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Abstract: Lightweight SiC-particle-reinforced aluminum composites have the potential to replace cast
iron in brake discs, especially for electric vehicles. This study investigates the effect of SiC particle
size and matrix alloy composition on the resulting transfer efficiency and particle distribution. The
performance of a specially designed stirring head was studied using a water model, and the stirring
head conditions were assessed to understand the particle transfer and dispersion mechanisms in
the molten aluminum. The standard practice of thermal pre-treatment promotes the wetting of the
reinforcing particles and commonly causes clustering before the addition to the melt. This early
clustering affects the transfer efficiency and particle dispersion, where their interaction with the melt
top-surface oxide skin plays an important role. In addition, the transfer efficiency was linked to the
particle size and the chemical composition of the matrix alloy. Smaller particles aggravated the degree
of clustering, and the addition of rare earth elements as alloying elements in the matrix alloy affected
the particle dispersion. The stirring parameters should be selected to ensure cluster disruption when
the carbides are added to the melt.

Keywords: metal matrix composites; microstructure; casting; simulation

1. Introduction

Silicon carbide (SiC) presents more than two hundred crystalline forms, many of
these are rare in nature, but they can be artificially synthesized. Thanks to its interesting
thermophysical and electrical properties, SiC has been highly used in thermal isolation
materials, microelectronics, optoelectronics, and nuclear applications [1-4]. SiC particles
are especially interesting for producing metal matrix composites; lightweight SiC particle-
reinforced aluminum (Al) composites have attracted attention in recent years for their
excellent durability compared with cast iron in automotive brake discs [5]. Nowadays,
legislation and requirements rapidly evolve towards stricter gas and particle emission
limits, like the recent Euro 7 standard [6]. Thus, automotive and train manufacturers are
becoming increasingly interested in developing lightweight components of Al alloys and
their composites [7,8]. A lightweight brake system reduces the unsprung mass, improves
road contact and driver experience, and, more importantly, reduces particulate matter
and greenhouse gas emissions [9]. The brake discs must be durable, withstand wear, and
provide friction to function correctly. Moreover, the braking system, as such, must be
thermally stable [10]. The SiC particle (SiCp)-reinforced Al metal matrix composite (MMC),
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thanks to its high modulus and strength, high specific weight ratio, and wear resistance, is
suitable for brake disc application.

Several methods are available to fabricate SiCp-MMC components, from powder
metallurgy to spray deposition, from pressure infiltration to stir casting. From a commercial
perspective, ease of fabrication and low cost are critical factors [11]. The stir-casting method
satisfies these two factors, but there are still challenges in other production steps like
machining and drilling. During the casting operations, the ambient atmosphere/air may
be entrained in the molten metal during the stirring process [12]. Furthermore, in the
Duralcan™ stir casting process, there are still limitations in interfacial bonding [13], and the
micrometer-sized particles tend to agglomerate. Altogether, the particle dispersion in the
molten Al is complex and challenging [14]. The wettability between SiCp and molten Al
also affects the dispersion of particles. Bao et al. [12] employed the sessile drop experiment
to test the effect of temperature on the contact angle between the molten Al and SiCps. The
authors reported that a heat treatment at 1100 °C for 135 min reduced the contact angle
from 136° to 55°. According to the Young-Dupre equation [15], there are three ways to
improve the wettability of SiC with molten Al: by increasing the surface energy of SiC to
create a coating of SiO, film; by decreasing the surface tension of the molten Al by adding
the reactive elements magnesium (Mg), titanium (Ti), and lithium (Li), which could react
with the oxide Al film; and, as such, by decreasing the interfacial energy between the SiC
and molten Al. Urena et al. [16] proposed that a SiO; layer is generated on the SiCp surface
after oxidation treatment of the particles; the SiO, layer reduced the interface free energy,
promoted wetting, and hindered the formation of the detrimental Al;C3. The SiC particle
thermal pre-treatment and adding alloying elements to the matrix alloy are viable methods
to hinder the interface chemical reaction.

Priyan et al. [17] investigated the effect of ultrasonic treatment on the dispersion of 4
wt.% of SiC particles in stir casting, and the mean inter-particle distance was the parameter
used to characterize the particle dispersion property. Priyan et al. [17] reported that the mean
inter-particle distance increased after the ultrasonic treatment, indicating a de-clustering effect.
Fan et al. [18] suggested a new method to uniformly disperse the SiCps using a rotor and
stator unit to generate high-intensity shearing to condition the melt for further processing.
This method was developed for magnesium-based composites reinforced with SiC particles,
which were successfully uniformly dispersed. Yang et al. [19] used a rotor and stator intensive-
shearing stirring head to fabricate an Al-7Si-based composite reinforced with 10 vol.% of
SiCps. Uniform particle dispersion was achieved, and the material’s tensile strength increased
by intensive shearing, which successfully broke the SiCp clusters. The stirring head hindered
the gas entrapment and reduced the casting defects.

From the above discussion, clustering is a challenge, and it is essential to understanding
cluster behavior better. Capes [20] investigated the correlation between agglomeration strength
and the size of sand particles and reported that the strength factor increased as the sand
particle size decreased, indicating that the particle size decreased as the bonding point per area
increased. Wilks [21] studied the effect of homogeneous SiC reinforcement on the chevron
notch fracture toughness and reported that the toughness increased two-fold after breaking
the SiCp clusters. Not only could the homogeneous SiCp dispersion improve the properties of
the composite, but also the particle transfer efficiency. However, due to the limits of the stirring
process, not all the SiC particles are transferred into the melt. Particle transfer efficiency is a
critical factor that is as important as particle dispersion since it directly affects the number of
particles that contribute to improving the composite’s properties.

In previous works, La and Ce elements were added to the matrix alloy of Al-based MMCs
to increase their mechanical resistance at high temperatures [22-24] for their use in train brake
discs. The same composite materials were investigated in the present study from a process
point of view to evaluate particle dispersion and transfer efficiency. This study investigates
what hinders a high transfer efficiency of SiC particles to an Al melt and a good dispersion
of reinforcement with a low level of clustering. The state-of-the-art and best practices for the
thermal pre-treatment of stirring conditions were taken as a starting point to have a direct
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link to commercial processing. This study focuses on the effect of two factors: the chemical
composition of the matrix alloy and particle size and size distribution. The goal is to describe
the role played by the SiC particles’ characteristics and the alloying elements in the matrix
alloy in influencing the transfer and agglomeration of carbides. The results help select the
best process parameters to obtain a homogeneously dispersed composite.

2. Materials and Methods

The current paper investigates the introduction and dispersion of SiC particles into an
Al alloy melt. The workflow consists of the following steps.

1.  Preparation of the composite materials to study the effects of SiCp size and size mix
as well as the addition of rare earth elements that have an affinity to oxygen and may
change the melt’s wetting behavior.

2. Water modeling with torque and rate of rotation assessment to estimate the shear forces
in the pumping head to assess the possibility of breaking SiCp clusters and alumina
bifilms that appear when introducing the SiC particles through the melt top surface.

3. Simulation work to understand the flow speeds and general dispersion of the particles
in the crucible and to assess the absence of stagnant zones and pseudo cavern formation.

4. Metallographic analysis to assess the transfer efficiency and level of agglomera-
tion and clustering. The resulting data is used together with steps 2 and 3 to ex-
plain the origin of losses in particle transfer, particle dispersion, and the agglomera-
tion/deagglomeration effect.

2.1. Material Production and Characterization
2.1.1. Material Production

Five different composite materials were produced by squeeze casting with different
SiC particle sizes and matrices. The targeted addition of SiC particles was 20 wt.%, as
Jarfors et al. [25] proposed that 20 wt.% of SiC particles could provide enough friction
force for the brake disc application. The matrix alloy formulation was based on previous
work [22] and the currently available commercial application for automotives [5,26]. The
chemical composition of the composite materials, listed in Table 1, were evaluated with
optical emission spectroscopy. The Si values include the Si of the matrix alloy and the Si in
the SiC particles. The material production process was described in recent work [27].

Table 1. Chemical composition of composite materials [wt.%], including the SiC particles L

Material  SiCp Size [um]  Si Fe Cu Mn Mg Ni Ti Ce La
C0_23 23 15.8 0.7 0.0 0.0 0.7 0.0 0.1 - -
C0_50 50 21.2 0.5 0.0 0.0 0.7 0.0 0.1 - -
C0_10 10 10.9 04 0.1 0.0 0.6 0.1 0.1 - -
C0_mix 10 + 23 + 502 17.4 0.2 0.0 0.0 0.8 0.0 0.1 - -
C1.23 23 19.8 0.5 1.9 0.9 0.8 1.9 0.4 0.6 0.7

1 The carbon was not included in the analysis due to equipment limitations. 2 The different sizes were added at
equal mass ratios in the material CO_mix.

A newly designed rotor—stator stirring device made of SiC ceramic was used for
the stirring process, and the design was modified from the original version of the device
developed by Yang et al. [19]. The device’s schematic was also described in previous
work [27]; the schematic structure and dimensions of the rotor-stator device are shown in
Figure 1. The rotor—stator device was made of silicon carbide, and the crucible was made
of clay-bonded graphite. The SiC particles are poured on the molten metal’s surface and
then sucked into the melt by the action of the rotor—stator unit. No inert gas protection
was used, and the rotor speed was limited to 500 rpm to avoid gas entrainment/cavitation
effects and keep the melt surface quiescent while stirring for one hour. The SiC particles
were pre-treated at 1000 °C under air atmosphere conditions for 1 h to form a thin SiO,
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layer on the SiCp particles [16]. Squeeze casting with 100 MPa of pressure was used to
minimize the casting defects, and the mold dimensions’ details were shown in previous
work [22]. Each casting experiment produced 4 kg of composite and 30 samples. Randomly,
one sample was cut and polished for metallographic observations.

10 m 5 mm
Rotor < Stator
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Figure 1. The schematic structure and dimensions of the rotor—stator device.

2.1.2. Microstructural Characterization

The samples were prepared for metallographic observation by combining the grinding
steps for a hard material and the polishing steps for a soft material. In this case, the
SiC particles represent the hard material, and the Al-Si matrix is the soft material. The
sequence of grinding and polishing discs (Struers, Ballerup, Denmark) was Piano 220 with
water, Largo with 9 um diamond suspension, Dac with 3 pm diamond suspension, and
Dur with 1 um diamond suspension. Metallographic observations were performed on an
optical microscope, the Olympus DSX1000 (Olympus Corporation, Shinjuku, Japan). The
SEM observations were performed on the scanning electron microscope JSM-7001f (JEOL,
Akishima, Japan).

The SiC particles and particle clusters were analyzed by the MIPAR Image Analysis
software (version 4.0.0) on panorama micrographs that covered the entire surface of the
samples. The area fraction and diameter of the SiCp clusters were used to evaluate the
particles’ dispersion. The particle transfer efficiency is defined in Equation (1) as the ratio
between the amount of SiCp evaluated through the image analysis (IA) and the targeted
content of SiCps.

SiCwt.% achieved

SiCp transfer efficiency = SiCwt.% targeted 1)

The nearest neighbor distance was calculated based on the centroid coordinates of the
SiC particles and the “knnsearch’ function in MATLAB R2022b. The average of the nearest
neighbor values was used to evaluate the distribution of the carbides.
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2.2. Modeling
2.2.1. Water Modeling

A glass tank full of water was used for the water modeling, and the rotor and stator
were fabricated by 3D printing (Figure 2). The servo motor (Delta, ASDA-B2) was used for
the rotor motion, and the servo controller (Delta, ASDA-B2) was used to control velocity
and collect torque and power consumption values.

Drive rod . .

Rotor stator device

Tracing partir:le

Figure 2. Experimental setup of the water modeling, showing the drive rod, rotor—stator device, and

tracing particles for flow visualization. The vertical ruler serves as a scale bar.

The tracing particles are lightweight white wax-based particles (Amer Technology Co.
Ltd., Guangzhou, China) that are free to move in water to visualize the flow and verify if
the rotor—stator device could generate a strong enough flow to disperse the particles in the
water homogeneously.

The structure of the rotor-stator device and the experiment parameters in the wa-
ter modeling experiment were similar to those used in the Al melt stirring experiment.
The steady-state velocity gradient, du/dz, depends on the geometry only, so using the
same structure rotor-stator unit in the water modeling experiment resulted in similar
experimental parameters to those in the Al melt stirring experiment.

For this reason, using water modeling to evaluate the torque and thus the velocity
gradient, du/ 0z, in the Al melt stirring experiment was possible. In the measurements from
the water modeling experiment, the torque, Tyqter, is measured to calculate the shear force
at the rotor according to Equation (2).

T
Twater — Aw:(te; )

In Equation (2), A is the blade tip area (8.1 10~* m?), r is the radius of the rotor (0.028
m), and Twater 15 the shear force generated by the rotor—stator device in the water modeling
experiment. This calculation gives an effective measure of the speed gradient in the rotor—
stator pumping arrangement, and it is related to the viscosity as in Equation (3). Using
Twater [Pa] and the water viscosity, pwater (1 mPa s) [28], in Equation (3), it is possible to
obtain du/dz of in the water modeling experiment.

Ju _ Twater

— = e 3
oz Hwater ( )

The assumption is that the system is under a steady state; thus, the speed gradient is
only geometry-dependent and, therefore, can be used for both the water and the composite
slurry. Equation (4) clarifies the relationship:

_ Ju _ Twater
TMMC = HMMca—Z = HMMCHW \ ’
acer

(4)
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where Ty is the shear stress generated by composite slurry stirring and pypc is the
viscosity of the composite slurry.

2.2.2. Flow-3D Simulation

The commercial Flow-3D software (version 11.2) simulated the SiC particle stirring
and dispersion process, and the structure size of the rotor and stator was the same as for the
casting experiment. The AlSi10Mg alloy was chosen for this simulation. The parameters of
velocity and temperature were fixed to 500 rpm and 700 °C, respectively. A cartesian grid
mesh with a cell size of 1.5 mm and a time step of 0.001 s was used. The applied models
are three-dimensional with gravity and a non-inertial reference frame; a general moving
object model was used for the particles with a random distribution; and the turbulence
model was the renormalized group (RNG) model. The boundary conditions were no wall
shear stress or pressure on the top surface. The tracers representing the SiC particles in the
simulation were described as spheres with a diameter of 23 um and a density of 3.2 g/ cm?,
and the volume fraction was 1% for computational efficiency as their effect on viscosity
was regarded as limited [29]. The simulation described the flow pattern of the Al melt
during the stirring process.

3. Results and Discussion
The results and discussion will start with the transfer efficiency, followed by the
deagglomeration and dispersion of the particles into the melt.

3.1. Particle Transfer Efficiency

Table 2 shows the SiCp transfer efficiency, and data were obtained through the metal-
lographic observation of fifteen images.

Table 2. Particle image analysis and evaluation of the transfer efficiency. The quantitative image
analysis was performed on panorama images that covered the entire surface of the samples.

MMC Co0_23 C0_50 Co0_10 C0_Mix C1_23
Average particle size [um] 14+ 0.9 32+14 12+1.8 19+15 15+ 1.1
SiCp wt.% targeted fraction  20% 20% 20% 20% 20%
SiCp wt.% fraction 8.7% 15.2% 4.8% 8.5% 12.4%
SiCp transfer efficiency 43.6% 75.8% 24.1% 42.2% 61.9%

The material CO_50 presented a 75.8% transfer efficiency, which was the highest value.
The material CO_10 presented a transfer efficiency of 24.1%, which was the lowest value,
while the mixed-size particles transferred into the melt with a 42.2% transfer efficiency.
The materials with the same size of SiCp but with a different chemical composition of the
matrix alloy, materials C0_23 and C1_23, presented transfer efficiencies of 43.6% and 61.9%,
respectively. Figure 3 represents the transfer efficiency in relation to the particle size and
shows a positive correlation between the two factors.

The material C1_23 was not included in the fitting due to its different matrix composi-
tion. The material C1_23 shows a higher transfer efficiency compared with the material
C0_23, even though they have the same particle size. This suggests that the La/Ce addition
did affect the transfer efficiency.

Figure 4 shows the structure and morphology of the SiC particles after the thermal
pre-treatment and before their addition to the melt. After the thermal pre-treatment, the
SiC particles tended to agglomerate due to a slight sintering tendency. Figure 4a shows
the particles with a particle size of 23 um, and the agglomeration is visible. Figure 4b
shows the particles with a size of 50 um, the largest particles used in this research, and an
agglomeration of particles is not observed. Figure 4c shows the particles with a size of 10
um, the smallest particles used in the present study, and they show clustering similar to the
23 um-sized particles. Figure 4d shows the particles with mixed sizes, with a ratio of 1:1:1



Crystals 2023, 13, 1621 7 of 15

=23 um:50 um:10 um. The small particles with a size of 10 um adhere to other particles,
forming satellite particles on the surfaces of the larger particles with sizes of 23 um and 50
um. Figure 4 shows that the mixed-sized particles appear clustered before their addition to
the melt, which might affect the transfer efficiency. The material CO_50 shows the highest
transfer efficiency, and the particles were not agglomerated before adding the molten metal.

eCO mC1

100

90
X 80 | o
§ 70 ) .06_50
() =
S 60 | -
o 50 F W [t
5 ¥
=3 —o—
é—’, 20 r CO0_10

10

0 1 1 1

0 10 20 30 40

Average particle size [um]

Figure 3. A diagram of particle transfer efficiency vs. average particle size.

Va &
A ‘/ggl.‘:! »g\"‘
g1y VAR =

ot

Figure 4. Appearance of SiC particles after the thermal pre-treatment: (a) 23 pm; (b) 50 um; (c) 10 um;
(d) mix of the three dimensions.
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The SiCp particles added in a clustered state mean that each cluster requires the
top surface of the molten metal to be broken. The presence of aluminum oxide layers
characterizes the surface of the molten aluminum, also referred to as bifilms, according to
research by Campbell [30]. These bifilms can interact with the SiCp clusters and wrap the
particles, making their dispersion in the melt more difficult. The air sandwiched between
the SiC particles of the cluster decreased the density of the clusters, making them highly
buoyant. During the addition of SiCps into the melts, the stirring force is a critical factor in
transferring the particles into the melts to counteract floatation and settling. The aluminum
oxide film encapsulating the SiCp clusters must be fractured to allow melt infiltration.
This phenomenon would then decrease the transfer efficiency of the particles. Once the
aluminum oxide film is broken, wetting is possible.

Compared to material C0_23, the transfer efficiency of the material C1_23 was 42.5%
higher, which indicated that the addition of La and Ce did affect the transfer efficiency.
Liu et al. [31] indicated that La and Ce react with Al,O3, forming (La,Ce),0O3, which could
reduce the surface energy and promote the wettability of SiCps. According to the Young-
Dupre equation [15], reducing the surface energy could decrease the contact angle and
promote wettability between the SiC and Al melts. Lloyd [13] reviewed that Mg reacted
with Al,O3 forming the spinel crystal MgAl,Oy4, which increases the wettability of SiC in
the molten Al alloy. For this reason, it is interesting to compare the well-known behavior of
Mg with La and Ce to better understand their possible contribution in terms of wetting.
Table 3 shows the standard Gibbs energy change of oxidation reactions from the Ellingham
diagrams [32]; the larger the negative value of the standard Gibbs energy change of the
formation AG®¢ [k]/(mol O,)], the more stable the oxide is. According to the data presented
in Table 3 by Hasegawa [32], La has a larger negative value than Mg, which means the
affinity of La to O is higher than that of Mg to O, and oxygen (O) is more likely to react
with La than with Mg for spinel formation. Based on these values, one can conclude that La
and Ce have a behavior similar to Mg in promoting the transfer efficiency of SiC particles.

Table 3. The standard Gibbs energy change of oxidation reactions by Hasegawa [32].

Element

La

Ce Mg Al Ti Si Mn Fe Cu

AG®¢ [K]/(mol O5)]

—1055

—880 —992 —-900 —845 —728 —624 —400 —200

3.2. Deagglomeration of Clusters
3.2.1. SiC Particle Cluster Strength

Yang et al. [33] used Rump’s model to calculate the tensile strength of a SiC agglomer-
ate using Equation (5). In Equation (5), Tmax is the max tensile strength of the SiC cluster,
@ is the volume fraction of SiC particles in the cluster, a is the average radius of the SiC
particles, F is the average binding force of a single bond, and n, is the average number of
bonds per particle.

_J e
Thax = i@an 5)

The particle—particle cohesive force was in the range of 5 nN to 15 nN for different
ceramic particles of similar sizes, as reported by Jones et al. [34]. The work by Jones et al.
has already been used as a reference by Yang et al. [19] when investigating the influence
of reinforcing particle distributions on the casting characteristics of Al-SiCp composites.
¢ is the maximum packing fraction calculated by Equations (6) and (7), where 1y, is the
aspect ratio of the SiC particles—these equations approximate the Kitano [35] and Pabst [36]

models. 5
Dsic = 6
€7 0321 x1p +3.02 (©)

nsic _ $sic %
Nfec Oec
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In Equation (7), ng. is the maximum number of bonds for an fcc structure, which is 12;
ng;ic is the maximum number of bonds in a SiC cluster; ¢g;c is the maximum SiC particle
package density, and ¢y is the packing density of an fcc structure, which is 0.74. After the
calculation of Equations (6) and (7), the maximum number of bonds per particle, ng;c, is
shown in Table 4, together with the max tensile strength of the SiC particle cluster and the
data used in the calculations. The larger particle sizes exhibit a smaller tensile strength,
which is reasonably similar to the work by Tzantzis et al. [37].

Table 4. The calculated maximum strength of particle clusters.

MMC C0_23 C0_50 C0_10 CO_mix C1.23

Tp 1.86£0.023 18140044 17540036 17240011 173 +0.014
dsic 0.5529 0.5553 0.5583 0.5598 0.5593

ngic 8.97 9.01 9.05 9.08 9.07

a [um] 7 + 045 16 £ 0.70 6 +0.90 9.5 +0.75 7 +0.55
Tmax [Pa] 44.45-136.37  8.7-26.22 6247-187.43  24.98-7496  45.98-137.98

3.2.2. The Shear Stress Generated by the Stirring Device

The rotor-stator stirring device could generate intensive shearing, and the shear force
should break up the particle clusters. While the shear force in the rotor—stator device could
not be directly measured, the ty1pc could be calculated from Equations (2)—(4).

Figure 5 shows the relationship between torque and rotation speed in the rotor-stator
device. The torque varied as the rotation speed increased.

0.14 +

©

N

N
1
-

°

-

o
1

0.08 A

Torque (N/m)

0.06 -

0.04 - /

-—

0.02 T T T T T
200 400 600 800 1000 1200
Velocity (rpm)

Figure 5. The relationship between the torque and the rotation speed in the rotor-stator device used
for water modeling.

According to Figure 5, the stirring velocity of 500 rpm corresponded to a torque, T,
calculated as 0.051 Nxm. Using the viscosity, e [Paxs], of the Al-Si/SiCp slurry and
the velocity gradient, du/dz, the shear strength, T\vc, of the stator during the stirring of
the composite slurry was calculated using Equation (4). According to Guth and Simha [29],
reported by Yang et al. [33], the viscosity of the Al-5i/SiCp slurry can be calculated from
Equation (8) [29], where @ is the volume fraction of SiC particles shown in Table 2 and
uo = 1.4 mPa X s is the dynamic viscosity of the Al-105i-Mg melt [38]:

5_ 109
pzp0<1+2q>+14q)2>. (8)

The shear stress in the holes through the stator wall was calculated from Equation (9) [19]:
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fpd?
TH = > )
The f is the Fanning friction factor, which is 0.02 for a turbulent flow in a smooth steel
pipe [33], p is the flow density, and 6 is the mean flow velocity. The Flow-3D simulations
approximated the flow velocity, 0, to be 8.15 m/s. The composite density was calculated
using the rule of mixtures, shown in Equation (10).

Pec = Vppp + VmpPm (10)

In Equation (10), p is the density of the composite material, V, and Vi, are the volume
fractions of the SiC particles and matrix alloy, and pp and pn, are the density values of the
SiC particles and the matrix alloy, respectively. The density of the matrix alloy used is
27¢g/ cm? [39], and the density of the SiC particlesis 3.2 g/ cm? [40]. The parameters and
calculated data are shown in Table 5. It should be noted that the given speed of 8.15m/s
is an estimate based on the simulations and will be slightly lower in reality. However,
the viscosity variations in the added particle ranges in this study will produce a viscosity
variation less than the uncertainty of the viscosity variations of the aluminum melt itself, as
described by Dinsdale and Quested [41].

Table 5. The parameters that were used to calculate the shear strength and the calculated result.

MMC C0_23 C0_50 C0_10 C0_Mix C1.23
i [Pa-s] 2.10 x 1073 246 x 1073 156 x 1073 2.00 x 1073 2.10 x 1073
Tvmc [kPa] 402 491 3.58 3.99 450
o [kg/m?3] 2743 2776 2724 2743 2762
Ty [kPa] 1.80 1.82 1.78 1.80 1.81

In conclusion, the shear stress of the rotor—stator device and the holes through the
stator wall was 1.8-5.5 kPa. This shear stress exceeds the shear strength of the SiC clusters,
and it may thus be assumed that the shear stress in the rotor—stator region was sufficient to
break up the SiCp clusters. This finding is further supported by the fact that Yang et al. [33]
calculated the tensile strength of a SiC cluster to be in the range of 6.5-19.5 Pa. It is thus
reasonable to conclude that the rotor—stator configuration in the current study would have
the ability to fracture a SiC cluster to facilitate the dispersion of individual particles. Kahl
et al. [42] evaluated the tensile strength of the 0.2 pm-thick oxide skin to be approximately
Omax ~ 5 MPa. This value is lower than other researchers found, with results ranging from
20 MPa to 250-300 MPa [43]. Due to the high strength of the oxide films, the shear stress
generated by the rotor—stator device in the current study would not rupture the oxide skin.
If the oxide skin is wrapped around the clusters as they break the top surface during the
additions, that would present a problem as the rotor—stator system would be unable to
break the cluster oxide skin. This would prevent the air inside the clusters from leaving
and aid in the floatation of the SiCp clusters, reducing the transfer efficiency.

3.3. The Flow Pattern in the Furnace

Figure 6 shows the simulation result of the dynamic flow pattern of the slurry in the
furnace. The black dots represent the SiC particles based on a Lagrangian formulation for
the tracer particles.

The open bottom of the stirring head acts as a pump as it sucks in the slurry and pushes
it out through the stator wall holes. Two main circulation regions form patterns similar
to pseudo-caverns [44]. The stirring head drives these two flows, with one flow directed
upwards, forming pseudo-caverns (A), and another downwards, forming pseudo-caverns
(B). The SiC particles follow these two pseudo-caverns moving in the furnace. The different
colors label the slurry velocity. The low-velocity zone located at the top of the furnace keeps
the fluid level steady and does not allow gas entrance into the melts. In the high-velocity
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zone inside the stator, the high-velocity gradient will generate an intensive shear strength,
so the high shear strength is located at that site. A SiC cluster usually floats up and stays in
the low-velocity zone, so putting an SiC cluster into the stirring head will affect the transfer
efficiency and particle dispersion.

Time = 20.000 s

Pseudo-cavern (A)
Low velocity zone

High velocity zone

Velocity Selected (m/s)

3.00
2.25
1.50
0.75
0.00

FLOW-3D

Figure 6. The rotor-stator device stirring Flow-3D simulation (500 rpm).

3.4. Particle Dispersion Analysis

Starting with a qualitative description of the dispersion, the following is observed.
Figure 7 shows the morphology of the SiC particles in the composite materials. Figure 7a,e
show the 23 um-particle-reinforced composite, and the SiC particles are homogeneously
dispersed in these two composites. Figure 7b shows the 50 um-particle-reinforced compos-
ite, the largest particle size in the matrix. There is no apparent agglomeration observed.
Figure 7c shows the 10 um-particle-reinforced composite, the smallest particle size used in
this study, and the SiC particles are easily found in clusters. In Figure 7c, there are traces
of oxide films, indicated with an arrow, supporting the hypothesis that clusters may be
promoted by oxides, hindering the wetting of the clusters. The idea is that the air inside
the cluster is trapped by the oxide film wrapped around the SiC particles and makes the
cluster float to the top regions of the melt, where the flow is quiescent. This would then
hinder the disintegration of the floated clusters, reducing the transfer efficiency. Figure 7d
shows the mixed-particle-reinforced composite, where 10 pm-size particles form satellite
particles around the larger sized 23 pm and 50 pm particles and promote the formation of
SiC clusters.

The equivalent diameter and average neighbor distance of the clusters were mea-
sured, among other geometrical features. Figure 8 represents the image analysis result
considering only the clustered SiC particles, neglecting the well-dispersed ones appear-
ing in the matrix alloy.

Table 6 shows the measured values forSiC particle clusters. The average neighbor dis-
tance in the materials C0_23 and C1_23 is 1.46 £ 0.81 mm and 1.18 + 0.86 mm, respectively.
All the investigated clusters had an area larger than 0.01 mm?. The material CO_10 shows
the smallest average neighbor distance of 0.99 & 0.71 mm, highlighting the lower quality
dispersion of the SiC particles compared to the other composites. The material CO_mix
showed a 1.13 £ 0.84 mm average neighbor distance. Due to the addition of 10 pum-sized
particles, the dispersion decreased.

The use of large-sized particles reduced the clustering of SiC particles by almost 80%,
according to Table 6. The materials C0_23 and C1_23 contain identical particles, and the
probability of clusters is expected to be similar for both materials. The fraction of clustered
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SiC particles reported in Table 6 for the two materials ranges from 10% to 20%. The different
matrix alloy resulted in a 53.7% increase in clustered SiC particles, from 13.7% to 21.1%.

p A Lwﬁ@ﬂ

Figure 7. The morphology of SiC particles in the composite: (a) material CO_23; (b) material C0_50;
(c) material C0_10, where the arrow indicates the residues of an oxide film; (d) material CO_mix;
(e) material C1_23.

() eory

Figure 8. The method used to analyze the SiC clusters (material C1_23): (a) before and (b) after
cluster detection in the MIPAR software.

Table 6. The results of the image analysis on SiCp clusters.

MMC Co0_23 C0_50 Co0_10 C0_mix C1_23
Average neighbor distance [mm] 1.46 £0.81 3.95 4+ 2.56 0.99 +£0.71 1.13 £ 0.84 1.18 £ 0.86
Area fraction of SiC particles 7.5% 13.1% 41% 7.2% 10.7%
Area fraction of SiCp clusters 1.9% 0.7% 2.8% 2.5% 4.0%
Fraction of clustered SiC particles 13.7% 2.9% 37.7% 19.0% 21.1%
Variation in clustered SiC particles _78.8% +174.4% +38.6% +53.7%

compared to C0_23

The degree of clustering is a critical factor, starting with the clustering tendencies
after the thermal pre-treatment and continuing with the agglomerating tendency as they
pass through the top surface of the molten metal. The possibility of being coated by an
aluminum oxide film when added to the melt can significantly affect the transfer efficiency.
These observations are summarized in Figure 9, where the transfer efficiency is plotted
against the degree of clustering.
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Figure 9. The transfer efficiency versus the degree of clustering confirms that the clustering level and
the chemical composition of the matrix alloy influence the transfer efficiency. The linear fitting (blue
solid line) on the CO materials and its rigid translation (red dashed line) to the C1 material are meant
to highlight the role of the different matrix alloys.

Despite the low value of the regression coefficient (0.87), the linear fitting helps
visualize the role of the matrix alloy in the clustering and transferring of SiC particles. A
low transfer efficiency is directly related to a high clustering tendency and a reinforcement
loss. The red dashed line (refer to colored version) is a rigid translation of the blue fitting
line and is added to visualize the possible effect of Ce and La: adding rare earth elements to
the matrix alloy increased the transfer efficiency but decreased the particle dispersion. The
increased wettability increases the transfer efficiency, but the explanation of the decreased
particle dispersion is still somewhat unclear as the reaction has possible effects on both the
melt and oxides surrounding the clusters.

4. Conclusions

The current study focuses on an AI-MMC solution for a challenging lightweight
application such as brake discs for high-speed trains. The required high-temperature
performance for such an application may be addressed by an AI-MMC with rare earth
element additions such as Ce and La to improve the strength of the matrix alloy [22].
The addition of SiC as a reinforcing material and rare earth elements affects the material
and component fabrication. This paper aimed to investigate what hinders a high transfer
efficiency of SiC particles to an Al melt and a good dispersion with a low level of clustering
to allow efficient and cost-effective manufacturing. The following observations were made:

e  The required heat treatment to support wetting results in a certain degree of clustering
in the SiC particlesafter the thermal pre-treatment. The presence of smaller particles
aggravated the degree of clustering.

o  The transfer efficiency increased with increasing particle sizes. The mechanism sug-
gested for this relationship was that the clusters from the pre-treatment were encapsu-
lated by an oxide film during addition, making them buoyant. The pumping action of
the rotor-stator device left the top surface quiescent, making it difficult to reintroduce
floated clusters and thus reducing the transfer efficiency. The SiCp clusters should
break up once entering the stirring head, but the shear stress in the stirring heads was
insufficient to break the aluminum oxide skins generated during the melting process.

e Adding Ce and La increased the transfer efficiency. La, having a high oxygen affinity,
could potentially affect the wetting reaction between SiO;, which has a stronger
driving force to react with oxygen than Mg. However, this effect on wetting would
need further investigation to be fully understood and described.
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