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Abstract Aluminium foams have been recently proposed

as filling reinforcements to improve impact behavior of

hollow components used as protection systems in vehicles.

In this study, aluminium foam filled stainless steel tubes

have been prepared by directly foaming metal powder

compacts inside the tubes. Attention was concentrated on

the interface phenomena that characterize the core–shell

interaction and the process parameters determining the

metallurgical reactions between the two alloys. The for-

mation of binary and ternary intermetallic compounds was

observed at the aluminium/steel interface whenever the

growth of the oxide layer on the foam surface in foaming

was constrained. Compression tests of the reinforced tubes

confirmed a maximized energy absorption in coincidence

with the formation of the interface bonding. In those cases,

extended foam intrusions into compressed tube folds were

observed. The microstructural investigation revealed that in

the transition zone the intermetallic layer strength was

comparable to that of the foamed matrix.

Introduction

Aluminium and steel hollow profiles, such as tubes and

columns, are usually added to the vehicle frame in order to

reduce injuries to passengers during crashes by absorbing

impact energy in deforming. Light metal foams have been

recently proposed as filling reinforcements to improve the

impact behavior of such protection systems. According to

Ashby et al. [1], closed cell aluminium foams should excel

as energy-absorbing materials and as stiffener for structural

elements for their mechanical behavior in static and

dynamic compression stresses. Moreover, the intrinsic low

density makes aluminium foams particularly appropriate

for transport industry applications and whenever weight

saving becomes important. Several tests on bumpers, crash

boxes and pillars usually made of hollow steel or extruded

aluminium have shown positive results when aluminium

foam reinforced [2]. The mechanical characterizations of

foam-filled thin-walled columns, circular or not, have dem-

onstrated that the specific (per weight) energy-absorbing

potential improves in all crushing conditions, longitudinal

and transverse, more than the mere addition of the energy

contribution of each component [3–15].

Metal foam reinforced members could be obtained by

three different methodologies: by direct foaming inside a

hollow profile, by encasing the foam by casting (different

casting methods are possible [10]) or by inserting in the

hollow element a pre-foamed core [3]. In direct foaming,

the metal is foamed inside a pre-existing shell, while by

encasing the shell is cast around the foamed core. The

production method has a great influence on the interface

phenomena between the foamed core and the solid shell.

The occurrence of an interface bonding increases the total

energy absorbed by the reinforced element in compressive

loads because of an ‘‘interaction effect’’ between the inner

reinforcement and the containing component [5, 11].

Casting methods, in general, are not able to create an

interface bond because of the continuous aluminium oxide

skin covering the foam that prevents any surface reaction

with the molten metal [10, 16]. In the cold insertion, the

only possible join is obtained by friction or, alternatively,

by gluing the foam to the shell [3, 6]. On the contrary, the

in situ foaming, as in the direct filling process, should
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facilitate the interface reaction with the formation of a real

metallurgical bonding, but the short time of the foaming

process and the oxidization of the foam surface during the

expansion could reduce significantly such a possibility.

The aim of the present work was to investigate the

foam–shell interface formation and its influence on the

mechanical behavior of reinforced stainless steel tubes

prepared by direct foaming. Circular steel tubes have been

filled with pieces of precursors obtained by powder com-

paction and directly foamed in a horizontal furnace where

the foam evolution inside the tubes was evaluated by a self-

made dilatometer. Interface reactions were preventively

investigated by aluminium wetting tests in controlled

atmosphere and the results compared with tube-filled

interfaces. It was observed that direct foaming could pro-

duce an extensive bonding between the aluminium foam

and the steel tube walls if the filling process is opportunely

carried out to hinder the oxide layer formation. Finally, the

reinforced tubes were mechanically tested by uniaxial

compression and the effective contribution of the interface

bonding in the mechanical response of the reinforced

structure was clearly highlighted.

Experimental setup

Precursors preparation

Foaming precursors have been prepared by adding in a

tumbling mixer aluminium (Ecka, AS 081 99.5% Al–

45 lm) and silicon (GoodFellow, 97.5% Si–150 lm)

powders together with 0.4 wt% titanium hydride (Good-

Fellow, 99.0% TiH2–150 lm) used as blowing agent.

Three different compositions were tested: (a) 99.6 wt% Al;

(b) 92.6 wt% Al–7 wt% Si; (c) 96.6 wt% Al–3 wt% Si.

The powder mixtures were poured in a cylindrical

mould (ID = 25 mm) and pressed by a cold uniaxial

double pressure: after an initial compaction up to 160 MPa,

the cylindrical die was reversed and the pressure was

exerted on the reverse surface up to the final value of

279 MPa. All the prepared precursors got a green (relative)

density over 98 wt%.

Foaming and tubes filling

Segments of 60 mm length (ID = 25 mm, th = 2 mm) of

a stainless steel pipe (AISI 304) were cleaned at room

temperature with trichloroethylene in an ultrasonic bath for

15 min, rinsed with distilled water and then pickled by HCl

solution (1 M) for 15 min at room temperature with stir-

ring. Following, the tubes were washed with 1 M NaOH

solution, rinsed several times with distilled water and left

drying at room temperature.

In the standard procedure, a cleaned tube filled with two

precursor billets was set on a horizontally support and

closed on the two sides by fixed lids. The system was

placed in a horizontal furnace pre-heated at T = 830 �C

and kept heating for 480 s. The sample was then quickly

extracted from the furnace and cooled down by water

spraying. In ‘‘controlled atmosphere’’ experiments, the

furnace was equipped with a quartz tube containing the

sample support, which allowed flowing nitrogen during

the foaming process.

To monitor the filling process, the sample holder was

modified and one tube side was closed by a piston put

directly in contact with the billets (Fig. 1). The piston rod

Billets 
Tube

Weight

Fixed lid 
Piston

Potentiometer 

Thermocouple 

Fig. 1 Diagram of the system

used to fill the steel tubes

J Mater Sci (2010) 45:1514–1522 1515

123



was connected to a potentiometer to measure its displace-

ment during heating. The system was placed in the hori-

zontal furnace and heated until the expansion reached a

reference value measured by the piston shift. The filling

process was carried out in air. In a set of experiments, the

piston rod was loaded by a weight (Fig. 1) so that the

piston exerted a force F = 2 N to constrain the foam

expansion inside the tube.

Wetting tests

A preliminary study of phenomena occurring at the inter-

face between the aluminium foam and the metal case was

conducted by foaming in a controlled atmosphere on

stainless steel foils of similar composition than the selected

tubes. Tablets of Al and AlSi7 compositions cut from

regular precursors were put on the foils, preventively

cleaned and degreased, and then were slowly (0.6 �C/s)

heated in the horizontal furnace up to 700 �C, in two dif-

ferent atmospheres, air or nitrogen.

Mechanical tests

Static uniaxial compression tests (loading rate = 1 mm/min)

were conducted on the reinforced tubes by a 500 kN testing

machine (Galdabini PM50). To evaluate the foam filling

effect, axial compression tests were run on non-filled tubes

and on the foamed cores as extracted from tubes after their

expansion. In this case, to avoid interface reactions during

foaming, the inner tube surface was preventively lubricated

(by a graphitic powder).

Microstructural characterization

Metallographic specimens have been prepared from wet-

ting tests and from tubes filled in air and in nitrogen.

Interface microstructures were characterized by electron

microscopy (SEM JEOL 5600) coupled with EDX micro-

probe analysis (OXFORD QUANTUM). Interface after the

mechanical tests was also investigated and compared with

results from the as-produced reinforced tubes.

Results and discussion

Direct foaming in tubes

A thermocouple inserted in one of the precursor’s billets

inside the tube allowed recording the temperature evolution

during the foaming process (Fig. 2). The plateau region in

each curve of Fig. 2 indicates the billet melting tempera-

ture which varies depending on the powder composition. In

the Al curve, the plateau temperature, which is the alu-

minium melting point (T = 660 �C), is maintained until the

precursor is totally melted, then the temperature suddenly

raises. In the AlSi7 and AlSi3 plots, the first liquid for-

mation matches with the AlSi12 eutectic temperature, at

577 �C, followed by a regular temperature increase as the

liquid phase enriches in aluminium. In all cases, the suc-

cessive steep temperature growth is an indication of the

complete precursor melting and its transformation in a

lump of foam. Actually, the precursor foaming begins since

the first billet softening, although the foam reaches its

maximum expansion when all the metal is liquefied

Fig. 2 Temperature evolution

for the Al, AlSi7 and AlSi3

precursors during foaming

inside tubes
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[17, 18]. Foaming in a mould is a process difficult to

control because of the several variables involved. Obvious

differences between precursors, uneven temperature dis-

tribution during foaming, different thermal expansion

between the core and the hollow element, intrinsic sto-

chastic behavior of the foaming process itself, all those

variables are responsible of the forming process scarce

reproducibility. Some typical foaming defects observed in

reinforced members are shown in Fig. 3. Pore coalescence

(Fig. 3a), molten metal drainage and foam shrinkage

(Fig. 3b) are frequently affecting the filling process. Usu-

ally, there are several concurrent causes for the observed

defects, such as over-heating, or molten aluminium leakage

through the lids and/or the effect of the different thermal

expansion between aluminium and the tube alloy during

cooling. Therefore, not only the foam formation but also

the tube filling is important in order to get the expected

improvements by the aluminium reinforcement.

The dilatometric system outlined in Fig. 1 was used to

monitor the foaming process inside the tube by recording

the piston position so that the profile filling could be cor-

related to the foam expansion [18]. In Fig. 4, the billet

temperature and the related piston position versus time

during a tube filling experiment are depicted. After an

initial negative displacement caused by the tube thermal

dilatation, the foam expansion was recorded only when the

precursors were almost completely molten. In fact, the

piston reached its maximum positive displacement right

after the steeply temperature increase recorded in the pre-

cursor curve, corresponding to the maximum foam

expansion. Actually, the initial foaming fills the tube

radially and the piston does not show any positive dis-

placement. Once the pipe section is full, the foam expand

longitudinally pushing the piston outward (Fig. 4).

Interface phenomena characterization

The occurrence of a metallurgical bonding at the foam–

tube interface is related to the possibility of a chemical

reaction between the melting aluminium and the shell

walls. The chemical reaction can occur if liquid aluminium

wets the metal case, but the pre-existing oxide film cov-

ering the precursors and the enhanced foam oxidation

during the heat treatment in air do not allow any sort of

chemical bond at the foam–tube interface [19, 20]. More-

over, in direct foaming, the contact time between the

expanding foam and the tube surface is very short, making

the interface reaction more difficult. However, in wetting

(a)

(b)

Metal drainage 

Fixed lid Fixed lid 

Pore coalescence 

Foam shrinkage 

Fig. 3 Examples of filling defects: pore coalescence (a), foam

shrinkage and drainage (b)

Fig. 4 Temperature and

expansion curves of AlSi

precursors during foaming
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testes in nitrogen, it was observed that the foam bonded to

stainless steel foils by an interface layer made of inter-

metallic phases. The transition zone was tongue-shaped on

the aluminium side, whereas it was compact and uniform

on the stainless steel side, for a total thickness of &30 lm

(Fig. 5, the fracture crossing the section was produced

during the sample polishing and preparation). The EDX

element mapping and the electron probe microanalysis

(Fig. 5) demonstrated that the layer nearest to the steel was

mainly made of the intermetallic compound Fe2Al5 known

as phase g, while the tongues extending on the aluminium

side were made of the intermetallic compound FeAl3
(phase h) which was also observed distributed in the matrix

(dendrites and grains) [21–24]. Nickel did not diffuse into

the aluminium matrix, whereas chromium was observed

close to the interface forming the intermetallic phase CrAl7
(the coarse crystals in Fig. 5) and the ternary compound

Cr0.xFe0.yAlk (whisker-like grains) [24]. Microstructural

investigation on tubes filled in air and nitrogen confirmed

the wetting test results, i.e., the metallurgical bonding

was observed mostly in non-oxidizing atmosphere. The

interface layer obtained in tubes filled in nitrogen formed

almost continuously along the tube cross-sections and the

morphology and composition of the transition zone was

identical to that one observed in wetting tests, even if the

thickness was lower, ranging between 7 and 10 lm

(Fig. 6). By using AlSi7 precursors, a negative impact on

wetting was expected to cause the Si presence [25].

However, a reaction at the foam–stainless steel interface

was observed in wetting tests as well as in filled tubes when

foaming was conducted in nitrogen. The bonding layer was

quite difficult to analyze because of the formation of ter-

nary intermetallic phases similar in composition (Fig. 7).

Nearby the stainless steel surface, it was observed a com-

pact layer mainly made of the Fe2(Al,Si)5 phase covered by

coarse intermetallics grains of the Cr–Fe–Al system, while

approaching the foam-side ternary intermetallics of the

Fe–Al–Si system were observed (Fig. 7) [25]. Even in this

case, the interface formation did not differ between wetting

tests and filled tubes except for the layer thickness, which

was always smaller in the tubes. Such a difference in

thickness was attributed to the faster heating characterizing

the foaming process than the wetting tests. Despite the

short contact times of the filling process and the initial

oxide film covering the precursors, the interface bonding in

non-oxidizing conditions formed in the tubes too. During

the foam filling, the friction against the tube walls of the

expanding aluminium aided breaking the external oxide

and some liquid non-oxidized aluminium emerged to the

surface and reacted.

A significant improvement on the interface formation in

oxidizing atmosphere was obtained by using the expansion

set-up of Fig. 1. Loading the piston during foaming, the

pore coalescence as well as the core cooling shrinkage

were limited with a general enhancement in pore homo-

geneity and distribution (Fig. 8). Moreover, the metallur-

gical bonding was significantly extended to almost all the

aluminium–steel interface, showing that constraining the

foam expansion contributed to the steel surface wetting by

molten aluminium (Fig. 8). This result confirmed that, even

in oxidizing atmosphere, it was possible to improve the

interface joining and the adhesion properties of the foamed

reinforcement by increasing the attrition at the tube walls

during foaming. From an operational point of view, the

‘‘constrained expansion’’ could represent an interesting

alternative to the more difficult furnace atmosphere control

in improving the bond between the foam and the hollow

profile.

Mechanical testing

The specific high strength and stiffness which characterize

the mechanical performance of metal foams have been

largely investigated in very different conditions, from theFig. 5 Wetting test of Al foam on stainless steel foils in nitrogen
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nanoporous scale [26] to high-temperature applications

[27, 28]. Figure 9 shows the static compression curves for

the foamed core alone, the empty stainless steel tube, the

algebraic sum of these two and, finally, for the reinforced

structure. The cylindrical foamed core demonstrated the

typical behavior of similar cellular structures with an

extended plastic plateau and a compressive strength (the

initial peak stress) of *10 MPa, which is in good agree-

ment with literature data [1, 29]. The empty stainless steel

tubes showed a typical non-axisymmetric collapse mode

named ‘‘diamond’’ [11] and not a significant deterioration

of the mechanical properties was observed even after a

heating treatment similar to the one used in the foaming

process. The deformation mode as well as the number of

lobs formed is dependent upon geometry and material

properties. The compression response of the reinforced

structure demonstrated a significant improvement in the

absorbed energy, which was attributed to an ‘‘interaction

effect’’ between the foamed core and the solid shell

(Fig. 9). Several research papers on thin-walled columns

filled with aluminium foams in static, quasi-static [4–6] and

dynamic conditions [11–13] have demonstrated, indeed,

that the high energy absorption is due to a change in the

folding mechanism during the column buckling from the

non-axisymmetric (‘‘diamond’’ mode of the hollow tube) to

the axisymmetric mode (‘‘concertina’’ mode of the foam-

filled tube) showing a shorter folding wavelength (Fig. 9).

The increased numbers of tube folds and the multiaxial

compression of the foam (instead of uniaxial as in the foam

alone) justify for the higher energy absorbtion [11–14].

However, the efficiency of the energy absorption can be

severely limited if no transverse strain occurs in the foam

but the tube walls pull away from the core [13]. A poor

50 µm

100 µm 

Fe2Al5

FeAl3

CrAl7

tube wall 

Fe2Al5FeAl3

10 µm
Fig. 6 Microstructure of the Al

foam–tube (AISI 304) interface

obtained in N2

(a)

(b)

FeAl3

Fe2(Al,Si)5

Cr0.xFe0.yAlk

FeAl4Si
Fe2Al7Si

25 µm 

Fig. 7 Microstructure of the AlSi7 foam–stainless steel interface

obtained in N2. Wetting test (a) and tube cross-section (b)
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bonding at the core–tube interface is, generally, the cause

of the earlier detachment and the reduced transverse foam

deformation. Figure 10a shows the longitudinal section of

a compressed filled tube before the second fold was com-

pleted (the first from the top) and the third one (in the

centre) was beginning to form. In this case, the tube was

filled in air (without constraint) and the surface aluminium

oxide prevented interface reactions. The foam did not

penetrate in the tube folds because of the inefficient

bonding that was not able to transfer tangential stresses to

the core so that the foam deformed as it was not coerced

by the tube, reducing the expected ‘‘interaction effect’’.

When the interface formed, thanks to the non-oxidizing

atmosphere or during the constrained expansion, the rein-

forcement intruded deeply into the tube foldings, absorbing

a larger amount of deformation energy (Fig. 10). A con-

firmation of the strength of the interface bonding can be seen

in Fig. 11, where SEM images of a collapsed tube fold are

depicted. In Fig. 11a2 is evident a fracture line crossing the

filler at*50 lm from the interface which forms a chip of the

same thickness facing the foam intrusion. Since the former

investigations (see section ‘‘Interface phenomena char-

acterization’’) have shown that in uncompressed samples the

interface layer, made of phases g and h, had a maximum

thickness of *10 lm (Figs. 6 and 7) while the observed

fractured front propagated deeper in the filler, it is possible to

argue that the interface bonding should have a mechanical

strength almost comparable to the aluminium matrix, even if

constituted of brittle phases [24]. These results confirm the

value of a metallurgical bonding between the foamed

aluminium and the steel tube and the relevance in producing

an interface reaction during the production process.

Conclusion

The formation of a metallurgical bonding in reinforced

stainless steel tubes produced by direct foaming was

investigated. The tubes were filled in different conditions,

in air, in nitrogen and in a ‘‘constrained expansion’’

condition. It was observed that the high-temperature

oxidation of the foam surface was the main reason for an

Fig. 8 Samples of tubes filled

in air by ‘‘constrained

expansion’’

Fig. 9 Static uniaxial compression curves for the foamed core, the

tube and the filled tube. (Open circle) Algebraic sum of the first two

curves
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inefficient interface bonding. However, a chemical reac-

tion between the two components, the core and the shell,

is possible, even during the short time requested for the

foaming process, if the oxidation is limited. This can be

obtained by operating in a controlled, non-oxidizing,

atmosphere or by promoting the surface oxide breaking.

The transition zone, when formed, was mainly made of

intermetallics belonging to the Fe–Al system, whereas

silicon (from the foam) and chromium (from the tube)

showed lower reactivity. The interface bonding demon-

strated an important role in the mechanical response of

the reinforced member. The mechanical strength of the

intermetallic layer resulted higher than expected signifi-

cantly influencing the composite deformation mode. On

the other hand, the lack of an interface bond prevented

the foam from cooperating to the plastic deformation of

the system. It can be concluded that in general a better

control of the foaming process parameters in preparing

reinforced structures can improve foam porosity and dis-

tribution as well as adhesion properties leading to an

increased reproducibility and reliability of metal-foamed

components.

Fig. 10 Longitudinal sections of collapsed tubes. Sample of tube filled in air (a) and sample of tube filled by ‘‘constrained expansion’’ (b)

Fig. 11 SEM images of the

aluminum foam intruded into

the tube folds
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