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Direct laser deposition (DLD) is a means to additively manufacture metallic,
functional parts via blown powder (or wire) and in situ laser delivery. Despite
the various research efforts in characterization of post-manufactured DLD
parts and in optimizing the DLD process, there are still areas that need to be
further explored to promote the widespread adaption and utilization of DLD
parts for engineering application. This article aims to review the mechanical
properties of Ti-6Al-4V parts manufactured via DLD, including tensile and
fatigue characteristics and microstructural features. These mechanical prop-
erties will be related with DLD process parameters (e.g., laser power, traverse
speed, etc.) and resultant phenomena such as melt pool dynamics and part
thermal history. Because fatigue is a main failure mode of parts in many
engineering applications, the fatigue behavior of Ti-6Al-4V parts fabricated
via DLD is highlighted and discussed in detail.

INTRODUCTION

Additive manufacturing (AM) is the process of
joining materials to make objects from three-di-
mensional (3D) model data in a layer-wise manner.
It is distinctly different from many traditional
manufacturing processes in that it allows for on-
demand generation of customized parts. For indi-
vidualized parts and small-quantity productions,
the AM process allows for the opportunity to sig-
nificantly reduce manufacturing times and costs.
Furthermore, AM shows promise to more easily
generate novel components and structures with
complex geometries and heterogeneous composi-
tions. In terms of mass production, AM has the po-
tential to compress the supply chain and to reduce
the amount of material waste—especially as com-
pared to traditional ‘‘subtractive’’ manufacturing.

A major category of AM is direct laser deposition
(DLD), which is typically accomplished via a blown
powder system such as Laser Engineered Net Shaping
(LENS). For LENS, a high-power laser (e.g., Nd:YAG)
creates a molten puddle (melt pool) on the substrate
surface in which powder is then injected. Because DLD
does not rely on the presence of a pre-deposited layer of

metallic powder (e.g., laser powder bed fusion), it may
be used as a means to repair parts via cladding. In
addition, because of the combined material/energy
delivery method, DLD can be readily used for multi-
material/preform deposition allowing for the gen-
eration of functionally graded/composed parts with
varying alloy concentrations. In addition, material
preform mixing can be accomplished with DLD, such
as coaxial powder delivery and lateral wire feeding.1,2

DLD can be used for the additive manufacture of a
variety of metals and even ceramics, including In-
conel 625, stainless steels, H13 tool steel, titanium
alloys, tungsten, and more.3–8 Much attention has
been given to the DLD fabrication of Ti-6Al-4V due to
the unique advantages of this alloy. Some advan-
tages include high strength and stiffness-to-weight
ratio, high melting point, high toughness, low value
of coefficient of thermal expansion (CTE), excellent
corrosion, creep and wear resistance, and biocom-
patibility.9 However, because of the many involved
process variables in laser-based, AM techniques (such
as laser power, scanning speed, scanning strategy,
layer thickness, hatching pitch, etc.), predicting the
microstructural/mechanical properties of DLD fabri-
cated parts are still a major challenge.
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To achieve enhanced mechanical properties at
critical locations within/along DLD fabricated parts,
it is essential to understand and characterize how
DLD process parameters (e.g., laser power, traverse
speed, powder feed rate, hatching pitch, layer
thickness, etc.) affect the part’s thermal history,
solidification, and eventual microstructural/me-
chanical properties. The relationship among these
phenomena/parameters is presented schematically
in Fig. 1. As shown in Fig. 1, the process pa-
rameters affect the cooling rate, thermal gradient,
and generally, the thermal history of DLD fabri-
cated parts. This complex thermal history drives
solidification and, consequently, impacts the resul-
tant microstructure, porosity, and residual stresses
inherent in the DLD fabricated part. Mechanical
properties, especially fatigue and durability perfor-
mance, are extremely sensitive to these process-
initiated characteristics (e.g., microstructure, por-
osity, etc.) and thus motivates the study of the DLD
process and post-DLD part behavior.

The typical DLD process is shown in Fig. 2. A
molten pool (or melt pool) of metal is formed by
combining a focused, power-controlled laser and a
blown powder material stream (at a controlled
powder feed rate). The laser is delivered coaxially,
normal to the melt pool, while the blown powder is
introduced either by a singular nozzle or multiple
nozzles. For example, a LENS machine10 uses four
nozzles to accomplish DLD, and this increases the
powder deposition efficiency significantly. The end
result of the laser/powder/part interaction is a su-
perheated melt pool11–13 that moves along with the
laser—at a relative, traverse speed between sub-
strate and laser—and solidifies to form the various
layers for the additive-based manufacture. This in-
teraction, i.e., through variation of laser power,

traverse speed, and powder feed rate, can be tai-
lored as to produce, for example, specific layer
thicknesses, patterns, and melt pool size/shapes
that ultimately affect microstructure, hardness,
tensile, and fatigue properties. Inert gas is used to
minimize oxidization atop the powder/melt pool/part
while processing at the elevated temperatures to
ensure better layer-to-layer adhesion and part
quality. A thermal monitoring system, which may
be composed of infrared cameras and/or pyrometers,
can be integrated into/outside the DLD ma-
chine.3,14–17 Such thermal monitoring can be used
for ‘‘closing-the-loop’’ on the DLD process—provid-
ing a means for real-time, feedback control of melt
pool/part temperature and morphology.18,19

The aim of this article is to review the mechanical
properties, microstructural features, and causal
thermal behavior of Ti-6Al-4V parts fabricated via
DLD. Microstructural and mechanical properties,
as well as thermal history during manufacturing,
are discussed in the following sections.

MECHANICAL PROPERTIES

Mechanical tests, such as tensile, hardness/mi-
crohardness, and fatigue, are commonly used to
evaluate the performance of various parts prior to
their widespread application. Tensile tests can be
conducted to examine the strength and elongation-
to-failure of a material under static loading,
whereas fatigue tests can be conducted to investi-
gate the behavior of material under cyclic loading.
In engineering design, failure is usually associated
with fracture or excessive deformation. Hence, ten-
sile and fatigue tests of a material are crucial in
determining vital properties required for any de-
sign.

The tensile properties of DLD fabricated Ti-6Al-
4V (Ti-6Al-4V/DLD) parts are typically similar, or
even superior, to those of wrought and cast mate-
rials by virtue of the high cooling rates experienced
during DLD. Instantaneous cooling rates can be on
the order of 5000–10000 K/s,15,20 whereas cooling
rates near 1500 K/s have also been measured and
reported.21 These relatively high cooling rates foster
the development of extremely fine microstructures
that distribute uniformly throughout the parts’
volume.20,22 Although the ultimate tensile and yield
strengths of Ti-6Al-4V/DLD parts are higher than
those of wrought materials in most cases, the elon-
gation to failure and ductility is typically lower.
This implies higher strength and lower ductility in
DLD-produced titanium alloys than in their
wrought counterparts, as presented in Fig. 3a.

Post-manufacturing heat treatments, such as hot
isostatic pressing (HIP), can be used to reduce part
porosity and increase the density of materials via
elevated temperature and isostatic gas pressure.
Adequate densification via the HIP process can lead
to a higher ductility and elongation to rupture.23

Furthermore, lower levels of anisotropy are ob-

Fig. 1. Schematic of relationships among process parameters,
thermal history, microstructure, and fatigue behavior in direct laser
deposition.
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served from parts treated via HIP, as opposed to as-
built or regular heat-treated parts, as presented in
Fig. 3a. This indicates that porosity may play a
crucial role in the anisotropic behavior of laser de-
posited parts, especially when measuring/quantify-
ing ultimate strength. The effects of mechanical or
crystallographic texture on anisotropy are still no-
ticeable when measuring the yield strength after
the HIP process. Anisotropy in the mechanical tex-
ture may result from existent columnar grain mor-
phology, by having smaller effective grain sizes in
direction perpendicular to the columnar grains than
in the parallel direction. In general, anisotropy in
the crystallographic texture is a result of the
relatively high anisotropy of the hexagonal crystal
structure in titanium alloys.23

The effects of surface condition and heat treat-
ment on Ti-6Al-4V/DLD samples are presented in
Fig. 3b where it may be seen that improving the
surface quality by post-DLD machining can increase
the tensile strength of laser-fabricated components.
These observed tensile strength enhancements may
be attributed to the improved surface quality and/or
removing the surface and subsurface material with
dislike microstructure from the core material, a
result of different radial cooling rates. Moreover,
tensile residual stresses, which mainly exist at
the surface of parts, can be removed by the
post-manufacturing machining. A careful examina-
tion of core and surface microstructures can be
performed to better understand the effect of surface
machining on tensile properties. Furthermore,
machining and heat treatment can effectively reduce
the effect of building orientation by homogenizing
the directional porosity and microstructure. Heat

treatment significantly improves the ductility of
DLD components, up to the wrought materials, by
coarsening the microstructure and providing stress
relief, as shown in Fig. 3b.

Fatigue, a critical characteristic in the analysis
and design of engineering materials, is a main
failure mode in many mechanical applications
with repeated/cyclic loading. The load-to-failure via
fatigue is typically much lower than what is required
to cause failure of materials under monotonic (non-
cyclic) loads. Cyclic damage leads to local cracking
and causes fracture after a sufficient number of
fluctuations. Generally, fatigue life less than 103

cycles is considered as low cycle fatigue (LCF, or
short-life regime), the fatigue life of 103< Nf < 105

cycles is classified as mid-cycle fatigue (or mid-life
regime), and Nf > 105 is categorized as high-cycle
fatigue (HCF, or long-life regime).

The fatigue behavior of Ti-6Al-4V/DLD parts is
complex and still not well understood. Ostenta-
tiously inconsistent results have been reported in
the literature. As shown in Fig. 4, high cycle fatigue
data have been reported;23,24 Grylls24 reported
comparable (or superior) fatigue behavior for Ti-
6Al-4V/DLD to wrought materials, and Kobryn and
Semiatin23 reported significantly lower fatigue
strength for Ti-6Al-4V/DLD. These inconsistencies
may be attributed to many factors that affect fatigue
behavior; however, different microstructures and
porosity levels may be the main influential factors.

Fatigue behavior is typically related to mi-
crostructural features (i.e., grain size and mor-
phology, as well as presence of impurities such as
voids and inclusions). Finer microstructures gener-
ally exhibit better crack-initiation resistance com-

Fig. 2. The direct laser deposition process.
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pared with coarser microstructures. However, ma-
terials with finer microstructure promote a flatter
crack path that results in higher crack-growth
rates. Therefore, materials with finer microstruc-

ture usually exhibit less resistance to crack
propagation resulting in inferior LCF behavior; as
compared with coarser microstructures with a
rougher crack path.25,26 The thermal history during
the DLD process has a significant effect on the grain
structure and volume fraction of a and b con-
stituents. The blocking effects on the dislocations’
movement of the grain boundaries may improve the
resistance to deformation, resulting in an increased
stress response and cyclic hardening in the materi-
al. However, the softer a grain boundary may ac-
celerate the crack growth rate in Ti-6AL-4V. The
detrimental effects of the a grain soft zone on crack
growth resistance may be reduced by an appropriate
heat treatment process.27

Porosity is another measurement that determines
the fatigue behavior of DLD parts. Pores may
greatly affect the fatigue behavior by creating stress
concentrations at their walls. Local microscopic
stresses larger than the yield strength cause local
plastic deformation and can lead to fatigue crack
initiation under cyclic loading. In contrast to LCF,
crack initiation is more contributive to the total fa-

Fig. 3. (a) Tensile properties of Ti-6Al-4V/DLD23 in different building orientations after heat treatment and HIP process compared to wrought
materials63 and (b) effect of machining and heat treatment on tensile properties of Ti-6Al-4V/DLD in different orientations32.

Fig. 4. Comparison of S–N data of different studies for the LENS-
produced Ti-6Al-4V samples printed in vertical direction23,24 to the
wrought materials63.
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tigue lifetime in HCF. Therefore, any variations in
microstructure discontinuity (caused by defects),
such as cracks, porosity, and unmelted powder, can
accelerate the nucleation of the crack and may
consequently decrease the total fatigue life in the
HCF regime.27,28 It has been found that the mi-
cropore size and its distance from the surface
strongly affect the HCF life of titanium alloys.29

Fatigue life decreases with an increase in pore size
and a decrease in its distance with respect to the
surface. In addition, a pore’s location is a more in-
fluential parameter than the pore size on the fatigue
resistance at lower stress levels (i.e., HCF).27

Post-manufacturing processing, such as heat
treatment, influences the microstructure and,
therefore, fatigue behavior of Ti-6Al-4V/DLD parts.
At room temperature, the microstructure of Ti-6Al-
4V, which consists of both hexagonal-close-packed
(hcp) a and body-centered-cubic (bcc) b phases,
varies based on the thermal history of the alloy.
Heat treatments affect the distribution, size, and
shape of the a phase; however, no significant effect
on the prior-b grains may be expected.30 Thermal
treatment of laser-deposited Ti-6Al-4V parts close to
the solutionizing temperature (900�C to 970�C for
this alloy) changes the acicular a-b microstructure
to columnar b grains, as well as coarsening the
Widmanstätten a grains and providing for lower
porosities.31,32 Different heat treatments may result
in completely different fatigue behaviors. For ex-
ample, Kobryn and Semiatin’s parts23 were stress
relieved in vacuum for 2 h at 700�C to 730�C,
whereas Grylls24 did not report any heat treat-
ments.

Anisotropic (i.e., directionally dependent) behav-
ior has also been reported in fatigue resistance of
laser-deposited Ti-6Al-4V parts.23 In general, ver-
tically built parts show significantly lower fatigue
strength than horizontally built parts, as presented
in Fig. 4. Various time–temperature paths imposed
by the laser may cause directional and inhomoge-
neous cooling behavior of the melt pool, resulting in
different microstructural features, residual stress-
es, and consequently, fatigue behavior. The parts
fabricated in a vertical direction can contain ex-
tensive porosity compared with those built in
horizontal directions.23 The parts processed via HIP
exhibit much smaller anisotropic effects than the
heat-treated ones, as presented in Fig. 5. Such ob-
servations indicate that the amount of porosity
plays an important role in the anisotropic behavior
of laser-deposited parts. It is clear that the effects of
different manufacturing and post-manufacturing
parameters on the anisotropic behavior of laser-de-
posited parts are not currently well understood;
thus, further investigations are required.

Manufacturing process parameters, such as laser
power, traverse speed, powder feed rate, and layer
thickness, greatly influence the thermal history,
microstructure, bonding between layers, pore size,
and shape, and consequently, the fatigue resistance

of DLD fabricated products. Residual stresses that
accumulate in parts produced by laser deposition
are another thermal-path dependent phenomenon
that may greatly affect the fatigue behavior of the
product.22 In addition to variability in microstruc-
ture and porosity, differences in the reported fatigue
strength for Ti-6Al-4V/DLD23,24 may also be at-
tributed to variability in manufacturing process
parameters and in fatigue test setups. Various
specimens’ size, shape, and surface quality, might
also be responsible for inconsistencies of fatigue
data presented in Fig. 4. Therefore, because of the
many complicated, interdependent parameters in
the DLD process and variability in preparing spe-
cimens, test setups, and post-manufacturing pro-
cess, it is difficult to compare these reported fatigue
studies. Selecting the process parameters and con-
ditions to achieve the desired fatigue behavior re-
quires further investigation.

MICROSTRUCTURAL FEATURES

Microstructural features (e.g., grain size and
morphology) of laser-deposited Ti-6Al-4V parts are
sensitive to thermal history. This includes local
thermal gradients, cooling rates, and reheating
cycles experienced during processing, as well as
post-manufacturing heat treatments. Several
studies in the literature have investigated the
effects of manufacturing/post-manufacturing pro-
cess parameters on the resultant microstructure of
Ti-6Al-4V.23,33,34 However, it is still unclear how to
apply these findings to fabricate titanium parts with
different geometries as the microstructure pri-
marily depends on the thermal history, which varies
with distinct part geometries.

The solidified microstructure depends on the local
solidification rate of the melt pool, the temperature
gradient at the solid–liquid interface, and the cool-
ing rate.35,36 Different values of these parameters
can result in three major structure morphologies in
Ti-6Al-4V/DLD parts: columnar (elongated grain
morphology), columnar plus equiaxed, and equiaxed

Fig. 5. Comparison of fatigue strengths for LENS-produced Ti-6Al-
4V in different building orientations for both heat-treated and hot
isostatically pressed parts23.
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(isotropic grain morphology). A higher solidification
rate typically causes transition from columnar to
mixed/equiaxed grain morphology33 and increasing
the cooling rate usually leads to finer microstruc-
ture.20,37 For instance, the macrostructure of laser-
deposited Ti-6Al-4V consists of columnar prior-b
grains elongated in the solidification (build) direc-
tion as presented in Fig. 6a. The microstructure
includes very fine Widmanstätten platelet a (basket
weave or colony structures of a phase lamellae in a b
matrix), as shown in Fig. 6b. This has been ex-
plained by the rapid cooling rate after the solidifi-
cation stage.32,38 To eventually fabricate Ti-6Al-4V
parts with enhanced mechanical properties, it is
essential to effectively optimize and control the ef-
fect of process parameters on microstructure.

Distinct microstructure regions with different
microhardnesses have been reported for Ti-6Al-4V/
DLD.39 This variation can be attributed to the high
temperature gradients, different cooling rates, and
repeated thermal cycling experienced during DLD
and the layer-to-layer massification process. Higher
microhardness has been measured at the bottom
and top of DLD parts, which may be due to the (I)
higher cooling rate of the melt pool and velocity of
solidification at the top and bottom regions, which
results in a finer microstructure, and (II) the cyclic
reheating from the subsequent deposited layers in
middle regions. The cyclic reheating and lower
cooling rates in the middle region may result in
tempering and aging, and therefore, a coarser mi-
crostructure.36 As a result of different thermal his-
tories, the sizes of the a and b laths of the laser-
deposited Ti-6Al-4V samples have been reported to
vary with location.36,39 Although the Widmanstät-
ten microstructure exists at the top and bottom of
Ti-6Al-4V/DLD parts, the microstructural mor-
phology of each region is different; the top region
consists mostly of colonies of parallel, very fine
lamellae, and larger laths, and the bottom region
has a much thicker lamellae structure.39

Thermal transients and gradients, as well as re-
peated rapid heating and cooling during the build-
ing process, are known to cause residual stresses in
the DLD fabricated Ti-6Al-4V parts.40,41 Material
properties (i.e., the thermal conductivity, CTE,
elastic modulus and yield stress), phase transfor-
mation, part geometry, process parameters and
scanning pattern influence the magnitude and for-
mation pattern of residual stress within DLD-fab-
ricated titanium parts.42 Residual stresses are
important to acknowledge because they may reduce
the fatigue resistance of DLD parts and also cause
warping, resulting in dimensional inaccuracies.42

The resultant residual stresses in DLD-produced
materials depend on the tensile properties (i.e.,
monotonic stress–strain behavior) and the tem-
perature-induced strain mismatch in the part dur-
ing the post-manufacturing cooling stage. Materials
with higher yield stresses usually promote the ex-
istence of residual stresses with higher magnitude.
The material’s yield stress–temperature curve is yet
another important, determining factor. Materials
with high yield strength at elevated temperatures,
such as superalloys (e.g., Inconel 718), produce
greater residual stresses due to the lack of plastic
flow for facilitating thermally induced volume
changes.40 Ti-6Al-4V/DLD parts are also susceptible
to a high level of residual stresses due to their high
yield strength at elevated temperatures.

The residual stresses of Ti-6Al-4V have been re-
ported to be aligned with the laser scanning direc-
tion; compressive residual stresses are located at the
center and tensile residual stresses at the edges of
the parts.43 The lowest residual stresses are
typically observed to be at the starting point of laser
scanning and the largest residual stresses are at the
end of the laser scanning path.43 Compressive re-
sidual stresses are larger near the substrate and
gradually change to tensile residual stresses at the
top of the sample.43 Tensile residual stresses are
extremely detrimental on fatigue resistance of

Fig. 6. (a) Macrostructure with fine columnar grains and (b) microstructure containing very fine Widmanstätten structure for LENS-produced Ti-
6Al-4V.
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Ti-6Al-4V as they typically allow fatigue cracks to
grow at the surface and tend to open the fatigue
crack, reduce friction, and accelerate fatigue dam-
age. To reduce residual stresses and distortion, the
DLD process should be optimized and controlled
properly (e.g., controlling laser power and beam
traverse speed). In addition, preheating the sub-
strate and previously deposited layers (to establish a
more uniform temperature distribution), maintain-
ing optimal melt pool shape, and using a proper
scanning pattern are other methods for reducing
residual stresses in DLD-produced parts.40,42,44

Manipulating the process parameters to maintain
constant melt pool size and temperature throughout
the part, especially at the corners (layer start/finish),
leads to reduction in residual stresses.40,42 Choosing
the proper scanning patterns reduces thermal
stresses and the resulting thermal distortions.

EFFECTS OF PROCESS PARAMETERS

Process parameters such as laser power P, laser
beam radius r, and relative traverse speed/velocity v
control the incident specific energy (E = P/(2rv) in
units J/mm3). Specifically, these parameters
strongly dictate the melt pool geometry (i.e., size,
shape, and depth), which subsequently affects the
thermal gradients and cooling rates. Higher laser
powers or lower traverse speeds result in higher
specific energies and, consequently, a higher cooling
rate as well as finer microstructure, and vice ver-
sa.12,33,36 Lower incident energy results in finer
equiaxed morphologies, whereas increasing incident
energy generally results in a coarser microstructure
and columnar grains.36 For a thin wall of Ti-6Al-4V/
DLD, transition from columnar to mixed equiaxed-
columnar microstructure has been observed at the
surface of the deposit33 because the cooling rate, and
thus the solidification rate, increase gradually along
this direction. Moreover, increasing powder feed
rate results in a coarser microstructure (i.e., an in-
crease in the width and length of both a and b laths)
for Ti-6Al-4V/DLD. At higher laser powers, the feed
rate has less effect. A slight decrease in the size of a
and b laths is also observed with an increase in the
traverse velocity.

The majority of incident energy is dissipated by
conduction through the deposited structure, thus
impacting the microstructural evolution within the
DLD part.32 At the bottom of the part, heat quickly
conducts away through the substrate, whereas,
convection and radiation become more dominant at
the top.36 Columnar grains have been observed to
form across the deposited layers, indicating the
epitaxial growth of dendrites from the substrate or
previously deposited layers.36 As a result of higher
cooling rates, a finer and more equiaxed mi-
crostructure with primary dendrites usually exists
at the bottom and the top of the deposited part. For
example, the microstructure of Ti-6Al-4V, as a
result of rapid cooling rate, includes very fine

Widmanstätten platelet a as presented in Fig. 6b.
Similar structures have also been observed for each
deposited layer, composed of two regions with dis-
tinct dendrite features. Due to higher cooling rates
and the solidification speed of the melt pool, the
bottom of each layer is mostly columnar with no
associated secondary dendrites. The top part of each
layer consists of a fine equiaxed structure with
secondary dendrite arms due to a typically lower
cooling rate and, consequently, a lower solidification
speed of melt pool. As a result of remelting and
heating effects of the previously deposited layers,
the grain size at the bottom of the solidified melt
pool is coarser than the one at the top.45,46

Microstructure with alternating sublayers may
occur as a result of partial remelting between lay-
ers.47 When one layer is being deposited, remelting
can occur in the top portion of the previous layer,
resulting in a coarsening of the particles; the bottom
portion of the previous layer is only reheated, which
has less effect on grain growth. Reheating of previ-
ously solidified material in the middle of the part
results in slower cooling rates that favor the for-
mation of secondary dendrites.36 These thermal
cycles can also activate a variety of metallurgical
phenomena that progressively modify the micro-
structural properties such as grain size.22 The dif-
ference in the thermal history at each point of the
deposited part causes heterogeneous behavior in the
microstructure, which affects other mechanical
properties such as tensile and fatigue resistance.48

To resolve the consequential inhomogeneity in the
microstructure caused by remelting and thermal
cycling, laser parameters should be adjusted during
the deposition of each layer so that the temperature
of the layer below the new layer remains below the
eutectic temperature.

The amount of powder forming a layer is mainly
determined by the amount of powder injected into
the melt pool, characterized by the deposited mass
flow rate (powder feed rate) and the material stream
concentration distribution. The resulting distribu-
tion of powder density in the melt pool is an essen-
tial factor to layer thickness and thus
microstructure.49 Thus, it is very important to un-
derstand the effects of process parameters on the
amount of the powder injected into the melt pool
and its distribution.

The powder feed rate has a direct impact on the
distribution of powder density and thus layer
thickness. In general, there exists a linear increase
in the layer thickness as the powder feed rate in-
creases,14 which in turn results in a coarser mi-
crostructure. However, the effect of the powder feed
rate interacts with other parameters, such as laser
power, resulting in laser attenuation effects. Higher
laser power coupled with a lower powder feed rate
results in equiaxed microstructure with high por-
osity; on the other hand, smaller laser powers with
large powder feed rates correspond to columnar
microstructure.
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Even for a fixed powder feed rate, the amount of
powder injected into the melt pool varies for differ-
ent laser scanning directions because of the gap
between the laser spot and powder stream. The
shape of the melt pool is generally not symmetric;
the leading part of the melt pool is smaller than its
tail due to the heat flux variation.50 Depending on
scanning directions, the powder injection point may
be ahead of or behind the laser spot. Because only
the portion of powder stream that is overlapped
with laser beam is melted, different scanning di-
rections may result in different layer thicknesses.
This issue is further compounded by the fact that
the relative position of the laser beam and powder
injection point change as the surface of the sub-
strate is lifted due to deposition.

The flow rate of shielding gas also affects the
amount of powder injected into the melt pool. Ex-
perimental studies demonstrate that as the gas flow
rate increases, the powder density and layer thick-
ness first increase and then eventually decrease.
This is partially because increasing the shielding
gas flow rate improves the amount of powder in-
jected into melt pool. Faster particle streams, how-
ever, eventually lead to mass reflection at the melt
pool, thus decreasing powder efficiency.

The orientation of the part during DLD may affect
its post-build mechanical properties. For instance, it
has been reported that deposition in the direction
along (i.e., horizontal) the length of samples
typically exhibits higher tensile strength than hav-
ing their layers deposited perpendicularly (i.e.,
vertically), as presented in Fig. 3. This anisotropic
behavior can be attributed to the weak interfacial
layers being parallel to crack propagation, in the
vertical direction, providing an easy path for shear
bands.23,32 Different cooling rates for these two de-
position orientations may also influence the mi-
crostructure and mechanical properties. For
deposited samples in the horizontal direction, the
laser passing time between each successive layer
can be longer than parts with deposition in the
vertical direction. Hence, vertically built parts can
have higher cooling rates, and consequently, finer
microstructures.51

Conventional DLD processes use a computer-
drafted model that represents the part via multiple,
parallel layers. Whereas this layer-to-layer con-
struction method results in good part quality for
parts with simple shapes, it leads to the so-called
‘‘staircase effect’’ when fabricating parts with
relatively complex geometry. Because of the finite
thickness of a deposition layer, surfaces whose
normal vectors do not make an angle of either 0� or
90� with the build direction can only be deposited
approximately. The magnitude of the staircase ef-
fect is dependent on the layer thickness and the
angle made by the surface normal with the build
direction. This results in poor surface quality and
requires post-processing to form the desired shape,
which increases the overall process time. Some have

investigated the effect of tool path by attempting to
minimize staircase effects, e.g., controlling layer
thickness52 and volumetric difference.53 However,
these approaches are based on fixed deposition di-
rection and, thus, do not eliminate the staircase
effect. Multi-axis processing is another alternative
to mitigate the staircase effect. Instead of adopting
the traditional parallel slicing approach, multi-axis
processing rotates the slicing direction for 90� when
an overhang structure occurs.54,55 However, colli-
sion with previously deposited layers may still occur
when rotating the part by 90�. To address this
challenge, a non-parallel layer slicing strategy that
allows the deposition to follow the geometry of a
part more precisely by Ruan et al.56

It is clear that due to the complex, coupled ther-
mophysical dynamics associated with the DLD
process, process parameters need to be adjusted in
real time to ensure that desired mechanical/mi-
crostructural properties can be obtained. This is in
direct contrast to the traditional ‘‘set-it-and-forget-
it,’’ open-loop DLD process that consists of time-in-
variant process parameters. Currently, the majority
of existing DLD control processes focus on main-
taining constant melt pool morphology/temperature
and deposited layer height.

The effect of DLD process parameters on part
temperature and mechanical properties, such as the
laser beam traverse speed, laser power, specific
energy, powder feed rate and substrate thickness,
has been experimentally and numerically investi-
gated extensively in the past several years. Many
general conclusions regarding the uncontrolled,
time-invariant DLD process parameters on the
overall part/structure are now well accepted, for
example:

1. The melt pool will elongate and become thinner
with faster traverse speeds and higher laser
powers.15,57

2. Later layers will tend to be thinner and blossom
out, i.e., ‘‘mushrooming.’’58,59

3. Substrate thickness will impact the part heat
transfer and microstructure near the substrate-
part junction.58,60

4. Deposition/layer thickness will increase with
delivered specific energy.14

5. Higher powder feed rates will decrease the depth
of the melt pool61 while increasing layer height.50

While there are many other conclusions one may
draw from DLD process parameters, based on the
previous five conclusions alone, real-time control
methods are needed to ensure desirable part during
the build.

SUMMARY

This article has focused on the microstructure,
post-manufacturing characteristics, and tensile/fa-
tigue properties of parts fabricated via DLD, which
is a laser-based AM process. The microstructure and
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mechanical properties of parts fabricated with Ti-
6Al-4V using DLD (e.g., Ti-6Al-4V/DLD) were
specifically highlighted and related to the various
effects of the DLD and post-DLD (e.g., heat treat-
ment) process parameters. During DLD, the com-
bination of the various process parameters—such as
laser power, traverse speed, powder feed rate, et-
c.—and process uncertainties, results in the de-
posited parts experiencing a complex thermal
history. Nonuniform/transient thermal gradients
experienced during primary-dendritic solidification
of Ti-6Al-4V cause the formation of undesirable re-
sidual stresses and distortions within DLD parts.
Material tensile and thermal properties, phase
transformation, part geometry, process parameters,
and scanning pattern have been reported to influ-
ence the magnitude and pattern of the residual
stress in Ti-6Al-4V/DLD.

The melt pool specific to Ti-6Al-4V can consist of
surface-tension and free-convection flows along its
free-surface periphery and is more prone to
oxidization. The microstructure (e.g., sizes of the a
and b laths), microhardness, and residual stresses
have been reported to vary along (uncontrolled)
Ti-6Al-4V/DLD parts and this heterogeneity is
shown to depend on layer-to-substrate distance and
thermal cycling. High cooling rates for DLD can be
achieved as to generate fine microstructures; how-
ever, laser idling (or other forms of DLD control)
may need to be imposed as to guarantee consistent
cooling rates for each layer.

In order to achieve the desired microstructure
needed for Ti-6Al-4V/DLD parts with enhanced
mechanical properties, the DLD process parameters
should be properly optimized and controlled. This
may be achieved by controlling laser power and
traverse speed, preheating the substrate and pre-
viously deposited layers to achieve a more uniform
temperature distribution, and using a proper scan-
ning pattern. However, more recent studies show
that the melt pool area may not be a sufficient
indicator to achieve desired part quality.62 Other
process variables, such as layer height and bulk
part temperature, should be monitored and con-
trolled simultaneously.

Tensile properties (including the yield and tensile
strengths) of Ti-6Al-4V/DLD parts are typically si-
milar, or even superior, to those of their wrought
counterparts as a result of the high cooling rates
experienced during the DLD process. However, less
elongation to failure and ductility has been report-
ed.

Inconsistent results have been reported in the lit-
erature for fatigue behavior of Ti-6Al-4V/DLD spe-
cimens. Such inconsistencies may be attributed to
different microstructures and porosity levels result-
ing from different manufacturing/post-manufactur-
ing process parameters. Manufacturing process
parameters, such as laser power, laser beam traverse
speed, powder feed rate, layer thickness, etc. greatly
influence the thermal history, microstructure

(morphology and volume fraction of a and b con-
stituents), residual stresses, bonding between layers,
pore size and shape, affecting the fatigue resistance
of the Ti-6Al-4V/DLD parts. Selecting the process
parameters for achieving the desired/targeted fa-
tigue behavior requires further investigation.

Anisotropic mechanical behavior has been re-
ported in tensile and fatigue properties of Ti-6Al-4V/
DLD parts as the vertically built parts typically
have lower tensile properties (i.e., ultimate and
yield strengths as well as elongation to failure)
and fatigue resistance as compared to the horizon-
tally built parts. This can be explained by the ver-
tically and horizontally built specimens having
multi-directional and inhomogeneous cooling rates,
which results in different microstructural features,
residual stresses, and fatigue behaviors. In addi-
tion, extensive porosity has been reported in parts
fabricated in the vertical direction relative to those
built in the horizontal direction. Such anisotropic
behavior in tensile and fatigue properties may be
significantly reduced by post-fabrication machining
as well as proper heat treatments, specifically HIP.
The HIP process densifies the material, reduces the
porosity, and results in a higher ductility, elonga-
tion to rupture, and fatigue life.
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