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In present study, 6061- and A356-based nano-composites are fabricated by
using the ultrasonic stirring technology (UST) in a coreless induction furnace.
SiC nanoparticles are used as the reinforcement. Nanoparticles are added into
the molten metal and then dispersed by ultrasonic cavitation and acoustic
streaming assisted by electromagnetic stirring. The applied UST parameters
in the current experiments are used to validate a recently developed magneto-
hydro-dynamics (MHD) model, which is capable of modeling the cavitation
and nanoparticle dispersion during UST processing. The MHD model accounts
for turbulent fluid flow, heat transfer and solidification, and electromagnetic
field, as well as the complex interaction between the nanoparticles and both
the molten and solidified alloys by using ANSYS Maxwell and ANSYS Fluent.
Molecular dynamics (MD) simulations are conducted to analyze the complex
interactions between the nanoparticle and the liquid/solid interface. The
current modeling results demonstrate that a strong flow can disperse the
nanoparticles relatively well during molten metal and solidification processes.
MD simulation results prove that ultrafine particles (10 nm) will be engulfed
by the solidification front instead of being pushed, which is beneficial for nano-

dispersion.

INTRODUCTION

Micron-sized ceramic particle reinforcements are
widely used in aluminum-based metal matrix com-
posites (MMCs) which have high strength-to-weight
ratios and enhanced mechanical and thermal prop-
erties, including specific modulus, superior strength,
stiffness, good wear resistance, fatigue resistance
and improved thermal stability.'* More recently, to
overcome the counterpart that the ductility of the
MMCs deteriorates with high ceramic particle con-
centration,” more attention has been drawn to metal
matrix nanocomposites (MMNCs), since the proper-
ties of metallic alloys reinforced by ceramic nanopar-
ticles (with dimensions less than 100 nm) would be
enhanced considerably while the ductility of the
matrix is retained.®'? However, it is extremely
difficult to obtain uniform dispersion of nano-sized
ceramic particles in liquid metals due to their high
viscosity, poor wettability in the metal matrix, and a
large surface-to-volume 1"atioé which results in
agglomeration and clustering.” Currently, several
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fabrication technologies including high-energy ball
milling,>'? in situ synthesis,® electroplating,’® and
ultrasonic technology (UST)é’6 are most commonly
used, among which UST is supposed to be more
reliable and cost effective.

Induction heating, which is a clean, energy-effi-
cient and well-controllable melting process, is
widely applied in the metallurgical industry. Dur-
ing the process, the dominant electromagnetic field
will generate heat (affecting the temperature field)
and momentum (controlling the fluid flow field).
Meanwhile, all these three fields may strongly
influence one another, which may significantly
complicate the problem.'* An improved understand-
ing of the heat and electromagnetically driven flow
mostly requires mathematical modeling, as experi-
mental studies, especially for high-temperature
materials processing, may be restricted because of
the physical and chemical properties of the melts.'?

During the solidification process, the particles will
either be pushed or engulfed by the solidification
front, among which particle pushing will always lead
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to segregation and even clustering of the particulate
reinforcement, which is undesirable as it results in
non-homogeneous response and lower macroscopic
mechanical properties. In general, it is considered
that whether particles are pushed or engulfed during
solidification depends on the velocity of the particle
relative to the solidification front according to several
previous models describinl% such particle engulfment
and pushing phenomena.'®2°

However, it is extremely expensive and difficult,
perhaps impossible, to investigate the interfacial
properties experimentally at the atomic level. Thus,
molecular dynamics (MD) simulations (atomistic
simulations) conducted at the atomic level offer a
good alternative in studying the interface
mechanics.

In this study, the ANSYS Fluent Dense Discrete
Phase Model (DDPM)?*! was adapted. The DDPM
accounts for turbulent fluid flow, heat transfer,
electromagnetic forces, and complex interactions
between the molten alloy and nanoparticles during
the melting and unidirectional solidification pro-
cesses. Based on the theory proposed by Ferguson, all
of the nanoparticles are assumed to be engulfed by
the solidification front and no entrapment will occur.
The dispersion of SiC nanoparticles with different
fluid flow intensities, and with and without induction
stirring, has been investigated in detail. The open
source MD program Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS)?*? is used to
conduct MD simulations to analyze the complex
interactions between the nanoparticle and the lig-
uid/solid interface.

MODEL DESCRIPTION

A MHD model has been developed in ANSYS
Maxwell and ANSYS Fluent. The Lorentz force
density was obtained in Maxwell and then interpo-
lated on the Fluent finite volume mesh and used as
momentum source in solving the fluid flow.

Electromagnetic Field and CFD Model

The geometries of the electromagnetic field and
computational fluid dynamics (CFD) model are
shown in Fig. 1. Two dimensional (2D) axisymmet-
ric models are applied to calculate the electromag-
netic forces and the CFD-related computations. The
induction furnace is comprised of an Al;O3 crucible
and 3 Cu induction coils. An electric current of
200 A with frequency of 50 Hz is passed through the
coils to induce eddy currents in the liquid alu-
minium alloys. All material properties required for
EM modeling are available in ANSYS Maxwell.

The ultrasonic probe has a diameter of 40 mm.
The liquid aluminium alloy is 6061. It has a density
of 2685 kg/m®. The SiC nanoparticles with an
average particle size of 55 nm and density of
3216 kg/m?® are treated as inert-particles. The mass
flow rate of the SiC nanoparticles is 0.014 kg/s.
Thus, 1.0 wt.% of SiC nanoparticles can be injected
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Fig. 1. Geometry model: (a) electromagnetic field; (b) CFD model.
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Fig. 2. MD geometry model.

at about 15 mm beneath the ultrasonic probe for 1 s.
The multiphase CFD model accounts for turbulent
fluid flow, heat transfer, and the complex interac-
tion between the molten alloy and nanoparticles by
using the ANSYS Fluent DDPM and k- turbu-
lence model.?!

The electromagnetic field model, fluid flow model,
solidification model, particle tracking model, and
solution procedure are presented in detail in Refs.
23-25.

Molecular Dynamics Model

A quarter of the MD geometry model is shown in
Fig. 2. The dimensions in the «x, y, and z directions
are 40 nm x 40 nm x 40 nm. The diameter of the
SiC nanoparticle is 10 nm. The simulated structure
of pure aluminum is a face-centered cubic (FCC)
structure with a lattice parameter of 4.05 A and
with the <100> direction coincident with the
Cartesian coordinates, since planes of looser pack-
ing, such as {100}, are better able to accommodate
an atom that leaves the liquid to join the solid than
a closer packed plane, such as {111}.2° The
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nanoparticle consists of a cubic crystalline polytype
of silicon carbide (3C-SiC) with a lattice parameter
of 4.36 A.?" In total, 3,900,208 atoms are generated.

In the study, the free solidification technique is
utilized to simulate the solidification process. Peri-
odic boundary conditions are applied in three
coordinate directions. The simulation starts with
a solid SiC region, a solid Al region (thickness 5 nm
in the z direction) and a liquid Al region separated
by a nominally flat liquid—solid boundary. The two-
phase Al system is established by holding the
atoms fixed in the solid Al region of the original
crystalline lattice and melting the liquid Al region
by raising the temperature to some temperature
above the melting point. Upon solidification, both
the solid Al atoms at the bottom and the liquid Al
atoms at the top can move freely into each other
because of the periodic boundary conditions. The
velocity of the atoms is then rescaled to some
temperature below the melting point. Due to the
density difference between solid and liquid, con-
stant volume simulations will lead to a gradual
build-up of pressure during crystallization which
eventually halts solidification.?® Instead, constant
pressure conditions are required with the pressure
maintained at zero throughout the run with a time
step of 1 fs. During solidification, the solid atoms at
the bottom which were initially fixed in position are
allowed to move. The simulation is terminated
when complete solidification is achieved (about
600 ps).

Interatomic potentials for aluminum, silicon car-
bide and the interface are discussed in the following
sections.

EAM Potential for Aluminum

In this study, the embedded atom method (EAM)
developed by Mishin et al.?® as shown in Eq. 1 is
used to simulate bulk aluminum. A cut-off distance
rc = 6.365 A is used.*”

Euc= 33 V) + Y F (), (1)
pi:Zp(rlj)? (2)
J#i

where V(r;;) is the pair potential as a function of the
atomic separation distance r;; between two atoms i
and j, F is the embedding energy as a function of the
density p;, which is induced on atom i by all other
atoms in the system, and p(r;;) is the atomic density
function. The interatomic potentials for Al are
available from Ref. 30.

Tersoff Many-Body Potential for Silicon Carbide

The Tersoff potential V;; in the simplest sense is
composed of the attractive and repulsive interac-
tions present in a bond as shown in Eq. 3.

Zhang and Nastac

Vi = fo(ry) [(Fr(ry) + bifa(ry))]. (3)

where the subscript R and A correspond to the
repulsive and attractive component of the potential.
The potential is a function of ;;, two energy constants
and fgr(ry), fa(r;) and fc(r;), which are functions
representing the potential associated with the repul-
sive, attractive and cut-off functions. These functions
are dependent on the length of the bond. In the
aforementioned equations the subscripts i and j label
the atoms of the system, and r;; is the length of the ij
bond. The necessary equations along with the energy
constants and corresponding cut-off distances for
silicon carbide are summarized in Tersoff.?!:32

Potential for Describing the Interface

Ideally, any interatomic potential model
employed for representing the interface should
include two-body and three-body interactions.
Two-body interactions are the interaction between
Al-Si and Al-C, while three-body interactions
involve Al-Si—C, Al-C-Si, Al-Si—Al and Al-C-Al
In this study, in order to simplify the simulation
procedure and in turn reduce the computational
time, a two-body pair-wise potential is used.

Two popular potentials, Lennard-Jones (LdJ)
potential and Morse potential, are usually used to
model the Al-SiC interface. But according to Dan-
dekar and Shin,”® the Morse potential values
parameterized from ab initio data are able to best
represent the current system and is therefore used
in this study to represent the interface.

V =D, |:e72am(r7ro) _ 2efam(r7r0):|’ (4)

where r is the distance between the atoms, rq is the
equilibrium bond distance, D, is the well depth of
the potential, «,, is the width of the potential, and V
is the interatomic potential. The parameters are
summarized in Table 1.2

SIMULATION RESULTS AND DISCUSSION

Figure 3a and b shows the fluid flow with elec-
tromagnetic stirring (EMS) and UST only, respec-
tively. As can be seen, the flow with EMS only
consists of two axisymmetric recirculating loops,

Table I. Morse potential function parameters
parameterized to the ab initio data obtained

System Parameters Morse potential
Al-Si Dy (eV) 0.4824

o (1/A) 1.322

ro (A) 2.92
Al-C Dy (eV) 0.4691

a (1/A) 1.738

ro (A) 2.246
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Fig. 3. Comparison between fluid flow with (a) EMS only and (b) UST only.

consistent with the computed curl of the EM force
field. Also, the magnitude of maximum velocity
induced by the EMS is 5 x 10~2 m/s, which is much
lower than that induced by the UST which is
2.84 m/s.

When the induction stirring is taken into consid-
eration, the fluid flow and particle distributions after
1.0 s and 3.0 s are shown in Fig. 4, respectively.
Compared to the results without EMS (Figure 3 in
Ref. 24), the fluid flow pattern is basically the same,
because the induced flow by induction stirring is
relatively weak compared to that induced by ultra-
sonic stirring. But there are still some differences
especially at the center of the furnace where the flow
at the bottom becomes weaker than that at the top
because of the induction stirring. It can also be seen
that there are considerable numbers of particles in
the center of the furnace, which indicates that the
particle distribution becomes even better than before.
This can be explained by the induction stirring
modifying the fluid flow, making it more uniform.

Figure 5 shows the fluid flow and particle distri-
butions after 10.0 s and 30.0 s with EMS during the
solidification process, respectively. As can be seen,
when solidification starts, the fluid flow is damped
in the mushy zone, and particles approaching the
solidification front are captured. As can be seen in
Fig. 5d that, after 20 s, the nanoparticles are dis-
persed quite well throughout the metal matrix,
which is also validated by SEM analysis.?*° Gen-
erally speaking, the fluid flow and nanoparticle
distributions do not change too much compared with
the results without EMS (Figure 3 in Ref. 24).

In order to perform a more detailed particle
distribution analysis, the geometry is divided into
150 slices (1 mm each) along the vertical direction
and 75 slices (0.5 mm each) along the radial
direction, thus there are 11,250 cells in total
(including the probe area). The numbers of parti-
cles in each slice and cell are counted. Particle
distributions along vertical and radial direction
after 3s, 10s and 30s, and overall particle
distribution after 30 s are shown in Figs. 6, 7
and 8, respectively.

It can be seen from Fig. 6 that the distribution
along the vertical direction after 3 s is very uniform.
As solidification starts, more and more particles are
captured by the solidification front, thus there are
fewer and fewer particles on the top of the furnace
(away from the solidification area). In Fig. 7, gen-
erally along the radial direction, further away from
the symmetry, more particles are present. However,
there is a peak in the middle area because of the
flow vertex. Moreover, a more intuitive observation
of the overall particle distribution can be obtained
from Fig. 8.

In the study, we use the centro-symmetry param-
eter (CSP) to discriminate between “liquid” and
“solid” atoms in the cell. In solid-state systems, the
centro-symmetry parameter (CSP) developed by
Kelchner et al.>® is a useful measure of the local
lattice disorder around an atom and can be used to
characterize whether the atom is part of a perfect
lattice, a local defect (e.g., a dislocation or stacking
fault), or at a surface.?” The CSP of an atom having
N nearest neighbors is defined as
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Fig. 4. Fluid flow and particle distributions with EMS: (a) fluid flow after 1.0 s; (b) particle distribution after 1.0 s; (c) fluid flow after 3.0 s; (d)

particle distribution after 3.0 s.

N2 \
CSP = Z |7'i + T'i+N/2| ) (5)
i=1

where r; and r;,n/2 are vectors from the central
atom to a particular pair of nearest neighbors.

In order to study the solidification process, we
need to know the equilibrium melting temperature,
which is a crucial reference point. A smaller system
with dimensions of 6 nm x 6 nm x 20 nm and a

(0%nm SiC particle is used to save computational
time. Initially, the top 1/4 and the bottom 1/4 atoms
are fixed, and the others are melted at the high
temperature of 2000 K employing a Nose—Hoover
thermostat. Keeping the solid atoms fixed, the
liquid atoms are subsequently quenched to an
estimated melting temperature and equilibrated
over 50 ps. Then, the whole system is allowed to
relax up to 500 ps with the temperature maintained
at the estimated value of T1,.
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Fig. 5. Fluid flow and particle distributions: (a) fluid flow after 10.0 s; (b) fluid flow after 30.0 s; (c) particle distribution after 10.0 s; (d) particle

distribution after 30.0 s.

If T, is larger than the melting temperature,
the whole system will eventually become liquid,
otherwise, it will become solid. The equilibrium
melting can also be determined from the evolution
of potential energy of the solid-liquid coexistence
system.?” Figure 9 shows the evolution of poten-
tial energies of the solid-liquid coexistence system
at different temperatures. It can be seen that the

potential energies increase with time at tempera-
tures above 788 K, indicating that the system is
melting, while the potential energies decrease
with time at temperatures below 787 K. Thus,
the equilibrium melting temperature is estimated
to be 787-788 K, which is about 146 K below the
theoretical  melting  temperature of pure
aluminium.
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The two-phase Al system is established by holding
the atoms fixed in the solid Al region of the original
crystalline lattice and melting the liquid Al region
by raising the temperature to some temperature
above the melting point. The whole system is
equilibrated after 40 ps, then the initial solid Al
atoms are fixed at some temperature (500 K) below
the melting point, and Si, C, and liquid Al atoms
with the micro-canonical ensemble (NVE; constant
atom number, volume and energy) will “release
heat” through the solid atoms. Figure 10 shows the
solid-liquid status of the system after 100 ps,
200 ps, 400 ps, and 600 ps, respectively.

As can be seen from Fig. 10a, when the liquid—
solid interfaces are far away from the SiC nanopar-
ticle, both of the interfaces at the top and bottom are
flat. When the interface at the bottom approaches
the SiC nanoparticle, a trough is formed below the
particle (see Fig. 10b). As time goes on, the interface
at the bottom passes through the particle and the
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Fig. 9. Evolution of potential energies of the system at different
temperatures.
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(a)
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18
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(d)

Fig. 10. Solid/liquid status of the system after (a) 100 ps; (b) 200 ps; (c) 400 ps; and (d) 600 ps.

interface at the top approaches the particle (see
Fig. 10c). Finally, these two interfaces meet each
other, become one, and disappear (see Fig. 10d).
However, we may not notice the movement of the
SiC nanoparticle from Fig. 10, because it is extre-
mely small. Figure 11 plots the position of the SiC
nanoparticle with time. As can be seen, the hori-
zontal movement (x and y) of the nanoparticle is

negligible. But in the z direction (vertical), the
particle moves down towards the liquid—solid inter-
face at the bottom in the beginning, and when the
interface from the top approaches it, the particle
again moves up towards that interface. So it is
confirmed during the solidification process that the
SiC nanoparticle will be engulfed by the solidifica-
tion front instead of being pushed.
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Fig. 11. Position of SiC nanoparticle during solidification.

CONCLUDING REMARKS

A magneto-hydro-dynamics model was developed
in ANSYS Maxwell and ANSYS Fluent. The DDPM
model coupled with the k—w turbulence model was
used to investigate the distribution of SiC nanopar-
ticles into a 6061 matrix under ultrasonic and
induction stirring and molten metal and unidirec-
tional solidification processing conditions. It was
demonstrated that induction stirring can help
improve the fluid flow characteristics, making the
nanoparticle distribution even more uniform.

The complex interactions between a SiC nanopar-
ticle and the Al liquid—solid interface were analysed
with a three dimensional (3D) molecular dynamics
model using LAMMPS on the High Performance
Computing Cluster (HPCC) at the University of
Alabama. The assumption that ultrafine particles
will be engulfed by the solidification front instead of
being pushed was supported by MD simulation.
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