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Abstract

A method was developed to produce Al- and Zn-based foams with a uniform distribution of
small cells. Pre-alloyed AIMg50 powder containing hydrogen was used as a replacement for
the usual blowing agent TiH,. AIMg50 powder released gas uniformly in the entire sample,
caused the nucleation of a large number of cells and led to simultaneous growth that finally
resulted in a uniform cell structure. The expansion behaviour of these foams was studied by
means of in-situ X-ray radioscopy. The macrostructure of the solidified foams was then
analysed through optical microscopy and X-ray tomography and proved to be very uniform.

The high strength of the foams was demonstrated by uni-axial compression tests.

1. Introduction

Although metal foams have some good weight-specific properties the scatter in cell
size and shape as well as the presence of cell wall imperfections etc. have an adverse effect on
their performance.? Up to now, no experimental proof exists that metal foams with a
structure that is considered “good”, i.e. having a uniform cell size distribution and smoothly

curved cell walls, have better mechanical properties than irregular foams (not speaking of



deliberately graded foams). Still, there is good reason to believe that more uniform structures
will facilitate application simply because their properties are easier to predict. In the same
sense, smaller cells are desirable since a given foam volume will then contain more cells
which leads to a better averaging of properties.®) Many irregularities in metal foams are
believed to have their origin in the process of cell generation./*! A failure to create cells of
uniform size in an early stage will be exacerbated during the ensuing coarsening process
during growth of the foams.

The Ti or Zr hydrides usually used for blowing foams are extremely effective gas
sources that liberate large amounts of hydrogen in the melting range of Al- and Zn-based
alloys. Provided that these hydrides are pre-treated appropriately, damage of the emerging
foam by premature gas release can be limited.!! Still, hydrogen production by TiH, or ZrH,
extends over a large temperature and time interval, which was identified as a possible source
for the generation of irregular pores.” To overcome this effect, a method was developed that
leads to a more gentle and less localised gas production in a liquid metal by using physically
and chemically adsorbed gas in constituents of the alloy itself. AIMg50 pre-alloyed powder
(containing 50 wt.% of each element) was found to be such an intrinsic gas source.
Magnesium (beside silicon and copper) is an important alloying element and was found to
lead to Al foams with good expansion properties.

We show that very uniform foams can be produced using pre-alloyed AIMg50 powder

and that the mechanical properties of such foams are very promising.

2. Experimental
2.1. Materials

Aluminium (Alpoco, 99.7% pure), copper (Chempur, 99.5% pure) and zinc (Grillo
Werke, 99.99% pure) metal powders and pre-alloyed AIMg50 powder (Possehl Erzkontor

GmbH, purity not known) were used to prepare foamable precursors (all in wt.%). No



additional conventional blowing agent, e.g. hydride or carbonate, was used. Pre-alloyed
AIMg50 powder contains significant amounts of hydrogen!® and was therefore used both as
intrinsic gas source and as alloying element. The four alloys investigated in the present study
are specified in Table 1. When blending the powders, the amount of AIMg50 was adjusted to
achieve the desired weight fraction of Mg in the alloy. All powders were mixed in a tumbling
mixer for 15 min. The powder blend was subjected to uni-axial hot compaction applying 300
MPa pressure for 15 min. The compaction temperature for each alloy is given in Table 1.
Cylindrical tablets (36 mm diameter, ~11 mm thickness) were obtained. Small samples of
dimensions 10x10x4 mm?® were cut out from these tablets, ensuring that the compaction
direction (defining the foaming direction) was along the 4 mm long side of the sample. These
small samples were used for studying the expansion behaviour by means of in-situ X-ray
radioscopy. For compression tests and three-dimensional (3D) pore size analysis, samples

were produced by melting and foaming an entire tablet.

2.2. Foaming procedure

All the foaming trials were performed under ambient atmosphere and pressure.
Foaming was carried out by heating the precursors on top of a ceramic heating plate that can
be powered up to 600 W. The sample temperature was measured by a thermocouple led
through the heating plate that was in contact with the lower surface of the foaming sample. As
this thermocouple is influenced by the heating plate, the measured temperature deviates from
the true interior sample temperature. This required additional calibration experiments using
two thermocouples — one at the bottom surface and another inside the sample. It was observed
that during the isothermal holding stage, i.e. after reaching the maximum foaming
temperature, the surface temperature was about 10-15 °C above the true interior temperature.

The temperatures given in the following refer to the surface temperature.



Foaming was continuously monitored in-situ by using a X-ray radioscopy set-up
comprising a micro-focus X-ray source and a panel detector as described in Ref.**l. In this
work, the X-ray spot size was set to 5 um applying 100 kV voltage and 100 pA current.
Series of X-ray-projected images of the foaming samples were obtained and analysed with the
dedicated software AXIM!™ . Expansion is measured in terms of the growth of the projected
area of the sample. True volume expansion will be higher. However this cannot be estimated
for the entire foaming period since AXIM calculates the volume of the sample assuming that
its cross section parallel to the X-ray beam is circular. Therefore this volume data is correct
only after the precursor has melted completely and surface tension has made the cross

sections circular.

2.3. Structural and mechanical characterization

Compression tests and 3D pore size analysis were performed for the AIMg15Cul0
alloy. X-ray tomography was performed using the same X-ray set-up used for radioscopy, but
in addition rotating the samples through 360° in 1000 steps while acquiring images after each
step. 3D reconstruction of the data was performed using the commercial software Octopus.
The reconstructed data was analysed using the software MAVI 1.3.1.

Compression tests were carried out on four samples. The outer skins of all the foams
were removed to prepare samples of average dimensions 27x17 mm? in cross section and 14
mm in height ensuring that the height is along the compaction direction. Quasi-static
compressions were carried out in a Materials Test System (MTS 810) at a displacement rate

of 1 mm/min.

3. Results

3.1. Foam expansion



Although no conventional blowing agent was used, all the alloys foamed and reached
moderate foam expansions. The expansion behaviour of the Al and Zn alloy foams is shown
in Figure 1. In both alloys, expansion increases with increasing content of Mg (i.e. AIMg50
powder) and with increasing foaming temperature. For example, compare the expansion of
AlMg26Cul0 foamed at 550 and 600 °C given in Figure 1a. Both Al-based foams are stable
during isothermal holding as expressed by the near-plateau region of the expansion profile.
ZnAl3.3Mg3.3 foams are stable for an even longer period, whereas ZnAl5.2Mg5.2 foams
collapse almost immediately after reaching maximum expansion. It can be seen that Zn-based
samples expand more than Al-based samples even though Zn-based samples contain less
amounts of AIMg50 powder. As discussed earlier, i.e. assuming circular symmetry around
foaming axis, the maximum volume expansions in the liquid state and after solidification
were measured by AXIM and the values are given in Table 1.

The stability of the Al-based foams was not tested for longer isothermal holding since
the high temperature needed to foam these alloys results in heavy oxidation of the Mg present
in the alloy and leads to a burnt outer surface. Therefore, extended holding was avoided.
Oxidation can be so severe that if AIMg26Cul0 foam is left for a longer period at 600 °C, the

foam starts to burn with a red glow due to the highly exothermic oxidation of Mg.

3.2. Foam structure

Figure 2 shows representative 2D macrostructures of all the alloy foams studied. Al
alloy foams contain larger cells (average 1.3-1.5 mm) compared to those in Zn alloy foams
where the average cell diameter is about 0.6-0.8 mm. The AIMg15Cul0 alloy foams appear
almost defect-free with smooth and uniformly curved cell walls, see Figure 2a. In the other
alloy foams (Figures 2b—2d), some defects — elliptical cells and missing or broken cell walls —
are visible. The cells in the AIMg26Cul0 are mostly polyhedral with thin cell walls

suggesting a lower density than AIMg15Cul0 foams. Both small and large cells are present in



the micrograph shown in Figures 2c and 2d. On the other hand, in Al alloy foams the cell size
distribution is very narrow as evidenced by both the 3D section shown in the inset of the
Figure 3 and the corresponding 3D cell size distribution. We find a uni-modal distribution
and a peak at a cell diameter of 1.95 mm. The mean cell diameter is greater than that observed
in the 2D micrograph of small samples in Figure 2a.

The density of the AIMg15Cul0 foams determined from the larger samples prepared
for compression tests is about 0.72 g.cm™. The density of the AIMg15Cu10 precursors is 2.77
g.cm™. Hence, the relative density of the foams is about 26% implying a volume expansion of
almost 285%. The calculated porosity (73.4%) in the 3D analysis is in agreement with the
measured density. Note that the expansion of the Zn-based alloy foams is higher than that of
Al-based alloy foams. This suggests a lower density for the Zn alloy foams, see Table 1. It is
also noticeable that the density of the large foams is slightly lower than that of the small

foams studied by radioscopy.

3.3. Compressive strength

The stress-strain response of AIMg15Cul0 foam as shown in Figure 4 reveals a high
plastic strength. The initial part is almost linear before the stress reaches a peak stress of 32
MPa , after which it falls to a value of about 14 MPa upon further straining and then fluctuates
around a plateau stress of 18 MPa. This indicates a brittle nature of deformation. The average

peak stress determined from the compression tests of four samples is 36+3 MPa.

4. Discussion

Hydrogenated Al-Mg alloys are known for their hydrogen storage capacity.™®! In the
present case, however, the AIMg50 powder has not been hydrogenated. When exposed to
ambient atmosphere, Al-Mg alloys can react with the atmospheric moisture and at first adsorb

hydrogen at the surface from where it eventually migrates to the grain boundaries where it is
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absorbed and forms MgH,. "8 This is known to cause hydrogen embrittlement in these
alloys.*? The pre-alloyed AIMg50 powder used in the present study consists of a single
intermetallic phase y-Al;2Mgi7. Mass spectrometric analysis of this intermetallic powder has
shown that it releases hydrogen from 330 °C, peaking at 423 °C.["% The intrinsic hydrogen
content of AIMg50 powder is sufficient to achieve a moderate expansion both in Al- and Zn-
based alloys, see Figure 1. In powder compact method, volume expansions of 350-650% for
Al and Al-based alloys®?**" and 600-1000% for Zn and Zn-based alloys!?*?%282] have been
reported in the literature.

It is generally believed that a favourable foaming condition is when most (preferable
all) of the metallic part melts before gas generation from the blowing agent in the sample

5253031 nrovided that there are sufficient numbers of gas nuclei in the materialt™.

begin
Among the alloys used in the present study, the Zn-based alloys fulfil this requirement quite
well: the near eutectic Zn-alloy containing 3.3 wt.% Mg melts at 340 °C (see Table 1) which
is almost at the onset (330 °C) of gas generation from AIMg50 powder and well below the gas
evolution peak™. The other Zn-alloy with 5.2 wt.% Mg starts melting at 340 °C and is fully
molten at the gas evolution peak temperature. Hence, the hydrogen gas is efficiently used
when foaming these Zn-alloys. In contrast, the Al-based alloys start melting above the gas
evolution peak temperature, see Table 1. This indicates that some part of the hydrogen gas is
lost through residual porosity when foaming Al-based alloys. This may contribute to the
lower expansions of the Al alloys compared to the Zn alloys. This is also observed for Al and
Zn foams blown with TiH,.[!

The density of the foams produced from small samples (used for radioscopy) is higher
than that of larger samples used to make test specimens. Since small samples have a higher
specific surface area, gas loss during foaming of such samples is always greater.

Consequently, the expansion of the small samples is lower. Since cell size and density are

approximately inversely related,!* the average cell size in the small samples is lower.
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Compared to the use of TiH, (typically 0.5 wt.%) there are more gas-releasing centres in
the precursor containing AIMg50 powder since each particle acts as gas source there.
Moreover, the gas source is an area source for AIMg50 instead of a point source as for TiH,
as visualised in Figure 5. During decomposition, the hydrogen gas pressure is more evenly
distributed in the foam blown with AIMg50. TiH, is an isolated source and the gas flux is
expected to be high along the grain boundaries due to the large hydrogen concentration
gradient. In contrast, when using AIMg50 these gradients are small and the gas sources are
evenly distributed in the sample. As a result of these factors, the foam develops a large
number of small and more uniformly sized cells, see Figures 2 and 3.

The solidified foam structures exhibit a low number of defects. This is due to the simple
gas evolution characteristics (only one peak) of AIMg50 powder. The release of gas is
completed in a short time and therefore the foam becomes stable as shown by the expansion
of ZnAl3.3Mg3.3 in Figure 1b. Conventional blowing agents such as TiH; release hydrogen
over an extended period and even up to high temperatures®33¥ and also in a more
localised way. Moreover, hydride particles of different sizes have different gas release
characteristics. This leads to large pressure gradients in the foam and to instabilities causing
cell wall rupture.? When rupture occurs due to strong hydrogen release during solidification,
defects are created.[*!

Although ZnAl5.2Mg5.2 expands more than the Al alloys, the foams start to collapse
shortly after reaching maximum expansion, see Figure 1b. This is a typical behaviour of
foams produced from Zn and Zn-based alloys.[?®?°! The collapse could be because of (a) less
pronounced stability in the Zn system due to a lower oxide content of the Zn powders,”* and,
(b) a too high temperature at which the foam structure is weak because of a low viscosity of
the melt®® and therefore collapses due to its own weight (hydrostatic pressure) which is

higher for Zn than for Al. The collapse is further accelerated by gravity-driven drainage.



The peak stress of AIMg15Cul0 as given in Figure 4 is higher compared to Al-foams of a
similar density but blown with TiH,. For instance, the peak strength of Al alloy foams with
similar density is usually 15-20 MPa.?+2%3435 The high strength of AIMg15Cu10 foams can
be attributed to two factors. Firstly, the uniform cell size distribution, the lower average cell
size and low number of defects. Secondly, the presence of intermetallic phases in the metallic
matrix. According to the phase diagram of Al-Cu-Mg, the microstructure contains primary Al
and intermetallic phases AI6CuMg4 and AI8Mg5."* The presence of high amounts of

intermetallic phases not only strengthens the matrix but also makes the foam brittle.

5. Summary and outlook

Foaming of Al- and Zn-based alloys was performed by the powder compact route but
without using a conventional blowing agent. It was demonstrated that that using pre-alloyed
AlMg50 powder as a constituent of the powder mixture, Al and Zn-based alloys can be
foamed under atmospheric pressure. The hydrogen content in AIMg50 powder was found
sufficient for foaming and acts as an intrinsic gas source. The resulting foams show a uniform
distribution of 0.7 mm (Zn-ased) or =1.95 mm-sized cells (Al-based). Due to their uniform
structure with only few defects, the foams have a high compressive strength. The high
strength is also caused by the presence of intermetallic phases in the cell wall microstructure
that, however, make the foams brittle.

Use of pre-alloyed AIMg50 powder as an intrinsic blowing gas source appears as a
good strategy to distribute the gas uniformly in the emerging foam and to avoid big pressure
differences that damage the structure as it happens for conventional blowing agents. This
foaming technique could have the potential to be used in an industrial scale. Further
improvements appear possible, e.g. by slightly hydrogenating the AIMg50 powder which

would allow reducing its content and would help making the foams more ductile.
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Fig. 1. Area expansion and temperature profile as a function of time for (a) Al- and (b) Zn-

based alloy foams.

Fig. 2. Optical micrographs of (a) AIMg15Cul0, (b) AIMg26Cul0, (c) ZnAl3.3Mg3.3 and (d)
ZnAl5.2Mg5.2 foam. Each micrograph corresponds to the foam that shows maximum

expansion in Fig. 1.

Fig. 3. 3D cell size distribution in AIMg15Cul10 foam. The volume contribution by each type

N, xV(D,)

x100 % . Here N; is the
zNi xV (D)

of cells in the total volume of the foam is written as

number of cells having D; equivalent diameter, and V(D) is the volume of cell with D;
diameter. The distribution is fitted with a Gaussian distribution curve. The mean diameter (D)
and standard deviation (o) are given. Inset: 3D tomography reconstruction of the analysed
part of the foam showing a volume of about 19x13.3x28.4 mm®. The calculated porosity is

73.4%.

Fig. 4. Stress-strain behaviour of AIMg15Cul0 foam under quasi-static compression. The

density of the foam is 0.72 g.cm™.

Fig. 5. Schematic view of hydrogen gas flux a) from TiH; particles (filled ellipses) contained
in conventional foamable precursor, b) from the hydrogen sources in precursors containing
AIMg50. Arrows indicate hydrogen flux. Thick arrows suggest stronger flux along grain

boundaries.
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Table 1. Alloy composition, compaction temperature, melting range and expansions
[a] Approximate values according to phase diagram, [b] Measured by AXIM assuming

circular symmetry around foaming axis, [c] derived from the volume expansion as measured
by AXIM
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Compaction Volume expansion (%)[b] Relative
P Melting range ) ) density of
Sample Temperature o Maximum in After :
(°C) (°O)[a] liauid lidificati solid foam
1qul state solidification (%)[C]
AlMg15Cu10 400 450-560 248 229 30.4
AlMg26Cul0 350 450-480™" 311 265 27.4
ZnAl3.3Mg3.3 300 34012 332 288 25.8
ZnAl5.2Mg5.2 300 340-4201?] 483 256 28.1
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