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Abstract: Aluminum (Al) and its alloys are the second most used materials spanning industrial
applications in automotive, aircraft and aerospace industries. To comply with the industrial demand
for high-performance aluminum alloys with superb mechanical properties, one promising approach
is reinforcement with ceramic particulates. Laser powder-bed fusion (LPBF) of Al alloy powders provides vast freedom in design and allows fabrication of aluminum matrix composites with significant
grain refinement and textureless microstructure. This review paper evaluates the trends in in situ
and ex situ reinforcement of aluminum alloys by ceramic particulates, while analyzing their effect
on the material properties and process parameters. The current research efforts are mainly directed
toward additives for grain refinement to improve the mechanical performance of the printed parts.
Reinforcing additives has been demonstrated as a promising perspective for the industrialization
of Al-based composites produced via laser powder-bed fusion technique. In this review, attention
is mainly paid to borides (TiB2 , LaB6 , CaB6 ), carbides (TiC, SiC), nitrides (TiN, Si3 N4 , BN, AlN),
hybrid additives and their effect on the densification, grain refinement and mechanical behavior of
the LPBF-produced composites.
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1. Introduction
In many engineering solutions, product performance is determined by weight, which
can be scaled down by material-efficient construction and the use of low-density alloys [1,2].
Due to exceptional strength/stiffness-to-weight ratio, low density, good damage tolerance,
ability to be heat treated and the low cost, aluminum (Al) alloys are extensively used
in many exclusive fields, such as: automotive, aerospace, marine navigation, rail transit,
architectural construction, microelectronics and consumer applications [3–7].
In the meantime, owing to the moderate strength and relatively poor wear resistance
of aluminum alloys, they are not applicable as structural materials for critical parts of
aircrafts or satellites [8,9]; therefore, there is a need to improve the mechanical properties
of aluminum alloys to be used for special applications. Along the modern industrial
developments, the demand for complex-shaped products in diverse sectors is widespread.
Problems related to traditional casting of aluminum alloys include coarse microstructures,
a long process chain with limited flexibility [10], use of PM/casting molds [11] and a high
rate of tool degradation [12].
Additive manufacturing (AM) provides an integrated way of item production [13].
Additive manufacturing, also known as 3D printing, refers to the layer-wise fabrication
process of functional objects adopting nearly unlimited geometrical complexity, processing
freedom, high level of accuracy and customization with elimination of traditional economyof-scale constraints [14]. Furthermore, the material efficiency and design flexibility of
AM technology meet the requirements for resource optimization, mass customization and
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accelerates the time to enter the market. In terms of dissimilar material joining and hybrid
structures, AM is considered a versatile tool for complete spatial control of local material
composition, microstructure and properties [15].
Among the most advanced AM technologies available, laser powder-bed fusion has
gained increased attention in both the industrial and academic sectors. The essence of the
process lies beneath the selective melting/solidification of the desired sections of consecutive powder layers by a precise (computer-controlled) high-energy laser beam directed by
3D CAD (computer-aided design) file [16–18]. Within the scanning process, the laser energy
is supplied into the powder layer, and the powder particles–laser beam interaction takes
place over a very short duration resulting in high heating/cooling rates [19–21]. The heat
is absorbed by the powder particles following both bulk coupling and powder coupling
mechanisms [11]. The laser-aided processing not only produces layers of fused powder,
but also creates metallurgical bond with its preceding layer, which leads to a proper densification and competent mechanical behavior of the fabricated parts. Generally, the LPBF
process can be ascribed with the following steps: scattering and absorption of laser waves
by the powder particles, heat transfer, melting and coalescence of particles, generation of
the melt pool and its solidification [22,23]. Due to a high cooling rate (up to 106 K/s), the
microstructure of the fabricated samples can dramatically differ from the conventionally
prepared counterparts [3,24]. During solidification, the melted material tends to undergo a
significant non-equilibrium metallurgical process, demonstrating different modes of heat
and mass transfer, causing the formation of unique microstructures [25].
During the laser treatment, each powder layer possesses its innate thermal history,
generating a complex thermal cycle, which results in high residual stresses, periodic cracks,
undesirable microstructural features and a lack of morphological uniformity [26]. Intricate
physics governing the laser beam–feedstock interaction (energy absorption, heat and mass
transfer), in situ chemical reactions, phase transformations and lack of insights of uncontrollable non-equilibrium metallurgical processes restrict the printability of many alloys
by LPBF [13,27]. To date, most commercial aluminum alloys for important applications
remain challenging for processing by LPBF due to feedstock particles’ poor flowability, high
affinity to oxygen, high laser reflectivity (hence low absorptivity), high material thermal
conductivity, large solidification range and solidification cracking [4,10,14]. The 2xxx, 6xxx
and 7xxx series of high-strength age-hardenable aluminum alloys contain elements that
widen the solidification temperature range, leading to the segregation of phases with low
melting point during epitaxial grain growth [28]. Moreover, the high thermal conductivity and high laser reflectivity of materials require excess heat to reach melting. This can
cause vaporization of volatile alloying elements (Zn, Mg, etc.) and lead to heterogeneity
within the completed part [10]. Hence, alloys with a large solidification range have a poor
applicability to AM due to the formation of hot cracks at various process stages [23].
There are several near-eutectic Al–Si alloy grades suitable for LPBF and available
on the market. These materials display an excellent fluidity, high thermal conductivity,
low coefficient of thermal expansion (CTE) and outstanding castability [29]. Hypoeutectic
Al–Si (7–12 wt.%)-Mg (>1 wt.%) alloys [10,30] possess the largest share among Al alloys
applicable for LPBF process. The incorporation of silicon is a critical issue for Al–Si alloys,
since Si reduces the melting point and narrows the solidification temperature range through
the formation of a eutectic, thus inhibiting crack formation and propagation. Nevertheless,
LPBF-fabricated Al–Si alloys generally face issues of low strength, low ductility, moderate
fatigue and wear resistance, which limit their use as structural components [4,8], and,
hence, there is an admitted necessity to develop novel aluminum alloys for LPBF. Owing
to extremely quick solidification process inherent to LPBF, the majority of high-strength
alloys, traditionally esteemed to be “non-weldable materials”, suffer from hot cracking
and porosity along the columnar grain boundary. However, even so determined “printable” alloys through LPBF possess a non-uniform microstructure and demonstrate poor
mechanical performance [31].
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[14,27,30,33,38–54].

AM processes are categorized as master forming technologies, where customized
AM processes are categorized as master forming technologies, where customized
designed objects’ properties are generated by the fabrication process itself. Therefore, the
designed objects’ properties are generated by the fabrication process itself. Therefore, the
composition and aluminum alloy chemistry undertake a central role during the LPBF
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showing the strengthening, hardening and grain-refining effect of the added particulates,
are specified. The properties and efficiency of AMCs prepared by the traditional or other
additive manufacturing techniques are beyond the scope of this paper.
Reinforcement with Ceramic Particulates
The influence of rapid cooling during LPBF on the Al alloy microstructure is described
by three factors: (i) constitutional changes due to a great level of undercooling; (ii) individual phase refinement, when the scale of microstructural refinement is strongly related to
the velocity of the solidification interface; (iii) generation of phases in metastable state [10].
In contrast to coarse-grained cast Al alloys, LPBF-fabricated Al alloys exhibit a refined
microstructure, reduced dendritic branching, decreased segregation patterns, extensions
of solid solubility of alloying components, formation of metastable crystalline, quasicrystalline, amorphous phases [10] and microstructural anisotropy [55].
Generally, the anisotropy in LPBF-fabricated parts is a major processing bottleneck
triggered by the generation of coarse columnar grains with a preferential crystallographic
texturing along the build direction [56]. The main microstructural characteristics in LPBFfabricated hypoeutectic Al–Si alloys are columnar primary-Al grains and the eutectic Si
phase. The formation of such columnar grains is induced by the high thermal gradients,
which hinders nucleation ahead of the solidification front stimulating epitaxial grain
growth during LPBF [57]. Epitaxially grown columnar grains are formed during partial (or
complete) melting of the preceding solidified layers upon laser scanning of new layers and
further develop through successive irradiated layers. Moreover, the formation of columnar
grains can lead to intergranular hot tearing [58]. An effective solution is to provoke the
equiaxed grain formation during cooling process, which is reached upon modulating the
thermal gradient, cooling rate and alteration of cooling conditions [59,60].
One of the approaches for microstructure and properties optimization during LPBF
processing is either ex situ or in situ inoculation. In situ reactions in the particle-reinforced
composite systems prohibit the formation of interfacial compounds, support the nucleation
and growth from the parent matrix phase to generate chemically more stable reinforcing
compounds. The distribution of the in situ reinforcements is more homogeneous and provides a strong interfacial bonding with the matrix [61]. The chemical reaction between the
reactants might also originate an extra thermal energy for the fusion, which can strengthen
the matrix-reinforcement binding. Such assets lead to supreme material performances,
allowing MMCs (metal matrix composites) to reach mechanical properties far superior to
the ex situ reinforced or non-reinforced metals/alloys. However, due to a wide variety
of technological challenges, these MMCs are seldom implemented for commercial applications. Successful design requires a large number of factors to be considered, such as
powder compositions, presence of native oxide films on powder particles, powder flow,
exothermicity of the in situ reaction and process parameters. The “in situ” formed elements,
such as O, C and N, might dissolve in a metal matrix, causing significant embrittlement.
Furthermore, additional heat released during the process might cause melt pool instability,
leading to an intensive powder splash and evaporation [62,63].
Commonly, for grain refinement, the addition of stable grain refiners (inoculants) with
the smallest possible lattice mismatch to aluminum is widely used in conventional casting
processes. Refiners suppress the columnar solidification and promote the formation of
a fine, uniform, equiaxed grain structure by stimulating heterogeneous nucleation and
achieving the columnar-to-equiaxed transition [64]. The latter magnifies the total area of
grain boundaries per unit volume, decreasing the residual liquid film thickness along the
solidification process, and thus prohibits the formation and propagation of cracks [28].
The heterogeneous nucleation of α-Al during solidification takes place preferably on the
inoculants, which provide the low-energy interfaces between a refiner and a matrix [65].
To determine the comparative values of interfacial energy, atomic matching throughout
the interface is generally employed as an indicator. To reduce interfacial energy, the
main requirements are coherent or semi-coherent interfaces and reproducible orientation
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relationships (ORs) between two crystals, as different lattice parameters cause distortion of
the lattice, resulting in an excess strain energy, which is determined by a lattice mismatch
(also called as lattice disregistry, δ) [58]. The selection of potent grain refiners with the
smallest disregistry with the matrix crystal throughout a specific interface is favored [58].
If disregistry value is below 10%, both in situ formed and added inoculants have the ability
to induce heterogeneous nucleation of Al grains [66].
Nucleant particles serve a dual role in the AMCs as refiners and reinforcements, and
they can be classified in three categories: non-oxide ceramics, oxide ceramics and carbonbased compounds. Generally, the ceramic particulates of a high hardness, good thermal
stability, relatively high laser absorptivity and compatibility with metals/alloys are suitable
constituents for the preparation of high-performance AMCs [67]. To meet the demand to
satisfy the “light weight and high strength” concept, novel AMCs are continuously under
development [5,11,68].
For the conventional AMCs, relatively coarse ceramic particles with a size ranging from
several tens to hundreds of micrometers are broadly utilized as reinforcements. However,
reasoned by limited interfacial wettability between reinforcement and matrix, the large
particles are susceptible to cracking during mechanical loading, causing reduced ductility
and inducing premature failure of AMCs [69]. Consequently, both tensile strength and
ductility of AMCs increase if the fine-sized reinforcements are used. On that account, the
introduction of the nano-scaled ceramic particles can remarkably enhance the mechanical
performance of AMCs [70,71].
However, the agglomeration of nanoparticles may cause unfavorable microstructural
changes and affect the mechanical behavior of the composites, as well as affecting thermal
and rheological behavior of the melt pool (increasing viscosity, especially in case of high
volume of nanoparticles) and shifting the LPBF parameter window. The LPBF method
enables effective fabrication of composites reinforced with ceramic reinforcements, taking
into account the unique metallurgical nature of the process, high temperatures and thermal
convection in a micron-sized molten pool [23,72,73].
2. Non-Oxide Additives
Non-oxide additives (borides, carbides, nitrides, etc.) are one of the most used reinforcements for Al alloys due to their high melting temperatures and chemical stability [74].
AMCs merge the ductility and toughness of aluminum with the high strength and modulus
of the ceramic reinforcement [75], hence achieving an improvement of the overall characteristics and durability [12]. The low laser absorptivity of aluminum in the infrared range
challenges the controlled melting, while the increase in the laser absorption of ceramic
particulate decorated/mixed aluminum alloy at a laser wavelength of 1064 nm promotes
the LPBF process. The introduction of ceramic particles to the pure alloy increases laser
absorptivity of the overall powder mixture, as (i) non-oxide ceramic particles display
high laser absorptivity and (ii) the added ceramic particles increase surface roughness
of decorated powder, promoting multiple reflections of the laser in the powder bed [28].
As shown in Figure 2a–c, the ray absorption of the SiC/AlSi10Mg and TiB2 /AlSi10Mg
powder mixtures is higher compared to pure AlSi10Mg alloy. There is a lower intensity of
interactions between laser rays and particles of pure AlSi10Mg compared to SiC and TiC
added composite powder. (Figure 2d–g) [76].
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Table 1. Characteristics of boride (particulate) reinforced AMCs fabricated by laser powder-bed
to ~11.6 wt.% (almost two times) [80] did not result in further grain refinement (Figure 3l).
fusion.

System

AlSi10Mg/
1 wt.% TiB2

Used Device,
Process
Parameters
SLM 150 HL
P = 350–450 W
ν = 1800 mm/s
d = 50 µm
h = 50 µm

Relative
Density
(%)

Average
Grain
Size (μm)

σs/σu
(MPa)

ε/εc
(%)

Hardness
(HV)

N

99.95

~6.3

-

-

~126 HV0.2

[78]
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Table 1. Characteristics of boride (particulate) reinforced AMCs fabricated by laser powder-bed fusion.

System

Used Device,
Process
Parameters

Relative
Density (%)

Average
Grain
Size (µm)

σs /σu
(MPa)

ε/εc
(%)

Hardness
(HV)

N

AlSi10Mg/
1 wt.% TiB2

SLM 150 HL
P = 350–450 W
ν = 1800 mm/s
d = 50 µm
h = 50 µm
Ev = 77.7–100.0 J/mm3

99.95

~6.3

-

-

~126 HV0.2

[78]

AlSi10Mg/
3.4 vol.%TiB2

Prox DMP 200 SLM
P = 210 W
ν = 1000 mm/s
d = 30 µm
h = 100 µm
Ev = 70 J/mm3

99.975

2.08

σu = 522.9–529

ε ≈ 7.5–8.6

-

[59]

Up to 99.09

6.32 ± 0.07

σs ≈ 270
σu = 397

ε ≈ 3.6

~124 HV0.2

Up to 99

2.20 ± 0.11

σs ≈ 283
σu ≈ 444

ε ≈ 4.2

~127 HV0.2

~96–97.8

1.55 ± 0.14

σs ≈ 270
σu = 422

ε ≈ 4.1

~129 HV0.2

99.56 ± 0.16

4.64

σs = 270.1 ± 4.3
σu = 430.7 ± 1.6

ε = 4.7 ± 0.4

99.82 ± 0.10

3.45

σs = 317.6 ± 2.1
σu = 484.1 ± 3.3

ε = 9.5 ± 0.3

140.5 ± 1.3 HV10

99.92 ± 0.04

2.0

σs = 320.1 ± 3.2
σu = 500.7 ± 3.5

ε = 12.7 ± 0.2

147.1 ± 1.5 HV10

99.91 ± 0.02

~2.0

σs = 323.7 ± 1.9
σu = 522.9 ± 3.6

ε = 8.7 ± 0.5

151.1 ± 2.1 HV1

99.92 ± 0.05

~2.0

σs = 340.8 ± 1.7
σu = 544.4 ± 2.6

ε = 6.2 ± 0.2

161.5 ± 2.5 HV10

1.63 µm
for top

σs = 332.3 ± 6.7
σu = 536.9 ± 14.4

ε = 16.5 ± 1.7

1.38 µm
for side

σs = 277.9 ± 6.9
σu = 517.3 ± 9.1

ε = 15.4 ± 1.6

AlSi10Mg/
1 wt.%TiB2
AlSi10Mg/
2 wt.% TiB2
AlSi10Mg/
5 wt.% TiB2

SLM 150
P = 450 W
ν = 1600–2600 mm/s
d = 50 µm
h = 50 µm
Ev = 69.2–112.5 J/mm3

AlSi10Mg
AlSi10Mg/
0.5 wt.% TiB2
AlSi10Mg/
2 wt.% TiB2
AlSi10Mg/
5 wt.% TiB2

Prox DMP 200,
3D Systems
P = 220–280 W
ν = 800–2000 mm/s
d = 30 µm
h = 90 µm

AlSi10Mg/
8 wt.% TiB2

[73]

125.9 ± 1.4 HV10

[77]

BLT-S310
P = 260–350 W
ν = 900–1500 mm/s
d = 30 µm
h = 110–170 µm

>99.5

AlSi10Mg/
11.6 wt.% TiB2

House-built
P = 200–300 W
ν = 800–2000 mm/s
d = 30 µm
h = 105 µm
Ev = 31.7–119.0 J/mm3

99.5

~2

σu = 530 ± 16

ε = 15.5 ± 1.2

191 ± 4 HV0.3

[80]

AlCu/
~4.7 wt.% TiB2

Renishaw AM400
P = 250–300 W
ν = 1125–4500 mm/s
d = 30 µm
h = 90 µm

Up to 99.5

0.5–2

σu = 391 ± 7.3
σs = 317.8 ± 9.3

ε = 12.5 ± 0.8

-

[50]

Al-Cu-Mg-Si/
5 vol.% TiB2

SLM 250 HL
P = 190 W
ν = 165 mm/s
d = 40 µm
h = 80 µm
Ev = 359.8 J/mm3

>99.0

2.5 ± 0.1

σyc = 191 ± 12

εc ≈ 60

-

[81]

AlSi10Mg/
6.5 wt.%TiB2

[79]
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Table 1. Cont.

System

Used Device,
Process
Parameters

Relative
Density (%)

Average
Grain
Size (µm)

σs /σu
(MPa)

ε/εc
(%)

Hardness
(HV)

N

Al-Cu/
~4 wt.% TiB2

Aconity LAB
P = 200 W
ν = 1000 mm/s
d = 30 µm
h = 100 µm
Ev = 66.67 J/mm3

99.9 ± 0.1

0.64 ± 0.26

σu = 401 ± 2

ε = 17.7 ± 0.8

113 ± 2 HV10

[82]

-

-

σyc = 211 ± 4

-

119 HV0.05

Al-12Si
Al-12Si/
2 wt.% TiB2

SLM 250 HL
P = 320 W
ν = 1655 mm/s
d = 50 µm
h = 110 µm
Ev = 35.1 J/mm3

[64,83]

≈99.1

~5.1

σyc = 225 ± 4

εc ≈ 30

AlSi10Mg

99.08 ± 0.1

6.1

σy = 243 ± 9
σu = 420 ± 9

εtr ≈ 5.5
εlong ≈ 3.7

AlSi10Mg/
0.05 wt.% LaB6

99.03 ± 0.08

4.0

σy ≈ 242
σu ≈ 430

εtr ≈ 6.4
εlong ≈ 4.8

99.17 ± 0.05

2.5

σy ≈ 245
σu ≈ 435

εtr ≈ 7
εlong ≈ 6.5

99.46 ± 0.18

2.2

σy ≈ 240
σu ≈ 427

εtr ≈ 6.5
εlong ≈ 6.9

99.49 ± 0.13

1.8

σy ≈ 235
σu ≈ 429

εtr ≈ 7.1
εlong ≈ 5.8

99.48 ± 0.22

1.6

σy ≈ 238
σu ≈ 445

εtr ≈ 7.0
εlong ≈ 5.6

98.3

-

-

-

0.91 ± 0.32

σy = 348 ± 16
σu = 391 ± 22

AlSi10Mg/
0.2 wt.% LaB6
AlSi10Mg/
0.5 wt.% LaB6
AlSi10Mg/
1 wt.% LaB6

SLM125HL
P = 300 W
ν = 1650 mm/s
d = 30 µm
h = 130 µm
Ev = 46.6 J/mm3
T = 200 ◦ C

AlSi10Mg/
2 wt.% LaB6
2024 Al alloy

2024 Al alloy/
2 wt.% CaB6

Aconity LAB machine
P = 200–300 W
ν = 600–1200 mm/s
d = 30 µm
h = 100 µm
Ev = 56–167 J/mm3

142 ± 6 HV0.05

-

[84]

66 ± 6 HV5
[28]

>99.5

ε = 12.6 ± 0.6

132 ± 4 HV5

Ev —laser volumetric energy density, El —laser linear energy density, P—laser power, ν—scanning speed, h—hatching
distance, d—layer thickness, σu —ultimate tensile strength, σy —yield strength, σuc —ultimate compressive strength,
σyc —compressive yield strength, ε—elongation, εlong —elongation at longitudinal direction, εtr —elongation at transverse
direction, εc —compression strain, RT—room temperature, - means no data available.

Partial melting of TiB2 was reported in Ref. [73] despite the fact that TiB2 is considered a refractory material. Adding 5 vol.% (or 8.3 wt.%) TiB2 to an Al–Cu alloy [81]
resulted in a remarkable grain size reduction from 23 to 2.5 µm. In Ref. [82], the in situ
TiB2 (4 wt.%) reinforced Al–Cu–Ag–Mg–Ti alloy had fine equiaxed grains with ~0.64 µm
average size without preferential orientation (Figure 3p). The reported grain size was
smaller than that stated in Refs. [73,80]. In Refs. [64,83], the addition of 2 wt.% TiB2
to an Al–12Si alloy produced a textureless microstructure with an average grain size of
~5 µm, meaning that in case of similar content of incorporated TiB2 , coarser grains were
grown in the Al–12Si alloy than in AlSi10Mg (Figure 3m,n). For comparison, a hot-pressed
sample’s EBSD image is shown in Figure 3o, which, interestingly, showed a higher degree
of grain refinement.
For a bare minimum boride additive range, at least 2 wt.% TiB2 is sufficient to significantly alter the final morphology and crystallographic texture of LPBF-processed materials [64,73,77,82,83].
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maps
for LPBF-prepared
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reinforced
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(HP)
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AMCs reinforced with borides ((a–n) and (p–v)) (subfigure (o) represents hot-pressed (HP) sample)
(reproduced with permission from [28,59,64,73,77–80,83,84]).
(reproduced with permission from [28,59,64,73,77–80,83,84]).
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produced a textureless microstructure with an average grain size of ~5 µm, meaning that
in case of similar content of incorporated TiB2, coarser grains were grown in the Al–12Si
alloy than in AlSi10Mg (Figure 3m,n). For comparison, a hot-pressed sample’s EBSD
image is shown in Figure 3o, which, interestingly, showed a higher degree of grain
refinement.
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For a bare minimum boride additive range, at least 2 wt.% TiB2 is sufficient
significantly alter the final morphology and crystallographic texture of LPBF-processed
materials [64,73,77,82,83].
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a eutectic microstructure with Al and, therefore, being insufficient in α-Al
nucleating
However,
in
Ref.
[81],
a
preferable
natural
stacking
sequence
of
Al
atoms
on
TiB
and
direct
2 atoms on
grains [85]. However, in Ref. [81], a preferable natural stacking sequence of Al
refining are reported. Meanwhile, in Ref. [82], it was highlighted that the absence of the
Al3 Ti layer does not prove a lack of nucleation, since the Al3 Ti layer can fully transform
into α-Al during the cooling process via a peritectic reaction.
Besides TiB2 , other borides, such as CaB6 and LaB6, had shown a promising refining
capability. The addition of 0.05–2 wt.% LaB6 to AlSi10Mg resulted in grain refinement
down to 1.6 µm (Figure 3q–t). LaB6 particles form a highly coherent interface with the
Al matrix. A higher amount of LaB6 nanoparticles (>0.5 wt.%) did not further provide
grain refinement and restricted longitudinal elongation due to the weakening of melt pool
boundaries by segregation of the excess LaB6 nanoparticles [84]. The addition of 2 wt.%
CaB6 nanoparticles to the high-strength 2024 aluminum alloy resulted in an equiaxed, crackfree microstructure with an average grain size of 0.91 ± 0.32 µm and a highly coherent
interface with Al (Figure 3u,v and Figure 5a,b) [28]. No decomposition of CaB6 was
observed. However, not every CaB6 nanoparticle functions as a nucleant; a large quantity
of them is acquired in the liquid phase between the growing grains, and they are forced to
the grain boundaries where they stabilize the microstructure via Zener pinning.
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However, when formed in situ in the melt pool, the TiC phase possesses unstable chemical
composition (portrayed as TiCx , where x is in 0.48–1 range) due to the generation of carbon
atom vacancies. Consequently, the nucleating behavior of TiCx for α-Al is not consistent,
since the TiCx +Al→Al4 C3 reaction is favored, which results in weakened grain refining
performance [88].
In Ref. [89], an increase in the TiC content from 1 to 10 wt.% when added to the Al–15Si
alloy resulted in an increase in melt pool fluidity and a decrease in the undercooling degree,
leading to significant grain coarsening (Figure 6). Ultimately, with the added threshold
limit of TiC (10 wt.%), the primary Si particles precipitate out and distribute on the surface
of the Al matrix (Figure 6d).
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An increase in energy input resulted in change in TiC appearance, from aggregate
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permission from [70]).
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of
α-Al on the D022 -Al3 Ti nanoparticles (Figure 10c–f) occurred, leading to (i) columnar-toα-Al on the D022-Al3Ti nanoparticles (Figure 10c–f) occurred, leading to (i) columnar-toequiaxed transition with subsequent grain refinement from ~80 µm to ~1 µm (Figure 11a,b),

equiaxed transition with subsequent grain refinement from ~80 µm to ~1 µm (Figure
11a,b), and (ii) the preferred orientation of the of α-Al (200) phase was removed (Figure
10a,b). In situ formed Al3Ti served as a more effective nucleant as compared to TiC, mainly
due to the small lattice mismatch between Al and Al3Ti, which was reduced to 0.09%.

processed AlSi10Mg/TiC nanocomposites with different TiC contents: 2.5 wt.% (a,d), 5 wt.% (b,e)
and 7.5 wt. % (c,f). Schematics of the formation mechanism of novel circular TiC configurations
during fusion process at fixed Ev = 571.43 J/mm3 (g) (reproduced with permission from [22]).
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0.1
from 140 to 185 HV0.1 and the tensile strength from 400 to 482 MPa (Table 2). The
elongation
of
the
composite
part
(10.8%)
was
similar
to
the
elongation
measured
for
elongation of the composite part (10.8%) was similar to the elongation measured for thethe
pure AlSi10Mg alloy. This can be explained by various effects: (i) an increased dislocation
density near reinforcement/matrix interface, (ii) TiC nanoparticles acting as a barrier for
dislocation movement, (iii) delaying crack propagation, thus improving the tensile strength.
Alternating the TiC concentration, laser energy density and powder processing technique
yield different composite attributes, as shown in Table 2.
Table 2. Characteristics of carbide reinforced AMCs fabricated by laser powder-bed fusion.

System

Used Device,
Process Parameters

Relative
Density
(%)

Average
Grain
Size (µm)

Al-15Si
Al-15Si/
1 wt.% TiC
Al-15Si/
2.5 wt.% TiC
Al-15Si/
10 wt.% TiC

SLM125
P = 360 W
ν = 600 mm/s
d = 20 µm
h = 60 µm

>98.5

σy /σu
(MPa)

ε/εc
(%)

Hardness
(HV)

σu = 398

ε = 2.6

154 HV1

σu = 578

ε = 7.86

146 HV1

σu ≈ 450

ε≈4

150 HV1

σu ≈ 313

ε = 2.24

177 HV1

-

N

[89]
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Table 2. Cont.

System

AlSi10Mg/
3 wt.% TiC

Used Device,
Process Parameters
SLM system
P = 80, 100, 120
and 140 W
ν = 200 mm/s
d = 50 µm
h = 50 µm
E = 160 J/mm3

Relative
Density
(%)

>98.5

Average
Grain
Size (µm)

ε/εc
(%)

Hardness
(HV)

σu = 452

ε = 9.8

157.4 HV0.1

-

E = 200 J/mm3
E = 240

σy /σu
(MPa)

[71]
-

≈173 HV0.1

σu = 486

ε = 10.9

188.3 HV0.1

-

-

180.6 HV0.1

-

J/mm3

E = 280 J/mm3

N

AlSi10Mg/
5 wt.% TiC

SLM system
P = 110 W
ν = 100–350 mm/s
d = 50 µm
h = 50 µm
El = 1100, 733, 440,
314 J/m

>98

-

-

-

181.2 HV0.2

[70]

AlSi10Mg/
5 wt.% TiC

EOS M290
P = 320 W
ν = 1100 mm/s
d = 30 µm
h = 130 µm

99.75

0.5–1

σu ≈ 456
σy ≈ 338

ε = 2.97

131 HV0.05

[31]

AlSi10Mg/
5 wt.% TiC

SLM system
P = 100 W
ν = 150 mm/s
d = 50 µm
h = 50 µm

Full
dense

-

σu = 482

ε = 10.8

185 HV0.1

[90]

AlSi10Mg/
10 wt.%
Al-Ti-C-B
master alloy

3D Systems ProX DMP
320
P = 300 W
ν = 1400 mm/s
d = 30 µm
h = 100 µm

-

~3

σu = 488 ± 6
σy = 287 ± 3

ε = 10.1 ± 2.2

-

[88]

98.2

~30

σu = 240 ± 10

ε = 0.3 ± 0.2

108 HV0.2

98.5

-

-

-

95.7

-

-

-

-

97.1

~2

σu = 390 ± 15

ε = 12.0 ± 0.5

120 HV0.2

98.22

12.1

σu = 393.8 ± 14.5
σy = 224.2 ± 7.2

ε = 4.5 ± 0.9

127.8 ± 2.4 HV.1

99.02

1.5

σu = 552.4 ± 12.1
σy = 325 ± 10.2

97.12

7.7

σu = 360.6 ± 8.5
σy = 200 ± 8.8

ε = 3.8 ± 0.2

134.4 ± 1.4 HV0.1

98.23

1.7

σu = 453 ± 10
σy = 267.5 ± 7.8

ε = 4.8 ± 1.1

138.3 ± 1.7 HV0.1

2024 alloy
2024/
1 wt.% TiC
2024/
1 wt.% TiH2
2024/
(1 wt.% TiC
+1 wt.% TiH2 )

EOS M290
P = 200 W
ν = 100 mm/s
d = 40 µm
h = 90 µm
T = 180 ◦ C

AlSi10Mg
ASi10Mg/
1.5 wt.% TiC
+1.5 wt.% TiB2
ASi10Mg/
3 wt.% TiB2
ASi10Mg/
3 wt.% TiC

EOS M280
P = 270 W
ν = 1600 mm/s
d = 30 µm
h = 110 µm

ε = 12 ± 0.6

[92]

142 ± 2.9 HV0.1
[93]
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Table 2. Cont.

System

Used Device,
Process Parameters

Relative
Density
(%)

At RT
full
dense

AlSi10Mg

SLM-125HL
P = 150 W
ν = 1200 mm/s
d = 30 µm
h = 105 µm
T = 200 ◦ C

At RT
full
dense

AlSi10Mg/
2 vol.% TiCN

Average
Grain
Size (µm)

σy /σu
(MPa)

ε/εc
(%)

RT
σu = 356 ± 10
σy = 220 ± 4

ε = 4.5 ± 0.5

100 ◦ C
σu = 327 ± 2
σy = 230 ± 3

ε=5±1

150 ◦ C
σu = 282 ± 3
σy = 213 ± 3

ε = 11.5 ± 2.5

200 ◦ C
σu = 245 ± 8
σy = 194 ± 7

ε = 11 ± 1.2

RT
<1.5

RT
σu = 333 ± 2
σy = 227 ± 7

ε = 2.8 ± 0.

-

100 ◦ C
σu = 344 ± 2
σy = 245 ± 2

ε = 3.5 ± 0.2

-

150 ◦ C
σu = 308 ± 9
σy = 235 ± 4

ε = 4.2 ± 0.2

-

200 ◦ C
σu = 270 ± 1
σy = 209 ± 10

ε = 4.9 ± 0.4

σu = 366
σy = 193

ε = 6.8

~141 HV0.2

σu = 417
σy = 234

ε = 5.2

~139 HV0.2

σu = 307
σy = 126

ε = 3.6

~170 HV0.2

σu = 218
σy = 117

ε = 3.4

~175 HV0.2

σu = 165
σy = 72

ε = 1.7

~222 HV0.2

σu = 388.3 ± 49.6

ε = 7.03 ± 1.25

≈1.85 GPa
nano-hardness

-

AlSi10Mg
AlSi10Mg/
0.7 wt.%
(B4 C+Ti)
AlSi10Mg/
5.7 wt.%
(B4 C+Ti)
AlSi10Mg/
11.5 wt.%
(B4 C+Ti)

SLM-120
P = 200 W
ν = 1200 mm/s
d = 30 µm
h = 70 µm
T = 200 ◦ C

Almost
full
dense

AlSi10Mg/
17.2 wt.%
(B4 C+Ti)
AlSi7Mg

AlSi7Mg/
2 wt.% SiC

AlSi10Mg/
2 vol.% SiC
(~2.4 wt.%)

EOSINT M280
P = 350 W
ν = 1200 mm/s
d = 40 µm
h = 190 µm
T = 80 ◦ C
SLM280HL
P = 120 W
ν = 250 mm/s
d = 30 µm
h = 60 µm
T = 150 ◦ C
Ev = 267 J/mm3

Hardness
(HV)

N

-

[91]

-

Porosity
≈0.59%

~4.55

Porosity
≈0.25%

~3.14

σu = 502.94

ε = 10.64 ±
1.06

≈2.11 GPa
nano-hardness

~92.04

-

-

-

-

[94]

[8]

[95]
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Table 2. Cont.
Used Device,
Process Parameters

Relative
Density
(%)

Average
Grain
Size (µm)

σy /σu
(MPa)

ε/εc
(%)

Hardness
(HV)

P = 150 W
Ev = 333 J/mm3

98.7

4.44

σu = 343 ± 59

ε = 3.3 ± 1.7

134.4 ± 3.2 HV0.1

P = 180 W
Ev = 400 J/mm3

97.69

4.96

σu = 377 ± 28

ε = 2.9 ± 0.95

135.6 ± 3.5 HV0.1

P = 210 W
Ev = 467 J/mm3

97.36

6.73

σu = 440 ± 17

ε ≈ 7.4

131.7 ± 2.6 HV0.1

P = 240 W
Ev = 533 J/mm3

97.40

-

σu = 450 ± 30

ε = 4.9

129.7 ± 6.9 HV0.1

Al–12Si/
10 vol.% SiC
(~11.8 wt.%)

ReaLizer SLM-100
P = 200 W
ν = 375–1500 mm/s
d = 50 µm
h = 100 µm
Ev ≈ 20–80 J/mm3

97.4 (by
X-ray micro
tomography
(XMT))

-

-

-

-

[34]

AlSi10Mg/
10 wt.% SiC

EOSINT M280
P = 240–320 W
ν = 500–1800 mm/s
d = 30 µm
h = 80–160 µm

-

2.35

σu ≈ 450
σy ≈ 410

-

208.5 HV0.1

[96]

AlSi10Mg/
15 wt.% SiC

Self-developed
NRD-SLM-III
P = 340–490 W
ν = 600–2100 mm/s
d = 40 µm
h = 60–180 µm
T = 200 ◦ C

97.7

-

σu = 341.9

ε≈3

217.4 HV0.2

[97]

σuc = 545.4

εc ≈ 4.7%

≈210 HV0.2

≈98.5

σuc = 642.4

εc ≈ 6.1%

≈240 HV0.2

98.9

σuc = 764.1

εc ≈ 7.0%

316.1 HV0.2

-

-

-

214 HV0.1

-

-

-

System

AlSi10Mg/
2 vol.% SiC
(~2.4 wt.%)

AlSi10Mg/
15 wt.% SiCp
(300 mesh)
AlSi10Mg/
15 wt.% SiCp
(600 mesh)
AlSi10Mg/
15 wt% SiCp
(1200 mesh)

AlSi10Mg/
20 wt.% SiC

AlSi10Mg/
20 wt.% SiC
D50SiC = 50 µm
AlSi10Mg/
20 wt.% SiC
D50SiC = 15 µm
AlSi10Mg/
20 wt.% SiC
D50SiC = 5 µm

Self-developed
NRD-SLM-III
P = 500 W
ν = 1200 mm/s
d = 40 µm
h = 120 µm
T = 200 ◦ C

Self-developed
P = 80–110 W
N = 100 mm/s
d = 50 µm
h = 50 µm
El = 800–1100 J/m
SLM apparatus with Yb
laser
P = 100 W
ν = 100 mm/s
d = 30 µm
h = 50 µm

N

[95]

≈97.8
-

~89.2–96.1

86.4

[98]

[11]

~127 HV0.1

93.7

188 HV0.1

~97.2

218.5 HV0.1

[13]
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pure AlSi10Mg alloy. This can be explained by various effects: (i) an increased dislocation
density near reinforcement/matrix interface, (ii) TiC nanoparticles acting as a barrier for
dislocation movement, (iii) delaying crack propagation, thus improving the tensile
18 of 38
strength. Alternating the TiC concentration, laser energy density and powder processing
technique yield different composite attributes, as shown in Table 2.

Figure 11.
11. EBSD
AMCs reinforced
reinforced with
with carbides,
carbides,
Figure
EBSD color
color maps
maps for
for LPBF-prepared
LPBF-prepared Al
Al alloys
alloys and
and AMCs
carbonitride,
carbide/hydride
and
carbide/boride
additives
(a)–(n)
(reproduced
with
permission
carbonitride, carbide/hydride and carbide/boride additives (a–n) (reproduced with permission
from [31,88,91–93]).
from [31,88,91–93]).
TableWhile
2. Characteristics
of carbide
AMCs has
fabricated
powder-bed
fusion.
using a single
carbidereinforced
reinforcement
provenbytolaser
be an
effective way
for grain

System
Al-15Si
Al-15Si/
1 wt.% TiC
Al-15Si/
2.5 wt.% TiC
Al-15Si/
10 wt.% TiC

refinement,
the use
of a second additive was shown to complement the effects of a single
Used Device,
Relative
Average
σy/σu
c
Hardness
species.
In
Ref.
[92],
the dual reinforcing
phasesε/ε
were
used, resulting
in a crack-free sample
Process
Density Grain
N
(MPa)
(%) 2 powders mixture.
(HV) It was shown that
produced from the 2024 alloy/1
wt.%TiC+1 wt.%TiH
Parameters
(%)
Size (μm)
unreinforced alloy contained columnar microstructure (Figures 11g and 12a–c), while the
σu = 398
ε = 2.6
154 HV1
2024 alloy/1 wt.%TiC+1 wt.%TiH2 composite was composed of superfine equiaxed grains
SLM125
(Figures 11h and 12d–h).
σu = 578
ε = 7.86
146 HV1
P = 360 W
ν = 600 mm/s
>98.5
[89]
σu ≈ 450
ε≈4
150 HV1
d = 20 µm
h = 60 µm
σu ≈ 313
ε = 2.24
177 HV1
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While using a single carbide reinforcement has proven to be an effective way for
grain refinement, the use of a second additive was shown to complement the effects of a
single species. In Ref. [92], the dual reinforcing phases were used, resulting in a crack-free
sample produced from the 2024 alloy/1 wt.%TiC+1 wt.%TiH2 powders mixture. It was
shown that unreinforced alloy contained columnar microstructure (Figures 11g and 12a–
19 of 38
c), while the 2024 alloy/1 wt.%TiC+1 wt.%TiH2 composite was composed of superfine
equiaxed grains (Figures 11h and 12d–h).

Figure 12.
12.Schematic
Schematicrepresentation
representation
of microstructures
and solidification
mechanisms
of LPBFFigure
of microstructures
and solidification
mechanisms
of LPBF-fabricated
fabricated 2024 Al alloy (a)–(c) and 2024/TiC-TiH2 composite (d)–(h) (reproduced with permission
2024 Al alloy (a–c) and 2024/TiC-TiH2 composite (d–h) (reproduced with permission from [92]).
from [92]).

Ti-rich particles (TiC and Al3 Ti) with irregular or cubic shape are present in the grains
Ti-rich
(TiC The
and L1
Al3Ti)
with irregular or cubic shape are present in the grains
exhibited
in particles
Figure 13a,b.
2 -Al3 Ti with a face-center-cubic (FCC) structure is a result
exhibited
in
Figure
13a,b.
The
L1
2-Al3Ti with a face-center-cubic (FCC) structure is a result
of TiH2 decomposition (TiH2 →Ti+H2 ) and reaction between Ti and Al melt. It is worth
of TiH2 decomposition
(TiHa2→Ti+H
2) and reaction between Ti and Al melt. It is worth
mentioning
that in Ref. [31],
formation
of the D022 -Al3 Ti phase with a tetragonal structure
mentioning
that
in
Ref.
[31],
a
formation
the D022-Al
Ti phase
with a tetragonal structure
was reported. A highly coherent interfaceofbetween
L123-Al
3 Ti and α-Al was observed (with
was
reported.
A
highly
coherent
interface
between
L1
2-Al3Ti and α-Al was observed (with
0.24% lattice mismatch) (Figure 13c), indicating that L12 -Al3 Ti might serve as substrate for
0.24% lattice mismatch)
(Figure 13c),
indicating
that L1
2-Al3Ti might serve as substrate for
heterogeneous
α-Al nucleation;
however,
a coherent
interface
was not generated between
heterogeneous
α-Al
nucleation;
however,
a
coherent
interface
was
not generated
between
TiC
and
Al
(Figure
13d).
Following
the
“Ti
transition
zone”
theory
(demonstrated
in
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TiC
and
Al
(Figure
13d).
Following
the
“Ti
transition
zone”
theory
(demonstrated
in
Figure 12), Ti-covered TiC nanoparticles, and then TiC particles themselves, become the
Figure
12),
Ti-covered
TiC
nanoparticles,
and
then
TiC
particles
themselves,
become
the
effective nucleation substrates for α-Al as well.
effective nucleation substrates for α-Al as well.

Figure
TEM images
imagesofofL1L1-Al
2-Al3Ti (a) and TiC particles (b), HRTEM image and respective FFT
Figure 13.
13. TEM
2
3 Ti (a) and TiC particles (b), HRTEM image and respective FFT pattern
pattern
of
α-Al/L1
2-Al3Ti interface (c) and α-Al/TiC interface (d) (reproduced with permission from
of α-Al/L12 -Al3 Ti interface (c) and α-Al/TiC interface (d) (reproduced with permission from [92]).
[92]).

On account of the inhibition of columnar grains, elimination of cracks, a refined
microstructure and Orowan strengthening, the 2024 alloy/TiC+TiH2 AMC showed a
simultaneous enhancement of tensile strength and ductility.
Another study on the fabrication of double TiB2-TiC reinforced AMCs [93] revealed
that the addition of dual ceramic phases improved laser absorptivity by almost two-fold,
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On account of the inhibition of columnar grains, elimination of cracks, a refined
microstructure and Orowan strengthening, the 2024 alloy/TiC+TiH2 AMC showed a simultaneous enhancement of tensile strength and ductility.
Another study on the fabrication of double TiB2 -TiC reinforced AMCs [93] revealed
that the addition of dual ceramic phases improved laser absorptivity by almost twofold, substantially refining the Al grains (Figure 11i,k) and resulting in the increment
in tensile strength (552 MPa) and elongation (12%) (Table 2). It was revealed that the
dual reinforcement more remarkably affected the mechanical performance, improved
densification and grain refinement compared to the single reinforcement with the same
total content (Table 2 and Figure 11j,l).
Double or triple reinforcements formed during in situ chemical reactions generate
a composite material highly coherent with the metal matrix. When 0–17.2 wt.% (Ti-B4 C)
mixture was added to AlSi10Mg [94], the full densification of samples and in situ formation
of ceramic phases were reported due to the combined LPBF and combustion synthesis
(CS) process. Silicon atoms released from the alloy combine with Ti and C atoms, yielding
the formation of transitional ternary carbide Ti3 SiC2 , while the remaining B4 C and Ti are
responsible for the formation of TiB2 and TiC particulates (Figure 14). The generation of
the Ti3 SiC2 phase resulted in a significant drop in porosity of the fabricated sample. The
Materials 2022, 15, x FOR PEER REVIEW
21 of in
41
heat released during the combustion reaction allowed for carrying out the fabrication
low laser energy regime.

Figure 14.
14. In
In situ
situ formation
formation mechanism
mechanism of
of TiB
TiB2,, TiC,
TiC, Ti
Ti3SiC
SiC2 ceramic
ceramic phases
phases in
in the
the molten
molten pool
pool
Figure
2
3
2
(reproduced with permission from [94]).
(reproduced with permission from [94]).

2.2.2. Silicon
Silicon Carbide:
Carbide: SiC
SiC
2.2.2.
The SiC
SiCparticle
particle
reinforced
AMCs
are applied
in aerospace
and encapsulaelectronic
The
reinforced
AMCs
are applied
in aerospace
and electronic
encapsulation,
both inand
military
and
civilian
due
to their
highstrength
specificand
strength
and
tion,
both in military
civilian
fields,
duefields,
to their
high
specific
stiffness,
in
additionintoaddition
abrasiontoresistance.
has a much
laser absorptivity
78%) than
stiffness,
abrasion SiC
resistance.
SiC higher
has a much
higher laser(≈
absorptivity
3 ), and it increases
aluminum
(≈aluminum
7%), moderate
density
(3.21 g/cm
theitlaser
absorptivity
of
(≈78%) than
(≈7%),
moderate
density
(3.21 g/cm3), and
increases
the laser
the
blended mixture
[13,34,97,98].
During
laser irradiation,
particles
tend to
heat
up to
[13,34,97,98].
During SiC
laser
irradiation,
SiC
particles
absorptivity
of the blended
mixture
extremely
high
to rapid reaction
rates.
Hence,
the decrease
in thermal
tend to heat
uptemperature,
to extremelyleading
high temperature,
leading
to rapid
reaction
rates. Hence,
the
conductivity
results inconductivity
further rise in
temperature,
therise
lifetime
and fluidity the
of the
melt pool.
decrease in thermal
results
in further
in temperature,
lifetime
and
Meanwhile,
an increase
in SiC
content inanthe
initial feedstock
and, hence,
the blend
melt
fluidity of the
melt pool.
Meanwhile,
increase
in SiC content
in theininitial
feedstock
pool,
increases
the
viscosity
of
a
liquid
melt
and
results
in
a
lower
fluidity.
Therefore,
both
and, hence, in
blend melt pool, increases the viscosity of a liquid melt and results in a
thermo-kinetic
should
be considered
before
selecting
the content
and size before
of the
lower fluidity.factors
Therefore,
both
thermo-kinetic
factors
should
be considered
reinforcing
SiC
[11,13].
selecting the
content
and size of the reinforcing SiC [11,13].
The
carbide
and
aluminum
melt
at temperatures
exThe chemical
chemicalreaction
reactionbetween
betweensilicon
silicon
carbide
and
aluminum
melt
at temperatures
ceeding
940
K
may
result
in
SiC
decomposition
according
to
4Al(l)+3SiC(s)
→
Al
C
(s)+3Si(s)
4
3
exceeding
940 K
may
result
in
SiC
decomposition
according
to
reaction.
Al4 C3 compound
is known to be brittle and unstable, causing degradation of the
4Al(l)+3SiC(s)→Al
4C3(s)+3Si(s) reaction. Al4C3 compound is known to be brittle and
mechanical
properties
of the AMCs.
It ismechanical
reactive with
H2 O in humid
might
unstable, causing
degradation
of the
properties
of theconditions
AMCs. It and
is reactive
with H2O in humid conditions and might form amorphous aluminum hydroxide. This
process is followed by a volume increase and can induce the residual stresses into the
surrounding aluminum matrix. Therefore, the inhibition of the Al4C3 formation is a crucial
issue to be overcome [11,34].
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form amorphous aluminum hydroxide. This process is followed by a volume increase and
can induce the residual stresses into the surrounding aluminum matrix. Therefore, the
inhibition of the Al4 C3 formation is a crucial issue to be overcome [11,34].
At a processing temperature above 1670 K, Al4 SiC4 (ternary carbide) is formed following the 4Al(l) +4SiC(S) →Al4 SiC4(S) +3Si reaction [13]. Al4 SiC4 , due to its high hardness of
1200 HV, low brittleness, remarkable chemical stability in wet conditions, is a favored reinforcement for aluminum [11]. At temperatures above 2800 ◦ C, SiC particles partially or fully
decompose into silicon and carbon vapor [34,97]. The increase in applied energy results
in a high degree of SiC decomposition, causing surface turbulence, melt pool instability,
non-continuous scan tracks and, consequently, an uneven surface finish.
It should be noted that the size of used SiC reinforcing particles ranges from tens of
micrometers down to nanoscale, and the resultant mechanical properties of AMCs are
significantly affected by particle size [8,13]. In Refs. [8,34], the LPBF of AlSi7Mg/2 wt.%
nano-SiCp (40 nm) and Al-12Si/10 vol.%SiC (≈11.7 wt.%) (SiC ≈ 25 µm), respectively, were
reported. Nano SiC in AlSi7Mg matrix serves as a grain refinement agent (Figure 11m,n)
due to the nucleation of numerous heterogenous sites and formation of nanosized Al4 C3
(Figure
15b,c). The use of nano-SiC yielded low porosity, near-full densification 22
and
Materials 2022, 15, x FOR PEER REVIEW
of im41
provement in tensile strength without sacrificing ductility. However, inferior densification
was observed in Ref. [34] when a micron size reinforcement was used.

Figure15.
15.Cross
Crosssection
sectionSEM
SEMimages
imagesof
ofthe
theLPBF-ed
LPBF-ed AlSi7Mg/2
AlSi7Mg/2wt.%
wt.%nano-SiC
nano-SiCcomposite
composite(a,b)
(a,b)and
and
Figure
the
illustration
of
the
formation
route
of
different
phases
during
the
LPBF
process
(c)
(reproduced
the illustration of the formation route of different phases during the LPBF process (c) (reproduced
withpermission
permission from
from [8]).
[8]).
with

The successful
successful fabrication
fabrication of
of AlSi10Mg/2
AlSi10Mg/2 vol.%
vol.% nano-SiC
nano-SiC (~2.4
(~2.4 wt.%)
wt.%) composite
composite
The
reinforced
by
Al
SiC
phase
was
reported
in
Ref.
[95].
With
an
increase
in
laser
power,the
the
4
4
reinforced by Al4SiC4 phase was reported in Ref. [95]. With an increase in laser power,
eutectic
structure
gradually
changed
from
thick
flakes
to
network
shapes
and
then
to
a
fine
eutectic structure gradually changed from thick flakes to network shapes and then to a
structure,
as shown
in Figure
16. 16.
fine
structure,
as shown
in Figure
At low applied energy, the eutectic structure represents a collection of thick flakes. In
contrast, high energy input provides sufficient wettability between SiC and Al, promoting
the reaction product transformation into Al4 SiC4 and a homogeneously dispersed eutectic
structure (Figure 17), which positively affects the mechanical properties of the AMC.
Despite the analogous content of nano SiC added to the Al alloy, the mechanical properties
of the samples in this work are far inferior to those reported in Ref. [8].

Figure 16. High-magnification SEM micrographs of as-built AlSi10Mg/SiC composites fabricated at

the illustration of the formation route of different phases during the LPBF process (c) (reproduced
with permission from [8]).

Materials 2022, 15, 2467

The successful fabrication of AlSi10Mg/2 vol.% nano-SiC (~2.4 wt.%) composite
reinforced by Al4SiC4 phase was reported in Ref. [95]. With an increase in laser power, the
22 of
eutectic structure gradually changed from thick flakes to network shapes and then
to38a
fine structure, as shown in Figure 16.

Figure 16.
16. High-magnification
High-magnification SEM
fabricated
at
Figure
SEM micrographs
micrographs of
ofas-built
as-builtAlSi10Mg/SiC
AlSi10Mg/SiCcomposites
composites
fabricated
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(c), 240
240 W
W (d)
(d) and
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development of eutectic structure (e) (reproduced with permission from [95]).

At low applied energy, the eutectic structure represents a collection of thick flakes.
In contrast, high energy input provides sufficient wettability between SiC and Al,
promoting the reaction product transformation into Al4SiC4 and a homogeneously
dispersed eutectic structure (Figure 17), which positively affects the mechanical properties
of the AMC. Despite the analogous content of nano SiC added to the Al alloy, the
mechanical properties of the samples in this work are far inferior to those reported in Ref.
[8].
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2.3. Nitrides: Grain Refinement and Strengthening Effect
2.3.1. Titanium Nitride: TiN
Besides the favorable characteristics of ceramic materials, TiN (titanium nitride) also
demonstrates excellent light absorptivity. TiN has good coherency with Al, owing to small
difference (4.72%) in lattice parameters (aAl = 0.4049 nm and aTiN = 0.4240 nm). Meanwhile,
the laser reflectivity (at 1064 nm laser wavelength) of the AlSi10Mg/TiN composite
powder is around 25%, which is much lower than that of AlSi10Mg powder (62%) [99].
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It was found that all the specimens were dominated by high-angle grain boundaries
(HAGBs), and with an increase in TiN content, the volume of low-energy HAGBs
increased. TiN nanoparticles also promote recrystallization and possesses a crucial role in
recrystallized nucleation during the LPBF process, as shown in Figure 19e–h.
Table 3. Characteristics of nitride reinforced AMCs fabricated by laser powder-bed fusion.

System

Used Device,
Process

Relative Al Grain
Density
Size

σy/σu

ε/εc

Hardness

N
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Table 3. Characteristics of nitride reinforced AMCs fabricated by laser powder-bed fusion.
System

Used Device,
Process Parameters

Relative
Density (%)

Al Grain
Size (µm)

σy/ σu
(MPa)

ε/εc
(%)

Hardness
(HV)

N

AlSi10Mg/2 wt.%
TiN
(D50TiN = 80 nm)

Dimetal-80 SLM system
P = 100 W
ν = 200–600 mm/s
d = 30 µm
h = 80 µm

97.6

0.284

-

-

145 ± 4.9 HV0.1

[99,100]

Porosity
=0.9%

3.86

σu = 359.4 ± 8.5
σy = 264 ± 10.5

ε = 3.9 ± 0.3

134.6 ± 4.4 HV0.1

Porosity
=0.2%

1.37

σu = 386.1 ± 12.6
σy = 295.9 ± 4.6

ε = 4.4 ± 0.27

148.5 ± 4.1 HV0.1

Porosity
=0.01%

1.24

σu = 491.8 ± 5.5
σy = 315.4 ± 5.2

ε = 7.5 ± 0.29

156.9 ± 4.9 HV0.1

AlSi10Mg/
6 wt.% TiN

Porosity
=3.7%

1.19

σu = 325.1 ± 14.2
σy = 261.6 ± 3.5

ε = 2.9 ± 0.32

150.4 ± 3.1 HV0.1

7050 Al alloy

98.5

91.8

σu = 75 ± 25

ε ≈ 0.6

7050/0.18 wt.% TiN

98.9

88

σu = 111 ± 3

ε = 1.1 ± 0.2

7050/0.36 wt.% TiN

-

-

σu ≈140

ε≈1

-

-

σu ≈ 60

ε ≈ 0.9

99.6

2.3

σu = 427 ± 12

ε = 3.9 ± 1.1

-

-

σu ≈ 480

ε ≈ 6.1

AlSi10Mg
AlSi10Mg/
2 wt.% TiN
AlSi10Mg/
4 wt.% TiN

7050/0.54 wt.% TiN
7050/1.82 wt.% Ti
7050/3.64 wt.% Ti

SLM-280 HL
P = 100 W
ν = 1200 mm/s
d = 30 µm
h = 90 µm

SLM-280 HL
P = 210 W
ν = 115 mm/s
d = 30 µm
h = 50 µm

[101]

[66]

-

-

σu ≈ 350

ε ≈ 2.5

7050/2 wt.% (TiN+Ti)

99.7

0.775

σu ≈ 550

ε ≈ 8.6

7050/4 wt.% (TiN+Ti)

-

-

σu = 613±15

ε = 8.8 ± 0.8

σu ≈ 408

ε ≈ 13.2

-

-

-

[67]

-

-

77–85.3 HV0.05

[102]

σu ≈ 180

ε ≈ 5.6

103 HV0.2

σu = 230

ε ≈ 2.3

136 HV0.2

-

σu = 432 ± 15
σy = 275 ± 13

ε = 5.12 ± 0.29

128 ± 3 HV0.2

99.49 ± 0.17

σu = 447 ± 18
σy = 308 ± 12

ε = 3.58 ± 0.15

140 ± 7 HV0.2

7050/5.46 wt.% Ti

7050/6 wt.% (TiN+Ti)

AlSi10Mg/
1 wt.% AlN
(50 nm)

-

-

SLM apparatus
P = 200 W
ν = 100–300 mm/s
d = 30 µm
h = 60–100 µm
Ev = 1100 J/mm3

97

4.5

Ev = 660 J/mm3

60

2

Ev = 420 J/mm3

Full dense

1.4

3

Full dense

2

-

-

Ev = 220 J/mm
AlSi10Mg/
2 wt.% AlN

AlSi10Mg
AlSi10Mg/
1 wt.% BN

Self-made
P = 200 W
ν = 100 mm/s
d = 30 µm
h = 80 µm
EOSINT M290
P = 380 W
ν = 1300 mm/s
d = 30 µm
h = 200 µm

AlSi10Mg
AlSi10Mg/
5 vol.% Si3 N4
(~5.8 wt.%)
AlSi10Mg/
10 vol.% Si3 N4
(~11.5 wt.%)
AlSi10Mg/
15 vol.% Si3 N4
(~17.1 wt.%)

EOSINT M290
P = 180–300 W
ν = 300–800 mm/s
d = 30 µm
h = 30–70 µm
T = 150 ◦ C

Porosity
=0.15%
Porosity
=0.81%

-

[103]

-

[104]

99.18 ± 0.16

σu = 485 ± 12
σy = 362 ± 18

ε = 2.47 ± 0.23

153 ± 3 HV0.2

98.41 ± 0.22

σu = 399 ± 21

ε = 0.66 ± 0.31

187 ± 13 HV0.2

As shown in Figure 20, only a fraction of TiN serves as heterogenous nucleation
substrates, and the majority of particles are dispersed along the grain boundaries owing to
the pushing effects of the solidification front.
It was found that all the specimens were dominated by high-angle grain boundaries
(HAGBs), and with an increase in TiN content, the volume of low-energy HAGBs increased. TiN nanoparticles also promote recrystallization and possesses a crucial role in
recrystallized nucleation during the LPBF process, as shown in Figure 19e–h.
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The use of hybrid Ti–TiN reinforcements for 7050 Al alloy was reported in Ref. [66],
exhibiting significant synergistic grain refinement and a higher strengthening as compared
to pure 7050 Al alloy and a single reinforced 7050-TiN and 7050-Ti. Although both single-TiMaterials 2022, 15, x FOR PEER REVIEW
of 41
reinforced and hybrid-reinforced alloy possessed a crack-free microstructure (Figure27
21g–l),
the hybrid reinforcement provided greater grain refinement (Figure 19k,l).
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21. SEM
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Figure
(g,h)
and
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and 7050/2%(Ti+TiN) (j,k) samples after etching. Schematic diagram of solidification, columnar
equiaxed grain formation of fabricated 7050 (c), 7050-TiN (f), 7050-Ti (i) and 7050/(Ti+TiN) (l).
and equiaxed grain formation of fabricated 7050 (c), 7050-TiN (f), 7050-Ti (i) and 7050/(Ti+TiN) (l).
Solidification of 7050/(Ti+TiN): agglomeration of TiN particles in high-temperature liquid Al (m), in
Solidification of 7050/(Ti+TiN): agglomeration of TiN particles in high-temperature liquid Al (m),
situ Al3Ti in Ti-rich liquid Al (n), Ti absorption at the interface between TiN and liquid Al (o),
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permission
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dispersion of TiN in Ti-rich liquid Al (p) (reproduced with permission from [66]).

Meanwhile, the 7050 and 7050-0.18%TiN specimens are prone to cracking, consist of
Meanwhile, the 7050 and 7050-0.18%TiN specimens are prone to cracking, consist
columnar grains and possess relatively high porosity (Figures 19 i,j and 21a–f). The reason
of columnar grains and possess relatively high porosity (Figure 19i,j and Figure 21a–f).
for grain refinement, when Ti is added to pure alloy and to 7050-TiN, is the formation of
The reason for grain refinement, when Ti is added to pure alloy and to 7050-TiN, is the
L12 structured Al3Ti, which promotes heterogeneous nucleation and contributes to the
formation of L12 structured Al3 Ti, which promotes heterogeneous nucleation and conrapid formation of constitutional supercooling zones (Figure 21n). Besides Al3Ti, fine
tributes to the rapid formation of constitutional supercooling zones (Figure 21n). Besides
MgZn2 phase was formed with coherent interface with Al; however, the in situ formed
Al3 Ti, fine MgZn2 phase was formed with coherent interface with Al; however, the in situ
Al2CuMg showed non-coherent interface with Al. Ultrafine grains (775 nm) were reported
formed Al2 CuMg showed non-coherent interface with Al. Ultrafine grains (775 nm) were
in the LPBF-prepared 7050-2 wt.%(Ti+TiN) composite, vastly benefiting from the Ti/TiN
reported in the LPBF-prepared 7050-2 wt.%(Ti+TiN) composite, vastly benefiting from the
synergism.
Ti/TiN
synergism.
It can
can be
be concluded
concluded that
that the
the addition
addition of
of 2–4
2–4 wt.%
wt.% TiN-Ti
TiN-Ti hybrid
hybrid additives
additives notably
notably
It
improved
the
quality
of
LPBF-fabricated
AMCs.
improved the quality of LPBF-fabricated AMCs.
2.3.2. Aluminum Nitride: AlN
AlN is one of the favorable reinforcing candidates for aluminum alloys due to its
superior combination of high thermal conductivity (~250 W/mK) [105] and high hardness
(~12 GPa) [106]. AlN shows high chemical stability, good compatibility with Al alloy
combined with a good interfacial adherence without any interfacial reaction [107].
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2.3.3. Boron Nitride: BN
The high tensile strength and low density (2.1 g/cm3 , which is close to that of pristine
Al), makes hexagonal boron nitride (h-BN) an effective reinforcing agent for the AMCs [109].
It was revealed that even 1 wt.% addition of BN micro-flakes to AlSi10Mg increased the
tensile strength and hardness as compared to a pure alloy due to the formation of AlN and
AlB2 phases via solid-state Al–BN reaction [103].
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2.3.4. Silicon Nitride: Si3 N4
A whole basket of favorable properties of Si3 N4 (silicon nitride), including remarkable
strength, high hardness, high elastic modulus, lower CTE, superior hardness compared to
other ceramics, [110–112], similar density with aluminum, which will ensure homogeneous
dispersion, and high wettability with the aluminum matrix [104] makes it a promising
reinforcing agent. The enhanced strength and elastic modulus of the LPBF-prepared
AlSi10Mg-Si3 N4 composite, owing to the impeded dislocation motion during deformation
and load-bearing effect of added reinforcing Si3 N4, are achieved. The mutual diffusion of Al
and Si atoms and the absence of in situ formed brittle phases increased the Al matrix-Si3 N4
particles bonding strength [104]. The addition of Si3 N4 to the Al alloy, however, reduces
process stability and thus narrows the optimal range of process parameters [104].
3. Comparison of Ceramic Reinforcements’ Influence on LPBF Process and the
Properties of the AMCs
As shown above, even small portions of ceramic or hybrid additives (metal–ceramic),
such as 0.5–0.7 wt.%, are able to dramatically improve the performance of the AMCs. Accordingly, matching ceramic additives with an optimized fraction and particle size provides
good wettability, compatible interfaces and a strong bonding between the constituents,
which hinder crack propagation and contribute to a hardening and strengthening of AMCs.
The addition of TiB2 to the AlSi10Mg alloy results in fully dense samples with significantly
refined grains (down to 0.5 µm), randomized crystallographic orientation, increased hardness
up to 191 HV, tensile strength up to 540 MPa and elongation to 17.7% (Figures 23–26). Similarly,
Materials 2022, 15, x FOR PEER REVIEW
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high tensile strength is observed for the TiC/Al-15Si, double-reinforced
TiC-TiB2 /AlSi10Mg
and hybrid TiN-Ti/7050 AMCs, however, with lower elongation (Figure 23a,b).
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The tensile fracture of the AlSi10Mg-6.5 wt.%TiB2 composite showed that the fracture
path of the AMC is not flat, as in the case of AlSi10Mg, but rather random for both
horizontal and vertical samples (Figure 24a,b) [79]. Generally, the reinforced composites
with refined microstructure have high ductility due to less stress concentration. Based on
the fine-sized equiaxed dimples (Figure 24e,f), the failure mode of the AMC is a ductile
fracture, stating improved ductility. However, the holes and the tears on the fracture
surface might have led to premature failure of the AMC (Figure 24c,d). Similarly, in the
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Figure 24. The schematic diagram of probable crack propagation path (a,b) and tensile fracture

Figure 24. The schematic diagram of probable crack propagation path (a,b) and tensile fracture morpholmorphology for horizontal (c,e) and vertical samples (d,f) of the AlSi10Mg/6.5 wt.%TiB2 composite.
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When analyzing SiC reinforced AlSi10Mg, huge attention was given to applied
energy, as under low energy, brittle Al4C3 is formed. However, higher energy promotes
the formation of Al4SiC4, along with a well-dispersed eutectic structure, hence prohibiting
the premature failure of the composite [95]. Similar to SiC (Figure 24g,h), in Si3N4
reinforced AMC (Figure 24k,l), the nature of the fracture is ductile brittle, dominated by
brittle, whereas pure AlSi10Mg (Figure 24i,j) shows a ductile-brittle composite fracture
dominated by ductile. Due to Si3N4, crack propagation is suppressed when the tip meets
the Si3N4–AlSi0Mg interface. However, because of the irregular distribution of Si3N4 and
the changes in propagation path of the connected cracks, more cleavage steps were
formed [104]. When TiN nanoparticles are added to AlSi10Mg, the fracture behavior of
the alloy remains in mixed failure mode; however, large-size agglomerates formed during
excess addition of TiN, decreasing both strength and ductility [101].
Analyses show that the highest hardness was shown by 15 wt.%SiC reinforced
AMCs, followed by the 17.2 wt.% hybrid B4C-Ti and 11.6 wt.%TiB2 reinforced materials
(Figure 25a). Hardness values of TiC and Si3N4 reinforced AMCs are comparable with
Figure
Figure 25.
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The AMCs reinforced with TiB2, TiC, hybrid TiN-Ti and TiC-TiH2 additives are
subjected to in situ formation of L12-Al3Ti or D022-Al3Ti (Table 4), which serve as active
nucleation sites and promote grain refinement in the 0.5–2 µm range (Figure 26a,b). The
substantial grain refinement, down to submicron level, is achieved by the incorporation
of TiN and CaB6 into AMCs, resulting in both significantly enhanced hardness and tensile
strength (Figure 26a,b).

Materials 2022, 15, 2467

The AMCs reinforced with TiB2, TiC, hybrid TiN-Ti and TiC-TiH2 additives are
subjected to in situ formation of L12-Al3Ti or D022-Al3Ti (Table 4), which serve as active
nucleation sites and promote grain refinement in the 0.5–2 µm range (Figure 26a,b). The
substantial grain refinement, down to submicron level, is achieved by the incorporation
30 of 38
of TiN and CaB6 into AMCs, resulting in both significantly enhanced hardness and tensile
strength (Figure 26a,b).

Figure
Figure 26.
26. Average
Average grain
grain size
size of
of LPBF
LPBF prepared
prepared ceramic
ceramic particulate
particulate reinforced
reinforced AlSi10Mg
AlSi10Mg (a)
(a) and
and
other
Al
alloys
(b)
(data
from
[8,28,31,50,59,66,67,73,77–84,88,91–93,96,99–101]).
other Al alloys (b) (data from [8,28,31,50,59,66,67,73,77–84,88,91–93,96,99–101]).

Reinforcing
Compound

The
of improvement
depends onwt.%TiB
additive2 composite
content and
composition
the Al
The degree
tensile fracture
of the AlSi10Mg-6.5
showed
that theoffracture
alloy.
Table
briefly
thethe
influence
the reported
additivesfor
onboth
the
path of
the 4AMC
is summarizes
not flat, as in
case of of
AlSi10Mg,
but ceramic
rather random
LPBF
process
and
their content
horizontal
and
vertical
sampleslimitation.
(Figure 24a,b) [79]. Generally, the reinforced composites
with refined microstructure have high ductility due to less stress concentration. Based on
Table
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fracture,
stating
improved ductility. However, the holes and the tears on the fracture
surface might have led to premature failure of the AMC (Figure 24c,d). Similarly,
in the
Minimum
Influence onAlSi10Mg-0.2
the LPBF Process
and6the
Properties
of the predominantly
Al Alloys
wt.%LaB
composite,
cracking
occurred within the melt pool
Optimal Limit
boundaries, and the LaB6 nanoparticles led to more ductile fracture of the composite,
owing to fine equiaxed dimples [84]. Ductile-type failure was reported for AlSi10Mg with
homogeneously dispersed circular-structured TiC (3 wt.%). The latter contributed to the
improvement of tensile strength without sacrificing ductility [71]. The dual TiB2 and TiC
reinforced AMC’s tensile fracture (Figure 24m,n) possesses fewer pores and deeper dimples
as compared to AlSi10Mg (Figure 24o,p) and shows mixed ductile and brittle fracture mode.
The relatively hard intragranular TiB2 and TiC particles accommodate the dislocations in
the grains, contributing to strain hardening and uniform elongation [93]. Both brittle and
ductile fractures were observed in the case of 0.7 wt.% hybrid Ti-B4 C addition. However,
the further increase in additive content led to fracture changes from ductile to brittle [94].
When analyzing SiC reinforced AlSi10Mg, huge attention was given to applied energy,
as under low energy, brittle Al4 C3 is formed. However, higher energy promotes the
formation of Al4 SiC4 , along with a well-dispersed eutectic structure, hence prohibiting the
premature failure of the composite [95]. Similar to SiC (Figure 24g,h), in Si3 N4 reinforced
AMC (Figure 24k,l), the nature of the fracture is ductile brittle, dominated by brittle,
whereas pure AlSi10Mg (Figure 24i,j) shows a ductile-brittle composite fracture dominated
by ductile. Due to Si3 N4 , crack propagation is suppressed when the tip meets the Si3 N4 –
AlSi0Mg interface. However, because of the irregular distribution of Si3 N4 and the changes
in propagation path of the connected cracks, more cleavage steps were formed [104]. When
TiN nanoparticles are added to AlSi10Mg, the fracture behavior of the alloy remains in
mixed failure mode; however, large-size agglomerates formed during excess addition of
TiN, decreasing both strength and ductility [101].
Analyses show that the highest hardness was shown by 15 wt.%SiC reinforced AMCs,
followed by the 17.2 wt.% hybrid B4 C-Ti and 11.6 wt.%TiB2 reinforced materials (Figure 25a).
Hardness values of TiC and Si3 N4 reinforced AMCs are comparable with TiB2 . Meanwhile,
ceramic reinforced 2024, Al–12Si and Al–Cu alloys show inferior hardness compared to
AlS10Mg with similar additives (Figure 25b).
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The AMCs reinforced with TiB2 , TiC, hybrid TiN-Ti and TiC-TiH2 additives are subjected to in situ formation of L12 -Al3 Ti or D022 -Al3 Ti (Table 4), which serve as active
nucleation sites and promote grain refinement in the 0.5–2 µm range (Figure 26a,b). The
substantial grain refinement, down to submicron level, is achieved by the incorporation of
TiN and CaB6 into AMCs, resulting in both significantly enhanced hardness and tensile
strength (Figure 26a,b).
Table 4. The effect of reinforcing compounds on the fabrication and properties of AMCs and their
optimal content limit.
Minimum Optimal
Limit

Reinforcing
Compound

Influence on the LPBF Process and the Properties of the Al Alloys

1-3
TiB2

Exhibits good wettability, interfacial compatibility with Al. Increases
densification level, serves as grain refiner along with in situ formed Al3 Ti,
stabilizes grain boundaries, leads to randomized crystallographic orientation,
dramatically improves strength, hardness and ductility.

2–6.5 wt.%

1-3 LaB6

Forms highly coherent interface with Al, leads to significant grain refinement,
microstructural homogeneity, isotropic mechanical properties, does not have
huge effect on strength enhancement, but improves ductility.

Up to 0.5 wt.%

1-3
CaB6

Serves as excellent grain refiner, microstructure stabilizer at the grain
boundaries, forms highly coherent interface with Al, improves hardness,
tensile strength, without sacrificing ductility.

Up to 2 wt.%

1-3 TiC

Using fine TiC particles leads to fully dense part fabrication with improved
strength, ductility and hardness. The in situ formed D022 -Al3 Ti inoculants
provide heterogeneous nucleation of α-Al, leading to grain refinement, and
remove the preferred orientation of the α-Al (200) phase. Depending on the
TiC content and process parameters, novel circular (ring) structures are formed
within the matrix, enhancing the mechanical performance of AMCs.

Up to 5 wt.%

1-3 TiCB

The gas-atomized powders release enormous TiCB particles during LPBF
process, largely promoting the nucleation of Al grains, grain refinement and
resulting in weak crystallographic texture of AMCs. TiCB particles along with
precipitated Si enhance the yield strength, tensile strength and elongation.

~0.5 wt.%

1-3 TiCN

The addition of TiCN significantly reduces the average grain size, improves
yield strength and ductility over native LPBF AlSi10Mg and rarely induces the
formation of brittle Al4 C3 .

2 wt.%

1-3 TiC+TiH2

Due to decomposition of TiH2 and reaction of Al with Ti, a well-bonded
interface between L12 -Al3 Ti and α-Al was observed acting as substrate for
α-Al heterogeneous nucleation. Meanwhile, the presence of Ti creates “Ti
transition zone” between TiC and matrix, creating potent nucleation sites for
α-Al as well. Owing to restriction of columnar grain growth, the joint effect of
refinement strengthening, the reinforced AMCs exhibit enhanced mechanical
performance, tensile strength and ductility.

1 wt.%TiC
1 wt.%TiH2

1-3 TiC+TiB2

Dual TiB2 +TiC particles induce heterogeneous nucleation of Al and
significantly refine the grains of the Al matrix. Double reinforcement results in
simultaneous enhancement in strength, ductility and hardness, acting more
efficiently than single species.

1.5 wt.%TiC
1.5 wt.%TiH2

1-3 SiC

Use of fine (nanosized or few-micron-sized) SiC results in grain refinement,
decrease in porosity, enhancement of hardness, tensile strength and ductility
but, depending on the process parameters, can cause in situ formation of
Al4 C3 or Al4 SiC4 phases.

Up to 2 wt.%
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Table 4. Cont.
Minimum Optimal
Limit

Reinforcing
Compound

Influence on the LPBF Process and the Properties of the Al Alloys

1-3 Ti+B4 C

In situ formed TiC, TiB2 and Ti3 SiC2 serve as nucleants and reinforcements.
The Ti+B4 C content increase results in improvement in hardness, however
much lower elongation and tensile strength. The released heat during the
combustion reaction allows for fabricating the materials at low applied
laser energy.

1-3 Al4 C3

Al4 C3 itself is a brittle and unstable phase and is best avoided. However, small
amounts of formed nanosized Al4 C3 can enhance the mechanical properties
of AMCs.

-

1-3 Al4 SiC4

Al4 SiC4 along with intermetallic Mg2 Si increase reinforcement/matrix
wettability and the resultant interfacial bonding coherence. Al4 SiC4 serves as
the transition zone, which hinders the direct contact of SiC and aluminum
crystals. Ultrafine Al4 SiC4 has a reinforcing effect, improving the mechanical
properties of SiC reinforced AMCs.

-

1-3 TiN

TiN particles refine the α-Al grains due to intensive heterogeneous nucleation
and increase the fraction of low-energy high-angle grain boundaries,
enhancing the hardness and strength. Due to the Al+TiN reaction, Al3.21 Si0.47
and a (Ti,Al)N graded layer is formed, which significantly enhances the
hardness due to improving interface bonding strength. The coherent interfaces
between the matrix, Mg2 Si and TiN particles lead to precipitation
strengthening, which contributes to the overall strength increase.

4 wt.%

1-3 TiN+Ti

Provides crack-free microstructure and significant grain refinement due to
formation of Al3 Ti phase and different precipitates, improves the hardness and
tensile strength.

4 wt.%

1-3 AlN

The AlN particles show high chemical stability and good compatibility with Al
alloy. They promote densification, refine the α-Al grains, create
strain-hardened tribo-layer, enhancing the wear resistance and stabilizing the
coefficient of friction.

1 wt.%

1-3 BN

The formation of AlN and AlB2 phases during the solid-state reaction of
Al+BN results in increased tensile strength and hardness, though at the
expense of porosity increase. However, increase in BN content and particle
size decreases wettability and prevents uniform metal spreading.

1 wt.%

1-3 Si3 N4

Si3 N4 particles increase the melt pool’s viscosity and disturb the stability,
suggesting a much narrower window for LPBF process parameters. Owing to
hindered dislocation motion during deformation (because of difference of Al
and Si3 N4 ) and the load-bearing effect of Si3 N4 particles, the AMCs possess
improved strength and elastic modulus.

0.7 wt.%

10 vol.%

The degree of improvement depends on additive content and composition of the Al
alloy. Table 4 briefly summarizes the influence of the reported ceramic additives on the
LPBF process and their content limitation.
4. Summary and Outlook
LPBF technologies are now commercially available and attract a huge deal of attention in research community. Although the number of aluminum alloys suitable for AM
through LPBF is quite limited, the process keeps evolving, and, in the nearest future, a
widespread application of AM of high-strength aluminum alloys is expected to occur in
the aerospace market.
The cost of industrial metal printers remains the chief capital expenditure of AM parts
to achieve economies-of-scale cost reduction. Although the industry has suffered due to
COVID-19, the reverse has now begun. In light of current metal printers’ high prices,
they are mostly used in high-value industries, such as aerospace, defense and medical.
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Other fields, such as energy, are starting to show interest in powder bed fusion technology,
although developing economically viable applications requires sufficient time.
A 2.6 percent annual growth rate is predicted for aluminum consumption globally
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main challenge is the recycling of the used feedstock and the utilization of the spattered
incorporating the reinforcing particles into Al alloy particles to provide a homogeneous
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•
Generally, an incorporation of the ceramic particles into Al alloys results in a significant
method was accomplished to demonstrate the capability of different ceramic additives to
improvement in strength, ductility and hardness of the fabricated parts accompanied
tailor the mechanical properties with application to a wide variety of process parameters.

•

Generally, an incorporation of the ceramic particles into Al alloys results in a
significant improvement in strength, ductility and hardness of the fabricated parts
accompanied by a refined microstructure and with randomization of
crystallographic orientation of reinforced AMCs.
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•
•

•

•
•
•

•
•

•

by a refined microstructure and with randomization of crystallographic orientation of
reinforced AMCs.
Most of the AMCs can be densified to over 99% relative density; moreover, non-oxide
ceramic additives significantly improve laser absorptivity of a powder feedstock.
The addition of ceramic particulates shifts the process window to a higher energy
regime; however, an applied excess energy may result in the evaporation or decomposition of ceramics particles (mainly SiC).
The application of a laser re-melting strategy can further increase the densification
degree and the surface quality of AMCs; however, it also can cause the evaporation
and loss of ceramic particles.
Hybrid reinforcements are proven to be the effective additives, providing the formation
of a wide variety of reinforcing phases with a coherent interface with matrices.
The use of ceramics with a fine-particle size results in an increased degree of densification,
microstructural and compositional uniformity, as well as an apparent grain refinement.
The addition of TiB2 , CaB6 , TiC, TiN to Al alloys leads to a considerable grain refinement, down to the submicron level, due to the intensive heterogeneous nucleation and
grain growth inhibition.
An addition of matching ceramics prevents the hot tearing and gives the prospect to
consolidate crack-susceptible Al alloys by a laser powder-bed fusion technique.
The highest elongation of 17.7% is demonstrated by the AlSi10Mg/TiB2 composite;
however, the highest strength of 613 MPa is recorded for the hybrid TiN-Ti reinforced AMCs.
The highest hardness of 316 HV is estimated for SiC reinforced AMCs, which possess
a relatively high strength and moderate ductility.
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