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The thermal conductivity of a collection of AlSi7 foams with porosities between 0.5 and 0.8 produced
throughout the powder metallurgical route has been determined using the transient plane source tech-
nique (TPS). Several measurements have been performed on different surfaces of the foam blocks. The
values obtained have shown an increase of effective thermal conductivity with density and a significant
dependency with the zone of the foam where the experiments were performed. The results obtained have
been explained in terms of local density trough images obtained from computed tomography, showing
that the TPS technique is sensitive to in-homogeneities derived from the foaming process. Finally, several
theoretical models for thermal conductivity have been unified, after suitable simplifications for this kind
of materials, and have been compared with the experimental results.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Cellular metals combine the advantages of a metal (strong,
hard, tough, conductive both electrically and thermally, etc.) with
the functional properties of a foam (lightweight, stiff and adjust-
able density and/or cellular structure). Because of this, metal foams
are interesting in a number of engineering applications such as
structural panels, energy absorption devices, acoustic damping
panels, compact heat exchangers, etc. [1]. Particularly, the thermal
transport properties of metal foams are specially attractive in a
wide variety of applications [2,3], such as thermal insulation, heat
transfer etc., and are also important for the later processing of the
metal matrix, e.g. in terms of thermal treatments.

Several investigations have dealt with this topic in the last years:
Calmidi et al. and Bhattacharya et al. [4,5] studied the thermal con-
ductivity of high-porosity fibrous foams (Vg > 0.9), showing an in-
crease of the conductivity values with sample density. Boomsma
and Poulikakos [6] investigated the influence of different fillers on
the thermal conductivity of high-porosity foams. Babcsán et al. [7]
measured the thermal conductivity of closed-cell aluminium foams
at different temperatures using a steady state method. Abramenko
et al. [8] determined the thermal conductivity of some closed-cell
aluminium foams with porosity between 0.7 and 0.8, using a station-
ary method. Lu and Chen, in a theoretical paper, suggested that heat
transfer is mainly due to solid conduction through faces and cell
edges, neglecting radiation or convection even at high temperatures
ll rights reserved.
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(500 �C) [9]. Lu et al. [10] investigated the heat transfer in open-cell
foams. Paek et al. [11] studied the influence of cell size in the thermal
conductivity of open-cell aluminium foams with porosities in the
range of 0.85 and 0.9. Convection and forced convection mechanisms
have been treated from the experimental and theoretical point of
view [12–14] by several authors. Moreover, excellent revisions of
theoretical–analytical models related to heat conduction in cellular
materials have been written by Collishaw and Leach [15,16]. The to-
pic of thermal conductivity in cellular materials can also be ap-
proached by numerical methods such as finite element [17,18] or
Monte–Carlo [19] methods as found in the literature.

Most of these papers are focused on open-cell foams, and only
two of them deal with closed-cell metal foams, in all cases foams
of high or medium–high porosity. In general terms, there is a lack
of experimental data related to closed-cell foams with lower
porosities and experimental results of the thermal conductivity
of the bulk foam, i.e. with the outer skin present in the measure-
ment direction. In the present work, we have used the transient
plane source technique (TPS) to measure the thermal conductivity
of several closed-cell aluminium foams with porosities between
0.5 and 0.8.

From the previously cited papers, it is well know that thermal
conductivity of cellular materials is very sensitive to density.
Therefore, it should be expected that this property could also be
sensitive to density gradients within a given sample. Since the
TPS method allows measuring local or bulk thermal conductivity,
this technique could become an alternative method to detect
in-homogeneities in foam parts by measuring the thermal
conductivity locally.
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List of symbols

R(t) hot-disk sensor resistance (X)
R0 hot-disk sensor initial resistance (X)
T temperature (K)
a temperature coefficient of resistance (X/K)
s relation between measurement time and characteristic

time
h characteristic time (s)
a sensor radius (m)
j thermal diffusivity (m2/s)
kgs thermal conductivity due to gas and solid phases

(W/m K)

ks thermal conductivity of solid phase (W/m K)
kg thermal conductivity of gas phase (W/m K)
Vg porosity of the foam (0 < Vg < 1)
qf density of the foam (kg/m3)
qs density of the solid material (kg/m3)
n efficiency factor in Ashby model
fs mass fraction in the cell edges in a cellular material

(0 < fs < 1)

a + Δ

Δ

Sample 1

Sample 2 

Fig. 1. Experimental set-up to perform TPS measurements and sensor shape.
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In recent years considerable advances in traditional manufac-
turing processes for aluminium foams have been reached and a
high number of new manufacturing methods have been developed
obtaining a high homogeneity in terms of density and cellular
structure [20,21]. However, the stochastical nature of the produc-
tion processes may still cause defects and in-homogeneities in
the cellular structure, such as big pores, a non-uniform thickness
of the outer skin and defects in the cellular structure. Some inves-
tigations [22–24] have been performed to this end, exploring with
different non-destructive techniques (micro-computed tomogra-
phy, ultra small-angle neutron scattering, etc.) the internal struc-
ture of the foam. Nevertheless, these non-destructive methods
are difficult to implement in an industrial production line because
of the cost and the long time needed to obtain the data.

Bearing all these previous ideas in mind, the present paper has
two main objectives: firstly, to measure thermal conductivity of a
collection of closed-cell AlSi7 foams with porosities between 0.5
and 0.8 using the TPS method, and to analyse the results by com-
paring them to predictions gained from the most common theoret-
ical models both of analytical and empirical type. Secondly, to
evaluate the ability of the TPS method to detect in-homogeneities
in a given metal foam, and thus evaluate its suitability and its lim-
itations as a tool for quality control. For this purpose, computed
tomography (CT) technique was employed as an auxiliary
technique to study the internal density distribution of the
samples and correlate it with the thermal conductivity values
obtained.

2. The TPS method

2.1. An introduction to the TPS method

Measurement of thermal conductivity by means of the TPS
method has been demonstrated elsewhere [25,26]. The basic prin-
ciple of this method relies on a plane element which acts both as
temperature sensor and heat source. This element consists of an
electrically conducting pattern of thin nickel foil (10 lm) spiral-
shaped, embedded in an insulating layer usually made of Kapton
(70 lm thick). The TPS element is located between two samples
with both sensor faces in contact with the two samples surfaces
as Fig. 1 depicts. Two samples of similar characteristics are re-
quired for this purpose.

This method offers some advantages in comparison with stan-
dard methods, such as fast and easy experiments, a wide range
of thermal conductivities accessible (from 0.02 to 400 W/m K),
marginal effort needed in sample preparation, flexibility in sample
size and a possibility to perform local or bulk measurements with
only changing the sensor diameter. It is important to remark that
this is a contact method, so special care is needed in the experi-
mental procedure (Section 2.3).
2.2. The TPS theory

A constant electric power supplied to the sensor results in an in-
crease in temperature DT(t) which is directly related to the varia-
tion in the sensor resistance R(t) by the equation:

RðtÞ ¼ R0½1þ aDTðtÞ� ð1Þ

where R0 is the nickel electrical resistance in the beginning of the
recording (initial resistance), a is the temperature coefficient of
resistance of the nickel foil, and DT(t) is the temperature increase
of the sensor with time.

Assuming an infinite sample and the conductive pattern being
in the XY plane of a coordinate system, the temperature rise at a
point (XY) at time t is obtained by solving the equation for the heat
conduction, which relates change in temperature with time [27]. In
the particular case of our sensor geometry, n concentric ring
sources, the spatial average DTðsÞ can be obtained through the
equation [25,26]:

DTðsÞ ¼ P0ðp3=2a � kÞ�1DðsÞ ð2Þ

where P0 is a Bessel function, D(s) is a geometric function character-
istic of the number ‘‘n” of concentric rings, and DTðsÞ is the temper-
ature increase of the sensor expressed in terms of only one variable
s, defined as

s ¼ ðt=hÞ1=2; h ¼ a2=j ð3Þ

where t(s) is the measurement time from the start of the transient
heating, h is the characteristic time, which depends both on param-
eters of the sensor and the sample, a(mm) is the sensor radius and
k(mm2/s) is the thermal diffusivity of the sample. The characteristic
time needs to be in the range 0.5–1.5 to guarantee that the theoret-
ical assumptions are kept, thus the heat flow is an ellipsoid of nei-
ther too high nor too low sphericity.
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Fig. 2. Schematic drawing of the original foam block with the cuts performed and
the reference directions.

Table 1
Nomenclature and density of the samples

Label Density (g/cm3) Label Density (g/cm3)

1-a 0.53 5-a 0.87
1-b 0.53 5-b 0.75
1-c 0.52 5-c 0.83
2-a 0.55 6-a 0.93
2-b 0.63 6-b 0.93
2-c 0.58 6-c 0.91
3-a 0.70 7-a 0.95
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Thermal conductivity can be obtained by fitting the experimen-
tal data to the straight line given by Eq. (2); thermal diffusivity is
calculated from Eq. (3) taking into account the s value determined
in the previous fit.

For these experiments, one of the most important parameter is
named probing depth (D). This parameter gives the distance that
the heat flow reaches into the material from any point of the disk
surface (Section 5.1).

2.3. Experimental procedure

As TPS is a contact method, a special care has to be taken to
minimize thermal contact resistance. The good heat transition
trough two different materials is mainly associated to contact pres-
sure and surface roughness [28,29]. These parameters were kept
constant in our experiments. A constant force of 20 N was applied.
Additionally, the foams outward skin was polished in order to re-
duce the thermal contact resistance.

Moreover, the TPS equipment is able to compensate the heat
capacity of the sensor and other thermal delays of the heat flow
by introducing a time correction. Nevertheless, it is necessary to
suppress the first 20–30 points of each measurement (of a total
of 200 points of the heating curve) to eliminate the heat capacity
of the sensor that cannot be fully compensated by the time correc-
tion [25–27].

Finally, to avoid residual temperature drifts on the samples, it
was necessary to fix a time span of 20 min between individual
experiments on each specimen.
3-b 0.63 7-b 1.05
3-c Not available 7-c 1.00
4-a 0.73 8-a 1.27
4-b 0.78 8-b 1.35
4-c 0.77 8-c 1.33
3. Materials

In the course of this study, aluminium foam samples contain-
ing 7 wt.% Si have been produced by the powder metallurgical
(PM) or Fraunhofer route [20]. Silicon supplied by Ölschläger
was added as elementary powder to Al99.7 powder of grade
AS71 supplied by ECKA Granules. No further alloying elements
were used. For all the foamable precursor materials studied,
0.5 wt.% titanium hydride powder of Chemetall’s grade N was
chosen as a blowing agent. Consolidation to a foamable precursor
material was reached by means of cold isostatic pressing and sub-
sequent hot extrusion.

To produce foam specimens, a suitable piece of the foamable
precursor material was inserted into a cuboid steel mould. Dimen-
sions of the mould were 200 mm length, 65 mm width and 65 mm
height. Foaming was carried out in a batch furnace at temperatures
between 630 �C and 750 �C. Different foaming temperatures and
exposure times were tested, producing different densities. Each
foam of dimensions as given above was cut in three individual
samples, namely a, b and c, dimensions of which were
60 � 65 � 65 mm3. Fig. 2 illustrates the way these specimens were
cut from the foam originally produced. Furthermore, Fig. 2 shows
how the directions of measurement used in the determination of
thermal conductivity values relate to the geometry of the original
foam body and to the principal direction of expansion. Table 1
shows the average density of the samples under study, which var-
ied between 520 kg/m3 and 1350 kg/m3.

After cutting of the foam blocks some clear in-homogeneities
were appreciated in two foam blocks, namely block 1 and 5. Specif-
ically, the most severe in-homogeneities were found in the block 5,
specimens 5-a and 5-c, consisting of denser bottom faces and some
big pores. On the other hand, high-density foams (blocks 6, 7 and
8) could all be considered homogeneous based on visual inspection
and blocks 2, 3 and 4 seemed to be also homogeneous. Regarding
high-porosity foams, a special remark deserves block 2 because
of its low-density combined with a high homogeneity in pore size.
In order to analyse the possible influence of local density on
thermal properties some representative homogeneous specimens,
namely 2-a and 2-b, and other non-homogeneous samples, in par-
ticular 5-a and 5-c, were chosen to be inspected by helical CT in a
medical scanner.

4. Characterization of the cellular structure and microstructure

A quantitative evaluation of density distribution and a qualita-
tive study of the cellular structure were performed by helical CT.
The metal matrix microstructure was inspected by optical
microscopy.

An helical medical scanner, mod. Siemens Somaton operated
with software VA40C was used to examine the internal structure
and the density distribution for the samples 2-a, 2-c, 5-a and 5-c.
Fig. 3 shows some of the tomographies obtained for these samples.
Although the scanner resolution is not high enough for a quantita-
tive analysis of the cellular structure some interesting facts can be
appreciated. Samples 5 are clearly in-homogeneous, a thick skin of
aluminium is observed at the bottom surface, probably due to the
drainage process. Moreover, a big pore can be observed close to the
�Y face, probably due to the coarsening mechanism or to cell-wall
rupture during foaming. In contrast, samples 2 presented a more
homogeneous structure, especially in case of sample 2-b.

Regarding density distribution, the density profiles for the three
directions were calculated and are shown in Fig. 4. The X direction,
i.e. perpendicular to the cut faces planes, is near to be homoge-
neous with an almost constant density profile, whereas the density
along Y and Z axis changes from the nearly solid aluminium value,
next to the outer skins, to very low densities in the middle part of
the foam. It is also important to note that the density profile along



Fig. 3. Computed tomography images of samples for the in-homogeneity study.
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Z axis for sample 5 is asymmetric, with a much denser bottom face
showing higher density values up to 20 mm from the bottom part.

Since foaming temperatures and times differed among samples,
which could affect metal matrix microstructure, a qualitative eval-
uation by optical microscopy was performed. The optical micro-
graphs were taken in a Leica petrographic microscope mod.
DMLP, equipped with a Leica digital camera mod. DC100. Results
showed that the complete melting of the powder compact and
the formation of the correspondent alloy, which in this case means
the development of the characteristic Al–Si eutectic structure sur-
rounding primary aluminium grain, occurred in all samples.

Fig. 5 shows the microstructure of three selected samples of
different densities and different processing parameters. No obvious
differences in grain size are observed, and variation in microstruc-
ture is limited to a slightly finer eutectic in the lowest density
Fig. 5. Micrographs of some of the samples. (a) S
sample. Specifically, clear evidence for remaining Si particles orig-
inating from the Si powder, which would have indicated incom-
plete alloy formation, could neither be traced in the high nor in
the low-density samples. Therefore, it can be assumed that the me-
tal matrix had very similar thermal properties over the whole
range of densities represented by the samples considered.
5. Results of thermal conductivity

Two different kinds of measurements have been carried out.
The first characterization was done with the sensor in contact with
the cut face, i.e. the face where the outer skin is not present (faces
�X and +X). Moreover a study of in-homogeneity was performed
for the four faces with outer skin (�Y, +Y, �Z, +Z) on selected sam-
ples to compare these results with those for cut faces and with the
density profiles for Y and Z directions.

5.1. Measurements in X direction

For this study the TPS sensor was located between two similar
samples, as shown in Fig. 1. Output power was fixed at 0.4 W dur-
ing the experiments and sensor radius was 9.7 mm. Measurement
time was varied between 18 and 40 s to take into account the dif-
ferent thermal properties of each foam and to ascertain that a sim-
ilar volume of foam was covered by the heat flow in foams of
different density and thus different conductivity. This volume is
represented by the probing depth parameter D, which is related
to thermal diffusivity and time through the equation:

D ¼ b
ffiffiffiffiffiffi
jt
p

ð4Þ

with b an experimental factor near to 2 (j is measured during each
recording as was explained in Section 2.1).

It was necessary to modify measurement time as t / j�1 to ob-
tain a nearly constant probing depth. It is important to remark that
time variation is limited because it is necessary to assure that char-
acteristic time is in the range from 0.5 to 1.5. In addition, this
parameter D must be lower than the minimum distance between
ample 2a, (b) sample 5a and (c) sample 8a.
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the sensor and the limit of the sample, to avoid that the heat flow
reaches out of the sample. In our experiments this distance was
about 25 mm; probing depth was approximately 19 mm for all
the experiments. For this probing depth value we can consider
we are performing a bulk measurement, because this value of
19 mm is next to half the size of the whole sample.

To perform the experiments, the samples of each block were
studied in couples, namely a–b, a–c and b–c. Each couple of sam-
ples was measured in four different configurations, combining
the cut faces in the experiments, carrying out five measurements
in each configuration, to minimize experimental errors.

Table 2 presents the results obtained for each couple of samples,
representing the average and the standard deviation in the four
different configurations as a function of the averaged density of
the two samples involved in each experiment.

The experimental data are plotted in Fig. 6 compared to the
experimental values obtained by other researchers [4,5,7,8,11].
The effective thermal conductivity has been normalized accord-
ing to the cited solid conductivity and a value of kAlSi7 = 167 W/
m K has been used to normalized our results [30]. Results for
open and closed-cell foams are shown in the graph. As can be
seen this work is verified by the results of other authors with
the exception of the results obtained by Abramenko et al. which
are out of the expected range according to the other research
works. It is clear that the thermal conductivity values decrease
non-linearly with sample porosity. On the other hand, due to
the different characterisation methods, base alloys and cellular
structures involved it is not recommendable to fit all the results
together and thus only the results obtained in this paper are ana-
lysed in this work.

Regarding the possible effect of the density distribution on the
measurements along X direction, Fig. 4 indicates there that are
no appreciable differences in density along this axis for the sam-
ples 2 and 5 – these samples are two examples of homogeneity/
in-homogeneity – so it is reasonable to consider that samples
blocks from 1 to 8 are almost homogeneous in the X direction.
Moreover, the high probing depths used in these experiments
guarantees this homogeneity at least with respect to thermal con-
ductivity values.
Table 2
Experimental values of thermal conductivity of AlSi7 foam samples

Samples Average density
(g/cm3)

Average
porosity

Thermal
conductivity
(W/m K)

Standard
deviation (%)

1a–1b 0.53 0.80 14.3 3.40
1a–1c 0.52 0.81 14.9 1.14
1b–1c 0.52 0.81 14.6 0.88
2a–2b 0.59 0.78 20.2 1.70
2a–2c 0.56 0.79 16.4 2.77
2b–2c 0.60 0.78 20.8 3.30
3a–3b 0.68 0.75 20.9 3.37
4a–4b 0.75 0.72 21.4 1.47
4a–4c 0.75 0.72 20.0 1.38
4b–4c 0.77 0.71 23.6 2.46
5a–5b 0.81 0.70 29.4 7.64
5a–5c 0.85 0.68 28.2 3.82
5b–5c 0.79 0.71 23.9 1.85
6a–6b 0.93 0.65 27.8 4.88
6a–6c 0.92 0.66 31.3 6.92
6b–6c 0.92 0.66 30.1 1.47
7a–7b 1.00 0.63 30.7 3.26
7a–7c 0.97 0.64 33.9 2.60
7b–7c 1.02 0.62 36.5 2.97
8a–8b 1.33 0.50 51.6 6.65
8a–8c 1.30 0.51 62.2 4.99
8b–8c 1.34 0.50 65.0 7.23
5.2. Measurements in Y and Z directions (in-homogeneities detection)

In order to relate the presence of in-homogeneities to thermal
conductivity several measurements were performed in different
directions on the outer skin of the foams. As was previously ex-
plained in Section 2.1, by changing the disk radius it is possible
to modify the probing depth. For these experiments we chose a
smaller disk with a radius of 6.4 mm; the tests were performed
with an average probing depth of 10 mm. Therefore, the sample
volume covered by the heat flow had a higher density (Fig. 4).
Obviously, the higher local density will affect values of thermal
conductivity obtained with this sensor radius, which are thus not
comparable to those obtained in the previous characterization.

To carry out this characterization samples 2-a, b and samples 5-
a, c were tested with their common faces patterned. The thermal
conductivity values obtained for both samples are presented in
Table 3.

As it can be appreciated, all the measurements performed on
the faces with outer skin show higher values of thermal conductiv-
ity than those found in measurements over surfaces without it (Ta-
ble 2). This effect is due to the higher local density of the volume
covered by the heat wave, which covers a lower probing depth
for this smaller sensor. Regarding samples 5, it is also observed that
the conductivity at the bottom face, in which there is a thick layer
of metal, is much higher than that at the top face. Moreover, the re-
sults are sensitive to the presence of pores close to the skin under
measurement (lower value in the +Y direction), as illustrated in
Fig. 4 for sample 5-c. In the case of samples 2, thermal conductivity
obtained in several directions presented no significant variations,
and this is related to the homogeneous structure showed in CT
Table 3
Experimental values of thermal conductivity obtained in different directions in
samples 5-a–c and 2-a–b

Direction Thermal conductivity (W/m K)

Sample 5
�Y 41.9
+Y 61
�Z 74
+Z 37.1

Sample 2
�Y 31.0
+Y 29.9
�Z 33.7
+Z 30.8
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images (Figs. 3 and 4). Nevertheless, even the slight asymmetries in
the Z and Y profiles for sample 2 are also reflected in values of Table
3 with slightly lower values for �Z and �Y faces. These results are
more evident in sample 5.

5.3. Theoretical models for thermal conductivity

Conduction through the solid phase, conduction through the gas
phase, convection of the gas and radiation are the main mecha-
nisms which may, at first, contribute to the thermal conductivity
of a cellular material [31]. Taking into account previous works by
Babcsán et al. [7] and Lu and Chen [9], only the conduction mech-
anism is considered in this work. In this section a brief revision of
several theoretical models for the solid phase conduction is pre-
sented, comparing the predictions, after suitable theoretical sim-
plifications, with the experimental results measured in X
direction. A wide variety of models, all of them proposed for
closed-cell foams, are considered in this work.

First of all, it is necessary to consider the simplest models: the
Series–Parallel and the Parallel–Series models which both assume
a cubical geometry. In the first, vertical cell walls and gas phase are
combined in series to give a two-phase system. To obtain an
expression for the whole material, horizontal cells walls are
combined in parallel with the previous system [16]. In case of
the Parallel–Series model first are combined the horizontal cell
walls as depicted in Fig. 7. The final expressions for thermal con-
duction are

Series—Parallel model : kgs ¼ ksð1� V2=3
g Þ þ

ksV2=3
g

kg þ ðks � kgÞV1=3
g

ð5Þ

Parallel—Series model : kgs ¼ ks
ks � ðks � kgÞV2=3

g

ks � ðks � kgÞðV2=3
g � V Þg

ð6Þ

where kgs is the overall conductivity of the foam based on conduc-
tion through the combined gas and solid phase, ks and kg are the
conductivities of the solid (aluminium) and gas phase (air), respec-
tively, and Vg is the volume fraction of gas in the cellular material
also named porosity. It is important to consider that these two
models are a combination of the more basic parallel and series mod-
els which are not themselves realistic but predict maximum and
minimum possible values for thermal conductivity in two-phase
systems.

Doherty et al. modelled conduction trough two-dimensional
squared bubbles which represents an advance in comparison to
the previous ones. If extended to three dimensions the results of
Doherty et al. agree with those of Russell [32].
a bAl 

air 

Fig. 7. Cubic cell foam models (a) Series–Parallel model and (b) Parallel–Series
model.
Doherty model : kgs ¼
kskgð2Vg þ 1Þ þ 2k2

s ð1� VgÞ
kgð1� VgÞ þ ksð2þ VgÞ

ð7Þ

Russell [32] analysed conduction through a solid matrix with cubic
cells arranged in-line. The cubic pores were assumed to have a
uniform cell-wall thickness and struts were ignored. The next equa-
tion represents an upper limit result for an in-line cubic array of
cells.

Russell model : kgs ¼ kg
V2=3

g þ ðks=kgÞð1� V2=3
g Þ

ð1� V2=3
g þ VgÞ þ ðkg=ksÞðV2=3

g � VgÞ

 !

ð8Þ

Other expression was suggested by Maxwell [15,32]. He assumed a
polyphase composite in which spheres of one phase are randomly
dispersed in a second phase (not in-line as in the Russell model).
The final result of this model is

Maxwell model : kgs ¼ kg
2Vg þ 1þ ks=kgð2ð1� VgÞÞ
ks=kgð1� VgÞ þ ð2þ VgÞ

� �
ð9Þ

For a material consisting of a solid skeleton with arbitrary air inclu-
sions, it is possible to apply Misnar’s model [8], in which heteroge-
neous bodies are considered as a mixture of a viscous phase with
particles of a filler. In the theoretical considerations, fillers are
supposed to have a regular geometric shape and the particles are
assumed to be uniformly distributed throughout the entire volume.
It this paper the authors estimate the upper limit for the model
as

Misnar model : kgs ¼ ks 1þ 1� ks=kg

1� V1=3
g ð1� ks=kgÞ

 !
ð10Þ

An expression by Bruggemann for particles of various shapes dis-
persed in a continuous matrix reduces to Eq. (11) for the special
case of spherical particles [15].

Bruggemann model : 1� Vg ¼
kg � kgs

kg � ks

� �
ks

kgs

� �1=3

ð11Þ

Other interesting expression to be analysed is the Eucken model,
also revised by Collishaw [15]

Eucken model : kgs ¼ ks
1þ 2Vg 1� ks=kg

� �� �
= 2 ks=kg
� �

þ 1
� �� �

1� Vg 1� ks=kg
� �� �

= 2 ks=kg
� �

þ 1
� �� �

 !

ð12Þ
Finally Ashby, based on Glicksman’s theoretical assumptions pro-
posed a theoretical model for closed-cell cellular materials [27].
The expression obtained by Glicksman is a lower limit – i.e. valid
for very high porosities – . It is important to consider it because
nowadays it is one of the most accepted models for the conduction
mechanism in thermal conductivity. The expression proposed by
Ashby is
Ashby model : kgs ¼ nks qf=qsð Þ ¼ nksð1� VgÞ ð13Þ
where qf and qs are foam and solid density, respectively, and n is an
efficiency factor which allows for the tortuous shape of the cell
walls, which ranges between 1/3 and 2/3.

Two more empirical models have been taken into account.
Progelhof [33] presented an empirical correlation derived from
experimental results based on thermal conductivity of polymeric
foams, in which n is an experimental fitting parameter. Finally, a
scaling relation is proposed for the metallic foams in the book
‘‘Metal foams a design guide” [34], n is a fitting parameter in this
equation.



Table 4
Original and simplified models

Name Model Simplified modela

Series–Parallel

kgs ¼ ksð1� V2=3
g Þ þ

ksV2=3
g

kg þ ðks � kgÞV1=3
g

kgs ¼ ksð1� V2=3
g Þ

Misnar

kgs ¼ ks 1þ 1� ks=kg

1� V1=3
g ð1� ks=kgÞ

 !
kgs ¼ ksð1� V2=3

g Þ

Parallel–Series

kgs ¼ ks
ks � ðks � kgÞV2=3

g

ks � ðks � kgÞðV2=3
g � VgÞ

kgs ¼ ks
1� V2=3

g

1� ðV2=3
g � VgÞ

Russel

kgs ¼ kg
V2=3

g þ ðks=kgÞð1� V2=3
g Þ

ð1� V2=3þVg
g Þ þ ðkg=ksÞðV2=3

g � VgÞ

 !
kgs ¼ ks

1� V2=3
g

1� ðV2=3
g � VgÞ

Maxwell
kgs ¼ kg

2Vg þ 1þ ks=kgð2ð1� VgÞÞ
ks=kgð1� VgÞ þ ð2þ VgÞ

� �
kgs ¼ ks

2 � ð1� VgÞ
ð2þ VgÞ

� �

Doherty

kgs ¼
kskgð2Vg þ 1Þ þ 2k2

s ð1� VgÞ
kgð1� VgÞ þ ksð2þ VgÞ

kgs ¼ ks
2 � ð1� VgÞ
ð2þ VgÞ

� �

Eucken

kgs ¼ ks
1þ 2Vg 1� ks=kg

� �� �
= 2 ks=kg
� �

þ 1
� �� �

1� Vg 1� ks=kg
� �� �

= 2 ks=kg
� �

þ 1
� �� �

 !
kgs ¼ ks

2 � ð1� VgÞ
ð2þ VgÞ

� �

Bruggemann

1� Vg ¼
kg � kgs

kg � ks

� �
ks

kgs

� �1=3 kgs ¼ ksð1� VgÞ3=2

Progelhoff kgs ¼ kgð1þ ks=kg � ðqf =qsÞ
nÞ kgs ¼ ksð1� VgÞn

Scaling relationship kgs ¼ ks � ðqf =qsÞ
n ¼ ks � ð1� VgÞn=n 2 ½1:65;1:85� kgs ¼ ksð1� VgÞn

Ashby (Glicksmann) kgs ¼ nksðqf=qsÞ ¼ nksð1� VgÞ kgs ¼ nksð1� VgÞ

a Simplification for Misnar’s model have been taken from the Ref. [9]. In some cases it has been also considered the low value of Vg compared to other terms.
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Fig. 8. Simplified models predictions as a function of the foam porosity compared
to experimental data. ks was taken 167 W/m K.
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Progelhof model : kgs ¼ kg 1þ ks=kg � qf=qsð Þn
� �

ð14Þ
Scaling relation kgs ¼ ks � qf=qsð Þn ¼ ks � ð1� VgÞn=n 2 ½1:65;1:85�

ð15Þ

Table 4 shows all the models. In the last column the models are
compared and simplified using the assumption ks� kg. From the
initial 11 models summarized in this paper it is possible to check
that only five models give different equations as a function of poros-
ity, Vg.

The simplified models are plotted in Fig. 8 together with the
experimental data. The labels for the different theoretical models
are those of the first equation for each group (Table 4).

The experimental parameter found according to Progelhoff’s
model and the Scaling relation was 1.55 ± 0.02. An experimental
value of 0.57 ± 0.02 was found for the tortuosity parameter within
Ashby’s model.

Fig. 8 shows the mismatch between the experimental data and
the Parallel–Series, Series–Parallel and Maxwell models. All these
models overestimate the thermal conductivity, especially for
high-porosity foams. On the other hand, Ashby’s model fits accept-
ably for high porosity but, as the Glicksman’s model assumes the
lower limit important differences exist for the range of lower poros-
ities. The best fit is obtained using the Bruggemann’s model, with an
exponent of 3/2 = 1.5 which is very near to the fitted exponent
obtained from the experimental data (1.55). A slight disagreement
in comparison with the exponent proposed for the scaling relation
(n = 1.65–1.85) is obtained. In the figure the data for maximum
possible exponent (1.85) for this model are also presented. The
predicted values are in this case lower than the experimental data.
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A possible explanation for the differences between experimen-
tal results and predictions at high porosities of some of the models
is related to the defects of the cellular structure. As described by Lu
and Chen, the apparent thermal conductivity of the foam depends
upon the cell shape, connectivity and topology, and it decreases in
the presence of one of the several different types of geometrical
imperfections: Plateau borders, fractured cell walls, missing cells,
cell-wall misalignments, cell size variations and solid inclusions.
The knock-down effect is more pronounced if several types of
imperfection coexist in the cellular structure [9]. As theoretical
models do not assume geometrical imperfections, it is logical to
think that thermal properties for aluminium foams are lower than
those expected theoretically. Specifically, low-density aluminium
foams present a higher number of defects and for this reason most
of the models overestimate the conductivity in the range of high
porosities.

Finally, regarding Ashby’s model it is important to report the
possibility of modelling a porosity-dependent tortuosity, moreover
this factor can be corrected by the fraction of solid in the struts (fs)
within Glicksman theory [32] according to

n ¼ 1
3
ð2� fsÞ ð16Þ

It could be possible to perform these calculations by measuring or
modelling the dependency fs = fs (Vg), although it would be only
applicable for low-density metallic foams with porosities over 0.8.
6. Conclusions

The transient plane source method seems to be a powerful tool
to measure and analyse several aspects related to the thermal con-
ductivity of metallic foams. Using this method it has been possible
to reach the following conclusions for a collection of AlSi7 foams
produced via the powder metallurgical route:

� Measurements on the cut faces (X axis) were carried out, show-
ing a power-trend decrease with the increasing porosity for the
complete range of samples. The in-homogeneity in samples did
not affect values in X direction because of a nearly constant den-
sity along that axis. Results in this work are in the same trend
that values obtained by other authors.

� The CT results showed a high in-homogeneity in the Y and Z
directions with independence of the sample’s characteristics.
The non-symmetric density profiles are related to the presence
of drainage at the bottom part for the Z direction and to the pres-
ence of big pores for the Y direction.

� By means of the TPS technique it is possible to detect in-homo-
geneities in the samples, such as the non-uniform skin thickness
or large pores as shown in measurements for Y and Z directions.

� The TPS technique may develop into a competitor for the tradi-
tional non-destructive techniques used in aluminium foams,
with a lower equipment cost and lower measurement times.
An envisaged quality control system based on the TPS technique
would use several measuring heads in a part-dependent config-
uration which could easily be re-positioned to suit other geom-
etries. Especially small and medium scale production could
profit from this flexibility, while reduced times of analysis
would benefit any production scenario.

A revision of theoretical models was performed. After suitable
approximations initial models were reduced to only five. Compar-
ing theoretical predictions with experimental results, classical
models (Series–Parallel, Parallel–Series and Maxwell type) did
not present good fittings. Only models with an adjustable experi-
mental parameter and the Bruggemann’s model, showed the best
agreement with thermal conductivity values. Finally, Ashby’s mod-
el seemed to fit only in the high porosities range. The effect of de-
fects of the cellular structure could be one of the main sources for
the differences between experimental results and some of the
models predictions.
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