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Pressure-induced foaming (PIF) of metals is a foaming technique in which
blowing agent free compacted metal powders are foamed. The method consists
of heating hot-compacted metallic precursors to above their melting tem-
perature under gas overpressure and foaming them by pressure release. This
study focuses on PIF of Al99.7 and AlSi7 alloys under both air or Ar and
overpressures up to 9 bar. In situ x-ray radioscopy allows us to follow the
foaming process and to perform quantitative analyses of expansion, foam
morphology, and coalescence rate. Mass spectrometry helps to identify hy-
drogen as the foaming gas. Adsorbates on the former powder particles are
found to be the primary gas source. Various advantages of this new method

are identified and discussed.

INTRODUCTION

The powder metallurgical (PM) foaming route for
producing metallic foams has already found indus-
trial apspllcation.1 Metallic foam blocks,? sandwich
panels,”* or foams with more complex geometries
are manufactured through special variants of the
process.”® Commonly, a chemical blowing agent is
admixed to a mixture of metal powders, after which
the blend is hot pressed to a foamable precursor,
whose foaming is induced by heating to above the
melting temperature of the alloy and the decompo-
sition temperature of the blowing agent. TiH, is the
most frequently used blowing agent for aluminum
alloys.

One disadvantage of this method, besides the
high cost of the blowing agent, is the still insuffi-
ciently uniform pore structure of the resulting foam.
Structural heterogeneities start to form during pore
nucleation, which is accompanied by the accumu-
lation of gas at residual pores in the vicinity of
blowing agent or alloying element particles.”® The
reasons for such heterogeneities include the broad
particle size distribution of the blowing agent, the
nonlinear temperature dependence of gas release,
and spatial gradients of foaming associated with the
unavo1dable temperature distribution in the sam-
ple.'%! Furthermore, the heating rate and ambient
atmosphere also have a crucial influence on foam-
ing. 12= Many attempts to optimize the gas pro-
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duction kinetics have been made, e.g., by using
different blowmg agents such as Zer, CaCOs,
MgH,, etc.,'' using mixtures of agents,’” varying
the amount of blowmg agent or engineering a
precise heating proﬁle Another approach is to
preheat the TiH, in the presence of oxygen, thus
creating a protective oxide layer that serves as a
diffusion barrier, retarding the kinetics of the gas
decomposition and thereby shifting the onset tem-
perature of hydrogen release toward the melting
temperature of the alloy used.'®1~

The heterogeneities may further grow during
foam expansion, caused, e.g., by temperature gra-
dients, pore coalescence, coarsening, etc. Further
defects can even develop during solidification.?’ The
undesirable consequence of having a few large pores
is that they induce a lower local density region that
is weaker upon mechanical deformation.?!

A new approach to avoid all the difficulties asso-
ciated with blowing agents is to produce foams
without them. One method to foam Mg alloys
without blowmg agent was presented by Renger and
Kaufmann.?? They create a vacuum to expand the
gas contained in slurries that had been melted un-
der normal pressure and produce Mg foam. By this
method, the gas contained in the slurries and
trapped in the melt is sufficient for foaming if the
outer pressure is reduced. The hydrogen solubility
in aluminum and Al alloy melts, however, is much
lower than in Mg-based melts 23 Furthermore
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oxides ensure Mg foam stabilization. Normal Mg
melts contain 1-2% of such oxides®* and even more
after adding Mg slurries.?? The oxide content in
usual Al powders is only 0.3-0.7%,%°2" and this
seems not to be enough for foam stabilization.
Therefore, in its current form, the method from
Renger cannot be used to foam Al-based alloys.
Another method to foam Al and Al alloys was in-
troduced by the authors.?® Again a vacuum allows to
expand a cast melt using the dissolved hydrogen as
foaming gas, but in this case, foam nucleation, ex-
pansion, and solidification occur in a few seconds,
which allows to obtain a sufficiently stable foam
structure although only a reduced amount of stabi-
lizing oxides is present.

Pressure-induced foaming (PIF) does not require
any additional gas-releasing agent,?*®° and it is
applicable to the production of Al-, Zn-, or Mg-based
foams. It relies on the fact that the gas contained in
a powder sample compacted under normal atmo-
spheric pressure is sufficient for foaming. Therefore,
it is important to hold as much of this gas as pos-
sible inside the precursor until the whole precursor
is melted. Foam stabilization is provided by the
oxides contained in the powders as for the standard
PM route. Good consolidation of the metal powder is
required to provide a gas-tight precursor. For this,
the precursor has to reach high densities and ex-
hibit metallic bonding between the powder parti-
cles.

In the following, the PIF method is described in
detail, as well as its advantages for foaming. In situ
x-ray radioscopy is applied to a series of A199.7 and
AlSi7 samples that are foamed under different at-
mospheres and overpressures. In this article, we
specially discuss in detail and quantitatively all
possible gas sources contributing to foaming and
their influence on foam formation.

EXPERIMENTAL METHODS
Precursor Preparation

Precursors of Al99.7 and AlSi7 (in wt.%) were
prepared by uniaxial hot compaction after mixing
the elemental powders. No blowing agents were
added. Air-atomized aluminum powder from Alpoco
(Dsg = 38 um, Dgg = 76 um, purity 99.7%; AMG
Alpoco UK Ltd., Anglesley, U.K.) was used. Silicon
powder (D5g = 26 um, Dgg = 50 pum) for alloying was
procured from Wacker Chemie AG (Munich Ger-
many). Reference samples containing TiH, from
Chemetall GmbH (Frankfurt, Germany) with
D5y = 14 ym and Dgg = 34 um were also manufac-
tured. To prove the influence of gases adsorbed to
the metal powder surfaces on foam expansion, Al
powders were fractioned for certain experiments
into different size classes by sieving, namely
<25 um, 25-40 ym, 40-50 ym, and 50-160 ym. A
powder distribution analysis was performed with a
Sympatec HELOS Vectra (Sympatec GmbH,
Clausthal-Zellerfeld, Germany) laser particle
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analyzer, and the mean particle sizes was measured
to Dsg =~ 20 ym, 32 um, 47 ym, and 65 um, respec-
tively. The corresponding Brunauer, Emmett and
Teller (BET Theory) surface area was obtained ac-
cording to data sheets available in the literature.®!

For standard precursor preparation (Al99.7 or
AlSi7), 20 g of the corresponding powders was filled
into a steel die of 36 mm diameter. The powders
were first cold compacted under a uniaxial pressure
of 300 MPa, after which they were heated to 400°C
to be hot compacted for 5 min. Compaction was
normally performed under normal atmosphere and
pressure, although some samples were compacted
under a reduced pressure of ~10~2 bar as described
elsewhere’ or at 2 bar Ar overpressure at otherwise
identical conditions, in order to investigate the in-
fluence of gas entrapped in the precursor during
compaction. Ar was used to minimize oxidation
during compaction. Cold-compacted samples were
produced for comparison to simulate the open por-
osity of nonsintered grains.

The density of the compacted samples was
99.4% + 0.2% of their theoretical density. From
such tablets, sample precursors of volume
Vo =20 x 10 x 5 mm® = 1 cm® were prepared for
foaming.

Pressure-Induced Foaming

The x-ray-transparent pressure furnace used in
this study consists of a sealed AIMgl tube (outer
diameter & = 40 mm) with 0.5-mm wall thickness
(see Fig. 1). On one end, electrical connections are
led inside to a resistive ceramic heating plate (car-
bon layer embedded in SigNy4) and to thermocouples.
On the other end, the gas inlet and outlet are fixed.
The inlet tube is connected to a gas cylinder (or
optionally to a vacuum pump), and the outlet line is
connected to a pressure regulation valve. With this
furnace, temperatures up to 700°C, heating rates up
to 35 K/s, and pressures of 0.001 bar to 10 bar can
be achieved as described elsewhere.?? Synthetic air,
argon, or other gases can be used as cover gases and
vacuum up to 102 bar can be achieved with a rotary
pump.

Figure 2 shows the measured course of PIF of an
AlSi7 sample, indicating the relative cross-sectional
expansion Aft)/Ay, the temperature 7(¢) and the
schematic surrounding gas pressure profiles p(¢).
PIF uses external gas overpressure—in this case
po = 9 bar—during the heating process of the pow-
der compact until the sample has melted. After
melting, the surrounding pressure is reduced to
p1 =1 bar, which triggers foaming immediately as
the course of the projected area A(¢)/A, in Fig. 2
shows. The time needed to release the pressure from
po to p1 is defined as the foaming time #;. A typical
foaming time is ¢; = 25 s. For a few samples, differ-
ent foaming times tr=5 s, 25 s, and 60 s were ap-
plied. The waiting time ¢, between melting and
pressure release was in the range of ¢, = 10-100 s.
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Fig. 1. Experimental setup of the furnace used to foam alloys and view them in situ by x-ray radioscopy. The x-ray transparent Al tube acting as a
pressure foaming furnace is seen in the beam direction.

Vi(t)/Vo ~ Ag(t) /Ao 1)

for the early stage, as the uniaxial compaction di-
rection was oriented perpendicular to the beam. For
later stages of foaming, however, we obtain nearly
spherical foams, mostly possessing rotational sym-
metry around their vertical axis. In this case, we

expect
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Fig. 2. Projected sample area expansion, sample temperature, and
pressure in foaming chamber as a function of time for a AlSi7 sample
compacted under normal atmosphere. Tgng = 630°C, po =9 bar,
py = 1 bar, Ap/At = -0.25 bar/s.

In Situ X-ray Analysis

X-ray radioscopy was performed with a ra-
dioscopy scanner comprising a 150 kV microfocus
tube L8121-01 and a flat panel detector C7942
(Hamamatsu, Tokyo, Japan), as described previ-
ously.>® Series of high-resolution images
(2240 x 2368 pixel) were acquired in situ, i.e., dur-
ing melting, gas nucleation, and foaming, once per
second. The self-developed radioscopic image ana-
lysis software AXIM (Analysis of X-ray IMages) was
used for automatic quantitative analysis of the
foaming process from these images. This software
allows us to calculate the relative cross-sectional
expansion of the projected area of the foam A(t)/A,
where A(t) is the foam cross section and A, is the
precursor cross section. The ratio A(#)/Ay represents
a two-dimensional expansion, which corresponds to
the foam volume expansion V{t)/V, only when the
foam is not allowed to expand in the direction of the
x-ray beam. The uniaxially compacted precursors
used in our experiments are known to expand
anisotropically in the compaction direction in early
foaming stages,>* so that we can approximate

Vi(t)/Vo ~ (Ar(t)/Ao)*>. (2)

In Situ Gas Release Analysis

Hydrogen evolution as a function of time and
temperature is studied in a thermoanalyzer (409C;
NETZSCH Pumps North America, LLC, Exton, PA)
by mass spectrometry in an alumina tube furnace
connected to a quadrupole mass spectrometer. The
specific mass = 2 ion current represents the hydro-
gen release per sample mass unit. A total of 150 mg
of Al powder compacts for two different powder sizes
(Dso =~ 20 um and 65 um) were heated twice at
5 K/min from 40°C up to 750°C in flowing Ar
atmosphere. Additionally, 150 mg of filings were
prepared from powder compacts and heated under
the same conditions.

RESULTS
General Expansion Behavior

PIF was successfully applied to Al99.7 and AlSi7
powder compacts in this work. No big difference in
expansion or structure was found for AlSi7 com-
pared to Al99.7. Also no notable differences in the
foaming behavior were observed when using syn-
thetic air or argon as cover gas. No marked influ-
ence of foaming time—#; =5 s, 25 s, and 60 s were
tested—on the expansion behavior or pore size were
found. In the first 90 s of heating an AlSi7 sample,
we observed three initial expansion steps (see
Fig. 2). The first is small, starts with heating, and is
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related to thermal expansion. It corresponds to
maximum Ag50 s)/Ag ~ 1.03. The second takes
place during gas nucleation Ag70 s)/Ag~ 1.1,
whereas the third occurs after reaching the melting
temperature of the alloy, at which the sample is
completely melted and the maximal expansion un-
der these pressure conditions is reached, namely
A95 s)/Ay ~ 1.2. In other words, at pg = 9 bar, the
increase of the projected sample is just ~20%. After
releasing the pressure to p; = 1 bar, the foam ex-
pands in 25 s to Afmax(120 s)/Ay = 2, ie., ~200%.
During isobaric holding in the molten state for fur-
ther 85 s up to ¢t =205 s, the foam shrinks con-
tinuously and reaches the end expansion of the solid
foam of Af¢na(300 s)/Ag =~ 1.8 after heating is swit-
ched off.

Figure 3 shows x-ray images at different stages of
the process and a cross section of the AlSi7 foam made
by PIF, as described in Fig. 2. Round pores with di-
ameters not exceeding 5 mm are observed. Further-
more, it was possible to demonstrate a considerable
expansion in PIF-processed samples, even before
pressure release (see Fig. 3b). The same experiment
was performed for a bulk piece of cast A199.7 that was
molten under a gas pressure po = 9 bar. As expected,
the pressure release did not induce foaming. Similar
behavior was found for A199.7 and for AlSi7; therefore,
further analysis was performed only for A199.7.

Influence of Pressure

A series of Al99.7 foams was produced by first
melting precursors under different Ar gas pres-
sures—po = (1, 2, 4, 6, 9) bar—and then releasing
pressure to p; = 1 bar. Foaming with different end
pressures (p; # 1bar), e.g., po=9bar and
p1 =5 bar (pressure drop Ap = —4 bar), was also
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possible. However, with po = 1bar and p; = 107!
bar, large gas bubbles were obtained in the foam.
These ruptured at the sample surface, and therefore
the foam collapsed and degraded completely, similar
to what was found previous}gy for AlSi6Cu4.'* For
po=10"1 bar and p; = 10~ bar, only large gas
bubbles appeared in the precursor already during
melting and led again to bubble rupture at the
sample surface, gas losses, and no foam. These ob-
servations indicate that evacuating a liquid Al foam
from 1 bar leads to an unstable foam structure.?
Therefore, an overpressure of around po > 1 bar
during melting is an essential requirement for foam
expansion after pressure release for the type of
powders used in this work. Other alloys or other
oxide contents in the powders may lead to other
critical pg.

The maximum expansion Agma(po)/A, after
pressure release from py to p; = 1 bar is given in
Fig. 4 as a function of pq (full squares). A clear in-
crease with increasing pg is found, although not as
high as predicted from the ideal gas law (broken
line) as will be discussed later. The expansion at the
pressure release point Adpg) is also given in Fig. 4,
showing a slight decrease with po with a minimum
at pg = 4 bar.

Applying an underpressure of p, = 1072 bar dur-
ing heating of the precursor until complete melting,
followed by a pressure increase up to pg = 9 bar and
a subsequent pressure release to p; = 1 bar, did not
give rise to foaming as will be discussed later.

Influence of Precursor Preparation

Figure 5 shows a foam made by applying typical
PIF conditions (Te,q = 680°C, pg = 5 bar, p; = 1 bar,

(a) 10 mm

(b) 10 mm

Fig. 3. X-ray images and cross section of an AlSi7 foam made by pressure induced foaming of a blowing-agent-free precursor compacted under
normal atmosphere. Teng = 630°C, po = 9 bar, p; = 1 bar, Ap/At = —0.25 bar/s, Aq,max/Ao ~ 2. (a) Precursoratt=1s, po = 9 bar, T = 25°C; (b)
precursor containing nucleated gas bubbles at t=100s, p, = 9 bar, T = 630°C; (c) expanded foam at t= 125 s after pressure release,

py =1 bar, T=630°C; and (d) cross section of the solidified foam.
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Fig. 4. Relative projected area At max(po)/Ao and A«(po)/A, of Al99.7
foams after pressure release from py to p;, p; =1 bar, Ap/At=
—0.25 bar/s, Teng = 680°C for as-received powder. PS(1-4):
At max(Po = 8 bar)/A, of precursors made from powders with different
powder particle sizes (Dsq = 20, 32, 47, and 65 um) for p; = 1 bar.
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Fig. 6. Maximal expansion of Al foams made by PIF as a function of
the BET surface area of the Al powder used for py = 5 bar and 7 bar.

(b) (c)

Fig. 5. (a) Radioscopy, (b) cross-section, and (c) binarized cross-sectional image of an Al foam made by PIF applying parameters Tgnq = 680°C,
Po = 5 bar, p; = 1 bar, Ap/At= —0.16 bar/s, Anax/Ao ~ 3. Precursor was compacted under ~1072 bar pressure.

Ap/At = —0.16 bar/s) but from a precursor where
powder was compacted under a pressure of ~10 2
bar. Such precursors showed a better expansion and
pore uniformity than when powder was compacted
in air at 1 bar. An expansion of Afma/Ag ~ 3 and
homogeneous round pores were obtained. Precur-
sors compacted under ~2 bar Ar overpressure be-
haved like precursors compacted at 1 bar. In
addition, samples made by cold-compacting powders
were tested, to deliberately allow for some open
porosity between the nonsintered grains. No foam
was obtained in the last case.

Influence of Powder Particle Size

The surface area of the various sieved powders,
which have different surface-to-volume ratios
S,/V,, influences the maximum expansion of the

corresponding foams processed by PIF (see Fig. 6).
Expansion markedly increases with decreasing
particle size, i.e., with increasing BET surface area
or surface-to-volume ratio.

Bubble coalescence was quantified by analyzing
sequences of x-ray images using the software AXIM
(see Ref. 35). Bubble coalescence in foams made by
PIF of precursors obtained by pressing powders of
different particle sizes as well as in standard PM
foams blown with TiH, was quantified in the liquid
state by tracking the cumulative cell wall ruptures
after full expansion. The sum of the cell wall rup-
ture events shown in Fig. 7 shows that the coales-
cence rate in PIF-processed foams is about
three times lower than in a comparable standard
PM foam of similar density made from as-received
powders under the same conditions but containing
0.5 wt.% TiH, acting as a blowing agent.
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Fig. 7. Accumulated coalescence events (film ruptures) during 30 s
of holding in fully expanded Al foams blown with 0.5 wt.% TiH, and Al
foams made by PIF (po = 5 bar), the latter for different powder par-
ticle sizes (Dso = 20, 32, 47, and 65 um). Inset: Particle size distri-
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Fig. 8. Mass = 2 ion current representing the hydrogen gas release
(or loss) from Al powder compacts and loose filings thereof. Fine
(Dsp = 20 um) and coarse powder (Dso = 65 um) is used. Heating
cycles are carried out under flowing Ar at a heating rate of 5 K/min.
The first cycle and part of the second one are shown in this figure.

Gas Release Analysis

The release of hydrogen gas from an Al99.7 pow-
der compact and from the corresponding loose fil-
ings as a function of temperature is given in Fig. 8
for constant heating at 5 K/min under flowing Ar.
The gas release analysis showed that hydrogen is
the only gas that provides sufficient volume to foam
the samples. A comparison between subsequent
heating cycles reveals that most of the hydrogen gas
is released during the first heating cycle and below
the melting point of Al (660°C) and very little in the
second or further cycles. A comparison between
samples made from finer (D59 =~ 20 um) and coarser
powders (Dso ~ 65 um) shows that the smaller the
powder size, the more hydrogen can be detected.

DISCUSSION

For foaming a liquid metal, two main condi-
tions have to be satisfied. First, the films between
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adjacent bubbles need to be stabilized either by the
added ceramic particles or by the oxides contained
in the metal powders used as base material.>® Se-
cond, a gas source is required that releases suffi-
cient amounts of gas in the right temperature
range. As PIF is a powder-based process, stabiliza-
tion is provided by the same mechanism known
from the traditional PM process.?27

During heating of a powder compact made with-
out blowing agent at ambient pressure, the gas
produced through desorption from the powder sur-
faces or contained in porosity, defects, or cavities in
the precursor does not lead to a notable expansion,
probably due to the small gas volume and losses to
the surroundings while the material is still solid.
During solidification, the solubility of hydrogen de-
creases, resulting in a small expansion due to gas
nucleation.®”

In the following, we estimate how much gas can
be expected from the most likely gas sources and
compare the figures with the amount of gas that can
be produced by a blowing agent.

Gas Sources

The results presented show that foaming of hot-
compacted metallic powders without blowing agent
is possible by PIF. This indicates the presence of gas
sources in the precursors that act as “intrinsic”
blowing agents and provide sufficient gas to nucle-
ate inside the compacted precursors during melting
and then to expand to a considerable volume when
the overpressure is released. Such gas could either
be present in the compacted metallic powders or
could be gas that has been entrapped during pre-
cursor compaction. It is certain that use of powders
is essential because bulk samples of cast Al or Al
alloys cannot be foamed by gas release. Cast Al
samples melted under 1 bar show just a small ex-
pansion of Agmax/Ag = 1.06 £ 0.03 corresponding to
the thermal expansion.

We consider Al alloy precursor samples of volume
V. For the reference samples containing 0.5 wt.%
TiHy, the theoretical volume Vg of hydrogen pre-
sent in the blowing agent at 1 bar pressure allows
us to assess the gas volume needed for foaming. The
concentration of hydrogen gas in the precursor is:

CH (Alpr) = CTiH, (Alpr) X CH(Tle) =2x10* 3)

cu(TiHg) = 0.04 and crig, (Aly,y) = 0.005 are the
relative concentration of hydrogen in TiH, and of
TiH, in the Al precursor, respectively. With
por = pa1 = 2.7 g/cm”, the corresponding amount of
hydrogen in the precursor is 0.54 mg/cm®. If this gas
is treated as ideal, then its volume at 660°C is
V¢0(660°C) = 0.54/2 x 1073 x 22.4 x 103 x (933/
273) x Vo =~ 20 x V,. If all this hydrogen gas con-
tributed to foam formation (Vi= (20 x Vy) + V),
then a relative volume expansion factor of Vi
Vo =~ 21 would be expected. Usually, foam expan-
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sion for free foaming is in the range of V¢V, =
5-71%1 which implies that at most 1/5 to 1/4 of the
hydrogen gas contained in the blowing agent con-
tributes to foam expansion and that a large part of
the hydrogen must be still bound in TiH,, e.g., as
another TiH,-phase in the matrix'®1%3® or is lost
during the process by (I) dissolution in the melt, (II)
out-diffusion from the foam,?® or (III) by escaping to
the surrounding through cracks in the precursor or
rupture of outer bubbles.”*®
For PIF, the most likely gas sources include:

1. Gas dissolved in the metal

2. Entrapped gas and porosity within the powder
particles

3. Gas adsorbed to the metal powder surfaces

Gas Dissolved in the Metal

Hydrogen is the only gas that can be dissolved in Al
in considerable volumes,*’ although 1ts solublhty is
still lower than in many other metals.?® In PIF, the
gas pressure is released at a constant temperature
slightly above the melting temperature®” and hy-
drogen precipitation during solidification cannot
occur. However, gas can precipitate during pressure
release because, according to Sievert’s law, the so-
lubility is given by the external pressure:

ey ~ p'/? (4)

In our case, reducing pressure from py = 9 bar to
p1 = 1 bar will reduce solubility to 1/3 of the high-
pressure value because

cu(p1)/cu(po) ~

(p1/po)"* =1/3 (5)

The hydrogen solubility in liquid Al
at  Twu(Al) = 660°C is Sg(Al = 0.69 cm3/100 g
Al.23#1743 Therefore, the maximal hydrogen volume
that can be liberated from an Al precursor of volume
of Vy is Vg(660°C, 9 bar) =V x 2.7 x 2/3 x
0.69 x 10 2=V, x 3.73 x 1072, which is too low
for foaming.

The gas volume obtained is far below the volume
needed for foaming. Recent work showed that hy-
drogen outdiffusion through a metal foam skin de-
pends on the surrounding atmosphere.?® PIF under
argon and with different waiting times (10 s and
100 s) between melting and pressure release
showed no notable variation in expansion. We can
conclude that the hydrogen dissolved in the melt
cannot play a key role for foaming.

Entrapped Gas and Internal Porosity of Metal
Powders

The density of our compacted powder precursors

is p =~ 99% of the bulk density or higher, implying
that all the gas entrapped during compaction, e.g.,
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in bifilms as known from castings,** together with
the internal porosity of the Al powders and pores at
the boundaries of former powder particles give rise
to a total porosity of P < 1% in the precursor. If the
internal pressure in such pores is 1 bar, this corre-
sponds to a maximal volume of V,(20°C) <
Vo x 1072 and Vg(660°C) <V, x 3.18 x 102,
which is also too low for foaming.

This gas volume would be much higher if the
porosity contained gas under elevated pressure.
Theoretically, the pressing die could contain up to
three times more air volume than powder volume,
and this gas would be entrapped tightly under high
pressure inside the 1% porosity of the precursor. In
this case, Vg at 1 bar pressure could range up to ~3
Vo. However, the gas actually released during
foaming should depend on the gas pressure during
pressing. We found that pressing the powders under
a defined gas pressure of 2 bar yielded the same
results as pressing under 1 bar pressure. Further-
more, precursors compacted under very low pres-
sure, namely 102 bar, showed a homogeneous pore
size distribution and a notably increased expansion
compared with the ones compacted under 1 bar; see
Fig. 6 and “Influence of Precursor Preparation”
section, which can be explained by the better sin-
tering of the grains, as it is known for yacuum
pressing of Al-based foamable precursors.” These
experiments disprove that entrapped gas is a
dominant gas source for foam expansion.

Diffusion of hydrogen gas into the precursor
through its surfaces due to the increased sur-
rounding overpressure during heating is possible,
but the amount of hydrogen dissolved cannot be
more than the solubility limit. Considering 1% por-
osity in the precursor, Vit will be again in the range
of ~V, x 10~2 but at a maximum pressure of po,
providing a max1mum gas volume of just
Vet = Vo x 10! at 1 bar. Such indiffusion of gas
into a precursor should allow PIF also for a cast Al
precursor, but this was experimentally disproved
(see “Influence of Precursor Preparation” section).
Using overpressure during melting of the precursor,
even if it exhibited fully open porosity like is the
case in a cold compacted precursor, was not amen-
able to pressure-induced expansion (see “Influence
of Precursor Preparation” section). Porosity and
entrapped gas can therefore not be the principle gas
sources for PIF.

Gas Adsorbed to the Metal Powder Surfaces

As the surface-to-volume ratio of the initial metal
powder is high compared with a bulk of the same
mass, atomic or molecular adsorbates, such as Hs,
05, Ny, CO, CO,, HyO, hydroxides, and hydrocar-
bons, are present and could contribute to gas
generation. We can distinguish between physisorp-
tion with a coverage of 0 = 1 (i.e., one monolayer of
adsorbate) and chemisorption Wlth 0 > 1.*" The ki-
netics of adsorption are ruled by the sticking prob-
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Table I. Theoretical hydrogen volumes in an aluminum foam made from an Al99.7 precursor of volume V,
compared to the real gas volume in a solidified foam

Theoretical hydrogen volumes generated in different ways

Real gas
Volume in foam 0.5 wt.% TiH, Dissolved hydrogen Entrapped air Adsorbed gas
Vg (660°C) Vg0 (660°C) Va1 (660°C) Vi1 (660°C) Vi (660°C)
4-6 x V, 20 x Vj 3.7x 102 x V, 32 x 102 x V, 10.3 x Vo

Four different hydrogen sources are considered.

abilities of gases on the surfaces of solids.*® During
exposure of Al powder to air oxidation will proceed
until the limit set by the theory of Cabrera and
Mott.*® This natural oxide layer is ~2 nm thick®*°*
and shows a strong tendency for hydration, espe-
cially when exposed to humid environments. Al
powders also pick up atomic H in solution from the
hydrated layer during thermal treatments such as
hot compaction.?® Hydration of the oxide layer at the
powder surface leads to both physically adsorbed and
chemically bonded water as hydroxide.’®”* During
heating, H50 is desorbed and the hydroxide decom-
poses producing boehmite and more water.”® The
water production continues above 310°C, and it can
oxidize Al and form hydrogen gas. Between 400°C
and 500°C, hydrogen production peaks. At about
500°C, most of the water has been released.?® For
example, it was found that the hydrogen contents in
Al-based powder are 700 (air atomized) or 566 (ni-
trogen atomized) times higher than the maximum
solubility of hydrogen in solid aluminum.?3°¢

We can estimate that our air-atomized Al powder
with Dgso=38 yum has a typical surface of
~0.3 + 0.05 m%g.°"*® The total powder surface S,
in an Al precursor of volume V, therefore is
Sp=Vox81x10°cm '. The water molecule
density of a monolayer adsorbed to aluminum is
~10'® mol/cm?, the total amount of water molecules
~0.03 ug/cm?.5"% For a single monolayer of water
covering the Al powder grains, the total number of
water molecules in a precursor will be N0 =
Vo x 8.1 x 10" cm 3. For Al powder surfaces, an
adsorption of 7o ~ 10 monolayers was found,***°
corresponding to a total mass of adsorbed water
of ~ V x 0.3 ug/cm?. The resulting gas volume Vit
can be calculated using Loschmidt’s constant
N =2687x10"cecm™® to Vgnp (0°C) = npe.
no x NHQQ/NL ~ VO x 3.015 and VgIII (6600C) ~
Vo x 10.3. This gas volume can indeed result in a
considerable expansion, which indicates that the
adsorbates are the main gas source for PIF. Table I
compares all possible gas sources.

Other Aspects of Gas Generation

Heating blowing agent free powder compacts un-
der constant ambient pressure also leads to gas

nucleation of the adsorbed gas and a small expan-
sion (see Figs.2 and 4) in the range of Ay
Ao~ 1.3 £0.1 for AlSi7 and AfAq~ 1.4 £+ 0.1 for
pure Al, which is far beyond pure thermal expan-
sion in the solid and during melting, as it is ob-
served in cast Al where AdAy ~ 1.06 £ 0.03.

Because the samples are melted under overpres-
sure (pg > p1) in PIF, gas losses are reduced during
the heating and the foaming phase in comparison to
foaming with blowing agent following the standard
PM route under 1 bar. This means that the total gas
volume required inside the precursor should be
considerably less than the volume V. produced
during conventional blowing-agent-assisted foam-
ing. At the foaming temperature, the adsorbates are
fully dissociated and contribute to expansion,
whereas with blowing agent, part of the hydrogen
does not dissociate and contribute to foaming, but
rather it remains inside the Ti lattice as a TiH,
phase.!®

Applying a low pressure of py = 1072 bar during
the heating stage of a PIF experiment until the
precursor was melted, followed by a pressure in-
crease up to po = 9 bar and a subsequent pressure
release to p; = 1 bar did not initiate foaming (see
“Influence of Pressure” section). This implies that
the foaming gas was not trapped in the sample, but
it was lost during the heating stage below the
foaming temperature.

If surface adsorbates are responsible for PIF,
the surface-to-volume ratio of the powder should
play a key role because the effective surface area
Sp is larger for finer powders. Indeed (see Fig. 6),
the expansion of samples made from powders
with larger surface areas is clearly higher. This
corroborates the idea that adsorbates are the
principle gas source for PIF. However, the in-
crease of foam expansion with smaller powder
particle size is below the corresponding increase
of the powder surface area. One reason for this
could be the different compaction properties of
powders with different sizes and size distribu-
tions. The various contributions that lead to foam
expansion are possibly additive, but according to
Table I, only adsorbates are capable of generating
enough gas to explain the large expansion during
PIF.
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Process Parameters

The choice of parameters applied for producing
PIF precursors was based on the procedures known
from pressing precursors containing blowing
agents. Pressing has to create a metallic bonding
between Al powder particles in both cases to obtain
a gas-tight metallic matrix. Cold compaction of Al
powders, although feasible,%*®! often does not lead
to well foamable precursors, which is why uniaxial
hot compaction was used.

PIF does not work under a soft vacuum. If a
starting pressure of, e.g., po = 10~ ! bar is selected,
then the gas forming in the precursor forms unsta-
ble bubbles that coalesce immediately to larger
bubbles that ascend to the surface due to buoyancy
and rupture there. The gas is lost to the surround-
ings. Further gas release by pulling a stronger va-
cuum, for instance to p; = 1072 bar, does not induce
any foaming. This result is similar to experiments
with blowing agents under low pressures'* but is
distinct from the case of Mg slurries,”® where Mg
foams could be produced by pulling a vacuum. The
reason for this can be the increased self-stabiliza-
tion in this special case of a Mg alloy melt heavily
loaded with oxides.

Foaming time was found to have little influence
on the expansion or coalescence for the parameter
range investigated (¢,;=5s, 25 s, and 60 s). This
indicates that the internal pressure follows the
outer pressure, and little gas is lost to the sur-
roundings after melting as shown in Fig. 8.

Foam Expansion

The total foam volume can be expressed as
Vi(t) = Vo + Vg(p) (6)

And, according to the ideal gas law and at constant
temperature, we obtain

Ve(p1)/Ve(po) = po/p1 (7)

The expansion under pressure p, described in
“Influence of Pressure” section corresponds to the
gas volume, which is responsible for foaming during
pressure release. For example, the release from
po =9 bar top; = 1 bar in Fig. 4 results in a relative
cross-sectional expansion of A/Ay = 1.9 compared to
the original precursor, which roughly corresponds
to ViV, = 2.6 according to Eq. 2. For a pressure
release from, e.g., pg = 2 bar to p; = 1 bar, the gas
volume in the foam V,(po) should double according
to Eq. 7 at constant T to V(p;1) assuming no losses.

The pressure dependence of the cross-sectional
expansion can be deduced from Egs. 2, 6, and 7:

Ac(p1) (o Velpo)
A —<p—1 V. +1> (8)
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For the experimental values Vo, =1cm?® and
Adpo)/Ag = 1.3 (see Fig. 4), and assuming then
Vi = 1.5 cm® with Eq. 2 and V,(po) = 0.5 cm® with
Eq. 6, the theoretical cross-sectional expansion can
be written as:

““A—(l"l) = (1+0.5p,)% 9)

Figure 4 compares the experimental and theore-
tical values of the area expansion. The measured
expansion increases with po but slower than
theoretically expected. This is caused by other ef-
fects that have to be considered, such as gas losses
due to bubble ruptures at the surface or due to gas
diffusion through the foam surfaces into the sur-
roundings leading to foam collapse, or by intrinsic
instabilities of the foam structure at large expan-
sions. In Fig. 8, for example, the hydrogen release
from compacts decreases after melting (660°C after
16.5 min) but does not go to zero.

From Laplace’s law, we know that gas nucleation
will take place when the critical radius R, = 20/py, is
reached, where o is the liquid—gas interfacial energy
and py, is the Laplace pressure of the bubble. If we
consider p1, & po in a diffusion equilibrium with the
surroundings, the critical bubble radii during nu-
cleation should become smaller with increasing p,.
This leads to a higher chance for gas to nucleate
instead of diffusing to existing nuclei. Thus, the
number of nucleation centers also increases with
increasing po, similar to what was found in samples
foamed with TiH,.'*

Figure 5 shows an Al99.7 PIF-foam with an in-
creased expansion of Afma/Ag~ 3 for po =5 bar
and p; = 1 bar with round and uniformly distribut-
ed pores. This improvement was achieved by hot
pressing the sample under the low pressure of
~10"2 bar in order to enhance powder compaction
and to avoid oxidation of the fresh powder surfaces
exposed during hot compaction.’®%? As a result, the
gas available for subsequent foaming is better
trapped in the metal matrix. In vacuum hot-com-
pacted compacts, fewer cracks form during heating
and gas loss is reduced;’ thus, foam expansion im-
proves.

Foam Stability

Stabilization of the liquid films in expanding
foams is caused by the oxide filaments and networks
originating from the oxidized surfaces of the
metallic powders used. It is reasonable to assume
that the stabilization mechanism is the same for
PIF and foaming with a blowing agent. TiH, other
than carbonates does not groduce a gas that can
lead to particle formation,?®?” and the remnants of
TiHs decomposition are not distributed densely
enough to stabilize the films.
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To study the stability of metallic foams in the
liquid state quantitatively, we analyzed bubble
coalescence throughout foaming. In PIF foams,
coalescence was found to be just ~1/3 of the value in
similar foams blown with TiH, (see Fig. 7), although
the number of bubbles is increased in PIF due to the
high nucleation rate, which would rather induce an
increased rupture probability. Moreover, no collapse
after expansion was found for any of the PIF sam-
ples. Bubble expansion during PIF takes place un-
der conditions of a uniformly distributed pressure
field, with the only gradient being between the foam
interior and the surroundings. After foaming is in-
duced by pressure release, no gas source is active
anymore and no inter-bubble pressure gradients
develop. This is different when TiH, drives expan-
sion because the temperature-sensitive blowing
agent with its wide distribution of particle sizes can
generate pressure gradients that overstretch indi-
vidual films and trigger rupture, which is why the
observed coalescence effect is much stronger.

Our experiments under microgravity showed that
TiH, plays a more important role than gravity-in-
duced drainage in causing film rupture in Al-based
PM foams.%*%* An increased cell wall stability effect
was also found for Zn-based foams blown with an
intrinsic gas source.*’

Advantages of PIF Versus Blowing Agent
Foaming

PIF could gain industrial relevance. The costs for
the blowing agent powder, its pretreatment, and
powder mixing can be avoided. Process temperature
control is less critical in PIF than in the cases where
blowing agents are used.'*?? For foaming net-shape
components, a gas-tight mold equipped with a gas
release valve can be used. On the other hand, the
additional pressure control required would reduce
the cost benefit.

Foaming times can be very short (¢ ~ 10-15 s)
compared with the times usually needed to expand
foams with TiHy (usually 30-300 s). Such long pe-
riods of expansion increase stochastic cell wall
rupture events and lead to a coarser pore structure.
The heating time is similar for both methods. A
more uniform pore nucleation due to the overpres-
sure applied and the possibility of precisely con-
trolling expansion, density, and pore size by
adjusting p;—po represents additional benefits of
PIF.%°

The foams made by PIF are more stable in the
liquid state than the ones blown by TiHs, making
the process window wider. This is proven by the
clear reduction of the coalescence rate in the liquid
state, as demonstrated in Fig. 7. PIF foams are also
very uniform in pore size (see Fig. 3).

From the scientific viewpoint, PIF allows for an
easier analysis of the foaming conditions of metals,
especially its temperature dependence, because
complications in analysis due to the extreme tem-
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perature sensitivity of gas generation from a blow-
ing agent are not present.3 40,65

SUMMARY

PIF is a foaming method based on compacted
metal powders. Other than the traditional foaming
methods, it does not require additional blowing
agents. When melting hot-compacted Al powders
under gas overpressure and then releasing the
pressure, the gas contained in the sample expands
in area by AfAo ~ 3, corresponding to a volume
expansion of V¢V, =~ 5.2, which is comparable to
foaming with a blowing agent. The high pressure
during melting hinders gas losses during heating
and induces nucleation of a multitude of uniformly
distributed bubbles, which evolve into a uniform
expanded foam. Cross-sectional expansion increases
when the initial overpressure po is higher. The
coalescence rate during foam expansion triggered by
pressure release was found to be three times lower
than when foaming was driven by TiH,. Different
possible gas sources were analyzed and their con-
tributions estimated. Adsorbates were identified as
the main gas source for PIF. PIF could become an
industrially relevant foaming method because nei-
ther blowing agents nor precise temperature control
are needed to produce high-quality foams. In addi-
tion, the foam density and foaming time are easily
adjustable.
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