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Preface

MetFoam 2019 is the 11th edition of the biannual International Conference on
Porous Metals and Metallic Foams; it was heled in Dearborn, Michigan, USA
between August 20 and 23, 2019. Previous editions were held in various cities
around the world starting in Bremen, Germany in 1999. This conference is the
largest cross-disciplinary, international technical meeting focused exclusively on
the production, properties, and applications of these lightweight multifunctional
porous materials. In Dearborn, a total of 115 presentations were delivered at the
conference by participants from 17 countries. Many participants travelled long
distances to present and attend the conference. Students delivered 40% of the
presentations. Emerging areas such as additive manufacturing and freeze casting, as
well as nanoporous materials, cellular materials, and metallic metamaterials were
covered by some of the presenters.

The proceedings volume of MetFoam 2019 is the culmination of several months
of work, which included the preparation of the papers by the authors, editing, and
reviewing. The papers collected in this volume provide a representative snapshot
of the research activity in the field. It is my sincere hope that this proceedings
volume will remain a valuable record of MetFoam 2019, and that it will serve as a
reference for researchers interested in porous metals and metallic foams.

I would like to thank the reviewers and the session chairs for volunteering their
precious time and effort. The International Scientific Board and the Steering
Committee of MetFoam 2019 provided indispensable input and guidance throughout
the planning of the conference. Thanks are also due to Kelcy Wagner and Trudi
Dunlap from our organization partner The Minerals, Metals & Materials Society
(TMS) for their assistance in the production of the proceedings volume, as well as for
their vital hard work during the organization phase of the conference. Certainly, a
special thanks go to our sponsors and exhibitors for making the event possible.

Nihad Dukhan
General Chair
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Part I
Design of Porous Metals



Design of Energy-Absorbing Materials
for Space Crafts Based on Voronoi
Diagrams

Koichi Kitazono, Keiji Matsuo, Takuya Hamaguchi and Yuta Fujimori

Abstract Energy-absorbing parts are important for the landing system of space
crafts on celestial bodies. Open-cell porous aluminum alloys for energy as an energy-
absorbingmaterial weremanufactured through the powder bed fusion (PBF) process.
Mechanical properties of the porous metals depend on the cell structure as well as
the porosity. The authors manufactured ordered cell structures, truncated octahedron
and rhombic dodecahedron, and disordered cell structure, based onVoronoi diagrams
using a 3D-CAD software. Compression tests revealed the high compressive strength
and low energy absorption efficiency of porous aluminum alloys with ordered cell
structure. On the other hand, the porous aluminum alloys with disordered cell struc-
ture showed relatively high energy absorption efficiency. Controlling the disordered
cell structure designed by a 3D-Voronoi diagram enables to develop the advanced
porous metals having various mechanical properties.

Keywords Additive manufacturing · Voronoi diagram · Porous aluminum ·
Energy absorption

Introduction

Porousmetals are lightweight cellularmaterials having closed- or open-cell structures
[1]. Aluminum foams are focused on as an energy-absorbing material for transport
industries [2]. The purpose of the present study is to develop an energy-absorbing
landing part of space crafts. The authors developed open-cell porous aluminumalloys
manufactured through additive manufacturing (AM) process [3]. The AM technol-
ogy is typically focused on titanium alloys due to their high specific strength and
biocompatibility [4]. Recently, aluminum alloy parts can be manufactured through
a powder bed fusion (PBF) method [5]. Most previous researches on the AM alu-
minum lattice structure have been considered ordered and periodic cell structures [6].
On the other hand, classical aluminum foams manufactured through cast or powder

K. Kitazono (B) · K. Matsuo · T. Hamaguchi · Y. Fujimori
Tokyo Metropolitan University, 6-6 Asahigaoka, Hino, Tokyo 191-0065, Japan
e-mail: kitazono@tmu.ac.jp
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4 K. Kitazono et al.

metallurgical processes have disordered and heterogeneous cell structures [7]. The
authors use a method of 3D-Voronoi diagram [8] in order to design both ordered and
disordered cell structures.

If the seed points are arranged to the random distribution, the resultant cell struc-
ture becomes disordered. If the seed points are arranged to the periodic and regular
distribution, the resultant cell structure becomes ordered. The present study focusses
on the difference of compressive properties between AM porous aluminum alloy
specimens having ordered and disordered cell structures.

Design of Cell Structure

Two types of ordered cell structures, bcc-Voronoi and fcc-Voronoi, are considered in
this study (Fig. 1). Arrangements of seed points of 3D-Voronoi diagrams are bcc and
fcc lattice points, respectively. Their unit-cell structures are truncated octahedron
with 36 struts and rhombic dodecahedron with 24 struts, respectively.

The nominal porosity of each cell structure can be calculated geometrically. It is
assumed that the shape of a strut is a cylinder with the diameter of t and the length
of a, and both ends of a strut are circular cones with the height of t/2. Volumes of
the unit cells are expressed as

V 0
bcc = 8

√
2a3, (1)

(a) Seed points in space (b) Voronoi regions (c) Voronoi edges

(d) Modify the edge diameter (e) Cutting the specimen

Fig. 1 Construction process of 3D-Voronoi diagram and open-cell structure
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V 0
fcc = 16

9

√
3a3. (2)

Then, the nominal porosities of bcc- and fcc-Voronoi cell structures are calculated
as

pbcc = 1 − 3
√
2π

16

(a
t

)−2
{
1 − 2

3

(a
t

)−1
}
, (3)

pfcc = 1 − 3
√
3π

8

(a
t

)−2
{
1 − 2

3

(a
t

)−1
}
. (4)

These equations are identical to the Ashby’s equation [9] for open-cell foams
expressed as

p = 1 − C
(a
t

)−2
, (5)

where C is the constant.
In Fig. 2, nominal porosities of bcc- and fcc-Voronoi cell structures are plotted

as a function of a/t > 1. Nominal porosities increase with increasing the strut length.
At the same nominal porosity and strut thickness, the length of the strut in the fcc-
Voronoi cell becomes longer than that in the bcc-Voronoi cell. Therefore, the cell
size in the fcc-Voronoi cell structure becomes larger than that in the bcc-Voronoi cell
structure. Using these relationships, ordered porousmetals having optional porosities
can be designed.

Fig. 2 Nominal porosities
of bcc- and fcc-Voronoi cell
structures are plotted as a
function of a/t
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(a) (b) (c) 

Top view

Front view

Fig. 3 3D-CAD images of a bcc-Voronoi [001] cell, b fcc-Voronoi [001] cell, and c random
Voronoi cell

All 3D-CAD data were constructed by a 3D-CAD software, Rhinoceros 6. For
disordered cell structure, the random cell structure was designed by random arrange-
ments of seed points. Three 3D-CAD images of cubic specimens are shown in Fig. 3.
Nominal porosities are 90% in bcc-Voronoi and fcc-Voronoi cell structures and 93%
in random cell structures, which are calculated from the volume of the solid elements.
All cell struts have cylindrical shape with 1 mm in diameter. Since the bcc-Voronoi
cell has fourfold rotation symmetry, the top view is the same as the front view.

Experimental Procedure

Compression specimens were manufactured through a PBF machine, EOSM280, in
Koiwai Co., Ltd., Japan. Al–10Si–0.3 Mg alloy powder is used as a starting material.
Building direction is parallel to the z-axis. Specimens have cubic shape with a side
length of 30 mm (Fig. 4). As-built specimens were annealed at 803 K for 6 h in air.
Bulk density, ρ*, was calculated from the total mass and the volume of the cubic.
The porosity of each specimen is calculated as

p = 1 − ρ∗

ρS
, (6)

where ρS is the density of dense Al–10Si–0.3 Mg alloy, 2670 kg/m3. Because of
the accuracy of the present PBF process, thickness of the cell struts in AM porous
aluminum alloys was smaller than that of 3D-CAD models. As a result, the porosity
of AM specimens became slightly high.
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Fig. 4 Images of porous Al–10Si–0.3 Mg alloy specimens, a bcc-Voronoi [001] cell, p = 91%,
b bcc-Voronoi [001] cell, p = 94%, c fcc-Voronoi [001] cell, p = 91%, d random Voronoi cell, p =
94%

Compression tests were carried out using a Shimadzu Autograph AG-50kNISD
universal testing machine. Crosshead speed was fixed at 10 mm/min. No lubricant
was used in compression tests.

Results and Discussion

Results of compression tests are shown in Fig. 5. Compression direction of the bcc-
Voronoi cell [001] is parallel to the building direction. Flow stress increased with
decreasing the porosity. In the case of rhombic dodecahedron cell structures, the
flow stress of the transverse direction was higher than that of longitudinal direction.
Oscillations of the stress–strain curve shown in the transverse direction were due to
themacroscopic shear band formation.Experimental results for the present aluminum
foams were similar to the previous results for titanium foams [10]. High initial peak
stress shown in a bcc-Voronoi cell specimen is probably due to the shorter cell edge
length of the truncated octahedron cell.

Porous aluminum alloy specimen of fcc-Voronoi [001] cell structure with 91%
porosity showed no oscillation of the stress–strain curve. There is no macroscopic
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Fig. 5 Compressive stress–strain curves of porous aluminum alloy specimens with a bcc-Voronoi
[001] cell, b fcc-Voronoi [001] cell, and c random Voronoi cell

shear band formationduring the compression.However, theflowstress of fcc-Voronoi
cell structure was smaller than that of bcc-Voronoi cell structure.

In the case of random Voronoi cell structure with 94% porosity, no oscillation
was observed in the stress–strain curve. However, the flow stress was quite low
compared to the bcc-Voronoi cell structure with 94% porosity. Low flow stress in the
random Voronoi cell structure is due to the stress concentration by heterogeneous
cell volumes.

Application to Spacecraft

Japan Aerospace Exploration Agency, JAXA, has a project for smart lander for
investigating moon, SLIM. The purpose of the SLIM project is to pinpoint landing
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Fig. 6 Images of the JAXA smart lander [11]

on the moon using a small spacecraft. Image of the spacecraft is shown in Fig. 6
[11]. Five AM porous aluminum alloy parts with acorn shape are used as energy-
absorbing system of the landing. Investigation on the effect of compression speed on
the energy-absorbing properties is in progress.

Conclusions

Porous Al–10Si–0.3 Mg alloys for space crafts were manufactured through AM pro-
cess. Ordered and disordered cell structures were designed by 3D-CAD software
based on 3D-Voronoi division. Compression tests using cubic specimens revealed
that the ordered bcc-Voronoi cell structures have relatively high initial peak stress
and absorbed energy.However, the deformation processes showedmacroscopic shear
band formation, which causes the reduction of flow stress. On the other hand, the
ordered fcc-Voronoi and disordered random 3D-Voronoi specimens showed rela-
tively high energy absorption efficiency at the expense of the compressive strength.
It is considered that the partially disordered cell structures may have a potential
to energy-absorbing applications compared to the fully ordered and disordered cell
structures.

Acknowledgements This study was financially supported in part by SLIM project, Japan
Aerospace Exploration Agency, and The Light Metal Educational Foundation, Japan.
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Sonication for the Porosity Gradation
of Foams Meets Replica Templating:
A Hybrid Manufacturing Process
for Lightweight Multifunctional
Structures

C. Torres-Sánchez

Abstract Advancements in the design of porous structures with high-performance
properties offer opportunities to many industries such as transport (towards dimin-
ished fuel emissions via mass reduction) or medical devices (achieving personalised
orthopaedics by mimicking bone). However, the manufacturing of those parts lags
behind because it is difficult to realise a complex porous structure design via con-
ventional routes. Traditional manufacturing methods (e.g. casting) cannot produce
complex porous distributions, and new ones (e.g. 3D printing) have a limited palette
of processable materials. We propose a hybrid manufacturing process in which a sac-
rificial cellular structure (i.e. a polymeric porous foam) is tailored using a sonication
technology that increases density in zones where reinforcement is needed (e.g. stress
loading) and decreases it where mass is not needed, achieving lightweight topolog-
ically optimised structures. This template is then used in a replica process to create
porous metal structures with an ad hoc porosity distribution for a specific applica-
tion. Their characterisation required the creation of a bespoke tool that could combine
complex geometry, porosity distribution, and properties at a given location simulta-
neously. Themultifunctionality is achieved by coupling features, thanks to the grada-
tionwithin the structure which grants enhanced coexisting thermal, shock-absorbent,
controlled-diffusing, and/or vibration-damping properties. These lightweight multi-
functional structures are unmatched by those fabricated by conventional production
methods.

Keywords Sonication · Replica templating · Porosity gradation ·
Multifunctional · Polyurethane foam · Titanium alloy · Characterisation
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Introduction

Many mechanical and structural engineering applications require porosity-tailored
structures. For example, one of the approaches pursued by the transport industry to
curb CO2 and NOx emissions is to use lightweight materials. Because of the lim-
its implicit in refining engine efficiency and performance, the final leap needs to
be aided by substantially reducing vehicle mass, approximately 25% [1]. Another
application where porous structures are desired is in tissue engineering: in order to
achieve personalised implants, porous scaffolds need to be designed and manufac-
tured so their macrostructure and mechanical properties resemble those of human
bone in load-bearing anatomical locations, minimising stress-shielding and max-
imising stress redistribution, which derive on a stable bone cell/implant interface for
a long-term fixation [2].

Lightweight porosity-graded structures can be achieved by reducing mass from
the zones not subjected to the loads and stresses when in service, or by reinforcing
those areas that are most exposed and at risk of failure by selectively introducing
more mass in the matrix. The resultant material is a porosity-tailored structure with
selectively reinforced areas that outperforms its solid counterpart and at a fraction of
the weight. Topology optimisation techniques have made great strides in the pursuit
of the design of these lightweight structures [3]. Despite the current demand for
these materials with a porosity gradient and the work undertaken in modelling, the
development of suitable manufacturing processes whichwould pave the way towards
mass customisation lags behind. This is because there are enormous difficulties in
fabricating such structures using traditional methods; physically joining sections
of different porosities fail at the discontinuities, are highly labour-demanding, and
difficult to adapt to automation for mass customisation.

Our proposed method uses a hybrid manufacturing process that combines a Son-
ication technique for the porosity gradation in a sacrificial polymeric foam and the
Replica templating which employs this polymeric foam as the template structure for
a metal slurry that will produce a metal foam after a thermal process.

Sonication Technique

Since the metal structure will copy the skeleton of the polymeric foam’s, tailoring
the latter is crucial. The manufacturing strategy used to modify the polymeric matrix
is based on a controlled and timely irradiation of a beam of ultrasound directed onto
a porous material while it is forming, i.e. foaming. This needs to occur during the
‘sonication window’ of the polymeric reaction, when the sonication energy couples
with the gas bubbles embedded in the polymeric matrix and alters the final dimen-
sions of the bubbles by sustaining them to a cyclic expansion/contraction due to
the sinusoidal nature of the soundwave field. Under conditions of stable cavitation,
the expansions are more extensive than the contractions, so the bubble growth is in
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Fig. 1 Effect of stable cavitation on pore size depicting lower and upper thresholds of intensity,
modified from [5]

resonance with the soundwave and sustained over time. The gas bubbles created (or
added) and sonicated during the polymeric reaction will become the void sites of the
porous material once cured, and their size will dictate the pore size and porosity, with
larger or smaller pores where the matrix was stretched or shrunk by the ultrasound.

Stable cavitation induced in reacting polymeric foams can be achieved at different
intensity levels. Below a lower threshold of intensity, sonication has no effect on the
cellular structure, and beyond an upper threshold provokes degassing of the polymer
melt and to a larger extent imploding of the bubbles and collapse of the foam (i.e.
‘transient cavitation’ [4]). Between these two thresholds, the range of sonication
intensity favours stable pulsation of the bubbles in the viscoelastic matrix, and the
porosity of the samples is found to increasewith the intensity of the signal [5] (Fig. 1).

Replica Templating

The replica templating method is based on Schwartzwalder and Somer’s patent in
1963 [6] for sintered refractory ceramics and has been applied to the fabrication of
Ti alloys [7]. This technique uses a foamed polymer as a pre-form for the porous
material. The polymeric foam is dipped into a slurry containing a binder and the
metal powder that will form the final porous material. The soaked polymer is then
heat-treated. At high temperatures, the polymer decomposes and a green body with
similar porous structure to the pre-form polymer is obtained. They are typically open-
cell structures [8], which are ideal for applications where open channels are required
(e.g. multifunctional structures with thermal, filtering, catalytic, acoustic, flow trans-
port properties). One of the advantages over other manufacturing processes is the



16 C. Torres-Sánchez

possibility of fabrication without increasing pressure conditions, which places this
method ahead of some other more energy-hungry procedures. One drawback is that
the pyrolysis of the polymer skeleton inmany cases produces flaws or leaves residues
in the cellular structure, and this can be detrimental to the mechanical properties of
the final foam [9, 10]. In addition, some dimensional shrinkage could occur during
fabrication if the concentration of the slurry is not well defined [11].

Characterisation Methods

The characterisation of the porosity distribution in these metal foams is of vital
importance because these data can be used to feed back/feed forward the manufac-
ture process and further improve their properties and functionalities according to the
topology-optimised model. Traditional density measurement techniques (e.g. liquid
displacement techniques such as Archimedes’s, Helium infiltration displacement,
mercury porosimetry, etc.) provide information on the bulk values only and disre-
gard or cannot report on location (i.e. do not link density scalar values with a specific
location), which is frequently critical when mechanical properties or other function-
alities have to be engineered. A standard methodology for the characterisation and
quantification of porosity gradient materials is still missing.

This paper presents a novel hybrid manufacturing process that created porosity
gradation within a titanium alloy foam using a template (i.e. polyurethane foam) that
had been previously modified with Sonication. After the slurry-infiltrated pre-form
had been sintered,mechanical testingwas performed on homogeneous zones because
the overall characterisation of a porosity-graded structure is not possible via standard
methods. Consequently, we propose a method that maps porosity to location and
to properties, and paves the way towards parameterising property-gradient cellular
structure foams in an attempt to accelerate fabrication and deployment of these
structures in a myriad of industrial applications and consumer products.

Methodology

Materials

The sacrificial material chosen for this study was a polyurethane foam and the metal
powder was a ternary Titanium (Ti) alloy with Niobium (Nb) and Tin (Sn) as alloying
elements. Ti alloys in general are sought-aftermaterials in the aircraft, aerospace, and
niche automotive industries due to their low density (compared to stainless steel),
high corrosion resistance, and toughness. This ternary alloy has been reported in
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literature for its promising performance as a medical device in bioengineering and
tissue replacement applications [12, 13].

Polyurethane foams were made by the polymerisation of a monomer mixture
(polyol and isocyanate) after the addition of a catalyst and a blowing agent (e.g.
water), and the urethane groups created CO2 gas as a by-product of the reaction.
This frothing process follows five characteristic stages: cream, rise, packing, and
gelation, followed by curing, or solidification, of the foam [14–16]. The rising and
packing stages in polyurethane have been reported as the ‘sonication window’ for
this application [17, 18].

Elemental powders of Ti (Alfa Aesar, MA, 99.5% purity, ≤45 µm, –325 mesh),
Nb (Aldrich, GE, 99.8% purity, <45 µm, –325 mesh), and Sn (Alfa Aesar, MA,
99.8% purity, ≤45 µm, –325 mesh) were blended together according to the desired
composition of Ti 61, Nb 35, and Sn 4 wt%. This alloy is referred to as Ti35Nb4Sn
thereafter. Mechanical alloying was performed in a planetary ball mill (Pulverisette
6 Monomill, Fritsch, Germany) under control of argon atmosphere using stainless
steel grinding bowl and balls (10 mm diam). The ball-to-powder weight ratio was
10:1. The ball milling was carried out at room temperature and a rotation speed of
200 rpm for 12 h. To prevent cold welding of the metal particles to the surface of the
bowl and balls, 2 wt% stearic acid (CH3(CH2)16COOH) was added as a lubricant.
Phase constituents in the ball-milled powders and in the sintered porous scaffolds
were characterised using X-ray diffractometry (AXS D8Advance glancing, Bruker,
Germany) with 1.5046 nm wavelength Copper K-alpha radiation source scanned
using 0.009° per step and 46.2 s as step time. The foams were examined using a
scanning electron microscope (Quanta 3D FEG dual beam, 3.5 nm, 30 kV, DCG
Systems Inc., USA) and a microfocus tomography system (Skyscan m-CT, Bruker,
Belgium)with a 225 kVX-ray headwith a 225W target. The reconstruction software
(X-Tek Systems Ltd, Group, UK) was used to produce volumetric images.

Sonication

Ameasured amount of reactants (2 ml polyol and 2 ml isocyanate) were poured into
a plastic container (PP, 1.2 mm thickness). The process was initiated by the addition
of distilled water (i.e. the chemical blowing agent) that acted as the catalyst to the
reaction. After stick-stirring for approximately 5 s, the container was placed in a
temperature-controlled water bath and located at 11.1 cm from the sonication probe
irradiating at a frequency of 20 kHz and 150 W power. Full details of the procedure
have been described in [17]. On completion of the reaction and sonication, the foams
were left to cure for 48 h, de-moulded, and used without further modification.
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Replica Templating and Sintering

The slurry was prepared by mixing 75 wt% of Ti35Nb4Sn powders with a binder
(25 vol% ethanol/5 wt% polyvinyl alcohol mixture in distilled water). The slurry was
stirred continuously tominimise sedimentation. The polyurethane foamswere dipped
into the slurry for 24 h using a pressurised chamber with a pump that applied a light
negative pressure to induce uptake of the slurry into the polymeric foam. The soaked
foam-metal green bodies were then placed in an atmosphere-controlled (Argon) fur-
nace (Lenton Thermal Designs, UK). The sintering process was conducted in two
stages: first, the green bodies were heated at 2 °C/min from room temperature up to
250 °C, well beyond the melting point range reported for polyurethanes, and kept at
that temperature for 2 h to sublimate the polymeric skeleton that left a fragile metal
‘wire’ structure behind. During this stage, the furnace fumeswere continuously evac-
uated. Following that, the furnace was flushed three times to remove gases resulting
from the decomposition of the polyurethane that could oxide the metal foams. A
second step followed and the ‘wire’ structures were sintered at 1,100 °C (heating
rate of 5 °C/min) and held at this temperature for 3 h. The furnace was then allowed
to cool down to room temperature. Samples were cleaned using acetone and soapy
water in an ultrasonic bath for 5 min and left to air dry.

Mechanical Properties: Compression Testing

The foams were sectioned into cubic specimens that presented an isotropic homoge-
neous texture. These sections were used for mechanical characterisation. The com-
pression experiments were conducted at room temperature in a Universal Testing
Machine (3367 Instron, UK). A compressive rate of 1 mm/min was used on the
samples until plastic deformation and/or destruction. Stiffness was calculated from
the gradient created between compressive strength and compressive strain in elastic
conditions. Compressive yield stresswas obtained from the 0.2% strain offset beyond
the transition ‘point’ at which the material started its plastic behaviour.

Porosity Distribution Characterisation

The exploitation of porosity-graded foams requires a robust method to characterise
the complex geometry associated with their cellular structure and local properties.
The development of the ‘Topo-porosity’ tool [18] was motivated by this need. Since
porosity is defined as the fraction of the total volume which is empty, bulk density is
directly related to the volume fraction of the solid phase of a foam. In the context of
a 2D image, bulk density is equivalent to area fraction of the solid phase. In image
analysis, identifying pore boundaries through edge finding and network analysis is



Sonication for the Porosity Gradation of Foams Meets Replica … 19

very difficult given the varying geometry of a foam, but measuring the volume of
the material present (or absent) in a region is relatively easy. In a graded foam, the
amount of mass distribution varies within different area fractions, and this value,
relative to an ideal homogeneous distribution of porosity, is the variable of interest.

After fabrication, the foamswere cut into half along their axial plane to expose the
cross section of the foam orthogonal to the direction of propagation of the ultrasound.
Samples of foams were scanned at a 1500 dpi resolution on a 1640SU scanner
(EPSON Perfection, Seiko Group, Japan) and these images processed in the ‘Topo-
porosity’ tool. A grid was applied to the image, and each grid square associated with
a value which was the number of pixels contained in that area corresponding to the
solid phase. The square sizewas adapted (i.e. reduced or expanded) so it contained the
number of pixels given by the average value of the entire image. A contour function
was used to generate a set of curves, i.e. isolines, which linked squares of equal size
(i.e. area fraction) in the same way that contour lines in a topographic map connect
continuous points of the same altitude. These topographic maps of density provide
information on the porosity distribution within a foam’s cross section, indicating
relative positions of areas with an equivalent density.

Results

The polyurethane foams produced by sonication displayed a degree of porosity gra-
dation in their cross section, as presented in Fig. 2a, and an open-cell structure
(Fig. 2b). These foams were then used to obtain metal foams by ‘replica’ templat-
ing (Fig. 2c). Volumetric reconstructions (Fig. 2d) were created from the micro-CT
images obtained from the metal foams, which allowed the observation of a radial
porosity gradation in the example presented in Fig. 2e. The characterisation of the
constituent elements of the Ti alloy before and after sintering is presented in Fig. 3.

Fig. 2 a µCT of sacrificial PU foam; b SEM of PU foam displaying the reticulated structure of
struts; c Metal foam; d 3D reconstructed volume of the metal foam; e µCT cross section of the
metal foam depicting radial porosity gradation
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Fig. 3 XRD patterns acquired for a ball-milled powders for 12 h; b after sintering for 3 h

The results of stiffness (i.e. E in MPa) for each of the porosities (evaluated as volu-
metric ratios) are presented in Fig. 4. Yield strengths were plotted against stiffness to
study the decrease of one versus the other (Fig. 5) and how they fit to a linear trend.
Two batches were used for this purpose to expand the range of porosities obtained
via this hybrid manufacturing process.

Fig. 4 Stiffness value versus vol% porosity (standard deviation ranging 3–11%) for the Ti35Nb4Sn
metal foams
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Fig. 5 Yield stress versus stiffness for the Ti35Nb4Sn metal foams

The results from the ‘Topo-porosity’ tool allowed a quantification of the poros-
ity gradation. The contour maps displayed values of vol% density across the cross
section, and it was possible to couple values of porosity with location (Fig. 6).

Discussion

The porosity gradation incurred in the sacrificial PU foam by using the Sonication
technique permitted the generation of a final metal foam with a graded macrostruc-
ture, a replica of the PU skeleton after removal of the template and sintering of
the powders. The analysis of the constituent elements of the ball-milled Ti35Nb4Sn
powders (Fig. 3a) shows that the alloying of the three elements present in the mixture
was achieved to a certain extent. The formation of beta TiNbSn (cubic) phase was
achieved after the 12 h ball milling process and stabilised at room temperature by
the complete dissolution of Nb and Sn into the Ti beta phase. Some Sn (originally
tetragonal), Nb (originally cubic, beta), and Ti (originally hexagonal, alpha) were
still present in small proportions in the XRD pattern of the ball-milled powders. On
the contrary, by the end of the ball milling process, the stearic acid did not show on
theXRDpattern. Figure 3b shows theXRDpattern of the sintered samples. The dom-
inant beta (BCC) phase coexisted with alpha (hexagonal) and alpha” (orthorhombic)
phases. The presence of alpha phases was expected because, although a large amount
of Nb present in the elemental mixture would stabilise the beta phase, the sintering
energy was insufficient to achieve a full stabilisation. The alpha phase could be
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Fig. 6 Topo-porosity interface during the analysis of a metal foam. The output is the vol% density
contour map in the bottom right corner

explained by an incomplete alloying of the elements or the presence of Ti oxides.
The presence of TiNb (FCC) was also an indication of only partial alloying achieved
during sintering or oxidation. The stiffness values obtained from the compression
testing of the foams fell in the range of 200 MPa–1.4 GPa for porosity range from
80% to quasi-solid, respectively. The stiffness values at around 70–80 vol% porosity
(i.e. 430–100 MPa, respectively) were lower than those reported in literature (i.e.
E ranging 430–500 MPa at 75% porosity) [8], and E ~ 580 MPa at ~84% porosity
[] but similar to [20] (i.e. E ~ 300 MPa at ~75 vol% porosity) and [10] who also
used a very aqueous so19lution for the slurry. This could be a manifestation of the
unfinished alloying and the oxides present in the structures, which prevented the
powder particles from sintering effectively [12]. The corresponding strength values
spanned from 3 to 100 MPa, again lower than those reported for ~75% porosity as
~24 MPa [20] but similar to those of highly porous foams (e.g. ~80% porosity, yield
strength 15 MPa [9]; 84% porosity, yield strength 10 MPa [19]; 88% porosity, yield
strength 7–13 MPa [7]). The stiffness of the foams and their compressive strengths
correlated relatively well, in agreement with other values reported [21–23]; however,
the trendline gradient (Fig. 5) was smaller than expected because the pace at which
the stiffness increased with density was not matched with that of strength. The man-
ufacturing process reported here did not include the use of plasticisers, unlike [8],
or dispersant agents, used by [19], but only a binder. The process involved a single
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slurry-infiltration step, unlike [24, 25] who studied the effect of multiple cycles to
improvemechanical strength. These process parameters could explainwhy the results
obtained are lower than those reported elsewhere and that the prevalent failure mode
was brittle microfracture, a symptom of unwanted oxygen contamination.

Stiffness and density (i.e. 100 vol% porosity) ratio was fitted to a power law rela-
tionship (y= xn), and the n index ranged between 1.30 and 1.36which corresponds to
an interconnected porous structure with a dominant network of channels in an open
architecture [26], confirming the hypothesis that the metal foam would replicate the
macrostructure of the sacrificial PU foam. If only high porosities are considered (i.e.
>50%) a linear relationship can be established, so n becomes 1, manifestation of an
architecture that is fully open and interconnected.

But this is only applicable to sections of homogeneous porosity and does not
consider porosity gradation within the entire sample volume. This is a major draw-
back when it comes to characterising graded materials that were designed to dis-
play multifunctionality or multiphase distributions (e.g. via topology optimisation
of high density/high porosity zones). Motivated by the requirement of a procedure
to parameterise this gradation, a tool for characterising porosity distribution, i.e.
‘Topo-porosity’, has been devised for the mapping of the distribution of porosity
within a graded cellular structure. The automated measurement protocol allows area
characterisations that established methods cannot provide.

Validation of the Method

One of the research questions that arose regarding the validity of the ‘Topo-porosity’
mapping tool was its sensitivity at the boundaries between areas of very different
densities, common scenario in porosity-tailored foams. To test this, a series of digi-
tally stitched images were created joining pictures of homogeneous foams of known
porosities (e.g. very low porosity area 1 joined to a high porosity area 2, in ascending
order (Fig. 7a) and tiled (Fig. 7b). The results demonstrated that this method could
detect both incremental (Fig. 7c) and abrupt (Fig. 7d) changes in porosity, reported
the values in vol% density, and these were represented in the corresponding contour
maps.

As can be seen in Fig. 8, there is a direct correlation between the density contour
maps (Fig. 8b) and the visual density distribution in the foams’ pictures. Overlaid
onto that was the stiffness data (Fig. 8a) in an attempt to characterise porosity-graded
foams in terms of their mechanical performance coupled with location within the
structure. This is the first step towards volumetric quantification of porosity and
mechanical properties, a more data-rich proposition compared to traditional bulk
properties that are only valid for homogeneous materials.

The advantages of this hybrid method that combines Sonication and Replica
templating are the following: (i) compared to ‘cut-and-paste’ traditional methods,
this is a flexibleway to engineer porosity across a single cross section; (ii) as themetal
is in solid state at all stages, it minimises issues with oxidation and health and safety
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Fig. 7 Validation exercises with (a and c) incremental changes in density and (b and d) abrupt
changes to demonstrate the sensitivity of the Topo-porosity tool

Fig. 8 a Stiffness values overlaying a cross-sectional scan to depict local variation of mechanical
properties and b topo-porosity results reporting vol% density in a porosity-graded metal foam

for the operators; (iii) it is cost-effective as it uses versatile starting materials, such as
polyurethane foams; (iv) it proposes a step towards mass customisation, with shape
and form freedom and in low volume production batches; (v) it presents potential for
automation; and (vi) it can create multifunctional and tailored structures and alloys.
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Conclusions

New structures and manufacturing protocols to design and realise engineered struc-
tures that combine high-spec mechanical properties and low weight are sought after.
Ideally, one would prefer a method that creates a gradient in the porosity within the
bulk of the material without the need of manual finishing or post-processing, avoids
the use of expensive or hazardous materials, is cost-effective, and has a potential
for automation. We propose a hybrid manufacturing process for lightweight mul-
tifunctional structures using a Sonication technique for the porosity gradation of a
sacrificial polymeric foamwhich then is used as a template for the metal foam via the
Replica process. To assist their fabrication, a suitable characterisation method that
could handle heterogeneity of the graded structure had to be devised. Unlike other
measurement methods where statistics of features from one pixel carry no informa-
tion on its location, this method brings together both types of information, porosity
(or density), ratio, and location. Overlaying properties (e.g. mechanical) to these
maps achieves a multidimensional dataset that takes manufacturers a step closer to
the realisation of these topology-optimised structures.
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Development of Rotational Incremental
Hammering Process for Porous Metals

Han Cui, Ryo Matsumoto and Hiroshi Utsunomiya

Abstract Porousmetals have huge potential in various engineering applications, but
their applications have been limited due to the lack of studies on plastic working and
metal forming. In this study, a new forming process named rotational incremental
hammering was developed. Inspired by the friction stir welding process, the forming
punch was rotated at high speed while indenting the workpiece to introduce localized
heating and more intense plastic deformations. Open-cell nickel foam plates were
shaped into simple stair-shaped components with the proposed process and two con-
ventional metal forming processes: incremental hammering process and friction stir
incremental forming process. It was found that the forming result obtained with the
developed process showed improvements when compared with the forming results
obtained with conventional incremental hammering process or friction stir incre-
mental forming process. In addition, a thin skin layer was also found on workpiece
formed with the developed process, which is useful to achieve sandwich structures.

Keywords Nickel foam · Incremental forming · Friction stir · Forming
parameters · Plastic deformation · Fast-prototyping

H. Cui
Department of Materials Science and Engineering, Stanford University,
Stanford, CA 94305, USA
e-mail: hancui@stanford.edu

R. Matsumoto · H. Utsunomiya (B)
Division of Materials and Manufacturing Science, Graduate School of Engineering,
Osaka University, Suita 565-0871, Japan
e-mail: uts@mat.eng.osaka-u.ac.jp

R. Matsumoto
e-mail: ryo@mat.eng.osaka-u.ac.jp

© The Minerals, Metals & Materials Society 2020
N. Dukhan (ed.), Proceedings of the 11th International Conference on Porous
Metals and Metallic Foams (MetFoam 2019), The Minerals, Metals
& Materials Series, https://doi.org/10.1007/978-3-030-42798-6_3

27

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-42798-6_3&domain=pdf
mailto:hancui@stanford.edu
mailto:uts@mat.eng.osaka-u.ac.jp
mailto:ryo@mat.eng.osaka-u.ac.jp
https://doi.org/10.1007/978-3-030-42798-6_3


28 H. Cui et al.

Introduction

Commonly known as metal foams, porous metals are metals with pores integrated
into their structure. Owning to this characteristics, porous metals possess a number
of properties that cannot be obtained with fully dense metals such as low densities,
large surface area, excellent energy absorption capability, as previously reviewed
[1, 2, 5]. These properties have made porous metals a good candidate to be used in
various functional and structural applications such as filters, batteries, biomedical
implants, and bearings [4].

Despite huge potentials in various functional and structural applications, appli-
cation of porous metals is still limited because of their disadvantages such as poor
weldability and difficulties in applying conventional cutting and machining tech-
niques as those techniques would cause severe damage to the cellular structure of
porous metals [1]. In addition, applications of plastic working and metal forming
techniques on porous metals are rather limited, though they are highly demanded in
rapid prototyping and massive productions of components. Because pores may close
during the forming process, advantages of porous metals such as low density and
high porosity may be lost. In addition, because conventional plasticity theories are
based on the assumption of volume consistency, it is also difficult to design industrial
metal forming process for porous metals with predictable properties of formed com-
ponents, and there were no published studies on applying metal forming processes
such as incremental forming and friction stir incremental forming to form porous
metals because the dimensional accuracy of the products is not satisfactory.

In this study, in order to improve the dimensional accuracy of formed compo-
nents, a new metal forming process called rotational incremental hammering was
proposed and implemented to form the open-cell nickel porous metals. The com-
ponent formed with the proposed process was compared with those formed with
conventional incremental hammering process and friction stir incremental forming
process with the same forming parameters.

Overview of Rotational Incremental Hammering Process

Figure1 shows the schematic illustration and the forming sequence of the rotational
incremental hammering process. For the conventional incremental hammering pro-
cess, the workpiece is pressed locally by the forming tool and this elementary opera-
tion is repeated at a specific depth and interval of indentation until the desired shape
is obtained [7]. For the rotational incremental hammering process, however, the con-
ventional incremental hammering process is combined with features of friction stir
welding that the forming tool is rotating at a high speed while pressing the work-
piece. Despite severe plastic deformations caused by the indentation and the rotation
of the forming tool, the friction between the tool and the workpiece heats the mate-
rial locally, and the localized heating softens the material around the forming tool.
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dx := x- forming interval
dy := y- forming interval
dz := Forming depth
f := Tool feed speed
ω := Tool rotational speed
••• := Tool indentation point
--- := Tool linear movement
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(a) Schematic illustration (b) Forming pass and sequence
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Fig. 1 Overview of rotational incremental hammering process

In addition, since cell walls near the surface of the workpiece are folded and over-
lapped by the combination of tool rotation and translation, a skin layer is fabricated
on the surface of the workpiece and formed a sandwich structure, whose effects on
the mechanical properties of various porous metals have been well studied [6, 8, 9].

Experimental Procedure

Materials

Open-cell nickel foams (CELMET #4 by Sumitomo Electric Industries, Ltd.) with
mean pore size of 0.45mm were used. The material was manufactured by adding
electroconductive coating to a urethane foam with connecting pore, followed by
electrolytic Ni planting and removal of urethane support [3]. Rectangular plates with
dimensions of 60mm (length)×30mm (width)×10mm (height) were prepared by
wire electrical discharge machining as specimens, as shown in Fig. 2a. The speci-
mens were then formed into stair-shaped components as shown in Fig. 2b. Table1
summarized the main specifications of specimens used in this study.
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Fig. 2 Experimental conditions

Table 1 Specifications of rectangular specimens

Length 60mm

Width 30mm

Height 10mm

Mean pore size 0.45mm

Average apparent density 0.45± 0.07Mgm−3

Forming Conditions

The forming experiments were carried out on a commercial four-axis CNC milling
machine (RolandDGACorporationMDX-540S). A rod-shaped toolmade of SKH51
high-speed tool steel was used as the forming tool. The tool had a diameter of 6mm
and a flat end with a diameter of 4mm, as shown in Fig. 2c. The specimen was
held on a aluminum alloy die and fixed by ∅0.25mm steel wires at both ends, as
shown in Fig. 3. For comparison, the specimens were formed with both the proposed
forming process, rotational incremental hammering (RIH), and two conventional
metal forming processes, incremental hammering (IH), and friction stir incremental
forming (FSIF).

For incremental hammering process, the forming tools without rotation locally
press the specimen to cause plastic deformation, and the elementary operation is
repeated over the entire specimen to obtain the desired component, as shown in
Fig. 4a [7]. For the friction stir incremental forming process, which was originally
developed by Otsu et al. as a novel metal sheet forming process, the specimen is
pressed by the forming tool with a high rotational speed and plastically deformed by
both the translational and rotational motions of the forming tool, as shown in Fig. 4b
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Fig. 3 Experiment setup

f

ω

z
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y

f

(a) FSIF (b) IH

Fig. 4 Schematic illustration of a friction stir incremental forming process and b incremental
hammering

[10]. Table2 lists the forming conditions of IH, FSIF, and RIH process. Surface
observations, cross-sectional observations, as well as laser displacement meters were
employed to evaluate the forming results.

Results

Figure5 shows the top-view and side-view images of formed specimenswith the rota-
tional incremental hammering (RIH) process, incremental hammering (IH) process,
and friction stir incremental forming (FSIF) process.
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Table 2 Summary of forming conditions of IH, FSIF, and RIH methods

Forming method IH FSIF RIH

x-forming interval dx 1mm 1mm 1mm

y-forming interval dy 1mm N/A 1mm

Forming depth dz 1mm 1mm 1mm

Tool rotational speed ω 0 8000 rpm 8000 rpm

Hammering speed f 60mm/s 60mm/s 60mm/s

Fig. 5 Photographs of a top view and b side view of formed specimens with different forming
processes

In addition, Fig. 6 shows the microscope images of the x-z cross section of the
formed specimens, and Fig. 7 shows the surface profiles of the formed specimens
measured with laser displacement meter.

For the specimen formed with the IH process, because the tool only hammered
the specimen without rotation, the surface of the specimen was not stirred and only
the cell walls collapsed, and no surface layer was formed. For the specimen formed
with the FSIF process and the RIH process, however, a thin skin layer with thickness
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Fig. 6 Microscope images of a Step I and b Step II of formed specimens with different forming
processes

Fig. 7 Surface profiles of
formed specimens with
different forming processes

of approximate 1mm (FSIF) and 0.75mm was found on the surface of the specimen
through SEM observation (images not shown), which is mainly due to folding and
overlapping of cell walls resulted from the tool rotation.

Compared to the specimens formed with IH process, the shape accuracy of each
“stair” on the specimen formed with the RIH process has significant improvements,
as shown in Fig. 6. Because the tool is rotating at high speed while hammering the
specimen, the temperature of the workpiece increases because of friction between
the forming tool and the workpiece and plastic deformation of the workpiece. As a
result of the localized heating, the materials around the forming are softened, causing
more severe plastic deformations.
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Moreover, from Fig. 7, although the shape of specimens formed with all three
forming methods did not perfectly match with expectation, specimen formed with
the RIH process had better shape accuracy that specimens formedwith the IH process
and the FSIF process, especially in Region II and III, as defined in Fig. 2d. In the case
of RIH, as discussed in the previous section, local deformations are introduced by
both tool rotation and translation. In the case of FSIF, however, because the forming
tool traversed along the surface of the workpiece, not only the materials under the
forming tool but the materials around are stirred, making the deformation region
wider. In addition, the feeding effect also widens the deformation region. As a result,
the height of the specimen formed by the FSIF process is lower than expected in
each region.

Conclusion

Open-cell nickel foam was successfully formed with the newly proposed method,
rotational incremental forming (RIH). The newly proposed process combined the
features of incremental hammering process and friction stir welding. In the developed
process, the specimenwas pressed locallywith the forming tool rotating at high speed
while the specimen was plastically deformed by the hammering and the rotational
motion of the tool. The forming result obtained with the developed process showed
significant improvement in forming accuracy compared to the forming result obtained
with the conventional incremental hammering.

Acknowledgements The first author thanks Osaka University Scholarship for Super Short Term
Study for the financial support.
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Decomposition of Ti and Zr Hydrides
Studied by Neutron Diffraction

John Banhart and Clemens Ritter

Abstract TiH2 and ZrH2 are the most frequently used blowing agents for foaming
low-melting alloys based on aluminium or zinc. In order to tailor the temperature
range of decomposition such hydrides are often pre-annealed in Ar or air prior to
their use. The decomposition behaviour of such compounds is usually studied by
thermogravimetry and calorimetry. We applied neutron diffraction to gather more
information about the decomposition of treated and untreated hydrides. In order to
avoid strong incoherent scattering effects from hydrogen (1H), we used deuterated
(2H) variants and could obtain high-quality diffraction patterns. In this way, we were
able to quantify the amount of hydrogen for different decomposition stages as well
as changes of the lattice structure for a range of Ti- and Zr-based blowing agents.

Keywords Metal foam · Titanium hydride · Zirconium hydride · Neutron
diffraction

Introduction

Metal foams can be blown with gas-releasing hydrides that are either added to a melt
or admixed to metal powder blends that are compacted and then melted. For low-
melting alloys such as aluminium, magnesium, or zinc alloys, titanium or zirconium
hydrides have been known for a long time to have a good gas yield in the right
temperature range while they are not too expensive [2].

Both hydrides release hydrogen above about 400 °C and exhibit two decompo-
sition peaks, however, ZrH2 less pronounced than TiH2 [9, 10]. The first peak is
actually not desirable, because gas evolves before most aluminium alloys melt and
therefore defects in the foams are created, Fig. 1a. In order to coordinate the melting
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Fig. 1 Aluminium foams after expansion to maximum volume. foamed with, a: untreated TiH2,
b: TiH2 treated at 520 °C for 180 min [10]. Treated TiH2 gives rise to the formation of rounder and
more uniform cells

temperature of the alloy to be foamed and the decomposition range of the hydride,
an oxidising pre-treatment is useful. Such pre-treatment (or pre-annealing) creates
an oxide layer but also releases some hydrogen, which is then not available during
the subsequent foaming step of the metal [4].

The decomposition of hydrides has been studied mainly by thermal analysis, X-
ray diffraction, TEM, or other methods [3, 6, 7, 8]. The disadvantage of XRD is
that hydrogen atoms do not contribute to the information obtained. Neutron diffrac-
tion, on the other hand, includes scattering from hydrogen atoms and allows for a
structural analysis including the metal lattice and hydrogen. Due to the strong inco-
herent scattering of neutrons from 1H, use of 2H is preferable. Small-angle scattering
experiments based on such compounds were successful [1].

In this study, we evaluate the potential of neutron diffraction to clarify the
changes during decomposition of hydrides that had been annealed in air or Ar atmo-
spheres. The equilibrium phase diagrams (Fig. 2) show low-temperature α and high-
temperature β phases in both Ti-H and Zr-H systems. While the entire diagram is
relevant for understanding, for example, hydrogen storage applications, the interest
of metal foam application is concentrated on the H-rich side of the diagram, where
a cubic δ and a tetragonal ε phase are present.

Fig. 2 Phase diagrams of a Ti-H [12] and b Zr-H [13]
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Experimental Procedure

Materials

TiH2, TiD2, and ZrD2 powders were used for the experiments. TiH2 was purchased
fromChemetall, the deuterideswere produced byGesellschaft für Elektrometallurgie
(GfE), both Germany, and are the same powders used in a previous study [1]. The
powders were characterised in three different states:

• Untreated with a maximum hydrogen/deuterium loading,
• Heat-treated in an Ar atmosphere for various times leading to the removal of H2

or D2,
• Heat-treated in air for various times and at various temperatures to allow for
oxidation in addition to H2 or D2 removal.

Methods

A Netzsch TG209F1 Iris micro-balance was used for thermogravimetric (TG) mea-
surements to determine the hydrogen or deuterium release from the specimens during
heating. The mass spectrometer QMS 403 Aëolos attached to the balance allowed us
to measure ion currents for m= 2(H2) and m= 4(D2). About 50 mg of each hydride
was loaded into Al2O3 crucibles. A heating ramp of 10 K/min from room tempera-
ture up to 900 °C was employed. Prior to each measurement, the specimen chamber
was evacuated twice and purged with argon gas. The measurements were performed
under an Ar stream of 20 ml/min.

The high-resolution neutron powder diffractometer D1A at ILL was used for
the diffraction measurements. The powders were kept in vanadium containers due to
largely incoherent (direction independent) scattering of V. Neutrons were monochro-
matised to 0.139 nm wavelength using Ge crystals, 30-mm high with a take-off
angle of 122°. The beam size at the sample site was 20 × 30 mm2, the neutron flux
2 × 106 cm–2s–1.

Diffraction patterns were analysed by Rietveld refinement using software ‘Full-
Prof’. In total 16 parameterswere varied including the lattice constants and 3 possible
occupancies (lattice + tetrahedral and octahedral interstitial positions). Refinements
were based on space groups Fm3m (#225, fcc + interstitials) or 14

/
mmm (#139,

bct + interstitials) as suggested by San Martin [12] and Zuzek [13] for the δ and ε

phases, respectively, of both the Ti-H and Zr-H systems. The resulting parameters
were the occupancies of all the potential hydrogen sites and the c/a ratio of the metal

lattice. We define the relative c/a ratio as (c/ a)r = c
/(√

2a
)
.
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Results and Discussion

For the deuterides, the peak ion currentmeasured form= 4(D2)was about 1000 times
larger than for m= 2(H2) and 45 times larger than for m= 3(DH), indicating that
the deuterides were contaminated with hydrogen only on a level of < 2%. Figure 3a
shows the ion currents form= 4, I (T ), for three thermal pre-treatment states of TiD2

(including no treatment) during heating. As reported before, pre-treatment shifts the
onset temperature of decomposition to higher temperatures and largely eliminates
the first decomposition peak [4]. After reaching 900 °C, most of the gas has been
removed. The ion current actually represents the mass change very well with only
a slight delay as seen by comparing the directly measured mass md(T ) given as a
percentage of original mass with the relative residual mass mi (T ) calculated from
the ion current by

mi (T ) = 1 − a
T∫
0
I
(
T ′)dT ′, (1)

where a was set such that the two curves coincide at 800 °C. Obviously, the mass
spectrometer and the balance yield a consistent result and allow for determining the
total gas content in the powder that is released up to 900 °C, Fig. 3b. The slight delay
of the ion current signal is due to the time the gas needs to pass the spectrometer,
while the balance reacts almost instantaneously.

Figure 4 shows diffraction patterns of all three untreated powders. The very high
incoherent background for TiH2 is obvious. The deuterated powders exhibit much
less background scattering, which is an advantage when refining the peaks. The peak

Fig. 3 a Ion currents normalised by factor a of Eq. (1) for three differently treated TiD2 powders
(annealed in Ar) during heating at 10 K/min in an Ar atmosphere. b mass change during heating at
10 K/min measured with the balance (md (T ), black) compared to the mass change calculated from
the integrated ion current (mi (T ), red). Result is for untreated TiD2, but treated powders behave in
a very similar way
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Fig. 4 Diffraction patterns of untreated TiH2, TiD2, and ZrD2 powders (a–c). The measurement
time was 8 h for the hydride, 2 h for the deuterides. Green lines are measured data, red lines Rietveld
fits. Residual is shown at the bottom. Angles represent 2Θ

amplitude is 50% higher for the deuterides despite an acquisition time of just ¼
compared to the hydrides.

By doing Rietveld refinements, the H and D contents can be determined quanti-
tatively. Figure 5 shows that for longer pre-treatment time the residual H/D in the
powders decreases continuously. We obtain non-zero Rietveld coefficients for the
fcc lattice positions and for the tetrahedral lattice sites only. Therefore, as expected,
all the hydrogen was found on tetrahedral interstitial lattice sites, none on octahedral
sites in any sample. The initial content of the powders also varies: Only ZrD2 reaches
the nominally stoichiometric value of x = 2, whereas the Ti-based hydride/deuteride
fall short of this value.

The lowest hydrogen contents are found for untreated TiD2. TGA confirms the
neutron diffraction values and actually lie a bit lower (x = 1.68). Most likely the low
D content is due to insufficient powder charging with deuterium. Some exchange of
D by H that might have taken place during storage would also explain the deficiency
but is not supported by the TGA measurements for m = 3 (suggesting < 2% H) nor
by the low incoherent background in Fig. 4b that would be much higher if significant
D had been replaced by H. That TGA yields slightly lower values might be due to
some residual D that has not been removed at 900 °C or some oxidation that has led
to a slight mass increase due to oxygen traces in the TG chamber.
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Fig. 5 a Hydrogen/deuterium content in various compounds as determined by neutron diffraction
and TG (green) for powders treated at 480 °C in an argon atmosphere or in air at the temperature
specified. Left axis: stoichiometric content, right axis: at.%. b relative c/a ratio displayed as a
function of the H or D content

Annealing for 180 min at 480 °C in an Ar atmosphere removes about 11 at.% of
the gas in the compound, which is just 1/6 of the total content. This explains why
annealing does not influence foam expansion notably [11]. Annealing in air instead
of argon (what is actually done in industrial practice) leads to even lower gas losses.
For example, 180 min annealing at 480 °C limits the gas loss during pre-treatment in
air to just above 4 at.%. Higher temperatures or longer times increase gas losses. The
effect of air has been explained by the formation of an oxide shell on each hydride
particle [5].

TiH2 wasnot systematically studiedbyneutrondiffractiondue to the large incoher-
ent scattering background. The only measurement on the untreated powder (Fig. 3a)
yields a composition of TiH1.9 with a rather high uncertainty. ZrD2 exhibits the high-
est D content of all the samples studied. Pre-treatment in Ar atmosphere reduces the
content of deuterium dissolved in the matrix by approximately the same percentage
as in TiD2.

Rietveld refinements were carried out based on a cubic δ and a tetragonal ε

structure as the phase diagrams (Fig. 2) suggest. The resulting (c/a)r ratio is given
in Fig. 5b. The closer the value is to 1 the less do the two fits differ and allow us
to determine whether a δ or a ε structure is present. The lowest values are obtained
for ZrD2. The phase diagram (Fig. 2b) actually predicts that for xD > 1.7 the lattice
is tetragonal, which is confirmed by our measurements. The broken line in Fig. 5b
shows values taken from Zuzek [13] and confirms the current results. For TiD2, the
situation is different. According to San Martin [12], the lattices should be cubic for
the low xD < 1.8 observed but the neutron diffraction signal seems to show a trace
of tetragonal distortion. Fits of the TiH2 data in Fig. 5b carried out in both the cubic
and tetragonal variants yield the same fitting residual and show that for near-cubic
structures the distinction can be difficult. One might suspect such uncertainty for
TiD2 too, but the (c/a)r values are smaller and do vary systematically. Moreover,
the oxidised samples show the same values. A possible explanation is that some of
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the larger powder particles contain more D than others and contribute to a slight
tetragonal signature in the diffraction patterns.

Summary

Diffraction experiments were used to understand the modification of hydrides used
for metal foaming during pre-treatments. The hydrogen/deuterium contents mea-
sured roughly agree with those measured by thermogravimetry and mass spectrom-
etry. Pre-annealing powders in air leads to less hydrogen losses than annealing in an
Ar atmosphere due to the oxide layer created on each particle. The hydrogen lost
during pre-annealing accounts for less than 10% of the total hydrogen, in industrially
treated powders rather ~4%. Thus, this loss can be accepted in view of the known
benefits of pre-annealing.

Acknowledgements Biljana Matijasevic, Tillmann Neu, and Nadine von der Eltz prepared the
powder samples. Claudia Leistner performed the TG.
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Microstructural Effects on Compressive
Behavior and Deformation Band
Propagation in Open-Pore Metal Foams

Alexander Martin Matz, Bettina Stefanie Matz and Norbert Jost

Abstract The mechanical properties of investment casted open-pore metal foams
are studied on the example of the binary alloy Al–11Zn. The samples are subjected
to two different heat treatments, resulting in a state of high strength and low ductility
and a state of lower strength and high ductility. Their effects are investigated by
compression testing and are correlated to their microstructure. As recently reported
in literature, there exist characteristic differences in the stress–strain behavior. This
issue has been researched in the course of the present work in detail. We found that
it can be directly related to the formation and propagation of deformation bands,
and herein locally occurring plastic deformation events. In particular, we observe
strength and ductility of the base material in combination with the morphological
structure as the dominating factors for the evolution of deformation in metal foams.

Keywords Metallic foams · Aluminum · Zinc · Heat treatment · Aging ·
Mechanical properties · Deformation band

Introduction

Metal foams are attractive engineering materials, which combine low weight with a
good mechanical strength [1–4]. They have been one of the research highlights in
materials engineering ever since the late 80s of the last century [3–9]. The present
work is concerned with open-pore metal foams. They consist of a rigid strut network,
which defines an interconnected population of cells. The potential of open-poremetal
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foams in a wide variety of applications has been emphasized in the literature [10–
14]. Their mechanical properties are always a determining factor for choosing them
as a constructional element. We have recently described how one can make these
materials using the model alloy Al–11Zn [15]. We have shown how irreversible
plastic strain accumulation occurs during compression testing [16]. We have also
demonstrated how the local Al–11Zn microstructure, which evolves during post-
processing heat treatments, affects the macroscopic mechanical behavior of an open-
pore metal foam during compression testing [17]. The microstructure mainly defines
the deformation behavior of bulk material. In foams, it is additionally affected by the
structural architecture of the cellular material leading to their capability to effectively
dissipate energy under compressive loading. The stress–strain curves of metal foams
under compressive loading show the three typical stages of formation:

(1) elastic–plastic region,
(2) plateau region, and
(3) densification region,

as commonly described in literature [2, 18–20]. During compressive loading of
the specimen, we preferentially observe a localization of plastic strain in single struts.
They underlie such a pronounced deformation that single foam cells collapse and one
or a few deformation bands form throughout the entire foam [21]. The stress–strain
curve in most cases indicates the initial cell collapse [4] (the corresponding stress is
referred to as plastic collapse stress σ PC). It shows a local maximum (which separates
the elastic–plastic and the plateau region) due to the sudden stress drop caused by a
failing strut. This is characteristic of metal foams subjected to compressive loading,
and it is higher themore brittle the basematerial, such as the aluminum alloyAA6101
in aged conditions [21, 22]. Ductile materials, such as Al in a chemical purity of
99.99% or Al–12Si [23–25], rather show a smooth transition of the elastic–plastic to
the plateau regime of the stress–strain curve. Besides the base materials, the thermal
treatment seems to be another parameter affecting this behavior [17, 26].

From what has been outlined so far, it is clear that the microstructure and the
structural architecture of the cellular material are the factors dominating the fashion
of the stress–strain curves. The stress–strain curves are, however, just what we gain
from the test procedure; and this is actually a result of the deformation process taking
place within the specimen in general. For a profound understanding of the underlying
correlations, wemanufacture open-pore Al–11Zn foams and apply two different heat
treatments. Furthermore, we investigate the evolution of deformation in the foams
during compressive loading and observe significant effects of the microstructure on
the deformation band propagation during compressive loading.
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Experimental Procedure

The material used was the binary aluminum alloy Al–11Zn. It was alloyed by HMW
Hauner Metallische Werkstoffe from Al and Zn, each with a nominal purity of
99.99%. The materials are the same as those used by Matz et al.; for details of
the chemical composition, refer to [16].

Open-pore Al–11Zn foams were fabricated through a modified investment cast-
ing process. Description, that is more detailed, can be found in [15]. Casting was
carried out by a centrifugal casting machine of the type Vacutherm-3,3-Titan from
Linn High Therm GmbH using a crucible of the type DKV-2 LT. Subsequent to
casting, the molds containing the samples were water-quenched. Mold removal and
cleaning of the samples were carried out in a water jet machine of the type HW
70 from KWS Kächele GmbH, and afterward by a chemical treatment in tetrana-
triumethylendiamintetraacetate (C10H12N2Na4O8). Samples were cut in dimensions
of 30 × 30 × 20 mm3 by wire electro-discharge machining [27]. A homogenization
treatment at a temperature of T = 400 °C lasting t = 120 min in connection with
water-quenching was applied to all samples. Half of them were aged at room tem-
perature (samples A(RT)) to achieve finely dispersed GP zones [28]. The rest pass
through an additional annealing treatment at a temperature of T = 150 °C for t =
120 min (samples A (150/120)) in order to obtain a microstructure with partially
dissolved GP zones. Details on the effects of heat treatments on the microstructure
are described elsewhere [17]. The pore density of all samples was ρP = 10 ppi, and
the relative density was in a range of 7.5% ≤ ρrel ≤ 11.0%.

Uniaxial compression tests were performed with a TesT universal test rig P112.20
KN.H at room temperature and ambient air. The displacement rate was set to be
0.9 mm/min, which corresponds to an initial strain rate of 5 × 10−4 s−1. Precision-
grinded steel plates (coated by a graphite lubricant) were used to apply compression
forces to the samples (Fig. 1). The testing procedure was documented with a camera

Fig. 1 Experimental setup for compression tests of open-pore Al–11Zn foams, which corresponds
to the setup described in Ref. [16]
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of the type Cyber-SHOT DSC-HX50V from Sony, Corp. in order to evaluate the
evolution of deformation within the whole foam specimen. Furthermore, close-up
views of relevant parts of the deformed samples were taken with a digital microscope
(VHX 500FD from Keyence NV/SA).

Results

Compressive Properties

The stress–strain curves (Fig. 2) of the foams under compressive loading show in
general the three abovementioned typical stages of formation. At the beginning of
deformation, the samples aged at room temperature have a linear increase in stress.
Thereafter, we notice an increasing portion of plasticity, which is a consequence of
strain hardening [16], until the tangent modulus turns zero, when reaching the plastic
collapse strain σ PC. The plateau region follows up, when a sudden stress drop occurs
and subsequently continues as an oscillating curve. At higher strains, the distinct rise
in stress can be identified as densification region. The other samples, which passed
through an additional annealing treatment at a temperature of T = 150 °C, exhibit
a different curve fashion with the characteristic smooth transition from the elastic–
plastic region into the plateau region. The strain at which the transition occurs is
hard to judge, but it is in an order of ε ≈ 10% as also reported previously for ductile
Al foams [24]. In contrast to the samples aged at room temperature, no oscillating
fashion of the curve can be detected in the plateau region. The densification of the
foams is mainly a function of relative density [17, 18] and is, hence, in the same
order as the samples A(RT).

Fig. 2 Compressive
stress–strain behavior of
open-pore Al–11Zn foams in
heat treatment conditions
A(RT) and A(150/120)
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Local Deformation Behavior

Compressive loading of open-pore Al–11Zn foams leads to a preferably local for-
mation of deformation bands. Within the concerned specimen areas, single struts are
deformed to such a high extent until a fatal collapse of the corresponding cell occurs
and/or until the locally reached strain hardening leads to spreading of the deformation
band into prior non-effected specimen areas. Figure 3a–c shows how the deformation
in an open-pore Al–11Zn foam aged at room temperature evolves on the example
of different deformation stages. The corresponding stress–strain diagram is shown
in Fig. 3g. The deformation bands, which are active in the different deformation
stages, and the hitherto initiated fractures are labeled in the images. The sample
displayed in Fig. 3a resamples the reference state at a strain of ε = 0 immediately
before the compression test started. When applying compressive loading, at first, a
homogenous deformation within the whole specimen occurs, which still seems to be
accompanied by a portion of elastic strain (ε ≤ 1.37%). Thereafter, a first deforma-
tion band forms and arranges in the upper part of the sample oriented in an angle of
α ≈ 20◦ across the direction of force application. A further deformation band forms
when reaching a strain of ε ≤ 3.55% oriented in an angle of α ≈ 15◦ across the
direction of force application. It is located in the lower part of the sample and it is
connected near the left sample surface with the first deformation band formed (this
state is shown in Fig. 3b at a strain of ε = 6.50%). The deformation itself, however,
is still restricted to the deformation band, which is located in the upper part of the
specimen. Within this band and in the direct adjoining parts, fractures of the struts
occur, which are labeled by arrows in Fig. 3b. At a nominal strain of ε = 5.32%,
the ongoing deformation of the sample is of the same order in both active defor-
mation bands. Not before reaching ε = 8.22%, the main deformation shifts to the
deformation band, which is located in the lower part of the specimen. This defor-
mation band is distinctively silhouetted against the sample parts above and below.
Furthermore, fracture initiation and fracture occur within the deformation bands and
at adjacent regions where the strut orientation itself leads to a highly rigid structure,
and hence restrains plastic deformation (this state is shown in Fig. 3c at a strain of
ε = 11.04%). Afterward, entire cell planes, containing the afore fractured struts,
collapse and the deformation band spreads into regions of the sample at which no
prior macroscopic deformation could be observed. In direct comparison to the sam-
ple in cold-aged condition, the progressive deformation behavior of the sample in
the condition with partially dissolved GP zones is shown in Fig. 3d–f. The corre-
sponding stress–strain diagram is displayed in Fig. 3h. Figure 3d shows the initial
state at a strain of ε = 0. When compression testing started, in the first instance (as
well as observed in the cold-aged condition), the sample deforms homogeneously.
Subsequently and as a gradual process, the deformation events get concentrated in
the middle of the sample. Correspondingly, at parts of the sample, which are in direct
contact with the compression plates, minor deformation occurs, and when reaching
a strain of ε = 5.79% no deformation events can be observed anymore. Thereupon,
an increasing localization in the form of a distinctly wide shaped deformation band
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Fig. 3 Formation and propagation of deformation bands, and fracture initiation during compression
testing of open-pore Al–11Zn foams: a reference state (ε = 0), b compressed to ε = 6.50%,
c compressed to ε = 11.04%, and g corresponding stress–strain behavior of sample A(RT), as
well as d reference state (ε = 0), e compressed to ε = 6.32%, f compressed to ε = 11.29%, and
h corresponding stress–strain behavior of sample A(150/120) (deformation bands are marked by
lines and fractures are marked by arrows)

can be noticed, which stretches across about ¾ of the sample height (this state is
shown in Fig. 3e at a strain of ε = 6.32%). At ε ≈ 7.39%, the deformation band
gradually relocates into the lower third of the sample. The major deformation events
proceed in the center of the deformation band. When reaching a strain of ε ≈ 8.37%,
the deformation stagnates in the lower part of the sample and the deformation band
starts shifting upward. Ongoing strain intensifies this behavior as can be seen in
Fig. 3f (ε ≈ 11.29%) and leads to a pronounced bending of single struts until they
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finally touch each other. Not before a compaction of the affected cell planes occur,
the deformation band relocates into sample parts, which are macroscopically much
less deformed.

The deformation events in both samples differ totally as pointed up in Fig. 4. The
cold-aged sample is considerably more brittle. It shows a pronounced sensitivity to
fracture events as illustrated in Fig. 4b (this is a detail view of Fig. 4a, which corre-
sponds to the final state of compression of the cold-aged sample, as shown in Fig. 3c).
The highlighted fracture I is the result of a shearing dominated strain, whereas frac-
tures II and III are the consequence of bending-dominated strain. The sample in the
condition with partially dissolved GP zones is considerably ductile in contrast to the
cold-aged sample. Prior to the collapse of the first cell plane, no fractures can be
detected. We rather observe a pronounced local plastic deformation, as shown in the
marked region of the sample in Fig. 4c. A detail view of the relevant strut (which

Fig. 4 Deformation phenomena of struts within a deformation band of open-pore Al–11Zn foams:
a sample A(RT) compressed to ε = 11.04% (cf. Fig. 3c), b close-up view of labeled sample area in
(a), c sample A(150/120) compressed to ε = 11.29% (cf. Fig. 3f), and d close-up view of labeled
sample area in (c)
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was extracted for better presentation) is displayed in Fig. 4d. The alteration of shape
is clearly visible and likewise a result of shearing dominated strain.

Discussion

The deformation of open-pore metal foams relies on the formation of local defor-
mation bands. Regarding both microstructures considered in the present study, we
clearly observe differences in shape and in propagation of the deformation bands
during compressive loading. At the beginning, the deformation band in the specimen
A (150/120) nearly involves the whole sample. It localizes or concentrates gradually
as a function of strain ε (cf. Fig. 3e, f). This behavior also becomes noticeable in the
stress–strain diagram (cf. Fig. 2) at which a continuous increase of stress σ occurs in
the plateau region. It is a consequence of the strain hardening of the base material. It
seems that the sample areas, which are next to the compression plates, firstly under-
lie a strain hardening which spreads into the center of the specimen as a function of
strain ε. Against this background, we notice a strain hardening rate kPl = dσ

/
dε

in the plateau region of kPl = 1.7MPa [17]. In contrast, the strain hardening rate in
the plateau region is only about two-thirds of that in the specimen A(RT) [17]. Its
deformation bands (one or more) are formed in a dimension of approximately one
cell plane in the specimen A(RT) (cf. Fig. 3b, c). The deformation band concentrates
locally right from the outset, as numerously reported in literature for metal foams
with open and closed cells [20, 21, 29–32]. Strain hardening takes place within the
affected specimen area until single struts fracture. This leads to a local structural
softening of the foam and in consequence to an oscillating behavior of the stress–
strain curve (cf. Fig. 2). Based on this, we conclude that during compression loading,
there is a prior basematerial controlled strain hardening in the specimenA (150/120),
whereas there is an interrelated strain hardening of base material and softening of
foam structure in the specimen A(RT).

The deformation bands are in general oriented in an angle of 15◦ ≤ α ≤ 20◦
transverse to the direction of applied compressive force as also reported previously
[29, 31, 33]. In analogy to slip planes in crystals, we interpret this phenomenon to be
related to the packing of the polydisperse foam’s polyhedral cells in space but here
on the mesostructural scale. The deformation itself is concentrated on the weakest
part of the foam and evolves with increasing nominal strain ε by

(1) deformation of single struts to such an extent that a collapse of the belonging
cell occurs,

(2) a pronounced local strain hardening of the bulk material, and/or
(3) a local hardening of the foam structure itself, which is related to a geometri-

cal beneficial arrangement of partially deformed struts being more stable than
adjacent specimen parts.
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The aspects (1) and (3) are the major active mechanisms for the formation and
propagation of deformation bands in samplesA(RT), whereas (2) and (3) are predom-
inant in the samples A(150/120). This explains on the one hand the differing shapes
of the deformation bands (Fig. 3) and on the other hand their characteristic stress–
strain curve behaviors, such as a noticeable plastic collapse in A(RT) samples or a
noticeable linear strain hardening rate in the plateau region in A(150/120) samples.

Conclusion

In the present study, we investigate how the microstructure of Al–11Zn affects the
compressive behavior and deformation band propagation in open-pore metal foams.
From the results obtained in this work, the followingmain conclusions can be drawn:

(1) The major deformation events concentrate on one or a few parts of the sample
(deformation bands) until either a collapse of the cell plane occurs resulting in
a structural softening of the foam or the foam’s base material undergoes a strain
hardening to such an extent that the deformation migrates to an adjacent weaker
part and further deformation band propagation gets activated;

(2) In a metal foam with brittle base material, the deformation locally remains until
fracture of struts and/or collapse of cells or cell planes occur—its deformation
is dominated by structural softening;

(3) In ametal foamwith ductile basematerial, the deformation is rather homogenous
within the whole sample and gradually localizes in a deformation band as a
function of strain—its deformation is dominated by strain hardening of its base
material.
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Mechanical Characterization
of Hyper-cubic Models Created
with Direct Metal Laser Sintering
Method

Jeongho Choi

Abstract The objective of this study was to determine mechanical properties of two
models of hypercubes defined as Type 1 (core-filled) and Type 2 (core-spaced) made
with direct metal laser sintering (DMLS) method. To manufacture these models,
aluminum alloy AlSi10Mg powder was used. Each model was created by adding
consecutive layers vertically with DMLS. After quasi-static compression, Type 1
model had 19% higher elastic modulus, 12% higher compressive yield strength, and
51.6% greater elongation than Type 2 model. From our experiments, we found that
the following two factors could weaken these models. First, metals melted by DMLS
were not connected to each other securely. Second, anisotropy in specimens created
by DMLS was a significant factor that affected their stiffness and strength. These
twomodels could be utilized in a sandwich core structure. Further studies are needed
to investigate their bending and shear properties more deeply. Upgraded 3D printing
technologies in the future might help us make more precise, complex structures.

Keywords Cellular solids · Sandwich core · Unit cell · Hypercube · 3D printing

Introduction

Generally, solids have a stereoscopic structure. The stereoscopic structure is a model
based on two-, three-, and four-dimensions in space. Two-dimensions has two axes
such as a horizontal and vertical directions in a plane. Three-dimension has three
axes such as x, y, and z directions. It can be presented by a vector. Four-dimension has
four axes that can be thought as certain optical illusions. For example, we can take a
cubic box and then stretch and fold every corner tomake a two-dimension plane. This
folding-up creates another cubic box. This shape is called a tesseract, hypercube, or
8-cell regular octachoron. These shapes are formed based on certain geometrical
concept in mathematics. These shapes can be used to make a unit cell model such as
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a honeycomb or an open-cell with a sandwich core structure. Hypercubes originate
from a point of a hypercube with dimension zero [1, 2]. If this point is stretched to
another point, it makes a line which is a unit hypercube of dimension one. If the line
stretches out in a perpendicular direction, it makes a square which is a unit hypercube
of dimension two. If the square is stretched in a perpendicular direction, it makes
a cube which is a unit hypercube of dimension three. When the cube is stretched
to a fourth dimension, it is called a four-dimensional hypercube or a unit tesseract.
In the field of material engineering, one of the simplest lightweight truss models is
a truss cubic which has been defined by Gibson and Ashby [3]. It is a model of a
hexagonal truss. It is an ideal solution for honeycomb, open cell, and closed cell
structures. This model is based on a 3-dimensional stereoscopic structure. From the
truss model, we can create a hypercube truss model with a hexagonal truss outside
and a hexagonal truss inside. Thus, this paper focuses on this hypercube concept to
create a unit model to apply in a sandwich core structure. If a tesseract is composed
of two regular hexahedrons (one forms the outer structure while the other forms
the inner structure) with or without diagonal truss, then we can define two types
of model as core-filled and core-spaced shapes. That is, the type of model depends
on whether or not there is a truss in the diagonal direction. These two models are
defined as type 1 and type 2. According to recent papers about mechanical properties
of 3D printed structures made with powders, there are no particular advantages or
disadvantages for either shape. Instead, researchers are trying to determine how to
make the shape easily, save time, create a complex shape without any limitations, and
produce high-quality parts for use in aerospace or biomedical industries. They are
looking to avoid high costs, having limited space tomake the product, using high cost
materials, such as metal powders, buying more high quality equipment to produce a
high quality product, having to hire professional engineers to control the equipment,
etc. 3D printing is not some kind of magic that can create anything. Skill and thought
are required when selecting techniques and materials. The most important factor
that needs to consider is what the application is. Depending on producers’ skill and
materials, the quality of the product can be different.

Recently, 3D-printing has been announced as a revolution inmanufacturing. It has
been advanced more and more. There are many widely used 3D-printing techniques,
such as Fused Deposition Modeling (FDM) [4], Selective Laser Sintering (SLS) [5],
Direct Light Processing (DLP) [6], StereoLitohgraphy (SLA) [6], Laminated Object
Manufacturing (LOM) [6, 7], StereoLithography (SL) [7], Mask Projection Stere-
oLithography (MPSL) [7], 3-Dimensional Printing (3DP) [7], Droplet Deposition
Manufacturing (DDM) [7], and Fused Filament Fabrication (FFF) [8]. Based on
these techniques, new skills are developed and announced continuously. These days,
Direct Metal Laser Sintering (DMLS) is a common skill used in 3D printing is [9].
It uses lasers with metal powders. These lasers can fuse metal powders into drips of
liquid. The drip metal is added layer by layer to make a shape.

To validate a product’s mechanical properties, it is required to compare its tension
and compression tendencies with a specimen made by the ASTM standard. Many
researchers have found that specimens made by 3D printing have an anisotropy with
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inconsistent mechanical properties. This occurs even after using different materi-
als and 3D printing techniques. A product’s final properties depend greatly on the
technician’s skill, equipment, materials used, additive manufacturing speeds, and so
on. There are many kinds of effective variables [10, 11]. The objective of this study
was to investigate the stiffness or strength of unit cell models made by DMLS 3D
printing. Our products need to meet defined mechanical properties for unit models
to be considered for use in a sandwich core structure.

Hypercube Models

Hypercube is a mathematically ideal solution. Using a lattice or truss model in an
open-cell model might have a correlation with relative elastic modulus as a function
of relative density or relative compressive yield strength as a function of relative
density. Figure 1 shows shapes of both Type1 and Type 2 models. Details of the
stiffness and strength of both models are shown in the next section. Type 1 was a
core-filled model while Type 2 was a core-spaced model. Each model was created by
DMLS technique. Both models were tested under compression. Before experimental
testing for Type 1 and Type 2, material properties of specimens were checked based
on ASTM E8/E8M [12]. The specimen is made by DMLS and then tested under
tension and compression to check the material properties (Fig. 2).

Fig. 1 Hypercube models: (1) Type 1 and (2) Type 2

Fig. 2 Specimens made by AlSi10Mg for tension testing: (1) Specimens before tensile test; (2)
Specimens after tensile test
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Table 1 Mechanical properties of AlSi10Mg powder

Mechanical properties of the parts

As built Heat treated

Tensile strength
(MPa)

In horizontal direction (XY) 460 ± 20 345 ± 10

In vertical direction (Z) 460 ± 20 350 ± 10

Yield strength (MPa) In horizontal direction (XY) 270 ± 20 230 ± 20

In vertical direction (Z) 240 ± 20 230 ± 20

Modulus of elasticity (GPa) In horizontal direction (XY) 75 ± 10 70 ± 10

In vertical direction (Z) 70 ± 10 60 ± 10

Elongation at break (%) In horizontal direction (XY) 9 ± 2 12 ± 2

In vertical direction (Z) 6 ± 2 11 ± 2

Equipment and Material Properties (Powder)

The 3D printing machine used was an EOS M290. Properties of specimens are
summarized in Table 1. Detailed information about the equipment is also shown in
Table 1. Among various factors, building volume and power supply for the laser
are the most important factors. The maximum volume of the model was 250 mm
× 250 mm × 325 mm. To make a good quality model, the volume must be at least
200 mm × 200 mm × 300 mm. The laser used was a Yb fiber laser of 40 W with
a scanning speed up to 7.0 m/s, a current of 32 Amperes, and a power supply of
400 V. More information about the equipment such as dimensions, weight, software,
materials used, and so on is described in Table 1. It should be noted thatmaterials used
in 3D printing are developing continuously. Nowadays, materials such as aluminum
alloy, cobalt chrome, nickel alloy, stainless steel, and titaniumalloy are regularly used
in a powder form. Table 1 shows technical data for the aluminum used in the present
study.Theparticular casting aluminumalloy/powder typeusedwasAlSi10Mg.Based
on ASTM E8M, specimens for compression and tension tests were made by DMLS.
Figure 3 shows a specimen used in a tension test. Table 2 shows dimensions used to
make tensile specimens with AlSi10Mg powder. This material has a combination of
good thermal properties and low weight. These specimens were made based on the
ASTM E8M standard.

Mechanical Test

Tension

Table 2 shows detailed dimensions of specimens used in tensile tests. G is a gauge
length, W is width, T is thickness, R is radius of fillet, L is overall length, A is
length of reduced section, B is length of grip section, and C is an approximate
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Fig. 3 Uniaxial tensile test with specimen made by AlSi10Mg at a testing speed of 1 mm/min: (1)
A specimen before the tensile test; (2) A specimen after the tensile test

Table 2 Dimensions of standard specimens based on ASTM E8M

Dimensions standard specimens, sheet-type (mm)

G - Gauge length 50.0 ± 0.10

T-Thickness 3.0

R-Radius of fillet, min 12.5

L-Overall length, min 200

A-Length of reduced section, min 57

B-Length of grip section, min 50

C-Width of grip section, approximate 20

width of grip section. For tension tests, three samples made by aluminum alloy
(AlSi10Mg) were denoted as 2-1, 2-2, 2-3. Uniaxial tensile test was carried out as
shown in Fig. 3. AlSi10Mg images in Fig. 2(2) are specimens after the test. Specimen
2-2 was clearly broken in the middle area. Other specimens were broken in top or
bottom areas. This test revealed that 2-2 specimenwas the best performing specimen.
Figure 3(1) shows setting of the equipment with a mechanical extensometer and a
grip. Figure 3(2) shows tested specimen 2-2 with a fracture in the middle area. From
the tension test, engineering stress-strain and true stress-strain were determined as
shown in Fig. 4. Comparison between engineering stress-strain and true stress-strain
for the aluminum alloy AlSi10Mg is shown in Fig. 4. According to the tension test,
material properties of AlSi10Mg were: a Young’s modulus of 71.81 GPa, a yield
strength of 155.52 MPa, and an ultimate tensile strength of 348.32 MPa. These
results are summarized in Table 3. When the Young’s modulus value is compared
to that shown in Table 1, there were reasonable agreements for heat treated powder
and in the vertical direction. Thus, specimens with required tensile strength in the
vertical direction could be created by DMLS with heat treatment.
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Fig. 4 Stress as a function of strain for aluminum alloy specimen after tensile test

Table 3 Material properties of AlSi10Mg powder

Material Property Value

Aluminum alloy,
AlSi10Mg

Young’s modulus (GPa) 71.8

Yield strength (MPa) 155.5

Ultimate tensile strength (MPa) 348.3

Elongation (%) 8.0

Compression

Specimens used in the uniaxial compression test made by DMLS are shown in Fig. 5.
We used an EOS M290 with AlSi10Mg powder. Samples were designed to have a

Fig. 5 Design details and AlSi10Mg specimens used for the compression test
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Fig. 6 AlSi10Mg Specimens for uniaxial compression test and Crushing steps: circle number 1=
elastic range, circle number 2 = linear, circle number 3 = 1st plateau, circle number 4 = valley,
circle number 5 = 2nd plateau, circle number 6 = densification

diameter of 10 mm and a height of 15 mm as shown in Fig. 5. Three specimens were
made for each test.

Two specimens were used for the compression test because samples matched
well in the Stress-Strain plot as shown in Fig. 6. Material properties found in the
compression testwere: aYoung’smodulus of 0.316GPa, a compressive yield strength
of 6.35 MPa, and an ultimate compressive strength of 179.72 MPa.

Figure 6 shows six crushing steps with 0 to 0.6 strains. We defined these steps
based on the circle number: circle number 1 = elastic range, circle number 2 =
linear, circle number 3 = 1st plateau, circle number 4 = valley, circle number 5 =
2nd plateau, circle number 6 = densification. These steps were defined by Young’s
modulus in steps 1 and 2. We saw the 1st plateau in Step 3. From here, loading was
slowly increased. The valley in step 4 appeared abruptly due to the belly phenomenon
that occurred in the middle of the specimen with a height of 15 mm. This meant that
the applied loading on the specimen exceeded its endurance. Then we saw the 2nd
plateau in step 5 when the applied load was slowly decreased. This meant that the
applied stresswas distributed in the specimen. Finally, in step 6,we sawdensification.

Mechanical Test for Hypercube Models

Figure 1 shows two samples made by 3D printing with DMLS. Each sample was
designed to have a width of 20 mm, a length of 20 mm, a height of 20 mm, an inner
truss diameter of 3 mm, and an outer truss radius of 1.5 mm. Type 1 was a core-
spaced model while Type 2 was a core-filled model. Before the uniaxial compression
test, measured weights for Type 1 and Type 2 models were 5.91 and 5.29 grams,
respectively. The difference in weight between Type 1 and Type 2 model was about
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11.72%. Thematerial used was AlSi10Mg powder. Themachine used for testing was
a universal test machine (UTM) as shown in Fig. 7. Speeding was set to be 2 mm
per minute. Type 1 was used in test 3 and test 4. Type 2 was used in test 1 and test
2. Figure 8 shows all tested data of stress versus strain.

For Type 1, average values of its material properties were: elastic modulus of
0.82 GPa, compressive yield strength of 2.57 MPa, ultimate compressive strength
of 12.44 MPa, and compressibility of 69%. For Type 2, its material properties were:
elastic modulus of 0.69 GPa, compressive yield strength of 2.29 MPa, ultimate com-
pressive strength of 3.15 MPa, and compressibility of 46%. Material properties of

Fig. 7 A universal test machine (UTM) with data collecting system

Fig. 8 Engineering stress as a function of engineering strain from uniaxial compression
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Table 4 Mechanical properties of Type 1 (Core-filled model) and Type 2 (Core-spaced model)

Type Sample
number

Mechanical properties

Elastic
modulus
(GPa)

Compressive
yield strength
(MPa)

Ultimate
comp.
strength
(MPa)

Compressibility
(%)

1 Test 3 0.92 2.60 13.40 70

Test 4 0.72 2.54 11.47 68

AVG. 0.82 2.57 12.44 69

2 Test 1 0.71 2.29 3.22 42

Test 2 0.66 2.29 3.08 49

AVG. 0.69 2.29 3.15 46

Difference (%) 19.7 12.2 294.8 51.6

core-filled and core-spaced models are summarized in Table 4. Young’s modulus,
compressive yield strength, ultimate compressive strength, and compressibility of
the core-filled model were 19.7%, 12.2%, 294.8%, and 51.6% higher than those of
the core-spaced model (Table 4).

Conclusions

In the present study, material properties of Type 1 (a core-filled model) and Type 2
(a core-spaced model) models created by 3D printing Direct Metal Laser Sintering
(DMLS) technique using aluminum alloy AlSi10Mg powder were determined. After
the uniaxial compressive test, the core-filled model was found to have higher elastic
modulus, compressive yield strength, ultimate strength, and percentage of elongation
than the core-spaced model. These two models could be used to make a sandwich
core structure. Their structures need to be investigatedmore deeply in the future.With
improvement in 3D printing techniques, they might be useful for making aerospace
materials.
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Study on Deformation of Closed-Cell
Aluminum Foam in Different
Solid–Liquid–Gas Coexisting States

Zhiyong Liu, Ying Cheng, Yanxiang Li, Ningzhen Wang and Xu Zhou

Abstract The deformation of closed-cell aluminum foam (CAF) in different solid–
liquid–gas coexisting states was studied in this paper. The results showed that the
most suitable temperature of the CAF deformationwas about 635 °C,whichmade the
CAF have maximum deformation, but its characteristic parameters changed slightly.
Moreover, the multi-grain cell wall and small size cell were helpful to the CAF
deformation in the solid–liquid–gas coexisting state. When the CAF was heated at
635 °C, the intergranular solidification microstructure and part of the primary α-
Al grain were melted into liquid. The fixed or inter-locked primary α-Al grain was
released and changed into the distributed discretely near-spherical grain, making
the cell wall have good thixotropy. At the same time, the gas pressure in the cell
was recovered to the foaming stage, so the gas pressure could be close to the flow
stress of cell wall. During the CAF deformation in the solid–liquid–gas coexisting
state, the cell wall deformed in thixotropic under the supporting and coordinating of
the gas pressure in the cell; meanwhile, the cell was moved following the cell wall
deformation. Therefore, the CAF deformation was affected by the types of cell walls
and cell size.
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Introduction

Closed-cell aluminum foam(CAF) has unique physical and mechanical properties,
which made it have broad application prospects [1, 2]. The preparation technology
and mechanical properties of the CAF have attracted wide attention. Although the
preparation technology has been mastered [3, 4], the mechanical properties are still
to be studied further. At present, almost all of the researches in the mechanical
properties of the CAF mainly focus on failure and destruction [5–8], rather than
effective deformation. As a result, the special shaped CAFs develop slowly [9].
Because the CAF has poor mold filling ability and cell stability in the liquid state
and the collapse will occur layer by layer when the CAF deforms in solid state
[10–13], the special shaped CAFs can’t be produced through casting and stamping.
What’s more, the special shaped CAFs can’t be obtained by welding, as its isotropy
will be destroyed [14–16]. Although the machining, the powder metallurgy foaming,
and the two-step foamingmethod can be used tomanufacture the special shapedCAF
[17–19] , there are some shortcomings, such as the lower utilization rate of materials,
or strict and complex process. In order to develop the special shaped CAF, the CAF
deformation in solid–liquid–gas coexisting state has been proposed [20].

The preparation of CAF is similar to the preparation of semi-solid metal to certain
degree [21]. When the CAF is heated to the semi-solid temperature of cell wall, the
CAF is in solid–liquid–gas coexisting state, which makes the cell wall have good
thixotropy [22] and makes the gas pressure in cell increase because the gas was
closed in cells. The CAF deforms in solid–liquid–gas coexisting state through the
thixotropic deformation of the cell wall and the accompanying motion of cell. The
authors consider that under a certain temperature the gas pressure in the cell can be
close to the flow stress of the cell wall [23], which is helpful to keep the continuity
of the cell wall and the integrity of the cell during the CAF deformation. The flow
stress of the cell wall is related to liquid fraction and character distribution of primary
α-Al grain, which is affected by deformation temperature. Therefore, the effect of the
temperature on the CAF deformation in solid–liquid–gas coexisting state is studied
in this paper.

Experiments

Materials

The CAF used here was prepared by melt foaming process [24]. The relative density
of CAF was 33.6%, the average equivalent diameter of the cell was 1.39 mm, and the
alloy composition of the cell wall (wt%) was Ca 3.0, Ti 0.02, and Al balanced. The
solid–liquid temperature range of the cell wall was measured by NETZSCH STA449
F3 differential scanning calorimeter. The result showed that approximate solid–liquid
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Fig. 1 Curve of liquid
fraction and temperature of
CAF
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temperature range of the cell wall was about 612–657 °C, and relationship curve
between liquid fraction and temperature is shown in Fig. 1.

Methods

Firstly, the CAF plate without size effect (Φ65 × h8 mm) [25, 26] was placed on
the joint surface of the female mold, and a cross groove was designed at bottom
of the female mold, as shown in Fig. 2a. Both the CAF and molds were heated
in resistance furnace. The heating rate of resistance furnace was 10 °C/min, and the
heating processwas in an inert atmosphere. The heating temperature and deformation
temperatureweremeasured and controlled byNi–Cr/Ni–Si thermocouples.When the
CAF was heated to schedule temperature, the CAF plate was deformed immediately
through mold pressing. The pressing speed of male mold was about 0.5 mm/s, and

Fig. 2 Deformation schematic diagram and geometric schematic diagram of deformed CAF. 1-
Temperature-controlled CAF; 2-Thermocouple; 3-CAF plate; 4-Power device; 5-Pressure sensor;
6-High-temperature seal ring; 7-Inert gas; 8-Graphite mold; 9-Crucible furnace; 10-Limit guide
rails
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Table 1 Process parameter, macro-deformation, and characteristic parameter of the CAF

PARM. Samp. Process parameters Macro-
deformation

Characteristic parameters

/ °C σ*/MPa εc/% εt/% D/mm F /%

A – – – – 1.39 0.93 33.6

B 615 1.02 2.7 6.7 1.38 0.90 32.4

C 625 0.90 3.2 9.1 1.36 0.88 31.8

D 635 0.51 4.0 16.5 1.34 0.85 33.1

E 645 0.43 4.6 14.2 1.29 0.81 34.0

F 655 0.31 10.1 11.6 1.23 0.82 34.8

Deformation temperature; σ* Deform pressure; Relative density

the maximum pressure was recorded by pressure sensor, as shown in Table 1. After
the joint surfaces came into contact with one another, the mold pressure was kept for
5 s before releasing load, and the spherical crown was obtained. Subsequently, the
spherical crown and female mold were moved out immediately from the resistance
furnace through guide rails, and they were cooled to room temperature by 0.1 L/min
compressive argon.

And then, the macroscopic morphology and deformation of the spherical crown
were studiedbymacroscopic observation and calculation, respectively, so the formula
(1) was introduced. The mesoscopic deformation of the CAF was analyzed through
using the SG3100 three-dimensional optical microscope and Image-pro plus soft-
ware. The average equivalent diameter D and shape factor F of cells were calculated
by formulas (2) and (3), respectively [20]. The microstructure evolution of CAF was
analyzed by Neuphoto 21 metallurgical microscope and Image-pro plus software.

εi(i=t,c) =
∣
∣
∣arctan 2(Ri−Hi )ri

R2
i −2r2i

Ri − φ

∣
∣
∣

φ
× 100% (1)

where εi, Ri, Hi, ri, and Φ are deformation of the CAF, radius of sphere, height of
spherical crown, radius of spherical crown, and bottom radius of the spherical crown,
respectively, as shown in Fig. 2b.

D =
N

∑

i=1

√
4A/π

N
(2)

F =
N

∑

i=1

4π A/p2

N
(3)

where D, F, A, N, and p are the average cell size, shape factor, area, number, and
perimeter of the two-dimensional cell, respectively.
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Finally, the CAFs which were the same as the deforming CAF were heated
to the corresponding deformation temperature, water-cooled immediately, to study
the characteristic distribution of Al4Ca compound. The ZEISS-SUPRA40 scanning
electron microscope was used, and the surface scan of Ca element was observed.

Experimental Results

As shown in Table 1, when the CAF deformed in different solid–liquid–gas states,
its macroscopic deformation was quite different. With the deformation temperature
increasing, the compress deformation gradually enhanced, and increased sharply
above 645 °C. However, the tensile deformation firstly increased and then decreased
with the deformation temperature increasing, so the maximum tensile deformation
was obtained at 635 °C, as shown in Fig. 3a. In addition, the mesoscopic deformation
also went through the similar variation. With increasing deformation temperature,

Fig. 3 Curves of
deformation versus
deformation temperature.
a Macroscopic deformation;
bMesoscopic deformation
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the average equivalent diameter continually decreased, and it decreased slowly under
635 °C, but sharply above 635 °C. However, the shape factor firstly decreased and
then increased with the deformation temperature increasing, so the minimum shape
factor was obtained at 645 °C, as shown in Fig. 3b.

Macroscopic Deformation of the CAF

The macroscopic morphology of the initial and deformed CAF is shown in Fig. 4.
When theCAFdeformed under 635 °C, it had lower liquid fraction and needed higher
deformation stress, as shown in Fig. 1 and Table 1. The deformation form of the CAF

Fig. 4 Macroscopic morphology of initial and deformed CAFs. a Initial CAF; b 615 °C; c 625 °C;
d 635 °C; e 645 °C; f 655 °C
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was high-temperature deformation and was sensitive to large size cell and cell wall
defect [27, 28], which made local fractures occur near the large size cell. Therefore,
the compress and tensile deformation of the CAF were lower. Remarkably, with the
deformation temperature increasing, the local fracture form changed from plastic
fracture to solid–liquid separation, as shown in Fig. 4b, c. When the deformation
temperature increased to 635 °C, the local fracture caused by large size cell and
cell wall defect disappeared completely, making the CAF deform uniformly, and the
maximum tensile deformation was obtained, as shown in Fig. 4d. However, when
the deformation temperature further increased above 635 °C, the CAF showed fluid
characteristic, and the local collapse caused by large size cell and cell wall defect was
gradually obvious. Therefore, there were several raised points or ridges at the top of
the deformed CAF corresponding to the cross groove, and the compress deformation
sharply increased when the deformation temperature was above 645 °C, as shown in
Figs. 3a and 4e, f.

Mesoscopic Deformation of the CAF

The mesoscopic morphology of the initial and deformed CAF is shown in Fig. 5.
The net-like structure was the cell wall, and the mesh area surrounded by cell wall
was the cell in 2D space. Before the CAF deformed, the cell wall was smooth and the
cell was near-sphere, as shown in Fig. 5a. When the CAF deformed under 635 °C,
most of the cell wall structure, the cell morphology, and the spherical microcell were
maintained. The average diameter and factor shape of cell changed slightly, as shown
in Fig. 3b. However, there were several fractured cell walls making the integrality of
cell unit destroyed. It is noteworthy that with the deformation temperature increasing,
the fracture of cell wall weakened obviously, as shown in Fig. 5b, c. When the
deformation temperature increased to 635 °C, the fracture of cell wall disappeared
basically and some cell walls changed from smooth to concave–convex, resulting
in the average diameter and factor shape of cell decreasing, the cell morphology
changed fromnear-sphere or sphere to polyhedron after the cell wall deforming under
the support of gas pressure, as shown in Fig. 5d. When the CAF deformed above
645 °C, the cell wall structures and cell morphology changed seriously, as shown in
Fig. 5e, f. In this case, the CAF had high liquid fraction and showed obvious fluid
characteristics. Therefore, the cell easily ruptured, and as a result, the cell walls were
easily squeezed together, and with the temperature increasing, the cell walls even
merged into new cell walls and cell units, which made compress deformation and
relative density increasing sharply; meanwhile, the shape factor increased slightly.
The analysis mentioned above could explain why the factor shape improved slightly
at 655 °C.
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Fig. 5 Mesoscopic morphology of initial and deformed CAFs a Initial CAF; b 615 °C; c 625 °C;
d 635 °C; e 645 °C; f 655 °C

Microstructure Evolution of the CAF

The microstructure of the initial and deformed CAFs is shown in Fig. 6. The net-like
structure was the cell wall, and the mesh area surrounded by cell wall was the cell in
2D space. The cell wall consisted of white particulate primary α-Al grain, the gray
intergranular solidification structure, and spherical microcell. In the initial CAF,
the particulate primary α-Al grain and intergranular solidification structure were
mainly degenerated dendrite and Al–Al4Ca pseudo eutectic, as shown in Fig. 6a.
When the CAF deformed under 635 °C, the primary α-Al grain and intergranular
solidification structure changed rarely, and the fine dendrite protrusion and sharp
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Fig. 6 Microstructures of initial and deformed CAFs. a Initial CAF; b 615 °C; c 625 °C; d 635 °C;
e 645 °C; f 655 °C

corner were largely maintained. However, the fracture form of cell wall changed
from mixed of transgranular and intergranular to intergranular with the deformation
temperature increasing, as shown by arrows “A”, “B”, and “C” in Fig. 6b, c, which
was consistent with solid–liquid separation that showed inmacroscopic morphology.
The change of microfracture mechanism made the deformation increase and the
relative density decrease. When the deformation temperature increased to 635 °C,
the intergranular solidification structure was melted completely and primary α-Al
grain got ripened andmelted partially.Meanwhile, someultrafine irregularmicrocells
formed in intergranular region, which meant that the primary α-Al grain moved or
deformed with the liquid flowing, as shown by arrow “D” in Fig. 6d. Moreover,
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the ultrafine irregular microcell made the CAF have maximum tensile deformation.
When the deformation temperature was above 645 °C, the primary α-Al grain got
ripened sufficiently, and the number of the ultrafine irregular microcell decreased,
which was helpful to the cell wall deformation, as shown by arrow “E” in Fig. 6e.
But when the deformation temperature was too high, most of the primary α-Al grains
weremelted, theCAFdeformationwas similar to thixoformingof the semi-solid alloy
with the supporting of gas pressure in cell. After the CAF was deformed at 655 °C,
the intermetallic compounds redistribute among the primary grains and secondary
grains, as shown by arrow “F” in Fig. 6f.

Discussion

When the CAFwas in a specific solid–liquid–gas coexisting state, the gas pressure in
the cell was recovered largely to the foaming stage and the intergranular solidification
structure and sharp corner of primary α-Al grain weremelted into liquid, whichmade
the fixed or inter-locked primary α-Al grain released. At the same time, the primary
α-Al grain size decreased and the distance between primary α-Al grains increased.
Therefore, the difference between gas pressure in cell and flow stress of cell wall
decreased, which was beneficial to the CAF deformation and keeping the cell wall
structure and cell morphology. However, the analysis above was only applicable to
ideal CAF, in fact, the CAF was composed of the complex cell units [29].

The cell wall of CAF was categorized into single-grain cell wall and multi-grain
cell wall depending on primary α-Al grain size in cell wall and thickness of the
cell wall [30]. Therefore, the CAF deformation was composed of several deforma-
tion forms. When cell unit had single-grain cell wall(s), deformation of the cell
unit might include high-temperature deformation or solid–liquid separation. When
the single-grain cell wall was fixed by adjacent primary α-Al grain, the single cell
wall would deform in high-temperature form. But if there were enough space and
degree of freedom between single-grain cell wall and its adjacent liquid, the single
cell wall might move out from its adjacent liquid, namely, solid–liquid separation.
Either high-temperature deformation or solid–liquid separation would make the cell
wall structure and cell morphology destroyed, so single-grain cell wall was bad for
the CAF deformation. When cell unit was composed of multi-grain cell wall(s), its
deformation included the thixotropic deformation of cell wall and the accompany-
ing motion of cell. The deformation stress of the CAF made primary α-Al grain
move or deform the following liquid flowing in cell wall. As a result, the relative
motions between the primary α-Al grains and between the primary α-Al grain and
liquid occurred, that is, cell wall deformed in thixotropic, which made the cell move
accordingly. The deformation of multi-grain cell wall and the gas pressure in cell
affected each other, and they also were affected by the deformation temperature and
radius of cell. Therefore, The deformation of multi-grain cell wall was a complex
process and had a dominant effect on the CAF deformation.
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The deformation of multi-grain cell wall was closely related to its microstructure.
The microstructure of multi-grain cell wall such as the liquid fraction and character-
istic distribution of primary α-Al grain was affected by deformation temperature. The
space and degree of freedom required for primary α-Al grain moving and deforming
mainly depended on the liquid fraction and characteristic distribution of primaryα-Al
grain. When the CAF deformed under 635 °C, it had lower liquid fraction and its pri-
mary α-Al grainwas fixed and centrally distributed,making primary α-Al grainmove
difficultly. So both the compress deformation and tensile deformation only changed
slightly. When the deformation temperature increased to 635 °C, the primary α-Al
grain got ripened or even partially melted, which made itself round and small and
made the distance between primary α-Al grains increase. The probability of collision
and friction between primary α-Al grains decreased, which made the possibility of
the relative motion between primary α-Al grains improve. However, during the rela-
tive motion between primary α-Al grains, liquid easily adhered to primary α-Al grain
instead of filling bridging gap. The bridging gap was formed by point contact caused
by relativemotion between primaryα-Al grains. As a result, ultrafine irregularmicro-
cell was formed in intergranular region, which not only made the cell wall structure
and cell morphology change significantly, but also made the CAF have maximum
tensile deformation. When the deformation temperature increased to above 645 °C,
most of the primary α-Al grains were melted, resulting in the liquid fraction increas-
ing sharply. The irregular microcell formed because of the bridging gap decreased
or even disappeared. Moreover, the flow stress of cell wall decreased sharply, which
made the cell units easily collapse, so the compress deformation increased sharply.

The deformation ofmulti-grain cell wall was also closely related to gas pressure in
cell. When the CAF deformed in solid–liquid–gas coexisting state, the gas pressure
in cell played a supporting and coordinating role in the cell wall deformation. The gas
pressure in cell mainly depended on deformation temperature and compress degree,
and the gas pressure could be close to the flow stress of multi-grain cell wall in
specific condition [31]. According to the Bernoulli equation and rheological theory,
the gas pressure in cell and flow stress of multi-grain cell wall were expressed by
formulas (4), (5), and (6), respectively [32].

PV

T
= nP(V − V ′)

Td
(4)

V ′ = nPV − PV

nP
= 4(n − 1)πR2

3n
(5)

τ = 2.79 × exp(6.27 × TL − Td
TL − TS

) × γ (1−0.7) (6)

where P, T, Td , n, V ′, V, R, τ , TL, TS , and γ are gas pressure in cell at room tempera-
ture, room temperature, deformation temperature, multiples coefficient, compressed
volume of cell, volume of initial cell, radius of cell, flow stress of cell wall, liquidus
temperature, solidus temperature, and shear rate, respectively.
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The formulas above showed that the lower the deformation temperature was, the
lower the gas pressure in cell was, but the flow stress of cell wall was larger. In theory,
when the deformation temperature was low, only by compressing the cell seriously
could its gas pressure be close to flow stress of the cell wall. In fact, when the defor-
mation temperature was under 635 °C, the flow stress of the cell wall was very high.
Even under high deformation stress, it was difficult for the cell unit to be compressed,
or else the cell would be destroyed. Therefore, the deformation and characteristic
parameters of CAF nearly unchanged. When the deformation temperature increased
to 635 °C, the flow stress of cell wall decreased obviously, so the deformation and
characteristic parameters of the CAF started to change obviously. When the defor-
mation temperature increased to above 635 °C, the flow stress decreased sharply,
but the gas pressure increased sharply. As a result, the characteristic parameters of
CAF changed significantly and some cell units even collapsed, and the compress
deformation increased sharply.

The formula (5) also showed that the compress degree of cell was closely related
to the radius of cell. If the compressed part of cell was a spherical cap in shape, the
relationship between radius of cell and compressed height was shown in formula
(7) whose derivative was formula (8). Therefore, the surface area of spherical cap
increased with the radius increasing, as shown in formula (9).

4(n − 1)πR2

3n
= πh2

2
(2R − h) (7)

dh

dR
= h2

R
· 2R − h

R2 − (h − R)2
(8)

S = 2πRh (9)

where h, R, and S are compress height, radius of cell, and surface area of spherical
cap, respectively. In addition, h varied in the range of 0 ≤ h < 2R.

Formula [5, 9] showed that, when the different size cell units got the same gas
pressure under the same specific deformation temperature, the compress degree of
large size cell units wasmore serious. During the CAF deforming in solid–liquid–gas
coexisting state, the thixotropic deformation of the cell wall was supported by the
gas pressure in cell and coordinated by the gas pressure in adjacent cells. The cell
moved accompanied by the cell wall deformation, but only when the gas pressure in
adjacent cells was similar would the adjacent cells move simultaneously. Therefore,
the deformation capacity of CAF might be improved by decreasing the cell size and
improving the uniform of the cell.
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Conclusions

(1) Under the condition that the macroscopic morphology, mesoscopic morphol-
ogy, and microstructure are considered comprehensively, the CAF has good
deformation capacity at about 635 °C.

(2) The multi-grain cell wall is beneficial to the deformation in the solid–liquid–
gas coexisting state. Besides, the deformation capacity of the CAF can be
improved by increasing the number of multi-grain cell walls and improving
the characteristic distribution of the primary α-Al grain.

(3) During the CAF deforming in solid–liquid–gas coexisting state, multi-grain cell
wall deforms in thixotropic, which is supported by the gas pressure in cell and
coordinated by the gas pressure in adjacent cells. The deformation capacity of
the CAF can be increased by decreasing the cell size and improving the uniform
of the cell.
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Study on the Mechanical Properties
of Composite Metal Foam Core
Sandwich Panels

Jacob Marx and Afsaneh Rabiei

Abstract Metal foams are known for their energy absorption under compression
but generally lack strength in tension. Metal foam core sandwich panels can offer
a non-porous surface and improve the material’s corrosion resistance as well as
their strength in tension. Composite metal foam (CMF) is a type of metal foam
that has superior mechanical properties compared to other metallic foams due to the
presence of a matrix in between its porosities and their uniform cell structure. The
mechanical properties of CMF under various loading scenarios are well established,
but mechanical properties of CMF core sandwich panels (CMF-CSP) have yet to be
reported. This workwill report themechanical properties of CMF-CSPs and compare
those to bare CMF panel properties under compression, bending, and tension. CMF-
CSPs were manufactured by diffusion bonding stainless steel face sheets to the top
and bottom of stainless steel CMF plates. The tensile and bending yield strengths and
failure strain saw a drastic increase due to the addition of the face sheets, while the
compressive properties of the CMF core were unchanged. Overall, CMF-CSP can be
preferred for applications that require a nonporous surface, such as those exposed to
corrosive environment like material used in tank cars carrying hazardous materials,
in machine tools, and even basic components of building structures. Alternative
adhesions methods for the face sheets are currently explored and will be reported in
future studies.
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Introduction

Metal foams are known for their unique energy absorption capabilities as well as
their inherent thermal and acoustic insulating properties [1]. The use of metal foams
in various applications can be limited by their strength under tension and vulner-
ability to corrosion due to their large surface area. The porosities in metal foams
hinder their tensile strength and allow for rapid crack growth through the structure
[2]. Metal foam core sandwich panels can be manufactured to create a non-porous
surface and support the core structure under tension while providing a net reduction
in the exposed surface, improving the corrosion resistance of the core. Composite
metal foam (CMF) is proven to have superior mechanical properties compared to
other metal foams due to the presence of a metallic matrix between its porosities
[3–5]. CMF is manufactured by surrounding hollow metal spheres with a metallic
matrix, creating a product with comparable ductility of its components and improved
adherence between the porosities. The compressive behavior of CMF is well doc-
umented and understood [3–5]. In this study, the manufacturing of CMF-CSP is
reported along with the mechanical and microstructural properties of the CMF-CSP.
The mechanical properties of the CMF-CSP are compared to bare CMF samples
under the same loading conditions.

Materials and Processing

Stainless steel composite metal foam (CMF) panels were manufactured using a pow-
der metallurgy technique described in prior works [3]. Stainless steel spheres used
for processing the CMF panels were manufactured by Hollomet GmbH located in
Dresden, Germany and had an average outer diameter of 2 mm with a wall thick-
ness of 100 µm. The spheres were surrounded with 316L stainless steel powder
from North American Höganas with an average particle size of 44 µm. The panels
were manufactured in 25× 25 cm with a variety of thicknesses designed to meet the
requiredASTMstandards for cutting compression, tensile, and bending samples. The
resulting CMF samples had a density of 2.95 g/cm3. Two CMF panels were ground
flat to a thickness of 1.25 and 2.5 cm and each one paired with two 3-mm-thick 304
stainless steel plates. The sandwich panels are diffusion bonded in a vacuum furnace
at 1200 °C. Samples for compression testing were cut using a Buehler Isomet 4000
diamondwafering blade,while the bending and tension sampleswere cut using awire
electric discharge machine (EDM). A section from the CMF-CSP was cut, ground,
and polished using 320, 600, 800, 1200, and 2400 grit sandpaper for imaging and
analysis of the interface between the face sheets and the CMF core. Digital imaging
of the bonding surfaces was followed by scanning electron microscopy (SEM) using
a Hitachi SU3500.
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Table 1 Sample dimensions for the CMF-CSP and the base CMF samples (shown in parenthesis)

Overall
thickness
(mm)

CMF
thickness
(mm)

Face sheet
thickness
(mm)

Width (mm) Depth or
length (mm)

Compression 31.20 24.70 3.25 25.4 25.4

Bending 17.50
(15.40)

11.10
(15.40)

3.2
(–)

38.04
(31.40)

110.05
(101.60)

Tension
(Reduced
area of
dog-bone
specimen)

17.51
(14.25)

11.16
(14.25)

3.18
(–)

12.70
(12.74)

50
(50)

Fig. 1 The orientation
where the samples were cut
for testing. Note that this
figure is for reference and is
not to scale

Compression

Tension

Core

Face sheet

Compression samples were cut to match ASTM E9 testing standard with a square
cross section and a 1–1 height-to-depth ratio [6]. The bending sample size was mod-
ified following ASTM D7249, and the tension samples were cut to match the plate
standard for ASTM E8 [7, 8]. The sizing of each sample, including their thickness
and respective dimensions, is listed in Table 1 for the CMF-CSP and the base CMF
samples used for comparison are shown in parentheses. The dimensions listed for
the tensile tests are for the reduced area of the dog-bone specimens. Each sample
was ground on the surfaces for clear imaging during testing using a 320 and 600
grit sandpaper. Figure 1 shows a drawing of the CMF-CSP and the orientation from
which compression, bending, and tensile samples are cut from the panels. Multiple
samples were tested for each mechanical test setup for validation.

Experimental Methods

Compression

Quasi-static compressive tests were run on a 980 kN load cell MTS 810 universal
testingmachine. The testingwas conducted at a displacement rate of 1.27mm/min. A
digital camerawas used to image each sample under loading. Polytetrafluoroethylene
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(PTFE) sheets and graphite lubricant were placed at the interface between the sample
and the platens to reduce friction and barreling effects during testing. Prior data of
CMF under quasi-static compression was used for comparison.

Bending

The bending tests of CMF and CMF-CSP were conducted on a 98 kN load cell
MTS QTest TM012 universal testing machine using a rate of 1 mm/min. All of
the bending samples were tested with an inner span of 60 mm and an approximate
overhang of 25 mm on each side. The three-point bending rollers were covered in
0.05-mm-thick PTFE sheet to reduce friction against the surface and allow for sliding
during deformation and avoid pinning of the sample. The load and displacement
are recorded by the computer through the frame’s load cell and used to create the
load–displacement curves for each test.

Tension

The tension samples were tested on the same MTS QTest TM012 universal testing
machine with a 98 kN load cell. The tensile dog-bone samples were placed within
pneumatic grips and were displaced at a rate of 1.27 mm/min. Spacers are used to
ensure the samples are centered within the grips and loaded uniaxially. The load and
displacement are recorded and used to create the stress–strain curves.

Results and Discussion

Microstructure and Interfacial Bond

Digital image of the CMF-CSP is shown in Fig. 2. As can be seen in this figure, the
bond between the CMF surface and the stainless-steel face sheets is semi-continuous
across the surface of the CMF. This is due to the open porosities that exist on the
exposedCMF surface, mostly seen at the base of the image (some of these aremarked
by arrows). These spheres are opened along the surface during grinding to create a
smooth surface to bond against the face sheets. SEM images of the surface contact
between the CMF matrix and face sheets are shown in Fig. 3. From Fig. 3a, we can
see a coherent bond between the CMF matrix and the stainless-steel face sheet (SS
FS) (highlighted by the white arrows). Figure 3b gives a close up of the bonding at
the sandwich panel interface between CMF matrix and steel face sheet. Figure 3c,
d shows some locations with varying degrees of bonding and small gaps between
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5 mm

Fig. 2 Digital image of a CMF-CSP cross section with a 25 mm core and 3 mm face sheets on
either side

500 μm

50 μm

50 μm

500 μm

CMF

SS FS

CMF

SS FSSS FS

CMF

CMF

SS FS

Sphere

Wall

Micro-
porosities

Micro-
porosities

Micro-
porosity

(a) (b)

(c) (d)

Fig. 3 SEM imaging of CMF-CSP and the interface between the CMF core and face sheets. (a) and
(b) show a coherent bond between the CMF matrix and stainless steel face sheet. The white arrows
highlight the interface line between the two bodies. Figure 3c, d shows an area in which a small
gap exists between the CMF core and face sheet on the same sample
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the CMF core and its face sheet. These gaps mostly appeared during secondary
treatment of the sandwich panels indicating a poor bonding at those areas. The gap
was measured to be approximately 20 µm at its widest point. The gap varies along
the surface and completely disappears further along the sample length, giving the
face sheet enough strength to remain bonded. Future work is expected to focus on
optimizing and testing different methods of bonding to create the strongest product
and avoid any gaps that can limit the strength of the sandwich panel.

Compression

The stress–strain curve of S-S CMF is presented in Fig. 4a alongside the stress–strain
curve for the CMF-CSP in Fig. 4b. As can be seen in Fig. 4b, the multiple stress–
strain curves of CMF-CSP under compression show consistency of the performance
of the material. Moreover, the general shape of deformation is similar between the
S-S CMF Fig. 4a and S-S CMF-CSP Fig. 4b curves. This is an indication that the face
sheets on the sandwich panels transfer the load to the CMF core under compression
and do not effectively contribute to load bearing under compression. The deviation
between the previously tested CMF and the current tests most likely exist due to
sample sizing. The current sets were cut from a plate with a total CMF thickness of
25 mm (height/width ratio of 1/1), limiting the overall sample size, whereas previous
samples were manufactured in heights up to 90 mm (height/width ratio of about
4/1). The larger height-to-width ratio can yield a better representation of the total
compressive strength of bulk CMF. Digital images of the CMF-CSP before and after
undergoing 60% strain are shown in Fig. 5a, b, respectively, showing the uniformity
of the deformation and complete elimination of its porosities. Further experiments
of height/width ratio of 1/1 of CMF panels without face sheets will be conducted
for comparison in the future. Potential grain growth and microstructural evolution
of CMF during diffusion bonding is another possibility to affect the performance
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(a) (b)

Fig. 5 Digital images of the CMF-CSP, a before and b after 60% compression

of CMF-CSP compared to bare CMF, and it is currently under investigation to be
reported in future studies.

Bending

The flexural load–displacement plots for the bare CMF and CMF-CSP are plotted
in Fig. 6a, b. The CMF samples yield at approximately 1.2 mm displacement, where
the stress at the base of the sample exceeds its tensile strength and a crack begins
to form. The maximum load is measured to be just below 12 kN for bare CMF. The
addition of face sheets improves the failure to 5 mm displacement. The failure of
the CMF core is preceded by three large peaks (Fig. 6b). These peaks are attributed
to the shear failure between the face sheets and the CMF core at each of the pins in
contact with the sample. The face sheets separate from the core and shift as the load
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is transferred from the face sheets to the CMF core. At this point, the core begins to
yield, similar to a pure CMF sample, reaching a peak stress of 16 kN. Once the core
cracks, the stress is then transferred back to the face sheets and the bending reaches
a plateau between 9 and 12 kN. It is noted that the face sheets helped to extend
the core’s life after the interfacial bonding fails between the layers. Other methods
of adhering the two materials may strengthen the bond and reduce the number of
failure peaks as well as possibly increase the stress at which they fail. Future tests are
expected to explore the effect of face sheet thickness and optimize the bend strength
of the overall sandwich panel while reducing its overall density.

Tension

The stress–strain curves of the tensile tests are plotted in Fig. 6. Metal foams are
known to be weak under tension due to the inclusion of porosities and stress concen-
trations. However, due to the presence of a matrix between the porosities, S-S CMF
normally offers better tensile strength compared to other types of metal foams. In
this study, CMF only samples had an ultimate tensile strength of 80 MPa at approx-
imately 7% strain (Fig. 7a). The CMF-CSPs show improved ductility and strength
due to the presence of face sheets in Fig. 7b. The CMF core of the sandwich pan-
els fractures earlier than the ductile stainless steel face sheets. The samples begin
to crack at stresses as high as 210 MPa, almost 3 times higher than the bare CMF.
Additionally, the life of the core is extended up to 28% strain before failure of the
CMF core. Following the failure of the CMF core, the stress and strain values are
calculated using the cross section of the face sheets only. The final strength of the
sample aligns with the expected life of 304 stainless steel (face sheets).
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Conclusion

CMF core sandwich panels were manufactured using CMF and diffusion bonding
them to stainless steel face sheets. Analyses of the interfacial bond between the CMF
core and stainless-steel face sheets were carried out using SEM imaging. At the
matrix/face sheet interface, the two bodies show good adhesion and form a coherent
body. Small gaps were found in some areas, particularly with a high density of
open sphere porosities. The mechanical properties of CMF and CMF-CSP were
explored through compression, bending, and tension testing. The results of these
three different load types are reported for quasi-static loading conditions. It can be
seen that both the bending and tensile strengths of the CMF are improved by the
addition of bulk metal face sheets. The compression of the CMF is not changed by
the exterior layers, proving that it is able to retain its energy absorption capabilities.
The bend life of the CMF-CSP was much longer than the bare CMF product due
to the delay in fracture initiation and load spread through the core. A similar effect
can be seen under tensile testing where, in addition to the sample’s fracture strain,
the fracture stress also improves by more than twofold. In addition to the added
mechanical strength, CMF-CSP offer other benefits including a non-porous surface
that can protect against corrosion. Future testing will analyze alternative bonding
techniques and further optimization of the CMF-CSP under each loading condition.
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Syntactic Foams



Design and Fabrication of Metal Matrix
Syntactic Foams by Low-Pressure
Injection Molding

M. Spratt, J. W. Newkirk and K. Chandrashekhara

Abstract Metal matrix syntactic foams are particulate composite foams composed
of a supporting metal matrix and high-strength hollow particles. These materials
have higher specific strengths and specific stiffnesses compared to solid metals and
metal foams. The reinforced porosity in these foams is the primary cause of this
increase in strength-to-density ratio. Metal matrix syntactic foams can be difficult to
manufacture, however, without extensive fracture of the hollow particles. The first
goal of this study was to optimize a water-based binder for low-pressure injection
molding of metal matrix syntactic foams. The optimized binder composition was
7% agar, 4% glycerin, and 89% water. The second goal of this study was to test
the material compatibility between silicate glass materials and copper alloys. It was
found the common copper sintering aids reacted negatively with silicate glasses such
that they melted at or below the sintering temperature of the metal. Pure copper does
not have this issue, but it is conversely difficult to sinter to full density.

Keywords Syntactic foam · Injection molding · Metal

Introduction

Syntactic foams are versatile composites with many potential applications. These
materials are comprised of a matrix material and hollow particles embedded in that
matrix. This classifies them as both a particulate composite and a foam. Because the
porosity in thematrix is reinforced, thesematerials exhibit excellent specific strengths
and stiffnesses. They functionwell in applicationswhere lightweight, structuralmate-
rials are needed [1]. For example, polymer-glass syntactic foams have been used as
deep-sea diving vessels. Hollow cenospheres (a coal by-product) added to ceramic
bricks both improve thermal insulation and lower density. Metal matrix syntactic
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foams foams (MMSFs) have not yet been used commercially to any great extent.
There has been significant research effort, however, to produce quality MMSFs [2].
Work done by Garcia-Avila et al. [3] in making lightweight MMSF armor shows
some of the military interest in these materials. Potential commercial applications
include transportation (aerospace and automotive) and packaging [2].

MMSF materials function as both metal–ceramic composites and metal foams.
The particles, even though they are hollow shells, do act as load-bearing members of
the composite, as shown by Balch et al. [4]. Sudarshan and Surappa [5] showed that
they also contribute to the composite’s wear resistance. The porosity is of a specific
size range determined by the size of the ceramic particles and the cell wall thickness.
This closed porosity will absorb energy [6] and also contribute to thermal insulation.
The combination of hollow spheres and matrix can dampen out vibrations—acoustic
and otherwise—as well [1, 7]. As in composites, the properties of the MMSF can be
tailored to specific applications by selecting appropriate materials.

Quality MMSFs are difficult to manufacture. The thin-walled hollow particles
and the high-temperature interactions between the composite materials can cause
the majority of the issues. The hollow particle cell wall size usually depends on the
size of the particles. The shells can fracture relatively easily during processing. This is
especially true when strong shear forces are applied to the particles, as in stir casting.
The particles also generally have very low densities and will float in molten metal.
For powder metallurgy processes, the hollow particles can be difficult or impossible
to dry mix into metal powder. These issues limit both the molten metal processes and
powder metallurgy processes that can be used effectively. When heated, the metal
matrix can react with the ceramic or glass hollow particles in several ways. Diffusion
will occur between the two materials. Compounds and precipitates can form. The
introduced elements can also alloy with the metal. Any or all of these possibilities
can be detrimental to the composite microstructure and properties. The melting or
softening points of the ceramic or glass material must also be significantly higher
than the melting or sintering temperature of the metal. This ensures that the hollow
particles will not melt or slump during processing.

There are two processing avenues typically used in literature to manufacture
MMSFs. First, and most commonly, are molten metal processes. In these methods,
molten metal is combined with the ceramic particles and then formed into a part.
Stir casting and pressure infiltration are two examples of this method [1]. This is
usually a fast operation—the materials are not typically in contact for long. Particle
flotation can be an issue, however. Somemethods of combining themetal and ceramic
particles, such as stirring with an impellor, can damage the hollow particles. Second,
a powder metallurgy process can be used. In these methods, powders are combined,
formed, and sintered. Injection molding and powder pressing are two examples of
this method. This process requires the powders to be in contact at high temperatures
for significant periods.

The goal of this work was twofold. The first goal was the creation of a generalized
procedure for low-pressure injection molding of metal matrix syntactic foams. For
this goal, a water-based binder was selected and optimized. The second goal was to



Design and Fabrication of Metal Matrix Syntactic Foams … 97

test the compatibility between copper alloys and glassmaterials to identify potentially
viable MMSF systems.

Procedure

Binder Optimization

The agar–glycerin–water binder used in this experiment was developed for this sys-
temusing amixturemodel. Because therewere three components, a three-component
simplex design was used. A cubic response model was used to optimize the binder
for green and sintered density after collecting the data. Ten sample compositions are
used in this model. Each binder composition was 45 vol.% of the final specimen with
the bronze powder at 33 vol.% and glass microspheres filling the rest of the space.
The response variables measured were the green, dried, and sintered density. Three
replications were made for each sample. Each of the 30 specimens was made and
measured in a randomized order. JMP®, a statistics program, was used to design this
experiment and calculate the response surfaces. A confidence of 95% was used for
this study. The fitness of the model was calculated using the F Statistic. If the calcu-
lated F-ratio (Eq. 1) from the experimental data was less than the tabulated F-ratio,
the model was considered to be a reasonable representation of the response surface
of the mixture. This was the case for each of the measured response variables tested
in this experiment.

F = n ∗ s 2
x

s2pooled
(1)

where n is the sample size, s 2
x is the variance of the sample means, and s2pooled is the

mean of the sample variances.
The model’s lower limits were selected based on the composition in German’s

book [8]. The lower bound of the agar was 4 vol.%, the glycerin was 0 vol.%, and the
water was 85 vol.%. The compositions for the test samples were determined using
these lower bounds. The ten binder compositions tested in this experiment are listed
in Table 1.

Material Compatibility Study

Combinations of different materials were made to test material compatibility. Table 2
shows each material with the supplier, chemistry, particle size data provided by the
supplier, and the morphology.
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Table 1 Binder compositions for each sample in the three-component mixture model

Agar (%) Glycerin (%) Water (%)

1 15.0 0.0 85.0

2 4.0 11.0 85.0

3 4.0 0.0 96.0

4 9.5 5.5 85.0

5 9.5 0.0 90.5

6 4.0 5.5 90.5

7 7.7 3.7 88.7

8 11.3 1.8 86.8

9 5.8 7.3 86.8

10 5.8 1.8 92.3

Table 2 Each material used in the study is listed

Material Supplier Chemistry Particle
size data
(mesh
size %)

Density
(g/cc)

Morphology

Borosilicate
glass

MO-SCI
Corp.

70–85% SiO2
10–15% B2O3
5–10% Na2O
2–5% Al2O3

−140 0.15 Hollow,
spherical

Silica The ceramic
shop

SiO2 −325 2.65 Solid, angular

Copper Royal Metal
Powders Inc.,

99.8% Copper
0.06%
Hydrogen loss

+325
0.4%
−325
99.6%

8.94 Solid,
spherical

Bronze Royal Metal
Powders Inc.,

88.46% Copper
11.3% Tin
0.24%
Phosphorous

+100
0.1%
+140
20.8%
+200
5.5%
+325
21.6%
−325
4.0%

8.73 Solid,
spherical

Brass ARTMOLDS Cu3Zn2 −325 8.73 Solid,
spherical
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For each material combination, the composition of the composite was 60 vol.%
metal powder. Except for the copper–borosilicate glass combination, each combi-
nation of metal and ceramic powder was made. Each sample consisted of three
specimens, made in a random order as described in the sample preparation section of
the procedure. Bronze and brass samples were sintered at 900 °C for 1 h. The copper
sample was sintered for 1000 °C for 3 h.

Sample Preparation

The binder was prepared by first heating de-ionized water on a hot plate to boiling.
The agar and glycerin were then added. The solution was agitated for approximately
5 min to form a stable gel. The metal and ceramic powders were heated to between
50 and 100 °C before adding them to the binder.

During binder optimization and material compatibility testing, the samples were
cast into silicone molds. The powders were added to the binder on the hot plate and
vigorously stirred for at least five minutes. The solution was poured into the silicone
molds and allowed to cool before demolding.

Thirty pure copper specimens were injection molded in this work using the opti-
mized binder and a solids loading of about 60 vol.%. The injection molding machine
used in this experiment was a Peltsman MIGL-28. This machine has a reservoir that
holds the IM feedstock. The reservoir includes a paddle that turns at a fixed rate of
58 rpm. The working temperature of this binder is between 50 and 100 °C. Typically,
the temperature was kept at 80 °C. To prevent seizing, the binder was added to the
heated reservoir first. Then, the hot powders were added slowly while the paddles
stirred the solution. After adding the powders, binder additions of about 2% were
made as needed. Minor adjustments to viscosity were done by altering the tempera-
ture by 10 K. The slurry was mixed for one hour after the last binder addition. Ten
psi of gas pressure, held for 10 s, was used to push the slurry into the mold. The mold
used in this experiment was a steel rectangular prism with the following dimensions:
60 × 9.9 × 6.9 mm3. The specimens were demolded after 30 s.

Sample Densification and Measurement

Samples were dried for at least 12 h at 120 °C to de-water the part. They were de-
bound at 450 °C for 1 h in flowing air. The samples were then held at 450 °C for 1 h
in flowing argon. Samples were sintered directly from debinding at a temperature
depending on the alloy.

To measure the green density and shrinkage, the length, width, and height of
each specimen were measured with calipers. Sintered density was measured by
Archimedes’ method as described in ASTM C373. The boiling method was used
to impregnate the specimens with water. Geometric density was also measured with
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calipers. An ASPEX machine was used to do automated inclusion size and chem-
istry analysis of specimen microstructure. An ASPEX machine is a SEM with an
attached EDS detector that can use software to automatically detect the features of a
micrograph.

Results and Discussion

Binder Optimization

For this study, a binder with several requirements beyond those typical for most
injection molding was necessary. First, it had to have a working temperature below
120 °C. This was a machine limitation. Many common polymer binders, which only
become fluid enough for injection molding above 120 °C, were not suitable. Second,
there could be no feedstock compounding and pulverizing step. One method of mak-
ing injection molding feedstock is to compound the binder (often a thermoplastic)
with the powders, then either pelletizing or pulverizing the feedstock for injection
molding. The hollow particles are too delicate to submit to compounding or pulver-
ization. Finally, a binder that was non-toxic, simple to clean up, and did not require
harsh chemicals for debinding would be ideal. The initial binder composition for this
experiment was selected fromGerman [8]. This binder uses agar, a substance similar
to gelatin, to form a gel with water. Glycerin is used to support the polymer chains.
This binder requires a drying step, which removes the majority of the water. It then
requires a debinding step, which occurs at around 400 °C according to Porter [9]. It
also fits all the criteria listed.

The results for the binder optimization are shown in Fig. 1. Figure 1a shows
the calculated green density of the samples after the samples were fabricated. The
highest density (3.96 g/cc) occurred at 6.6% agar, 3.9% glycerin, and 89.6% water.
Figure 1b shows the calculated dry density of each sample after 24 h in a drying oven
at 120 °C. The highest density (3.62 g/cc) occurred at 6.5% agar, 3.9% glycerin, and
89.7% water. Figure 1c shows the calculated sintered density of each sample after
sintering at 900 °C for 1 h. The highest density (4.86 g/cc) occurred at 6.8% agar,
3.9% glycerin, and 89.4% water. The optimized binder was taken to be 7% agar, 4%
glycerin, and 89% water.

The density of the specimens decreased after drying. Because water expands as
it heats up, swelling occurred which caused the volume of the specimens to increase
slightly during the drying step. Figure 2 shows a graph of the shrinkage (negative
percent shrinkage indicates swelling) of each sample after 1, 2, 3, and 24 h of drying.
Shrinkage, in this case, refers to the change in length of the samples over the initial
length.
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Fig. 1 The response surfaces for the green density a the dry density b and the sintered density.
c Each color of the graph shows where the density was greater or equal to the legend
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Fig. 2 Linear shrinkage of samples over 24 h. Negative values indicate swelling
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Material Compatibility

Several material systems were explored in this work. The matrix materials tested
were copper, brass, and bronze. Bronze and brass both have relatively low melting
temperatures (about 950 °C) and high density. The low melting temperature, and
therefore low sintering temperature, was beneficial as it allows for lower temperature
glass materials to be used. The differences between the density of the copper alloy
metals and the hollow borosilicate glass were about as extreme as any metal matrix
syntactic foam is likely to be. This was useful when creating a generalized procedure
for MMSFs, as this study intended.

Bronze and brass are both copper alloys with different alloying elements. In
brass, zinc is the primary alloying element. In bronze, tin is the primary alloying
element. Both of the alloying elements lowered themelting temperature of the copper.
The matrix was densified by pressureless sintering at or above 90% of the melting
temperature of the metal. When combined with silicate glass materials, both alloying
elements (tin and zinc) diffused out of the copper and into the silicate glass. Tin oxide
and zinc oxide also formed. This left the brass and bronze particles depleted of their
alloying elements, which raised the sintering temperature of the alloys. Figure 3
shows an SEM micrograph of bronze powder with 40 vol.% solid silica. Phases on
this figure were identified using SEM-EDS. The solid silica particles, the gray phase,
appeared to have completely lost their shape and, essentially, liquid-phase sintered
the part. The bronze, on the other hand, remained spherical. The melting temperature
of pure silica is well above the 900 °C sintering temperature used here, indicating
that the diffusion of the tin into the silica lowered the melting temperature. A similar
response was seen in the brass–silica system.

Fig. 3 Phase identification
in 40 vol.% solid silica, 60
vol.% bronze specimens

Tin Oxide

Bronze (Cu-rich)

Silica

Silica + Tin

60 μm 
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Fig. 4 Bronze with 40
vol.% hollow borosilicate
glass after sintering. No sign
of the glass after sintering

100 μm

copper-rich

tin-rich

Figure 4 shows the bronze with 40 vol.% borosilicate bubbles after sintering.
The lighter gray phase is a tin-rich phase, and the dark phase is copper-rich. In this
image, the bronze was able to sinter together adequately. The borosilicate hollow
spheres, due to their low softening temperature (around 650 °C) and low weight in
the system (<2 wt%), were not found in the structure. The borosilicate bubbles may
have collapsed due to the high sintering temperatures. It is also possible that they
were diffused into the bronze structure entirely. Again, this was repeated with the
brass material.

In an attempt to avoid the unwanted reactions between the alloying elements and
the ceramic materials, pure copper powder was used. Copper has a melting temper-
ature around 1050 °C, which eliminated the hollow borosilicate glass as a viable
candidate. Figure 5 shows one specimen made with 15 vol.% silica and copper. The
silica (the dark phase) and copper (the light phase) are both visible in the micrograph.
The angular silica particles retained their shape after sintering. Also present is a sig-
nificant amount of porosity, a consequence of not having a sintering aid present. An
inclusion analysis of this specimen was performed via ASPEX SEM. Some of the
“inclusions” analyzed, particularly the high-copper inclusions, were likely porosity.
Figure 6 shows the results of the inclusion analysis, where over 900 inclusions were
counted. Most of the clustering appears around the Si–O line of the ternary diagram.
Copper diffusion into the silica did appear to be significant, however, with the major
cluster stretching out to about 30% copper. The copper–silica system appeared to
work reasonably well for this work.
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Fig. 5 The copper and 15
vol.% solid silica SEM
micrograph after sintering

19 μm

Fig. 6 Inclusion analysis
results from silica inclusions
in copper after sintering
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Injection Molding

Pure copper specimens were injection molded to develop the injection molding pro-
cedure. They were used to adjust the sintering time to decrease porosity. Sintering
was carried out at 1000 °C for several times. Figure 7 shows the average porosity of
each sample after each sintering time. These values are averages of 30 specimens.
As expected, longer sintering times resulted in less porosity. The highest density
attained was 7.82 ± 0.04 g/cc at the 10-h sintering time. The sample, after 10 h,
still retained 10% closed porosity and 3% open porosity. The samples were densified
from 40% open porosity without pressure or a sintering aid. For optimal densities
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Fig. 7 Total and closed porosity in copper samples after sintering. A theoretical density 8.96 g/cc
was assumed

above 99% dense, a sintering aid or added pressure is likely necessary. However, as
was shown, the sintering aid is required to be one that does not react negatively with
the ceramic material.

Glass materials are among the most common form of hollow spheres available.
This is especially true for size ranges appropriate for powder metallurgy techniques.
Thus, many researchers are either forgoing powder metallurgy processes or using
glass hollow spheres. Unfortunately, glass materials are known for their open, non-
crystalline atomic structures,which allow for the easy incorporation ofmanydifferent
elements into the material. This can change the melting temperature or cause crys-
talline phases to form. The melting temperature change is often most likely, as any
sintering aid is likely to be a low melting temperature material. This can cause the
glass to melt prematurely or slump during sintering. At that point, the material is no
longer a syntactic foam. Refractory ceramic materials, such as alumina and silicon
carbide, would potentially be better alternatives for this system.

It is necessary to develop new ways of manufacturing refractory ceramic hol-
low particles in micron-sized ranges. Currently, these materials are available in
millimeter-sized ranges. It is rare to find quality micron-sized hollow powder that is
not a glass. This is important because most powder metallurgy techniques rely on
micron-sized powders. An increase in the material availability of ceramic powders
would not only increase the tailor-ability of MMSFs, but also the processing land-
scape. Additive manufacturing, injection molding, powder pressing, etc. would be
potentially viable MMSF manufacturing options.
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Conclusions

A water-based gel binder was optimized for injection molding of metal matrix syn-
tactic foammaterials. The composition that proved to have the highest density results
was 7% agar, 4%glycerin, and 89%water.Material compatibility was tested between
three copper alloys and silica-based glasses. The alloying elements in the copper
alloys reacted negatively with the silica glasses to lower the melting temperature of
the glass. This caused the glass to melt in the matrix, which is not acceptable for
syntactic foam processing. Pure copper powder did not react negatively with silica
glass during sintering. However, even after sintering at 93% of the copper melting
temperature for 10 h, the total porosity was 13 ± 3%. To use a copper alloy that is
easier to sinter to full density, a micron-sized hollow refractory ceramic material is
recommended.
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The Deformation of Expanded Clay
Syntactic Foams During Compression
Characterized by Acoustic Emission

Csilla Kádár, Kristián Máthis, František Chmelík, Michal Knapek
and Imre N. Orbulov

Abstract The deformation and failuremechanisms in syntactic foamswith different
metal matrices were investigated in this study. The syntactic foamswere produced by
the infiltration method using lightweight expanded clay particles (LECA) as a space
holder and commercially pure Al or eutectic Al-12%Si alloy for the matrices. The
samples were compressed at room temperature; simultaneously, the acoustic emis-
sion (AE) response and the surface deformation were monitored and collated with
the deformation curves. In the case of the Al foam, ductile behavior with long plateau
stress was observed. During this plateau regime, multiple active shear bands were
detected. In contrast, the AlSi12 foam exhibited more brittle deformation behavior.
At the end of the quasi-linear stage, the localization of the strain started within one
large shear band, accompanied by a significant stress drop. The AE analysis revealed
that the deformation was mostly governed by the fracture of LECA particles and
the plastic deformation of the matrix material for both types of foams. After strain
localization, in the case of the AlSi12 foam, the fracture of the matrix became sig-
nificant, causing the deterioration of the sample. In Al foam, due to multiple active
shear bands, the stress–strain curve is reproducible even for samples with four times
of the size of the LECA particle.
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Introduction

In recent years, research on the mechanical properties of metal matrix foams and
metal matrix syntactic foams (MMSF) has received extensive attention since these
materials are lightweight structures with high strength-to-weight and stiffness-to-
weight ratios, good damping and energy absorption properties [1–3].

There are different strategies for improving the strength and the energy absorption
capacity of a foam. One option is to increase the strength of the matrix material. This
can be achieved by (a) thermal or thermomechanical treatment, (b) adding alloying
elements to form solid solution or to generate intermetallic phases, or (c) using
micro- or nano-sized reinforcing particles such as SiC or alumina particles or carbon
nanotubes [2]. However, there is another way to enhance the mechanical properties
of a foam by incorporating low-density, stiff and porous particulates (filler material)
into the matrix. The materials produced in this way are referred to as syntactic foams
[4].

The most frequently used additions for manufacturing syntactic foams are the
hollow spheres. Mostly, ceramic hollow spheres are used [5–7]; however, recently,
MMSF with steel hollow spheres has also been produced [8]. Although hollow
spheres enhance the plateau stress of the foam considerably, due to the high cost
of producing new low-cost filler materials are needed. Up to now, syntactic foams
with expanded glass [9], pumice [10], expanded perlite [1], and fly ash [4] fillings
have been investigated.

Recently, lightweight expanded clay (LECA) as a filler material has also been
designed as it features high-porosity, low-density, and good thermal/acoustic insu-
lation properties [11, 12]. So far, only the effect of the LECA particle diameter has
been investigated [12]. Puga and co-workers have found that with increasing LECA
particle diameter both the yield strength and the densification strain increase. They
found a change in deformation mechanism: for foams containing LECA particles
larger than 7 mm, the deformation is less uniform [12].

In this paper, the effect of the matrix material on the failure mechanisms and
compressive strength ofMMSF containing LECAparticles was studied. The changes
in deformation mechanisms were also investigated by the acoustic emission (AE)
and digital image correlation (DIC) techniques.

Experimental Procedure

The matrix materials of the investigated syntactic foams are a commercially pure
aluminum (Al: 99.5 wt% Al, 0.2 wt% Si, 0.3 wt% Fe) and an AlSi12 alloy (86 wt%
Al, 12.8 wt% Si, 0.1 wt% Fe, 1.1 wt% other). The syntactic foams were produced
by low-pressure infiltration, as follows. In a closed profile crucible of a cross-section
of 50 mm × 50 mm, first sieved LECA particles (chemical composition: 49 wt%
O, 23 wt% Si, 13 wt% Al, 7 wt% Fe, 8 wt% others) having a diameter of 6–7 mm,



The Deformation of Expanded Clay Syntactic Foams … 109

and then a stainless steel grid (to hold them in position during infiltration) and a
block of metal (AlSi12/Al) were placed. Next, the crucible (closed by welding) was
heated up and held at 750 °C for Al and 650 °C for AlSi12 for 30 min. To complete
the infiltration, inert gas (He) was applied for 120 s at 1 bar pressure. Subsequently,
the block was quenched into water of ambient temperature. Finally, 4 mm of the
side parts and the bottom of the obtained foam block were mechanically removed to
ensure a homogeneous foam structure.

An MTS810 type servo-hydraulic universal testing machine (MTS Systems Cor-
poration, Eden Prairie, MN, USA) was used to carry out the uniaxial compression
tests at room temperature. Three cube-shaped foamspecimens of each typewith a side
length of 30 mm and a density of 1.55± 0.05 g/cm3 were compressed at a crosshead
speed of 0.01 mm/s. Teflon strips were applied between the foams and machine grips
to reduce interface friction. The deformation of the surface was recorded by a video
camera. The DIC technique was applied to determine the strain localization during
deformation by using the ncorr script implemented in Matlab [13].

Simultaneously with the compression test, the AE activity was monitored by the
Vallen AMSY-6 System operating in a transient recording mode with a sampling
rate of 1 MHz. The AE signal recorded using the Physical Acoustic Corporation
WSα sensor was pre-amplified with a gain of 40 dB. The sensor was mounted on the
surface of the specimen using vacuum grease and an elastic band.

The structures of the syntactic foams and the LECA particles were investigated
by a Hitachi TM4000 Tabletop scanning electron microscope (SEM).

Results and Discussion

Representative engineering stress–strain curves with different matrix materials are
shown in Fig. 1. In the case of unalloyed Al-LECA foam, ductile behavior can be
observed (Fig. 1a), i.e., after the quasi-linear region the stress reaches a plateau, after
which there is practically no stress drop. In the plateau region, the deformation of the
cells in the shear band(s) takes place. Finally, in the densification stage, the matrix
material fills the remaining pores produced by the crumbling of the LECA particles.
Contrary to the Al foam, the AlSi12-LECA foam does not exhibit distinct plateau
stress, but rather peak stress followed by a stress drop occurs. The peak stress of
the AlSi12 foam is roughly twice as large as the peak stress of the Al foam. It is
worth noting that even though the samples are quite small compared to the size of
the LECA particles, the stress–strain response is reproducible for Al-LECA foams
(see Fig. 1a), while for AlSi12-LECA the shape of the deformation curve depends
on the structure of the foam specimen. Nevertheless, the variation of the peak stress
was less than 10%.

The AE response during compression is dependent on the matrix material. The
AE response shows amaximum around the peak stress in the case of Al-LECA foam,
while for the AlSi-LECA foam the maximum AE activity can be measured before
the peak stress is reached. In both cases, the AE peak is followed by a considerable
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Fig. 1 The stress–strain
curves for metal matrix
syntactic (MMS) foams
containing expanded clay
particles with Al matrix
(solid) and AlSi12 matrix
(dash)
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drop in the AE activity, especially for the AlSi12-LECA foam (Fig. 2). This drop
is due to the localization of deformation. Due to strain localization, the number of
active AE sources decreases and, correspondingly, the AE activity reduces.

The adaptive sequential k-means (ASK) clustering analysis was performed on the
AE data to determine the dominant deformation mechanism as a function of strain.
The AE data are sectioned into time windows (in this evaluation 1 ms time window
was used) and the statistical parameters of the power spectral density function (such
as mean frequency, peak amplitude, energy, kurtosis, etc.) of each time window are
determined and grouped into clusters according to the algorithm of Pomponi and
Vinogradov. The detailed description of the method can be found in [14]. For the
identification of the AE sources, complementary methods like DIC and SEM were
used. It is important to emphasize that if at a given strain multiple different AE
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Fig. 2 Representative compressive stress–strain curves (dashed line), AE signals (gray line) and
the time evolution of the cumulative number of elements in different AE clusters of a Al foam;
bAlSi12 foam. Black line—noise; red line—plastic deformation of matrix; green line—fracture of
LECA particles; blue line—fracture of the matrix
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Fig. 3 The 2Dprojection of the clusters to the energy-mean frequency space for aAl foam;bAlSi12
foam

sources are active, the ASK method is only capable of determining the dominant
one.

At the beginning of the test, the cluster of background noise should be identified.
To that end, the AE measurement is started prior to the compression. During the test,
the ASK algorithm identified four clusters for both, Al and AlSi12 foams. Figure 2
shows the time evolution of the cumulative number of elements for the different AE
clusters. The following source mechanisms were assigned to the clusters:

Cluster 1: Noise (color code in figures: black)
The cluster appearing first is always the noise cluster, since the AE test starts prior to
the deformation and, therefore, the noise cluster is not directly related to the defor-
mation processes. This cluster contains low-energy AE signals with low amplitude
and no sharp peaks (see also Fig. 3).

Cluster 2: Plastic deformation of the matrix (color code in figures: red)
In both cases, the second cluster appears at very low strain. Similarly to the analysis
in our previous work on Al-based MMC containing hollow ceramic spheres [15]
(e.g., the “drop-like” shape of the cluster (Fig. 3), the shape of the waveform), plastic
deformation can be assigned to Cluster 2.

Cluster 3: Fracture of LECA particles (color code in figures: green)
The typical signal belonging to this cluster has a burst-like character with very short
rise time and high amplitude, as observed also in earlier studies on MMSFs [15].
Furthermore, the energy range of these signals is wide, suggesting that the origin of
AE is the fracture of LECA cell walls of different thicknesses. The cracking of the
LECA cell walls at low stress is visible in the post-mortem SEM pictures (Fig. 4a).

Cluster 4: Fracture of the matrix (color code in figures: blue)
As for the AE signals in Cluster 3, the signals in Cluster 4 have wide frequency and
energy ranges andnegligible rise time, as observed in [15]. Thevideo recording shows
that in the case of the AlSi12 foam the role of matrix fracture becomes significant
after strain localization (Fig. 4c). Figure 2b shows that the cumulative number of
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Fig. 4 The deformation of the reinforcement and the foam. a Cracks in the LECA particle in the
deformed foam; b undeformed AlSi12 LECA foam, and c AlSi12 LECA foam at 0.06 strain. (The
places where plastic deformation or fracture of the matrix took place are marked by red circles.)

elements in Cluster 4 suddenly increases when the AE activity decreases. It is indeed
expected that due to strain localization the fracture of the matrix becomes more
dominant (Fig. 4c). In the case of the Al foam, the fracture of thin cell walls between
LECA particles is visible after strain localization.

The results of the ASK analysis show that the Al-LECA foam first deforms by
plastic deformation of the matrix material. Due to the low strength of the LECA
particles, the cracking of the LECA spheres starts at low applied stress (~5 MPa).
The localization of the strain starts at the end of the quasi-linear stage (Fig. 5),
and the formation of deformation bands can be subsequently observed. Contrary to
conventional foams, the deformation of the Al-LECA foam is not restricted to only
one band (Fig. 5). As a result, the AE activity decreases due to strain localization,
but the drop in AE activity is only moderate since the deformation still takes place
in a relatively large volume. After the appearance of deformation bands, the rate
of growth in the number of elements in Cluster 2 decreases, while the number of
elements in Cluster 3 increases linearly as a function of strain. It implies that the
dominant deformation mechanism is the fracture of LECA particles throughout the
deformation process.

For small strains, the AlSi12 foam deforms similarly to the Al foam, i.e., plastic
deformation of the matrix takes place almost as soon as the compression starts,
followed by the beginning of fracture of the cell walls of LECA particles at about
2 MPa applied stress. The onset of the LECA particles cracking at lower stress is
due to the higher back stress of the AlSi12 foam compared to the Al foam. After the

Fig. 5 Surface εyy strain maps at different macroscopic strains for LECA foams with different
matrixes: Al (left) and AlSi12 (right)
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appearance of the shear band, the rate of growth in the number of elements in Cluster
2 and 4 increases, while for Cluster 3 decreases. This suggests that in the AlSi12
LECA foam after strain localization the fracture of the matrix becomes important
(Fig. 4c).

It is worth noting that according to Fig. 2, the fracture of the cell walls of the LECA
particles is the dominant deformation mechanism almost for the entire deformation
test. This means that weaker AE signals from other sources are overlapped. This is
most likely the reason why the number of elements in the cluster related to plastic
deformation in the Al-LECA foam is lower than for the Al foamwith ceramic hollow
spheres [15].

Conclusion

The effect of the matrix material on deformation and failure mechanisms was inves-
tigated in two types of syntactic foams consisting of (i) unalloyed Al matrix or (ii)
alloyed Al: Al-12 wt% Si matrix, both reinforced by lightweight expanded clay par-
ticles. The differences in deformation mechanism up to ~6% strain were revealed by
the help of the ASK analysis of AE data supplemented by imaging techniques. We
found that regardless of the matrix material, the identified deformation mechanisms
were rather similar, and there was no strain localization in the quasi-linear stage.
This resulted in reproducible peak strength with a variation of less than 10%, even
for samples with small sample size to LECA particle size ratio. In the case of Al
foam, the strain is localized in large volume in multiple deformation bands, which
results in reproducible deformation curves even for small samples. After strain local-
ization, the fracture of the matrix material became significant for the AlSi12 foam.
This explains the difference in the shape of the stress–strain curves for the AlSi12
foam and the early deterioration of the sample.
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Compression Behavior of Low-Pressure
Cast AMC Syntactic Foams with High
Porosity

Pierre Kubelka, Alexander Martin Matz and Norbert Jost

Abstract This work presents a method for the manufacturing of closed-cell alu-
minummatrix composite syntactic foams (AMCSFs) using amodified and simplified
low-pressure infiltration setup. The influence of different wrought and cast alloys on
the compressive behavior of these foams was investigated. Through the use of a vari-
ety of different cast and wrought alloys, it was possible to determine the Al matrix’
influence on the compressive behavior. The investigated AlX-Al2O3 syntactic foams
were manufactured using hollow alumina spheres with AA1050, AA2024, AA5019,
AA7075, and A356 Al alloys in the as-cast state. The results of the manufacturing
process and the selected process parameters show a good dispersion of the spheres
within the AlX matrix with a typical near randomly close-packed structure at the
same time. The high-strength Al alloys AA2024 and AA7075 lead to a very brittle
deformation behavior of the foams in the compression tests, with a strongly oscillat-
ing behavior plateau and relatively low plateau stress level. In contrast, the low- and
mid-strength alloys AA1050, AA5019, and A356 show a more ductile behavior with
less oscillation at a higher plateau stress level. By the five different combinations of
the material partners, it was possible to make a statement about the ductility–strength
relation of metallic syntactic foams in dependence on the base matrix.

Keywords Syntactic foams · Compressive behavior · Alumina spheres ·
Aluminum alloys · Casting

Introduction

Aluminum foams have been undergoing a fast-paced development in the last decades
regarding their mechanical properties related to lightweight design. Due to the com-
bination of aluminum as the base material with a porous structure, it is possible to
provide a structure with multifunctional properties such as a high specific strength,
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good energy-absorbing capabilities, and a good damping behavior [1–3]. In this field,
aluminum matrix composite syntactic foams (AMCSFs) have been regaining a lot
of interest recently, owing to the possibility of cheaper production and materials.
These closed-cell foam structures combine the two different aspects of minimizing
the material’s density as a foam with a simultaneous reinforcement of the Al-base
material by the use of porous and hollow discontinuous reinforcements, respectively.
However, this makes them a more suitable lightweight material in comparison to
non-reinforced open- and closed-cell aluminum foams.

Awide range of differentmaterial combinations and structural effects ofAMCSFs
have been studied regarding their manufacturing and compressive properties. The
investigated Al-base materials are ranging from pure Al [4–10], AlCu alloys [7, 11],
AlMg alloys [7–9, 12], AlSi alloys [5–7, 13–19] up to AlZn alloys [7, 10]. The
spherical reinforcements are typically represented by ceramics like alumina [6, 7,
9, 11], silicon carbide [18], perlite [17], glasses [8, 13], and mixtures of silica and
alumina with other additives [4, 5, 7, 10, 12, 14–16, 19, 20] where the geometric
parameters of the spheres can range from several microns up to several millimeters.
Since these previous investigations were only covering individual Al-base and rein-
forcement matrix combinations, a comprehensive statement about the impact of the
Al-base matrix on the compressive behavior of the AMCSFs cannot be given.

This study follows the approach of generating a holistic understanding of the
impact of the Al-base matrix on the compressive behavior of AMCSFs with hollow
alumina spheres. For this, mm-sized hollow alumina spheres combined with dif-
ferent commercial Al wrought alloys (AA1050, AA2024, AA5019, AA7075) and
one cast alloy (A356) are being investigated. Together with a simplified and modi-
fied low-pressure infiltration casting method, it is possible to provide AMCSFs with
different Al-base matrices manufactured under simplified constant conditions with
unchanged geometric parameters. Undergoing compressive testing, it is possible to
provide information on the impact of the base material onto the general deformation
behavior regarding the strength and ductility of the AMCSFs.

Experimental Methods

Raw Materials

The materials used to produce the AMCSFs are represented by hollow alumina
spheres and different Al wrought and cast alloys. The hollow Al2O3 spheres (hol-
lomet GmbH, Dresden, GER) were made of commercial C799 alumina and had a
mean outer diameter of 3.83 mm with a shell thickness of 150 μm. The only inves-
tigated cast alloy is the commercially most used alloy A356 (AlSi7Mg0.3) with the
ability to be artificially aged. The investigated Al wrought alloys can be divided
into natural hard alloys and alloys with the possibility to be artificially and naturally
aged. In terms of natural hard alloys, AA1050 (Al99.5) and AA5019 (AlMg5) were
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Table 1 Chemical composition of the different Al wrought and cast alloys used for the
investigations (in wt%)

Alloy Si Fe Cu Mg Mn Zn Ti Cr Al Rest

AA1050 0.214 0.353 0.006 0 0.004 0 0.015 0.011 99.344 0.052

AA2024 0.394 0.235 4.369 1.649 0.798 0.123 0.007 0.007 92.300 0.076

AA5019 0.418 0.298 0.029 5.156 0.210 0.018 0.096 0.096 93.688 0.075

AA7075 0.322 0.262 1.692 2.480 0.096 5.666 0.194 0.194 89.200 0.061

A356 7.330 0.110 0.003 0.360 0.001 0 0.110 0.001 91.938 0.146

investigated. For alloys with the ability of natural aging, AA2024 (AlCu4Mg1) and
AA7075 (AlZn5.5MgCu) were studied. The composition of the investigated alloys
was analyzed using spark emission spectroscopy and is shown in Table 1. Elementary
components indicated with a value of zero did not reach the lower threshold value
of the measuring range.

Manufacturing

The AMCSFs were manufactured using a modified and simplified low-pressure cast-
ing method. The complete setup of the process with the prepared mold is shown in
Fig. 1. The alumina spheres were placed into a boron-nitride-coated stainless steel
mold with a square cross section of 20 × 20 mm2 and were gently tapped in order
to achieve a randomly close-packed structure [21]. To maintain the dense packaging
and to prevent floating of the spheres while being infiltrated by themolten aluminum,
an AISI304 grid with a mesh size of 2 mmwas clamped right above the package. The
mold with the package was then heated up to a temperature of 600 °C and given into
the casting machine. The infiltration of the alumina sphere package was done using
an Indutherm VC500 vacuum-casting machine. The modified process used can be
divided into the three different steps of melting, casting/infiltration, and cooling.

1. The melting of the Al alloys was performed inductively in Ar atmosphere under
atmospheric normal pressure at a temperature of 1,000 °C. After finishing the
process of melting, the temperature was held for several further seconds to gain
uniform distribution of the elements and temperature within the melt.

2. The casting and infiltration were performed as a sequence of these two steps.
The casting was done by pouring the melt onto the package without using any
further pressurization of the Ar atmosphere. This led to a complete coverage of
the cross section of the sphere package, enabling an uniform infiltration. The
infiltration itself was set in after a short delay of 0.3 s through the pressurization
of the melt with 1.5 bar by the Ar atmosphere. The pressure was being held up
for a minimum of 5 s to maintain the complete infiltration of the package until
the solidification of the AlX matrix took place.
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Fig. 1 Schematic setup of the modified and simplified low-pressure casting method within an
Indutherm VC500 casting machine. The figure shows the process in the melting stage right before
the casting and infiltration

3. The sample was cooled down within the machine and the mold to approximately
300 °C within 5 min. Afterward, the sample was demolded and cooled to RT in
air.

The as-gained AlX-Al2O3 syntactic foam samples were finally machined to
achieve defined geometric parameters. The foams were cut with a metal-bonded
diamond cutting wheel in an ATM Brilliant 220 wet abrasive cutting machine to
obtain samples with a length of 20 mm, which led to overall outer dimensions of
20 × 20 × 20 mm3. The separated surfaces of the samples were finally wet grinded
with SiC abrasive paper to remove the remaining burrs and to smoothen the surface.

Compressive Testing

Prior to the compressive testing the relative densities ρrel of the samples for com-
parison purposes were calculated. For this, the outer dimensions and the weight of
the samples were measured in order to calculate the density of the foams ρfoam. This
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Fig. 2 An example of the
macrostructure of the as-cast
AMCSFs

density was set in relation to the Al alloy’s density ρ, resulting in the relative density
of the foam (Eq. 1). With this procedure only the densities of the Al alloys were
considered and the sphere’s density was assumed to be identical. This small error
could be neglected since identically produced samples were being compared in this
investigation.

ρrel = ρfoam

ρ
(1)

The compressive tests were performed using a Galdabini QUASAR 250 universal
test rig. The compressive forces were applied onto the as-cast samples by using two
hardened precision-grinded steel plates. The resulting deformation direction was
perpendicular to the cut and ground sides and parallel to the casting direction. An
example of the machined macrostructure of the as-cast AMCSFs is given in Fig. 2.
At the beginning of the procedure, the samples were pre-compressed with a force
F of 10 N. The testing was done using a displacement rate of 4 mm/min which
corresponds to a strain rate of 3.33 × 10−3 s−1. The force–displacement data was
recorded with a sampling rate of 100 s−1 to obtain the effective stress–strain curves
for each individual sample until the maximum strain of 0.7. A force of 150 kN was
set as the termination criterion for the tests.

Metallographic Analysis

To support the results of the deformation tests, the microstructures of AMCSFs
were investigated. Therefore, slices perpendicular to the deformation direction were
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machined and embedded in ClaroCit cold-mounting resin. The embedded spec-
imens were ground and polished with diamond particles up to 1 μm. Barker
etchant was used to develop the microstructure of the as-cast Al alloys. The optical
characterization was performed using a Leica DMI5000M inverted light microscope.

Results and Discussion

Manufacturing and Microstructure

The low-pressure infiltration of the sphere package shows a relatively good sphere
distribution with a nominal relative density of ρrel ≈ 56.5%, independent of the
alloy investigated. The randomly close-packed structure, as a direct result of the
tapping of the mold while placing the spheres and preventing the floating with a
clamped stainless steel grid, remains almost unchanged in the as-cast samples. The
microstructures of the different alloys have developed almost identically with a fine-
grained and homogeneous microstructure within the samples (Fig. 3a, b). Only the
AA5019 and AA7075 alloys are showing a gradation in the grain size from the inside
to the outside. This is due to the lower solidification temperatures compared to the

Fig. 3 Microstructures of different alloys as well as the filling and interfacial behavior between the
constituents amicrostructure of an as-cast A356 alloy, bmicrostructure of an as-cast AA7075 alloy,
c infiltration behavior of the different Al alloys in spherical contact areas with voids, d interlocking
between the solidified base matrix and the spherical reinforcement with small cavities
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AA1050, AA2024, and A356 alloys. Looking at the micrographs of the ground and
polished samples, an overall good interlocking between the AlX matrices and the
alumina spheres can be detected (Fig. 3c, d). Small numbers of defects within the
foam structures can also be noticed. In regions of interconnecting spheres, cavi-
ties with prematurely solidified melt fronts can be identified, which has also been
reported by other researchers [17, 20]. Combined with small numbers of randomly
distributed cavities at the interfaces, it follows that the used process parameters and
pre-treatments of the materials do not yet correspond to the optimum for the pro-
duction of cavity-free AMCSFs with this method. This problem can be solved by
positively affecting the wetting behavior between AlX melt and the spheres in the
infiltration stage. Due to the poor wetting of melted aluminum and its alloys with
alumina, several changes can be made to minimize the contact angle between the
two constituents. The change of the Al alloy composition under consideration of the
Mg content as well as changes in the infiltration or mold temperatures can lead to
better results [22, 23].

Compressive Behavior

Typical stress–strain curves for the different Al alloys investigated are shown in
Fig. 4a. Compared to other investigations regarding melt infiltrated AMCSFs with
mm-sized ceramic spheres [9, 17, 18, 20, 24, 25] anoverallmore brittle andoscillating
behavior can be observed. This is due to the combination of the fast solidification of
themelts while infiltrating the sphere package, the present microstructural conditions
as well as the natural brittle behavior of the alumina spheres. Since only the influence
of the Al alloys on the compressive behavior was investigated, the influence of the
alumina spheres is not discussed below.

The melt solidifies within seconds and cools down to RT in less than 10 min,
resulting in the fine-grained structure in the as-cast state. Residual stresses in the base
matrix around the spheres occur during the rapid cooling because of the mismatch
of the coefficients of thermal expansion of the AlX matrix to the alumina [26].
Comparing the five base materials with each other, a clear difference between the
high-strength alloys (AA2024 and AA7075) and the low- to mid-strength alloys
(AA1050, AA5019, and A356) can be observed. The high-strength alloys AA2024
and AA7075 can both be naturally and artificially aged [27, 28] resulting in a brittle
matrix. Since the as-cast state provides relatively undefined microstructures, it must
be assumed that partially artificial and natural aged conditions are present in the
materials. The higher plastic collapse stresses σpc and the low plateau stresses σpl

with a strongly oscillating plateau support this statement. The low- and mid-strength
alloys AA1050, AA5019, and A356 are providing lower plastic collapse stresses
with partially increased plateau stress levels (AA5019 and A356). These alloys have
a much more ductile nature as the high-strength alloys as they are not able to be
naturally aged. There are no finely dispersed sub-micron precipitations which inhibit
a ductile behavior. Considering themaximization of the ductility with a simultaneous
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Fig. 4 a Effective stress–strain curves σeff (εeff) of all different AMCSFs investigated, b volumet-
ric energy absorption curves Uv(εeff) of all different AMCSFs investigated, c energy absorption
efficiency curves η(εeff) of all different AMCSFs investigated, d calculated ductility D versus the
plateau stress σpl of all different AMCSFs investigated

high strength, the AA5019 alloy shows a pretty good behavior. This natural hard
alloy cannot be artificially or naturally aged which is why a good ductility with a
moderately high basic strength at the same time is maintained.

These different behaviors can also be verified by the energy-absorbing behavior.
The energy absorption efficiency η shall be used for this assessment. It is defined
as the actual absorbed energy under the stress–strain curve divided by the energy
absorbed by an ideal absorber with the maximum stress σmax reached up to the
strain ε [29]. The energy absorption Uv [30] was calculated by Eq. 2 and the energy
absorption efficiency was calculated by Eq. 3. The typical results of the energy
absorption and efficiency for the different AMCSFs are displayed in Fig. 4b, c.

Uv = ∫ σ(ε)dε (2)

η = ∫ σ(ε)dε

σmax · ε
(3)
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When considering the high-strength alloys AA2024 and AA7075, a pretty low
overall efficiency can be observed. The massive stress drop from the plastic collapse
stress down to a pretty low plateau stress level leads to a poor energy-absorbing
performance. The buildup of narrow deformation bands with repetitive failure and
rebuilding at higher strains leads to numerous small material breakouts within the
foam until the densification of the foams. A very weak load distribution over all
spheres onto the whole cross-sectional area of the foam is the result. Evaluating the
energy absorption efficiencies of the three low- and mid-strength alloys, a higher
overall efficiency can be observed. Their stress drops down to the plateau stress
levels are smaller, positively affecting the energy absorption efficiency. These alloys
are more ductile allowing a better load distribution within the matrix onto a higher
number of ceramic spheres. Locally higher strains can be better cushioned which
results in a much smoother plateau phase with less oscillation and break-ins. To
make the influence of the AlX matrix on the ductility of the investigated AMCSFs
tangible, a method for calculating such has been developed. This method describes
the ductility D of these structures as the quotient of the minimum stress σmin in the
plateau phase (II) and the plastic collapse stress σpc (see Eq. 4). The plastic collapse
stress is defined as the peak stress at which AMCSF transitions from the pseudo-
elastic phase (I) to the plateau phase (II). Figure 5 displays the used parameters within
the different phases summarized in a schematic plot.

D = σmin

σpc
(4)

Fig. 5 Schematic plot of a brittle AMCSF showing the different compressive phases and the
parameters used for the assessment of the overall ductility–strength behavior
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Plotting the calculated ductility D above the plateau stress (mean stress between
the strain of 0.1 and 0.3) of each individual investigated AMCSF sample results in
a cloud of points which shows a linear relation between the ductility and strength
of the foams as a function of the Al alloy (see Fig. 4d). Thereby, it can be shown
that the selected base material and its condition have a substantial influence on the
compressive deformation behavior and the strength of these structures. Multiphase
high-strength AlX matrices (AA2024, AA7075) are negatively affecting the defor-
mation behavior, while low- (AA1050) tomid-strength (AA5019, A356) alloys, with
single- or dual-phase matrices, are positively affecting the ductility. The single-phase
AA1050 (nearly pure Al) ensures that even softening with a simultaneous high duc-
tility of the deformation behavior can occur. Multi-component alloys are therefore
indispensable to achieve an increased overall strength of AMCSFs.

Conclusion

A modified and simplified low-pressure casting method was used to manufacture
AMCSF samples with different AlX matrices to determine the impact of the base
material on their compressive behavior. The produced samples were showing a near
randomly dense-packed structure of the alumina spheres with small defects in the
material’smatrix (cavities and voids). The compressive tests have shown that the base
materials have a significant influence on the deformation behavior of the AMCSF
itself.High-strength alloys (AA2024,AA7075) have, in viewof the as-cast stateswith
an undefined phase composition, a negative impact onto the ductility and strength of
the foams. Localized high strains ensure that an oscillating deformation behaviorwith
a low plateau stress is achieved. Low- (AA1050) to mid-strength alloys (AA5019,
A356) are more ductile, regarding the deformation behavior of the foam, because
they are not as strongly affected by aging effects as the high-strength alloys. In
comparison, it is possible to maximize the ductility and strength with these materials
in the as-cast state. The developed method to calculate the ductility and plotting it
above the plateau stress has demonstrated that not only the base material itself has an
impact on the deformation behavior, but also the microstructural condition in which
it is (as-cast, aged, …) and the elemental composition of the alloys.
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Preparation and Quasi-static
Compression Behavior of Steel Matrix
Syntactic Foams

Quanzhan Yang, Bo Yu, Yanpeng Wei, Guang Hu, Zhiquan Miao
and Jingchang Cheng

Abstract Metal matrix syntactic foams have been attracting considerable attention
in recent years due to their potential applications in lightweight structures and energy
absorption. In this paper, CF-8 cast austenitic stainless steel with hollow Al2O3

spheres’ syntactic foams was prepared by infiltration casting technology. The effects
of preheat temperature of ceramic mold and diameter of hollow ceramic spheres on
the forming ability of infiltration casting of syntactic foams were investigated and
the results showed that suitable preheat temperature of ceramic mold is a necessary
prerequisite to produce the syntactic foams. And then, the quasi-static compressive
behavior of these foams was studied by experimental and numerical simulation and
the energy absorption capacity is evaluated.

Keywords Steel matrix syntactic foams · Infiltration casting · Quasi-static
compression behavior · Numerical simulation · Energy absorption

Introduction

Metal matrix syntactic foams consisting of a continuous metal matrix embedding
hollow spheres have great potential applications in lightweight structures and energy
absorption [1–3]. Currently, many kinds of metal matrix syntactic foams have been
developed, such as Al matrix syntactic foams [4–8], Mg matrix syntactic foams [9],
Zn matrix syntactic foams [10], and so on. Among them, steel matrix could provide
higher mechanical properties compared to other metal matrix. However, investiga-
tions about steel matrix syntactic foams are very few due to the challenge that lies
in the characteristics of steel, especially the high melting point of steel which rules
out or complicates some production processes employed routinely in syntactic metal
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Table 1 Chemical composition of CF-8 cast austenitic stainless steel in wt%

C Si Mn Cr Ni Fe

0.02 1.0 1.6 19.1 10.2 Balance

foam. In this paper, an infiltration casting technology was developed for preparing
steel matrix syntactic foams, in which ASTMCF-8 cast austenitic stainless steel and
hollow Al2O3 spheres were chosen as matrix and preformed particles, respectively.
The influences of ceramic mold preheating temperature and hollow ceramic sphere’s
diameter on infiltration length were investigated. In addition, the steel matrix syn-
tactic foam’s compression stress–strain behavior was studied by experimental and
numerical simulation.

Materials and Methods

Infiltration Casting Experimental Procedures

ASTM CF-8 cast austenitic stainless steel was used as the matrix metal to create
syntactic foams and the chemical composition was listed in Table 1. Three types
of high-purity Al2O3 hollow spheres were used as the pore-forming material, the
average outer diameters size was about Ø3.11 mm, Ø3.97 mm, and Ø4.79 mm.

During the process of preparation, hollow Al2O3 spheres were embedded in an
alumina ceramic mold to form a random loose packing structure. Meanwhile the
stainless steel was heated above its melting temperature and then the molten steel
was poured into the ceramic mold that has been preheated. The molten steel would
fulfill the spaces between the hollow spheres. After the process of solidification,
clearing getting system, etc., steel matrix syntactic foams were obtained. Then, the
samples were heat-treated at 1050 °C temperature for 2 h and water quenched as
followed (Fig. 1).

Experimental and Numerical Simulation of Quasi-static
Compression Behavior

The average diameter of the spheres in the syntactic foams selected for quasi-static
compression testwas about 4.79mmand the dimensions for compression test samples
were about 20 mm × 20 mm × 30 mm. A 1 kN universal testing machine was used
to evaluate syntactic foams’ compression behaviors. The loading strain rate was
fixed at 1.25 mm/min. The finite element analysis software of ABAQUS was applied
to calculate the compression response, a full 3D model was constructed via the
secondary development of ABAQUS by using Python language, as shown in Fig. 2.
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Fig. 1 Schematic illustration of infiltration casting process

Fig. 2 3D geometric model
for quasi-static compression
test

The basic mechanical properties of the CF-8 cast austenitic stainless steel were listed
in Table 2, and Young’s modulus was 190 GPa and Poisson’s ration was 0.29.

Table 2 Plasticity data of the matrix metal

True stress/MPa 190 216 228 236 242 247

True strain 0 0.2 0.4 0.6 0.8 1.0
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Results and Discussion

Infiltration Casting Process

It can be seen from Fig. 3 that the infiltration length of the sample increases when the
preheat temperature of ceramic mold increases, no matter how the hollow sphere’s
size was changed. The temperature difference between molten steel and hollow
spheres is large and the heat exchange is intense when the ceramic mold is at a
lower preheat temperature. The liquid metal around the spheres will soon cool down
to form a solidified shell, which in turn will cause the infiltration process to stop and
the incomplete infiltration of the syntactic foams will occur.

For different diameters of hollowAl2O3 spheres that are about 3.11mm, 3.97mm,
and 4.79 mm, respectively, the infiltration effect is quite different. The smaller the
diameter of spheres, the larger the flow resistance, and the larger the heat exchange
area between the molten steel and the spheres. Thus the molten steel tends to easily
solidify and block the channel during the filling process, shortening the infiltration
length of the synthetic foam. The ceramicmold charged by sphereswith a diameter of
4.79 mm in which the foams formed must be preheated to at least 1000 °C, and with
the diameter of 3.11 mm, 3.97 mm in which the foams prepared must be preheated
to at least 1200 °C to prevent incomplete infiltration. Based on the findings, CF-
8 cast austenitic stainless steel with hollow Al2O3 spheres’ syntactic foams with
different outer diameter sizes of spheres was prepared successfully by infiltration
casting technology, as shown in Fig. 4.

Fig. 3 Infiltration length of
molten steel into the spaces
between the hollow spheres
with different preheat
temperatures
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Fig. 4 The samples of steel matrix syntactic foams

Quasi-static Compression Behavior

The experimental and simulated quasi-static compression stress–strain curves of
steel matrix syntactic foams have shown typical three stages in Fig. 5, which contain
initial linear elastic stage (Oa, Oa′), platform stress stage (ab, a′b′), and densification
stage (bc, b′c′). The results indicate that steel matrix syntactic foams possess similar
compression behavior to those of conventional metal foams reported in previous
studies [11, 12]. In linear elastic stage, the stress is small, the steel matrix syntactic
foams present elastic deformation, and the stress–strain relationship is linear. With

Fig. 5 Compressive stress–strain curves of steel matrix syntactic foams
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the increase of load, the syntactic foams enter the stress plateau stage, and the cell
wall of the syntactic foams presents plastic deformation, and finally collapses. The
stress does not increase or increase slowly at the platform stress stage, and the strain
increases rapidly. When the load increases further, the syntactic foams enter the
densification stage, the cell wall of the syntactic foams is compacted, the strain
increases slowly, and the stress increases rapidly.

The comparison between compression test curves and simulation curves showed
that the overall of the two curves has a similar trend and the results showed that
simulated quasi-static compression stress–strain curves were in good agreement with
the experimental value and the error of compression stress is less than 15%. In the
platform stress stage, the test curve stress increases rapidly,which is different from the
numerical simulation value, and it was thought that the presence of hollow alumina
spheres will increase the stress of synthetic foams, but the enhancement effect of
alumina hollow spheres is not considered in the numerical model.

Energy Absorption

The energy absorption of the syntactic foam is obtained by calculating the area under
the stress–strain curve up to its densification strain. The energy absorbed per unit
volume WV and energy absorbed per unit mass Wm are defined as follows:

WV = εD∫
0

σdε (1)

Wm = εD∫
0

σdε/ρ (2)

where εD is the densification strain, σ is the compressive stress, and ε is the com-
pressive strain. For the compressive deformation of foams, densification strain point
is an important criterion for calculating energy absorption capacity, that is, the slope
(dσ

/
dε
) of compressive stress–strain curve increases obviously after the plateau

region, as shown in Fig. 6. The energy absorbed per unit volume is 54.47 MJ/m3 and
energy absorbed per unit mass is 14.964 kJ/kg for syntactic sample with 40.293%
densification strain.

Conclusions

In summary, an infiltration casting method was developed to prepare steel matrix
syntactic foams, which contain different outer diameters of hollow Al2O3 spheres
that are about Ø3.11 mm, Ø3.97 mm, and Ø4.79 mm, respectively. The infiltration
process and compression behavior were studied and the energy absorption capacity
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Fig. 6 Densification strain of steel matrix syntactic foams

is evaluated. The results showed that suitable preheat temperature of ceramic mold
is a necessary prerequisite to produce syntactic foams. The simulation and experi-
mental stress–strain curve of syntactic foam exhibits the typical “three stages” in the
quasi-static compression. The results showed that simulated quasi-static compres-
sion stress–strain curves are in good agreement with the experimental value. The
energy absorbed per unit volume is 54.47 MJ/m3 and energy absorbed per unit mass
is 14.964 kJ/kg for syntactic sample with 40.293% densification strain.
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Metal Foams with Ceramic Inserts
for Security Applications

René Vogel, Claudia Drebenstedt, Stefan Szyniszewski, Florian Bittner,
Teresa Fras and Ludovic Blanc

Abstract Protective performance and a low weight of armour plates are the most
important objective in security applications. Metallic foams can provide a high level
of protection without an extensive mass and were used as a part of various lami-
nated armour systems in the past. Embedding small ceramic parts in metallic foam
combines the hardness of ceramics with the flexibility of the lightweight cellular
matrix. The material has an extreme cutting resistance against mechanical tools such
as angle grinder, drill bits, or other cutting devices. In several testing campaigns,
aluminium foams were combined with different internal layouts of stacked or inte-
grated ceramics. The cellular core was foamed directly to steel cover sheets or was
bonded to different steel alloy faceplates. In additional tests, blast wave propagation
of the metallic foam ceramic composite (MFCC) panels was evaluated. Furthermore,
several ballistic tests were performed and compared to state-of-the-art armour mate-
rials. It was possible to achieve better performance in this comparison to standard
armoured steel at a lower overall weight.
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Introduction

There is a strong drive in industry to develop materials that are more capable to
resist forcible entry attacks. As power tool technology has evolved and become more
widespread and commercially available, research and development of materials that
are able to withstand attack from now easily attainable tools has lacked. The ideal
solution is a material combination, which is able to withstand attacks from even
the most powerful handheld power tools, whereas it is not significantly increasing
the mass or limiting the structural applications in which it can be utilized. By the
modification of thismulti-material design, it is even possible to fit the requirements of
other security applications like lightweight protection panels against blast-initiated
shock waves and projectiles.

Material Design and Manufacturing

The material consists of metallic and ceramic ingredients and requires metallurgical
treatment. Firstly, the aluminium powder is mixed with titanium dihydride, TiH2

(foaming agent) utilizing a rotating impeller to ensure a uniform mixture (Fig. 1).
After the mixing stage, the powder mixture is consolidated via cold compaction in
a compressor and then extruded through an extrusion die resulting in dense rods
of material, which are cut into smaller pieces. Next, ceramic spheres and com-
pressed aluminium powder rods are stacked in an orthogonal, grillage pattern and
enclosed in a steel box using spot welds. The structure is then heated in a furnace
to ca. 760 °C (depending on the melting range of the used aluminium alloy) for

Fig. 1 Manufacturing steps. Themetal powder ismixedwith a foaming agent.Next, it is pressed into
cylinders and extruded into diameter bars. The bars are stacked orthogonally and spaces between the
bars are filledwith 13mmdiameter, alumina spheres. Foaming agent decomposes at the temperature
above 470 °C, while the aluminium powder melts, producing a metallic foam, which fills the space
enclosed by the face sheets. The cellular metallic ceramic structure becomes stable after the foamed
sample has been cooled below solidification range of the used alloy
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between 15 and 20 min. The titanium dihydride begins to decompose at approxi-
mately 470 °C, releasing hydrogen gas. The release of the hydrogen expands the
molten aluminium, creating voids until the cavity is filled completely. The compo-
nents are subsequently cooled in calm air to produce stable cellular structures with
embedded ceramic components.

The specimenswere produced consisting of steel alloy (DC01) faceplates, cellular
aluminium core (EN AW-6060) and an orthogonal layout of ceramic spheres and in
some samples additional NiCr wires (Fig. 2) [1]. The spheres had 13mmmean diam-
eter, while aluminium foam had 2.1 mm average pore size only. The wall thickness is
ranging from 30µm to about 1000µm. Thus, the ceramic inclusions were an order of
magnitude larger than conventionally used ceramic particulate matter for reinforce-
ment of metallic foams. The wires had an overall length of 100 mm and a diameter
of 1 mm. In each sample, 30 wires were included. The ceramic spheres were suffi-
ciently large to interact with small projectiles, drill or a cutting blade, and occupied
14% volume fraction of the cellular core. The aluminium foam matrix had density
of 730 kg/m3 and 73% porosity (air content), which ensured sufficient flexibility
of the matrix. The overall metallic–ceramic hierarchical structure had 1140 kg/m3

density. Sandwich panels with two 2 mm steel faceplates had 1780 kg/m3 density in
a 40-mm-thick panel configuration.

Cylindrical specimenswere alsomanufactured to demonstrate that the technology
can achieve high aspect ratio components such as beams or columns. The cylinders
were alsomore suitable for computed tomography (CT) because theX-ray travel path
through the foam was equal around the circumference, which reduced measuring
artefacts.

Fig. 2 Metallic cellular structure with embedded ceramic spheres. Images obtained fromCT scans.
a 245mm× 172mm× 40mmsandwich panel.bAluminiumcells are an order ofmagnitude smaller
than ceramic spheres. cCeramic inclusions (white) are organized in an orthogonal pattern.dCeramic
spheres are not in contact with one another but are separated by aluminium cells. e Cylindrical
specimens (60 mm diameter × 150 mm) had a vertical organization of ceramic spheres. Heatmap
of aluminium foam wall thickness (mm). f Cross section of the cylinder with colours depicting
cellular wall dimensions. g Thickness of aluminium cell walls varied mostly from 0.2 to 2.0 mm
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Resistance Against Drill and Angle Grinder

The development of the material was driven by the aim to resist against extreme
localized loads such as an angle grinder and power drill. The angle grinder attack
represents the first load applied to penetrate the material. Different cutting discs
with 115 and 125 mm diameter and a sapphire finish were used. The angle grinder
revolved up to 180 revolutions per second, with rim velocity up to 80 m/s. The angle
grinder achieved only a partial incision and itself experienced high wear. Its external
diameter reduced from 125 to 44 mm after 60–65 s, and at that point, the cutting disc
became ineffective (Fig. 3b–c). To provide a benchmark for our results, we tested one
of the best currently available rolled-homogeneous armour (RHA) steels, distributed
under the MARS 220 trademark.

The steel is quenched and tempered at temperatures below 200 °C resulting in
a Brinell hardness of 440. The angle grinder completely penetrated the 10 mm
MARS220 plate in 45 s (see Fig. 3a and Table 1), whereas the resistance mech-
anism exploited the contrast in stiffness between the ceramic spheres and the flexible
aluminium cellular structure. Thereby, the energy of the rotating discs was partially
transferred into the mechanical vibrations of the spinning disc and the embedded
ceramic spheres integrated into the flexible cellular matrix. The tool operator expe-
rienced this as strong vibrations. It seems that the integration of the NiCr wires also
results in a better resistance against the cutting tool.

In addition to the case where the cutting disc attacks the top of the sphere, other
cases also were tested. During these tests, the angle grinder cuts in between two
spheres and on the side of a sphere, halfway between the equator and sphere’s pole.

Fig. 3 Angle grinder attacks on conventional tank armour steel compared to our metallic foam
ceramic metamorph. a The cutting disc achieved full penetration of 10 mm conventional armour
steel platewithin 45 s.bOn the contrary, the disc experiencedvibrationswhile cutting our architected
metamorphicmaterial and ceased to progress once the blade came in contactwith the ceramic sphere.
c The disc experienced high wear, its cutting interface eroded, and its diameter rapidly deteriorated
rendering the disc inoperative in just over 1 min
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Table 1 Angle grinder resistance test results

Test Material Duration
(s)

Testing outcome Penetration
(mm)

A1 Al foam, NiCr wires
ceramic spheres

62 Cutting blade
completely worn

4–5

A2 Al foam, NiCr wires
ceramic spheres

47 Cutting blade
completely worn

5–6

A3 Al foam, NiCr wires
ceramic spheres

57 Cutting blade
completely worn

4–5

A4 Al foam
ceramic spheres

78 Significant wear 6–7

A5 Al foam
ceramic spheres

75 Significant wear 6–7

A6 Al foam
ceramic spheres

65 Significant wear 7–8

A7 Mars 220 43 Low tool wear Complete penetration

A8 Mars 220 46 Low tool wear Complete penetration

A9 Mars 220 45 Low tool wear Complete penetration

We observed the same outcome as the cutting disc diameter reduced rapidly in just
over a minute and the angle grinder became also inoperative. This is because of the
special sphere arrangement inside the sandwich. In each possible cutting scenario,
the blade is touching at least one sphere. This is sufficient for the rapid tool wear.

In addition, we tested the resistance of our hierarchical material to a power drill.
In all instances when a drill encountered a ceramic sphere, the drilling progress was
stopped without any further progress (see Table 2). In these tests, the coated high-
speed steel drill was not able to damage the ceramic anyway. The integration of NiCr

Table 2 Cordless drill resistance results

Test Core material Duration
(s)

Testing outcome Penetration
(mm)

C1 Al foam, NiCr wires
ceramic spheres

65 Little progress 7

C2 Al foam, NiCr wires
ceramic spheres

63 Little progress 5

C3 Al foam, NiCr wires
ceramic spheres

64 Little progress 7.5

C4 Al foam
ceramic spheres

64 Significant progress 35

C5 Al foam
ceramic spheres

30 Complete penetration of the
panel

complete

C6 Al foam
ceramic spheres

66 Significant progress 30
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wires into the sandwich core results also in a better performance of the core material.
The wires are an additional high-strength core element that could resist the drill or
deflect it from the straight movement through the core.

Plastic Compressibility

In the first tests, compressed cylindrical samples (60mm diameter× 150mm height)
were used to measure the mechanical properties of the material under quasi-static
loading (Fig. 4a–b). Young’s modulus, from loading–unloading tests, was E = 5.5

Fig. 4 Compressive testing. a Quasi-static compressive test of a cylinder sample. bMetallic foam
with ceramic spheres showed distinct plateau and the ability for compressive deformation up to
25%. c Blast induced, dynamic compressive testing of a plate sample. dMaterial response showed
a strong dependence on the imparted energy and strain rate of loading, which requires further
studies. It is obvious that the classical aluminium foam is able to transform more kinetic energy in
comparison to aluminium foam with metallic inserts. Because of the hard inserts, it is not possible
to achieve a complete compression of the core material
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GPa and the resulting yield stress was 8.1 MPa (according to ISO 13314 standard).
The Poisson’s ratio of the material was approximately 0.0 in the early stages of
the loading and began ascending towards 0.5 from 10% engineering strain onward.
The densification strain was about 0.25. The cellular structure showed significant
deformability, exceeding 20% of engineering strain as expected from previous
studies of cellular metals [2–6]. The inclusion of ceramic spheres did not have a
significant effect under static loading because the deformations followed the paths
of the least resistance via the cellular matrix in between the spheres.

For the testing under high dynamic conditions, 100 mm× 100 mm samples were
produced. The shock wave was applied on one side of the sample. The planar shocks
were generated with an explosive-driven shock tube (EDST) [7–9]. The shock tube
had a square of 100× 100 mm2 external and 80× 80 mm2 internal section. The total
length was 1750 mm. 50 g of C4 explosive charges were detonated 50 mm in front of
the tube, generating an incident load with a pressure of 30 bars, an impulse of 9.33
bars-ms, and a phase duration of 1.32 ms at the far end of the tube. These effects are
equivalent to those of 567 kg of TNT placed approximately 4.72 m away from the
target. The plate sample with 25 mm thickness of the metallic foam ceramic material
was placed at the end of the tube, against a rigid chassis. Behind the rearward support,
a load sensor was installed. Due to the explosive shock tube setup, it was possible to
record the compression process with a high-speed camera without the effects of the
fireball.

Firstly, we tested thematerial with 2mm faceplate (Fig. 4c). The faceplate velocity
increased up to 70 m/s, giving a top strain rate of 2800 1/s, preceded by acceleration
at the start and deceleration at the end of the deformations. Given the blast impulse,
we were able to estimate the initial velocity of the front plate and consequently its
kinetic energy. The energy imparted by the blast was 2087 J and 150 J was absorbed
up to 20% strain, and additional 650 J during the subsequent hardening (Fig. 4d).
Ceramic spheres impacted the back plate at around 60% strain, which corresponds
to the oscillations at the end of the stress–strain curve in Fig. 4d. In total, 38% of the
blast energy was absorbed.

Even though the material was highly compressible, its stress–strain curve was
atypical compared to a classical aluminium foam without ceramic inserts and a
density of 616 kg/m3. Metallic foam with ceramic spheres had low resistance up
to 20% strain, and noticeable strain rate hardening up to 40% strain. The deformed
shape of the face sheet was highly non-uniform (see Fig. 4c), which indicated that the
core was more compliant in between the spheres. Another configuration, containing
thicker 5 mm faceplates, also was tested. Enlarging the weight of the plate reduced
the energy imparted into the material to 834 J due to the increased inertia of the
faceplate. The maximum strain rate was lowered to 1600 1/s. Approximately, 29%
of that energy (240 J) was absorbed before the densification in the second case, and
the metallic foam ceramic core was only partially compressed.

Interestingly, the dynamic response resembled the quasi-static material curve
more closely at the lower strain rate. The qualitative difference between the static and
dynamic stress–strain curves may arise from the complex refractions and reflections
of the shock wave encountering ceramic spheres in a compliant metallic foam. Le
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et al. demonstrated computationally that spatial hierarchies made of materials with
contrasting stiffness and density can disperse, focus, or even change the direction of
the blastwave propagation [10].Overall, themetallic foamceramic structure is highly
sensitive to the strain rate of the loading. The hardening of the material was not ideal
from the perspective of a blast engineer because it may allow for the transmission
of high pressure to the protected structure. However, our two tests demonstrated that
the energy absorption and peak-transferred stress can be controlled by varying the
faceplate thickness. Further optimization of the volume fraction of ceramic spheres,
their topology, the thickness of cellular metal, and its density to maximize the blast
mitigation properties are beyond the scope of this study.

Ballistic Testing

For ballistic testing, different sandwich configurations were designed and tested at
ISL laboratories. The testingwas done according toVPAMstandards for the levels 9–
11, starting at the highest level. In this case, a sample that was penetrated by a higher
energy projectile could be reused for testing at lower VPAM standards (Table 3).

During the tests, it was possible to fit VPAM level 9 and 10. In samples with
two layers of ceramic spheres, the bullets passed the impact side cover sheets of the
sandwiches. Subsequently, the projectiles were shattered by the ceramics inside the
metal foam. Finally, the fragments of bullets and ceramics were stopped at the Mars
240 back plate (see Fig. 5). The standard configuration for stopping a Dragunov
projectile (VPAM level 10) is an 18-mm-thick armoured steel plate with an areal
mass of 141 kg/m2. The areal mass of the successful metal foam configuration 1.1
is 113 kg/m2, 20% lighter in this case.

Bullets with hard metal core were also shattered inside the sandwich, but the frag-
ments perforated the back plate. Obviously, the energy dissipation inside the core is
not sufficient in this case (see Fig. 6). Future work is necessary to test other sand-
wich configurations to meet higher level of ballistic threats. Further investigations to
reduce weight and thickness of the panels are also necessary.

Summary

Thiswork is part of a larger effort to build upknow-howabout architectedmaterials on
metal foam basis for security applications. By integration and combination of metal
cellular structures, ceramics, and ballistic steel, it is possible to build up a multi-
functional platform, which combines ductility with hardness. Not only it is possible
to withstand high-performance cutting tools, but it is also possible to integrate high
compressive ductility and energy dissipation under blast. Furthermore, it is possible
to meet VPAM levels up to 10 at a lower areal weight of the panel in comparison to
standard steel platings. In future, it will be possible to enhance the ballistic resistance
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Fig. 5 VPAM 10 ballistic testing configuration and results. The bullet was fragmented and stopped
by the steel back plate, 8 mm MARS 240, Configuration. 1.1

Fig. 6 VPAM 11 ballistic testing results. The bullet was fragmented and penetrated the steel back
plate, 8 mmMARS 190, the X-ray image shows 3 time steps of the test: t1—incoming bullet inside
the sample, t2 and t3—shattered projectile, ceramics, and back plate after penetration of the back
plate
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of light armour plates or to achieve higher resistance levels at 20% lower areal
weight. Blast resistance, moderate ballistic protection, and non-cuttable features
are combined advantages that could be useful in many infrastructural applications.
However, further optimization and weight reduction could also enable the possibility
for usage in armoured vehicles or other mobile uses.

While the future possibilities of this technologywere shown, further investigations
are necessary to build up the right architecture for each application. Yet we know
that, for example, internal contacts, material hardening, ceramic fracturing, and the
projectile movement have an effect on the quality of the multi-threat protection. But
it is essential to know which internal processes, alone or in combination, are most
significant. To achieve this goal, additional tests with updated material combinations
will be tested soon at the French-German Research Institute of Saint-Louis (ISL).
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The Challenge of Open Cellular Metal
Foam Production

Christian Hannemann, Mandy Uhlig, Thomas Hipke and Iris Meier

Abstract Five years ago Fraunhofer-IWU started research in open cellular metal
structures as the potential applications increased based upon their exceptional proper-
ties. Heat exchangers, filters, and battery electrodes are examples of potential appli-
cations. As casted aluminum foams were in serial production and Fraunhofer in
close cooperation with the manufacturer, the interest was limited to prototyping
of individual foams especially in combination with solid regions for fixing, encas-
ing, or sub-division. New parameter combinations and technological processes were
developed and the advantages, limitations, and potentials are described within this
document. Alternatively, galvanic coating of PUR foams with copper, nickel, and
other metals is common, again buyable and state of the art. R&D activities related to
application development and adapted geometries not yet realizable by conventional
mass production will be shown. Investigations for graded strut-structures and cylin-
drical tube-like parts were intensified to reach serial production level. The lecture
represents investigations, results, dropped, and new approaches of all routes.

Keywords Foam · Open cellular · Salt ·Mold material

Background

About 5 years ago, Fraunhofer-IWU recognized an increasing demand on open cellu-
lar metal foams and lost the partner collaborating in that subject. Several production
technologies have been investigated to find the best suitable solution for customer
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applications and future fields of research. The market for these structures grows con-
tinuously especially because of the large inner surface. Heat exchangers, filter appli-
cations, and battery electrodes are just some examples of the potential applications.
As there have been casted aluminum foams available on the market, Fraunhofer-
IWU cooperated with m-pore GmbH in Dresden whenever asked for open cellular
aluminum. Worldwide there are only view manufacturers such as ERG Aerospace
Corporation in the US. After the partner m-pore was taken over by Mayser GmbH
& Co. KG, the production was temporarily stopped provoking own activities of the
Fraunhofer-IWU to establish a small prototypical production line for open cellular
structures and that way fulfill the customer demand. The technology used is identical
to the ERG or m-pore process and well described in literature [1, 6] and shown in
Fig. 1.

Challenge

Soon it was recognized that the technology for a serial production is far away from
being competitive if produced at an institute. An analysis of all relevant production
steps, engaged materials, and personal costs showed amaximum effect caused by the
mold material and as predicted the personal costs. As most of the production steps
are manual and hard to be automated, new approaches were needed. The internal
investigations of Fraunhofer-IWU resulted in a patent application in 2015 being
rejected because of similar attempts of the Fraunhofer-IFAM.A disclosure document
had been published shortly after the mentioned patent application [3]. Even with a
slightly different background, objective similarities were obvious. Anyway, it was
found that the conventional method is capable of a maximum production of about
1.000 m2/a.

The intention of technologymodification is based upon a high-pressure die casting
process in combination with an investment casting core. As the process is aiming
at identical final products, it starts with the same master pattern out of reticulated
polyurethane foam cut into the desired shape. The structure needs to be modified
and the cross shape of the struts enlarged by an automated wax coating and is then
enclosed into a ceramic plaster to create the mentioned core.

During the followed heat treatment, the mold is burned to its final condition
parallel to the elimination of the master pattern that is leaving a negative geometry as
hollow channels in the mold material. The heat treatment ends at a mold temperature
ready for the casting. One major difference of the conventional investment casting
technology is that the mold block shows a dimension just as the master pattern
(Fig. 2). That way all struts within the outer surface cause openings for the melt to
infiltrate the block during the followed casting. Themold block is placed in the cavity
of a pressure die casting mold that also contains the gating system. Afterward, the
mold is closed and filled by a low-velocity casting process. Evacuation of the mold
can support the filling as described in the Vacural process (Foundry T&E [4]) and
improve the infiltration. As common in the die casting the gate system can be used
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Fig. 1 Technological process of manufacturing open cellular aluminum foam

Fig. 2 Reduction of the required molding material to minimum size (conventional mold-left,
approach-right)
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Fig. 3 New approach as technological process of manufacturing open cellular aluminum foam

for robot handling to remove the casted part out of the die casting mold and finally
to remove the investment molding material from the structure. This process could
reduce the costs of the manufacturing to approximately 20% of the current state of
the art. Further advantages are increased reproducibility and decreased amount of
needed mold material to about one-third of the conventional technology (Fig. 3).

As common in die casting, the gate system is used for robot handling to unmold
and during the final removal of the investment mold material by high-pressure water
jet.

The described process could reduce the costs of the manufacturing to approx-
imately 20% of the current state of the art. There is a higher reproducibility and
the energy efficiency of the manufacturing increases. In addition, the invested mold
material is reduced to a third of the conventional process.

Current Production Status

The company Mayser stopped production of the open porous aluminum foam in the
end of 2018. That decision was caused by missing customer interest (based upon
the prices achievable with the used technology) and decreased personal capacities.
Currently there are large amounts of semi-finished foams available on stock and the
Fraunhofer-IWU is qualifying a new producer to establish an open cellular aluminum
foam production. Aside from the costs for the foam production, customers have been
questioned for application hesitations. One critical fact often mentioned relates to
the tolerances in reproducibility caused by the chemical foaming process of the PUR
being the major parameter for the predictability.

Approaches

Additive manufacturing is a booming technology that reaches almost all technical
fields from medical engineering, to automotive and even food industry. The biggest
advantage is the flexibility and freedom of geometry. In technical applications, 3D
printing is well established and state of the art. The largest potential in open cellular
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metal structures relates directly to the problem described above as it is possible to
design the cellular structure directly for the need of the application.

At the Fraunhofer-IWU, 3D wax printing has been used to realize cellular wax
structures as master pattern for investment casting. The almost unlimited freedom of
geometry resulted in many different constructions adapted to the future application
(Table 1).

All of the shown structures show the behavior of casted structures as they are.
There is no layer or staircase effect recognizable as the resolution of the printer is
16 µm.

In a project funded by the German Federal Ministry for Economic Affairs and
Energy, the heat transition inside the foam structure has been investigated. Especially
the effect of adapted geometry was in focus and simulated as well as practically
verified (Fig. 4).

During the project, lattice structures have been investigated with graded and
homogeneous strut-cross shape and the results are shown in Fig. 5.

At the moment, there are funding proposals running to the further development
of these structures aimed at a large serial production technology without additive

Table 1 Samples for cellular structures realized by 3D printing in combination with investment
casting

Name Pentamode
structure

Schwarz
D-structure

Schwarz
P-structure

Graded structure
(Kelvin cells)

Picture

Specific
parameter

Strut structure
specified to show
bending only in
intersections

Minimal surface
structure for
chemical
functionalization

Two divided
interlaced
volumes for
perfusion

Graded struts
from introduction
plate reduced to
half size cross
shape

Application Mechanical
sensor

Chemical water
treatment

Heat storage Heat exchange

Fig. 4 Analysis of pressure loss and heat transfer
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Fig. 5 Effect of graded strut geometry

manufacturing. That way the application development chain contains a prototyping
stage realized by 3D-printedwax pattern followed by a serial production of themaster
pattern in wax injection of the cellular structures finally in both cases resulting in
casted parts.

Another approach followed to establish and expand the open cellular aluminum
structures is dealingwith themajor cost factor: moldmaterial. A specialized develop-
ment ofmoldmaterial to fulfill all requirements for the open cellular foam production
will be part of a national project between the Fraunhofer-IWU and the Hochschule
Pforzheim. The focus will be at resource efficiency and recyclability as well as ways
to unmold the casted structures without mechanical deformation.

Especially the last argument is part of another approach that is currently under
investigation. There have been several customer demands for foam-filled pipesmean-
ing a tube-like structure that shows an open cellular structure inside. That way fluids
or gases can permeate the structure and react with the large surface of the foam
or exchange heat between the fluid and the enclosing shell also using the struts to
transfer the heat via the large contact surface. Conventional technologies are lim-
ited in depth to about 100 mm as the mold material is removed mechanically by
high-pressure water jet. Even supporting that process by chemical reactive additives
showed minor success. The part shown in Fig. 6 is casted in one piece including the
outer shell. That way the connection between cellular structure and shell is perfect
showing a perfect heat transfer.

With a length of 160 mm, a cross shape of 7 × 45 mm, and a wall thickness
of 1 mm, it stands for the reachable maximum in the conventional technology. The
sidewalls are meant to induce the heat into the system and shall be minimized but
still leakproof even with pressurized media running through. As the customer asked
for longer parts and an outer shell of 0,5 mm thickness, the order had to be refused
creating new demands for investigations.

It is common practice in the casting industry to work with cores to realize inner
geometries.Well knownare salt cores in sand and evendie casting [5, 8].As saltwould
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Fig. 6 Heat exchange
structure all cast in one piece

be dissolvable in water and that way could be eliminated out of the mentioned tube-
like structures, the idea of using salt as moldmaterial occurred. The first fundamental
tests show promising results even with conventional table salt.

The salt is ground and sieved into defined fracture sizes and several mold samples
have been realized. As known, salt is hygroscopic and tends to agglutinate. This
effect was used by moistening the slightly compacted salt crystals. After a drying
procedure depending on the degree of moisture, a solid mold block resulted. It was
found that with variation of the grain size the surface roughness could be tailored
from sand to investment casting quality (Fig. 7).

Fig. 7 Casted samples using different salt fractures
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Fig. 8 Samples of compacted salt (left: three-point bending test; right: salt-mold wax infiltrated)

With the applied NaCl there have been no chemical reactions in casting with
neither the tested tin nor aluminum. The feasibility of a partly mold material substi-
tution of the conventional plaster/ceramic type by salt for the manufacturing of open
porous structures is currently under investigation. To realize the infiltration of the
salt particles into the PUR structure, a fluid bed of salt followed by small vibration
compaction is used [2, 10]. Especially for the drying of salt these fluid beds are
common state of the art and in large serial use [7]. Some samples of the compacted
salt for property analysis are shown in Fig. 8.

The approach solves further problems described before. Once the salt is removed
by dissolution it can be recovered by water evaporation or another drying process
followed by new fracturing. That way the material costs are reduced to a minimum
and the environmental footprint is very limited.

The dissolving process happens within seconds and can even be supported by
ultrasound vibration. In the current molds, there have been no residuals left in the
top-level surface of the casted pieces or in undercuts. To control about remaining salt
in the casted structure, the water used for the dissolving can be tested by salt meters
available on the market recognizing even minimal amounts of ions in the water (e.g.,
PCE Deutschland GmbH [9].

There are several problems to be considered, such as the infiltration of model
wax into the salt structure (Fig. 8; right). This could cause inflammation during the
dewaxing process or while increasing the temperature for the casting and that way
easily extending above the melting temperature of the salt. Also the wetting of the
melt at the salt crystals seems to be excellent which can cause negative effects of
infiltration into the mold structure as well as positive effects of a high surface quality
depending on the grain size and density of the salt mold.
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Call for Cooperation

As described above, some of the approaches to regain someone into the producer’s
role have already started. Anyway, the topic and customers are pushing the develop-
ment and we are looking for partners/projects/funding to follow and further develop
all of the shown approaches.
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Part VI
Metal Foams in Thermal Systems



Investigation of Heat Transfer
Performance of PCM/Copper Foam
Composite Heat Sink for Electronic
Devices

Ratiba Sabrina Ferfera, Brahim Madani and Rafik Serhane

Abstract This experimental and numerical study is carried out in order to study
the thermal performance of a composite plate (paraffin/copper foam) intended to
cool portable electronic devices. In order to simulate the transport phenomena inside
the plate, a microcellular 3D model with cubic centered body shape for a single
cell is developed using COMSOLMultiphysics software. To calibrate the numerical
model, experimental transient temperature profiles are used as inputs. The effects of
the composite insert on heat dissipation are investigated and compared to other types
of heat sinks.

Keywords Heat transfer · Phase change material · Metallic foam · Experimental ·
Numerical simulation

Nomenclature

a Unit cube side, m
Cp Specific heat capacity, J kg−1 K−1

dp Pore diameter, m
H Latent heat, kJ kg−1

h Free convective coefficient, W m−2 K−1

k Thermal conductivity, W/m K
T Temperature, K
Tm1 PCM melting area lower temperature, K
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Tm2 PCM melting area upper temperature, K
t Time, s
x, y, z Cartesian axis direction, m

Abbreviations

PCM Phase Change Material
MF Metallic Foam
BCC Body-Centered Cubic

Greek Symbols

β Thermal expansion, 1 K−1

ε Porosity
θ Liquid fraction
μ Dynamic viscosity, Pa s
ρ Density, kg m−3

ω Pore density, PPI

Index and Exponent

0 Initial—ambient
l Liquid
s Solid

Introduction

Due to the rapid development of the economy, industry, and human activity in general,
energy consumption has increased significantly in recent years. Obviously, thermal
energy storage can reduce the mismatch of the energy supply and energy demand
[1]. Latent heat storage through the use of phase change material (PCM) is regarded
as one of the most effective and attractive thermal energy storage methods [2]. This
is due to its large heat storage capacity as it involves the fusion latent heat and a
nearly constant temperature during the phase change process. Phase changematerials
(PCMs) are widely utilized in many applications, such as in building industries [3]
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and solar thermal application [4]. Also, note that there are many recent applications
of PCMs for the thermal management of portable electronic devices [5, 6].

However, PCMs present a major disadvantage, their very low thermal conductiv-
ity, which causes poor heat diffusion of the heat sinks. Many researches are carried
out to improve the thermal conductivity of PCMs. Therefore, many solutions have
been adopted, as addition of graphite powder [7], carbon fibers and nanocarbons [8],
fins [9] or metallic foams [10, 11].

Open cellmetallic foams are known to havemany interesting thermal andmechan-
ical properties: low density, high permeability, and high thermal conductivity [12].
For these reasons, the PCM/metal foam (PCM/MF) composite is promising in
electronic devices’ thermal management application.

The aimof thiswork is to determine experimentally the effects of adding PCM/MF
composite material on heat sink’s thermal performances. In this case, a paraffin with
melting point from 42 to 48 °C and latent heat of 160 W/m K is chosen as the PCM
to impregnate in a copper foam with a porosity and a pore density of 96.1% and 10
PPI, respectively. The obtained results are compared to heat sinks equippedwith pure
paraffin and an empty copper foam.Amicrocellularmodel like a body-centered cubic
geometry (BCC) is developed using the COMSOLMultiphysics Software. The wall
temperature which has been obtained experimentally is used as a boundary condition
in CFD simulation.

Experimental Procedure

Experimental Setup

Figure 1 shows the schematic of the setup to study the heat transfer performances of
the heat sink equipped with the copper metallic foam (with porosity of 96.1% and
pore density of 10 PPIwhich is provided by POROMETAL®) infiltratedwith paraffin
wax as a PCM (with latent heat of 160 kJ/kg K andmelting temperature from 42 to 48
°C). Themass of paraffin used in this experiment for the two cases of pure paraffin and
PCM/Cu foam composite are 17 g and 7.85 g, respectively. The properties of copper
and PCM are listed in Table 1. Regarding the apparatus, it consists of a Plexiglas
box, for containing the composite sample of 80 × 50 × 5 mm3 as volume and the
heat source plate. An empty space of 10 mm is left between the upper surface of the
sample and the box to prevent the volume expansion of the melted paraffin. Three
K-type thermocouples are used to measure the transient temperature of the PCM/MF
composite sample and the heater; their positions are shown in Fig. 1. The transient
temperature data are recorded using data acquisition system (DAQ) and stored in
computer memory for analysis.



164 R. S. Ferfera et al.

Fig. 1 Schematic
illustration of the
experimental apparatus in
the left and thermocouple’s
position in the right

Table 1 Paraffin and copper properties

ρ (kg m−3) K (W m−1

K−1)
Cp (kJ kg−1

K−1)
Tm1, Tm2 (°C) H (kJ kg−1)

Paraffin 880 0.2 2000 42–48 160

Copper 8920 380 380 –

Experimental Results and Discussion

Figure 2 compares the transient temperature of the heat source for several cases:
isolated and bonded to three different heat sink plates (copper foam, pure paraffin
and composite PCM/MF), for a duration of 8000 s heating process. It is shown that

Fig. 2 Heat source transient
temperature
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the temperature of the heat source without the heat sink plates increases faster than
that equipped with heat sink plates, reaching temperature of 85 °C during charging
process. The copper foam insert drops the heat source overheating by 6.4 °C com-
pared to the isolated heat source case. Unfortunately, the heat source with empty
copper foam reaches the temperature of 75 °C, which is still too high for electronic
components. For pure paraffin and PCM/MF composite as heat sinks, the overheat-
ing of heat source dropped by 22 °C and 23.5 °C, respectively. Note that the fatidic
temperature of 60 °C during charging process is not reached in these two cases. The
rate of the heat dissipation improvement reached 34%. Regarding the heat dissipa-
tion and the overheating prevention of the heat source, the figure shows insignificant
difference whether pure paraffin or PCM/MF is used as a heat sink. However, the
actual effects of the PCM/MF insert are given in the section below.

The difference in temperature between the heat source and heat sinks at different
locations of thermocouples is shown in Fig. 3.�T1–2 and�T1–3 refer to the difference
in temperature between the heat source (thermocouple T1) on one hand and the two
facets of the samples on the other hand: the heated one (thermocouple T2) and the
opposite one (thermocouple T3). For pure paraffin, �T1–2 and �T1–3 are of 1.9 °C
and 9.9 °C, respectively. �T1–3 for pure paraffin is highest due to the paraffin’s low
thermal conductivity, which prevents the heat diffusion through the plate heat sink.
For �T1–2 and �T1–3 with PCM/MF composite, they are equal to 1.1 °C and 3.8 °C,
respectively. The PCM/MF composite improves greatly the heat dissipation through
the heat exchanger by about 62%. This is due to the improvement of the thermal
conductivity by copper in the composite material insert.

Fig. 3 Temperature
difference between the heat
source and heat sinks at
different locations of
thermocouples
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Fig. 4 Schematic representation of a BCC shape b 3D model of paraffin impregnated in a copper
foam

Numerical Simulation

Geometric Configuration and Boundary Conditions

In thiswork, themetallic foam cell is considered having a body-centered cubic (BCC)
shape. In order to obtain the BCC shape for the idealized cell, it is assumed that the
pore diameter is spherical, and an eighth sphere (diameter of d) is subtracted from
each corner of a unit cube (side of a) and a sphere from the center of the unit cube,
as shown in Fig. 4a. To have an open unit cell, the sphere diameter must be greater
than the unit cube side.

The geometry of the 3D model is composed of two unit cells with body-centered
cubic (BCC) shape for each one. The cells are made from copper foam incorporated
with paraffin, as shown in Fig. 4b. Two copper plates are added on both faces of the
composite. The heated wall in the left side is submitted to the transient temperatures
profile which is obtained experimentally. To take into account the heat losses, the
opposite wall is supposed to be exposed to a free convection stream with a con-
stant convective coefficient of h0 = 2.5 W/m2 K at room conditions of pressure and
temperature. Due to the symmetry and direction of the heat flux in the x-axis, the
sidewalls are assumed to be adiabatic and the non-slip condition is applied at box
walls in contact with the paraffin liquid phase.

Governing Equations

The governing equations in this heat transfer study include liquid paraffin continuity
equation (see Eq. 1), liquid paraffin momentum equation (see Eq. 2), thermal con-
duction and convection in paraffin (see Eq. 3), and thermal conduction in copper
ligaments (see Eq. 4).
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ρl
∂U

∂t
+ ρl(U · ∇)U = 0 (1)

ρl
∂U

∂t
+ ρl(U · ∇)U = −∇.[p + μ(∇U )] + ρl gα(T − T0) (2)

ρl

(
CPf + H

dθ

dT

)
∂T

∂t
+ ρlCplU · ∇T = ∇ · (kl∇T ) (3)

ρsCps
∂T

∂t
= ∇ · (ks∇T ) (4)

The phase change process of the paraffin is characterized by the variable θ given
in Eq. 5. Note that this variable represents the fraction of paraffin in liquid phase.

θ =

⎧⎪⎨
⎪⎩
0, T < Tm1
(T−Tm1)

(Tm2−Tm1)
, Tm1 ≤ T < Tm2

1, Tm2 ≤ T

(5)

Mesh Sensibility and Methods

3D model geometry and heat transfer simulation are made with COMSOL Mul-
tiphysics Software. The calculation is performed using the finite element method
(FEM). Mesh sensitivity is studied by using several tetrahedral elements’ number of
34759, 66363, and 122060 with a time step of 0.1 s. The average errors between the
first and the second mesh grids and the second and the third mesh grids are 0.66%
and 0.07%, respectively. Then 66363 domain elements number is considered enough
to ensure the convergence and computing precision. The convergence of the solution
is verified at each time step and the iterations were stopped when the maximum
difference between two successive iterations is less than 10−2.

Numerical Results

Figure 5 shows a comparison between the numerical results and experimental data for
the PCM/MF composite material. The symbol “x” denotes the horizontal coordinate
of the numerical model and the heat flux direction. The coordinates x = 0 mm and
x = 5 mm refer to T2 and T3 positions, respectively. The obtained experimental
temperatures of PCM/MF composite at T2 position are supposed as a boundary
condition in x = 0 mm, where numerical and experimental temperature curves are
taken equals. For the opposite face of PCM/MF composite (in x = 5 mm), both
numerical and experimental results show that PCMs begin to melt around t = 2500 s
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Fig. 5 Numerical versus
experimental results for
PCM/MF composite

and the phase change is completed approximately at t= 7000 s, and a good agreement
between them is achieved. Also, it can be seen that the results are closed to each other
with a maximum and an average relative variation of 5.3% and 1.8%, respectively.

To understand the heat transfer through the composite material, the transient
temperature field for PCM/MF,with porosity of 96.1%and pore diameter of 2.45mm,
is shown in Fig. 6. By observing the temperature field profile at different moments
from 2800 to 3100 s, one can easily note that the heat diffusion is faster in copper

s0092=ts0082=t

s0013=ts0003=t

Fig. 6 Paraffin melting front imbedded in copper foam (ε = 98%, dp = 2.5 mm) for different
moments
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foam than in paraffin, and this is due to the high thermal conductivity of copper.
Consequently, the paraffin fusion front is not uniform in this case of composite heat
sink especially for the advanced times.

Conclusion

In this study, the heat transfer through a paraffin/copper foam composite which is
used as a heat sink is investigated experimentally and numerically for electronic
devices. In the experimental setup, the paraffin/copper foam composite is heated
to permit paraffin changing state from solid-to-liquid phase. The obtained results
show that PCM/MF composite material drops the heat source overheating by about
34% compared to the case without heat sink device. In addition, the composite
material improves heat diffusion by about 52% compared to the pure paraffin case.
A microcellular model as a body-centered cubic geometry (BCC) is developed using
the COMSOL Multiphysics Software. The obtained numerical results are found in
good agreement with the experimental data and show that the insertion of the copper
foam is good to improve the heat distribution inside the microcellular composite
model.
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Cooling of PEM Fuel Cell Stacks Using
Open-Cell Metal Foam

Ali A. Hmad and Nihad Dukhan

Abstract For safe and efficient operation of the proton exchange membrane fuel
cell (PEMFC), effective thermal management is needed. This study presents the use
of aluminum foam in PEMFC’s thermal management using forced air. An analytical
study was performed using a bipolar plate air-cooled channel to examine the effects
of operating temperatures on fuel cells and to study heat transfer and temperature
distribution in the stack. In the simulation, the heat transfer and fluid flow for a
thin layer of metal foam inserted between two bipolar plates of fuel cell stack were
simulated using ANSYS-Fluent 19.2, and both the local thermal equilibrium and
the local thermal non-equilibrium assumptions were applied. The outcomes, such as
pressure drop through porous medium per plate length and plate maximum temper-
atures, were calculated. The temperature profile distributions were drawn, and the
comparison between two models was investigated. Based on this simulation, a new
design was provided to improve the thermal design of an air-cooled fuel cell by using
metal foam.

Keywords Metal foam · Bipolar plate · PEM fuel cells · Air cooling · 2D
simulations

Nomenclature

Cp Heat capacity of fluid (J/kg K)
K Thermal conductivity (W/m K)
Pr Prandtl number of air (dimensionless)
ppi Number of pores per inch
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Rep Reynolds number (dimensionless)
dp Pore diameter (m)
C Inertial loss coefficient (m−1)
�p Pressure drop (pa)
L Sample length in flow direction (m)
hsf Interfacial heat transfer coefficient (W/m2K)
qh Heat flux (W/m2)
T Temperature (K)
V Inlet fluid velocity (m/s)
ke Effective thermal conductivity (W/m K)
u Average velocity (m/s)
x Axial coordinate along the flow direction (m)
y Transverse coordinate along foam sample (m)

Greek symbols

σ Surface area density
ρ Density of fluid (kg/m3)
E Porosity
μ Dynamic viscosity (kg/m.s)

Subscripts

f Fluid
s Solid

Introduction

Fuel cells with a higher power density produce excess heat, which needs to be
removed. When the waste heat in Proton Exchange Membrane Fuel Cells (PEM-
FCs) rises, it dries the membrane out and increases the ohmic resistance [1]. Des-
ignable thermal management system needs to be applied; different heat-removing
cooling systems are used in PEMFCs [2]. The current cooling systems are designed
to have channels machined in the bipolar plates located on both sides of cathode and
anode with circulated coolants [3]. Thus, evaporative cooling methods are used to
inject water as a liquid directly into the system to keep the membrane cooled and
humidified [4]. Lately, heat pipe systems have been considered in PEMFC thermal
management [5]. Dukhan and Chen [6] experimentally and analytically studied the
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heat transfer for different cases of metal foam with different properties and at varied
velocities subjected to heat flux from the top. Generally, modeling porous medium in
heat transfer is done using two methods. First is the local thermal equilibrium (LTE)
assumption, in which the fluid and solid have similar temperatures. This model uses
only a single energy equation. Second, the thermal method is the local thermal non-
equilibrium model (LTNE) assumption in which the two-model equation is utilized
[7]. The following studies demonstrate how these methods are applied.

More specifically, metal foams have been used in PEMFC fuel cells to enhance
heat transfer. The heat equation had been solved by Shimpalee and Dutta [8] when
they designed a 3D model to study the distribution of temperature inside a PEMFC
channel. Another 3D model was designed by Sinha and Wang [9] analyzed heat and
current transport in a stack single channel and studied the effect of high operating
temperature on the performance of PEMFC. Odabaee et al. [10] investigated the pos-
sibility of using metal foams with air-cooled systems in PEM fuel cell system appli-
cations instead of using the water-cooled heat exchangers system. Santamaria et al.
[11] investigated numerically and experimentally a coolingmicro-channel filled with
nickel foam for PEMFC. Significantly, the temperature drop in nickel foam micro-
channel model was detected. Recently, Vazifeshenas et al. [12] studied the effect of
usingmetal foamwith different porosities inserted in the PEMcooling channel on the
stack performance. The results proved that utilizing metal foam increased the heat
transfer and pressure drop. This study presents a simulation of the air-cooled channel
filled with metal foam to examine the enhancement of heat transfer and pressure drop
through the porous media and to evaluate the effects of operating temperatures on
stacks. The study also investigates the difference between the local thermal equilib-
rium model (LTE) and the local thermal non-equilibrium model (LTNE) in forced
convection flow cross metal foam.

Modeling

Geometry

The schematic view of a 2D simple air channel filled with metal foam was built as
shown in Fig. 1. All shoulders between air channels were removed and filled with
aluminum foam at both sides of the anode and cathode. Air was forced into the inlet

Fig. 1 Schematic view of a
simple air channel filled with
metal foam
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Table 1 Metal foam properties

Material Pores per inch
(ppi)

L × W × H
(mm)

Porosity
E (%)

Pore diameter
dp (mm)

Aluminum 40 50 × 50 × 5 60, 70, 80, 90 0.625

through the metal foam, and constant heat flux was subjected to the heated plate.
Metal foam properties are described in Table 1.

Governing Equations

Continuity equation:
For the continuity equation, the fluid flow was supposed to be steady and

incompressible through the porous region. The continuity equation is given by Eq. 1.

∂u

∂x
= 0 (1)

Momentum equation:
The steady state of momentum equation is represented by Eq. 2.

∂P

∂Y
+ μ∂2u

ε∂x2
− μ

k
u = ρ f

k
u2 = 0 (2)

where E and k are the porosity and the permeability of the medium, respectively. It
was observed that both third and fourth terms in Eq. 2 represent the pressure drop.

Thermal equations:
LTE model:
The single energy equation is used in this assumption. The effective thermal

conductivity of the metal foam ke affects the results of energy equation in the LTE
model. The energy equation is given by Eq. 3.

(
ρCp

)
f u · ∂T

∂Y
= ke

(
∂2T

∂y2
+ ∂2T

∂x2

)
(3)

LTNE model:
Fluid and solid energy equations for LTNE model are given by Eqs. 4 and 5.
Energy equation for fluid:

εk f

[
∂2T f

∂y2
+ ∂2T f

∂x2

]
+ hs f σ

(
Ts − T f

) = 0 (4)

Energy equation for solid:
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(1− ε)k f

[
∂2Ts
∂y2

+ ∂2Ts
∂x2

]
+ hs f σ

(
T f − Ts

) = 0 (5)

where hsf is the interfacial heat transfer coefficient and σ is the interfacial area density.

Boundary Conditions

Channel inlet:

u = uin and Tf = Tin (6)

Symmetry wall:

∂T f

∂y
= ∂TS

∂y
= 0 (7)

Heated base:

qh = −k f
∂T f

∂y
= −ks

∂Ts
∂y

(8)

Channel outlet:

∂T f

∂x
= ∂Ts

∂x
= 0 (9)

Numerical Model

Physical Geometry

To provide an example of air flow through porousmedia, a simulationwas built. A 2D
typical geometry was created in ANSYS-Fluent 19.2 to investigate the pressure drop
and temperature distribution. A rectangular channel of metal foam filled between
two heated plates of aluminum with dimensions of 50 mm × 5 mm was designed.
Air was forced to flow in the x-direction through a 40 ppi aluminum foam.

LTNE Modeling

A solid zone that is spatially coincident with the fluid zone had to be created.
Both interfacial area density and heat transfer coefficient were calculated and man-
ually entered in CFD to solve the thermal equations. Permeability and inertial loss



176 A. A. Hmad and N. Dukhan

Table 2 Permeability, inertial loss coefficient, and surface area density for 40 ppi metal foam

Pores per inch
(ppi)

Porosity
E (%)

Permeability K (m2) Inertial loss
coefficient C (m−1)

Surface area density
σ (m2/m3)

60 3.51E-09 483.84 2943.56

40 70 9.92E-09 576.24 2743.74

80 3.33E-08 573.44 2462.12

90 1.89E-07 408.24 1980.68

coefficient also needed to be calculated according to Eqs. 10 and 11.

K = ε3D2
p

150(1− ε)2
(10)

Iner.Resis = 3.5(1− ε)

Dpε3
(11)

Dukhan and Chen [6] calculated the interfacial area density for 40 ppi of metal
foam. They used a correlation provided by ERG Materials and Aerospace given by
Eq. 12.

σ = 694.57 ln(1− ε) + 3579.99 (12)

where σ is the surface area per unit volume of the foam. Both interfacial area density
and heat transfer coefficient needed to be calculated and manually entered in CFD to
solve the thermal equations. Kuwahara et al. [13] numerically studied the coefficient
of interfacial convective heat transfer in porous media given by Eq. 13.

hsf = k f

dp

[
1+ 4(1− ε)

ε

]
+ 1

2
(1− ε)1/2Re0.6p Pr1/3 (13)

Table 2 shows the permeability, inertial loss coefficient, and surface area density
for 40 ppi metal foam.

Results and Discussion

Pressure Drop Per Length

In this study, the permeability and form drag coefficient were important parameters
to measure the pressure drop across metal foam. The measurements of pressure drop
across the metal foam are calculated at different velocities from 0.2 m/s to 3 m/s and
used Forchheimer equation as given by Eq. 14.
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Fig. 2 Pressure drop per length of 40 ppi for different inlet fluid velocities and porosities

�p

L
= μ

k
V + ρCV 2 (14)

where K and C are the permeability and form drag coefficient, respectively. Figure 2
shows the pressure drop differences per length at different inlet fluid velocities.
Comparing the pressure drop between the four cases, the pressure drop at 60%
porosity is higher compared to only half that amount at the same inlet velocity.

In the second case with porosity of 70%, it can be observed that pressure drop
is correlated with metal foam porosity. A high flow resistance is accrued when the
channel is filled with 6101-T6 aluminum foam, which shows a higher pressure drop
due to its low porosity and low permeability. That means an increase in porosity of
aluminum foam results in lower pressure drop.

LTNE Results

The homogeneous 40 ppi aluminum alloy 6101-T6 foam was chosen to be modeled,
with porosities of 60, 70, 80, and 90%, and inlet velocities from 0.2 to 3 m/s. The
safe range of operating temperatures is from 328 to 363 K. Figure 3 illustrates the
temperature distribution for 40 ppi with 60% porosity at inlet velocities 2 and 2.6 m/s
increasing the velocity from 2 to 2.6 m/s and decreasing the heated plate temperature
to 5 degrees in temperature difference.

Figure 4 shows the maximum plate temperatures for the four cases; the model
with porosity of 90% has the largest range of temperature difference between the
inlet and outlet channels. The fluid velocity and heat transfer between metal foam
and the air dropped the maximum plate temperatures to the safe range. The heat
absorption in the flow region increases with the increase of the fluid flow through the
metal foam. The effect of porosity was clearly observed, and increasing metal foam
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Fig. 3 The temperature profiles for 40 ppi with 60% porosity at inlet velocities 2 and 2.6 m/s

Fig. 4 Maximum plate temperatures at different inlet velocities for 40 ppi with different porosities

porosity increases the temperature difference between inlet and outlet temperatures
which resulted in more heat being absorbed into the metal foam region.

Comparison Between LTE and LTNE Models

The results also showed the difference between LTE and LTNE models, when it
comes to the plate temperature along the channel length. In the LTE model, both air
flow and plate temperatures were almost similar.
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Conclusion

The performance of using a bipolar plate air-cooled channel filled with metal foam
was analytically studied. A 2D model was built to examine the effects of operating
temperature on PEM stacks, and to study heat transfer and pressure drop through
the foam. Utilizing 40 ppi aluminummetal foam with different porosities to evaluate
the pressure drop and heat transfer. The metal foam thermal properties, such as the
permeability and inertial coefficient, were calculated analytically. The model was
built to investigate using metal foam in thermal management of PEMFC. The results
showed that comparedwith LTE andLTNEassumptions, the air-cooled channel filled
withmetal foam significantlymaintains the operating temperatures for PEMFC stack
within the safe range. The newmodel can be applied to direct the guidance for future
experiments to optimize the thermal management of fuel cell stacks.
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Cylinder-Pack Modeling of Open-Cell
Metal Foam for Flow and Heat Transfer

Nihad Dukhan and Omer Saad

Abstract Because of its morphology, accessible huge surface, and high porosity,
open-cell metal foam has been investigated for flow and heat transfer applications.
Capturing the actual knotted internal structure of the foam is rather expensive and
time-consuming. Some researchers have relied on geometrical idealization of the
actual structure in order to save on computational time and cost. However, some of
these idealizations are ad hoc and often do not necessarily exhibit intimate relation-
ship to the actual foam, especially in terms of key properties that control flow and
heat transfer in the foam. This study investigates certain staggered arrangement of
thin vertical cylinders that can provide the same transport effects as a given foamwith
knownmorphology. The average cell diameter, surface area density, and porosity are
used to describe the foam. The transverse pitch of the cylinders is chosen such that
the surface area density of the foam and that of the cylinders is equal. The diagonal
pitch is determined based on the staggering arrangement of the cylinders, while the
diameter of a typical cylinder is calculated from the porosity of the foam. By found-
ing a robust, yet minimal, technique for representing the complex morphology of the
foam, substantial savings in computational time and effort will be realized.

Keywords Metal foam · Geometric modeling · Flow · Heat transfer

Introduction

Metal foam’s production methods, properties, and applications have been covered in
[1]. The open-cell type foams have high porosity, permeability, thermal conductivity,
and surface area density. The web-like internal structure of metal foams promotes
mixing through flowing fluids. As such, metal foams are attractive for heat transfer
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enhancement systems. Flowand heat transfer inmetal foamhave been investigated by
many researchers. One of the experimental studies regarding flow and pressure drop
is [2]; as for experimental heat transfer in metal foam, [3–5] should be consulted.
Flow and heat transfer in metal foam have also been investigated numerically by
solving the governing of momentum and energy equations. One approach is to solve
these equations at the microscopic level over the actual internal structure of the
foam (captured by microcomputed tomography), see for example [6, 7]. The other
approach is to solve a macroscopic form of the governing equations obtained by
the so-called volume averaging technique, e.g., [8–10]. Both of these methods are
expensive in terms of cost and computational time.

A third approach is to solve the microscopic equations over a simplified geomet-
rical model of the internal structure of the foam. Current geometrical modeling of
metal foam involves complex geometries such as the tetrakaidecahedra (a 14-sided
figure having 6 quadrilateral and 8 hexagonal faces). Other “simpler” geometric
cells can be found in [11–13]. Typically, geometrical modeling studies consider one
or only few cells in the flow direction, which is not sufficient for capturing entry
and boundary effects. The solutions over these models are also time-consuming and
computationally expensive.

In this paper, a simple geometrical modeling techniques is described, which elim-
inates some of the issues described above. Because of ease-of-use aspect of the
proposed technique, studying flow and heat transfer will indeed become more acces-
sible to a wider range of engineers and scientist, which will proliferate the use of
such materials. As a matter of fact, the new technique, once validates, can be used
to custom design new metal foams with tailored properties for targeted applications.
The new modeling can easily accommodate larger domains of metal foam, which
leads to more realistic results.

The Cylinder-Pack Model of Open-Cell Metal Foam

When open-cell metal foam is attached to a heated surface, the thin ligaments of
the foam provide obstructions to any low. They also conduct heat from the heated
boundary, which is subsequently transferred to the moving fluid by convection. The
ligaments of metal foam have small diameters compared to cell diameter. For exam-
ple, for a 97% porous aluminum foam having 10 pores per inch (ppi), the ligament
diameter is 410 µm, while the cell diameter is 6900 µm [11]. Therefore, the actual
structure of the foam, Fig. 1, can be represented by thin solid cylinders attached
to the solid surface. This representation is kept intentionally simple in order to be
accessible to a large audience and be easily applied. Thermophysical properties of
the cylinders must be the same as those of the foam. The heights of the cylinders
must be greater than the thickness of the momentum and thermal boundary layers.

Given a commercial open-cell metal foam having a porosity εFOM and a surface
area density σFOM, an equivalent cylinder pack can be found. A choice (to be verified)
of how the cylinders should be arranged can also be made, Fig. 2. For the choice of
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Fig. 1 Actual internal
structure of open-cell metal
foam

Fig. 2 Equilateral triangle
arrangement

equilateral triangle staggered arrangement of thin vertical cylinders, the equivalent
system is fully described by the diameter of a cylinderD anddiagonalSD, longitudinal
SL and transverse ST pitches.

Figure 3 shows a top view of an equivalent cylinder pack bounded at the bottom
by a solid wall and having width W, length L, and height H.

Through geometrical arguments and equivalency conditions imposed on the
system, the diameter of a cylinder is obtained as

D = 4(1 − εFOM)

σFOM
(1)

and the diagonal pitch is given by

SD = 2

σFOM

√
2π(1 − εFOM)√

3
(2)
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SL

ST

SD

SL

ST

Fig. 3 Top view of a surface covered with a cylinder-pack model

For equilateral triangle arrangement

SD = ST = (2/
√
3)SL (3)

From Eq. 3, the remaining two pitches are

SL = 1

σFOM

√
2
√
3π(1 − εFOM) (4)

ST = 2

σFOM

√
2π(1 − εFOM)√

3
(5)

Note that in the last four equations, D, SD, SL, and ST (the complete description
of the cylinder pack) are expressed in terms of the foam’s porosity εFOM and surface
area density σFOM only.
Example
As an example of how a commercial open-cell aluminum foam is represented by a
set of cylinders, consider a block of open-cell aluminum foam having 20 pores per
inch (ppi) brazed to a solid aluminum base. Let the dimensions of the cross section
of the foam beW = 10.16 cm (4 in.) andH = 10.16 cm (4 in.). The length in the flow
direction is L = 5.08 cm (2 in.). The block is brazed to a 3-mm-thick solid aluminum
base. The porosity is 78.2%, which can be determined by comparing the weight of
foam to the weight of an equivalent volume of solid aluminum alloy from which the
foam is made. The surface area density is available directly frommanufacturers, e.g.,
for open-cell aluminum foam having 20 ppi [14]:

σFOM = 442.20 ln(1 − εFOM) + 2378.62
(
m2/m3

)
(6)
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Fig. 4 An equivalent
cylinder-pack model for a
heat sink metal foam heated
from the bottom

The equivalent cylinder pack representing this foam block is obtained using Eq. 6
and represented in Fig. 4. The diameter of each cylinder is 0.41 mm, and diago-
nal, SD longitudinal SL, and transverse ST pitches are 1.371, 1.187, and 1.372 mm,
respectively.

The aluminum block is acting as a heat sink (heated from the bottom with a
constant heat flux of 29900 W/m2) and is cooled by air. The cross-sectional area
is open to the flow, while all other sides are insulated. The cylinder pack can be
imported into a package, i.e., ANSYS, and the heat transfer problem can be solved.
To save time, and due to symmetry, only a thin representative unit having width of
1.372 mm and a height of 50 mm and the full length in the flow direction 50.8 mm
was solved. This segment includes 21 cylinders and is shown after meshing in Fig. 5.
The mesh for the geometry has 100204 nodes and 117717 elements.

Numerical Results

For an inlet air temperature of 300 K and a velocity of 2.5 m/s, Fig. 6 shows the solid
cylinders’ temperature as a function of Y (distance from the heated base) at three
different axial locations form the inlet X = 6.53 mm, 19.05 mm, and 31.75 mm.
The same information is given for a velocity of 2.71 m/s in Fig. 7. It is clear that the
temperature behavior at the qualitative level makes sense. The temperature decreases
as the distance from the heated base increases. Also, the temperature increases in the
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Fig. 5 A representative section as a solution domain with meshing
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Fig. 6 Temperature distribution for the tube bank at different axial locations for velocity 2.5 m/s
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Fig. 7 Temperature distribution for the tube bank at different axial locations for velocity 2.71 m/s

flowdirection due to continuous heating of the cooling air as it travels through the heat
sink. Nonetheless, direct comparison to heat transfer data in metal foam is needed in
order to establish the validity of the modeling approach. Such comparison may lead
to ways of improving the model and/or calibrating it. Issues of the permeability and
tortuosity may need to be addressed for the foam and the cylinder pack. The effective
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thermal conductivity and the convective heat transfer coefficient for the foam and
the cylinders also need to be considered.

Conclusion

The internal structure of open-cell metal foam has been represented by a cylinder
pack or pin-finned surface in equilateral triangle arrangement. The modeling method
retains key features of the foam, e.g., volumetric porosity and surface area density.
The numerical solution of the heat transfer problem in the fins showed reasonable
behavior in terms of dependence on distance along the flow direction and from the
heated base. The modeling technique needs to be validated by direct comparison to
experimental heat transfer data in metal foam. Also, the pressure drop needs to be
investigated and compared to actual experimental data for flow through metal foam.
As such, the model may require adjustment and or calibration in order to produce
matching results for actual metal foam.
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Influence of Metal Foam Insert Within
a Methanol Steam Reformer

Abou Horeira Abaidi and Brahim Madani

Abstract The aim of this work is to study the influence of the insertion of metallic
foam in a methanol steam reforming reactor for the production of hydrogen. This
work is focused on two configurations: a reactor with andwithout metal foam. This is
a numerical study carried out under Fluent-Ansys software. Temperature and species
profiles within the reactor are given. The results show that the metal foam insert
improves the efficiency of the reactor by 16%.

Keywords Methanol steam reformer · Metallic foam · Intensification of heat and
mass transfers

Nomenclature

n1, n2, n3 Exponential indexes (–)
C Specific heat, (J kg−1 K−1)
Cf Inertial coefficient (–)
D Mass diffusion (mol m−2 s−1)
E Activation energy (J mol−1)
h Height (m)
K Permeability (m2)
k0 Pre-exponential factor (molCH3OHkg

−1
cat s

−1 kPa−Σni)
L Length (m)
Le Lewis number (–)
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P Pressure (Pa)
Pi Partial pressure (Pa)
r Reaction rate (mol m−2 s−1)
R Universal gas constant (J mol−1 K−1)
S Source term (m3)
Si Rate of chemical appearance and disappearance (mol m−2 s−1)
T Temperature (K)
u Axial velocity (m s−1)
v Transverse velocity (m s−1)
w Mass fraction (–)

Greek Symbols

μ Dynamic viscosity (kg m−1 s−1)
ρ Fluid density (kg m−3)
ε Porosity (–)
ν ′′ Stoichiometric coefficient of product species (–)
ν ′ Stoichiometric coefficient of reactant species (–)
λ Thermal conductivity (W m−1 s−1)

Subscripts

e Effective
f Fluid
i, j Reactant and product components
s Solid

Introduction

Metal foam is an ideal prerequisite for the construction of heat exchangers. Their
porosity up to 95% facilitates the passage of gases and liquids. So that the large
pore exchange surface of the metal foam with the good conductivity of the metal
allows the transmission of a large amount of heat and a weak resistance to the flow.
Many papers used themetal foam for intensification of heat andmass transfers within
multifunction exchangers. Authors in [1] found that the macro-patterned design is
a promising strategy for significantly improving the temperature distribution in a
methane steam reforming reactor. The work in [2] consists of cascading metal foams
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which were used as catalyst supports for constructing a new type of cylindrical lami-
natedmethanol steam reformingmicroreactor for hydrogen production. The obtained
results show that when the PPI of the metal foam was increased from 50 to 100, both
the methanol conversion and the H2 production increased gradually. The study in
[3] concerns the influence of the cell density of a series of metal monoliths on the
performances of a methanol steam reformer “MSR”. Here, the metal monoliths are
used as supports of Pd/ZnO catalyst with variable quantities. The results indicate
that the conversion increases with increasing size of the channels that are accompa-
nied by a decrease in the monoliths cell density, and in addition they have observed
that the thermal conductivity increases with increasing cell density and the average
temperature increases with decreasing thermal conductivity. The results in [4] indi-
cate that even though there is no significant improvement in methanol conversion
with increasing catalyst layer thickness, a greater catalyst layer thickness provides
the advantage of reducing high temperature elevations across the reformer length.
The methanol steam reforming intensification to enhance the hydrogen production
in a multi-channel block type micro-reformer was studied in [5]. The effects of the
operating parameters such as reforming temperature, space velocity, and catalyst
layer thickness on reforming performance have been investigated. For an optimized
design and operating conditions, a reformer unit with a volume of 8 cm3 produced
170 LH2/h containing on dry basis 75.0% H2, 23.5% CO2, 0.06% CH3OH, and
1.44% CO at 648 K allowing the production of 218–255 W by using a commercial
PEMFC with 80% hydrogen utilization. The results in [6] show that the quantities
of the converted methanol and the produced hydrogen increase when the inlet steam
to carbon ratio (S / C) is increased. These quantities reach their maximum values for
S / C = 1.4. Higher heat supply and the use of more narrow channels all increase the
methanol conversion and hydrogen molar flow rate. In addition, Settar et al. [7] have
presented a numerical study on the improvement of the performances of a methane
steam reforming reactor. The obtained results show that the combination between
the catalyst arrangement and the metal foam insertion improves the methanol steam
reformer efficiency by approximately 44.6%.

The aim of this work is to study the effects of metallic foam insert on the per-
formances of a methanol steam reformer which is intended to produce hydrogen,
from heat and mass transfer and efficiency points of view. The simulation will be
conducted using Fluent-Ansys software.

Description of Physical Model

The reactor is 2D model, and it is represented in Fig. 1. It is 10 mm of length and
0.6 mm of height. The direction of flow is along the x-axis and the upper wall where
the catalyst is located is defined as an active wall. The lower wall is taken adiabatic.
For those simulations, we suppose the temperatures at inlet and the upper walls are
120 °C and 180 °C, respectively. The velocity at the inlet is equal to 0.1 m/s, and the
operation pressure is the atmospheric pressure.
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Fig. 1 Diagram of the field of our study in the MSR reactor

In this study, the following assumptions are considered:

• The flow regime is laminar and steady.
• Gases are considered ideal gases.
• The pressure drop is zero, and the operating pressure considered is the atmospheric
pressure.

• The physical characteristics of the gases are constant.
• The gases can be modeled as incompressible fluids (of constant density). In micro-
scopic and macroscopic calculations, this hypothesis is considered for pressure
changes less than 20% of the operating pressure [8].

Kinetics Laws of the Methanol Steam Reforming

Methanol Steam Reforming (MSR) is best carried out over copper-based catalysts
as Cu/ZnO/Al2O3. The global reaction of MSR is given as follows:

CH3OH + H2O → CO2 + 3H2 �HMSR = 49.5KJ/mo1 (MSR) (1)

In the literature, this reaction is achieved via several mechanisms. In [9] and
[10], it is assumed that carbon monoxide is first generated through reaction called
methanol decomposition (DM) and then it reacts with water to form carbon dioxide
via reaction named water gas shift reaction (WGS):

CH3OH → CO + 2H2 �HDM = 90.5KJ/mol (MD) (2)

CO + H2O ↔ CO2 + H2 �HWGS = −41KJ/mol (WGS) (3)

Jian et al. [11], in their work, note that the measured amount of the by-product
CO during theMSR reaction is insignificant at moderate methanol conversion. Thus,
upon their experiences they proposed a mechanism as follows:

2CH3OH → CH3OCHO + 2H2 Methanol dehydrogenation (4)

CH3OCHO + H2O → HCOOH + CH3OH Methyl formate hydrolysis (5)
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HCOOH → CO2 + H2 Formic acid decomposition (8)

Recent studies as that of [12] and [13] confirmed that CO is produced in MSR
process via the reverse WGS reaction.

CO2 + H2 ↔ CO + H2O ReverseWGS (9)

In the present work, the rate of the reaction is given by Eq. 10 which is established
experimentally in [11]:

rmsr = k0 exp

(−E

RT

)
Pn1
CH3OHP

n2
H2OP

n3
H2

∣∣ (10)

where k0 = 5.31 × 1012 molCH3OHkg
−1
cat s

−1 kPa−Σni, E = 105 kJ/mol, n1 = 0.26, n2
= 0.03, n3 = −0.2.

Mathematical Model and Numerical Procedure

The Macroscopic Transport Equations

The fluid flow field is governed by the Navier–Stokes equations and for the tem-
perature and mass fields are, respectively, governed by the energy equation and the
equation of species. For the porous region (with an inserted porousmedia), themacro-
scopic governing equations, Eqs. (11)–(15), are obtained for representative elemen-
tary volume<VER>. These equations are detailed in [14–16]. The phenomenological
equations for the smooth channel could be obtained by assuming Kp → ∞, ε → 1
and the effective properties by those of the fluid.

(a) The continuity equation:

∂ρeu

∂x
+ ∂ρev

∂y
= 0 (11)

(b) The momentum equations:

• Following the X-direction:

1

ε2

(
u
∂ρeu

∂x
+ v

∂ρeu

∂y

)
= − ∂p

∂x
+ 1

ε

(
∂

∂x

(
μ

∂u

∂x

)
+ ∂

∂x

(
μ

∂u

∂y

))

−
(

μ

Kp
+ ρeCf√

Kp
|u|

)
u (12)
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• Following the Y-direction:

1

ε2

(
u
∂ρev

∂x
+ v

∂ρev

∂y

)
= − ∂p

∂y
+ 1

ε

(
∂

∂x

(
μ

∂v

∂x

)
+ ∂

∂x

(
μ

∂v

∂y

))

−
(

μ

Kp
+ ρeCf√

Kp
|u|

)
v| (13)

where Kp is the permeability of metal foam and Cf is the Forchheimer coefficient.

(c) The energy equation:

(
u
∂
(
ρCp

)
e
T

∂x
+ v

∂
(
ρCp

)
e
T

∂y

)
= ∂

∂x

(
λe

∂T

∂x

)
+ ∂

∂x

(
λe

∂T

∂y

)
+ SWGS (14)

(d) The species equation:

u
∂ρewi

∂x
+ v

∂ρewi

∂y
= ∂

∂x

(
Di,e

∂ρewi

∂x

)
+ ∂

∂x

(
Di,e

∂ρewi

∂y

)
(15)

whereρe andCpe are the effective density and effective specific heat for thefluid–solid
pair.

ρe = ε · ρf + (1 − ε)ρs (16)

Cpe = ε · Cpf + (1 − ε)CpS (17)

where Di represents the mass diffusivity of the species (i = CH3OH, CO2, H2O, H2,
CO2).

The mass-diffusion model in this work is based on the Lewis number which is
considered equal to the unit for all the species.

The gas mixture is assumed to be ideal gas; therefore, the species are adapted to
the Dalton law (partial pressure law for perfect gas mixtures). The partial pressures
of the components can be expressed in terms of their molar fraction in the mixture.

The mass diffusion in the porous medium (Eq. 8) and the other mixture properties
are given in [17]:

Di,e = λe

Lei
(
ρ · Cp

)
e

(18)

The effective thermal conductivity is given in [18, 19]:

λe = 0.35
(
ελf + (1 − ε)λs

) + 0.65(
ε
λf

+ (1−ε)

λs

) (19)
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Table 1 Physical characteristics of the porous matrix of our work according to [20]

ε PPI df (m) dp (m) Cf (–) Kp (m2) ρs
(kg/m3)

λs (W
m−1

K−1)

Cps (J
kg−1

K−1)

0.8991 10 0.00043 0.0032 0.0068 0.94 ×
10−7

850 400 385

Table 2 The boundary conditions of our model

U V T w

Inlet 1.5 × 10−4 m/s 0 120 °C (393 K) wCH3OH = 0.62
wH2O = 0.38

Outlet dU
dx = 0 0 dT

dx = 0 dwi
dx = 0

Lower surface 0 0 dT
dy = 0 dwi

dy = 0

Upper surface 0 0 180 °C (453 K) dwi
dx = − SiMi

ρDi,eff

Si = r
(
γ′′ − γ′)

The physical characteristics of the matrix layer are summarized in Table 1.

Boundary Conditions

The boundary conditions to complete the mathematical model are given below:

• The walls are considered impermeable.
• The catalytic layer is an active wall and the adaptation of a surface-type reaction
approach.

• The effect of the thickness of catalyst is supposed negligible.
• The boundary conditions for simulations are given in Table 2.

Numerical Procedure

The simulation is done under Fluent Fluid Dynamics software which is based on the
finite volume method. The SIMPLE algorithm (pressure–speed coupling) was used
to solve convection–diffusion equations. A structured meshing composed of square
elements is used to mesh the channel.
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Fig. 2 Temperature distributions along the reactor channel

Results and Discussion

Smooth Channel

Temperature Profile

Figure 2 shows the temperature distribution within the methanol steam reforming
reactor. The figure shows the temperature assumed to be 120 °C (393 K) at the
inlet of the channel and a temperature which is maintained constant throughout the
remainder of the channel at 453 K after initiation of the catalytic reaction. This is
due essentially to the continuous and homogeneous supply applied to the hot wall.

Distribution of Chemical Species

Figure 3 shows themolar fraction distributions of chemical speciesCH3OH,H2O,H2,
and CO2, respectively, in the reactor during themethanol steam reforming reaction as
a function of the length of the lower wall of the reactor. These curves show a decrease
in the reactants CH3OH and H2O accompanied by an increase in the products which
are H2 and CO2.

However, it is found that the molar production of hydrogen is equal to three times
the molar production of carbon dioxide in the same direction as the stoichiometric
coefficients assigned to the products H2 and CO2 which are, respectively, 3 and 1.
Note that the mole fraction’s rapid evolution of reactants and products is favored by
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Fig. 3 Molar fraction distributions along the reactor channel

the low value of the axial velocity which is of the order of 10−4 ms−1. These molar
fractions become constant along the remaining length of the reactor. In this part of
the channel, the flow regime is established and the consumption of the reactants
becomes maximum.

Reactor Performance with Matrix Layer

According to this figure, the efficiency of this reactor is calculated according to the
formula of [21]:

η = MCH3OH,in − MCH3OH,out

MCH3OH,in
= 42% (20)

Channel with Metal Foam

Temperature Profile

Figure 4 shows the structure of the temperature within the reactor. If one enters
the two images, this case with that of pure fluid, the insertion of the porous layer
causes thermal stability inside the reactor. There is no great difference in temperature
between the activewall and the field, and the temperature varies generally in the range
[453, 440 °C].
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Fig. 4 Heat filed with metal foam inside the reactor

Chemical Species

Figure 5 shows the evolution of the molar fractions of the four chemical species:
CH3OH, H2O, H2, and CO2. This image is qualitatively similar to that corresponding
to the smooth channel. However, they differ in the addition of quantities of reagents
and products in the porous case. The additional quantity is a result of the flow resistant
caused by the presence of metal foam, and the matrix layer increases the residence
time of reactant species within the reactor.

Fig. 5 Molar fractions
evolution for all the
chemicals species along the
reactor
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Reactor Performance with Matrix Layer

From the previous figures, the insertion of the porous media allowed the reactor to
consume more reactants and consequently to generate more products, compared to
the smooth channel reaction case. This is due to the good dispersion of chemical
species and thermal energy, despite the resistance to flow (flow braking) which is
generated inside the reactor.

The comparison between the two cases shows a stabilization of the temperature
profiles in the second case (the temperature interval varied between 440 °C and
453 °C), this is due to the influence of the specific heat capacity of porous layer CpMF

on the specific heat capacity Cpmix (fluid–solid) combination, thusmore consumption
of gas mixture and more products. So, in this case, the yield becomes

η = MCH3OH,in − MCH3OH,out

MCH3OH,in
= 49.5% (21)

Conclusion

This paper presents a numerical study by Fluent that treats the influence of a metal
foam insert inside a methanol steam reformer, particularly on heat and mass transfer
phenomena. The numerical results indicate that the metal foam is a good solution
to lessen the rise of the fluid temperature inside the reactor, which cause the rise
of the zone of the chemical reaction. The consumption of methanol and production
of hydrogen are also increased by the insertion of the metallic foam. Therefore, the
efficiency of the reformer is improved by 16%.
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Open Porous Metal Fiber Structures
for the Next Generation
of Sorption-Driven Heat Pumps
and Cooling Machines

T. Seidel, M. Fink, T. Hutsch and O. Andersen

Abstract Climate changedemands thedevelopment of increasingly efficient heating
and cooling technologies. Salt hydrates offer interesting hydration and dehydration
temperatures and energies useful for energy-efficient heat pumps, sorption cooling
devices, and thermal energy storage. As past research on zeolite heat pumps has
shown, the combination of active material with advanced heat exchangers based on
metal fibers leads to superior power densities for heating and cooling applications.
A current project, therefore, investigates the combination of such heat exchanger
technology in combination with different promising salts, like MgSO4 or K2CO3,
for application in sorption-driven devices.

Keywords Adsorption heat pump · Adsorption cooling ·Metal salt · Fiber
structure

Introduction

The supply of domestic and process heat in 2017 accounts for approximately 54%
[1] of the German end energy consumption, which represents a large potential to
reduce the primary energy demand and corresponding CO2 emissions. Efficient heat
transformation processes, e.g., by heat pumps, make use of ambient heat and low-
temperature waste heat. By the application of reversible chemical reactions and
physical sorption processes the necessary amount of electric energy can be reduced
and, thus, the fossil energy demand caused by the electric energy mix. Additionally,
these processes can be applied for cooling purposes, again reducing the fossil energy
demand. A sketch of a continuous heat pump process is shown in Fig. 1.

Currently, the application of these sorption processes is not common, due to the
challenges to accomplish an adequate heat and mass transfer which is, i.e., hindered
bymaterial agglomerations. Typically, porous media like silica gel are applied which
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Fig. 1 Working principle of an adsorption heat pump with the application of a metal fiber adsorber

have a low thermal conductivity, thereby limiting the power density of these systems.
The combination of a porous fiber structure, coated with a thin layer of metal salt
adsorption material, provides an innovative solution to overcome these challenges
and offers the potential for a broader application of the adsorption for heat pumps and
cooling machines. The application of the porous metal fiber structures was already
investigated during previous work [2] and showed promising results. An overview
of the application of porous metal fiber structures for heat transfer applications is
given in [3]. More details about the thermal conductivity properties are stated in [4].

Material Characterization on a Micro-Scale

An initial development step is the selection of an appropriate fiber material which
offers the potential for a high thermal conductivity, optimum adhesion of the metal
salt layer, a high material availability, and most likely a limited cost of the system.
Depending on the applied metal salt, some candidates are shown in Fig. 2. The
corresponding metal salts that can be produced are, for example, Al2(SO4)3, CuSO4,

Fig. 2 Fiber structures made from potential adsorber materials
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Fig. 3 Microsection of an AlSi1 fiber structure coated with Al2(SO4)3. Left: thin layer. Right:
thick layer

CuCl2, and FeSO4. Other metal salts were also investigated, but a sufficient fixture
and compatibilitywith the fibermaterial are less easily achieved. Themetal salt layers
on the fiber structures were produced by the project partner Technische Universität
Dresden.

The main quality factors of the coating are to provide an optimum fixture of
the metal salt, a thickness that enables the application of a large amount of metal
salt, distributed uniformly on the fibers, while still leaving enough space for the
adsorbate (e.g., water vapor) to flow through the structure. Metallography is applied
to assess the coating quality and thickness. Examples are shown in Fig. 3, which
show the variations coming along with different coating technologies. Currently, the
optimization of the coating process is still in progress.

The composition of the produced metal salt layers was analyzed by X-ray diffrac-
tion (XRD) to identify the chemical substances that were produced at the surface
during the coating process (reaction between metal and a suitable acid) and ensure
that the right metal salt hydrate was prepared. An example for Al2(SO4)3 is shown in
Fig. 4. Different species of aluminum salt hydrates have been identified and indicate
that an adequate sorption material has been produced.

Material Characterization on a Macro-Scale

The previously described analyses have been supported by experiments to deter-
mine the thermal and flow properties as well as thermogravimetric experiments to
determine reaction equilibria (temperature and pressure). The results are applied as
a basis to design a lab-scale demonstrator to assess the technology under practical
conditions. The heat and mass transfer in the fiber structure is influenced by its heat
conductivity and the pressure drop along the flow path through the coated structure.
Pressure drop and heat conductivity are, in turn, influenced by the fiber properties
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Fig. 4 XRD of an AlSi1 fiber structure coated with Al2(SO4)3

Fig. 5 Experimental setup for the measurement of the heat conductivity and measurement results
for different fiber structure porosities and materials

(diameter, specific surface area), the total porosity of the fiber structure, and the coat-
ing thickness. Only a suitable combination of all of these properties will result in an
optimum overall performance.
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Fig. 6 Experimental setup (flow channel) to determine the pressure drop and results for an uncoated
and coated AlSi1 fiber structure

The thermal conductivity was measured with a plate apparatus, shown in Fig. 5,
according to ASTM D 5470-2017. Sample size was approximately 30 × 30 ×
10 mm3. The results for different fiber structures are shown in the same figure.
The reference case is the thermal conductivity of the pure metal salt, represented
by the red dotted line for the Al2(SO4)3. Depending on the numerical value of the
porosity, almost all uncoated fiber structures show a higher thermal conductivity than
the pure metal salt. The overall thermal conductivity of a metal salt Al2(SO4)3 coated
AlSi1 fiber structure (purple dotted line) has a lower value than the uncoated fiber
structure; however, the averaged thermal conductivity of the coated sample is more
than four times higher than that of the pure metal salt. This verifies the improvement
of the thermal conductivity by the fiber structure.

Regarding the mass transfer in the structure, the pressure drop of the structures
has been determined with a custom-made flow channel, shown in Fig. 6, using an
ALMEMO® data acquisition system and pressure drop sensors. The same samples as
for the heat conductivity measurements have been tested. The most important result
of the experiments is the pressure drop increase due to the coating, shown also in
Fig. 6. For the same sample, as described in the heat conductivity measurements, the
pressure drop increases by a factor of approximately 27 due to the coating. Thus,
further optimization of the coating with regard to achieving homogeneous thin layers
without blockage of the flow paths is desirable.

The thermogravimetric analysis has been performed with a Netzsch STA 449.
The aim of the experiment was to obtain experimental data for the temperature and
pressure conditions for the dehydration to supply the data to the partner Technische
Universität Dresden, who collected corresponding literature data for comparison of
the results. The sample mass was typically in the range up to 50 mg. For the exper-
iment, a steam generator was applied to regulate the humidity. The carrier gas was
nitrogen to prevent chemical reactions caused by the gas. An exemplary experiment
for MgSO4 is shown in Fig. 7. Different dehydration steps can be identified and
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Fig. 7 Thermogravimetric analysis of an MgSO4 hydrate during desorption

the corresponding change in mass allows to determine the amount of water being
desorbed. Based on this data, a demonstration adsorber can be designed.

Conclusions

Themicro- andmacro-scale analysis provided the basis for the design of a prototypic
adsorber system which requires a stable and reliable coating. The principle of the
adsorber setup is shown in Fig. 8 where the fiber structures are stacked on a tube
which is mechanically widened in order to provide good heat conduction between
the tube and the fiber structures. This represents a scalable and established concept
to design an adsorber and was already demonstrated for latent heat thermal energy
storage prototypes. The heat transfer and pressure drop measurements allow the
identification of optimum parameters for the porous fiber structure.

The next steps include the selection of an appropriate metal salt for the demonstra-
tor, adaptation of the coating technology to the larger part geometry, identification
of optimum fiber structure parameters, and building of a system for practical testing
under application-relevant conditions for several adsorption and desorption cycles to
demonstrate the ability to deliver a high volume-specific heat power output. Based
on a successful demonstration, the system can be scaled up and transferred to an
industrial scale based on future product-related developments.
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Fig. 8 Experimental setup
(flow channel) to determine
the pressure drop and results
for an uncoated and coated
AlSi1 fiber structure
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