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Lotus-type porous Al-Si (4, 8, 12, 14, and 18 wt pct) alloys were fabricated using the continuous
casting technique under a hydrogen gas pressure of 0.1 MPa at various transference velocities,
and the effects of the silicon content level and transference velocity on the pore morphology and
porosity were investigated. Both the porosity and the average pore diameter increase as the
silicon content level increases and decrease as the transference velocity increases. In particular,
the velocity dependence is obviously exhibited at a silicon content level higher than 12 wt pct.
The pore shape is changed from irregular in the higher-dendrite fraction to nearly circular in the
lower-dendrite fraction. The porosity and the pore morphology are influenced by the silicon
content level and transference velocity. In the model, these results can be understood with the
explanation that the pores, which contribute to the increase in porosity, are generated at the
eutectic fronts. This indicated that the porosity and the pore size in lotus-type porous Al-Si
alloys can be well controlled by varying the silicon content level and the transference velocity.
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I. INTRODUCTION

POROUS metals have unique characteristics that are
different from those of bulk metals, such as an inher-
ently low density and a large surface area. Thus, these
metals are expected to be utilized as lightweight mate-
rials, catalysts, electrodes, vibration- and acoustic-
energy-damping materials, impact-energy-absorbing
materials, etc.[1,2] In particular, porous Al alloys are
expected to be used for lightweight structural applica-
tions because of their low specific weight, high stiffness,
and high energy-absorbing capacity.

Recently, lotus-type porous metals, one class of the
porous metals, have been investigated by many research-
ers;[3–9] these materials possess long cylindrical gas pores
aligned in one direction. Lotus-type porous metals have
superior mechanical properties originating from unidi-
rectional pores, compared with conventional porous
metals, the pores of which are almost isotropic and
spherical.[10] As a result, lotus-type metals are attracting
attention as new lightweight structural materials.

Lotus-type porous metals have been developed based
on the unidirectional solidification method, using the
gas solubility gap between the liquid and the solid.[4–9,11]

Recently, our group successfully fabricated a long-sized
lotus-type porous copper slab using the continuous
casting technique,[9,12,13] and we reported that both the

porosity and pore size can be easily controlled by the
solidification velocity and the hydrogen pressure in the
continuous casting technique.
Lotus-type porous aluminum is also expected to be

utilized as a lightweight structural material. For alumi-
num and its alloys, hydrogen is available for pore
formation and growth.[9] However, it is difficult to obtain
high porosity due to the small hydrogen gas solubility
gap between the liquid and the solid.[14] Furthermore, in
the case of casting in nonporous aluminum and its alloy,
it is also reported that both the porosity and pore
diameter are reduced at a high solidification rate, because
there is no time for the hydrogen to diffuse from the
aluminum into the pores.[14–16] Therefore, both an
increase in the hydrogen gas solubility gap and control
of the solidification rate are required in order to increase
the porosity of the material.
It is thought that the addition of an alloying element

is an effective method of changing pore formation.
Silicon is one of the important alloying elements in Al
alloys, and Al-Si alloys have been used as commercial
cast alloys in various industrial fields. Pore formation in
Al-Si alloys has been investigated by many research-
ers,[16–22] who reported that pores in cast-Al alloys are
both shrinkage pores and gas pores caused by the
rejected hydrogen from the solid to the liquid during
solidification. However, these results largely bring pores
into focus as the casting defect of Al-Si alloys. The effect
of a silicon addition to lotus-type porous Al-Si alloys
has not yet been studied.
In this study, lotus-type porous Al-Si alloys contain-

ing various silicon content levels were fabricated by the
continuous casting technique at various transference
velocities and under a hydrogen gas pressure of
0.1 MPa. The effects of the silicon content level and
the transference velocity on the porosity, pore size, and
pore morphology were then investigated.
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II. EXPERIMENTAL PROCEDURES

The continuous casting apparatus used in this study is
shown in Figure 1. In a crucible, a suitable amount of
both pure aluminum ingots (99.99 wt pct Al) and Al-35
wt pct Si ingots were prepared to obtain Al-Si with the
nominal Si content level of 4, 8, 12, 14, and wt pct Si.
The ingots in the crucible were melted together by radio-
frequency induction heating under a hydrogen gas
pressure of 0.1 MPa in the chamber. After the temper-
ature reached 1173 K, the melt was maintained for
600 seconds, in order to sufficiently dissolve and diffuse
the hydrogen in the melt. Subsequently, the melt was
pulled down by a dummy bar of nonporous pure
aluminum through a cooled mold (10 mm in thickness
and 30 mm in width) at a given velocity. The transfer-
ence velocity was set to various values, such as 1, 1.5, 2,
and 5 mm min�1, in order to investigate the effect of
solidification velocity on the porosity, pore size, and
pore morphology. The transference velocity was
mechanically controlled by the rotational speed of the
pinch rollers.

The fabricated lotus-type slabs were cut using a spark-
erosion wire-cutting machine, model LN1W (Sodick Co.
Ltd., Yokohama, Japan), in directions both parallel and
perpendicular to the transference direction (TD). Each
cross section was polished with a series of emery papers
and etched by a 10 pct NaOH solution for 300 seconds.
The microstructures were then observed using an optical
microscope. The pore diameter and circularity and the
area fraction of the primary a phase were measured
on the cross section perpendicular to the TD by a
WinROOF image analyzer (Mitani Corporation, Tokyo,
Japan). The effective pore diameter was the diameter of a
circle that has the same area as the pore. The pore
circularity was calculated by Eq. [1]. If the value of the
pore circularity evaluated by the following equation
approaches 1.0, the pore shape becomes the circle:

pore circularity ¼ 4p� areaofapore

(the circumference of a pore)2

½1�

The average value and standard deviation in both the
pore diameter and pore circularity were obtained from
the results measured above 30 pores in each condition.
The area fraction of the primary a-Al phase was
measured within an area that does not include pores.
The porosity (p) was evaluated from the following

expression:

p ðpctÞ

¼ 1� apparent density of porous Al� Sialloy

density of nonporous Al� Si alloy

� �
� 100

½2�

The apparent density of the individual specimen was
calculated by measuring both the weight and the
apparent volume of each fabricated slab.

III. RESULTS

Figure 2 shows the cross-sectional views parallel and
perpendicular to the TD of the slabs fabricated by the
continuous casting technique at various transference
velocities. The porosity and pore morphology are
changed by both the silicon content level and the
transference velocity.
The porosity measured in each fabricated slab

increases with an increase in the silicon content level at
all velocities and increases with a decrease in the
velocity, as exhibited in Figure 3. The velocity depen-
dence of the porosity becomes more significant at a
silicon content level higher than 12 wt pct.
Figure 4(a) shows the effect of the silicon content level

and transference velocity on the average pore diameter;
this was evaluated using the cross-sectional views in
Figure 2. It is unusual that the pore diameter has a
bimodal distribution at 1.0 mm min�1 at silicon content
levels of 12, 14, and 18 wt pct. This type of bimodal
distribution may be attributed to the combination and
coarsening of plural single pores; other bimodal distri-
butions are due simply to the growth of individual pores.
Thus, the mechanism of pore formation is different.
The histograms of the pore diameter were fitted to the
Gaussian function by weighting them according to the
frequency of the pores. Because the number of small
pores is much larger than the number of large pores, the
average pore diameter obtained by the fitting was
estimated as the value closest to the size of the small
pores. In order to avoid such evaluations, the average
pore diameter of the large-pore group was separately
obtained by fitting it to the Gaussian function without
the small-pore group. Figure 4(b) exhibits the average
pore diameters in each group of small and large pores; a
similar bimodal distribution was also observed in the
lotus-type porous copper fabricated at 1.0 mm min�1

using the continuous casting technique.[13]

In Figure 4(a), the average pore diameter changes
with the silicon content level. In the range between 4 and
8 wt pct Si, the average pore diameter does not vary
significantly and is independent of both the silicon
content level and the transference velocity. At siliconFig. 1—Schematic drawings of the continuous casting apparatus.

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 40A, FEBRUARY 2009—407



content levels over 8 wt pct, the average pore diameter
increases as the silicon content level increases. In this
range, the average pore diameter increases primarily as
the transference velocity decreases.

The bimodal distribution occurs in the case in which
large pores are generated by the cohesion of a few small
pores at a low transference velocity.[7,8] Because the
inhomogeneous pore formation and growth occurs in
the whole slab, the pore distribution changes in the

longitudinal direction. Therefore, the result of the
bimodal distribution is not included in the following
discussion.
Figure 5 shows the effect of the silicon content level

on pore circularity investigated at 2.0 mm min�1. This
velocity was selected because the pore distribution is
relatively homogeneous across the entire range of the
concentration. Pore circularity increases as the silicon
content level increases. This means that the shape of the

Fig. 2—Cross sections perpendicular and parallel to the TD of lotus-type porous Al-x wt pct Si (x = 4, 8, 12, 14, and 18) alloys fabricated at
various transference velocities under a hydrogen gas pressure of 0.1 MPa. Arrows show TD.
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pores is irregular when the silicon content level is
between 4 and 8 wt pct; it is nearly circular when the
silicon content level is over 12 wt pct.
With changing silicon content levels, the microstruc-

tures are also changed, as shown in Figure 6. Figures 6(a)
through (e) show the microstructures perpendicular to
the TD at various silicon content levels, at a velocity of
2.0 mm min�1. Figure 6(f) shows the magnified micro-
structure of the dashed square region in Figure 6(e). In
Figures 6(a) through (e), the white region corresponds
to the primary a-Al, and the area fraction of the primary
a-Al decreases as the silicon content level increases, as
exhibited in Figure 7. In particular, neither the primary
a-Al nor the primary Si can be observed in Figures 6(e)
and (f). Hence, it is thought that the eutectic composi-
tion of Si is located at approximately 18 wt pct in Al-Si
alloys fabricated at 2.0 mm min�1 in this study. On the
other hand, primary Si is observed in the slabs fabricated
at 1.0 and 1.5 mm min�1.
The change in the microstructure and the pores

caused by the transference velocity is displayed in
Figure 8, which shows the microstructures both perpen-
dicular and parallel to the TD of Al-12 wt pct Si alloys
fabricated at various transference velocities. Both the
dendritic primary a-Al and the pores are approximately
aligned in one direction parallel to the TD, and the
pores are located in the channels that exist among the
columnar dendrites. In addition, both the pore volume
and the growth direction are affected by the density of
the dendritic primary a-Al.

IV. DISCUSSION

It is reported that the porosity in lotus-type porous
pure metals depends on the amount of hydrogen
rejected from the solid during unidirectional solidifica-
tion; this is related to the hydrogen gas solubility gap
between the liquid and the solid.[4,6,13] The hydrogen gas

Fig. 3—Porosity vs silicon content level of lotus-type porous Al-Si
alloys fabricated at various transference velocities under a hydrogen
gas pressure of 0.1 MPa.

Fig. 4—(a) Silicon-content dependence of the average pore diameter
of lotus-type porous Al-Si alloys fabricated at various transference
velocities under a hydrogen gas pressure of 0.1 MPa. (b) Silicon-con-
tent dependence of the average pore diameter in each group of small
and large pores. A bimodal distribution was observed in the range of
Si content levels from 12 to 18 wt pct at a transference velocity of
1 mm min�1. Error bars are standard deviations.

Fig. 5—Pore circularity vs silicon content level of lotus-type porous
Al-Si alloys fabricated a at a transference velocity of 2.0 mm min�1

under a hydrogen gas pressure of 0.1 MPa. Error bars are standard
deviations.
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solubility in the liquid and the solid phase is propor-
tional to the root of the partial pressure of hydrogen,
according to Sieverts’ law, at the melting temperature in
a metal-hydrogen system.[4–6,13] Therefore, we started
the discussion with the assumption that the porosity in
Al-Si alloys also depends on the amount of hydrogen
rejected from the solid during solidification.

Although hydrogen solubility in aluminum and its
alloys has been investigated by many research-
ers,[14,15,18,22,23] the data related to hydrogen solubility
in Al-Si alloys are limited. It was reported that liquid
pure silicon has a higher hydrogen solubility than liquid
pure aluminum at a given temperature and under a
given pressure.[24] However, Opie and Grant[14] reported
that the hydrogen solubility of the liquid Al-Si alloy is

lower than that in both pure aluminum and pure silicon.
Hence, the hydrogen solubility in liquid Al-Si alloys
cannot be estimated by interpolating between pure Al
and pure Si. The cause of the decrease in hydrogen
solubility with the Si addition is explained as the change
in the hydrogen behavior in aluminum that occurs
because of alloying.
In order to evaluate the hydrogen solubility using the

silicon content levels in this study, we attempted to
calculate the amount of the hydrogen solubility gap at
the melting point. To calculate the hydrogen solubility
in the liquid, the equation for the hydrogen solubility of
pure aluminum and some Al-Si alloys in the liquid was
used; this was suggested by Opie and Grant.[14] The
hydrogen solubility S of liquid pure aluminum and
liquid Al-Si alloys is calculated using the following
empirical equation:[14]

log10 S ¼ �
A

T
þ B ½3�

where T is the temperature and A and B are constants
that depend on the Si content, as shown in Table I. The
hydrogen solubilities of Al-Si alloys with 12, 14, and
18 wt pct Si are evaluated by interpolating and extrap-
olating the results calculated using Eq. [3].
The temperature is evaluated from the liquidus line of

each composition in the Al-Si equilibrium phase dia-
gram.[25]

For the solid, the solubility data available from pure
aluminum[14] were used instead of those from Al-Si
alloys, with the assumption that the hydrogen solubility
of the solid Al-Si alloy is not significantly different from
that of pure aluminum. The hydrogen solubility of solid
pure aluminum was assumed to have a linear relation-
ship with the temperature; this goes through the

Fig. 6—Microstructures perpendicular to TD at each silicon content level of Al-Si alloys fabricated at a velocity of 2.0 mm min�1 under a
hydrogen gas pressure of 0.1 MPa: (a) 4, (b) 8, (c) 12, (d) 14, and (e) 18 wt pct Si. (f) Partly magnified image of (e). (a) through (e) are shown at
the same magnification.

Fig. 7—Area fraction of primary a-Al vs silicon content level of
lotus-type porous Al-Si alloys fabricated at a transference velocity
of 2.0 mm min�1 under a hydrogen gas pressure of 0.1 MPa.
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reference data of 0.04 ccÆ100 g Al�1 (at 933 K) and
0.036 ccÆ100 g Al�1 (at 873 K).[14]

Figure 9 shows the calculated hydrogen solubility in
each composition. The hydrogen solubility in liquid
Al-Si alloys drastically decreases as the silicon content
level increases. The hydrogen gas solubility between the
liquid and the solid, which should correspond to the
amount of rejected hydrogen during solidification, also
decreases as the silicon content level increases. However,
the calculated results do not agree with the experimental
results, which show that the porosity increases as the
silicon content level increases, as shown in Figure 3.

As shown in the velocity condition of 2 mm min�1 in
Figure 2, it seems that pore formation and growth were
generally promoted more through an increase in the
silicon content level, although the amount of absolute
hydrogen rejected from the solid decreases as the silicon
content level increases, as shown in Figure 9. This
means that the pores form and grow easily, even though
the amount of hydrogen rejected from the solid during
solidification decreases as the silicon content level
increases. Hence, it is thought that the increase in
porosity that occurs as the silicon content level increases
is caused by the increase in the gas pores grown
unidirectionally during solidification; it is also thought
that pore formation and growth in the lotus-type porous

Al-Si alloys are closely related to the complicated
solidification mode of Al-Si alloys, which is different
from that of pure metals such as copper. Thus, in order
to clarify the reason for the increase in porosity as the
silicon content level increases, the pore formation and
growth mechanism was investigated in the lotus-type
porous Al-Si alloys during solidification. In the lotus-
type porous metals, it is well known that pore formation
and growth occur at the solid-liquid interface, so that
the porosity depends only on the amount of hydrogen
rejected from the solid during solidification, which is
related to the hydrogen gas solubility gap between the
liquid and the solid. However, the hypoeutectic Al-Si

Fig. 8—Microstructures and pores perpendicular and parallel to the TD of lotus-type porous Al-12 wt pct Si alloys fabricated at various trans-
ference velocities under a hydrogen gas pressure of 0.1 MPa. Arrow shows TD.

Table I. Values of Constants A and B in Eq. [3]

in the Liquid of Pure Aluminum and Al-Si Alloys

Composition A B

Pure aluminum 2550 2.62
Al-2 wt pct Si 2800 2.79
Al-4 wt pct Si 2950 2.91
Al-8 wt pct Si 3050 2.95
Al-16 wt pct Si 3150 3.00

Fig. 9—Hydrogen solubility of the liquid and solid of pure Al and
some Al-Si alloys and the difference in the amount of hydrogen in
the liquid and solid. Hydrogen solubility of the liquid is evaluated
by the equation reported by Opie and Grant.[14] For the hydrogen
solubility of the solid, the value of the hydrogen solubility in pure Al
is used.
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alloy observed in this study has two kinds of solid-liquid
interface; the liquid/primary a-Al and the eutectic front,
as shown in Figure 10. Thus, it is thought that the
porosity is affected by the hydrogen rejected from each
interface of pore formation and growth.

Considering the solidification mode of Al-Si alloys, a
model of the pore formation and growth that occur
during the solidification process is suggested in this
study, as shown in Figure 10. Hydrogen is rejected
from both the primary a-Al and the eutectic front.
However, for the following reasons, it is thought that
the large pores, which contribute to the increase in
porosity, are formed at the eutectic front but not at the
liquid/primary a-Al interface; the pores then grow in
the channels among the columnar dendrites along the
solidification direction, with the movement of the
eutectic front.

First, as shown in Figure 8, the pores are located in
the channels among the columnar dendrites and are
directed along the columnar dendrites.

Second, the pore circularity is also related to this
model. As shown in Figure 11, The pore growth is
restricted within the channels among the columnar
dendrites with the higher primary a-Al fraction.[16–20,26]

Thus, the pore morphology becomes irregularly shaped,
and the pore circularity increases as the eutectic fraction
increases.

Third, following this model, the porosity should
increase as the fraction of the eutectic phase increases.
To confirm this assumption, we checked the relationship
between the fraction of the eutectic phase and the
amount of hydrogen rejected from the eutectic phase
related to the porosity.
The eutectic composition is 12.6 wt pct Si in the

equilibrium Al-Si binary-phase diagram.[25] However,
the eutectic composition in this study is out of the
equilibrium state, due to supercooling through the
increase in the solidification velocity, and is near
18 wt pct Si at 2.0 mm min�1, as shown in Figures 6
and 7. Assuming the eutectic composition under this
condition is set up to 18 wt pct Si, the eutectic fraction
in each silicon content level can be evaluated by the lever
rule at the eutectic line of the nonequilibrium Al-Si
binary-phase diagram.[25] The eutectic fraction calcu-
lated in the phase diagram is exhibited in Figure 12,
along with that measured by the image analyzer.
The amount of rejected hydrogen is indicated by the

upper line in Figure 13, which corresponds to the
difference in the hydrogen solubility between the liquid

Fig. 10—Schematic drawing of the solid-liquid interfaces and pore
formation during columnar dendritic solidification in hypoeutectic
Al-Si alloy.

Fig. 12—Eutectic fraction vs silicon content level. s: measured
eutectic fraction by image analyzer on the cross section perpendicu-
lar to the TD of each Si content level for Al-Si alloy fabricated
at 2.0 mm min�1 (as shown in Fig. 6). h: calculated from the Al-Si
alloy metastable phase diagram in which the eutectic composition is
18 wt pct Si.[25]

Fig. 11—Microstructures and pores parallel to TD at each silicon content level for Al-Si alloys fabricated at a velocity of 2.0 mm min�1 under a
hydrogen gas pressure of 0.1 MPa: (a) 4, (b) 8, (c) 12, (d) 14, and (e) 18 wt pct Si.

412—VOLUME 40A, FEBRUARY 2009 METALLURGICAL AND MATERIALS TRANSACTIONS A



and solid, as shown by the triangle plots in Figure 9.
Here, it is assumed that the amount of hydrogen rejected
in a unit volume is constant for each phase of the
primary a-Al and the eutectic phase and is in proportion
to the area fraction of each phase. Hence, the rejected
hydrogen in Figure 13 can be divided into two regions,
according to the area fractions of the phases. Regions I
and II represent the amount of hydrogen rejected from
primary a-Al and the eutectic phase, respectively. The
ratio between regions I and II corresponds to that of the
area fractions of the phases shown in Figure 12.
Although the values are only roughly estimated, it is
considered that the tendency of the amount of hydrogen
against the eutectic fraction can be predicted.

Although the total amount of hydrogen (region
I+ region II) decreases as the silicon content level
increases, the amount of rejected hydrogen from the
eutectic phase (region II) increases as the silicon content
level increases. This result indicates that the amount of
hydrogen for formation and growth of pores increases
as the eutectic fraction increases. Thus, it is thought that
both the porosity and the average pore diameter
increase as the silicon content level increases.

The pore formation and growth mechanism can be
explained from the point of view of hydrogen diffusion.
If the pores formed near the solid-liquid interface grow
as the interface is moved, as shown in Figure 10, it is
considered that the hydrogen diffused into the pores is
mainly related to that rejected from the eutectic solid.
On the other hand, it is thought that the hydrogen
rejected from primary a-Al during solidification diffuses
via the mushy zone to the liquid, so that the hydrogen
rarely affects the pore formation and growth. Even if the
pores are formed by rejection of the hydrogen from the
primary a-Al phases, the pores cannot grow large
enough to contribute to the increase in porosity,
due to the disturbance by the secondary dendrite
arms.[16,17,20,26]

The hydrogen diffusion also corresponds to the
decrease in both the porosity and pore diameter caused
by the increase in the transference velocity at silicon
content levels higher than 12 wt pct, as shown in

Figures 3 and 4. This result is in good agreement with
the decrease in both the porosity and the pore diameter
caused by the increase in the solidification velocity in the
pure aluminum and in the Al-Si and Al-Cu alloys that is
reported by Sinada et al.[15] and Lee et al.,[16,17] respec-
tively. These authors explained that most of the hydro-
gen has diffused into the pores at a low velocity, while
the hydrogen does not have enough time to diffuse into
the pores at a high velocity. Thus, it is thought that the
pore diameter and porosity decrease as the transference
velocity increases because of the decrease in the amount
of hydrogen diffused in each pore during solidification.
The suggestion in this study that pore formation

relates strongly to the eutectic phase corresponds to the
reports about defects in the Al-Si alloy made by Dahle
et al.[21] and Iwahori et al.[22] These authors reported
that defects such as solidification shrinkage and hydro-
gen gas pores in Al-Si alloys are formed with the
solidification of the eutectic phase.

V. CONCLUSIONS

The lotus-type porous Al-Si alloys were fabricated by
the continuous casting technique under the hydrogen
gas pressure of 0.1 MPa at various velocities; the
maximum porosity of approximately 40 pct can be
obtained at 1.0 mm min�1 in 18 wt pct Si.
Both the porosity and the average pore diameter

increase as the silicon content level increases and
decrease as the transference velocity increases. In
particular, the velocity dependence is obviously exhib-
ited at silicon content levels higher than 12 wt pct. The
pore shape is changed from irregular in the higher-
dendrite fraction to nearly circular in the lower-dendrite
fraction. In this study, the porosity and pore morphol-
ogy are governed by the silicon content level and the
transference velocity.
The results of this study provide new information

about pore formation in alloys, which is different from
pore formation in pure metals. The discussion about
pore formation in lotus-type porous Al-Si alloys requires
consideration of both the complicated solidification
mode and the hydrogen gas solubility gap between the
liquid and the solid. The increase in porosity with the
increasing silicon content level can be explained by
the model that the pores that contribute to the increase in
porosity are generated at the eutectic fronts.
The change in both the porosity and pore diameter by

the transference velocity at silicon content levels higher
than 12 wt pct is related to the hydrogen diffusion.
Because the solidification time decreases as the trans-
ference velocity increases, the rejected hydrogen from
the eutectic phase does not have enough time to diffuse
into the pores at high velocity. Thus, it is thought that
the amount of hydrogen diffused in each pore during
solidification decreases as the transference velocity
increases, so that the pore diameter and the porosity
decrease as the transference velocity increases. Conse-
quently, porosity and pore size in lotus-type porous
Al-Si alloys can be well controlled through the silicon
content level and the transference velocity.

Fig. 13—Calculated values of the amount of hydrogen rejected from
the solid during solidification; region I and region II represent the
amount of hydrogen rejected from the primary a-Al and eutectic
phase, respectively.
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Because Al-Si alloys are commonly used and repre-
sentative eutectic systems, the results for Al-Si in this
study are expected to provide information important to
a discussion of the pore formation in other eutectic
systems and solidification modes.
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