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1. Introduction to metal additive manufacturing (metal-AM) titanium with its alloys [32-83]. These implants are preferably fabricated

by using advanced manufacturing techniques, such as metal additive

Today most biomedical implants [1-7] are produced from austenitic manufacturing (metal-AM) technologies for customised properties

stainless steel [8-28], cobalt-chromium-based alloys [29-31], and [84-96]. Typical examples of advanced metal-AM technologies are Selec-

tive Laser Sintering (SLS) [97], Selective Laser Melting (SLM) [98-109],

Direct Laser Melting Sintering (DMLS) [110-112], Electron Beam Melting
(EBM) [113-121] and Laser Engineered Net Shaping (LENS) [122,123].
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A process known as Powder Bed Fusion (PBF) laser sintering was
patented and copyrighted as a selective laser sintering or SLS technique
[124,125]. In the early 1990s, 3 Dimensional (3D) printed components
produced by SLS technique were limited to metal alloy powders, such
as tin, copper, and Pb-Sn solder [126,127]. The metal-AM technique
was initially licensed to Electro Optical Systems Gesellschalt mit
beschrankter Haftung (EOS GmbH). However, now many different
manufacturers have commenced the manufacturing of powder-bed
equipment for the metal generation, for instance, Cancept Laser, SLM
Solutions, 3D Systems, and Renishaw. Also, soon after the SLS technique
was patented, researchers from Massachusetts Institute of Technology
(MIT) patented a procedure called ‘3D printing’, which exploits the
inkjet printing mechanism to deposit the binder [128,129]. Contrary to
SLS technique, Direct Energy Deposition (DED) is another class of
method which completely melts rather than partially melts the powder
particles [130]. Principally, DED technique adopts the welding technol-
ogies mechanism. Since the DED technique was agonised with several
technological problems, Sandia National Research Lab had proposed a
new approach to overcome the problem by integrating a laser heat
source into the DED system [131]. The innovation was popularised
and trademarked as Laser Engineered Net Shaping (LENS), which is a
subset of DED [132]. Meanwhile, sheet lamination is a technique
under the metal-AM group that utilises ultrasonic welding and
Computer Numerical Control (CNC) milling to weld together a stack of
sheets to fabricate 3D components. This method was introduced and
popularised by Dawn White of Solidica, Inc. in 1999 [133,134]. Besides,
in 2000, an investigation in Sweden had prompted another new
powder-bed method called Electron Beam Melting (EBM) which uses
an electron beam to melt the powder particles [135,136]. The innova-
tion of additive manufacturing process was rising until Desklop Metal
technology was invented in 2015 which involved a number of material
scientists and other engineers from MIT [137]. The history of metal-AM
evolution is briefly explained in Table 1 [138-140]. Meanwhile,Table 2
lists the differences among commonly used metal-AM methodologies
[132,141-143].

Metallic components manufactured via metal-AM techniques are
lknown to have numerous advantages and practical applications [144].
The ability to adapt the component strength has further encouraged
them for various applications. However, the major disadvantage of
hiomedical implants prepared by metal-AM techniques is the micro-
structure produced which limits the mechanical performance of the
produced components |[145,14G]. Porous biomaterials produced via
this method have three main advantages as compared Lo those pro-
duced by conventional manufacturing technologies. They are 1) porous
biomaterial quality has a degree ol controllability, which is useful in the
design standpoint,specifically the mechanical properties as they are

extremely dependent on the formed microstructure [ 145]. Therefore, a
designer, by implication, could vary the mechanical properties of porous
biomaterials by simply altering the orientation of the microstructure,
2) The feasibility of having different microstructures within a particular
texture of porous materials, or by combining solid materials with pa-
rous materials. Since each designated microstructure offers different
mechanical properties, a region within the implant can be optimised
to reduce stress shielding [147], and finally 3) construction of patient-
specific implants based on specific requirements.

This paper is aimed to provide a comprehensive review the mecha-
nisms and applications of five metal-AM methods (SLS, DMLS, SLM,
EBM, and LENS) in Ti-GAI-4V alloy powder processing. The fabrication
processes and the microstructural evolution of Ti-6Al-4V alloy for each
approach are also discussed.

2. Ti-6Al-4V by using Selective Laser Sintering (SLS)

The SLS technique focusses on highly-dense components production
through the combination of post-processing techniques [148-150], par-
ticularly in the fabrication of biocompatible polymers for porous tissue
engineering scaffolds [151,152]. The manufacture of hiomedical im-
plants with a porous structure that imitates the mechanical properties
of the bone is an interesting issues in biomedical application especially
for orthopedic. Since polymeric powders are the core materials that
are built using SLS technique, very limited study is currently available
on the use of Ti-GAl-4V powders. The SLS technique allocates the man-
ufacture of complex shapes using 3D maodel, which present the vision of
organizing porous biometallic implants, where porosity and stiffiness
can be correctly used to the need of human being,

2.1, Microstructure of Ti-GAI-4V by SLS

The intention of study prepared by J. Maszybrocka et al. [153] is to
examine the microstructure of porous Ti-6Al-4V manufactured using
SIS technique, The microstructure created the qualitative assessment
of the 3D shape of a presented surface, Fig. 1 illustrated the examination
of the struts surface under Scanning Electron Microscopy (SEM). They
demonstrated their complex microstructure of porous Ti-GAI-4V pow-
ders or moderately melted agglomerates were attached to the surface.
The existence of attached particles was the vresult of the technique for
generating the porous structures [154,155]. The big differences in tem-
perature among the nearby loose powder and sintered material encour-
aged the thermal diffusion incident which consequences in incomplete
melting of powder and the attachment to the struts. The powder com-
ponent can be melted by the laser beam carried on the surface of the
powder as formerly noticeable path and subsequently attached to

Table 1
History ol metal-AM development.

Year Description References
1984 + Works to build 3D parts from powder begins by Deckard and Beaman using a 100 W YAG laser heat source [138]
1986 + Betsy initiated hefore continuing with SLS study by Deckard and Beaman [138]

= University of Texas owns the SLS patent by Deckard
1989 + Patent for inkjet binder deposition or ‘31 Printing' has granted at MIT by Sachs and Cima [129]
1990 « Manriquez Frayre and Bourell has made the first 3D printed metal part by SLS |128,129]
1993 « Larson has patented the EBM process [135]
1995 « EOS launches first commercial DMLS machine (EOSINT M 250) [131]

+ "LENS development has been initiated by Sandia International Laboratories
1997 « SIS rights have been authorised to EOS by 3D Systems., [131]

= EOS focuses on the powder bed fusion technology development
1999 « Dawn White of Solidica Inc. patented the ultrasonic consolidation technology [133,134]
2000 « Andersson and Larsson patented EBM process, and Arcam AB receives the license [136]
2001 + 3D Systems acquires DTM to commercialise SLS technology [138]
2002 + First commercial machine, the $12 launches by Arcam [131]
2007 = EBM begins to build CE-certitied hip implant ; [132,138]
2012 * 3D Systems acquires Z-Corp, the patent owner of inkjet binder process [139]
2015 + Desktop Metal technology was founded 1137,140]
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Table 2
Comparisons among metal-AM processes.
Metal Founder Original corporation Date Deposition Pracess  Accuracy Maximuim build Relerences
AM af madle Lype (mm) size (mm?)
patent
SIS Carl Deckard and Joe Beaman University ol Texas at Austin 198G Laser beam PBIF High, 4:0.05 700 « 380 « 560  [143]
DMLS  Hans Langer and Hans Steinbichler LOS and 3D Systems 1989 Laser beam PBE High, £0.05 350 x 350 x 600 [142]
SLM Dieter Schwarze and Matthias Fraunhafer Institute for 1995 Laser beam PBF High, +0.04. . - -280 < 280 < 365  [141]
Fockele Laser Teehnalogy (101)
EBM Lars-Erile Andersson & Morgan Avcam AB 2000 Electron PBRF +1).2 200 % 200 < 180 [132]
Larsson beam
LENS  Jeantette et al. Sandia Mational Laboratories 1998 Laser beam DED X-Y plane N/A [132]
+0.05; Z
axis 4 0.38

each layer boundary. In case of inclined struts the developed practice it
is partially founded on the loose powder and the earlier sintered layer of
material. Several metal particles below the layer possibly completely or
partly melted and then attached with a lower layer of material. Its clar-
ified struts of lower surfaces had greater roughness than upper surfaces.

Fig. 2 illustrated a 3D images of the struts fragments. The utilisation
of the CT scanner permitted for surface morphology assessment of the
struts all over the quantity of Ti-GAl-4V porous structure. [dentical to
the outer layer, the struts within the porous structure remained moder-
ately melted the Ti-GAl-4V powder or agglomerates, which was

Fig. 2. 3D images of struts fragments by X-ray computer micvotomagraphy [153].
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Fig. 3. Mechanical implant design; red significs solic or trabecular porosity based on the experimental group where as blue signifies the arch and solid side support for mechanical test
[156]. (For interpretation of the references to color in this figure legend, the reader is referred ta the web version of this article.)

estimated by SEM images in Fig. 1. The studies in [153] proved that the the source of microtomography measurements has attained an assess-

struts of porous Ti-GAl-4V created by SLS technique have a complex sur- ment of up to 180% and 34 pun for the mean square deviation of the
face morphology. The expanded of interfacial area ratio, calculated [rom surface.
SOLID POROUS

MACRO

MICRO

P
Fig. 4. Image by SEM for solid (left) and 3D porous implants (right) show nana, micro and macro surface topography [156].
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Another researcher that has been study about Ti-GAI-4V fabricated
by SLS technique was Alice Cheng et al. [15G]. They have investigated
the capability of 3D implants with micro—/nano-rough surfaces and
trabecular-bone-inspired porosity to improve the ingrowth of the verti-
cal bone. By increasing the porosity of the Ti-GAI-4V, the compressive
moduli of the builds decreased to enhanced imitate of the natural mod-
ulus of bone. The female and male human osteoblasts were seeded on
builds to evaluate the cell morphology and reaction. Then, the implants

were located on a rat calvaria for 10 weeks to review the ingrowth of

vertical bone, included the mechanical strength. The result of porous
implants which located in-vivo had an typical of 3.1 + 0.6 mm® vertical
bone growth. They also had considerably superior pull-out strength

25
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3
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CALYARIA

1|

Porous
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values than the solid implants. Fig. 3 demonstrated the implants for
the mechanical test. It had been included an extra arch 2.5 mm in height
attached to the solid side supports. Where as, Fig, 4 illustrated the nano,
micro, and macro surface topography image by SEM for solid (left) and
3D porous implants (right) after the surface treatment on both solid and
porous implants.

Then, they also reported the values of pull-out strength of
implants, which were notably higher for porous and porous+ human
demineralized bone matrix putty (DBX) compared to solid implants. In
the study, the researchers indicated that the employ of DBX did not
give an important increase in pull-out force for porous implants which
showed in Fig. 5a. The aptical image in Fig. 5(b) and SEM image in

Porous+DBX
POROUS+DBX

Fig. 5. Pull-out force after 10 weeks implantation (), under OM (b, d) and SEM (b, ) for calvaria (b, ) and implant (d, e) after the mechanical test |156].
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Fig. 6. Microstructure of the DMLS Ti-GAI-4V specimen: (a) bottom deposition plane (XY plane). (h) the remaining scan pattern on the surface, (¢) top deposition plane (XY plane), and

(d) building plane (XZ plane) [171].

Fig. 5(¢) of rat calvaria after the mechanical test illustrated a compara-
tively smooth surface for calvaria with solid implants. Where as, the
calvaria with porous implants demonstrated rough surfaces ol bone
growth and breaking points through the testing. Fig. 5(d) and

(e) which shows optical and SEM images of implants after the mechan-
ical test, respectively, reported an inadequate periosteum and bone on
solid implants. Mean while, inside pores of porous implants showed
large sections of bone and periosteum were included.

Fig. 7. SEM images af: (a) DMLS, (b) 799 °C heat-treated, (¢) microstructure of the surface pores of Ti-6AI-4V specimens, and (d) image of highlighted arcain (c) [171].
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Fig. 8. Microstructure of DMLS post-annealed Ti-GAI-4V specimens at temperatures of: (a) 700, (b) 750, and (¢) 799 "C with specified Vickers hardness, (d) Average thickness of ex lath with

standard deviation of DMLS and post-annealed Ti-GAl-4V specimens [171].

In conclusion, Alice Cheng et al. specified that the ingrowth of new
bone into the pores of the implant was highly connected with the
mechanical strength of the boundary. The pull-out force values,
demonstrating better osseointegration for porous Ti-6Al-4V implant

manufactured by SLS technique contrast to solid implants, despite of

DBX application. [t was distinguished that both solid and porous Ti-
GAI-4V implants in this study had nanoscale and microscale surfaces,
which has been revealed previously to increase the osteogenic differen-
tiation of esseointegration in vivo and mesenchymal stem cells in vitro
[157,158]. Hence, the superior mechanical strength and bone to implant
contact renowned with porous implants was an evidence ol their belter
surface area consequential [ram their porosity, and not because of the
variation of the surface processing only.

3. Ti-GAl-4V by using Direct Metal Laser Sintering (DMLS)

The DMLS technique is presently capable of producing close to fully
dense specimens (close to 99.7% dense) [159,160]. As reported by many
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researchers, the DMLS fabricated highly-dense titanium alloys are
proven to have mechanical properties that are practically identical to
the conventionally manufactured alloys [111,161-168]. Sharon L. Hyzy
et al. also suggested that DMLS is the best technique to fabricate
Ti-GAI-4V implants as compared to other traclitional methods [169)].
Whereas, R. [lonecna et al. proved that the long fatigue crack growth re-
sistance of Ti-GAI-4V alloys fabricated by using DMLS technigue was en-
tirely as good as the traditionally manufactured specimen. Additionally,
Sazzad Hossain Ahmed et al. found that the DMLS process parameters,
such as laser scanning speed and laser power significantly influenced
the formed microstructure and mechanical properties of the fabricated
Ti-GAl-4V specimen [170].

3.1. Microstructure of Ti-GAl-4V by using DMLS
Yangzi Xu et al. studied the effects of the post-annealing treatment

on the microstructure and mechanical properties of DMLS sintered
Ti-GAl-4V alloys at different temperatures (700 °C, 750 °C and 799 °C)

L
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[#] .A .
o "t
t &
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la Qf'
1,E+405 1,E+06
Cycles to failure

Fig. 9. Fatigue life of DMILS Ti-GAI-4V specimens, R = 0]172].
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Fig. 10. Microstructure of DMLS Ti-GAI-4 V specimen fabricated at 720 °Cand 3 h for stress relief and laser power of 400 W: (a) 3D shape of layered texture, (b) needles of e phase in 3

matrix [172].

and 4 h of soaking time [171]. Their investigation revealed that the an-
nealing treatment temperature had influenced the microstructure of
the sintered alloy. Fig. 6(a) displays the microstructure of the bottom
deposition plane (XY plane) of DMLS Ti-GAI-4V specimens with
the inset schematically showing the considered plane, meanwhile
Fig. 6(b) specifies the remaining scanned pattern of the surface. The

white arrow indicates the zigzag scanned pattern, while the double ar-
rows show the distance between two adjacent scanned vectors with a
dimension of 1.2 > 10" m (120 pm). Whereas, Fig. 6(c) demonstrates
the microstructure at the top deposition plane (XY plane). The top
plane of the as-printed Ti-GAl-4V specimens was observed to be com-
posed of incompletely sintered particles and lacked the zigzag sintering

fn“'ﬁ-""" L7 OO L’

A

Fig. 12. Horizontally-grown surfaces of DMLS Ti-GAI-4V specimens: (a) as-fabricated and (b) electropolished [175].
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Fig. 13. Microstructures of Ti-GAI-4V specimen: (a) wrought, (h) horizontal DMLS, (c¢) vertical DMLS, and (d) horizontal DMLS after HIP at 900 °C and 102 MPa [175].

pattern, which contradicted with the image shown in Fig. 6(a). Corre-
spondingly, the image in Fig. 6(d) shows the microstructure at the ver-
tical building plane (XZ plane) whereby, the rough surface observed
was testified to be caused by the incomplete sintered powder particles.
The different microstructure observed between the building and the de-
position planes are believed to be due to the zigzag scanning and
layerwise building technique used.

The SEM image in Fig. 7 presents (a) DMLS and (b) 799 °C heal-
treated Ti-GAI-4V specimens. The DMLS specimens are described as hav-
ing an acicular martensitic microstructure which is different from the
commercial Grade 5 alloy. Whereas, the image in Fig. 7(¢) shows an
clongated shape of surface pores after the heat-treatment of Ti-GAl-4V
specimens. From the image analysis, the porosity of DMLS and 799 °C
heat-treated Ti-GAI-4V specimens were reported to be 0.29 and
0.074%, respectively. The highlighted area in Fig, 7(d) shows the micro-
structure of lower solid layer along the edge of the elongated pores, De-
spite the microstructural change in the as-printed specimen, the other
concern of laser processing is the porosily formation, Even though the
DMLS specimens frequently possess elongated and spherical pores due
to insufficient sintering and entrapped gas [114], the process of post-
annealing treatment can be executed to improve the amount of porosity.
A study conducted by Xu, Y. et al. [171] showed that the post-annealing
treatment could reduce the porosity in printed specimens within the
range of 0.29 to 0.74%, however, the remaining pores were still expected

Fig. 14. Fabricated Ti-GAI-V specimens with porous structure via SLM [100].

to influence the mechanical properties. Thus, the HIP? process was sug-
gested to [urther improve the properties of the Ti-6Al-4V specimen.

The post-annealed microstructures of Ti-GAl-4V specimen at 700,
750 and 799 °C temperature are shown in Fig. 8(a), (b), and (c), respec-
tively. The images noticeably display the agglomerated, precipitated,
and coarsened « lath. Meanwhile, Fig. 8(d) shows that the measured
average thickness of «e lath for as-printed parts is 0.327 + 0,053 pm
and increases to 0.647 4 0.073 pm after annealing at 700 °C. The
average o lath thickness further increases to 0.935 4+ 0.104 pm atan an-
nealing temperature of 799 °C. However, when compared with the
post-annealed Ti-6Al-4V, the measured Vickers hardness value shows
a slight difference. This is believed to be instigated by the change of
the microstructure.

In terms of build direction, Radomila Koneéna et al. [ 172] conducted
a fatigue testing on DMLS printed Ti-GAl-4V alloy specimens oriented in
three different directions. The investigation was conducted to under-
stand the effect of the layered microstructure on the fatigue behaviour.
The fabricated Ti-GAl-4V specimens underwent heat treated after print-
ing to improve the static strength and reduce residual stresses through
precipitation hardening. Their findings (Fig. 9) demonstrated a slight
inclination in the shorter fatigue life for the Z-X specimen orientation.
Fig. 10(a) shows the specific directional surface of DMLS printed
Ti-GAl-4V specimen in 3D shape. The vertical arrow on the image
shows that the build direction is in the Z-axis. From the figure, the
two parallel surface planes on the cross sections of the layered structure
are found to be in contrast with the structure on the top plane that is
parallel to the plane of the laser beam movement. Moreover, the micro-
structural characterization also reveals a columnar elongated former f3
grains, formed parallel to the build direction. Thin needles of « stage
in f3 lattice are also noticed inside these grains, as demonstrated in
Fig. 10(b). The initial metastable c' martensitic is observed to be normal
for “as organised"” microstructure without heat treatment [173],
but changes to a combination of ¢e + 3 phases after the heat treatment.
The & needles thickness was measured using the image analyser
software and found to be around 0.5 pm. The thickness obtained
was slightly higher as compared to the as-built specimen. Besides,
an investigation by Baca et al. [174] on the material microstructure
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Fig. 15, SEM microstiuctures images al various scan lines distances: (a) 200, () 300, (<) 400, (d) 500, (¢} G00 and (1) 700 gun of porous structured Ti-GAI-4V specimens fabricated via SLM

[100].

produced through successive stress relief revealed lower laser
power and temperature, which uncovered the existence ol micro
shrinkage.

However, the initiation of the fatigue crack was observed on the sur-
face inverse to the noteh. The single crack initiation for the specimen
with X-Y and Y-Z build orientations is shown in Fig. 11(a) and (b}, re-
spectively. Meanwhile, Fig. 11(¢) displays numerous crack initiations
on the Z-X oriented specimen (arrow in the picture refers to the crack
initiation). The initiation of the crack was reported to be dependent on
the surface quality of the specimen. Fig, 11(d-1) reveal in detail the loca-
tion of the crack initiation for three different oriented specimens. Thus,
from the study conducted by other researchers [172], the suitable pro-
cessing parameters to deliver an isotropic fatigue life material were
identified to be 50 pim for layer thickness, 400 W for laser power, and
720 °C for heat treatment.

Todd M. Mower and Michael J. Long [175], in counterpart, studied the
microstructure of DMLS Ti-6Al-4V in the section transverse to the long
axis of unstrained tensile specimens and the section from the horizontal

:

Dense 3% layer
track / »
o dayer
Scan line /
distance

1"layer

ol

Fig. 16. Graphical illustration of adjusting scan line distance of Ti-GAl-4V specimens with
porous structure: (a) 3D madel, (b) strategies of scanning, and (c) layer loading to
abtain the end dimensions [100].

orientation that was perpendicular to the build plane, The horizontally-
arown surfaces ol the DMIS Ti-GAI-4V specimens are shown in Fig, 12,
They witnessed a few pores that appeared in the madular asperities
with a granular texture and solidified bead of melted powder in the
“as-fabricated” specimen (Fig. 12(a)). However, the electropolished sur-
faces of DMLS Ti-GAl-4 V showed a brighter with smoother high points,
while the low areas displayed a depression with no visible pits (Fig. 12
(b)), Nevertheless, the specimens developed in both (longitudinal and
vertical) oriented axis showed a comparable struclure.

Additionally, the microstructure of the investigated DMLS Ti-GAI-4V,
as shown in Fig. 8(a), revealed the conventional Ti-GAl-4V dual-phase
material with isolated lamellar ee + /4 colonies interspersed among the
nearly equiaxed and connected v grains with sizes that varied from
about 15 pm to 30 pm. Whereas, Fig. 13(b) and (<) display the sections
ol the DMLS Ti-GAI-4V that exposed the long, slender needle-like (acic-
ular) grains. A similar Ti-GAl-4V structure created by DMLS was identi-
fied earlier as a fully martensitic ' phase [176]. Whereas, Fig. 13
(d) shows the microstructure of the Ti-GAl-4V treated with the HIP,
The outcome demonstrated the formation of elongated grains with
greater alpha lath thickness alter the HIP treatment.

4. Ti-6AI-4V by using Selective Laser Melting (SLM)

The porous Ti-GAl-4V implants fabricated by using SLM were sub-
stantiated to be suitable for in-vitro cell applications [177,178].
Currently, several practices are presented and adapted to produce
excellent repetition and porous implants control via SLM. The 3D
model design of the porous structure is usually developed by using
CAD software. Structures like mesh scaffolds, analogue porous bone
models, and other porous bones were investigated in many studies
[46,47,179-181]. Several other researchers have also attempted to at-
tach carrying agents on the metallic powders to produce honeycomb-
like pores with specific pore sequences [182]. Principally, fabricating
metallic implants is not an casy lask, as developing complex porous
metal structures poses another level of difficulty [183]. However, by
controlling precisely the process parameters, porous metal structures
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Fig. 17. Pare size and porosity of the porous Ti-GAI-4V specimens at diflerent scan line
distances [100].

can be easily attained using the SLM technique [184,185]. Other than

being cost-efficient, this approach also saves a significant amount of

manufacturing time and offers the feasibility of customising a variety
of challenging configurations [176,186,187].

4.1. Microstructure of Ti-GAI-4V by SILM

Sheng Zhang et al. [100] investigated the elfect of scan line spacing
on the produced Ti-6Al-4V specimens. The Ti-6Al-4V specimens image
fabricated by SLM is depicted in Fig. 14. The entire cross-section profile
of the specimen can be seen from the side, while the pores are at the top
surface of the figure, respectively. Fig. 15 shows the normal and
rectangular-shaped pore distributions with thin wall struts of approxi-
mately 200, 300, 400, 500, 600, 700 pm in size lor each specimen.

The diagram in Fig. 16 shows the analysis and scanning strategies
used to obtain the end dimension of Ti-GAI-4V specimens, [t was clearly
observed that the single laser scan line of approximately 200 um spot
size caused the thin wall struts. Also, through scan line distance madifi-
cation, the length of exceeding 200 pm as required by the pores was
attained. Fig. 15(a) shows the resulted closed pores with irregular
shapes of about 200 pim of scanned line distance, However, when the
pore diameter is smaller than the largest powder size, it becomes an
open pore. Fig, 15(b) shows the pores that fail to open after the laser
scan line distance is increased to 300 pm. Meanwhile, the image in
Fig. 15(c shows some of the pores were still connected. However, as
the pore size increases with scan line distance approaches 400 pum,
nearly all pores became closed. The unsatisfactory pore sizes, i.e. not
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Fig, 19. XRD spectrum of SLM-processed and as-received Ti-GAI-4V [100].

sufficiently large, will not be occupied by powder particles and the ren-
der is disconnected. The image in Fig. 15(d) shows the developed pores
as the scan line distance is increased to 500 jum, Whereas, Fig. 15(e) and
(f) show the formed interconnecting pores with sufficient space for
powder passing at 600 and 700 pm, respectively. The outcome of this in-
vestigation proved that an implant requires a scan line distance of larger
than 500 pm to form interconnected pores for practical applications,
whereas the lower spot size can be used to control the thin wall width
for the implants. The relation between the diameter of the open pore
size and porosity by using line scanning distance is illustrated in
Fig. 17. It is observed that the porosily increased linearly as the scan
line distance is increased. A commonly accepted understanding is that
the implants require highly porous yet organised structures [86).

It was proven that the porous structure of the implants can be im-
proved by manipulating the scan line distances and the porosity can
be designed to suit the patient's requirement. Also, these implants are
shown to improve the biological fixation to reach durability and stability
in vivo. However, the potential harmful ramifications of scan line spac-
ing are the pore allocation that would be strongly dependent on direc-
tional solidification and formation of rough surface pores. The typical
microstructure of Ti-GAI-4V fabricated by SLM and the as-received
Ti-GAl-4V powder are shown in Fig. 18. The Ti-GAl-4V specimens
made through the SLM technique and the as-received alloy powder con-
Ltain a mixture of e and f3 phases in their microstructure, Additionally,
the Ti-GAI-4V specimen fabricated by using SLM incorporates an
enhanced needle-shaped f3 phase. These were verified by the X-ray
diffraction (XRD) analysis (Fig. 19) conducted on both SLM and as-
received Ti-GAL-4V alloy powder.

Fig. 18. Microstructure characteristic of (a) laser pracedure specimen and (b) as-received alloy powder [100].
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Fig. 20, Microstructure of porous Ti-GAI-4V specimen with typical rupture exterior [100].
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Fig. 22. Microstructure of SIM Ti-GAL-4V specimens in the (a) as-built condition, and (b) after the HIP treatment [200].
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Fig. 23. SEM micrographs illustrating the surface morphology of the specimens. (a) as-built, (b) tribofinished, (¢) electropolished, and (d) shot peened [200].

Poondla et al. [188] and Sun et al. [189] had further analysed the and followed by the particle morphology analysis. From their studies
SLM-produced specimens by heating them at conversion temperature, the particle morphology was found to have similar microstructure,
Subsequently, the specimens were cooled at different cooling rates The initial microstructure of the SLM-fabricated Ti-GAl-4V specimens

Fig., 24, Optical microstructure image for: (a) EBM Ti-GAl-4V, (b) cast Ti-GAI-4V, (¢) wn‘dught Ti-GAI-4V, () cast ep-Ti[113].
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was exposed to be in martensilic phase. Vrancken el al. also obtained
similar results in their research [176]. During rapid cooling, for example,
at the rate of exceeding 103 K/s, the V atoms of the solid Ti-GAl-4V phase
13 do not have sufficient time to diffuse from the unit cells hence it is
transformed to phase o, Therefore, the phase [3 raised by SLM fabrica-
tion process through the conversion of martensite is a diffusionless
transformation [190]. There is no stable bonding or accidental breach
of the atom through the boundary. Hence, the martensitic phase is be-
lieved to conquest the atomic order, chemical composition, and the
crystal defects of the parent specimen.

The microstructure of a poraus Ti-GAl-4V specimen with a typical
exterior rupture (200 pm scanned line distance) is shown in Fig. 20,
while the microstructure analysis of the Ti-GAI-4V specimens are
shown in Fig. 20(b) and (¢). From the micrograph a dimple-structured
characteristic of the specimens can be observed. Normally, the SLM-
produced Ti-6Al-4V is ductile. However, it is still possible to experience
Drittle failure due to the deformation of concentrated local stress and
temperature increase that resulted from the different cooling shear
bands. It was also expected that adiabatic shear band (ASB) formation
- is possible especially on titanium metal alloys [191]. Previous studies
have proved that failure is indeed possible as a consequence from addi-
tional thermal softening which promotes the ASB development [192].
Besides, the pores also could potentially act as an initiation location
for the ASB development.

Mullen et al. [193,194] had successfully manufactured porous tita-
nium alloy specimen in their studies by using SLM technique and inves-
tigated the geometric effect of the unit cell on the produced specimen
mechanical properties. They demonstrated that porous material with ar-
bitrary porosity and good compressive strength can be achieved using
the SLM process. Furthermore, Stamp et al. [195], Douglas T. et al.
[196], and Warnke et al. [197] were all in agreement with Mullen et al.
in manufacturing porous titanium alloy via SLM  technology
for biomedical applications. I. Yadroitsev et al. [198] alternatively intro-
duced two different scanning strategies to fabricate Ti-6Al-4V via SLM
as illustrated in Fig. 16, The “two-zone technique” (strategy A) [199] de-
termines the highest density specimens, whereas, the second approach
(strategy B) reduces the effect of the Heat-Affected Zone (HAZ) and re-
melting number of the final microstructure. Fig. 21(a) shows the smooth
microstructure morphology of the as-made SLM specimens categorised
as a o martensitic [ 149], while Fig. 21(h) shows the observable melt
pool boundaries of the tracks resulted from the different mechanical
properties of the materials. The heating and cooling processes
above the f-transit temperature (1,3 = 1000 £ 20 °C) guide the re-
nucleation of the complete phases since the cooling rate is dependent
on the alteration of 3-phase.

M. Benedetti et al. studied the effect of post-sintering treatments on
the fatigue and biological behaviour of Ti-GAI-4V specimens made by
using SLM technique [200]. Fig. 22 reveals the microstructure of the dif-
ferent experimental conditions studied. Fig. 22(a) shows the micro-
structure of “as-built" condition specimens after the stress relief.
Usually, after the fabrication process, heat treatment is performed
to madify the microstructure or reduce the residual stresses.
Fig. 22(b) shows the microstructure after the HIP treatment, From the
investigation, it can be observed that the e phase changed into & + [3
phase without any grain growth after the heat treatment. The develop-
ment of final lamellar microstructure was reported due to the diffu-
sional [3 — e conversion with lamellas of ce phase in a 5 phase.

The micrographs in Fig. 23 show the fabricated specimen'’s external
surface morphology obtained from SEM imaging. Fig. 23(a) shows the
unfused particles observed along the specimen's built direction.
Whereas, the image in Fig. 23(b) shows the smooth surface of the
specimen with an intense plastic deformation and abrasion of the un-
fused powder after the tribofinishing process. Fig. 23(c¢) shows the
electropolished surface that is smoother with small remnants of un-
fused particles. Meanwhile, the image after shot peening, as presented
in Fig. 23(d), shows the formation of more uniform surfaces with impact

dimples. Finally, the HIP treatment (not shown for the sake of brevity)
generated a smoother surface as compared to the shot peened and
without the presence of surface dimples.

5. Ti-GAl-4V by using Electron Beam Melting (EBM)

To date, numerous investigations have been performed to study the
performance of the Ti-GAl-4V parts produced by EBM technique
[201-207], such as the development of femur-hip implants [208], tita-
nium root structure implants [209], invention and strength classifica-
tion of porous Ti-GAl-4V formations [207,210], premature bone
reactions in rabbits [211], “in-vive" performance of the porous Ti-GAl-
4V structure [212), evaluation of the titanium implants for “in-vive™ ap-
plications [213], titanium implants for “in-vive" in contrast to conven-
tional cast implants [214], and “in-vitro™ biocompatibility of Ti-6Al-4V
implants [215,216]. In the earlier studies, Harrysson et al. used direct
metal manufacturing to produce titanium implants and later tailored
them by employing EBM for customised mechanical properties [208].
Meanwhile, Christensen et al. [217] successfully prepared the Ti-GAI-
4V ELl specimens using EBM with a few modifications in the fabrication
process. Whereas, Murr et al, [218,219] conducted a complete investiga-
tion on the mechanical properties and the resulted Ti-6AI-4V micro-
structures fabricated using EBM. The tensile properties of the Ti-GAl-
4V ELI manufactured by the EBM technique was lound to be superior
as compared to the conventionally built specimens [209].

5.1. Microstructure of Ti-6AI-4V by EBM

The microstructures of the fabricated Ti-GAl-4V specimen using EBM
process are shown in Fig. 24(a) and (d). The microstructure was
analysed ram the specimen's surlace perpendicular to the assembly
path of EBM. The micrographs ol Ti-GAl-4V ELI and cp-Ti showed
that the microstructures were similar with the surfaces of the casts
(Fig. 24(h) and (d)). A small degree of dissimilarity can be observed
on structural fineness. The basket weave and widmanstitten micro-
structures were abserved in e titanium platelets which were absent
in the wrought specimens, whereas, from the cp-Ti micrograph in
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Fig. 25. Exterior sivface of (a) dumbbell specimen made of plastic, (Iy) cast Ti-GAI-4V
specimen, and (c¢) EBM Ti-GAI-4V processed specimen [113].
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Fig, 26, Microstructure images (a-c) for different thermal processing conditions for EBM Ti-GA-4V: cv-phase acicular grains increasing inthickness from 3,4, 5,and 6 pum melt passes forcm
thick specimens, the deereasing of -phase thickness () for mm thick specimens for top and () bottom, and (1) 1 pass in creating <2 jun spaced a-phase platelets rom rapid cooling effect

[221].

Fig. 24(d). a typical microstructure of ce-case comprising columnar e
crystals was seen in the cast specimens. However, no a-case was discov-
ered near the surface of EBM-manufactured specimens, Meanwhile, the
wrought Ti-6Al-4 V ELI microstructure (Fig. 24(c)) shows the existence
of intergranular c¢ grains and moderately elongated « grains after heat
treatment [220].

The ability to produce an excellent surface structure for biomedical
application as compared to the traditional method is one of the EBM's
unique characteristics. A comparison belween the external surfaces of
a Ti-6Al-4V ELI specimen built using EBM technique and casting is
shown in Fig. 20, From the figure, the waved-layers with several
unutilised alloy particles attached to the surface observed in EBM spec-
imen were the results of repetitive melting and sintering of the alloy
powders. These waved surfaces of the EBM-fabricated alloy are pre-
ferred in various applications such as dentistry (Fig. 25).

Lawrence E. Murr and Wayne L. Johnson [221] investigated the mi-
crostructure of Ti-6AI-4V specimens fabricated via EBM technique at

different thermal processing conditions. The microstructure images ob-
tained from the study are shown in Fig. 26. The finding specified that
each melt pass increased the average thickness (width) of alpha-
phase lenticular grains from 3 pm (Fig. 26(a)) to 4.5 pm (Fig. 26(b)),
and 6 pm (Fig. 26(c)). The increase in average thickness was believed
to be caused by an equivalent decrease in the hardness as shown in
Fig. 26(a)-(c). Besides that, it was also noticed that as the cooling rate
of specimens increased (Fig. 26(d)~-(f)), the lenticular alpha grain
width decreased as well (Fig. 26(d)-(e)). These were believed to be
due to the heating and annealing steps during specimen manufacturing,
Moreover, the conversion from alpha (Fig. 26(a)) to alpha-prime phase
(Fig. 26(f)) resulted in about 40% of hardness increase owing to the
rapid cooling in the foam ligament.

Greitemeier, D. et al. attempted to improve the fatigue performance
of DMLS Ti-6Al-4V [160]. They evaluated the microstructure at two dif-
ferent post-treatments, The image in Fig. 22 shows the obtained micro-
structures at two different post-treatments of Ti-GAl-4V specimens. It

Fig. 27. Microstructure images of DMLS Ti-GAI-4V: (a) anncaled and (b) HIP [160].
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Fig, 28. The characteristics of porous Ti-GAL-4V specimens manufactured using LENS. Tatal
porosity (a) 17, (b) 23 and {c) 30%% [122].

was nol specified whether the fine acicular microstructure observed for
an annealed specimen (Fig. 27(a)) contained ¢’ (martensitic) or ¢
However, the formed acicular could happen due to the quick solidifica-
tion and lower heal input during the build-up and heat treatment.
Fig. 27(h) shows a considerable coarsening of the lamellar

89

microstructure for the HIP DMLS Ti-GAI-4V specimens. However, it has
to be clear that a definite difference could not be observed between
both phases due to the comparable crystalline structure. The size,
amount, and shape of the pores for both samples were investigated by
using computer tomography. The measured pore sizes of the annealed
specimen were <240 um. However, after HIP treatment, the pores
were unnoticeable for the DMLS Ti-6Al-4V specimens. Meanwhile,
Guo, M. et al. developed a novel composite scaffold consisting of porous
Ti-6Al-4V-specimen filled with chitosan spenge using a combination of
EBM and freeze-drying techniques. The outcomes from the investiga-
tion concluded that the low stiffness and good mechanical strength for
porous Ti-GAl-4V specimens fabricated by EBM method was extremely
suitable for biomedical implants [222].

6. Ti-6AI-4V by using Laser Engineered Net Shaping (LENS)

The Ti-GAl-4V specimens fabricated by LENS technique are shown to
have greater critical tensile strength, elongation, and yield strength as
compared to annealed or specimens fabricated by other traditional
methods [223]. Amit Bandyopadhyay et al, used the Ti-GAI-4V alloy pro-
duced via LENS to investigate the compression and microstructural
properties’[122). Two different levels of laser power were used to par-
tially melt the metallic powder through a deposition process for produc-
ing specimens with a porous structure. They also used different
processing parameters, such as scan speeds and powder feed rates, to
examine the influence of parameters on material porosity [122]. There
were also other researchers that studied about Ti-6Al-4V by using

LENS [39,224-228].

Fig, 29. The micrograph for pore connectivity (the arrows show building direction) [122].
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Fig. 30. The microstructure characteristics of: (a) as-received powder, (b) laser-pracessed specimen [122].
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Fig. 31. XRD spectrum of as-received Ti-6AI-4V alloy powder and laser-processed Ti-GAI-
4V alloy specimen [122].

6.1. Microstructure of Ti-6Al-4V by LENS

Fig. 28 displays different porosity characteristics of Ti-6Al-4V
specimens manufactured by LENS. The analysis displayed an open
porosity surface with bulk density that varied from G7% to 85%.
The bulk density of the specimens produced by LENS often relies on
manufacturing parameters. However, the interconnectivity of the
pores were ohserved to be diversed in different directions as shown in
Fig. 29. The pores in the build direction (shown by the black arrows)
were seen to have more connectivity as compared to the pores acquired
perpendicular to the build direction, as shown in Fig. 29(a) and (b).
Regardless of the pores connectivity, the surface of the samples
were found to be comparatively homogeneous on both tracks
with the density reduced by approximately 75%, as illustrated in
Fig. 29(c) and (d).

Fig. 30 shows the matrix microstructures of the porous specimen
fabricated via LENS and as-received Ti-6Al-4V metal powder. Both
LENS Ti-GAI-4V and as-received Ti-6Al-4V metal powder exhibits a
combination of microstructures which consisted of e andl [3 specimens.

Fig. 32. Microstructure of LENS Ti-6AI-4V: (a) panoramic view of the build-up fram cross sections of a 40 mm tall depaosition, (b) different layer thicknesses (thinner at the bottom),
(e) different layer thicknesses (thicker at the top of the build), (d) fine martensitic microstructure, and (e) coavser microstructure within micro-HAZ [228).
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Fig. 33. Panoramic vision of: (a) fatigue fracture surface and (b) side profile of the crack path [229].

However, the LENS Ti-GAl-4V was observed to have the needle-formed
{3 phase. Fig. 31 demonstrates the XRD analysis conducted on LENS Ti-
6Al-4V and as-received Ti-6Al-4V metal powderfor specimens. The
finding revealed the existence of a significant amount of [3 phase at
high-temperature.

However Hayley R. Sandgren et al. reported a different mechanism
for confining the development of small fatigue cracks in LENS Ti-GAI-
4V [229]. The resultant microstructure was observed to contain large
columnar f3 grains (about 1-20 mm long and 0.2-4.0 mm wide) per-
pendicular to the substrate, as shown in Fig. 32(a). Figs. 32(b) and
(c) respectively display the layer bands with layer thickness of 300 pm
and 800 pm (calculated using the image analysis software). Whereas,
Fig. 32(d) shows the fine ¢ phase (5-20 um long and ~0.7 pm thick)
observed inside the columnar grains caused by fast cooling, and
Fig. 32(e) displays a coarser microstructure among the layers which re-
sulted from the re-heating or re-melting of the previous layers.

The reported fatigue crack growth (FCG) data were obtained from
2D and 3D tomography renavations, while the fracture length measure-
ments were obtained from SEM. The panoramic vision of the fatigue
fracture surface observed using SEM is illustrated in Fig. 33. The white
mark in the image shows the end of fatigue failure. By separating the fa-
tigue fracture surface (region connecting the first notch and the white
line), the tensile load [racture surface can be observed (the region out-
side the white line). The findings also indicated that the crack propaga-
tion oceurred inside one of the columnar {3 grains,

The microstructure analysis of the latigue [vacture surface was per-
formed by using SEM at different AK values, which can be observed in
Fig. 34. Fig. 34(a) shows the cleavage steps or planes specifying the oc-
currence of brittle failure near the noteh, which is related to the long
FCG threshold. Fig. 34(h) shows the ductile fracture at higher AK and
Fig. 34(c) demonstrates the branching of the crack. In conclusion, the
fractographic analysis and X-ray microtomography can be effectively
united to understand the propagation of fatigue cracks in the LENS
Ti-GAl-4V specimens.

Zhai et al. studied the behaviour of long and small fatigue cracks
propagation on Ti-6AI-4V fabricated using LENS [230]. The long fatigue
crack growth (FCG) in the tensioned specimens were assessed using
conformity method to abserve the crack propagation. The surface flaw
tension experiment was developed for small FCG, and the crack growth
was captured using direct current potential drop (DCPD) technique.

Fig. 35(a) demonstrates both small and long FCG data obtained and col-
lectively plotted with the data from conventional mill-annealed Ti-GAl-
4V. Fig. 35(b)-(d) show the lower and higher fracture toughness values
of the LENS-fabricated specimens. The small FCG data obtained indi-
cated the acceleration and retardation of crack growth rates due to the
microstructural features. Fig, 35(e)-(f) show that the LENS Ti-GAI-4V
specimens contained {3 columnar grain boundaries.

7. Current trends of metal-AM

Additive manufacturing (AM) technique supports in optimising
invention evolution time and fundamental aspect of the specimen
design [231-234]. Although the AM offers numerous benefits than con-
ventional manufacturing technologies, several limitations still exist,
which include for instance, dimensional accuracy, staircase effect, and
surface quality of the produced specimens. To date, many studies have
been conducted to overcome these shortcomings [87,235-237]. There
are a variety of post-processing techniques (conventional and non-
conventional approaches) to minimise the limitations of the metal-AM
processes [238,239].

The metal-AM technique has steered the development of new, mod-
ern, and superior technologies and procedures [230,240-243] and it is
adopted in broad applications including the biomedical applications,
i.e. for knee and hip implant fabrications [244,245]. Fig. 36 exemplifies
the various types of fabrication methodologies for the production of
metal alloys parts for biomedical applications. From these studies,
there were about 57% of industries which employed metal-AM tech-
nique to produce biomedical metal specimens in the year 2000 to
2017. Whereas, the conventional methods, such as machining and cast-
ing recorded about 2 and 7.5%, respectively and meanwhile MIM ranked
second with 33.5%. The findings indlicated metal-AM as the frequently
opted technique to fabricate metal alloys for biomedical applications,
even for conventional applications. This is due to the capability of the
metal-AM technique in producing superior properties and porous spec-
imen that are crucial for biomedical implant development. The trend of
metal fabrication using additive manufacturing is illustrated in Fig. 37
which clearly indicates the growing trend of metal-AM processes in
the manufacturing of biomedical devices from 2000 to 2017. In the
early 2000s, metal-AM was reported as a non-preferred method, how-
ever, it gained popularity with the rise of the biomedical industry. This

Fig. 34, SEM microstructure image of: (a) elements of cleavage steps or planes representing brittle behaviour through crack propagation, (b) end of an experiment demonstrating the

ductile fracture, and (c) crack branching [229].
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Fig. 35. (a) Long and small FCG data of Ti-GAI-4V LENS examined at R = 0.1, compared to mill-Ti-GAl-4V, (b) fractography of long FCG threshold, (<) Region II, (d) Region IIl, and
(e)-(M) fractography on confirmation of small cracks related to (3 grain houndaries at the development and retardation points (pointed by the arrows) [230]

can be noticed from the trend starting in the year 2000 until 2006,
where the percentage of metal-AM process utilisation increased from
none to 3.6% and proliferated from the year 2006 to 2008 with incre-
ment from 3.6 to 7.1%. The use of metal-AM in biomedical application
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Fig. 36. Metal alloys fabrication by various techniques for the years between 2000 and
2017.

increased to 23.7% in the year 2014, The significant growth of metal-
AM can be observed in 2014 and onwards, where the graph demon-
strates the highest percentage of utilisation related to metal-AM
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Fig. 37. Trend in utilisation of metal-AM for biomedical applications for the years between
2000 and 2017. ’
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processes. Furthermore, the metal-AM technology gained interest not
only in the perspective of academic purposes but also in industrial appli-
cations, The trend was in fact supported by several other findings by
various researchers [246-248).

Besides that, another new approach is starting to gain popularity
which is insitu manufacturing [249-255]. This technique is identified as
the future of metal-AM technique for biomedical applications [250,256].
This method is categorised as a novel approach as the implants, or living
organs are printed alongside (concurrently) in the body during the actual
surgery is being performed. Currently, the technique is being used to re-
pair external organs such as replacing the human skin [257] of which a
wound is filled with various fabricated cells. Cohen et al. managed to
print alginate into severe osteachondral defects in a calf's femur model
[256]. The in-situ production uses the metal-AM technique and targets
to have a huge prospect for biomedical applications. However, this
method is still in its infancy with considerable challenges to overcome.
Another latest innovation in additive manufacturing technology is the
Desktop Metal technology. Its latest production machine is being devel-
oped to work safely and rapidly to mass-produce metal components

and does not necessitate any particular engineer to operate the equip--

ment all the time. This technology is intended to work with a specialty
furnace along with the MIM powders. By combining microwaves and
conduction, the components are debound and sintered much more rap-
idly than in a conventional conduction furnace. Moreover, the ovens are
cloud attached and rely on the software that modifies the sintering
programme to the geometry of the component. This certifies a
consistent shrinkage throughout the components. The Desktop Metal
production unit works 100 times faster than the existing technology,
manufacturing up to 8200 cm?® of metal components per hour [258-261].

8. Conclusions

Metal additive manufacturing (metal-AM) techniques are considerd
as the most promising methods Lo process Ti-6Al-4V alloy for biomedical
applications. The techniques have also resolved several recurring issues in
the manufacturing of porous and unitised components, for instance im-
proving the interfacial connection of implants and host tissue, abating
load-bearing problems, stress shielding, poor osseointegration, wear-
induced bone loss, and enhancing in-vivo lifespan. The desired micro-
structure including the pore characteristics and porosities of a component
can be precisely altered to suit numerous applications in the biomedical
industry. Mareover, metal-AM techniques have also made possible the
manufacture of various other metallic materials with excellent biocom-
patibility. The prime advantage of metal-AM technology is the ability to
fabricate specialised Ti-6Al-4V alloy implants to meet individual patient
requirements, and manufacture net-shaped metallic biomaterials.
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