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Abstract: Silicon carbide (SiC) has been widely added into light metals, e.g., Al, to enhance their
mechanical performance and corrosion resistance. SiC particle-reinforced metal matrix composites
(SiC-MMCs) exhibit low weight/volume ratios, high strength/hardness, high corrosion resistance,
and thermal stability. They have potential applications in aerospace, automobiles, and other spe-
cialized equipment. The macro-mechanical properties of Al/SiC composites depend on the local
structures and chemical interactions at the Al/SiC interfaces at the atomic level. Moreover, the added
SiC particles may act as potential nucleation sites during solidification. We investigate local atomic
ordering and chemical interactions at the interfaces between liquid Al (Al(l) in short) and polar SiC
substrates using ab initio molecular dynamics (AIMD) methods. The simulations reveal a rich variety
of interfacial interactions. Charge transfer occurs from Al(l) to C-terminating atoms (∆q = 0.3e/Al
on average), while chemical bonding between interfacial Si and Al(l) atoms is more covalent with
a minor charge transfer of ∆q = 0.04e/Al. The prenucleation at both interfaces is moderate with
three to four recognizable layers. The information obtained here helps increase understanding of the
interfacial interactions at Al/SiC at the atomic level and the related macro-mechanical properties,
which is helpful in designing novel SiC-MMC materials with desirable properties and optimizing
related manufacturing and machining processes.

Keywords: ceramic–metal interfaces; liquid-Al/SiC interfaces; prenucleation; interfacial interactions;
ab initio molecular dynamics

1. Introduction

Silicon carbide (SiC) is a ceramic material. It exhibits advantageous properties, such as
high hardness, good fatigue resistance, high thermal conductivity, low coefficient of thermal
expansion, high chemical inertia, and resistance to corrosion [1,2]. Thus, SiC has many
applications, including in automotive water pump seals, bearings, pump components,
and extrusion dies [1–4]. Moreover, SiC has a mass density of 3.2 g/cm3 [2–4], which is
comparable with that of Al (2.7 g/cm3) [5]. It has thus been utilized as an additive into
light metals, such as Mg and Al, to manufacture (nano-sized) SiC particle-reinforced metal
matrix composites (SiC-MMCs). SiC-MMCs display excellent mechanical performance,
high corrosion resistance, and high volume/weight ratios [6–9]. They have potential
applications in aerospace, automotives, etc. [8–10].

Experimental efforts have been focused on the preparation of SiC particle-enhanced
composites, e.g., Al metal matrix composites (Al/SiC-MMCs) with different SiC contents [8–11],
developments of preparation techniques, and properties measurements [6–10]. Recently,
experimentalists worked hard at machining Al/SiC-MMCs and found various phenomena
related to Al/SiC interfaces, such as matrix deformation and debonding between Al and
SiC substrates [9–11]. These macroscopic properties of Al/SiC-MMCs originate from local
atomic arrangements and interfacial chemical bonding. Knowledge about local crystal
chemistry at the interfaces between liquid Al metal and SiC substrate surfaces is therefore
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vital to understand their macro-mechanical properties and applications and to understand
the related manufacturing and machining processes.

Along the [0001] orientation, the structures of the hexagonal (4H-, or 6H-) SiC forms
consist of SiC double-atom layers which can be regarded as the building blocks [1,12]. Rich
SiC polytypes originate from the different stackings of SiC blocks. Each atom is tetrahedrally
coordinated by the other species: three in the double-atom layer and one in the neighboring
layer. Both Si and C atoms in the structures satisfy the sp3 bonding. The unusual SiC
structure indicates that cleaving the structure between the SiC double-atom layers is easier
for creating SiC{0001} substrate surfaces. In this way, the produced SiC{0001} substrate
surface is terminated either by C or by Si. In chemistry, the electronegativity is 1.90 in
Pauling scale for silicon and 2.55 for carbon, respectively. Such a large electronegativity
difference results in the created SiC{0001} surfaces having a polar nature, making them
unstable at ambient conditions [13]. Fortunately, it is different in (liquid) metals since
the free electrons of the metal atoms balance the polarity of the substrate surfaces [14,15].
Meanwhile, it is expected that the orientational sp3 bonding of the outmost Si and/or C
atoms with one dangling bond has impacts on the atomic ordering in the liquid adjacent to
the substrates and the interfacial chemical bonding.

Above its nucleation temperature, there is atomic ordering in the liquid adjacent to a
solid substrate [14,15]. This phenomenon is referred to as prenucleation [16,17]. Prenucle-
ation supplies a precursor for following nucleation, which is crucial for solidification [18].
Such atomic ordering relates to interfacial bonding. The atomic arrangements of liq-
uid Al atoms adjacent to the substrates and interfacial chemical bonding remain during
casting [14,16,17]. Interfacial chemical bonding largely determines the mechanical prop-
erties of SiC-MMCs. Information about the local structure and chemical interaction at
the liquid/solid interfaces thus helps us understand not only the nucleation potency of,
e.g., the SiC substrates, but also the mechanical and chemical performances of the cast
products [9,19] and the Al matrix deformation and interface debonding between the Al and
SiC while machining SiC-MMCs.

Experiments have been conducted to understand the local structure at Al/SiC interfaces
using various techniques, including high-resolution electron microscopy (HR-TEM) [20–22].
The HR-TEM images provided significant information about the atomic arrangements at
the interfaces for the prepared samples. However, the obtained knowledge is mainly on
the averaged atomic arrangements and is far from complete. In this aspect, theoretical
approaches, especially parameter-free first-principle/ab initio methods, have advantages.
This has been evidenced by previous studies on the assorted interfaces between liquid metal
and solid substrates [14,15,23,24]. There have been reports on first-principles calculations
for the interfaces between solid Al and SiC{0001} substrates with 3C- [25], 4H- [26,27], or
6H-stackings [28–31]. The calculations revealed stronger chemical interactions between the
Al- and C-terminated substrates than between Al- and Si-terminated interfaces. Wang and
Chen [32] performed atomistic modeling on misfit dislocations at the interfaces between
SiC and several metals, including Al, using the potentials derived from ab initio calcula-
tions. Recently, ab initio molecular dynamics (AIMD) simulations were performed for the
interfaces between liquid Mg and SiC{0001} substrates, and atomic ordering was observed
in the liquid Mg near the SiC substrates [33]. Moreover, the simulations found atomic
vacancies at the Mg layer adjacent to the substrates. To date, there is no report on the local
structure and chemical interactions at the interfaces between liquid Al and SiC substrates
(in short, Al(l)/SiC interfaces). Here, we investigate the atomic ordering/prenucleation
and interfacial chemical bonding at the Al(l)/SiC{0001} interfaces using AIMD methods.
Electronic band structure calculations are performed for equilibrated configurations. Bader
charge analysis is employed to obtain the interface charge transfer between the liquid Al
atoms and the substrate atoms based on the electron density distribution at the interfaces
from the band structure calculations. This study reveals a rich variety of atomic ordering in
the liquid Al atoms adjacent to the substrates and interfacial chemical interactions. There
is a notable charge transfer from Al(l) to C-terminating atoms. Meanwhile, interfacial Si
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and Al(l) atoms exhibit more covalent interactions. The information obtained here helps us
understand the interfacial interactions of Al/SiC at the atomic level, which relates to the
macro-mechanical properties of SiC-MMC materials and helps us design novel MMCs and
related manufacturing and machining processes.

2. Methods

The ab initio approach employed in this study utilizes the periodic boundary conditions [34].
Thus, the usage of supercells is required. A hexagonal supercell was created with a = 5a0,
where a0 is the length of the a-axis of the conventional hexagonal cell of 4H-SiC with
consideration of the thermal expansion at the simulation temperature [33,35]. The c-axis
is determined by the thickness of the SiC slab and the volume of the Al atoms with the
density at the simulation temperature [5]. A supercell with a = 15.53 Å and c = 43.83 Å for
the Al(l)/SiC{0001} interfaces was obtained accordingly. This cell contains 400 Al(l), and
the substrate contains 100 Si and 100 C. The input interface model is shown schematically
in Figure 1a. Such a sizable supercell helps attain statistically meaningful results and avoid
the risks of artificial crystallization in the liquid metal.
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Figure 1. A schematic of the input structure (a), the relation between the total valence electron energy
and simulation duration (b), and a snapshot of L-Al/SiC{0001} interfaces equilibrated at 1000 K (c).
The meaning of the spheres (d) for (a,c) is as follows: the blue spheres represent Si, dark brown
represents C, and silver represents Al. The liquid Al atoms adjacent to the substrates exhibit atomic
ordering, and they are solid-like.

A plane-wave pseudo-potential path within the first-principle’s code VASP was
utilized [34,36]. This code employs the electronic density functional theory within the
projector-augmented wave framework [37]. The generalized gradient approximation cre-
ated by Perdew, Burke, and Ernzerhof (GGA-PBE) [38] was used for the exchange and
correlation terms. The cut-off energies are ECUT/EAUG = 520.0 eV/700.0 eV. These val-
ues are higher than the default values of the atoms (EMAX/EAUG = 240.3 eV/291.1 eV
for Al, 245.3 eV/322.1 eV for Si, and 400.0 eV/644.9 eV for C, respectively) for electronic
structure calculations.

For the AIMD simulations, a cut-off energy of 320.0 eV was employed. This energy
value is reasonable compared with the EMIN values of the pseudopotentials of the related
atoms. The Γ-point in the Brillouin zone was used [39]. The latter is due to the lack of
periodicity of the whole Al(l)/SiC system. The AIMD simulations were carried out utilizing
the NVT ensemble [34,36].
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Liquid Al samples were produced first by equilibrating for about 3 ps (picoseconds) at
3000 K. Then, they were quenched to the designed temperature. The obtained liquid Al
samples were inserted into the space between the SiC{0001} surfaces. A vacuum of about 2.0
Å was created between the surface of the liquid and the substrates (Figure 1a). AIMD simu-
lations were performed via a two-step method. First, AIMD simulations were carried out
with the substrate atoms pinned for over 1000 steps (1.5 fs (femtoseconds) per step). Then,
the simulations were continued with full relaxation of the atoms for another 4000 steps.
Analysis found no notable changes in atomic ordering at the interfaces. This two-step
path prevents possible collective atomic movements which may occur when all atoms are
relaxed from the start. The samples of the interfaces over 3.0 ps were used to ensure the
results were statistically meaningful [34,40].

3. Results

Figure 1a shows the schematic structure of the input Al(l)/SiC interfaces, the model
of which is described in the above section. There is a space between the solid substrates
and the liquid Al at each side. The Al atoms display no long-range ordering. The ab initio
calculations reveal a high total valence electron energy at t = 0 (Figure 1b).

When the simulation starts, the liquid Al atoms move around. The Al atoms at the
borders move towards the fixed substrate atoms, gradually forming chemical bonding
with the atoms at the substrate surfaces. Consequently, the energy decreases quickly in
the first 0.3 ps and then decreases more smoothly until it reaches a constant value at about
1.6 ps (Figure 1b). Releasing the substrate atoms raises the energy dramatically. The
energy reaches the equilibrium value within another 0.5 ps. Then, the energy varies around
the equilibrium value. We equilibrated the system for another 5 ps. During the AIMD
simulations, the substrate atoms vibrate around their equilibrium positions, remaining
solid-like. An analysis revealed that from about 3.0 ps, the overall structure of the Al atoms
remains unchanged. A snapshot of the equilibrated Al(l)/SiC{0001} system at 1000 K is
presented schematically in Figure 1c.

Figure 1c shows obviously that the substrates’ atoms and the (liquid) Al atoms are
well-separated. The substrate atoms are well ordered and behave like they are in a solid
phase at the simulation temperature. Meanwhile, the Al away from the interfaces displays
no long-range ordering, and it is liquid-like. The Al atoms adjacent to the substrates
exhibit localization, which decreases with the distance from the substrate surfaces. A
closer look at Figure 1c shows the atomic density changing with an increasing distance
from the surfaces. This phenomenon that atomic density varies with distance from the
substrate in the direction perpendicular to the substrates is defined as layering. Layering
can be described using the atomic density profile (ADF) [16,17,33,41]. An analysis for the
equilibrated configurations over 3 ps was carried out, and the results are shown in Figure 2a.
Variations in the peak heights for the layers around the interfaces are shown in Figure 2b.
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Figure 2a shows sharp peaks for the Si and C atoms in the substrates, corresponding to
their solid-like nature (Figure 1c). The termination Al atoms at both interfaces form peaks
at 13.1 Å and 44.3 Å, respectively. These peaks are well separated from the neighboring
layers. The ADF peak heights of the Al layers decrease with an increasing distance from
the interfaces. The density of the third Al layer at both interfaces is just above the average
Al(l) value (Figure 2b). There are three recognizable Al peaks near the Si substrate. Near
the C substrate, there are three to four apparent Al(l) peaks, but the fourth peak is rather
weak (Figure 2a). This indicates that layering phenomenon at the Al(l)/SiC{0001} interfaces
(three to four layers) is moderate. The analysis also showed that the peak distance between
the outmost C-layer and the Al(l)term layer is 1.8 Å, which is shorter than that between the
outmost Si-layer and the terminating Al layer (2.0 Å).

In the heterogeneous nucleation of light metals, solid grows layer by layer [42]. The
atomic ordering in the liquid metals adjacent to the substrates acts as a template for the
nearby liquid to nucleate. The atomic arrangements in the layers near the substrates for the
equilibrated configurations over 3 ps are analyzed and shown in Figure 3.
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To assess the ordering of the atoms in the layers near the substrates, an in-plane ordering
coefficient [14,15,33,41] was employed for the configurations over 3 ps. The results are plotted
in Figure 4.

From Figures 3 and 4, we obtained the following results:
(i) Both the surface C (Figure 3a) and Si (Figure 3e) atoms in the substrates are well

ordered and solid-like. Their in-plane ordering coefficients are close to each other and to
those in the substrates (Figure 4).

(ii) The terminating Al atoms at both substrates are highly ordered (Figure 3b,f), which
corresponds well to the sharp ADP peaks and sufficient separation from the neighboring
atoms (Figure 1b,c and Figure 2a). There are some subtle differences in atomic arrangements
in the two terminating Al layers. The terminating Al atoms on the C substrate are separated
from each other and show a localized nature, while some of the terminating Al atoms above
the Si-terminated substrate show higher mobility and are connected to each other in the
averaged arrangements (Figure 3f). Correspondingly, the in-plane ordering coefficient of
the terminating Al atoms at the Si-terminated substrate is about 0.22, which is lower than
that at the C-terminated substrate (0.31). The first Al layers at both substrates (Figure 3c,g)
exhibit moderate atomic ordering, with the in-plane ordering coefficients being about 0.03.
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There is little atomic ordering for the Al atoms at the second layer at both substrate surfaces,
as shown in Figure 3d,h and Figure 4.
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Si-terminated interface.

We make statistics of atoms at each layer. The atomic ratio between those at the
Al layer (n(Al)) and the substrate layer (n(C)), n(Al)/n(C), is 1.00 for the terminating Al
layer, 1.05 for the first Al layer, and 1.13 for the second Al layer for the C-substrate. At
the Si-terminated substrate, the corresponding ratios of n(Al)/n(Si) are 1.03, 1.06, and
1.13 for the terminating Al and the first and second Al layers, respectively. The atomic
density of the second Al layer is close to the bulk values of the liquid Al misfit between
a[SiC{0001}]/a[Al{111}] ~ 1.06 at the melting temperature of liquid Al, which corresponds
to an area ratio of 1.13 [5].

The above results indicate stronger interfacial chemical bonding between C-Al than
between Si-Al. The value of the atomic ratios at the interfaces is about 1, indicating that the
majority of the outmost C/Si atoms have one Al neighbor, forming distorted tetrahedral
coordination. Here, we analyzed the interfacial chemical interactions and chemical bonding
in more detail. The atomic arrangements and local bonds at the C-substrate (Figure 5a) and
the Si-substrate (Figure 5b) and the typical local coordination of the surface C (Figure 5c)
and Si (Figure 5d) atoms are schematically presented, respectively.

Figure 5 shows that the terminating C or Si atoms have one Al atom as the nearest
neighbor, forming a distorted tetragonal coordination which satisfies the sp3 hybridization
together with the three Si/C neighbors in the subsurface layer, according to Pauling’s
theory [43].

To obtain a deeper understanding of the local chemical interactions at the interfaces,
we performed electronic band structure calculations for the Al(l)/SiC system. The obtained
electron density distributions are shown in Figure 6a. Based on the electron density
distributions, we also analyzed the charges at the atomic sites at the interfaces using Bader’s
charge analysis model [44]. The obtained charges at the atomic sites at the interfaces are
shown in Figure 6b. Moreover, we plotted the partial density of states for selected atoms at
the interfaces in Figure 7.
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Figure 6. Electron density iso-surfaces with ρ0(r) = 0.035e/Å3 (a) and related Bader charges at the
atomic sites (b). In 6a, the yellow clouds represent the iso-surfaces. The blue color represents regions
with higher electron densities, and white represents regions with lower electron densities. The red
regions represent the core regions of intensive electron densities. The blue spheres represent Si, dark
brown represents C, and silver represents Al. In (b), the red dots represent charges at C, the green
represents charges at Si, and black represents charges at Al. The charge transfer at the C-terminated
interface (S1) is notably higher that at the Si-terminated interface (S2). All the snapshots and electron
density iso-surfaces were produced via the program VASTA [45].
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Figure 6a shows the localized electrons around the Si/C atoms in the substrates, while
the Al atoms show its naked ions with (free) electrons around them. This corresponds to the
strong Si-C covalent bonding and the free-electron nature of Al metals. Figure 6b shows the
results of interatomic charge transfer from the Bader analysis. The Si atoms in the substrate
are positively charged with a loss of about 1.5e/Si, whereas the C atoms obtained the same
amount of electrons. The Al atoms away from the substrates are electronically neutral.

Figure 6b shows the occurrence of interfacial charge transfer (0.3e/Al on average)
from the terminating Al atoms to the C-terminated substrate. Meanwhile, the terminating
Al atoms lost little electrons (<0.1e/Al on average) to the outmost Si atoms. It is also
noted that the outmost Si atoms lost fewer electrons than those in the substrate bulk.
Those results are in good agreement with the electronegativity values, which are 2.5 for C,
1.8 for Si, and 1.5 for Al in Pauling’s scale. The moderate charge transfer between Al and Si
atoms corresponds to their more covalent interactions (the difference in electronegativity
values is 0.3) compared with that between C and Al (the difference is 1.0).

Figure 7 shows the curves of the partial density of states for selected atoms around the
interfaces. Around the Fermi level (zero eV), the electron densities of the Si (Figure 7b) and
C (Figure 7c) in the center of the substrate slab are very low and more like pseudo-gaps. This
corresponds to the semiconducting nature of SiC [4]. Meanwhile, there are nonignorable
densities of states around the Fermi level for the outmost Si (Figure 7a) and C (Figure 7d).
An analysis revealed that they originate from interfacial chemical interactions. Figure 7d
shows a sharp peak at the top of the C 2 s states at −11.0 eV, which arises due to the C-Al
interaction, as shown in Figure 7h, where there are some Al 3 s 3p states at the same energy
range. Figure 7f,g show free-electron-like DOS curves for the Al atoms in the center of the
Al slab. Even the partial density of states curves for the Al near the outmost Si (Figure 7a)
shows weak densities in the low Si 3 s, 3p part between −15.5 eV and −11.0 eV. This
indicates weak chemical bonding between the Al and Si atoms. The notable densities of
states of the Si atom (Figure 7a) are the tails of the neighboring Al atoms.

4. Discussion

The AIMD simulations and electronic band structure calculations provided informa-
tion about the local structures and interfacial interactions at the Al(l)/SiC{0001} interfaces.
Each of the terminating C atoms is bonded to one Al, and thus, every C atom terminating
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the substrate has four (three Si and one Al) neighbors, fulfilling sp3 hybridization. The
interfacial interactions between Al and the terminating C atoms are strong with a charge
transfer of about 0.3e/Al from Al to C (as summarized in d in Table 1). Therefore, energy
costs for debonding at the Al(l)/SiC{0001}C interfaces will be high.

This study also showed anisotropy of chemical bonding at the interfaces: the bond
between Al and the Si atoms terminating the substrate is relatively weaker and covalent
compared to that between C and Al. There is a minor charge transfer from the terminating
Al atoms to the Si atoms terminating the substrate (0.04e/Al on average; see e in Table 1).
Moreover, the simulations also showed mobility of the terminating Al atoms, and there are
some extra Al atoms in the terminating Al layer, with the n(Al)/n(Si) ratio being about 1.03.
Such weaker Si-Al bonding means easier interfacial debonding at the Al/SiC{0001}Si
interfaces during machining.

Prenucleation at a liquid metal/solid substrate interface is associated with the intrinsic
capability (potency) of the substrate [46,47]. There are four factors affecting prenucleation
at a solid metal/liquid substrate interface at a temperature above the nucleation point,
including (i) the temperature, T [17]; (ii) the lattice misfit between the substrate and the
metal, f [16,47]; (iii) the interfacial chemical interaction [17]; and (iv) the atomic roughness
of the substrate, R [24,46–48]. The interfacial interaction can be scaled by charge transfer at
the interfaces [24,49].

The present study gives us an opportunity to address the impacts of these factors
of the polar substrates on prenucleation in liquid light metals adjacent to the substrates.
We compare the present results of the Al(l)/SiC interfaces with the interfaces of polar
substrates: Mg(l)/SiC{0001} [33] and Al(l)/AlN [50] in Table 1. An idealized non-polar
Al(l)/Al{111} interface [17] is included in Table 1 as a reference. All of these systems were
simulated at the same temperature (T = 1000 K).

The Al(l)/Al(s) interface is idealized and non-polar [17]. It does not contain a lattice
misfit, atomic roughness, or an interfacial charge transfer (a in Table 1). The prenucleation
at this interface is pronounced. There are six recognizable Al layers. The in-plane coefficient
of the terminating Al layer is as high as 0.50.

The AlN{0001} substrates are polarized with either an Al-(g in Table 1) or N-terminated
(f in Table 1) surface [50]. The lattice misfit is large: f = −7.0%. The AIMD simulations
provide strong anisotropy of the interfacial interaction and prenucleation at the interfaces.
There are extra Al atoms at the terminating Al(l) layers at both Al-terminated (10%) and N-
terminated (2%) interfaces, which correspond to an atomic roughness of 5.0% for the former
and 1.0% for the latter (Table 1). Moreover, there are significant differences in interfacial
interactions: there is a notable charge transfer from the terminating Al(l) atoms to the N
in the substrate (0.52e/Al), which is opposite to the case at the Al-terminated substrate
in which the terminating Al(l) atoms receive some electrons from their neighbors. The
results indicate strong interfacial bonding at the Al(l)/AlN{0001}N interface and weaker
bonding at the Al(l)/AlN{0001}Al interface. Consequently, layering at the former is strong
with six recognizable layers, while it is moderate at the latter (four layers). The strong
layering at the Al(l)/AlN{0001}N interface indicates a weak effect of the lattice misfit on
layering, agreeing with the atomistic model [16]. The larger atomic roughness at the
Al(l)/AlN{0001}Al interface causes it to have weaker layering. The in-plane ordering for
the terminating Al layer at the Al(l)/AlN{0001}N interface is moderate (0.18) due to the
large lattice misfit and atomic roughness [16]. More seriously is the in-plane-ordering at
the Al(l)/AlN{0001}Al interface diminishing, which is caused by the combination of the
large lattice misfit, atomic roughness [16,48,49], and the weak interlayer interactions [17].

Here, we compared the interfacial interactions and prenucleation of Al(l) and Mg{l} at
the same SiC substrates and the Al(l)/SiC{0001} and Mg(l)/SiC{0001} [50] interfaces (Table 1).
The large atomic size of Mg causes a positive lattice misfit (about 6.0%) to SiC{0001} (b and
c in Table 1), whereas the lattice misfit between Al{111} and SiC{0001} is about -6.0% (d and
e in Table 1). Table 1 shows that the charge transfers at the Mg(l)/SiC{0001} are notably
higher than the corresponding ones at the Al(1)/SiC{0001} interfaces, indicating a more
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ionic nature at the former interfaces. This is due to the higher electronegativity value
(1.61 in Pauling scale) of Al than that of Mg (1.31). Interestingly, there are notable amounts
of atomic vacancies at the terminating Mg(l) layers, namely 5.0% for Mg(l)/SiC{0001}C
(b in Table 1) and 15.0% for Mg(l)/SiC{0001}Si (c in Table 1) compared with that at the
Al(l)/SiC{0001} interfaces (d and e in Table 1). This means there are stronger effects of the
atomic volume at the Mg(l)/SiC{0001} interfaces than at Al(l)/SiC{0001}. Table 1 also shows
that the recognizable layers in the liquid metals at the C-terminated substrates are slightly
higher than those at the Si-terminated substrates. This indicates that stronger interfacial
chemical interactions enhance layering. The numbers of recognizable layers in the liquid
Mg (five to six) are higher than the corresponding one in the liquid Al (three to four). This
partially comes from the larger Mg interlayer space, as shown in the pronounced layering
at the Mg(l)/Zr interfaces (seven recognizable layers) in liquid Mg [51].

Table 1. A list of the lattice misfits between the substrates and the light metals, the substrates’
surface features, and prenucleation (the number of ordered layers, nLayers; the in-plane-ordering
of the terminating metal layers, SM(z), for the interfaces between light metals and polar substrates,
Al(l)/SiC{0001} (this work)) (d,e), Al(l)/AlN{0001} reprinted from Ref. [47] (f,g), and Mg(l)/SiC{0001}
reprinted from Ref. [33] (b,c). The related properties for the idealized L-Al/s-Al{111} interface
reprinted from Ref. [17] (a) were included as a reference. * The outmost Al atoms bonded to N are
classified as the terminating atoms in the AlN substrates, while they were formerly defined as the 1st
Al layer in reprinted from Ref. [50].

Interface f (%) M
Oc.(%) R(%) q(e/M) nLayers SM(z) Prenucleation

a: Al(l)/s-Al{111}
[17] +0.0 100 0.0 0.00 6 0.50 Strong layering

Strong in-plane ordering

b: Mg(l)/SiC{0001}C
[33]
c: Mg(l)/SiC{0001}Si
[33]

+5.9%
95

85

2.5

7.5

+0.50

+0.21

5 to 6

5

0.45

0.10

Strong layering
Strong in-plane ordering
Strong layering
Weak in-plane ordering

d: Al(l)/SiC{0001}C
[This work]
e: Al(l)/SiC{0001}Si
[This work]

−6.0%
100

103

0.0

1.5

+0.30

+0.04

3 to 4

3

0.31

0.22

Weak layering
Moderate in-plane
ordering
Weak layering
Moderate in-plane
ordering

f: Al(l)/AlN{0001}N
[50]
g: Al(l)/AlN{0001}Al
[50]

−7.0%
102

110

1.0

5.0

+0.52

−0.31 *

6

4 *

0.18

0.02 *

Strong layering
Moderate in-plane
ordering
Strong layering
Weak in-plane ordering

Table 1 shows the relation between in-plane ordering and atomic roughness. The
interfaces with smaller atomic roughness values for the C-terminated substrates have
higher in-plane ordering coefficients with the Si-terminated substrates. This agrees with
the previous conclusions from atomistic molecular dynamics modeling [48].

Table 1 also shows the anisotropy of chemical interactions at the interfaces between
liquid metals (Mg, Al) and the polar substrates. The charge transfers from the metals to the
more electronic negative atoms in the substrates (C and N) are notably larger than the values
corresponding to the less electronegative atoms in the substrates (Si and Al). The obtained
charge transfer between C and Al is 0.5e/Al (b), which is close to that between N and Mg
at the interfaces (f). Therefore, these interactions are strong and more ionic. Meanwhile, the
charge transfer from Al to C at the Al(l)/SiC{0001}C interface has a value of 0.3e/Al (d). This
means that the bonding between Al and C at Al(l)/SiC{0001}C is more moderate compared
with the other two, (b) and (f). The terminating Al atoms obtained 0.3e/Al on average
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from the substrate Al atoms (case g in Table 1). This is caused by the strong polarity of the
AlN substrate where the outmost AlN slab with Al termination donates electrons to the
terminating Al atoms, which means there is strong chemical bonding between the liquid Al
and the substrate in (g). The charge transfer between Mg and the Si in the substrates in (c) is
still notable (0.2e/Mg). Meanwhile, the charge transfer is insignificant between the Al and
Si substrates (e) in Table 1. This corresponds to the weak interaction between them from the
electronic structure calculations (Figure 7). Thus, comparatively, the chemical interactions
between the liquid Al and SiC substrates are moderate, indicating easier deformation and
debonding between the Al matrix and the SiC substrates during machining, as shown in
the literature [9–11].

Information about the chemical bonding between the light metals and the polar
substrates (Table 1) is helpful to understand the wetting at the M(l)/solid interface. Stronger
interface interactions mean smaller wetting angles. Thus, the wetting angles at the Al(l)/SiC
interface are expected to be larger than those at the Mg(l)/SiC and Al(l)/AlN systems.
However, one must also be alert that polar surfaces such as the SiC and AlN substrates are
unstable at ambient conditions [13]. Such polar substrates can be stabilized by defects [52]
or the absorption of small molecules [53]. This would impact wettings when added into
liquid metal [54,55]. This topic deserves further investigation.

In brief, the present ab initio study revealed that the interfacial interactions at the
C-terminated substrates are more significant than those at the Si-terminated substrates at
the Al(l)/SiC{0001} interfaces. Prenucleation at the Al(l)/SiC{0001} interfaces is overall
moderate due to the large lattice misfit and moderate interfacial interactions.

5. Conclusions

The present AIMD simulations for the interfaces between liquid Al and the polar
SiC{0001} substrates provide the following results:

(i) The substrates and liquid Al at the Al(l)/SiC{0 0 0 1} interfaces are well separated.
(ii) The Al layers adjacent to the SiC{0001} substrates are flat with the absence of or a

moderate content of atomic vacancies.
(iii) Overall prenucleation at the Al(l)/SiC{0001} interfaces is moderate.
(iv) There is a moderate charge transfer from the Al atoms to the outmost C (0.3e/Al),

while no significant charge transfer occurs from Al to Si.
(v) The moderate interface interactions between the Al and SiC substrates indicate possi-

ble interface debonding during machining.

This study provides insights into the interfacial interactions between Al and SiC
particles in and macro-mechanical performances of Al/SiC-MMCs and the role of SiC
particles in the nucleation of Al metals/alloys [9,56] and other MMCs [57,58]. Furthermore,
it is useful to design novel manufacturing and machining processes for nano-sized SiC-
MMCs of desirable properties in practice.
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