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Foam stability in gas injection foaming process
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Abstract Particle coverage ratio on bubble interface was
investigated by metallographic analysis when the foam is
critically stable in the gas injection foaming process. It is
found that the critical coverage ratio was almost the same
under different conditions, such as different particle
amount, particle size, or particle wettability. The particle
coverage ratio is proposed as the criterion to judge the
foam stability, and a criterion equation was deduced.
Adsorption coefficient of particles, effective coverage ratio
of a particle and critical coverage ratio on the bubble
interface are stability influencing parameters of the crite-
rion equation. Their determination methods were presented
and examined by air injection foaming of A356/Al,03
melt. The adsorption coefficient calculated by measuring
cross-section of foam cell wall gave values agreeing with
the experimental results. The effective coverage ratio,
which is about 0.9 in this article, can be calculated by
combining measurements on surface and on the cross-
section of the foam cell wall. The critical coverage ratio,
that is about 14% in this article, can be determined by
measuring the cross-section as well as the surface of the
foam cell wall.
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List of symbols

Ap
Ey
h

Np

Ve

vol.%

5

d

Fy

Fye
Fyf
Fye
Fye

Equator area of a bubble in Eq. 1 (cm?)
Adsorption coefficient of particles in Eq. 1
Nozzle immersion depth in Eq. 1 (cm)

Critical number of particles required to stabilize
the bubble in Eq. 1

Volume of a single particle in Eq. 1 (cm®)
Particle volume percentage in Eq. 1 (%)
Critical foam stability parameter in Eq. 1 (cm)
Coverage area of particles on the bubble
interface (mm?)

Diameter of a bubble, or pore size

in the foam (mm)

Diameter of particles (mm)

Two-dimensional diameter of particles
measured by metallographic analysis (mm)
Two-dimensional diameter of particles

on the bubble interface (measured

on the surface of the foam cell

wall by metallographic analysis) (mm)
Two-dimensional diameter of particles on the
bubble interface (measured on the cross-section
of the foam cell wall by metallographic
analysis) (mm)

Diameter of different sections of particle when
measuring two-dimensional diameter of the
particle by metallographic analysis (mm)
Effective coverage ratio of a particle, “effective
coverage ratio” for short

Volume percentage of particles in the melt (%)
Volume percentage of particles in the foam (%)
Fyy¢ calculated by Eq. 13 (%)

Fyy¢ calculated by Eq. 21 (%)

Volume percentage of particles attached on the
gas/solid interface (%)
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Fyp Volume percentage of particles embedded
inside the foam cell wall (%)

Fwca Weight percentage of calcium (%)

h Nozzle immersion depth (mm)

he Nozzle immersion depth at which the foam is
critically stable (mm)

k Ratio of particles partial volume protruding into
the gas to Vp

n Number of particles adsorbed by one bubble

R Correction coefficient in Eq. 21

t Thickness of the foam cell wall (mm)

Vp Total volume of particles adsorbed by one
bubble (mm?)

w Adsorption coefficient of particles

W, W determined as Eq. 7

W W determined as Eq. 9

Wy W determined according to Eq. 13

p Critical particle coverage ratio on the bubble
interface, “critical coverage ratio” for short

fa f determined by directly measuring on the
surface of critically stable foam cell wall

b f determined according to Eq. 20

0 Wetting angle of particles (°)

Pa Number of particles per unit area on the bubble
interface (measured on the surface of the foam
cell wall), “particle area density” for short
(mm~?)

01 Linear density of particles on the bubble
interface (measured on the cross-section of the
foam cell wall), “particle linear density” for
short (mm ™)

Introduction

Aluminum foams appeal people’s more and more atten-
tions. They can be used alone, or made into hybrid mate-
rials to get special properties [1-3]. Among the methods
could be used to fabricate aluminum foams [4-6], gas
injection foaming is one of the most promising processes.
In this process, gas bubbles are directly injected into the
molten aluminum to make foams on the melt surface [7].
This method can produce foams both in continuous way
and in batch type [7, 8]. Comparing with the Alporas melt
foaming process and powder compact melting foaming
method, it has the advantages of low cost, and is suitable
for volume production and near net shape forming of
complex parts [4-6]. Besides, it is easier to produce foams
with big pore size and high porosity [7, 8].

In other processes for producing aluminum foams,
adding particles is usually a better selection to enhance
foam stability [9]. However, it is the necessary condition
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for the gas injection foaming process [10, 11]. Up to now
very few understanding about stabilization mechanism of
metal foam in this process is put forward [12]. Actually, the
following conditions have been considered: the particles
reduce free energy of the foam by covering the bubble
interface [13]; the particles obstruct drainage inside the
foam cell wall [14]; the particles enhance the foam cell
wall’s capacity of resisting disturbance [15]. For all these
considerations, the necessary condition is that there must have
enough particles in the foam. The relationship between min-
imum amount of particle in the melt and the nozzle immersion
depth has been reported [8]. Ip et al. [16] even proposed a
concept of “critical foam stability parameter” f°, which is
based on a critical number of particles required to stabilize the
bubble Np, which is shown in Eq. 1:
% Vp vol.% %

N, - AE Wk =p (1)
where Vp denotes the volume of a single particle, A, the
equator area of a bubble, Ey the adsorption coefficient of
particles, vol.% the particle volume percentage, and & the
nozzle immersion depth. Although Eq. 1 does not reveal
the stabilization mechanism, it is helpful to understand how
the foam can be stabilized. Unfortunately, Eq. 1 does not
reflect the wettability of particles, which affects the foam
stability strongly in the gas injection foaming process [17].
Therefore, the critical foam stability parameter 8~ needs to
be further studied.

Metallic foam is usually simulated with the foam in
water solution to research the stabilization mechanism [17,
18]. Some researchers found that wettable particles can
stabilize the foam, and the wetting angle near 90° is in
favor of the foam stability [17]. Sun et al. [18] found that
the particles whose wetting angle is larger than 90° could
stabilize the foam also, if the angle was not too large, i.e.,
100°. Besides, Kaptay [19] developed a theory to predict
the optimum wetting angle of particles when stabilizing
emulsions and foams, and 70°-86° was deduced for actual
condition in particle stabilized aluminum foams, which was
proved to be a general guide to select foaming system by
Klinter et al. [20]. In a word, almost all researchers con-
sider that there exist an optimum wetting angle for particles
to stabilize the foams, and most researches consider the
optimum angle as about 90°.

Either the number of particles adsorbed by the bubbles is
enough, or particle wetting angle is close to 90°, the cov-
erage area on the bubble interface by particles will be large.
Therefore, the authors propose such a viewpoint that, the
larger the coverage ratio on the bubble interface, the more
stable the foam will be. As the foam stability is actually a
relative concept, the foam will be stabilized when coverage
ratio on the bubble interface is lager than a critical value
under certain condition.
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Based on these analyses, a criterion called “critical
particle coverage ratio on the bubble interface” is proposed
firstly in this article, and then the determination of
parameters in the criterion equation is discussed, and
finally A356/Al,05 air foaming experiments were done to
prove the criterion and examine the determining methods.

The foam stabilization criterion

Figure 1 is the schematic sketch of the bubble rising pro-
cess. In Fig. 1, D is the bubble diameter, & the nozzle
immersion depth, Fy the volume percentage of particles in
the melt, d the particle diameter, and W the adsorption
coefficient of particles.

During the bubble rising, the number of particles
adsorbed by the bubble, n, can be calculated by Eq. 2:

iD*hFyW  3D*hFyW
n= = . (2)
nd® /6 2d?

Then the coverage area of particles on the bubble
interface, A, is:

2
A:n-%-E (3)

where E, effective coverage ratio of a particle, is the ratio
of the coverage area (dashed circle) to the equator area of
the particle in Fig. 2, where 0 is the wetting angle of
particles.

Based on the criterion mentioned above, the foam will
be stable when the ratio of the coverage area to the total
interface area is larger than a critical coverage ratio f.
Thus, the stabilization criterion can be expressed as:

A 3hFyWE
B LY (4)
nD 8d
/\ melt F
A \\_/‘4 / 4
. * .. . '. : .
immersion Je A
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depth & . ceramic particulate d
\ 4
rising direction W
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Fig. 1 Schematic sketch of bubble rising process
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interface / gas/liquid

interface

bubble
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;

Fig. 2 Schematic sketch of particle adsorbed on the bubble interface

or
8dp

h-Fy > .
V = 3wE

(5)
Equation 5 is the expression of the critical coverage ratio
criterion of foam stabilization in the gas injection process.

Determination method for parameters in stabilization
criterion

It is necessary to determine the six parameters in Eq. 5 for
quantitative application. Among these parameters, W, E, and f§
are stability influencing parameters. They are different from
process parameters such as ki, Fy, and d. Though the stability
influencing parameters are relatively fixed in a given foaming
processing, they are difficult to obtain. Some methods are
proposed as follows.

Adsorption coefficient W

The adsorption coefficient W is a dependant parameter
influenced by other parameters, such as wettability of
particles, diameter of bubbles, diameter of particles etc. It
usually needs to be determined by experiments.

W could be determined by measuring particle area
density on the bubble interface, p,, which is the number of
particles per unit area on the bubble interface. According to
Eq. 2, p, can be written as Eq. 6:

LfShFVW
D2 2nd3

(6)

pa could be measured by metallographic analysis on the
surface of the foam cell wall, and then W could be
calculated by Eq. 7:

B 2nd?
~ 3hFy

Pa =

Pa- (7)

Similarly, W could be determined by measuring particle
linear density on the bubble interface, p;. In fact, p; and p,
have a relationship as that in Eq. 8:

P
= —. 8
Pa=" (8)
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Fig. 3 Schematic sketch of particles in the foam

p1 could be measured by metallographic analysis on cross-
section of the foam cell wall, and then W could be attained
by Eq. 9:

2nd?

W= 3hFy

o (9)

In addition, W could be determined by measuring
particles amount in the foam. Particles in the foam
comprise two parts, like Fig. 3, one attached on the gas/
solid interface, which are absorbed by the bubble during
rising, and the other embedded inside the foam cell wall.

The volume percentage of particles attached on the gas/
solid interface, Fyy, is given in Eq. 10:

.V, FyhW
C mDXi 4 kV, 21+ kFyhW

Fvr (10)
where Vp is total volume of particles adsorbed by one
bubble, ¢ the thickness of the foam cell wall, and & the ratio
of particles partial volume protruding into the gas to Vp
(equal to the ratio of the sphere segment volume to the
entire sphere volume). According to Fig. 2, k can be
expressed as Eq. 11:
(1 — cos 0)*(2 + cos 0)

k= 7 . (11)

The volume percentage of particles embedded inside the
foam cell wall, Fyy, is given by Eq. 12:
(D5 + kV,) — Vo] Fy _
D> 5+ kV,

FyhW
2t + kFyhW Y
(12)
Here, it needs to suppose that the drainage is little during

forming and solidification processes. According to
literature [11], this supposition is reasonable when the

Fyi, = \%
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particle amount in the foam is large and the oxygen content
in the foaming gas is high.

The volume percentage of particles in the foam, Fyy,
could be expressed as Eq. 13:

(1 — Fy)hW
Fye=F Fyp =Fy|——+1
Vf vil + Fvp \% {21 T KFVhW

(13)

The values of Fy;and ¢ could be measured on cross-section
of cell wall by metallographic analysis, and 6 could be
calculated also (see “Effective coverage ratio of a particle E”
section). Then, W could be determined by Eq. 13.

Effective coverage ratio of a particle E

The effective coverage ratio of a particle E depends on
wettability of the particle. According to Fig. 2, E is

E = sin® 0. (14)

It needs measurement in experiment, as ¢ changes with
experimental conditions [18, 21-24].

Parameters d, and d;, which are measured on the surface
and on the cross-section of the foam cell wall by metal-
lographic analysis, respectively, can be defined as two-
dimensional diameters of a particle on the bubble interface.
The real diameter of particles on the bubble interface d can
be calculated by d; with Eq. 15:

4
d= ;dl. (15)

According to Fig. 2, E and 0 could be expressed as
Egs. 16 and 17, respectively:

dy
0 = arcsin Z—dl, (16)
n’d?
= . 17
16d? (17

It is necessary to explain that d and &', which is two-
dimensional diameter of particles measured by metallographic
analysis, have a relationship of Eq. 18 (see Appendix for
details):

d :%d’. (18)

Critical coverage ratio on the bubble interface f§

The direct method to determine the critical coverage ratio f§
is to measure area percentage of particles on the bubble
interface by observing the surface of the critically stable
foam cell wall.

Besides, it also can be obtained by the relationship between
f and p, of the critically stable foam cell wall, as in Eq. 19:

p= pang sin” 0. (19)
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Substituting Eq. 8 in Eq. 19,  can be attained by
B= plgdsinz 0. (20)

Therefore, f§ could be determined by measuring p; of the
critically stable foam cell wall.

Experimental
Materials and instruments

The base material used in experiments is A356 aluminum
alloy, which was melted in a crucible furnace. Some Al,O3
particles, with size of 9, 15, or 23 um, were added into the
A356 melt, and dispersed by mechanical stirring. Then,
compressed air was injected into the melt through certain
nozzle to make the foam.

Two types of nozzles were used. The first type of nozzle
was a long pipe made of a stainless steel with the inside
and outside diameter of 1 and 3 mm respectively, as shown
in Fig. 4. It was immersed into the melt from top, and the
immersion depth could be adjusted by the positioning
screw and holder. The foam produced with this nozzle had
a pore size of 15-20 mm.

The second type of nozzle was a porous plug with
special configuration, which was installed at the bottom of
the foaming mold, which is shown in Fig. 5. The foam
produced with this nozzle in our experimental conditions
had a pore size of 10-15 mm.

Methods and steps
The first part of the experiment

The first part was done to prove the criterion, and the first
type of nozzle (Fig. 4) was used. The foam would not be
stabilized until the immersion depth of nozzle is larger than
some critical value when other parameters are fixed [8]. In
this part of experiment, the immersion depth was increased
gradually until the foam was stabilized. The critical
immersion depth s, was recorded. The experiment was
repeated till two consecutive measurements were consis-
tent. And the critically stable foams were collected. The
“stable foam” means the foam would not collapse after gas
injection. Foaming time was 30 s and holding time was
90 s. The air flow was 40-67 L/h, and the gas pressure in
gas chamber was below 1.1 atm. The foaming temperature
was 700 °C.

Particle amount, particle size, and particle wettability
are the most important parameters in foaming process. The
effects of these parameters on f§ were investigated to prove
the criterion. Six types of melts, which are shown in

gas
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A 2 7
HE %
N_|_ " | //

1 the first type of nozzle 5 aluminum foam
2 positioning holder 6 bubbles
3 furnace 7 crucible

8 aluminum melt

4 positioning screw

Fig. 4 Diagram of foaming process using the first type of nozzle

N
)0.000.0¢

\° o\.\o o

<« gas

4 crucible

1 aluminum foam

2 bubbles

5 furnace

3 aluminum melt 6 the second type of nozzle

Fig. 5 Diagram of foaming process using the second type of nozzle

Table 1, were foamed. For melt 6, the particle wettability
was changed by adding calcium.  was measured on the
surface of critically stable foam cell wall. For every type of
melt, 3-5 pieces of cell walls were polished, photographed,
and quantitatively analyzed on a Neophot 32 microscope
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Table 1 Six types of melt foamed in the first part of experiment

Melt Particle size Particle amount Ca amount
no. d x 10° (mm) Fy (%) Fwea (%)
1 9 3 0
2 9 5 0
3 9 8 0
4 15 5 0
5 23 5 0
6 15 5 1
18
s 17
3 16
= i
= 15 _/.—.\-—l —n
% 144 / o B L
15} T =
> N\,
19 1 o
S 13 '/.
[ i
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E 12
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= 11
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Number of images analysed

Fig. 6 Relationship of measured critical coverage ratio, f, and
number of analyzed images

with image analysis software. According to our test, the
measured value of f# would be steady (Fig. 6) when the
field number (size of 440 pm * 330 pm) observed is larger
than 14. Thus a total of 15-18 fields were measured on
each specimen in this study.

The second part of the experiment

The second part of experiment was done to examine the
determination methods of W, E, and f5, with the second
type of nozzle (Fig. 5). The very beginning, 10 vol.% 9 um
Al,O5 particles were added into certain amount of A356
melt, without calcium. During foaming process, because of
the adsorption of particles by bubbles, both particle amount
and immersion depth decreased till the foam was critically
stable. Gas injection was discontinuous. Prior to each
injection, three pieces of melt samples were taken out from
different position of the melt, and & was recorded. Foam
was collected after each injection. Four foam samples were
analyzed, samples I, II, III, and IV. They were foamed in
chronological order. Foam sample IV was critically stable,
after which foam was not stable any longer.

@ Springer

First, F'y and d in melt sample I were measured. Three
melt samples, which were all signed as “sample I,” were
analyzed on the Neophot 32 microscope with image anal-
ysis software. Fy and d would be steady when the field
number (size of 888 pum * 666 um) observed is greater
than 12.

Then, both the surface and the cross-section of cell wall
of foam sample I were observed. At least three pieces of
the foam cell walls were analyzed to observe the surface,
and four pieces for the cross-section. The fields were all
size of 440 pm * 330 pm. W was calculated according to
Egs. 7, 9, and 13, respectively. The three methods were
compared and an applicable method under this experi-
mental condition was found. E was determined with
Eq. 17. Except for h, Fy, and d, these calculations need the
values of p,, p1, Fvs, t, k, d,, and d). According to our test,
pa and d, need measuring 14 fields at least, p; and d; 15
fields, ¢ 16 fields, and Fy; 17 fields. k is calculated by
Egs. 11 and 16.

Similarly, foam samples II, III, IV and their corre-
sponding melt samples were all analyzed to determine W,
with the applicable method.

At last, the critical coverage ratio ff of foam sample IV was
determined with direct method and Eq. 20 respectively.

All the arrangements for experiments in the second part
are listed in Table 2. The air flow was 1640 L/h, and the
foaming temperature is 700 °C.

Results
The first part of experiment

Effect of particle volume percentage on critical coverage
ratio

The foam sample and the metallograph of cell wall surface
are shown in Fig. 7. Based on analysis on the metallo-
graphs of cell wall surface shown in Fig. 7b, the critical
nozzle immersion depth and the critical coverage ratio on
the bubble interface in the melt, which contains 3, 5, and
8 vol.% 9 um Al,O5 particles respectively, are shown in
Table 3. According to Table 3, the critical coverage ratio f§
on the bubble interface in the melts containing different
amounts of particles is almost a constant. The critical
nozzle immersion depth increases with the decreasing of
particle volume percentage, and they show roughly a
reverse proportional relationship.

Effect of particle size on critical coverage ratio

Table 4 shows, the critical nozzle immersion depth and the
critical coverage ratio on the bubble interface in the melt,
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Table 2 Parameters measured in the second part of experiment (dot marked)

Sample Parameter

no.
Particle amount in Particle size in Adsorption Particle effective Critical coverage
the melt sample Fy the melt sample d coefficient W coverage ratio E ratio f§

1 ° ° ° °

11 o [ [

1 . . .

1\ . . . .

Fig. 7 Photograph of
aluminum foam (a) and
metallograph of foam cell wall
surface (b)

which contains 5 vol.% Al,Oj3 particles size of 9, 15, and
23 pm, respectively. It can be seen from Table 4 that the
critical coverage ratio on the bubble interface in the melts,
which contain different sizes of particles is almost a con-
stant. The critical nozzle immersion depth increases as
particle size increases.

Table 3 Volume percentage (Fy) of particles (9 um), corresponding
critical nozzle immersion depth (h.), and the critical coverage ratio

B

Melt no. Fy (%) h. (mm) B (%)
110 14.6
60 13.7
3 8 45 14.5

Table 4 Diameter (d) of particles (5 vol.%), corresponding critical
nozzle immersion depth (h.), and the critical coverage ratio (f3)

Melt no. d x 10° (mm) h. (mm) B (%)

2 9 60 13.7
15 70 14.0

5 23 120 13.3

Effect of particle wettability on critical coverage ratio

The critical nozzle immersion depth and the critical cov-
erage ratio on the bubble interface in the melt, which
contains 5 vol.% 15 pm Al,O; particles and with or
without 1.0 wt% Ca are listed in Table 5. Based on
Table 5, the critical coverage ratio on the bubble interface
in the melt with or without Ca is almost the same. The
critical nozzle immersion depth increases a little with Ca
addition.

The second part of experiment
Analysis of melt sample 1

Metallograph of melt sample I is shown in Fig. 8. The black
granular or aggregations are Al,Oj3 particles. It can be seen

Table 5 Weight percentage of Ca (Fy) in the melt, which contains
5 vol.% 15 pm Al,O3, and corresponding critical nozzle immersion
depth (h.), and the critical coverage ratio (f3)

Melt no. Fwea (%) he (mm) P (%)
4 0.0 70 14.0
6 1.0 90 134

@ Springer
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wﬁ"
‘w.,fﬁ

Fig. 8 Metallograph of melt sample I (from which foam sample I
was produced)

Table 6 Particle volume percentage (Fy), real average diameter
(d) of particles in the melt sample I, and nozzle immersion depth (/)

Specimen Fy (%) d x 10% (mm) h (mm)

Melt sample 1 13.27 17.37 125

in Fig. 8, some particles agglomerated owing to difficulty
dispersion of particles. The measurement results of sample I
are listed in Table 6 by analyzing 15 images.

Adsorption coefficient W of foam sample 1

There are three methods to calculate the adsorption coef-
ficient W as Egs. 7, 9, 11, and 13.

Firstly, W is determined as Eq. 7 by measuring p,,
which is denoted as W,. Figure 9 is metallograph of the
surface of the cell wall of foam sample I. Fifteen images
are analyzed, and p, and W, are listed in Table 7.

Secondly, W is determined as Eq. 9 by measuring p;,
which is denoted as W). Figure 10a is metallograph of the
cross-section of the cell wall of foam sample I. Markings in
Fig. 10a are used to measure length of the interface. Fig-
ure 10b shows particles on the bubble interface. Linear
density p; is measured by analyzing images like Fig. 10b
with software. Twenty-four images are analyzed, and p;
and W, are listed in Table 7.

At last, W is determined through Eq. 13 by measuring
Fy¢ of the cell wall of foam sample I, which is denoted
as Wy. Fy; is also measured on the cross-section. Par-
ticles in the cross-section are highlighted like Fig. 11.
Twenty-four images are analyzed, and Fyy is listed in
Table 7.

@ Springer

Fig. 9 Metallograph of surface of cell wall of foam sample I

According to Egs. 11 and 13, the determination of Wy
needs thickness of cell wall ¢ and wetting angle 0 addi-
tionally. The thickness ¢ is measured on images like
Fig. 12. Twenty-four images are analyzed, and measured
value is listed in Table 7. The wetting angle 6 is gotten
from Table 8, and the measurement will be introduced
below.

Measured results of the three methods determining
W above mentioned are listed in Table 7. Some parameters
used in calculation are from Table 6 (Fy, d, and h) and
Table 8 (0).

Effective coverage ratio E of foam sample 1

d, and d; denote average diameter of particles in Figs. 9
and 10b, respectively. The real diameter of particles on the
bubble interface d, E, and 0 is calculated by Egs. 15, 16,
and 17, respectively. The results are listed in Table 8.

Critical coverage ratio B of foam sample IV

Firstly, 5 is determined by directly measurement like the
first part of experiment on the surface of critically stable
foam sample IV, which is denoted as f5,. Sixteen images
are analyzed, and the result is listed in Table 9.

And then, f is determined according to Eq. 20, which is
denoted as f;. Eighteen images are analyzed to determine
p1 of foam sample IV and 17 images are analyzed to
determine d in the melt sample IV. 0 used in calculation is
gotten from Table 8.

The results of the direct and indirect determination
methods are listed in Table 9.
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Table 7 Adsorption coefficient of foam sample I
Specimen Pa (mm?) W, 01 (mm™Y) w Fvg (%) ¢t x 10% (mm) Wy
Foam sample I 2680.8 0.0018 28.95 0.0011 20.15 126.74 0.0012
Fig. 10 Cross-section of cell (b)
wall of foam sample I: a photo
and markings of length of L st . *
interface; b highlight of y e
particles on the bubble interface
| - X
4
a3 ‘ % " .
1 J“
L ] ir -

e~ ' ‘f'*, ‘1
- . .' - *Ih ". )
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Fig. 11 Highlight of particles in cross-section of cell wall of foam
sample 1

Discussion
Application of the critical coverage ratio criterion

Based on the experimental results in Tables 3, 4, 5, the
condition of foam stability keeps the same when Fy;, d, or 0
changes within certain range. The critical coverage ratio on
the bubble interface is larger than about 14%. As these
three parameters are most important parameters in gas
injection foaming process, the coverage ratio on the bubble
interface could be the stabilization criterion of aluminum
foams in this process.

According to the stabilization criterion Eq. 5, Fy and A,
have an inversely proportional relationship when other
process parameters are fixed, which has been proved in
literature [8]. The experimental data in Table 3 are in
agreement with this relationship.

Equation 5 shows that when other process parameters
are given, the less d, the easier to satisfy the stabilization
condition of the foam, proved in Table 4. It means that the

iy, '—u’

G0pm

Fig. 12 Measurement of thickness of cell wall of foam sample 1

smallest particles should be used for foam stability if they
were able to be dispersed uniformly. /4. and d in Table 4
have not strictly positive relationship. The reason may be
that the particles were not dispersed uniformly in this
experiment especially for smaller particles, or different
sizes of particles have different adsorption coefficients.

Equation 5 points out the influence of 0 on the foam
stability. Most of the researches considered the optimum
wetting angle of particles to stabilize the foams is about
90° [17-20]. These phenomena can be explained by E in
Eq. 5. According to the experimental data in Table 5, the
critical nozzle immersion depth increases when wetting
angle of Al,03 decreases. That is because the wetting angle
of Al,O3 particles 0 is about 70° (Table 8) in the air
injection foaming process, which is less than the ideal
value 90°. And another reason is that the adsorption
coefficient W decreases as 0 decreases.

@ Springer
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Table 8 Particle diameter, effective coverage ratio, and wetting angle of foam sample I

Specimen d, x 10° (mm)

dy x 10*® (mm)

d x 10* (mm) E 0 (°)

Foam sample I 9.51 7.84

9.98 0.908 72

Table 9 Critical coverage ratio of foam sample IV
Ba (%)
13.53 8.74

d x 10> (mm) B, (%)

14.13

Specimen 01 (mm™")

Foam sample IV 22.75

It is unexpected that 0 of Al,O;3 particles in the gas
injection foaming process is less than 90°. In general, the
wetting angle between Al,O; and molten aluminum is
larger than 90° and the value fluctuates under different
conditions [22-24]. The reason of large difference is that in
the air injection foaming process, the Al,O3 film formed on
the bubble interface would obstruct Al,O5 particles from
protruding into the gas phase, and this action actually
decreases 0 of the particles according to Fig. 2. That is to
say, instead of decreasing wettability of the particles,
oxygen in the gas injection foaming process increases
wettability of the particles.

For the batch type of gas injection foaming process, Fy
and h decrease as the process proceeds. According to the
criterion, there must be certain amount of melt left as
residual when the process parameters no longer meet the
stabilization criterion. The residual quantity could be
forecast if the parameters of Eq. 5 have been determined in
a given foaming process. The foam could be stabilized by
increasing £ when Fy is small, so changing structure of
foaming mold will decrease the residual quantity.

Influence of particle agglomeration on W

According to Table 7, adsorption coefficients calculated by
three methods, W,, W,, and Wy, are different from one
another. The main reason is the particle agglomeration.
As seen in Table 6, Fy and d are larger than the particle
addition value (10 vol.% and 9 pm) due to the agglomer-
ation. It is easy to find that particle on the bubble interface
is smaller than the one in the melt by comparing d in
Table 6 and in Table 8. It means that smaller particles are
easier to be adsorbed, which results in changing of W as
process proceeds and the difference between W, and W).
Equation 9 is deduced from Egs. 7 and 8, and d in Eq. 8
should be diameter of particles on the bubble interface.
However, adsorption coefficients in Table 7 are calculated
using diameter of particles in the melt. These two diame-
ters are different, so the difference between W, and W is
great. Unfortunately, volume percentage of particles which
are able to be adsorbed on the bubble interface at some

@ Springer

time is unknown, so only total particle volume percentage
Fy could be used.

Owing to the agglomeration, adsorption coefficients
calculated by Egs. 7, 9, and 13 are average adsorption
coefficient of different size of particles. Whether the
average value is applicable depends on two qualifications:
first, the average value can be used to calculate particle
amount inside foam cell wall; second, the average value
satisfies stabilization criterion Eq. 5.

W, determined by Eq. 7 does not meet the first condi-
tion. Due to drainage in the foam cell wall, Wy, calculated
by Eq. 13 should be always the biggest one of the three
values. Therefore, W, is overestimated under the conditions
of current particle dispersion process level.

Wy determined by Eq. 13 satisfies the first qualification
apparently. However, due to drainage, particle volume
percentage in foam sample will be larger than the value
when the foam was just formed, particularly when particle
amount or oxygen amount in gas is very small. Therefor,
Wy does not satisfy the second qualification at critically
stable situation.

Considering W, calculated by Eq. 9, it is smaller than
Wy, so it will satisfy the first condition by introducing
correction coefficient to calculate the accurate particle
volume percentage inside foam cell wall, as Eq. 21:
FVf:(lztflz—szerFv'R’ (21)
where R denotes the correction coefficient, which is a
number larger than 1.

Wi, Fyr, and other foaming parameters of the four foam
samples are listed in Table 10 to determine the variation
law of R, where Fy{ and Fvy{' denotes Fy; calculated by
Egs. 13 and 21, respectively. The wetting angle 0 used in
calculation is gotten from Table 8.

It can be seen in Table 10, the correction coefficient
R increases when Fyy decreases. Fy¢ can be considered as
the volume percentage of particles in the cell wall when the
foam was just formed. The smaller the Fyy, the stronger
drainage in the cell wall. Thus, R should be increased to
calculate the accurate Fyy and the variation law is the
product of R and Fv{ is about 0.21.

Discussion about W; above mentioned shows W; can
satisfy the first condition by introducing R whose changing
rule is clear.

Then, both sides of Eq. 5 were calculated using W, and
other foaming parameters of the four foam samples to
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Table 10 Parameters of sample I, II, III, and IV

Specimen  Fy (%) dx 10° h(mm) p (mm™Y) W, tx 10 (mm) Fyf (%) R Fyvi' (%)  Fyi (%) R Fy{
(mm)

Sample I 13.27 17.37 125 28.95 0.0011  126.7 19.53 1.05  20.14 20.15 0.21

Sample II  12.12 17.88 100 22.75 0.0013 1163 17.87 121 2025 20.25 0.22

Sample IT ~ 11.57 16.73 80 2321 0.0015 755 19.54 1.10  20.60 20.60 0.21

Sample IV 4.53 22.75 60 8.74 0.0035  107.2 8.75 227 1425 14.26 0.20

examine whether W) satisfies the second condition. The
results are listed in Table 11. Most parameters are gotten
from Table 10. The critical coverage ratios of four samples
used in calculation are all 5, in Table 9. E is gotten from
Table 8.

As seen in Table 11, calculated results using W; sat-
isfy the stabilization criterion equation. Therefore, W is
applicable.

Generally speaking, among three methods of determin-
ing W, the workload of Eq. 13 is smallest. With the help of
the changing rule of R in Table 10, W) can be calculated by
method of measuring Fys for a smallest workload, as
Eq. 22.

(1= Fy - R)AW,

Fyp=— Y e L Fy R
v ke, Y Y 22)
(1 — Fy)hW, ’
021=R- (" "lp, 4+ F
<2t+kath vy

where R and W, are unknown, and W, can be determined by
solving Eq. 22.

The variation law of R should be redetermined, when
addition amount of particle is larger than 10 vol.%, or other
drainage influencing conditions change, i.e., the dispersion
process, the foaming temperature and the gas composition.

Particle diameter listed in Tables 3, 4, 5 is nominal
value, which is different from the one measured by
metallographic analysis in the second part of experiment
according to discussion mentioned above. It may be the
reason why critical nozzle immersion depth of melt sample
IV is small although its particle size is very large compared
with experimental data in Tables 3, 4, 5.

Equations 7, 9, and 13 all contain nozzle immersion
depth h. Apparently, the number of particles, which can be
adsorbed by a bubble, is limited. Therefore, when h is
larger than a certain value, calculated value of W will

Table 11 Examination of stabilization criterion of foam samples

Specimen hFy (mm) 8dp./3WE (mm)
Foam sample I 16.59 8.52
Foam sample II 12.12 7.48
Foam sample III 9.26 6.39
Foam sample IV 2.72 2.63

decrease as h increases. This phenomenon will be dis-
cussed in another article, with no effect on the conclusions
of this article.

Simplification of determining of W, and f
Examine the denominator of the first term on right side of

Eq. 21. It is easy to find that “kFyAW” is much less than
“2¢”. Therefore, Eq. 22 could be simplified to Eq. 23:

(1= Fy-R)hW,
Fyi =0 ———Fv + Fy-R
. 23)
1 — Fy)hW, (
021 =R- <(2;/)1Fv + FV>

As seen in Table 9, the critical coverage ratio calculated
by Eq. 20, f3;, is almost equal to the directly measured
value f3,. That shows the indirect measuring method is
reasonable. According to Eqgs. 9 and 14, Eq. 20 could be
written as:

3hFVE
bi=—¢4

Therefore, f could be determined by combining Egs. 23
and 24, when the foam is critically stable. The measurement is
done on the cross-section of the foam cell wall with smaller
workload.

B is strongly influenced by gas composition [8, 10], and
has relation with the foaming temperature [16]. Specifi-
cally, when oxygen amount in the foaming gas decreases, f§
However, when the foaming temperature
decreases, f§ decreases. Therefore, when these parameters
change, f needs to be redetermined.

Wi (24)

increases.

Conclusion

(1) The coverage ratio on the bubble interface is the sta-
bilization criterion of aluminum foam in the gas
injection foaming process. At given gas composition
and foaming temperature, the necessary condition of
foam stability is always that the coverage ratio on the
bubble interface should be larger than a critical value.

(2) The product of the ceramic particle volume percent-
age and the nozzle immersion depth should be larger
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than a certain value when the gas composition and
the foaming temperature are fixed. This value is
determined by particle size, critical coverage ratio,
adsorption coefficient, and particle wettability.

(3) The adsorption coefficient of particles could be
determined by several methods. Due to difficulty of
the dispersion process, the method of measuring
particle area density on the bubble interface has big
fluctuation. The value determined by measuring
particle linear density on the bubble interface by
observing the cross-section of the cell wall is
applicable. As the adsorption coefficients of differ-
ent size of particles are different, the average
adsorption coefficient changes as foaming process
proceeds.

(4) The method of measuring particle amount inside
foam cell wall to determine the adsorption coeffi-
cient has smallest workload. Though at some situ-
ations the drainage will give rise to error, it can be
eliminated by introducing a correction coefficient.

(5) The wetting angle of Al,O3 particles in the gas
injection foaming process under this experimental
condition (air injection into A356 melt, foaming at
700 °C) is about 70°, and the effective coverage
ratio of Al,O3 particle is about 0.9.

(6) The critical coverage ratio on the bubble interface
under this experimental condition is about 14%.
Except for direct measuring on the surface of cell
wall, the critical coverage ratio can be indirectly
calculated using the average adsorption coefficient.
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Appendix

Relationship between two-dimensional diameter measured
by metallographic analysis and real diameter of the particle

When measuring the diameter of particles in matrix by
metallographic analysis, different sections of the particle
will be observed, like d;, d, and so on (Fig. 13). If the
image analysis software calculates the diameter of every
section firstly and their average secondly, then the mea-
sured two-dimensional diameter d’; is as Eq. 25. If the
software calculates the area of every section firstly, their
average secondly, and the equivalent diameter of the
average area finally, then the two-dimensional diameter d’,
is as Eq. 26. Distribution of these sections is random.
When there are lots of sections, Egs. 27 and 28 could be
got by calculus. Therefore, the two-dimensional diameter
has two forms as Eqgs. 29 and 30. In this article, the image

@ Springer

Viewing Angle l

A

d
d>
ds

v d,

Fig. 13 Particle observation by metallographic analysis

analysis software uses the first measurement principle, so
d and d’ have a relationship like Eq. 29.

When observing cross-section of the foam cell wall,
different sections of the particle on the bubble interface
could be seen, like Fig. 13. Therefore, the real diameter of
particles on the bubble interface can be calculated by d; as
Eq. 15. When observing surface, because of particle wet-
tability, only certain section could be seen. Therefore, the
particle wetting angle can be calculated by d; and d, as
Eq. 16:

di+d+--+d,

=ttt (23)
SR )
d;:\/d1+d2+ 4 (26)
n
d n ,
(d1+d2+--~+dn);=Zd, (27)
d
g(df+d§+~--—|—d,2,);:gd3, (28)
n
6
dgz\/T_d (30)
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