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This article investigates the effects of the processing conditions of the novel sintering and dissolution
process (SDP), including sintering temperature, sintering time, Mg addition, and cell size, on the
capacities of the as-processed Al foams for static and dynamic energy absorption. While higher
temperatures generally promote better bonding between the Al particles during sintering and, therefore,
improved energy-absorption capacities, there exist optimum sintering times and cell-size ranges for
producing Al foams with the best energy-absorption characteristics. The optimum sintering time
increases when the sintering temperature or the relative density is decreased. The addition of a small
amount of Mg powder to the Al/NaCl compact can enhance the sintering markedly and increase the
energy-absorbing capacity of the foam by up to 50 pct. For any Al foam, the energy absorbed in the
static condition is much greater than that in the dynamic condition. The mechanisms of these effects
are also discussed.

I. INTRODUCTION and NaCl powder mixtures and final dissolution of the NaCl.
It is a relatively low-cost process for manufacturing open-AL foams have found increasing applications in many cell Al foams because of the inexpensive raw materials and

areas, including fortifying building and transport structures simple process equipment. The cell sizes and porosities of
against buckling and impact, as heat exchangers, and as the Al foams made by the SDP can be controlled accurately
sound absorbers, owing to their exceptional properties.[1,2,3]

by selecting appropriate NaCl particles and by specifying
The properties of an Al foam are primarily determined by the the proportions of Al and NaCl in the compacts, because
composition of the matrix material and the relative density as the morphology and sizes of the cells are virtually replicas
well as topology of the cells, which varies considerably for of those of the NaCl particles. The porosity of the foams is
different manufacturing methods. The microstructure of the usually in the range of 50 to 85 pct. The microstructural
foam matrix is largely determined by the form of the Al in and mechanical characteristics of the foams made by this
processing. While the foam made by a liquid-route method route are considerably different from those made by the
is generally free of impurities in the cell walls or struts, other commercial methods and need to be investigated.
the foam made by a solid-route method may incorporate The mechanical properties and the energy-absorption
considerable amounts of oxides and other defects in the cell properties of the foams made by the SDP are predominately
walls. The morphology of the cells of the foam is, however, determined by the sintering process, i.e., the sintering tem-mainly determined by the foaming agent used. The Al foams

perature and time. If the sintering temperature is above themade by gas injections into the Al melt or decomposition
melting point of Al, the molten Al tends to separate fromof gas-releasing particles in the Al melt have soap-bubble-
the NaCl particles. If the sintering temperature is too low,like polyhedral closed cells.[4] The Al foams made by casting
however, the sintering may take too long to achieve sufficientthe Al melt in an unleachable negative mold or by pressure
bonding. If the sintering time is too long there may be severeinfiltration of the Al melt into a leachable particle compact
oxidation of the Al particles, resulting in poor bonding. Ifhave open cells formed by a network of thin struts. The Al
the sintering time is too short, however, the bonding betweenfoams made by decomposition of gas-releasing particles in
the Al particles is weak. Therefore, there exist optimuman Al powder compact have closed cells with relatively thick
sintering temperature and time ranges for each Al/NaClwalls. The foams made by the sintering and dissolution
mixture.process (SDP) have open cells with rough walls, a combina-

The compaction process in the SDP also has a significanttion different from any of the aforementioned foams. The
effect on the subsequent sintering. Al particles usually formcommercial foams currently available have shown a wide
a highly protective amorphous oxide layer about 3-nm thickrange of mechanical properties.[4] To evaluate the effective-
at room temperature. The thickness of the oxide film canness of the Al foam for energy absorption under static and
grow to 20 to 30 nm when the temperature approaches 650dynamic conditions, the manufacturing method and its con-
�C.[6] The oxide film formed on the surface of the Al particlesditions need to be taken into account.
during atomization and subsequent handling is a big problemThe SDP is a novel process for manufacturing Al foams,
for the sintering of the Al powder. During compaction, thewhich was developed at the University of Liverpool.[5] The
oxide films are ruptured at the points where the particlesSDP consists of mixing, compacting, and sintering of Al
are in contact with each other. As a consequence, the local
contacts between the Al particles are fresh and the diffusion
of the Al atoms through these contacts is enhanced. Thus,
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strong sintering.[8] The oxide films cannot be ruptured com-
pletely, and even if they could be, they would remain
entrapped in the compacts. Furthermore, new oxide layers
will continue to form at the surfaces of the Al particles if
any amount of air exists in the compact during the sintering
at a high temperature around the melting point of Al.

Mg powder has previously been used in the sintering of
Al powders to reduce the oxide film of the Al particles,
because the free energy of formation of its oxide is lower
than that of Al. A small amount of Mg powder was found
to be sufficient to facilitate effective diffusion and sin-
tering.[8–12] It is natural to presume that the sintering of Al/
NaCl compacts could also be enhanced by the addition of
Mg powder in the compacts.

Cell sizes in the foams may also have a big effect on the
static and dynamic energy absorption. Although a wide range
of Al foams have recently become available, investigations
of the effect of cell size on energy absorption are still lacking.
This is partly because of the fact that these foams have low Fig. 1—Compressive stress-strain curves for Al foams with different rela-

tive densities.controllability of cell-size ranges. The cells of the foams
made by the SDP, however, can vary from 100 �m to 10
mm and can be controlled relatively accurately. The foams
are ideal for the investigations of the effect of cell size on All the foam specimens for mechanical tests were ground
the energy absorption of open-cell Al foams. into a cylindrical shape with a cross-sectional area of

This article studies the effects of the SDP processing 1102.5 mm2 and a height of 30 mm, which was chosen to
conditions such as sintering temperature, sintering time, Mg be at least 10 times larger than the cell diameters to mini-
addition, and cell size on the static and dynamic energy- mize the scatter of the data.[14] The quasi-static compressive
absorption characteristics of the resultant foams, with an tests were carried out on an Instron 4505 mechanical tester
aim to optimize the SDP for producing Al foams with with a strain rate of 1.6 � 10�2 mm s�1. The impact tests
desired porosities. were carried out in an impact tower, with an impactor of

4 kg falling from a height of 0.5 m, equivalent to a total
impact energy of 20 J. The velocity of the impactor wasII. EXPERIMENTAL
3.1 � 103 mm s�1 when it impacted the surface of the

The precursor materials used in this study were a com- specimen. Less than 5 pct of the stored energy was con-
mercially pure gas-atomized Al powder, a commercial sumed by the friction on the carriage. The impact force
NaCl powder, and a commercially pure Mg powder, with and the velocity of the impactor were measured by a piezo-
particle sizes in the ranges of 100 to 400, 150 to 3000, and electric load cell and a Flowlite laser Doppler velocimeter,
200 to 500 �m, respectively. In the study of the effects of respectively, with an interval time of 0.043 ms. An Hitachi
sintering temperature and time, the Al powder was mixed S-2460N scanning electron microscope with energy-disper-
with the NaCl powder with the proportion of NaCl in the sive spectroscopy (EDS) capability was used to observe
range of 20 to 70 wt pct. In the study of the effects of Mg the microstructures and to analyze the chemical composi-
additions the Al powder was mixed with the Mg powder tions of the foams.
and the NaCl powder, with the proportion of Mg in the
range of 0 to 0.6 wt pct and a fixed proportion of NaCl of

III. RESULTS AND DISCUSSIONS70 wt pct. In the study of the effect of cell sizes, the NaCl
powder was further divided into six size groups: 150 to

A. Sintering Temperature and Time250, 340 to 420, 500 to 600, 710 to 800, 1200 to 1500,
and 2400 to 3000 �m. The Al powder was first mixed with Figure 1 shows the typical compressive stress-strain

curves for the Al foams, with relative densities (� ) rangingthe Mg powder and, subsequently, with the NaCl powder
in each size group separately. The proportions of Mg and from 0.17 to 0.65 and with no Mg addition, as produced in

the SDP with a sintering temperature (T ) of 650 �C and aNaCl in these specimens were fixed at 0.15 and 70 wt pct,
respectively. The powder mixtures were then compacted sintering time (t) in the range of 2 to 30 hours. The relative

density is the ratio of the densities between the foam andunder a pressure of 200 MPa using an hydraulic press.
The compacts, contained in sealed steel molds in order to the bulk Al. The compressive strength of the Al foam at any

fixed strain increases nearly proportionally with increasingseparate them from the air atmosphere, were sintered in an
electrical furnace at a temperature of 600 �C to 650 �C for relative density. The curves are very smooth as compared

with those of the foams produced by most other manufactur-a time of 2 to 110 hours. After the specimens cooled to
room temperature, they were removed from the furnace ing methods. This indicates that the cell structure of the Al

foams made by the SDP is very uniform.and placed into a hot flowing-water bath of �95 �C and
kept for 2.5 to 6 hours to dissolve the NaCl particles in Figure 2 shows the variations of the absorbed energy of

the Al foams at a nominal strain of 0.3 in the compressivethe compacts.[13] The as-obtained foam specimens were
finally annealed at 550 �C for 0.5 hours to relieve the tests with the square root of sintering time for producing

the Al foams, at different sintering temperatures and relativeresidual stresses.
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Fig. 3—Variations of static and dynamic energy absorption with nominalFig. 2—Variations of absorbed energy of Al foams at a strain of 0.3 with
strain for Al foams with a relative density of 0.25, with or without Mgsintering time for different sintering temperatures and relative densities.
addition.

B. Magnesium Additiondensities. The sintering temperature and the relative foam
density corresponding to each curve are shown by the desig- Figure 3 shows the variations of static and dynamic energy
nated line and the symbol, respectively. It is shown that for absorption with nominal strain in the compressive and
any Al foam with a fixed sintering temperature, there exists impact tests for the Al foams produced by sintering at 650
an optimum sintering time at which the foam has a maximum �C for 20 hours. The foams have a relative density of 0.25
energy absorption. At a sintering temperature of 650 �C, the and cell sizes of 710 to 800 �m with either no Mg addition
optimum sintering times are 2.5, 5, 7.5, 10, 20, and 30 hours or 0.15 wt pct of Mg, which is equivalent to 0.5 wt pct of
for obtaining Al foams with relative densities of 0.65, 0.55, the weight of the foam. The energy absorbed by the foams
0.45, 0.35, 0.25, and 0.17, respectively. At 630 �C, the opti- with the addition of Mg is nearly 50 pct greater than that
mum sintering times are 20, 30, 50, and 50 hours to obtain without Mg in either the static or dynamic test. For the foams
foams with relative densities of 0.45, 0.35, 0.25, and 0.17, produced under the same conditions, the energy absorbed in
respectively. At 610 �C, the times are 20, 30, and 50 hours to the static tests is much greater than that in the dynamic tests,

with the former being nearly twice the latter. Similar resultsobtain relative densities of 0.55, 0.45, and 0.35, respectively.
have been found in the compressive and impact tests for theThe sintering temperature has been found to be the most
foams that have a relative density of 0.25 and cell sizes ofcritical parameter for producing Al foams in the SDP. As the
150 to 250, 340 to 420, 500 to 600, 1200 to 1500, and 2400sintering process is diffusion controlled, higher temperatures
to 3000 �m, respectively. It has been demonstrated that thepromote better bonding between adjacent Al particles. The
strength of the foams is increased significantly by the addi-lower the sintering temperature, the longer the sintering time
tion of a relatively small amount of Mg in the Al/NaClneeded to achieve sufficient bonding. When the sintering
compacts.temperature is below 600 �C, Al foams cannot be made even

Figure 4 shows typical optical micrographs of the cellafter a long sintering time of 110 hours.
walls in the Al foams produced by sintering at 650 �C for 20The proportion of NaCl in the Al/NaCl compacts is also
hours, with a relative density of 0.25 and with the additions ofan important parameter. At a fixed sintering temperature,
different amounts of Mg. When no Mg is added, as shownthe optimum sintering time increases with an increasing
in Figure 4(a), the Al particles are largely surrounded byproportion of NaCl in the compacts. NaCl has a much lower
the dark regions, which are believed to be oxides formed atthermal conductivity than Al, with the former being 6.49 W
the surfaces of the particles. It can be seen that there is

m�1 K�1 and the latter being 235 W m�1 K�1. Therefore, severe oxidation of the Al particles during the sintering
the more NaCl in the Al/NaCl compact, the lower the overall without the addition of Mg. The strength of the foam is low
thermal conductivity. The sintering time must be increased because there are only limited bonding regions between the
when more NaCl is present in the compacts in order to ensure Al particles, as pointed out by the arrows. The amount of
sufficient heating in the interior regions of the compacts. oxides at the boundaries between the Al particles is reduced
The proportion of NaCl in the Al/NaCl compacts is usually markedly with increasing Mg additions, as shown in Figures
controlled in the range of 50 to 80 wt pct. When it is higher 4(b) through (e). On the other hand, relatively large dark
than 80 wt pct, it is difficult to produce a foam because regions are found to scatter in the cell walls. They are
there is not a sufficient connection between the Al particles. believed to be the oxides of Mg, MgAl2O4, and MgO, formed
When it is lower than 50 wt pct, a large number of the NaCl at the locations of the original Mg particles. The EDS spectra
particles will be enclosed by the surrounding Al particles of the boundary regions between the Al particles in the

foams with no Mg or 0.15 wt pct of Mg, as shown inand, thus, be trapped in the resultant foam.
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Fig. 4—Optical micrographs of the cell walls in the Al foams with a relative density of 0.25 and different amounts of Mg additions: (a) 0, (b) 0.15, (c)
0.3, (d ) 0.45, and (e) 0.6 wt pct.

Figure 5, confirm that the amount of oxygen decreases with There have been extensive studies on the oxidation behav-
ior of Al alloys containing Mg.[15–18] The oxidation rate ofincreasing Mg additions.
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Fig. 6—Variations of absorbed energy with nominal strain in compressiveFig. 5—EDS spectra showing different O levels in the interparticle bound-
tests for Al foams with a relative density of 0.25 and different cell sizes.ary regions in the Al foams with or without Mg addition.

films of the Al particles are reduced directly by the MgAl-Mg alloys is much higher than that of the pure Al,[15]

particles, leading to an improved sintering response. How-and the oxide layers are invariably composed of MgAl2O4
ever, it seems unlikely that the dominant paths of the diffu-and MgO, any of which can be the dominant constituent.[16,17]

sion of Mg are through the Al particles, as proposed byMgAl2O4 is thermodynamically favored and often predomi-
Lumley et al.[8] The compaction of the Al/NaCl compactnates in the oxide layers.[15,16] MgO has a higher growth
cannot guarantee the formation of large areas of intimaterate and may predominate in certain cases, especially at
contact between the Mg and Al particles. Because the propor-relatively high Mg concentrations.[17] Secondary MgAl2O4
tion of Mg in the compact is very small and the Mg particlescrystallites can also form by the reduction of the amorphous
are sparsely distributed, effective diffusion of Mg in the AlAl2O3 layer existing before the oxidation.[17]

matrix would require intimate contact not only between theThe enhancement of the sintering of Al powder by the
Mg particles and the surrounding Al particles, but alsoaddition of Mg in the form of elemental powder is mainly
between the successive Al particles throughout the Al matrix.due to the disruption of the Al2O3 layer at the surfaces
The diffusion of Mg through the large amount of interfaceof the Al particles, allowing improved diffusion bonding
among the Al particles is likely to make a greater contribu-between the particles.[8–12] However, the mechanism of the
tion to the transport of Mg to the sites of the oxide films.reduction process is less clear. Lumley et al.[8] proposed that

the reduction of Al2O3 is mainly realized by the diffusion
of Mg along the metal-oxide interface and through the Al

C. Cell Sizeparticles, facilitated by the Al-Mg contacts formed as a
consequence of the local oxide rupture during compaction. Figure 6 shows the variations of energy absorption with

nominal strain in the compressive tests for Al foams withThe product of the reduction reaction was found to be
MgAl2O4, although MgO was assumed to form where Mg different cell-size ranges, produced by sintering at 650 �C

for 20 hours with the addition of 0.15 wt pct Mg. The foamsis in direct contact with Al2O3. They also found that there
is an optimum Mg concentration for each powder, which have a relative density of 0.25 and cell sizes of 150 to 250,

340 to 420, 500 to 600, 710 to 800, 1200 to 1500, and 2400increases with the total volume of the oxide surface layers
and, thus, decreases with the particle size of the Al particles. to 3000 �m, respectively. The energy absorbed by the foam

increases steadily with increasing nominal strain until theThe optimum Mg concentration for one powder was 0.15 wt
pct, which was 3 times that calculated to allow for complete densification point, as expected. At a fixed strain, the energy

absorbed by the foam increases by increasing the cell sizesreduction of the Al2O3. The excessive Mg was considered
to be required for reacting with the lubricant added to the of the foams, up to 1500 �m. However, it decreases with

cell sizes further increased to 2400 to 3000 �m.compact.[8]

The effect of Mg in the SDP is likely to be in the following Figure 7 shows the variations of the energy absorption
with nominal strain in dynamic tests for Al foams withtwo aspects. First, there is always small amount of air trapped

in the Al/NaCl compact. Without the existence of Mg in the different cell-size ranges, produced by sintering at 650 �C
for 20 hours with the addition of 0.15 wt pct Mg. The foamscompact, the air can lead to significant oxidation of the Al

particles during the sintering. When Mg is present in the have a relative density of 0.25 and cell sizes of 150 to 250,
340 to 420, 500 to 600, 710 to 800, 1200 to 1500, and 2400compact, however, the air will mostly be absorbed by the Mg,

because of the preferential oxidation of Mg. The contacts to 300 �m, respectively. The energy absorbed by the foam
increases serratedly with the nominal strain until all the inputbetween the Al particles at which the oxide films have been

ruptured during compaction would remain intact during sin- energy is absorbed. At a fixed strain, the energy absorbed
by the foam increases with increasing cell sizes of the foams,tering, without further oxidation. Second, the existent oxide
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significant effects on the static and dynamic energy absorp-
tion of the as-processed Al foams. In solid-state sintering,
higher temperatures promote better bonding between the Al
particles and, therefore, improve energy-absorption charac-
teristics. At a fixed sintering temperature, there is an opti-
mum sintering time for producing an Al foam with a certain
relative density. The optimum sintering time increases when
the sintering temperature or the relative density is decreased.
An addition of Mg powder as little as 0.5 wt pct of the
weight of the resultant foam in the Al/NaCl compact can
enhance the sintering markedly and increase the energy-
absorbing capacity of the foam up to 50 pct. There is also
an optimum cell-size range in which the foam absorbs the
maximum amount of energy. The optimum cell-size ranges
are 1200 to 1500 mm and 710 to 800 mm for static and
dynamic energy absorption, respectively. For any Al foam,
the energy absorbed in the static condition is much greater
than that in the dynamic condition, with the former being
as much as twice the latter at any fixed strain.

Fig. 7—Variations of absorbed energy with nominal strain in dynamic tests
for Al foams with a relative density of 0.25 and different cell sizes.
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