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a  b  s  t  r  a  c  t

Selective  laser  melting  (SLM)  is  an  attractive  rapid  prototyping  technology  for the  fabrication  of  metallic
components  with  complex  structure  and  high  performance.  Aluminum  alloy,  one  of  the most  perva-
sive  structural  materials,  is  well  known  for  high  specific  strength  and  good  corrosion  resistance.  But  the
poor  laser formability  of aluminum  alloy  restricts  its application.  There  are  problems  such  as limited
processable  materials,  immature  process  conditions  and  metallurgical  defects  on  SLM  processing  alu-
minum  alloys.  Some  efforts  have  been  made  to  solve  the  above  problems.  This  paper  discusses  the  current
research  status  both  related  to the  scientific  understanding  and  technology  applications.  The paper  begins
with  a  brief  introduction  of  basic  concepts  of aluminum  alloys  and  technology  characterization  of laser
etallurgical defects
echanical properties
eat treatment
eveloping trend

selective  melting.  In  addition,  solidification  theory  of  SLM  process  and  formation  mechanism  of metal-
lurgical  defects  are  discussed.  Then,  the  current  research  status of  microstructure,  properties  and  heat
treatment  of SLM  processing  aluminum  alloys  is  systematically  reviewed  respectively.  Lastly,  a  future
outlook  is given  at the  end of this  review  paper.

©  2018  Published  by Elsevier  Ltd  on  behalf  of The editorial  office  of  Journal  of  Materials  Science  &
Technology.
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pool reaches 103-108 K/s due to the rapid movement of the laser
J. Zhang et al. / Journal of Materials 

. Introduction

Aluminum alloys, the most widely utilized metal structural
aterials, after iron and steel, have the potential for application

nd development in the aviation, aerospace, automobile, naval,
eapons and power electronics fields due to their low density, high

pecific strength, easy processing, and good corrosion resistance as
ell as their excellent electric and thermal conductivity [1–3].

Based on their composition, microstructure and process charac-
eristics, aluminum alloys can be categorized into cast aluminum
lloys and wrought aluminum alloys. In general, the alloying ele-
ent content of cast aluminum alloys is 10%–12%, while that of
rought aluminum alloys is 1%–2% (although, in some cases, it can

e as high as 6%–8%) [4]. According to whether the alloy responds
o heat treatment by precipitation hardening, aluminum alloys can
e further divided into heat treatable and non-heat treatable alu-
inum alloys, as shown in Fig. 1. The properties of commercial

luminum alloys are shown in Table 1. 2XXX (Al-Cu or Al-Cu-Mg),
XXX (Al-Mg-Si) and 7XXX (Al-Zn-Mg) series alloys belong to heat
reatable alloys, whose strength can be enhanced by various heat
reatment processes [4–6]. The 1XXX, 3XXX, 4XXX and 5XXX series
lloys are non-heat treatable aluminum alloys that can be strength-
ned by solid solution and mechanical deformation processes [4,5].

At present, aluminum alloy structural parts are mainly manufac-
ured by traditional methods such as casting, forging, extrusion and
owder metallurgy [7]. Although aluminum alloy products made by
he above traditional processes have been extensively used, there
re still many problems in the process of production and their
pplications. First, the low cooling rate in the casting processes
akes the microstructure coarse, and many defects exist, such

s offset defects, shrinkage porosity, slag inclusion and element
egregation in cast aluminum alloys, that lower the mechanical
roperties of the parts [8–10]. Second, the preparation and form-

ng process of high performance aluminum alloy components are
eparated, which causes a long process chain with limited flexi-
ility. In addition, with the modern industrial developments, the
tructure and performance requirements of aluminum alloy parts
re continuously increasing. For example, to meet the engineering

equirements of high thermal conductivity, light weight and high
oad carrying capacity, the thermal protection system of aerospace
ehicle engines commonly uses a lattice or cellular structure. Inte-

ig. 1. Classification of cast aluminum alloys and wrought aluminum alloys: (a) cast alum
re  in blue and heat treatable aluminum alloys are in red.
Fig. 2. Schematic diagram of selective laser melting [14].

gral forming of complex structural components not only reduces
the time and tooling for fabrication and assembly of small and
medium size components but also decreases the weight and stress
concentrations normally associated with welding and other joining
approaches [11–13]. The production of aluminum alloy parts with
diverse structures, high dimensional accuracy and near net shape
will be a major research and development objective in the future.

Selective laser melting (SLM) is considered one of the most
promising additive manufacturing (AM) technologies, whose pro-
cessing schematic diagram is shown in Fig. 2. SLM utilizes a
high-energy laser beam to completely melt metal powder in a pro-
tective atmosphere along the laser path, and this molten metal
rapidly solidifies [14]. By repeating this step and overlapping layer
by layer, a three-dimensional component is eventually formed.
Such a layerwise approach has a unique advantage in the integrated
formation of complex structured and thin-walled components
[15,16]. The process of welding and riveting is eliminated, and no
mold is needed, thus shortening the design and production times
[17]. Recycling the metallic powder increases the feedstock utiliza-
tion rate and reduces the production cost. In addition, the SLMed
parts have excellent quality and performance. The laser interacts
with the metallic powder to form a small molten pool on a scale
of approximately 100 �m [18]. The cooling rate of the molten
inium alloys. (b) wrought aluminium alloys. Non-heat treatable aluminium alloys

at 100–1000 mm/s  [19]. Such a rapid cooling rate inhibits grain
growth and segregation of the alloying elements. Together with
the stirring action of Marangoni flow [20] in the molten pool, a fine
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Table  1
Properties of aluminium series alloys.

Series Types elements Performance

1××× non-heat treatable Pure Al (≥99.00%) Low strength, good corrosion resistance and conductivity, easy processing
2××× heat  treatable Al-Cu/Al-Cu-Mg Hard-aluminium alloy. High strength, good heat resistance, poor corrosion resistance
3×××  non-heat treatable Al-Mn Antirust aluminium alloy. Low strength, cold-working-hardening, good plasticity and weldability
4×××  non-heat treatable Al-Si High silicon, low melting point, good weldability, good heat and wear resistance
5×××  non-heat treatable Al-Mg High magnesium, good corrosion resistance and weldability
6×××  heat treatable Al-Mg-Si Medium strength, good formability, weldability and machinability
7×××  heat treatable Al-Zn-Mg Very high strength, cannot be welded, poor corrosion resistance
8×××  / Other elements /
9××× /  Spare alloys /
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Fig. 3. Diagram of interaction between laser and powder bed [28].

niform microstructure is formed that significantly improves the
trength and toughness. The non-equilibrium solidification process
ncreases the solid solution limit of the alloy elements in the matrix,
nd new metastable or even amorphous phases may  be generated
21–23]. However, the surface quality and dimensional accuracy of
he SLMed parts are typically not sufficient to meet the demands
f industrial production, so post-treatment processes, such as sur-
ace treatment and machining, are required, which increase the
roduction time [24]. On the other hand, the large temperature
radients and complex heat transfer due to the cyclic processing
f the laser beam result in the directional growth of grains, so the
icrostructure and properties of the alloy tend to be anisotropic

25]. The quality of the SLMed parts depends on the selection of the
echnological parameters, such as the laser power, scanning speed,
canning spacing and layer thickness. These process parameters
re influenced by the material characteristics, powder fluidity, par-
icle size/shape/distribution and the type and spot size of the laser
26,27]. The use of improper process parameters may  cause balling,
ores, cracks and low density.

. Solidification theory and metallurgical defects of laser
elective melting

.1. Solidification theory of laser selective melting

When the laser contacts the metal powder, a series of complex
hysical and chemical phenomena occur during the rapid melting
nd solidification processes, such as the absorption and scattering
f laser energy, heat transfer, phase transition and melt flow in the
olten pool [28,29], as described in Fig. 3. The thermodynamic and

inetic behavior of the molten pool can be changed by adjusting
he processing parameters. The size and shape of the grains and
he content and composition of the phases are controlled to obtain
he desired microstructure and mechanical properties [30]. Like-
ise, to explain the microstructure and property evolution laws of
LMed parts, the thermal behavior and solidification theory under
he processing conditions must be clearly defined.

As shown in Fig. 4, the growth of grains in fusion welding is
onsidered to be initiated by the epitaxial solidification of the base
Fig. 4. Epitaxial solidification and competitive growth of welded molten zone [37].

material and growth toward the welding centerline [31,32]. Sim-
ilarly, under the condition of melt superheating, homogeneous
nucleation hardly occurs in the SLM process, and nucleation is
always enhanced at the solid-liquid interface between the grain
surface of the parent metal and the liquid metal [33,34]. Once crys-
tallization is initiated at the boundary of the molten pool, grains
continue to grow toward the interior of the melt in the form of
columnar crystals [34]. The crystallization orientation most con-
ducive to the grain growth of aluminum is <001> [35]. Grains
growing along the <001> orientation and perpendicular to the
isotherms of the molten pool boundary, where the heat dissi-
pates fastest, can keep growing to the interior of the molten pool.
However, grains growing along the <001> orientation but in the
direction of the boundary isotherm are inhibited and grow only a
short distance [36,37]. This phenomenon is known as preferential
growth.

The cooling and solidification mode of the molten pool mainly
depends on the laser energy density and the interaction period of
the laser and the material [38]. The temperature gradient is given as
G=dT/dx, the solidification rate is given as R=dx/dt,  and the cooling
rate is given as dT/dt = G·R. A higher cooling rate G·R can improve
the undercooling of the melt and refine the grains [39,40]. When
the ratio of the temperature gradient and the solidification rate
G/R increases, the crystal morphology changes from dendritic to
cellular and finally to planar crystal [19,41]. The scale and the type
of microstructure are controlled by G·R and G/R, respectively.

The microstructure undergoes a morphological evolution from
planar to cellular, cellular dendrite and an equiaxed crystal with
the successive decreases of G·R [19,41]. Therefore, the solidification
structure often has a variety of grain types in the SLM solidification

process. As shown in Fig. 5, when the temperature gradient G1 at
the front of the solid-liquid interface is high, the actual temper-
ature in the liquid phase is higher than the liquidus temperature
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enough melt in the lower molten pool, the balling tendency of the
Fig. 5. Conditions of constitutional supercooling.

L, and a constitutional supercooling zone will not appear. The
uclei growing forward are remelted by the superheated liquid
etal, and the solidification interface is smooth with no solute

egregation in the grains. Thus, a planar microstructure is formed.
n the condition that the temperature gradient G2 of the liquid
hase becomes lower, a constitutional supercooling zone may  be
ormed. Many parallel small grains form at the solidification inter-
ace and protrude into the supercooled liquid due to the unstable
tate of the planar crystal interface. The solute is expelled toward
he lateral subgrain boundaries, and the liquidus temperature of
he subgrain boundary decreases. As a result, a bundle of parallel
rismatic substructures with hexagonal cross sections are formed

n the grain. In this case, a cellular grain structure is formed. If the
emperature gradient G3 further decreases, the cellular crystalline

icrostructure can penetrate deep into the interior of the liquid
or a longer distance, and constitutional supercooling also occurs
n the transverse direction. Secondary dendrites may  appear on the
rimary dendrites, which is a characteristic of cellular dendrites.

f the temperature gradient G4 continues to decrease, the consti-
utional supercooling zone further expands, and dendritic grains
re formed. The contact surface of the secondary dendrites is the
oundary of the grains. The larger the solidification rate is, the
maller the dendrite spacing is [42]. At the same time, nucleation
ould also occur in the liquid to produce new grains, which finally
row into equiaxed grains. Because of the Gaussian distribution
f the laser energy, the temperature gradient and crystallization
ate, as well as the distribution of the undercooling, are different
n the different zones of the molten pool [43]. Therefore, various
rain morphologies might be expected to appear in the solidified
icrostructure. At the molten pool boundary, it is hard to induce

onstitutional supercooling resulting from the large temperature
radient and slow solidification velocity, so planar grain forma-
ion is most common. With the grains growing toward the melt
ool center, the temperature gradients decrease, and the grain
rowth rate, mass fraction of solute and constitutional supercooling
one increase gradually. Correspondingly, the substructures in the
olumnar grains are cellular grains, cellular dendritic grains and
endritic grains, successively. When the grains grow toward the
enter of the molten pool, equiaxed grains may  form eventually
23]. The above theory has been confirmed by the literature [44],
s shown in Fig. 6.

The extent of the grain refinement depends on the cooling rate
·R. A higher cooling rate in the core of the molten pool results

n finer grains than those at the edge of the molten pool [45],
hich can also be observed in Fig. 6. Therefore, the microstructure

f SLMed alloys can be controlled by adjusting the technological

arameters. A low laser scanning velocity and a high laser power
an increase the laser energy density and the interaction time
etween the laser and material, thus increasing the solidification
Fig. 6. Grain map  measured by electron backscattered diffraction technology [44].

time and the temperatures of the melt and base material, which
induces low temperature gradient and cooling rate of the solidifica-
tion interface to cause a coarse microstructure [43,46]. In contrast,
a low laser power and a high scanning velocity inhibit the growth of
grains. The cooling rate also has an important influence on the den-
drite arm spacing size [45]. The relationship between the dendrite
arm size and the cooling rate is revealed as:

�=c·T−n (1)

where c is the constant of the alloy and n is the rate exponent. This
equation indicates that the dendrite size decreases with increas-
ing cooling rate. Additionally, the sub-boundary formation can be
affected by a fast cooling rate. As a result, the surface always has a
higher hardness and a greater wear resistance value due to the finer
precipitate phase particles being evenly distributed, finer dendrites
and the occurrence of sub-boundaries compared with the core area.

2.2. Formation mechanism and control methods of metallurgical
defects

2.2.1. Balling
According to the minimum principle of surface energy, a liquid

metal will shrink into a spherical shape driven by surface ten-
sion when it is in poor contact with a substrate. This is termed
the balling phenomenon [47]. The balling phenomenon results in a
rough surface on the solidified layer accompanied by a large num-
ber of pores, which reduces the density and quality of the parts
and may  even damage the powder roller or scraper, which fails the
process [48,49].

Generally, the balling phenomenon can be attributed to the poor
wettability and droplet splashing during processing. As shown in
Fig. 7, the molten pool can be divided into an upper part consisting
of the molten powder and a lower part consisting of the molten sub-
strate material [50]. The gas-liquid interface of the upper molten
pool tends to promote the balling phenomenon, while the lower
melt pool hinders the balling trend of the upper part. If there is
upper melt pool will be completely suppressed [50,51]. Therefore,
a high energy density can form sufficient liquid metal and helps
to mitigate the balling phenomenon. Moreover, a high tempera-
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Fig. 7. Schematic diagram of balling phenomenon. (a) Less molt
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Fig. 8. Schematic diagram of droplet splash during SLM [14].

ure can lead to low viscosity and good fluidity of the liquid metal,
hus enhancing the wettability of the melt and the solidified layers.
owever, if the laser energy is too high, excessive liquid metal will

ead not only to balling but also to deformation of the parts due to
esidual stress formation [52,53].

Excessive temperature will also cause evaporation of the mate-
ial. As shown in Fig. 8, the rapid formation of a gaseous phase
roduces a large recoil pressure in the molten pool, causing some
elt to escape in the form of a metal jet [54]. The metal jet is bro-

en up into droplets by metallic vapor and the laser beam, finally
orming metal balls. In addition, due to the influence of the metal
apor, the unmelted metal powder around the molten pool may  be
ispersed and splashed sideways [14].

Laser remelting may  provide a means for the metal balls to
ewet the substrate, reducing the balling phenomenon, but it simul-
aneously increases the manufacturing time [48,55,56]. Substrate
reheating can improve the wettability between the melt and sub-
trate and thus restrain the shrinkage effect during solidification,
esulting in good metallurgical bonding [57]. However, when the
reheating temperature is too high, some powder particles may
orm agglomerates attached to the molten pool, causing an even

ore severe balling phenomenon [58]. The preheating temperature
f aluminum alloys is commonly within the range of 50–200 ◦C.

.2.2. Porosity
The pores in the SLMed parts are divided into three types: fusion

rrors, gas pores and shrinkage pores [59–61]. Fusion errors are
ttributed to insufficient laser energy density, which causes incom-
lete remelting of the last solidified layer and a poor metallurgical
ond [62]. These pores are irregularly shaped and are common
t the interfaces of the layers. Their size and number are greatly
ffected by the processing parameters. The gas entrapped in the
aps of powder particles in the powder mass contributes to the
ormation of fusion errors [63]. When laser scanning is progress-
ng, the gas escapes and thereby results in unstable scanning paths.

ith the formation of these cavities, the fluid force in the molten

ool tends to balance with the vapor pressure in the cavity, caus-

ng the liquid metal to collapse and form periodic pores [64–66].
hrinkage porosity is mainly attributed to an insufficient supply of
iquid metal during the solidification process [62,67]. Since bubbles
en substrate material. (b) More molten substrate material.

always tend to exist in the minimum surface energy state, the gas
pores are generally spherical and fine [63,68,69]. The main source
of this type of porosity is the inert gas in the protective atmosphere
involved in the molten pool that is incorporated into the part via
surface turbulence, the gas in the powder particle gaps, or the vapor
of the low melting compounds in the alloy that fails to escape from
the molten pool [63,70].

Gu et al. [71] studied the effect of the shielding gas on the molten
pool dynamics, the evaporated material velocity field and the resul-
tant surface morphology by numerical simulations, as shown in
Fig. 9. It was  found that when a He protective atmosphere was
used, the velocity field vector of the evaporated metal is in a hori-
zontal or downward direction, and the nonuniform recoil pressure
generated on the surface of the molten pool results in the occur-
rence of keyholing. When an Ar protective atmosphere is used, the
upward velocity field vectors make it difficult to trap gases, so a uni-
form recoil pressure and a stable condition of the molten pool are
formed, which leads to a relatively flat surface morphology. When a
N2 protective atmosphere is applied, the metal vapor tends to flow
toward the laser-powder interaction region, resulting in material
stacking and poor surface quality. In the actual SLM processing of
AlSi12, the defects of the samples are fewer in atmospheres of Ar
and N2. In an atmosphere of He, however, there are some pore clus-
ters in the microstructure in local areas. Because these areas are
relatively small, the overall density values of the SLMed samples
are not significantly affected, but lower mechanical properties are
produced for the SLMed samples, especially the ductility [72]. The
porosity of the fracture morphology under a He atmosphere was
significantly higher than those under Ar and N2. Cracks will first
form and expand rapidly in the pore concentration areas, resulting
in the fracture of the material.

In the previous section, it has been mentioned that if the balling
phenomenon is severe on a certain layer, it will inevitably lead
to a ‘ripple effect’ such that large amounts of balling and porosity
occur on the next layer. This results in the formation of metallur-
gical defects and low density in the final part. Therefore, strategies
to diminish balling by adjusting the process parameters, substrate
preheating and remelting are equally applicable for reducing the
porosity. Sufficient liquid metal supply and long molten pool life-
time enhance complete filling of the pores during SLM processing.
For aluminum alloys, the water absorption of aluminum powder is
strong, and the solubility values of hydrogen in solid and liquid alu-
minum are different [73,74]. The powder material should therefore
be sufficiently dried before processing to prevent the formation of
hydrogen porosity during rapid solidification.

2.2.3. Residual stress and cracking
Rapid melting and solidification during SLM manufacturing pro-

cessing lead to a higher cooling rate and temperature gradient in
the molten pool [19]. Owing to the continuous thermal cycling and
complex physical/chemical reactions, an inhomogeneous heat dis-

tribution leads to the thermal expansion and contraction of the
solidified structure [29]. Therefore, the SLM process is inevitably
accompanied by high residual stress levels. High residual stress
zones formed around the molten pool may  lead to cracking, delami-
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Fig. 9. Diagram of velocity field of ev

ation, fatigue failure and thermal deformation [75,76]. As a result,
he dimensional accuracy and mechanical properties of the parts
ill be significantly affected [24]. Crack formation in aluminum

lloys is even aggravated due to its high thermal conductivity, wide
olidification temperature range, high thermal expansion coeffi-
ient and severe solidification shrinkage [77].

The stresses formed in the SLM process are mainly classified into
hermal stresses and structural stresses [78]. The thermal stress is
aused by the uneven heating of the laser and the resultant dif-
erent amounts of thermal expansion and shrinkage deformation
etween the regions near to and away from the molten pool [79,80].
hen phase transformation occurs in the SLM process, the material
ill undergo volume expansions and contractions arising from the
ifferent specific volume of phases, thereby resulting in structural
tresses [81]. Thermal stress is the primary cause of crack initi-
tion in SLM [82]. When the stresses inside the part exceed its
ield strength, either plastic deformation occurs, possibly result-
ng in part distortion, or cracks may  form to relieve the stress [83].
onsidering the complexity of the SLM process and the difficulty
f experimental measurement, finite element simulation methods
re often used to predict the distribution and evolution of residual
tress.

Similar to the welding of aluminum alloys, cracking in SLM can
e divided into liquation cracking and solidification cracking [84].
iquation cracks often occur in alloys with high amounts of alloy-
ng elements [85]. These alloys will precipitate many low melting
oint eutectics in the heat affected zone and overlapping regions
etween layers that will be remelted under the peak temperature of
he thermal cycle [86]. Thus, cracking occurs under tensile stress. At
resent, there have been few studies of the formation mechanism
nd influencing factors of liquation cracks produced by SLM in var-
ous kinds of metallic materials. In the final stage of solidification,
ot cracking caused by the residual liquid film between the crystals

n the mushy zones is termed solidification cracking [87]. Solidifi-
ation cracking is closely related to the range of the solidification
emperature and the content of liquid during solidification [88,89].
uctility-dip cracking (DDC) is one of the key mechanisms of crack

ormation during the SLM process and often occurs at a moderate
emperature where the ductility and tensile properties are rela-
ively low [90]. The DDC mechanism usually induces the formation
f intergranular cracks, and crack initiation is more likely to occur in
he presence of high angle grain boundaries [31,91,92]. Because the
olidification strain is directly related to the solidification temper-
ture range where the ductility and tensile properties are lower,
lloys with a wide temperature range of solidification are more
ikely to exhibit crack initiation [93,94]. Regarding the SLM process,
wing to the lack of diffusion in the non-equilibrium rapid solid-

fication process, the solidus and liquidus temperatures decrease,
nd the temperature range of solidification becomes wider [84].
he residual liquid in the mushy zone along the grain boundaries
ecomes film-like in shape, which results in strain concentration
ted metal. (a) He. (b) Ar. (c) N2 [71].

[95]. Crack initiation is more likely to occur. The addition of alloy-
ing elements, which are beneficial to narrowing the solidification
temperature range, can modify the composition of the molten pool
and prevent cracks [96]. For example, 5XXX series aluminum alloys
have a lower cracking tendency than the 2XXX, 6XXX and 7XXX
series aluminum alloys in laser processing.

Shiomil et al. [79] found that laser remelting and substrate pre-
heating can effectively reduce the residual stress by 55% and 40%,
respectively, during processing due to the reduction of the cooling
rate. The formation of cracks also depends on the choice of process
parameters. Only when the energy density is exactly the optimum
value or within the optimum range can a crack-free, dense SLMed
part be manufactured. When the energy density is low, a disordered
solidification front of liquid metal and severe balling will lead to
crack formation [67]. To diminish residual stress and crack forma-
tion, sufficient liquid phase should be ensured to backfill the cracks
and take up the solidification strain [97]. At extremely high energy
density values, low liquid viscosity and long liquid lifetime will
result in an increase of thermal stress [98]. Excessively rapid cooling
rates should also be avoided when setting the process parameters.
Too high a cooling rate will accelerate the development of ther-
mal  strain and will increase the stress gradient, thus enhancing the
crack initiation rate [78]. Furthermore, excessively rapid cooling
also reduces the time available for the liquid to refill and heal the
cracks.

2.2.4. Oxidation
Although parts are processed under a protective atmosphere,

there is still approximately 0.1% oxygen in the real production pro-
cess due to air filling in the gaps between the powder particles.
Similar to the casting process, oxide inclusions in SLM mainly come
from two  sources. One is due to the partial oxidation of the pow-
der raw material. The other arises from oxygen entrapped from
the atmosphere by the surface turbulent flow of the molten pool
[63,70]. Al2O3 formed during SLM processing of aluminum alloys
hinders the fusion of the powder particles, lowers the metallurgi-
cal bonding effect between the solidified layers and scanning paths,
aggravates the balling phenomenon and reduces the densification
of the alloy [99,100]. Oxide inclusions often induce crack initiation,
lowering the mechanical properties of the parts [99,101].

Louvis et al. [102] used a NaOH solution to deeply corrode 6061
aluminum alloy, revealing the oxidation mechanism and oxide film
morphology of the SLMed aluminum alloy. As shown in Fig. 10(a)
and (b), oxide films can form on all sides of the molten pool in the
process of laser processing. The oxide films on the upper surface
evaporate and form fumes escaping from the molten pool under the
laser beam. The oxide films on the lower side of the molten pool are

broken up by the stirring action of the Marangoni flow. Thus, the
“walls” of oxide film around the weld pool are retained, and oxide
films with a network distribution are observed after deep corrosion,
as shown in Fig. 10(c). The existence of these oxide films reduces the
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ettability of the melt and substrate, and the overlapping portions
f the adjacent tracks form closed or semi-closed pores, in which
ome melt or unmelted powder particles are trapped.

To reduce oxidation in SLM, besides maintaining sufficiently low
xygen partial pressure, the metal powder must be clean and dry.
nder laser action, moisture on the powder surface can be decom-
osed into H2 to produce hydrogen porosity and oxygen combined
ith aluminum melt to form alumina [103].

.2.5. Loss of alloying elements
In additive manufacturing using laser or electron beam melting

echnologies, the high superheat of the molten pool and evapora-
ion losses of alloying elements will inevitably lead to the deviation
f the original alloy composition and reduction of performance
104–106].

Serious losses and uneven distribution of Al in as-SLMed TiAl
amples have been observed, and the corresponding Al loss of sin-
le tracks varies from 5.73 to 0.32 at% [53]. Significant Al losses and
egregation have also been reported in the literature in the selective
lectron beam melting (SEBM) manufacturing process [104,105].
he loss of tin is observed on the fracture surfaces of SLMed Cu-
Sn specimens [107]. These samples simultaneously display step
urfaces and dimples, thus implying that the production of brit-
le cleavage fracture and ductile fracture can be ascribed to the
egregation of tin in the sample. The dissipation of elemental Mg
r Zn from an aluminum alloy not only reduces the precipitation
trengthening effect and mechanical properties but also decreases

he stability of the scanning tracks [108]. Therefore, the loss of
lloying elements is also an important reference criterion for the
ptimization of the process parameters. In addition, the loss of
lloying elements may  cause a reduction of the amount of non-
 of the molten pool. (b) The walls of oxide films. (c) SEM image of oxide films after

spontaneously nucleated particles in the molten pool, which is an
important cause for the development of columnar grains [36].

The energy density is identified as a key parameter affecting
vaporization. High loss of alloying elements usually occurs at high
energy density due to overheating and evaporation of volatile
elements [53,105]. However, the chemical composition variation
within an SLMed part is a function of the evaporation rate of the
elements and the volume of the molten pool. Although the evapo-
ration rate of the elements increases with the energy density, the
small volume of liquid metal causes a high specific surface area
of the molten pool, so the evaporation rate of alloying elements
is also enhanced at too low an energy density level [108]. There-
fore, the combination of moderate laser power with a high scanning
speed is the key to avoiding the evaporation of low-melting-point,
low-vapor-pressure elements.

3. Solidification theory and metallurgical defects of laser
selective melting

Most research on SLM-fabricated metals focuses on ferrous-,
nickel- and titanium-based alloys [49,109,110]. With the develop-
ment of research and technology, the SLM process of aluminum,
copper- and magnesium-based materials has begun to mature
[107,111–113]. Compared with iron-, nickel- and titanium-based
alloys, the difficulties of processing aluminum alloys by SLM are as
follows [84,102,114].
(1) The poor fluidity of aluminum alloy powder induces the for-
mation of agglomeration when spreading the powder, which
results in an uneven thickness of the powder layers and affects
layer quality.
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Fig. 11. Al-Si phase diagram.

2) The laser reflectivity of aluminum reaches 91%. The thermal
conductivity of aluminum is 237 W/(mK), which is eleven times
the value for Ti and five times the value for Fe. A higher cool-
ing rate leads to crack initiation. Less heat accumulation during
processing is more likely to cause the formation of metallurgical
defects such as pores and cracks. Therefore, a higher laser power
is required to form dense parts, so higher power demands on
the equipment are required.

3) Aluminum oxidizes easily. The existence of oxide films will
induce surface passivation of the molten pool and promote
the formation of metallurgical defects, which results in strict
requirements for the vacuum or oxygen partial pressure of the
processing environment.

4) The moisture absorption of aluminum alloy powder is strong,
and the solubility values of hydrogen in solid and liquid alu-
minum are very different. Thus, hydrogen porosity is easily
produced when the melt solidifies rapidly.

5) The high thermal expansion coefficient and wide solidification
temperature range of aluminum may  generate a large amount
of residual stress during rapid solidification, which causes the
parts to crack and deform.

6) Aluminum alloys often contain Mg  and other low melting point
compounds. The fluctuation of alloy composition and crack for-
mation occur easily during laser cycling.

At present, SLM-fabricated aluminum alloys are mostly cast-
ng grade Al-Si alloys, especially AlSi10Mg and Al-Si12, whose
astability and weldability are relative good. The demand for
ore aluminum alloys and the development of SLM technology

ave resulted in studies of Al-Mg, Al-Cu-Mg, Al-Si-Mg, zirconium-
odified aluminum alloys and other wrought aluminum alloys.

n this chapter, the research progress on the microstructure and
roperties of various SLMed aluminum alloys is summarized.

.1. Al-Si series alloys

Al-Si casting alloys are widely used in the automotive and power
ransmission industries [115]. Fig. 11 shows that the compositions
f AlSi10Mg and AlSi12 are near the eutectic points, where the melt-
ng point is lower and solidification temperature range is narrower.
herefore, near-eutectic Al-Si cast alloys have good casting proper-
ies and less shrinkage porosity, so they are more suitable for SLM
rocessing [116].

.1.1. Microstructure characteristics of SLMed Al-Si alloys
There are two characteristic temperatures in the melting and
olidification process of Al-Si alloys: the dissolution temperature
Td) and the branching temperature (Tb) [117,118]. When the tem-
erature is below Td, the liquid phase contains Al and Si-rich
articles separated from the powder. When the temperature is
e & Technology 35 (2019) 270–284 277

above Td, these particles begin to melt. At temperatures above Tb,
the molten Al and Si are uniformly distributed in the liquid phase. Td
(AlSi10Mg: 1020 ± 30 ◦C, AlSi12: 1080 ± 30 ◦C) and Tb (AlSi10Mg:
1170 + 30 ◦C, AlSi12: 1090 ± 30 ◦C) are both significantly higher
than the eutectic temperature of the Al-Si alloy (557 ◦C) [119,120].
In the molten pool, the temperature of most areas is between Td
and Tb, so most of the melt is in an overheated state, which leads
to an uneven distribution of Al and Si. In addition, the short inter-
action time between the laser and material, vibration of the liquid
phase and capillary action also contribute to inhomogeneity in the
microstructure [120]. The Al-Si phase diagram shows that the solid-
ification of AlSi10Mg undergoes a phase transition reaction L→L+˛
and a eutectic reaction L→˛+Si successively, and the solid solubility
of Si in the Al matrix reaches 8.89 at.% during SLM processing [117].
During solidification, Si particles whose melting point is higher are
first heterogeneously nucleated in the melt pool. With decreas-
ing temperature, �-Al nucleates and grows in the depleted region
around the silicon particles. The continuous solidification of �-Al
leads to a gradual increase in the concentration of Si in the residual
liquid phase, which makes the liquid composition gradually move
toward the eutectic range, forming the Al-Si eutectic [121–123].
A large temperature gradient in the molten pool leads to a great
undercooling of the melt, resulting in the fiber morphology of the
Si crystal. Therefore, the microstructure has a grid-like pattern of
fibrous Si embedded in a supersaturated Al matrix in the SLMed
AlSi10Mg alloy. Fig. 12(a) and (b) present a network of ultrafine
cellular structures with an average diameter of ∼500 nm,  which is
often observed in studies of SLMed Al-Si alloys [124,125]. From the
inverse polar figure obtained by Electron Backscattered Diffraction
(Fig. 12(c)), the average grain size is revealed as ∼10 �m,  which
is a magnitude larger than the cell size [125]. The Si phase of cast
Al-Si alloy is rod-like or acicular, and the microstructure is coarser,
as shown in Fig. 12(d). Compared to the Al-Si alloys made by con-
ventional methods, the ultrafine eutectic microstructure formed by
SLM has better mechanical properties.

3.1.2. Mechanical properties of SLMed Al-Si alloys
The microstructure of the Al-Si alloy, such as the size and

morphology of the Si particles and the intermetallic compounds,
dictates the mechanical properties of the parts [126]. At present,
studies on the mechanical properties of SLMed aluminum alloys
mostly involve hardness and tensile properties, which are sum-
marized in Table 2. The Vickers hardness of SLMed AlSi10Mg is
approximately 130–150 HV, which is double that of the EN 1706
die casting alloy [127]. Residual stresses are not always detrimen-
tal to the manufacturing process of SLM. They can also improve the
hardness of a component if at a reasonable level [80,128]. This is
another reason for the increase in hardness of SLM specimens. The
increase of hardness also improves the wear resistance of SLM parts.
The hypereutectic AlSi50 aluminum alloy has a hardness value of
188 HV. As a reinforcement material in the sliding process, the pri-
mary Si improves the friction and wear properties of the alloy [129].
However, with such a high content of Si, macro-segregation of the
primary Si is observed due to Marangoni convection and the tem-
perature difference between the interior and exterior of the molten
pool [130,131].

Owing to the fine grain strengthening and solid solution
strengthening associated with SLM processing, the yield strength
(YS) and ultimate tensile strength (UTS) of SLMed specimens
are superior to those of Al-Si alloys fabricated by conven-
tional powder metallurgy [125] and casting methods [132,136],
but the plasticity is reduced. Similar ultimate tensile and yield

strengths were obtained from different research groups in both
cases (UTS = 380–450 MPa; YS = 250–350 MPa). The differences in
mechanical properties are mainly attributed to the diverse SLM pro-
cess conditions, which lead to some deviations in the densities and
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Fig. 12. (a) SLMed Al-Si alloy microstructure at low magnification. (b) SLMed Al-Si alloy microstructure at high magnification. (c) Inverse polar figure obtained by EBSD [125].
(d)  Casting Al-Si alloy microstructure [124].

Table 2
Mechanical properties of SLMed Al-Si alloys from different literatures.

Material Condition Hardness(HV) Yield strength(MPa) Ultimate Tensile Strength(MPa) Elongation(%) Reference

AlSi10Mg As-SLMed — ∼270 ∼375 ∼4 [132]
As-SLMed ∼136 – ∼396 ∼3.5 [133]
As-SLMed 139-146 ∼360 ∼6 [134]
As-SLMed ∼133 ∼322 ∼434 ∼5.3 [117]
SLM  + solution at 450 ◦C ∼90 ∼196 ∼282 ∼13.4 [117]
SLM++solution at 550 ◦C ∼60 ∼90 ∼168 ∼23.7 [117]
SLM  + T6 ∼78 – ∼187 ∼19.5 [117]
As-SLMed 125 ∼268 ∼333 ∼1.4 [135]
SLM  + T6 ∼103 ∼239 ∼292 ∼3.9 [135]
As-SLMed ∼311 ∼391 ∼7.2 [136]
As-SLMed ∼300 ∼455 ∼5.4 [136]
As-SLMed ∼255 ∼377 ∼1.2 [137]
SLM  + annealing ∼158 ∼256 ∼9.9 [137]
SLM  + T6 ∼210 ∼284 ∼4.9 [137]

AlSi12  SLM + solution ∼110 ∼190 ∼25 [118]
As-SLMed ∼260 ∼380 ∼3 [138]
SLM  + annealing ∼95 ∼140 ∼15 [138]

AlSi9Mg As-SLMed 328 379 ∼8.1 [138]

m
c
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t
t
t
a
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l

AlSi7Mg0.3 As-SLMed ∼200 

AlSiMg0.75 As-SLMed ∼150 354.9 

SLM  + annealing ∼110 275.4 

icrostructures of the samples, such as imperfections, texture and
ell size [141].

The fatigue property is a critical attribute for reliable appli-
ations in functional industrial components. However, studies on
he fatigue properties of SLMed aluminum alloys are much fewer
han those on their static properties. Brandl et al. [142] inves-

igated the effect of the platform temperature, build direction
nd heat treatment on the fatigue strength of AlSi01Mg. Peak
ardening has the most considerable and building direction the

east significant impact on the fatigue resistance. By choosing
∼400 12-17 [139]
427.7 2.54 [140]
360.2 4.57 [140]

the best combination of parameters, a fatigue limit of ∼200 MPa
(with no substrate heating, 0◦ orientation and T6 heat treatment)
could be attained. The combination of 300 ◦C platform heating
and peak hardening is a valuable approach to increase the fatigue
resistance (and the static tensile strength) and neutralize the dif-
ferences in fatigue life for the 0◦, 45◦, and 90◦ directions. The

breakthrough cracks always start at the surface or subsurface
(pores, non-melted spots), which has also been reported for SLMed
AlSi12 alloy [143], Ti6Al4V [144,145] and 316 L stainless steel
[146].
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Table  3
Mechanical properties of AlSi12 via SLM and casting in literature [124].

Test condition YS (MPa) UTS(MPa) ef (%) Kq(MPa
√

m) �Kth(MPa
√

m) m FS(MPa) FS/UTS

AS‖ 270.1±10 325±20 4.4±0.7 46.7 1.1 3.1 60 0.22
AS⊥ 274.8±8  296.1±20 2.2±0.3 37.9 1.4 3.7 — —

HS‖ 153.4±5 228±13 5.3±0.7 21.7 2.0 3.1 110 0.41
HS⊥  150.3±17 210.1±20 4.2±0.3 19.3 3.1 3.7 — —

CS‖ 262.4±17 330.7±15 3.9±0.6 47.0 1.3 3.4 70 0.22
CS⊥  276.6±15 302.7±15 2.3±0.3 34.5 1.3 3.9 — —

CC 104.2±11 192.3±15 9±0.5 11.1 3.4 5.4 94.5 0.49
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Fig. 13. Schematic diagram of scanning strategy [124]: (a) un

The directional solidification of SLM leads to preferential growth
n the <100> direction, and the resultant intense texture in the
lloy leads to anisotropy [35]. By reducing the layer thickness and
he scan spacing to increase the amount of remelting of the prior
olidified structure, grains are more likely to grow along the build
r Z direction, which can reduce the anisotropy of the alloy [35].
he mechanical property characterization and anisotropy of SLMed
lSi12 alloy compared with casting has been comprehensively
xplored and examined in the literature [118]. Selected mechanical
roperties of SLMed and cast AlSi12 alloys are shown in Table 3.
S represents the SLMed alloy with the unidirectional scanning
trategy as seen in Fig. 13(a). CS represents the SLMed alloy using
he checkerboard scanning strategy shown as Fig. 13(b). ‖ and ⊥
epresent parallel and vertical processing directions, respectively.

Table 3 shows that SLMed alloys are almost isotropic in yield
trength (YS) and ultimate tensile strength (UTS), which agrees
ith the results found in literature [132,136]. However, ef in

he ‖ direction is apparently higher than that in the ⊥ direction.
he toughness of the SLMed alloy is anisotropic, which is mainly
elated to the plastic deformation occurring in the microstructure.
irst, plasticity will cause strain localization, debonding and cav-
ty nucleation at the interface of �-Al/Si [124]. Upon further strain,
oalescence of these micropores results in crack formation and frac-
ure. Because of the existence of the coarse Si phase in the heat
ffected zone, cracks are commonly formed along the laser track.
herefore, the relative orientation between the scanning direction
nd the loading direction has a great influence on the toughness of
he specimen. In addition, as shown in Fig. 14, the laser tracks in the

 direction are more tortuous than those in the ⊥ direction [147],
hich results in higher ef, Kq and UTS values. Unmelted powder

articles due to oxidation and micropores are the main cause of the
racking of specimens [148,149]. Although the ductility is low, the
resence of molten pool boundaries enhances the tortuosity of the
rack paths and leads to significant crack deflection, which reduces
tional scanning strategy. (b) checkerboard scanning strategy.

the driving force on the crack tip, thereby increasing the tough-
ness of the alloy [150]. Therefore, the SLM process can increase the
strength and toughness of aluminum alloy simultaneously.

The fatigue crack propagation of a specimen follows the Paris
law:

da/dN=c(�K)m (2)

where c and m are material constants, N is the cycle number of alter-
nating stresses, a is the crack length, and (da/dN) is called the fatigue
crack growth rate. The above parameters are listed in Table 3. Due
to the low strength of CC, the circular plastic zone ahead of the crack
tip is larger, which accelerates crack closure and reduces the driving
force of crack growth. Therefore, �Kth is larger. The higher m value
of CC compared with the SLMed alloys is due to the presence of
coarse Si dendrites in the microstructure. Fracture and debonding
in the circular plastic zone ahead of the crack tip enhance the crack
growth rate of each fatigue cycle. Higher �Kth and m values of the
cast specimens indicate higher fatigue crack initiation resistance,
but a crack will grow rapidly once it is initiated [151]. For unnotched
fatigue properties, the FS/UTS ratio for CC is relative high. The lower
FS of SLMed alloys may  be due to high tensile residual stresses and
unmelted powder particles or pores in the microstructure. Crack
initiation always starts at defects (the unmelted powder and pores)
due to stress conditions and the local plastic deformation caused
by surface discontinuities [152–154]. Pore formation reduces the
effective bearing area perpendicular to the layer (Z direction) and
causes stress concentrations (notch effect), which lead to a decrease
in the static and dynamic strength in the Z direction [142].

3.1.3. Effect of heat treatment on the microstructure and

properties of SLMed Al-Si alloy

Li et al. [118] has investigated the effect of the heat treat-
ment time on the microstructure and mechanical properties of
Al-Si alloys. After heat treatment, the alloy microstructure is trans-
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Fig. 14. Possible crack propagation tracks of SLM specimens [147]. (a) ‖ direction. (b) ⊥direction.
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Fig. 15. Microstructure of Al-Si12 after heat tr

ormed from �-Al with a Si network into coarse Si particles
niformly distributed in the Al matrix. As the heat treatment time

ncreases, fine Si particles are precipitated from the supersaturated
l matrix and are deposited on the surface of larger particles. Due

o the Ostwald ripening and coalescence of adjacent small Si parti-
les, continued growth of the Si particles occurs. The amount and
article size of eutectic Si increase, but the number of eutectic Si
articles decreases, and the difference between a fine grain zone
nd a coarse grain zone is less obvious, as shown in Fig. 15. The
eat treatment temperature has a similar effect in that a higher
emperature induces a coarser microstructure and a larger size but
maller number of Si particles [138].

The morphology of the eutectic Si phase plays a significant role
n the mechanical properties of AlSi12 alloys. In addition to the
nterface energy �(Al/Si) between Al and Si, other kinetic or thermo-
ynamic factors, such as the wettability (contact angle �) and the

ocal concentration of Al and Si atoms, are also of importance to the
olidification eutectic microstructure [155–157]. The Si-rich and
l-rich regions in the melt are mostly retained during rapid cool-

ng, and their growth during the cooling process is greatly limited.
here is an orientational relationship between Al and Si of (111) Si

 (200) Al [118]. When heat treatment is carried out at a high tem-
erature, the Si phase undergoes thermally activated growth; thus,

he Si phase can grow along the stable close-packed plane {111},
nd the precipitated Si phase is spherical. Compared with the Si
hase in flake- or rod-like or acicular shape manufactured by the
nt [118]. (a) 15 min, (b) 30 min, (c) 2 h, (d) 4 h.

conventional casting method, the spherical Si particles can reduce
the local shear and restrain crack initiation and propagation when
deformed. An increase of the Si particle size and a decrease of the
number of Si particles reduce the local stress and strain during ten-
sile loading. The residual stress level is also greatly reduced after
heat treatment, so the tensile plasticity of the samples is enhanced.
As shown in Table 3, the elongation rate reported in the literature
[118] reaches 25%.

The mechanical properties of AlSi12 after heat treatment are
shown in Table 3. HS represents the alloy processed by SLM with
unidirectional scanning and subsequent heat treatment (300 ◦C,
6 h). From Table 3, it is seen that after heat treatment, YS and UTS
decrease remarkably but remain at approximately twice the value
for CC. The ductility, especially in the vertical direction, increases
substantially, which is consistent with the above analysis. After the
Si is precipitated from the Al matrix, the influence of the molten
pool boundary on crack propagation is reduced, which decreases
the toughness of the sample after heat treatment. The reduction
of Kq does not lead to a decrease of �Kth; conversely, it increased
by 100% and 200%, respectively, in the ‖ and ⊥ directions. This is
mainly due to the decrease of the yield strength after annealing,
which results in more obvious crack blunting and promotes crack
closure and a rise of �Kth. For steady-state fatigue crack growth,

the size scale of the cyclic crack tip field is much larger than that
of the microstructure, so the crack propagation rate (m)  is insen-
sitive to the microstructural parameters. As the annealing process
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educes the tensile residual stress produced during processing, FS
ises, which is different from the common case that FS has the same
rend as YS.

.2. Other aluminum alloys

Wrought aluminum alloys have a large solidification tempera-
ure range, high crack sensitivity and poor formability. As a result,
nalogous to welding processes, columnar grains and hot tearing
racks are formed under direct laser irradiation.

Al7075 and Al6061 alloys are the most widely used com-
ercial aluminum alloys due to either high strength or medium

trength but good machinability. Many attempts have been made to
anufacture high-performance crack-free alloys, but cracking and

ore formation are extensive during SLM processing [74,102,158].
he strength of 7075 obtained via SLM is only 200 MPa, and the
trength is not changed after heat treatment [159]. Bourell [160]
as explored the use of an elemental powder feedstock to mitigate
rack formation in Al6061. Here, the methodology involves using
pproximately 98% pure Al powder with either small amounts
f Mg  and Si or Mg2Si particles to eliminate the negative effects
f elemental Mg  in the microstructure. When SLM processed,
he solidification is controlled by the pure Al, which results in a

icrostructure of Al with isolated particles of Mg  and Si (or Mg2Si).
he 6061 microstructure is restored during a post-build homoge-
ization heat treatment, similar to the solutionizing heat treatment
f conventionally processed Al6061. Si additions can help improve
elt flowability, reduce the thermal expansion coefficient and

ecrease the eutectic temperature and temperature range of solid-
fication. The addition of Si to the original powder can remarkably
ncrease the density of the samples, but tensile properties are
ot reported [160,161]. HRL Laboratories [162] demonstrated that
rack formation can be resolved by introducing nanoparticles of
ucleants that control solidification during laser additive manufac-
uring. They indicated that solidification shrinkage of interdendritic

uid trapped between the cellular or dendritic grains produced cav-

ties and hot tearing cracks. Equiaxed grains could reduce the effect
f trapped liquid, as the grains behaved as a low-resistance granular
olid. Based on the crystallographic theories, hydrogen-stabilized

ig. 16. SEM images of Al–Cu–Mg samples. (a) and (b) SLMed Al–Cu–Mg samples [163]. (
e & Technology 35 (2019) 270–284 281

Zr nucleants were chosen to coat pre-alloyed gas-atomized 7075
and 6061 spherical powders via an electrostatic assembly tech-
nique. In situ synthesized fine Al3Zr particles provided a large
number of ideal low-energy heterogeneous nucleation sites and
induced equiaxed microstructures, which easily accommodate the
thermal contraction strains associated with solidification, result-
ing in an alloy system that is highly tear resistant. Finally, the
mechanical properties of additively manufactured 7075 are within
the expected bounds for wrought counterparts. This metallurgical
approach offers a good reference for other crack-susceptible alloys.

By optimizing the processing of 2XXX series Al-Cu-Mg alloy,
Zhang et al. [163] found that a dense sample (99.8%) could
be obtained using the laser energy density threshold value of
340 J/mm3. Cu-rich intermetallic compounds are homogeneously
distributed in the Al matrix and become coarser at the bound-
ary of the molten pool. The ultimate tensile strength and yield
strength are 402 MPa  and 276 MPa, respectively. Heat treatment
has a remarkable influence on the mechanical properties of SLMed
Al-Cu-Mg alloy [164]. When the heat treatment temperature rises
from 480◦C to 540◦C, the microstructure becomes coarser but more
homogeneous, as shown in Fig. 16(c). With the increase of the
heat treatment solutionizing temperature, UTS, YS and elongation
increase by approximately 15%, 22% and 47%, respectively, which is
attributed to precipitation strengthening of the S phase (Al2CuMg).
When the temperature is further increased to 560◦C, the tensile
properties decrease. Because of the low degree of saturation after
slow quenching, the size and distribution of the precipitates are no
longer helpful for strengthening [165]. Thus, compared with water
quenching, UTS, YS and elongation are reduced by 70%, 65% and 56%,
respectively, when using air cooling. Under the optimum heat treat-
ment regime (540 ◦C, 1 h, water quenched), UTS, YS and elongation
are 532 MPa, 338 MPa  and 13%, respectively. To reduce microcrack-
ing and improve the mechanical properties of the alloy, 2 wt% Zr
powder was added to the Al-Cu-Mg powder [166]. The addition of
Zr leads to the formation of more low melting point phases, which

can backfill cracks in the final stage of solidification and reduce
crack susceptibility [167]. Al3Zr particles make the grains change
from columnar crystals to ultrafine equiaxed grains (Fig. 16(a), (b)
and (d)). The fine grains increase the total grain boundary area per

c) Al-Cu-Mg alloy after heat treatment [164]. (d) SLMed Zr/Al-Cu-Mg alloy [166].
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nit volume, which strengthens the material and suppresses inter-
ranular crack formation [168]. Moreover, with the addition of Zr,
he boundary misorientation distribution shifts from a low angle
o a high angle, and the distribution nicely follows the ideal distri-
ution for random orientation, which shows that the Zr/Al-Cu-Mg
ample fabricated by SLM has low anisotropy. Finally, no obvi-
us microcracking was observed in the specimens, and the yield
trength increased to 446 ± 4.3 MPa  due to the combined effect
f fine grain strengthening and precipitation strengthening. The
ltimate strength increased to 451 ± 3.6 MPa.

The type of SLM equipment used for processing can also affect
efect formation. Studies at the Universities of Nottingham and
rlangen have shown suppression of crack formation in wrought
l alloys when a Renishaw fabricator is used. This is attributed to a
igh energy density and a small melt pool. In this regard, the “AM-
rocessability” of the alloys is similar to their weldability, for which
ertain welding processes are successful and others are not.

. Prospective

To summarize, the present development obstacles for laser
elective melting manufacturing of aluminum alloys mainly
nclude four aspects: the aluminum alloy types suitable for SLM
re few, the technological conditions are immature, metallurgical
efects are difficult to control and performance studies have not
een systematic.

At present, the research studies on aluminum alloy SLM manu-
acturing have mostly been developed around the influence of the
echnological parameters and the heat treatment process on the

icrostructure and mechanical properties of Al-Si alloys. Except
or the studies on the 2XXX series Al-Cu-Mg alloy [163,164,166],
l7075 and Al6061 [162], investigations of other casting and
rought aluminum alloys, especially the high strength and heat-

esistant aluminum alloys that are in great demand in the aerospace
eld, have not been reported in detail. In addition, most aluminum
lloys manufactured by SLM are at present based on the alloying
omposition of commercial grades. Non-equilibrium solidification
ccurring during the SLM process, however, leads to a significantly
nhanced solid solution limit of the alloy elements in the matrix
etal, which makes it difficult to achieve the desired properties

ccording to the composition of the traditional grades. Therefore,
here is a need to broaden the scope of the applicable aluminum
lloy types for SLM and design new materials whose composition
s suitable for the process characteristics of laser additive manufac-
uring.

A high level of residual stress and metallurgical defects, such as
alling, pores and cracks, commonly occur in SLM-fabricated alu-
inum alloys, which not only reduces the surface roughness and

imensional accuracy but also results in poor mechanical proper-
ies of the components. However, understanding of the formation

echanism of the above defects is still incomplete. The methods
f improving SLM technology mainly focus on process parame-
er adjustment, substrate preheating, laser remelting and scanning
trategy variation. Few systematic studies have been conducted
o improve part quality via dual-laser online annealing and multi-
aser scanning. Moreover, the above improvements are mostly from
he viewpoint of technology. The scientific characterization of these

ethods has not been explained and analyzed in detail. Theoretical
omputer simulations and experiments are needed to advance our
nderstanding and to improve part quality.

Because of the directionality of laser scanning, components tend

o show some degree of anisotropy. Thus far, most research on
he performance of SLMed aluminum alloys has focused on the

echanical properties, especially the tensile properties. Relatively
ew studies have been conducted on the fracture and fatigue prop-
e & Technology 35 (2019) 270–284

erties. Aluminum alloys also have excellent thermal and electrical
properties. Research on these comprehensive properties and on
the anisotropy of SLMed aluminum alloys will be important in the
future. On the other hand, the manufacturing flexibility of the SLM
process can be realized by incorporating lattice and porous struc-
tures and other complex part geometries. Since SLM technology is
interdisciplinary in nature, it is meaningful to combine the advan-
tages of SLM with mechanical and structural design to realize a
complete process from the design to the manufacturing of complete
structures or functional components.
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