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The aluminum matrix composites (AMCs) reinforced with silicon carbide have attracted significant interest
in several high-tech industries. In this work, we provide an insightful atomistic understanding of harmonizing
mechanical and thermal properties of Al/SiC composites using superlattice models and ab initio machine-
learning-potential calculations. Our calculations reveal the optimal value of SiC percentage as 25% ~ 27% in
superlattice-type composites for combining high mechanical strength with ductility. With increasing the SiC
percentage, the coefficients of thermal expansion decrease in the range of 0.5-2.5 x 1073 K~!, while the lattice
thermal conductivity increases in the range of 24-38 W m~' K~! at 300 K. These data will help tailor AMCs to
the terms desired with the proposed ab initio based computational procedure.

DOLI: 10.1103/PhysRevB.109.075426

I. INTRODUCTION

Nanocomposites have attracted significant research interest
for effectively tuning their mechanical and thermal properties.
Typically, aluminum matrix composites (AMCs) reinforced
with nanophase ceramics like silicon carbide whisker (SiCw)
[1] combined high strength with ductility and low thermal
expansion with high thermal conductivity [2—4]. With this,
well-designed AMCs became indispensable requisites for sev-
eral high-tech industries, such as aerospace, automobile, and
electronic fields [5]. According to the terms desired, optimal
properties of SiCw-reinforced AMCs are mainly obtained by
manipulating the size and distribution of SiCw. In particular,
the optimal value of SiCw volume fraction is a critical factor
in achieving high-performance of AMCs, but is not easy to
determine when based on experiment only.

Meanwhile, because the load and heat are transferred
through the interface, Al/SiCw interface plays a decisive part
in improving the properties [6]. Here, the atomistic structure
of the interface is the key issue, together with how to im-
prove the wettability and adhesion of Al/SiCw interface. To
address the issue, advanced materials modeling and simula-
tion techniques have been applied, including ab initio density
functional theory (DFT) [7-9] and classical molecular dynam-
ics (CMD) [10]. However, most of the previous DFT works
adopted the slab models to study bonding and electronic
nature of the interface, thereby being limited in quantitative
prediction of bulk properties such as elastic constants and
coefficients of thermal expansion. On the other hand, variation
tendency of such properties could not be explored by CMD,
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which moreover has an intrinsic limit in accuracy due to the
use of empirical interatomic potential.

In this work, we adopt the superlattice (SL) models
to investigate the mechanical and thermal properties of
Al/SiCw nanocomposites. In fact, phonons and related
thermal transport in SLs have long been challenging issues
in physical and chemical sciences [11-14], with different
forms such as semiconductor/semiconductor [15-17],
semiconductor/metal [18-20], and amorphous/crystal [21]
SLs. In this regard, we compute not only elastic constants
but also phonons, thermal expansion coefficients, and lattice
thermal conductivities of Al/SiCw SLs as varying the SiC
atomic percentage in SLs.

II. METHOD

To construct the superlattices, the interface is composed
of fcc-Al(110) (4 x 1) surface supercell and 6H-SiC(110) or
(11=20) surface unit cell, and the number of Al atomic layers
varies from 5 to 11 with an interval of 2 while fixing the
number of SiC atomic layers as 3. Hereafter, the superlattice
models are denoted as Aln/SiC3 with n =15, 7, 9, 11 (see
Figs. S1 and S2 in the Supplemental Material [22]).

For calculations, we applied DFT method combined
with classical molecular mechanics (CMM) using ab initio
MD-derived machine-learning interatomic potential (MLIP).
The structural optimizations of single crystals and superlat-
tices were performed using the pseudopotential plane-wave
method, as implemented in the QUANTUM ESPRESSO (QE, ver-
sion 7.0) package [23]. The stress-strain method was used to
calculate the elastic constants, as implemented in the ELASTIC
code [24] in connection with QE. We used the ultrasoft pseu-
dopotentials for the ion-electron interaction, as provided in
the GBRV library [25], and the Perdew-Burke-Ernzerhof (PBE)
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functional [26] for the exchange-correlation interaction. For
CMM calculations, we built MLIP [27-31] by training over
short ab initio MD trajectories and using the moment tensor
potential form [32,33]. Phonons and coefficients of ther-
mal expansion were calculated within the quasiharmonic
approximation (QHA) using the ALAMODE code [34,35] in
connection with QE and LAMMPS [36]. Computational de-
tails was provided in the Supplemental Material [22] (see also
Refs. [37-44] therein).

III. RESULT AND DISCUSSION

To start with we performed structural optimizations of
the unit cells of the 6H-SiC (space group P63mc), fcc-Al
(Fm = 3m) crystals, and Aln/SiC3 SLs (see Table S1 in
the Supplemental Material [22]). For the 6H-SiC unit cell,
the optimized lattice constants are @ = 3.094 and ¢ = 15.183
A with relative errors of 0.43% and 0.38% compared with
the experimental values of 3.081 and 15.125 A [45]. The
optimized lattice constant of fcc-Al unit cell is a = 4.047
A with a relative error of —0.07% in comparison with the
experimental value of 4.050 A [46]. When constructing the
superlattices from fcc-Al(110) and 6H-SiC(110) surfaces with
these calculated lattice constants, the lattice mismatches are
6.2% and 6.4% in the a (15.685 A) and b (5.541 A) directions,
respectively. These mismatches are smaller than 7.6% in the
case of Al(111)/6H-SiC(0001) interface [7,8], indicating that
the present selection of surface indices for interface is more
reasonable. With variable cell relaxations using QE, the SL
unit cells were found to be negligibly deviated from the orig-
inal orthorhombic structure (space group Pmc21), which was
therefore kept in further calculations.

Then, we estimated the formability of the superlattices
from their constituent bulks and the binding strength between
the contacting interface layers. To this end, we calculated the
formation and binding energies per atom as increasing the
Al layers (conversely decreasing the SiC percentage). The
formation energy is 1.10 eV for Al5/SiC3 SL and decreases
as increasing the Al atomic layers to 0.59 eV for All11/SiC3
SL (see Table S2 in the Supplemental Material [22]). The
positive values indicate that formation of the superlattices
from the constituent bulks is an endothermic process. We find
the formation energy as a linear function of SiC atomic per-
centage like Er(x) = 2.75x — 0.21 (eV), where x = nsic/niot
with the number of SiC atoms ns;c and the total number of
atoms 7, as shown in Fig. 1(c). Therefore, the SL formability
can increase as decreasing the SiC portion in AMCs, and
even the formation can be exothermic below psic &~ 7.6%
according to the formula. In contrast with this trend, the
binding strength was found to decrease as decreasing the SiC
percentage since the binding energy per atom was described
by a linear function of x, E,(x) = —0.7186x + 0.0016 (eV).
From this equation, the negative binding energy is obtained
for the almost whole range of x € (0, 1), indicating an at-
tractive binding between the Al and SiC layers. Such strong
binding is supported from the newly formed Al-C (2.03 A)
and Al-Si (2.46 A) covalent bonds at the interface. This is
caused by charge redistribution upon the interface formation,
as depicted in Fig. 1(d) (see Fig. S3 in the Supplemental
Material [22]), where a considerable amount of accumulated
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FIG. 1. (a) Sketch of Aln/SiC3 superlattice structures. (b) Top
and (d) side views of Al5/SiC3 superlattice with isosurface plot of
electron density difference, where positive (negative) value means
electron gain (loss). Blue, green, and brown balls denote Al, Si, and
C atoms, respectively. Red-colored dashed lines indicate the super-
lattice unit cell. (c) Energy difference of superlattices as increasing
the distance between Al and SiC layers in the ¢ direction (i.e., lattice
constant c¢). Inset shows the superlattice formation energy per atom
E; (black) and the interface binding energy per atom E;, (red) as
functions of SiC atom percentage (psic)-

charge is observed at the middle space between the Al and SiC
layers.

Next, we consider the mechanical properties of the
Aln/SiC3 superlattices by calculating the elastic constant
tensor C;; and the derived properties, which play an impor-
tant part in describing their mechanical strengths. Figure 2
presents the calculated elastic constants based on the stress-
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FIG. 2. Mechanical properties of Al/SiC superlattices as varying

the SiC atomic percentage (ps;c). (a) Principal and (b) shear compo-

nents of elastic stiffness constant tensor, (c¢) bulk (B), shear (G) and

Young’s (E') moduli, and (d) Poisson’s and Pugh’s ratios. Solid lines

represent quadratic regression and dashed lines show linear relation.
Empty symbols indicate experimental values.
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strain approach, elastic moduli, and Poisson’s and Pugh’s
ratios as functions of SiC percentage (see Tables S3-S5 and
Fig. S4 in the Supplemental Material [22]). At a glance, those
quantities show gradual variation tendencies without a big
anomaly as going from Al to SiC through Aln/SiC3 SLs,
except the shear components (C|,, Cy3, Cy3) of elastic constant
tensor [Fig. 2(b)].

The principal elastic constants (Cj;, i =1, 2, 3) in su-
perlattices were found to gradually increase with increasing
the SiC atomic percentage as shown in Fig. 2(a). For the
fcc-Al bulk, Cj; is 109.0 GPa in good agreement with the
experimental value of 106.8 GPa [46]. This is much smaller
than both Cj; = 523 and Cs3 = 563 GPa for the 6H-SiC
crystal (comparable with the experimental values of 500 and
564 GPa [37]), verifying that Al metal used as a matrix
is mechanically much weaker than SiC ceramics used as a
reinforcing agent. Our calculations reveal that the principal
elastic constants look like following the quadratic func-
tions of x (solid lines) rather than linear function (dashed
lines), like Cjj(x) = 111.85+ 116.45x 4+ 293.52x> (GPa),
Co(x) = 113.13 + 267.78x + 140.52x% (GPa), and C33(x) =
109.41 + 174.25x + 279.42x> (GPa). Such quadratic varia-
tion tendencies are also observed in elastic moduli, which
act as a mechanical strength check of a polycrystalline
solid, including bulk (B), shear (G), and Young’s modulus
(E) [Fig. 2(c)]. The quadratic regression to the calcu-
lated values gives the functions B(x) = 77.18 4+ 26.27x +
108.93x? (GPa), G(x) = 30.28 + 49.91x + 125.69x> (GPa),
and E(x) = 80.08 + 127.71x + 258.97x% (GPa). From these
analyses, it becomes clear that the mechanical strength of
Al/SiC composites is enhanced as increasing the SiC per-
centage, following the quadratic tendency. Such enhancement
of mechanical strength is mostly ascribed to three factors: (i)
better elastic performance of SiC than pure Al, (ii) increasing
the AI-SiC interface binding strength as increasing the SiC
content as stated above, and (iii) mismatch of the coefficient
of thermal expansion (CTE) between SiC and Al as will be
discussed below. The better interfacial bonding induces more
effective load transfer between the matrix and reinforcement
[10] while the CTE mismatch creates the dislocations in the
near-interface areas [47].

To determine the critical value of SiC percentage at which
the composite is converted from ductile to brittle, we de-
rived the Poisson’s ratio (v) and Pugh’s ratio (1). As shown
in Fig. 2(d), these ratios decrease from v = 0.33 and p =
2.60 for fcc-Al (experimental value v = 0.35 [48]) to v =
0.13 and p = 1.03 for 6H-SiC, along the quadratic functions
of v(x) = 0.33 — 0.30x + 0.10x? and u(x) = 2.58 — 3.56x +
2.02x?. According to the criteria for ductility (v > 0.26 or
= 1.75), the critical x values are determined to be x,, = 0.25
and x, = 0.28.

To proceed, we investigate the electron conductance across
the interface and along the layers by calculating electronic
local density of states (LDOS). Figure 3(a) shows the calcu-
lated LDOS in Al5/SiC3 SL as a typical example. A band
gap of ~3.5 eV is found in the SiC layers while no gap
in the Al layers, indicating that the electron transfer is not
allowed along the SiC layer but allowed along the Al layers.
At the interface, however, we find a relatively high potential
barrier, which inhibits the electron transfer through the Al-SiC
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FIG. 3. (a) Electronic local density of states (LDOS) along the
z axis (longitudinal axis), where the Fermi energy Er is marked,
and (b) phonon dispersion curves along the high-symmetry points
of Brillouin zone, where red (blue) lines indicate the acoustic (optic)
modes, with phonon density of states (DOS) with atomic contribu-
tions in Al5/SiC3 superlattice.

contact. This indicates that the thermal conductivity of the
composite cannot be dominated by electrons but phonons.

Consecutively, we investigate the thermal properties in-
cluding CTEs («) and lattice thermal conductivities (k) as
functions of temperature. At this step of calculation, we
rely on the CMM using ab initio MD-derived MLIP for the
SLs, which provide a DFT level accuracy with a very low
computational cost [32,33]. The phonon dispersions were cal-
culated at each value of volume using LAMMPS with MLIP
constructed in this work to obtain the vibrational free en-
ergy F vib(r V), thus the Helmholtz free energy F(T, V)=
E(V)+ F¥o(T, V).

Figure 3(b) shows the phonon dispersion and phonon den-
sity of states (DOS) in AI5/SiC3 SL as a typical example
calculated at the equilibrium volume. Note that those of fcc-Al
and 6H-SiC bulk were also calculated and agreed well with the
available experiment, and those of other superlattices show
similar features to Al5/SiC3 SL (see Figs. S8 and S9 in the
Supplemental Material [22]). No anharmonic phonon modes
with imaginary frequency were observed in dispersions, in-
dicating that the superlattice crystals are thermodynamically
stable. From the phonon DOS, it is revealed that the Al atoms
dominate the acoustic and low-frequency optical modes below
13 THz, while the higher-frequency optical modes are domi-
nated by the Si and C atoms. This indicates that the lattice
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FIG. 4. Thermal properties as functions of temperature in fcc-Al, 6H-SiC, and their composite superlattices Aln/SiC3 (n = 5,7, 9, 11).
(a) Equilibrium unit-cell volume per atom, (b) bulk modulus, (c) coefficients of linear thermal expansion, where the experimental values are
provided for fcc-Al at 300 K [46,49] and for 6H-SiC [50], and (d) lattice thermal conductivities, where the experimental values for 6H-SiC are

provided [51-53].

thermal conductance in Al/SiC composite is dominated by Al
atoms with small contribution from SiC part. As increasing
the Al layers, the contribution from SiC to acoustic mode is
found to gradually decrease.

In Fig. 4(a), we show the equilibrium unit-cell volume
per atom as a function of temperature determined by fitting
the F-V data to the EOS. For all the crystalline solids, the
volumes increase rightly as increasing temperature. At each
temperature, the unit-cell volume per atom increases as de-
creasing the SiC percentage in the composites. This is related
with that the mass density of 6H-SiC (3.17 g cm ™) is higher
than that of fcc-Al (2.70 g cm™?). Note that the mass densities
of SLs range from 2.62 (n =5) to 2.66 g cm™ (n = 11),
being lower than those of parent bulks possibly due to the
interfacial space. By contrast, the bulk modulus decreases as
increasing temperature naturally for all the crystals, and as
decreasing the SiC percentage in composites at every temper-
ature [see Fig. 4(b)].

Using the calculated V(T') data, we derived the linear
CTE of B(T) = %(8‘//87')]3. As shown in Fig. 4(c), 6H-
SiC bulk has much lower CTE than fcc-Al, for which the
calculated 8 value at 300 K is 2.54 x 107> K~! close to the
experimental value of 2.31 x 1073 K~! [46). Therefore, 8(T)
decreases with an increase of SiC percentage in composites at
every temperature, ranging from 0.5 x 107> K~! of 6H-SiC
to 2.5 x 107> K~ of fcc-Al. That is, Al/SiC composites
can exhibit lower CTE than Al metal due to the existence of
SiC that has very low CTEs (see Figs. S12 and S13 in the

Supplemental Material [22]). It is worth noting that the big
thermal mismatch between SiC and Al induces dislocations
around the interface during the cooling process of the com-
posite fabrication, strengthening the small punched zone near
the interface.

Finally, we estimate the lattice thermal conductivi-
ties (k.) using the calculated elasticity-derived quanti-
ties with the Cahill’s model [54]. Giving the theoretical
minimum of ky, this model is expressed by Ki“i“(T) =
(%)1/3k3n3/3 Z?:l ui(%)2 Ogi/T (efie:)z dx, where n, is the the
number of atoms per unit volume, v;» = v; and v3 = vy,
are the elastic wave velocities in longitudinal and transverse
acoustic phonon modes, and 6; is the corresponding De-
bye temperature (see Table S6 in the Supplemental Material
[22]). As shown in Fig. 4(d), the calculated «; for 6H-SiC
was slightly underestimated compared with the experiments
[51-53] and much higher than that of fcc-Al. The Aln/SiC3
SLs exhibit reasonably high «,, e.g., ranging from 24 to 38
W m~! K~ at 300 K, and show an increasing tendency with
increasing the SiC percentage. This is associated with that
SiC has higher acoustic wave velocities and higher Debye
temperature than Al and the heat-carrying low-energy phonon
modes of the composite are dominated by Al atoms.

In conclusion, we have investigated the mechanical and
thermal properties of the Al/SiC superlattices using the DFT
and CMM calculations with ab initio derived MLIP. Our
calculations revealed the optimal value of SiC percentage
for high mechanical strength with keeping ductility, and the
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reasonably low CTE with high lattice thermal conductivities.
This work highlights the atomistic insights into harmonizing
mechanical and thermal properties of Al/SiC composites.
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