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Asmetallic additivemanufacturing grew in sophistication, users have requested greater control over the systems,
namely the ability to fully change the process parameters. The goal of this manuscript is to review the effects of
major process parameters on build quality (porosity, residual stress, and composition changes) and materials
properties (microstructure and microsegregation), and to serve as a guide on how these parameters may be
modified to achieve specific design goals for a given part. The focus of this paper is on laser powder bed fusion,
but elements can be applied to electron beam powder bed fusion or direct energy deposition techniques.
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1. Introduction

Metal-based additivemanufacturing (AM) enablesmanufacturing of
metal partswith a high degree of geometric complexity and promises to
significantly reduce cost, time, and energy consumption of production
[1]. Furthermore, AM allows for parts nearing the end of lifetime to be
repaired or refurbished, obsolete parts to be replaced, and enables fab-
rication in remote locations [2]. Not surprisingly, intense interest in
AM technologies has built up within the defense, energy, aerospace,
and biomedical industries among others. In particular, laser-based
. This is an open access article under
powder bed fusion (L-PBF) technology has emerged as a leading candi-
date for fabrication of mission-critical components.

Because of the complexity of the laser powder bed fusion process,
the original equipmentmanufacturers ofmetal AM systems have devel-
oped sets of optimized processing conditions for each material. These
include both machine settings which are not generally changed, and
process parameters which can bemodified from build to build. In mod-
ern laser powder bed fusion systems, there are over 100of suchprocess-
ing parameters, most commonly-considered amongwhich include laser
power, layer thickness, laser scan velocity, distance between successive
laser passes (also known as hatch distance) and scanning strategies
(laser scanning pattern on each layer) – see Fig. 1. The optimized pa-
rameters are empirically derived to generally produce dense materials,
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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minimize defects, reduce surface roughness, increase build rate, and
produce parts with acceptable material properties. To date, parameters
provided by machine manufacturers are typically developed to provide
the best result in the material produced as a compromise of these com-
peting (and interdependent) priorities. As there are infinite possibilities
for part design, it is not possible to have one parameter set that will be
fully optimized for all part features (thin walls, thick sections, over-
hangs, or others), material performance and process productivity. As a
result, general parameter sets are developed to meet as many priorities
and build geometries as possible. However, significant opportunities re-
main for further optimization of specific parts, geometries and applica-
tions. Additionally, optimized parameters continuously change even for
the same material as manufacturers release new machine models and
technology and processes are further developed. Historically, AM sys-
tems have been offered as a black-box turn-key solution where cus-
tomers print parts at the recommended settings and are advised to
change little to nothing.

As AM processes become better understood and the field gradu-
ally grew in sophistication, users have requested greater control
over the systems. Among other things, this includes the ability to
change the process parameters, as well as to customize powder
stock which may include non-standard materials. As a result,
some manufacturers now offer “open system” options, where cus-
tomization and modifications are possible to optimize the build
process for specific needs. One may wonder what could be gained
by modifying the processing parameters over sets recommended
by the manufacturer. At the same time, those wishing to print
with new materials often encounter difficulty in finding appropri-
ate parameters since optimized sets are not available. An excellent
review by DebRoy et al. [1] is available and details the mechanisms
of most build-related issues (porosity, residual stress, preferential
evaporation, among others) and grain morphology and texture de-
veloped during the L-PBF process. Thus, the goal of this paper is
complement existing surveys by: i) more directly address how
major L-PBF process parameters can be manipulated to change
build-related and materials-related aspects of a part, and when it
may be appropriate to utilize non-optimized parameters to achieve
specific goals, ii) update on more recent development in the field,
and iii) focus on certain materials-related topics that were not
discussed in detail previously such as microsegregation. The focus
of this paper is directed for laser powder bed fusion, but elements
can be applied to electron beam powder bed fusion or direct energy
deposition techniques. While specific alloy systems are referenced
in specific sections, the discussion in this work is materials-
agnostic and can be broadly applicable.
Fig. 1. Common process parameters in laser powder bed fusion AM.
2. Background

2.1. Laser welding

The laser additive manufacturing process shares many commonali-
ties with the well-established laser welding and cutting/ablation tech-
niques [3]. The ability to have high power lasers capable to focus the
laser energy into very small spots results in a very high-density energy
process. The most used lasers in the area of materials processing, which
include cutting, surface treatments and welding, are CO2 lasers [3,4],
Nd:YAG lasers [5,6] andfiber lasers [7,8]. Due to the stimulated emission
of radiation, all photonswill have the samewavelength,will be in phase
in both space and time, and will travel in the same direction. As such,
one can state that laser radiation has the following three main charac-
teristics: monochromaticity, coherency and directionally low diver-
gence in both space and time. The last two characteristics allow good
focus of the radiation which is of great importance for several advanced
manufacturing processes based on laser radiation.

When the laser energy hits the material, the photons will be
absorbed and converted into heat that will dissipate through conduc-
tion.Melting can only occur if the energy that is introduced into thema-
terial is higher than the dissipated energy. Several process parameters
will influence the melted and solidified material and interface with
the surrounding material. Influential variables can be related to the
laser itself, such as wavelength, output power, operation mode and
beam quality, or to the manipulation systems and materials, such as
the optical and physical properties of the material as a function of tem-
perature. The laser can be operated in either pulse or continuousmodes.
In the former, the pulse shape, frequency and duration, and the peak en-
ergy are most important operation parameters to control [9,10],
whereas in the latter the laser power and welding speed must be con-
trolled [11,12]. Additionally, shielding gas is required to prevent oxida-
tion and evaporation phenomena of the molten pool and heat affected
zone [13,14]. Further benefits can be realized from the shielding gas as
it will improve energy coupling between the laser and the material,
blowing away the plasma that is formed above the surface.

In conventional laser welding, the presence of porosity is attributed
to the weld pool dynamics. When there is turbulent flow of the weld
pool pore formation is promoted, imperfect keyhole collapse can
occur, and rejection of elements, such as hydrogen, from the solid
phase during solidification may happen. This turbulent flow is driven
by Marangoni flows [15,16], typical of high energy melting processes
as those occurring during laser powder bed fusion. Incorporation of for-
eign elements can also contribute to porosity formation in the welded
joints [17–20]. The presence of pores in welded structures is detrimen-
tal to their structural integrity, especially if the components are sub-
jected to dynamic loading conditions.

For very high energy densities, typically on the order of 107 W/cm2,
thematerial can be vaporized, and the heat will be transmitted into the
material in depth. A capillary of metallic vapor will form and is
surrounded by the molten material that solidifies above the vapor,
thus trapping the vapor within the material as a pore. This condition is
known as the keyhole welding mode [21,22]. When the keyhole mode
occurs, the weld is very narrow and typically has an aspect ratio (weld
width/weld depth) significantly lower than 1. The shape and stability
of the keyhole are determined by the forces that are being exerted on
the molten pool. Gravity and surface tension will tend to close the cap-
illary, whereas the beam pressure, vapor pressure and the recoil pres-
sure will assist in maintaining it open.

If the energy density is lower, typically below 105 W/cm2, the key-
hole will not form, and in this case is referred to as conduction mode
welding [23]. In a conduction mode weld the aspect ratio is larger
than 1. During conduction mode welding the melt pool experiences
strong stirring, resulting from the variations in surface tension and ma-
terial density with temperature. In addition to keyhole and conduction
modes there is a third mode that can occur, known as the mixed, or
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transition welding mode, and is a combination of both conduction and
keyholeweldingmodes. In the transitionmode the energy density is be-
tween that of keyhole and conduction modes and the resulting weld
pool typically has an aspect ratio near 1.

The formation of pores during laser welding is mainly controlled by
two competing factors [16], the solidification rate and the backfilling
speed of the molten pool. If the backfilling speed is not high enough to
promote filling of the keyhole during solidification poreswill be formed.
As a result, controlling the solidification of the molten pool is key to
avoid pore formation. Control over the solidification can be achieved
by optimizing laser parameters so that the solidification process is de-
layed [24], thus allowing the liquidmetal tofill the keyhole before solid-
ification is complete. Another solution to prevent pore formation is
through the use of electromagnetic fields to increase the filling speed
of the keyhole during solidification [25]. Additionally, welding in vac-
uumwas also seen tomitigate pore formation due to the lower pressure
favoring the transport of evaporated metal towards the upper keyhole
outlet [26]. However, the need of a vacuum system for laser welding
may be detrimental for its implementation in industrial production
owing to increased production costs.

Depending on thematerial that is being laser welded, the stability of
the keyhole may or may not be a crucial factor for pore formation. For
example, when laser welding aluminum alloys, the keyhole stability is
crucial for pores formation [27]. On the other hand, for magnesium al-
loys the keyhole stability is not a major factor for pore formation [28].
The initial condition of the material that will be welded also influences
pore formation: if small holes exist before welding, heating and reduc-
tion of the internal pressure during the process will favor their
coalescence.

As previously stated, hydrogen can be responsible for pore formation
during laser welding, especially in aluminum alloys [17]. One way to
mitigate pore formation is through proper surface cleaning prior to
welding [29]. Another possibility is to control the hydrogen content of
the filler metal (if used), the purity of the shielding gas and ensuring
that the shielding protection used during the process guarantees that
entrapment of foreign elements into the molten pool is minimized or
eliminated.

Another relevant laser parameter is the beam quality [30]. To assess
the beam quality, or the energy distribution along the beam radius, one
can use the beam parameter product (BPP) and/or the M2 factor. The
BPP is the product between the beam radius at the beam waist and
the far-field beam divergence angle. The M2 factor is defined by the
ratio between the BPP and λ/π, where λ is the wavelength. For an
ideal Gaussian beam theM2 factorwill have a value of 1. The beamqual-
ity, wavelength and beam diameter which exits the laser cavity will
control the beam spot on the focus plane and the depth of focus. If the
beam quality is poor, melting may not occur due to insufficient energy
density.

The similarities between laser welding and laser-based additive
manufacturing are significant. Therefore, the principles and knowledge
of the laserwelding technology and community are transferable and ex-
tremely valuable to the additive manufacturing field.

2.2. Laser-based additive manufacturing

The characteristics of AM-fabricated alloys often differ significantly
from those obtained by conventional techniques such as casting. The
most notable differences observed include: in the as-built condition, de-
fectsmay be embedded in the part and high residual stressmay be pres-
ent due to the steep thermal gradients and non-uniform expansion/
contraction experienced by the material [31,32]; in the microstructure,
where unexpected phases can form due to the complex thermal history
[33,34]; and composition, where the laser-material interaction and
rapid solidification can also create both macro- and micro-scale differ-
ences in chemistry, with potential changes in the structural/functional
properties of the parts [35,36]. Furthermore, the typically high cooling
rates in fusion-based AM techniques often result in a very small grain
size in the produced parts, which can give raise to better mechanical
properties when compared to other conventional manufacturing pro-
cesses. Each of these differences resulting from the process often require
post-processing to meet final application requirements and these addi-
tional steps will increase both the cost and the time required to produce
parts [37,38].

Although the unique capabilities of metal-based AM are well recog-
nized and the technologies continue to advance, significant gaps remain
in order to bring AM technologies to full maturity. A major roadblock is
the high degree of variability of materials properties in metal AM-
fabricated parts, which poses serious challenges related to the qualifica-
tion and certification (Q&C) of critical AM components. Another chal-
lenge is the requirement for post-processing in most AM-fabricated
parts. Both challenges typically originate from two major sources:
build effects and microstructure.

One of the possible reasons for the observed variability is the fact
that a large portion of prior works on metal AM have focused only on
a handful of major material systems, for example titanium [31,39–41]
(mostly Ti-6Al-4V), nickel [32,37,42–45] (Inconel 625 and 718), and
stainless steels [36,46,47] (304, 316/316L). Many of these material sys-
tems are not necessarily suitable for AM processing because of the
process's complex and highly non-equilibrium nature. Consequently,
materials become highly sensitive to variations in the processing condi-
tions, which translates into a significant variability in observed
properties.

It has been shown that the properties of some AM processed alloys
are superior to their cast and wrought counterparts. The typically high
cooling rates of fusion based AM processes can result in parts with
very small grain size and, provided that manufacturing defects are
kept to a minimum (or ideally non-existent), it is possible to expect
that AM parts can possess improved mechanical properties in compari-
son with other more conventional manufacturing processes. AM tech-
nologies can be used as a platform for producing novel high-
performance alloys for use in multiple industries and can also create
graded structures (either microstructure or compositionally). In con-
trast, conventional processes are incapable of providing users such free-
dom to design their own materials.

Metallic AM techniques are based on rapid solidification. As the en-
ergy source is removed, cooling rates on the order of 105–106 K·s−1 can
be reached [1]. In addition to the small grain size, rapid solidification can
also lead to the formation of metastable phases and sometimes elemen-
tal partitioning as the melt is forced to solidify without adequate time
for diffusion to reach equilibrium compositions. Besides these local mi-
croscopic changes in composition, the high temperatures reached dur-
ing laser or electron beam melting can cause macroscopic changes in
composition through differential evaporation [48]. These compositional
changes may have dramatic effects on the properties of alloy systems
that are extremely sensitive to composition. Finally, these two problems
are exacerbated by repeated cycles of melting and solidification and
later, heating and cooling in AM processes resulting from their layer-
by-layer approach. The complex thermal cycles experienced by the
parts may induce solid-state transformations and therefore change
their microstructure and mechanical properties. Therefore, the effects
of processing parameters on the part performance are often multi-
faceted. Discussion of several of these topics follows and includes de-
fects, residual stress, microsegregation, and microstructure.

3. Effect of laser AM processing parameters on build defects

3.1. Sources of porosity in laser welding and laser additive manufacturing

Undesired porosity is a frequent problem in laser-based AM and
manifests itself in two distinct variations. First, lack of fusion defects oc-
curs when insufficient energy is applied to the material, leading to a
small melt pool and incomplete melting. Due to the shape of the melt
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pool and overlapping patterns, lack of fusion defects tends to be thin
and crescent-shaped. On the other hand, when the energy input is
high, the metal readily vaporizes and creates gas bubbles that may be-
come trapped due to keyhole instability. In such cases, round pores
are observed. The AM community has studied the issue of porosity
quite extensively and a general relationship between porosity and the
processing parameters of laser power and scan velocity is shown in
Fig. 2. The precise parameters at which these conditions occur depends
on the material. In general, Fig. 2 suggests that fully dense parts can be
achieved with coupled increase of laser power and scanning velocity.
However, this generalization neglects a few important nuances which
are discussed below.

3.1.1. Keyhole porosity
The key factors contributing to keyhole porosity are laser power,

laser scan velocity, the laser beam profile and its interaction with the
powder bed. As discussed in Section 2, an increase in energy density
causes themelt pool to transition from a conduction mode to a keyhole
mode. Thus, the general solution to avoid keyhole porosity is to simply
reduce laser power, or to increase the scanning speed. Since keyhole po-
rosity is fully controlled by the melt pool dynamics, it is nearly unaf-
fected by changes in the layer thickness and hatch distances. Scan
strategy can also affect the occurrence of keyhole porosity and can be
observed in locations where the laser path results in an increased local
dwell times, thus increasing the energy density. For example, while ex-
ecuting an L-shaped turn, the laser temporarily slows to change direc-
tion, resulting in a reduction of the scan velocity at the elbow of the
“L”. For this reason, most common scanning strategies are designed so
that these turns are not made while the laser is in contact with the
material.

King et al. [49] derived an analytical solution for the transition be-
tween conduction and keyholemodes as a function ofmaterials proper-
ties and AM processing parameters. Above a certain threshold of
imparted energy, which is related to the laser power (P) and travel
speed velocity (V) as P and V−1/2 respectively, the transition from con-
duction to keyhole mode occurs. This means that the laser power has a
greater effect on the development of keyhole porosity than velocity and,
at higher power, it becomes increasingly more challenging to eliminate
keyhole porosity.

More recent work by Cunningham et al. [50] showed that while the
transition between conduction and keyhole mode during laser powder
bed fusion techniques is well defined based on energy density, it does
not precisely correlate with the shape of the melt pool (Fig. 3). The re-
sult is that porosity associated with keyhole vapor instability may be
generated before visible “trenching” is observed in the melt pool
shape, and the boundary between fully-defense parts and keyhole
Fig. 2. Illustration of processing parameter influence on porosity: whereas keyhole
porosity appears in the high power/low velocity regime, lack-of-fusion porosity appears
in the low power/high velocity regions of the processing parameter space.
porosity, shown in Fig. 2, should be viewed as a large zone of uncer-
tainty instead of a sharp boundary. Thus, to minimize porosity, process
parameters far away from the boundary should be considered.

3.1.2. Lack-of-fusion porosity
In contrast with keyhole porosity, lack-of-fusion porosity depends

on both themelt pool size aswell as the scanning pattern. The boundary
for lack-of-fusion is determined by full melting of the material, which is
achieved through complete overlap of themelt pool. Thus, with knowl-
edge of the melt pool shape and size, it is possible to analytically deter-
mine processing parameters that may lead to conditions where full
melting is achieved. A number of different criteria have been proposed
to define full melting; from the simple “lack of fusion index” (LF), de-
fined as the ratio between the melt pool depth and the layer thickness,
to a more complex analytical calculation that accounts for fluid dynam-
ics in themelt pool [1]. Amiddle-ground approach uses geometry of the
melt pool and simulates a series of overlapping semi-circles or semi-
ovals. For a given melt pool size, the minimum depth of overlap is de-
fined as schematically shown in Fig. 4 as Md

0. This quantity is affected
by the hatch distance of the melt pool, which then dictates a maximum
layer thickness. During fabrication, a layer thickness smaller than Md

0

must be selected to ensure that lack of fusion does not occur in between
successive deposits. Similarly, due to the natural variations in laser
power output, laser-powder absorption, and laser scan speed, the
boundary between lack-of-fusion and fully dense parts should be
treated as contours of confidence intervals for presence of porosity.

Therefore, while keyhole porosity is primarily a melt-pool level effect
that depends mostly on power and velocity, lack of fusion porosity is a
composite effect that heavily involves scan strategy. The user can config-
ure the parameters as appropriate based on other needs such as micro-
structure, properties, or production-related limitations. For example, if a
certain power/velocity combination is required to achieve a desired
grainmorphology, the hatch distance and layer thickness can be adjusted
to eliminate lack of fusion. Similarly, if layer thickness is restricted by
available size distribution of the powder stock, other parameters can be
adjusted accordingly. Finally, we note that the geometry of the actual
melt pool can fluctuate quite significantly, so process parameter selection
should incorporate sufficient tolerance to minimize porosity.

3.2. Preferential evaporation

Due to the large energy input, thematerial vaporization temperature
is often reached in AM techniques. These evaporative losses are closely
related to the maximum temperature reached, and the temperature-
dependent vapor pressures of the constitutive elements. When there
is a significant difference between the volatility of various elements in
the alloy, the overall composition may change after fabrication due to
preferential evaporation. For example, this effect has been clearly docu-
mented during additivemanufacturing of various aluminum-containing
alloys such as titanium aluminides [49–54], or Ti-6Al-4V [55]. When
processing parameters are not optimized, preferential loss of up to
8 at.% Al have been reported [52].

Alternatively, b0.5% loss in the same alloy can be achieved by con-
trolling the processing parameters. Of critical importance is the linear
energy density (laser power to velocity ratio), by minimizing the linear
energy density, the preferential loss is reduced [49,51]. However, this
must be balanced by the requirement of achieving fullmelting and elim-
ination of lack-of-fusion defects. For example, agreementhas been dem-
onstrated in the study of optimized linear energy density for the
Ti48Al48Nb2Cr2 alloy, where 0.15 J/mm yielded a good combination of
a fully-densematerial andminimized Al loss [49,51]. Similar correlation
between linear energy density and aluminum loss was reported in Ti-
6Al-4V, and an optimal value was found to be between 0.1 and 0.2 J/
mm. The approach for reaching this value, either through high power
and high speed, or low power and low speed did not seem important
[53]. Klassen et al. [53], have also reported that when the planar energy



Fig. 3. Time-lapse synchrotron imaging of a melt pool under static laser [50]: the transition between conduction and keyholemode begins approximately after 1030 μs after exposure (D–
F), but the shape of the melt pool does not change until much later (I–J).
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density is kept constant, the linear energy component had a much
greater influence on Al loss than hatch distance (Fig. 5). This group of
studies suggests that preferential elemental evaporation is a melt pool
phenomenon and is most directly related to themaximum temperature
reached during fabrication.

In non-aluminum containing alloys, similar preferential evaporation
is also observed. Chromium loss occurs in the AM fabrication of Inconel
718 [56], while nickel loss is observed for NiTi alloys [57]. Similarly, it
was also found that preferential evaporation of Ni occurs during laser
welding of NiTi, thus changing the transformation temperatures of the
alloy along the fusion zone [57]. Furthermore, it was found in powder
bed fusion fabricated NiTi alloys that the hatch distance may also have
a considerable influence on preferential evaporation. When the laser
power and speed were kept constant, a change in the hatch distance
from 120 to 35 μm was found to increase the Ni loss by 1 at.% in Ni-
rich NiTi [58]. Based on this result, it is likely that preferential evapora-
tion may be related to both the maximum temperature reached in the
melt pool, aswell as the total exposure timenear themaximum temper-
ature. Reducing the hatch distance and layer thickness increases expo-
sure time with a linear dependence, and is more controllable and
predictable than maximum temperature within the melt pool. Thus,
we suggest that the appropriate linear energy density should be se-
lected first and layer thickness/hatch distance adjusted accordingly.

3.3. Residual stress, distortion and geometric precision

Residual stresses and distortion cause a significant challenge during
laser additive manufacturing. A similar problem has been well-
documented in the laser welding literature. Residual stresses can be
classified based on the scale at which they occur in the material as
type I, II and III, as these are observed at the macro, micro or sub-
Fig. 4. The criteria for full-melting based onmelt pool geometry: hatch distance (h) and layer thi
thickness required to achieve full fusion, and Md is the melt pool depth.
micron scales, respectively. In both laser welding and laser additive
manufacturing, residual stresses arise due to the large thermal gradients
during the process caused by the localized heating of the material [58-
60]. This localized heating causes expansion and shrinkage that must
be accommodated by the material surrounding the melt pool and the
heat affected zone. If the residual stresses are higher than the yield
strength of thematerial, distortion of the part occurs, with potential det-
rimental effects on the part functionality as well as the ability for the
successful completion of the build.When distortion occurs, it is a mech-
anism for the material to reach an equilibrium between the internal
forces thatwere generated due to themelting and solidification process.
It is possible for the amount of distortion to be significant. If this is the
case, thepartmaynotmeet the tolerance requirements, rendering it un-
usable. In the worst-case scenario, the developed residual stresses can
be high enough to promote crackingwithin thematerial. Conversely, re-
sidual stresses in laser-based processes may be advantageous. For ex-
ample, laser induced bending can make use of the large thermal
gradients induced by the process to deform the material to the desired
shape [59,61]. Additionally, laser shock peening can be used to generate
compressive stresses at the material surface and increasing the
material's fatigue resistance [62,63].

Despite several works focused on understanding the origin of residual
stresses and distortion in laser additivemanufacturing andhow to control
them, at this moment it is impossible to obtain a completely stress-free
part without pre-heating of the substrate. Without sufficient control, the
magnitude of the residual stresses regularly exceeds the yield stress of
the alloy, creating dislocations, distortions and other defects in the mate-
rial. The greatest challenge posed by residual stresses comes from the het-
erogeneous distribution of stress, which results in distortion. Currently,
common methods to combat residual stresses include pre-heated sub-
strates, or post-fabrication heat treatments for stress relief. An interesting
ckness (t) are coupled parameters given a constantmelt pool size.Md
0 is theminimum layer



Fig. 5. a) Effect of energy density on aluminum loss during selective electron beammelting of Ti48Al48Nb2Cr2 alloy, the hatch distancewas held constant at 100 μm; b) cross-comparison of
relative density and aluminum loss as a function of energy density.
(From [51].)
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point has been observed, in that, the magnitude of residual stresses in-
creases with increased length of the scan lines. As a result, implementa-
tion of scan strategies where a part is divided into smaller “islands”,
such that the longest uninterrupted line of travel is reduced, has been
found to be effective in reducing residual stress.

One potential solution to control residual stresses developed during
laser additive manufacturing can be borrowed from laser welding, with
a technique called thermal tensioning [62,64]. In this case, an additional
heat source moves ahead, besides, behind, or even in a combination of
any of these, of the primary heat source. In laser-based additive
manufacturing, this extra heat source can be achieved by adding a second
laser source into the systemor by splitting the laser beam [65]. In order to
successfully implement this approach and to properly select the process
parameters (power, travel speed and beam spot size) to be used by
eachheat sources,modelling is required. Themain purpose of the second-
ary heat source it to pre-heat (if it goes ahead of themain heat source) or
to post-heat (if it goes behind the heat source) thematerial. Additionally,
by changing the solidification conditions using thismethod itmay be pos-
sible to tune the microstructure of each layer. Of critical importance for
the secondary heat source is the controlled and uniform heating of the
surrounding material, thus, a low power and defocused beam is likely to
be the most effective approach.

Another approach to decrease residual stresses build up and distor-
tion may be the use of sacrificial material, or supports, to serve as me-
chanical anchors to restrain part deformation [66]. However, the use
of support structures subsequently requires the need for removal of
these structures, thus increasing production times and material waste.
It is best practice to avoid excessive support structures through optimi-
zation of the part design, aiming at usingminimal support structures to
decrease any extramaterial thatwill need to be removed. Fig. 6 summa-
rizes how different process parameters during powder bed fusion can
be used to overcome build up defects.

4. Effect of laser AM processing parameters on materials and
microstructure

4.1. Rapid solidification microstructure

The solidification microstructure in melt-pool based techniques is
readily described by temperature gradient (G), solidification growth
rate (R), undercooling (ΔT), and materials-related parameters such as
composition and liquid diffusivity [67]. Laser welding and laser-based
AM techniques share a common space where both large temperature
gradient and high growth rates are observed. The high growth rate re-
sults in a low-to-moderate G/R ratio and pushes the microstructure to-
wards a planar or cellular structure instead of a dendritic one. Cellular
structures are commonly observed in laser welding and laser-based
AM techniques [67,68]. The effects of G and R on the developed micro-
structures are summarized in Fig. 7. It has been found that cellular struc-
tures have an impact on the mechanical properties of the part and the
size and aspect ratios can be controlled by varying different processing
parameters (Fig. 8). Further, for parts made by AM processes, the mate-
rial experiences a larger number of re-melting passes as compared to a
laser welded joint. Depending on the hatch distance used, the micro-
structure of AM processed samples is dominated by features similar to
those found in the heat affected zones (HAZ) of laser welded joints
rather than that typical fusion zone microstructures [69,70].

Compared to conventional welding, most of additive manufacturing
techniques have high solidification rate (R), and moderate temperature
gradients, except for the first processed layers. This means that the cel-
lular dendritic, columnar dendritic, and equiaxed dendritic are themost
commonly observed structures. Furthermore, a high solidification rate
means that the grain structure is generally very fine, making AM-
fabricated samples generally stronger but less ductile than their cast
counterparts, provided that process defects, such as porosity and crack-
ing, can be avoided.

While columnar and cellular dendritic structures are commonly ob-
served inwelded joints, the layer-by-layer nature of AM process creates
a unique mechanism for the dendritic microstructures to change grain
morphology through the process, enabling a size shift to features on a
larger scale. The size of cellular structures in AM processed or (laser)
welded parts are generally on the order of 0.1–1 μm, depending on
the parameters used. Under some conditions, cylindrical column-like
grains, N10 μm in diameter, and severalmm in length are observed, typ-
ically for conditions of high power/high scan speed. Additionally, pro-
vided that the process parameters are well controlled, it has also been
demonstrated to be possible to create single crystal parts by fusion-
based AM techniques [71,72].

When columnar grains result in as-built AM parts it is observed that
themicrostructure is strongly textured (Fig. 9). The grains have preferred



Fig. 6. Summary of how process parameters in laser powder bed fusion can be used to combat various build defects.
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orientations in the 〈100〉 directions perpendicular to the substrate, as sim-
ilarly observed in the fusion zone of welds, due to 〈100〉 being the ener-
getically preferred growth direction for cubic materials [73]. This is
related to the fact that this direction is the least close packed, allowing a
faster growth compared to other crystallographic directions. It is interest-
ing to note that some materials systems, such as nickel-based alloys, are
more prone to formation of grains with differing orientations, or stray
grains [71]. The reason for stray grain formation is believed to be related
to constitutive supercooling [74], where segregation of the solute atoms
ahead of the solidification front modifies the solidification temperature
of the alloy to increase the degree of undercooling without physical
changes in the temperature or the temperature gradient. Since higher
undercooling promotes equiaxed dendritic formation, microsegregation
that locally lowers themelting pointmay increase the likelihood for addi-
tional nucleation ahead of the dendritic front and disrupt the columnar
growth. This means that during AM processing of alloys, cases where sig-
nificant microsegregation is expected may require larger temperature
gradients (thus higher power), or a velocity-dependent partition coeffi-
cient close to unity (higher scan speed). Practically speaking, this means
that alloys where stray grain formation is more likely to occur will also
tend to solidify in an equiaxed manner without significant texture.

Processing maps have commonly been adapted for individual alloys
and used in AM to guidemicrostructure prediction. Further, G and R can
then be translated into relevant processing parameters, such as energy
source power and scanning velocity, to create a processmap that is eas-
ily interpreted. For example, higher scanning velocities result in an
Fig. 7. Effect of temperature gradient (G) and solidification rate (R) on the developed
microstructures.
(From [67].)
increase of R and are conducive to the formation of highly textured co-
lumnar grains, while lower scanning velocities favor equiaxed grains
with random texture [67]. Conversely, increasing the energy source
power tends to increase the temperature gradient, G. It is important to
note that the values of G and R are not constant inside themelt pool. To-
wards the top of the melt pool, R is high while G is low and towards the
bottom of themelt pool R is low and G is high. The difference in R and G
within the melt pool can differ by an order of magnitude. Predictions of
grain morphology must take into consideration the remelting process,
where grain features near the bottom of the melt pool are preserved,
while grain features near the top of the melt pool are eliminated due
to overlap of the melt pool from the adjacent layers.

4.2. Micro-segregation and precipitation of unexpected phases

As a result of the dendritic solidification encountered in laser pow-
der bed fusion there is enhanced formation of unexpected or undesired
phases at, or near, segregation zones. In Inconel 718, δ-phase formation
has been reported [76] in the as-processed condition of the laser-melted
material. This result is surprising as δ-phase is not expected to form at
high temperatures in Inconel 718 and, its formation at intermediate
temperatures, is usually subject to slow kinetics (on the order of 100 h
Fig. 8. Solidification map of Inconel 718, highlighting the columnar, equiaxed and mixed
solidification microstructures [68].



Fig. 9. (a) Side and (b) top views of columnar grains during selective laser melting of IN 718 [75].
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at 900 °C) and typically evolves after theγ″metastable precipitates [77].
As the δ-phase is generally incoherent and adversely affects mechanical
properties of the alloy, its presence immediately after AM fabrication is
concerning.

Idell et al. [76] reasoned that the unexpected δ formationwas attrib-
uted to microsegregation during processing, supported by the observa-
tion of strong niobium segregation within the interdendritic regions.
The typically observed nominal composition of niobium is 3.2–3.6 at.%,
while niobium concentration at some interdendritic locations exceeded
8 at.%, allowing δ to become stable at higher temperatures and form di-
rectly upon solidification. Furthermore, during conventional heat treat-
ments used to relieve residual stress in Inconel 718 (above 1000 °C for at
least 1 h), the δ phase grows and coarsens due to the local changes in
chemical composition. Additionally, similar formation of δ phase has
been found in Inconel 625 [78]. In this case, although the formation of
δ-phase was not observed in the as-built condition, it appeared readily
during a stress-relief heat treatment at 800 °C or 870 °C of 1–4 h. The
cause of the δ-phase formation is the similar segregation of niobium
and molybdenum at the interdendritic regions, as seen in Fig. 10. As a
Fig. 10. a) Predicted pseudo-binary phase diagram for Inconel 718 [76] showing the effect of nio
segregation of niobium and molybdenum in Inconel 625 fabricated through SLM [78].
result, post-processing such as hot isostatic pressing, can negatively im-
pact material performance as crack propagation begins at δ-rich regions
at the interdendritic zone [79,80].

High resolution microstructural characterization of additively
manufactured steel shows similar relevant issues for consideration. In
a Fe-19Ni-xAl maraging steel created by direct laser deposition,
Kürnsteiner et al. [81] showed that increasing the aluminum content
at the expense of iron and nickel creates an increasing amount and
size of NiAl nanoprecipitates in the interdendritic regions where alumi-
num enrichment occurred (Fig. 11a). At 3.4% Al, the distribution of Al is
largely uniformeven in the interdendritic space. However, at 8%Al, clus-
tering occurs and precipitate boundaries become clearly visible. Further,
at aluminum contents above 15%, a large volume fraction of NiAl precip-
itates ranging between 2 and 3 nm in size are present as identified
through atom probe tomography. Similar reports of nanoprecipitation
in the as-processed condition of a 300 seriesmaraging steel has been re-
ported by Tan et al. [82]with the nanoprecipitates coarsening upon sub-
sequent aging. While it is not clear what the structure and composition
of the precipitates in the as-processed samples are, the authors identify
bium enrichment at interdendritic zones; b) EDS compositionmapping showing the clear
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two types of precipitates in the aged condition: hexagonal η-Ni3Ti and
orthorhombic Ni3Mo and Ni3Al.

Finally, it was reported that Ti2Ni type precipitates were found
(Fig. 11b) in selective laser melted Ni-rich NiTi shape memory alloys
in the as-processed condition [58,83]. Ti2Ni is not usually expected to
form in Ni-rich compositions unless oxygen or carbide stabilization oc-
curs [84], but its presence was caused by incomplete cellular structures
which led to titanium enrichment at the boundaries. These particles are
further stabilized by oxygen and thus pose amajor problemas they can-
not be removed by solution treatments. Regardless of the specific alloy,
unexpected phase formation linked to dendritic segregation appears to
be a common theme in AM-processed alloys. The phases formed are
often detrimental to the properties of the alloy and cannot be easily re-
moved from post-processing. Nevertheless, these phases do not always
form in the as-fabricated condition and are highly dependent on the
nominal composition. Therefore, designing alloys specifically for AM
process and with compositions resistant to microsegregation may be
an effective technique to combat this problem.

As previously discussed, microsegregation from dendritic solidifica-
tion causes unexpected and undesirable phase formation. This is known
as solute trapping and strongly depends on the speed of the solidifica-
tion front and the equilibrium partition coefficient, ke, defined as the
ratio between the concentration of an element in two phases, for exam-
ple, liquid (CL) and solid (CS):

Cs

CL
¼ ke ð1Þ

Some of the earliest estimations of microsegregation come from
Scheil [85], who described the composition variations ahead of a solidi-
fication front with the following assumptions: a) negligible diffusion
within the solid; b) complete mixing of solute in the liquid (infinitely
fast diffusion), and c) equilibrium near the liquid/solid interface. The
resulting equation including these points takes the form:

cs ¼ kec0 1− fð Þke−1 ð2Þ

where c0 is the average composition of the alloy and f is the fraction of
the material that is in the solid phase. When experimental techniques
made it possible to reliably measure the composition distributions
within alloys, it became clear that the Scheil equation was a poor quan-
titative predictor of the actual solidification process. For most
Fig. 11. a) Atom probe tomography mapping of nickel and aluminum composition in as-fabric
precipitates becomes visible at Al content above 8 at.%; b) TEMmicrograph of SLMNi-rich NiTi i
conventional solidification processes, the major issue is the assumption
of negligible diffusion in the solid. A model by Brody and Flemings [86]
was subsequently introduced to address this weakness. Several varia-
tions have since been developed from the Brody-Flemings model and
are known as back-diffusion models.

In AM processes, however, the assumption of negligible diffusion in
the solid state is less problematic due to the very high cooling rates. In-
stead, the Scheil model becomes inadequate in other assumptions.
Namely, the rapid solidification front (generally 0.01–10 m/s [1]) cre-
ates significant undercooling near the dendritic tip because of solute
buildup. This means that the liquid composition is no longer homoge-
neous and changes, depending on the solidification conditions near
the solid-liquid interface, may occur. Burden and Hunt [87] have de-
scribed the undercooling (ΔT) as:

ΔT ¼ GDL

R
þ −8m 1−keð Þc0ΓR

DL

� �1=2
ð3Þ

where G is the temperature gradient, DL is the liquid diffusivity, R is the
interface or solidification velocity, m is the liquidus slope, and Γ is the
Thompson-Gibbs coefficient (γ/ΔS): the ratio between the interfacial
energy and the entropy of fusion. This equation provides two important
pieces of information. First, the undercooling becomes very large when
very high velocities are achieved. This condition is satisfied for most
metal AM techniques, particularly those based on powder bed fusion.
Second, the effect of temperature gradient on undercooling is highly de-
pendent on the G/R ratio. When G/R is large, the first term on the right
side of equation dominates and the gradient has a significant impact on
undercooling. When G/R is relatively small, the second term in the
equation dominates and the effect of undercooling on temperature gra-
dient is reduced. It has been reported that the temperature gradient
during fusion-based AM processes is around 500 K/mm [86,88], and
undercooling in powder bed fusion can exceed 50–100 K [1].
Undercooling is one determining factor in solidification grain morphol-
ogy since it drives dendritic growth and the composition near the den-
dritic tip. As shown in Fig. 12, undercooling values around 200 K are
enough to reach ideal solution conditions in a Ni-Cu-Co alloy [89]
where velocity-dependent partition coefficient becomes one. At this
state, the alloy will solidify without microsegregation.

It is important to note thatmicrosegregation is not necessarily a det-
riment to be avoided. Recent studies in 316L stainless steel have shown
that additively manufactured parts based on this material have
ated (Ni85Fe15)100−xAlx alloys of various Al content [81]. Clustering and formation of NiAl
n the as-processed condition [56]. The precipitates are found to be Ti2Ni at the boundaries.



Fig. 12. Effect of undercooling on partition coefficient (a) and solidification velocity (b) for a Ni-Cu-Co alloy: undercooling values of approximately 100 K are reported during solidification
in powder bed fusion, which places it in the range where significant changes in velocity-dependent partition coefficient can be expected [89].

10 J.P. Oliveira et al. / Materials and Design 193 (2020) 108762
simultaneously improved strength and ductility compared to their
wrought counterparts (Fig. 13a) [90]. This is a significant development
since overcoming the strength-ductility tradeoff is a major goal that
drives the development of newmetal processing techniques. The origin
of the improvement comes from the unique cellular microstructure
formed during solidification due to microsegregation. In addition to
being enriched with solute elements, the cell wall area is filled with a
high density of dislocation networks in contrast to the relatively
dislocation-free cell interiors (Fig. 13b). It is believed that this type of
layered structure effectively resists both dislocation motion and crack
propagation, and can only be created in alloys where significant
microsegregation is experienced during processing.

Based on the previous discussion in this section, it is possible to con-
trol microsegregation through control of temperature gradient (G), so-
lidification velocity (R), and undercooling (ΔT). The most direct effect
would come from the increase in R. At very high R, the non-
equilibriumpartition coefficient approaches unity and solution trapping
is eliminated. In practice, the increase of R is directly related to the ve-
locity of the energy source. Thus, it is desirable to have the maximum
scan speed possible while still avoiding lack-of-fusion defects. Increas-
ing the scan speed also requires an increase in laser power, in this
case it is important to optimize the power to avoid keyhole porosity in
Fig. 13. (a) Comparison between the stress-strain response of wrought and laser powder bed fu
[90].
the high-power processing regime. On the other hand, sufficiently low
solidification velocity can drive the process into the planar solidification
regime (Fig. 7). This has been observed in the lower portions of themelt
pool in alloys processed with low laser velocities [91].

Alloy-to-alloy differences are mostly expressed in the quantities of
liquid diffusivity and equilibrium partition coefficient. These represent
the upper and lower bounds for potential microsegregation. In most al-
loys, this information can be obtained directly from the phase diagram
in the composition difference between the liquidus and solidus at a
given temperature. A stronger tendency of microsegregation is found
in alloys with large differences, for instance Ni-Al, compared to alloys
with smaller differences, for example Ti-6Al-4V. However, it is impor-
tant to note that microsegregation in real alloys often come from
minor alloy elements, such as Nb in Inconel or Cr in 316L stainless steel.

As expressed in Eqs. (2) and (3), an increase in the liquid diffusivity
tend to reduce the contribution of solidification velocity. In otherwords,
solute trapping effect is magnifiedwhen liquid diffusivity is low and the
equilibrium composition cannot be easily reached in the liquid state. On
the other hand, the equilibrium partition coefficient acts as themaxima
on how much chemical segregation can occur when solute trapping or
interfacial stability conditions are not met. Unfortunately, the value of
the liquid diffusivity of alloys is difficult to determine, particularly in
sion 316L stainless steel, and (b) the unique cellular microstructure observed in the latter



Fig. 14. Summary of how process parameters in laser powder bed fusion can be used to combat various microstructure and materials-related issues.
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complex engineering alloys commonly used for AM processes, and no
single widely accepted model has been developed. Most literature
values are based on pulsed ion-beam melting or calculated through ab
initio atomistic simulations and typically these values fall in the order
of 10−9 m2 s−1.

A summary of how different process parameters during powder bed
fusion can be used to overcome microstructure and materials-related
problems is presented in Fig. 14. We note that most of the materials-
related effects are primarily determined at themelt pool level since mi-
crostructure is primarily controlled by solidification characteristics.
However, scan strategy can play an indirect, but significant effect espe-
cially when sample sizes are small. Generally, parts are printed with a
combination of hatch pattern (the inside fill) and contour (the border)
and different process parameters are used for each. Barba et al. [92] re-
ported that the α lath thickness reduced significant with sample size in
Ti-6Al-4V, while prior β grain structure evolved from one that is coarse
and highly texture to a fine, equiaxed and randomly texture case when
the sample thickness was reduced to 0.5 mm. This change was ex-
plained by the increasing importance of the contour pattern relative to
the hatch pattern as sample size was reduced. Of course, the contour
pattern parameters could be controlled to yield different microstruc-
tures as needed, but such settings should be properly considered
when creating parts with small features.

5. Conclusions

Currently, there are multiple process parameters that can be varied
during fusion-based additive manufacturing processes. The complex
thermal cycles experienced by the material during AM processes often
makes it difficult to achieve a single objective without affecting others,
and further optimization process is a careful balancing act between
competing needs. Nevertheless, the community has good understand-
ing of the effects of the most important process parameters during
laser-based additivemanufacturing and their impact on porosity forma-
tion, preferential evaporation, residual stresses and microstructure. We
summarize some of these rules-of-thumb in Fig. 6 (for build defects),
and Fig. 14 (for materials and microstructure-related features). Future
studies should also explore detailed material andmicrostructuremech-
anisms, for example the microsegregation phenomena, dislocation and
subgrain boundary structures, controlled formation of desired grain-
boundary textures and character, and roles of the melt pool boundary.
There remains a significant opportunity to further understand and de-
velop both process parameters and alloys specialized for the part and
application of interest. This bespoke nature in both processing and ma-
terials selection a unique aspect of additive manufacturing.

Furthermore, the unique control of the AM process allows process
parameters to be varied at different physical locations with the same
part. For example, porosity at locations designed to bear compressive
load in a part is less likely to cause failure compared to porosity at loca-
tions design to sustain tensile stress. However, successfully application
of location-dependent techniques is predicated upon thorough under-
standing of the fundamental science of the process and may return a
new approach to design where the AM process is considered a compo-
nent of an integrated system instead of a separate step in a production
chain.
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