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Abstract: This study constructs a phase-field lattice-Boltzmann model that integrates forced convection and pressure,
aiming to precisely regulate the microstructure of Al-Si alloy and enhance their casting performance. We systematically
analyzed the influence mechanisms of forced convection and pressure on dendrite growth. Through simulations of the
two-dimensional dendrite growth of Al-Si alloy under non-isothermal solidification conditions, we found that forced
convection leads to the overlap of the thermal and solute fields, causing an uneven distribution of both. Heat and solute
are transferred from the counter-flow side to the co-flow side at the dendrite arm tip, accelerating the growth rate of the
counter-flow side dendrite arm. Under the condition of applying higher pressure, the growth rate of dendrites
significantly increases. The grain size shows an increasing trend, the dendrites become finer, and the secondary dendrite
arms are more developed. Moreover, the increase in pressure promotes nucleation and expedites the solidification rate.
Overall, the results of this study are expected to provide a solid theoretical basis for improving the performance of Al-Si

alloy castings.
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1 Introduction microstructure by altering the solute and temperature
On account of their exceptional casting properties, distribution near the solid-liquid interface. Phase-field
Al-Si alloy are extensively employed in the production method has shown great potential in material design
of lightweight components, with particular prominence and mechanism interpretation 71, Previously, we have
in the automotive domain [ Al-Si alloy are conducted in-depth research on the refinement method of
characterized by outstanding casting performance, forced flow of o -Al dendrites 1.
remarkable corrosion resistance, and comprehensive Extrusion casting technology has become the preferred
mechanical properties. process for manufacturing partitions due to its unique
In the field of alloy solidification, optimizing the advantage of being able to produce castings with dense
solidification structure and improving performance have structure, excellent performance and precise molding ).
always been important research directions that attract During the extrusion casting process, pressure, as a key
much attention. Studies have shown that the application thermodynamic parameter determining the microstructure
of external fields such as ultrasound and electromagnetic and mechanical properties, has a quantitative impact on
oscillation can effectively promote the transformation of dendrite behavior. Many scholars have devoted
dendritic crystals to equiaxed crystals, and significantly themselves to the simulation and research related to the
inhibit elemental segregation at the same time, thereby dendrite growth of alloy solidification under pressure
achieving remarkable results in improving the 0.1 For instance, Pan Haowei ['2] constructed a phase
solidification structure and enhancing mechanical field model suitable for simulating dendrite growth during
properties >3], Forced convection affects the solidification alloy solidification under pressure conditions based on the
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state equation. This model fully considers the influence of
pressure on the Gibbs free energy of the solid and liquid
phases of the alloy, the diffusion coefficient of solutes,
and the equilibrium distribution coefficient of solutes.
Shang Shan et al. (131 deeply explored the effect of
periodic pressure on the lateral branch branching
mechanism.

Based on the above research background, an in-depth
exploration of the influence of forced convection and
pressure on the morphology, growth and distribution of
dendrite structure is of crucial significance for precisely
regulating the solidification structure of aluminum-silicon
alloy and effectively improving the performance of
aluminum-silicon alloy castings.

In this study, a phase-field-lattice Boltzmann model
coupling forced convection and pressure was
established to regulate the microstructure of Al-Si alloy
and enhance its casting performance. The influence
mechanisms of forced convection and pressure on
dendrite growth were analyzed. Given the similarity of
different

solidification process, the results of this study can be

aluminum-based  alloy  during the
extended to other aluminum-based multi-component
alloy, providing valuable insights for optimizing the
microstructure of aluminum-based multi-component

alloy and improving their mechanical properties.

2 Method
2.1 Phase-field method
The growth process of -Al dendrites under

non-isothermal solidification conditions was described
using the quantitative phase field model [14-16]. The

. In the
=—1, and

smoothly changes

phase field order parameter is represented by
solid phase, =+ 1; in the liquid phase,
within the diffusion interface,

from -1 to +1.
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where, represents the coupling parameter of time and

space; is the slope of the liquidus line. o is the

initial solute concentration far from the solid/liquid
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interface.  is the equilibrium solute partition coefficient.
=0.5A
represents the spatial step size.

that is uniformly distributed within the range [-0.5, 0.5].

is time. is the noise term [17]. A

is a random number

= /  isthe Lewis number; and represent
the thermal diffusivity and the liquid-phase solute
diffusivity respectively. The anisotropic function
is ()=1+, [4(C — 9)Il> [02 ] is the

spherical coordinate angles, o is the orientation
difference angle, and 4 is the anisotropic strength of the
crystal [18]. == /| |

perpendicular to the solid-liquid interface.

is the unit vector

The evolution equation of the dimensionless solute

field order parameter s

B o -
s+ ) 1— @
1 1+ -@1- )]
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where, the vector =— 1/(2\/5) a- / 1+
a-5Y1c /HC /1D represents  the

anti-trapping term; () is the interpolation function.
is the solid-phase solute diffusion coefficient. =
o/ 3 is the dimensionless solute diffusion
is the relaxation time.
o=T/D ¢ is
the chemical capillary length. [ is the Gibbs-Thomson
;1 =08839and , =0.6267.

is the dimensionless flow velocity.

coefficient. o= » 3/

o= o / 1 isthe interface thickness.

coefficient. the constants

2.2 Lattice-Boltzmann method

To simulate the movement of the liquid phase and its
convection effect on the concentration evolution equation,
method. The
lattice-Boltzmann equation is given by [30,31],

(+ A, +A)=
1
(H=-=[ ()= (]+ (. @

we employed a lattice-Boltzmann

where ()

(', ) is the equilibrium distribution function, =
3v/( 2A )+ 05 is the single relaxation time,
=A /A
is the discrete particle velocity. The density

is the particle distribution function,

is the
kinetic viscosity, is the lattice velocity,
and flow

velocity  are given by,
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-1 where (, ) is the dissipative drag force, and =
= (.,) 4 2.757 is a constant.
=0
-1 3 Results and discussion
= (,) (5) 3.1 Growth of a -Al dendrites
=0 In the simulation of the growth of multi-granular crystals
where is the number of discrete velocities, =9 with different orientations, the orientation of each grain is

(D2Q9 model) for 2D simulations. The distribution

function (', ) isexpressed as,

3(

1+

)
(6)

24 22

where is the weight function. There are three types of
weighting factors in the D2Q9 model, which depend on
the distance to the corresponding neighbor and the model

used. These weighting factors are as follows: o =4/9,

1-4 =1/9 and 5_g = 1/36 in the D2Q9 model. The
discrete external force (,) in a second order
accuracy is obtained by,

83—
+9
2 4
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Fig. 1: Phase-field distribution of Al-Si alloy during dendrite growth (a) =

AL =

The distribution of Si solute field during the growth
process of multiple dendrites in the Al-Si alloy is shown

in Fig. 2. In the early stage of solidification, most grains
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specified by the pre-existing solid phase seeds. As the
grains grow, very small volumes of liquid phase are
added to the solid phase, and it is assumed that the
orientation of this new increment in the solid phase is the
same as the local crystal orientation of the grain.

The phase field distribution of the two-dimensional
growth process of multiple grains of Al-Si alloy is shown
in Fig. 1. As the solidification proceeds, the grain tips
gradually grow, and main grain arms appear. Without
mutual collisions, the influence between the grains is very
small. Each grain grows freely in the direction not
affected by the boundary, and its morphology is the same
as that of the grain growth of a single grain. Then
multiple grains start to contact each other, and grain
collisions occur. The growth of the affected main grain
arms will be inhibited, resulting in grain boundary
curvature or cessation of growth. Finally, the main trunk

of the grain and the secondary grain arms are well

developed.

phase field
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A, (b) =
A

A,(e) = A,(d) = A,(e) =
were not affected by the interaction of the solute fields. At
= 3000A

between grains, and the solute fields of each dendrite

(Fig. 2(b)), obvious collisions occurred
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were penetrated by the solute diffusion of other dendrites.
The collisions were more intense, and the affected
dendrite arms were restricted from growing. The
phenomenon of solute enrichment occurred at the
solid/liquid interface of the dendrites. The secondary
dendrite region had a higher concentration because the
dense dendrite area prevented the solute diffusion.

3.2 Comparison of dendrite under pure diffusion and
forced convection

Fig.3 shows the comparison of the morphology of a-Al
dendrites during non-isothermal solidification of Al-Si
alloy under pure diffusion and forced convection

conditions. Under pure diffusion conditions, during the

Fig. 2: Distribution of Si solute field during dendrite growth of Al-Si alloy (a) =
A, (f) =

initial stage of solidification, the nuclei are affected by

quadruple anisotropy and exhibit a significant
quasi-square shape. However, under forced convection,
the grains no longer grow symmetrically and uniformly in
all directions. Initially, due to the asymmetrical heat flux
and solute flux acting on the arm of the dendrite, its
growth direction tilts to the left. Forced convection
promotes the growth of the reverse side of the dendrite,
making the primary and secondary dendrites more
developed. As the dendrites continue to grow, the heat
and solute re-distributed during the solidification process

will be carried to the downstream area by convection.
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Fig. 3: Comparison of a-Al dendrite morphology during non-isothermal solidification of Al-Si

alloy under pure diffusion and forced convection (a) =

3.3 Comparison of dendrite under normal pressure
and under pressurized conditions

The situation of solute segregation during the
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A, (b) = A,(c) = A,(d) = A

non-isothermal solidification process of Al-Si alloy under
different pressures is shown in Fig. 4. The increase in
nucleation  and

pressure  significantly  promoted
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accelerated the solidification process. Compared with the
temperature change, the improvement effect of pressure
on the microstructure was more significant. With the
continuous increase in pressure, the microstructure
became finer and the sensitivity of the microstructure to

temperature change decreased.

nson
300
s
s
s

Fig. 4: Solute segregation during non-isothermal solidification of
Al-Si alloy at different pressures

3.4 Comparison with Experimental Results
The
experimental ones. The microstructure diagram of Al-Si
alloy after holding at 530°C for 2 hours and the

simulation results were compared with the

comparison of Si solute distribution obtained from the
phase field simulation are shown in Fig. 5. It can be
observed that the a-Al dendrites have coarse primary
dendrite arms and developed secondary dendrite arms.
Due to the limitation of the simulation area and the
mutual collisions among multiple dendrites, most
dendrites exhibit asymmetry. These phenomena can be
observed in both the simulation and experimental results,
such as dendritt D and @). Due to the proximity of
other dendrites near dendrite (O , obvious mutual
collisions occurred between grains, and dendrite (D was
more susceptible to the interaction of the solute field. The
affected dendrite arms were restricted in growth and
eventually became asymmetric dendrite morphology.
Dendrite ), due to the influence of fourfold anisotropy
on the crystal nucleus during the initial solidification and
the relatively small influence of the collision between
dendrites later, showed a distinct quadrilateral-like

morphology. The simulation results are in good

agreement with the experimental results.
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Fig. 5: (a) Metallographic microstructure of ZL118 alloy after

holding at 530°C for 2 hours; (b) Enlarged view of the area
indicated by the dotted line in (a). (c) Phase field simulation of Si
solute distribution during the solidification process of Al-Si alloy

4 Conclusions

* Simulated 2D/3D dendrite growth of Al-Si alloy under
isothermal solidification, obtaining realistic dendrites
with secondary or higher - order arms.

* Observed lateral side-branch growth and solute
segregation during dendrite growth.

* Under the influence of a larger flow velocity, more heat
and solute are transported from the countercurrent side to
the tip of the dendrite arm on the concurrent side, thereby
accelerating the growth rate of the dendrite arm on the
countercurrent side.

Under the condition of applying higher pressure, the

growth of dendrites increases.

Meanwhile, the grain size shows an increasing trend, the

rate significantly
dendrites become finer, and the secondary dendrite arms
are more developed. The increase in pressure promotes

nucleation and accelerates solidification
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