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a b s t r a c t

As one of the most important additive manufacturing (AM) techniques, laser metal deposition (LMD) has
been extensively studied specially during the last few years. Similar to other AM techniques, the quality
of LMD parts is highly dependent on the processing parameters that need to be optimized so as to obtain
geometrically accurate parts as well as favorable microstructures and, thus, mechanical properties. The
present review paper therefore aims to present a critical analysis and overview of the relationship be-
tween processing parameters, microstructure, and mechanical properties of LMD components made
from the Tie6Ale4V alloy. Moreover, we discuss the applications of LMD parts in the aerospace and
biomedical industries as well as the potential of LMD techniques for fabrication of more complex parts
such as cellular structures. The paper concludes with a summary of the most important findings and
suggestions for future research.

© 2019 Published by Elsevier B.V.
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Nomenclature

3D Three Dimensional
AM Additive Manufacturing
BCC Body Centered Cubic
CAD Computer-Aided Design
DED Directed Energy Deposition
DLD Direct Laser Deposition
DLF Directed Light Fabrication
DMD Direct Metal Deposition
DMLS Direct Metal Laser Sintering
EBM Electron Beam Melting
FCGR Fatigue Crack Growth Rate
FEA Finite Element Analysis
FEM Finite Element Modeling
GA Gas Atomization

HAZ Heat Affected Zones
HCF High Cycle Fatigue
HCP Hexagonal Closed Packed
HIP Hot Isostatic Pressing
LBM Laser Beam Melting
LCF Low Cycle Fatigue
LENS Laser Engineered Net Shaping
LMD Laser Metal Deposition
PBF Powder Bed Fusion
PREP Plasma Rotating Electrode
SLM Selective Laser Melting
SLS Selective Laser Sintering
SMD Shape Metal Deposition
STL Standard Tessellation Language
WAAM Wire þ Arc Additive Manufacturing
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1. Introduction

In recent years, the fabrication of three-dimensional (3D)
components through additivemanufacturing (AM) has beenwidely
studied and attracted the attention of various industries worldwide
[1,2]. In accordance with ISO 17296e2:2015 (Additive
manufacturing, general principles, overview of process categories, and
feedstock) [3], AM techniques can be classified into seven categories
(Fig. 1). These categories include VAT photopolymerisation, mate-
rial jetting, binder jetting, sheet lamination, material extrusion,
powder bed fusion (PBF), and directed energy deposition (DED).
PBF and DED are the most frequently used AM techniques for
fabrication of Tie6Ale4V parts particularly those aimed for appli-
cation in biomedical and aerospace industries.

PBF comprises techniques in which an energy source (i.e., laser
beam or electron beam) is used to melt and fuse the powder
residing in a powder bed [4]. Various energy sources require
different atmospheres. In general, nitrogen or argon gas is required
for laser systems, while vacuum is preferred when using an elec-
tron beam. For building each slice of the 3D shape, a new layer of
powder is spread over the build plate [5], and is then selectively
melted by the energy source. Subsequently, the build platform is
lowered and another layer of powder is deposited on top of the
previous ones. This procedure is repeated until all the layers



Fig. 1. The classification of AM techniques according to ISO 17296e2:2015 [3].
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resulting from the slicing of the geometry defined by a computer-
aided design (CAD) file are built.

In DED, however, the deposition and fusing of the fed material
occurs quasi-simultaneously using an energy source such as laser,
electron beam, or plasma arc [5]. The material (i.e., wire, powder, or
strip) is deposited on the substrate from a nozzle mounted on a
multi-axis arm. Similar to other AM techniques, the fabrication
process is layer-by-layer and is performed according to a pre-
planned scanning trajectory [2,6].

Among PBF and DED techniques, the most popular ones for the
fabrication of metallic parts are as follows:

e Laser beam melting (LBM) [7,8] e (PBF category);
e Electron beam melting (EBM) [9] e (PBF category);
e Laser metal deposition (LMD) [2,10,11]e (DED category).

Although several standard terminologies for these techniques
are suggested in the scientific and technical literature, manufac-
turers often adopt their own terminologies. Table 1 introduces
these terminologies and classifies them into two large groups.
Based on this classification, the main AM techniques for metallic
materials include LBM, EBM, and LMD.

LMD processes offer a number of unique advantages over other
AM techniques particularly when a near-net-shape is desired. For
example, large parts that do not fit in the build volume of PBF
processes could be processed with LMD techniques. Moreover, LMD
techniques are highly efficient for the repair of damaged or worn-
out parts or when new features need to be added to already
existing parts [12,13]. The ability to fabricate functionally graded
materials, higher deposition rates, and a more comprehensive
processing window for the optimization of finished parts are some
other advantages of this manufacturing process [14].

AM techniques enable the fabrication of parts directly from a 3D
model [15]. This capability together with the form-freedom and
material choice freedom offered by AM has triggered new and
revolutionary approaches in engineering design [16]. The
Table 1
The AM techniques commonly used for metals and their alternative names.

ISO category Terminology used in this article

Powder Bed Fusion (PBF) Laser Beam Melting (LBM) and Electron Be

Directed Energy Deposition (DED) Laser Metal Deposition (LMD)
versatility of AM techniques contrasts with the limitations that
conventional processing routes such as casting, forging, and
machining suffer from Ref. [17]. For the fabrication of Tie6Ale4V
parts, for example, the conventional processing routes often result
in high material wastage [7,9] while requiring expensive custom-
ized dies, forming tools, molds [18], and finishing operations as well
as all other difficulties reactivity of Tie6Ale4V (i.e., oxidation and
decomposition problems). On the contrary, AM resulting from the
high techniques allow for the fabrication of Tie6Ale4V near-net-
shape products with complex geometries while reducing the
environmental impact and increasing the production sustainability
[18]. The huge potential of AM processes has therefore been used in
the production of custom-made solutions, especially for high-
added-value products of automotive, aerospace, aeronautics, and
biomedical industries [5,19].
2. Tie6Ale4V

Tie6Ale4V is one of the most popular and commercially avail-
able titanium alloys [20,21]. Its microstructure contains a mixture
of a-phase with a hexagonal closed packed (HCP) crystal structure
and b-phase with a body centered cubic (BCC) structure. When
rapidly cooled down from high temperatures, the b phase can
transform into a martensitic a phase with a HCP crystal structure
and a P63/mmc space group [22]. This TieAleV system contains
6wt% aluminum as a-stabilizer and 4wt% vanadium as b-stabilizer
[2]. The HCP crystal structure is stable at the room temperature and
transforms to a BCC structure at the b-transus temperature (from
z995 to >1000 �C depending on the Al and O contents) [23].

A variety of processing routes and post-AM heat treatments
have been developed to adjust the microstructure of AM
Tie6Ale4V and manipulate the distribution, morphology, and size
of a and b phases. These changes are highly correlated to the
cooling rate that is applied when the alloy is cooled down starting
from temperatures above the b-transus temperature [24]. The
microstructure of the Ti6AL4V alloy is very sensitive to the thermal
Terminology Refs.

am Melting (EBM) Laser Beam Melting (LBM) [7]
Selective Laser Melting (SLM) [15,37]
Selective Laser Sintering (SLS) [248]
Electron Beam Melting [9,249]
Direct Metal Laser Sintering (DMLS) [1]
LaserCUSING [250]
Industrial 3D printing [251]
Laser Metal Deposition (LMD) [2,11]
Direct Laser Deposition (DLD) [42]
Laser Engineered Net Shaping (LENS) [77]
Direct Metal Deposition (DMD) [252]
Laser Cladding [39]
Directed Light Fabrication (DLF) [253]
Shape Metal Deposition (SMD) [21]



Fig. 2. The microstructural characteristics of Tie6Ale4V parts produced by LMD: (a) xey surface and (bec) xez surface (reproduced from Ref. [30]).
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history and can mainly evolve in the form of fully lamellar ho-
mogenous large b grains, bi-modal with smaller a colony sizes, or
equiaxed a-b microstructures [25e27]. In LMD components, the
lamellar microstructure is commonplace and will be broadly
addressed in the present review.

When the cooling rate is slow (i.e., <20 �C/s), nucleation and
growth processes occur and form aWidmanst€atten laths within the
b matrix [24]. These microstructures are usually observed in con-
ventional wrought and cast materials. For cooling rates between 20
and 410 �C/s, the length and thickness of a-lamellae decrease,
thereby enhancing the mechanical strength [17]. If the cooling rate
is high enough (i.e., >410 �C/s), the b-phase undergoes a dif-
fusionless transformation to martensitic a0-phase [10,24]. One of
the most important challenges when using AM processes is to
fabricate highly dense parts with relative densities higher than
99.5%. However, the manufacturing defects occurring during the
AM process can result in parts with lower densities. These defects
can present themselves in the form of micro-porosities (i.e.,
<50 mm) that facilitate the propagation of cracks and diminish the
mechanical properties of AM Tie6Ale4V [28,29].

When producing Tie6Ale4V parts using LMD, several process-
ing parameters play important roles in affecting the
microstructure-sensitive properties of the material. It has been
shown that the final microstructure of Tie6Ale4V significantly
affects its strength, ductility, hardness, toughness, fatigue, wear
resistance, and corrosion behavior. A typical example of these mi-
crostructures is presented in Fig. 2. As is clear from this figure, the
prior-b columnar grains grow epitaxially along the deposition di-
rection. The original b grains are decorated with a grain boundary a
phase [30,31]. The microstructure of LMD Tie6Ale4V parts consists
of b grains, a sequence of needle-like martensitic a-phase, a large
Table 2
A short list of the experimental results regarding the mechanical properties of Tie6Ale4V
fabricated using traditional manufacturing techniques.

Fabrication method and post treatments Yield stress (MPa)

Casting and post heat treatments at 800-1100 �C e

Casting 999
Casting and HIP 833.9
Centrifugal casting 898
HIP 851
Hydrogen
sintering and phase transformation (HSPT)

930e974

Forging and recrystallization 711
LMD e

LMD 871e1015
LMD 697e884
LMD e

LMD e
amount of Widmanst€atten a-laths structures, and a few b-phase
between the a-laths [30].

Tie6Ale4V is considered the workhorse titanium alloy in mul-
tiple industrial sectors. High strength [32], low weight ratio [33],
superior corrosion resistance [19], and high-temperature perfor-
mance [34,35] are the main characteristics that make this material
suitable for a diversified range of high added value products.
Transport and automotive [24], chemical, oil and gas extraction,
sports, electronics, aerospace [2,10,36] and medical device (e.g.,
orthopaedic and dental implants) industries [32,37] are some ex-
amples of a wide range of the areas where Tie6Ale4V is applied. As
compared to cobalt-chromium alloys and stainless steels used in
medical devices, Tie6Ale4V presents 50% lower Young's modulus
(around 110 GPa) [38], 50% lower weight, outstanding corrosion
resistance [39], and high levels of biocompatibility [40,41]. These
advantages make this alloy appealing for the fabrication of medical
devices such as orthopaedic and dental implants [6]. Tie6Ale4V is
also an appropriate material for aerospace products such as air-
frames, flaps, and engine mountings [2], as its use represents sig-
nificant volume reduction and weight saving as compared to the
commonly used steels and aluminum alloys. Moreover, Tie6Ale4V
exhibit high levels of fatigue resistance and high-temperature
mechanical properties [42]. The superior properties of AM
Tie6Ale4V processed by AM techniques have allowed for the
development of innovative engineering solutions that could
potentially improve the quality of our lives through customized and
more efficient medical devices as well as through improved sus-
tainability and reduced environmental footprint of industrial
products.

There are some technical reports confirming that LMD is supe-
rior to some traditional manufacturing methods in terms of
components manufactured by LMD and comparing themwith those of the materials

UTS (MPa) Elongation at failure Hardness (HV) Ref.

1100e14000 1.2e4% 360e425 [254]
1173 6% e [255]
900.2 6% 325 [256]
981 3% 378 [257]
932 16.2% e [258]
994e1024 13.8e17.8% e [259]

876 12.4% e [260]
900e1000 e 326e392 [50]
995e1118 18% e [123]
790e960 5e12% e [55]
1014e1085 9.2e13.3% 390 [79]
1060 14% e [122]



Fig. 3. A schematic representation of the powder-blown LMD setup [43].
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fabricating materials with enhanced mechanical properties. Table 2
present a brief list of the experimental results reported to date and
compares the mechanical properties of LMD Tie6Ale4V compo-
nents with those fabrciated using traditional manufacturing tech-
niques. As is clear from this table, the mechanical properties of
Tie6Ale4V parts strongly depend on the fabrication method as
well as the applied post-manufacturing heat treatments and ther-
mal history. Moreover, it can be seen that LMD Tie6Ale4V com-
ponents benefit from a good balance between the mechanical
strength and ductility when compared to those made through
other manufacturing techniques.

3. Scope of the present study

In this paper, we review LMD techniques with a focus on the
Tie6Ale4V parts that are aimed for application in the biomedical
and aerospace industries. In particular, we thoroughly discuss the
physicomechanical properties of LMD Tie6Ale4V components and
explore the phase transformations and their influence on the
resulting properties.

A number of review articles have been published before about
the LMD technology and some of its important aspects for different
metals and alloys. For example, Thompson et al. have in 2015
broadly reviewed the LMD-based fabrication of different metals
and alloys including the relevant transport phenomena, modeling
aspects [43], optimization of processing parameters, and mechan-
ical behavior [31]. In particular, they had focused on the processing
parameters and transport phenomena and their influence on the
mechanical properties of metallic systems such as titanium alloys,
steels, and super-alloys. In 2015, Bian et al. [31] published a short
review article briefly addressing LMD Tie6Ale4V. Although that
paper covers certain interesting aspects of LMD Tie6Ale4V, it does
not cover a large number of recent studies that have appeared since
2015. Given that many studies on LMD Tie6Ale4V have been
published since then, there is an urgent need for a review paper
that covers the new results and deals with the principles of LMD
and their application for obtaining highly dense parts made from
Tie6Ale4V. This paper aims to fill that gap and inform readers who
would like to start LMD-related research while updating those who
are already involved in this line of scientific inquiry with the latest
developments in this area. We start off by introducing the main
concepts of LMD, the types of microstructures resulting from it, the
relevant physical phenomena, and the processing parameters and
how they influence the physicomechanical properties of the
resulting parts. In the second step, a comprehensive overview of
the critical experimental results and recently published reports on
LMD Tie6Ale4V is presented. We also highlight the existing chal-
lenges and opportunities in this active and exciting area of research.

4. Laser metal deposition

4.1. Introduction

Driven by the private industry, the early concepts of direct laser
deposition (DLD) emerged in 1980s, as evidenced by a patent from
Brown et al. [44] describing layer-wise additive depositionworking
on the basis of powder (or wire) metallurgy. In 1988, Mehta et al.
[45] patented a technique for the repair of metallic components
that combined a laser beam with blown powder. In the same year,
Hammeke [46] patented a laser spray nozzle technology while
Buongiorno [47] patented a metal cladding nozzle a few years later
in 1994. Similarly, directed light fabrication (DLF) was proposed as a
form of single-nozzle powder-based DLD by Lewis et al. [48] in the
mid-1990s at Los Alamos National Laboratory. In the mid-to-late
1990s, researchers at Sandia National Laboratories innovated and
trademarked the process as laser engineered net shaping (LENS®),
which deployed multiple nozzles for the powder delivery. After
1997, the company “Optomec” started to commercialize the LENS®

technology [31]. A new generation of these technologies are
currently being developed by several companies under the generic
name of LMD.

The first step for the production of a component using LMD is
the preparation of a computer-generated 3D model of the desired
part that is often made using a computer aided design (CAD) pro-
gram. The CAD geometry is then sliced into parallel thin layers that
are perpendicular to a selected build direction and is exported in a
widely accepted file format such as the standard tessellation lan-
guage (STL). Finally, this file is imported into the computer con-
trolling the LMD machine to build the part. In LMD, the feed
material (in the form of wire or powder) and energy are delivered
simultaneously to a given location. At this (moving) location, the
delivered (laser) energymelts the feedmaterial to form amelt pool.
In the case of powder-based LMD, the powder is blown to the melt
pool coaxially to the energy beamwhile the cladding headmoves in
the x-y plane, creating a track of solidified material. After all tracks
are completed in the x-y plane, the cladding nozzle is elevated
along the z-axis to start the deposition of the subsequent layer.
Before starting the deposition of the first track, the surface of the
substrate plate should be cleaned with ethanol [49]. Fig. 3 presents
a schematic illustration of the LMD process and its setup.

In the aerospace industry, a commonly used parameter is the
buy-to-fly ratio, which is defined as the ratio of the weight of the
raw material used for a component to its final weight. AM tech-
nologies such as LMD dramatically reduce this ratio and serve as an
interesting business opportunity for the fabrication of small- and
medium-sized Tie6Ale4V parts [50].

LMD can be applied for preventive and corrective maintenance
of critical parts in which case its name is often changed to “laser
cladding” [51,52]. Moreover, LMD could be used to address the
machining errors and last-minute engineering redesigns that
ordinarily lead to long lead times and extra costs. As compared to
conventional repair technologies such as tungsten inert gas or gas
metal arc welding, LMD allows for material deposition with mul-
tiple advantages including a low heat input that minimizes the
distortion and the thermal damage of the existing substrate.
Furthermore, finer microstructures can be obtained using this
repeatable and automatable process [51].

Currently, there are only a limited number of LMD commercial
machine manufacturers. Many of the end users of LMD therefore
design and integrate the components required for a LMD cell



Table 3
The relative porosity of the powder materials made by GA and PREP [49].

Sample Powder volume (mm3) Pores volume (mm3) % Porosity

GA 3.877 0.002117 0.055
PREP 2.329 0.000399 0.017
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themselves. These components usually include a laser source, a
fiber/wire/powder feeder, a robot and/or an axis-controlled table, a
cooling system, optical lenses, and a cladding head or nozzle. The
type of lasers and their wavelengths vary between different LMD
machines. However, fiber, CO2, or Nd:YAG lasers with powers in the
range of 1 and 5 kW [31] are used in most cases. In LMD machines,
the generated laser beam is transported to the cladding head using
a fiber. The beam is then collimated and re-oriented using different
optical devices such as collimators or 45� mirrors [31]. The angle,
rate, and location of the blown powder can strongly affect the
deposition process. The powder is usually fed using a volumetric
feeding device utilizing argon gas for carrying the powder through
a hose to the nozzle powder channels. Six-axis robots with coupled
cladding nozzles are usually employed in the LMD process to in-
crease the process flexibility. When fabricating components that
require the generation of circular paths, the substrate can bemoved
using precise x-y gantries [53]. Nozzles usually have 3 to 4 equally
spaced orifices that are directed towards the focus point of the laser
beam. LMD nozzles should be carefully designed so as to prevent
the nozzle orifices from clogging. Furthermore, it is important to
keep the nozzles cooled to prevent possible deformations in the
cladding head. The cladding head is usually equipped with a py-
rometer or an infrared camera to monitor the temperature of the
melt pool.

The chemical composition, physical properties (e.g., flowability),
and morphology of the starting powder can influence the rough-
ness and geometrical accuracy of the final part as well as the melt
pool behavior. Most of the powder material used in LMD is made
through gas-atomization (GA) with particle sizes that range be-
tween 10 and 100 mm [54. GA has the disadvantage of occasionally
entrapping gas bubbles in the generated powder given its rapid
solidification process. In this process, the molten metal passes into
a nozzle through a ceramic feed tube. The gas stream strikes the
melt as it emerges from the melt nozzle, resulting in spherically
shaped metal powder [54]. However, the alternative technique of
plasma rotating electrode (PREP) has been found to result in better
sphericity and less initial porosity (Table 3) [49]. In general, the size
distributions of the powder particles produced through GA and
PREP are remarkably different. In a case study, for example, the
mean size of the particles made through GAwas 94 mm,while it was
72 mm for the ones made by PREP [49]. Fig. 4 shows the rough
Fig. 4. The SEM images of the Tie6Ale4V powders produc
surfaces, satellite particles, and surface pores of GA Tie6Ale4V
particles. The initial powder shape, size, and defects are found to
strongly influence the surface roughness, deposited track thickness,
intralayer porosity, and the hardness of the final LMD parts [49].

The processing parameters are the other factors strongly
affecting the microstructure and mechanical properties of LMD
Tie6Ale4V parts. Among these parameters, the laser power, nozzle
speed, (powder or wire) feed rate, laser spot diameter, hatch
interspacing, deposition strategy, substrate temperature, powder
shape, and powder size are the most important parameters [31].
The feed rate is the averagemass of the feedstock leaving the nozzle
perminute and ranges between 1 and 10 g/min [31]. The inclination
of the deposition nozzle with respect to the substrate has to be
taken into consideration, because high inclination angles can bring
powder feeding rates below the desired levels. In addition, non-
coaxial alignment of the powder stream with the focus spot of
the laser beam can result in geometrical inaccuracies [31].

The type of the deposition strategy or deposition pattern is
another factor influencing the width and height of the LMD-
deposited tracks [31]. The selection of an adequate scan pattern
may reduce the amount of residual stresses and thermal distortions
[31]. In general, there are four common deposition patterns
including raster, bi-directional, offset, and fractal [31]. It has been
shown that the geometrical accuracy can be achieved with lower
deposition rates, giving rise to longer production times [31]. Among
the deposition strategies, the circle and spiral strategies avoid the
resolution problem in cylindrical parts. Fabrication of smaller cir-
cles is, however, challenging due to the accumulation of significant
amount of heat in a small area. In addition, the acceleration of the
nozzle in small circles is very high, which can adversely affect the
accuracy of the nozzle movements.

Among the main advantages of LMD, the material cost saving is
of great significance and is particularly appreciated by the auto-
motive and aerospace industries, where a weight reduction can
have a remarkable economic impact [55]. The current
manufacturing techniques used in the aerospace industry often
involve the machining of large titanium forgings. The forging pro-
cess is usually done by an external contractor and tends to involve
long lead times. In addition, forging is usually inefficient in terms of
the energy and material consumption. In contrast, LMD is a
powerful tool that could be used to overcome these difficulties. Due
to the small dimensions of commercial LMD machines, they can be
easily installed in workplaces, thereby reducing the lead times as
well as the number of subcontracted tasks. The buy-to-fly ratio of
titanium aerospace components manufactured by conventional
subtractive manufacturing techniques may be as high as 20:1 [56],
rendering these processes inefficient and reducing the sustain-
ability of the part life cycle. On the contrary, LMD can achieve buy-
to-fly ratios in the range of 1.5e5:1 [56]. The design freedom
ed by (a) GA and (b) PREP for LMD applications [49].
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offered by LMD can be also used to fabricate topologically opti-
mized parts that tend to be geometrically very complex but weigh
less. Furthermore, complex design features that ordinarily require
long machining times can be fabricated faster using LMD. Finally,
LMD does not require the fabrication of expensive tooling every
time a new part needs to be built, further increasing the associated
cost savings.

As for the disadvantages, LMD consumes high amounts of en-
ergy given its use of a high-power laser beam. This may, however,
more than be compensated for by the energy saved as a result of
shorter manufacturing times and reduced post-treatment steps.
Additionally, the poor surface finish and geometrical inaccuracies
inherent to such a lay-by-layer process (e.g., the staircase effect) are
the common drawbacks of the LMD technology. Although using a
smaller layer thickness minimizes the staircase effect, the produc-
tion time will increase. Moreover, geometrical inaccuracies and a
poor surface finish may necessitate post-processing steps that in-
crease the production time and cost.

As opposed to SLM, where the powder bed acts as a support for
the fabrication of overhanging structures, LMD has no natural
support mechanism. Even though the production rate of LMD is
much higher than other AM techniques such as SLM [57], limited
productivity (as compared to some other conventional
manufacturing process) remains a major challenge that needs to be
overcome through additional developments. To put this limitation
in perspective, deposition rates of up to 0.45 kg/h have been re-
ported using wire feedstocks [58], while values of up to 0.9 kg/h
have been achieved with powder-blown LMD processes [14]. The
high initial cost of the required equipment and expensive feed-
stocks have been the other deterrents for the potential users of the
LMD technology.

When comparing powder-based and wire-based LMD, the
former suffers from a high surface-to-weight ratio and an increased
possibility of atmospheric contamination. A high deposition effi-
ciency, favorable deposition rate, good availability, and simpler
feedstock handling and storage are the other advantages of wire-
based LMD. Especially for Tie6Ale4V, the contaminants might
Fig. 5. (A) A cross-sectional image of LMD Tie6Ale4V parts showing various HAZs; (b) A top
affected zone, and the thermal gradients present in different depths; and (d) A binary phas
different types of the heat affected zone [67].
strongly affect the mechanical properties of the resulting parts [50].
In addition, powder is two to three times more expensive thanwire
[59]. Despite these advantages, less attention has been paid towire-
based manufacturing of Tie6Ale4V components [50].

Many materials have been successfully processed using LMD
including titanium alloys [50], stainless steels [60], tool steels [61],
nickel-based alloys [57], cobalt-chrome alloys [62], and aluminum
alloys [63]. Materials with a high reflectivity and considerable
thermal conductivity are usually difficult to process by laser-based
AM processes such as LMD. Powder materials generally have ab-
sorptivity values that are twice as much as that of the same ma-
terials with flat surfaces. That is because metallic powders scatter
and entrap the laser light [64]. Given that the absorptivity of
powder material is, nevertheless, low, a high portion of the incident
laser beam is reflected. A high laser power is therefore needed to
generate a melt pool. Similarly, materials with high thermal con-
ductivity can rapidly transfer the laser beam-generated heat to the
bulk material, thereby reducing the temperature and effectiveness
of the melt pool [64].
4.2. Physical phenomena

In LMD, the previously deposited layers may partially re-melt
when the subsequent layers are deposited [50,65]. This can lead
to a banded microstructure. To prevent this from happening, some
studies have suggested that the process should be stopped in be-
tween the layers to make sure the temperature of the previous
layers stays below a certain threshold [50,65]. For instance, Nassar
et al. [66] have proposed an intralayer closed-loop real-time control
system that ensures the temperature of the previous layer stays
below 415 �C.

In general, a fine or equiaxed microstructure increases the
strength and ductility of the material while a coarse or lamellar
microstructure has the opposite effects. Higher laser powers usu-
ally lead to coarser columnar grains as well as thicker layers and
bigger heat affected zones. (HAZs). Fig. 5 shows the microstructure
of the formed melt pool and its neighboring heat affected zone for
view of the melt pool and heat affected zone; (c) A side view of the melt pool, the heat
e diagram of (Tie6Al)eV alloys indicating the temperature zones corresponding to the
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LMD Tie6Ale4V. The region below the dilution area typically
consists of several zones [52,67]:

(i) The based metal (BM) zone, which is not affected by the
generated heat and its microstructure is the same as the as-
received base material (e.g., globular primary a grains in a
basket-weave (aþb) matrix);

(ii) Binary (a þ b) heat affected zone (HAZaþb) whose local
temperature is sufficiently high but below Tb, meaning that
its microstructure will contain a combination of a and b
phases. This region can be classified into two distinct zones
depending on the local thermal gradient and the cooling rate,
namely HAZ(aþb)1 and HAZ(aþb)2. In the region HAZ(aþb)2, the
peak temperature is not sufficiently high to change the
microstructure of the base metal except for the facts that the
lamella width of the basket-weave (aþb) matrix may slightly
increase while the average size of the primary a grains re-
mains constant. In the region HAZ(aþb)1, however, the peak
temperature is higher than the BM and HAZ(aþb)2 zones, but
below Tb. Therefore, the basket-weave (aþb) binary struc-
ture of the matrix tends to transform into a colony structure
with finer a lamella.

(iii) HAZb zone whose peak temperature is higher than Tb,
resulting in substantial change in themicrostructure oberved
in this zone. Depending on the applied peak temperature, the
primary a grains are either refined or are completely dis-
solved in the HAZb zone, whereas the prior b grains begin to
slightly coarsen.
4.3. Processing parameters

LMD parts are affected by a variety of processing parameters and
their combined interactions. The optimization of these parameters
and, thus, the resulting microstructures and mechanical properties
is of critical importance not only because it enables LMD to be
competitive against conventional manufacturing techniques but
also because it qualifies this process for the fabrication of functional
parts. The control and monitoring of these parameters through
closed-loop feedback control and live data acquisition systems is of
great potential utility in this regard.

The incident energy applied during the laser-material interac-
tion process is a commonly used parameter when evaluating the
effects of a processing parameter on the properties of the finished
part. The energy density calculated using the laser processing pa-
rameters allows for the evaluation of the range of the parameters
by which metallic parts can be fabricated with satisfactory prop-
erties [31] and is calculated as:

Energy Density

¼ Laser Power
Laser Scanning Speed� Laser Spot Diameter

�
J

mm2

�

(1)

It is important to realize that even though the energy density is
the most commonly used parameter in the literature of AM pro-
cesses, it is not necessarily the best parameter for describing the
complex physics of the melt pool.

LMD may be operating either under the conduction or the
keyhole regimen. Under the latter mode, the power density of the
laser beam is so high that a plasma phase forms and the metallic
material evaporates [68]. The evaporation of the feedstock results
in the development of a vapor cavity that enhances laser absorp-
tion, enabling the laser beam to “drill” much further into the ma-
terial than it is possible in the conduction mode [68]. The deep
pores formed in the keyhole model result in the lower densities of
the finished part [69]. It is therefore desirable to make sure LMD
always operates under the conduction mode. However, the energy
density per volume of processed material is not an appropriate
metric to quantify the melt pool depth and to detect the transition
between the conduction and keyhole modes [69].

To optimize the processing parameters, usually the laser power
and traverse velocity are modified while the laser spot diameter is
kept constant within the range of 1e3mm [31]. The traverse speed
often ranges between 1 and 20mm/s, while the laser power is in
most cases kept at levels between 1 and 4 kW [31]. As inferred from
Eq. (1), a combination of a higher traverse speed and a lower laser
power results in a lower incident energy. This combination gives
rise to finer microstructures due to higher cooling rates. On the
contrary, coarser microstructures can be achieved with lower
cooling rates resulting from a decreased traverse speed and an
increased laser power [31].

In LMD, the laser beam is focused on one specific point, where
the powder should be blown. Therefore, the stand-off or focal
length of the LMD nozzle with respect to the substrate affects the
performance of the process. The variations in substrate position
induced by misalignment, overbuilding, or in-process distortion
will bring about variations in the powder feed alignment or energy
density [70]. The thermal monitoring of the melt pool can be
implemented by using infrared cameras and/or pyrometers. The
temperature data obtained using the thermal monitoring systems
can then be used for on-the-fly adjustment of the processing pa-
rameters or for quality assurance purposes [31].

The type of the laser scanning pattern is another process-related
variable that could be used to tailor the microstructure and me-
chanical properties of the resulting material. For example, Nickel
et al. [71] studied the effects of the raster, offset-out, and fractal
deposition strategies on the geometrical accuracy of the LMD parts.
They found that the fractal and offset-out patterns generate the
smallest possible levels of the substrate deformation.

As another determining factor in LMD, the powder flow rate
affects the intralayer porosity. In a case study, an optimum powder
flow rate of 0.033 g/s was reported to give the lowest intralayer
porosity level both for GA and PREP powders regardless of the
applied laser power (i.e., 800 or 1000W) [49].

A limited number of studies have addressed the ways through
which different combinations of processing parameters influence
the microstructure of the final part. In particular, the laser scanning
and deposition strategies play important roles in the microstruc-
ture and properties of the resulting material. For example, Dinda
et al. [72] have shown that alternating the layer-to-layer scanning
direction in LMD of Inconel 625 rotates the growth direction of the
columnar dendrites by 90�. Kobryn et al. [73] addressed how the
variation of the laser power and transverse speed can influence the
width of the prior b-grains. They observed that the grain width
decreases with the traverse speed but remains unaffected by the
laser power (Fig. 6), which is expected given that the grain size
tends to decrease with the cooling rate. High cooling rates arise
from a combination of a low laser power and a high traverse speed,
leading to smaller grain sizes [74].

In addition to the processing parameters, the properties of the
(powder) feedstock can radically change the properties of the final
LMD components. For instance, the Tie6Ale4V powder made by
PREP results in a higher layer thickness as compared to GA powder
for all values of the powder flow rate and laser power [49].

4.4. Microstructure evolution

The microstructural features of LMD parts strongly depend on
their thermal history during the fabrication process. This includes



Fig. 6. The variation in the grain width as a function of (a) the traverse speed and (b) incident energy [74].
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high cooling rates, significant temperature gradients, and the in-
crease of the temperature of the bulk material. Since many pro-
cessing parameters interact in complex ways with each other to
determine the thermal history of LMD parts and to define the so-
lidification process, the precise prediction of the evolved micro-
structure is still a major challenge. Depending on the cooling rate,
equiaxed grains, elongated columnar grains, or a combination of
both may form [75]. It has been found that a higher solidification
rate promotes the transition of the columnar grains to equiaxed
grains whereas a higher cooling rate leads to a finer microstructure
[75]. The cooling rate is affected by other processing parameters
such as the laser power and scanning speed too. LMD Tie6Ale4V is
highly sensitive to the formation of columnar grains in a broad
range of laser powers and scanning speeds. The columnar grains
start coarsening when the laser scanning speed is reduced or the
laser power is increased [75]. In particualr, the microstructure of
LMD Tie6Ale4V parts shows directional columnar b grains that are
in parallel with the deposition direction and very fine a-phases
with different morphologies that are dependent on the applied
laser power [76,77]. With a low laser power, the a morphology
exhibits acicular a0 microstructures while application of higher
laser powers or post-heat treatments give rise to fine aþb lamellae
with a’ martensitic microstructures [78].

The grains formed during the LMD process are generally smaller
near the interface with the substrate as compared to the subse-
quent layers [79]. The lack-of-fusion pores and cracks are some of
the commonly observed defects in these products. Pores are re-
ported as the preferential sites for the initiation and propagation of
cracks [79]. The presence of pores at the interface between two
subsequent layers is referred to as “interlayer porosity” or “lack-of-
fusion” porosity [80e82]. The interlayer porosity usually appears at
the boundary of different layers due to insufficient energy input in
the process [83]. The interlayer porosity can be controlled to some
extent by adjusting the processing parameters, but there is still
disagreement over the main source of intralayer porosities and
whether the process conditions, process parameters, or initial
powdery materials are the dominant causal factors [83]. The pores
generated by the entrapped gas are also a common feature in LMD
parts and are known as the “intralayer porosity”. These pores are
generated by the gas captured from the surrounding atmosphere or
are formed within the melt pool [84]. In fact, the melt pool is
subjected to intense convection due to the Marangoni-induced
flows [84]. The flowing metal of the melt pool may carry the gas
from the atmosphere, thereby leading to gas entrapment in the
melt pool [84]. This phenomenon occurs specially when the so-
lidification time is too short for the gas bubbles to escape to the
surface [84]. The Marangoni convection refers to the tendency of
heat andmass to travel to the areas within a liquid that have higher
surface tensions. It usually occurs under high surface tension gra-
dients. Since the Marangoni flows are accelerated when the laser
power increases, a higher laser power enhances the possibility of
entrapping the gas between the powder particles [49].

The cracks caused by residual stresses are often observed in
LMD parts. These stresses arise from the dynamic temperature
distribution and high heating and cooling rates experienced during
the LMD process. The presence of residual stresses may lead to a
reduced strength, a reduced service life, and increased dimensional
inaccuracies due to the warping effects [31].
5. LMD of Tie6Ale4V

The evolved microstructure of LMD Tie6Ale4V parts highly
depends on the cooling rate experienced during the deposition
process. The cooling rate is determined by the geometry of the part,
the processing parameters (e.g., laser power and laser scanning
speed), and the properties of the involved materials (e.g., thermal
conductivity of the substrate and the deposited layers)
[75e77,85,86]. Columnar prior b grains have been found to grow
along the build direction in LMD Tie6Ale4V [87]. A disruption in
this growth regimen produces a more equiaxed, fine, and randomly
orientated grain structure [87]. Indeed, the application of a light
deformation step after every layer has been found to promote the
refinement of b grains, thereby improving the mechanical proper-
ties and isotropy of the resulting material [87].

In the early stages of an LMD process, when the substrate is still
cold, the deposited layer cools down very quickly through heat
dissipation by conduction to the substrate and a martensitic
structure is formed. The cooling rate decreases as the substrate
heats up, resulting in the formation of theWidmanst€atten structure
[80,88e90]. In recent years, the effects of the cooling rate on the
formation of the different microstructural phases have been stud-
ied. In this case, the cooling rate has been changed by varying the
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processing conditions [89,91,92]. The full a0 martensitic micro-
structure has been found to form at cooling rates above 410 �C/s
while a mixed a0 þ am (secondary a morphology) structure is
evolved for the cooling rates ranging between 20 and 410 �C/s.
Cooling rates below 20 �C/s often result in theWidmanst€atten-type
of microstructure [89].

The microstructure of LMD Tie6Ale4V parts is characterized by
defects such as the lack-of-fusion porosities, cracks, voids, and the
defects resulting from droplet spattering [93]. Residual stresses can
also be developed during the process [94]. Due to the high tem-
peratures required for melting metallic materials and the high
cooling rates generated in the LMD process, high thermal gradients
are induced around the melt pool, provoking thermally induced
residual stresses [95,96]. As the molten material solidifies, the
temperature of the upper layer increases to values higher than that
of the previously solidified ones. As the upper layer cools down and
shrinks, plastic deformations begin to develop, because the thermal
strains exceed the yield stress of the material, and are mainly
controlled by the magnitude of the thermal gradients in the so-
lidified metal [86,97]. These residual stresses can decrease the fa-
tigue resistance of the LMD part, as they provide an additional
driving force for the initiation and propagation of cracks [95].
Moreover, they give rise to geometrical inaccuracies [98,99]. As a
standard practice, a trial-and-error approach is employed to
minimize the residual stresses and distortions in AM. This approach
is costly and time-consuming. Alternatively, computational models
such as those based on the finite element method (FEM) could be
used to predict the thermomechanical behavior of LMD Tie6Ale4V
and to optimize the processing parameters [100]. Such computa-
tional models can precisely predict the mechanical behavior of the
material, but require long computational times and skilled users.

Voids and lack-of-fusion pores are commonly observed on the
fracture surface of LMD Tie6Ale4V parts [101]. These defects can
substantially degrade the mechanical properties of the material.
The initial voids are usually cycloidal or elliptical with diameters in
the range of 1e10 mm and a very smooth inwall [30]. The voids are
created when there are impurities in the powder particles or when
the gas present in the hollow space between the particles does not
have sufficient time to escape during the solidification process [30]
(Fig. 7). Paydas et al. [52] have reported randomly distributed gas
pores with a globular shape and an average diameter of 20 mm.
However, Amsterdam et al. [79] reported much bigger pores of up
to 86 mm in diameter.

Too low temperatures in the melt pool or excessively high
powder feed rates may cause inadequate melting of the powder
particles [30]. As a result, the previous layer does not fully re-melt
as the subsequent is deposited, leading to the formation of the lack-
of-fusion defects at the interface between both layers [30]. The
lack-of-fusion defects have irregular shapes and sizes and can give
Fig. 7. The SEM images of the Tie6Ale4V parts produced by LMD show
rise to anisotropic mechanical properties of the LMD material [30].
Biswas et al. [102] have investigated the effects of porosity on the
plastic deformation and fracture behavior of LMD porous
Tie6Ale4V parts under both static and dynamic loading conditions.
They found that LMD Tie6Ale4V alloy with 20% porosity exhibits
lower levels of strength but higher ductility as compared to the
same type of material with a porosity content of 10%. Similarly, LMD
Tie6Ale4V with 10% porosity exhibits a lower strength but higher
levels of ductility than a fully densematerial of the same type [102].
It has been suggested that the formation of adiabatic shear bands is
the main failure mechanism of these LMD materials [102].

5.1. Finite element analysis

As previously stated, predicting the potential effects of the
processing parameters on the melt pool behavior is of crucial
importance for the optimization of the microstructure and the
mechanical properties of LMD materials. FEM models are often
used for this purpose as well as for a quantitative analysis of the
residual stresses resulting from the LMD process. Finite element
analysis (FEA) of the LMD process is inspired by the models of the
welding processes, because welding is a similar process that has
been extensively studied for decades using a variety of computional
models. The computational models developed for welding pro-
cesses usually neglect convection or the applied free convection.
These assumptions are valid when the amount of the deposited
material is small as compared to the size of the substrate. Given
their much higher amount of the deposited material, the level of
convection is much higher in LMD processes as compared to the
welding processes, rendering the existing models inaccurate [103].
Temperature, residual stress, and in-situ distortion measurements
are usually carried out in these studies [53,104]. Despite the dy-
namic nature of the LMD process, the simulations performed thus
far have been mostly quasi-static in nature. Sequentially coupled
thermal and mechanical FEA is widely used [53,104] in order to
save computational cost. A thermal FEA is generally performed first
followed by a mechanical FEA performed using the thermal loads
obtained in the first analysis step. Another commonly used tech-
nique is the ad hoc activation of otherwise quite elements [100].
When the elements of a layer are first introduced, they are “quiet”,
meaning that their mechanical properties are so small that they do
not affect the analysis before they are activated. This approach has
been used in the studies carried out by Heigel and Yang [103,104].

Coupled thermomechanical models with an ellipsoidal laser
beam representation have been used by Lundb€ack et al. [53]. In that
study, the in-plane geometry of the beamwas elliptic but the size of
the ellipse linearly decreased with depth. Similarly, the in-plane
distribution of the beam shape was Gaussian but linearly
decreased through the depth. This technique allowed for a good
ing the presence of initial voids and the lack-of-fusion pores [30].
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representation of the high-power energy sources similar to the
ones used in LMD. The largest residual stresses were observed
along the build direction, with stresses along y and z axes close to
zero [53]. For modeling the input heat, the simplest approach is to
assume that the temperature of the newly deposited material
equals its melting temperature [105,106]. More complex heat
source models involve employing a volumetric heat flux and the
assumption that the powder particles reach the melting tempera-
ture during the flight across the laser beam. The heat loss to the
surroundings is commonly modeled as convective and radiative
[103,104]. Yang et al. [104,107] have employed an elastic and
perfectly plastic material models, ignoring the potential kinematic
hardening phenomena. This was motivated by the limited work
hardening they observed for Tie6Ale4V that was plastically
deformed under the tensile forces resulting from XXXXX. Heigel
et al. [103] and Yang et al. [104] have proposed the element dis-
tribution of 1 element high and 2 elements wide per clad. They also
used temperature-dependent mechanical properties such as the
Young's modulus, yield strength, and thermal expansion coeffi-
cient. Most of the FEM models have found a good agreement be-
tween the experimental and computional value of stresses for both
mechanical and thermal analyses [ ]. However, a study carried out
by Heigel et al. [103] demonstrated that the implementation of a
measurement-based forced convection model is necessary for an
accurate FEA of the LMD process. This study showed that the
measurement-based forced convection model could achieve tem-
perature errors of less than 11%, while errors of up to 44% are
encounteredwhen a free convectionmodel is applied (Fig. 8). As for
the residual stresses, both free convection model and forced con-
vection model predicted similar values of the residual stresses that
were close to the measured ones (Fig. 8). In a study by Yang et al.
[104], an ellipsoidal volumetric heal flux model with an absorption
efficiency, ɳ, of 45% was used. They also assumed the intersection
between the heat source ellipsoid and the top surface of each
deposition track to be circular while using a penetration depth to
width ratio of 0.45. The density was assumed to be constant, and an
average forced convection coefficient of h¼ 55 was employed.
Fig. 8. (A) The temperature history for the forced and free convection models as
compared to thermocouple measurements and, (b) a comparison of the predicted and
measured residual stresses [103].
5.2. Microstructural evolutions

The microstructure of LMD Tie6Ale4V consists of different
phases present in a b matrix. The prior b grains grow epitaxially
crossing multiple layers with a slight inclinationwith respect to the
build direction [108]. In a case study, the average width of these
grains has been reported to be around 0.5mm [109]. Unlike these
systems, the typical microstructure of wrought Tie6Ale4V parts
lacks columnar grains and consists predominantly of equiaxed
grains. The types of the microstructures present within the b grains
include the primary a, secondary a, plate-like a, colony a, hcp
martensite (¼a0), grain boundary a, acicular a, Widmanst€atten, and
basket-weave. The “Secondary a” forms upon heating and cooling
in the aþb region within a temperature range of 815e900 �C
[110,111]. The commonly used etchant for Tie6Ale4V is 18% HCl
(hydrochloric acid) þ 11% HF (hydrofluoric acid) in water [112].
Other researchers have used the Kroll's etching reagent with 2% HF
(hydrofluoric acid)þ 6% HNO3 (nitric acid) and 92% deionisedwater
[30].

The crystallographic microstructures within the b grains con-
sists of a series of needle-like martensitic a phases, a large number
of Widmanst€atten a-laths structures, and a few b phases between
the a-laths [113]. Donoghue et al. [87] have also shown the pres-
ence of twinned a at the b grain boundaries. These twinnings are
usually formed on the a lath boundaries and originate from a
tensile {1012} twin, which is commonly observed in titanium and
has been previously observed in deformed Tie6Ale4V [114]. As
illustrated in Fig. 2, needle-like martensitic a-phase clusters are
arranged in parallel to and regularly along the b grain boundaries
[30]. Within the b grains, the Widmanst€atten a-laths structures are
woven into the basket-weave microstructures [30]. Both the
needle-like martensitic a-phase clusters and Widmanst€atten a-
laths present thin and needle-shaped microstructures, which
exhibit high levels of strength. However, the coarser Widmanst€at-
ten a-laths have been also found along the b grain boundaries
(Fig. 2) [30]. These coarserWidmanst€atten a grains are thicker, with
lengths <10 mm, and are caused by the deformation applied to the
tested specimens. The coarse Widmanst€atten a-laths reduce the
strength of the material through weakened inhibition of the
dislocation glide. Indeed, when a large amount of the a-lamellae
phases precipitate along the b grain boundaries, the dislocations
glide smoothly and the yield strength of the material decreases
[30,58,115].

The grid structures, akin to those shown in Fig. 9b, are observed
by many researchers as an evidence of the formation of a
martensitic phase [116e118]. Some studies argue that the cooling
rates are so high in LMD that themartensitic transformation is to be
expected [50,111,119]. In general, slow cooling rates lead to the
formation of colony structures, while intermediate cooling rates
result in basket weave structures, and fast cooling rates elicit the
martensitic transformations. The diversity of the microstructures
observed suggests that the microstructural evolutions during LMD
is controlled by the final cooling rate from the b-transus to the
extent that the thermal cycles below the b-transus temperature
may have a minimal effect [50,111,119]. The common cooling rate in
LMD is around 3500 �C/min (¼ 58.3 K/s), which is above the cooling
rate at which the Widmanst€atten structure is transformed into a
martensitic a’ (i.e., 1000 �C/min¼ 16.7 K/s) [26,110,119]. The
martensitic a’ structure can be transformed into a fine lamellar aþb
microstructure by annealing treatments within the temperature
range of 700e850 �C.

The high mechanical strength of Tie6Ale4V (i.e., a aþb alloy)
originates from the synergistic effects of multiple important phe-
nomena. The main strengthening mechanisms include solid solu-
tion strengthening from the substitutional (e.g., vanadium and



Fig. 9. The microstructure of LMD Tie6Ale4V in the central (a) and top (b) regions [50].
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aluminium) and interstitial elements (e.g., oxygen, nitrogen, and
carbon) as well as boundary strengthening from the grain bound-
aries, phase boundaries, and lamella boundaries present within the
microstructure [55,110]. While oxygen is known to enhance the
interstitial strengthening, it can lower the ductility at higher levels.
The precipitation hardening of the a-phase occurs by coherent
Ti3Al(a2) particles [55,110]. Upon annealing in the aþb-region, a
significant partitioning of the alloying elements may take place and
the a-phase is enriched in the a-stabilizing elements (Al, O, Sn)
[55,110]. A substantial volume fraction of coherent Ti3Al particles
can then be precipitated in the a-phase by aging, for example, at
500 �C [55,110].

If one cuts LMD specimens along their build direction, layered
bulges parallel to the deposition plane, as well as large elongated
columnar grains can be observed. These elongated grains are the
prior b grains, which have epitaxially grown across the welding
layers [111]. When a new layer is deposited, the surface of the
previous one is remelted, and the epitaxial growth of the prior b
grains occurs from the previous layers [111]. In a case study, the
Fig. 10. The EBSD maps of LMD Tie6Ale4V parts showing grain grow
prior b grains were inclined 30� relative to the z-direction, a result
of the laser beam traveling along the direction of heat dissipation
[74]. This fact has been also reported by Sridharan et al. [111] where
they observed a significant change in the crystallographic texture
from {90�,90�,0�} in the first layer to{90�,30�,0�} after the deposi-
tion of the fourth layer. Similarly, other authors have reported a
prior b grain orientation of 45� with respect to the build direction
[58]. An analysis of the crystallographic orientation of residual b
grains contained between the a-laths has demonstrated very little
change in the orientation both at the room temperature and at
800 �C [87]. At 850 �C, the b phase starts to grow from the fine
residual b grains, following the preferred orientation of the residual
b grains [87]. At temperatures slightly below the b-transus tem-
perature, the phase transformation progresses to the point where
the b phase covers approximately 35% of the specimen [87]. At this
temperature, a new orientation of the b grains is observed, which is
located within the region of the a-twins (Fig. 10) [87].

A stress-relief treatment is generally recommended for aero-
space components after the LMD process [120]. The appropriate
th and grain orientation as a function of the temperature [87].
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temperatures for this treatment may vary, but the temperatures of
600 �C [50] and 704 �C [42,65] have been reported in the literature.
The post-AM heat treatment of Tie6Ale4V parts is typically per-
formed according to the SAE standards at the aþb-region temper-
atures (<Tb¼ 995 �C). Although these treatments do not remove
the primary defects generated in the process, they are capable of
altering the distribution, size, andmorphology of the a-phase being
formed upon cooling from above the b-transus temperature [109].
However, these treatments do not show a signficant impact on the
prior b grains. A variety of morphologies have been reported for the
a grains after subtransus heat treatments. The a-dissolution tem-
perature has been reported to be 708 �C, 677 �C, or 747 �C [110,121].
Since heat treatments at temperatures considerably higher than Tb
lead to a complete dissolution of the a phase, they are not typically
applied due to the challenges associated with grain coarsening,
high energy consumption, material handling, and the embrittle-
ment of the layers close to the surface. Brandl et al. [112] have
evaluated the potential effects of various heat treatments on the
hardness and microstructure of LMD Tie6Ale4V parts. They
showed that the hardness of the parts is not affected by the time
spent at the temperatures above Tb, and that the transformation of
the columnar to globular prior b grains is feasible by heat treat-
ments above Tb. Additionally, they reported a homogeneous
basket-weave structure after application of a solution treatment at
a temperature above Tb, quenching, and annealing. They concluded
that heat treatment at 600 �C for 4 h followed by furnace cooling
could considerably increase the hardness of LMD parts, while the
same thermal procedure at 1200 �C for 2 h greatly decreases the
average hardness of the specimens [110,112].

6. Mechanical properties

The relationship between the microstructural features and
mechanical properties of LMD parts is not yet fully understood. It is,
however, known that LMD Tie6Ale4V exhibits high levels of
anisotropy with respect to the build orientation [122]. Moreover,
several studies have found that as-deposited LMD Tie6Ale4V can
achieve strength and ductility values close to those of wrought
Tie6Ale4V (AMS 4928) [50,55,123]. Due to the anisotropic nature
of HCP crystals, the mechanical properties of Tie6Ale4V are
strongly dependent on the a texture developed during LMD.
Tie6Ale4V deforms through a twinning plastic deformation
mechanism [124,125]. Under tensile forces, themajority of titanium
alloys show the presence of tensile twin deformation systems
f1012g. Donoghue et al. [87] have confirmed the presence of the
twinned a inside a band of colony a. Table 4 presents a summary of
the main microstructural features and mechanical properties re-
ported for LMD Tie6Ale4V in the literature.

The LMD process is characterized by the heterogeneous nucle-
ation as well as directional and rapid solidification of the deposited
material. Therefore, the morphology and microstructure of LMD
Tie6Ale4V can be compared to those obtained by casting (ASTM
F1108). Given its fast solidification process, the microstructure of
LMD parts is usually finer than that of those cast, leading to higher
strength values [65]. However, the ductility of LMD Tie6Ale4V is
usually below those reported for as-cast Tie6Ale4V [65]. Elonga-
tion values as high as 9% have been reported, which is half of the
values found for the Tie6Ale4V commercial duplex alloy
[50,52,55]. This low ductility can be attributed to the remaining
residual stress in the specimens, martensitic decomposition [1],
and defects orientation [2]. Heat treatments at 600 �C do not
change the elongation at failure, while those at 843 �C increase it
[29,126,127]. The thermal decomposition of the martensitic a0

phase into a aþb lamellar structure at 730 �C can explain this
observation, as a lower amount of the hard a’ phase increases the
ductility and decreases the strength of the material [29,126,127].
Moreover, the ductility of laser-processed AM-fabricated
Tie6Ale4V depends on the orientation at which the parts are
printed, because the spatial orientation of defects varies with the
printing direction [127]. It has been shown that the ductility along a
direction perpendicular to the build plate is lower than that along
the horizontal direction [127]. The tensile strength and hardness
are not significantly influenced by any of these heat treatments
[50,55]. In a study conducted by Carroll et al. [122], the beneficial
effects of an additional 0.0125wt% oxygen on the tensile and yield
strengths of Tie6Ale4V was confirmed, as well as a slight decrease
in ductility.

Hot isostatic pressing (HIP) is another post-treatment process
that can be implemented to improve the microstructural features
and geometrical fidelity and enhance the quasi-static and fatigue
properties of LMD Tie6Ale4V parts. During the HIP process, the
materials are simultaneously subjected to elevated temperatures
and high pressures for an extended period of time. The process is
performed isostatically in a high-pressure vessel that is usually
equipped with an inert pressurizing gas (e.g., argon) so as to pre-
vent chemical reactions [128]. An example of a standard HIP pro-
cess for LMD Tie6Ale4V parts (i.e., temperature¼ 920 �C,
pressure¼ 100MPa, duration¼ 4 h) followed by furnace cooling
(with a cooling rate of around 5 �C/min) has been recently proposed
[129]. The process can help eliminate the defects formed during
LMD including the micro-porosities created as a result of gas
entrapment [129]. Closing these micro-porosities can also increase
the density of these components. HIP may also be used to remove
the distortions induced during the LMD process, thereby improving
the geometrical fidelity of the treated parts. Furthermore, the heat
treatments involved in the HIP process could cause a phase trans-
formation from martensite to a þ b phases. Such a phase trans-
formation can improve the ductility of LMD Tie6Ale4V parts while
somewhat decreasing their yield and tensile strengths [129] and
mitigating their mechanical anisotropy [31,73,129]. Closing the in-
ternal defects that originate from the LMD process could also
significantly enhance the fatigue life of LMD Tie6Ale4V compo-
nents [31,130].

6.1. Tensile and compressive properties

The tensile and compressive strengths are the most commonly
studied properties of LMD Tie6Ale4V. In general, the ultimate
tensile strength (UTS) seems to be directly affected by the applied
heat treatments [50]. Moreover, the elongation corresponding to
the UTS of LMD Tie6Ale4V has been found to increases through
heat treatments at 843 �C for 2 h [50].

The tensile tests are usually performed at the room temperature
following the EN10002 standard, and the results are often
compared to the lower band of the wrought Tie6Ale4V properties
(ASTM B348) and their plastic deformation behavior at elevated
temperatures [60]. There is a widely held consensus among re-
searchers that during the plastic deformation of LMD Tie6Ale4V,
no more than 10% of the plastic work can be stored in the material
as the internal energy [109]. The rest of the applied energy is either
dissipated in the case of quasi-static loading or increases the overall
temperature of the deformedmaterial [109]. In quasi-static loading,
the plastic deformation-induced heat flow has enough time to
diffuse inside the material. On the contrary, at high strain rates, the
rate of heat generation is higher than that of dissipation. In this
case, the heat does not have enough time to be dissipated and,
consequently, the temperature of the specimen increases [109].
Therefore, dynamic stress-strain curves are adiabatic lines on
which the corresponding temperature increases with the applied
strain level. An increment in the temperature usually leads to a



Table 4
The processing window for LMD of Tie6Ale4V components and the resulting microstructural features and mechanical properties.

Machine type Laser type and
power

Characteristics of starting
powders

Substrate Microstructural features Defects Significant conclusions Mechanical properties Ref.

6 axis Kuka
KR16 robot
and 2 axis
table

Trumpf HLD
3504 Nd:YAG
diode laser.
Maximum
power:
3.5 kW

Wire (1.2mm in diameter) Tie6Ale4V The stress-relief heat treatment at 600 �C does not
have significant influence on the mechanical
properties. However, the heat treatment at 843 �C
increases the strain at failure.

- Fatigue limit: 750
e913MPa
- Vickers hardness: 326
e392 HV
- UTS: 900e1000MPa

[50]

Photonics
YLR-12000
coupled with
a Precitec YW-
50 laser optic
Used power:
2 kW

PREP-produced powder supplied
by TIMET Powder Metals, LLC.
D10 of 58 mm, D50 of 89 mm and
D90 of 156 mm. Average particle
size of 100 mm.

Tie6Ale4V The microstructure includes prior b grains
with length from 0.2 to 5mm.

Higher tensile strengths are obtained along the
orientations and wall structures which consist of a
larger number of prior b grain boundary intercepts.

- UTS: 995e1118MPa
- Yield stress: 871
e1015MPa
- Average elongation:
18%

[123]

Dinse push-
push wire
feeder. Kuka
6-axis robot

Trumpf
YbYAG disk
laser
Used power:
5.5 kW

Wire Tie6Ale4V The transformation of columnar prior b
grains to globular b ones is reported.

The hardness andmicrostructure within the prior b
grain are a function of the cooling rate, rather than
of the duration temperatures above b-transus
temperature.

- Hardness Vickers:
281-344

[112]

6-axis robot
and a lateral
wire-
feeding
device

Nd:YAG
Used power:
3.5 kW

Wire Tie6Ale4V No apparent relationship between the ductility or
strength and the angle of fracture is found.

- Yield strength: 697
e884MPa
- UTS: 790e960MPa,
- Elongation at failure:
5e12%

[55]

Two 750W
Nd:YAG lasers
and one
14 kW CO2

laser

GA Tie6Ale4V powder Tie6Ale4V The microstructure consists of columnar
structures with average grain width of
120 mm (Nd:YAG) and 750 mm (CO2).

Higher cooling rates (i.e., a combination of low
power and high speed) lead to thinner prior b-
grains.

[74]

Rofin CO2

laser
Used power:
7 kW

40e100 mm Tie6Ale4V powder The microstructure includes b-grains with
Widmanst€atten a-laths and needle-like
martensitic a phase. Adiabatic shear bands
are likely to be the source of crack initiation
and propagation.

Voids and
lack-of-
fusion
defects with
1e10 mm in
diameter.

As for the tensile test, the flow stress at higher
strain rates is lower than that at lower strain rates.
Negative temperature impact on the flow stress
under both compressive and tensile loading
conditions is observed.

[30]

Weldaix wire-
feeder and
Kuka KR 100
6-axis robot

Trumpf HLD
3504 Nd:YAG
diode laser
Maximum
power:
3.5 kW

Tie6Ale4V The microstructure within the prior b-
grains consists of martensitic a0 and
basket-weave a in the as-built and after the
treatment at 600 �C for 4 h and furnace
cooling.

While the heat treatment at 600 �C for 4 h and
subsequent furnace cooling considerably increase
the average hardness, the treatment at 1200 �C for
2 h followed by the furnace cooling remarkably
decrease it.

- Vickers hardness: 308
e343 HV

[110]

Optomec
LENS®

system

IPG fiber laser
Laser power:
300W

Tie6Ale4V Measurement-based forced convection model
achieves temperature errors less than 11%, while
the free convection model errors are up to 44%.

[103]

5 axis Irepa
Laser
cladding
system

Two different
Nd-YAG laser
sources
Used powers:
2000W and
300W

45e78 mmGA powder Tie6Ale4V Deposits in thin areas consist of orthogonal
a0 martensitic laths, but thicker areas
include Widmanst€atten aþb lamellae
structures.

Lower energy inputs lead to higher hardness (i.e.,
368 HV10) compared to the samples manufactured
by lower energy inputs (i.e., 357 and 333 HV10).

- Elongation at failure:
9%

[52]

�150 to þ150 mesh size
powders

Tie6Ale4V The microstructure includes acicular
secondary a phase and coarse primary a
phase. Adiabatic shear bands including a
twins are detected.

Initial
elongated
voids

Dynamic recrystallization is suggested to be the
main deformation mechanism for the initiation
and propagation of adiabatic shear bands. The heat
treatment is shown to have a negative effect on the
plasticity, but positive effect on the mechanical
strength.

- Highest UTS for as-
deposited specimens:
1600MPa
- Highest UTS for the
heat-treated
specimens: 1800MPa

[109]
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decrease in the flow stress, known as “thermal softening” [109]. The
plastic deformation at high strain rates is therefore controlled by
the competition between the thermal softening caused by an
adiabatic temperature rise and the work hardening resulting from
the high values of the applied strain rate [109].

Several studies have reported the anisotropic mechanical
properties of AM Tie6Ale4V. High UTS values ranging from 900 to
1200MPa have been reported for LMD Tie6Ale4V [6,52,65,79,123].
Assuming that the transverse direction is defined as the one par-
allel to the build axis, the UTS values are 4% higher along the lon-
gitudinal direction as compared to the transverse direction. Similar
levels of anisotropy are observed for the yield strength, where the
values corresponding to the longitudinal direction are 2e5% higher
than those along the transverse one [65]. This is also the case for the
elongation at failure, where longitudinal specimens exhibit a much
higher (i.e., 18%) elongations at failure than the transversal ones do
(i.e. 12%) [50,55,65,123,131]. The strain at failure strongly depends
on the sample orientation too, where values up to 6% are obtained
for non-treated specimens tested along their build direction [50].
Other authors have reported higher elongation values (i.e., 10e15%)
for non-treated specimens along the same direction [65,79,122].
The applied strain rate strongly influences these values. It has, for
example, been found that LMD Tie6Ale4V fails at lower stress
values when the applied strain rate is higher [65,79,122]. An
opposite effect is observed when the applied stresses are
compressive with the flow stress (i.e., the resistance to plastic
deformation) increasing with the loading rate [65,79,122]. How-
ever, the above-mentioned trends are not necessarily generalizable
and may be strongly dependent on the underlying microstructural
features of the tested specimens. For instance, some studies have
found that the elongation at failure for LMD Tie6Ale4V compo-
nents along the transversal direction may be 25e33% higher than
those along the longitudinal one [65,123]. This is attributed to the
presence of the lack-of-fusion porosities that are typically aligned
perpendicular to the transverse direction. These pores result in
lower ductility along the transverse direction [123]. The anisotropy
of themechanical properties may be also due to the elongated prior
b grains that are usually observed in the microstructure of LMD
Tie6Ale4V components [49,107,122,123].

The mechanical properties of LMD Tie6Ale4V also change with
the distance from the substrate (Fig.11). The regions close to the top
surface of the component experience more convection and heat
radiation to the surrounding air and shield gas, while the material
closer to the substrate undergoes re-melting and its heat transfer is
dominated by conduction [6]. In the transversal specimens, the
tensile strength increases along the direction normal to the build
plate, as the distance from the substrate increases. However, the
regions with increased tensile strength experience lower elonga-
tions at failure [6]. Based on the orientations shown in Fig. 11, the
mechanical properties of the specimens tested along the direction
(001) are similar to those tested along the direction (010). On the
contrary, the specimens tested in the direction (100) exhibit higher
values of strength and elongation [6] (see Fig. 13).

6.2. Fracture toughness

For many metallic systems, ductile fracture occurs after exten-
sive plastic deformation, necking, formation of small cavities,
enlargement of cavities, and finally the fracture event that leaves
behind a cup-and-cone shaped fracture surface. Brittle fracture is,
however, characteirzed by minimal plastic deformation before the
fracture event. Fracture toughness (KIC) is the ability of flaw-
containing materials to resist fracture. Depending on the process-
ing conditions and the resulting microstructure and roughness, the
fracture toughness of LMD Tie6Ale4V components can be



Fig. 11. The stress-strain curves of LMD Tie6Ale4V for different specimen orientations and different distances from the surface of a cubic part: the directions (a) (010) and (b) (100)
[6].

Fig. 12. The stress-strain curves of LMD Tie6Ale4V parts. The tensile tests have been conducted along the y and z directions and under different temperatures and strain rates of (a)
0.1 s�1 and (b) 5000 s�1 [30].

Fig. 13. The SEM images of LMD Tie61Ale4V components showing shear failure under (a) a logarithmic strain of 43%, a temperature of 298 K and a strain rate of 0.1 s�1, and (b) a
logarithmic strain of 25%, a temperature of 298 K, and a strain rate of 5000 s�1 [30].
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comparable with the values reported for conventionally manufac-
tured counterparts. For example, Zhai et al. [76] found out that the
fracture toughness of LMD Tie6Ale4V parts are higher than their
wrought counterparts, but close to EBM ones.

There is a general consensus that fracture occurring in adiabatic
shear bands is not uniform and ultimate ruptures can result from
both ductile and brittle fracture modes. Fracture usually starts by
crack formation at preferential sites (i.e., b grain boundaries). Due to
the transversal orientation of the prior b grains, cracks cannot be
easily detected on the cross-section of the fracture surface of lon-
gitudinal specimens. Susceptibility to adiabatic shear band locali-
zation increases after the material is subjected to heat treatments
[65,109]. Both dimpled and smooth areas have been observed on
the fracture surfaces of LMD Tie6Ale4V parts (Fig. 14) [65,109].



Fig. 14. The fracture surface of LMD Tie6Ale4V parts after dynamic compression: (a) the as-deposited alloy tested under a strain rate of 1500 s�1, (b) a heat-treated alloy tested
under a strain rate of 1500 s�1, (c) the as-deposited alloy tested under a strain rate of 3000 s�1, and (d) a heat-treated alloy tested under a strain rate of 3000 s�1 [109].
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Areas with dimples usually exhibit ductile fracture characteristics,
while smooth areas exhibit the brittle type of fracture. Dimpled
areas are formed as a consequence of higher plastic deformations
before failure. Depending on the build directin of the specimen,
different fracture surfaces can develop [65,109]. Transversal speci-
mens generally show smoother cup-and-cone fracture surfaces,
which is an indicator of a ductile fracture mechanism [65,109]. On
the contrary, longitudinal specimens exhibit brittle type fractures
[65,109]. The fracture surfaces of heat-treated specimens show
larger smooth areas with fewer dimples when compared to the as-
built ones [65,109]. Moreover, both the length and depth of dimples
on the fracture surface of heat-treated specimens are shorter
[65,109], revealing the relatively poor ductility of these materials.

Transmission electron microscopy (TEM) of the shear bands has
revealed the deformation of twins of about 100e500 nm in size
under quasi-static loading conditions [109]. At higher strain levels,
however, these twins are absent and a high density of dislocations
is observed [109]. The formation of ultrafine and equiaxed grains in
metals with HCP structures is associated with dislocation slipping
and twinning, which are proposed as the twining-induced rota-
tional dynamic recrystallization mechanisms [109]. These dynamic
recrystallization-induced tiny grains are thought to be accompa-
nied by a sudden reduction in the dislocation density, which leads
to instant softening [109]. In conclusion, twining-induced rota-
tional dynamic recrystallization is considered to be the main
deformation mechanism for the initiation and propagation of
adiabatic shear bands in heat-treated LMD Tie6Ale4V subjected to
dynamic loading [109].

The hardness of LMD Tie6Ale4V strongly depends on its ther-
mal history (i.e., temperature, cooling rate, and heat accumulation).
The thermal history can be manipulated by variations in the pro-
cess parameters and incident energy density. For example, Paydas
et al. [52] have studied the relationship between themicrostructure
and hardness of LMD Tie6Ale4V. The harder zones of the material
(i.e., 350e370 HV10) were related to themartensitic microstructure
formed after rapid cooling. Softer areas (i.e., 315e350 HV10) cor-
responded to the Widmanst€atten structure formed at the lower
cooling rates [52]. The hardness and microstructure in a prior b
grain is a function of the rate at which the material has been cooled
to temperatures below the b-transus temperature rather than of
the time duration it has been kept at temperatures above the b-
transus temperature [112]. For example, heating at 600 �C for 4 h
and a subsequent furnace cooling heat treatment have been found
to not significantly influence the microstructure of the material but
to increase its average hardness [50]. Inversely, a solution heat
treatment at 1200 �C for 2 h, followed by furnace cooling, has been
found to substantially decrease the hardness values [50]. The in-
crease in the hardness may be a result of the Ti3Al(a2) precipitation
[50].
6.3. Fatigue behavior

In many practical applications, LMD parts are subjected to cyclic
loading that might cause fatigue failure. Fatigue tests are usually
performed according to the ASTM standard E606-92 or similar
standards. The test results are highly influenced by the porosity
content and the microstructure of the components, the latter being
dependent on the cooling rate during the deposition [42]. Gener-
ally, if the fatigue test is performed below 103 cycles, it is consid-
ered to be a low cycle fatigue (LCF) test, while fatigue tests with
more than 105 of loading cycles are considered high cycle fatigue
(HCF) tests [31]. When evaluating the fatigue behavior of LMD
components, pore shape, size, location, and quantity should be
considered. As compared to wrought materials, the lack-of-fusion
porosity usually leads to lower values of the fatigue strength and
fracture toughness [115]. However, HIP has been proven to be a
useful technique for reducing the lack-of-fusion pores [115]. The
nucleation and propagation of initial cracks usually occurs through
pores. It is therefore crucial to optimize the processing parameters
such that the number and volume of the pores are minimized in the
resulting LMD parts. From the data presented in Table 5 regarding
the fatigue properties of SLM, LMD, EBM, and conventionally
manufactured Tie6Ale4V, it can be concluded that despite the
large scatter of the fatigue data, the fatigue properties of LMD



Table 5
A brief list of the fatigue properties reported for the SLM, LMD, EBM, and conventionally manufactured Tie6Ale4V alloy.

Fabrication method and post treatments Frequency R value Fatigue strength (MPa) Ref.

SLM 20Hz �0.2 100e120 [33]
SLM 20Hz 0 30e150 [4]
SLM 50Hz 0.1 200 [159]
SLM 19 kHz �1 300 [261]
SLM 19 kHz �1 230 [262]
SLM 115Hz �1 200 [263]
Casting 10 Hz 0.1 360 [264]
Powder metallurgy 50 Hz �1 222 [265]
Powder metallurgy 10 Hz �1 100 [266]
Powder metallurgy e e 500 [267]
LMD 100Hz 0.1 770 [50]
EBM e 0.1 200e250 [268]
EBM 20e120 Hz 0.1 200e300 [269]
EBM e 0.1 150 [7]
DMLS e 0.1 200 [7]
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Tie6Ale4V are much better than those reported for cast parts and
similar to or better than those reported for the wrought materials.
Similar to the case of SLM Tie6Ale4V, wire-fed LMD Tie6Ale4V
components are reported to exhibit HCF lives equal or better than
those measured for wrought Tie6Ale4V. In comparison, EBM
Tie6Ale4V specimens exhibit significantly lower fatigue strengths
when compared to their wrought counterparts [42].

The range of the stress values applied during fatigue tests is
limited, as they should be below the yield strength of the material
to ensure no plastic deformation takes place (DeutscheNorm, 1978)
while being large enough to allow for finding the endurance limit
within a reasonable amount of testing time [50]. The controlling
factor in a HCF test is the resistance to crack nucleation, whereas in
LCF, the resistance to the propagation of small surface cracks (i.e.,
micro-cracks) is crucial [31]. HCF specimens are often tested ac-
cording to DIN 50100. Colony boundaries as well as martensitic
plates are strong impediments to the propagation of micro-cracks
[132]. Therefore, the LCF strength generally improves with the
cooling rate (i.e., a decreasing colony size). Moreover, larger a grain
sizes usually decrease the fatigue resistance [31].

The fatigue properties of LMD Tie6Ale4V have been also found
to be anisotropic. In particular, fatigue specimens taken from the
transversal direction usually exhibit lower fatigue limits than those
taken from the longitudinal direction [133,134]. Baufeld et al. [50]
have reported fatigue limits of about 870MPa at 1.3� 107 cycles
after an annealing heat treatment of 843 �C for 2 h, followed by
furnace cooling. Kobryn et al. [74] have reported the beneficial ef-
fects of HIP on the anisotropic fatigue behavior of LMD Tie6Ale4V.
In the same study, the specimens subjected to stress-relief treat-
ments (for 2 h at 700e730 �C) exhibited lower fatigue strengths as
compared to the wrought or HIP ones. A lower fatigue strength
limit as compared to the wrought counterparts is reported in
Ref. [42] too.

The fatigue crack growth rate (FCGR) is usually determined
under the fatigue tests performed according to the ASTM E647
standard. It has been demonstrated that LMD Tie6Ale4V parts
built in the transversal direction have higher crack growth resis-
tance in both as-built and stress-relieved conditions than the lon-
gitudinal specimens [135]. Moreover, a higher scanning speed
results in lower values of the FCGR [135]. In general, LMD
Tie6Ale4V components have lower FCGR values than the SLM
ones. The crack initiation in LMD parts is slower than that of SLM
ones [135]. For example, at a stress intensity of 12M Pa.m1/2, the
FCGR is around 10�8m/cycle for LMD parts, while it is 10 times
higher for the SLM ones. This crack initiation behavior is linked to
larger values of the laser spot size in LMD as compared to SLM,
which results in much lower scanning speeds (around 1m/min)
and, thus, much lower cooling rates and reduced residual stresses
[135].

6.4. Surface roughness

As compared to other AM processes such as SLM, LMD results in
a lower quality of the surface finish. Indeed, surface roughness
values in the range of Ra 4 to Ra 200 have been reported for LMD
Tie6Ale4V, while the roughness of SLM parts vary between Ra 5
and Ra 10 [49,136]. The deposited layers and their accompanying
curved layer bonds are macroscopically visible in LMD. The surface
roughness of LMD parts tends to increasewith the powder flow rate
[49,136]. Moreover, the technology used for the production of the
powder material can significantly influence the surface roughness
in LMD [49]. For example, the surface roughness of the parts made
from GA powders is higher than that of the ones realized using
PREP-processed powder (Fig. 15) [49].

6.5. Measurement of the residual micro-strains and stresses

The thermal stresses induced during the LMD process give rise
to residual stresses that adversely affect the mechanical properties
and geometrical accuracy of LMD parts [42,137,138]. It is therefore
necessary to limit the magnitude of the residual stresses either by
optimizing the processing parameters [139,140] or by pre-heating
the substrate [141].

There are a number of destructive (e.g., sectioning [142], hole
[143], and deep hole drilling [144,145]) and non-destructive (e.g., x-
ray or neutron diffraction [146], ultrasonic methods, and magnetic
methods [147]) methods available for the measurement of the re-
sidual micro-strains and stresses developed in the components. The
micro-strains characterize the defects in the form of composition
gradients and stacking faults in the structure. Dislocations are the
largest source of micro-strains particularly in ductile materials. The
micro-strains can be measured using the characteristics of the
diffraction angle [148]. Measuring the micro-strains at different
levels can be used for the calculation of the principal residual
stresses in the structure. The outputs of such an analysis can be
used to evaluate the quality of the surfaces.

Among non-destructive methods, neutron diffraction has been
used before for the measurement of the residual stresses developed
in LMD Tie6Ale4V [149]. The neutron diffraction methods are
based on the variation in diffraction angles, which originate from
the zones experiencing compression or tension. There are empirical
relationships for the calculation of the average strains in the gauge
volume based on the direction and particular {hkl} crystallographic
planes as [150]:



Fig. 15. The surface roughness of GA and PREP-processed powders as a function of the mass flow rate and laser power [49].
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εhkl ¼
dhkl � d0;hkl

d0;hkl
¼ sinq0;hkl

sinqhkl
� 1 (2)

where dhkl is the lattice plane spacing and qhkl is the angle between
the scattering plane {hkl} and the incident beam. q0;hkl and d0;hkl are
the reference values for stress-free lattices. The calculated strains
can be converted into the local values of the residual stress using
the Hook's law.

Computational simulation is another approach for evaluating
the residual stresses developed in LMD Tie6Ale4V. When deciding
about the processing parameters, such a priori simulations can be
used to avoid locations with high residual stresses [151].

7. Process-microstructure-property relationships

Throughout this paper, we have discussed the relationships
between the processing parameters, microstructure, and the
physicomechanical properties of LMD Tie6Ale4V alloy. However, it
is useful to summarize the ways through which the processing
parameters and microstructural features can affect the mechanical
properties of LMD parts. In this section, we present a deeper
overview of the process-microstructure-property relationships in
LMD Tie6Ale4V.

7.1. Effects of build geometry and direction

As previously discussed, LMD components undergo rapid
melting and solidificationwith complex thermal histories, resulting
in inherently anisotropic microstructures and properties. The me-
chanical properties of LMD parts are therefore dependent on the
build plan and direction. It is crucial to understand the anisotropy
phenomenon and its complex relationship with the LMD parame-
ters to successfully tailor the LMD process for the desired me-
chanical properties [6,122]. Generally, the anisotropy in the
mechanical properties of LMD Tie6Ale4V components arises from
the following twomicrostructural phenomena, apparently inherent
to the process:

7.1.1. Lack-of-fusion porosity
The lack-of-fusion porosities usually appear between the

deposited layers due to the inability of the melted material to fill
the gap between the subsequent layers. This reduces the mechan-
ical properties of the resulting LMD material including its strength
and total elongation along the z direction (i.e., the build direction)
in comparisonwith those in the x and y directions (i.e., the scanning
directions) [152e155]. These pores affect the anisotropy of the
resulting material more than the other types of pores do (e.g., the
ones caused by gas entrapment), because they are primarily ori-
ented vertical to the build direction [6].

7.1.2. Elongated prior b grains
The microstructure of LMD Tie6Ale4V components usually

consists of large elongated prior b grains growing towards the heat
source (i.e., the build or z-direction). Therefore, measuring the
properties along the build direction means performing the tests
almost parallel to the elongated prior b grain boundaries [65,122]
(Fig. 16a). Such a grain orientation results in lower volume fractions
of grain boundaries in a specimen fabricated along the build di-
rection than those made along the scanning direction (Fig. 16b)
[65,122]. Some studies have indicated that these boundaries serve
as the potential sites of failure initiation and significantly reduce
the elongation in the scanning direction as compared to the build
direction [21,50,65,107,156e158]. That is due to the fact that the
prior b grain boundaries are normal to the tensile stress and act as
opening mode cracks (Fig. 16d). In the z-direction, however, the
prior b grain boundaries are parallel to the tensile load, resulting in
safer conditions [65]. More interestingly, the existence of a large
population of grain boundaries in the specimens oriented along the
x-direction results in higher values of the tensile strength [65] due
to the Hall-Petch relationship [123]. Such types of anisotropy
typically amount to 25e33% of the total tensile elongation and
2e5% of the tensile strength [65].

Moreover, the location of the tensile test specimen is one of the
most significant factors influencing the measured mechanical
properties, because each point of the LMD component undergoes a
specific cooling rate and has its own thermal history. In general, the
tensile specimens located closer to the superficial regions of the
LMD part experience more heat transfer with the surrounding air
through convention and radiation, while the material located at the
central regions undergoes re-melting and is limited to conduction
for the transfer of its heat. This is the reason why the yield and
tensile strength values increase and the elongation at failure de-
creases when moving from the central regions of LMD components
towards their peripherical locations. Similar observations have
been made by Keist et al. [123]. Accordingly, the variation in the a
lath size (higher values at the top regions) may play an important
role in creating such a gradient in the mechanical properties [123].
On the other hand, Baufeld et al. [50] have observed a reverse trend.
They found out that the top regions of a LMD Tie6Al4V component



Fig. 16. Some optical micrographs of a number of tensile test specimens made from LMD Tie6Ale4V that are eithe (a) perpendicular and (b) parallel to the scanning direction. (c)
The typical appearance of the grain boundary a phase along the prior b grain boundaries [65] and (d) a schematic illustration of the force applied along the grain boundary a [122].
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exhibit higher values of the tensile strength due to the micro-
structural variations caused by different cooling rates. High cooling
rates in the top regions may result in unique microstructures with
higher hardness and strength caused by the dislocation or solid
solution hardening mechanisms. Optimizing the geometry [123]
and build plan [66] can therefore decrease the degree of anisotropy
in the mechanical properties of LMD parts and enhance the reli-
ability and reproducibility of this AM process.
7.2. Effects of post-AM heat treatments

Since melting, heterogeneous nucleation, and rapid solidifica-
tion phenomena are all present in the LMD process, the resulting
microstructural features have a close relationship with those found
in cast or welded parts. On the other hand, the fine lamellar
structures and martensitic phases that form in LMD Tie6Ale4V
components due to high cooling rates endow the fabricated parts
with superior mechanical properties comparable to those of
wrought alloys. The formation of such microstructures, however,
greatly decreases the ductility of the material. As a result, an
appropriate post-AM heat treatment may need to be applied to
enhance the ductility or strength of the material and make sure its
mechanical properties are uniformly distributed and are compa-
rable to those observed for wrought parts [55,109,159e162].

The heat treatments of LMD Tie6Ale4V components can be
carried out either below or above the b-transus temperature.
Subtransus heat treatments change the morphology, microstruc-
ture, and size distribution of a and martensitic phases, but do not
significantly influence the prior b grains [74,110]. For instance, the
martensitic a0 phase may be transformed into lamellar a þ b pha-
ses. In the case of supertransus heat treatments, however, the prior
b grains undergo excessive grain growth and phase transformation
into lamellar aþb phases [163,164]. Supertransus heat treatment
are, nevertheless, associated with certain problems such as the
complete dissolution of the a phases, high energy consumptions,
handling problems, excessive grain coarsening, and the embrittle-
ment of the surface layers [112]. Interestingly, furnace cooling after
heat treatments at higher temperatures (e.g.,1200 �C) may lead to
the transformation of the elongated prior b grains into equiaxed
ones [55,112]. Due to the high tendency of titanium to chemically
react with oxygen and nitrogen, post-AM heat treatments are
usually carried out under an inert atmosphere [164,165].

Grain growth, coarsening of the lamellar structures, and stress
relief are among the most common phenomena occurring during
the post-AM heat treatments of LMD Tie6Ale4V, giving rise to the
lower strengths and higher levels of ductility [55,157]. Some studies
[55,157], however, report no change or even an increase in the
strength as a result of post-AM heat treatments. It is believed that
these observations are results of the competition between the
following phenomena.

7.2.1. Transformation of martensitic phase to lamellar aþb

Although it is generally accepted that the conversion of the
martensitic phase to the aþb phase reduces the strength and in-
creases the ductility of the material [109], Brandl et al. [157] have
found out that such a transformation may result in slight increase
in the tensile strength due to the formation of more a content and
the increase of the a to b ratio. According to their findings, since the
a phase has a higher strength than the b phase, a higher fraction of
a after the applied heat treatment compensates the strength
reduction caused by the coarsening of the lamellar structure and
stress relief.

7.2.2. Re-sintering
The applied heat treatments can increase the tensile strength by

reducing the internal porosity of the material through re-sintering
[166].

7.2.3. Precipitation hardening
Precipitation hardening has been observed in the post-AM heat

treatments of LMD Tie6Ale4V components at 600 �C for 4 h fol-
lowed by furnace cooling [55,157]. At this temperature, coherent
Ti3Al precipitates may form inside the a phase due to significant
levels of partitioning of the alloying element and the enrichment of
the a-stabilizing elements (i.e., Sn, O, Al). At temperatures above
600 �C, however, the Ti3Al particles start to dissolve [55]. Since the
precipitation process is exceedingly slow, a low cooling rate is
required to ensure that these phases are precipitated. In addition to
the positive effects of the Ti3Al precipitates on the mechanical
strength of LMD Tie6Ale4V, they can decrease the ductility of the
material [55]. Table 6 presents a summary of the microstructural
phenomena and their effects on the physicomechanical properties
of LMD Tie6Ale4V components after different types of post-AM
heat treatment cycles.

7.3. Effects of porosity content

As previously discussed, two types of undesired porosities are



Table 6
The effects of post-AM heat treatments on the microstructure and physicomechanical properties of LMD Tie6Ale4V.

Heat-treatment cycle Effects on Microstructure Effects on physicomechanical properties Ref.

600 �C/4h - It does not lead to the coarsening or significant change in the microstructure. - No apparent effect on tensile properties. [50]
843 �C/2h - It does not lead to the coarsening or significant change in the microstructure. - No apparent effect on UTS.

- Significant increment in the elongation at
failure in the scan direction.

[50]

600 �C/4h-Furnace
cooling

- It leads to the precipitation of coherent Ti3Al particles. - No effect on hardness.
- Significant Increment in tensile strength in
both x and z directions.
- Increment in total tensile elongation in the
x direction.

[157]

843 �C/2h- Furnace
cooling

- It leads to the microstructure coarsening, grain growth, and stress relieving (i.e., reduction
in the number of dislocations).

- No effect on hardness.
- Slight Increment in tensile strength in both
x and z direction.
- Increment in total tensile elongation in the
scan direction.

[157]

600 �C/4h-Furnace
cooling

- It leads to the precipitation of coherent Ti3Al particles. - Increment in strength and reduction in
ductility.

[157]

843 �C/2h-Furnace
cooling

- It leads to the microstructure coarsening, grain growth, and stress relieving (i.e., reduction
in the number of dislocations).

- Increment in total tensile elongation.
- Not large effect on the tensile strength.

[157]

1223k/4h-Air cooling-
aging at 873k/2h

- Primary a phase grains get coarsened.
- Secondary acicular a forms inside the primary b phase.

- Decrement in plasticity.
- Increment in strength.

[109]

600 �C/4h - It leads to the precipitation of coherent Ti3Al particles. - Significant increment in tensile strength in
deposition i.e., z-direction.
- Decrement in ductility.

[55]

1200 �C/2h - Elongated b grains are transformed into equiaxed ones.
- Large a colonies begin to form.
- The number of dislocations starts decreasing.
- The Lamellar structure is coarsened.

- Decrement in tensile strength. [55]

760 �C/1h- Air cooling - The martensitic a0 transforms into fine aþb microstructure, during which new b phase
forms between martensitic plates as a continuous layer.

- Decrement in tensile strength and
increment in ductility

[115]

843 �C/2h- Furnace
cooling

e - Increment in ductility and decrement in
tensile strength

[156]
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often present in LMD components including initial voids and the
lack-of-fusion pores. The initial voids have regular smooth shapes
(e.g., a sphere) with smooth inwalls [167]. They are randomly
distributed within the fabricated component and are caused either
by gas entrapment during melting and solidification or by gaseous
impurities in the feedstock powder [167]. The lack-of-fusion pores
usually form between two subsequent deposited layers or between
the first deposited layer and the substrate due to the incomplete
stacking of the layers caused by non-molten powders. At sufficient
temperature, low laser power, or a high powder feeding rate may
lead to incomplete melting of the powders and the formation of the
lack-of-fusion pores. These pores have irregular shapes with coarse
inwalls [30,122,168,169].

These defects play important roles in determining the me-
chanical properties of LMD Tie6Ale4V. A number of microscopic
studies have revealed that the formation of adiabatic shear bands
Fig. 17. Some SEM images of LMD Tie6Ale4V compressive test specimens depicting (a)
during compression tests is themain source of failure in Tie6Ale4V
parts. The aforementioned defects can serve as nucleation sites for
the formation of adiabatic shear bands (Fig. 17a) and as a source for
crack initiation and propagation (Fig. 17b). Since the excessive heat
generated during compression tests cannot escape within a short
time, the voids may be the best sites for releasing the heat [30].
Microcracks can therefore evolve from the voids and form shear
bands [30].

Similar to the case of compressive stresses, the lack-of-fusion
pores and initial voids can degrade the tensile strength and
ductility of LMD Tie6Ale4V parts. They usually grow and expand
under tensile loads, resulting in lower tensile strengths in com-
parison to the compressive strengths of the same system. More-
over, their sharp tips act as stress concentration sites, thereby
promoting crack initiation and propagation [30].

As compared to the tensile and compressive strengths, the
an adiabatic shear band and (b) a shear crack initiated from the tip of a void [30].
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fatigue behavior of LMD Tie6Ale4V parts is more sensitive to the
presence of the initial voids and the lack-of-fusion pores [116,170].
Sterling et al. [42] have stipulated a meaningful relationship be-
tween these defects and the elongation at failure according to
which the larger the population of the structural defects, the lower
the elongation at failure and the shorter the fatigue life.

When compared to round-shape voids, the angular pores are
more detrimental to the fatigue resistance of the material due to
the stress concentration present at sharp tips [30,42]. The pore size
and its shape irregularity can therefore also affect the fatigue
behavior of LMD Tie6Ale4V. Generally, pores with a higher degree
of irregularity, larger size, and a shorter distance from the outer
surface are more detrimental to the fatigue behavior [42]. There is,
however, a weak correlation between the fatigue life and the total
number of pores [42]. More interestingly, a shorter distance be-
tween the pores results in a shorter fatigue life, probably due to
easier crack propagation [42].

To improve the mechanical properties of LMD Tie6Ale4V
components by reducing their porosity content, one needs to
optimize the processing parameters or apply appropriate post-AM
heat treatments. For instance, Sterling et al. [42] have observed a
significant improvement in the fatigue resistance after the appli-
cation of an appropriate heat treatment. This strategy reduces the
porosity content such that the fatigue behavior is no longer
dominated by the effects of the pores but by the specifications of
the a-colony boundaries (i.e., the texture of the material).

7.4. Effects of surface roughness

In most cases, the surface roughness of LMD metallic compo-
nents arises from the partial melting of the powder as well as the
layer-by-layer nature of the fabrication process [171]. The surface
roughness degrades the total elongation more in the vertical (i.e., z
or build direction) tensile test specimens than in the horizontal (i.e.,
x or scanning direction) ones, because the superficial extrusions
and the steps emerging at the end of the stacked layers are verti-
cally aligned to the tensile stress in the z-direction and generate
mode I loading conditions.

One way to reduce the surface roughness of LMD parts and to
enhance their mechanical properties is machining [154,172], as
demonstrated by Wilson-Heid et al. [172]. They observed that
machining could enhance the elongation at failure from 6.5 to 7.8%
by lowering the surface roughness. Machining could also alleviate
the residual stresses present at the surface of LMD Tie6Ale4V
components, thereby improving their mechanical behavior [31].
Another approach that removes the necessity for post-AM
machining has been proposed by Gharbi et al. [173]. They found
out that the surface roughness usually originates from two physical
phenomena, namely the unmolten powder present on the surface
and the formation of menisci with pronounced radii of curvature in
the melt pool. They proposed that using thin additive layers com-
bined with large melt pools (formed by higher laser powers) im-
proves the mechanical properties of the resulting part through a
decreased surface roughness.

7.5. Effects of post-LMD thermomechanical procedures

In addition to post-AM heat treatments and machining, HIP has
been used as an appropriate post-LMD thermomechanical pro-
cedure to improve the ductility and total elongation of LMD
Tie6Ale4V parts. HIP can effectively reduce the porosity content,
increase the relative density, and enhance the total ductility,
elongation, and fatigue behavior of AM parts by applying elevated
temperatures and isostatic pressures [31,129,152,165]. However,
HIP may coarsen the a phase platelets (lathes), thereby decreasing
the tensile strength. The coarsening of the a phase platelets reduces
their contribution to the Hall-Petch strengthening phenomenon
[31,129,152,165]. This underlines the importance of optimizing the
parameters of the HIP treatment to ensure a good balance between
the strength and ductility is achieved.

7.6. Effects of the oxygen content

Tie6Ale4V has a high tendency to chemically react with oxygen
and nitrogen. As a result, much effort should be done in the LMD
process to prevent the oxidation of this alloy and to control its
oxygen content. Overall, oxygen atoms are located in the interstitial
sites of the Tie6Ale4V lattice, resulting in higher strengths due to
their strengthening effects and the stabilization of the a phase.
However, if the oxygen concentration exceeds a critical value, the
ductility usually diminishes [174e176]. This is why controlling the
oxygen level of the finished part is crucial for obtaining a good
combination of strength and ductility. The oxygen present in
finished LMD Tie6Ale4V components typically originates from the
oxygen dissolved in initial powder and the oxygen entrapped in the
part during its various steps of handling and processing
[122,123,177].

7.7. Effects of processing parameters

The melting and solidification processes as well as the local
thermal history of LMD parts strongly depend on the processing
parameters such as the laser power and scanning speed [10,74,178].
One therefore has to optimize the processing conditions to achieve
finished parts with the desired properties [179].

7.7.1. Laser power
A higher laser power usually translates into a higher energy

input and a lower cooling rate, giving rise to larger grain sizes,
coarser columnar grains, and lamellas. The large grains can
decrease the strength and hardness of the component [180].
Moreover, higher laser powers decrease the volume fraction of the
martensitic phase due to lower cooling rates, thereby improving
the ductility and fatigue behavior of the material but reducing its
tensile strength [115].

7.7.2. Powder (wire) feed rate
The amount of powder or wire that is fed to the melt pool de-

termines the layer thickness and affects the resulting microstruc-
ture. Increasing the powder (wire) feed rate results in a thicker
layer and a coarser microstructure, thereby decreasing the strength
and increasing the ductility of LMD Tie6Ale4V parts [31]. The
scanning direction and the feed rate of the shielding gas control the
rate of powder injection too, meaning that they could also affect the
mechanical properties of LMD parts [31]. A combination of a high
laser power and a low feed rate has been found to effectively
suppress the generation of the lack-of-fusion pores by ensuring the
full melting of the powder (or wire) [129].

7.7.3. Scanning speed
In general, increasing the scanning speed or decreasing the

incident energy sharpens the thermal gradient and raises the
cooling rate [180,181]. This may lead to the refinement of the
lamellar structures and the evolution of a finer microstructure with
a higher volume fraction of the martensitic phase, dislocations, and
grain boundaries, thereby enhancing the hardens of the resulting
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material [180,181]. Using very high scanning speeds may, however,
decrease the bonding between the deposited layers and conse-
quently reduce the mechanical properties [10]. A lower scanning
speed also prolongs the interaction time between the metal and
laser, resulting in a larger melt pool. Moreover, the material re-
mains at elevated temperatures for a longer time, leading to grain
coarsening and decreased mechanical properties [182].

8. Applications in aerospace and biomedical industries

Due to the high specific strength and excellent formability of
Tie6Ale4V, this material has a wide range of applications in the
aerospace industry. Indeed, one of the key applications of the LMD
process is the repair of the Tie6Ale4V parts used in the aerospace
industry [183]. For such purposes, a combination of different
manufacturing techniques (e.g., LMD and machining) can be uti-
lized [184]. Such integration can enhance the mechanical proper-
ties of the damaged parts. An LMD process with optimized
processing parameters could be also used for the fabrication of very
large parts without introducing geometrical distortions. This is a
very attractive solution for the fabrication of the parts made from
high quality and high performance materials for applications in the
aerospace industry [129]. Recently, the French LMD company BeAM
has partnered with PFW aerospace to qualify a LMD Tie6Ale4V
component for use in a large civil passenger aircraft [185].

Tie6Ale4V also exhibits a good level of biocompatibility, high
corrosion resistance, and low stiffness. It can therefore be used for
the fabrication of AM porous orthopaedic implants using SLM [186],
EBM [187,188], or LMD [189]. Exploiting the form-freedom offered
by AM processes, one can precisely control the interconnectivity
and spacing of cellular lattices, thereby adjusting their mass
transport properties (e.g., permeability [190,191]) as an important
factor influencing bony ingrowth. The ingrowth of the bony tissue
into the open porous structures can ultimately result in improved
implant fixation and, thus, improved implant longevity [192,193].
An increased surface area is the other advantage of this AM porous
biomaterials that can be later used for bio-functionalization pro-
cesses [194e196]. Moreover, patient-specific medical devices could
be realized using AM processes [32].

9. Cellular structures

AM processes can be used for the fabrication of lattice structures
with complex micro-architectural designs. However, this capability
is usually limited to open-cell cellular structures where the removal
of the excess powder is relatively straigthforward. The design of
such metallic lattices may vary between uniform structures made
from one single repeating unit cell to heterogeneous lattices made
of multiple types of unit cells with graded or irregular shapes
[197e200]. The geometry of such AM cellular structures may have
been designed using a CAD-based, an image-based, or an implicit
surface modeling approach or be the direct output of a topology
optimization algorithm [32,201e203].

Cellular structures with various types of micro-architectural
designs have a wide range of applications in many engineering
fields such as aerospace and bioengineering due to their unique
mechanical properties [204e206]. An important example is the
fabrication of orthopaedic implants and bone substitutes where the
interconnectivity and spacing of porous biomaterials could be
precisely controlled using custom-made or patient-specific designs
originating from clinical images [207]. This is an essential aspect,
because proper geometrical design can enhance the bone regen-
eration performance of implants and increase their longevity
[191,208e210]. Moreover, given the fact that the topological design
of AM cellular structures can directly control their physical and
mechanical properties [32], the mechanical properties of such
porous biomaterials can be adjusted such that they are as close as
possible to the mechanical properties of the tissues they replace,
therebyminimizing the effects of the stress-shielding phenomenon
(Fig. 18aec) [211,212].

Among different metals and alloys used for fabrication of AM
porous biomaterials, Tie6Ale4V is one of the most well studied
materials because of its excellent biocompatibility, high levels of
corrosion and wear resistance as well as high specific strength
[213]. AM Tie6Ale4V porous biomaterials have been fabricated
using various types of AM processes in the past including SLM
[214e217], EBM [218e220], and LMD [221,222]. The number of
studies on LMD porous biomaterials is, however, limited as
compared to the powder bed fusion techniques, perhaps due to the
intrinsic limitations of the LMD process for the fabrication of lattice
strucutres with precisely controlled geometries. In general, LMD
porous biomaterials exhibit a lower surface quality, a lower accu-
racy, and a lower resolution, while the main advantage of LMD is in
the repair of already existing parts [205,223e227]. Moreover, LMD
materials usually require post-treatments such as surface treat-
ments, milling, and stress relief processes to reduce the residual
stresses and increase the quality of the material [224]. These pro-
cesses increase the production time and cost.

Furthermore, cellular structures can be used for the fabrication
of mechanical metamaterials, which are a class of advanced engi-
neering materials with unusual macroscopic properties that origi-
nate from their design at a smaller scale [228e230]. Some of these
unusual properties include a negative Poisson's ratio (also known
as auxetic behavior) [231,232], a negative thermal expansion
[233,234], and acoustic cloaking [235,236]. Metamaterials can be
made from polymers [237e240], metals, or alloys [241,242]. There
are some examples of mechanical metamaterials made from
Tie6Ale4V in the literature where tuning the topological design of
lattices (i.e., using stretch-dominated unit cells, bending-
dominated unit cells, or a combination of both) has allowed re-
searchers to obtain unusual mechanical properties. These unusual
properties include a high energy absorption rate realized through
honeycomb-like lattices (Fig. 1d and e) [243], a high bulk modulus
together with a negligible shear resistance obtained using penta-
mode like unit cells [244], a robust mechanical performance ach-
ieved using octet-truss lattices [245], and tunable thermal-
mechanical properties resulting from the use of octet lattice bi-
materials (Al6061eTie6Ale4V) [246]. LMD allows for fabricating
complex topological designs from multiple materials [247], which
is a unique opportunity for designers to create metamaterials with
advanced functionalities and uqniue properties.
10. Conclusions and future research

We presented an overview of LMD as one of the most common
AM techniques for the fabrication of Tie6Ale4V components with a
focus on the relevant processing parameters, microstructures, heat
treatments, and mechanical properties. We addressed the
following critical subjects:

i. The processing parameters of LMD strongly affect the cooling
rate and the thermal gradients in the melt pool. The thermal
history of LMD Tie6Ale4V parts governs their solidification
behaviors, microstructures, porosity contents, and the dis-
tribution of the resulting residual stresses.



Fig. 18. (A) An example of DMLS implant prototypes made from Tie6Ale4V [222], (b) the micro-architecture of the cellular structures that have been designed to match the
stiffness of the native bone and to reduce the stress shielding phenomenon in the treatment of segmental bone defects [222], (c) the distribution of the von Mises stress calculated
using computational models, showing some regions with high levels of stress concentrations [222], (d) an example of some honeycomb-like lattice structures made from
Tie6Ale4V using LENS™ [243], and (e) the lattice structure shown in Fig. 17d that is mechanically tested and numerically simulated [243].
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ii. The tensile and fatigue properties of LMD Tie6Ale4V parts
strongly depend on the microstructure developed during the
fabrication process. Defects such as pores or cracks are often
present in LMD parts, resulting in lower levels of mechanical
performance particularly lower levels of fatigue resistance.
Obtaining defect-free final parts therefore calls for a better
understanding of how the processing parameters affect the
thermal history, microstructure, and mechanical properties
of LMD Tie6Ale4V.

iii. Optimization of the processing parameters usually requires a
large number of experimental tests, which may be expensive
and time-consuming. Due to the large number of the pro-
cessing parameters, it is a common practice to keep some of
those parameters unchanged. This could speed up the opti-
mization process but may result in systematic uncertainties.
An alternative approach is the use of the computational
models that consider the relevant thermo-mechanical phe-
nomena. However, the complexity of the interactions be-
tween the shield gas, molten material, and blown powder,
together with the complex regimens of heat transfer make
the process very difficult to model.

iv. In general, the mechanical properties of LMD Tie6Ale4V can
be inferior, similar, or even superior to those of its wrought
counterparts. If the martensitic a phase forms due to a high
cooling rate, it is possible to obtain a higher strength than the
wrought alloy but this increase is usually accompanied by a
decrease in ductility.
v. As compared to the wrought alloy, LMD Tie6Ale4V usually
exhibits lower values of the fatigue strength and fracture
toughness. The fine microstructure resulting from LMD leads
to a higher level of crack initiation resistance under HCF
conditions. In contrast, coarser microstructures are more
resistant to crack propagation, giving rise to a more favorable
LCF behavior. Usually initiating at voids or pores, the adia-
batic shear bands are the typical failure mechanism in LMD
Tie6Ale4V parts.

vi. Significant levels of anisotropy have been reported for both
tensile and fatigue properties of LMD Tie6Ale4V parts. If the
transversal direction is defined as the one parallel to the
build axis, longitudinal specimens exhibit higher values of
the tensile strength than those deposited along the trans-
versal direction.

To date, much efforts has been made for the successful fabri-
cation of Tie6Ale4V components through different AM processes
including LMD. Researchers often select some of the processing
parameters as the main variables while leaving the others un-
changed. This might limit our ability to exploit the full potential of
LMD for obtaining fully dense Tie6Ale4V parts with favorable
microstructures and superior mechanical properties. There is
therefore a need for complete maps that relate as many as possible
processing parameters to the resulting microstructures and me-
chanical properties. These maps can be helpful for determining the
best set of processing parameters for any given application. It is
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therefore suggested that future studies should try to determine
such maps.

The relationships between the processing parameters and the
microstructure of the resulting materials is not yet fully un-
derstood. Further investigations are required to evaluate the
influence of the grain size and orientation on the mechanical
properties of the finished parts. A good control over the pro-
cessing parameters and, thus, the microstructure and me-
chanical properties of the resulting material would pave the
way for a wider commercial adoption of the LMD process. In
particular, a better understanding of the role of different fac-
tors in the formation of defects such as pores and cracks is
required to ensure that LMD parts meet the quality standards.
Further developments in mathematical models that could
describe the interactions between the laser beam and the
deposited material are needed to allow us better understand
the solidification behavior occurring during the LMD process.
Finally, commercially available LMD systems that incorporate
closed-loop control and monitoring systems could assist in
further development of this important manufacturing
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