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Abstract: In the range of 620—710 °C, air was blown into A356 aluminum alloy melt to produce aluminum foams. In order to study
the influence of temperature on the thickness of oxide film on bubble surface, Auger electron spectroscopy (AES) was used. Based
on the knowledge of corrosion science and hydrodynamics, two oxidation kinetics models of oxide film on bubble surface were
established. The thicknesses of oxide films produced at different temperatures were predicted through those two models. Furthermore,
the theoretical values were compared with the experimental values. The results indicate that in the range of 620—710 °C, the
theoretical values of the thickness of oxide film predicted by the model including the rising process are higher than the experimental
values. While, the theoretical values predicted by the model without the rising process are in good agreement with the experimental
values, which shows this model objectively describes the oxidation process of oxide film on bubble surface. This work suggests that
the oxidation kinetics of oxide film on bubble surface of aluminum foams produced by gas injection foaming process follows the

Arrhenius equation.
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1 Introduction

Researches on gas injection foaming process started
from the end of 1980s [1]. Compared with other methods,
gas injection process possesses some advantages such as
low cost and the capability of continuous production. Its
products can be processed as aluminum foam sandwiches
and aluminum foam bricks, which are new materials
used in the fields of impact resistance and energy
absorption [2]. Nonetheless, a huge progress has been
already made in a series of technical problems [1,3], and
the issue of foam stability has been still under a lot of
controversies until now. Although opinion varies from
people to people, most researchers believe that the
oxidation of bubble surface and the attachment of
particles existing in the melt to the bubble surface are
essential for foam stability. Therefore, the stabilization of
foams is caused by at least two mechanisms, the
segregation of particles to the interface and the oxide
film covering the bubble surface [4].

In the past 20 years, the effects of particles on foam
stability have become a hot topic. The relationships
between wetting behavior, distribution of particles and
foam stability were investigated deeply [5—8]. The
possible effects of particles in stabilizing foams could be
increasing  viscosity, decreasing surface tension,
modulating the interface and bridging between interfaces.
However, the researches related to the effects of oxide
film are less. We only know that the stability of foams
with oxide film is much better than that of foams without
oxide film [9]. Almost nobody has studied the oxidation
kinetics of oxide film so far, which leads to the result
that the understanding of the role of oxide film on bubble
surface in foam stability is relatively superficial. Only
BABCSAN et al [9] analyzed the relationship between
the thickness of oxide film and isothermal holding time
at 680 °C. But they have not studied the oxidation
kinetics deeply. Actually, the cognitions of the oxidation
kinetics of directed melt oxidation process of Al-Si—Mg
alloys are very profound at present, since the studies of
preparation of MMC by directed melt oxidation method
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were very popular in 1980s [10,11]. This has laid a good
foundation for the study of oxidation kinetics of oxide
film. VLACH et al [12] studied the process of directed
melt oxidation and suggested that the nominal activation
energy of Al-Si—Mg alloy in the range of 1100—1300 °C
was about 270 kJ/mol. Based on theoretical calculation,
ZHOU et al [13] found that the nominal activation
energy of aluminum alloy decreased significantly with
the increase of Si content. When the content of Si was
more than 7% (mass fraction) and the content of Mg was
less than 1% (mass fraction), the nominal activation
energy would decrease to be less than 100 kJ/mol. But
the process of gas injection foaming method is special,
the bubbles keep moving when they are in the melt.
Whether the oxidation kinetics of oxide film of
aluminum foams is consistent with that of directed melt
oxidation process or not is still unknown. Our previous
study showed that oxygen volume fraction of foaming
gases had little effect on the thickness of oxide film [14],
which was in agreement with NAGELBERG’s work [15].
However, there are still some differences existing in the
thickness of oxide film between our previous work and
BABCSAN’s work [16]. Therefore, further studying the
oxidation process of oxide film on bubble surface and
identifying the factors that control the formation of oxide
film on bubble surface should be tasks of top priority. It
is impossible for us to explain the distinctions between
different experimental results scientifically and
understand the effects of oxide film in improving foam
stability before the above problems are solved.
Obviously, this study of the influence of temperature on
the thickness of oxide film on bubble surface can help us
not only gain a further scientific understanding of foam
stability, but also improve the gas injection foaming
process technique.

2 Experimental

The raw material used to produce aluminum foams
was A356 aluminum alloy. 10% Al,O; (volume fraction)
particles, with an average size of 10 pm, were mixed into
A356 aluminum alloy melt as foam stabilizer and fully
dispersed by mechanical stirring. The orifice diameter of
nozzle was about 0.5 mm, foaming depth (the distance
between the nozzle and the surface of the melt) was
15 cm and the gas flow rate was 0.9—1.0 L/min. The gas
chosen for foaming was compressed air, which was
supplied by a professional manufacturer. 620—710 °C is a
relative common temperature range for aluminum foam
preparation. Accordingly, gas was blown into the
formable precursor to prepare aluminum foams at 620,
650, 680 and 710 °C through an experimental platform
built by ourselves [17]. Since the melt is enough, the
changes of foaming depth during the preparation process

of aluminum foams can be neglected. Besides, in order to
control the oxidation time, aluminum foams were
removed from the melt surface in 40 s.

The average thickness of cell walls was measured
with the help of an image analysis software developed by
our laboratory. More than 10 cell wall specimens
produced under each experimental condition were
selected to ensure the accuracy of the final results. In
order to determine the thickness of oxide film on bubble
surface, several cell wall specimens were randomly cut
from aluminum foams and cleaned by ultrasonic. After
that, these specimens were analyzed on a PHI-700
Auger electron spectroscope. The analyses only focused
on the mole fraction of Al and O (regarding the total
number of atoms of these two elements as 100%). Two
or three cell walls of aluminum foams produced under
each experimental condition were selected as analysis
objects. The average composition of these specimens
was regarded as the result.

3 Results and discussion

3.1 AES depth profiles of oxide films on bubble

surface

Aluminum foam samples were processed by an
electric discharging cutting machine and then scanned to
acquire their vertical section images. A typical vertical
section of aluminum foam produced at 680 °C is shown
in Fig. 1. The average cell size measured by line method
was 13.5-14.5 mm and the relative density of aluminum
foam was 0.07-0.08. Cell wall specimens were observed
with the help of SEM. A typical SEM microstructure of
cell wall specimen is shown in Fig. 2. Obviously, all the
cell wall surfaces are covered with an oxide film
completely and almost no particle absorbs to the
interface of cell wall, suggesting that the added Al,O4
particles will not interfere with the results of AES
experiment. Moreover, according to the statistical results,
the average thickness of cell walls is about 100 pm.

Fig. 1 Typical vertical section of aluminum foams produced at
680 °C
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Fig. 2 Typical SEM microstructure of cell wall produced at
630 °C

AES depth profiles of oxide films on bubble surface
of aluminum foams produced at different temperatures
are shown in Fig. 3. The distributions of two kinds of
elements Al and O were measured along the direction of
oxide film thickness. Comparing the AES depth profiles,
it can be found that these two composition curves have a
tendency to move right with the increase of temperature.
With etching, the tendencies of two curves are not
identical. Namely, the composition of O decreases
gradually and that of Al increases slowly. All the curves
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tend to be stable eventually. We can infer from the
experimental result that the oxide film on bubble surface
is penetrated gradually. In this sense, the elemental
concentration transits from the composition of oxide film
to that of A356 aluminum alloy. Because mole fractions
of O atom in ALO;, MgO and MgAl,O, (the main
compositions of the oxide film of A356 aluminum
alloy [12,18]) are all located in the range of 50%—60%,
we think that the oxide film on bubble surface is
penetrated when the O atom content decreases to be less
than 60%. As can be seen from Table 1, the thicknesses
of oxide films on bubble surface of aluminum foams
produced at 620, 650, 680 and 710 °C are 11.9, 12.4,
14.3 and 16.7 nm, respectively. Obviously, the thickness
of oxide film on bubble surface increases with the
increase of temperature.

3.2 Oxidation kinetics model of oxide film on bubble
surface
According to the knowledge of corrosion science
and experimental results [18], the directed melt oxidation
process of A356 aluminum alloy follows a parabolic law,
which is shown as follows [19]:

(Am)* =kt (1)
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Fig. 3 AES depth profiles penetrating oxide films on bubble surface of aluminum foams produced at different temperatures:

(a) 620 °C; (b) 650 °C; (c) 680 °C; (d) 710 °C
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Table 1 Thicknesses of oxide films on bubble surface of
aluminum foams produced at different temperatures

Temperature/°C 620 650 680 710

Thickness/nm 11.9 12.4 14.3 16.7

where Am is the mass gain by oxidation, k, is the
parabolic constant, and ¢ is the oxidation time. With the
increase of oxidation temperature, the diffusion
coefficients of metal atoms and non-metal atoms increase.
So, the parabolic constant k, will be enhanced to a certain
extent and the oxidation process will be accelerated as
well. The relationship between parabolic constant and
temperature can be expressed by Eq. (2) (Arrhenius
equation) [19]:

E
k = Aexp| ——— 2

’ p{ RT, mj @
where A4 is a constant, £, is the nominal activation energy,
R is the mole gas constant and T, is temperature. Using
logarithm function on both sides of Eq. (2) yields

Eq. (3):

E

lnkp:lnA—Réj11 3)

As the nominal activation energy £, remains
unchanged in a certain range of temperature, its value
can be determined by the slope of curve of In k, vs T, L

The data of thermo gravimetric experiment of A356
aluminum alloy carried out at 690 and 730 °C are shown
in Fig. 4 [20]. As can be seen from Fig. 4, the slopes of
those two fitting lines are their own parabolic constants
according to Eq. (1). In the range of 690—730 °C, we can
draw the relationship between Ig &, and Tn:l as Fig. 5.
According to Eq. (3), the slope of the fitting line in Fig. 5
is —E,/(RIn10). Thus, the nominal activation energy of
A356 aluminum alloy is E£,=87.3 kJ/mol.

The process of gas injection foaming method is
relatively special. At first, the bubbles form at the orifice
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of a nozzle, and then they detach the nozzle and rise to
the surface of the melt. After that, foams accumulate
there and solidify finally. Because the diffusion velocity
of atoms decreases significantly after the cell wall
solidifies, we consider that the oxidation mainly happens
before the cell walls solidify. Thus, the oxidation time #
probably contains the following two parts: the time ¢,
begins from the bubble forming at the nozzle to rising to
the surface of the melt and the time #, needed for the cell
walls to cool from high temperature to the liquidus.
Based on the research on bubble formation at a
submerged orifice conducted by FAN et al [17], the time
from bubbles forming at the orifice to detaching the
nozzle is approximately 0.03 s. So, this period of time
can be ignored. In this sense, #, approximately equals the
time of bubble rising process. Since the oxidation
behavior of bubbles during the rising process is not well
understood, a model including the rising process (=t,+t,)
and a model without the rising process (=t,) are both
established to predict the thickness of oxide film.

In order to estimate the time of bubble rising
process accurately, the motion process of bubbles must
be profoundly studied. The bubbles with a diameter of
14 mm cannot remain sphere during their rising process.
Affected by water pressure and other factors, the shape
of bubbles will change to ellipsoid or spherical-cap when
they rise. So, the assumption of regarding the bubbles as
rigid spheres is not applicable to this system. In other
words, the rising velocity cannot be obtained by the
calculation equations based on Newtonian system [21].

DAVIS and TAYLOR [22] studied the mechanics of
large bubbles rising through water (the dynamic viscosity
of water at 20 °C is 1.01 mPas). They thought that the
shape of bubble would become spherical-cap in the
rising process. Based on the experiments carried out in
water at 20 °C, TALAIA [23] modified the achievements
made by the predecessors. He proposed that the surface
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tension and viscosity were negligible when the
equivalent diameter of bubbles was larger than 13 mm
and the relationship between the terminal velocity and
the equivalent diameter of bubble could be expressed as
1
gd(py —pg)}2
P

v=(0.694i0.021){ 4)
where v is the terminal velocity of bubble rising process,
g is the gravitational acceleration, d is the diameter of
bubbles, p; and p, are the densities of the melt and
compressed air.

At 690 °C, the dynamic viscosity of A356
aluminum alloy is about 1.05 mPa-s [24]. The influence
of ceramic particles on the dynamic viscosity of the melt
can be described as [25]

L, = [1 +2.50+10.050% +0.00273 exp(16.6¢)] i (5)

where u; is the apparent viscosity of the melt after adding
particles, u¢ is the original viscosity of the melt and ¢ is
the volume fraction of added ceramic particles. As can be
seen from Eq. (5), adding 10% (volume fraction) ceramic
particles will increase the viscosity of the melt by 40%
approximately. Unlike the process of melt changing from
liquid to semi-solid, no magnitude variation of viscosity
will be caused by the added particles. Therefore, we can
use Eq. (4) to estimate the terminal velocity of bubbles
rising in the A356 aluminum alloy melt. During the
rising process, bubbles will experience an accelerated
process before they reach the terminal velocity. However,
for the bubbles with a diameter of 14 mm, the time of
accelerated motion stage is very short [26]. Consequently,
this period of time can be ignored as well. Accordingly,
the bubble rising process can be considered as a steady
motion process when we calculate the bubble rising time

(Eq. (6)):

1 cm

Cell wall

ly=— (6)

where s is foaming depth. Based on the actual
experimental conditions, the calculated rising time of the
bubbles with a diameter of 14 mm is around 0.58 s. Then,
the relationship between the mass gain by oxidation and
temperature during the bubble rising process can be
obtained.

Cooling process starts immediately when the
bubbles rise to the surface of the melt. Due to the
complex structure of aluminum foams, there is still no
model that can describe the cooling process of aluminum
foams accurately. So, the cooling process is studied
through a simple cell wall model in this paper (Fig. 6(a)).
For the convenience of calculation, the cell wall model is
simplified as a cube with length, width and height of
I cm, 100 um and 1 cm, respectively (as shown in
Fig. 6(b)).

According to the gas flow rate, the average cell size
and the cross section area of aluminum foams, it can be
calculated that 2—2.5 s is needed for the bubbles to form
a full layer of aluminum foam. Based on this result, an
assumption can be made that when a bubble rises to the
surface of the melt, the temperature of upper foams
contacting with this bubble approximately equals the
liquidus temperature (615 °C). Under the cooling
conditions of aluminum foams, heat conduction and
thermal radiation are the main modes of heat loss. While
the effect of convection is much lower than that of heat
conduction or thermal radiation. Heat conduction mainly
occurs between the upper foams with lower temperature
and the cell wall. The upper foams cool down the cell
wall through Face 1. The heat flow of heat conduction
under steady condition can be calculated by

]

0

Py = Alq = (7)
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Fig. 6 Schematic diagram of cell wall cooling model: (a) Cell wall model; (b) Number of cell wall surfaces
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where ¢, is heat flow of heat conduction, 4, is the area of
Face 1, 1 is the thermal conductivity of liquid A356
aluminum alloy (about 80 W/(m-°C) [27]), T} is the
liquidus temperature of A356 aluminum alloy, 7}, is the
temperature of the melt, 75 is the temperature of upper
foams, J is the average distance of heat transfer. In
addition to heat conduction, the cell wall can also radiate
heat through Faces 5 and 6. The heat flow of thermal
radiation during the cooling process can be expressed as

G| (B
370 200 100

?, = 1 (8)

&

where ¢, is heat flow of thermal radiation, 45 is the area
of Face 5, C, is blackbody radiation coefficient, ¢ is the
emissivity of the cell wall. The emissivity of metals
increases with the increase of temperature. In the range
of 620-710 °C, the emissivity of smooth aluminum
plates is 0.6—0.7 [28]. The emissivity of A356 aluminum
alloy should be close to that of pure aluminum, so, the
value of emissivity is regarded as 0.65 in calculation.
Since the faces connected to Faces 3 and 4 are the other
cell walls of the same bubble, the temperature of these
cell walls is regarded as being always equal to that of the
cell wall under studying during the cooling process. In
other words, no heat exchange occurs through Faces 3
and 4. For a 100 pm-thick cell wall, the heat loss before
its temperature reaches liquidus is shown as Eq. (9):

0= (1, - 1) ©)
where O is the heat loss, x is the average thickness of cell
walls, M is the molar mass of A356 aluminum alloy and
¢, 1is specific heat capacity of A356 aluminum alloy at
constant pressure. Neglecting the influence of convection,
the time needed for the liquid metal within a cell wall to
cool from high temperature to liquidus can be calculated

by

=l (10

(9. +20)

The results show that regardless of the preparation
temperature, #, is always about 2 s. This value is similar
to the time needed for the bubbles to form a full layer of
foams, which proves the former assumption that the
temperature of upper foams is approximately 615 °C is
reasonable. Moreover, it also indicates that the cooling
process described by the oxidation kinetics model can be
continuous in the preparation of aluminum foams.

On the basis of #, and the already acquired
relationship between the mass gain by oxidation and
temperature during the bubble rising process, regarding
(T1+T,,)/2 as the qualitative temperature, the mass gains

by oxidation of the model including the rising process
and the model without the rising process can be
calculated respectively with the help of Egs. (1) and (2).

3.3 Comparison between theoretical results and
experimental results of thickness of oxide film on
bubble surface
A356 aluminum alloy contains a variety of alloy

elements and its oxidation process is significantly

influenced by Mg and Si. As a result, the composition
and structure of the oxide film of A356 aluminum alloy
is more complicated than those of oxide film of pure
aluminum. VLACH et al [12] found that the structure of
oxide film of Al-Si—Mg alloy could be divided into three
layers. From the outside to the inside, the compositions

were MgO, MgAl,O, and Al,O;, respectively. LIM

et al [18] found that the surface layer of oxide film of

A356 aluminum alloy was mainly composed of MgO.

Other compositions like MgAl,O4 and Al,0; would not

appear until a certain depth. Although the accurate

composition of oxide film on bubble surface cannot be
determined, the densities and mass fractions of O in

MgO, MgAl,0,and Al,O; are relatively similar. So, the

composition of oxide film on bubble surface has little

effect on the estimated thickness of oxide film. For the
convenience of calculation, the density and the mass
fraction of O in oxide film on bubble surface are
regarded as the average values of those of MgO and

ALO;. Namely, the parameters are 3.8 g/cm’ and 43%,

respectively. Based on the already known relationship

between the mass gain by oxidation and temperature, the
thickness of oxide film on bubble surface estimated by
two kinds of models can be calculated by

Aw

Wo Pr

h=

(11)

where / is the thickness of oxide film on bubble surface,
pr and wo are the density and the mass fraction of O in
oxide film.

The calculated results of the thickness of oxide film
are compared with the experimental results (Fig. 7). In
the range of 620—710 °C, the theoretical values of the
thickness of oxide film predicted by the model including
the rising process are much higher than the experimental
values. However, the theoretical values of the thickness
of oxide film predicted by the model without the rising
process are only higher than the experimental values by
1-2 nm. Both of them agree well with each other.
Precisely, with the increase of temperature, theoretical
values and experimental values both increase. In addition,
the rates of the increase are also similar. The differences
between the results predicted by those two kinds of
models and the experimental results suggest that the
estimated oxidation rate or oxidation time is probably a
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little higher. Moreover, although oxide film will certainly
form on the bubble surface during the bubble rising
process, the oxidation time of cell wall’s cooling process
is much longer, so the latter one should be the main part
of the whole oxidation process of oxide film on bubble
surface. Though, we did not take the oxidation process of
oxide film during the solidification process of cell wall
into account, it is proved that the oxidation kinetics
model of oxide film on bubble surface established in this
paper grasps the main factors and objectively describes
the real oxidation process. Overall, the relationship
between the thickness of oxide film on bubble surface
and temperature conforms to the predictions of Eq. (11),
indicating that the oxidation kinetics of oxide film on
bubble surface of aluminum foams produced by gas
injection process follows the Arrhenius equation.

28

=]
=
T

(3]
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T

(3]
T
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» Experimental results
— Theoretical results of
model without rising process
- Theoretical results of
model including rising process

620 640 660 680 700 720
Temperature/°C

Thickness of oxide film/nm

(= o]
T

Fig. 7 Comparison between theoretical and experimental
results of thickness of oxide film on bubble surface

4 Conclusions

1) The thickness of oxide film on bubble surface
increases from 11.9 to 16.7 nm, when temperature
increases from 620 to 710 °C, which confirms that the
thickness of oxide film of aluminum foams produced by
gas injection foaming process increases with the increase
of temperature.

2) In the range of 620—710 °C, the theoretical
values of the thickness of oxide film predicted by the
model including the rising process are much higher than
the experimental values. However, the theoretical values
predicted by the model without the rising process and the
experimental values have little difference. This study
indicates that the oxidation kinetics of the oxide film on
bubble surface follows the Arrhenius equation.

3) This study defines the factors controlling the
oxidation process of oxide film on bubble surface and
builds a good foundation of further research on the role
of oxide film in stabilizing metal foams.
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