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Abstract Using the powder metallurgy (PM) route, metal

foam precursors were produced from pure aluminum,

Al–1 Mg, Al–7Cu, and Al–11.5Si containing 1 wt% TiH2 as

blowing agent and 8 vol% Al2O3 as stabilizer. Subsequent

foaming of these precursors in an expandometer at 90 and

140 �C above the melting point or the liquidus temperature

of the metal produced expansion curves for each metal/

Al2O3 composition. These expansion curves, as well as

foaming experiments (interrupted at maximum expansion

as well as 5 min after maximum expansion), were used to

judge the stability of the foams produced from the different

metal/Al2O3 compositions. Foam stability and wetting

behavior of the same metal/Al2O3 combinations were used

to evaluate the validity of contact angle measurements

during idealized wetting experiments to be used to predict

promising metal/stabilizing ceramic particle combinations

for foam production based on the model proposed by

Kaptay.

Introduction

Due to reasons of process simplicity, capabilities for small

lot sizes, as well as the capacity to manufacture near net

shape parts, metal foam research has focused mainly on the

powder metallurgy (PM) route. In this technique, metal

powders (most commonly aluminum powders with small

additions of alloying elements) are mixed with a blowing

agent (usually TiH2) and compacted. Subsequent heating of

these precursors above the melting point of the metal

results in significant expansion of the compact due to pore

formation caused by the decomposition of the foaming

agent [1].

Particularly in the liquid foaming technique, in which

different gases are blown directly into a bath of liquid

metal (most commonly aluminum alloys), ceramic parti-

cles such as Al2O3, SiC, or TiB2 are added to the molten

metal to stabilize the metal foam. Based on an experi-

mental simulation by Sun et al. [2], as well as a theory by

Kaptay [3], it is believed that the aluminum alloy melt

needs to wet the added ceramic particles in a certain con-

tact angle range. Kaptay [4] developed different models of

particle-arrangements (single layer, closely packed double

layer, or complex 3-dimensional networks) along the

liquid/gas interface. Based on these models, the probabil-

ity, e, can be defined that the ceramic particles are stabi-

lized at the liquid/gas interface and that under the same

conditions the liquid film separating two bubbles will be

stable. The stability of a metal foam while it is liquid is

proportional to e. For a foam with a gas fraction of

50 vol%, Fig. 1 shows e for a closed packed double layer

over the contact angle between liquid metal and ceramic

particles. Assuming the actual condition in particle stabi-

lized aluminum foams to be somewhere between the single

layer and closely packed double layer models, an optimum
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contact angle range of the liquid metal on the ceramic

particles of 70–86� was derived. Further, following the

model, the wetting behavior between liquid and particles

becomes essentially irrelevant if complex 3-dimensional

networks of particles form at the liquid/gas interfaces of a

foam [4]. Ideally, the liquid metal should wet the ceramic

particles in the preferred contact angle range over the

temperature span between that of the melt bath in the direct

foaming method (typically around 750–800 �C [1, 5, 6])

and the solidification temperature of the alloy.

Studies by Kennedy and Asavavisithchai [7, 8] showed

that, like in the direct foaming technique, the addition of

ceramic particles to the powder mixture from which the

precursors are compacted in the PM route to produce

aluminum foams can in some cases be beneficial. From

particle-stabilized foams presented by other researchers

[9–11], it can be seen that the closely packed double layer

or complex 3-dimensional network models proposed by

Kaptay [4] are the most representative for aluminum

foams. Other publications showed that the inherent oxide

skin surrounding aluminum powders forms oxide networks

inside the cell walls, to which increased foam stability is

attributed [12]. Little work, however, has been published

on the suspected correlation between wettability and foam

stability.

In an earlier publication [13], wetting experiments

of pure aluminum and aluminum alloys (Al–1 wt%Mg,

Al–7 wt%Cu, and Al–11.5 wt%Si,) on Al2O3 were per-

formed under high vacuum in a horizontal tube furnace.

The results showed that the Al–Cu alloy on Al2O3 exhibits

the lowest contact angles (though only at higher tempera-

ture), followed by Al–99.99/Al2O3, Al–11.5Si/Al2O3, and

for Al–1Mg/Al2O3. For the latter equilibrium contact

angles in the non-wetting regime were reported. In contrast

to pure aluminum and the Al–Cu alloy, wetting of

Al–11.5Si and Al–1Mg on Al2O3 behaves independently

of temperature (Fig. 2).

Using the PM method, the present work aims to evaluate

the possibility to predict foam expansion performance

based on wetting behavior and Kaptay’s model [4].

Experimental procedure

Powders of -325 mesh (\45 lm) particle size of pure

aluminum, pure copper, Al–12Si, and Al–50Mg, as well as

high purity Al2O3, and TiH2 (both \5 lm particle size)

were used to prepare powder mixtures of pure aluminum,

Al–7Cu, Al–1Mg, and Al–11.5Si, each with 1 wt% TiH2.

In order to maintain constant ceramic particle additions,

8 vol% Al2O3 was added to the mixtures of metal and

blowing agent. In a lubricated die, foamable precursors

were subsequently prepared with a diameter of 30 mm and

a height of approximately 15 mm using a two stage cold

and hot (350 �C) compaction process, which achieved

theoretical densities of 90–93% for the Al–7Cu and

Al–11.5Si mixtures, and above 98% for the Al–99.99 and

Al–1Mg mixtures. Higher hot-compaction temperatures,

which would have yielded higher compaction in the cases

of the Al–Si and Al–Cu compositions, were not possible as

premature decomposition of the blowing agent needed to

be avoided.

The foaming experiments were conducted in an expan-

dometer (Fig. 3), the main feature of which is a vertical

tube furnace, in which hangs a slightly tapered crucible

with a bottom diameter of 31 mm (for ease of sample

placement). A thermocouple touches the outside of the

crucible wall just above its bottom, and records and con-

trols the foaming temperature. The volume expansion is

measured using a laser displacement sensor, as the foam

Fig. 1 Probability that ceramic particles are stable at the liquid–gas

interface of a foam and that under the same conditions the particles

stabilize the bubble against coalescence plotted over the contact angle

between liquid and particles

Fig. 2 Wetting behavior of pure aluminum, Al–11.5Si, Al–1Mg, and

Al–7Cu on Al2O3
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expansion is constrained to vertical growth only. A plun-

ger, which is counterweighed to approximately 96% (ratio

of counterweight to weight of plunger), is employed to

transfer the vertical growth in order to obtain a less noisy

signal from the laser sensor, to prevent the typical dome

formation at the top of the foam, and to enable the system

to measure foam collapse. A heat shield over the top of the

tube furnace and crucible prevents excessive heat loss and

protects the displacement sensor from thermal damage.

Prior to a foaming experiment, the plunger is fully

immersed into the empty crucible. Once the thermocouple

shows the experimental temperature without significant

fluctuation, a test is conducted by withdrawing the plunger

from the crucible, dropping a compact into the latter, and

replacing the plunger on top of the compact. A data

acquisition system subsequently records expansion from

the displacement sensor as well as the crucible/foaming

temperature with a 1 Hz frequency.

Foaming experiments were conducted for each powder

composition at 90 and 140 �C above the melting point of

pure aluminum or the liquidus temperature of the alloys.

Expansion curves were recorded over 20 min. Addition-

ally, experiments were interrupted in order to achieve

maximum expansion and to determine the foam stability

without the load being exerted by the plunger. For these

maximum expansion tests, the plunger was retracted when

the foaming time at which half of maximum expansion was

recorded according to the expansion curves, the crucible

was immediately removed from the furnace and cooled to

room temperature. Similarly, for the foam stability exper-

iments, the plunger was also withdrawn from the crucible

at a time corresponding to half-maximum expansion;

however, the crucible with the sample remained in the

furnace for another 5 min before it was removed.

Electron microscopy was conducted on several foams

after sectioning them along the expansion direction using a

Hitachi S4700 field emission gun SEM operating at 2 kV

accelerating voltage to avoid charging. Subsequently, the

visible pores in each of the foams were spray painted black

to obtain better contrast digital photographs. On these,

image analysis was conducted using the Clemex Vision

software (Professional Edition 5.0) in order to gain more

information about pore size distribution, as well as aspect

ratio and roundness of pores.

Results and discussion

The liquidus temperatures of the alloys were determined

from DSC curves as the temperatures at which the heat

flow returns back to the baseline after the melting peak.

The values, which were presented earlier, are shown in

Table 1. Using the same method, yet using the melting

peak itself, the melting point of pure aluminum was veri-

fied as 660 �C.

From several of the expansion curves, such as Fig. 4a, b,

or e, it can be seen that the expansion onset varies by a few

tens of seconds. This is caused by the fact that the place-

ment of the compact into the crucible took slightly longer

in the cases with later expansion onset. During these

delays, the furnace lost temperature and the hydrogen

release onset was consequently delayed.

All compositions at both respective foaming tempera-

tures show a two-stage expansion. In the first, during which

the metal just melted, the samples expand in all directions,

until the crucible walls are reached. This first expansion

stage is also characterized by loss of H2 to the periphery,

since foaming agent decomposition occurs at lower tem-

perature than metal melting. In the second stage, expansion

is restricted to a unidirectional growth filling the complete

diameter of the crucible and the evolved gas is used more

efficiently. As the volume increase to fill the crucible

diameter is not considered in the volume growth calcula-

tion, the expansion rate in the first stage is always slower.

In the cases of the Al–7Cu/Al2O3 and Al–11.5Si/Al2O3

compositions, a distinct plateau can even be observed

between the two stages.

Since the heat input into the sample is greater for

the higher of the two respective foaming temperatures,

Fig. 3 Schematic of the expandometer used for foaming experiments

Table 1 Liquidus temperatures of the alloys [1]

Alloy Al–99.99 Al–1Mg Al–7Cu Al–11.5Si

Tliq (�C) 660 658 639 598
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the onset of the hydrogen release by the foaming agent

and the melting of the alloy are faster at this temperature.

This results in less gas being lost through cracks in the

compact while it is still solid. Hence, the larger

foam expansions are observed for the higher foaming

temperatures.

Fig. 4 Foam expansion curves

for Al–99.99/Al2O3 at 750 �C

(a) and 800 �C (b), Al–1Mg/

Al2O3 at 748 �C (c) and 798 �C

(d), Al–7Cu/Al2O3 at 729 �C

(e) and 779 �C (f), as well as for

Al–11.5Si/Al2O3 at 688 �C (g)

and 738 �C (h). Inserted in the

expansion curves are images

cross-sections of the

corresponding foams interrupted

for maximum expansion as well

as the stability tests
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After the maximum expansion has been reached,

Al–99.99/Al2O3 and Al–7Cu/Al2O3 at both respective

temperatures, as well as Al–1 Mg/Al2O3 and Al–11.5Si/

Al2O3 at the higher respective foaming temperature, show

noticeable foam collapse; the rate and extent of which is

higher at the higher foaming temperature. Al–11.5Si/Al2O3

at 688 �C and Al–1Mg/Al2O3 at 748 �C seem to reach a

plateau at maximum expansion. In the case of Al–1Mg, this

plateau lasts for approximately 7 min, before collapse can

be observed from the expansion curves. During the 20-min

foaming experiments at 688 �C, no significant foam col-

lapse is observed for the Al–11.5Si/Al2O3 foams. Addi-

tional, longer foaming time tests with Al–11.5Si/Al2O3,

though, show collapse to commence after approximately

23 min (1360 s). Comparing the expansion curves of

Al–99.99/Al2O3 to the behavior of pure aluminum with

1 wt% TiH2 but without added ceramic particles [14], one

can see that the foams without alumina particles seem to

reach slightly higher expansions, however, show noticeably

higher foam collapse (Fig. 5).

The foams interrupted to reach maximum expansion

generally show more rounded pores and mostly a sharper

pore size distribution. Al–11.5Si/Al2O3 at 688 �C is an

exception in terms of the pore size distribution as it shows a

wide range of pore sizes, which appear rather rugged

already at maximum expansion. The foams interrupted

5 min after maximum foam expansion all show significant

pore coarsening, rather irregular pore shapes, significant

drainage of metal to the bottom of the foam, as well as

extreme thinning of the cell walls in the upper half of the

foam. In the cases of the Al–7Cu/Al2O3 foams, some

rounded pores usually remain in the bottom third of the

foam, surrounded by the drained metal. At the higher of the

respective foaming temperatures caving-in of the foam

walls is generally apparent in the overaged foams.

Al–1Mg/Al2O3 foams, particularly at the 798 �C foam-

ing temperature tend to form elongated vertical pores in the

center of the foam, which remain somewhat stable even

5 min after maximum expansion.

Assuming the closely packed double layer model

(Fig. 1) [4], those liquid metal/solid particle combinations

should form the most stable foams that exhibit contact

angles in the range of 85�–90�. It is commonly believed

that the more stable the foam while the metal is liquid, the

more even the foam’s pore morphology and the slimmer

the pore size distribution. Based on this model and the

wetting behavior found previously [13], both Al–11.5Si/

Al2O3 and Al–1Mg/Al2O3 foams should be less stable than

pure aluminum/Al2O3 and particular Al–7Cu/Al2O3 foams,

as the latter two reach contact angles that correspond to the

highest stability probabilities according to the model

(Figs. 1, 2). However, as can be seen from Fig. 4, Al–1Mg/

Al2O3 foams reach the highest maximum foam expansions

among the four different precursor compositions at both

temperatures. Moreover, Al–1Mg/Al2O3 foams show the

best foam stability, and the most advantageous pore mor-

phology, followed by Al–7Cu/Al2O3 foams, Al–99.99/

Al2O3 foams and Al–11.5Si/Al2O3 foams. Similarly,

Asavavisithchai and Kennedy [7] found a significant

improvement in foam stability due to Mg addition to alu-

minum foams containing Al2O3 prepared via the PM route.

SEM micrographs of maximum expansion foams of all four

compositions are presented in Fig. 6.

As can be seen from these micrographs, better foam

stability, quality, and expansion seem to go along with the

alumina particles being embedded deeper in the cell walls,

as both Al–1Mg/Al2O3 and Al–7Cu/Al2O3 foams show

noticeably smoother cell walls than Al–99.99/Al2O3 and

Al–11.5Si/Al2O3 foams. This, in agreement with Asava-

visithchai and Kennedy [7], as well as Kaptay [4], and must

be interpreted as improved wetting in the Al–1Mg/Al2O3

system than in the Al–99.99/Al2O3 system during foaming.

However, as such improved wetting behavior has not been

observed during the high vacuum wetting experiments

shown in [13], it can be understood that the conditions

during foaming under standard atmosphere are sufficiently

different to cause clearly different wetting behavior. As

expected based on the wetting experiments, the most

irregular cell walls among the tested systems and hence the

least volume expansion and worst foam quality are

observed for the Al–11.5Si/Al2O3 system.

Thus, based on the contact angle behavior of the tested

metal/Al2O3 combinations, Kaptay’s closely packed double

layer model (Fig. 1) predicts the foam stability/quality

sequence among these combinations correctly, with

exception of Al–1Mg/Al2O3, which should yield foams of

Fig. 5 Foam expansion curves of Al–99.99 with 1 wt% TiH2 but

without ceramic particle addition at 750 and 800 �C after Aguirre-

Perales [14]. The compacting procedure in Aguirre-Perales’ work is

identical to the present one
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similar quality and expansion as Al–11.5Si/Al2O3. It can

therefore be stated that the model, which has been

supported by experimental simulations using aqueous

solutions to mimic the liquid metal and polymer or ceramic

particles to simulate the ceramic particles [2, 15], is con-

clusive. Nevertheless, it appears that in the case of alumi-

num alloy foams containing ceramic particles, wetting

experiments under idealized experimental conditions are

insufficient to account for the significantly higher oxygen

content of the alloys in actual foams (caused by the oxide

layers on the metal powder) as well as all reaction pro-

cesses that occur during foaming. Therefore, such mea-

sured contact angles and Kaptay’s models can only be a

rough guide to which alloy/ceramic particle combinations

may be candidates for good foams.

Summary

Using TiH2 as blowing agent, metal foams were produced

via the PM route from metal/Al2O3 systems that previously

were analyzed for their wetting behavior at relevant tem-

peratures [13]. Foam expansion curves as well as macro-

structures of interrupted foaming experiments were

employed to evaluate foam quality and stability. Based on

these evaluations, it has been found that the model about

particle-stabilized metal foams [4], predicting optimum

metal foam stability based on measured contact angles

between metal and ceramic particles may be used as a

general guide to select liquid and stabilizing particles. For

aluminum alloy foams stabilized by Al2O3 particles,

however, it has been shown that additional factors affect

foam stability and quality that cannot be grasped during

idealized wetting experiments.
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