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Abstract: Details and features of the grain structure near the interface region between the AlN
ceramic phase and AlSi10Mg matrix after the laser powder bed fusion (LPBF) were investigated.
Aluminum nitride particles were obtained through self-propagating high-temperature synthesis and
mechanically mixed with aluminum matrix powder. Optimization of the LPBF process parameters
resulted in synthesized material free of pores and other defects. Optical microscopy analysis of
etched cross-section and more detailed EBSD analysis revealed regions with relatively coarse grains
at melting pool boundaries and fine grains in the melt pool core and near the AlN particles. More-
over, a pronounced orientation of fine elongated matrix grains towards the center of the ceramic
particle was obtained. The such formed microstructure is attributed to directional heat sink during
crystallization due to the higher thermal conductivity of aluminum nitride compared to the AlSi10Mg
matrix. On the contrary, poor wettability of AlN by melt partly prevented the formation of such
features, thus a combination of these factors determines the final microstructure of the interface in
the resulting material.

Keywords: selective laser melting; laser powder bed fusion; metal-matrix composite; AlN; aluminum
alloy; grain structure

1. Introduction

Eutectic aluminum alloy AlSi10Mg is a basic and widely used material for laser powder
bed fusion (LPBF) due to its high strength and low weight [1]. Despite the high reflectivity
and low laser energy absorption of aluminum alloys, it is possible to synthesize fully dense
volumetric objects with complex shapes using optimal LPBF process regimes [2]. Reinforce-
ment phase addition into aluminum creating aluminum matrix composite (AMC) is one of
the ways to further improve the mechanical performance of the material. Approaches of
AMCs development may be divided into “in-situ” reinforced particle formation [3] and
mixing of initial matrix powder with reinforcement phases [4,5]. Significant reinforcement
effect may be achieved with several aspects. First of all strength and hardness of reinforcing
particles must be higher than matrix material. Moreover, particles should be uniformly
distributed within the matrix to serve as barriers for dislocation movement, wherein good
bonding between the matrix and reinforcements is needed. Besides the direct strengthening
effect of reinforcement particles they also could lead to matrix grains refinement during so-
lidification under LPBF. This effect is especially pronounced in the case of TiB2 [6,7]. There
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are many reported phases used for aluminum alloys reinforcing with different production
methods such as TiC [8,9], TiN [10,11], SiC [12,13], Al2O3 [14,15], AlN [16,17], and other
ceramics [18] providing strength, hardness, and tribological properties improvement. In
the case of the LPBF process distribution of reinforcing particles within the matrix strongly
depends on process parameters since laser energy input influences melting pool temper-
ature, affecting its viscosity, and thus wetting behavior of suspended refractory particles
by melt. Marangoni convection and recoil pressure [19,20] arising within the melting pool
during LPBF may pull particles to the pool boundaries or instead result in their proper
redistribution leading to the homogeneous distribution [14,21]. Preparation of the initial
powder mixture for composite synthesis is also essential, both reinforcing particles’ size
and method of preparation could lead to different distribution during the LPBF process.
Depending on the chemical composition and its size, the content of reinforcement particles
in the AMC could vary greatly from less than a percent for nano-sized powders to tens of
percent in the case of micron additives [22,23]. Common methods for the preparation of
Al-based composite feedstock includes direct mixing, ball milling [24,25], direct mixing
or ball milling with in situ reaction [26], in situ pre-alloying with gas atomization [27,28],
agent deposition [29], electrodeposition [30].

Composites based on aluminum matrix with the addition of AlN phase are known
as materials with different unique peculiarities, such as increased mechanical proper-
ties [17,31,32], wear resistance [33–35], and special thermophysical properties showing high
thermal conductivity and low coefficient of thermal expansion [36–38]. The combination
of high strength and hardness along with thermal stability, thermal and electrical conduc-
tivity makes aluminum nitride an indispensable component of metal matrix composites,
multi-materials, and functionally graded materials for various applications in automobile,
aerospace, and electronics [39–42]. Common methods of such materials synthesis are
sintering, casting, infiltration, and in-situ reaction. But there are only a few studies of
Al/AlN composites produced by LPBF. However, they demonstrated promising results
with specific features and behavior. Dai et al. [43] provided detailed investigations of melt
spreading behavior and microstructure evolution during the LPBF process using nanoscale
AlN powder. Feedstock material was prepared through ball milling and optimization of
synthesis parameters with a homogeneous distribution of reinforcement within the eutectic
matrix. Deviation of the parameters led to nanoparticle agglomeration on the grain bound-
aries. Previously, authors conducted a study with submicron AlN powder [44]. Theoretical
and experimental approaches also showed a strong dependence on reinforcement distribu-
tion and agglomeration on LPBF parameters and the possibility to obtain homogeneous
microstructure after 3D printing. Migration and rearrangement of reinforcing particles
due to thermo-capillary convection and flow were investigated. Thus, the interface of the
matrix and reinforcing particles determines microstructure and mechanical properties.

Investigation of the microstructure features within the interface region is essential for
various potential applications such as metal matrix composites, bimetal parts (3D printing
on the substrate), functionally graded multi-materials, etc. There are several studies of
grain structure and bonding features of Al/metal or Al/ceramic interfaces forming during
the LPBF process. Bhaduri et al. [45] provided an investigation of AlSi10Mg built on
AA6082 substrate including deep analysis of grain structure using the EBSD method. A
similar study was performed by Hadadzadeh et al. [46] using an Al-Cu-Ni-Fe-Mg cast
alloy substrate. Both studies dealt with alloy/alloy interfaces with similar thermophysical
properties, whereas there is a lack of information concerning 3D-printed alloy/ceramic
interfaces. Al/AlN interface peculiarities were analyzed in [17,47,48], but these studies
were not performed under the LPBF conditions. Since the LPBF process is characterized
by high-cooling rates [49], the grain structure of printed material is much finer comparing
to the conventional methods. Thus, investigation of the interface region between the
ceramic AlN phase and aluminum and its structure in 3d-printed materials is the key to
understanding the design principles of composites and multi-materials. The current study
is focused on grain structure features of the AlSi10Mg matrix in the vicinity of the AlN
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reinforcing ceramic phase after the LPBF process utilizing optical microscopy, SEM, and
EBSD analysis. A deep understanding of the structure formation will contribute to the
development of new functionally graded composites, and multi-materials with unique
mechanical, tribological, thermal and electrical properties.

2. Materials and Methods

Pure aluminum powder was used for AlN self-propagating high-temperature synthe-
sis (SPS) in a gasostat with a 2-L volume. Tungsten-rhenium thermocouples VR5–VR20
with a diameter of 100 µm were used to determine the combustion temperature and com-
bustion front propagation velocity. The morphology of aluminum nitride powders largely
depended on the conditions of aluminum combustion in gaseous nitrogen and on the
composition of the initial charge. Nitrogen pressure, the density of the initial reaction
masses and their weight, and the particle size of aluminum powders were varied to obtain
close to spherical morphology of AlN powder. 10 MPa nitrogen pressure, 100 g of Al
powder with D50 = 62 µm, and tapped density were found as optimal conditions of the
combustion process which resulted in satisfactory particle shape (see Figure 1a). A combus-
tion temperature of 2263 K was observed. After sieving powder of 50–60 µm fraction was
obtained with a distribution curve featuring two peaks (see Figure 1b).
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Figure 1. SEM image of morphology of the obtained AlN powder after sieving (a) and particle size
distribution (b).

Standard gas-atomized AlSi10Mg powder (purchased from RUSAL Co., Moscow,
Russia) with spherical morphology was used as a matrix material. 5 wt.% of AlN powder
was added to the matrix powder and thoroughly mixed using a tumbling barrel to obtain
a homogeneous distribution of reinforcing particles, which was achieved after 6 h of the
process. AddSol D50 machine (Moscow, Russia) equipped with a ytterbium-fiber laser (IPG
Photonics) of 400 W power with 1064 nm wavelength and 80 µm laser spot size was used
for the LPBF process. Cubic samples with a 5 mm edge (see Figure 2) were printed on the
aluminum substrate for further microstructure and mechanical properties investigations.



Metals 2022, 12, 2152 4 of 13
Metals 2022, 12, x FOR PEER REVIEW 4 of 13 
 

 

 

Figure 2. Cubic samples synthesized by LPBF after removing from substrate. 

LPBF was carried out according to the proven method [14] to optimize the process 

parameters. The optimization of process parameters was performed through volumetric 

energy density (EDv, J/mm3) of the printing process: 

𝐸𝐷𝑉 =  
𝑃

𝑉ℎ𝑡
; (1) 

where P—laser power, W; V—scan speed, mm/s; h—hatch distance, µm; t—powder layer 

height, µm. 

A wide range of laser power and scanning speed, i.e., energy input was investigated 

to find the energy that ensures fully melted dense samples without defects such as pores 

and cracks. LPBF process parameters were selected to minimize porosity and maximize 

the relative density of the material, P and V were varied from 200 to 350 W and from 600 

to 1400 mm/s, respectively. The layer thickness was chosen as t = 40 µm according to the 

particle size distribution of the feedstock powder. Hatch spacing h = 80 µm was deter-

mined as a result of single tracks analysis. The initial starting point for the process opti-

mization was the process window for the initial AlSi10Mg powder. This material is well 

known for its good processability and wide processing window. Suitable process pa-

rameters for initial powder are within EDv = 60–120 J/mm3 and ensure relative density 

higher than 99.5%. Thus, the selected initial LPBF parameters in Table 1 were within this 

range with varied laser power and scanning speed. 

Table 1. LPBF process parameters and RD of the printed samples. 

P, W V, mm/s EDV, J/mm3 RD, % 

200 

600 104.2 97.1 

800 78.1 98.4 

1000 62.5 98.2 

250 

800 97.7 97.6 

1000 78.1 98.9 

1200 65.1 99.3 

300 

1000 93.8 97.8 

1200 78.1 99.5 

1400 67.0 99.7 

350 

1000 109.4 97.9 

1200 91.1 99.8 

1400 78.1 99.5 

The elemental composition of powder and LPBF samples were studied using X-ray 

fluorescent (XRF) analysis on REAN (Nauchnie pribory, St.-Petersburg, Russia) equip-

Figure 2. Cubic samples synthesized by LPBF after removing from substrate.

LPBF was carried out according to the proven method [14] to optimize the process
parameters. The optimization of process parameters was performed through volumetric
energy density (EDv, J/mm3) of the printing process:

EDV =
P

Vht
; (1)

where P—laser power, W; V—scan speed, mm/s; h—hatch distance, µm; t—powder layer
height, µm.

A wide range of laser power and scanning speed, i.e., energy input was investigated
to find the energy that ensures fully melted dense samples without defects such as pores
and cracks. LPBF process parameters were selected to minimize porosity and maximize
the relative density of the material, P and V were varied from 200 to 350 W and from 600
to 1400 mm/s, respectively. The layer thickness was chosen as t = 40 µm according to the
particle size distribution of the feedstock powder. Hatch spacing h = 80 µm was determined
as a result of single tracks analysis. The initial starting point for the process optimization
was the process window for the initial AlSi10Mg powder. This material is well known for
its good processability and wide processing window. Suitable process parameters for initial
powder are within EDv = 60–120 J/mm3 and ensure relative density higher than 99.5%.
Thus, the selected initial LPBF parameters in Table 1 were within this range with varied
laser power and scanning speed.

Table 1. LPBF process parameters and RD of the printed samples.

P, W V, mm/s EDV, J/mm3 RD, %

200
600 104.2 97.1
800 78.1 98.4
1000 62.5 98.2

250
800 97.7 97.6
1000 78.1 98.9
1200 65.1 99.3

300
1000 93.8 97.8
1200 78.1 99.5
1400 67.0 99.7

350
1000 109.4 97.9
1200 91.1 99.8
1400 78.1 99.5

The elemental composition of powder and LPBF samples were studied using X-ray
fluorescent (XRF) analysis on REAN (Nauchnie pribory, St.-Petersburg, Russia) equipment
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and by energy-dispersive X-ray (EDX) spectroscopy on Oxford Instruments Advanced
AZtec Energy (High Wycombe, UK). X-ray diffraction (XRD) was attracted to phase com-
position control using a Rigaku SmartLab diffractometer (Rigaku, Tokyo, Japan). The
relative material density was measured by the Archimedes method using an Adventurer
Pro analytical balance (Moscow, Russia) with a measurement error of 0.001 g. The density
was calculated by the following equation:

ρsample =
mair

mair − mliquid

(
ρliquid − ρair

)
+ ρair (2)

where mair is the mass of the sample in the air, mliquid is the mass of the sample fully
submerged in isopropyl alcohol, ρliquid and ρair are liquid and air densities at measurement
conditions respectively. Three measurements were made to determine the masses of the
samples in air and liquid. The relative density was calculated against a theoretical density
of 2.7 g·cm−3 for the initial mix of 95% wt. of AlSi10Mg and 5% wt. of AlN.

Particle size distribution of powders was analyzed using the laser diffraction method
on the Analysette 22 NanoTecPlus device. Microstructure analysis was performed using
both a Carl Zeiss A1M optical microscope (Carl Zeiss, Jena, Germany) and scanning electron
microscopy (SEM) Nova NanoSEM 450 (FEI, Prague, Czech Republic). Grain structure
analysis was performed using optical microscopy on polished and etched samples using
Keller’s reagent. The preparation of metallographic samples consisted of mechanical
grinding with SiC grit papers, and final polishing using colloidal silica (3 µm and 0.25 µm).
Electron backscatter diffraction (EBSD) analysis of grains crystallographic misorientation
was also performed using Oxford Instruments AZtec EBSD system (High Wycombe, UK).

3. Results and Discussion

Combustion parameters were optimized to obtain the near-spherical shape of the
particles, however, a developed surface was observed (see Figure 3a). Self-propagating
high-temperature synthesis of aluminum nitride powder resulted in a single-phase ma-
terial, which also was proven by XRD analysis (see Figure 3b). Moreover, according to
EDX analysis results (see table in Figure 3) combustion process allowed to obtain of AlN
composition without traces of any impurity elements.
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Figure 3. SEM of separate AlN particle (a), X-ray diffraction pattern (b), and table with elemental
composition analyzed by EDX analysis.

Since AlN particles were about 50 µm in size, XRD and EDX analysis gave information
from the overall volume of particles, thus each particle had a tetrahedral crystal structure
and was fully nitrided, and no core-shell structure was observed. It was also confirmed by
the near 1:1 atomic concentration of the elements. The single-phase state of the material is
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important for further LPBF synthesis because steady heating of the particles is provided
without their partial melting, which could lead to the undesirable effect of spattering.

AlSi10Mg powder was used as matrix material with the following chemical compo-
sition: Al—87%, Si—10.7%, Mg—0.5%, Cu—0.7%, Mn—0.5%, Ti—0.2%, Fe—0.3%, other
impurities—no more than 0.1%. Particle size distribution of the powder (D50 = 44 µm with
SPAN = 1.38) along with high particles’ sphericity meets the requirements of the LPBF
process providing high flowability and apparent density. SEM images of AlSi10Mg powder
morphology and particle size distribution are shown in Figure 4.
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Figure 4. Morphology of AlSi10Mg matrix powder (a) and its particle size distribution (b).

Analysis of obtained samples showed relative density (RD) varied from 97.1 to 99.8%.
From the results, it can be seen that the process window of powder with AlN addition
moved towards lower energy densities. Moreover, higher RD was obtained in the case of
process parameters with higher laser power combined with high scanning speeds. As a
result, relative density numbers of more than 99.5% were obtained with 300–350 W laser
power and scan speeds 1200–1400 mm/s. Such behavior is because the addition of AlN
increased the overall absorptivity of the powder compared to the initial aluminum powder.
This means that lower energy density is required for effective and defect-free LPBF of the
powder. Therefore, the offset of the optimized process window compared to the initial
AlSi10Mg alloy was achieved through the parameters with lower laser power and higher
values of scan speed. Exceedance of energy density values during LPBF can lead to keyhole
porosity formation and vaporization due to overheating of the powder [50,51].

Pores, unmelted areas, and cracks are typical defects inherent in the LPBF method and
their ratio depends on specific material and synthesis regime. In the case of aluminum-
based materials with high thermal conductivity and plasticity along with laser energy
reflectivity crack formation is observed rarely, whereas different types of pores and lack
of fusion defects could often arise. It is especially expected for composite materials based
on aluminum matrix since reinforcing particles increase the viscosity of the melt pool [14].
Lack of fusion defects usually appears because of unsuitable LPBF process parameters
and should be avoided by finding the optimal regime. Thus, the small amount of defects
detected within this study is attributed to pores. Typical microstructure with pores is
shown on the sample with low RD = 97.1% synthesized with P = 200 W and V = 600 mm/s
(see Figure 5a (etched) and b (polished)). The sample with the highest RD = 99.8% (its
microstructure is shown in Figure 5c,d) synthesized by the optimal regime (P = 350 W,
V = 1200 mm/s) was chosen for further investigations.
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Figure 5. Optical microscopy images of etched and polished surfaces of AlSi10Mg/AlN composite
printed with P = 200 W and V = 600 mm/s (a) and (b) and with P = 350 W and V = 1200 mm/s
(c) and (d). Pores are shown by white arrows, whereas AlN particles are shown by green arrows.

Figure 5b,d demonstrate that AlN particles have relatively uniform distribution within
the matrix despite the tendency of their pull-out to the melt pool boundaries due to the low
wettability of aluminum nitride by melt. Moreover, such uniform distribution was observed
regardless of porosity level. Thus, chosen process parameters window provides optimal
conditions for particle rearrangement resisting their pulling from the melt by Marangoni
convection.

Figure 6 shows an image of the polished and etched microstructure of AlSi10Mg/AlN
composite with the highest RD = 99.8% printed by the optimal regime (P = 350 W,
V = 1200 mm/s) to discern both coarse and fine-grain structures around one of the typi-
cal AlN particles. Melt pool boundaries highlighted by yellow dash lines are seen. The
microstructure corresponds to the typical for AlSi10Mg in an as-built state and consists of
fine grain regions (the core of the melt pool) and inhomogeneous structure around melt
pool boundaries (MPB) with coarser grains [52]. Due to the directional heat sink during the
LPBF process, there is a texture in the grain structure of printed materials, and in the case of
XY cross-section most elongated columnar cells are seen as equiaxed. Local changes in heat
sink direction led to deviation from uniaxial texture along the building direction. Such areas
with deviant texture could occur near MPB, remelted or heat-affected zones, and around
reinforcing particles with different thermal conductivity properties compared with the
matrix. It should be noted that aluminum nitride possesses thermal conductivity is about
180 Wm−1K−1 [53] which is noticeably higher than TiB2 [54], but lower than SiC [55]. In the
case of AlSi10Mg alloy high thermal conductivity of pure aluminum (247 Wm−1K−1 [56])
is decreased by alloying elements to values around 115–130 Wm−1K−1 for as-build ma-
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terial [57]. Thus, the thermal conductivity of AlN particles is ~1.5 times higher than the
matrix. That fact inevitably influences the crystallization process during LPBF through the
change of heat dissipation conditions and hence grain structure in the vicinity of ceramic
particles should differ. Superposition of build direction texture, remelting, heat-affected
zones, and reinforcing particles form complex inhomogeneous grain structures with differ-
ent cell orientations, sizes, and morphology. Such grain structure features could be found
by analysis of Figure 6.
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Figure 6. Optical microscopy image of the etched surface of AlSi10Mg/AlN composite after LPBF.

The region highlighted by purple circle consists mostly of coarse cells caused by
remelting during the LPBF process and, thus this region was reheated after solidification
which induced the recrystallization process. Such a region is usually named a heat-affected
zone (HAZ). HAZs are also located along each MPB (highlighted by yellow regions) inside
neighboring previous scanned track and could be seen near MPB at the «bottom» of each
MP in Figure 6.

The MP in Figure 6 surrounding the AlN particle from the above has a finer structure
than neighboring ones. It could be explained by the different cross-section depths of
these melt pools, i.e., one MP shows the structure near the bottom of the pool whereas
another demonstrates the core of the pool which experienced less heat. The most interesting
features of the grain structure and texture are observed near the reinforcing particle. Some
deviations from the typical structure are seen. There is a preferential centripetal orientation
of grains near the interface marked by red arrows. Such features could arise due to changes
in heat sink conditions because of the difference in thermal conductivity of the matrix
and AlN as mentioned above. Directional crystallization is caused by the higher thermal
conductivity of aluminum nitride which provided more intense heat dissipation compared
to the matrix. Another feature of the grain structure marked by a red circle represents a
region of coarser grains within the core of MP and near the reinforcing particle. It should
be noted that the solidification mechanism in AlSi10Mg during the LPBF process is cellular-
dendritic [49], and silicon is pushed into the liquid melt by the solidification front [58]
saturating melt with Si. Wherein, on the one hand, the solubility of Si in Al decreases
with temperature [59] but on the other hand extremely high cooling rates during LPBF,
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compensate for this decrease [60]. A combination of these factors leads to solidification
with cellular microstructure.

SEM analysis (see Figure 7a) was also performed on the sample with the highest RD
printed by the optimal regime. EDX analysis depicted in Figure 7b confirms that light gray
particles contribute to the aluminum nitride.
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EBSD map of a region near AlN particle (c).

EBSD analysis of grain structure also confirmed previous discussions and assumptions
(see Figure 7c). The boxed-by-red area in Figure 7a was analyzed to determine grain size,
texture, and crystallographic misorientation in the vicinity of the AlN particle. As it was
mentioned above MPs are characterized by fine grain structure (average size 1–3 µm)
whereas cores of MPBs mostly consist of relatively coarse grains with an average size of
5–7 µm. As an exception, there are a few coarse grains up to 15 µm size. The density of the
black color increases in Figure 7c also indicating fine grain structure as it arises when the
chosen resolution of the EBSD analysis does not allow to unambiguously determine the
crystallographic orientation of a particular area. Besides fine grains distortion of lattice, high
residual stress and dislocation density arising during rapid solidification also complicate
the orientation calculations leading to black areas on the EBSD map. The area of coarse
predominantly equiaxed grains in the lower left corresponds to the AlN particle whose
structure should not be significantly changed during the LPBF process since the melting
temperature of aluminum nitride is extremely high at ~2830 ◦C under N2 pressure [61].
Observed and calculated temperatures of melting pool rarely exceed 2000 ◦C [62,63] which
is far from conditions of AlN ceramic melting. Thus, the observed coarse grain structure of
the ceramic was preserved after the synthesis process.

The interface between AlN and matrix has a pronounced orientation of elongated
and fine matrix grains towards the ceramic particle as it was seen in Figure 6. As it was
mentioned, it is explained by directional heat sink during crystallization when AlN particles
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act as crystallization centers. It should be noted, that in the observed XY cross-section no
texture or elongated grains are observed near the MPB but only near the interface. This
fact proves the heat effect of AlN on the crystallization process and local texture formation.
Wherein, according to EBSD analysis no crystallographic texture was observed neither near
the interface nor in the matrix showing mostly high-angle grain boundaries. Two main
factors determine grain structure near the interface region: directional heat sink and poor
wettability of AlN by melt [64]. The contention of these factors leads to the formation of
equiaxed fine grains besides elongated structure and texture violations.

4. Conclusions

Samples of AlSi10Mg/AlN composite were obtained through the LPBF technique
using standard silumin powder mixed with aluminum nitride particles synthesized by
self-propagating high-temperature synthesis. A shift of the process window to the lower
values of energy density allowed to obtain samples with 99.8%. relative density after
LPBF. The matrix structure has typical inhomogeneous grain size along the MP and MPB,
i.e., MPBs consist of relatively coarse grains, whereas cores of MPs show finer grains. It was
shown that the presence of an AlN phase with different thermo-physical characteristics
influences the crystallization process of the AlSi10Mg matrix during LPBF significantly by
changing the grain structure in the vicinity of the interface toward finer grains. Such fine
grain structures exhibit texture directly perpendicular to the interface caused by directional
heat dissipation arising due to the higher thermal conductivity of AlN. The limiting factor
affecting grain refinement and directional crystallization processes is the poor wettability of
AlN by melt. The combination of a directional heat sink with poor wettability determines
the final microstructure of the material near the interface. Shifting the balance between the
factors presumably should be regulated by the size factor, i.e., the smaller the AlN particle,
the less heat sink factor contribution, and vice versa. Discovered features of the grains at
the interface region between the AlN ceramic phase and AlSi10Mg matrix after the LPBF
process resulted in a better understanding of the interface formation and could be helpful
for further research concerning not only LPBF of composite materials but also additive
manufacturing of multi-materials consisting of both metals and ceramics.
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