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Abstract 

Sheet type precursors made of aluminum, titanium, and boron carbide (B4C) powders were prepared by rolling, 
and porous Al-Ti intermetallics were fabricated by a combustion reaction in volume combustion synthesis (VCS) 
and self-propagating high-temperature synthesis (SHS) modes. The effects of precursor's composition and 
thickness on the foaming behavior were investigated.The microstructure of the precursor was not affected by 
rolling. In the VCS mode, the thin precursor (1 mm) with a high Al/Ti blending ratio (Al/Ti = 7.0) did not 
expand sufficiently. The microstructure of the specimen after the reaction revealed that the reaction between 
titanium and aluminum was not completed in this specimen. This means that the maximum temperature during 
the reaction decreased by decreasing the thickness and increasing the Al/Ti blending ratio. The self-propagating 
high-temperature synthesis mode combustion reaction propagated through the whole specimen when the Al/Ti 
ratio was 4.0 and the thickness of the precursor was 4 mm or more. However, by reducing the thickness of the 
precursors to 2 mm or less, the reaction front did not propagate through the whole specimen. The 
self-propagation also became difficult by increasing the Al/Ti ratio to 7.0. Theseresults imply that the SHS mode 
reaction was more susceptible to precursor's composition and thickness than the VCS mode reaction. Fine pores 
with diameters below 1 mm are dispersed in the specimen by the SHS mode reaction. 

Keywords: foam material, porous material, powder metallurgy, combustion synthesis, composite material 

1. Introduction 

Porous metals exhibit various unique physical and mechanical properties, such as low bulk density and high 
strain energy absorbing capability (Baumeister et al., 1997; Banhart et al., 1998, 2001). Porous aluminum is one 
of the most investigated materials among the wide variety of porous metals (Chino et al., 2002; Duarte et al., 
2000; Asavavisithchai et al., 2006; Matijasevic et al., 2006; Gergely et al., 2004) because of the availability of 
effective blowing agents like titanium hydride (TiH2), zirconium hydride (ZrH2), and carcium carbonate (CaCO3). 
The blowing agent decomposes and releases a gaseous phase at around the melting point of aluminum or its 
alloys (Kennedy et al., 2003, 2002; Matijasevic-Lux et al., 2006; Cambronero et al., 2009; Zeppelin et al., 2003). 
If metals can be substituted by intermetallics or their composites, these porous materials can be used in severe 
environments, e.g., thermal barrier coatings at high temperatures and heavy load-bearing components (Hodge et 
al., 2001; Darolia et al., 2000; Zhao et al., 2005). However, the melting points of intermetallics are generally 
higher than those of light metals, and this makes the process of introducing pores into the intermetallics difficult. 
To overcome this problem, the authors have developed a novel fabrication process for porous materials using a 
combustion reaction (a reactive precursor process) (Kanetake et al., 2006; Kobashi et al., 2010a). Combustion 
synthesis is one attractive processing route for producing intermetallics and their composites because 
high-melting-point materials can be produced with little energy and without special equipment (Lee et al., 2000; 
Dumez et al., 1998). Pore formation is a well-known intrinsic feature of the combustion reaction (Varma et 
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al., 1992; Morsi et al., 2012). Gas phases originally absorbed in or adsorbed at the reactant powders are the 
main sources for the pore formation (Kobashi et al., 2010b). In this research aluminum and titanium 
powders were used, and the basic reaction used in this processis shown below. 

   Al + Ti  Al3Ti + (-3)Al + 146 kJ/mole Ti      (1) 

In order to increase the porosity, boron carbide (B4C) powder is blended into the compacted powder precursor. 
The B4C powder reacts with titanium and generates a large amount of reaction heat as shown in the following 
equation. 

   Ti + 1/3B4C  2/3TiB2 + 1/3TiC + 254 kJ/mole Ti     (2) 

This reaction heat assists in Al3Ti formation and is effectiveto enhance the foaming behavior (Inoguchi, et al., 
2009b). Therefore, B4C and an equivalent amount of titanium, which is required for Equation (2), were used as 
the “exothermic agent”. In the previous study, the authors reported thatthe adequit additional amount of the 
exothermic agent was in between 5 and 10 vol% (Kobashi et al., 2010a), Al3Ti is more foamable than TiAl 
(Inoguchi et al.,2009a) and the Al3Ti/Al composite foam exhibited high plateau stress (Inoguchi et al., 2009b). 

One of the most notable advantages of this process is that a porous material can be manufactured by both volume 
combustion synthesis (VCS) and self-propagating high-temperature synthesis (SHS) modes. In the SHS mode, 
only part of the precursor is heated. Once the reaction in the heated zone is initiated and the heat of reaction is 
released, the neighboring zone is then heated and starts to react. After the reaction propagates through the 
specimen, a long or large scale product is syntheseized. Therefore, this manufacturing process does not require a 
large amount of external heat to raise the temperature of the whole speimen. However, the combusiton reaction is 
a self-heating process and, therefore, quite sensitive to the size of the specimen because heat dissipasion from the 
surface is severe when the specific surface area becomes large. In this paper, we focus on the foaming behavior 
of extruded and rolled precursors and report the effects of composition and precursor thickness on the foaming 
behavior in both the VCS and SHS modes. 

2. Experimental Procedure 

Figure 1 illustrates the brief concept of the reactive precursor process for the synthesis of porous Al3Ti/Al 
composites in the VCS mode. Aluminum (<45 m, 99.99%), titanium (<45 m, 99.9%), and B4C (avg. 10 m, 
99%) powders were used as starting powders. The aluminum and titanium powders were first blended with 
pre-fixed molar ratios (Al/Ti = 4.0 and 7.0), and the B4C powder and an equivalent amount of titanium powder, 
which is spent in the reaction shown in Equation (2), were additionally blended (exothermic agent). The amount 
of exothermic agent was defined by the volume fraction of the ceramic particles (TiC, TiB2) in the solid section 
and was set to 10.0 vol%. After all the elemental powders were blended, the blended powder was cold 
compacted by 400 MPa and hot extruded to a 10 mm diameter rod at 673 K. This rod was then hot rollled at 673 
K into plates with the thickness of 1, 2, and 4 mm as shown in Figure 2. For the VCS mode, the entire precursor 
(L = 30 mm) was heated by an induction coil as shown in Figure 3.  

 

 

Figure 1. Schematic illustration of combustion foaming process for Al3Ti/Al composite foam 
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Figure 2. Schematic illustration of the experimental procedure for manufacturing rolled precursors 

 

 

Figure 3. Schematic illustration of the experimental apparatus for VCS mode and (b) SHS mode 

 
Figure 4 shows a schematic illustration and sequantial photographs of the self-propagating synthesis mode of the 
combustion reaction. Partial heating was applied to the precursor (L = 100 mm) by an induction coil for the SHS 
mode as shown in Figure 5. The induction power supply was stopped immediately after the ignition of the 
combustion reaction. The experiment was carried out in air, and the temperature of the specimen during the 
self-propagating reaction was measured by an infrared pyrometricvideo monitor. The porosity was evaluated by 
the area fraction of the pores in a cross-section of the specimen by image analyzing software. 

 

 

Figure 4. Schematic illustration and sequantial photographs of the self-propagating synthesis mode of the 
combustion reaction 

 

 

Figure 5. Schematic illustration of the experimental apparatus for VCS mode and (b) SHS mode 
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3. Results and Discussion 

3.1 Microstructure of Rolled Precursor 

Figure 6 shows photographs of the as-prepared rolled sheet precursors. Although some severe edge cracks were 
observed when the sheet thickness was reduced to 1 mm, all the Al-Ti-B4C precursor could be rolled to the 
prefixed thickness. Figure 7 shows scanning electron microscopy (SEM) images of the precursors. It is clear that 
the microstructure of the precursor was not affected significantly by rolling. Equiaxed titanium and B4C powders 
were embedded in the aluminum matrix. By this observation, it was confirmed that the rolling did not give a 
severe effect on the microstructure of the precursors.   

 

 

Figure 6. The sheet precursors rolled to various thicknesses 

 

 

Figure 7. Microstructures of the rolled and as-extruded precursors 

 

3.2 Foaming Behavior in VCS Mode 

Cross-sections of the specimens fabricated in the VCS mode are shown in Figure 8. Most specimens expanded 
during the reaction and resulted in exhibiting the porous structure. The porosity of the expanded specimens 
exceeded 50%. However, the thinest precursor (1 mm) with the higher Al/Ti ratio (Al/Ti = 7.0) did not expand 
sufficiently. The following factors are considered as the main reasons for the low porosity. 

1) The excess amount of aluminum absorbed the heat of reaction. 

2) The thin thickness (high specific surface area) increases the radiation heat loss during the combustion 
reaction. 

Both factors reduced the combustion temperature (a maximum temperature during the combustion reaction) and 
resulted in a decrease in the liquid phase formation. In order to confirm wheather the reaction between aluminum 
and titanium was affected by the Al/Ti ratio and the thickness of the precursors, the microstructure of the 
specimen after the reaction was obserbed by SEM.Figure9 shows the microstructure of the cell wall of each 
specimen. The microstructure mainly consisted of two phases: a continuous matrix region (darker pahse) and 
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some dispersed phases (brighter phase). An energy dispersive X-ray (EDX) analysis was carried out for these 
phases and the darker and brighter phases turned out be aluminm and Al3Ti, respectively. As already reported in 
the previous paper, both TiB2 and TiC particles were dispersed in aluminum matrix as fine particles of about a 
few microns in diameter (Kobashi et al., 2009a). In this study, the formation of Al3Ti was confirmed in all 
specimens. The shape of Al3Ti was fine granular only when Al/Ti ratio was 7.0 and the thickness of the precursor 
was 1 mm. Relatively larger plate-likeAl3Ti was formed in other specimens. It was reported that the size and the 
shape of Al-Ti intermetallics is related to the Al/Ti blending ratio and the combustion temperature (Kandalova et 
al., 2002). It was also reported that the fine granular shape was produced when the combustion temperature was 
low. This indicates that the temperature of the specimen with 7.0 Al/Ti ratio and 1 mm thickness in this study did 
not rise as high as other specimens. Figure 10 shows the microstructure of the specimen's cell wall with (a) Al/Ti 
= 4.0; t = 2 mm, and (b) Al/Ti = 7.0; t = 1 mm. The EDX analysis was carried out for these specimens. The 
reaction products, both the block- and needle-like Al3Ti, TiC, and TiB2, are observed in Figure 10 (a), and 
unreacted titanium and B4C are observed in Figure 10 (b). This means that the B4C did not play its role as an 
exothermic agent. When the thickness of the precursor was 1 mm, radiation from the specimen overwhelmed the 
heat of the combustion reaction. Additionally, the heat of reaction decreases by increasing the Al/Ti ratio. As a 
result, the temperature of the specimen did not increase high enough to obtain the porous structure. This may be 
the main reason for the low porosity (33 %) of high Al/Ti ratio and thin precursor. 

 

 

Figure 8. Cross-sections of the porous specimens after the combustion reaction in the VCS mode 

 

 

Figure 9. Microstructure of the porous specimens after the combustion reaction in the VCS mode 
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Figure 10. Microstructure of the cell wall: (a) Al/Ti = 4.0; t = 2 mm and (b) Al/Ti = 7.0; t = 1 mm 

 
3.3 Foaming Behavior in SHS Mode 

Partial heating of the specimen was carried out to induce the combustion reaction in the SHS mode. Figure 11 
shows the temperature profiles of the precursor for a 10 mm diameter rod and a t = 1 mm sheet at various points 
with 20 mm intervals (#1–#5). Clear temperature peaks were identified in Figure 11(a) from points #1 to #5. This 
indicates that the combustion reaction propagated steadily at a relatively constant velocity (4 mm/s). However, 
by reducing the thickness of the precursor down to 1 mm, a clear peak was no longer identified except for the 
ignition point (#1), indicating that the combustion reaction took place only at the heated end. A slight increase in 
the temperature at point #2 might be caused by conducted heat from point #1. The cross-sections of these 
specimens are shown in Figure 12. The cross-sections proved that the pores are observed at the points where the 
sharp temperature peaks were detected.The average porosity of the specimen (Al/Ti ratio: 4.0, 10 mm rod) was 
67 %, which was the same level as the VCS-mode specimen. This means that the high porosity can be achieved 
by the SHS mode on some conditions (low Al/Ti ratio and large thickness of the precursors). Figure13 shows the 
specimens of various thicknesses after the partial heating to ignite the reaction. The left-hand side of the 
specimen was the heated side, and the SHS reaction propagated from left to right. The combustion reaction 
propagated through the whole specimen when the thickness of the precursor exceeded 4 mm. However, when the 
thickness of the precursor was reduced to 2 mm or less, the reaction front did not propagate through the whole 
specimen. The inverted triangles and an arrow in Figure 13 indicate the point at which the self-propagation was 
terminated and a distance of the self-propagation, respectively. Figure 14 illustrates the relation between the 
self-propagation distance and the specific surface area of the precursor. The self-propagation distance decreased 
by increasing the specific surface area (decreasing the thickness). The radiation heat loss from the precursor 
became prominent by increasing the specific surface area of the precursor, since the ambient temperature is 
much lower than the specimen temperature in the combustion reaction process. From the results obtained in this 
section, the specimen size turned out to be very important to realize the self-propagating foaming behavior. 
When the specific surface area is higher than a critical value, heat radiation from the precursor during the 
reaction becomes too severe to maintain theself-propagating reaction. Therefore, some kinds of additional 
modification, e.g. pre-heating the precursor or increasing the exothermic agent addition, are needed for thin 
precursors. Finally, Figure 15 shows the crosssections of the specimen with the Al/Ti ratio of 4.0 and the 
thickness of 4 mm. It is seen that the fine pores with diameters below 1mm are dispersed in the specimen except 
for the heated side. The porosity of the specimen was 31 % (the heated end was eliminated from the evaluation). 
Such small pores were not observed in the specimens fabricated by the VCS mode. This may be caused by the 
rapid cooling rate of the specimen. In the SHS mode, heating and cooling occurs in a shorter period of time in 
comparison with the VCS mode, and, therefore, the growth of the pores tended to be prevented. Although a 
further investigation is needed for a betterunderstanding of this phenomenon, this result implies that the SHS 
mode combustion reaction is an attractive process for producing fine pores.  
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Figure 11. Temperature profiles of the SHS mode specimens: (a) 10 mm diameter rod and (b) 1 mm thick sheet 

 

 

Figure 12. Cross-sections of the SHS mode specimens: (a) 10 mm diameter rod and (b) 1 mm thick sheet 

 

 

Figure 13. Appearance of Al3Ti / Alfoam synthesized in the SHS mode combustion reaction (▼: termination 
point of self-propagating reaction) 
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Figure 14. Propagation distance of self-propagating reaction as a function of specific surface area of precursor 

 

 

Figure 15. Coss-sectional images of Al/Al3Ti foam synthesized by SHS reaction;(a) Binarymacroscopic image, 
(b) Binary microscopic image and (c) SEM microscopic image.(Al/Ti=4.0, t=4mm) 

 

4. Conclusions 

Sheet type precursors made of Al, Ti, and B4C powders were prepared, and the effect of precursor‘s composition 
and thickness on foaming behavior of Al3Ti intermetallics in volume combustion and self-propagating 
high-temperature synthesis modes were investigated. 

1) The microstructure of the precursor was not affected by rolling. Equiaxed titanium and B4C powders were 
homogeneouly dispersed in the aluminum matrix. 

2) In the VCS mode, the thin precursor (1 mm) with a high Al/Ti ratio (Al/Ti = 7.0) did not expand sufficiently. 
The microstructure of the specimen after the reaction revealed that the reaction between titanium and aluminum 
was not completed in this specimen.   

3) The SHS mode combustion reaction propagated through the whole specimen when the Al/Ti ratio was 4.0 and 
the thickness of the precursor exceeded 4 mm. However, by reducing the thickness of the precursors to 2 mm or 
less, the reaction front did not propagate through the whole specimen. The self-propagation also became difficult 
by increasing Al/Ti ratio to 7.0.  

4) Fine pores with diameters below 1 mm are dispersed in the specimen by the SHS mode reaction. 
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