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Abstract

A numerical simulation of the casting of a metal matrix composite consisting of aluminium and TiC reinforcement was carried out using
ProCAST software. To verify the results of the virtual experiment, a disc-shaped centrifugal composite casting was produced. The charge
material consisted of Al/TiC metal matrix cast-composite scrap previously fabricated via the in situ self-propagating high-temperature
synthesis in bath (SHS-B) method. This charge was remelted in an electric induction furnace and then poured into a vertically rotating mould
made of furan sand. Microstructural examinations were carried out along the radius of the cast disc (150 mm in diameter) using scanning
electron microscopy (SEM) and light microscopy (LM). The results demonstrated a gradual increase in both the material hardness and the
volume fraction of the reinforced particles with increasing distance from the axis of rotation. In the outer region of the casting, the volume
fraction of the reinforcing particles was approximately 50% higher compared to the region near the rotational axis. The results of the
numerical simulation were in partial agreement with those obtained in a real experiment.
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1. Introduction turbine blades obtained by the centrifugal casting method. They
conclude that the composite suspension fills equally the cavity of
the turbine rotor mould with a thin wall, and the volume fraction of
the particle was higher than that of the charge material.

Dolata et al. [7] examined the AlSi12 alloy with SiC and Al.03
particles of different diameter. They showed that the composite
containing a 10% volume fraction of reinforcing particles with
diameters of 30, 50 and 100 um exhibited a layered structure. The
outer layer was predominantly composed of a larger Al2O3 particles
(50-100 pm) while the inner layer contained smaller particles,
primarily around 30 um in size. Wang et al. [8] confirmed these
observations in an experiment in which the Al - SiC slurry was
centrifugally casted into the steel mould rotated with an angular
speed of 800 rpm.

Typical functionally graded materials (FGMs) can be produced
using various techniques, including infiltration of gradient spatial
structure, additive manufacturing, sintering of gradient stacked
powders and subsequent mould filling with melts of differing
composition [1, 2]. In casting practice, bulk FGMs can be
fabricated through direct solidification, centrifugal casting [3],
sedimentation methods [4] and other techniques [2]. Reinforcing
particles such as Al2Os, SiC, B4C, and ZrO: are widely used to
improve the strength of aluminium alloys [5].

Jackowski et al. [6] observed non-uniform distribution of SiC
particles in the microstructure of the Al-SiC composite casting of
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Carbides of transition metals like Ti, W, V, Nb and other were
primarily used in iron alloys engineering to improve their wear
resistance [9, 10, 11]. Nowadays, the use of titanium carbides
represents a new approach to strengthening of aluminium alloys,
particularly in  materials developed for wear-resistant
applications [12]. David Raja Selvam et al. [13] reported that the
introduction of titanium carbide into the aluminium alloy in the
amount of 2.5-10 vol. % improves the wear resistance of the A6061
alloy. Furthermore, the presence of TiC particles leads to the
refinement of the microstructure in the examined alloy.

It is known that TiC is thermodynamically unstable in liquid
aluminium, particularly within the temperature range of
700 - 800 °C. Prolonged holding of aluminium-TiC composites at
these temperatures, promotes partial dissolution of TiC followed
by precipitation of phases as Al3Ti and Al4Cs [14].

Computer modelling of centrifugal casting of composites
reinforced with solid particles can be a useful method for designing
FGMs. Despite the difficulties in describing the thermal, physical,
and chemical processes that occur during the pouring, flow, and
solidification of particle suspensions, and this topic continues to be
investigated by many researchers, [12, 15].

Verma et al. [11] simulated the flow behaviour of A16061 alloy
containing 10% B4C particles during horizontal centrifugal casting.
They implemented a three-dimensional fluid dynamics model
using Ansys Fluent software. Their model was based on the
multiphase volume of fluid method and accounted for particle
transport and alloy solidification. Furthermore, they assumed that
mixture of the aluminium alloy and particles behaves as a
Newtonian fluid, and that the B4C particles are too small to
consider them as separate phases and act as fluids. They obtained
good agreement between the volume fraction of the particles in the
cross sections of the examined wall in a real experiment and the
computational simulation.

The phenomena of local density increasing and viscosity
increasing in particle-rich layer have a significant influence on the
simulation results. To solve this issue, Dolata et al. [16] examined
the Eulerian model for prediction of particle arrangement in
vertical-casted hollow cylinder. In this mathematical model, the
slurry consisting of a metal alloy and particles is considered as a
continuous phase, rather than a liquid with separate particles
randomly distributed within it.

In our experiment, the ProCAST software was applied to
simulate centrifugal casting of an aluminium matrix composite
consisting of 10% vol. TiC reinforcement. Based on data acquired
during a real examination, we attempted to replicate the experiment
in a virtual environment. The ProCAST software does not have a
dedicated module for simulating particle-containing alloys such as
particle composites. To visualize the particle distribution in a
centrifugal casting, we utilised the “Inclusion Particle Tracking”
function in the post-processor.

2. Experiment

The main aim of our experiment was the fabrication of a
functionally graded material composed of aluminium and titanium
carbide particles (AFGM). The study consisted of two stages: a
numerical simulation and a laboratory experiment. To implement
the underlaying assumptions, a numerical study was first carried

out, which confirmed the possibility of producing a casting with a
gradient microstructure. In the simulation, the process was
simplified by assuming that the reinforcing particles were
introduced simultaneously with the liquid alloy into the pouring
basin. Calculations were performed for particles of varying shapes,
densities, and diameters.

An assumption for numerical experiment was as follows:

—  the pouring temperature was adjusted to 710 °C;

—  the viscosity of the alloy is equal to 1.12:103 Pa's, and the

alloy density was 2.38 g/cm? at the pouring temperature;

- particle diameters were 20 and 200 um;

- particle densities were 3.36 (Al3Ti) and 4.95 g/cm? (TiC);

- shape of particles was characterized by flow drag coefficient.
The value of this parameter was 0.47 for spheroidal particle and

1.2 for plate-like particles [17].

In laboratory experiment, a charge consisting of aluminium-TiC

composite scrap was used. It was melted in an electric induction
furnace in a clay-graphite crucible. The aluminium composite had
been synthetised previously via the SHS-B method, with the
volume fraction of TiC in the composite being approximately 10%.
Melting and casting of the composite were carried out in air
atmosphere. Following remelting and overheating to 800 °C , the
composite was first poured gravitationally into a small iron mould.
Subsequently the molten composite suspension was poured into a
rotating mould with a vertical axis of rotation. The mould was
prepared from furan sand, and its initial temperature was equal to
ambient temperature. The sand mould was mounted within a steel
cylindrical shell, and its rotational speed was set to 900 rpm.
The casted disc was cut in the two perpendicular planes, parallel to
rotation axis. After the preparation of metal specimens by
polishing, their microstructure was characterized using digital light
microscope (LM) and scanning electron microscope (SEM)
combined with energy-dispersive X-ray spectrometers (EDS). The
volume fraction of reinforcement particles was examined in both
the gravitationally cast, reference specimen, referred to as RS, and
the centrifugally cast disc, referred to as CS, through the study.
Chemical composition of obtained casting examined by
SPECTROMAXXx spark spectrometer is shown in table 1.

Table 1.

Chemical composition of aluminium-TiC composite, wt. %
Element Si Ti Fe Al
Contents 0.31 2.71 0.14 balance

The particle distribution and grain size were analysed in 15 fields
taken from the outer, middle, and inner regions of the centrifugal
casting. ImageJ software was used to quantify the particles volume
fraction. Brinell hardness measurements were taken at various
points along the radial section. A 5 mm diameter steel ball, a load
of 613 N, and a dwell time of 30 s were used to characterise the
hardness distribution.

3. Results

Centrifugal casting simulation is well-implemented in
ProCAST software, particularly for conventional liquid alloys.
However, simulating the flow of alloy mixtures containing ceramic
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particles remains challenging, especially when the aim is to
examine the particle distribution. Based on the liquid metal flow
simulation data, the post-processor implemented in ProCAST
software, calculates the trajectories of the particles. We performed
an analysis of the influence of particle density, size, and shape on
its movement and final distribution.

The results presented in Fig. 1 show that the liquid alloy gradually
fills the mould from the outer surface towards the centre. It is

visible that the liquid alloy together with the particles flows along
the lower surface of the mould cavity. In Fig. 2 (a-b) the particle
trajectories are shown. The red and blue lines represent the
trajectory along which particles with densities of 3.36 and
4.95 g/cm? flow. The simulation results show that denser particles
are distributed closer to the outer surface of the casting.

Temperature [C] VO1.900

Step No / Time Step : 6140/ 5.000e-04
Simulated Time +2.0000 sac

710.0

700.0
8900
680.0

670.0

ProCAST

Fig. 1. Simulation results at 1s (a) and 2 s (b) following the initiation of pouring

a)
VO1_900 Step No / Time Step - 3180/ 2.47%e-04
Simulated Tima 0.9998 sec
ProCAST
a)
ProCAST
©)

ProCAST

— 3.36 g/em’
— 4.95 g/em’

— 200 pm
— 20 pm

.

ProCAST

=

ProCAST

Fig. 2. Simulation results for particles with densities of 4.95 and 3.36 g/cm?® and a diameter of 20um (a, b) and for particles with diameters
of 20 um and 200 pm and a density of 4.95 g/cm’ (c, d)
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The influence of particle diameter on movement trajectory is
presented in Fig. 2 (c-d). Particles with larger diameters move
faster through liquid aluminium and migrate further from the axis
of rotation, compared to those with diameters below 20 pm. As a
result, larger particles travel greater distances than smaller ones.
Fig. 2 (c-d) shows that particles with a diameter of 200 um flow up
from the sprue basin after four rotations, whereas particles with a
diameter of 20 um require more than ten rotations. The simulation
results indicate that the position of the ceramic particles varies
along the radius of the disc.

In the second part of our investigation, we carried out an
experiment under laboratory conditions. The typical microstructure

a)

100 um

Fig. 3. SEM (BSE) microstructure of the inner (a) and outer (b) regions of the centrigal castng. The rotation axis is located on the left

of the obtained AFGM is presented in Fig. 3. The microstructure
consists of an aluminium matrix and two different types of
particles. The finer particles, are located at the grain boundaries,
while the plate-like particles, are particularly visible near the outer
surface of the centrifugal casting (Fig. 3b). SEM analysis revealed
that the interdendritic particles are rich in titanium and carbon,
whereas the plate-like particles are rich in titanium and aluminium.

Furthermore, during solidification, the TiC particles are
repelled by the solid phase and exhibit strong pinning effect, which
inhibits the growth of aluminium dendrites. Consequently, the
average grain size of a-Al is 50 pum in the outer zone and 93 pm in
the inner zone

b)
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Fig. 4. Microstructure of phases observed in the outer region of the centrifugal casting

SEM images of the particles observed in the microstructure
of the examined AFGM are presented in Fig. 4. In the outer area of
the casting, Al3Ti particles are primarily observed (Fig. 4a),
whereas in the interdendritic areas, fine titanium carbide particles
are the dominant phase (Fig. 4 b). The results of the EDS analysis
of this phases are presented in Table 2. The relatively high

overheating temperature during melting, influenced the thermal
decomposition of TiC into AlTi and AlsCs. Both phases are
observed in the microstructure (See Figs. 4a and 5). In the outer
region of the microstructure, AlsTi plates are visibly aligned nearly
parallel to the vertical mould surface. This suggests that the plate-
like particles migrate through the liquid phase towards the outer
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surface, where their movement is likely impeded by a formation of
a solid layer. In contrast, the finer titanium carbide particles moved
more slowly and, during solidification, are repelled by the growing
dendrite arms of the solid phase. As a result, these particles are
distributed within the interdendritic regions of the a-Al matrix.

Table 2.
EDS analysis of the phases shown in Figs. 4 and 5, mass %
Element  Spot 1 Spot2  Area3  Area4  Spot5  Spot6

C - 9.510  17.552 0.564  28.602  30.224
o) - 22701 0.862 0.177 0.035 1.938
Al 63.138 64362 42928 98.795 40975 67.408
Si 0.172 0.031 0.146 0.025 0.267 0.078
Ti 24.539 3229  36.717 0.351  30.033 0.331
Fe 0.120 0.166 1.795 0.087 0.088 0.022

Fig. 5. Microstructure of titanium and aluminium carbides
observed in casting

Changes in volume fraction and hardness through the cross
section of the examined disc are shown in Fig. 6. In the RS, the
volume fraction of the particles was 9.9 wt.%, as indicated by the
dashed line in Fig. 6a. It is clear that the volume fraction of particles
is higher in the outer region than in the inner region of CS. The
volume fraction at a distance of 30 mm from the rotation axis was
6%, increasing to 12% at a distance of 65 mm. This demonstrates
that the centrifugal force promotes the segregation of particles
towards the outer surface of the casting. Larger plate-like Al3Ti
particles are visible near the outer surface despite their lower
density compared to TiC (the density of Al3Ti is 3.36 g/cm?, [18]
whereas that of TiC is 4.95 g/cm?).

This phenomenon can be explained using Stokes’ law.
According to this law and considering the forces acting on the
particle (buoyant, and centrifugal), the velocity of a particle
moving through a liquid can be expressed by the following
equation: [3]

_ (pp—p)w? D}
p 18

Q)

where pp1 is density of particles and liquid, @ - angular velocity, »
- is distance from the axis of rotation, D, - is particle diameter, u
is viscosity of liquid alloy.

According to (1), the velocity of particles moving through a liquid
is directly proportional to the density difference between the
particle and the fluid, the particle radius, and the angular velocity,
and inversely proportional to the dynamic viscosity of the liquid.
When density, viscosity, and angular velocity are constant, the
variable influencing particle velocity is their radius. Based on (1)
the velocity of particles can be calculated. It is evident that particles
with a diameter of 1 um, for example, move at a higher velocity
than those with a diameter of 10 um. This calculation results align
with the observed particle distribution in microstructure of CS.

The results of hardness measurements are presented in Fig. 6b.
In the inner region of the CS, the hardness is 23 HB and increases
towards the outer region, reaching 28 HB. These hardness values
correlate with the volume fraction of reinforcing particles in the
casting. Generally, the increase in hardness is influenced by the
higher volume fraction of TiC and Al;Ti particles. However,
detailed microstructural observations reveal that the grains in the
outer region are finer than those in the inner region (see Figs. 3a
and 3b). This visible grain refinement in the outer region is induced
by the pinning effect of fine TiC particles, which accumulate on the
solidification front and impede dendrite growth, thereby affecting
the AFGM hardness.
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Fig. 6. Volume fraction of particles (a) and the hardness (b) in the
cross-section of the disc
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4. Conclusions

1. The simulation results showed that liquid alloy and particles
move along the lower surface of the mould cavity during the
centrifugal casting process.

2. Under centrifugal force, the larger, lower-density particles
moved more rapidly through the molten aluminium.

3. An increased volume fraction of TiC/Als3Ti particles in the
outer region resulted in a higher Brinell hardness.

4. Therefinement of aluminium dendrites was influenced by the
presence of fine TiC particles.

5. Large AlsTi phase plates are predominantly located near the
outer surface of the casting, with their orientation being
nearly parallel to the surface.

6.  The rotation speed and pouring temperature were insufficient
to achieve a composite zone with a high particle density in
the outer region of the casting.
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