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In this paper, using both experimental data and theoretical modelling, we investigate
the degradation of the thermal conductivity of sintered metals due simultaneously to
the grain boundary thermal resistance and the porosity. We show that the porosity de-
pendence of the thermal conductivity of sinteredmaterial from spherical particle pow-
der, exhibits a critical behaviour associated with a second order phase transition. An
analytical model with a single parameter is proposed to describe the critical behaviour
of the thermal conductivity of sintered metals versus porosity. © 2014 Author(s). All
article content, except where otherwise noted, is licensed under a Creative Commons
Attribution 3.0 Unported License. [http://dx.doi.org/10.1063/1.4886221]

Reliable data on thermal conductivity are required for designing new alloys and modelling
heat treatment processes. Thermal conductivity controls the temperature gradients occurring in
materials. These temperature gradients lead to internal stress. Consequently, for transformations
depending on cooling rate and temperature, the thermal conductivity is directly related to the grain
size and to the residual tensile strength. The thermal conductivity is therefore an essential property
for predicting the temperature dependence of themicrostructure and for understanding heat treatment
and solidification. Generally, the thermal conductivity of a polycrystalline material is considerably
lower than its corresponding bulk crystal. This difference is mainly due to thermal resistance at the
grain boundaries and to the porosity of the material. In addition, thermal conductivity of sintered
materials is strongly influenced by how the materials are prepared. They are known to have different
physical properties than metals produced using more conventional techniques. The predominant
microstructural feature of sintered materials is their porosity. The compacting pressure used during
material preparation is the principal factor defining the intrinsic porosity of sintered materials;
their porosity can be as high as 60%. In recent years, there has been a growing interest in porous
sintered metals in many technical areas, including heat exchangers, heat pipes, storage reservoirs
for liquids, in the automotive industry and aerospace. Because of their desirable mechanical and
physical properties, such as high strength, corrosion resistance, low capillarity radius, rigidity, and
shock resistance, sintered metals are often the best choice. Nevertheless, their thermal conductivity
remains misunderstood, especially regarding the porosity factor.

We searched the literature for recent experiments measuring the porosity dependence of the
thermal conductivity of sintered metals. We found data in particular for copper,1,7,8 stainless steel,2

and silver.3 These studies all showed that, beyond a certain porosity percentage, thermal conductivity
starts to decrease drastically (with the increasing porosity). This behaviour was not well interpreted
or explained by the authors. However, some analytical relations, which are expected to be suitable
for describing the porosity dependence of good conducting porous materials,4 were used to correlate
thermal conductivity and porosity data. Nevertheless, as pointed out by Lima et al.,2 such models
cannot satisfactorily the critical behaviour, as they can provide only valuable information on the
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FIG. 1. Experimental available data of thermal conductivity for two types of sintered copper in comparison with the power
law model (dashed line). The first type of sintered copper is obtained from spherical particles powder (open symbol) and the
second type from dendritic particles powder (filled symbol).

pores sizes and distribution. The aim of this paper is to provide a possible physical interpretation of
the drastic decrease of the thermal conductivity, λ, of sinteredmetals as a function of their porosity,P.

The recent experiments of Vicent et al.1 show a very marked change of thermal conductivity
of copper sintered from spherical particles above ≈16%. In order to confirm or disconfirm this
observation, we have first measured the thermal conductivity of a sample of sintered spherical
particles with a porosity of P = 16.6%, with a laser flash method. The Cu powder was supplied by
Ecka Granules Ltd at Fürth, Germany. The Cu powder has spherical particles with sizes<45μm and
an average grain size of <12μm. For more details on sample preparation and microstructure, see
the supplier’s website.9, 10 The experimental procedure for the determination of thermal diffusivity
of this sample is given as the supplementary material for this work.11

Fig. 1 shows the λ(P) curve of sintered copper obtained, respectively, from spherical and den-
dritic particles in comparison with the power law model:12, 13 λ = λ0(1 − P)n. λ0 is the thermal
conductivity at zero porosity and is equal to 401Wm−1 K−114 for polycrystalline copper. The power
law model predicted accurately the λ(P) curve of sintered dendritic copper in the entire range of
porosity, from only the knowledge of λ0. In contrast, the thermal conductivity of sintered spher-
ical copper deviates considerably at a porosity level of about 15%, with an abrupt decrease of
130Wm−1 K−1. This abrupt decrease is represented in Fig. 2 through the normalized derivative
of λ(P) : χ = λ−1

0 (dλ/dP). The form of χ (P) is similar to the typical form of second order ther-
modynamic or magnetic phase transition induced by temperature (e.g., magnetic heat capacity and
susceptibility or heat capacity change near order-disorder transition). A second order phase transi-
tion corresponds to spontaneously broken symmetry associated with an appropriate order parameter.
In the case of magnetic phase transition, the broken symmetry is the spin rotation symmetry, and
for an order-disorder transition, the broken symmetry is the crystal periodicity. In the present case,
the second order phase transition is induced by the porosity. The broken symmetry is associated
with the pores’ environment within the microstructure. Below the critical porosity (denoted by Pc),
each pore is surrounded by grains. Above the critical porosity, pores start to be inter-connected and
their density increases continuously. Above a certain porosity level the probability that a grain is
surrounded by gas is non-negligible and the thermal conductivity should then decrease rapidly to
zero. For a dendritic microstructure, the pores are already interconnected even at very low porosity
levels (Pc ∼ 0). For an effective property for which Pc ∼ 0, Kováĉik and Simanĉı́k15 have shown,
on the basis of the percolation theory,16 that the porosity dependence of the considered property
obeys the power law model. On this basis, one can assume that both the sintered copper obtained
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FIG. 2. Critical behaviour of the sintered spherical copper as a function of porosity. The critical porosity Pc = 0.166 is
indicated by a dashed line and corresponds to the position of the peak of λ−1

0 (dλ/dp).

from dendritic and spherical particle powders show a critical behaviour. The critical porosities are,
respectively, 0 and 0.166, and the second order phase transition, induced by the porosity, corresponds
to a closed (pores are separated) to open (appearance of pore clusters) porosity transition.

The function χ must be formulated to describe the critical behaviour of the thermal conductivity
of sintered metals from spherical particles. Many representations of critical functions are present in
the literature.17, 18 Our goal is to propose a reliable physical model with few physical parameters, in
order to be applicable on a wide range of metals. In this work we have considered the one proposed
by Inden,19,20 the ferromagnetic transition:

χ (P) = A± ln

[
1 + (P/Pc)±3

1 + (P/Pc)±3

]
. (1)

In this equation, the symbol±means that the value is positive forP>Pc and negative otherwise.
When P → 1, the thermal conductivity is null. Consequently, A± is constant in the entire range of
porosity and it is trivial to show that

A± = −
√
3

π Pc
. (2)

Thereafter, the integration of Eq. (1) gives

λ(P, d) = λ0(d) ×
(
1 +

∫ P

0
χ (P ′)dP ′

)
. (3)

In general λ0 also depends on the grain size. Indeed, when heat is conducted from one grain to
another, the temperature is not continuous at the boundary, as there is a temperature jump,�T. In the
case where the heat flow, �Q̇ , is small, one can assume a linear relationship between �T and �Q̇
. The thermal resistance across the grain boundary is defined as the ratio �T

�Q̇
. The degradation of

the thermal conductivity, due to the thermal resistance across the grain boundaries, is often defined
through the Kapitza formalism:5,6

λ0(d) = λ∞
1 + Rkλ∞

d

, (4)

where Rk, the Kapitza resistance, is the average thermal resistance across the grain boundaries
(assumed to be independent on the grain size distribution and orientation) and λ∞ is the thermal
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FIG. 3. Experimental thermal conductivity of sintered copper obtained from spherical particle (open symbols) in comparison
with the model proposed in this work (dashed line). The unique adjustable parameter to describe the porosity dependence of
the thermal conductivity is the critical porosity which is fixed to be 0.166.

conductivity of the densemonocrystal (i.e., non-porouswith “infinite” grain size). It is worth pointing
out that the Kapitza formalism was extended by Nan and Birringer21 to take into account the grain
size distribution. However, there are limitations: when the grain size distribution is not available (as
with every experimental data in this work), we have to use Eq. (4).

In Fig. 3 we present the calculated λ(P) curve using Eq. (3) for sintered copper obtained from
spherical particles. Assuming that λ0(15μm) = 366Wm−1 K−1 the Kapitza resistance is estimated
to be 3.5 × 10−9 Km2 W−1. This value is in good agreement with the available experimental data
close to room temperature reported by Gmelin et al.22 which lies in the range 1.85 × 10−9–
5.00 × 10−9 Km2 W−1. The model prediction is in excellent agreement with the experimental data.
Here, the Kapitza resistance is necessary only to calculate the thermal conductivity at zero porosity
for a given average grain size of the considered microstructure. Therefore, only one adjustable model
parameter is necessary to predict the porosity dependence of the thermal conductivity: the critical
porosity.

In Fig. 4, considering the same Pc and Rk as for copper, we calculated the λ(P) curve of sintered
silver from spherical particles. The model is in reasonable agreement with the only available set
of experimental data3 although some deviation is observed at P = 0.4. It is difficult to discuss the
accuracy of the model for this point since only one set of experimental data is available and no
error bars are reported. However, the difference between the model and the experimental point at P
= 0.4 is in the same range as the experimental error for sintered copper (see Fig. 1). In Fig. 5 we
show the case of AISI 316L stainless steel, where we compare the results of the present model to
the experimental data reported by Lima et al.2 The model results match well with the experimental
data. The critical porosity, Pc = 0.11, is lower than those of copper and silver. In a bond percolation
problem, for a given function f of a variable x, the critical value xC for which f(x) percolate is
dependant on the coordination number. For systems in 8-fold and 12-fold coordination, the bond
percolation is, respectively, 0.18 and 0.12.16 These values are close to that we obtained for copper,
silver, and stainless steel. The grain coordination number of sintered copper from spherical particle
is estimated to be 7.2.23 We have no information on the coordination number of the microstructure
of silver and AISI 316L stainless. The percolation theory describes the simplest possible phase
transition with nontrivial critical behaviour. The critical porosity of λ(P) of sintered metals from
spherical particle powder may be close to that predicted by percolation theory; in this case, the
present model can be fully predictive if enough information on the microstructure is available to
quantify the average coordination number.
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FIG. 4. Experimental thermal conductivity of sintered silver obtained from spherical particles (open symbols) in comparison
with the model proposed in this work (dashed line). The unique adjustable parameter to describe the porosity dependence of
the thermal conductivity is the critical porosity which is fixed to be identical to that of copper.

FIG. 5. Experimental thermal conductivity of sintered AISI 316L stainless steel obtained from spherical particles (open
symbols) in comparison with the model proposed in this work (dashed line). The unique adjustable parameter to describe the
porosity dependence of the thermal conductivity is the critical porosity which is fixed to be 0.11.

Due to a lack of data, the model presented in this paper is tested only for microstructures with
microscale grains. A validation of the model for microstructures with nanoscale grains would make
the model more robust. For the moment, the model is thus assumed valid only for mircostructures
with microscale grains.

In conclusion, we show that a second order phase transition induced by porosity is observed
in sintered metal which is made from spherical particle powder with microscale grains. A simple
model with a single adjustable parameter, the critical porosity, was proposed. The critical porosity
may be linked to the average grain coordination number and has a value close to what is predicted
by percolation theory. Experiments will be performed on other materials to confirm or disconfirm
this assumption.
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