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The homogenous dispersion of particles in a metal matrix is of critical importance to the design
and manufacturing of particle-reinforced metal matrix composites (MMCs). This work studied
the effects of increasing melt viscosity via microalloying and increasing cooling rate on the
dispersion of particles in an aluminum-based MMC. A CALculation of PHAse Diagrams
(CALPHAD)-based viscosity model was developed for the Al-Ni binary system. This viscosity
model was coupled with a particle-capture model to explore particle/metal interactions during
solidification. Three composites (Al + TiCp) with and without Ni were cast at different cooling
rates. The first composite without Ni cast at a lower cooling rate showed macro-segregation and
agglomeration of TiCp along the grain boundaries. The second composite without Ni cast at a
higher cooling rate exhibited grain refinement and reduced macro-segregation of TiCp. The
third composite alloyed with 1 wt pct Ni and cast at the same higher cooling rate had an
improved distribution, and particles> 2 lm in size were captured in the grains. The composite
with 1 wt pct Ni had a 45 pct higher melt viscosity and a 31 pct lower critical velocity for
capture of TiCp, demonstrating a synergetic effect of increasing viscosity and cooling rate on
improving particle dispersion in MMCs.
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I. INTRODUCTION

LIGHTWEIGHT materials have shown increasing
applications for energy efficiency[1] in the aerospace[2]

and automotive[3,4] industries. Advanced light alloys,
such as Al alloys[5,6] and Mg alloys,[7,8] have been
developed by optimizing alloy compositions and man-
ufacturing processes with computational and experi-
mental approaches.[9] One effective approach to further
improve the performance of light alloys is to introduce
ceramic reinforcements (e.g., particles and fibers) to
produce metal matrix composites (MMCs).[10–16] In
order to obtain a homogeneous distribution of ceramic
reinforcements in a MMC, there are two required
conditions. First, the ceramic particles/fibers must be
uniformly dispersed in the liquid metal.[17–19] Second,
the particles/fibers must be captured and engulfed by the
solidification front during processing.[20–22]

It is particularly challenging to capture particles of
small size, such as micron to nano-scale, during solid-
ification in conventional casting conditions. For exam-
ple, the solidification cooling rate in MMC casting is
often not high enough to capture particles within the
grain/dendrite interiors and the particles are pushed to
grain boundaries or inter-dendritic regions. One way to
improve capture is to increase the solidification cooling
rate so the velocity of the solidification front is higher
than the moving velocity of the particles.[20–22] In this
paper, we propose an approach to increase the melt
viscosity to decrease the moving velocity of particles so
capture can occur at lower cooling rates. The benefit of
this approach is that the viscosity of a MMCmelt can be
modified via microalloying. However, one important
gap in understanding the influence of microalloying
on the particle/metal interactions during solidification
is the lack of composition/temperature-dependent
thermo-physical parameters, such as viscosity, for mul-
ti-component alloy systems. So far, theoretical mod-
els[20–22] dealing with such influences only used viscosity
values for pure metals due to the complexity and
difficulty of measurements for multi-component alloy
systems.
It is critical to construct a theoretical model for the

viscosity of multi-component alloy systems to under-
stand and optimize the solidification processing of
MMCs. However, previous theoretical viscosity
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models[23–25] for multi-component alloy systems only
include thermodynamic parameters, but not the non-
ideal mixing behavior corresponding to chemical short-
range order. In this work, we first developed a new
theoretical particle-capture model coupled with our
CALPHAD-based viscosity model. The viscosity of
the pure Ni melt was estimated using the Arrhenius law
with available viscosity data[26–32] and the viscosity of
the Al-Ni binary melt system was assessed using the
PARROT module in the Thermo-Calc software with
available experimental data.[33–37] Then, we experimen-
tally investigated and theoretically analyzed the disper-
sive behavior of TiCp during the solidification of MMC
melts with various cooling rates (as seen in sand and
permanent mold casting) and melt viscosities by
microalloying with 1 wt pct Ni.

II. MODELING AND EXPERIMENTAL
PROCEDURES

A. Coupled Viscosity and Particle-Capture Model

In this section, a new particle-capture model coupled
with a CALPHAD-based viscosity model has been
developed to describe the interfacial behavior of ceramic
particles during the solidification of MMCs. In the
model, these ceramic particles are assumed to be
spherical and homogeneously distributed in a static
metal/alloy melt. During the process of solidification,
the solidification front (liquid–solid interface) is
assumed to be non-flat, as shown in Figure 1. The
solidification front near a ceramic particle could be
concave or convex based on differences in the thermal
conductivity between the ceramic particles and the alloy
melt. The buoyancy and gravity forces are considered to
be negligible for nano/submicron scale particles and are
not considered in this model. The electrostatic interac-
tions between the ceramic particle, melt, and solidified
alloy matrix are neglected because the melt and the
solidified alloy matrix are electrically neutral. Flow due
to convection between the solidification front and the
melt is also not considered. No severe chemical reactions
occur between the ceramic particles and melt. The
engulfment of the ceramic particle by the solidification
front will be determined by two criteria: the thermody-
namic criterion and the kinetic criterion. When both
criteria are satisfied, the ceramic particle should be
captured and engulfed by the solidification front.
Otherwise, the ceramic particle will be pushed away
from solidification front and entrapped along the grain
boundaries.

1. Thermodynamic Criterion
During solidification (Figure 1), the forces acting on a

particle will vary based on the distance (d) between the
solidification front and the ceramic particle. When d is
between 0.2 to 0.4 nm, chemical bonds between the
ceramic particles and the solid metal surface[22] will be
formed and the interfacial energy will dominate. Thus,
the Gibbs energy for a ceramic particle moving from the
melt into the solidified alloy matrix can be described as

DG ¼ 4pr2 cps � cpl
� �

; ½1�

where r is the particle radius, cps and cpl are interfacial
energies between the ceramic particle and the solidified
alloy matrix and melt, respectively. If DG is less than
zero (cps<cpl), the ceramic particle will be more ther-

modynamically stable in the solidified alloy matrix and
the ceramic particle will be engulfed by solidification
front. If DG> 0, the particle will be pushed away from
the solidification front. Thus, the thermodynamic pre-
requisite of engulfing a ceramic particle during solidifi-
cation is to satisfy DG < 0 when d is less than 0.4 nm.

2. Kinetic Criterion
When the distance (d) between a ceramic particle and

the solidification front is larger than 0.4 nm, the van der
Waals potential will have the dominant effect on particle
motion during solidification. The van der Waals force
(Fvdw) was derived from the van der Waals potential
(Wvdw) from Potschke et al.[38] and modified by Shang-
guan et al.[20] and can be given by

Fvdw¼�@Wvdw

@d

¼�32

3

A
r3r3I rI�r�a0�dð Þ

a0þdð Þ2 a0þdþ2rð Þ2 a0þd�2rIð Þ2 a0þd�2rIþ2rð Þ2
;

½2�

where A is the Hamaker constant, r is the radius of
the ceramic particle, rI is the radius of curvature of the
solidification front near the ceramic particle, and a0 is
the characteristic decay length for the chemical bonds
between the ceramic particle and the solidified alloy
matrix (0.2 to 0.4 nm). In this study, a0 + d � r and
a0 + d � r1. Thus, the van der Waals force (Fvdw)
can be simplified as

Fvdw ¼ �A

6

rrI

a0 þ dð Þ2 rI � rð Þ
¼ � Ara

6 a0 þ dð Þ2
; ½3�

where a ¼ kp
kl
is the ratio of the thermal conductivity of

the ceramic particle (kp) to the melt (kl). Shangguan
et al.[20] determined that rI

rI�rð Þ ¼ a which allows for

further simplification.
In the ceramic particle-melt-solidified alloy matrix

system, the system Hamaker constant (A) can be
expressed as[39]

A ¼
ffiffiffiffiffiffi
AS

p
�

ffiffiffiffiffiffi
AL

p� � ffiffiffiffiffiffiffiffiffi
ANP

p
�

ffiffiffiffiffiffi
AL

p� �
; ½4�

where ANP, AS, and AL are the Hamaker constants for
the ceramic particle, solidified alloy matrix, and melt,
respectively. Generally, AS is larger than AL because
the solid metal has a higher plasma frequency.[22] If
ANP>AL, the system Hamaker constant (A) is greater
than zero and thus Fvdw< 0 (Eq. [3]). If Fvdw< 0, it
acts as an attractive force and the ceramic particle will
spontaneously approach the advancing solidification
front. If ANP<AL, Fvdw< 0 and acts as a repulsive
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force to push the ceramic particle away from the
advancing solidification front. In this study, the influ-
ence of dilute alloy solutes on the constant A will not
be considered due to small amount of added alloying
element and lack of experimental information. As the
ceramic particle moves in the melt at a velocity Vp, a
viscous drag force is generated. The magnitude of this
drag force is given by Stokes’s law,[40]

FD ¼ 6pgrVp; ½5�

where g is the viscosity of the bulk melt and r is the
radius of the ceramic particle. When the solidification
front is approaching the ceramic particle, the influence
of d on the viscous drag force (FD) was derived by
Shangguan et al.[20] to be

FD ¼ 6pgVp
r2

d
a2: ½6�

Based on previous studies, the viscosity (g) of the melt
around a particle is affected by various factors.

First, Chan et al.[41] observed that the viscosity geff dð Þ
of the melt around a particle will be different from the
viscosity g0bulkof the bulk melt and proposed the effective
viscosity as

geff dð Þ ¼ g0bulk
d

d� 2a0
; ½7�

where 2a0<d< 50 nm. When d< 2a0, the viscosity
approaches infinity and the liquid is considered to
behave as a solid. Also, the viscosity g0bulk of the bulk
melt is affected by the alloying elements, temperature,
and volume fraction of particles, which will be studied
by CALPHAD-based model as well as by Ein-
stein–Batchelor model[42] in this study.
Alloying elements have a significant effect on the

viscosity g0bulkof a bulk melt system. The following
CALPHAD-based viscosity model was developed to

accurately calculate the viscosity g
0

bulk of an alloying
melt system by introducing non-idea mixing of solutes in
the liquid.

g
0

bulk ¼
X

i

xig
0
bulk;i þ gEX ½8�

g0ðbulk;iÞ ¼ g0exp
E0
a

RT

� �
½9�

gEX ¼
Xi

j;k6¼j

xjxkL
EX
j;k ½10�

LE
ðj;kÞX ¼

Xm

ðn¼0Þ
ðan þ bnTÞðx1 � x2Þn; ½11�

where g0bulk;iis the viscosity of a pure liquid metal which
obeys the Arrhenius law (gAL was adopted from[43] in
this work), xi is the mole fraction of component i, and
gEX is the excess viscosity contribution from non-ideal
mixing of solutes in the melt system expressed with the
Redlich–Kister polynomial.[44] g0 is the pre-exponential
viscosity at very high temperatures and E0

i is the
activation energy of viscous flow. Both are constants
and can be fitted with available experimental data. R is
the universal gas constant and T is the absolute
temperature. LEX

j;k is the interaction parameters between

components j and k. an and bn are constants and are
optimized on the basis of available experimental data by
using the PARROT module of the Thermo-Calc
software.
The effect of the volume fraction of ceramic particles

on the viscosity g
0

bulk of the alloying melt is considered
using the Einstein–Batchelor model[42]:

g
00

bulk ¼ g
0

bulk 1þ 2:5/p þ 6:2/2
p

� �
; ½12�

where /p is volume fraction of ceramic particles
suspended in the melt system.
Therefore, the combination of Eqs. [7] through [12]

can be used to determine the viscosity geff dð Þ of the melt
around a particle in an alloy system and the final viscous
drag force (FD) can be determined by replacing the
viscosity with the final viscosity from Eq. [13],

Fig. 1—Schematic illustration of interactions between a ceramic
particle and the metal solidification front during solidification. TiCp

denotes a ceramic particle, d denotes the distance between the
ceramic particle and the solidification front, r is the radius of the
ceramic particle, FRep is the repulsive force acting on the ceramic
particle, FAtt is the attractive force acting on the ceramic particle,
VSL and VP are the advancing velocities of the solidification front
and ceramic particle, respectively, and Vcr is the maximum particle
velocity during solidification.
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geffðdÞ¼
X

i

xig
0
bulk;iþgEX

 !
d
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p

� �

½13�

FD ¼ 6p
X

i

xig
0
bulk;i þ gEX

 !

d

d� 2a0
1þ 2:5/p þ 6:2/2

p

� �
Vp

r2

d
a2:

½14�

As the solidification front approached a ceramic
particle, the FD acting on the ceramic particle is initially
zero since the initial velocity of the particle is zero. The
balance of the larger repulsive van der Waals force
(Fvdw) and the smaller attractive viscous drag force (FD)
will initially increase the velocity (Vp) of the ceramic
particle away from the solidification front. As Vp

increases the viscous drag force (FD) (Eq. [14]) will be
further increased until the balance between Fvdw and FD

is zero. In this case, the ceramic particle moves in the
melt at a steady velocity, Ve.

Fvdw ¼ FD ½15�

Ve ¼
�A d� 2a0ð Þ

36pra a0 þ dð Þ2
P

i xigi þ gEX
� �

1þ 2:5/p þ 6:2/2
p

� �

½16�

The steady velocity Veð Þ of the ceramic particle will be
different based on variations in the distance (d) between
the ceramic particle and the advancing solidification
front. The maximum steady velocity (Vcr) can be
obtained at a critical distance dcr

@Ve

@d

				
d¼dcr

¼ 0 ½17�

dcr ¼ 5a0 ½18�

Vcr ¼ Veð Þmax;d¼dcr

¼
ffiffiffiffiffiffi
AS

p
�

ffiffiffiffiffiffi
AL

p� � ffiffiffiffiffiffiffiffiffi
ANP

p
�

ffiffiffiffiffiffi
AL

p� �

432p
P

i xigi þ gEX
� �

raa0 1þ 2:5/p þ 6:2/2
p

� � :

½19�

For engulfment of the ceramic particle by the solid-
ification front to occur, the solidification front must be
able to get close enough to the ceramic particle so that
the distance between them is in the 0.2 to 0.4 nm range
for the thermodynamic criterion. Thus, the velocity
(VSL) of solidification front should be larger than the
maximum velocity (Vcr) of ceramic particle before the
end of solidification or when the solidification front
meets another growing grain. This is the kinetic criterion
for the engulfment of ceramic particles. In this study, the

pure metal matrix Hamaker constants AS and AL will be
used and the effect of microalloying will not be
considered due to the lack of available data in literature.
The velocity of the solidification front is described using
the well-known relationship.[45]

VSL ¼ _e=G; ½20�

where _e is the cooling rate in �C/s and G is the
temperature gradient in �C/ cm.

B. Experimental Procedure

In this work, three Al composites with TiCp (~ 18v
ol pct) were prepared to study the effects of microalloy-
ing with Ni and cooling rate on the particle/metal
interactions during solidification. The first composite
was pure Al + TiCp. It was melted in a graphite
crucible using an induction furnace and cast into a
cylindrical steel die with a diameter of ~ 3 cm to
produce a lower cooling rate. The second sample was
pure Al + TiCp cast into a cylindrical steel die with a
diameter of ~ 1 cm. The third composite was pure
Al + TiCp with an addition of 1 wt pct Ni. It was
prepared by melting the Al + TiCp composite with an
Al-20 wt pct Ni master alloy and was cast in the
cylindrical steel die with a diameter of ~ 1 cm. K-type
thermocouples were placed at center and edge positions
of each steel cylinder die to measure the cooling curves
during solidification. The average solidification proper-
ties including cooling rate, temperature gradient, and
corresponding solidification rates were derived from the
cooling curves. These three composites were machined
and mechanically polished for microstructural charac-
terization. Scanning electron microscopy (SEM) and
energy-dispersive X-ray spectroscopy (EDS) analysis
were carried out in a FEI Apreo SEM, operated at
20 kV and 30 kV. The size distribution of TiCp in the
pure Al + TiCp sample was measured from the SEM
backscattered electron images using Image Pro Plus. A
dozen photographs with about 1700 particles were
randomly selected for the quantitative analysis.

III. RESULTS AND DISCUSSION

A. Model Analysis

In this work, the dispersive mechanism for TiCp in an
aluminum matrix composite was studied using a parti-
cle-capture model coupled with a CALPHAD-based
viscosity model. The interfacial energies, cps and cpl, for
the system are reported to be 0.77 J/m2 and 0.81 J/m2,
respectively.[46] The resulting Gibbs energy change for
the system (Eq. [1]) was determined to be less than zero.
Since DG<0, the TiCp particles are more thermody-
namically stable in the solidified alloy matrix than the
alloy melt. Thus, TiCp meets the thermodynamic crite-
rion and should be engulfed when the solidification
front is within 0.2 to 0.4 nm of the TiCp particles.
In order for the solidification front to catch up with a

particle, one of two approaches can be used. One is to
decrease the maximum velocity (Vcr) of the particle, and
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the other is to increase the velocity (VSL) of the
solidification front. The kinetic criterion for particle
engulfment is that the maximum velocity (Vcr) of the
particle should be less than the velocity (VSL) of
solidification front (Vcr<VSL). Thus, the maximum
velocity (Vcr) of the particle must be equal to the
minimum velocity (VSL) of the solidification front to
derive the minimum cooling rate via Eq. [20]. The
particle-capture model shown in Eq. [19] was proposed
to estimate the maximum velocity (Vcr) of the particle
during solidification. Based on Eq. [19], using the
parameters[47–51] listed in Table I, the maximum veloc-
ities (Vcr) of TiCp particles during solidification were
calculated and are shown in Figure 2(a). The maximum
velocity (Vcr) of a particle can be significantly decreased
by slightly increasing the melt viscosity. Thus, modifying
the viscosity of the liquid around the particles is a
promising approach to improve particle capture. The
corresponding minimum cooling rate was calculated in
Figure 2(b). It should be noted that the calculated
minimum cooling rate was significantly higher for
smaller particle sizes and lower liquid viscosities. Thus,
this calculation could provide the required minimum
cooling rate to experimentally manufacture MMCs with
a known particle size and liquid viscosity.

A CALPHAD-based model (Eq. [8]) was used to
select Ni as a potential microalloying element that can
be used to increase the melt viscosity and to calculate the

viscosity of the resulting alloy. Based on the viscosity
model, the calculated viscosity of a pure Ni liquid is
shown in Figures 3(a) and (b) and the calculated
viscosity of the binary Al-Ni liquid is shown in
Figures 3(c) and (d). The calculated results had good
agreement with available experimental viscosity
data.[26–37] The melting temperatures for the pure Ni
and binary Al-Ni systems were calculated using the
Thermo-Calc software with the TCAL5 thermodynamic
database.[52] The calculated pre-exponential viscosities
and activation energies of pure liquid Ni are shown in
Table II. The binary interaction parameters LEX

j;k , from

Eq. [11], for the binary Al-Ni liquid system have been
assessed and are shown in Table III.
Figure 4(a) shows the calculated viscosities of the

Al-Ni binary system just above the liquidus temperature
using the present viscosity model. In the Al-rich corner,
a small amount of Ni significantly increases the viscosity
of the Al melt. Also, along the liquidus boundary two
maxima were observed at points A (Al84Ni16, at.pct) and
B (Al25Ni75, at.pct), which correspond to the formation
of the Al3Ni and FCC_L12 intermetallics, respectively.
A similar phenomenon was observed in the calculations
of solute diffusivity for Ni and Al in the Al-Ni liquid, as
shown in Figures 4(b) and (c). The diffusivities were
calculated using an experimentally validated diffusivity
database[53] for the Al-Ni binary liquid. The observed

Fig. 2—(a) Calculated maximum velocity (Vcr) of TiCp with different particle sizes and viscosity of liquid around particle in solidification. (b)
Calculated corresponding critical cooling rate with constant temperature gradient (G = 100 �C/ cm). (For interpretation of the references to
color in this Figure, the reader is referred to the web version of this article).

Table I. Parameters for Calculation of the Maximum Velocity of TiCP in Pure Al/Al-Ni Alloys

MMC System a0
[22] (m) g (mPa S)

Asolid
[47]

(J)
Amelt

[48]

(J)
ATiC

[49]

(J) r (nm)
kp

[50]

(W/Km)
kL

[51]

(W/Km) /p

Al-TiCp 2.0e�10
from present
viscosity model

3.33E�19 2.66E�19 2.38E�19 200-1500 5.64 109.5 18 pct
Al-1 wt pctNi-TiCp
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maxima have been proposed to be caused by short-range
ordering[32,54] of the liquid around points A and B.
Based on the calculated viscosity, the velocity of a TiCp

particle with a diameter of 2.2 lm in an Al-Ni binary
melt was calculated (Figure 4(d)).
In this study, the temperature at the solidification

front was assumed to be the temperature at the liquidus
boundary. Thus, the viscosity along the liquidus bound-
ary in Figure 4(a) can be extrapolated as gbulk (Eq. [8])
at the solidification front. The corresponding maximum
velocity (Vcr) of the TiCp particle was calculated along
the liquidus boundary for various addition of Ni and are
shown in Figure 4(d). It should be noted that small
additions of Ni in the pure Al melt can significantly
retard the movement of a particle during solidification.
For example, an addition of 1 wt pct Ni is predicted to
increase the viscosity at the liquidus boundary from
about 1.1 to 1.6 mPa s (a 45 pct increase) and decrease
the maximum velocity (Vcr) of the particle from 61.279
to 42.130 lm/s (a 31 pct reduction).

Fig. 3—(a) Calculated temperature-dependent viscosity of the pure Ni melt superimposed with experimental and theoretical data.[26–32] (b)
Comparison of the calculated viscosity of liquid Ni with experimental and theoretical data. (c) Calculated isothermal viscosity of the Al-Ni
binary melt superimposed with experimental data[33–37] at temperatures of 1073 K and 1973 K. (d) Calculated iso-concentration viscosity of the
Al-Ni melt at compositions of x(Ni) = 0.167, 0.333, 0.667, and 0.833. Dashed lines in (a) and (c) denote the viscosities at liquidus temperature,
which were calculated via Thermo-Calc software with the reliable thermodynamic database TCAL5.[52]

Table II. Calculated and Experimental Viscosity Data for
the Pure Ni Melt in this Study

Metal Tm (K)
g (Tm)
(mPa s)

g0i
(mPa s)

Ei (10
4

J/mol) References

Ni 1728.25 4.70 0.301 3.95 present work
1728 4.70 0.79 2.73 27
1728 4.61 0.49 3.22 28
1728.15 4.90 0.166 5.02 29
1728 4.70 0.27 4.13 30

Table III. Interaction Parameters for the Viscosity of the
Al-Ni Binary Liquid Assessed in this Study

Parameters (mPa s)

Al-Ni

A b

A0
j;k

14.560 �5.733E�03

A1
j;k

�34.502 1.536E�02

A2
j;k

�6.169 �1.880E�04

A3
j;k

18.589 �1.861E�03
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B. Experimental Validation

In this section, the influence of cooling rate and
microalloying with 1 wt pct Ni has been experimentally
examined for three Al composites, based on the above
model. Figure 5(a) shows the size distribution of the
TiCP particles in the pure Al sample. The average
particle size was about 1.2 lm. Figures 5(b) through (d)
show the cooling curves at the center and edge position
of each die. The corresponding first derivative curves
(solidification rate) for these three Al composite samples
were calculated. In this study, samples from the center of
the die were selected for microstructural observation,
because the center of the die has the lowest cooling rate
and solidifies last. The average solidification properties
[including cooling rate, temperature gradient, and solid-
ification rate (Eq. [20])] at the center of the die were

derived from the liquid–solid region, as shown in
Figures 5(b) through (d) and Table IV. The results
showed that the average solidification rate of the
Al+TiCP composite was higher in the 1-cm-diameter
die than the 3-cm-diameter die.
The SEM microstructural analysis of the three cast

MMC samples is shown in Figure 6. Figure 6(a) shows
the microstructure of the first Al + TiCp sample that
was cast into the 3-cm-diameter die, which had a cooling
rate of 0.055 �C/s. A large amount of the TiCp particles
was segregated along the Al grain boundaries.
Figures 6(b) and (c) show the microstructure of the
second and third Al + TiCp samples with and without
1 wt pct Ni addition that were cast into the 1-cm-diam-
eter die, which had cooling rates of 0.19 and 0.82 �C/s,
respectively. The serious segregation of particles seen in

Fig. 4—(a) Calculated viscosity of the Al-Ni binary system above the liquidus boundary superimposed with experimental viscosity data.[33,36,37]

(b, c) Calculated diffusivity of the solute Ni and Al, respectively, in the Al-Ni binary liquid using atomic database.[53] (d) Calculated
corresponding maximum velocity of the ceramic particle (TiCp) by coupling the capture model and viscosity model. (For interpretation of the
references to color in this Figure, the reader is referred to the web version of this article).

Table IV. Solidification Properties of Three Al+TiCp Composites With/Without Ni at the Center of Die

Sample
(No.) MMC System

Average Cooling
Rate (�C/s)

Average Temperature Gra-
dient (�C/ cm)

Average Solidification
Rate ( lm/s)

1st Al melt—cast in 3-cm-diameter die 0.055 32.10 16.98
2nd Al melt—cast in 1-cm-diameter die 0.19 51.41 36.96
3rd Al-1 wt pctNi—cast in 1-cm-diameter die 0.82 210.02 39.05
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Figure 6(a) has been significantly reduced and TiCp

particles have been globally dispersed into the aluminum
matrix.

In order to show the local dispersion behavior of TiCp

in the Al matrix, the microstructures of the three
samples at higher magnifications are shown in
Figures 7(a) through (c). The corresponding experimen-
tal solidification rates (VSL) and the calculated maxi-
mum particle velocities (VP) as function of particle size
are also shown in Figure 7(d). Figure 7(a) shows that
the first sample without Ni additions cast into the

3-cm-diameter die showed a large number of particles
segregated along the grain boundaries of the coarse Al
grains. The reason could be that the particle size was
400 nm to 3 lm and the corresponding calculated
maximum velocity (Vcr) of the particles during solidifi-
cation was 330 lm/s to 60 lm/s (Figure 7(d)). The
resulting Vcr was higher than the experimental solidifi-
cation rate (VSL=16.98 lm/s), thus the kinetic criterion
for capture was not satisfied and the particles were
pushed by the solidification front to the grain bound-
aries. Figure 7(b) shows a similar phenomenon. TiCp

Fig. 6—Microstructure of (a) first Al + TiCp composite cast into the large die with diameter 3 cm, (b) second Al + TiCp, and (c) third
Al + TiCp + 1 wt pct Ni composite cast into the small die with diameter 1 cm. Note that all scale bars are 500 lm at 30 kV and 6.4 nA.

Fig. 5—(a) Size distribution of the ceramic particle (TiCp) in the pure Al sample used in this work. (b) through (d) Cooling curves and the first
derivative curves of first Al + TiCp composite cast into the 3-cm-diameter die and second Al + TiCp and third composite
Al + TiCp + 1 wt pct Ni composite cast into the 1-cm-diameter die.
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particles with a size of 400 nm to 3 lm in pure Al cast in
the 1-cm-diameter die were still segregated along the
refined grain boundaries. This can be explained by the
fact that the experimental solidification rate (VSL) in the
1-cm-diameter die was increased to 36.96 lm/s
(Figure 7(d)). However, it was still lower than the
maximum velocity (Vcr) of particles (330 to 60 lm/s).
Thus, the particles should be pushed by the solidification
front and trapped along the grain boundaries. It should be
noted that the macro-segregation of particles along grain
boundaries can be reduced by the refinement of grain size.

Figure 7(c) shows the microstructure of the Al +
TiCp sample with 1 wt pct Ni addition cast into the
1-cm-diameter die. It can be seen that particles>~ 2 lm
in size have been engulfed into the Al grains, while
smaller particles (< ~ 2 lm) were still segregated
along the grain boundaries. Figure 7(d) shows that the

calculated maximum velocities (Vcr) of the particles
(400 nm to 3 lm) in the alloy with 1 wt pct Ni were
decreased from 230 to 30 lm/s due to the increased
viscosity. As a result, the experimental solidification rate
(VSL=39.05 lm/s) was larger than the calculated max-
imum velocity (Vcr = 38.619 lm/s) of the particles
> ~ 2 lm in size. The particles> ~ 2 lm in size satisfy
the kinetic criterion and should be engulfed into the Al
grains. Smaller particles (< ~ 2 lm) were predicted to
be pushed to the grain boundaries. Thus, the calculated
results in Figure 7(d) from the present particle-capture
model were consistent with the experimental observa-
tions in (Figures 7(c) and 8(a)). Also, energy-dispersive
X-ray spectroscopy (EDS) was performed in Figure 8(b)
to characterize the TiCp particles and grain boundaries
with a eutectic intermetallic Al3Ni phase shown in
Figures 8(c) through (f).

Fig. 7—(a) Local microstructure of the first Al + TiCp composite cast into the 3-cm-diameter die at 20 kV and 6.4 nA, (b) local microstructure
of second Al + TiCp, at 30 kV and 6.4 nA, and (c) third Al + TiCp + 1 wt pct Ni composite cast into the 1-cm-diameter die at 20 kV and
1.6 nA, and (d) the calculated velocity (Vcr) of TiCp and experimental solidification rates (VSL) of these three composites during solidification.
Note that the (Vcr) is the same in 1st and 2nd composites showing overlap lines in (d) because both are pure Al matrix.
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IV. CONCLUSIONS

A CALPHAD-based viscosity model has been devel-
oped for the binary Al-Ni liquid system using the
PARROT module of the Thermo-Calc software. The
calculated temperature-dependent viscosities of the
unary Ni liquid and the Al-Ni binary alloy system in
this study were consistent with available experimental
data. A particle-capture model coupled with this vis-
cosity model was developed to study the influence of
melt viscosity via microalloying of Ni on particle/metal
interactions. Finally, the effects of increasing the melt
viscosity via microalloying with Ni (1 wt pct) and
increasing the cooling rate on the maximum particle

velocity during solidification were studied experimen-
tally, with the following conclusions.

1. A CALPHAD-based viscosity model that included
the influence of short-range ordering of the liquid
was developed and validated to accurately calculate
the viscosity of Al-Ni binary melts.

2. A theoretical particle-capture model coupled with
the CALPHAD-based viscosity model was devel-
oped to study the interactions of the TiCp particles
with aluminum melt during solidification.

3. The solidification rate was increased from
16.98 lm/s in the first composite to 36.96 lm/s in
the second composite due to the increase in cooling

Fig. 8—Local microstructure of Al+TiCP+1 wt pct Ni composites cast into 1-cm-diameter die with higher magnification: (a) at 20 kV and
1.6 nA; (b) at 30 kV and 6.4 nA. Energy-dispersive X-ray spectroscopy (EDS) of solute (c) Al, (d) Ni, (e) Ti, and (f) C from (b).
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rate from 0.055 to 0.19 �C/s. This increase in
cooling rate resulted in a reduction in grain size
that can be clearly seen between the two Al + TiCp

samples without additions of Ni. Also, the refine-
ment of grain size due to the increased cooling rate
reduces the macro-segregation of particles along
coarse grain boundaries.

4. Microalloying with 1 wt pct Ni was calculated to
increase the viscosity of the pure Al melt by 45 pct
at the liquidus boundary and to reduce the critical
velocity of TiCp particles by 31 pct.

5. Due to the 1 wt pct Ni addition and the increase of
the cooling rate for the third composite, larger
particles (> ~ 2 lm) in size were observed to be
engulfed into the aluminum grains, while smaller
particles (< ~ 2 lm) were pushed to the grain
boundaries. This is due to the solidification rate
(VSL) being higher than the maximum velocity (VP)
for the larger particles (>2 lm), but lower than the
maximum particle velocity (VP) for smaller particles
(< ~ 2 lm).

The synergetic approach of (1) increasing cooling rate
and (2) increasing viscosity via microalloying can be
used to improve the engulfment and dispersion of
ceramic particles in MMC materials.
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