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Metal foam evolution studied by synchrotron radioscopy
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High-intensity synchrotron x-ray radioscopy was used to obtain real-time images of foaming metals,

thus allowing the formation, growth, and decay of such systems to be studied. Bubble generation,
foam coalescence and drainage of an aluminum-based alloy foam were investigated. Although the
foaming process appears to be very similar to the formation of aqueous foams, the observed rupture
behavior of thin metal films suggests that the processes responsible for metal foam stabilization and
destabilization must be quite different. 2001 American Institute of Physics.
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Foams are liquid—gas mixtures that evolve in a complexvhich themselves meet in nodes. However, some differences
way governed by an interplay of viscosity, surface tensionare also apparent: there is a lower limit for the liquid fraction
and gravity. The physics of foams is still a disputed area andof about 10% which makes metal foams rather “wet” com-
e.g., drainage? or foam flow phenomerid are just being pared to “dry” aqueous foams that can have less than 1%
explored. Foams can be made from a variety of substancduid fraction?
such as water, polymers, glass, or even metals. Solid metallic In order to observe the evolution of the internal structure
foams have attracted much attention because of their poteef metal foams in real time, foams were generated in a fur-
tial applications, e.g., in automotive and aerospace indusiace which was equipped with two water-cooled Al win-
tries, where their specific structure makes them useful fodows through which a synchrotron x-ray beam could pass
lightweight construction or crash energy absorpfiohAl- (see Fig. 1 The beam, monochromatized to 33.17 keV, gen-
though metal foams are rapidly becoming industrially impor-€erated an absorption radiograph which was captured with an
tant, surprisingly little is known about the physical processeglectronic detector system based on a 102824 pixel
governing their formation. Further improvement of suchCCD camera with 4um pixel size'® The CCD camera was
foams, however, requires more information about their liquidread out at frequencies between 2 and 3 Hz. The entire foam-
counterpart, which is difficult to obtain owing to the intrans- ing experiment took a few minutes, corresponding to 500—
parency, reactivity, high temperature and low electrical resis900 radiographs for each of the 60 individual experiments
tivity of metal melts. Observation methods which are usefulcarried out. Synchrotron beams had to be used because of
for studying aqueous foams such as, e.g., resistance, fluord§€ir high intensity and very low divergence. Conventional
cence, or light scattering measurements are therefore not aplicrofocus x-ray tubes have been used for real time obser-
plicable. In contrast, using synchrotron radioscopy an unvations of liquid metals;**but they do not allow for obtain-
precedented insight into evolving metal foams could pdng sufficiently sharp images of the thin structures or for
gained. exposure times well below 1 s.

Aluminum-—silicon (AISi7) alloys were foamed by re- The radipscopic imaggs sho_wed a great wealth of details
leasing hydrogen gas in metal powder compAdisr this a of the foamlng samples in various stage_s of. evolution. In
metal powder blend At7 wt% Si (purity 99.5%, — 100 part!cular, if the samples were thin in the direction of the ray,
mesh was mixed with 0.6 wt% of powdered titanium hy- the internal structure would be resolved very well. Phenom-
dride (TiH,) after which the mix was hot pressed at 450°C
and 120 MPa. The resulting tablets were virtually dense

(<0.75% porosity. Foaming of the alloy was triggered by furnace 1 ex?gg%ing
heating tablets to the melting range of AlSi7 (577-620°C)
in normal atmosphere. This caused partial melting of the scintillator
alloy, hydrogen release by the blowing agent, and formation screen
and inflation of bubbles and a corresponding volume expan- ~ — B |l B2
sion to 5-10 times of the original volume. Metal foams are
in many respects similar to aqueous foams: they are arrange-
ments of films intersecting in edges—the Plateau borders— = =—/g-~-—HHEELN. g x
Al window CCD
dAuthor to whom correspondence should be addressed; electronic mail:
banhart@telda.net FIG. 1. Experimental setup for real-time radioscopy. The beanH is
YAlso at: European Synchrotron Radiation FaciliESRP, 38043 =15 mm high and 40 mm wide, the samples were betweeA and 7 mm
Grenoble, France. high before foaming, their thickness ranged frdm 6 to 20 mm.
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FIG. 2. Cell rupture observed in an AlSi7 foam. The two successive radio-
graphs were taken from a series of 800 and show a closeup of the original
total image area of 3015 mn? (left and middlg. Time separation between

the images is 500 ms. The structure that ruptures is marked by an arrow and
is made visible in the difference pictufeght); foaming temperature was
700 °C. The sample wad=6.5 mm thick which leads to an initial x-ray
transmission of 21.3%.

ena such as bubble creation and growth, rupture of films,
local topological rearrangements, etc. can be studied. Figure |
2 gives an impression of the possibilities, showing two close-
up images of a fully expanded AlSi7 foath5% liquid frac-
tion) where d=6.5mm, corresponding to two to three
bubble layers in the direction of the beam. Figure 3 shows
six different full-field radiographs of another expanding
AISi7 foam in different stages of evolutidid= 10 mm). The
various evolution steps can be divided into two phagbs:
the first four frames show a sample rising from its initial
thickness to maximum height]l) the last three frames a
foam with an almost constant volume in which internal pro-
cesses lead to changes in the bubble structure.

Looking at phas€ll) one sees that the foam structure
gets coarser with time and there is a slight tendency for
metal flowing downwards under the influence of gravity.
However, thisdrainage effect is rather weak: the vertical
density profile remains fairly constant with time and most of
the observed material rearrangement is associated with rup-
ture phenomena which lead to short pulses of metal flow.
Only an increase of temperature to at least 750 °C in further
experiments led to considerable and more continuous drain-
age. Analysis of the entire movie reveals that spontaneous ||
cell rupture is the sole mechanism for coarsening and that
there is no sign for gradual gas diffusion between the cells.
The cell walls rupture in less than 500 ms. One rupture pro-
cess is seen in Fig. 2: the left frame shows a plateau border
and corresponding films which are about 2 pixe8 um)
thick. They have disappeared in the second frame 500 ms
later, thus demonstrating that aluminum films cannot be
stretched beyond this limit but become unstable. This is very
different from the behavior of most aqueous films.

The irrelevance of diffusion becomes understandable if
one roughly estimates the time for diffusion of hydrogen
through a film of 8Qum thickness: using a diffusion constant _ _ _ _

= _3 . 13 . FIG. 3. Series of expansion stages of an AISi7 alloy monitored by x-ray
of D=3.2x10"*cn/s for H, in Al,* and a surface tension radioscopy. The original samp{rame 1 wasd= 10 mm thick(x-ray trans-
of y=0.91 N/m*—both at 660 °C—one finds that bubbles mission of 9.1% In frames 4—6 the foam has risen to more than 15 mm
with, e.g., a radius oR=3 mm have excessive pressures of height and is therefore truncated. | marks phases of rising foam, Il stages of
Zy/R% 600 Pa. A typical pressure difference between twode(_:aying foam at nearly congtant volume. The times gi\{en re_fer to a state at

. . . which expansion started which was about 120 s after inserting the sample
adjacent bubbles of, e.gAp=100Pa would give rise t0 @ i the furnace preheated to 700 °C.
gas flow of j=5nmolcm?s™! which would empty the
bubble only after more than 1 h. get as thin as 10—-30 nm as liquid drains out under the influ-

The apparent difference between metal foams and aquence of gravity. Thin films are stabilized by electrostatic
ous foams requires some explanation. In aqueous foams tlierces between the two dipole layers and the Gibbs—
films are stabilized by surfactant molecules which cover theiMarangoni effec?'® As thin fims allow gas to diffuse
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are prone to disappear. Liquid metal films, in contrast, aré¢o stabilize the films. Therefore, there might be a surface
stabilized differently because the electrostatic forced areffect which, however, has no analogy in aqueous foams.
screened. It is widely accepted that a metal can only be Turning to the first four images in Fig. 3 one sees that
foamed if fine solid particles are suspended in the melt. Sucfoam creation and further expansion is also rather different
particles can be either added to the melt before foartfing, from what one would expect from an analogy with aqueous
be formed in the melt byn situ oxidatiort® or, as in the foams: the evolving hydrogen gas causes the formation of
foams described in this letter, be either a solid component dfighly oblate cracklike voids rather than nucleating into
the particular alloy while meltingAl-rich phase in the AlI-Si small round bubbles. These voids round off as the metal
eutectig, or metallic oxides which permanently reside in theexpands and finally become fairly equiaxed after about
foaming material and that are remnants of the former thinl20 s. The direction of foam rise is always parallel to the
(=30 nm) oxide layers on the aluminum powders. An oxideshort axis of the voids which in turn is parallel to the press-
content of 0.7 wt% was measurBd@he way solid particles ing direction of the powder mix. Therefore, the texture cre-
act is still in dispute. In direct analogy to aqueous foams itated during pressing of the powders must be responsible for
was suggested that solid particles are only partially wettedhis anisotropy. This implies that the very first pore forma-
and cover the surface thus increasing surface visctsity. tion already takes place in the solid state. Development of a
Moreover, as suspended solid particles increase the appardsibwing agent with a higher decomposition temperature
viscosity of a melt, a bulk effect is usually presuntéd’ could avoid this anisotropy.
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