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Abstract
Direct laser metal deposition (DLMD) is a breaking edge laser-based additive manufacturing (LAM) technique with the possi-
bility of changing the perception of design and manufacturing as a whole. It is well suitable for building and repairing applica-
tions in the aerospace industry which usually requires high level of accuracy and customization of parts; this technique enables
the fabrication of materials known to pose difficulties during processing such as titanium alloys. Ti-6Al-4V, which is the most
employed titanium-based alloy is one of the materials that are most explored for additive manufacturing process. However, this
process is currently at its pioneer stage and very little is known about the fundamental metallurgy and physio-chemical basis that
govern the process. Currently, the major problems faced in additive manufacturing include evolution of residual stresses leading
to deformed parts and formation of defects such as pores and cracks which are detrimental to the quality of deposits. The presence
of these unwanted defects on additively manufactured parts depends on the complex mechanisms taking place in the melt pool
during melting, cooling, and solidification which are dependent on processing variables. In addition, during fabrication, some
feedstock powder does not melt and thus does not make up part of the final product. The present text entails classification of LAM
technologies, operational principles of DLMD, feedstock quality requirements, material laser interaction mechanism, and met-
allurgy of Ti-6AL-4V alloy.
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1 Introduction

Material engineers continue to strive for development of new
and existing fabrication techniques in an attempt to provide
the world with resource-efficient, cheaper, and cleaner mate-
rials with enhanced service performance [1, 2]. It is a well-
known fact that the alleviation of energy consumption and gas
emissions is of paramount importance globally; which then
necessitates the development of lighter materials using cost-
effective and environmentally friendly techniques [3, 4].
Accordingly, numerous researches have been targeted in the

exploration of techniques holding a promise to tackle these
universal demands [5]. Additive manufacturing (AM) pro-
cesses has come of age as a viable alternative to mainstream
metal part fabrication techniques. This radical change is attrib-
uted to the additive manufacturing being popularized as a
sustainable technology that is environmentally friendly, pro-
vides reasonable fabrication cost, and improves lead time [6].
In contrast to traditional fabrication techniques that incorpo-
rate subtractive methodologies wherein components are pro-
duced by the removal of unwanted materials from a larger
block by machining, additive manufacturing entails a layer-
by-layer fabrication of near net shape components [7, 8].

Additive manufacturing can be categorized according to
their energy source, feedstock delivery system, and feedstock
representation. Laser additive manufacturing (LAM) uses a
laser beam as its energy sources and can be subdivided into
laser-bed based fusion and direct laser metal deposition. There
are several fields that can benefit from advantages offered by
LAM; among these are the aerospace, automotive, and bio-
medical sectors. The potential development drivers comprise
of weight reductions resulting in less fuel consumption and
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lower greenhouse emissions in aerospace applications as well
as high precision implants in medical prosthetics [9, 10].
However, Wanhill laser additive fabrication methods are rela-
tively new; hence, the knowledge of the multi-physics-related
phenomena involved and the influence of operating parame-
ters are a mystery [11]. This has a very negative feedback on
practicing manufacturers longing to reap the benefits as they
fear the risk of reducing their products quality [12]. Ti-6Al-4V
is considered a workforce of titanium industry due to its de-
sirability in various industrial applications. The attractiveness
of this alloy in the various industries including the aerospace,
biomedical, and chemical process is due to high strength-to-
weight ratio, biocompatibility, and high resistance to corro-
sion. Despite the combination of such attractive properties,
this alloy is still restricted in some applications because of
its shortcomings. One of the major drawbacks of Ti-6Al-
4V’s wider application spectrum is related to high fabrication
cost of which DLMD holds a potential to mitigate. Expensive
extraction process of titanium is also a major contributor in
making Ti-based alloys so expensive.

Many studies suggest that a certain amount of powder remain
unfused during additivemanufacturing processes [13]. In general
practice, these powders are disposed which is very detrimental
both economically and environmentally. In addition, this adverse
feedback has a very bad influence in efforts made for industrial
implementation of these processes [14]. Powder recycling refers
to the process of recovering, reconditioning, and reusing the
metallic powders that remain unfused during an additive
manufacturing process. According to Seyda et al. [15], charac-
teristics of the powder material change with repeated reuse times.
As a result, the powder reuse times permitted before disposal
carry a significant influence on powder characteristics and mate-
rial use efficiency which both govern the component quality and
overall fabrication cost, respectively. Sames et al. [16] recom-
mended that it is important to take feedstock powder quality into
consideration when aiming to produce a high-quality
component.

In this research, the focus is on the effects of processing var-
iables on material properties of Ti-6AL-4V alloy as well as the
progress on powder recycling as means of improving material
use efficiency for the direct laser deposition technology process-
es. This attempt is undertaken to widen the application scope of
Ti-6Al-4V alloy which is commonly regarded as expensive due
to high fabrication costs. In the present text, a brief overview of
the laser engineered net shaping (LENS) process mechanisms,
effect of processing parameters, and powder recycling with some
other metallurgical concepts is briefly outlined.

2 Laser additive manufacturing

Laser additive manufacturing (LAM) refers to a wide range of
advanced fabrication techniques that use a high-power laser to

melt powder or in some cases a wire into a melt pool to pro-
gressively produce 3D near net shape components in a layer-
wise fashion. These fabrication techniques originate from rap-
id prototyping, a technology developed in the 1980s for cre-
ating models to help the realization of what engineers have in
mind [17]. LAM contrasts traditional techniques in that “near
net shape” components are fabricated in a layer-by-layer fash-
ion instead of machining out unwanted material from a bulk
material to produce parts that have very low buy-to-fly ratio.
Despite the many advantages offered by this technology, it
does not seem much likely to take over from conventional
manufacturing techniques in the near future. This is because
very little knowledge regarding underlying physics has been
established thus far [18, 19].

There are two classes of laser-based additive manufactur-
ing techniques which are directed energy deposition and laser
powder-bed fusion [20]. Table 1 shows the list and categorizes
laser additive manufacturing technologies as per ASTM ter-
minologies. These processes are similar in that the heat source
(laser) follows the routes represented in the CAD file to con-
struct the component layer by layer [21]. The radical change
towards LAM technologies for industrial application carries a
promise to fabricate custom-tailored, functionally graded,
and/or geometrically complex objects typically unachievable
by conventional techniques [22]. In addition, characteristics
that make LAM techniques attractive over traditional methods
are optimal raw material usage, fewer machine operations,
reduced hard tooling, and reduced lead time [23].

2.1 Laser as an additive manufacturing tool

The term laser is an acronym that stands for light amplification
by stimulated emission of radiation, and thus, a laser beam,
like all other light waves, is a form of electromagnetic radia-
tion [24]. Byren et al. [25] defined a laser as “a device that

Table 1 Different classes of laser additive manufacturing technologies

ASTM classification (acronym) Commercial name (acronym)

Directed energy deposition
(DED)

Laser engineered net shaping
(LENS)

Direct metal deposition (DMD)

Laser consolidation

Laser deposition

Laser powder-bed fusion
(L-PBF)

Direct metal laser sintering (DMLS)

LaserCUSING

Selective laser melting (SLM)

Direct metal production (DMP)

Laser metal fusion (LMF)

Selective laser melting (SLM)
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produces optical radiation through the process of amplified
stimulated emission in an excited medium.” The applications
of lasers have increased enormously through the years from its
early days of invention when it was only explored through
research [26]. In the manufacturing applications, lasers are
now matured as a tool that has helped make production of a
wide variety of new products possible. The type of laser and
the wavelength desired for a specific application are deter-
mined by the laser medium which could be solid, liquid, or
gas. The state or physical properties of the medium are used in
naming and categorizing laser types [27].

The available types of laser are glass lasers/semiconductor,
solid state, liquid, and gas laser. Additionally, gas-based lasers
are subdivided into neutral atom, ion, molecular, and excimer
lasers. Lasers have also assisted in improving the manufactur-
ing of existing products by introducing the possibility of new
production techniques which improved productivity, quality
of products, and fabrication costs. This has contributed a lot in
growing the industrial laser market. Some of the main material
processing applications of lasers include laser cutting,
welding, drilling, marking, surface treatment, and the recent
additive manufacturing [28].

2.2 Classification of laser additive manufacturing
techniques

Additive manufacturing processes are classified according to
the process’ energy source and the method by which the ma-
terial is transported to the melt pool. There are two major
classes of additive manufacturing, namely, laser additive
manufacturing and non-laser-based additive manufacturing
[29]. The key elements for additive manufacturing are an en-
ergy source, beam delivery, and processing optics used to
focus the beam and powder delivery, multi-axis computer nu-
merical control (CNC) system coupled with a robotic system

for controlling motion and the operating software. In the LAM
technologies, the energy source is the laser, and therefore,
classification proceeds only by feedstock material state (e.g.,
powder or wire) and material delivery system [4].

2.2.1 Direct laser deposition

Directed laser deposition (DLD) technique refers to a
laser-based additive manufacturing technique which is a
type of directed energy deposition process that is used to
fabricate fully dense components. This process involves
laser irradiation which is concurrent with directly injected
powders or sometimes wire, tracing a route designed
through slices of a 3D CAD file components which are
built layer by layer [22, 30]. Some of the advantages of
DED techniques such as LENS over other additive
manufacturing systems are reduced production cost, re-
fined microstructures, modifying/refurbishment of
existing component during its lifecycle, and the ability
to produce functionally graded material parts achievable
through dual feeding system [31, 32]. In addition, the use
of a coaxial or multi-jet nozzle enables fabrication freely
defined geometries commonly unachievable by conven-
tional techniques [13]. Fig. 1 depicts a schematic illustra-
tion of the direct metal laser manufacturing (DMLD)
technology.

2.2.2 Laser powder bed fusion

Laser powder bed process involves laser scanning regions
selected by computer-programmed patterns to melt
preplaced laser bed which fuses with the substrate or pre-
ceding layer. The powder bed is lowered by a predefined
layer thickness after each subsequent build layer. This
process repeats following tracks layer by layer until a

Fig. 1 Schematic illustration of
the direct metal laser deposition
(DMLD) additive manufacturing
technique operational procedure
[83]
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3D functional part is produced [18]. In Fig. 2, a schematic
diagram of the laser powder-bed fusion operational pro-
cedure is shown.

Some of the advantages of laser powder bed fusion are
part complexity and less surface roughness among others.
Nonetheless, this fabrication technique has its downsides
which include slow deposition rates and lack of adaptabil-
ity in size which result in an inefficient energy use. In
addition, this process requires a large amount of powder
for preplacing a bed. This hinders the wide industrial ap-
plication process as it reduces the material utilization ef-
ficiency. In general, largest components built by SLM
which is a laser powder bed fusion process are half the
ones fabricated by LENS [31].

2.2.3 Additive/subtractive hybrid manufacturing

Hybrid manufacturing refers to a process which combines
two or more manufacturing techniques with the aim of
mutually benefiting both processes thus improving pro-
ductivity, quality, etc. The process of pairing additive
manufacturing and traditional subtractive techniques is
one of the recent hybrid manufacturing technologies.
Additive/subtractive hybrid manufacturing incorporates
directly injected powder or selected regions of a powder
bed by scanning an energy source which results in melt-
ing then solidification of materials forming a part while
simultaneous machining is done to remove traces of un-
wanted materials for enhanced precision.

This alternating process is carried out repeatedly until
the required geometry is achieved as illustrated in Fig. 3

[34]. Alternatively, this technology is employed for repair
purposes whereby material powder is added layer by layer
fitting to the defect geometry creating a metallurgical
bond between new material and the damaged surface area
of a part [4]. This reduces cost and extends service life of
parts whether traditionally manufactured or 3D printed.

2.3 Industrial applications of laser additive
manufacturing technologies

Laser additive manufacturing technique is increasingly
becoming established in a wide range of industrial appli-
cations. It is best suited for rapid manufacturing, refur-
bishment, and surface coating mainly in the demanding
industries such as aerospace, automotive, tool making,
and biomedical applications [7, 32, 35]. In practice, the
benefits presented by LAM include reduced production
times, low fabrication costs, and freedom of design and
customization. Aerospace components such as thin-walled
structures such as combustion engines and turbine blades,
are perfect examples of commercial product manufactur-
ing of LAM technologies [8]. In medical applications,
LAM enables production of better fitting transplants as
well as it is easier to insert and secure [17]. The tool-
making industry is another beneficiary of LAM, as it
helps produce highly complex tools needed for commer-
cial manufacturing of products in various industries [36].
Despite these countless benefits additive manufacturing
has to offer, the likelihood of the process to overtake the
traditional methods in the near future (about a decade
from now) is very much unlikely [16].

Fig. 2 Schematic illustration of the laser powder-bed fusion (LPBF) additive manufacturing technique operational procedure [33]
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3 Principles of laser-assisted additive
manufacturing

Since its inception, laser additive manufacturing has
attracted a significant amount of attention as a potential
alternative manufacturing technique owing to its versatil-
ity. In comparison with other additive manufacturing tech-
nologies, LENS provides exciting advantages such as
large material diversity and higher build-up rate and en-
ables building on existing 3D parts referred to as refur-
bishment [27]. However, qualifying this manufacturing
technique for industrial application requires reliable pro-
cess repeatability, product reproducibility, and component
quality. According to Thompson et al. [22], the mechani-
cal behavior of the additive manufactured parts depends
on thermal-history-dependent microstructure which can be
controlled by an understanding of thermal gradients, lo-
calized solidification, and residual stresses occurring dur-
ing deposition. Authors further stated that modeling the
abovementioned events as function of relevant process
parameters can enable in situ process diagnosis and feed-
back control providing application-optimized parts with
tailored mechanical properties. In addition, improving ma-
terial use efficiency of the expensive metal feedstock by
powder recycling in order to avoid waste comparable to
those in traditional techniques is essential for encouraging
LAM vast industrial implementation [2, 37]. However, the
challenge is the change in chemical composition, particle
size, and morphology of the recycled powder which affect
flowability and thus mechanical properties of the end
product [38, 39]. Therefore, it is necessary to understand
the influence of recycle on both the powders and the re-
sultant component in order to establish a number of per-
mitted reuse cycles.

3.1 Influence of process parameters in laser additive
manufacturing

The implementation of widespread industrial application
of additive manufacturing technologies requires that qual-
ity demands are to be fulfilled [15]. Various researchers
stated that through controlling/monitoring process param-
eters such as laser power, scan speed, powder feed rate,
beam diameter, and hatch spacing, quality deposits are
achievable [40–42]. The desired mechanical properties
of the components built by laser additive manufacturing
technique such as LENS can be achieved through micro-
structure control which in turn is governed by the laser
process parameters. Below are various processing vari-
ables and their influence in LENS fabrication process as
well as the resultant components.

3.1.1 Laser power

The laser power is defined as the rate at which the energy
is emitted from the laser [43]. Laser power is required in
order to avail energy to be absorbed which is necessary
for creating a melt pool and melting and fusion of mate-
rials. According to Popoola et al. [32], the energy injected
to the melt pool increases with the laser beam intensity.
The mechanical properties are governed by the micro-
structure of the material, which in turn is a function of
laser power–dependent thermal history [44, 45]. Careful
control of laser power and scanning speed is essential as
the energy density of the system is dependent on them.
The exaggerated laser power increases the heat input
therefore causing distortions and larger heat affected zone
as well as increased spatter ejection [16, 32]. Adequate
laser power and energy density lead to increase in cooling

Fig. 3 Schematic illustration of the additive/subtractive hybrid manufacturing process (Du, Bai, and Zhang 2016)
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rate; thus, refined microstructures are achieved.
Nevertheless, absorption of insufficient amount of energy

by the substrate or preceding layer may result in lack of
fusion or no melting at all [42].

Fig. 5 Schematic illustration of the LPBF powder delivery system [84]

Fig. 4 Schematic illustration of the DMLD powder delivery system [65]

1168 Int J Adv Manuf Technol (2020) 107:1163–1178



3.1.2 Laser scan speed

The scan speed refers to the laser beam’s rate of change in
distance along the substrate/previous layer while processing.
The scan speed has an influence on the laser/material interac-
tion time, with slower scan speeds resulting in longer interac-
tion time leading to high temperature gradient and slow
cooling [46, 47, 28]. Short interaction times may cause some
material to be left unfused because of the inability of substrate
or layer surfaces and powders to absorb energies enough to
reach melting necessary for fusion thus increasing porosity
[42]. The low amounts of powder available for melting is an
issue related to high laser scan speeds as nozzles are attached

to the same head with the laser beam. Melt pool shape is also
highly sensitive to scan speeds, typically elongating and be-
coming shallower at faster scan speeds [22].

3.1.3 Powder feed rate

The powder feed rate is defined as the amount of powder
material in leaving the nozzle per unit time commonly mea-
sured in grams per minute (g/min). The powder feed rate de-
termines the amount of powder available in melt pool and thus
governs the layer thickness of the build. The use of a high
powder feed rate results in large amounts of materials in the
laser/material interaction zone which reduces the laser energy

Fig. 7 Description of the
allotropic transformation of pure
titanium [74]

Fig. 6 Schematic diagram illustrating the powder recycling procedure for laser metal deposition [13]
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density on materials. Within a certain range, the molten pool
created by the heat from laser irradiation can catch more pow-
der material as the powder feed rate increases. However, at
exaggerated feed rates, some powders remain unmelted/
unfused during processing, and this is associated with the
formation of the lack-of-fusion pores consequently increasing
porosity. On the other hand, deposition at low powder feed
rate increases the material utilization efficiency [19]. In addi-
tion, the trace height is considerably dependent on the rate at
which powder is fed [30].

3.1.4 Hatch spacing

According to Krishna et al. [41], hatch spacing is the distance
between two successive metal roads or laser scan tracks. The
hatch spacing is related to the overlap distance between two
parallel layers. Pupo et al. [48] stated that the overlap distance
has a considerable influence on the heat accumulation in ad-
ditive manufacturing. The heat accumulation during process-
ing affects the rate of cooling and solidification which thus
governs the microstructure and the mechanical properties that
result. In addition, the porosity of a built component increases
with an increase in hatch spacing [1].

3.1.5 Gas flow rate

The gas fed into the laser metal deposition system has two
functions, to deliver powder material to the weld pool and to
prevent contamination by a surrounding environment [49].
Gas flow rate refers to the rate at which the gas that transports
the powders from the dispenser through the tubes until nozzles
into the weld pool flows. This gas is not only for transporta-
tion but also for protection of the powder from contamination.
Optimizing this parameter is necessary to avoid high flow rate
which may blow the powders away from the melt pool and
avoid low flow rate to provide a sufficiently inert surrounding.

3.1.6 Laser beam spot size

The laser beam spot size also referred to as the laser beam
diameter is defined as the width of the laser beam measured
at a given focal distance. The powdermaterial use efficiency is
largely dependent on the laser beam spot size; this follows that
the smaller the spot size–dependent melt pool results in fewer
powder melting and fusing to form the final part.

3.2 Mechanism of heat transfer in laser additive
manufacturing

Heat transfer is defined as science that describes the amount of
heat energy transferred from a region of high temperature to a
region of low temperature which is caused by a temperature
difference across the system boundary. This energy transfer is

a very important phenomenon in many laser processes includ-
ing additive manufacturing, welding, and surface treatment
[27]. The understanding of this phenomenon is based on the
knowledge of thermal equilibrium, mechanisms or modes of
transfer, and the laws governing them. The rates of heat trans-
fer play an important role in controlling/estimating the cooling
and solidification rates in laser material processing systems
[50, 51]. The abovementioned is paramount as thermal history
generated during processing is essential for determining the
microstructure, material properties, residual stresses, and dis-
tortion resulting on the end product [21, 52]. The three unique
modes of heat transfers, namely, conduction, radiation, and
convention, are briefly explained below.

3.2.1 Conduction

Conduction is the flow of heat within or between solid, liquid,
or gas mediums as a result of a thermal gradient. This phe-
nomenon occurs on principle of either identical or different
conducting mediums in contact. The rate of heat conduction is
governed by Fourier’s law which states that the rate of heat
transfer per unit area is proportional to the normal temperature
gradient. That is:

qcond ¼ −KA
δT
δx

ð1Þ

where K (W/m/K) is the thermal conductivity of the material,
and the negative sign denotes the direction heat flow which is
in the direction from the hotter to colder temperature. q is the
rate of heat transfer and δT

δx is the temperature gradient in
kelvin per meter. The heat transfer by conduction can also
be represented by a 3D Cartesian plane with energy flow in
the x, y, and z direction. In general, the heat flux is a vector
quantity expressed by an equation below:

qcond ¼ −K∇T ð2Þ

where q is local heat flux (W/m2),K is thermal conductivity
of material,(W/m/K), and ∇T is temperature gradient (K/m)

3.2.2 Radiation

Radiation is the emission or transmission of energy in a form
of waves or particles flowing from one body to the other while
they are not in direct contact or separated from each other by
an aerated or vacuum space. This is an electromagnetic phe-
nomenon which is propagated as a result of a temperature
difference. Radiant heat is the term used to describe this type
of energy transfer mechanism. Although all bodies continu-
ously emit radiant heat at the speed of light, it is common to
neglect it for bodies at low temperatures but becomes increas-
ingly important at increased temperature. The heat transfer

1170 Int J Adv Manuf Technol (2020) 107:1163–1178



between two surfaces by emission and later absorption by
electromagnetic radiation is described by an equation below:

qrad ¼ σ� ε� AδT4 ð3Þ

where σ is Stefan-Boltzmann’s constant, 5.66 × 10−8

(W/m2 K); ε is emissivity, which varies from 0 to 1
(dimensionless); A is area of the radiator body; and δT is tem-
perature difference.

3.2.3 Convection

Convection heat transfer is related to the conduction of heat
taking place either between the solid surface and adjacent
flowing fluid particles or between two flowing fluid particles
which mix whereas are initially at different temperatures. This
phenomenon is categorized into two classes which are natural
convection and forced convection both depending on the ve-
locities of fluid and the nature of the forces which cause fluids
to flow. The heat transfer is called forced convection if mate-
rial transport and mixing of fluids are induced by an external
force. On the other hand, free convection happens when ma-
terial transport and mixing occur as a result of difference in
density caused by temperature gradient in the medium. The
heat transfer by convection is expressed in the equation below:

qconv ¼ hAδT ð4Þ

where h is convection heat transfer coefficient, A is surface
area, and δT is temperature difference.

3.3 Melt pool dynamics and fluid flow mechanism

In order to achieve deposition in laser additive manufacturing,
the formation of the melt pool whereby powder materials are
injected is necessary. The melt pool is formed by beam irradi-
ance experienced on the surface of the build plate or the pre-
viously built layers. The melt pool dimensions are determined
by the degree of the material absorptivity and the incident
laser intensity; therefore, controlling process parameters en-
ables the estimation of the amount of heat generated as well as
the molten material in the melt pool [53]. The main laser
process variables that affect melt pool dimensions whish are
the ones related to the energy density such as laser power, scan
speed, beam diameter, and powder [54].

The laser produces a beam that follows Gaussian (normal)
distribution; i.e., the beam energy is greatest at the center of
the beam and gradually decreases towards the ends of the
circumference; the fact that heat generation is largest at the
center, one would expect the melt pool depth largest at this
region and becomes shallow at its edges which is typical in
laser material processing. This temperature gradient

experienced by the melt pool has an influence on the surface
tension of the molten liquid metal. The surface tension is the
fluid material property which depends on fluid temperature
and composition; increase in either one decreases surface ten-
sion [55]. Since melt pools are hottest at their cores, this results
in surface tension gradients thus inducing the Marangoni con-
vection also known as thermocapillary convection; in turn,
this affects the subsequent rapidly solidified melt pool shape
[56–58].

3.4 Solidification and operational microstructure
evolution

The laser additive manufacturing process involves the incor-
poration of materials directly injected into a localized yet mo-
bile laser birthed melt pool. The solidification of these consol-
idated materials is determined by the thermal distribution and
gradient around the melt pool which govern the rate of cooling
to freezing temperatures. In general, solidification occurs in
two stages which are (i) nucleation, occurring when a nucleus
(small stable solid particle) evolves from the liquid phase, and
(ii) growth, which involves the attachment of atomic liquid
particles onto the nucleus as they transform to solid phase. In
general, nucleation initiates at the melt pool because these are
the coolest regions; then, growth would occur inwards to the
center [24].

In general practice, pure metallic materials are seldom de-
ployed for application; therefore, solidification may take place
while temperature decreases whereby the interface between
solid and liquid phases is either planar, cellular, or dendritic.
The dendritic structure is known to appear either as columnar
or equiaxed grains. In laser metal deposition methodologies,
the grain structure is governed by the composition of the con-
stituents in the alloy whereby solidification initiates at ele-
ments with higher melting point and gradually proceeds till
the last drop of liquid (containing mainly of atoms with lowest
melting point) freezes [24].

3.5 Operational mechanical properties

The mechanism of the phenomenon described in this section
is dependent on the process parameters of which additive
manufacturing’s versatility enables their control as a result
giving these technologies an edge to tailored microstructures;
thus, desirable mechanical properties are achievable [59]. An
effect of typically rapid cooling rates is an added advantage as
this results in finer grains thereby resulting in enhanced me-
chanical characteristics [20]. An ideal microstructure for ad-
ditive manufactured components is defect free and consists of
phases that enhance mechanical properties of the built part.
However, the formation of undesirable artifacts such as pores,
cracks, or incomplete melting is possible depending on the
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chosen process parameters and the consequential interactions
in the melt pool.

Additionally, the distinctive rapid solidification character-
istic of laser material processes also means that the melt pool
solidifies while the dynamic phenomena described above are
still in action. This may lead to entrapment of gasses, recoil
pressure expansion, and spattering depending on selected pro-
cess parameters and the corresponding melt pool properties
[29, 60]. The melt pool with high temperature gradients and
thus high surface tension gradient experience increased
Marangoni flows which may lead to rough surface texture of
the build surface while recoil pressure induces the formation
of pores thereby reducing the mechanical performance in as-
fabricated components [56–58].

Many experimental and computational research works
have been carried out with the sole aim of improving the
mechanical properties of additive manufactured components
through understanding the mechanisms and interactions oc-
curring during processing. The most widely studied additive
manufacturing processes are laser metal deposition and selec-
tive laser melting with properties of interest being mainly the
strength/structural properties, surface texture, and geometrical
accuracy [26, 40, 61–64].

4 Feedstock for powder-based laser additive
manufacturing systems

4.1 Feedstock powder characteristics

The powder characteristics (particle size distribution and par-
ticle shape) and material properties (absorptivity, melting
point, thermal conductivity) are as important as the laser pro-
cess parameters (laser power, scan speed, powder federate,
and gas flowrate) in additive manufacturing processes [49].
This is because the evolution of defects is a result of the feed-
stock quality which is determined by both powder character-
istics and its material properties.

The abovementioned defects are related to porosity and
their origin is attributed to powder feedstock quality.
According to Anderson et al. [38], the spherical geometry is
the most compatible shape for powder particles used in addi-
tive manufacturing technologies as they improve flowability,
layer spreading, and loose powder packing. The authors fur-
ther stated that direct energy deposition processes are less
affected by geometry of the powder particles so long as the
feed rate remains constant.

4.2 Feedstock powder delivery

The powder-based additive manufacturing processes encom-
pass either the continuous direct powder injection or periodic
subsequent layering of a powder bed after each build cycle. In

these sections, these feedstock transport mechanisms are brief-
ly conferred in terms of their operational principle, machinery
components that carry out each specified task, and their ad-
vantages over counterparts.

4.2.1 Direct powder injection systems

Direct metal laser deposition by powder feedstock is one of
the most studied and commercialized additive manufacturing
technologies among others [16]. The powder delivery system
consists of a direct current (DC) motor and a transport system
which includes a pipe, powder dispenser, and a deposition
head (composed of coaxial nozzle, focusing optics, and a
cooling system). In this system, powder can be transferred to
the melt pool either coaxially around the laser beam or later-
ally from the sides of the laser beam [27]. TheDCmotor speed
governs the powder feed rate (transported by pressurized ar-
gon gas) to the dispenser where it is split into four streams.
These streams are carried through tubes to the coaxial nozzle,
where they converge to form a cone-shaped powder stream
that has the same central axis as the laser beam before finally
reaching the melt pool created by the laser beam [65].

4.2.2 Powder-bed based systems

Powder bed fusion is a widely known process category in laser
additive manufacturing technologies [66]. This process con-
sists of a laser scanning system, powder bed delivery system,
roller, and fabricated piston. Fabrication by powder bed fusion
involves spreading and subsequently compressing the powder
followed by fusion of this powder through a laser beam guid-
ed by a scanner system over a selected region of the laser bed.
This process repeats itself while pistonmoves down a distance
equivalent to the built height until the whole part is succes-
sively built [67].

4.3 Mechanism of beam/material interaction

Direct metal laser deposition involves laser irradiation
coupled with simultaneous feeding of metallic powders to a
localized molten region on the build plate or a preceding layer
depending on the building stage. In this instant, the laser beam
travels through and interacts with the cloud of powder parti-
cles before reaching the workpiece. These powder particles
may absorb, reflect, and transmit some of the laser irradiance
and therefore experience a change in temperature. As the
beam intersects the powder cloud, its energy and intensity
decrease through absorption and reflection [27].

Once the beam reaches the build platform, a rapid increase
in surface temperature is experienced at the eradiated area then
dissipated throughout the material by convection and chang-
ing the kinetic energy of the nearby atoms; thus, thermal
stresses induce deformation. However, this sudden increase
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in temperature does not only affect the build plate as some of
the feedstock that scatter outside the melt pool also experi-
ences temperature increase and therefore becomes prone to
change quality through coalescence forming agglomerates
and oxidation which changes their composition. Therefore, it
becomes a necessity to develop techniques dedicated to better
preserve or restore the quality of the feedstock as it is well
agreed upon that alterations may weaken the mechanical per-
formance of deposits [68].

4.4 Powder recycling

In recent years, an increasing focus has been placed on envi-
ronmentally sustainable practices particularly in manufactur-
ing with the aim to reduce material waste and fabrication costs
[3, 5]. In additive manufacturing processes, the requirement to
achieve deposition is that the metallic powders be directly
injected into the melt pool to fabricate a near net shape com-
ponent only consuming the material necessary required for
fabricating the final part. This is the major contributor making
this fabrication process a sustainable one. This is true when
considering only the material consumed to produce the final
component. However, there is a large amount of powder that
ends up being misdirected to non-melted regions outside the
melt pool which therefore remains undeposited [39, 69].
Renderos et al. [13] mentioned that a large amount of powder
up to 60% of the feed may be lost to waste depending on the
process configuration and spot size.

One possible way to avoid this waste is through
recycling since most of the unfused scattered powders
remain undamaged. However, some of the powders may
be heat affected; hence, partial oxidation, partial melting/
fusion, and/or chemical contamination are plausible.
Powder materials used for additive manufacturing pro-
cesses are commonly very expensive, and therefore,
reusing the non-trapped powder is economically advanta-
geous [69]. However, the highly localized melting and
resolidification that occur during the additive manufactur-
ing of metallic powders are sensitive to defect incorpora-
tion (primarily porosity) from non-uniform powder
flowability. Therefore, powder agglomeration through co-
alescence which generally affects the flowability depen-
dent powder feed rate increases porosity [38].

5 Metallurgy of titanium and its alloys

Titanium is the fourth most abundant structural metal on the
earth crust after aluminum, iron, and magnesium in descend-
ing order. The titanium-based alloys have gained increasingly
predominant attention over the recent decades. This abrupt
attention is owed to the aerospace industry’s critical need for
new materials with superior strength to weight ratios. These

materials possess high specific strength, excellent corrosion
resistance, and high temperature capability at a very light
weight thus making them stand out in a wide range of appli-
cations [35, 70, 71].

The properties of titanium alloys are determined by the
crystalline structure with which it exists in the particular
temperature range as well as the grain size, grain shape,
and microstructure. Normally, elemental titanium un-
dergoes allotropic transformation by a nucleation and
shear-type process as it cools from beta phase field
through the transus temperature to alpha phase field.
This transformation results in a change in crystal structure
from a body centered to closed-packed hexagonal crystal
structure [72]. In general, there are three alloy categories
by which titanium is classified. These three classes de-
pend on the composition and the predominant application
temperature range [73].

5.1 Crystal structure of titanium alloys

Pure titanium experiences allotropic transformation at a
temperature of 882.5 °C from a close-packed hexagonal
crystal structure (HCP) to a body-centered cubic (BCC) as
temperature is increased and vice versa with decrease in
temperature [74]. The alpha phase (HCP) is stable below
the allotropic temperature (882.5 °C), and the beta phase
(BCC) is stable above this temperature. The crystallo-
graphic structure with which titanium exists determines
the functional properties and thus its applicability in in-
dustrial [75]. Shown in Fig. 8 is the schematic description
of the allotropic transformation of pure titanium.

In general practice, alloying elements are added to
force the reorganization of titanium atoms into either
one of the abovementioned phases depending on desire/
requirement. The additions of alloying elements result in
alterations in transformation temperatures and/or produce
a dual-phase field where the alpha and beta phase co-ex-
ist. Alloying elements having extensive solubility in beta
phase typically depress the alpha/beta transformation tem-
perature and are called beta stabilizers, and vice versa can
be said about the alpha stabilizers [76].

Aluminum is the principal element used for stabilizing
the alpha phase in titanium alloy. Furthermore, alternative
to aluminum other alpha stabilizers such as gallium, ger-
manium, carbon, oxygen, and nitrogen which favor the
alpha crystal structure can be used as well as (Davis
2001). Alternatively, stabilizing the beta phase requires
additions of beta stabilizers which include vanadium, mo-
lybdenum, chromium, and copper. Neutral additives are
sometimes used as alloying agents. However, these have
close to zero influence on phase evolution in titanium
alloys [77].
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5.2 Classification of titanium alloys and their
properties

There are three main equilibrium constitution dependent types
into which titanium alloys are classified; these are alpha, al-
pha-beta, and beta alloys [72]. Each of these distinguishable
alloy types serves a specific role [73]. According to Froes
[77], these materials are distinguishable by their crystal struc-
tures present at or close to room temperature. In addition, the
material properties depend on these crystallographic struc-
tures. Figure 9 depicts the general description of different
phase diagrams of titanium-based alloys.

5.2.1 Alpha alloys

The alpha alloys predominantly consist of the alpha single-
phase titanium, which is stable in room temperature up to the
allotropic transformation. In some cases, these alloys contain
small traces of beta-stabilizing elements which are intention-
ally added to improve the processing characteristics and per-
mit greater microstructural management. In addition, these

alloys may contain neutral elements which are soluble in both
alpha and beta solid phase; this addition helps strengthen the
alpha phase. The alpha alloys are characterized by a reason-
able strength, formability, toughness, creep resistance, excel-
lent corrosion resistance, good high temperature properties,
high stability, and weldability. Their formability decreases
with any improvements in strength. In addition, these alloys
have limited slip movement during deformation, thus, hot
working treatment processing is problematic and improve-
ment in mechanical properties through heat treatment is barely
obtainable (Marsumi and [74, 78]). Examples of these alloys
include commercially pure titanium, Ti-2.5Cu and Ti-5Al-
2.5Sn [79].

5.2.2 Alpha + beta alloys

The alpha + beta alloys consist of a dual phase at ambient
temperatures. The presence of beta phase at the temperatures
where its normally unstable is enabled by the addition of 4–
6% beta stabilizer. These alloys contain both the alpha and the
beta stabilizers; this is because the beta stabilizers cannot
strengthen the alpha phase. In the cases of small contents of
beta stabilizer, the alpha + beta alloy is referred to as the near
alpha alloy [76]. The mechanical properties of this alloy type
depend on the relative amounts and distribution of the alpha
phase and beta phase present [79]. In general, the equiaxed
and bi-modal microstructures are preferred for these alloys as
they give them good balance of strength, ductility, fatigue, and
creep resistance [80]. However, they possess relatively poor
creep resistance compared with the alpha alloys. Ti-6Al-4V,
the prime alloy of this class, also predominates the overall uses
of titanium in general.

Figure 10 shows a schematic pseudo-binary phase diagram
illustrating the temperature-dependent phase transformations
between alpha and beta phases for Ti-6Al-4V alloy. These
alloys possess good response to heat treatments because of
the two-phase field which allows the relative amounts of alpha
and beta phases to be alpha made. Other examples of alpha +

Fig. 8 Schematic illustration of
the influence of alloying elements
on equilibrium phase diagrams of
titanium alloys [72]

Fig. 9 Schematic pseudo-binary phase diagram of Ti-6Al-4V
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beta alloys include Ti-6Al-6 V-2Sn, Ti-6.5Al-3.2Mo-1.8Zr-
0.25Si.

5.2.3 Beta alloys

Beta alloys are the type whereby a small volume of material is
quenched from above the allotropic temperature using ice wa-
ter to produce a beta phase without martensitic decomposition
[76]. These alloys generally contain large amounts of transi-
tion metals which act as beta stabilizing agents. These alloys
consist of a metastable beta phase, which decomposes in case
of cold working or a slight change in temperature resulting in
decomposition to alpha phase. Although these alloys are rel-
atively high in density, their strength is high enough to give
them strength-to-weight ratios surpassing those of alpha +
beta alloys. Furthermore, these alloys offer high toughness
and fatigue strength and excellent combustion resistance and
are easy to heat treat. The improvement of the weight-to-
strength ratio to its heights is achieved through solution treat-
ment which transforms some beta phase to alpha and causes
the formation of finely dispersed alpha in the retained beta
phase. The properties of each beta alloy vary from the other
depending on the stabilizing agent [73, 74]. The disadvantages
of the beta alloys are high density, low modulus, poor low-
and high-temperature properties, microstructural instabilities,
segregation, and interstitial pick up.

5.3 Microstructures and mechanical properties
of Ti-6Al-6V

The mechanical properties of alpha titanium alloys strongly
depend on the microstructural evolutions birthed by the com-
position, processing history, and thermal treatment. Since
composition of Ti-6Al-4V is known, the rate at which the
alloy cools from above the transformation temperature is the
determinant of the microstructure that will be achieved.
Therefore, it is of paramount importance to identify and clas-
sify the possible microstructural forms as well as the condi-
tions that favor their evolution thereof.

5.3.1 Lamellar microstructure

The lamellar microstructure, alternatively known as basket
weave, forms as a result of slow cooling from above the beta
single-phase field through the beta transus temperature. The
gradual decrease in temperature results in the formation of a
crystallographic relationship between the evolved alpha phase
and the remainder of the beta phase. In addition, intermediate
cooling rates result in a formation of Widmanstätten struc-
tures. The basket weave microstructure is characterized by
coarse grains with large amounts of alpha phase and signifi-
cantly smaller amounts of beta phase found at the boundaries.
The characteristics of a lamellar microstructure include a

moderate fatigue resistance, good creep resistance, crack
growth resistance, and a relatively poor tensile ductility [81].

5.3.2 Equiaxed microstructure

The equiaxed microstructure contains about the same amount
of alpha and beta phase. This form of microstructure is com-
mon with significant mechanical working in the alpha + beta
phase region. Alternatively, recrystallization annealing pro-
cess can be used to achieve an equiaxed microstructure [82].

5.3.3 Bi-modal microstructure

The combination of lamellar and equiaxed microstructures is
classified as the bi-modal microstructure. This microstructure
consists of isolated primary α-grains in a transformed β ma-
trix. Bi-modal microstructure is obtained by an anneal high in
the α+β region followed by an air cool [83].

5.3.4 Martensite microstructure

The rapid cooling from temperatures above the martensite
start temperature and the beta transus results in the formation
of martensite microstructures [84].

6 Summary and conclusion

Laser additive manufacturing processes hold a promise to im-
proving the mechanical performance as well as the fabrication
cost of titanium alloy (particularly Ti-6Al-4V) which is com-
monly employed in aerospace applications among others.
Employment of lightweight materials for the aerospace indus-
try helps in mitigating the fuel consumption which will have a
direct impact in reducing the greenhouse gas emission thus
reducing the effects the industry has on global. In addition,
fabrication of lightweight components at economical costs
will help reduce the travel costs via cheap energy efficient
aircrafts. Despite the potential these technologies hold for
the aerospace industry especially when their advantages are
coupled with desirous materials, some hindrances still persist,
which necessitates the continual process development and im-
provement in order for the technology to maintain the prom-
inent position or even upgrade it. On the other hand, the aero-
space industry has always been quality-driven but is constant-
ly becoming more cost driven over recent years which makes
it a major requirement to develop techniques by which waste
in both fabrication cost and material be minimized. One meth-
od to achieve this is by developments in the present energy-
efficient additive manufacturing processes that will enable
optimal material use efficiency such as reliable powder
recycling procedures which will contribute largely in econom-
ical value.

Int J Adv Manuf Technol (2020) 107:1163–1178 1175



References

1. Aboulkhair NT, Everitt NM, Ashcroft I, Tuck C (2014) Reducing
porosity in Alsi10mg parts processed by selective laser melting.
Addit Manuf 1:77–86

2. Huang R, Riddle M, Graziano D, Warren J, Das S, Nimbalkar S,
Cresko J, Masanet E (2016) Energy and emissions saving potential
of additive manufacturing: the case of lightweight aircraft compo-
nents. J Clean Prod 135:1559–1570

3. Asgari H, Baxter C, Hosseinkhani K, Mohammadi M (2017) On
microstructure and mechanical properties of additively
manufactured AlSi10Mg_200C using recycled powder. Mater Sci
Eng A 707:148–158

4. Liu R, Wang Z, Sparks T, Liou F, Newkirk J (2017) Aerospace
applications of laser additive manufacturing. In Laser additive
manufacturing. Woodhead Publishing, Cambridge, pp 351–371

5. Rajala R, Westerlund M, Lampikoski T (2016) Environmental sus-
tainability in industrial manufacturing: re-examining the greening
of Interface’s business model. J Clean Prod 115:52–61

6. Ndou N, Akinlabi ET, Pityana SL Shongwe MB, (2016)
Microstructure of Ti6Al4V reinforced by coating W particles
through laser metal deposition. In the Proceeding of the World
Congress on Engineering and Computer Science, held in San
Francisco, California, USA on the 19th -21st October 2016

7. GaoW, Zhang Y, Ramanujan D, Ramani K, Chen Y, Williams CB,
Wang CC, Shin YC, Zhang S, Zavattieri PD (2015) The status,
challenges, and future of additive manufacturing in engineering.
Comput Aided Des 69:65–89

8. Slotwinski JA, Garboczi EJ, Stutzman PE, Ferraris CF, Watson SS,
Peltz MA (2014) Characterization of metal powders used for addi-
tive manufacturing. J Res Natl Inst Stand Tech 119:460–493

9. Bikas H, Stavropoulos P, Chryssolouris G (2016) Additive
manufacturing methods and modelling approaches: a critical re-
view. Int J Adv Manuf Technol 83(1–4):389–405

10. du Preez WB, Damm OFRA, Trollip NG, John MJ, (2001)
Advanced materials for application in the aerospace and automo-
tive industries. In Science real and relevant: the 2nd CSIR biennial
conference, CSIR international convention Centre in Pretoria,
South Africa on 17-18 November 2001

11. Bauereiß A, Scharowsky T, Körner C (2014) Defect generation and
propagation mechanism during additive manufacturing by selective
beam melting. J Mater Process Technol 214(11):2522–2528

12. Watson JK, Taminger KMB (2018) A decision-support model for
selecting additive manufacturing versus subtractive manufacturing
based on energy consumption. J Clean Prod 176:1316–1322

13. Renderos M, Torregaray A, Gutierrez-Orrantia ME, Lamikiz A,
Saintier N, Girot F (2017) Microstructure characterization of
recycled IN718 powder and resulting laser clad material. Mater
Charact 134:103–113

14. Carroll PA, Pinkerton AJ, Allen J, SyedWUH, Sezer HK, Brown P,
Ng G, Scudamore R, Li L, (2006) The effect of powder recycling in
direct metal laser deposition on powder and manufactured part
characteristics. In Proceedings of AVT-139 specialists meeting cost
effective manufacture via net-shape processing in Neuilly, Paris,
France on the 23rd -27th march 2006

15. Seyda, V., Kaufmann, N. AND Emmelmann, C., 2012.
Investigation of aging processes of Ti-6Al-4 V powder material
in laser melting. Phys Procedia, 39, 425–431

16. Sames WJ, List FA, Pannala S, Dehoff RR, Babu SS (2016) The
metallurgy and processing science of metal additive manufacturing.
Int Mater Rev 61(5):315–360

17. Wong KV, Hernandez A (2012) A review of additive manufactur-
ing. International scholarly research notices ISRNMech Eng, 1, 1–
10

18. Francois MM, Sun A, KingWE, Henson NJ, Tourret D, Bronkhorst
CA, Carlson NN, Newman CK, Haut TS, Bakosi J, Gibbs JW
(2017) Modeling of additive manufacturing processes for metals:
challenges and opportunities. Curr Opinion Solid State Mater Sci
21(4):198–206

19. ShuklaM,Mahamood RM, Akinlabi ET, Pityana S (2012) Effect of
laser power and powder flow rate on properties of laser metal de-
posited Ti6Al4V. Int J Mech Mechatron Eng 6(11):2475–2479

20. Wang Z, Palmer TA, Beese AM (2016) Effect of processing param-
eters on microstructure and tensile properties of austenitic stainless
steel 304L made by directed energy deposition additive
manufacturing. Acta Mater 110:226–235

21. Michaleris P (2014) Modeling metal deposition in heat transfer
analyses of additive manufacturing processes. Finite Elem Anal
Des 86:51–60

22. Thompson SM, Bian L, Shamsaei N, Yadollahi A (2015) An over-
view of direct laser deposition for additive manufacturing; part I:
transport phenomena, modeling and diagnostics. Addit Manuf 8:
36–62

23. Portolés L, Jordá O, Jordá L, Uriondo A, Esperon-Miguez M,
Perinpanayagam S (2016) A qualification procedure to manufac-
ture and repair aerospace parts with electron beammelting. J Manuf
Syst 41:65–75

24. Kannatey-Asibu E Jr (2009) Principles of laser materials process-
ing, vol 4. John Wiley & Sons, Hoboken

25. Byren RW, Reeder RA, Raytheon Co, 1999. Multi-mode laser os-
cillator with large intermode spacing. Patentee LLP (U.S. Patent 5,
974,060)

26. Fotovvati B,Wayne SF, Lewis G, Asadi E (2018) A review onmelt-
pool characteristics in laser welding of metals. Adv Mater Sci Eng
2018:1–18

27. Brandt M (ed) (2016) Laser additive manufacturing: materials, de-
sign, technologies, and applications. Woodhead Publishing

28. Majumdar JD & Manna I, (2013) Laser-assisted fabrication of ma-
terials. Laser-assisted fabrication of materials: Springer Series in
Materials Science, Volume 161. ISBN 978–3–642-28358-1.
Springer-Verlag Berlin Heidelberg, 2013

29. Mahamood, R.M., Akinlabi, E.T., Shukla, M. & Pityana, S., 2014.
Revolutionary additive manufacturing: an overview

30. Caiazzo F, Alfieri V (2018) Laser-aided directed energy deposition
of steel powder over flat surfaces and edges. Materials 11(435):1–7

31. Kumar S, Pityana S (2011) Laser-based additive manufacturing of
metals. In: Advanced Materials Research, vol 227. Trans Tech
Publications, Stafa-Zurich, pp 92–95

32. Popoola, P., Farotade, G., Fatoba, O. AND Popoola, O., 2016.
Laser engineering net shaping method in the area of development
of functionally graded materials (FGMs) for aero engine
applications-a review. In Fiber Laser. IntechOpen London

33. Nakano T, Ishimoto T (2015) Powder-based additive manufactur-
ing for development of tailor-made implants for orthopedic appli-
cations. KONA Powder Part J 32:75–84

34. Du,W., Bai, Q. and Zhang, B., 2016. ANovelMethod for Additive/
Subtractive Hybrid Manufacturing of Metallic Parts. Procedia
Manufacturing, 5, 1018–1030

35. Hu Y, Wang H, Ning F, Cong W, 2016, June. Laser engineered net
shaping of commercially pure titanium: effects of fabricating vari-
ables. In ASME 11th international manufacturing science and en-
gineering conference held at Blacksburg, Virginia, USA on the 27
June – 1 July 2016

36. Palčič I, BalažicM,MilfelnerM, Buchmeister B (2009) Potential of
laser engineered net shaping (LENS) technology. Mater Manuf
Process 24(7–8):750–753

37. Sun P, Fang ZZ, Xia Y, Zhang Y, Zhou C (2016) A novel method
for production of spherical Ti-6Al-4V powder for additive
manufacturing. Powder Technol 301:331–335

1176 Int J Adv Manuf Technol (2020) 107:1163–1178



38. Anderson IE, White EM, Dehoff R (2018) Feedstock powder pro-
cessing research needs for additive manufacturing development.
Curr Opinion Solid State Mater Sci 22(1):8–15

39. O’leary R, Setchi R, Prickett PW, (2015) An investigation into the
recycling of Ti-6Al-4V powder used within SLM to improve
sustainability

40. Bagheri A, Shamsaei N, Thompson S, (2015) November.
Microstructure and mechanical properties of Ti-6Al-4V parts fab-
ricated by laser engineered net shaping fatigue and cyclic deforma-
tion of superelastic and shape memory alloys view project fatigue
of polymeric materials view project. In ASME 2015 International
Mechanical Engineering Congress and Exposition in Houston,
Texas, USA on the 13th -19th November 2015

41. Krishna BV, Bose S, Bandyopadhyay A (2007) Low stiffness po-
rous Ti structures for load-bearing implants. Acta Biomater 3(6):
997–1006

42. Qiu C, Ravi GA, Dance C, Ranson A, Dilworth S, Attallah MM
(2015) Fabrication of large Ti–6Al–4V structures by direct laser
deposition. J Alloys Compd 629:351–361

43. Yadav R (2009) Definitions in laser technology. J Cutan Aesthet
Surg 2(1):1–7

44. Roehling TT, Wu SS, Khairallah SA, Roehling JD, Soezeri SS,
CrumbMF, MatthewsMJ (2017) Modulating laser intensity profile
ellipticity for microstructural control during metal additive
manufacturing. Acta Mater 128:197–206

45. Shamsaei, N., Yadollahi, A., Bian, L. AND Thompson, S.M., 2015.
An overview of direct laser deposition for additive manufacturing;
part II: mechanical behavior, process parameter optimization and
control. Addit Manuf, 8, 12–35

46. Arthur, N., Malabi, K., Baloyi, P., Moller, H., Pityana, S., 2016.
Influence of Process Parameters on Layer Build-up and
Microstructure of Ti-6Al-4V (ELI) Alloy on the Optomect
LENS™ . In the 17th RAPDASA Annual International
Conference, Vaal, Gauteng, South Africa, 2-4 November 2016

47. Bayode, B.L., Lethabane, M.L., Olubambi, P.A., Sigalas, I.,
Shongwe, M.B. and Ramakokovhu, M.M., 2017. Densification
and Micro-structural Characteristics of Spark Plasma Sintered Ti-
Zr-Ta Powders. Powder Technology, 321, 471–478

48. Pupo Y, Delgado J, Serenó L, Ciurana J (2013) Scanning space
analysis in selective laser melting for CoCrMo powder. Procedia
Eng 63:370–378

49. Tamsaout T, Kheloufi K, Amara EH, Arthur N, Pityana S (2017)
CFD model of laser additive manufacturing process of cylinders. S
Afr J Ind Eng 28(3):178–187

50. Balla VK, Bandyopadhyay PP, Bose S, Bandyopadhyay A (2007)
Compositionally graded yttria-stabilized zirconia coating on stain-
less steel using laser engineered net shaping (LENS™). Scr Mater
57(9):861–864

51. Rao, H., Giet, S., Yang, K., Wu, X. and Davies, C.H., 2016. The
Influence of Processing Parameters on Aluminium Alloy A357
Manufactured by Selective Laser Melting. Materials & Design,
109, 334–346

52. Heigel JC, Michaleris P, Reutzel EW (2015) Thermo-mechanical
model development and validation of directed energy deposition
additive manufacturing of Ti–6Al–4V. Addit Manuf 5:9–19

53. Sun S, Durandet Y, Brandt M (2007) Melt pool temperature and its
effect on clad formation in pulsed Nd: yttrium-aluminum-garnet
laser cladding of Stellite 6. J Laser Appl 19(1):32–40

54. AhsanMN, Pinkerton AJ (2011) An analytical–numerical model of
laser direct metal deposition track and microstructure formation.
Model Simul Mater Sci Eng 19(5):1–22

55. Limmaneevichitr C, Kou S (2000) Experiments to simulate effect of
Marangoni convection on weld pool shape. Weld J 79(8):231–237

56. Kidess, A., Kenjereš, S., Righolt, B.W. AND Kleijn, C.R., 2016.
Marangoni driven turbulence in high energy surface melting pro-
cesses. Int J Therm Sci, 104, 412–422

57. Saldi ZS, (2012)Marangoni driven free surface flows in liquid weld
pools. Doctoral Thesis, Delft University of Technology

58. Vora HD, (2013) Integrated computational and experimental ap-
proach to control physical texture during laser machining of struc-
tural ceramics. Doctoral Thesis, University of North Texas

59. Khairallah SA, Anderson AT, Rubenchik A, KingWE (2016) Laser
powder-bed fusion additive manufacturing: physics of complex
melt flow and formation mechanisms of pores, spatter, and denu-
dation zones. Acta Mater 108:36–45

60. Acharya R (2014) Multiphysics modeling and statistical process
optimization of the scanning laser epitaxy process applied to addi-
tive manufacturing of turbine engine hot-section Superalloy com-
ponents. Doctoral dissertation. Georgia Institute of Technology,
Atlanta

61. Benedetti M, Fontanari V, Bandini M, Zanini F, Carmignato S
(2018) Low-and high-cycle fatigue resistance of Ti-6Al-4V ELI
additively manufactured via selective laser melting: mean stress
and defect sensitivity. Int J Fatigue 107:96–109

62. Carroll BE, Palmer TA, Beese AM (2015) Anisotropic tensile be-
havior of Ti–6Al–4V components fabricated with directed energy
deposition additive manufacturing. Acta Mater 87:309–320

63. Fatoba OS, Akinlabi ET, Makhatha ME (2017) Influence of rapid
solidification on the thermophysical and fatigue properties of laser
additive manufactured Ti-6Al-4V alloy. In: Aluminium alloys-
recent trends in processing, Characterization, Mechanical behavior
and applications. IntechOpen, London

64. Gong H, Rafi K, Starr T, Stucker B, (2012) August. Effect of de-
fects on fatigue tests of as-built Ti-6Al-4V parts fabricated by se-
lective laser melting. In Annual International Solid Freeform
Fabrication Symposium in Austin, Texas, USA on the 13th -15th

August 2012
65. Tang L, Ruan J, Landers RG, Liou F (2008) Variable powder flow

rate control in laser metal deposition processes. J Manuf Sci Eng
130(4):1–10

66. Bidare P, Maier RRJ, Beck RJ, Shephard JD, Moore AJ (2017) An
open-architecture metal powder bed fusion system for in-situ pro-
cess measurements. Addit Manuf 16:177–185

67. Mumith A, Thomas M, Shah Z, Coathup M, Blunn G (2018)
Additive manufacturing: current concepts, future trends. Bone Jt J
100(4):455–460

68. Brandão, A., Gerard, R., Gumpinger, J., Beretta, S., Makaya, A.,
Pambaguian, L. And Ghidini, T., 2017. Challenges in additive
manufacturing of space parts: powder feedstock cross-
contamination and its impact on end products. Materials, 10(5),
522–538

69. Renderos M, Girot F, Lamikiz A, Torregaray A, Saintier N (2016)
Ni based powder reconditioning and reuse for LMD process. Phys
Procedia 83:769–777

70. Adebiyi DI (2015) Mitigation of abrasive wear damage of Ti–6Al–
4V by laser surface alloying. Mater Des 74:67–75

71. Sibisi, P.N., Popoola, A.P.I., Kanyane, L.R., Fatoba, O.S., Adesina,
O.S., Arthur, N.K.K. AND Pityana, S.L., 2019. Microstructure and
microhardness characterization of Cp-Ti/SiAlON composite coat-
ings on Ti-6Al-4V by laser cladding. Procedia Manuf, 35, 272–277

72. Lütjering G, Williams JC, Gysler A, (2000) Microstructure and
mechanical properties of titanium alloys. In Microstructure and
Properties of Materials, 2, 1–77

73. Boyer RR (1996) An overview on the use of titanium in the aero-
space industry. Mater Sci Eng A 213(1–2):103–114

74. Pederson R (2002) Microstructure and phase transformation of Ti-
6Al-4V. Luleå Tekniska Universitet, Doctoral dissertation

75. Boyer RR (2010) Attributes, characteristics, and applications of
titanium and its alloys. J Miner Met Mater Soc 62(5):21–24

76. Gammon, L.M., Briggs, R.D., Packard, J.M., Batson, K.W., Boyer,
R., Domby, C.W., 2004. Metallography and microstructures of ti-
tanium and its alloys. ASM handbook, 9, 899–917

Int J Adv Manuf Technol (2020) 107:1163–1178 1177



77. Froes FH ed., 2015. Titanium: physical metallurgy, processing, and
applications. ASM International

78. Marsumi Y, Pramono AW (2014) Influence of niobium or molyb-
denum in titanium alloy for permanent implant application. In:
Advanced Materials Research, vol 900, pp 53–63

79. Wanhill R, and Barter S (2011) Fatigue of beta processed and beta
heat-treated titanium alloys. Springer Science & Business Media,
Berlin

80. Fan X, Li Q, Zhao A, Shi Y, Mei W (2017) The effect of initial
structure on phase transformation in continuous heating of ATA15
titanium alloy. Metals 7(6):2–12

81. Sieniawski, J., Ziaja, W., Kubiak, K. AND Motyka, M., 2013.
Microstructure and mechanical properties of high strength two-
phase titanium alloys. In Titanium alloys-advances in properties
control. IntechOpen London

82. Knowles CR, (2012) Residual stress measurement and structural
integrity evaluation of SLM Ti-6Al-4V. Doctoral dissertation,
University of Cape Town

83. Löffler K (2013) Developments in disk laser welding. In:
Handbook of laser welding technologies. Woodhead publishing,
Cambridge, pp 73–102

84. Aversa A,Marchese G, Saboori A, Bassini E,Manfredi D, Biamino
S, Ugues D, Fino P, Lombardi M (2019) New aluminum alloys
specifically designed for laser powder bed fusion: a review.
Materials 12(7):1–19

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

1178 Int J Adv Manuf Technol (2020) 107:1163–1178


	Review on direct metal laser deposition manufacturing technology for the Ti-6Al-4V alloy
	Abstract
	Introduction
	Laser additive manufacturing
	Laser as an additive manufacturing tool
	Classification of laser additive manufacturing techniques
	Direct laser deposition
	Laser powder bed fusion
	Additive/subtractive hybrid manufacturing

	Industrial applications of laser additive manufacturing technologies

	Principles of laser-assisted additive manufacturing
	Influence of process parameters in laser additive manufacturing
	Laser power
	Laser scan speed
	Powder feed rate
	Hatch spacing
	Gas flow rate
	Laser beam spot size

	Mechanism of heat transfer in laser additive manufacturing
	Conduction
	Radiation
	Convection

	Melt pool dynamics and fluid flow mechanism
	Solidification and operational microstructure evolution
	Operational mechanical properties

	Feedstock for powder-based laser additive manufacturing systems
	Feedstock powder characteristics
	Feedstock powder delivery
	Direct powder injection systems
	Powder-bed based systems

	Mechanism of beam/�material interaction
	Powder recycling

	Metallurgy of titanium and its alloys
	Crystal structure of titanium alloys
	Classification of titanium alloys and their properties
	Alpha alloys
	Alpha + beta alloys
	Beta alloys

	Microstructures and mechanical properties of Ti-6Al-6V
	Lamellar microstructure
	Equiaxed microstructure
	Bi-modal microstructure
	Martensite microstructure


	Summary and conclusion
	References


