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ABSTRACT: In this work, the thermal properties of ternary
Li;,Coy_4,Sb,,, 01, solid solutions are studied for different
concentrations in the range 0 < x < 0.7. Samples are elaborated
at four different sintering temperatures: 1100, 1150, 1200 and
1250 °C. The effect of increasing the content of Li* and Sb*",
accompanied by the reduction of Co**, on the thermal properties is
studied. It is shown that a thermal diffusivity gap, which is more
pronounced for low values of x, can be triggered at a certain
threshold sintering temperature (around 1150 °C in this study).
This effect is explained by the increase of contact area between
adjacent grains. Nevertheless, this effect is found to be less
pronounced in the thermal conductivity. Moreover, a new
framework for heat diffusion in solids is presented that establishes
that both the heat flux and the thermal energy (or heat) satisfy a
thermal diffusivity in transient heat conduction phenomena.

B INTRODUCTION

Ceramic oxides with spinel structures are a class of versatile
materials that possess outstanding physical properties that make
them useful in the design and operation of a wide variety of
technological applications. For example, these materials have
been used as diluted magnetic semiconductors (DMS),'
catalysts,»* thermistors,® and pigments,” among others.”” Spinel
compounds with pentavalent (Zn,Sb,0;,) and divalent
(Co,Sb,0,,) cations have shown high potential as ceramic
varistors.'” In particular, the binary spinel Co,Sb,0,, has
attracted interest, since the ion distribution of Co*' in the
tetrahedral and octahedral sites into the spinel structure can be
affected by the high valence of the Sb*" ion and high sintering
temperatures.”'" Physical properties of spinel oxides depend on
the cation distribution through the tetrahedral and octahedral
sites in the structure, as Co>* ions occupy both sites but have a
preference for octahedral sites and Sb®" is restricted to
octahedral sites;'" when Li is added to Co,Sb,0,, a new solid
solution is obtained and the cation distribution changes,
consequently modifying the physical properties. Accordingly,
it was recently shown that Li;,Co,_,Sb,,,O,, solid solutions
exhibit nonohmic properties with a high electric field threshold
like those common ceramic varistors as of ZnO and SnO,."”
Furthermore, binary and ternary solid solution ceramics have
been proposed and successfully applied in thermoelectrics and
as electrodes for lithium-ion batteries."”'* In these applications,
heat transport is one of the most important factors to keep in
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diffusion equation and therefore highlights the importance of

mind for the design and during the operation of such devices.
Accordingly, a thorough study of the thermal properties of the
new solid solutions is required to determine if they can be used
in one or another future applications.

In this work, Li;, Co,_4,Sb,,, O, solid solutions in the range 0
< x <0.7 are fabricated at four different sintering temperatures:
1100, 1150, 1200, and 1250 °C, where the sintering pressure is
kept constant. The thermal diffusivity and thermal conductivity
are analyzed in the heat diffusion regime as functions of x and the
sintering temperature. It is shown, for the first time, that a
thermal diffusivity gap, which is more pronounced for low values
of x, can be triggered at a certain threshold sintering
temperature, around 1150 °C for these Li—Co—Sb—O solid
solutions. Briefly, below the threshold sintering temperature, the
thermal diffusivity increases monotonically with x, but for
sintering temperatures above 1150 °C the thermal diffusivity
shows a large increase for x < 0.4 with respect to the values at
lower sintering temperatures, and for x > 0.4 the thermal
diffusivity increases almost in the same way for all the sintering
temperatures tested. This effect is explained in terms of the roles
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of the thermal diffusivity and thermal conductivity in heat
conduction phenomena.

Our work paves the way to further research, selection and
application of novel ceramic varistors based on the thermo-
physical properties. Moreover, we spotlight the diffusion
behavior of the heat flux and the thermal energy, complementary
to that of the temperature field. This directly suggests a novel
way for the theoretical modeling of heat diffusion in solids, as
well as for the study of thermal properties of solids, by directly
monitoring the power or energy evolution rather than the
temperature.

B MATERIALS AND METHODS

Synthesis of Li—Co—Sb—0 Solid Solutions. The samples
were synthesized according to the formula Li;,Co,_4,Sb,,, O},
in the range 0 < x < 0.7. The reagents CoO (99.995%, Sigma-
Aldrich), Li,CO; (+99%, Sigma-Aldrich), and Sb,O5 (99.99%,
Sigma-Aldrich) were preheated at 115 °C to remove the water
content. The starting materials were weighted out in
stoichiometric amounts to give S g total. Subsequently, they
were mixed in an agate mortar and pestle with acetone and dried
and heated in alumina crucibles. Initially, the temperature was
increased slowly from room temperature (25 °C) up to 750 °C
atarate of 2 °C/min, and this temperature was maintained for 6
h to drive off the water content and eliminate CO,. The samples
inside the furnace were cooled until the room temperature (25
°C) was reached and then were removed from the furnace for
further characterization. Immediately, they were grounded with
acetone prior to a second annealing from 800 to 1000 °C with a
step rise of 50 °C every 24 h. After heating at 1000 °C, the
powder samples were pressed at 11.5 MPa for 2 min into pellets
of around 7 mm diameter. Table 1 shows the measured

Table 1. Measured Dimensions of Li;,Co,_,,Sb,,,0,, Test
Samples

x value 1100 °C 1150 °C 1200 °C 1250 °C
thickness (mm)
0.0 0.896 1.230 1.220 0.878
0.1 0.957 1.464 1.007 0.866
0.2 0.578 1.331 0.930 0.852
0.3 0.579 0.621 1.329 0913
0.4 0.558 0.631 0.943 1.012
0.5 0.513 1.224 0.863 1.301
0.6 0.610 0.901 0.912 1.310
0.7 0.893 0.747 0.909 1.402
diameter (mm)
0.0 7.195 7.162 6.935 7.228
0.1 7.115 7.115 6.927 6.916
0.2 7.073 7.157 6.908 6.974
0.3 7.105 7.007 7.123 7.014
0.4 7.075 7.007 6.947 7.028
0.5 7.075 7.047 6.933 6.987
0.6 6.980 6.965 6.915 6.949
0.7 7.035 6.988 6.950 6.932

dimensions (thickness and diameter) of all 32 test samples.
These samples were sintered at four different sintering
temperatures, 1100, 1150, 1200 and 1250 °C, for 24 h with
heating/cooling rates of 3 °C/min. The pellet density was
determined from its weight and final dimensions.

Structural Characterization Methods. Crystalline phase
analysis and the determination of the crystallinity of the solid
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solutions were performed using X-ray diffraction (XRD) with a
D8 Advance Bruker diffractometer with monochromatic Cu Kar
radiation. Diffraction patterns were measured from 10° < 26 <
60° at 0.04°/s.

The average grain size of the sample was determined from the
analysis of the scanning electron microscopy (SEM) images. A
Jeol Microscope model JSM-7600F was used to take the SEM
images. The pellets were etched in HCIO, diluted in water in a
ratio of 1:1000 to reveal their morphological characteristics.
SEM images were taken using a SEI (secondary electron
imaging) detector in order to observe topographic features.

Sample Density. The bulk density p of each sample, in kg/
m?®, was computed based on the basic principle of dividing its
measured mass (m) by its volume (V). That is, by definition p =
m/V. Therefore, the mass of each sample was measured using an
analytical balance, and the volume was obtained from the
measured diameter and thickness of the disc samples. Both the
sample thickness and diameter (see Table 1) and the sample
weight were tested repeatedly (at least five times). The density
was determined using the given definition, and the uncertainty in
the estimated value was additionally evaluated using error
propagation.15

Modulated Differential Scanning Calorimetry (m-
DSC). The heat capacity of the pellets was analyzed by means
of modulated differential scanning calorimetry, which measures
the difference in the heat flux between a sample and an inert
reference as a function of time and temperature. A sinusoidal
heat modulation is applied over a linear heating/cooling ramp to
obtain a profile in which the average temperature of the sample
changes continuously with time in a nonlinear way. The
sinusoidal heating rate provides the heat capacity information. A
modulated differential scanning calorimeter (TA Instruments
Discovery DSC) was used for all measurements. A heating rate
of 2 °C/min in a sealed aluminum pan under dynamic N,
atmosphere was set for all samples, and sapphire was used as the
reference material. Modulation temperature +1 °C with a period
of 100 s was used for the modulated component.

Front-Face Flash Method (F3M). The thermal diffusivity
of the solid solutions was studied using the front-face flash
method. It has been shown that this method allows fast and
accurate measurements of the heat transport properties in
solids.'°~"® Moreover, it is specially suited for opaque and black
solid samples, as is the case of the Li—Co—Sb—O solid solutions
studied in this work. Briefly, the surface of the sample (solid
slab) is uniformly heated using a short light pulse. Subsequently,
the temperature evolution of the surface (heating and cooling) is
recorded using an infrared (IR) detector or IR camera. An
analytical solution for the surface temperature of the solid slab is
available in the Laplace domain,"”

Iy Vs + I tanh(y/s)

T(z=0,s) =
z ) € 2hVs + (s + h/z)tanh(y\/?)

(1)

where T(z = 0, s) is the Laplace transform of the surface
temperature, s is the Laplace variable, y is the energy fraction
absorbed by the front surface, and € is the thermal effusivity of
the solid. i’ = h/€, where h is the convective heat loss coefficient
from both surfaces to the surroundings. y = L/+/D, where L is
the thickness of the slab and D its thermal diffusivity.
Iy = Q,(1 — e ™)/s represents the Laplace transform of a
light pulse with a step-like temporal shape and duration 7. Q, is
the power per unit area delivered by the light pulse.

https://doi.org/10.1021/acsomega.2c07557
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Figure 1. (a) Diffractograms of Li;,Co;_4,Sb,,,O1, solid solutions for 0 < x < 0.7. Zoomed-in views around the (400) reflection for (b) 1100, (c)
1150, (d) 1200, and (e) 1250 °C sintering temperatures. (f) Unit cell volume as a function of the x value for the four different sintering temperatures.

(a)

Laser
diode

Sample

IR camera
IR emlssmn came

Ge WlndOW

Sync !

O B S AL R
\\ . Lo
z {205
) 10 -7
] 8

..-:Z.,":".::.t‘.-. : l:.:.—;;g:;g:};?' P 0

t [s]

Figure 2. (a) Diagram of the F3M setup used for measuring the thermal diffusivity of Li;,Co,_4,Sb,,,O}, solid solutions. (b) Typical surface
temperature evolution plots for three different x values in the solid solutions. Dots are experimental data, and continuous lines correspond to the

fittings to the model presented in subsection F3M (see eq 1).

The surface temperature evolution T(z = 0, t) is obtained
from eq 1 by an inverse Laplace transform. This is done
numerically using the well-known Euler algorithm®’ for both the
heating and cooling stages. Further details about the
implementation can be found in previous investigations.'®*!
The surface temperature evolution can be expressed as T(py, p,,
Qux/e, p, = L/\/ﬁ, and p; = h'.
Consequently, it involves three unknown parameters that can be
obtained by fitting the inverse Laplace transform of eq 1 to the
measured surface temperature evolution. In particular, we are

p3 z = 0, t), where p; =

interested in parameter p, = L/JD , from which the thermal

diffusivity is obtained if the thickness of the slab is previously
known.

Figure 2a shows a diagram of the experimental setup based on
the front-face flash method (F3M) used to measure the thermal
diffusivity of the Li—Co—Sb—O solid solutions. A laser diode
(976 nm wavelength) operated with 800 mW power is used as
the excitation source. A step-like illumination is triggered via the
synchronization box of the IR camera. The step duration is 100
ms for these measurements. A cooled IR camera (InfraTec 8320
working in the 3—5 ym spectral range) is used to record the IR
emission from the sample surface. Each pixel in the detector
averages the IR emission coming from a square of 0.135 X 0.135
mm? The thermograms (IR images) are recorded at 500 frames
per second. The samples have good absorption at the laser
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wavelength and good emission in the operating IR range of the
camera detectors. Consequently, they are measured without
further preparation (see Figure S4 in the Supporting
Information). However, the IR camera only collects data
proportional to the temperature increase (AT) of the sample
with respect to the room temperature. The actual value of the
temperature rise is not previously known because the exact
emissivity of the samples is also unknown. Figure 2b shows
typical surface temperature evolution curves obtained for
Co,Sb,0,, (in black, x = 0), LiyoCos5Sb,;0;, (in blue, x =
0.3), and Li,,;Co,,Sb,,0,, (in red, x = 0.7). Dots are the
experimental data collected, and continuous lines are the curve
fittings to the model presented in the F3M subsection. For the
sake of clarity, only one point out of ten is displayed. However,
all data points are included in the fits. The numerical inverse
Laplace transform of eq 1 is fitted to the experimental results
using a least-squares fitting procedure based on the well-known
Levenberg—Marquardt algorithm. Only three parameters are
used in the fits: p;, p,, and p;. From p, = L/~/D, the thermal

diffusivity is retrieved using the measured thickness of the
sample. The residuals, i.e., the normalized difference between
experimental data and fitted values, 100 X (Tey, — Tge)/ Teyp are
also shown. The two horizontal green lines in Figure 2b indicate
the +2% residuals, showing the accuracy of the fits.

https://doi.org/10.1021/acsomega.2c07557
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Finally, we would like to point out that the thermal dif fusivity
gives a measure of the area over which heat spreads per unit of
time (easier to picture while temperature is evolving, i.e., during
a transient). In contrast, the thermal conductivity measures the
power per unit area that is required to establish a temperature
gradient (easier to picture when the temperature gradient does
not change over time, i.e,, when the steady-state is reached).

B RESULTS AND DISCUSSION

Structural Characterization. Figure la shows the X-ray
diffractograms of Li;,Co;_4,Sb,,, O, pellets in the range 0.0 < x
< 0.7, which corresponds to the spinel phase Co,Sb,0,,. The
powder diffractograms show that the reflection (400) at 42.29°
shifts to lower values of 20 with increasing values of x in
Liy,Co,_4,Sb,,.0},."> The red vertical dashed line at 42.5°(26)
belongs to the (400) reflection of the cobalt spinel reported on
the ICDD standards (PDF 00-015-0517). The shift effect at
different sintering temperatures is shown in Figure 1b—e for
1100, 1150, 1200, and 1250 °C, respectively. It was found that at
low temperatures the shift has a small effect, however, it
increases at 1200 and 1250 °C. Therefore, the intensity
decreases when the sintering temperature increases and the
reflections are slightly shifted to higher 26 values, in contrast to
the regular trend.

Using Rietveld refinement, the lattice parameter for each
composition was calculated and the unit cell volume (V) was
plotted as a function of the x value in Figure 1f. It can be
observed that the cell volume grows as the content of Li* and
Sb** increases, i.e., higher x values in the samples. This trend can
be explained considering the crystal radius of Co** (/'Y = 0.72 A
and " = 0.885 A high spin and 0.79 A low spin), Li* (' = 0.73
Aand "= 0.90 A), and Sb>* (+' = 0.74 A), as well as the site
occupancy preference of Co** for tetrahedral sites and that Sb**
is constrained to occupy only octahedral sites.””>** In both
octahedral and tetrahedral sites, the Li* radius is larger than the
Co** radius; therefore, when the cobalt concentration decreases,
the unit cell increases suddenly, indicating that Li* is replacing
Co®" in the octahedral sites. Additionally, Figure 1f shows a
deviation from linearity for x > 0.3 and the growth in the unit cell
volume is smaller, indicating that for higher compositions the Li*
also occupies the tetrahedral sites. Additionally, the expected
trend for each composition is the growth of the unit cell volume
with the increase of the sintering temperature. However, the
decrease observed in the unit cell volume for the highest
sintering temperature is related to the evaporation of Li**
Harrington et al.** pointed out that the cation disorder in some
way is specific in a sample and dependent on the synthesis
condition and temperature, and the degree of cation disorder is
observed by means of a variation in the lattice parameter.

Figure 3a—d show scanning electron microscopy images of
LiggCos4Sb, 301, (x = 0.3) corresponding to sintering temper-
atures from 1100 to 1250 °C. These SEM images show that the
pore size and the grain size increase during coarsening at high
temperatures. Additionally, it is shown that the contact area
between the grains improves as the sintering temperature rises.
This later effect can induce an improvement on the heat
transport of the Li—Co—Sb—0 solid solutions.”® Furthermore, a
collection of SEM images at each x and each sintering
temperature is presented in Figure S2 of the Supporting
Information. Figure 3e shows the grain size at each sintering
temperature as a function of x in Li;,Co,_4,Sb,,,O,. Here, it is
confirmed at each x that the average grain size increases with the
sintering temperature, in accordance with the Arrhenius law.*®
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Figure 3. SEM images of x = 0.3 at (a) 1100, (b) 1150, (c) 1200, and

(d) 1250 °C. (e) Grain size results for the solid solutions at the studied
sintering temperatures.

Moreover, the grain size increases as a function of x at each
sintering temperature. For example, it increases from 7.4 + 2.8
to 17 +9.1 yumat 1250 °C. The error bars represent the variation
of the grain size. This suggests that increasing the Li/Sb content
favors the coarsening processes.

Thermal Characterization. We first present and discuss the
results obtained for the bulk density p of the samples. Four
different sintering temperatures are analyzed here: 1100, 1150,
1200, and 1250 °C. The obtained results are presented in Figure
4a as a function of x. The color code used is shown in Figure 4c,
and the error bars are obtained from the standard error of five
measurements.'> No clear dependence as a function of x is
obtained for 1100 and 1150 °C. In contrast, for the two highest
sintering temperatures, p depends definitely on x. Minimum
density values are obtained in the range 0.2 < x < 0.4 and at x =
0.3 for 1200 and 1250 °C sintering temperatures, respectively.
This tendency is in accordance with the increase of the pore size
previously illustrated in the SEM analysis. That is, even when the
contact area between grains is larger for these sintering
temperatures, the porosity of the sample increases. We think
that this is because of coarsening and the fact that the
compression stress is constant during the sintering process but
the mechanical properties of the grains (bulk modulus and
Poisson’s ratio) depend on the temperature, therefore affecting
the final deformation of the grains. Because of the increase of
porosity (reduction in density) at some x values, a
corresponding reduction of the thermal conductivity is
expected.”” The density as a function of the sintering

https://doi.org/10.1021/acsomega.2c07557
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Figure 4. (a) Density, (b) specific heat capacity at constant pressure, and (c) thermal diffusivity as a function of x in Liy,Co;_4,Sb,,,O;, solid solutions.
The influence of the different sintering temperatures is shown in each case. (d) Density, (e) specific heat capacity at constant pressure, and (e) thermal
diffusivity as a function of the sintering temperature T. The effect of the concentration at each sintering temperature is shown. (g) Normalized density
as a function of x. The two lowest sintering temperatures are almost constant, and the two largest show some dependence with x (and are affected by
the porosity). (h) Normalized thermal diffusivity as a function of x. A thermal diffusivity gap (or discontinuity) is found around the 1150 °C sintering
temperature. (i) Normalized thermal diffusivity as a function of the sintering temperature for low values of x. The diagrams elucidate the reason for the
thermal diffusivity gap obtained. Dashed and continuous lines mark the tendency.

temperature (T) is shown in Figure 4d. It is clear that only at Nevertheless, for 1150 and 1200 °C sintering temperatures, the
1250 °C does the density decrease for the majority of x values. specific heat capacity is almost equal, independent of the x value.
This indicates that at this sintering temperature the porosity is The thermal diffusivity as a function of x and T is presented in
higher for almost all x values, in contrast with the results at lower Figure 4c and f, respectively. For the two lowest sintering

temperatures (1100 and 1150 °C), the thermal diffusivity
increases progressively with x, but this is no longer the case for
1200 and 1250 °C. Rather, for these sintering temperatures, the
thermal diffusivity decreases monotonically for low values of x (0
< x < 0.4) and increases progressively for x > 0.4, just as in the
case of the two lowest sintering temperatures. Accordingly, in
the representation as a function of T, two levels of thermal
diffusivity can be distinguished for x < 0.4: a low level ~0.5

sintering temperatures. Additionally, considering that this
decrease in p is only due to increase in porosity, then a
corresponding decrease in heat capacity is expected.

Figure 4b shows the specific heat capacity at constant pressure
(CP) obtained using m-DSC. The same markers and colors as in
Figure 4a and c¢ are used. The error bars are obtained as
mentioned above. Note that C, is practically independent of the

+ S+ . .

Li* and Sb>* content. However, the specific heat capacity tends mm?/s for T < 1150 °C and a high level ~0.75 mm?/s for T >
to decrease as the sintering temperature increases. This is better 1150 °C. In contrast, for x > 0.4, the thermal diffusivity only
represented in Figure 4e as a function of the sintering increases progressively as a function of T. To gain more insight
temperature. Here, the reduction in the ability to store thermal of this effect on the thermal diffusivity, lets take a closer look at
energy can be attributed to coarsening, which increases the the normalized density (p,om) and the normalized thermal
porosity despite the fact that the grain size increases with T. diffusivity (D,orm)- Both properties are normalized with respect
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to their values at x = 0 and T = 1100 °C. Figure 4g shows that the
normalized density varies around p,,,,, = 1 for 1100 and 1150 °C
sintering temperatures, and the effect of porosity (as showed in
the SEM analysis) appears for T > 1150 °C. In particular, for T =
1250 °C, the normalized density reduces around 10% in average.
Therefore, similar trends should be observed in D,,,, due to
porosity effects. Figure 4h shows that besides the porosity
effects, there is a clear difference between the thermal diffusivity
values obtained for sintering temperatures T < 1150 °C and
those for T'> 1150 °C when x < 0.4. Based on the SEM images
and the thermal diffusivity behavior, we suggest that this effect is
also related to changes in the mechanical properties of the grains
around 1150 °C (they become softer) such that below this
sintering temperature the grains are more spherical and rigid and
therefore the contact surface between them is not that large, but
above this temperature the grains grow and the contact surface
between them also increases because they become softer. This
concept is shown in the diagrams in Figure 4i and can be
confirmed by looking at the SEM images presented in Figure S2
of the Supporting Information. Since this effect is more
pronounced for low x values, Figure 4i shows the normalized
thermal diffusivity in the range 0 < x < 0.2 as a function of the
sintering temperature. Two levels of thermal diffusivity can be
distinguished, which can be explained as follows: for sintering
temperatures below a threshold Ty = 1150 °C, the contact
surface between grains is small and heat diffuses at a slow rate,
which triggers the low thermal diffusivity level. However, above
this threshold temperature, the crystallite size tends to increase,
allowing a reduced scattering of heat carriers inside individual
grains; at the same time, larger crystallites favor the increase of
the contact between neighboring crystals, which also enhances
heat transfer rate, triggering the high thermal diffusivity level in
the Li—Co—Sb—O solid solutions. Accordingly, a thermal
diffusivity gap (Dg,,) is exceeded above the sintering temper-
ature threshold (Ty, = 1150 °C). This behavior resembles the
operation principle of a typical laser diode, where a threshold
current should be exceeded to properly operate the laser.
Nevertheless, increasing the operating current increases propor-
tionally the laser output power, which is apparently not the case
here. Therefore, a wider range of sintering temperatures should
be tested to make a better comparison.

Thermal Conductivity. The effective thermal conductivity
of the Li—Co—Sb—O solid solutions is determined by means of
the well-known relation,”” K DpC,, using the material
properties obtained in the previous subsection. Error
propagation is used for estimation of the standard errors in
K." Figure 5a and b show the thermal conductivity as a function
of x and T, respectively.

Even though a similar trend to the thermal diffusivity as a
function of x is observed here, it is clear that the thermal
conductivity gap is smaller. That is, the effect is masked by the
density and heat capacity of the solid solutions. This can be
better explained by the physical meaning of thermal diffusivity
and thermal conductivity, as explained at the end of section
Front-Face Flash Method (F3M). Accordingly, increasing the
contact area between the grains will have a larger impact in the
effective thermal diffusivity of the grain—grain system, while it
will only induce an indirect change in the effective thermal
conductivity.

The maximum thermal conductivity obtained is ~1 W/m-K,
and the minimum is around 0.5 W/m-K. The upper limit is fixed
by the microstructure of the solid solutions. It is well-known that
the presence of voids in sintered and granular media reduces
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Figure S. (a) Thermal conductivity as a function of x in
Li;,Co;_4,Sb,,,015. (b) Thermal conductivity as a function of the
sintering temperature T.

drastically the thermal performance. Additionally, a reduction in
thermal conductivity for intermediate values of x has been
previously shown to be induced by the scattering of low-
frequency phonons by point defects in disordered semi-
conductor alloys.”**” On the other hand, the lower limit of
the thermal conductivity can be partially attributed to the
changes in the lattice parameter, as inferred from the XRD
diffractograms in Figure 1, because it contributes actively to the
scattering of low-frequency phonons by point defects.

A Framework for Heat Diffusion in Solids. As final
remark, we would like to introduce a new framework for heat
diffusion in solids, which can be also very useful in the analysis of
heat conduction in sintered and granular materials. According to
Fourier’s law, the rate of heat conduction per unit area (or heat
flux ¢ = 0h/dt in W/m?) is proportional to the temperature
gradient g = KOT/0x, where K is the thermal conductivity in W/
m-K and T is the temperature. On that premise, here we show
that the rate of heat flux is proportional to its Laplacian

(azq/dxz). That is

0 oT 0* oT
2| k%~ | = D~ |-Kk=—
ot Oox Ox O0x
q q (2)
where the commutation properties [d/0t, —Kd/dx] = 0 and
[02/ 6x2, —K0/0x] = 0 were applied to the well-known heat

diffusion equation (0T /ot = D0*T/0x>). Therefore

9q _ %

ot ox? (3)
2

% _ &%

ot Ox 4)

where D is the thermal diffusivity in m?/s, h is the heat per unit
area (or thermal energy per unit area in J/m?) and q is the rate of
heat conduction per unit area (or heat flux) in W/m?. Note that
eqs 3 and 4 are analogous to the heat diffusion equation, but
instead of relating the temperature here we have obtained a
diffusion equation for the heat flux itself (see eq 3) and similarly
for the thermal energy per unit area (see eq 4). In summary, heat
diffusion in solids can be studied by monitoring either the
temperature, the heat flux, or the thermal energy.

B CONCLUSIONS

In this work, the thermal properties of Liy,Co,_4,Sb, ., O, solid
solutions were studied. The concentration was varied in the
range 0 < x < 0.7, and four different sintering temperatures
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(1100, 1150, 1200 and 1250 °C) were considered. It was shown
for the first time that a thermal diffusivity gap, which is more
pronounced for low values of x, can be triggered at a certain
threshold sintering temperature (~1150 °C in this case). This
effect was explained by the increase of the contact area between
adjacent grains. However, a lower impact was found in the
thermal conductivity. This contrast was explained by the roles of
thermal diffusivity and thermal conductivity in transient and
steady-state heat conduction, respectively. Finally, we have
shown that besides the temperature, the heat flux and thermal
energy also satisfy diffusion equations, with the thermal
diffusivity as the main parameter.
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