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Abstract: This paper introduces novel empirical as well as modified models to predict the electrical
conductivity of sintered metal fibres and closed-cell foams. These models provide a significant
improvement over the existing models and reduce the maximum relative error from as high as just
over 30% down to about 10%. Also, it is shown that these models provide a noticeable improvement
for closed-cell metal foams. However, the estimation of electrical conductivity of open-cell metal
foams was improved marginally over previous models. Sintered porous metals are widely used in
electrochemical devices such as water electrolysers, unitised regenerative fuel cells (URFCs) as gas
diffusion layers (GDLs), and batteries. Having a more accurate prediction of electrical conductivity
based on variation by porosity helps in better modelling of such devices and hence achieving
improved designs. The models presented in this paper are fitted to the experimental results in order
to highlight the difference between the conductivity of sintered metal fibres and metal foams. It is
shown that the critical porosity (maximum achievable porosity) can play an important role in sintered
metal fibres to predict the electrical conductivity whereas its effect is not significant in open-cell metal
foams. Based on the models, the electrical conductivity reaches zero value at 95% porosity rather
than 100% for sintered metal fibres.

Keywords: porous metal; porosity; sintered metal fibre; metal foam; electrical conductivity;
electrochemical; fuel cell

1. Introduction

In recent decades, the development and use of porous metals in different engineering applications
have increased substantially. Thanks to their highly practical characteristics, on top of bulk metals
properties, these types of materials have functional and structural applications in a wide range of
industries such as energy transportation and biomedical applications [1,2]. The main characteristics
of porous metals are: low density, high permeability in open structures, high energy absorption and
large specific surface area [1,3]. These properties that are linked with good electrical and thermal
conductivity, corrosion resistance (when corrosion resistive metals such as titanium and stainless steel
are used), and even distribution of the fluids, make them very attractive for electrochemical energy
conversion devices [1,4]. For example, they are widely used as electrodes in batteries [1], gas diffusion
layer (GDL) [4–6] or flow-field [7,8] in electrolysers, fuel cells and unitised regenerative fuel cells
(URFCs). They can be either in the form of metal foams, sintered metallic powders/fibres or mesh.

Metal foams, commonly Ni, Pb and Cu, are mostly used as electrodes in batteries [9]; Ni foam
has also been used in fuel cells as flow field [10,11]. Sintered metal powders/fibres (Figure 1) are
commonly used as GDLs in polymer electrolyte membrane (PEM) and solid oxide (SO) electrolysers

Energies 2019, 12, 855; doi:10.3390/en12050855 www.mdpi.com/journal/energies

http://www.mdpi.com/journal/energies
http://www.mdpi.com
http://www.mdpi.com/1996-1073/12/5/855?type=check_update&version=1
http://dx.doi.org/10.3390/en12050855
http://www.mdpi.com/journal/energies


Energies 2019, 12, 855 2 of 17

or URFCs [9,10] instead of carbon-based GDLs that usually corrode rapidly in such hydrated
environments. Sintered metal fibres or powders are of particularly high interest due to their strong
mechanical properties that make them suitable for providing mechanical support for other components
in applications such as high-pressure water electrolysis [6,9,12]. Sintered metal powders provide
porosities lower than 50% [13,14], which is suitable for electrolyser applications [15]; on the other
hand, sintered metal fibres can provide porosities higher than 50% that is suitable for applications
such as PEMFCs or URFCs [16,17]. In these kinds of applications, the electrical conductivity plays a
major role in the performance as higher conductivity translates into lower ohmic losses, and hence
higher efficiency.
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as a gas diffusion layer (GDL) in unitised regenerative fuel cells (URFCs) and electrolysers.

In electrochemical applications, high electrical conductivity is preferable that is required for
transferring the electrons effectively and hence, achieving higher efficiency. The electrical resistance of
the porous metal (i.e., electrode) contributes to the ohmic losses. The electrical resistance of a porous
metal increases by increasing its porosity; however, in many applications such as fuel cells, higher
porosities are favourable for better delivery of reactants to the active area [17–23]. Therefore, the optimal
porosity is a trade-off between the electrical conductivity and the species transport properties [18,24].
There are not many experimental data reported on the impact of GDL’s porosity on the performance
of fuel cells or other similar devices. Many conventional fuel cells use carbon-based GDL and such
materials do not give enough control over parameters such as pore size and porosity. In addition,
as these GDLs are compressible, the in-situ porosities are different from the ex-situ porosities, and they
are significantly affected by the assembly pressure [25–27]. However, in URFCs and electrolysers, this
issue does not exist as porous metallic GDLs are used with higher mechanical strength. Therefore,
the in-situ properties of these GDLs remain almost similar to ex-situ properties, and they also give
more opportunity to control different properties of the GDL and experimentally study their individual
effect on the electrochemical device performance in a more controlled fashion.

Despite this fact, the variation of electrical conductivity with porosity is neglected in many
simulations [20–22,28,29] as there are not reliable models to predict this property for fibrous materials
and hence usually a constant value is considered. Therefore, it is of great importance to have models
capable of predicting the electrical conductivity of porous metals, especially sintered porous metals,
in order to perform more accurate simulations to predict the performance of electrochemical devices.
Such a model can help determine the effect of parameters such as porosity of the porous electrode (e.g.,
in fuel cells, electrolysers, URFCs and batteries).
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The electrical conductivity of porous metals is considerably lower than the bulk material in
high porosity ranges. For example, based on measurements of electrical conductivity of aluminium
foam by Feng et al. [30], the electrical conductivity at 70.5% and 86.7% porosity is approximately
1.708 × 106 m−1 and 0.5 × 106 S·m−1, respectively, compared to 3.69 × 107 S·m−1 for aluminium. As a
result, the electrical resistance of GDL increases rapidly at high porosities, which in turn translates into
ohmic losses [31,32].

Several researchers have aimed to provide empirical relationships to link the electrical conductivity
of the porous metal materials with the properties of the bulk metal and its porosity [30,33,34] or pore
structure [35,36]. Feng et al. [30] have suggested a simplified model based on the model proposed
by Huang [37]. Liu et al. [34,38,39] also conducted a series of experiments to determine the electrical
resistivity of nickel foams developed by electroplating on the polyether sponge sheet using a double
circuit bridge. They proposed a physical model for high porosity metal foams.

However, these formulas have been developed based on metal foams and their applicability for
sintered metal fibres remains questionable. In these formulas (presented in Section 2.2), the porous
metal electrical conductivity becomes zero when the porosity is 100% that cannot happen physically
for sintered fibres or powders. High porosities close to 100% can be achieved in open-cell metal
foams. However, in porous metals produced by sintering powders or fibres, the initial or maximum
porosity (i.e., tap porosity before sintering) is lower than 100% (it can be increased by methods such
as using pore-formers). Zhou et al. [40] have examined the applicability of three models, Equations
(2)–(4), for sintered metal fibres; they have reported that these models, which are proposed for metal
foams, cannot predict the results accurately as errors of more than 30% were observed. The electrical
conductivity of sintered porous metals depends on several factors and the complex interaction between
them such as impurities, manufacturing method, temperature, pressure and duration. The work of
carried out by Sheng et al. [41] and Huang et al. [42] on thermal conductivity (analogous to electrical
conductivity) of sintered metal fibres, highlights the complexity and difficulty in prediction of electrical
conductivity of such products. It highlights the fact that there is a need for fitting parameters, detailed
microstructural analysis [42], or reliance of measurement of other properties of the sintered metals
(e.g., measurement of electrical conductivity to assist with the prediction of thermal conductivity [41])
to estimate the desired characteristic.

Accordingly, in this paper, it will be investigated whether the models can be improved to
predict the electrical conductivity of sintered metal fibres with less error. The models analysed
by Zhou et al. [40], are fitted to different experimental results from literature; they are modified
considering the critical porosity to achieve higher accuracy. Also, two new models are presented for
sintered metal fibres to improve the estimation of electrical conductivity. These models are also shown
to improve the estimation of the electrical conductivity of closed-cell metal foams.

2. Method

2.1. Factors Affecting Electrical Conductivity of Porous Metals

Most of the models used for predicting the electrical conductivity of porous media are a function
of porosity. Pore size has been shown to have a negligible effect on electrical conductivity [30,36,40,43].
Feng et al. [30] have analysed aluminium foams with pore diameters of 1.7, 2.5 and 3.6 mm and
have reported a negligible difference between them. Zhou et al. [40] have analysed sintered copper
fibres and have suggested that pore size has a minor effect on the electrical conductivity. Similarly,
Goodall et al. [43] have reported no effect of pore size on the electrical conductivity of open cell
aluminium foams; they have measured the electrical conductivity of aluminium foams with pore sizes
of 75 µm and 400 µm with porosities between 64% and 93%. Hakamada et al. [36] have investigated
the effect of pore size on electrical conductivity of porous aluminium (Figure 2): for the range that they
have considered (i.e., from 212–300 to 850–1000 µm) the effect of pore size on electrical conductivity
was found to be negligible, especially with pore sizes smaller than 600 µm.
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Some researchers have tried to predict the electrical conductivity according to the pore size and
structure for porous metals [36]. Hakamada et al. [36] investigated porous aluminium produced by
powder metallurgy and using spacers. They considered samples with a porosity of 77–90% and a pore
diameter of 212–300 to 850–1000 µm. They proposed a model based on the porosity, pore size, and the
size of openings in the cells. The model is in good agreement with the experimental results except for
the pore size of 925 µm for which the model underestimates the experimental value by almost 30% and
hence the range of its applicability should be investigated further. This model, however, can be used
mainly for porous metals with controlled pore size and cannot be applied to samples with a range of
random pore diameter.

As indicated by the literature the effect of pore size on electrical conductivity is negligible and
this assumption offers more accuracy for pore sizes of lower than 100 µm (e.g., used in GDLs for fuel
cell applications). Hence the focus of the models to be discussed in this paper is mainly on the effect of
porosity (i.e., on electrical conductivity). In addition, models which are based on porosity can be easily
applied to different samples without worrying about the pore size.

2.2. Porous Metal Electrical Conductivity Models

Several semi-empirical models have been proposed to estimate the electrical conductivity based
on the conductivity of the bulk material and the porosity of porous metals [30,33,34]. Langlois and
Coeuret [33] have proposed the following formula for highly porous metal foams:

σ =
1− ε

4
σ0 (1)

In this equation, σ is the electrical conductivity of the porous metal, ε is the porosity, and σ0 is the
conductivity of the bulk metal, which in this case is the metal. This model has been proposed based on
the measurements of electrical conductivity of nickel foams with porosities in a very narrow range:
97.0% to 97.8%. This model is only applicable to the nickel foams with porosities in the aforementioned
range which are made with specific conditions. Different manufacturing conditions and also defects in
the samples can affect the electrical conductivity of porous metals [30,40]. In order to include these
effects, Liu et al. [34,39] modified the Langlois and Coeuret formula by introducing a coefficient, K:

σ = K
1− ε

4
·σ0 (2)
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K represents the effect of different manufacturing methods and parameters, defects and
dimensional variation of cells or particles and other possible factors affecting the electrical conductivity
of a porous metal which results in deviation from theory. Its value is found through curve fitting to the
measured data. They have shown that Equation (1) used for nickel foams with a porosity between 88%
and 99% results in absolute relative errors (ARE) from 40% to 17%, respectively. It can be observed
that as the porosity decreases the error of Equation (1) increases, whereas the maximum ARE from
Equation (2) is 16.1% at 98.84% porosity.

Liu et al. [34,39] have also proposed a physical model based on the octahedron theoretical model
for highly porous metal foams with porosities higher than 90%:

σ = K
1− ε

3[1− 0.121·
(
1− ε)1/2

] ·σ0 (3)

For the same range, this model has better accuracy and the maximum ARE is 14.9%. Both of these
models have higher errors at higher porosities. This will be discussed further in Section 3.

Feng et al. [30] have proposed the following formula for calculating the electrical conductivity of
closed cell metal foams:

σ =
2K(1− ε)

2K + ε
·σ0 (4)

For spherical cells K has been suggested to be around 0.3.
Zhou et al. [40] have used the three models suggested by Liu et al. [34] and Feng et al. [30] for

sintered copper fibres with porosities between 70% to 90%. The relative absolute error of the models
for some points is as high as 30% (Table 1).
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Table 1. Experimental data from Zhou et al. [40] and calculated values of electrical conductivity of sintered copper fibres using different models.

Porosity

Electrical Conductivity (106 S·m−1) Absolute Relative Error

Exp.
Equation (2) Equation (3) Equation (4) Equation (2) Equation (3) Equation (4)

Original Equation (5) Original Equation (6) Original Equation (7) Original Equation (5) Original Equation (6) Original Equation (7)

70% 0.291 0.216 0.286 0.247 0.291 0.219 0.287 26% 2% 15% 0% 25% 1%

75% 0.228 0.180 0.228 0.192 0.220 0.181 0.228 21% 0% 16% 3% 21% 0%

80% 0.144 0.144 0.170 0.144 0.158 0.144 0.170 0% 18% 0% 10% 0% 18%

85% 0.102 0.108 0.113 0.102 0.103 0.107 0.112 6% 10% 0% 1% 5% 10%

90% 0.055 0.072 0.055 0.064 0.054 0.071 0.055 31% 0% 17% 2% 29% 0%
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3. Improvement of the Existing Models

The discussed models in Section 2 predict that conductivity becomes zero when the porosity is
100%. In order to have electrical conductivity in a porous media, a connected solid phase is required.
As can be seen in Figure 1, a porous metal is formed by randomly distributed pores of different sizes,
which are formed by the surrounding complicated metallic structure (i.e., infinite cluster). The integrity
of the porous metal relies on the existence of such a cluster. In the absence of a continuous cluster,
the effective electrical conductivity and other properties become zero. Consequently, conductivity can
become zero at porosities lower than 100%, which is the critical porosity for electrical conductivity or
structural integrity. If the models are modified by introducing εc as the critical porosity, the models
proposed by [34] and [30] will be as follows:

σ = K
1− ε/εc

4
·σ0 (5)

σ = K
1− ε/εc

3[1− 0.121·
(
1− ε)1/2

] ·σ0 (6)

σ =
2K(1− ε/εc)

2K + ε
·σ0 (7)

In these equations, the electrical conductivity will be zero when porosity is equal to the critical
porosity, εc. These models are fitted to the experimental data from Feng et al. [30], Zhou et al. [40] and
Liu et al. [34]. Feng et al. [30] have measured the electrical conductivity of closed-cell Al-alloy foams;
Zhou et al. [40] have reported the electrical conductivity of sintered copper fibres; and Liu et al. [34]
have investigated the electrical conductivity of open-cell nickel foams. It is expected that closed-cell
foams have a lower critical porosity compared to open-cell foams. The reason is that more solid
phase metal is required to form the structure of close-cell foams compared to that needed in open-cell
porous metals.

Table 1 presents the experimental measurement of Zhou et al. [34] with the original equations and
the modified models. The data are presented in Figure 3.
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As it can be seen in Table 1, the modified models result in considerably less error. The maximum
ARE for Equations (5)–(7) is 18%, 10% and 18%, respectively, compared to 31%, 17% and 29% for
Equations (2)–(4). The values of critical porosity for different models are calculated by fitting the
models to the experimental data through minimising the ARE. The critical porosity for Equations (5)–(7)
is 0.948, 0.962 and 0.949, respectively.
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The critical porosity for the three fitted models is around 95% that is consistent with what is
expected in reality. Equation (2) and its modified version, Equation (5), are presented against the
experimental data from Feng et al. [30] in Figure 4. From this figure, it is evident that the experimental
data do not approach zero conductivity at 100% porosity. The presumption of having zero conductivity
and 100% porosity results in substantial errors and does not reflect an accurate relation between
porosity and electrical conductivity.Energies 2018, 11, x FOR PEER REVIEW  7 of 17 
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Equation (5).

Also, the models have been fitted to Feng et al. [30] measurements (Table 2) and a significant
improvement has been observed. The maximum ARE has reduced from 35%, 26% and 34% for
Equations (2)–(4), respectively, to 11%, 9% and 11% for Equations (5)–(7), respectively. Similarly, the
average ARE has reduced from 13%, 7% and 12% to 3% for the modified models. From these results,
it can be concluded that Equations (2)–(4) are not able to estimate the electrical conductivity at high
porosities and considerable deviation can be observed. By introducing the critical porosity, the models
perform significantly better. Therefore, it is concluded that the assumption of having zero electrical
conductivity at 100% porosity or zero relative density cannot be valid. After fitting the models to these
data, the critical porosity is 94% for Equations (5) and (7) and 95% for Equation (6).

The models were fitted to the experimental data from Liu et al. [34] that are presented in Figure 5.
The models and their modified versions perform almost the same. The maximum ARE is between
12% and 17% for all models and the average ARE is between 5.5% and 8.2%. As it was expected, the
critical porosity calculated from the modified models for these data was very close to 1 as the samples
had an open-cell structure. The calculated critical porosity after fitting the models to the data was
99.7% for Equations (5) and (7) and 99.8% for Equation (6). As the critical porosity is close to unity, the
improvement of the models is not significant.
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Table 2. Experimental data from Feng et al. [30] and calculated values of electrical conductivity of Al-alloy foams using different models.

Porosity

Electrical Conductivity (106 S m−1) Absolute Relative Error

Exp.
Equation (2) Equation (3) Equation (4) Equation (2) Equation (3) Equation (4)

Original Equation (5) Original Equation (6) Original Equation (7) Original Equation (5) Original Equation (6) Original Equation (7)

0.687 1.855 1.586 1.837 1.809 1.896 1.610 1.845 15% 1% 2% 2% 13% 1%
0.705 1.708 1.495 1.703 1.666 1.727 1.514 1.708 12% 0% 2% 1% 11% 0%
0.712 1.664 1.459 1.651 1.612 1.664 1.477 1.655 12% 1% 3% 0% 11% 1%
0.727 1.511 1.383 1.540 1.499 1.532 1.398 1.541 8% 2% 1% 1% 8% 2%
0.734 1.482 1.348 1.488 1.448 1.472 1.361 1.488 9% 0% 2% 1% 8% 0%
0.742 1.474 1.307 1.429 1.391 1.404 1.318 1.428 11% 3% 6% 5% 11% 3%
0.756 1.293 1.236 1.325 1.293 1.290 1.245 1.323 4% 2% 0% 0% 4% 2%
0.764 1.265 1.196 1.265 1.239 1.226 1.203 1.263 5% 0% 2% 3% 5% 0%
0.771 1.153 1.160 1.213 1.192 1.171 1.166 1.210 1% 5% 3% 2% 1% 5%
0.779 1.131 1.120 1.154 1.140 1.109 1.124 1.151 1% 2% 1% 2% 1% 2%
0.79 1.106 1.064 1.072 1.069 1.026 1.066 1.068 4% 3% 3% 7% 4% 3%

0.805 0.988 0.988 0.961 0.976 0.917 0.988 0.957 0% 3% 1% 7% 0% 3%
0.813 0.853 0.947 0.901 0.927 0.860 0.946 0.897 11% 6% 9% 1% 11% 5%
0.829 0.822 0.866 0.782 0.833 0.749 0.863 0.779 5% 5% 1% 9% 5% 5%
0.845 0.639 0.785 0.663 0.742 0.642 0.781 0.661 23% 4% 16% 0% 22% 3%
0.85 0.565 0.760 0.626 0.714 0.609 0.755 0.624 35% 11% 26% 8% 34% 11%

0.867 0.500 0.674 0.500 0.622 0.500 0.667 0.500 35% 0% 24% 0% 33% 0%
0.871 0.486 0.654 0.470 0.600 0.475 0.647 0.471 34% 3% 24% 2% 33% 3%
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4. New empirical Models for Prediction of Electrical Conductivity of Porous Metals

4.1. An Overview

As discussed, the existing models fail to give reliable predictions of electrical conductivity for
sintered metal fibres and as can be seen in Section 3, errors can be as high as 30%. Modified models
improved the accuracy of the existing models. It was found out that the main reason for high inaccuracy
is neglecting the critical porosity. In this section new models will be proposed to improve the accuracy
of these existing models. The models will include the critical porosity as well as the tortuosity effect on
electrical conductivity.

4.2. Models to Predict Sintered Metal Fibres Electrical Conductivity

In this section according to the rule of mixture, and considering the effect of tortuosity and critical
porosity, two new models for predicting the electrical conductivity of porous materials are proposed.
Based on the rule of mixture, the electrical conductivity of unidirectional metal fibres can be expressed
as below [44]:

σ = εσair + (1− ε)σs (8)

Considering that the electrical conductivity of air is negligible compared to the conductivity of
the solid metal phase, therefore the electrical conductivity can be expressed as:

σ = σs(1− ε) (9)

Although this formula gives the correct value for long unidirectional fibres, this is not valid in
sintered metal fibres as the length of the fibres can vary as well as their directions. Also, the connection
of the fibres depends on the sintering conditions such as pressure, temperature, and duration [40].
For instance, Zhou et al. [40] have shown that for sintered copper fibres samples with a porosity of
90% porosity, the electrical conductivity at 1000 ◦C was almost 5.4 times as high as of the electrical
conductivity at 700 ◦C. Therefore, in order to introduce the effect of manufacturing processes,
inhomogeneity in the structure, and possible defects we can introduce a coefficient that accounts
for these effects:

σ = Kσs(1− ε) (10)
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It is expected that the value of K to be lower than one (i.e., K = 1 represents ideal conditions). Here
the critical porosity, εc, can be introduced to the previous equation:

σ = Kσs(1− ε/εc) (11)

One factor that contributes to the increase of the conductivity in porous metals is the increase in
the path that electrons need to travel, i.e., the electrical tortuosity, due to the presence of nonconductive
voids. This is illustrated in Figure 6. It can be seen that the electrons have to travel a longer path in a
porous metal in comparison to a bulk metal where they can travel in a straight line.
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This can be expressed by the tortuosity concept. If we assume in the bulk material, the length
travelled by electrons is L0 and in the porous material it is L, and consider τ as tortuosity, then we
can write:

L = τL0 (12)

This can also account for the fact that fibres are not unidirectional. The Bruggeman relation is a
widely accepted estimation for tortuosity [45,46]:

τ = ε−α (13)

However, this expression is hydraulic tortuosity in the void space in the porous media. α is a
coefficient, which depends on the structure of the porous media. For the electric tortuosity, we can
rewrite the Bruggeman relation as below as the solid phase is important:

τ = (1− ε)−α (14)

This relation satisfies the boundary conditions for tortuosity at ε = 0 and ε = 1. When porosity is
equal to zero, the tortuosity must be 1 and when porosity is 1, tortuosity must be ∞.

Another accepted model for tortuosity is [47]:

τ = 1− Pln(ε) (15)

Here, P is a fitting parameter that depends on the porous media structure and can be estimated
experimentally or numerically, such as using lattice Boltzmann simulation. Again, to satisfy the
following conditions: τ→ ∞ when ε = 1 and τ→ 1 when ε = 0, we can change the formula to:

τ = 1− Pln(1− ε) (16)
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Now, by introducing the effect of tortuosity in Equation (10), we have:

σ = Kσs(1− ε/εc) τ−1 (17)

By replacing tortuosity in Equation (17) by Equations (13) and (14) we have:

σ = Kσs(1− ε/εc) (1− ε)α (18)

σ =
Kσs(1− ε/εc)

1− Pln(ε)
(19)

The results for the two new models are presented in Table 3 for experimental data from Zhou et
al. [40] and in Table 4, for data from Feng et al. [30]. These models result in lower ARE compared to
previous models. The two new models have almost similar results. The ARE for different structures
and using different models can be seen in Table 5. It is clear that for sintered metal fibres the accuracy
of the models can be significantly improved by the critical porosity introduction; the improvement is
less for closed-cell metal foam; for the open-cell foam the improvement is insignificant.

Table 3. Experimental data from Zhou et al. [40] and calculated values of electrical conductivity of
sintered copper fibres using the newly proposed models.

Porosity
Electrical Conductivity (106 S·m−1) Absolute Relative Error

Exp. Equation (18) Equation (19) Equation (18) Equation (19)

70% 0.291 0.291 0.291 0.1% 0.0%
75% 0.228 0.221 0.220 3.0% 3.4%
80% 0.144 0.158 0.157 9.6% 9.1%
85% 0.102 0.102 0.102 0.0% 0.0%
90% 0.055 0.055 0.055 0.1% 0.0%

Table 4. Experimental data from Feng et al. [30] and calculated values of electrical conductivity of
aluminum foam using the new proposed models.

Porosity
Electrical Conductivity (106 S m−1) Absolute Relative Error

Exp. Equation (18) Equation (19) Equation (18) Equation (19)

68.70% 1.855 1.856 1.855 0.0% 0.0%
70.50% 1.708 1.710 1.709 0.1% 0.1%
71.20% 1.664 1.653 1.653 0.6% 0.7%
72.70% 1.511 1.534 1.533 1.5% 1.5%
73.40% 1.482 1.478 1.478 0.3% 0.3%
74.20% 1.474 1.415 1.415 4.0% 4.0%
75.60% 1.293 1.306 1.307 1.0% 1.0%
76.40% 1.265 1.245 1.245 1.6% 1.6%
77.10% 1.153 1.191 1.192 3.3% 3.3%
77.90% 1.131 1.130 1.131 0.0% 0.0%
79.00% 1.106 1.048 1.048 5.3% 5.2%
80.50% 0.988 0.937 0.937 5.2% 5.1%
81.30% 0.853 0.878 0.879 2.9% 3.0%
82.90% 0.822 0.763 0.764 7.2% 7.1%
84.50% 0.639 0.650 0.651 1.8% 1.9%
85.00% 0.565 0.616 0.616 9.0% 9.1%
86.70% 0.500 0.500 0.500 0.0% 0.0%
87.10% 0.486 0.473 0.473 2.6% 2.6%
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Table 5. Average absolute relative error from different models for different structures.

Structure
Previous Models Modified Models New Models

Equation
(2)

Equation
(3)

Equation
(4)

Equation
(5)

Equation
(6)

Equation
(7)

Equation
(18)

Equation
(19)

Sintered metal
fibre (Zhou et al.) 16.7% 9.6% 15.8% 6.1% 3.2% 5.8% 2.6% 2.5%

Closed-cell metal
foam (Feng et al.) 12.6% 7.1% 11.9% 2.8% 2.9% 2.8% 2.6% 2.6%

Open-cell metal
foam (Liu et al.) 8.19% 6.50% 7.59% 6.10% 5.54% 5.98% 5.44% 5.41%

Therefore, by looking at the results from the modified models and the new proposed models,
it can be concluded that for sintered metal fibres, the presumption of having zero conductivity at a
porosity of 100% does not provide accurate results. By doing so, the errors for sintered copper fibres
can reach up to 30% for the range of 70%–90%. Also, as it was expected, the critical porosity obtained
by fitting the models to the experimental results for open-cell metal foam, was higher (close to unity)
than that of obtained for sintered metal fibres and closed-cell metal foam. The suggested reason is that
for having structural integrity for a similar structure, closed-cell metal foam requires more solid phase.
The average ARE from using different models for different structures can be seen in Table 5. As it
can be observed, for the sintered metal fibres, significant improvement can be gained by the modified
models and even more significantly by the new proposed models. For closed-cell the improvement is
moderate; and finally, for the open cell metal foam, the reduction in error is marginal and average ARE
is reduced by around 1% to 3%. As a result, it is suggested that for open cell metal foam Equation (3)
can be used, which gives less error compared to Equations (2) and (4) and the inclusion of critical
porosity does not bring significant improvement. For closed cell metal foams, modified models (i.e.,
Equations (5)–(7)) and new suggested models (i.e., Equations (18) and (19)) provide similar accuracy
and outperform models without considering critical porosity. Finally, for sintered metal fibre porous
media, the newly proposed models outperform the previous models and hence are recommended to
be considered for this type of porous metal.

The critical porosity at which the electrical conductivity reaches zero (i.e., the maximum porosity
that is achievable to have a connected cluster of solid phased) depends on the type of the porous metal
(the method by which the porous metal is manufactured). The highest amount of porosity in porous
metals can be achieved in metal foams, specifically open-cell metal foams. Metal foams typically have
larger pore size compared to that of sintered metal fibres or powders. Larger pores mean higher void
space ratio to solid phase. Also, in metal foams that are manufactured from molten metal, the solid
phase is uniform and there is no contact resistance in the structure. Additionally, open-cell metal
foams can provide higher porosities in comparison to the closed-cell metal foams as the walls (solid
phase) are non-existent in open-cells and only struts are present to form a cell. On the other hand,
sintered porous metals, are formed by means of pressure at high temperatures. This puts a limit on the
maximum porosity achievable. Additionally, as the sintering depends on the temperature, pressure,
and the duration, the electrical conductivity depends on these factors [40,48]. These factors affect the
contact between the metal fibres or powders and hence the overall electrical conductivity. As a result,
the critical porosity, has a more significant effect on the accuracy of the models for porous metals
formed by sintering, followed by closed-cell metal foams, and finally less impact on the open-cell
metal foams. This is also evident in the results by fitting the models and the critical porosity for the
open-cell foam was obtained to be close to one, whereas for sintered metal fibres, this value was ~95%.

In order, to find the validity of the models for other cases of closed-cell metal foams the models
are fitted to additional data from the literature. For metal foams, the data from Feng et al. [30],
Sevostianov et al. [49], Kim et al. [50] and Kovacik et al. [51] are used. After fitting the data to these
models, the coefficients are obtained as presented in Table 5. The critical porosity and the tortuosity
coefficient are similar for different datasets. The value of K (manufacturing effects) is close for the
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three of the datasets ([30,50,51], However, K for the data from Sevostianov et al. [49] is slightly lower.
The value of K is expected to vary between different datasets provided by different research groups
as it depends on several factors and the complex interaction between them such as impurities and
manufacturing methods implemented. If a K value based on these data is applied to a new dataset,
a higher error could potentially arise due to the effect of aforementioned parameters. Therefore,
it is suggested for new porous metals, few measurements of the electrical conductivity of samples
with different porosities to be experimentally measured (e.g., two different porosities). Subsequently,
the value of K can be determined based on those values to minimise the error and predict the electrical
conductivity of the porous metal at different porosities by the model. This allows the prediction
of the conductivity for a wide range of porosity that otherwise needs to be measured individually
and samples with different porosities are required to be manufactured that are not practical in many
circumstances. This will help in modelling of devices implementing such materials, where electrical
conductivity is required such as fuel cells and electrolysers.

Also, if the value of K for closed metal foams (Table 6) is compared the value for sintered metal
fibres (experimental data from Zhou et al. [40]), ~0.03, it is evident that the value of K is significantly
higher for closed-cell metal foams as expected. This can be explained by the fact that in metal foams,
the solid phase can be considered one connected piece, whereas in sintered porous metals, there
are numerous connections points between the particles adding to the overall resistance (i.e., lower
conductivity) resulting in a lower value of K. In other words, the value of K represents the deviation
from ideal conditions.

Table 6. Coefficient of the new models: Equations (18) and (19), for closed-cell metal foams.

Data Sets
Equation (18) Equation (19)

K εc α K εc P

Feng et al. 0.80

0.99 0.32

0.81

0.97 0.37
Kovacik et al. 0.76 0.77
Sevostianov et al. 0.67 0.67
Kim et al. 0.78 0.79

5. Conclusions

The effect of porosity on the electrical conductivity of different types of porous metals was
investigated through different existing semi-empirical models and the applicability of these models
was evaluated for open and closed cell metal foams as well as metal fibres. These models are proposed
based on metal foams; that is why they can represent the electrical conductivity of open-cell metal
foams with low errors for porosities over 80%. However, the error increases for closed-cell metal
foams. For sintered metal fibres the error is even more considerable as it can be as high as 30%.
These existing models that are predicting the conductivity to be zero at 100% porosity do not match
the experimental measurements. In practice, porous metals with porosities close to 100% cannot be
produced, especially if sintering technology is used, and the maximum achievable porosity is the tap
porosity. Therefore, the critical porosity is introduced in the models. This means that the electrical
conductivity should reach the value of zero at a porosity lower than 100% (i.e., critical porosity). This
modification improves the models predictions significantly (i.e., reduces the error of the models).
Moreover, two new empirical models (Equations (18) and (19)) based on mixture model, tortuosity,
and critical porosity were proposed for sintered metal fibres. Using these models, the critical porosity
(the porosity at which the electrical conductivity becomes zero) was estimated to be ~95% for sintered
metal fibres rather than 100%. These models offered more accuracy and lower errors compared
to previous models, especially for sintered metal fibres. The model proposed by Liu et al. [34,39],
Equation (3), outperforms the other models, Equations (2) and (4), and its modified model, Equation
(6) performed better than the modified version of the other models.
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The two new models (Equations (18) and (19)) were also fitted to more experimental data from
literature, in order to investigate if the values for the coefficients can be generalised based on the type
of the porous metal. As currently, most of the data available in the literature are for closed-cell metal
foams; hence, the present study was only carried out for this type of porous metals. It was found that
the values of critical porosity and tortuosity coefficient can be applied to different datasets, however,
the coefficient considered for manufacturing effect, K, is different for one of the datasets while the
difference for other datasets are not significant.

In summary, it is suggested that for high porosity sintered metal fibres, which are usually used in
electrochemical devices, the critical porosity (i.e., the maximum possible physical porosity) should
be considered as it noticeably affects the accuracy of the models. By using the modified models and
the new models, the average ARE was reduced from as high as 16.7% to as low as 2.5%. In addition,
the maximum ARE in the unmodified models is from 17% to 31.8%, which was reduced to 9.1% to
18.3% by modifications and introduction of new models. Considering that these findings were based
on the porous metals with porosities above 70%, further investigation is still required to check the
applicability of these formulas for lower ranges of porosities, i.e., lower than 50%. It is worthwhile to
mention that as contact resistance can significantly affect the ohmic losses in electrochemical devices
the effect of porosity on contact resistance is recommended to be investigated separately.
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49. Sevostianov, I.; Kováčik, J.; Simančík, F. Elastic and electric properties of closed-cell aluminum foams:
Cross-property connection. Mater. Sci. Eng. A 2006, 420, 87–99. [CrossRef]

50. Kim, A.; Hasan, M.A.; Nahm, S.H.; Cho, S.S. Evaluation of compressive mechanical properties of Al-foams
using electrical conductivity. Comp. Struct. 2005, 71, 191–198. [CrossRef]
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