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1. Introduction

The production of a metal foam via the powder metallurgical
route is a two-step process. First, a precursor is made from pow-
ders, which is then foamed in a second step by heating it above
the solidus temperature of the alloy composition. The compac-
tion of the powders can be achieved by any technique that
ensures a metal matrix without significant open porosity.[1]

Such compaction can be accomplished by different methods
such as hot uniaxial or isostatic pressing, extrusion, or powder
rolling.[2] Each of these methods has its own advantages in certain
areas, e.g., the highest throughput can be achieved by extrusion
and rolling. Foamable precursors can also be produced by more

exotic methods such as thixocasting,[3] accu-
mulative roll-bonding,[4] friction stirring[5] or
the Foamgrip[6] respectively. Foamcarp[7]

process. However, all of them had a mar-
ginal volume outcome.

A main challenge in the metal foam pro-
duction is to produce them with homoge-
neous structures, which are required, for
e.g., to provide better thermal properties[8]

or mechanical performance.[9] In order to
achieve high expansion and homogeneous
pore size distribution, the most critical step
is the compaction of the precursor, which
should result in a dense[10] and gas-tight
matrix. In addition, other parameters such
as alloy composition, powder size, shape,
and condition[11] as well as parameters
related to the compaction method, temper-
ature, time, and applied pressure are also

important.[1] Improvement of precursor compaction can also
be achieved by compaction under vacuum[12] or by adding plas-
ticizers such as Sn additives to Al foam precursors.[13] Spark
plasma sintering (SPS) is a recognized method for rapid powder
sintering with short sintering times, which is accelerated by par-
ticle surface activation and increased diffusion.[14] In SPS, an
external pressure and an electric field with a usually pulsed
DC current are applied simultaneously to promote the densifica-
tion of the powder compacts into a dense body.[15] In contrast to
the external heating produced by uniaxial or isostatic hot press-
ing, SPS allows an electrical current to pass through the conduc-
tive die and the powder so that the sample is heated from both
the outside and the inside. SPS is known to promote electro
migration, increasing atomic diffusion and intergranular metal-
lic bonding.[16] SPS is also used in a variety of ways to produce
porous materials, e.g., when sintering powders around spacers
that are replaced in a subsequent step.[17]

Current-activated pressure-assisted densification (CAPAD) is
essentially a uniaxial hot pressing (UHP) method in which the
heat is generated internally by a constant high DC current con-
ducted through the system punches.[18] CAPAD is applied to
compact, e.g., ceramic powders.[19] Similar to SPS, heat is gen-
erated from the outside and inside, or only from the inside, by
using an insulated die. The heat is generated where the resistivity
is higher, i.e., at the powder particle contacts. CAPAD and SPS
are essentially the same process, but SPS is usually applied under
vacuum, with a graphite die and pulsed DC current, leading to
sparks during the sintering process.

The motivation for this work is to use CAPAD to effectively
generate the heat for compaction exactly where it is needed,
namely at the contacts of the metal powder particles. This is
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precisely the point at which a good metallic bond between the
powder particles must be achieved. We selected CAPAD as
the compaction process, as it better describes our experimental
setup, with a steel die and continuous current. CAPAD saves
time and energy as the heat is generated quickly and precisely
where it is needed and not on the entire pressing tool, preserving
the deterioration of the tooling. Especially when compacting
foamable metallic precursors, it is very important to keep the
overall temperature and specially around the blowing agent par-
ticles, usually TiH2,

[20,21] as low as possible to avoid their prema-
ture decomposition, but at the same time obtaining a gas-tight
and dense precursor. SPS is not appropriate for our purpose,
as too high local temperatures are produced for a short time
interval, which will deteriorate our blowing agent. This is why
we compare CAPAD with the standard and established compac-
tion method UHP.

2. Experimental Section

2.1. Precursor Materials

The commercially relevant AlSi8Mg4 (in wt%) foamable composi-
tion with the addition of 0.25wt% of TiH2 as a blowing agent was
selected for the foaming experiments.[22] Aluminum (AMG Alpoco
UK Ltd., 99.7% pure,D50= 51 μm), silicon (ElkemAS, 97.5% pure,
D50= 26 μm), pre-alloyed AlMg50 (in wt%) (Possehl Erzkontor
GmbH, 99.5% pure, D50= 85 μm), and TiH2 (Chemetall GmbH,
Grade N, 98.8% pure, D50= 14 μm) powders were used. The TiH2

powder was heat-treated at 480 °C for 180min in air, delaying the
hydrogen release range to higher temperatures to optimize the
foaming performance of the selected alloy.[20,23] The powders were
mixed in a tumbling mixer for 20min and introduced into the cor-
responding die, being then ready for compaction.

2.2. Uniaxial Hot Compaction

Uniaxial hot compaction was one of the standard processes for
compacting powders.[2] The powder was filled into a mold with
the desired shape, sealed with a plunger, and then pressed.
High pressures can easily be achieved due to the generally small
quantities of powder or the small dimensions of the mold. For
comparison purposes, conventional UHP using a hardened hot-
worked steel die and a heating belt, as shown elsewhere,[1] was
conducted. 5 g of the powder mixture was filled into a hollow cyl-
inder made of hardened hot-work tool steel with an internal diam-
eter of 15mm and enclosed by two punches. All surfaces were
lubricated with the MoS2-based lubricant Molykote D321R (Dow
Corning Inc.). Compaction was achieved by first cold-pressing the
powder for 10 s at 300MPa and room temperature using a hydrau-
lic press (400 kN, Dema Vertriebs GmbH), then heating up to
400 °C with a resistive heating sleeve, which was placed around
the cylinder. Subsequently, pressing for 15min at 400 °C and
finally unloading the press, removing the die, and quenching it.

2.3. The CAPAD Method

The precursor preparation was performed by the CAPAD
method.[18] The applied setup configurations (low and high resis-
tance die) are described in Figure 1. For conducting CAPAD (cur-
rent flowing through the powders and die in parallel), the die was
made of stainless steel with an inner diameter of 15mm. For
insulating CAPAD (current flowing only through the powders)
an insulating aluminum oxide tube (inner diameter of 15mm;
wall thickness of 2.5 mm) placed in a steel jacket was used as a
die. Force was applied with a uniaxial press (400 kN, Holzmann
Maschinen GmbH, Austria). The schematic electrical circuit is
shown in Figure 1b.

Figure 1. a) Main components of the pressing tool and b) schematic electrical circuit diagram and current paths through die and powder of the different
CAPAD setups.

www.advancedsciencenews.com www.aem-journal.com

Adv. Eng. Mater. 2025, e202501794 e202501794 (2 of 10) © 2025 The Author(s). Advanced Engineering Materials published by Wiley-VCH GmbH

 15272648, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adem

.202501794 by H
elm

holtz-Z
entrum

 B
erlin Für, W

iley O
nline L

ibrary on [03/11/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.aem-journal.com


For the compaction process, the die was filled with 5 g of the
powder blend and closed with matching punches. The current
connection was realized via two copper plates, in which
120mm2 cables were clamped. In order not to damage the soft
copper plates during pressing, a coaster made of steel was added
between the punch and the copper plate. Finally, the whole con-
struction was electrically insulated from the press. Power was
supplied by two parallel RST-10 000 power supplies (Mean
Well Enterprises Co., Ltd, Taiwan). A maximum power of
3.6 kW, i.e., a maximum current of 720 A with a voltage limited
to 5 V, was applied. The current flow was determined by the resis-
tance of the various conductive components, i.e., the powders,
cables, dies, and punches, see Figure S1, Supporting Information.

The CAPAD compaction process was performed in the follow-
ing way: 1) After the die was filled with powder and closed with
the punches, the entire assembly was installed in the press,
aligned in the pressing direction, and pressed with ≈80% of
the compaction pressure. 2) Then the current flow was activated
for 15min, and the pressing pressure increased to 100%. The
temperature of the die/steel jacket was measured through an
aperture drilled near the sample, as shown in Figure 1. The tem-
perature of the sample may differ from the temperature of the
die, depending on where it was generated. The pressing force
was adjusted and kept constant manually, with a deviation of
about �2 kN. 3) After switching off the current, the press was
unloaded, the die with the sample and punches removed, and
quenched in water.

A schematic representation of the particle arrangement and
DC current flow inside the die is shown in Figure 2. Figure 2a
represents the loose powders inside the die with a low bulk density
before pressing, Figure 2b shows that after pressing, the density
increases, and the oxide layers (blue lines around the particles)
covering the powder particles break up first at these contact
points.[24] This initial mechanical compaction of the powders
was required to create a current path with sufficient conductivity
to allow for high current flow at low voltages. Figure 2c indicates
the possible current path through the die as red dashed lines (in
the case of a conductive die) and through the particles as continu-
ous red lines. The current follows the path of least resistance
through the particles inside instead of across their surface, as
we apply a constant current instead of a pulsed current, as with
the SPS, which leads to the skin effect. The current was also forced
to percolate between particles to avoid cavities. The red dots indi-
cate the contact points between the particles, i.e., the points with

the highest resistance. It was assumed that, similar to SPS, higher
temperatures appear at the contact points caused by Joule heat-
ing,[15] which decreases sintering time and promotes diffusion
by electromigration.[24]

2.4. Electrical Resistivity

The specific electrical resistivity of a precursor can be an indica-
tor of the degree of metallic bonding between the sintered
particles. A four-point contact method was used following
Equation (1). For each measurement, the voltage U was mea-
sured at four different currents in the range of 1.5–3 A. The sam-
ple was contacted along a line at four contact points, each
separated by 3mm. The factor Fd corrects the influence between
sample thickness d and distance between the measuring points,
and Fl the influence of the lateral extent of the sample with the
lateral expansion of the sample w and the distance between the
contacts s according to.[25]

ρel ¼
U
I
⋅
π

ln2
⋅ d ⋅Fd ⋅ Fl (1)

withFd ¼
ln2

ln
�

sinhypðd=sÞ
sinhypðd=2sÞ

� (2)

andFl ¼
ln2

ln2þ ln
�

ðw=2Þ2þ3
ðw=2Þ2�3

� (3)

2.5. Metallographic Analyses

3.5mm-thick slices were cut from the resulting compacted pre-
cursors for density measurements via the Archimedes method.
The relative density was determined by the ratio of measured to
the theoretical density of the alloy, the latter being taken from the
calculation of Helwig et al.[1] and corresponding to 2.632 g cm�3.
This value was an approximation taking 0.7 wt% of alumina into
account for powders heat-treated in a hot pressing die.[26] The
sample surfaces were mechanically ground using 120–2400 grit
silicon carbide paper, polished successively with 3 and 1 μm dia-
mond paste, and finally polished with a SiO2 suspension. Light
microscopic images were taken with an Axioplan 2 microscope

Figure 2. Schematic representation of powder particle alignment inside a mold during CAPAD: a) loose powders, b) after cold compaction, and
c) possible current path (red lines) and points of highest resistance between the particles. For the conducting die, the dashed lines also apply, adapted
for DC current from Cavaliere et al.[15]
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(Carl Zeiss AG, Germany). Scanning electron microscopy (SEM)
images and energy dispersive X-ray analysis (EDX) were obtained
with a GEMINI LEO 1530 (Carl Zeiss AG, Germany), operated at
a 7 kV accelerating voltage. A rough estimation of the number of
phases was performed by image analysis of the microscopic
images, averaged over 3 different images.

2.6. X-Ray Imaging of the Metal Foaming Process

The samples were foamed on a ceramic heating plate under air,
and the liquid foam evolution, the pore structure, and the foam
expansion profiles were observed and quantified in situ in an
X-ray imaging system. The radioscopy setup consists of a micro-
focus X-ray source with a tungsten target operated at 100 kV and
100 μA, and a 2240� 2368 pixel flat panel detector, both from
Hamamatsu, Japan, described in detail elsewhere.[27] The temper-
ature was controlled by a PID controller (CAL 3300, Cal Controls
Ltd, UK) and measured by a thermocouple embedded directly in
the heating plate beneath the sample. The real temperature of the
sample during foaming was calibrated in advance by an additional
thermocouple inside a dummy sample at the foaming position.
The same X-ray imaging system also allowed for the record of
post-processing tomograms of the resulting solidified foams by
replacing the heating plate with a tomographic rotation stage
(HUBER GmbH, Germany). For that purpose, 1000 projections
over 360° with an exposure time of 2 s per projection were
recorded, from which tomograms were reconstructed with the
commercial software Octopus 8.8 (Inside Matters, Belgium). 3D
visualization and quantitative evaluation were done with the com-
mercial software Avizo (Thermo Fisher, USA).

3. Results

3.1. Dependence of Compacting Pressure

Powders of the composition AlSi8Mg4 (in wt%) with the addition
of 0.25 wt% of TiH2 as a blowing agent were mixed and com-
pacted under different conditions by standard UHP with a

resistive heating belt, conducting and insulating CAPAD. The
relative densities of the compacts and their electrical resistivity
for different compacting pressures are plotted in Figure 3. It
can be observed that even at low compacting pressures of
28MPa, both CAPAD variants exhibit high relative densities
of the resulting precursors of ≈99%, which quickly rise to
99.5% of the theoretical value at 57MPa for insulating CAPAD
(Figure 3a). With UHP, the relative density of the precursor
seems to slowly converge against the presumed upper limit of
100% with increasing pressure, but only exhibiting a relative
density of 95.2% at 115MPa, 97.8% at 170MPa, and 98.8% at
230MPa. At the lowest compaction pressure of 57MPa for
UHP, they only achieve a value of 88.9� 0.6%. Even increasing
the heating temperature of UHP to 500 °C at 57MPa in an addi-
tional experiment only leads to 93.5� 0.6% rel. density and
5.14� 0.14 μΩcm, both significantly lower than when applying
CAPAD.

The electrical resistivity decreases with pressure for all condi-
tions and saturates at 4.6 μΩcm for pressures in the range of
170�288MPa with UHP. With CAPAD, the electrical resistivity
is already <4.5 μΩcm at the lowest applied pressure of 28MPa
and therefore lower than for UHP at the highest available pres-
sure of 288MPa.

3.2. Microstructure of the Precursors

Based on the microstructure analyses, we can determine that in
UHP samples, Si, Mg2Si, and AlMg particles with both beta
and gamma phases are still visible, as shown in Figure 4a. On
the opposite, for insulating CAPAD (Figure 4b) and conducting
CAPAD (Figure 4c), only Si and Mg2Si particles can be identified
in the matrix together with a large number of small grain boundary
precipitations. Further, areas with higher Mg content (but within
the solubility of Al) are detectable for CAPAD (Figure 4b,c), as
shown by the EDX analysis in Figure 5. There, we can observe that
the Mg2Si regions in CAPAD precursors are not evenly distributed
over the whole matrix. The detailed EDX analysis in Figure 5
revealed that the Mg-containing areas are mainly composed of
the Mg2Si phase. As a rough indicative comparison analysis of

Figure 3. a) Relative density and b) electrical resistivity of the compacted precursors over the compacting pressure for conducting and insulating CAPAD
compared with standard uniaxial hot compaction with an external heater. There are at least 3 samples per condition. Some error bars are too small to be
displayed.
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the light microscopic representative images in Figure 4 indicated
more than two timesmoreMg2Si for insulating CAPAD and nearly
two times more for CAPAD conducting compared to UHP,
although this is only an estimate, as the actual phase fractions can-
not be determined accurately from 2D sections, as these provide
only limited spatial information about the 3D phase distribution.
Existing residual porosity according to the relative density measure-
ments is hardly detectable in metallographic images because of the
smearing effect of polishing, though some voids can be observed in
the case of UHP (see Figure 4a). A more detailed microscopic and
EDX analysis of the phases involved in pore nucleation was pre-
sented by Kamm et al.[28,29]

3.3. Foaming Behavior

At medium compaction pressures of 115MPa, only precursors
compacted using the CAPAD method allow foaming at the alloy’s
standard foaming temperature of 630–650 °C,[1] as can be observed
in Figure 6b,c. In contrast, the precursor compacted with UHP
does not foam at all at this pressure and just experiences thermal
expansion (Figure 6a). The expansion and foam structures corre-
sponding to the precursors produced with CAPAD are reasonable,
as can be observed by selected X-ray images extracted from radio-
scopic sequences obtained in situ during the foaming process and
shown in Figure 6b, c. In case of conducting CAPAD, large cracks

Figure 4. Metallographic images of the precursors compacted with 115MPa and heated by a) UHP, b) insulating CAPAD, and c) conducting CAPAD.
Main phases are labeled exemplarily with regard to their composition. The insets denote schematically the corresponding heating and compaction
method.

Figure 5. a) SEM image and EDX-MAP of a precursor produced by an insulating CAPAD die with 115MPa showing the distribution of b) Al, c) Si, d) Ti,
e) Mg, and f ) oxygen. AlMg50 particles are to a certain extent dissolved in the Al matrix (yellow background in e), but still localized in small agglomerates
of Mg2Si particles (yellow spots in e) and light green spots in (c).
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were observed in 66% of the cases after 60 s of foaming, shown
with a red arrow in Figure 6c. Occasionally, a few small dark areas
(marked with red ovals in Figure 6) can be observed, which corre-
spond to denser regions caused by a slight gravity-induced drain-
age or cracks in the precursor at early foaming stages.

Figure 7 shows similar X-ray images of the evolution of the
foaming procedure, like Figure 6, but for precursors compacted
with 230MPa in the case of UHP (Figure 7a) and with 28MPa
in the case of CAPAD (Figure 7b,c). The precursor compacted
with UHP foams very well but shows cracks that grow to big pores
(indicated with red arrows in Figure 7a),[24] while the samples
made with CAPAD result in slightly lower expansion and larger
or similar pores at the end of the process, as can be observed in
Figure 7b,c, respectively. The insulated die (insulating CAPAD)
shows very homogeneous nucleation and pore structure
(Figure 7b). These results show that using the CAPAD method,
an order of magnitude less compacting pressure than for standard
UHP can be used to reach acceptable expansions and structures.

A more detailed and quantitative comparison of the foamabil-
ity of the precursors is shown in Figure 8, in which themaximum
cross-sectional expansion of the foam is plotted against the
applied pressure. Precursors compacted using standard UHP
can only be foamed at compaction pressures above ≈150MPa,
but then have a higher expansion capability (≈350% area expan-
sion) than the samples compacted with CAPAD (200�250% area
expansion).

Tomograms of the foams were analyzed to better assess the
homogeneity of their pore structure. When comparing whole

samples, the expansion of the foam must be considered. For this
purpose, the full width at half maximum (FWHM) of the pore
size distributions was plotted against the mean pore equivalent
diameter, normalized to the total sample volume. The normali-
zation makes it possible to find trends for different heating
modes, as can be seen in Figure 9. The pores of foamed precur-
sors produced with UHP related to the foam volume are gener-
ally smaller than those with CAPAD, but less homogeneously
distributed, which is reflected in a larger FWHM. Applied
pressure does not show a clear trend, but with CAPAD, very
low pressures show larger pores and wider size distributions
in most cases.

4. Discussion

In the previous section, we were able to show that CAPAD can be
successfully applied for the production of foamable metallic pre-
cursors at much lower pressure and more homogeneous pore
structure than conventional UHP. In this section, we want to dis-
cuss the reasons for this behavior.

4.1. Precursor Compaction

Different factors influence a proper powder compaction following
standard powder metallurgical production procedures. In general,
the density of a powder compact can be increased through an
increase of pressure, temperature, or time, while other factors

Figure 6. Selected X-ray radiographies during foaming of precursors at 650 °C extracted from the in situ radioscopic sequences at different stadiums
(precursor at RT, after 60 s heating, maximal expansion, end expansion) for precursors compacted with the same pressure (115MPa) during 15min but
with different uniaxial compaction methods: a) UHP, b) insulating CAPAD, and c) conducting CAPAD. Sample temperature is given in the upper right
corner. The insets denote schematically the corresponding heating and compaction method. A crack in the precursor is marked with a red arrow, and
denser foam regions are marked with red ovals.
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such as powder size, powder oxide content, compaction atmo-
sphere, etc., also influence the process.[30] Current assistance is
an additional parameter as applied in SPS.[14] CAPAD is not as
common as SPS, the main difference being that the current flow
is not pulsed, but a high, constant direct current.

While high density and good mechanical properties are the
aim in standard UHC and SPS powder metallurgy compaction

processes, the former is more important in the production of
metal foam precursors, while the mechanical performance of
the precursors is irrelevant, as they have to be foamed in a fol-
lowing step. A high density of precursors andmetallic bonding of

Figure 7. Selected X-ray radiographies during foaming of precursors extracted from the in situ radioscopic sequences at different stadiums (precursor at RT,
after 60 s heating, maximal expansion, end expansion) for precursors compacted with different pressures during 15min and with different uniaxial compaction
methods. Sample temperature is given in the upper right corner. The insets denote schematically the corresponding heating and different compaction meth-
ods: a) UHP, b) insulating CAPAD, and c) conducting CAPAD. Sample temperature is given in the upper right corner. The insets denote schematically the
corresponding heating and compaction method. A crack in the precursor and the corresponding large pore in the foam are marked with red arrows.

0 50 100 150 200 250 300
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100
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Figure 8. Cross-sectional foam maximal area expansion over compacting
pressure for precursors prepared with CAPAD and uniaxial hot compac-
tion with heating belt at 400 °C.

Figure 9. Comparison of characteristic values - FWHM of the pore size
distributions over mean pore equivalent diameter normalized by the total
volume.
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the powder particles to avoid blowing agent gas losses during
heating are crucial for a good metal foaming result based on
homogeneous bubble nucleation and effective utilization of
the expanding gas. If the precursor is not sufficiently gas-tight,
part of the evolving gas escapes into the surrounding atmosphere
due to the residual porosity and cannot contribute to foaming,
which leads to lower expansions. Helwig et al. showed that
for the common AlSi8Mg4 foamable alloy precursor, pressure,
temperature, and time influence foaming, and a minimum pre-
cursor density of 97.5% is required to achieve acceptable foaming
expansion. Best foaming results can be achieved between 97.5%-
99%.[1] As the blowing agent TiH2 normally used for foaming
aluminum alloys starts to release gas at around 400 °C, the com-
paction temperature applying the UHC method should be kept
as close to this value as possible.[20] Furthermore, it was found
that even the heating rate applied during the compaction of the
pre-product influences the foaming, suggesting that the kinetics
of formation of the low-melting phases involved in nucleation
play an important role.[31]

Figure 3a shows that conventional UHP reaches only densities
>97.5% for pressures of 170MPa or higher of the precursors,
while CAPAD reaches densities of >98% even at the lowest
tested pressure of 28MPa, showing a considerable advantage
from CAPAD compared to conventional UHP, especially at
low pressures. CAPAD achieves higher density values at
400 °C compared to UHP at the same pressure, even if the tem-
perature is increased to 500 °C by UHC. The latter has a detri-
mental effect on the foaming process due to the limitations
caused by the premature decomposition of the blowing agent.
The improved electrical conductivity of the precursor obtained
by CAPAD compaction, as shown in Figure 3b, is an indicator
of higher density and better metal bonding between single par-
ticles, enhanced by the current conducting paths through the
powders, similar to what is known from SPS.[24] The reason is
an initial high local temperature at the particle contacting points
due to a high resistance and probably enhanced by electromigra-
tion similar to SPS,[32] that leads to diffusion, neck formation,
and sintering.[15] In general, the insulating CAPAD method
shows the best compaction (higher density, lower el. resistivity)
among the precursors, as more current has to flow through the
metallic powders instead of through the die.

We also observe an anticorrelation behavior between density
and electrical resistivity in dependence on the compacting pres-
sure for both methods, as the contact area increases with density.
In addition, the resistivity of CAPAD precursors is lower because
not only diffusion but also current influences mass transfer,
which contributes to metallic contact through the formation of
intermetallic phases and densification.[33] The influence of cur-
rent on mass transport can be manifested through the electron
wind effect (electromigration),[34] or by an increase in point
defect,[35] or by a decrease in the activation of migration of
the defects.[36] In this sense, CAPAD insulation achieves higher
densities and a lower resistivity, as can be seen in Figure 3b,
since the entire current flows through the powder and not par-
tially through the die.

The resistance of the powder is quite high at the beginning, as
the bulk density of the powder is still low before compaction,
with a small number of contact points, and fresh Al powder par-
ticles also have a thin Al oxide layer with a higher resistance. In

the course of compaction, the density increases up to the point at
which the powder begins to deform and the oxide layer breaks
off, as a result of which the resistance decreases quite quickly, as
can be seen in Figure S1, Supporting Information. When resis-
tivity lowers, the current effect can increase with time, as the total
current through the sample increases with time. As aluminum is
a good electrical conductor and the cross-sectional area of the
powder sample is considerably larger than the cross-section of
the copper cables, during the process, its resistance becomes
lower than that of the cables.

The temperature measured during the compaction process is
an integral value measured at a similar position in both cases, as
close to the sample as possible (see Figure 1). There is a differ-
ence between the temperature evolution depending on the con-
figuration chosen (conducting or insulating die) and also on the
pressure applied. The temperature evolution on the samples for
conducting CAPAD is up to 100 K higher than for insulating
CAPAD, see Figure S2, Supporting Information. We assume that
the temperature difference between the insulating and conduct-
ing configuration results from the parallel arrangement of the
two current paths, that of the powder and that of the die, last
being absent in the case of the insulating die. The additional heat
produced in the die by conducting CAPAD results in a higher
temperature at the sample. Further, lower compaction pressures
lead to worse contact between the powder grains and higher
resistivity, resulting in higher local temperatures. With insulat-
ing CAPAD, the latter only happens after almost 900 s at the low-
est pressure of 28MPa, i.e., at the very end of the process. Here,
the powders are almost loose and have a small conductive cross-
section. As the voltage is limited, more time is needed to sinter
the first current paths, lower the resistance, and allow gradually
the entire available current to flow through the sample. Despite
lower temperatures during compression, insulating CAPAD
leads to slightly denser and more conductive precursors than
conducting CAPAD, see Figure 3.

One advantage of CAPAD in terms of better compaction per-
formance compared to standard UHP is, that the main current
paths can take place through the more conducting metallic pow-
ders of the matrix, in our case Al and Mg, or even through the
AlMg50 particles, whose main phase is γ-Mg12Al17, rather than
through the Si or TiH2 blowing agent particles, which have a
higher resistivity, as can be seen in Table 1. This is an important
point, as the temperature of the blowing agent particles must be
kept as low as possible to avoid their premature decomposition,
as stated before, while a higher local temperature of the metallic
matrix particles at their contact point, where the current passes,
improves sintering. This effect disappears in the course of

Table 1. Electrical resistivity of the used phases as given in the literature.

Phase ρ @ 20 °C [10�8Ωm] ρ @ 400 °C [10�8Ωm] Reference

Al 2.67 7.3 [44]

Mg 4.2 12.1 [44]

Si 5.8 104

Depending on impurities
[45]
–

γ-Mg12Al17 29.6 [46]

TiH1.75 86.2 (@50 °C) 126 [47]
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compaction, as the density and metallic bonding of the particles
increase, and the thermal conductivity improves, homogenizing
the temperature distribution. Toward the end of the process, the
temperature is then more homogeneous across the entire sample.
As an example, the temperature difference between a particle–
particle contact and the center of a good conducting particle is in
the order of 1mK for a copper particle with a radius of 50mm
and a contact radius of 5mm.[32] The improved precursor
densities achieved with CAPAD at low pressures can be explained
in this sense.

In addition to the lower pressure required, consolidation with
CAPAD takes only about 15min compared to 40min for the
entire UHP process, see Figure S2, Supporting Information.
If only the energy released between the punches is calculated
without taking into account losses given by the cables, about
0.18 kWh is consumed to produce one sample, while UHP
requires about 0.48 kWh to reach and maintain the same temper-
ature in the mold (see Table 2).[37]

4.2. Microstructure

As diffusion through CAPAD is also enhanced by higher local
temperature, we can observe that large AlMg50 particles are
not detectable anymore in compacted precursors and Mg is
mostly dissolved in the matrix or has formed Mg2Si, in contrast
to UHP, where former AlMg50 particles are still recognizable,
with β- and γ-phases as shown in Figure 4. As known from
the literature, AlMg particles play an important role in the nucle-
ation of this alloy as adsorbed gas[29,38] and the early melting
phase.[28] Mg2Si regions in CAPAD precursors are not evenly dis-
tributed over the whole matrix, but there are still plenty of Mg-
rich regions distributed in the matrix (Figure 5), which allow for
homogeneously distributed low-melting nucleation areas as can
be observed in Figure 6b. This fact may explain the more homo-
geneous nucleation of CAPAD, but also the overall lower expan-
sion as a consequence of the lower amount of available AlMg
regions due to the formation of more Mg2Si particles compared
to UHP. On the other hand, most Si particles appear to be intact
in all compaction methods investigated here, as pure Si has a
high melting point (1.414 °C) and a low diffusivity in Al.[39,40]

4.3. Foaming Process

The foaming process was observed in situ with X-ray radioscopic
images (Figure 6). Compaction of the precursor with CAPAD at
115MPa was sufficient for foaming, in contrast to standard com-
paction with UHP at the same pressure. The UHP precursor
compacted at 400 °C and 115MPa with a relative density of
≈97.5% does not foam at all (Figure 6a), as it obviously does
not have sufficient density and gas tightness, but too much inter-
connected porosity.[1] In case of conducting CAPAD, large cracks
were observed after 60 s of foaming in some cases, leading to gas

losses and a reduced expansion of the whole sample. Further,
such large cracks lead during foam evolution to a collapsed
denser region and some liquid drainage at the bottom of the sam-
ple, visible, e.g., at the maximum or end expansion stadium in
Figure 6c. But the foaming behavior of the rest of the precursor
was good, indicating that these cracks were probably singular
effects that can be avoided by further optimization of the process.
We can clearly say that CAPAD enables the foaming of precur-
sors with high density, which are obtained at significantly lower
pressures compared to UHP.

Figure 7 compares the foaming process of precursors com-
pacted at the lowest possible pressure (28MPa with CAPAD
and 170MPa with UHP). Precursors compacted with CAPAD
expand more slowly (Figure 7, after 60 s) and less than those
compacted with UHP (Figure 7, max. expansion), which is prob-
ably due to some gas loss due to higher local temperature, similar
to the outgassing effect known from SPS.[41] In the case of insu-
lating CAPAD, the early pore structure after 60 s and the final
pore structure are the most homogeneous, which is important
for a good mechanical performance.[42,43]

The quantitative foam expansion analysis extracted from the
radioscopic images (Figure 8) clearly shows that precursors com-
pacted with CAPAD in the pressure range 28–115MPa can
foam, while standard UHP compacted precursors require at least
170MPa for foaming. The final foam expansion is not as high as
with UHP, around 30% less than for UHP, but this could be an
effect of slight gas losses due to the increased local temperature,
and could be compensated with a slightly higher amount of blow-
ing agent. The amount of blowing agent used in this work for all
samples (0.25 wt% TiH2) had previously been optimized in ear-
lier work for the specific alloy AlSi8Mg4 (in wt%) and the UHP
process, but was kept constant for comparison purposes. Higher
foam expansion with CAPAD can be achieved by increasing the
amount of blowing agent, and this will be investigated in future
work. Not only is the maximum expansion the decisive quality
criterion, but also the homogeneity of the cellular structure.[42]

The foam pore sizes related to the foam expansion volume do
not show a clear trend in dependence on the applied compaction
pressure, but with CAPAD, very low pressures (e.g., 28MPa) lead
to larger pores and wider size distributions in most cases, as
shown in Figure 9, indicating that the compaction pressure is
not homogeneous and should not be reduced more.

Overall, the reduction in the required pressure achieved with
CAPAD is a commercial advantage and opens up the possibility
of cost reduction, as the need for high compaction pressures for
large-scale production and large precursors is a disadvantage
when it comes to making a breakthrough in metal foam products
produced by powder metallurgy.

5. Conclusions

CAPAD, as an alternative powder metallurgical compaction
method for metal foam precursors, was introduced. This method
requires approximately one order of magnitude less compacting
pressure compared to standard UHP. The insulating CAPAD
exhibits better densification by achieving higher density and
lower electrical resistance in the precursors, indicating a better
metallic bonding of the precursors due to the additional effect of

Table 2. Energy savings.

Compaction method UHP CAPAD

0.48 kWh 0.18 kWh
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current assistance, leading to more effective use of the blowing
agent. The low-melting Mg-rich regions, which are responsible
for nucleation, are more homogeneously distributed, resulting in
more homogeneous pore nucleation leading to a more homoge-
neous pore structure, but less expansion of the resulting foams.
Since CAPAD allows for faster consolidation at significantly
lower pressures while consuming less energy than standard
UHP, it offers significant cost-saving and scalability potential.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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