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Abstract: Aluminium matrix composite coatings reinforced with AlN nanopaticles have been
manufactured by direct laser deposition on an AA6082 alloy substrate. The reinforcement of
the composite has been generated by the direct nitridation reaction of the feed powder with the carrier
gas (N2) heated by an HPDL beam during the fabrication of the coating. The coating obtained consists
of nano-sized AlN particles in an aluminium matrix, and the crystalline structure of the obtained AlN
depends on the characteristics of the powder used. In this work, the influence of the feed powder
composition is studied by comparison among pure aluminium, Al12-Si alloy, and AA6061 alloy, on
the formation of AlN and its crystalline structure. A correlation was established between the temperature
distribution reached by the particles, their composition, and the nitridation reaction mechanisms.
The effect of the reinforcement was evaluated by comparing the microstructure and mechanical
properties (microhardness, nanoindentation) of the composite costing with non-reinforced Al coatings
and uncoated AA6082. Al/AlN composite coatings with improved properties were achieved, reaching
hardness values that were 65% higher than coatings without reinforcement.

Keywords: nitridation reaction; aluminium matrix composites; direct laser deposition; transmission
electron microscopy; microstructure; nanoindentation

1. Introduction

Improving the efficiency of the means of transport in order to reduce fuel consumption
and pollution is currently one of the main challenges that the transport industries are facing. For this
reason, there is an increasing interest in research focussed on the fabrication of light-weight structural
materials with improved properties. Aluminium alloys have a high processing capacity and a reasonable
cost together with a reduced density, which gives them high specific values of strength and elastic
modulus. For this reason, they have received great attention for applications in many sectors, especially
in transport. 6XXX series alloys are widely used in the automotive industry, and specifically, 6082 is
used for sections that require high tensile strengths. Mrówka-Nowotnik et al. [1] identified all
the intermetallic phases formed in 6082 alumnium alloy casting, and Birol [2] investigated the effect of
ageing treatments T5 and T6 on the final properties of AA6082 alloy; they found that the quench is
the most critical processing parameter.
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However, in the transport sector, some components work under wear conditions and/or are
subjected to mechanical loads, so it is necessary to use materials with improved properties. Aluminium
matrix composites (AMC) are very promising materials due to their lightness, strength, and wear
resistance. Most of the methods used to fabricate bulk aluminium composites employ the liquid
route, in which the ceramic reinforcement is added to a molten aluminium alloy. The main problems
with these methods are the inhomogeneous reinforcement distribution and the reinforcement/matrix
interface reactions that can produce harmful intermetallic phases and consume the reinforcement.
Al–SiC metal matrix composites are the most studied system. Other authors investigated the interfacial
reactions in Al/SiCw composites made by liquid metal infiltration, and they found that the consumption
of SiC is inversely proportional to SiC volume fraction, and the Al–SiC reaction exits from 670 ◦C.
Therefore, depending on the matrix-reinforcement system, it may be necessary to find a way to
minimise the interfacial reactions [3]. Ureña et al. [4] studied the application of oxidation treatments
to SiC particles to minimise the interfacial reactions of these systems and reduce the formation of
Al4C3 crystals.

The search for improving the surface properties has promoted a growing interest in research
focussed on the use of aluminium composite coatings on aluminium substrates and other light alloys
to increase the surface properties without increasing the weight of the bulk material. Kumar et al. [5]
reported about cold-sprayed coatings with different powder compositions of SiC on aluminium
substrates, and they found that the wear performance of the coating enhances when the SiC particulate
volume increased with the heat treatments. Rodrigo et al. [6] investigated the wear behaviour of
Al/SiCp composites coatings prepared by oxy-acetylene flame thermal spraying on ZE41 magnesium
alloy, obtaining that the wear rate of as-spayed coatings with 12.3 vol.% SiCp was 40% lower than
that of the substrate. Riquelme et al. [7] deposited Al/SiCp coatings by a laser cladding process,
and they observed that the particulates reacted with the aluminium and formed Al4C3. To minimise
this problem, they modified the composition of the feeding powder by adding Si and Ti.

The use of AlN as a reinforcement for aluminium matrices is not widespread, but its properties
make it a good candidate for this. It has high thermal conductivity, high mechanical resistance,
low electrical conductivity, low density, and a low coefficient of thermal expansion; all this is
combined with a high resistance to degradation in molten Al. A359/AlN composites have been
manufactured with appropriate mechanical and functional properties for automotive applications by
means of stir and squeeze casting [8]. However, AlN powder is expensive and has high fabrication
costs. Borgonovo et al. [9] reported that generating in situ AlN in the aluminium matrix reduces
manufacturing costs and guarantees a perfect integration of the reinforcement in the matrix composite.

In situ AlN/aluminium composites have been fabricated by direct reaction between molten
aluminium and nitrogen or NH3 in direct melt nitridation (the PRIMEX method) [10]. Hou et al. [11]
and Hall et al. [12] found that aluminium nitridation is a thermodynamically exothermic process
and energetically favourable for an extensive range of temperatures. The nitridation reaction from
nitrogen is:

2Al + N2→ 2AlN. (1)

In addition, it is possible to use NH3 as a nitrogen source:

2Al + 2NH3→ 2AlN + 3H2. (2)

Borgonovo and Apelian (2011) [13] reported that the standard manufacturing techniques, apart
from having high fabrication costs, produce materials that have pores because of the degradation
caused by reactions between the matrix and the reinforcement.

Direct Laser Deposition (DLD) is a very effective way to obtain coatings on metal structures. The use
of a laser as a power source offers some advantages in comparison with other fabrication methods.
For instance, non-restricted geometries can be fabricated by laser technologies. Zhong and Liu [14]
collected in a review article the influence of the rapid heating/cooling, which is a characteristic of laser
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cladding, in the final microstructure of the material deposited. One of the advantages is that the DLD
coating process can be used to fabricate better coatings with minimal thermal distortion and dilution
and improved surface quality. Song et al. [15] fabricated Ti6Al4V coatings on pure titanium with
enhanced wear behaviour thanks to the ultrafine microstructure, high hardness, and high residual
stress of the coatings.

Currently, DLD is only used to fabricate parts or coatings that have the same composition of
the powders used. Depositing a composite coating, particularly with a nano-sized reinforcement,
would strongly improve the properties of the coated pieces, but the compositions of the commercial
powders for DLD are very limited, and no aluminium composites are available. To solve this situation,
in this work, we propose a novel process based on the formation of an aluminium alloy composite
reinforced with AlN particles by the in situ reaction between an aluminium alloy and nitrogen under
the irradiation of the laser used during DLD, so that the composite is formed while the composite
is being deposited. This is an innovative process that can be afterwards applied on other additive
manufacturing processes, and this study shows that the surface properties obtained largely exceed
those of the alloys conventionally used in the automotive and aerospace industries. Moreover, the cost
is equivalent to that of coating with any other DLD process.

Riquelme et al. [16] in a previous work have studied the effect of the processing parameters
on the additive manufacturing of wall-shaped pieces, using Al-12Si as a feed powder. In these
pieces, the formation of AlN nanoparticles has been detected. In the present work, the influence
of the composition feed powder on the generated AlN crystalline structure has been investigated.
In addition, the relationship between the crystalline structure and the mechanical properties of
the manufactured coatings has been evaluated. Al/AlN nano-reinforced composite coatings on
AA6082 alloy have been fabricated by Direct Laser Deposition in an N2 atmosphere. The laser
heats the particles, inducing a nitridation reaction. Nitrided powders were analysed by scanning
and transmission electron microscopy (SEM and TEM). The effect of using different aluminium
alloys has been evaluated, and the temperature of the particles in the laser beam has been modelled.
The correlation between the temperature of the particles and the crystalline structure of AlN formed has
been found. The coatings were analysed by SEM, and the micromechanical properties were evaluated
using nanoindentation tests and Vickers microhardness. The coatings that had AlN particles showed
increases in hardness of up to 65% compared to the unreinforced material. Nanoindentation maps
have identified the hardening effect of the particles in the matrix.

2. Materials and Methods

Different aluminium alloy powders were tested to evaluate the effect of the composition of the alloy
used: pure Al, Al-12Si, and AA6061. Table 1 contains the average size and composition of the alloys.

Table 1. Composition and size of the alloy powders used.

Product Manufacturer D50 (µm) Composition (wt.%) Composite Name Used

Al Oerlikon Metco 70 99.74 Al Al/AlN
Al-12Si Oerlikon Metco 60 12 Si, 88 Al Al-12Si/AlN

AA6061
Aluminium

Powder
Company

75

0.8–1.2 Mg, 0.4–0.8 Si,
0.15–0.4 Cu, 0.04–0.35 Cr,

< 0.7 Fe, < 0.15 Mn, < 0.15 Ti,
balance Al.

AA6061/AlN

Aluminium matrix composites reinforced with AlN on AA6082 aluminium alloy were
manufactured by DLD. The AlN reinforcement was obtained by a direct nitridation reaction between
nitrogen gas and aluminium particles during the fabrication process.

The equipment used consists of an HPDL (ROFIN DL013S) with a maximum power of 1300 W
that emits at 808 and 940 nm, equipped with a cladding coaxial nozzle (Fraunhofer IWS COAX 8,
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Dresden, German), and placed on a 6-axis robot from ABB. The processing conditions of the nitrogen
gas used were a pressure of 4.5 atm and flow rates of 0.05 L·s−1. The laser power used was 1 kW,
the powder feeding rate was 3 g/min, and the laser focus overlapped with the powder focus.

After the laser treatment, the composite powders were examined by SEM Hitachi equipped
(Mannheim, Germany) with an energy-dispersive X-ray spectrometer (EDS), TEM, selected area
electron diffraction (SAED), and nuclear magnetic resonance (NMR). The particle size distribution was
measured by Leica Application Suite image analysis software. SEM images with a high number of
particles (> 50 particles) were used to measure their size distribution.

To evaluate the effect of the AlN reinforcement in the composite matrix coating properties,
Al coatings were manufactured by DLD without reinforcement. The process used for the fabrication
was the same, applying the same control parameters, but using argon instead of nitrogen.

Al/AlN coatings were made on an AA6082 alloy with a T6 treatment in the form of coupons of
30 × 30 × 5 mm3. The nominal composition is shown in Table 2. The surface of the substrates was
prepared by blasting with brown corundum (D50 = 60 µm) for 1 min. The substrate roughness after
blasting was 14.5 µm (arithmetical mean height, Sa). The manufacturing parameters of the coatings are
shown in Table 3.

Table 2. Composition of the coupons used as substrate.

Alloy Composition (wt %)

AA6082 1.05 Si; 0.23 Fe; 0.03 Cu; 0.57 Mg, 0.57 Mn; 0.02 Zn; 0.02 Ti, balance Al.

Table 3. Direct Laser Deposition control parameters.

Laser Power (W) Scan Speed (mm/s) Distance between Laser
Lines (mm)

Powder Feeding Rate
(g/min)

1000 10 0.7 3

The samples fabricated were cut by their cross-section and polished. Samples were analysed by
SEM and X-ray diffraction (XRD). Reinforcement percentage was calculated by using image analysis
software (Leica Application Suite, Buffalo Grove, IL, USA). Vickers microhardness profile was obtained
on the cross-section with a Shimadzu microhardness tester (Kyoto, Japan) with 1 gf load for 15 s.
The nanohardness of the different phases of the composite coatings was measured using a Berkovich
indenter (MTS nanoindenter, Eden Prairie, MN, USA) by applying 0.5 gf for 10 s; 10 × 10, 15 × 15,
and 20 × 20 nanoindentation matrices were done.

3. Results

3.1. Initial Powder Characteristics

Figure 1 shows images of the powder particles used and their distribution. The as-received Al
powder showed quasi-spherical particles with some satellites (Figure 1a). The size distribution was
+50–100 µm and matched the values provided by the manufacturer.

The Al-12Si alloy particles had a spherical shape with few satellites (Figure 1b). The size distribution
of the Al-12Si alloy differed from that provided by the manufacturer by 13.4% (+40–90 µm).

The size distribution of the AA6061 powders (Figure 1c) was not homogeneous, and particles
with elongated shapes could be observed. The size of the particles was between 10 and 100 µm,
with an average dimension (D50) of 75 µm. The particles showed a smooth surface, and many
were aggregated.
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The particles were submitted to a reactive process in the laser beam in a nitrogen flow, and in 
order to characterise them, were not deposited on a substrate, but were collected in a metallic box.  

NMR analysis of laser-treated powders is shown in Figure 2. In all three cases, the peaks 
corresponding to cubic Al were identified. Apart from this peak, another peak was observed in all 
the samples at 112 ppm; this value corresponds to hexagonal AlN, and it has been assigned by Xiong 
et al. [17] to the tetrahedrally coordinated AlN4 units. 

Figure 1. (a) Al particles as-received, (b) Al-12Si particle as-received, (c) AA6061 as-received.

3.2. Laser Treated Powder Characterisation

The particles were submitted to a reactive process in the laser beam in a nitrogen flow, and in
order to characterise them, were not deposited on a substrate, but were collected in a metallic box.

NMR analysis of laser-treated powders is shown in Figure 2. In all three cases, the peaks
corresponding to cubic Al were identified. Apart from this peak, another peak was observed in
all the samples at 112 ppm; this value corresponds to hexagonal AlN, and it has been assigned by
Xiong et al. [17] to the tetrahedrally coordinated AlN4 units.

SEM and TEM images of pure Al powders (Figure 3) showed changes in the morphology of
the particles surface after the laser treatment. The powder was slightly deformed due to melting
and solidification (Figure 3a), but the general shape of the particles had not changed. Figure 3b
shows a detail of a laser-treated Al particle in which reaction products were formed at the surface of
the aluminium particle. Electron diffraction patterns taken in different zones of this layer showed that
there were amorphous zones (Figure 3c) and nanocrystalline zones (Figure 3d). SAED patterns indicate
the existence of AlN with different crystalline structures: Figure 3e shows a zone in which the SAED
pattern corresponds with an AlN cubic structure (F-43m) oriented on the zone axis [011], and Figure 3f
shows a SAED pattern that correlates with hexagonal AlN (P-63mc) on the zone axis [010].
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Figure 2. (a) 27Al NMR spectra of Al pure/AlN particles; (b) DRX pattern and 27Al MAS NMR spectra
of Al-12Si/AlN particles; (c) DRX pattern and 27Al MAS NMR spectra of AA6061/AlN particles.

The Al-12Si/AlN laser-treated powder did not change its overall shape, although some deformation
and roughness appeared on its surface (Figure 4a). Figure 4b shows the TEM image of the surface of
an Al-12Si/AlN particle in which zones with different characteristics were observed. The diffraction
pattern on the particle surface showed the presence of AlN that varied from partially nanocrystalline in
Zone A (Figure 4c) to cubic (F43m) in Zone B (Figure 4d; the pattern is correlated with zone axis [0 0 1]).

The shape and roughness of the powder surface of 60661 were strongly modified by the laser
treatment. The particles were more elongated and showed a higher surface roughness (Figure 5a).
The TEM images showed that small crystals were formed on the surface (Figure 5b). Figure 5c shows
one of these crystals and its SAED pattern, which corresponds to a cubic structure for the AlN in
the zone axis [1 1 2]. Figure 5d shows the image and SAED patterns from a different crystal that
coincides with the hexagonal AlN P-63mc oriented on the zone axis [2 1 0].
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hexagonal ED.

All the powders were modified by the laser-induced nitridation and by the melting
and solidification process. The particles surface showed more roughness, and the shape was less
spherical. Nevertheless, according to the shape and surface texture, these powders can be used in
additive manufacturing with similar viability as the initial powders, although according to the research
of Dawes et al. [18], its flowability may be slightly reduced.
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3.3. Microstructure of Al/AlN DLD Layer

Figure 6 shows the microstructures of the different coatings made of Al alloys reinforced with
AlN particles fabricated using the DLD parameters shown in Table 3 and their corresponding EDX
analysis. Figure 6a shows that in the pure aluminium matrix composite, the AlN reinforcement in situ
was formed in the matrix. The measured reinforcement percentage was 10 vol %. Most of the AlN
particles, particularly those of smaller size, were distributed in the matrix, although in some zones,
AlN particles agglomerated forming rings, which was possibly because of the mass transfer fluxes
caused by the Marangoni effect. The AlN particles size was below 2 µm (Figure 6b).
Metals 2020, 10, x FOR PEER REVIEW 10 of 19 

 

 
Figure 6. (a) Cross-section of Al/AlN coating on AA6082 aluminium alloy; (b) detail of the AlN 
particles on Al/AlN coating; (c) Al-12Si/AlN coating microstructure; (d) detail of the AlN particles on 
Al-12Si/AlN coating; (e) AA6061/AlN; (f) detail of the AlN particles on AA6061/AlN coating. 

3.4. Microhardness Measurements 

In order to evaluate the effect of the AlN reinforcement in the properties of the layers deposited, 
both reinforced and unreinforced Al were fabricated by DLD, using in all cases the parameters shown 
in Table 3 and using nitrogen and argon, respectively. 

Figure 7a shows the average Vickers microhardness of the different coatings and of the substrate. 
In all cases, the microhardness was lower in the unreinforced coatings. As a reference, the hardness 
of the substrate was 90 ± 5 HV0.1; this value is common in this alloy, and it is due to the alloying 
elements of the AA6082 and to the formation of Cu precipitates in the AA6082. The hardness of the 
unreinforced Al layer was 80 ± 5 HV0.1, which is lower than that of the substrate. The incorporation 
of in situ formed AlN particles increased the hardness by 65% to 123 ± 10 HV0.1. In the case of the Al-
12Si alloy, the unreinforced coating microhardness was 95 ± 5 HV0.1, which is similar to the substrate 
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Figure 6. (a) Cross-section of Al/AlN coating on AA6082 aluminium alloy; (b) detail of the AlN
particles on Al/AlN coating; (c) Al-12Si/AlN coating microstructure; (d) detail of the AlN particles on
Al-12Si/AlN coating; (e) AA6061/AlN; (f) detail of the AlN particles on AA6061/AlN coating.

The Al-12Si/AlN microstructure shown in Figure 6c consists of an aluminium–eutectic silicon
matrix reinforced with AlN particles. The AlN size was below 1 µm (Figure 6d), and the distribution
of particles was more homogeneous than in the case of using a pure Al matrix. Figure 6e shows
the microstructure of the AA6061/AlN composite; in this case, apart from AlN particles, Cu intermetallic
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was also observed. The AlN aggregates’ average size was 1 µm, as observed by SEM, and many
particles were observed near the Cu-intermetallic precipitates (Figure 6f).

3.4. Microhardness Measurements

In order to evaluate the effect of the AlN reinforcement in the properties of the layers deposited,
both reinforced and unreinforced Al were fabricated by DLD, using in all cases the parameters shown
in Table 3 and using nitrogen and argon, respectively.

Figure 7a shows the average Vickers microhardness of the different coatings and of the substrate.
In all cases, the microhardness was lower in the unreinforced coatings. As a reference, the hardness of
the substrate was 90 ± 5 HV0.1; this value is common in this alloy, and it is due to the alloying elements
of the AA6082 and to the formation of Cu precipitates in the AA6082. The hardness of the unreinforced
Al layer was 80 ± 5 HV0.1, which is lower than that of the substrate. The incorporation of in situ
formed AlN particles increased the hardness by 65% to 123 ± 10 HV0.1. In the case of the Al-12Si alloy,
the unreinforced coating microhardness was 95 ± 5 HV0.1, which is similar to the substrate hardness.
In this case, the incorporation of the AlN reinforcement increased the hardness by more than 35%
to 150 ± 10 HV0.1, which is a very high hardness value for Al composites. Finally, the unreinforced
AA6061 layers had a hardness of 60 ± 10 HV0.1, which increased by 20% to 75 ± 10 HV0.1 by forming
the AlN particles in the alloy.
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column) for the three reinforced systems. A direct relationship between the microstructure and the 

mechanical properties has been determined. In all cases, the AlN particles’ hardness was 30 ± 5 GPa 

(the values are similar to those measured in previous studies for Al/SiCp composites coatings [20]). 

A
A
60

82

A
l/A

lN
 o
n 
A
A
60

82

A
l o

n 
A
A
60

82

A
l1
2S

i/A
lN

 o
n 
A
A
60

82

A
l1
2S

i o
n 
A
A
60

82

A
A
60

61
/A

lN
 o
n 
A
A
60

82
 

A
A
60

61
 o
n 
A
A
60

82

0

20

40

60

80

100

120

140

160

180

M
ic

ro
h
a
rd

n
e
s
s
(H

V
0

,1
)

-300 -200 -100 0 100 200 300

25

50

75

100

125

150

175

200

31

 uncoated AA6082

 Al/AlN on AA6082

 Al on AA6082

 AA6061 on AA6082

 AA6061/AlN on AA6082

 Al12Si on AA6082

 Al12Si/AlN on AA6082

V
ic

k
e
rs

 M
ic

ro
h
a
rd

n
e
s
s
 (

H
V

0
.1
)

Distance (mm)

2

Substrate HAZ Coating

Figure 7. (a) Coatings and substrate average Vickers microhardness (HV0.1); (b) Vickers microhardness
(HV0.1) evolution along the coatings and the substrate.

The microhardness evolution across the coatings and the substrate is shown in Figure 7b.
The microhardness across the Al, Al-12Si, and AA6061 coatings fabricated without reinforcement
(blue, green, and red dashed lines) were similar to the substrate microhardness. However, the Al/AlN
and Al-12Si/AlN coatings (blue and green lines) showed that the hardness increased from the substrate
interface to the top of the coating. This evolution of the microhardness is common in laser cladding
because the top of the coating cools off at a faster rate than the bottom [4]. This effect was not
accentuated in the AA6061/AlN coating (red line), which had a microhardness that was similar to that
of the substrate.
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In all cases, the hardness increase caused by the presence of nano-sized AlN particles is explained
because they can act as grain nucleants and thus establish a control in the solidification during the DLD
process. The addition of nucleants in aluminium alloy powders used for additive manufacturing
resulted in crack-free materials, with equiaxed fine-grained microstructures [19].

In the HAZ, we observed a change in the hardness without the presence of nitrides. This suggests
that the increase in hardness is caused by the DLD process. In this zone, different phenomena take place:
the outer zone of the substrate is heated, but the temperature increase is smaller than the temperature of
the coating deposited, so that the thermal contraction of the coating is greater than that of the substrate.
This induced compressive forces in this zone of the substrate. On the other hand, the microstructure in
this zone is similar to a casting microstructure. On the HAZ, the microstructure showed columnar
grain growth in the solidification direction perpendicular to the isotherm. In addition, the molten pool
zone is small and is formed by equiaxial grains smaller than the uncoated substrate [4,20].

The correlation between the coating microstructure with the nanohardness and Young’s modulus
has been analysed by nanoindentation mapping studies. Figure 8a–c shows the different coatings
microstructure (a column) and its nanohardness (b column) and Young´s modulus map (c column) for
the three reinforced systems. A direct relationship between the microstructure and the mechanical
properties has been determined. In all cases, the AlN particles’ hardness was 30 ± 5 GPa (the values
are similar to those measured in previous studies for Al/SiCp composites coatings [20]).Metals 2020, 10, x FOR PEER REVIEW 12 of 19 
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4. Discussion

In the DLD process, metallic particles carried in a gas are heated with a laser so that these particles
are molten and deposited in a surface where they solidify and form a new structure. In this work, we
have used nitrogen as the carrying gas in order to cause a reaction between the nitrogen atmosphere
and the molten aluminium of the alloys used. As a result of the interaction, AlN particles are formed,
and they are incorporated in the deposited material, giving place to a composite deposited material.

This process has been carried out with particles that have different shapes, sizes, and compositions.
All these characteristics may have an effect in the interaction between the powder particles and the laser
beam, and between the molten aluminium particles and the surrounding nitrogen atmosphere.

The amount of AlN formed depends on the speed of the nitriding reaction, which in turn depends
on the temperature and the composition of the alloys used. To determine the temperature of the powder
in the laser beam, the powder temperature distribution for the conditions used has been modelled
using the equations provided by Pinkerton [21]:

T(Z, R) = T0 +
3α

4ρcrp

 PA
v′PZ

∫ Z

z′(L)
I(z, r′(z))dz +

PB

v′′PZ

∫ Z

z′′(L)
I(z, r′′ (z))dz

 (3)

where T(Z,R) is the temperature distribution of the powder along the spraying path (0 < z ≤ sn), T0
is the initial powder temperature, α is the absorptivity, ρ is the particle density, c is the specific heat
capacity, rp is the particle radius, PA and PB are the powder proportion following path A (the largest
one) and path B (the shortest one), v′pz and v”pz are the powder velocities in path A or B in the z (axial)
direction, and r and z are the radial and axial positions.

The model was implemented using Matlab 7.0 software and the diagram of the coaxial laser
deposition nozzle used, and the powder and gas flux are shown in Figure 8a. The temperature
distribution of the sprayed particles during the fabrication process at the focal plane is plotted in
Figure 9b for the different powders used.
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The temperatures obtained for Al pure particles with the model (Figure 9b, blue line) are between
1160 and 1640 ◦C; for Al-12Si particles (Figure 9b, black line), they are between 1312 and 1845 ◦C;
and for AA6061 particles (Figure 9b, red line), they are between 1244 and 1555 ◦C. These different
temperature ranges are mainly caused by the difference in particle size (Table 1). As it happens in
all systems, the smaller the particles, the larger the area-to-volume ratio they have. In addition, as
the radiation absorption in associated with the area of the particle exposed to the laser radiation,
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there is a higher radiation absorption of energy per unit mass in smaller particles. Therefore, smaller
particles reach higher temperatures.

On the one hand, the temperature reached by the particles exceeds their melting point by a large
margin, indicating that they are in liquid state for most of the travel time, and it allows them to react
with the surrounding nitrogen with a high reaction kinetics, giving place to the formation of nitrides.
In addition, the surface-to-volume ratio that micro-sized particles have is very high, so the area in
which the reaction can take place is also very high. On the other hand, the reaction time is very short,
reducing the total amount of nitrides that can be formed and reducing the size of the nitrides formed.

Daniel et al. [22] found that all these factors cause the reaction mechanism type to be conducted
by its surface, which is also expected in environments with low nitrogen pressure. All these aspects
are different from the processes that take place by insufflating nitrogen in molten aluminium pools,
such as in direct melt nitridation (the PRIMEX method) in which the aluminium temperature is much
lower and the ratio of the surface of the molten aluminium exposed to nitrogen is much smaller, but
the interaction time can be extended for long periods of time.

For the three types of alloy powders used, the results indicate that the nitridation reaction has
taken place, showing that the temperature and the reaction time have been high enough in all cases
(Figure 9b). Therefore, the differences observed in the crystalline structures formed must be explained
by considering other factors such as the non-equilibrium conditions in which the reaction takes place,
the particle size, and the elementary composition of the alloys used (Mg and Si).

Schemerler and Kortus [23] found that the AlN crystalline phase formed depends on temperature
and pressure; they suggest that under equilibrium conditions at room temperature, AlN is stable in
its hexagonal form. AlN shows cubic structure at high temperatures, and its structure changes to
the hexagonal form at lower temperatures. The phase transition mechanism from cubic to hexagonal
depends on free energy and temperature, and the transition path in the absence of pressure leads to
the achievement of a stable hexagonal phase. However, in a particle immersed in a solid, the residual
stress may limit this transformation. Both structures show high mechanical properties, although
the mechanical strength and thermal conductivity are higher in cubic AlN than in its hexagonal structure.

The laser fabrication process is a very rapid process that takes place on the surface of the Al
particles, forming AlN nanoparticles. In addition, the temperature distribution across the laser beam
follows a Gaussian distribution with its maximum placed at the centre of the laser beam (Figure 9)
so the deposited particles may have had a different thermal story.

Kudyakova et al. [24] obtained similar results in other AlN synthesis methods and as they explained,
most of the research concerning the in situ fabrication of AlN particles has focused on the wurtzite
crystal phase. Yuechun et al. [25] established that the formation of a cubic structure is possible in
non-equilibrium conditions using an excimer laser fabrication process. Other authors [24,26] found
that the cubic phase nucleation occurs when the reaction takes place under high-energy conditions
such as in the case of plasma spraying. In our case, the use of an HPLD results in a similar situation.

Nitridation in non-equilibrium conditions and the effect of the particle size are very important
factors in the AlN crystalline structure obtained. In the Al-12Si, only the cubic AlN phase was observed
(Figure 4). This can be explained because these particles reach the highest temperature of the three
studied, getting values above across all laser beams. Therefore, all the AlN is formed in the cubic phase.
Afterwards, the cooling of the particles is very fast, as it takes place when the molten particle comes
into contact with the surface. The great temperature difference between the particle and the surface
and the small mass of the particles (they are the smallest of all tested particles) causes the cubic AlN
phase to quench in the layer formed.

In the case of Al and AA6061 particles, both crystalline structures (cubic and hexagonal) have
been observed (Figures 3 and 5, respectively) in contrast to Al-12Si ones. This can be explained by
considering that the Al particles are slightly larger than the Al-12Si ones, so that they reach lower
temperatures during the manufacture of Al/AlN powder (Figure 9b). Norrby et al. [27] reported that in
a first stage, cubic AlN grows on the aluminium surface, and in a second stage, cubic AlN undergoes
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a polymorphic transition into the hexagonal phase. The polymorphic transition is allowed due to
the slower solidification speed because of the lower particle temperature compared to the Al-12Si ones.
On the other hand, the AA6061 powder has a very heterogeneous size distribution (Figure 1c), so that
large particles will have a similar behaviour to Al powder and smaller particles will behave similar to
the Al-12Si powder.

Figure 10 shows schematically the process described above, and the temperature evolution of
the particles is represented. Al-12Si particles have a higher cooling speed than pure Al and AA6061
particles, and this lower cooling speed allows the polymorphic transition from cubic to hexagonal AlN.Metals 2020, 10, x FOR PEER REVIEW 15 of 19 
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Furthermore, the effect that the alloying elements have on the nitridation reaction must also be
considered. In the case of Al, there is a reaction between the metal powder and nitrogen according to
the reaction shown in Equation (1), as there are no other elements in the alloy. In this case, the powder
temperature is high enough to promote the nitridation reaction, and the AlN formed has both cubic
and hexagonal structures (Figure 3).

In the Al-12Si particles, the presence of Si does not catalyse the formation of AlN, so there is
a direct reaction between Al and N following the mechanism shown in Equation (1). In this case, only
the cubic AlN phase was formed (Figure 4). Apart from the higher temperature of the powder, this can
be due to the presence of silicon, which reduces the AlN reaction speed, as it has been described in this
kind of system [22]. Figure 11a shows schematically the reaction mechanism described above for Al
and Al-12Si particle nitridation. The higher temperatures achieved dissociates the diatomic nitrogen,
which reacts with molten aluminium particles, forming AlN nanoparticles on the aluminium surface
by direct nitridation.

Finally, in the case of AA6061 particles, both cubic and hexagonal AlN structures were observed
(Figure 5). This is due to the opposite effect of magnesium and silicon, which are both alloying elements.
Magnesium acts as a reaction catalyst; it changes the reaction mechanism from the one indicated by
Equation (1) to a mechanism in which there is a reaction between Mg and N2 according to Equations (4)
and (5), forming Mg3N2. Subsequently, aluminium reacts with Mg3N2 and forms AlN according to
Equation (6):

Al (Mg)→ Al (l) + Mg (g) (4)
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3 Mg + 2 [N]→Mg3N2 (5)

2 Al + Mg3N2→ 2 AlN + 3 Mg. (6)

The global reaction is:
Al + [N]→ AlN. (7)

This mechanism is more favourable than the direct reaction between Al and N2 [28]. In this case,
a larger amount of AlN with hexagonal structure should be expected. However, the inhibiting effect of
Si reduces the kinetics of the reaction, so that both crystalline structures are present at the surface of
the particles.

Figure 11b shows the mechanism described above for AA6061 particles. First, there is a reaction
between Mg and N2 to form Mg3N2, which is quickly followed by a reaction between Mg3N2

and aluminium to form AlN. Then, the formation of AlN nanoparticles is conducted by the combination
of the following reaction mechanisms: direct nitridation for Al and Al-12Si particles, catalysed
nitridation by the presence of Mg in AA6061, and by the evolution of temperature of the particles, with
higher temperatures and faster cooling in the Al-12Si powder. This results in the formation of mixtures
of hexagonal and cubic AlN in pure Al and in AA6061, and only cubic AlN in the Al-12Si particles.

Metals 2020, 10, x FOR PEER REVIEW 16 of 19 

 

Figure 11b shows the mechanism described above for AA6061 particles. First, there is a reaction 
between Mg and N2 to form Mg3N2, which is quickly followed by a reaction between Mg3N2 and 
aluminium to form AlN. Then, the formation of AlN nanoparticles is conducted by the combination 
of the following reaction mechanisms: direct nitridation for Al and Al-12Si particles, catalysed 
nitridation by the presence of Mg in AA6061, and by the evolution of temperature of the particles, 
with higher temperatures and faster cooling in the Al-12Si powder. This results in the formation of 
mixtures of hexagonal and cubic AlN in pure Al and in AA6061, and only cubic AlN in the Al-12Si 
particles.  

 
Figure 11. Nitridation mechanism; (a) for Al and Al-12Si particles; (b) for AA6061 particles. 

The characterisation of the laser-treated powder showed that the shape of the particles did not 
suffer considerable superficial changes (Figures 3–5), making them valid for the same manufacturing 
processes as the initial powder, i.e., powder metallurgy and thermal spraying. Therefore, they are 
suitable to the DLD process. The images of the layers (show) that there was continuity in the layer, 
and no significant defects appeared with any of the materials tested.  

The hardness of the alloys deposited without reinforcement for the pure Al, Al-12Si, and AA6061 
layers was 80, 95, and 60 HV0.1, respectively. These values are similar to those of the substrate used 
and are common values for these alloys [4]. The incorporation of AlN increased the hardness of the 
alloys, and the hardness was 123, 150, and 75 MPa for the Al/AlN, Al-12Si/AlN, and AA6061/AlN, 
respectively.  

For the different systems, the hardening effect can be associated with the Orowan effect in which 
hard particles limit the movement of dislocations in the matrix, causing an increase in the hardness 
of the material. In our case, the AlN particles would play a role equivalent to that of strengthening 
precipitates in aluminium alloys. Another hardening effect that can take place is the Hall–Petch effect 
in which the grain boundaries act as pinning points limiting dislocation propagation, so that a 
reduction in the grain size causes a hardness increase. In our systems, the fast cooling of the 
aluminium alloy is further favoured by the presence of nanosized particles that favour solidification 
and could modify the grain size of the alloy.  

The increase of the microhardness of the in situ reinforced Al alloys have been shown in Figure 
7. The differences between samples can be attributed to the different nitridation mechanisms that 
take place. Coatings obtained with a direct nitridation mechanism (Figure 11a) had a higher 
microhardness than the coating obtained with the two-step mechanism (Figure 11b). For this reason, 

N2 N2

2Al + N2  AlN

T

AlN

AlAl

N
N (1) (2) 

N2 N2

3Mg + 2[N] → Mg3N2

TAl
Mg

N
N(1) (2) 

Al
Mg

2Al + Mg3N 2AlN + 3Mg

AlN
N

N (3) 

Al
Mg

Mg3N2

(a)

(b)

Figure 11. Nitridation mechanism; (a) for Al and Al-12Si particles; (b) for AA6061 particles.

The characterisation of the laser-treated powder showed that the shape of the particles did not
suffer considerable superficial changes (Figures 3–5), making them valid for the same manufacturing
processes as the initial powder, i.e., powder metallurgy and thermal spraying. Therefore, they are
suitable to the DLD process. The images of the layers (show) that there was continuity in the layer,
and no significant defects appeared with any of the materials tested.

The hardness of the alloys deposited without reinforcement for the pure Al, Al-12Si, and AA6061
layers was 80, 95, and 60 HV0.1, respectively. These values are similar to those of the substrate used
and are common values for these alloys [4]. The incorporation of AlN increased the hardness of the alloys,
and the hardness was 123, 150, and 75 MPa for the Al/AlN, Al-12Si/AlN, and AA6061/AlN, respectively.

For the different systems, the hardening effect can be associated with the Orowan effect in which
hard particles limit the movement of dislocations in the matrix, causing an increase in the hardness
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of the material. In our case, the AlN particles would play a role equivalent to that of strengthening
precipitates in aluminium alloys. Another hardening effect that can take place is the Hall–Petch effect in
which the grain boundaries act as pinning points limiting dislocation propagation, so that a reduction
in the grain size causes a hardness increase. In our systems, the fast cooling of the aluminium alloy is
further favoured by the presence of nanosized particles that favour solidification and could modify
the grain size of the alloy.

The increase of the microhardness of the in situ reinforced Al alloys have been shown in Figure 7.
The differences between samples can be attributed to the different nitridation mechanisms that take place.
Coatings obtained with a direct nitridation mechanism (Figure 11a) had a higher microhardness than
the coating obtained with the two-step mechanism (Figure 11b). For this reason, Al/AlN and Al-12Si/AlN
had a higher microhardness than AA6061/AlN, which is formed by two-step nitridation.

In addition, the inhibiting effect of Si that affects the kind of AlN atomic structure formed also
seems to have an impact on the microhardness of the samples. In this respect, samples reinforced
with cubic AlN (Al-12Si/AlN) presented higher microhardness than samples reinforced with a mix of
hexagonal and cubic AlN (Al/AlN and AA6061/AlN).

The hardness values of the AA6061 layers were lower than the other ones. In this case, the lower
values can be associated with the absence of any heat treatment to the alloy; as observed in composites
made by powder metallurgical processing [29], the hardness of both would be strongly increased by
using an optimised heat treatment. In any case, the presence of AlN particles increased the hardness
by more than 20%.

The presence of AlN locally increased the hardness and the Young’s modulus value (Figure 8).
When the reinforced particles were deposited at the surface, the AlN particles are distributed throughout
the layer, as it has been shown in Figure 6, and they were completely integrated in the aluminium matrix.
This effect is very relevant as one of the main problems observed in the fabrication of aluminium matrix
composites reinforced with ceramic particles is the presence of pores and defects due to the limited
wettability of ceramics by the molten aluminium [3]. In this case, as the particles grow from the molten
aluminium, they are wet before the deposition on the surface, and their integration in the matrix is
favoured. Moreover, as the solidification takes place very fast, the solidification front does not push
the particles, and they stay well distributed in the layer.

5. Conclusions

i. An innovative fabrication process to obtain Al/AlN composite powder was developed using
Direct Laser Deposition. Aluminium powder and N2 are sprayed along the laser beam so that
the laser heats the particles and induces the nitridation reaction of the aluminium particles.
The presence of an in situ AlN reinforcement has been confirmed by different analysis techniques.
The laser treatment does not change the powder size and shape; it only slightly increases its
roughness. So, the powder treated can be used in the same manufacturing processes as that of
the initial powder.

ii. The effect of using different aluminium alloys has been evaluated. There is a correlation
between particle size, composition, and temperature of the sprayed particles in the laser beam
and the crystalline structure of AlN formed.

iii. The sprayed particles’ temperature distribution depends on the particle size so that smaller
particles reach higher temperatures. Al/AlN particles heat up to temperatures between 1565
and 1640 ◦C, and the AlN structure is both cubic and hexagonal. Al-12Si/AlN particles achieve
temperatures between 1760 and 1845 ◦C, and the AlN structure is cubic. AA6061/AlN particles
achieve temperatures between 1485 and 1555 ◦C, and the AlN structure is both cubic and hexagonal.
The presence of hexagonal AlN is favoured against cubic in larger particles where the temperature
reached is lower.
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iv. Two different reaction mechanisms are proposed. The first is the direct reaction between
aluminium and nitrogen. This occurs when the initial powder is either Al or Al-12Si. The second
mechanism combined the first reaction mechanism with a secondary reaction between Mg and N2,
followed by a reaction between Mg3N2 and aluminium to form AlN. This occurs when the initial
powder is AA6061. Magnesium acts as a reaction catalyst and silicon acts as an inhibiting
alloying element.

v. The coatings that had AlN particles showed increases in hardness of up to 65% compared to
the unreinforced material. The hardening effect can be associated with the Orowan and Hall–Petch
effects. Al/AlN and Al-12Si/AlN coatings were obtained by direct nitridation and had higher
microhardness than AA6061/AlN coatings that have been obtained with the two-step mechanism.

vi. The AlN particles were completely integrated in the aluminium matrix, which is explained
because they are formed from the molten aluminium. The solidification takes place very
fast, so the solidification front does not push the particles, and they stay well distributed in
the layer, reducing the presence of pores and defects, increasing the microhardness, and providing
a homogenous stiffness value.

Patents: P. Rodrigo: A. Riquelme; M.D. Escalera-Rodriguez; J. Rams. Procedimiento de obtención de material
compuesto Al/AlN o Ti/TiN, material compuesto Al/AlN o Ti/TiN obtenible según dicho procedimiento y uso del
mismo en revestimientos.07/09/2017. ES2598727.
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