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We simulate the evolution of hydrogen concentration and gas pore formation as equiaxed dendrites grow during
solidification of a hypoeutectic aluminum-silicon (Al-Si) alloy. The applied lattice Boltzmann-cellular automaton-finite
difference model incorporates the physical mechanisms of solute and hydrogen partitioning on the solid/liquid interface, as
well as the transports of solute and hydrogen. After the quantitative validation by the simulation of capillary intrusion, the
model is utilized to investigate the growth of the equiaxed dendrites and hydrogen porosity formation for an Al-(5 wt.%)Si
alloy under different solidification conditions. The simulation data reveal that the gas pores favorably nucleate in the
corners surrounded by the nearby dendrite arms. Then, the gas pores grow in a competitive mode. With the cooling rate
increasing, the competition among different growing gas pores is found to be hindered, which accordingly increases the
pore number density in the final solidification microstructure. In the late solidification stage, even though the solid fraction
is increasing, the mean concentration of hydrogen in the residue melt tends to be constant, corresponding to a dynamic
equilibrium state of hydrogen concentration in liquid. As the cooling rate increases or the initial hydrogen concentration
decreases, the temperature of gas pore nucleation, the porosity fraction, and the mean porosity size decrease, whilst the
mean hydrogen concentration in liquid increases in the late solidification stage. The simulated data present identical trends

with the experimental results reported in literature.

Keywords: microporosity, solidification microstructure, modeling, lattice Boltzmann method

PACS: 81.05.Bx, 81.30.—t, 47.55.D—, 47.61.Jd

1. Introduction

With the demands for light weight in automobiles and air-
crafts, the application of aluminum alloys in these industries
increases greatly. For aluminum alloy castings, the formation
of microporosity is one of the most detrimental defects oc-
curred in the solidification process.!# The mechanical prop-
erties of the castings, particularly the fatigue resistance, could
be reduced significantly due to the presence of the porosity
defects.*! Accordingly, the research of microporosity genera-
tion in aluminum alloy castings has collected extensive atten-
tion from the industrial production and academic study. Ow-
ing to the different porosity formation mechanisms, the micro-
porosity defects can be categorized to shrinkage porosity and
gas porosity. The former is caused by insufficient feeding of
the melt because the permeability of the mush zone decreases
with the solid fraction increasing, while the latter is produced
due to the evolution of insoluble hydrogen gas in liquid during
solidification. [

DOI: 10.1088/1674-1056/ab8abb

Numerous studies have been carried out to explore the
mechanisms of gas pore formation through experimental ob-
servation and theoretical analyses.>~'?] The techniques of in
situ observation for transparent organic materials using optical
microscopy and for aluminum alloys using x-ray radiography
provided a great deal of meaningful information, including the
images of gas bubble emergence, bubble—dendrite interaction,
bubble morphological evolution, and bubble movement.>~7]
Since the formation of gas bubbles in aluminum alloys is de-
pendent on the variations of the local hydrogen concentrations
and hydrogen solubility in melt, it is vital to obtain temporal
and spatial evolution of hydrogen distributions in melts as so-
lidification occurs. However, real-time quantitative determina-
tion of hydrogen concentration in aluminum alloy melts during
solidification is so far unavailable. In the aspects of theoreti-
cal study, mathematical models were proposed and focused on
the prediction of quantitative data under different conditions,
such as porosity percentage and porosity size.®-1? Yet, those
models are incapable of providing the graphical morphologi-
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cal output of the microporosity and dendritic microstructure.

Nowadays, owing to the rapid development in the area
of computing techniques, numerical modeling has emerged as
an important complementary approach for the study of mi-
crostructural evolution in the process of alloy solidification.
Numerical modeling not only reproduces the dynamic evo-
lution of the solid fraction and concentration fields, but also
fills the technical gap between the data obtained from exper-
imental observations and theoretical analyses.[!3~13! Various
computational models based on cellular automaton (CA) and
phase-field methods have been developed for simulating the
formation and development of microporosity as the dendrites
grow.!'211 The simulation results have revealed the irregular
shape of gas porosity affected by the nearby dendrites,'®! mor-
phological variation of the growing bubbles and columnar den-
drites after confronting each other,!!”) formation of multiple
gas pores in the process of welding of an Al-Cu alloy, 8] and
gas porosity formation together with the equiaxed grains.!'%2°!
We previously developed a CA model for simulating hydro-
gen porosity formation in the dendritic and eutectic solidifica-
tion stages for an Al-Si alloy.!>!! The regimes of the hydrogen
gas pores in the entire solidification processes were reasonably
presented. In the above-mentioned simulations, however, the
gas pore nuclei were either placed arbitrarily in the domain or
generated by the stochastic model. As a result, some levels of
artificial effects were inevitably introduced in the simulations,
such as the number and position of the gas pore nuclei.

In past decades, the lattice Boltzmann (LB) models have
been widely applied for simulating various multi-phase phe-
nomena involving the gas/liquid/solid (G/L/S) phases./?>%3]
By utilizing the nature of the multi-phase LB models for de-
scribing the interactions between fluid particles, the nucleation
of a fluid phase in another phase owing to the evolution of the
surrounding environment can be simulated.?*>! The multi-
phase LB models were coupled with the CA approach for
modeling gas bubble formation as aluminum alloy solidifica-
tion takes place,?°-?81 in which the nucleation, movement, and
merging of the growing bubbles during dendritic solidification
could be visualized. However, these models have not encom-
passed the mechanism of hydrogen partitioning as dendrites
grow. Recently, we developed a coupled model by combining
the LB, CA, and finite difference (FD) methods to investigate
the emergence of gas bubbles as the equiaxed and columnar
dendrites grow for an Al-Cu alloy.?”! The LB-CA-FD model
takes the effect of hydrogen partitioning into consideration,
and this model has the capability of reasonably describing the
evolution of hydrogen concentration as bubbles and dendrites
grow. However, the influences of solidification conditions,
such as cooling rate and initial hydrogen concentration, on gas
pore formation and dendrite growth have not been investigated
exhaustively.

In the present study, the LB-CA-FD model is utilized to
simulate the nucleation and growth of hydrogen gas pores dur-
ing dendritic solidification of an Al-(5 wt.%)Si alloy. This
model could reproduce the hydrogen concentration variations,
nucleation of the gas pores, and the morphological evolution
of the growing hydrogen porosities and dendrites. The effects
of cooling rate and the initial concentration of hydrogen in the
Al-(5 wt.%)Si melt on gas pore nucleation and growth are in-
vestigated. Comparisons between the simulation results and
the experimental data are performed for better understanding
the effects of the various factors on microporosity formation.

2. Model description and governing equations

In the recently proposed LB-CA-FD model, essentially
the LB model describes the hydrogen concentration evolu-
tion and the features of bubble flows, while the CA-FD model
calculates the dendrite growth and solute diffusion.*”! In the
present study, the solidification shrinkage is not considered,
and the effect of convection is neglected.

For the multi-relaxation-time (MRT) multi-phase LB
model, the transport of hydrogen atoms is described by the
evolution of the distribution functions, which is written as[?3!

fi(x+eiAtt +At) — fi(x,1)
= —(M'AM),, (fj—qu) YEAL i j=0,1,...,8, (1)

where f; is the distribution function, and ff 4 represents the
equilibrium distribution function; = and ¢ represent the posi-
tion and time, and At is the time step. The microscopic veloc-
ities e; and the orthogonal transformation matrix M read

010-1 011 -1 1
ei:c'[001 011 1-1-1]0 @
I I T I T SR I
411112 2 2 2
422221 1 1 1
0 1 0-1 01-1-1 1
M=| 0-2 0 2 01-1-1 1,0
0 0 1 0-11 1-1-1
0 0-2 0 21 1-1-1
0 1 -1 1-10 0 0 0
00 0 0 01 -1 1-1]

where ¢ = Ax/Ar is the lattice speed with Ax representing the
lattice size. The lattice speed is ¢ = 1 in the present work,
since the lattice size and time step are assigned as Ax = 1 and
At = 1, respectively. In Eq. (1), M~ is the inverse matrix of
M, and F/ is the forcing term. The diagonal matrix A consists
of different relaxation times, defined as

P G R (P [ [ R R (S
A:dlag(rp T, 1,TC1,TJ- AN IR N A ), )
where 7, = 1.0, 7; = 1.0, 7, = 1.0, 7, = 1.25, T = 1.25, and
T, = 0.91 are employed in this work according to the previous

studies. [23-29]
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The distribution functions in the moment space are ob-
tained by m = M f and m® = M £°4, in which the distribu-
tion functions are written in vector forms. We can write m®l
as

m& = p[1,—2+3ul*,1—3ul?,

2 2 T
Uyy —Uyy Uy, —Uy, Uy *”yaux”y] s (5)

where p and u = [ux,uy]T are the macroscopic density and
velocity, evaluated by p = Y, fi and pu =Y, e;f; + FAt/2,
respectively. F' is the forcing term in the velocity space.

After the linear transformation of Eq. (1) from the veloc-
ity space to the moment space, the LB equation is

m*—m—A(m—meq)+At(I—/21>S, (6)
where I and S are the unit tensor and the forcing term in
the moment space. S and F' are matched by (I — A/2)S =
MF', and F' is the vector form of F/ in Eq. (1). In the ve-
locity space, the propagation step of the fluid particles is de-
scribed by

fi(x+eAt,t +Ar) = £ (x,1) + @/E, @)

where f* = M ~'m* is the relationship between the distribu-
tion functions in the moment space and in the velocity space.
The weight coefficients are ] = 4/9 for |e;|> =0, ®] = 1/9
for e;]> = 1, and ! = 1/36 for |e;|> =
representing the hydrogen amount rejected by the moving S/L
interface (see Eq. (16)).

S in Eq. (6) is calculated by

2. E is a source term

S = [0,6u-F+12¢|F[*/(y*At(1, —0.5)),~6u - F
—12¢|F*/ (y*At(t; —0.5)), Fy, —Fy, By, —F,
Z(MXFx_uyFy)auxF;"‘uy x] s (8)

where € = 0.084 determines the mechanical stability
condition. 2321 The force is written as F = F, + F,4s, where
F is the force acting between the neighboring fluid nodes, and

F4 is the force acting between the fluid and solid nodes. F;

and Fy, are defined by!??!
Fe(x,1) = —Gey (z,1) ) ony(z+edt,)e;,  (9)
i
Fus(x,t) = —GagsV? (z,1) Zwis(:c +e;At t)e;, (10)
i

where G, and G,qs are the fluid-fluid interaction and fluid-
solid adhesion parameter that coherently tune the wettabil-
ity; m; are the weight coefficients for the force calculations,
and the values are @; = 1/3 for |e;|> = 1 and @; = 1/12 for
lei|?> = 2; s(x + e;At) is an indicator function for indicating a
solid (s = 1) or a fluid (s = 0) nearest node. The pseudopoten-
tial function y is given by

v =1/2(Pros — pe2) /G, (n

where ¢s =1/ /3 is the lattice sound speed. Pgos is the equa-

tion of state, 23
PO, P < psi,

Peos = { Ps161 + (P —ps1) O, Ps1t < P < Ps2, (12)
Ps101 + (Ps2 — ps1) O + (P — Ps2) B2, p > Ps2,

where 6) = 0.64(}3, 0, = c%, and Oy = *0.16C§ are adopted.
By setting p; = 1 and py = 50 in the present work, the val-
ues of ps; and pg, are obtained by solving the equations for
mechanical and chemical equilibriums, and the results are
ps1 = 1.81 and py, = 43.8, respectively. In the LB simula-
tions, the periodic boundary condition is applied on all walls
of the domain. A bounce-back rule is adopted on the fluid-
solid boundaries.

The CA-FD model is briefly described as follows. Within
each time step, the variation of solid fraction in an S/L inter-

face cell is evaluated by!!3)

e

Afszg'm7 (13)

where g and Cle 4 are the geometrical factor and local equilib-
rium liquid concentration. C]e is calculated by
T"—Tn, TI-[1-—15¢ 4(p—6y))]-K
9= L [ cos (4 (¢ — 6o))] (14

m my

where T* and Ty, are the local temperature and the melting
point of the pure solvent, respectively; m is the liquidus slope,
and I' is the Gibbs—Thomson coefficient; € is the degree of
anisotropy of the surface energy; ¢ is the growth angle be-
tween the normal to the S/L interface and the x-axis, and 6y is
the angle of the preferential growth direction with respect to
the x-axis. The calculations of the geometrical factor g and the
local interfacial curvature K can be found elsewhere.!'3:°]

In Eq. (13), the local actual liquid concentration C{" is ob-
tained by solving the diffusion equation

aC; 9fs
5, =V (D;VC; )+Ci(1—kp) T

where C; is the concentration, and D; is the diffusion coef-

5)

ficient. The amount of solute atoms rejected by the migrat-
ing S/L interface caused by solute partitioning is represented
by the second term on the right-hand side. The subscript j
is written as s or | for denoting solid or liquid nodes. Equa-
tion (15) could be solved by either the LB method or the FD
method.3%311 Nevertheless, in the present work, Eq. (15) is
solved by the FD method in the explicit manner. There are
two reasons for choosing the FD method: (i) The FD method
needs less memory than the LB method. (ii) In the simula-
tion of dendrite growth under the pure diffusion condition, it
is convenient for the FD method to calculate solute diffusion
using different diffusion coefficients in liquid, solid, and S/L

078104-3



Chin. Phys. B  Vol. 29, No. 7 (2020) 078104

interface, while it is a non-trivial issue for the LB method. In
the calculations, the time step is taken as Ar = Ax?/(4.5D). A
zero-flux boundary condition is implemented on the boundary
nodes.

Table 1. Physical and thermodynamic properties of Al-Si alloys.[?!]

Symbol  Definition Value Unit

r Gibbs—-Thomson coefficient 1.7x 1077 °C-m
T Melting temperature of the pure Al 660.452 °C

D, Diffusion coefficient of solute Si in liquid 4.3 x10™°  m?/s

D Diffusion coefficient of solute Si in solid 4.3 x 107" m?/s
Ky Partition coefficient of H 0.069 -

m Slope of the liquidus line —6.0 °Clwt.%
kp Partition coefficient of solute Si 0.117 -

The effects of gas pore-dendrite interaction and hydrogen
partitioning provide the connection between the multi-phase
LB model and the CA-FD model. The hydrogen amount re-
jected at the S/L interface is incorporated into the multi-phase
LB model through the source term in Eq. (7), which is defined
by

1 afs

E— Ci (1 =) 25,
(Atca—rpM/AfLR) il H) ot

(16)

where ky and Cj; are the hydrogen partitioning coefficient
and the local hydrogen concentration in liquid, respectively.
Atca—pp and Arpp are the time steps of the CA-FD model
and the LB model, respectively. Considering that hydro-
gen transport is faster than solute diffusion, Afca_pp /At p >

Corresponding to the previous work,?”]

1 is adopted.
Atca—pp/An g = 3 is used in the present study. In fact, the
algorithm for the calculation of the rejected hydrogen amount
due to the partitioning effect is similar to that of the rejected

amount of solute atoms during solidification. Therefore, apart

from the term of time step ratio, the rest part of Eq. (16)
is comparable to the second term on the right-hand side of
Eq. (15).

The physical and thermodynamic parameters of Al-Si al-
loys used in the simulations are displayed in Table 1.

3. Results and discussion
3.1. Model validation

In our previous study, the proposed LB-CA-FD model
was verified by the Laplace law test and contact angle
simulation.*” In order to further validate its capability for
modeling the fluid dynamics in a complex system involving
the G/L/S phases, the dynamic process of capillary intrusion
is simulated. In this process, the wetting fluid phase migrates
in a capillary tube since a pressure difference exists on two
sides of the curved fluid-fluid interface. The simulated data
are compared with a theoretical model applied in the work of
Liu et al.'®? In the analytical model, the position of the mi-
grating curved fluid-fluid interface in a capillary tube, &, is a
function of time 7,

6 d
Ycos 0 = ; [.uwettingé + Hnon—wetting (L - 5)] j

dr’
Eli—o = %o, (17)

where 7 is the surface tension; 0 is the intrinsic contact angle
of the wetting fluid; » and L are the width and length of the cap-
illary tube; Uwetting and HUnon—wetting are the dynamic viscosities
of the wetting and non-wetting fluid phases, respectively; &) is
the interface position at the initial time.

(a)

0 time step|

L I

I P non-wetting

200

—100 0 100
2.0X10° time steps

5.7X10° time steps

200} (P)
150
300 =
= 100}
wy
50F o simulation
—analytical modell32]
0 1 1 1 1 1 1
0 1 2 3 4 5 6

t/10° time steps

Fig. 1. Time evolution of (a) the simulated wetting and non-wetting fluids in the process of capillary intrusion; (b) fluid-fluid interface position

& in the capillary tube, obtained from the simulation and the analytical prediction.

In the simulation of capillary intrusion, the computation
domain consists of 400 x 35 lattice units (l.u.). A horizon-
tal capillary tube with a width of r = 21 L.u. and a length of
L =200 L.u. is set in the middle portion of the computation
domain. As shown in Fig. 1(a), the wetting and non-wetting
fluids are initialized in the capillary tube, and the initial in-
terface position is & = 20 Lu. By setting G,gs = —1.025,

the intrinsic contact angle of the wetting fluid is 6 = 44.5°.

[32]

In this study, the arrangements of the intrinsic contact angle
and the geometrical parameters of the capillary tube are iden-
tical to the work of Liu et al.!3?! Other parameters of the wet-
ting and non-wetting fluids are measured to be Uyeying = 8.36,
Hnon—wetting = 0.19, and y = 1.14, respectively. Figure 1(a)
displays the time evolution of the wetting fluid moving in the
capillary tube obtained from the simulation. As is shown, the

fluid-fluid interface presents a curved shape, and the wetting
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fluid phase gradually intrudes into the capillary tube. Fig-
ure 1(b) presents the plots of the fluid-fluid interface posi-
tion in the capillary tube as a function of time, obtained from
the simulation (open circles) and the analytical model (solid
line). Note that the simulated fluid-fluid interface position
agrees well with the analytical prediction, demonstrating the
correctness of the codes and the quantitative capability of the
model for the simulation of multi-phase flows involving G/L/S
phases.

3.2. Evolution of equiaxed dendrites and gas pores under
different cooling rates

The simulations are carried out to investigate the growth
of equiaxed dendrites and porosity formation as an Al-
(5 wt.%)Si alloy solidifies under different cooling rates. The
computational domain is composed of a 300 x 300 mesh,
and the lattice unit and the mesh size are arranged as Ax =
I Lu. =3 pm. At the start, several initial equiaxed dendrites
are set in the computational domain. The undercooling is ar-
ranged to be 3 °C, and the crystallographic orientations of
the equiaxed dendrites are randomly generated. The initial
concentration of hydrogen in the Al-(5 wt.%)Si melt is as-
signed as Cpp = 0.022. Figure 2 displays the simulated evo-
lution of the equiaxed dendritic microstructure and gas bub-
ble formation under the cooling rates (CR) of CR = 2 °C/s
(Figs. 2(a)-2(d)) and CR = 12 °C/s (Figs. 2(e)-2(h)). Figure 2
is shown in the hydrogen concentration field. The numbers in
the panels represent the local hydrogen concentrations, which
are normalized by that in gas pores. As shown in Fig. 2(a),
the concentration of hydrogen in the Al-(5 wt.%)Si melt ex-
Clearly, this is caused by that the
growing equiaxed dendrites reject hydrogen atoms into the

ceeds the initial value.

nearby liquid nodes. Nevertheless, no gas pores emerge yet
in Fig. 2(a), indicating that there exists an incubation period
for hydrogen pore nucleation. As the solidification proceeds,
some gas pores appear at the corners composed by the den-
drite arms (Fig. 2(b)), which can be attributed to that the lo-
cal hydrogen concentrations in these regions exceed the su-
persaturation for gas pore nucleation. Subsequently, the con-
centrations of hydrogen in the melt decrease, denoting that the
hydrogen atoms enter the gas pores to sustain their growth.
As shown in Figs. 2(c) and 2(d), gas pore morphologies are
slightly changed after contacting dendrite arms. In addition, it
is shown in Figs. 2(b)-2(d) that the number of the gas bubbles
decreases, even though the porosity percentage keeps increas-
ing with time. This denotes that the gas bubbles grow com-
petitively, i.e., some gas bubbles growing by eliminating the
other ones. In the case of CR = 12 °C/s, the dendrites grow
rapidly with finer and longer side arms as shown in Figs. 2(e)—

2(h). The gas pores are also found to appear in the corners

surrounded by the dendrite arms, but the number of the bub-
bles remains higher than that of CR =2 °C/s. As dendrites
and bubbles grow, the hydrogen concentrations in liquid also
decrease with time. When the solid fraction reaches f; = 0.68,
as compared in Figs. 2(d) and 2(h), the sizes of the gas pores
in the higher cooling rate case are much smaller than those in
the lower cooling rate case. The comparisons of the number
and size of the gas pores in Fig. 2 indicate that the competitive
growth among different gas pores can be influenced by cooling
rate. As described in our previous articles,?1*! the compet-
itive growth of gas pores is related to the interaction among
several factors, e.g., pore size, supersaturation of hydrogen in
the melt, and local hydrogen concentration. The supersatu-
ration of hydrogen in the melt required for gas pore growth
increases with decreasing the pore size. As a result, in the
melt with a fixed hydrogen concentration, the bigger gas pores
are favorable to keep growing, whilst the smaller gas pores
are inclined to shrink and may eventually disappear. In this
process, the local hydrogen concentrations in liquid nearby
the gas bubbles are governed by hydrogen transport in liquid.
Since the higher cooling rate produces finer equiaxed dendrites
and longer arms, a more complex dendritic network is formed.
Thus, the process of hydrogen transport in the liquid phase can
be blocked by the dendritic network to some extent in the two-
dimensional domain. As a result, the growth of large gas pores
becomes more difficult due to the insufficient hydrogen sup-
plement in the isolated liquid regions. Likewise, the elimina-
tion of small gas pores is also restrained. In addition, the time
for gas pore growth and elimination becomes shorter by apply-
ing a higher cooling rate. Therefore, the competitive growth
between gas pores is hindered by a higher cooling rate. The
simulated data in Fig. 2 reveal that the application of a lower
cooling rate not only leads to coarser dendrites, but also pro-
duces larger gas pores in the microstructure. These two con-
sequences are both detrimental to the mechanical properties of
castings.

Figure 3 presents the simulated percentage of porosity
and mean normalized concentration of hydrogen in the re-
maining Al-Si melt versus temperature under the cooling rates
of CR =2 °C/s (Figs. 2(a)-2(d)) and CR = 12 °C/s (Figs. 2(e)—
2(h)), respectively. In Fig. 3(a), it is seen that the percentages
of porosity remain zero in the incubation period before gas
pores appearing. After gas bubbles nucleate, the porosity per-
centages rise abruptly. It is found that with a slower cooling
rate, the nucleation of gas pores occurs at a relatively higher
temperature, and thus the time for gas pore growth is longer.
As a consequence, the percentage of porosity in the lower
cooling rate case remains higher than that in the higher cool-
ing rate case. In the late time, the growth rates of the porosity
percentage decrease. In Fig. 3(b), the profiles reveal that the
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mean normalized hydrogen concentrations in liquid drastically
increase from the initial hydrogen concentration (Cyg = 0.022)
after the solidification starts. The hydrogen concentrations de-
crease apparently when gas pores emerge due to the fact that it
requires consuming a large number of hydrogen atoms when
the gas pores nucleate and grow. Then, the hydrogen concen-
trations tend to be relatively stable in the residue liquid phase.
This implies that the amount of rejected hydrogen atoms dur-
ing solidification is approximately equivalent to that consumed
by the gas pore growth, which is a dynamic equilibrium state
for bubble growth. In this dynamic equilibrium state, the local

hydrogen concentrations in the nearby liquid phase are slightly
greater than the hydrogen supersaturations for the growing
bubbles. Accordingly, the bubbles could grow, even though
the growth rate decreases in the final period. It is noteworthy
that in the late solidification stage the hydrogen concentration
in liquid under a higher cooling rate is higher than that under
a lower cooling rate. Obviously, it is correlated with that the
porosity fraction is lower in the higher cooling rate case, and

hence more hydrogen atoms could remain within the residue

melt.

Fig. 2. Simulated equiaxed dendrite growth and gas pore formation for an Al-(5 wt.%)Si alloy under different cooling rates (CRs): (a)—(d)
CR =2 °C/s; (a) fy = 0%, fs =0.21, T = 621.2 °C; (b) fy = 0.27%, fs = 0.51, T = 604.4 °C; (c) fy = 0.96%, fs = 0.58, T =596.0 °C; (d)
fe=147%, f =0.68, T =575.9 °C; (e)—~(h) CR = 12 °C/s; (e) fy = 0%, fs = 0.21, T = 613.7 °C; (f) fy = 0.41%, fs = 0.59, T =594.7 °C;
(2) fo =0.64%, F; = 0.62, T = 591.0 °C; (h) fy = 0.99%, f; = 0.68, T = 570.9 °C. f,, fs, and T are the total porosity percentage, solid
fraction, and temperature in the domain, respectively. The numbers in the panels indicate the local concentrations of hydrogen in the melt.
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Fig. 3. Simulated curves of (a) percentage of porosity (fg) and (b) mean normalized hydrogen concentration in the residue liquid phase
(Cn) as a function of temperature T with different CRs in the cases of Fig. 2.

Figure 4 displays the simulated final porosity percentage,
mean pore radius, and pore number density varying with cool-
ing rate. The initial normalized hydrogen concentrations in
the simulations are arranged to be identical with Fig. 2. The
simulated data of the final porosity percentage, mean pore ra-
dius, and pore number density are determined when the solid
fractions reach 0.68. As shown in Fig. 4(a), the simulated
final porosity percentage drops as the cooling rate increases,
which presents identical trend with the experimental data for

a hypoeutictic Al-Si alloy in the work of Carlson er al.!3]

As shown in Fig. 4(b), with the cooling rate rising, the sim-
ulated mean pore radius decreases, whereas the pore number
density increases. In the practical aluminum alloy casting pro-
cess, the tensile and fatigue strengths of the casting compo-
nents are drastically influenced by the porosity with a large
size.33] The simulated data in Fig. 4 show that the application
of a higher cooling rate is favorable for reducing the porosity
percentage and gas pore size, which is beneficial for elevating

the mechanical properties of castings.
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Fig. 4. Simulated (a) final percentage of porosity (f) and (b) mean pore radius (R) and pore number density (1) versus cooling rate (CR).

3.3. Gas pore formation under different initial hydrogen
concentrations

The influence of initial concentration of hydrogen in the
Al-Si melt on the solidification porosity formation for Al—
(5 wt.%)Si is investigated using the present LB-CA-FD model.
Figure 5 presents the simulated evolution of the equiaxed
dendrite growth and gas pore formation with the initial hy-
drogen concentrations of Cyg = 0.02 (Figs. 5(a)-5(d)) and
Cho = 0.026 (Figs. 5(e)-5(h)), respectively. The cooling rate
is fixed as CR = 12 °C/s, and other simulation parameters are
identical with Fig. 2. The solid fractions of Figs. 5(a) and
5(e) are the same, but the hydrogen concentration in Fig. 5(e)

is apparently higher. When the temperatures reach 608.0 °C
(Figs. 5(b) and 5(f)), gas bubbles form near the dendrite arms
in the case of Cyo = 0.026, but there appears to be no bubbles
in the case of Cpyg = 0.02 yet. Thus, the higher initial hydrogen
concentration facilitates the nucleation of gas pores to be ear-
lier during dendritic solidification. As seen in Figs. 5(c) and
5(g), the gas pore size in the case of Cyg = 0.026 is larger than
that in the case of Cgp = 0.02. This is because the gas pores in
Fig. 5(g) nucleate earlier, and they could grow in an extended
period. The simulated data in Fig. 5 reveal that a greater initial
hydrogen concentration tends to produce larger gas pores and
higher pore number density in the final microstructure.

Fig. 5. Simulated equiaxed dendrite growth and gas pore formation for an Al-(5 wt.%)Si alloy with different initial hydrogen concentrations
(Cho): (@)—~(d) Cyo = 0.02; (a) fy = 0%, fs =0.21, T = 613.7 °C; (b) fz = 0%, fs =0.43, T = 608.0 °C; (¢) fy = 0.09%, f; = 0.65,
T =586.4°C; (d) fg =0.66%, fs =0.68, T = 570.9 °C; (e)—(h) Cro = 0.026; (e) fy = 0%, fs =021, T =613.7 °C; () fg = 0.11%, fs = 0.43,
T =608.0°C; (g) fo = 1.86%, fs =0.65,T =586.4°C; (h) fy = 1.91%, f; =0.68, T =570.9 °C. fg, fs, and T are the total porosity percentage,
solid fraction, and temperature in the domain, respectively. The numbers in the panels indicate the local concentrations of hydrogen in the melt.

Figure 6 shows the plots of porosity percentages and
mean hydrogen concentrations in the residue melt versus time
and temperature for the cases of Fig. 5. In Fig. 6(a), it is seen
that the incubation stage for bubble nucleation is shorter for
the case with a higher initial concentration of hydrogen in the
melt. After the gas bubbles emerge, the porosity percentages
rise rapidly. It can be seen that as the solidification proceeds,
the percentage of porosity for the case of Cyg = 0.026 remains
apparently higher than that of Cy = 0.02. In Fig. 6(b), the
curves of the mean hydrogen concentration increase with the

declining temperature as the dendrites grow. Since the nu-
cleation and growth of gas pores consume large amounts of
hydrogen atoms in a short period, the mean hydrogen con-
centrations in liquid show abrupt drops after the gas pores
emerge. Similar to Fig. 3(b), the mean hydrogen concentra-
tions in the residue liquid phase tend to be relatively stable
in the late stage, denoting that a dynamic equilibrium state is
reached in this stage. In addition, Fig. 6(b) indicates that the
mean hydrogen concentration in liquid during bubble growth
in the case of a lower Cyp is slightly higher. As compared
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in Figs. 5(d) and 5(h), the gas pores in the case of the lower
Cyo are smaller, and thus require a greater hydrogen supersat-
uration in the nearby melt to sustain the growth of porosity.
Therefore, when the dynamic equilibrium state is reached, the
concentration of hydrogen in the Al-Si melt for the lower Cyyo
is accordingly higher.
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Fig. 6. Simulated curves of (a) porosity percentage (f) and (b) mean

normalized concentration of hydrogen in residue melt (Cy) versus time

t and temperature 7 for different initial hydrogen concentrations Cy in
the cases of Fig. 5.
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Fig. 7. Simulated final porosity percentage (f) versus initial hydrogen
concentration Cyo for an Al-(5 wt.%)Si alloy.

Figure 7 presents the plot of the simulated final poros-
ity percentage versus the initial concentration of hydrogen in
the melt. In the simulations, the cooling rates are fixed to be
CR = 12 °C/s. Apparently, the simulation result shows that
the final porosity percentage increases as the initial concen-
tration of hydrogen in the melt increases, which is identical
to the trend of the plots obtained from the experiments for an

Al—(7 wt.%)Si—(10 wt.%)SiC alloy in the work of Samuel and
Samuel.**! The simulation results in Fig. 7 reveal that the pro-
cess of degassing is necessarily vital for decreasing the initial
hydrogen concentration and thus to reduce the final porosity
percentage of aluminum alloy castings.

4. Conclusions

The equiaxed dendrite growth and gas pore formation
during hypoeutectic Al-Si alloy solidification is simulated us-
ing a previously proposed LB-CA-FD model. In this model,
the hydrogen concentration variation as well as the gas pore
nucleation and gas pore growth are described by the multi-
phase LB model, whilst the growth of dendrites and solute
transport are described by the CA-FD model.

The present model is validated by simulating the dynamic
process of capillary intrusion of the wetting liquid phase. The
simulated profile of the curved fluid-fluid interface position
varying with time is in good agreement with the analytical pre-
diction, revealing the capability of the present model for rea-
sonably describing the interactions between different phases.

The phenomena of gas bubble formation and dendrite
growth with different cooling rates and initial hydrogen con-
centrations are simulated using the LB-CA-FD model. The hy-
drogen concentrations increase as the solidification proceeds.
When the hydrogen concentrations exceed a certain level, the
gas pores favorably appear in the corners surrounded by den-
drite arms. Then, the gas pores start to grow, and a competi-
tive growth mode is observed among the gas pores with vari-
ous radii. The simulations visualize the evolution and distri-
bution of hydrogen concentrations during gas pore and den-
drite growth, which is coherently affected by hydrogen rejec-
tion as dendrites grow and the hydrogen consumption by gas
pore nucleation and growth. It is found that the mean hydro-
gen concentrations in the residue melt become relatively stable
as the equiaxed dendrites and gas pores grow, leading to a dy-
namic equilibrium state for the amount of hydrogen atoms in
the residue melt. In this stage, the mean hydrogen concentra-
tion remains slightly higher when a higher cooling rate or a
lower initial hydrogen concentration is applied. With the in-
crease of cooling rate, the gas pores nucleate at a higher tem-
perature. Moreover, as the cooling rate increases, the final per-
centage of porosity and mean pore radius decrease, whereas
the porosity density increases. As the initial hydrogen con-
centration increases, the gas pores emerge earlier, and both the
final porosity percentage and mean pore radius increase. The
tendencies of the simulated porosity percentages varying with
cooling rate and initial hydrogen concentration are identical
with the experimental results. The simulated data reveal that
applying a higher cooling rate and decreasing the initial con-
centration of hydrogen in the aluminum alloy melt through the
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degassing process are beneficial for reducing the final porosity

percentage of the aluminum alloy castings.
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