
Citation: Jeong, S.; Kim, T.; Lee, J.I.

Microstructural Characterization of

In Situ Aluminum Matrix

Composites with Interconnected

Aluminum Nitride Produced by Arc

Plasma-Induced Accelerated Volume

Nitridation. Metals 2023, 13, 1967.

https://doi.org/10.3390/

met13121967

Academic Editor: Shusen Wu

Received: 6 November 2023

Revised: 28 November 2023

Accepted: 30 November 2023

Published: 1 December 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

metals

Article

Microstructural Characterization of In Situ Aluminum Matrix
Composites with Interconnected Aluminum Nitride Produced
by Arc Plasma-Induced Accelerated Volume Nitridation
Sujin Jeong , Taeyoon Kim and Je In Lee *

School of Materials Science and Engineering, Pusan National University, Busandaehak-ro 63 beon-gil 2,
Geumjeong-gu, Busan 46241, Republic of Korea
* Correspondence: jilee@pusan.ac.kr; Tel.: +82-51-510-2383; Fax: +82-51-514-4457

Abstract: We present a strategy for fabricating aluminum (Al) matrix composites (AMCs) reinforced
with interconnected aluminum nitride (AlN) via arc plasma-induced accelerated volume nitridation.
AMCs with 10 vol.% AlN are formed in situ by the reaction between liquid Al alloy and nitrogen
gas within 1 min of arc melting, revealing very high formation rate of AlN (3.28 × 10−1 g/min·cm3).
The rapid nitridation is attributed to the improved wettability and spontaneous infiltration of the
melt, which results in the formation of AlN agglomerates and lamellas. In particular, Al-12Si/AlN
composites exhibit over two times higher yield strength (195 MPa) than the Al/AlN composites
(70 MPa) when compressed along the longitudinal direction to the lamellas. The coefficient of thermal
expansion (CTE) is about 30% lower in the Al-12Si/AlN composites (17.0 × 10−6/K) than pure
Al (23.6 × 10−6/K). This is attributed to the interconnected AlN architecture and Al–Si eutectic
microstructure, which constrain the thermal expansion of the Al matrix. The present AMCs afford an
attractive combination of specific thermal conductivity and CTE. These findings would facilitate the
development of novel AMCs reinforced with interconnected AlN as cost-effective heat sink materials.

Keywords: composites; thermal conductivity; thermal expansion; nitrides

1. Introduction

Owing to the electrification of automotive powertrains and the miniaturization of
electronic devices over recent decades, the thermal management industry has shown
considerable interest in novel heat-dissipation materials with high thermal conductivity
(TC) and low coefficient of thermal expansion (CTE) [1,2]. Pure aluminum (Al) and Al alloys
have been widely adopted for heat sink applications, owing to their high specific strength,
high TC, and excellent deformability [1,3]. However, the CTE mismatch between the Al
heat sinks (~23.6 × 10−6/K) and heat sources (4–8 × 10−6/K in GaAs, GaN, and Al2O3 [4])
must be reduced to relieve the thermal stress at the interface during the thermal cycle [5].
To satisfy the requirements of heat sink applications, various types of reinforcements with
high TC, such as B4C [6], C fibers [7], CNT [8], and SiC [9–11], have been utilized to develop
novel Al matrix composites (AMCs) [12]. However, the formation of the carbide phase
(Al4C) at the interface is the main concern in carbide (carbon)-reinforced AMCs and should
be avoided to prevent the degradation of thermal and mechanical properties.

Aluminum nitride (AlN) is a promising reinforcement for AMCs because of its low
CTE, high TC, and thermodynamic compatibility with the Al matrix [13–20]. Various
AMCs reinforced with AlN have been fabricated using ex situ processing techniques, such
as stir casting [21] and pressure infiltration [22]. However, AlN exhibits unsatisfactory
wettability with Al [23–25], which can result in weak interfacial bonding or debonding
during composite processing. Strong interfacial bonding and excellent wettability between
AlN and Al can be achieved by adding alloying elements such as Mg [21,26]; however,
the TC of the Al matrix deteriorates significantly as the amount of solute in the Al matrix
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increases. Thus, in situ processing using pure Al has received considerable attention for
achieving AMCs with high TC. Various techniques, such as directed melt nitridation [27],
gas bubbling [28], surface nitridation [17], and plasma nitriding [13,16,19], have been
introduced to fabricate AlN-reinforced AMCs with strong interfacial bonding.

Among the various in situ processing routes to fabricate AlN ceramics or AlN-
reinforced AMCs, plasma processing has been utilized for nitriding treatment [29] and
the preparation of ultrafine nitride powder [19]. AlN coating on Al substrates exhibited a
thickness of ~10 µm [30], and ultrafine AlN powder with an average diameter of ~50 nm
has been reported [16], which is not ideal for thermal management applications because
the thermal properties of AMCs benefit from the high fraction and large size of the rein-
forcement. Recently, the in situ fabrication of bulk Al/AlN composites with reinforcement
sizes in the micrometer range was investigated using thermal plasma via gas tungsten
are welding [31] and arc melting [13]. Al/AlN composite ingots with widths of 20 mm
were produced by arc melting via an arc plasma-induced accelerated volume nitridation
(APAVN) process using pure Al and N2 gas [13]. The arc-melted Al/AlN ingots showed a
much higher formation rate of AlN than other in situ processing techniques, thus enabling
the further development of the APAVN process for cost-effective processing when the
processing conditions are optimized accordingly. However, the composite microstructure
and microstructural evolution of Al/AlN ingots during APAVN are rarely investigated.

Al-Si alloys such as A356 (Al-7Si) and A383 (Al-11Si) have been used for AMCs as
matrix materials due to their high specific strength and excellent fluidity [32]. Recently,
due to the high TC (150 W/m·K) and low CTE (2.2 × 10−6/K [14]) of Si, Al-Si alloys
and Si particle reinforced AMCs with high Si content have attracted significant interest
in the thermal management [33]. The strength of Al-Si alloys can be improved as the
Si content increases, but the addition of Si higher than eutectic composition leads to the
formation of blocky Si phase which is associated with the brittle nature of hypereutectic
Al-Si alloys [32,34]. Thus, a eutectic Al-Si alloy (Al-12Si) can be one of promising matrix
materials with high strength, moderate ductility, high TC and low CTE [35,36] which are
required for heat sink applications.

In this study, we investigate the in situ formation of Al/AlN composites with an
interconnected architecture of AlN via the APAVN of pure Al melt using nitrogen (N2) gas.
In addition to this, the APAVN of an Al-12Si alloy is conducted to investigate the effect of
Si addition on the AlN formation, microstructure, and mechanical/thermal properties of
resulting composites. Within 1 min of the APAVN process, AMCs reinforced with 10 vol.%
AlN are fabricated via the initial surface nitridation at a relatively low temperature, fol-
lowed by volume nitridation at a relatively high temperature, which is assisted by the
improved wettability and upward infiltration of the Al melt. The distinctive interconnected
structure and the resultant thermal properties of the AlN-reinforced AMCs are systemat-
ically characterized. In particular, the microstructural evolution of Al/AlN composites
during APAVN is discussed.

2. Experimental

Al and Al–12Si (at.%) alloys were prepared using pure Al and Si pieces (99.999%
purity). Button-shaped Al and Al–12Si ingots (8 g in weight) were prepared using an arc
melting apparatus equipped with a tungsten electrode in a Ti-gettered Ar atmosphere
(60 kPa, 99.999% purity), as shown in Figure 1a,b. The ingots were nitrided via arc melting
at an arc current of 150 A under a mixture of Ar and N2 atmosphere (Ar/N2 volume
ratio = 2:1; total pressure = 60 kPa) [13], which resulted in the in situ formation of AlN in
liquid Al during the melting and the fabrication of Al/AlN and Al–12Si/AlN composite
ingots. The distance between the tungsten electrode and ingots was fixed at approximately
3 mm.

In this study, Al and Al–12Si ingots were nitrided using a (1) fixed or (2) oscillated
tungsten electrode. Using a fixed electrode (Figure 1c), an ingot placed on a water-cooled
Cu hearth was locally heated via arc discharge, which resulted in a large temperature
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gradient in the melt [37]. When an ingot was arc melted by the oscillating electrode in
circular motion (Figure 1d), the arc shifted continuously along the circumference of the
ingot (diameter of ~20 mm) at a constant velocity of ~7 mm/s (~10 s per one revolution).
Consequently, the temperature gradient in the Al melt decreased, whereas the area of the
N2 gas–Al melt interface where AlN was formed increased. The APAVN process with arc
oscillation was recorded, as shown in Supplementary Video S1.
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Figure 1. (a) Images of arc melting apparatus and (b) schematic diagram showing the arc melting
process. Nitridation of button-shaped ingot with a (c) fixed and (d) oscillating tungsten electrode in a
circular motion.

For the nitridation under arc oscillation, button-shaped ingots were arc melted for
less than 100 s. The weight (W) of each composite ingot was measured using an electrical
balance (XSR204; Mettler Toledo, Greifensee, Switzerland). By assuming that the weight
gain (Wf − Wi,, where subscripts f and i refer to final and initial states, respectively) of the
ingot was due to the formation of AlN in the ingot, the weight (WAlN) and volume fraction
(VAlN) of the in situ formed AlN was calculated using the following equations:

WAlN = (Wf − Wi) × (aAlN/aN) (1)

VAlN = (WAlN/ρAlN)/(WAlN/ρAlN + WAl/ρAl + WSi/ρSi) × 100 (2)

where a and ρ represent the molar mass (14 and 41 g/mol for N and AlN, respectively)
and density (2.7, 2.3, and 3.3 g/cm3 for Al, Si, and AlN, respectively). VAlN was confirmed
based on optical and electron micrographs using an image analysis software (Image J,
v1.53g) to validate the calculations.

The phase constitutions were investigated by X-ray diffraction (XRD; Miniflex600,
Rigaku, Tokyo, Japan) with a scanning step (0.01◦) and rate (4◦/min) using monochromatic
Cu Kα radiation. The microstructures were examined via optical microscopy (OM; Axio
Lab 5; Carl Zeiss, Jena, Germany) and scanning electron microscopy (SEM; Mira 3, Tescan,
Brno, Czech Republic). To observe the morphology of the in situ formed AlN in the Al
matrix, the cross-sections of the composites were polished with a colloidal silica and then
etched in a 10% HF + 10% HCl + 80% H2O solution for 60 s.
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The thermal expansivity of the composite samples measuring 2 × 2 × 10 mm was
evaluated using a thermomechanical analyzer (TMA 450, TA Instruments, Castle, DE, USA)
at a constant heating rate of 10 K/min. The CTE value was measured from the mean slope
of the temperature–displacement curve in the temperature range of 300–373 K. The thermal
diffusivity of the composite samples measuring 10 × 10 × 2 mm were evaluated at room
temperature using a laser flash analyzer (LFA-467, NETZSCH, Selb, Germany). The TC
value was calculated from the product of the thermal diffusivity, specific heat capacity,
and density.

The compressive tests were performed at room temperature with a strain rate of
1 × 10−3 s−1 using universal testing machine (QUASAR 50, Galdabini, Cardano al Campo,
Italy). The dimensions of the specimens were 2 × 2 × 4 mm, and their loading surfaces
were carefully polished to be parallel with accuracy of less than 10 µm. The compressive
strain was measured using a video extensometer. At least three specimens were tested to
ensure the reliability of the result.

3. Results
3.1. Microstructures

Figure 2a shows the cross-sections of an Al ingot after nitridation without arc oscil-
lation. Using the fixed electrode, the Al melt reacted explosively with N2 in a small area,
which resulted in the formation of a lump in the middle of the top surface of the ingot.
The nitridation was terminated at ~10 s because the lump developed rapidly and the top
of the lump reached the electrode. This shows that the N2 gas–Al melt interface elevated
rapidly toward the electrode during arc melting under a mixture of Ar and N2 atmosphere,
which does not occur when an Al ingot is melted under an inert Ar atmosphere. Several
pores were observed at the top of the lump, thus indicating that a portion of the Al melt
evaporated owing to the arc plasma-induced high temperature up to the boiling point
of Al.

The lump shows a three-dimensional interconnected structure of AlN (black portion
shown in Figure 2b,c) and Al. The shapes of the AlN formed in situ at the lower (Figure 2b)
and upper (Figure 2c) sections of the lump were different. To clearly show the AlN
morphology, the top surface of the two lumps, formed at different nitridation time of 2
and 7 s, was observed by SEM. The AlN in the lower section comprised agglomerates
of small particles (Figure 2d), whereas the AlN in the upper section comprised lamellar
layers (Figure 2e). The WAlN was measured to be ~0.2 g, and the VAlN was calculated to
be 30 ± 10 vol.% for the lump. The significant deviation in VAlN is attributed to the small
volume and residual porosity of the lump, as well as the short reaction time.

Figure 3a,b show the cross-sections of the Al/AlN and Al-12Si/AlN composite ingots
after nitridation for 60 s with arc oscillation, as illustrated in Figure 1d. Compared with the
lump formed locally at the top surface (Figure 2a), the in situ-formed AlN was homoge-
neously distributed in both the Al (Figure 3a) and Al-12Si (Figure 3b) matrix. Compared
with the button shape of the ingot before nitridation, both the Al/AlN and Al-12Si/AlN
composites exhibited a concave surface at the lower section of the ingots. This is due to
the capillary flow of the Al melt through the in situ formed AlN structure, which will be
discussed later. Despite the prolonged nitridation time from 10 to 60 s, the Al/AlN and
Al-12Si/AlN composite ingots exhibited few pores in their cross-sections. Therefore, in
this study, the thermal and mechanical properties of the composites were evaluated using
specimens obtained from the middle of the composite ingots.
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Arrays of agglomerated AlN were observed in the lower section of both composite
ingots (Figure 3a,b). However, agglomerates were observed in the middle, upper, and
lower sections, which were not observed in the lump (Figure 2a–c). Both the Al/AlN
and Al-12Si/AlN composites exhibited arrays of AlN lamellas, mainly in the middle and
upper sections of the ingots. The interspacing of the lamellas was larger (~61 µm) than
that of the lump (~23 µm in Figure 2c). The WAlN was ~1.0 g, and the VAlN was cal-
culated to be 10 ± 1 vol.% in both the Al/AlN and Al-12Si/AlN composite ingots. The
specific formation rate of AlN (WAlN divided by the reaction volume and nitridation
time [13]) was calculated to be 3.28 × 10−1 g/min·cm3 for the present study, which is
100–400 times higher than the nitridation rate of other in situ processes such as N2–gas bub-
bling (6.91 × 10−4 g/min·cm3 [38]) and solid-state processing (2.35 × 10−3 g/min·cm3 [17]).
This indicates that APAVN accelerates the nitridation of Al.

Figure 4a–c show the SEM micrographs of the Al/AlN composites at high magnifica-
tion levels. Figure 4d,e show the EDS maps of Al and N taken from Figure 4a. The EDS
maps clearly reveal the elemental distribution of N, which corresponds to the morphology
of the in situ formed AlN. The widths of the AlN agglomerates ranged from 5 to 50 µm,
and the interspacing between the agglomerates was between 10 and 110 µm. Residual Al
was observed in the agglomerates (shown by yellow arrows in Figure 4b), thus indicating
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that a portion of the Al melt was entrapped during agglomerate formation. The thickness
of the AlN lamella was 4 ± 1 µm (Figure 4c). Small spherical or rod-like AlN particles
appeared around the lamellas. Based on previous findings, the particles in the micrograph
are cross-sections of in situ-formed AlN rods or plates grown from AlN lamellas [13].
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The electron micrographs (Figure 5a–c) and EDS maps (Figure 5d–f taken from Figure 5a)
are shown for the Al-12Si/AlN composites. The EDS maps reveal that Si is mainly dis-
tributed in the metal matrix. Because of the near-eutectic composition of the metal matrix,
the Si phase exhibited a flake shape in white contrast, whereas AlN was observed in gray
contrast (Figure 5c). In the Si-containing composites, the sizes of the AlN agglomerates
and the thicknesses of the AlN lamellas were similar to those of the Al/AlN composites
(Figure 5b,c). However, compared to the agglomerates in the Al/AlN composite (Figure 4b),
the residual Al in the agglomerates had co-continuous structure with AlN (Figure 5b) in
the Al–12Si/AlN composite. The thickness of Al and AlN layers were measured to be
0.5 ± 0.2 and 1.3 ± 0.4 µm, respectively. The different morphology of the agglomerates
may be associated with the reaction between Si and N during arc melting, which will be
discussed later.
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Figure 5. SEM micrographs of in situ formed AlN in Al–12Si/AlN composites; (a,b) agglomerates,
(c) lamellas, (d–f) EDS maps of Al, Si, and N.

Figure 6 shows the XRD spectra of the cross-sections of the pure Al, Al–12Si alloy,
Al/AlN, and Al–12Si/AlN composite ingots. As shown in Figures 4 and 5, the Al/AlN and
Al–12Si/AlN composites exhibited two- and three-phase microstructures of (Al and AlN)
and (Al, Si, and AlN), respectively. These results indicate that no intermetallic compounds
or oxides were formed during the reaction between the Al and Al–12Si alloys with N2 gas
under an Ar + N2 atmosphere.
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Figure 6. XRD diffraction patterns of Al, Al–12Si alloys, and Al/AlN and Al–12Si/AlN composites.

3.2. Mechanical Properties

Figure 7 shows the compressive stress–strain curves of Al, Al–12Si alloy, Al/AlN,
and Al–12Si/AlN composites. For the matrix materials, it was confirmed that the yield
strength of Al-12Si alloy (94 MPa) was about two times higher than that of pure Al (44 MPa).
This result reveals the strengthening of the Al matrix by the evenly dispersed Si phase
(Figure 5a–f). To compare the effect of lamellar structure of AlN, the composite specimens
were compressed along the longitudinal and transverse directions. Table 1 shows the yield
compressive strength values of Al and Al-12Si matrix composites. The composites showed
about 20–40% higher yield strength when compressed along the longitudinal direction due
to the effective load transfer from the matrix to the AlN lamellas [39]. For both longitudinal
and transverse directions, the Si-containing composites (195, 131 MPa) exhibit 2–3 times
higher yield strength than the Al/AlN composites (70, 55 MPa). All the Al/AlN composites
were compressed up to 20% without fracture, but the Al–12Si/AlN composite failed at a
strain of ~6% (showing ultimate compressive strength of 308 MPa) when compressed along
the longitudinal direction.

Figure 8a–h show the lateral surface of the Al-12Si/AlN composites compressed along
the transverse (Figure 8a–d) and longitudinal (Figure 8e–h) directions with a compressive
strain of ~6%. Both composites exhibited several cracks at the area where AlN lamellas
were densely formed, which can be confirmed by the EDS maps (Figure 8c,d,g,h). For the
composite compressed along the transverse direction, the formation of multiple cracks
was confined between the Al-12Si metallic layers, which prevented interfacial debonding.
However, for the composite compressed along the longitudinal direction, cracks can be
propagated along the AlN lamellas which were aligned parallel to the loading direction.
This led to a small amount of interfacial debonding and crack propagation from one AlN
lamella to another, which resulted in the extensive deformation of metal matrix at local
area and failure at the small strain of 6% (Figure 7).
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Table 1. Yield strengths of Al and Al-12Si matrix composites with interconnected AlN aligned with
longitudinal and transverse directions.

Specimen
Yield Strength (MPa)

Longitudinal Direction Transverse Direction

Al/AlN 70 ± 12 55 ± 4
Al-12Si/AlN 195 ± 13 131 ± 16
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3.3. Thermal Properties

Figure 9a shows the CTE of the Al/AlN and Al–12Si/AlN composites and those of
various Al/AlN composites [13–16]. Owing to the low CTE of AlN compared with that of Al
(4.0 and 23.6 × 10−6/K, respectively), the CTE decreased as VAlN increased in the Al/AlN
composites. The present and other Al/AlN composites exhibited CTE values lower than
that based on the rule-of-mixture relationship, thus indicating strong interfacial cohesion
between the matrix and reinforcement. In particular, the CTE of the present Al/AlN
composite (20.1 × 10−6/K) was as low as that of nanocrystalline Al/AlN composites [15,16]
and the CTE value was similar to that obtained using Turner’s model [40], which assumes
an equilibrium of internal stress between the particles and matrix.

αc =
(
αmVmBm + αpVpBp

)
/
(
VmBm + VpBp

)
, (3)

where α and B represent the CTE and bulk modulus, respectively; and subscripts c, m,
and p refer to the composite, matrix, and particle (reinforcement), respectively. The cor-
respondence between the CTE and that obtained Turner’s model indicates that the AlN
reinforcements induced a large residual internal stress and constrained the linear expan-
sion of the Al matrix [41], as similarly confirmed in Al/AlN nanocomposites [15,16] and
co-continuous composites [14], which exhibit strong bonding between the matrix and
reinforcement. Meanwhile, the Al–12Si/AlN composite exhibited a much lower CTE
(17.0 × 10−6/K), which was about 30% lower than that of pure Al and 19% lower than that
of Al–12Si alloy (21.2 × 10−6/K). This reduction in the CTE was significant, although the
AlN fraction remained at ~10 vol.%. This result is attributed to the presence of a Si phase
with a low CTE (2.2 × 10−6/K [14]) and its distribution in the matrix (eutectic Al–Si, as
shown in Figure 5a–f), which contributed to greater restriction on the thermal expansion of
the Al phase [33].

Figure 9b shows the correlation between TC and VAlN in the present study and those of
various Al/AlN composites. Compared with the TC values of pure Al (230 W/m·K) and the
Al–12Si alloy (160 W/m·K), those of the Al/AlN and Al-12Si/AlN composites were 221 and
157 W/m·K, respectively. Therefore, the TC of present composites was slightly lower, even
though 10 vol.% AlN was added into the Al and Al–12Si matrix. The Al/AlN composite
showed a much higher TC than nanocrystalline Al/AlN composites with similar VAlN
fabricated via extrusion (156 W/m·K [15]) or hot pressing (150 W/m·K [16]). This result
is mainly attributed to the larger AlN size in the present composite (~5 µm, Figure 4a–c)
than that in the nanocrystalline composites (diameter: ~50 nm [15,16]) owing to an increase
in the particle size, which decreased the total interfacial area where thermal conduction
is hindered.

Using the TC of each component (230 and 200 W/m·K for Al and AlN, respectively),
the theoretically predicted TCs using the Hasselman–Johnson (H-J) model [42] with interfa-
cial thermal conductance of 107 and 108 W/m2K are drawn as dotted lines in Figure 9b.
The H–J model expresses the effective TC of a particulate composite as follows:

Kc = Km

[
2
(

Kp
Km

− Kp
rph − 1

)
Vp +

Kp
Km

+
Kp
rph + 2

]
[(

1 − Kp
Km

+ 1
)

Vp +
Kp
Km

+
Kp
rph + 2

] , (4)

where K, r, and h represent the TC, particle radius, and interfacial thermal conductance,
respectively. According to this model, the TC of a particulate composite increases with
the particle size, as described previously. Furthermore, TC is affected significantly by the
quality of the matrix/reinforcement interface because interfacial compounds or debonding
degrade the thermal conductance at the interface.
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The thermal conductance at an Al/AlN interface has been reported to be between
~1.9 × 107 and 2.3 × 108 W/m2K [13,43,44], which depends on the interfacial structure
and processing condition. The TC of the Al/AlN composite (221 W/m·K) is comparable
to that of a hypothetical particulate composite with 10 vol.% AlN (particle size of 5 µm)
and an interfacial thermal conductance of 1.4 × 108 W/m2K. This implies that the high
TC of the Al/AlN composite can be attributed to the high interfacial thermal conductance,
which results from the strong interfacial bonding afforded by APAVN. The estimated
thermal conductance was higher than that of cold-rolled Al/AlN particulate composites
(6.7 × 107 W/m2K [13]). This comparison supports the H–J model in that the present
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composite with an interconnected structure exhibits less interfacial thermal resistance than
the cold-rolled particulate composite because of the decrease in the interfacial area in the
interconnected composites.

4. Discussion

The in situ formation of Al/AlN composites is demonstrated in this study using a
simple arc-melting apparatus. The arc-melted Al/AlN composite exhibited a higher AlN
formation rate (3.28 × 10−1 g/min·cm3) than other in situ processes such as gas bubbling
6.91 × 10−4 g/min·cm3 [38]) and solid-state processing (2.35 × 10−3 g/min·cm3 [17]).
Furthermore, the arc melting of Al under an Ar + N2 atmosphere resulted in the rapid
formation of AMCs with 10 (in ingot) –30 (in lump) vol.% AlN within 1 min, which
depended on the arc oscillation. In this study, the arc was intentionally shifted to increase
the area of the gas–melt interface during APAVN. Using the oscillating electrode, nitridation
occurred over the entire volume of the initial Al ingot, a high WAlN (1.0 g) was obtained,
and bulk Al/AlN composite ingots (width ≥ 20 mm, thickness ≥ 5 mm) were successfully
fabricated. The bottom surfaces of the composite ingots appeared to be concave, which
indicates the upward infiltration of the Al melt during arc melting. Therefore, one can infer
that the morphology of the in situ formed AlN structure, the VAlN, and the final shape
of the composite ingots are closely related to the upward infiltration of liquid Al during
arc melting.

4.1. Microstructural Evolution of Al/AlN Composite Ingots with Arc Oscillation

Figure 10a shows the measured weight gains (Wf − Wi,) of the Al/AlN and Al–
12Si/AlN composite ingots, which were arc melted with arc oscillation. As a function of
time, the weight change trend can be classified into Stages 1–3. The weight gain increased
at a lower slope (Stage 1, t ≤ 10 s), peaked at a higher slope (Stage 2, 10 ≤ t ≤ 60 s), and then
decreased significantly to a negative value (Stage 3, t ≥ 60 s). Figure 10b,c show images
captured from the Supplementary Video S1, where an Al ingot was arc melted with arc
oscillation under an Ar + N2 atmosphere. The top surfaces of the ingot at nitridation times
of 9 s (Stage 1, Figure 10b), and 52 s (Stage 2, Figure 10c) are shown.

4.1.1. Stage 1: Incubation Period—Surface Nitridation

In Stage 1 (t ≤ 10 s), where the initial nitridation occurred, the in situ synthesis of AlN
was localized at the top surface of the Al ingot. Nitridation at the surface is associated with
the relatively low temperature of liquid Al. Because of the low solubility of N and the low
growth rate of AlN at lower temperatures, the in situ formed AlNs exhibit the shape of an
agglomerate (Figure 4a,b and Figure 5a,b) instead of a lamella [13]. The top surface of the
Al ingot was dominated by AlN agglomerates (Figure 10b), and the Al melt was depleted.
This resulted in nitridation confined to the surface and a lower formation rate of AlN (the
slope in Figure 10a) in Stage 1.

4.1.2. Stage 2: Volume Nitridation

In Stage 2 (10 ≤ t ≤ 60 s), the weight gain curve (see Figure 10a) shows a slope that
was ~2.5 times larger than that in Stage 1, thus indicating the change in the nitridation
mechanism. When the nitridation time exceeded 10 s, the temperature of the Al melt in-
creased due to exothermic heat released from the reaction between Al and N (Al + N = AlN,
∆H = −322 kJ/mol) as well as continuous arc discharge. The contact angle of an Al droplet
on an AlN substrate has been reported to exceed 110◦ when the liquid temperature is lower
than 800 ◦C [23], thus indicating the unsatisfactory wettability of AlN by liquid Al. How-
ever, the angle decreases to less than 40◦ if the liquid temperature exceeds 1100 ◦C [23–25].
At elevated temperatures, the wettability of AlN by liquid Al can be improved significantly,
thus affecting nitridation [14]. The excellent wettability enables the Al melt to wet the in
situ formed AlN agglomerates and rise spontaneously owing to the capillary effect, as
shown in the lump (Figure 2a) and composite ingots (Figure 3a,b).
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The upward flow of the Al melt is assisted by capillary pressure (∆P), which can be
calculated as follows:

∆P =
2γ cos θ

r
(5)

where γ, θ, and r represent the surface tension, contact angle, and capillary radius, re-
spectively. The surface tension of a liquid Al depends on the temperature, as indicated
in the following equation: [γ = (868 − 0.152 × (T − Tm)) × 10−3 J/m2 [45]]. Using the
interspacing of the AlN agglomerates, i.e., 10–110 µm, as the diameter of the capillary tube
and assuming a contact angle of 40◦, the capillary pressure was calculated to be in the
range of −240 to −20 kPa at 1100 ◦C and −180 to −15 kPa at 2470 ◦C. This large negative
pressure is similar to the external pressure required for the infiltration of liquid Al into a
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particulate ceramic preform [46,47]. The infiltration kinetics of the Al melt through the in
situ-formed AlNs can be evaluated using the Washburn relation [47] as follows:

h2 =
rγ cos θ

2µ
t, (6)

where h and µ are the infiltration height and liquid viscosity, respectively. Using the
equation for the viscosity of an Al melt [µ = 0.1492 × exp(1984.5/T)/1000 N·s/m2], the
infiltration height for 1 s is estimated to exceed 50 and 60 mm at 1100 ◦C and 2470 ◦C,
respectively. These calculations rationalize the upward infiltration of the Al melt into the
AlNs formed in situ on the top surface of the Al ingot within a few seconds during the arc
melting process.

Figure 10c shows the top surface of the Al ingot during arc melting at a nitridation
time of 52 s. As described above, the Al melt was spontaneously transported to the top
surface and the fresh surface was exposed to the arc plasma. The previously formed AlNs
on the top surface were wetted by the Al melt, as confirmed from the top surface of the
composite ingot where nitridation was intentionally terminated at 30 s (Figure 11a). Owing
to the elevated temperature of the Al ingot in Stage 2, the solubility of N and the growth
rate of AlN in the Al melt increased significantly. These changes resulted in the formation
of AlN lamellas, plates, and rods (Figure 4c) [13]. The synthesis of these AlN particles
can be observed on the newly formed surface (yellow square in Figure 11a), where AlN
lamellas and plates were grown (Figure 11b). These AlNs can serve as new capillary tubes
for the upward infiltration of the Al melt, thus resulting in the formation of AlN lamellas
(Figures 4c and 5c) in the Al matrix. Thus, the infiltration and nitridation of the Al melt can
be repeated until arc melting is terminated, which results in (1) the synthesis of numerous
AlN lamellas in the entire volume of the Al ingot and (2) a higher formation rate of AlN in
Stage 2 than that in Stage 1.

4.1.3. Stage 3: Evaporation Period

In Stage 3 (t ≥ 60 s), the weight of the Al/AlN ingot decreased significantly (Figure 10a).
This weight loss is attributed to the evaporation of the Al melt in the ingot, which indi-
cates that the liquid temperature reached the boiling point of Al. The evaporation under
prolonged arc melting can be utilized to prepare Al and AlN ultrafine powders [19,48].
However, excessive melting resulted in the formation of interconnected pores in the re-
sulting composite ingot. Figure 11c shows the top surface of the ingot nitrided for 100 s.
Dendritic growth of AlNs was observed; however, a significant amount of the Al matrix
was absent, which resulted in composites with inferior mechanical and thermal properties.
Thus, the excessive arc melting of Al ingots under Ar and N2 atmospheres should be
avoided to obtain composites with lower porosity.

4.2. Mechanism of In Situ Synthesis of Al/AlN Composite Ingots

Figure 12 shows a schematic illustration of the nitridation of an Al ingot via arc melting.
An Al ingot was placed on a water-cooled Cu hearth, and melted under arc oscillation.
Initially, when the temperature of the Al melt was relatively low (Stage 1), AlNs in the
shape of an agglomerate were mainly formed on the top surface (Figure 12a). As the
nitridation proceeded (Stage 2), the liquid temperature increased, and the Al melt under
the surface was transported upward through the AlN structure formed in situ owing to
capillary pressure (Figure 12b,c). This resulted in the formation of AlN lamellas on the
newly formed liquid surfaces. Owing to the upward infiltration of the Al melt, the area of
Ohmic contact between the Al ingot and Cu hearth decreased gradually, which resulted in
composite ingots with a concave surface after the nitridation terminated (Figure 12d). In
Stage 2, the liquid temperature was uneven in the ingot because the Al melt was locally
heated by the arc, which resulted in the intermittent cooling of the Al ingot behind the arc
plasma. As the liquid temperature reduced locally, the solubility of N decreased, and AlN
agglomerates formed in the middle and upper sections of the composite ingot, as shown
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in Figure 3. At the end of Stage 2, the liquid temperature reached the boiling point of Al,
and the Al melt evaporated, which resulted in the formation of interconnected pores in the
ingot. The abovementioned evaporation was not observed when the pure Al ingot was arc
melted under an inert Ar atmosphere. An extremely high temperature can be achieved by
decreasing the area of the Ohmic contact (Figure 12d), which delays heat transfer from the
Al ingot to the Cu hearth.
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In this study, Al–12Si ingots were nitrided via arc melting; however, this did not signifi-
cantly alter the VAlN (~10 vol.%) and the final shape of the resulting composite ingots. In the
Al–12Si/AlN ingot, the AlN agglomerates showed co-continuous structure with layer thick-
nesses of 0.5 and 1.5 µm for Al and AlN, respectively (Figure 5b). This morphology may be
related to the formation of an intermediate Si3N4 phase. The formation of AlN from liquid
Al can be catalyzed by the addition of Si because of the nitridation of Si (3Si + 4N = Si3N4)
and the displacement reaction of Si3N4 to AlN (Si3N4 + 4Al = 4AlN + 3Si) [49]. In partic-
ular, the arc plasma-induced displacement reaction can result in the formation of co-
continuous nitride structures [14], whose morphology is similar to that of the AlN ag-
glomerates shown in Figure 5b. However, evidence of the catalytic effect of Si was not
confirmed in this study because the diffraction peaks of Si3N4 phase was not detected in
XRD spectrum (Figure 6) and any segregation of Si was not observed in the SEM micro-
graphs (Figure 5a–c). The effect of Si addition on the nitridation mechanism of Al during
APAVN is currently being investigated.

4.3. Thermal Properties of In Situ Formed Al/AlN Composites

During arc melting, the in situ-formed AlN was spontaneously wetted and infiltrated
with liquid Al owing to the improved wettability by the arc plasma-induced high temper-
ature. The in situ synthesis of AlN resulted in strong interfacial bonding between AlN
and Al and contributed to the high interfacial conductance in the resulting composites,
as confirmed in Figure 9b. The APAVN resulted in the formation of AlN in the shape of
agglomerates and lamellas, which resulted in an interconnected structure of Al and AlN in
the composite ingots. The three-dimensional architecture can significantly limit the thermal
expansion of the composite, thus causing a further reduction in the CTE of the Al/AlN and
Al-12Si/AlN composites (Figure 9a).

Figure 13 shows the specific TC of the Al/AlN and Al–12Si/AlN composites compared
with those of various pure metals, Al/AlN composites, and semiconducting materials as a
function of the CTE. To design a novel heat sink material, the density must be considered
to reduce the weight of the final products. Compared with high-density transition metals
and low-TC Al/AlN nanocomposites [15,16], the Al/AlN and Al–12Si/AlN composites
showed higher specific TCs. In particular, the CTE of the Al–12Si/AlN composite was
much lower than that of pure Al and similar to that of pure Cu, resulting in higher K/ρα
value of ~4 × 103. Thus, interconnected AlN-reinforced Al-12Si matrix composites afford a
unique combination of high specific TC and low CTE.
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For heat sink applications, the CTE of the present composites must be decreased
further to reduce the CTE mismatch with heat source materials such as GaN (5.5 × 10−6/K)
or GaAs (6.0 × 10−6/K), which are used for high-power semiconductor devices [4]. Thus,
the proportions of AlN and Si in the AMC ingot should be increased, and its interconnected
structure should be customized to effectively constrain the expansion of the Al phase.
Despite the small reaction volume and WAlN, the lump (Figure 2) showed a dense AlN
structure and a high VAlN of ~30 vol.%. This implies that the arc-melting conditions must
be optimized to obtain Al(-Si)/AlN composites with excellent thermal properties.

Compared to the initial shape of Al alloy ingots before nitridation (Figure 1b), both
Al/AlN and Al-12Si/AlN composite ingots exhibited a concave surface at their low section
(Figure 3a,b). For heat sink applications, the composite ingots will need to be shaped by
thermomechanical processing. Cold-rolling of the Al/AlN composite ingots was found to
be feasible [13], but the severe plastic deformation of the Al-12Si/AlN composites at room
temperature seems to be difficult due to their high strength and low ductility (Figure 7). One
possible way will be forging of the composite at elevated temperature, which is currently
under investigation.

5. Conclusions

In this study, we demonstrated the in situ synthesis of AMCs reinforced with inter-
connected AlN via the APAVN of Al alloys with N2 gas. AMCs with 10 vol.% AlN were
synthesized with a high AlN formation rate of 3.28 × 10−1 g/min·cm3. The homogeneous
dispersion of AlN in the matrix was achieved via arc oscillation in circular motion, which
increases the area of the N2 gas–Al melt interface and delays the elevation of the inter-
face. The microstructural evolution of the Al/AlN ingots during APAVN was proposed
to explain the volume nitridation mechanism of the Al ingot. The rapid formation of
AlN was significantly affected by the liquid temperature, which influenced the wetting
and infiltration behaviors of the Al melt. The resulting composites exhibited improved
compressive properties (from 70 to 195 MPa) when 12 at.% Si was added to the matrix.
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The Al-12Si/AlN composites displayed higher specific TC than Al/AlN nanocomposites
with similar AlN fraction. In particular, the CTE of the arc-melted Al/AlN composite was
further reduced in the Al-12Si/AlN composites (from 20.1 to 17.0 × 10−6/K) where both
interconnected AlN architecture and eutectic Si microstructure induced significant con-
straints on the thermal expansion of the Al phase. These findings would provide guidelines
for designing novel AMCs reinforced with interconnected AlN architecture via APAVN for
heat sink applications.
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