for SLM are
unfortunately very limited. Currently only 29 common metal
powder materials are available for SLM and among them only
CP–Ti, Ti–6Al–4V and Ti–6Al–7Nb are available for titanium
alloys.[52] As a result, there is a need to produce lower cost, less
spherical powder materials for SLM. Ball milling (or
mechanical alloying) could be an alternative technology for
producing near-spherical powder materials for SLM, as it is
one of low cost and powerful approaches to alloy powder
mixture.[53–59] Ball-milled powder materials have been
successfully used for consequent powder consolidation into
bulky samples.[2,60–62] However, it is reported that long-time
ball milling creates irregular-shape powder particles, which
cause less compaction, thereby leading to increased porosity
466
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Fig. 3. Optical microstructures of the SLM-produced Ti–24Nb–4Zr-8Sn part, showing
porosity and un-melted areas due to improper SLM processing parameters.[35]
Reproduced with permission from Elsevier [ref. no. 3690350085655].

in the laser-fabricated parts.[63] It has been reported that
optimal short milling time could produce near-spherical
shape powder in titanium matrix composites[12,13,47,49,64] and
oxide dispersion strengthened steel[65] for SLM process.
2.3. Unfavorable Issues and Defects in SLM
As SLM is a complex metallurgical process, the optimization
of all aforementioned interrelated processing parameters is
needed for producing high-density and high-quality components by SLM. As laser energy density plays a leading role in the
densiﬁcation of SLM-fabricated parts, defects such as unmelted
areas and porosity might be created during SLM due to improper
powder bed density and reduction in solubility of some elements
in melt during solidiﬁcation.[35,66] Figure 3 shows typical
porosity and unmelted areas created during SLM processing
in a b-type Ti-24Nb–4Zr–8Sn sample due to improper processing
parameters.[35] Such defects could be minimized or avoid by
manipulating the processing parameters.
Unfavorable issues and defects might be formed in
SLM-produced parts due to localized irregularities resulting

Fig. 4. Scanning electron microscopy (SEM) image showing balling effect in
SLM-processed CP–Ti.[48] Reproduced with permission from Elsevier [ref. no.
3690350233765].
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attributed to liquid ﬁlm interruption at grain boundaries in
the solidiﬁcation temperature range due to tensile stress.[69,72]
Macroscopic cracks known as cold cracking[36,73] are formed
due to the low ductility of the material used itself and stress
induced crack propagation. In general, microscopic and
macroscopic cracks signiﬁcantly reduce the dimensional
accuracy and mechanical properties of SLM-produced
samples. For example, defects signiﬁcantly deteriorate the
tensile properties of SLM-produced CP–Ti.[48]
Due to high heating/cooling rate in laser processing,
residual stress is considerably high in SLM-produced
components. Residual stress may result in stress cracking
and interlayer de-bonding. It is reported[74] that residual stress
proﬁle usually includes large tensile stress at both top and
bottom of the SLM-processed sample and intermediate
compression stress at large zone in between. The magnitude
and shape of residual stress are closely dependent on the
material properties, height of sample, and laser processing
conditions. The level of residual stress is determined by
material properties especially the elastic modulus and thermal
expansion coefﬁcient (CTE). For instance, metal matrix
composite material with reinforcement which has a close
CTE to metal matrix is preferred. Laser processing parameters
should be manipulated with care to reduce the residual stress
level. Generally, residual stress is larger in the direction
perpendicular to the scan direction than along scan direction.[69] Residual stress can also be controlled by preheating of
the build substrate due to the decrease in temperature
gradient.[75] In addition, post weld heat treatment (PWHT)
can eliminate or reduce the residual stress level. Nevertheless,
deep understanding is still needed to determine the effect of
laser processing parameters on residual stress proﬁle.
It is generally accepted that most metallic materials
(especially titanium and its alloys) are highly reactive with
surrounding atmosphere (e.g., oxygen) during SLM process. This necessitates using protective atmosphere during
SLM process. In general, SLM process runs in a closed
build chamber, which is commonly ﬁlled with argon
under a ﬁxed pressure in order to eliminate or reduce
possibility of any contaminations especially oxidations. For
example, the oxygen enrichment in the SLM-processed
Ti–24Nb–4Zr–8Sn resulting from the SLM process is very
small (0.04 wt%).[35] Nevertheless, inaccurate adjustment
of gas pressure and their thermal and physical properties
will inﬂuence the SLM process and cannot completely
prevent oxidations. The minor surface oxidation of the
particles resulting from non-optimal atmospheric conditions may pacify the surface and reduce the wettability.
When oxide is stirred into the melt pool it may cause oxide
entraps, leading to pores formation and weak interlayer in
the SLM-produced components.[37]

3. SLM-Produced Ti-Based Materials
Titanium materials are ideal target materials for SLM
because titanium materials are expensive and problematic for
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from balling effect, cracks, heat affected zone (HAZ),
atmospheric conditions, and residual stress. It is very
important to investigate these issues in order to improve
the quality and life span of SLM-processed parts. Balling effect
is fragmentation or droplets resulting from melt pool due to
capillary instability.[67,68] The stability of melt pool may be
affected by increasing scan speed as this can cause “balling
effect” in the elongated liquid pool. Balling effect, as an
undesirable phenomenon related to laser-based processing, is
a complex physical metallurgical process.[69] In general,
during SLM, laser scanning is running line by line and laser
energy causes melting in powder particles along a row,
leading to the formation of a continuous liquid track with
cylindrical shape. The reduction in surface energy of liquid
track may continue until break-up of the cylinder in order to
reach ﬁnal equilibrium, causing the formation of several
metallic agglomerates of spherical shape known as balling
effect (Figure. 4[48]). Balling effect may cause the formation of
weak interline bonding while track processing. Also, balling
effect is a distinct weakness and is detrimental to uniform
deposition of the next layer of the powder on the formerly
processed layer, which may cause porosity as well as
delamination resulting from the combination of weak
interlayer bonding and thermal stresses.[69] Balling effect
can be avoided if the stability of the melt pool is improved by
reducing the length-to-width ratio of the melt pool and/or by
increasing the contact width. To this end, for instance, higher
laser power or lower scan speed can be applied. It should be
noted that balling effect depends on the kinetics of the breakup process. In other words, no balling effect would take place
when the time needed for break-up is longer than solidiﬁcation time.
Heat affected zone (HAZ) contains the material near melt
pool in which microstructure is altered due to high time and/
or temperature induced. Thus, a large change in such as
temperature, retention time, and/or cooling gradients occurs
in heating/cooling conditions which may lead to the change
in the composition and/or microstructure of HAZ, thereby
inﬂuencing the quality and properties of the SLM-processed
sample. Due to the additive nature of SLM process, several
HAZs are caused in SLM-processed sample because of
scanning of several neighboring layers. High cooling rate
during SLM (103–108 K s1[70]) leads to the formation of
narrow HAZ around melt pool and large temperature
gradients in HAZ. In general, HAZ should be minimized in
order to reduce the inhomogeneity in the properties of
SLM-produced samples. For example, large HAZ may cause
the reduction in the wear resistance of SLM-produced
parts.[71] The minimum HAZ could be obtained via optimal
adjustment of laser processing parameters.
Cracks or any major defects are not acceptable in
SLM-produced parts. In general, cracks in laser-processed
samples are classiﬁed into two types, i.e., microscopic and
macroscopic cracks. The microscopic cracks are usually
created due to rapid solidiﬁcation which is regarded normally
as hot cracking. The formation of microscopic cracks is
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process using traditional processing technologies. From an
end-user perspective, the advantages such as net shape ability
for complex shapes, high material utilization, and minimal
machining make SLM an attractive alternative to produce
titanium components especially with complex shapes.
Ti–6Al–4V has been almost the most popular and widely
used titanium alloys for SLM study. Extensive endeavors have
been made to study different aspects of the SLM of this alloy
including the densiﬁcation behavior, microstructure, and
mechanical properties.[19,34,76] In addition, SLM of another
(a þ b)-type titanium alloys such as Ti-6Al-7Nb has also been
studied.[77,78] Along with Ti–6Al–4V and Ti–6Al–7Nb, b-type
titanium alloys (e.g., Ti–24Nb–4Zr–8Sn and Ti–21Nb–17Zr)
have been also studied.[35,79] b-type titanium alloys possess a
lower Young’ modulus, which reduces stress shielding effect,
making them desirable for biomedical applications. In
addition, the densiﬁcation, microstructures and mechanical
properties of CP-Ti were recently investigated.[36,48]
This Section shows that SLM technology has a great
potential to fabricate different types of solid titanium
materials which have comparable/superior properties to
those produced using conventional techniques. Additionally,
porous titanium structures with necessary features especially
biomechanical properties can be fabricated by SLM. However,
further investigations are still compulsory in order to develop
the reliability of SLM-produced parts for biomedical applications, especially on the development of titanium alloy
powder materials and the investigation of corrosion behavior
and fatigue properties of SLM-produced titanium parts.

Fig. 6. Cross-sectional (Y-X) optical microstructure of the SLM-manufactured CP–Ti
samples: (a) Plate-like a and (b) acicular a0 .[48] Reproduced with permission from
Elsevier [ref. no. 3690350233765].

3.1. SLM of a-Type CP–Ti
Commercially pure titanium (CP–Ti) is one of the most
commonly used titanium materials for implant applications.
SLM of CP–Ti mostly shows the importance of processing
parameters on the resulting microstructure, mechanical, and
wear properties.[13,18,36,48] Generally, the microstructure and

Fig. 5. 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.[48] Reproduced with permission from Elsevier [ref. no.
3690350233765].
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mechanical properties of SLM-produced samples are closely
related to the SLM processing parameters. For example, as
shown in refs.,[36,48] the scan speed and laser power have
signiﬁcant impacts on the resulting relative density of
SLM-produced samples. It is reported that the energy density
(E) of 120 J mm3 is sufﬁcient to produce almost fully dense
(greater than 99.5%) CP–Ti parts.[36,48] However, laser power
and laser scan speed should be adjusted at this energy density
for obtaining high-density parts (Figure 5[48]).
Laser processing parameters inﬂuence the resulting
microstructure of SLM-produced CP-Ti samples, changing
from plate-like a to acicular martensitic a0 phase (Figure 6[48])
which can be attributed to different laser scan speed (v).[36] At
a constant energy density (E) of 120 J mm3, when laser scan
speed is less than 100 mm s1 complete allotropic transformation of b to a takes place during solidiﬁcation because of
energy thermalization within melt pool (Figure 6a). On the
other hand, on increasing the laser scan speed over 100 mm
s1, both kinetic and thermal characteristics under cooling go
up, causing the increase in temperature gradients within melt
pool and, therefore, leading to the formation of a0 in ﬁnal
SLM-produced part (Figure 6b).
As shown in Table 1, the mechanical properties of
SLM-produced CP–Ti including tensile and hardness
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Processing method
CP–Ti
Selective laser melting
Selective laser melting
Sheet forming
Full annealed
Ti–6Al–4V
Selective laser melting
Casting/superplastic forming
Ti–24Nb–4Zr–8Sn
Selective laser melting
Hot rolling
Hot forging

Vickers hardness [Hv]

E [GPa]

s0.2 [MPa]

sUTS [MPa]

ef [%]

Ref.

261  13
–
–
–

106  3
–
–
–

555
500
280
432

757
650
345
561

19.5
17
20
14.7

[48]
[18]
[80]
[81]

409
346

109
110

1110
847

1267
976

7.28
5.1

[105]
[1,86]

220  6
–
–

53  1
46
55

563  38
700
570

665  18
830
755

13.8  4.1
15.0
13.0

[35]
[89]
[6]

properties show that SLM can fabricate parts with superior
properties to those processed by using traditional methods.[48]
As evident, the yield strength (s0.2) and the ultimate tensile
strength (sUTS) of SLM-produced CP–Ti are 555 and 757 MPa
respectively, which are superior to the corresponding
properties for sheet forming[80] and full annealed[81] conditions, and without distinct reduction in ductility. Moreover,
the compressive properties of SLM-produced CP–Ti samples
(1 136 MPa[48]) are higher than those of typically processed
and deformed CP–Ti samples (820 and 900 MPa, respectively[82]). In addition, Vickers microhardness of SLM-processed
CP–Ti samples (261 Hv[48]) is higher than that of the cast
counterparts (210 Hv[83]) and is comparable with that for 55%
cold rolled CP–Ti (268 Hv[84]). Such signiﬁcant improvements
in mechanical properties can be attributed to the grain
reﬁnement coupled with the presence of acicular a0 phase
resulting from the high cooling rate occurring in SLM
process.[48]
Generally, load-bearing titanium implants are usually
exposed to wear. Therefore, it is essential to improve the
wear properties of CP–Ti because osteolysis and aseptic
loosening may occur due to poor wear resistance. As shown in
ref.,[64] SLM process is also able to produce CP–Ti samples
with better wear properties (in terms of lower wear rate)
compared to the cast counterparts due to reﬁned grains,
martensitic microstructures, and superior microhardness.

(103–108 K s1[70]) than the critical cooling rate of 410 K s1
required for martensitic transformation from b to a0 in
Ti–6Al–4V and a substantial thermal gradient (104–105 K cm1)
along the build direction in tiny melt pool resulting in columnar
prior b grains. The near fully-dense SLM-produced Ti–6Al–4V
parts have microhardness of 409 Hv, which is higher than that
(346 Hv) of the parts processed by superplastic forming.[86]
Moreover, the tensile properties of the SLM-produced and cast
Ti–6Al–4V samples, as summarized in Table 1, indicate that

3.2. SLM of (a þ b)-Type Ti–6Al–4V and Ti–6Al–7Nb
Alloys
As mentioned before, Ti–6Al–4V having an (a þ b)-type
microstructure is another commonly used titanium material in
biomedical applications. Microstructural observations show
that SLM-produced Ti–6Al–4V sample is composed of dominant ﬁne acicular a0 martensite and some prior b grains,[34,85]
unlike the typical a þ b microstructure in Grade 5 sample
(Figure 7[85]). Such a microstructure consisting of acicular a0
martensite rather than equilibrium a and b phases is very
typical for the SLM-produced Ti–6Al–4V samples. This is
ascribed to the substantially fast cooling rate during SLM
ADVANCED ENGINEERING MATERIALS 2016, 18, No. 4

Fig. 7. Optical microstructure of the (a) SLM-produced Ti–6Al–4V sample and
(b) Grade 5 alloy.[85]
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Table 1. Comparison of Vickers hardness and tensile mechanical properties of different types of titanium alloys processed by selective laser melting and traditional methods.
E is Young’s modulus; s0.2 is yield strength; sUTS is the ultimate tensile strength; and ef is fracture strain.
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SLM-produced samples show higher yield and ultimate
strengths in comparison with the cast counterparts, which
can be ascribed to the martensitic microstructure formed during
SLM process.[34]
The most majority studies on the SLM of metallic materials
have been focused on the densiﬁcation and mechanical
properties of the SLM-produced samples. There is a lack of
research on the corrosion behavior of SLM-produced titanium
parts (and other metallic materials as well). The current
research team very recently has investigated the corrosion
behavior of the SLM-produced Ti–6Al–4V in 3.5 wt% NaCl
solution in comparison with the commercial Grade 5 alloy.[85]
Potentiodynamic measurements (Figure 8[85]) show that
the corrosion current densities in the passive range of the
SLM-produced Ti–6Al–4V alloy (iP,B ¼ 0.841  0.0275 mA cm2)
are two times those of the commercial Grade 5 alloy sample
(iP,A ¼ 0.390  0.0125 mA cm2). This indicates that the SLMproduced sample has unfavorable corrosion resistance than
the commercial Grade 5 alloy. Furthermore, electrochemical
impedance spectroscopy (EIS) experiments[85] also indicate
that the ﬁtted ﬁlm resistance (Rf) of the commercial
Grade 5 alloy (94  7 kV cm2) is greater than that of the
SLM-produced Ti–6Al–4V sample (40  6 kV cm2). In
general, a greater value of the ﬁlm resistance (Rf) indicates a
better corrosion resistance of the ﬁlm. As such, the
commercial Grade 5 alloy has better corrosion resistance
than the SLM-produced Ti–6Al–4V sample. The EIS results
are in good agreement with those obtained from the
potentiodynamic measurements. Considering the corrosion
resistance of different constituting phases, the unfavorable
corrosion resistance of the SLM-produced Ti–6Al–4V sample
is related to the considerably large amount of acicular a0
and less amount of b-Ti phase in the microstructure in
comparison to the Grade 5 sample. The unfavorable
corrosion resistance of the SLM-produced Ti–6Al–4V alloy
differs from the scenario that SLM-produced samples
exhibit comparable or enhanced mechanical properties
compared to the counterparts prepared by traditional

Fig. 8. Potentiodynamic curves for the SLM-produced Ti–6Al–4V alloy and
commercial Grade 5 alloy in 3.5 wt% NaCl solution.[85]
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technologies. However, more studies on the corrosion
behavior of SLM-produced titanium alloys (and other
materials as well) are needed to understand the corrosion
resistance of SLM-produced parts.
SLM studies relating to (a þ b)-type titanium alloys
have been also performed on Ti–6Al–7Nb, which is a
reformative titanium alloy to replace Ti–6Al–4V for biomedical
applications. Ti–6Al–7Nb have a more favorable set of
higher corrosion resistance and biocompatibility[87] and
mechanical properties[88] in comparison with Ti–6Al–4V.
The microstructure of SLM-produced Ti–6Al–7Nb is also
composed of primarily a0 martensitic plates similar to
that of Ti–6Al–4V.[77] The Vickers microhardness of the
SLM-fabricated Ti–6Al–7Nb samples varies between 357 and
464 Hv, depending on the manufacturing strategy, build
direction, size of b grains and a0 martensite laths and the
degree of martensite decomposition.[77] Moreover, different
manufacturing strategies signiﬁcantly inﬂuence the mechanical properties (in terms of tensile strength) of SLM-produced
samples, which can be attributed to residual stress, build
defects, amount of pores and arrangement of layers with
respect to tension direction during SLM process. The tensile
properties of SLM-fabricated samples reach 1 440 and 1
515 MPa for yield strength and ultimate tensile strength,
respectively. Due to the presence of martensitic phase in
microstructure, SLM-fabricated Ti–6Al–7Nb samples exhibit
better properties than wrought samples and also those
obtained by thermomechanical processing.[77,86]
3.3. SLM of b-Type Ti–24Nb–4Zr–8Sn Alloy
It is well known that low-modulus, non-toxic b-type
titanium alloys show low moduli closer to that of human bone
and are regarded as the next generation titanium implant
materials. Nevertheless, there is unfortunately no feedstock
b-type titanium alloys powder available for SLM. Therefore,
very little SLM work has been conducted on b-type titanium
alloys. As mentioned before, Ti–24Nb–4Zr–8Sn (Ti2448) is one
of good examples of biomedical b-type titanium alloys, which
shows an increased balance of low modulus and high
strength. The current research team has conducted some
SLM studies on such novel low-modulus, non-toxic b-type
titanium alloys.[16,35,46] Both Vickers mircohardness and
relative density of SLM-produced Ti–24Nb–4Zr–8Sn samples
are closely related to the laser processing parameters
(Figure 9[35]). The density generally increases with decreasing
scan speed for speeds up to 600 mm s1, after which the
relative density tends to plateau at >99%. The critical laser
energy density for SLM of fully dense Ti–24N–4Z4–8Sn is
about 40 J mm3,[46] which is about one third the ones for
CP–Ti and Ti–6Al–4V (both around 120 J mm3[47–49]). As
evident, the microhardness reaches 220 Hv for near fully
dense parts. Table 1 compares the tensile properties of
Ti–24Nb–4Zr–8Sn samples fabricated by SLM,[35] hot rolling[89] and hot forging.[6] It is evident that the modulus and
elongation of all samples are closely comparable. On the other
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hand, the yield and ultimate tensile strengths of SLMproduced samples are slightly lower than the corresponding
ones of the parts processed by rolling and forging due to
the fact that the build direction in SLM-produced samples is
the weakest one compared to other directions.[35,90] Furthermore, the SLM-produced Ti–24Nb–4Zr–8Sn samples do not
show the advantageous superelastic behavior as the counterparts by traditional technologies due to excessively high
oxygen content in the starting powder used.[35]
3.4. SLM of Titanium Matrix Composites

In general, titanium and its alloys exhibit fairly poor
hardness and wear properties. This might be unfavorable for
their biomedical applications especially when the combination of high wear resistance and strength is needed (e.g., as a
hip joint replacement implant). Therefore, biocompatible
compounds such as TiB2 are used in order to
reinforce titanium materials as well as to improve
their wear properties. Nevertheless, unfortunately
no feedstock titanium matrix composites powder
is available for SLM. As mentioned in Section 2.2,
ball milling could be adopted for producing nearspherical titanium matrix composites powder[91]
for SLM. So far, the studies on the SLM of titanium
matrix composites are mainly focused on Ti–TiC
and Ti–TiB composites.[12,47,49] Amongst common
titanium compounds, titanium monoboride (TiB),
as a reinforcement, provides advantageous properties including thermodynamic, chemical and
mechanical stability. Additionally, boron is biocompatible and, hence, favorable for biomedical
applications of titanium materials. Ti–TiB composites are typically formed by an in-situ reaction
between titanium and titanium diboride (TiB2),
leading to the formation of Ti–TiB composite.[92,93]
Fig. 10. Scanning electron microscopy (SEM) backscattered electron images illustrating the particle
Starting from the mixture of titanium powder morphology of Ti–TiB2 powder mixture ball-milled for different time: (a) 1 h, (b) 2 h, (c) 3 h, and
with a spherical morphology and irregular shaped (d) 4 h.[47] Reproduced with permission from Elsevier [ref. no. 3690350512654].
ADVANCED ENGINEERING MATERIALS 2016, 18, No. 4
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Fig. 9. Relative density and Vickers hardness of the SLM-produced Ti–24Nb–4Zr–8Sn
as functions of different laser scan speeds.[35] Reproduced with permission from Elsevier
[ref. no. 3690350085655].

TiB2 powder, ball milling was adopted to form Ti–TiB2
composite powder for SLM. As spherical shaped powder is
desirable for SLM, the ball-milled Ti–TiB2 powder mixture
used for SLM should be essentially homogenous and kept in
an utmost spherical morphology. Figure 10 shows the
resulting morphologies of the Ti–TiB2 powder mixture after
milling.[47] The Ti–TiB2 powder ball-milled for 2 h is optimal as
the starting powder for SLM because of the uniform
dispersion of TiB2 powder around the titanium matrix
coupled with its almost spherical morphology (Figure 2b).
Other milling times lead to either inhomogenous dispersion of
TiB2 particles around Ti powder particles (Figure 2a) or
undesirably pronounced ﬂattening of the Ti–TiB2 powder
particles (Figure 2c–d), which are not suitable for SLM.[47,94]
The typical microstructure of the SLM-produced Ti–TiB
composite (Figure 11[47]) shows that TiB particles with
needle-shape morphology are distributed homogeneously
in a matrix. Such a microstructure is ascribed to that TiB
particles display higher growth speed in [010]B27 compared to
other directions.[47] In addition, X-ray diffraction (XRD)
results conﬁrm that whole 5 wt% TiB2 reacts with titanium
during SLM to form Ti-8.35 vol% TiB composite material.
Table 2 compares the Vickers microhardness and compressive
properties of the SLM-produced Ti–TiB composite with those
of typical titanium implant materials manufactured/processed by different technologies. As can be seen, the average
microhardness value for the Ti–TiB composite is greater than
those for CP–Ti and Ti–6Al–4V. The enhancement in the
microhardness of Ti–TiB can be related to the hardening effect
resulting from TiB particles and reﬁnement of a-Ti grains.
Moreover, the mechanical properties of the SLM-fabricated
Ti–TiB composite obtained by compression testing show that
the yield strength and ultimate strength of Ti–TiB are greater
than the corresponding ones of CP–Ti and Ti–6Al–4V. This
improvement originates from the strengthening effect of TiB
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Fig. 11. Scanning electron microscopy (SEM) microstructure of the SLM-produced
Ti–TiB composite. TiB particles are arrowed.[47] Reproduced with permission from
Elsevier [ref. no. 3690350512654].

particles. As highlighted in ref.,[95] high yield strength
improves the capacity of a material against permanent shape
change which would beneﬁt for patient. On the other hand, as
reported in ref.,[12] TiB increases the Young’s modulus of
Ti–TiB which is not desirable for bone replacement. Regarding
the SLM-produced Ti–TiC composites, due to the strengthening effect by homogeneous dispersion of nanostructured TiC
reinforcement, SLM-processed TiC/Ti parts show about
22.7-fold the dynamic hardness and about 2.4-fold the elastic
modulus of the unreinforced titanium part.[49]
3.5. SLM of Porous Titanium Structures
Like other AM processes, SLM process is widely
used to produce bulky solid and lattice/porous
structures.[12–16,36,79,96–98] Metallic cellular/porous structures
have been widely applied for various industries such as
load-bearing implants, heat transfer, impact protection, and
damping.[99] The SLM technology is able to produce parts
with complex shapes directly from different engineering
materials (e.g., stainless steel, titanium alloy, and cobalt–
chromium alloys) and also gives engineers the freedom to use
the cellular materials with tailored functionality of a product
with minor sacriﬁce of its mechanical properties.
SLM of titanium alloys has been also focused on the
manufacture by SLM and the mechanical properties of porous
structures. There are two main reasons for this aim. First,
introducing porosity would further decrease the modulus of
titanium to close to that of human bone thereby minimizing
stress shielding effect. Also, porous structures enhance the

in-growth between implant made of titanium materials
and adjacent bone and therefore long term ﬁxation of
implant.[17,30]
The studies on the SLM of porous titanium structures
are mainly related to CP–Ti, Ti–6Al–4V, Ti–Nb–Zr, and
Ti–24Nb–4Zr–8Sn and their composites for fulﬁlling different requirements. For example, porous titanium structures
with 55–75% porosity level analogous to human cancellous
bone were fabricated by SLM and examined by compression
testing.[100] The compressive strength of SLM-fabricated
samples varies between 35 and 120 MPa. Furthermore, the
design and manufacture of novel titanium structure for
improving bone in-growth were conducted in refs.[14,15,101] It
was demonstrated that SLM is able to produce optimized
structures ideal for bone in-growth as well as the
production of orthopedic devices. Moreover, porous CP–Ti
and Ti–TiB composite materials with different porosity
levels of 10, 17, and 37% were successfully produced by
SLM.[13] The yield strength and elastic modulus of porous
samples are in the range of 113–350 MPa and 13–68 GPa for
CP–Ti and 234–767 MPa and 25–84 GPa for Ti–TiB composite
materials, respectively, which are close to the corresponding
ones of human bones, indicating that they can be considered
as a potential candidate for biomedical implants.
SLM studies on porous Ti–6Al–4V alloy have been also
focused on different objectives. For instance, Ti–6Al–4V
scaffolds were produced by SLM[98] potential for bone tissue
engineering and also human osteoblasts were cultured on
scaffolds with great biocompatibility and resistance to
compressive force. Moreover, as reported in ref.,[50] SLM is
able to reproduce complex microscopic features from
the original designs. An optimal structure-cage made of
Ti–6Al–4V was produced by SLM. The average compressive
modulus of tested samples is 2.97 GPa and in the range of
trabecular (0.1–0.5 GPa) and cortical bone (15 GPa). Furthermore, theoretical and experimental measurements were
conducted on octahedral Ti–6Al–4V porous structures in
terms of compression test. It is reported[102] that there is an
exponential association between porosity of octahedral
porous structures in Ti–6Al–4V and experimental fracture
load. The failure of porous structures is brittle via cleavage
fracture.
3.6. Examples of SLM-Produced Titanium Implants
SLM can play an important role in the medical and
biomedical engineering. Medical industry applies the

Table 2. Comparison of the Vickers hardness and compressive mechanical properties of SLM-produced Ti–TiB composite with typical metallic biomaterials (CP–Ti and
Ti–6Al–4V). s0.2 is yield strength; sUCS is ultimate compressive strength; and emax is maximum strain.

Material type
Ti-8.35 vol% TiB
CP–Ti
Ti–6Al–4V

472

Condition

Vickers hardness [Hv]

s0.2 [MPa]

sUCS [MPa]

emax [%]

Ref.

Selective laser melting
Casting/ECAP
Superplastic forming/Annealed

402
210
346

1 103
700
1 000

1 421
900
1 300

17.8
35
10

[47]
[82,83]
[86,106]
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advantages of SLM to manufacture different tools, implants,
and devices, such as precise acetabular Ti–24Nb–4Zr–8Sn
cup[35] (Figure 12). Furthermore, implants and scaffolds of
titanium materials have been successfully produced by
SLM for biomedical applications, which have been developed the scopes of SLM.[103,104] Studies on SLM have
shown that the internal and surface ﬁnish of the implants
can be tailored to be selectively porous and/or lattice-like
structures to promote osseointegration (bonding between
the bones and the implant) in the implants. Nowadays,
several engineers/surgeries have been successful with the
SLM-processed parts.

4. Conclusion
This review brieﬂy summarizes a number of recent
progresses in the most commonly used and some new
titanium materials manufactured by selective laser melting
(SLM) potential for biomedical applications. Firstly, a brief
introduction to SLM technology, parameters involved as well
as unfavorable concerns like balling effect and defects is
presented. Afterwards, titanium materials and their advantages compared to the typical metallic biomaterials are
described.
The relationship between SLM processing parameters and
resulting microstructure and ﬁnal properties of different type
of titanium materials are discussed. It is also demonstrated
that proper tuning of manufacturing parameters is of
importance for achieving highest possible dense titanium
parts and, subsequently, required mechanical properties. As
reviewed, the mechanical properties of SLM-produced parts
show superior features compared to those produced by
common methods especially casting with only minor reduction in maximum deformation strain. However, more
understanding is needed for the corrosion behavior and
fatigue properties of the SLM-produced titanium parts.
Moreover, the fabrication of porous titanium structures by
SLM potential for biomedical purposes is also reviewed.
Porous structures with mechanical and biomedical properties
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close to those of human bone can be successfully fabricated by
SLM, indicating that SLM is not only able to produce complexshape titanium parts but also can fulﬁll important requirements including longevity increase of the parts inside human
bodies.
Although SLM possesses a great potential for production
of titanium materials for biomedical applications, further
investigations are still needed in order to ensure the reliability
of the products to be used in human body and these can be
possible by further understanding the processing parameters
involved during SLM such as materials properties, thermal
gradients, residual stress, molten liquid behavior, and surface
roughness. In addition, the development of titanium alloys
(also other metallic alloys) powder suitable for SLM is
required urgently.
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