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Abstract. This study examines the effect of cooling rate on the microstructure and mechanical
properties of Al-based two-phase nanostructured materials cast through a copper mold. Using
both numerical simulation via the finite element method (FEM) and experimental analysis,
product thicknesses from 0.3 to 20 mm were investigated. The simulated cooling rates ranged
from approximately 102 to 10* K/s, showing that the size of intermetallic precipitates decreased
with increasing cooling rate. The Abaqus/Standard platform was used for uncoupled heat
transfer analysis, accounting for temperature-dependent conductivity, latent heat, and boundary
conditions involving convection and radiation. Automatic time stepping was applied for
numerical stability, and first-order heat transfer elements effectively captured latent thermal
effects. The results demonstrate that optimizing the cooling rate refines the microstructure and
enhances the alloy’s strength, confirming the effectiveness of combined experimental and
simulation approaches in improving casting process design.
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1. INTRODUCTION

Quasicrystals are generally classified into aluminium-, magnesium-, and titanium-based
systems, among which aluminium-based alloys have been most extensively investigated due to
their low cost, wide availability, and non-toxic nature. Within this category, the Al-Cu—Fe and
Al-Mn systems have attracted significant attention. In particular, Al-Mn alloys are widely used
because they allow partial formation of the pure aluminium phase, thereby improving ductility
and reducing brittleness compared with other quasicrystalline alloys [1 - 3].
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Rheo-die casting technology, which combines the advantages of rheocasting and die
casting, enables the formation of a semi-solid slurry and laminar metal flow. Unlike
conventional high-pressure die casting, where turbulent flow can entrap gas and create porosity,
rheo-die casting provides smoother mold filling and a more uniform microstructure due to lower
pouring temperatures, typically between the liquidus and solidus ranges [4-8]. Recent studies by
the authors’ research group have focused on producing semi-solid Al-Mn alloys with a globular
a-phase structure through continuous rheocasting and rheo-die casting routes.

For Al-based cast alloys, the cooling rate plays a decisive role in microstructural evolution.
Increasing the cooling rate refines a-Al grains and suppresses the growth of secondary phases,
leading to enhanced strength and overall mechanical performance [9 - 12]. However, Al-Mn
alloys exhibit relatively poor thermal stability because of their sub-stable microstructure. To
address this, various transition-group elements such as Fe, Be, and Ce have been introduced to
stabilize the structure and promote the formation of the icosahedral (I-) phase [13 - 17]. While
beryllium additions enhance I-phase nucleation, their severe toxicity limits practical use [18 -
21]. Cerium has been proposed as a promising alternative to improve I-phase formation under
diverse solidification conditions, although its effectiveness remains a subject of ongoing debate
among researchers [22, 23].

Combined with related studies [24 - 27], the addition of Fe not only increases the thermal
stability of the alloy but also increases the ability to form quasicrystalline phases, and Fe is
cheap, readily available, and non-toxic. The effect of iron addition on the formed phases of the
alloy has also been studied in the literature [28], but there are few systematic studies on the
types, morphology, and thermal expansion properties of alloy phases formed in different
preparation processes.

In this study, by numerical simulation (ABAQUS, FEM) [29] and experimental methods,
the cooling rate was investigated by changing the product thickness (0.3, 0.5, 1, 2, 3 and 20 mm)
of Al based two-phase nanostructured materials casted through a copper mold. The simulation
and experimental results show that the precipitated intermetallic phases have a decreasing size
corresponding to the increasing cooling rates.

2. METHODOLOGY AND MODELING

The Abaqus/Standard module for uncoupled heat transfer analysis simulates solid-body
heat conduction with temperature-dependent conductivity, internal energy including latent heat,
and generalized convection and radiation boundary conditions. This work employs its
fundamental framework encompassing energy balance, constitutive modeling, boundary
definitions, finite element discretization, and time-integration algorithms [30].

2.1. The basic energy balance (Green and Naghdi)
J,pUdV = [.qdS+ [, rdV (1)

where V is a volume of solid material, with surface area S; p is the density of the material; Uis
the material time rate of the internal energy; q is the heat flux per unit area of the body, flowing
into the body; and r is the heat supplied externally into the body per unit volume.

It is assumed that the thermal and mechanical problems are uncoupled in the sense that
U = U(T) only, where T is the temperature of the material, and g and r do not depend on the
strains or displacements of the body. For simplicity a Lagrangian description is assumed, so
“volume” and “surface” mean the volume and surface in the reference configuration.
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2.2. Specific heat, latent heat
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Figure 1. Specific heat, latent heat definition [30].

The temperature dependence of internal energy is expressed through the specific heat::

N =74 @

Latent heat effects accompanying phase transformation are defined by the solidus and
liquidus temperatures and the total internal energy change associated with the transition. This
contribution is added to the sensible heat (Figure 1). The phase change is typically assumed to
occur within a prescribed temperature range, although kinetic modeling may be required for
improved accuracy.

Heat conduction follows Fourier’s law:
aT
f=-k3 3)

where k = k(T)is the conductivity matrix; f is the heat flux; and x is position. The conductivity
k can be fully anisotropic, orthotropic, or isotropic.

2.3. Boundary conditions

Boundary conditions can be specified as prescribed temperature T = T(x, t); prescribed
surface heat flux, q = q(x, t) per area; prescribed volumetric heat flux g = r(x, t) per volume;
surface convection: ¢ = h(T — T®), where h = h(x, t) is the film coefficient and T® = T(x, t)
is the sink temperature; and radiation: g = A(T — T?)* — (T® — T%)*, where A is the radiation
constant (emissivity times the Stefan-Boltzmann constant) and T is the value of absolute zero
on the temperature scale being used.

2.4. Spatial discretization

A variational statement of the energy balance, Equation 1, together with the Fourier law,
Equation 3, is obtained directly by the standard Galerkin approach as

; 48T , aT
fypUSTAV + [, S kS-dV = [, 8TrdV + [ 8Tqds (3)

where 8T is an arbitrary variational field satisfying the essential boundary conditions. The body
is approximated geometrically with finite elements, so the temperature is interpolated as

T=N'(x))TV.N=1,2,...

X
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where TV are nodal temperatures. The Galerkin approach assumes that the variational field is
interpolated by the same functions:

8T = NN&TV
with these interpolations, the variational statement (used NV) and since the 8TNare arbitrarily
chosen, this gives the system of equations:

. N
J,NVpuav + [,Z—kZ-av = [, NVrdv + 5, N"qds (4)

2.5. Time integration
Abaqus/Standard uses the backward difference algorithm:

: 1

Upine = Wepne — Up) (E)(5)

This operator is chosen for a number of reasons. First of all, we choose from one-step
operators of the form:

feene = fe + (A =V)f e + ¥ ira)At
However, that form of the operator tends to produce oscillations in the early-time solution
that are not present in the backward difference form. Thus, we use y = 1: backward difference.
Introducing the operator, Equation 5, into the energy balance Equation 4 gives:

1 aNN _ aT
A—thNNp (Upspr — UpdVv + fvwka‘"’ — fVNNrdV— fsq qds =0 (6)

This nonlinear system is solved by a modified Newton method. The formation of the terms
in this tangent matrix is now described.
The internal energy term gives a Jacobian contribution:
Y p il NMay
At Jy dT ¢ e
(dU/dT)|¢4a¢: is the specific heat, c(T), outside the latent heat range, and is ¢ + L/(T; —
Tg) if T, > Tyoa > T at the integration point, where T and T are the liquidus and solidus
temperatures and L is the latent heat associated with this phase change.

With film and radiation conditions, the surface flux term gives a Jacobian contribution:
dq
J WY 5l NMas
99 _ 0k 1o
7 =57 (T—T°)+h
while for radiation, g = A(T* — T° 4),3—2 = 4AT3

These terms are included in exactly this form in the Jacobian. The modified Newton
method is then:

1f1v” du
Al Par

For film conditions, g = h(T)(T — T?),

NMdV+f aNNk| aNMdV
t+At y Ox AL 9x

oh
+ f NV (6_T (T-T°)+h+ 4AT3) NMGS] c™
s

—fNN dV+fNN ds IJNN u u,)dav aNNkaTdV
= . r i q At), PlU At t L, 9x " ox
With T aris1 = Theaes + €V, i = iteration number @)
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For purely linear systems, Equation 7 is linear in ¢ and, hence, in T, ,,, so a single
equation solution provides the TY, ,,. Since the method is usually only a minor modification of
Newton’s method, convergence is rapid.

3. MODELING AND EXPERIMENTAL

2.1. Modeling and Simulation

Figure 2. Casting mold system used in experiments and simulations.

Table 1. Thermo-physical properties [31].

. AlMnCe
Thermo-physical property Solid Liquid Mold (Cu)
Temperature (°C) 705 730 25
Bulk density (kg/m®) 2720 2385 8940
Specific heat capacity (J/kg.K) 904 108 380
Thermal conductivity (W/m.K) 226 105 380
Latent heat (J/kg) 360000

The casting mold system used in experiments and simulations is shown in Figure 2. The
mold is made of pure copper material, smoothed flat and polished on all sides, the dimensions
are 60 mm in width, 110 mm in height, and 20 mm in thickness. A vacuum system is designed to
prevent oxidation and speed up the mold filling of the casting. The castings had a height of 100
mm, with different thicknesses: 0.3, 0.5, 1, 2, 3 and 20 mm.

By using 3D simulation, the developed model calculated and simulated processes with a
combination of heat exchange and solid-liquid phase transition. Figure 2 shows the modeling
and meshing in the calculation with total node numbers of 11220, 9512, 8036, 7052, 7093 for
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9450, 7840, 6480, 5600, 5640 heat transfer elements, respectively. The steady conduction
solution for this problem was computed.

The initial temperature of the liquid AIMnCe alloy was 1000 °C. The contact between the
mold and the melt was selected as the film conditions. Data for the thermo-physical properties
are presented in Table 1.

2.3. Experimental (Microstructure characterization and tensile testing)

In this study, raw AIMnCe materials were used. The samples were dosed according to the
atomic ratio of Alg;Mn¢Ce; (in atomic percent, at%) and melted in an intermediate frequency
induction melting furnace. The mold was designed similarly to the one in the simulation
problem. The castings with a height of 100 mm and different thicknesses (0.5, 1, 2, 3 and 20
mm) were fabricated to achieve different cooling rates and to investigate the effect of the cooling
rate on the microstructure and mechanical properties.

The polished casting specimens were observed using a HITACHI S-4800 field-emission
scanning electron microscope (SEM) equipped with an X’pert Pro of Malvern Panalytical
energy dispersive spectroscope (EDS, EDX) and Digital optical microscopy (VHX-7000).

Moreover, tensile tests were performed on an INSTRON 3382 tensile machine at room
temperature using sheet specimens.

3. RESULTS AND DISCUSSION

The temperature data were numerically calculated at casting sites with different
thicknesses, as shown in Table 2.

Table 2. Temperature data calculated at casting sites with different thicknesses.

Near surface Center
Time
03 mm 0.5mm 1mm 2mm 3mm 20 mm 03 mm 0.5 mm 1mm 2mm 3mm 20 mm
0 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000

0.1 45.474 58.261 | 91.996 | 151.887 | 198.612 | 550.136 | 46.397 59.490 | 96.333 | 165.930 | 241.781 | 828.819

0.2 31.815 34.734 | 43.864 61.041 82.404 | 487.417 31.793 34.732 | 43.971 61.959 87.098 | 748.524

0.3 28.740 30.357 | 35.360 44.412 56.734 | 470.789 28.734 30.355 | 35.371 44.541 57.583 | 730.799

0.4 27.654 28.848 | 32.459 38.903 47.835 | 460.371 27.652 28.847 | 32.463 38.945 48.129 | 729.893

0.5 27.146 28.135 | 31.087 36.335 43.672 | 452.779 27.145 28.134 | 31.089 36.356 43.824 | 729.369

0.6 26.858 27.725 30.298 34.865 41.292 | 447.161 26.858 27.725 | 30.299 34.879 41.389 | 727.735

0.7 26.672 27.457 | 29.779 33.901 39.728 | 442.976 26.672 27.457 | 29.780 33.910 39.799 | 724.166

0.8 26.540 27.263 29.404 33.204 38.595 | 439.184 26.540 27.263 | 29.404 33.211 38.650 | 716.441

0.9 26.438 27.113 | 29.114 32.665 37.716 | 434.742 26.438 27.113 | 29.114 32.672 37.760 | 685.240

1 26.356 26.992 | 28.879 32.229 37.001 | 427.639 26.356 26.992 | 28.879 32.234 37.037 | 616.894

Figure 3 represents the temperature profile numerically calculated at casting sites with
different thicknesses varying from 0.3 to 20 mm in the cooling channel. The largest cooling rate
is found to be about ~10* K/s at the casting sites with thicknesses of 0.3, 0.5 and 1 mm. With the
other thinknesses of 2 and 3 mm, the cooling is slower, with a reduced cooling rate of 10°K/s (at
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the center of the casting) and ~ 10" K/s (at the surface of the casting). In the case of a 20 mm
thick casting, the cooling rate at the surface is ~ 10°K/s, while at the center of the casting, the
cooling rate is the same as that in conventional die casting (~ 10>K/s). In particular, the cold line
shows the heat retention capacity, demonstrating the role of latent heat in the solidification
process.

As we know, extremely cool liquid metals will turn into an amorphous state when the
crystallization process is hindered. Amorphous materials obtained at different cooling rates will
have different structures. However, because aluminium is difficult to become amorphous with
low GFA (glass forming ability), cooling speeds of about 10* K/s (casting in vacuum copper die,
0.3 and 0. 5 mm) are still not enough to create an amorphous state.
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Figure 3. Temperature profile results (a) at near surface and (b) at the center of the casting.

Figure 4 shows the cooling rate curves at the near surface between the casting and the
center of the as-cast alloys during solidification. We see that the cooling rate is not significantly
different with casting thicknesses of 0.3, 0.5, 1 mm, less with thicknesses of 2, 3 mm and large
with a thickness of 20 mm.

The effect of cooling speed with different thicknesses of 20, 3, 1 and 0.5 mm corresponds
to increasing cooling rates of 10% 10% and 10* K/s, respectively. It can be clearly seen that the
secreted intermetallic phases have a decreasing size: when the cooling speed is 10? K/s (Figure
7), the intermetallic phase has a rather coarse size (10 - 20 um) due to its long contact time with
liquid metal and favorable conditions for growth. At such a low cooling rate, a phase with a high
atomic number, AgMn,Ce, also known as the “t” phase) can be formed instead of Al,yMn,Ce,
since the Mn and Ce atoms diffuse into this phase.

When adding alloy elements to aluminium (in liquid state), it often creates an Al-alloy
element phase diagram (Figure 5). The alloying element can dissolve in Al to form a solid
solution, or, when it exceeds the solubility limit (DF line), it will create a second phase. Based
on the transformation temperature, the inflection points correspond to the formations of o-Al
dendrite and eutectic phases, respectively. It is evident that the formation of a-Al occurs first, at
the beginning of solidification, while the formation of eutectic phase comes later and the
solidification happens at the end.
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Figure 4. Temperature profile results at near surface and the center for thicknesses of 0.3 mm (a), 0.5 mm
(b), 1 mm (c), 2 mm (d), 3 mm (e), and 20 mm (f) of the casting.
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Figure 5. Phase diagram of Al-Mn alloys [31].
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Figure 6. Analysis of X-ray diffraction thicknesses: 1 mm (M2-1) and 0.5 mm (M3-0.5).
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Figure 7. Microscopic organization with different thicknesses (20, 3, 1, 0.5 mm), corresponding to the
cooling rates of 10, 10°, and 10* K/s.
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Figure 8. Tensile strength of the casting with different thicknesses.

Figure 6 shows the analysis of X-ray diffraction results of Al-Mn—Ce alloy at different
cooling rates. It can be seen from Figure 6 that when Alg,MngCe, alloy is prepared using the
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cast-in metal mold method with casting bar thicknesses of 1 and 0.5 mm, the main formation
phases in the alloy are the AlgMn phase and face-centered cubic aluminium phase.

The tensile strength of the casting with different thicknesses is shown in Figure 8. Since the
0.5 mm thick samples have a small traction for tensile samples, data were not available, the
strength of the casting with 1 mm thickness is 517 MPa.

4. CONCLUSIONS

In the paper, by numerical simulation (ABAQUS, FEM) and experimental methods, the
cooling rate was investigated by changing the product thickness (0.3, 0.5, 1, 2, 3 and 20 mm) to
fabricate Al-based two-phase nanostructured materials casted through a copper mold. The
simulation and experimental results show that the solidificated intermetallic phases have a
decreasing size corresponding to the increasing cooling rate.

The effect of cooling speed with different thicknesses of 20, 3, 1 and 0.5 mm corresponds
to increasing cooling rates of 102 10° and 10*K/s, respectively. It can be easily observed that the
secreted intermetallic phases have a decreasing size: when the cooling speed is 10° K/s, the
intermetallic phase has a rather large size (10 - 20 um) due to its long contact time with liquid
metal and favorable conditions for growth.

The strength of 1 mm thick casting is 517 MPa.
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