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Abstract Ingots of A2024 alloy were heated and kept at a solid-liquid coexistence temperature of 635 °C. 
1 mass% TiH2 powder acting as a blowing agent was added to the semi-solid alloy and dispersed by 
stirring, after which the ingot was solidified. Precursor samples of 10 × 10 × 5 mm3 size were cut out of 
the ingot and foamed on a heating plate at either 650 °C or 670 °C. Foaming of the precursors was 
monitored in-situ by X-ray radioscopy. The microstructures of the precursor and of the cell walls of the 
foams were characterized by optical microscopy. X-ray radioscopy showed that small pores remained 
stable in a foam at 650 °C. The primary crystals in the cell walls were found to be spherical with dendrite 
arm spacings of nearly 100 µm, with a similar morphology as in the precursor processes in the semi-solid 
state. Thus, pore growth was supposed to occur in the semi-solid state. At 670 °C, the pores coarsened 
with time due to film coalescence unlike the sample at 650 °C. The precursor is suspected to be liquid at 
670 °C because the morphologies of the primary crystals are totally different from those of the precursor. 
In conclusion, we found that primary crystals in the semi-solid alloy enhance pore stability by preventing 
liquid film (cell walls) from thinning and rupturing. 

1. Introduction 

Aluminium foams have a low density and high energy absorption capacity, which is why they are 
expected to be applied in future automobiles and aircrafts as light impact absorbers. However, further 
improvement of strength is required for such applications. To increase the strength of aluminium foams 
appropriate alloying is essential. It has been reported that Mg not only acts as an alloying element for Al 
but also as a thickener of the melt, which is necessary to keep the pores stable (Suzuki et al. 2012). 
Recently, it was shown that it is possible to fabricate aluminium alloy foams of the same composition as 
“super duralumin” (A2024) by using Mg as thickener and alloying element (Fukui et al. 2014). However, 
the amount of Mg acting as actual alloying element could be reduced because a part of it is consumed in 
oxidizing in air to thicken the melt and the mechanical properties of the alloy might be different from 
those of the original A2024 alloy. Therefore, we choose a different approach: We foam A2024 alloy foam 
in the semi-solid state without adding any thickener and exploit the effect of self-thickening of a semi-
solid alloy (Flemings et al. 1978 and Kattamis et al.1991). However, many of the primary crystals in a 
semi-sold melt are much coarser than the oxides traditionally used as a thickener. The relatively coarser 
primary crystals will probably affect foaming. Therefore, it is necessary to investigate and clarify this 
effect. It has been reported that in-situ observation of pore growth by X-ray radioscopy is feasible 
(Banhart et al. 2001 and Kadoi et al. 2008), which is why in this study, we investigate the effect of 
primary crystals in the semi-solid state on pore growth by in-situ X-ray radioscopy during foaming. 

2. Experimental 
2.1 Preparation of precursor 

In this study, we used A2024 alloy also known as super duralumin. Its composition is shown in Table 1. 
The liquidus temperature was measured by cooling curve during solidification of the alloy used in this 
study. 100 g of the alloy was put into a stainless steel crucible coated by Al2O3 and were melted and kept 
at 635 °C to obtain a semi-solid state with about 20 % solid fraction (Kim et al. 2010). Then, 1 mass% of 
TiH2 serving as a blowing agent was added to the slurry and stirred by an impeller coated with BN at 900 
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rpm for 100 s (Fig.1 (a)). After stirring, the crucible containing the semi-solid alloy was taken out of the 
furnace and solidified by water cooling to prevent the thermal decomposition of TiH2 and associated pore 
growth (Fig.1 (b)) in analogy to the well-known ‘Formgrip’ method (Gergely et al. 2000). After this, we 
machined A2024 precursor samples of dimensions 5 × 10 × 10 mm3 from the solidified alloy (Fig.1 (c)). 

2.2 In-situ observation of foam evolution 

Fig.2 shows the schematic drawing of the X-ray radioscopy equipment used for the observation of pore 
growth. The equipment consists of 3 parts, a microfocus X-ray source, a furnace which consists of a 
heating plate and a cover, and a flat panel detector. The A2024 precursor was placed on the heating plate 
in the furnace and heated afterwards to a temperature T of either 650 °C or 670 °C at a heating rate of 
2.5 Ks-1. After the temperature had reached the set temperature, 900 s isothermal-holding was performed 
to foam the precursor. We obtained X-ray images of the whole process every 2 s (X-ray parameters: 
100 kV, 100 µA and 7 µm spot size). The behaviour of pore growth was observed qualitatively by 
analyzing the obtained X-ray images and foam evolution was evaluated as an area expansion ratio A/A0 
calculated by Equation 1, where A is the projected area of foam, A0 the projected area of unfoamed 
sample, AP the projected area of precursor, ρ0 the density of unfoamed sample (A2024 alloy density) and 
ρP the density of the precursor (calculated from mass and volume of the fabricated precursor). Because 
foaming already started during fabrication of the precursor, we corrected the equation with A/AP. 
Moreover, microstructures of precursor and cell walls of foams and their dendrite arm spacings (DAS) 
were measured by the intercept method to estimate the phase during foaming and pore growth. 

Table 1 Chemical composition of A2024 (mass%) 
Cu Mg Mn Fe Si Other Al 

4.59 1.66 0.66 0.15 0.12 0.08 Bal. 
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3. Results and discussion 
3.1 The estimation of phases during pore growth 

The liquidus temperature of the A2024 alloy obtained by cooling curve is about 636 °C, which is lower 
than the temperature of the heating plate T. However, the temperature of the samples is less than that of 
the heating plate. Therefore, it is necessary to estimate the phases in the samples during pore growth. 
Fig.2 shows the microstructures and the DAS of the A2024 precursor and foams. The precursor fabricated 
in the semi-solid state includes spherical primary crystals, which is one of the typical characteristics of the 
semi-solid state (Fig.3 (a)). Moreover, the DAS of the precursor is 106 µm. The foam heated to T = 
650 °C (Fig.3 (b)) also has spherical primary crystals and a measured DAS of 109 µm. From the 
similarity of shape and DAS between precursor and foam at 650 °C it appears that foaming at 650 °C 
conserves the spherical primary crystals that already existed in the precursor. Therefore, at 650 °C, pore 
growth is supposed to occur in the semi-solid state. On the other hand, the shape of the primary crystals in 
the foam made at T = 670 °C is dendritic and the DAS is 72 µm (Fig.3 (c)). Therefore, the precursor is 
suspected to have foamed in the liquid state at T = 670 °C because the morphologies of the primary 
crystals are totally different from those of the precursor. 

Fig.1 Schematic drawing of precursor fabrication Fig.2 Setup of X-ray radioscopy 
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3.2 The behaviour of pore growth 

Fig.4 shows the area expansion ratio A/A0 and temperature history for the samples foamed at T = 
650 °C and 670 °C. The behaviour of foaming at 650 °C is totally different from that of foaming at 
670 °C, the 650 °C sample grows slower than the 670 °C sample and keep growing until finishing 
isothermal-holding. Fig.5 shows the X-ray image sequences during pore growth at both temperature. In 
the X-ray images, dark colour represents the matrix material (A2024 alloy) and light colour represents the 
pores. Foaming starts at about 620 °C after a small expansion of the precursor. After reaching the end 
temperature, the pores in the sample foamed at 670 °C (Fig.5 (i), (j)) grow faster than those in the sample 
foamed at 650 °C (Fig.5 (b), (c)) in early stage of foaming. The increase of A/A0 is notably faster at 
670 °C. In the later stage of foaming at this temperature, no further pore growth is observed (Fig.5 (k) – 
(n)) and A/A0 hardly changes. However, the pores become coarser in the holding period due to 
coalescence. In contrast, in the early stage of foaming at 650 °C, the pores grow slowly (Fig.5 (b), (c)) 
and therefore, A/A0 increases slowly. Moreover, the pores keep growing during the later stage of foaming 
at 650 °C (Fig.5 (d) – (g)), so the area expansion ratio A/A0 also increases at this stage. Furthermore, the 
X-ray images at the same heating time show that the foam at 650 °C includes many pores that are smaller 
than in the foam at 670 °C for 400, 600, 800 or 1000 s. Therefore the pores in a foam at 650 °C remain 
relatively small longer than those at 670 °C. Moreover, at the bottom part of figures at the same time, 
samples foamed at 650 °C show less drainage than those at 670 °C. This shows the melt of foam at 650 
°C is lower fluidity. 
  One of the main reasons that small pores remain at 650 °C is the existence of primary crystals. The 
A2024 precursor at 650 °C (other than the sample heated to 670 °C) foams and grows in semi-solid state, 
see Sec. 3.1. Therefore, about 100-µm large primary crystals (Fig.3 (a), (b)), which are much larger than 
typical oxides to thicken the melt, exist in the liquid phase (cell walls). These primary crystals are 
supposed to hamper the thinning of cell walls (Körner et al. 2004). Therefore, it is suspected that the 
liquid cell walls including primary crystals can hardly get thinner than those primary crystals. Thus, in the 
semi-solid state, these primary crystals effectively act as a barrier against further thinning during pore 
growth. Moreover, suspended primary crystals thicken the melt. For this reason, in the semi-solid state, 
pore growth is restrained and becomes slow, and drainage of liquid is also hampered. Those also hamper 
the thinning of cell walls, then coalescence of pores due to the collapse of thin liquid cell walls is 
prevented. Therefore, primary crystals in the semi-solid state keep small pores stable. In addition, Fig.3 
(b) shows that a crack exists in a thin cell wall. However, the thin film does not rupture completely and 
pores remain individually. This shows that the primary crystals could have prevented thin films between 
pores from rupture, and kept pores small.  

4. Conclusions 

1. The foam foamed at a heating plate temperature of T = 650 °C includes spherical primary crystals 
whose dendrite arm spacing is about 100 µm. The shape and size of primary crystals at 650 °C have the 
same tendency as those of A2024 precursor fabricated in semi-solid state. Therefore, at T = 650 °C, pore 
growth is supposed to occur in the semi-solid state. 

Fig.3 Microstructures in the precursor and in cell walls of foams. 
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2. The small pores remain stable in the semi-solid state because primary crystals are supposed to prevent 
liquid films (cell walls) from thinning and rupturing. Therefore, primary crystals enhance pore stability. 

Fig.5 Sequence of X-ray images taken during growth of samples foamed at 650 °C and 670 °C. 
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