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The authors have developed a novel fabrication process for porous aluminum/intermetallics
composites using combustion reactions. In this technique, the reaction between (i) aluminum and
nickel and (ii) aluminum and titanium was used. An exothermic agent powder, which releases high
heat of reaction, was additionally used to control porosity. The elemental powders and exothermic
agent were blended and compacted to make a precursor. When the precursor was heated, the
combustion reaction occurred and the precursor expanded due to a gas evaporation (mainly
hydrogen), which was originally adsorbed at or absorbed in the elemental powders. The pore
morphology was affected mainly by (i) elemental powder blending ratio, (ii) additive amount of
exothermic agent, (iii) elemental powder size and (iv) relative density of the precursor. The adequate
blending ratios of Al/Ni and Al/Ti to obtain sufficiently foamed specimens were identified. By
adding 10vol% exothermic agent, the porosity of the specimen became higher than that of the
non-added specimen. High porosity was achieved by using smaller nickel and titanium powders. Hot
extrusion was effective to fabricate high porosity specimen than the cold compaction. By selecting
the appropriate conditions, highly porous aluminum/intermetallics composites with homogeneous
pore distribution were obtained.
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1. Introduction
Porous metals exhibit various unique physical and mechanical properties, such as low apparent
density and high strain energy absorbing capability [1-4]. Porous aluminum is one of the most
enthusiastically investigated materials among wide variety of porous metals [5-10]. One reason is
that effective blowing agents like TiH2, ZrH2 and CaCO3, which decompose and release gaseous
phase at around the melting point of aluminum or aluminum alloys are available [11-15]. If metals
can be substituted by intermetallics or their composites, such porous materials can be used under
extremely severe environments, e.g. thermal barrier coatings at high temperatures and heavy
load-bearing components [16-18]. However, the melting points of intermetallics are generally higher
than those of light metals, and it is more difficult and more energy consuming process to introduce
pores inside intermetallics. The authors have developed a novel fabrication process for porous
aluminum/intermetallics composites using combustion reaction (combustion foaming process).
Combustion synthesis is one of the attractive processing routes for producing intermetallics and their
composites because high-melting-point material can be produced with little energy and without
special equipments [19,20]. Fig. 1 shows a brief outline of the combustion foaming process for the
synthesis of porous aluminum/intermetallics composite. Fundamentally, the reactions between
elemental powders shown below are used in this technique.
(1)
3Al + Ti  Al3Ti + 146 kJ/mole Ti
3Al + Ni  Al3Ni + 151 kJ/mole Ni
(2)
As shown in Fig. 1, boron carbide (B4C) powder is blended in the powder compacted precursor.
B4C powder reacts with titanium, and generates large amount of reaction heat as shown in the
following equation.
Ti + 1/3B4C  2/3TiB2 + 1/3TiC + 254 kJ/mole Ti
(3)
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This heat of reaction assists the progress of the Al3Ni and Al3Ti formation and is expected to
enhance the foaming behavior. Therefore, B4C and equivalent amount of titanium, which is required
for Eq. 3, were used as the “exothermic agent” in this study. In the present paper, we discuss the
effects of several processing parameters (elemental powder blending ratio, additive amount of
exothermic agent, elemental powder size and relative density of the precursor) on pore morphology of
porous aluminum/intermetallics composites.
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Fig. 1 Schematic illustration of combustion foaming process for Al/Al3Ni and Al/Al3Ti composite
foam.
2. Experiment
2.1 Fabrication of porous aluminum/intermetallics composite
Aluminum (10m, <45m, 106~180m, 99.99%), titanium (<45m, 90~150m, 150~250m,
99.9%), nickel (3~5m, <45m, <75m, 99.9%) and B4C (ave. 10m, 99%) powders were used as
starting powders. In the following sections, aluminum powder with a diameter of 45m, for example,
is denoted as Al(45). First of all, (i) aluminum and nickel or (ii) aluminum and titanium powders
were blended by various molar ratios. B4C powder and equivalent amount of titanium, spent for the
reaction shown in Eq. 3, were additionally blended in the starting powder (exothermic agent). The
amount of exothermic agent was defined by the volume fraction of ceramic particles (TiC, TiB2) in
the solid section, and the volume fraction was set from 0 to 15%. After all elemental powders were
blended, the blended powder was compacted either by single-axis pressing at room temperature (30,
50, 100 and 165MPa) or by hot extrusion at 400℃ (240MPa, extrusion ratio:7.1) to make cylindrical
shape precursors (=15mm, h=15mm). The precursor was inserted into a furnace filled with argon
gas, and then heated to induce the combustion reaction. The apparent density of the porous specimen
was measured by Archimedes method to calculate porosity.
2.2 Gas analysis
The specimen used for gas analysis was Al3Ni foam (Al/Ni mole ratio: 3.0, exothermic agent:
0vol%). The porous specimens were drilled ( 2mm) in a chamber, and the gas filled in the pores
were extracted. Quantitative analysis of gas phase in the cells of intermetallics foam was carried out
by a mass spectrometer.
3. Results and discussions
3.1 Characterization and pore formation mechanism of Al/Al3Ni foam
Fig. 2 shows the cross-section of Al-Ni combustion synthesized foam (Al/Ni mole ratio = 4.0,
exothermic agent addition: 5.0vol%). The porosity was over 80% and the homogenously dispersed
pores of 3-4mm in diameter were observed. The cell wall thickness was below 100m and was
consisting of aluminum and Al3Ni intermetallics. This thin wall thickness could be achieved by the
rapid heating and cooling profile of the combustion reaction. Fig. 3 shows the results of mass
spectrum of the extracted gas from the pores of the specimens. The X and Y axis of Fig. 3 show mass
number and the intensity of the mass spectrum, respectively. The integrated spectrum intensity was
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calculated to derive the mass ratio of the gas phases, and the result is shown in Table 1. The major gas
source was turned out to be hydrogen, which originally adsorbed at or absorbed in the elemental
powders. The Ar gas detected in the cell was the residual gas in the porosity of the precursor, since
the combustion foaming experiment was carried out in Ar gas atmosphere.
(c)

(b)

(a)

Al
10mm

200m

Ni

Al3Ni

10m

Fig. 2 Cross-section of the combustion synthesized foam (Al/Ni= 4.0, exothermic agent addition=
5.0vol%), (a) macroscopic cross-section, (b) cell wall structure and (c) microstructure of the cell.

Intensity of mass specrrum

Table 1 Gas composition in
the pores of Al3Ni foam

The number of mass (M/Z)

Gas

Mass %

H2

68.7

CH4

19.6

N2,CO
Ar
Total

3.0
8.7
100

Fig. 3 The mass spectrum of gas phase extracted
from the pores of Al3Ni foam.
3.2 Effect of blending ratio of elemental powders on cell morphology
Fig. 4 shows cross-sections of specimens (Al/Ni and Al/Ti mole ratio: 4.0) fabricated by adding
various amounts of exothermic agent (0, 5, 10, 15vol%). The porosity was apparently increased with
an addition of the exothermic agent by 10vol%. This is because the high heat of reaction of TiB2 and
TiC formation assisted the progress of the Al3Ni and Al3Ti formation. Furthermore, dispersion of
fine ceramic particles was reported to be effective for maintaining the stable foam structure [21-24],
and may be beneficial to this specimen as well. However, an overdose of exothermic agent showed a
negative effect on the pore formation because of the extremely high viscosity. Fig. 5 shows
cross-sections of specimens fabricated by various Al/Ni and Al/Ti mole ratios (Al/Ni, Al/Ti mole
ratio: 4.0~8.0). With respect to Al-Ti specimens, high porosity was maintained within wide range of
Al/Ti ratios. As for Al-Ni specimen, combustion reaction did not occur by increasing Al/Ni ratio
(>7.0). Sufficient amount of molten phase was essential to obtain highly porous specimens. Since
the combustion temperature of this specimen was higher than the melting point of aluminum and
almost the same level of intermetallics (Al3Ti, Al3Ni), most of the molten phase during the
combustion period might be aluminum. However, the excess amount of aluminum absorbed the
reaction heat, and played a negative effect on the porosity, especially for Al-Ni specimens.
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Fig. 4 Cross-sections of specimens fabricated by adding various amounts of exothermic agent (0, 5,
10, 15vol%).

Fig. 5 Cross-sections of Al-Ni (exothermic agent: 5vol%) and Al-Ti (exothermic agent: 10vol%)
specimens fabricated by various mole ratios.
3.3 Effect of elemental powder size on the combustion behavior and pore formation
Fig. 6 shows the temperature profile of the specimens made from elemental powders with various
sizes (Al/Ni=4.0, Exothermic agent= 5.0vol%). A slight increase in the maximum combustion
temperature was observed by increasing aluminum powder size due to an increase in the relative
density of the precursor. A significant decrease was observed by increasing the nickel size. It is
well-known that nickel powder size is a crucial factor which determines the intensity of the
exothermic reaction between nickel and aluminum [25]. This is because the diffusion of molten
aluminum into nickel occurs during the combustion reaction. Table 2 shows porosity of the
specimens made from elemental powders with various sizes. Relatively higher porosity was obtained
by using the smaller nickel and titanium powders.
Ni (45)

Al(10) Al (45)

1500
Temperature, T / K

Temperature, T / K

1500
1300

Ni(3~5)

1300

Al(106~180)

1100
900

Al (45)

Ni(45)

Ni(75)

1100
900
700

700
0

100

200

300

Time, t / s

400

500

0

100

200

300

Time, t / s

400

500

Fig. 6 Temperature profile of the specimens made from elemental powders with various sizes.
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Table 2 Porosity of the specimens made from elemental powders with various sizes.
Element

Ni

Ti

Size(m)

3~5

<45

<75

<45

90~150

150~250

Al(10)

70%

59%

49%

79%

78%

76%

Al(45)

78%

72%

63%

74%

72%

55%

Al(106~180)

82%

73%

52%

69%

69%

59%

Porosity of porous specimen (%)

3.4 Compacting pressure effect on the cell morphology
Fig. 7 shows the porosity of the porous specimens as a function of relative density of the
precursors. Precursors with relative density of 0.95 were prepared by a hot extrusion. Other
precursors were prepared by single-axis pressing at room temperature. The highest porosity was
achieved when the precursor was fabricated by hot extrusion for both Al-Ti and Al-Ni specimens.
The reason for the high porosity of the hot-extruded precursor may be high relative density and firmly
bonded elemental powders, which prevented the dissipation of gas phase to the ambient atmosphere.
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Relative density of precursor (-)
Fig. 7 Porosity of porous specimens as a function of relative density of Al-Ti and Al-Ni precursors.
4. Conclusion
Porous Al/Al3Ni and Al/Al3Ti composites were fabricated by a reactive powder processing
technology (combustion foaming process). Effects of processing parameters ((i) elemental powder
blending ratio, (ii) addition of exothermic agent, (iii) elemental powder size and (iv)relative density
of the precursor) on porosity and pore morphology were investigated and the following results were
obtained.
1.
2.
3.

The porosity of the porous specimen (Al/Ni=4.0, exothermic agnet=5.0vol%) was over 80%
and the homogenously dispersed pores of 3-4 mm diameter were observed. The cell wall
thickness was below 100m and was consisting of aluminum and Al3Ni intermetallics.
The major gas source was hydrogen, which was originally adsorbed at or absorbed in the
elemental powders.
The porosity was apparently increased with an addition of the exothermic agent by 10vol%.
However, an overdose of exothermic agent showed a negative effect on the pore formation
because of the extremely high viscosity.
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4.
5.
6.

By increasing the aluminum blending ratio in the precursor, the porous specimen could not be
obtained for Al-Ni specimens. The excess amount of aluminum absorbed the reaction heat,
and played a negative effect on the porosity.
A slight increase in the maximum combustion temperature was observed by increasing
aluminum powder size. However, a significant decrease was observed by increasing the
nickel size. The porosity of the specimen decreased by increasing Ni powder size.
Hot extrusion was effective to fabricate high porosity specimen than the cold compaction.
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