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Abstract: The aim of the present study is to fabricate aluminum closed-cell foamviaaccumulative roll-bonding (ARB)
technique using calcium carbonate (CaCOj)as the blowing agent.Calcium carbonate is an inexpensive material and
imparts relatively high porosity to the produced foam. The effects of heating rate,foaming temperature and time on
percentage of porosity have beeninvestigated. The results show that increasing thefoaming temperature and timeresults
improvements in the foaming process. It is also shown that the heating rate does not any effecton the percentage of
porosity. Pores havespherical Shape and they form in a regular structure by use of CaCOj as the blowing agent.
Sample should be heated up abruptly using TiH, as the blowing agent from decomposition temperature of TiH, to
foaming temperature in order to gain high porosity foam. It is found that increasing the numbers of accumulative
rolling cycle causes uniform distribution of calcium carbonate powder and increases porosity in the final foam by up

to 55%.
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1. INTRODUCTION

Metal porous foams have been eliciting much
interest in recent years due to their high capacity
of energy absorption. The characteristics of the
pores in these materials play an important role on
their energy absorption capability and other
properties.Metal foams were first studied in the
1940s; the earliest report is a patent[1]. Materials
with porous structures are fascinating in order to
combine the physical and mechanical properties
and are routinely used formany applications. For
example, foamed aluminum is an ultra-light
product with closed pores or cell structure.Their
high stiffness with low weight makes them useful
inautomobile applications. The possibility of air
penetration and high thermal conductivity makes
this material suitable for aerospace and aircraft
parts. Other particular properties such as a good
energy absorption, high strength and electrical
resistance make metal foams useful for
applications  that require these specific
characteristics.Such applications are typically in
the construction sector such as automobile
manufacturing, light weight civil constructions,
noise control in aerospace manufacturing, ship
building, railways and sporting equipment[2-
6].Aluminum based metal matrix composites are
also appropriate materials for structural
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applications in the aircraft and automotive
industries because they are lightweight and have
a high strength to weight ratio [7]. In the other
word, Aluminum based metal matrix composites
have some advantages same as metallic foams.

Aluminum foams are typically manufactured
by melt and powder metallurgy processes.
Melting route is a cheap manufacturing process,
and it is possible to control the mechanical
properties of the foam by adding necessary alloy
elements and additives. Although, the powder
metallurgy process offers good control over the
cell shape, size, and porosity distribution, it is an
expensive method especially to produce complex
shapes[8, 9].

In the recent years, much attention has been
paid on the process of severe plastic deformation
(SPD) which improves mechanical properties of
metals and alloys. Large strain deformation
processing techniques such as accumulative roll
bonding (ARB) and equal channel angular
pressing (ECAP)have been developed around the
production of ultrafine grained materials [10]and
equal channel angular extrusion (ECAE) is a
promising technique for production of ultra-fine
grain (UFG) materials of few hundred
nanometers size [11].ARB process has been used
in modern industries to fabricate layer
composites and ultrafine grained structures.
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Fig. 1. Applying ARB process for manufacturing of foam,
schematically.

Metal forming processes such as ARB can
potentially be wused for manufacturing of
aluminum closed-cell foams. This procedure is
schematically illustrated in Fig.1. ARB process
possesses the following advantages:

. ARB is a low-cost process and many
metallic materials such as aluminum
sheetscan be processed by this method.

. Rolling of initialsheet stacks isa simple
process.

Powder processing,as an essential step in
powder metallurgy, would be eliminated in ARB
process and then this technique can also be
employed for processing of widely industrial
alloy [12].

The pore characteristics of the foam playan
important role in its physical and mechanical
properties. There have been many studies to
control the shape, size and distribution of pores to
optimize the properties of metallic foams [3, §].
The manufacturing process parametersand the
type of blowing agentused tohave a significant

effect on the characteristics of the foams, but
these have not been studied in much detail. There
are many reports regardingthe use of TiH2 as the
foaming agent but there are no studies throughthe
use of CaCO;.

This paper reports a novel route to fabricate
aluminum closed-cell foam through ARB using
CaCO; as the blowing agent. CaCO; is better
than TiH, as a foaming additive because it is
cheaper, produces spherical pores, requires less
heating rate and results in higher porosity.
Furthermore, the effect of heating rate,
temperature and time during foaming procedure
on the porosity is reported for this study.

2. EXPERIMENTAL PROCEDURE
2. 1. ARB Sample Preparation

A commercial Aluminum 1050 sheet with
initial thickness of 5.00 mm was used for this
study. It was cold rolled into a 3 mm thick sheet.
The aluminum sheet was then cut into 30x150
mm? strips and annealed at 350°C for 1hin order
to eliminate any strain hardening due to primary
cold rolling. The strips were washed with acetone
to eliminate any superficial contamination. Both
sides of the strips were brushed by a stainless
steel wire brush In order to increase the
roughness of surfaces to get anexcellentbonding
between layers. The rolling process was carried
out without any lubricant to achieve good friction
between surfaces of the mill rolls and the strips.

The blowing agent was CaCO; powder with
weight percent of 0.5% and size of less than 15um.
This powder was uniformly distributed between
two stacked strips. The two strips were then
fixedand fastened together with copper wires
through four drilled holes near the corners, as
shown in Fig. 2. The stack was heated at 200 °C for

|
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Fig. 2. Four corner-drilled holes to fasten aluminum strips
together
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5 min to provide higher strength bonding [13].
Later, it was rolled to 50% reduction to obtain
amean strain of 0.8. The thickness and length of
composite at the end of this process were 3 mm
and 300 mm, respectively. According to the energy
barrier theory, the threshold deformation increases
with the presence of impurities to achieve a good
bonding [14]. Therefore, threshold deformation
should beincreased in order to yieldwell bounded
layerwhen CaCO; powder is distributed as
impurity particles between the strips. The
resultant strip was halved and annealed at 200 "C
for 10 min to achieve a good bonding after first
pass. The halved strips were stacked again over
each other without adding any further blowing
agent. Second pass of rolling was carried out
similar to the first pass. The procedures were
repeated up to six passes. The resultant strip, 300
mm long and 3 mm thick, was cut into samples
with 20x10 mm dimensions for further foaming
treatment.

Number of the aluminum layers and CaCO,
layers after each cycle can be calculated by
equations (1) and (2), respectively.

Number of Aluminum layers =2» (1)
Number of CaCOj; layers = 2n-/ 2)

Where n is number of rolling -cycles.
Equivalent strain (&) is calculated asfollow:

£e= (7 In2)8xn=0.8n (3)

After each cycle, the strip was sectioned and
polished to observe bonding interfaces and
distribution of CaCO; particles in ARB-ed sheets
by scanning electron microscopy.

2. 2. Foaming Condition

The final strips were treated in a tubular three-
zone furnace to decompose CaCO; under different
heating rates and also under various foaming
temperatures and timesto obtain optimum
conditions of foaming. Effect of these parameters
on size and distribution ofporosity in the samples
was studied. The general heat treating profile is
shown in Fig. 3. After heating and holding the
strips at 300 °C for 600s, they were heated with a
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Fig. 3. Heat treating profile used for foaming procedure

heating rate of T=5, 10 and 20 “C/s up to T;= 700
°C and holding for a time At = 3 minutes (Fig. 3).
Later they were cooled to room temperature. More
experiments were performed at temperature range
of 660-720°C with holding time of 3-8 minutes.
The porosity of foamed samples was measured
by the Archimedes principle and usingequation

(4):

P— Pt—P
Pt

“)

Where p, is the theoretical density, p is the
material density[15].

3. RESULTS AND DISCUSSION

3. 1. Distribution of CaCOj; Particles via Rolling
Cycles

The interfaces between Al-layers areclearly
observable due to existence of the CaCO,
particlesin primary cycles of ARB up to third
pass,(Fig.4). It is difficult to identify the bonding
interfaces beyond the fourth pass of the rolling
cycle. This shows that the CaCO, particles were
finely and uniformly dispersed throughout the
matrix asrolling cycleincreases to six passes. Fig.
4e shows the uniform surface after the 6th rolling
cycle without any sharp interface of the CaCO,
layer. In this instance, 32 layersof CaCO; (Eq. 2)
have been distributed among 64 aluminum layers
(Eq. 1) with approximate thickness of 47 um.
Calcium carbonate layers areabout 22 pm, 12um
and 7 pm thick after first, second and third cycle
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Fig. 4. Bonding interface after (a): first; (b): second; (c): third; (d): fifth; and (e): sixth cycles of ARB

of ARB, respectively, (Fig.4), and they reduce to
bealmost half thickafter each ARB stage. This
means that the bonding interfaces are quite fine
and CaCO; particles are fairly dispersed
throughout the matrixand are not easily
detectable (Fig.4e).

Increasing the rolling cycle results in higher
strain to the blowing agent and CaCOj; particles
split further into smaller sizes and uniformly
distribute themselves within the matrix. It is
suggested[16] that the fine particles lead to
increase the gas releasing sites and consequently,
the percentage of porosity will be increased.

3. 2. Effect of Processing Parameters on Percent of
Porosity

Volume of H, and CO, are calculated below in
the STP condition. Weight of the strips was 90 g.

CaCo3
Layers

CaCo3
Particles

—

—

e
e
=

(b)

a—

ND

Therefore, 0.5wt% of powders would be 0.45 g.

TH, =T+ H, Q)
50g 2g
045 g -~ A=0018¢

Where, A is the volume of the released
hydrogen in gram.

A has to be transferred into the liter in order to
compare the volume gas of H, and CO,:

2¢g 22.4 it
0018g = B=0.2 lit

Where, B is the volume of the released H, in
liter.

Similarly, volume of the CO, could be
calculated:
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Fig. 5. Effect of ARB cycles on the particles size, schematically.

CaCO; = CaO + CO, (6)
100 g 44 g
045¢ = D=0.198 g

Where, D is the volume of the released CO, in

gram.
D has to be transferred into the liter:
44 ¢ 22.4 it
0.198 g = E=0.1 lit

Where, E is the volume ofthe released CO, in
liter.

In the STP condition, the volume of the H, and
CO, are 0.2 and 0.1 lit, respectively. In the other
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Fig. 6. Effect of heating rate on percent of porosity by
foaming at 700°C for 3 min
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word, the volume of released gas by CaCO; is
half the volume of gas released by an equal
amount of TiH,. It is cleared that the amount of
the CaCO; has to be increased up to 1wt% to
obtain equal volume gas, but it is not practical
due to the barrier energy as mentioned in the
section 2.1.

The gas released volume by decomposition of
0.5wt% CaCOs; is 10-4 m3 in standard temperature
and pressure (STP) condition. This is half the
volume of gas released by an equal amount of
TiH,. This volumeis higher thanthe expected
release volume,as the matrix resistsplastic
deformation during gas release. The situation
should eventually lead to lower porosity in the
metal. However, the total volume of released gas
disperses into a small volume due to the uniform
and fine distribution of CaCOj; particles between
the thin aluminum layers, after ARB process (Fig.
4e). As mentioned, applying the ARB cycles
leads to fracture of the blowing agent particles
which distribute among different layers during
ARB process, so the particles become finer than
the initial size. This phenomenon, shown
schematically in Fig. 5, explains how particles
are fragmented during ARB cycles. Fig. 5 shows
that when the particles are fractured and become
smaller during ARB process,the free surface area
of blowing agent increase. It is evident that
efficiency of the chemical reaction goes up by
increasing surface area and it leads to improve
the kinetic of decomposition reaction.
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Using small particles hasboth advantages and
disadvantages. Fine particles decompose faster
than the coarse particles, leading to time savings.
However, very fine particles may be difficult to
disperse in the melt, may agglomerate and release
gas prematurely[17]. This drawback can be
avoided during the ARB process when the fine
blowing agent particles are inserted in the
metallic matrix.

The effect of heating rate on foaming
efficiency is shown in Fig. 6. Results show that
the heating rate has no effect on percent of
porosity during foaming process. Hence, the role
of heating rate was ignored in further
experiments and then samples were directly
heated upof room to foaming temperature.

It has been shown[18] that decomposition of
calcium carbonate powder starts at about 590 °C
and ends around 840 °C. Thus, there is no
significant difference between decomposition
temperature of CaCO; and melting point of
aluminum. Hence, during gas release at high
temperatures, the aluminum matrix is soft enough
to deform by the released gas and consequently,
the blowing agent acts efficiently. The situation
explains why foaming process is not affected by
heating rate when calcium carbonate is employed

60

as the blowing agent.In the other words, the
strength of the aluminum matrix is reduced at this
high temperature and it is consistent with
decomposition of blowing agent. So, CaCO,
starts to decompose thereby the gas expansion is
accommodated as pores.It can also be concluded
that preheating at 300 °C is not required for
foaming by CaCOs;.

A different situation exists in the foaming
process with TiH,. The starting decomposition
temperature of TiH,is not matched to the melting
range of the aluminum[19]. Decomposition of
TiH, starts around 400 °C [20] and the released
gas cannot produce plastic deformation to form
pores because of relatively high strength of the
aluminum matrix at this temperature. So the
sample should be heated abruptly to foaming
temperatures in order to produce high porosity
foam. Therefore, the effect of heating rate from
decomposition temperature of TiH, to foaming
temperature is relevant. Moreover, the difference
between decomposition temperature of blowing
agent and melting point of aluminumcauses
formation of irregularshape pores in early
expansion stages, which could lead to
irregularities in the final product[20]. For solving
this problem, some work has been done to delay

50
(b)

30

Porosity (%)

20

10

(a)

ND

650 660 670 680 690 700

Temperature (°C)

710 720 730

(c)

Fig. 7. Effect of foaming temperature on the percent of porosity at foaming time of 8 min
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Fig. 8. Effect of holding time on the percent of porosity at foaming temperature of 700°C

the gas releasing initiation of TiH, by surface
treatments like oxidation, AL,O; or combined
AlL,04/S10, coating of TiH,[21].

The cell size of CaCO; foamed material under
optimum conditions is smaller than the hydride-
foamed material despite the fact that the former
foams were held at the foaming temperature for a
longer time than that with TiH, foaming
agent[18]. Cell cracks were found only on
hydride-foamed material[18]. For CaCO;, the
surface reaction of the released CO, gas with
aluminum leads to the formation of thin films of
solid oxides and raises the mechanical stability of
cells[22]. This phenomenon leads to increase the
resistance from the cell walls against of cracks
formation.

Fig. 7 shows the variation of porosity in the
matrix with foaming temperature at a constant
foaming time of 8 minutes. Maximum porosity
was obtained at 700 °C, which is about 55%.
Foaming temperature plays an important role on
evolution of porosity. The efficiency of the
chemical reactions is increased by increase
temperature at constant holding time. This
activates the reaction of blowing agent
decomposition and amount of released gas is
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increased. In this research, the optimum
temperature and holding time for the foaming
process were found to be 700 °C and 8 min,
respectively. It is evident that beyond these
optimum conditions, the porosity reduces
because the matrix would beat the semi-solid
state, so it can flow easily and the pore destroys
and thengas escape from material[12]. As shown
in Fig. Se, the pores started to collapse at
temperatures above 700 °C. Similar studies have
shown 70% porosity using calcium carbonate as
blowing agent of calcium carbonate by the PM
route [18].

The graph shows that rate of porosity
formation is low at temperature below 660 °C as
the aluminum matrix has enough strength to
resist pore formation. By increasing foaming
temperature its strength reduces significantly and
the rate becomes steep between 660 °C to 700 °C.

The effect of holding time on the percent of
porosity is shown in Fig. 8. It shows that the
porosity of the foam increases when the holding
time of the samples at 700 °C is increased from 3
to 8 min. This may be attributed to the effect of
holding time on the reaction kinetics of CaCO;
decomposition. This reaction cannot be completed
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within short duration of foaming process.
Therefore, the gas is less released and it causesless
porosity. More decomposition takes place by
increasing the holding time, which it results to
release more gas and higher percentage of

porosity.
4. CONCLUSION

Aluminum  closed-cell ~ foamhas  been
manufactured through the ARB process using
calcium carbonate as the blowing agent. This
blowing agent is an inexpensive material and
results pleasant porosity and produces spherical
pores and regular structure due to decent match
of its decomposition temperature with melting
point of the aluminum matrix.A different
condition exists in the foaming process by TiH,.
In this case, the aluminum matrix is still strong
enough when TiH, starts to decompose and the
released gas cannot produce plastic deformation
to form pores. Therefore, the sample should be
heated up abruptly to foaming temperatures in
order to form more pores and increase percentage
of porosity. In the present study, effect of heating
rate, foaming temperature and holding time on
poresformation was investigated andthe following
conclusions can be stated:

1. Increasing the number of ARB cycles leads
to more fragmentation and uniform
dispersion of blowing agent between
aluminum layers.

2. Increasing the foaming temperature to 700 “C
and holding time to 8minutes results higher
percentage of porosity,while increasing
thefoaming temperature beyond 700 °C leads
to reduce the percentage of porosity.

3. Maximum porosity is obtained by up to 55%
by use of calcium carbonateas foaming
agentin optimum foaming condition.
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