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• Flow of liquid foam

around an obstacle

in constriction

• Dynamic tomography for various foams

• The tomographic workflow
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Foams are  all around

Food /drinks NatureFire fighting Ore / oil extraction
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The first synchrotron tomography of a foam

5

chocolate
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La vie éphémère  
MICHÈLE VIGNES-ADLER • FRANÇOIS GRANER

La mousse du champagne disparaît rapidement. Celle de la bière
persiste davantage. Les physiciens découvrent les mécanismes

responsables de la fugacité des mousses.

La vie éphémère  

Une architecture simple

Sur la présence de la mousse dans la bière, les avis
sont partagés. Certains cultivent le paradoxe : ils la
tiennent comme indispensable (une bière sans
mousse n’est plus tout à fait une bière), et pourtant

souhaitent qu’elle disparaisse prestement pour apprécier
leur breuvage. D’autres, au contraire, aimeraient qu’elle
persiste jusqu’à la dernière gorgée. Une célèbre brasse-
rie irlandaise a ainsi cherché à prolonger la durée de vie
de la mousse de ses bières brunes.

Les mousses sont utilisées dans des domaines variés :
la préparation de produits alimentaires et de cosmétiques,
l’extraction pétrolière, la lutte contre les incendies, la flot-
taison des minerais, ou encore la décontamination
nucléaire. Cette multiplicité d’usages tient à leur struc-
ture qui leur confère des comportements physiques ori-
ginaux. De loin, elles ressemblent à une sorte de liquide
épais et homogène, mais, observées de plus près, elles
apparaissent comme un ensemble complexe de bulles
de gaz, isolées les unes des autres par un film liquide.
Finalement, la mousse n’est rien d’autre que du gaz
dans du liquide : beaucoup de volume pour peu de matière.

Les physiciens étudient comment les caractéristiques
des mousses liquides à l’échelle globale, telles que la
consistance, la fluidité et la stabilité, naissent de cette
structure et des propriétés physico-chimiques du liquide.
Aujourd’hui, ils retracent les étapes qui jalonnent la vie
d’une mousse : de sa formation, qui mène à un agglo-
mérat désorganisé de bulles, jusqu’à sa disparition. Trois

mécanismes gouvernent cet effondrement : le mûrisse-
ment qui impose l’évolution de la mousse en fonction
des différences de pression dans les bulles, le drai-
nage qui assèche la mousse, et la coalescence des bulles.
Lors de ces étapes, des molécules tensioactives jouent
un rôle déterminant. Découvrons quelques épisodes de
l’existence d’une mousse.

Une architecture simple

Lorsqu’on prépare des mousses avec très peu de liquide,
(moins de un pour cent du volume total), les parois des
bulles sont minces (à peine quelques dizaines de nano-
mètres d’épaisseur) et les bulles polyédriques (voir la
figure 1). En 1873, le physicien belge Joseph Plateau a
énoncé les règles qui régissent l’agencement des bulles :
les bulles s’accolent par trois (chaque arête des poly-
èdres est commune à trois bulles), l’angle entre les faces
d’une même bulle est égal à 120 degrés, chaque sommet
est commun à quatre arêtes et l’angle entre arêtes est très
proche de 109,5 degrés. Dans ces conditions, la mousse
est en équilibre mécanique.

Pourquoi cette géométrie? Une paroi de liquide est
sous tension. Au sein du liquide, chaque molécule attire
celles qui l’environnent. En chaque point, l’énergie de
cohésion du liquide correspond à celle qu’il faudrait four-
nir pour disperser ses molécules. À la surface, l’énergie
de cohésion est moindre, puisqu’une molécule y a moins
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Le phénomène du mûrissement n’est
pas la cause de la différence de sta-
bilité. L’explication tient à la vitesse
de formation des bulles.

Les molécules amphiphiles sont
nécessaires à la stabilisation des
bulles, mais encore faut-il qu’elles
aient le temps de diffuser dans le
liquide pour s’adsorber à la surface
des bulles, et qu’elles y soient en
concentration suffisante pour former
une couche dense et résistante. Pre-
nons l’exemple des protéines. Elles
sont 100 à 200 fois plus grosses que
les molécules de savon. Celles que
l’agitation a enfouies dans le liquide
mettent du temps, de par leur masse,
à atteindre l’interface du liquide et du
gaz. On comprend dès lors qu’il faille
fabriquer lentement les mousses pour
qu’elles aient le temps d’être stabili-
sées par les protéines.

Dans le cas contraire, les parois
entre bulles s’amincissent, par
exemple par drainage. Trois cas se
présentent alors : soit le film s’épais-
sit à nouveau, soit il continue à s’amin-
cir et finit par se stabiliser en
obscurcissant (pour une épaisseur de
quelques nanomètres, le film trans-
met totalement la lumière : sur fond
noir, il apparaît noir), soit un trou se
forme et le film éclate. Dans ce der-
nier cas, deux bulles adjacentes n’en
forment plus qu’une, la coalescence
provoque un désordre dans l’envi-
ronnement et occasionne des réar-
rangements, ce qui accélère le
mûrissement : localement, la mousse
s’effondre.

L’élixir de jouvence

Pour stabiliser une mousse, il faut
empêcher l’amincissement des films,
ralentir le drainage, ou favoriser la
cicatrisation des trous. Pour lutter
contre l’amincissement, on ajoute
dans le liquide de microscopiques par-
ticules solubles, qui empêchent les
deux faces de se rapprocher. Ce phé-
nomène a lieu, notamment, dans les
zones polluées des bords de mer et
engendre des écumes épaisses et stag-
nantes. C’est aussi pour cette raison
que les molécules amphiphiles sta-
bilisent les mousses : les molécules
adsorbées de chaque côté du film se
repoussent à cause des charges élec-
triques qu’elles portent.

Pour ralentir le drainage, on pro-
cède de deux façons. La première
consiste à augmenter la viscosité du
liquide par addition de polymères (c’est
le cas des mousses à raser) ou d’hy-
drocolloïdes, tels les gélifiants alimen-
taires qui sont des polymères réticulés
(les molécules enchevêtrées forment un
réseau et freinent l’écoulement). Par la
seconde méthode, on modifie la rhéo-
logie de surface des films. Par exemple,
en ajoutant une infime quantité de dodé-
canol (C12OH) à un savon (le dodécyl
sulphate de sodium, C12SO4

2–), on rigi-
difie la surface des films qui séparent
les bulles. Après amincissement, les
films sont alors comparables aux plus
fines des fissures d’un rocher : l’eau
s’y écoule difficilement. Enfin, pour
favoriser la cicatrisation des films, on
augmente l’élasticité de surface par des
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3. LES OBSERVATIONS TRIDIMENSIONNELLES d’une mousse sont récentes. Grâce à l’une
des méthodes utilisées, on prend des photographies d’une mousse transparente au micro-
scope, à diverses profondeurs, et, à l’aide d’un logiciel, l’on reconstitue avec précision
la géométrie de l’ensemble à trois dimensions (a). La seconde méthode (b) utilise un
faisceau de rayons X. Les rayons X sont diffusés par les atomes de la mousse et indi-
quent la présence de matière. En balayant le faisceau selon tous les angles, on parvient
à reconstruire une image tridimensionnelle, même si la mousse est opaque.

Cl
oc

ten
s, 

Pa
jot

, S
ch

len
be

r/E
SR

F

M
.v

ign
es

-A
dle

r, 
C.

 m
On

ne
re

au
 U

niv
er

sit
é d

e M
ar

ne
-la

-V
all
ée

a b

mousse.xp_xmu_08_03  15/02/02  17:11  Page 54 cla Maquettistes:cla(Celine Lapert):293:293_flashage:pp.48_55_vignes:

Adler, Graner, Pour la Science 2002

ID19, ESRF Grenoble, France
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Nucleation

“”Liquid” foam

Data courtesy of E. Solorzano and S. Alonso, Univ. Valladolid

PU foams 
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Solid foam

E. Solorzano, S. Alonso, Uni. 
Valladolid 

In-situ foaming
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Localised events in foam during tomographic acquisition

t0 t0 + 2.tSCAN

Tomographic slice

tSCAN< δR/VEVOL
Angular projections

Projections are modified during scan

Tomographic slice

tSCAN> δR/VEVOL

Mokso et al, J. Phys 2013
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PU foam, 20 Hz tomography

Mokso et al., J. Phys. D, 2013

• Refractive index n

δ >> β
n = 1 - δ + i β

Phase tomographyPhase contrast  tomography

8

absorption & edge

phase map
Windhab, SLS experiment, May 
2014
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Phase contrast in free space propagation
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D= 4 mm

Three phase fibers
Fresnel diffraction

Partially coherent illumination

Da
Born, M., and E. Wolf, 1990, Principles of Optics

D= 4 mm D= 62 mm D= 500 mm

phase map

Cloetens et al. J. Phys. 1999

propagator
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Poly-urethan

Home made

chocolate Aluminum

Washing-up

SLS symposium June 5 2012 

Application II: Water / liquid foam studies  

150µm 

Liquid foam/air 

Liquid foam/water 

courtesy of R. Mokso 

std reconstruction   after phase retrieval                     

19 

shampoo
beer

Volcanic rock
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Foam rheology in 2D
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Dollet, Physicsworld 2005

Flow around a wing

Flow around a wing

Dollet, Physicsworld 2005
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• How do individual bubbles grow and shrink? 

• Foam stability?

• Do the Bubble Size Distribution and Bubble Topology

Distribution reach a time invariant scaling state? 

How do Correlations evolve in time? 

Foams Under stress? Behavior in the presence of external forces? 

Drainage and redistribution of fluid 

How do individual bubbles change shape?

How do macroscopic properties depend on Quantifiers?

f0 =14.7
Mokso, PhD thesis 2006

Bubble growth rate

Dollet, Physicsworld 2005

Flow around a wing

What would we like to know about foams
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Liquid foam:

dispersion of a gaseous phase 

inside a continuous liquid phase. 

Interfaces stabilized by surfactants.

• Multiscale structure : films (micro) – bubbles (meso) – foam (macro)

•Original mechanical properties! 

stress

elastic 
solid

plastic 
solid

liquid

strain0

elastic 
modulus

yield stress

(1) elastic solid at low strain

(2) plastic solids as strain increases

(3) liquid-like at very high strain

In-situ foaming
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Foam rheology: the 3D case

Graner et l, EPJE 2008
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Foam rheology: 2D tensor analysis
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Foam rheology: 2D tensor analysis
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Graner et l, EPJE 2008
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6mm

Foam flow around an obstacle

Flow induced by 
gravity (opening 
at bottom of the 
cell) 

C. Raufaste, Nice

B. Dollet, Rennes

S. Santucci, Lyon

Foam rheology: the 3D case

Capillary 

Ø 50 μm; 3 mm

Ø 1.5 mm

Obstacle size: 1.5 mm
projections of tomographic 

acquisitions

scan time = 0.5s, pix. size = 3 μm
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3D rendering of the foal flow
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Quantitative analysis of complex cellular systems 

19PSI summer school 2012

J. Lambert et al., APL (2005), Mader et al. Coloids & Surfaces (2012) 

Weighted distance 
map

strength

Dreft foam, liquid fraction 
<2%

film thickness in dry foams beyond 
the spatial resolution (~3-11 μm) of 
the setup   

labeled volume
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Velocity field Deformation field
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PSI summer school 2012

Graner et l, EPJE 2008

-Flow field more localized

-recirculation as 2D

Raufaste, Mader, Dollet, Santucci & Mokso, APL 2014
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Graner et l, EPJE 2008

(SΘ-Reff)/Reff : Deformation in the azimuthal direction 
(colormap)
(Srz

+-Srz
-)/Reff : Deformation in the rz plate (ellipses)

Deformation is smaller than in 2D

I. The deformation field in the rz
plane

(shape tensor and deviatoric
strain)
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Liquid foam rheology in 3D
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PRINCIPLES DENSITY TIME SPACE

Velocity field deformation fieldIsosurfaces at times 
t1,t2,t3

3 time instances in the flow experiment

T0=0 (blue), T1=10 s (red), T2=20 s (yellow)
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Straight constriction
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Foam rheology in food science
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Concentrated glucose sirup

20 HZ tomo
E= 20 keV, scan time = 50 ms, pix. size = 3 um

4mm

1 mm

constriction (4:1:4)
• Optimize extrusion processing 

and extrudor design

• Quantify the stability of foam 
lamellae in food production

• Elongation contraction flow of 
non-Newtonian fluids

Birbaum, experiment at TOMCAT, SLS 2015
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Foam flow in a constriction
Liquid fraction

26

F. Schott, PhD project, LTH
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Foam  flow in constriction: faces

Centroid connections
neighboursLabelled bubbles

iFoam python toolbox 

soon available
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Foam flow in constriction: trajectories

Flow field

Time framest1 t1+0.5 s
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Flow field
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20 HZ tomo
E= 20 keV, scan time = 50 ms, pix. size = 3 um

• Optimize extrusion processing and extrudor design

• Quantify the stability of foam lamellae in food production

• Elongation contraction flow of non-Newtonian fluids

Image: Florian Schott
Florian Schott, PhD project - unpublished data
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Liquid foam topology: number of faces 

30

F. Schott, PhD project, LTH
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Quantification of the coalescence event

3D foam simulations

Networklike Propagation of Cell-Level Stress in Sheared Random Foams

Myfanwy E. Evans,1,* Andrew M. Kraynik,1 Douglas A. Reinelt,2 Klaus Mecke,1 and Gerd E. Schröder-Turk1

1Theoretische Physik, Friedrich-Alexander Universität Erlangen-Nürnberg, Staudtstrasse 7B, 91058 Erlangen, Germany
2Department of Mathematics, Southern Methodist University, Dallas, Texas 75275-0156, USA

(Received 3 May 2013; published 24 September 2013)

Quasistatic simple shearing flow of random monodisperse soap froth is investigated by analyzing

SURFACE EVOLVER simulations of spatially periodic foams. Elastic-plastic behavior is caused by irrevers-

ible topological rearrangements (T1s) that occur when Plateau’s laws are violated; the first T1 determines

the elastic limit and frequent T1 avalanches sustain the yield-stress plateau at large strains. The stress and

shape anisotropy of individual cells is quantified by Q, a scalar derived from an interface tensor that

gauges the cell’s contribution to the global stress. During each T1 avalanche, the connected set of cells

with decreasing Q, called the stress release domain, is networklike and nonlocal. Geometrically, the

networklike nature of the stress release domains is corroborated through morphological analysis using the

Euler characteristic. The stress release domain is distinctly different from the set of cells that change

topology during a T1 avalanche. Our results highlight the connection between the unique rheological

behavior of foams and the complex large-scale cooperative rearrangements of foam cells that accompany

distinctly local topological transitions.

DOI: 10.1103/PhysRevLett.111.138301 PACS numbers: 83.80.Iz, 82.70.Rr

Foams are complex fluids with a shear modulus and a
yield stress that are linked to shear induced deformations of
jammed nonspherical bubbles [1,2]. Shaving foam fur-
nishes a common but illustrative rheological experience;
it is a soft solid at low stress but flows at high stress. The
defining mechanisms behind yield stress fluids are pre-
dominant under quasistatic conditions where the deforma-
tion rate is small and viscous forces are negligible. The
shear modulus and yield stress characterize the elastic-
plastic response, and both increase as the volume fraction
of gas increases, reaching a maximum in the dry foam limit
where the liquid volume fraction approaches zero [3].
Remarkably, foam is stiffest and strongest when it contains
mostly gas.

Consider a dry soap froth subjected to quasistatic shear
(Fig. 1). The idealized microstructure consists of a network
of surfaces that divide space into polyhedral cells and
represent thin liquid films with negligible thickness. Dry
foams in equilibrium satisfy Plateau’s laws: three films of
constant mean curvature meet along each edge at 120!, and
four edges meet at each vertex at tetrahedral angles [4].
Plateau’s laws govern the local geometry of the equilib-
rium films as a consequence of surface energy (area)
minimization, and therefore, determine the quasistatic
rheology of soap froth.

When dry foam is sheared, the cells deform and their
edge lengths and face areas change. The response is elastic
until Plateau’s laws are violated, as in the elementary case
where an edge length goes to zero causing more than four
edges to meet at the merged vertex. This provokes a rapid
sequence of topology changes beginning with a new trian-
gular face emerging from the unstable vertex, but triangu-
lar faces are exceptional in monodisperse foam, so the

process continues. Not surprisingly, topological transitions
(T1s) in 3D are more complicated than in 2D [5– 8]. The
most common T1 in 3D, a quadrilateral flip, involves the
opposite edges and area of a quadrilateral face vanishing
and results in a new quadrilateral face (Fig. 2) [5– 8]. The
shape changes that result from a T1 can cause other edge
lengths to vanish, triggering a T1 avalanche that terminates
when equilibrium is restored. The discrete rearrangements
cause a drop discontinuity in the macroscopic stress and
subsequent deformation is elastic until the next T1 occurs.
Elastic response punctuated by discrete cell-neighbor

switching is a hallmark of ordered foams such as the
Princen model [9] in 2D and the Kelvin and Weaire-
Phelan foams in 3D [5,6,10,11]. Small systems, however,
are incapable of exhibiting a stress plateau in 2D [12] or in
3D, because of constraints due to spatial periodicity and
flow kinematics. Simulations of disordered 2D foams
[2,8,13] do exhibit a stress plateau, which is a piecewise

FIG. 1 (color online). A dry liquid foam with 512 cells in a
unit cell at strains of 0 and 0.6, respectively. The cells are colored
by Q, a scalar measure of cell distortion, where blue through red
symbolizes values 0 through 1. The average Q values over all
cells are 0.244 and 0.425, respectively.
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continuous function that fluctuates about its average value:
the stress increases during elastic deformations and is
partially relieved by drop discontinuities during T1 ava-
lanches. Large avalanches can result in strain localization,
also called shear banding [14– 19]. Shear-induced topologi-
cal rearrangements have also been detected experimentally
in 3D [20– 22].

A method for simulating the equilibrium microstructure
of random soap froth with controlled cell-size distributions
[23,24] employs molecular dynamics to generate dense
packings of rigid spheres, which are used to produce
Laguerre (weighted-Voronoi) tessellations. The tessella-
tions are initial conditions for the SURFACE EVOLVER

[25], which minimizes surface area given cell volume
constraints. Convergence to a local surface area minimum
requires numerous T1s that are triggered by cell edges
going to zero length. Annealing via large-deformation,
tension-compression cycles further reduces surface area.
Finally, if isotropic stress is desired, a slight recoil of the
cubic unit cell is required. The topological statistics of the
resulting random monodisperse foams are in excellent
agreement with Matzke’s seminal experiments [26].

Quasistatic simple shearing flow is implemented in the
SURFACE EVOLVER by subjecting a realistic monodisperse
foam, obtained by the annealing process described above,
to incremental small strain steps (e.g.,!! ¼ 0:005), which
involve affine deformation followed by equilibration to
satisfy Plateau’s laws [27]. If any edge length is less than
some cutoff, that edge vanishes to zero length and T1s are
implemented until equilibrium is achieved. The cutoff is
typically between 1% and 5% of the average edge length in
the undeformed (! ¼ 0) foam.

The nonisotropic part of the effective macroscopic stress
"ij of a dry soap froth [23] is evaluated as

"ij ¼
2#

VF

Z
S

!
1

3
$ij " ninj

"
ds; (1)

where S is the set of all surfaces in the foam, # is the
surface tension, VF is the volume of the foam, $ij is
the Kronecker delta, ni is a local unit vector normal to
the surface S, and ds is the differential area element. The
factor of 2 occurs because each surface has two sides.

The foam energy density is defined as E ¼ #SF=VF,
where SF is the total surface area of the foam (counting
both sides of each film). Rheological quantities of interest
include the shear stress (" ¼ "12) and the first and
second normal stress differences (N1 ¼ "11 " "22, N2 ¼
"22 " "33), where flow in the 1 direction depends on the 2
direction; each is shown as a function of the shear strain !
in Fig. 3.
The foam response is initially elastic with "# ! and E,

N1, N2 # !2. Eventually, all quantities are expected to
reach a plateau (to within fluctuations). The strain at which
the first T1 occurs is system dependent and defines the
elastic limit and the onset of irreversibility. The elastic
limit occurs at smaller strains and lower stress than the
plateau, and there is some evidence of a shear stress over-
shoot, which would correspond to a static yield stress. In
the plateau, the stress is actually a piecewise continuous
function, composed of elastic increases followed by drop
discontinuities at T1 avalanches.
The normal stress differences reach a plateau more

gradually than the shear stress, suggesting greater sensi-
tivity to the foam microstructure. The ratio "N2=N1 is

FIG. 2 (color online). Illustration of a T1 topological transition
(quadrilateral flip) in three dimensions, during which cells 1 and
2 lose contact and the other two cells become neighbors. Two
additional adjacent cells also change topology.
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FIG. 3 (color online). The foam energy E (top), shear stress "
(middle), and normal stress differences N1 and N2 (bottom),
normalized by surface tension and average cell volume #V"ð1=3Þ,
plotted as a function of the total shear strain !. The plots show
two simulations with 216 (63) cells and one with 512 (83) cells.
For these simulations, the initial unit cell is cubic, and therefore,
", N1, and N2 are nonzero at ! ¼ 0.

PRL 111, 138301 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

27 SEPTEMBER 2013
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The fundamental topological transitions
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- We have the labeling tool, but the neighborhood relations are not yet reliable

Reinelt & Kraynik, J. Rheology, 2000 

Raufaste, Dollet, Santucci, Mader, Mokso. EPL 2015
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Rheo-tomoscopy
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Upcoming  Rheometer experiments (Dec  2021 @ TOMCAT)

• Complete control of the deformation

• Simultaneous macroscopic torque measurement with tomography

F. Schott, PhD project, LTH
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The workflow
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tomopy

34

acquisition reconstruction Inspection & 

binarization
labeling quantificationvisualization

Tomography workflow
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Tomographic reconstruction methods
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The golden standard§ FBP : the classical method 

- requires perfect geometry

§ GRIDREC: fourier based

+ fast 

§ ART (algebraic reconstruction):

- slow, 

+ can deal with low number of projections

§ SIRT (simultaneous iterative reconstruction): 

- slow

+ low number of projections

§ DART(discrete algebraic rec.):

- Local tomography

+ phases are directly binarized

tomopy.readthedocs.io
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The workflow
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tomopy
ImageJ, 

scikit

36

acquisition reconstruction Inspection & 

binarization
labeling quantificationvisualization
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Binarization of gray-scale images
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§ First step is usually the data inspection. For this I often use ImageJ

§ ImageJ and almost all other image viewers / processing tools have algorithms

for binarization / segmentation

§ For large / multiple datasets I use the scikit-image library in python
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Tomographic workflow

38

tomopy
ImageJ 
scikit

Scikit

sdk

38

acquisition reconstruction Inspection & 

binarization
labeling quantificationvisualization

Scikit
matlab
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Labelling and quantification
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§ A number of proprietary software exists: AVIZO, VG STUDIO

§ Even more free toolboxes: PARAVIEW, MEVISLAB

§ I use the scikit-image library in python. See link below for an example notebook 

kaggle.com/rajmund
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The full workflow
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tomopy
ImageJ 
scikit

Scikit

sdk

40

acquisition reconstruction Inspection & 

binarization
labeling quantificationvisualization

Scikit
matlab

Tomviz

Paraview
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Ice cream: the swiss quest for a better taste
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§ Study micro structure of frozen food and its response to varying external 
conditions

§ Needs / Boundary conditions

§ non-destructive, high-res, 3D

§ Cryo conditions

§ No contrast agents!

C. Clarke, The Physics of Ice Cream, 2003, Phys. Ed.
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In-situ cryo experiment on ice cream

§ Temperature range + 5° to  - 45°C

§ High stability (± 0.05K)

§ Suitable for frozen samples, 
e.g. snow, ice-cream, etc…

45

TOMCAT, Swiss Light Source
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From images to 3D characterization

Ice crystals Air cells

Sugar solution

Ice crystals

Air bubbles

46

TOMCAT, Swiss Light 
Source
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18. November 2021
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Aluminum foams

High speed tomography



DTU Fysik30. september 2021

Acoustic-pressure-assisted engineering of Aluminum foams
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1 mm liquid Al

air

Radiography at 10-20’000 fps

Pixel size = 5 μm

Acquisition time= 3 s

Acoustic-Pressure-Assisted Engineering of Aluminum
Foams

Xavier Mettan, Edoardo Martino, Lidia Rossi, Jaćim Jaćimović, Juraj Krsnik,
Osor S. Barišić, Norbert Babcsán, Sándor Beke, Rajmund Mokso, George Kaptay,*
and László Forró*

1. Introduction

A metal foam is an arrangement formed of gas cells trapped in a
solid-metal matrix, and it presents two tangible-technological
advantages over its bulk counterpart. First, by tuning the size,
volume fraction, and shape of the bubbles, the composite
mechanical, electronic, and thermal properties can be tailored
according to the desired function of the resulting material.[1,2]

In many cases, this leads to a blend of the original material’s
properties with new features, augmented by the lightweight.
The latter doubly profits by lowering the imprint of the foam

parts in a mechanical assembly and reduc-
ing the amount of raw material, hence
diminishing its cost, which is also a
strategic requirement.[3]

Applications of metal foams are versatile,
because they combine attractive features of
metals, such as high electrical and thermal
conductivities and good mechanical proper-
ties with lightweight and large surface-
to-volume ratios.[4–6]Among many existing
applications, different metal-matrix-foam
materials serve as heat exchangers, body-
works, sound absorbers, electromagnetic
shielding elements, and catalysts in various
sectors, such as automotive, buildings, or
aerospace.[7,8]Aluminum alloys stand out
as the most popular matrices for metal
foams. Abundance of aluminum on Earth,

its low density, good mechanical properties, and resistance to cor-
rosionmake these alloys good candidates for foaming. In addition,
aluminum ranks as a low-melting-point metal, rendering its proc-
essing easier, demanding less power compared with, e.g., titanium
or steel.

Due to this large interest in metal foams, several methods for
foaming have been developed. That is, numerous processes have
been demonstrated to achieve foaming of aluminum alloys, such
as direct-gas-injection methods, preparation from metallic pow-
ders containing a blowing agent (a convenient one is TiH2

[9]), or
infiltration of the matrix into spaceholders. The latter permits a
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Shaping metals as a foammodulates their physical properties, enabling attractive
applications where lightweight, low thermal conductivity, or acoustic isolation are
desirable. Adjusting the size of the bubbles in the foams is particularly relevant for
targeted applications. Herein, a method with a detailed theoretical understanding
of how to tune the size of the bubbles in aluminum melts in situ via acoustic
pressure is provided. The description is in full agreement with the high-rate 3D
X-ray radioscopy of the bubble formation. The study with the intriguing results on
the effect of foaming on electrical resistivity, Seebeck coefficient, and thermal
conductivity from cryogenic to room temperature is complemented. Compared
with bulk materials, the investigated foam shows an enhancement in the ther-
moelectric figure of merit. These results herald promising application of foaming
in thermoelectric materials and devices for conversion of thermal energy.

RESEARCH ARTICLE
www.aem-journal.com

Adv. Eng. Mater. 2021, 2100306 2100306 (1 of 7) © 2021 Wiley-VCH GmbH

Bubbling gas into liquid aluminum 
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Producing Al foams with small and monodisperse cell sizes
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Nanoparticle stabilization for industrial Al foam production
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Initial state 120 s60 s

180 s 240 s 480 s

Precursor made from oxidised melt heated slightly above the melting point. 

Babcsan, Moreno, Banhart, Colloinds & Surfces A 
2007
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The rise and collapse of Al foam

18. 
Novembe
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ARTICLE

Using X-ray tomoscopy to explore the dynamics
of foaming metal
Francisco García-Moreno 1,2, Paul Hans Kamm 1,2, Tillmann Robert Neu1,2, Felix Bülk1,2, Rajmund Mokso3,
Christian Matthias Schlepütz 4, Marco Stampanoni4,5 & John Banhart1,2

The complex flow of liquid metal in evolving metallic foams is still poorly understood due to

difficulties in studying hot and opaque systems. We apply X-ray tomoscopy –the continuous

acquisition of tomographic (3D) images– to clarify key dynamic phenomena in liquid alu-

minium foam such as nucleation and growth, bubble rearrangements, liquid retraction,

coalescence and the rupture of films. Each phenomenon takes place on a typical timescale

which we cover by obtaining 208 full tomograms per second over a period of up to one

minute. An additional data processing algorithm provides information on the 1 ms scale. Here

we show that bubble coalescence is not only caused by gravity-induced drainage, as

experiments under weightlessness show, and by stresses caused by foam growth, but also by

local pressure peaks caused by the blowing agent. Moreover, details of foam expansion and

phenomena such as rupture cascades and film thinning before rupture are quantified.

These findings allow us to propose a way to obtain foams with smaller and more equally

sized bubbles.

https://doi.org/10.1038/s41467-019-11521-1 OPEN

1 Institute of Applied Materials, Helmholtz-Zentrum Berlin für Materialien und Energie, Hahn-Meitner-Platz 1, 14109 Berlin, Germany. 2 Institute of Materials
Science and Technology, Technische Universität Berlin, Hardenbergstr. 36, 10623 Berlin, Germany. 3MAX IV Laboratory, Lund University, 22100 Lund,
Sweden. 4 Swiss Light Source, Paul Scherrer Institute, 5232 Villigen, Switzerland. 5 Institute for Biomedical Engineering, ETH Zürich, 8092 Zürich, Switzerland.
Correspondence and requests for materials should be addressed to F.G-M. (email: garcia-moreno@helmholtz-berlin.de)

NATURE COMMUNICATIONS | ��������(2019)�10:3762� | https://doi.org/10.1038/s41467-019-11521-1 | www.nature.com/naturecommunications 1
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Coalescence of Bubbles in AlSi8Mg4 Alloy 
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Coalescence of two cells in an Aluminum foam.  Acquisition speed: 1000 tomo/s 

TOMCAT, Swiss Light Source (experiment in 2020)

www.advmat.dewww.advancedsciencenews.com

2104659 (10 of 13) © 2021 The Authors. Advanced Materials published by Wiley-VCH GmbH

3.5. Coalescence of Bubbles in AlSi8Mg4 Alloy Resolved  
at 1000 tps

Coalescence of two bubbles in a liquid metal foam is an 
undesired but unfortunately very common phenomenon 
leading to an ageing of its cellular structure. It is induced by 
the rupture of the liquid film separating two bubbles, which 
takes place due to a lack of stability. The stability of liquid 
films in foams produced by the powder metallurgical route 
is provided by oxide networks resident in the metal powders 
involved.[97] Previous radioscopy and tomoscopy experiments 

revealed a film rupture time of <1 ms and a coalescence time 
(the time to form a new bubble without a neck or straight 
sections) of 0.5–1.2 ms.[22,98] Such time scales are now acces-
sible with the temporal resolution of the current tomoscopy 
technique.

We therefore apply tomoscopy at a rate of 1000  tps to visu-
alize the approach and merger of two bubbles in the early 
foaming stage of an AlMg8Si4 foam (Figure 7 and Video S5, 
Supporting Information), featuring various stages. First we 
notice that two bubbles initially (at 33.720  s) separated by a 
gap of ≈50 µm get in touch with each other within a period of 

Figure 7. 3D rendering of the gas bubble arrangement in a liquid AlSi8Mg4 foam recorded with 1000 tps. The metallic matrix is kept transparent and 
the bubbles are colored (inverted contrast). a) Two separated bubbles marked in cyan and blue. b–d) 3D sequence of the rupture of the separating film 
in just <1 ms followed by the coalescence of the two bubbles to one. e,f) Relaxation of the resulting bubble by adopting a more spherical shape in the 
next ≈1.2 s. g) Bubble volumes and anisotropy of bubble 1 over time (Video S5, Supporting Information). h–j) Horizontal slices showing the sequence 
of the rupture of the separating film.

Adv. Mater. 2021, 2104659

Garcia-Moreno et al. Advanced Materials. Sep. 2021 
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What is the rate of acquisition speed increase of synchrotron microtomography?

(a)doubles every 5 years

(b)triples every 3 years

(c)ten fold every 3 years

Tomographic scan time improvements over time
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Thank you
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3Dim in 5 yearsSpider Silk


