Determination of thermal conductivity of powders in different atmospheres
by differential scanning calorimetry
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Abstract
We have developed a new method to measure the thermal conductivity of powders by
differential scanning calorimetry (DSC) that works with masses in amounts as low as tens of
mg. The method is based on that used by Camirand to determine the thermal conductivity of
materials in the form of thin sheets but introducing a hemispherical pan to contain powders in
such a way that the issue of heat transfer is reduced to a one-dimensional problem. The
modification of the method was successfully validated on obtaining identical results in
determining the thermal conductivity of a commercial silicone with both Camirand’s method
and the modified method. We have also tested our method with materials that, in bulk, cover
a wide range of thermal conductivities and have performed the experiments with several
atmospheres and reference metals. The results are consistent with already published general
trends in that they confirm that thermal conductivity of powders is mainly governed by
thermal conduction through the surrounding gas.
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Introduction
At present, the thermal conductivity of powders is commonly determined from measurements
of their thermal diffusivity with the modified transient plane source method (MTPS) [1]
where powders are bound inside a cylinder and heated by an axial heat source.This method,
used in commercial apparatuses, requires an independent measurement of the material’s heat
capacity and works with a large number of powders.
Differential scanning calorimetry (DSC) is probably the most widely-used
thermoanalytical technique. Among many other applications, it is used for the measurement
of the heat capacity of solid or liquid substances [2] and the thermal conductivity of solids.
There are various established methods to measure thermal conductivity with DSC using
either the modulated temperature mode [3,4] or the standard mode[5,6,7,8] but none are
suitable when the sample is in the form of uncompressed powders.
Camirand [5] and, before him, Flynn and Levin [6] developed a simple method to
measure the thermal conductivity of flat materials with conventional DSC, which, in this
paper, we will show can be modified to measure the thermal conductivity of powders. Our
method (and Camirand’s method), unlike the one based on the modulated temperature mode,
determines the thermal conductivity at discrete temperature values that can only correspond
to the melting points of the reference metals. On the other hand, there are no limitations on
the temperature range beyond those of the DSC apparatus itself, although an upper limit
could be set by the crucible. Our contribution is to use a crucible containing powders in such
a way that heat transfer is reduced to a one-dimensional problem. In so doing we are able to
obtain the thermal resistance of powders, using just tens of milligrams of a sample, by
melting a reference metal as Camirand does with sheet materials.

Experimental details
All thermal conductivity experiments were performed with a Mettler ToledoDSC822 and
high purity spherical reference metals (radii in the 1-2 mm range) were used. A noncommercial cylindrical aluminium crucible with a hemispherical cavity (Fig. 1) with an inner
radius of 2.5 mm was made by plastic deformation. The outer radius and height were reduced
by machining until the diameter was equal to that of a standard crucible in order to avoid
thermal bridges between the crucible and the apparatus. No reference pan was used. The gas
flow rate was set at 40 mLmin-1 and nitrogen, argon and helium, all of high purity, were
selected because of their differences in thermal conductivity. A constant heating rate of 10 ºC
min-1 was maintained for the systematic experiments although we modified the heating rate

from 5 to 20 ºC min-1 for method validations. The DSC signal was calibrated for the three
gases by measuring the area of the melting peaks.
High purity (above 99%) commercially available alumina, iron, tin oxide and Ba
trifluoroacetate powders were used. Particles morphology and size were very different as
shown in the scanning electrons micrographs (SEM) of Fig. 2. The thermal conductivity of
these materials in bulk form is set out in Table 1. The powders were gently pressed inside the
crucible.

Method description
The hemispherical crucible was completely filled with the powder being tested and a small
reference metal sphere was sunk inside the powder until its centre was concentric to the
crucible cavity (Fig. 1). The filled crucible was heated in the DSC apparatus at a constant
heating rate until the metal melted. The slope of the melting peak, depicted in Figure 3,
corresponds to the following formula:
=

,
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where R, Rc and Rp are the sensor resistance, the contact resistance between the crucible and
the DSC sensor disk and the powder’s resistance, respectively (see Appendix).
A second DSC curve was then recorded at the same heating rate without the powder
in the crucible. The metal was flattened on the bottom of the crucible cavity to optimize the
thermal contact between the metal and the crucible. Similarly to the previous case, the slope
of the melting peak (Se)(Fig. 3) corresponds to the formula:
=

.
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Eqs. 1 and 2 allow the powder’s thermal resistance to be obtained and the spherical
symmetry makes it possible to calculate the thermal conductivity:
=

·
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whereri is the radius of the reference metal sphere and re is the radius of the hemispherical
cavity.

Results
a) Method validation
Several experiments have been performed to check the correctness and reproducibility of the
method. In Table 2 we summarize the heating rates and indium sphere radii used to validate

the method on tin oxide powders. We observe, as expected, that all of these experiments gave
thermal conductivity values that were almost identical when the experimental conditions
were identical except for the heating rate. The 10% deviation observed when a larger radius
was tested, can be explained by an increase in the density of the powder used. Despite the
independence of the heating rate, low heating rates are preferred as DSC curves usually have
better defined melting slopes in these conditions.
Finally, the thermal conductivity of a commercial silicone that can be cast from a
viscous state and cured at a moderate temperature of 80ºC was measured. Once cured, this
silicone remained stable beyond the melting point of indium and so was suitable to validate
our method through comparison with Camirand’s. A 2 mm thick and 5 mm diameter flat disk
was made for that purpose. Within experimental accuracy, which was essentially limited by
the thickness measurement (±0.05 mm), we obtained the same thermal conductivity for the
two methods (0.103 WºC-1m-1). It is also worth noting that the conductivity of the silicone
was similar to that of the powders (see section b). This means that we have validated our
method just at the conductivity values of interest.

b) Conductivity of powders
The thermal conductivity of several powders was measured in N2 at the melting point of In
(156.6ºC) and the results are summarized in Table 1. It is worth noting that, in contrast with
their bulk counterparts, powders have very similar conductivities (±30% variation between
powders) and that these are much lower than in bulk (values at 25ºC).
In Fig. 4 we have plotted the thermal conductivity of alumina powders for three
different atmospheres at the melting points of indium, tin, lead and zinc, and have also plotted
the thermal conductivity of nitrogen, argon and helium for purposes of comparison. A
relative density value was maintained between 27 and 30% for all experiments. It is
important to highlight, as is seen in the figure, that there is a clear and direct relationship
between the thermal conductivity of the alumina powders and the surrounding gas. The
conductivity of powders increases with increased gas conductivity and temperature. In
addition, the absolute values of powders are higher but similar to those of the surrounding
atmosphere.
Finally, it is interesting to note that there are significant differences in the melting
temperature when the reference metal is melted with and without powders contained in the
crucible (Fig. 3). The relationship between this delay and the thermal conductivity of the
powders will be studied in future work.

Discussion
Since Klemensiewicz [9] reported the unexpectedly low thermal conductivities of powders,
this surprising behaviour has been confirmed by many other authors [10,11,12,13]. All these
authors have found thermal conductivities of powders that are similar to those of the
surrounding gas, irrespectively of their bulk conductivity. These general trends agree with our
own results as presented in Fig. 4 and Table 2.
In view of the very low thermal conductivity of powders when compared to their
values in bulk (Table 1), one must conclude that the network of solid particles is very
inefficient for heat transport. In the absence of any gas, the thermal resistance between
particles at the points of contact must be very high. So, heat transport through the gas in the
interstices between the particles is essential to understand the measured values. We can take
the ratio κGAS/κ to qualitatively evaluate the gas contribution to heat transport. At any
temperature, this ratio reaches its maximum value for He (Fig.4) as expected because its
conductivity is the highest among the gases we have tested.

Summary
It has been demonstrated that it is possible to determine the thermal conductivity of all kinds
of powders with a DSC apparatus by modifying Camirand’s method. In our method, a
reference metal sphere is sunk up to its equator in a hemispherical crucible completely filled
with the desired powders. This method is particularly attractive as DSC is widely available
and has the advantage of only requiring a small amount of mass.
We have tested our method with materials that, in bulk, cover a wide range of thermal
conductivities and have performed the experiments with several gases and reference metals to
evaluate the contribution of the gas. The results are consistent with the general trends already
published in the literature in that they confirm that the thermal conductivity of powders is
mainly governed by thermal conduction through the surrounding gas.
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Table 1.- Thermal conductivity of the powders studied in this paper at the melting point of In
(156.6ºC) in N2. The bulk conductivities (at 25ºC) are taken from public sources
Thermal conductivity/WºC-1m-1
Material

Bulk

Powders

Al2O3

30

0.126

Fe

80.4

0.1

SnO2

40

0.059

Ba(CF3CO2)3

0.3

0.08

Table 2.-Parameters and results of experiments carried out with powders in N2 at the melting
pointof In (β is the heating rate)
β/

Metal

Melting slope

Thermal

Relative

ºCmin-1

sphere

/mWºC-1

conductivity

density/%

/WºC-1m-1

radius /mm
SnO2

5

1.19

0.9

0.06

9

SnO2

10

1.19

0.89

0.059

9

SnO2

20

1.19

0.89

0.059

9

SnO2

10

1.75

2.34

0.066

12.5

Al2O3

10

1.21

1.85

0.126

29.5

Fe

10

1.04

0.71

0.1

50.1

Ba(CF3CO2)3 10

1.04

0.8

0.08

42*

*assuming a theoretical density of 3.5 g/cm3

Figure 1.- Geometric appearance of the hemispherical pan placed on the sensor disk. The
thermal resistances of the system are indicated (R: sensor, Rc: contact resistance, Rp,
powder)

Figure 2.- From top to bottom: SEM
micrographs of the alumina, iron, tin oxide
and Ba(TFA)2 powders studied in this paper.
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Figure 3.- Typical DSC melting curves with and without powders. The thermal resistance of
the powders is obtained from the Se and Spslopes.
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Figure 4.- Temperature dependence of the thermal conductivity of alumina powders in
several gases (points). The thermal conductivity of He, N2 and Ar are shown for comparison
(lines).

Appendix: slope of the DSC signal during melting
During melting, the metal reference remains at the melting temperature, TM, whereas the
DSC furnace is heated at a constant heating rate, β. Let us first demonstrate that any point r
of the powder contained in the hemispherical holder (Fig. 1) will experience a constant
heating rate according to the formula:
,

=

+

,

(A1)

wheret is time, f is a time-independent function and R is the thermal resistance of the powder
inside the radius r, i.e.:
−

=

,

(A2)

where κ is the powder thermal conductivity. Notice that the heating rate of the powder varies
from zero at ri to its maximum value βe at re.
We must simply verify that T(r,t) of Eq.(A1) satisfies the heat transport equation that,
given the spherical symmetry of the system, can be written as:
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or, substituting r by R in the partial derivatives:
!
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where ρ and c are the density and specific heat of the powder, respectively. This verification
is straightforward after the introduction of Eq.(A1) into (A4), and is left for the reader.
Once demonstrated that the powder in contact with the pan (at r = re) is heated at a
constant rate, the value of βe will be calculated with the assumption that we can neglect both
the pan resistance and its contact resistance with the DSC sensor (i.e. TS = Te – see Fig.1).
We must simply impose a power measured by the DSC, ()DSC equal to the heat that enters

into the powder through the pan’s inner surface, () e. () DSC can be easily calculated through the
formula:
()*+, =

-./ 0

,

(A5)

where R is the thermal resistance of the DSC sensor, TREF is the reference temperature that
changes at the programmed heating rate:
12

=

3

+4 ,

(A6)

and Te is given by Eq.(A1) at r = re. We obtain:
()*+, = 5 +

0

,

(A7)

where A is time-independent. On the other hand, () is proportional to the temperature
gradient at re:
() = 27

8 .

(A8)

Introduction of Eqs.(A1) and (A2) into Eq.(A8) gives:
() = 9 +

,

(A9)

where B is time-independent. Now, the condition ()*+, = () delivers the value of βe:
4 =

4.

(A10)

And, finally, the slope of the DSC signal can be obtained after the substitution of βe in
Eq.(A7):
:;)<=>
: -./

=
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(A11)

If the contact resistance between the pan and the DSC sensor were not negligible, the result
would be 1/R+Rc+Re.

