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A B S T R A C T   

In this work, the effect of hot-pressing conditions on the performances of Sr-doped Ca3Co4O9 materials has been 
investigated. The samples were prepared from attrition milled precursors, which reduced the processing time. 
Samples were hot-pressed at temperatures (T) between 800 and 900 ◦C and pressures (P) from 51 to 71 MPa. The 
out-of-plane X-ray diffraction (XRD) showed that all samples are formed by the thermoelectric phase, with a good 
grain orientation which is improved with T, and P, as demonstrated by their Lotgering factor. The observations 
through Scanning Electron Microscopy (SEM) have revealed that grain sizes and orientation are enhanced with T, 
and P, as well as density through Archimedes’s method. All these trends are reflected in the flexural strength and 
microhardness. The electrical resistivity is lower when the T, or P, is increased, reaching 6.4 mΩ cm for samples 
processed at 900 ◦C and 71 MPa, which is about the best reported values in the literature. On the other hand, 
contrarily to the expected results, they also showed the highest S values, 182 μV/K, which are similar to the best 
reported values for highly dense textured materials. Thermal conductivity values do not follow a regular evo-
lution with the hot-pressing conditions, probably due to internal stresses, reaching the lowest values at 800 ◦C in 
samples processed at 800 ◦C and 51 MPa (1.51 W/(K*m)) or 900 ◦C and 61 MPa (1.53 W/(K*m)). Consequently, 
the highest ZT values have been determined in samples processed at 900 ◦C and 61 MPa (0.35) which is higher 
than the best reported values in literature for bulk textured samples, to the best of our knowledge.   

1. . Introduction 

Under the current situation on global warming, where most of the 
national governments are working and legislating for a more sustainable 
economy with less dependence on fossil fuels, thermoelectric materials 
can play an important role [1–3]. These materials are characterized by 
their ability to transform a temperature difference into electric power, 
without mobile parts, provided by the Seebeck effect. Consequently, 
these materials can be used to recover waste heat in many processes [4, 
5], or producing renewable energy from the sun [6]. On the other hand, 
the efficiency of such transformation can be quantified using a dimen-
sionless magnitude called figure of merit, ZT, which can be calculated 
through the equation [7]: 

ZT =
S2T
ρκ

Eq. 1  

where S is the Seebeck coefficient, T the absolute temperature, ρ the 
electrical resistivity, and κ the total thermal conductivity. This expres-
sion clearly indicates that materials with high thermoelectric perfor-
mances should show high Seebeck coefficient and low thermal 
conductivity and electric resistivity. Moreover, they have to be able to 
work at high temperatures, which results in higher efficiency. On the 
other hand, it is established that materials for practical applications 
should have ZT values ≥ 1. 

Nowadays, some families display ZT values above 1, such as inter-
metallic compounds PbTe [8] or SnTe [9]. On the other hand, they are 
not able to work at elevated temperatures under air atmosphere due to 
possible oxidation or evaporation of heavy elements. Moreover, these 
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heavy constituents are scarce [10], expensive and, in most cases, haz-
ardous to human health or the environment. These drawbacks have been 
surpassed when high thermoelectric properties were found in the 
Na2Co2O4 ceramic materials [11]. This discovery pushed up the research 
on these ceramics which possess high chemical stability at high tem-
peratures under air. Moreover, they are usually composed of more 
abundant and cheaper elements than the intermetallic ones [12]. 
Nowadays, some of the most promising CoO based materials for prac-
tical applications are Ca3Co4Ox (also called 349) [13], and Bi2AE2Co2Oy 
(where AE is an Alkaline Earth metal) [14,15]. These CoO based ma-
terials share some crystallographic features, as they can be described 
through a monoclinic structure formed by the stacking of two different 
sublattices. The first one is a CoO2 hexagonal conductive layer (CdI2 
type), and the second one with Rock Salt structure behaves as insulating 
layer, where the other cations are distributed [16]. Misfit cobaltites is 
the usual name used to describe materials due to the different b-axis 
length between both layers. This misfit factor can be manipulated by 
different techniques, leading to modifications of the Seebeck coefficient 
[17]. Another important characteristic of these materials is their 
anisotropy, with the most favorable direction for electrical conductivity 
along the preferential grain growth one. Consequently, this feature can 
be exploited to obtain low electrical resistivity materials, without 
significantly modifying Seebeck coefficient, by an optimal grain align-
ment with the ab-planes parallel to the electrical transport direction 
[18]. Many different methods have been shown to produce important 
grain alignment in these materials, which can be divided in processes 
through solid state, as the microwave sintering [19], hot-uniaxial 
pressing [20], spark plasma sintering (SPS) [21], or templated grain 
growth (TGG) [22]; and by transient liquid phase, as the laser floating 
zone (LFZ) [23], or the electrically assisted LFZ [24]. 

Taking into account these typical characteristics of cobaltite mate-
rials, the aim of this work is to study the effect of pressure and tem-
perature on the structural, microstructural, electrical, thermal, and 
mechanical properties of hot uniaxially pressed and isovalently doped 
Ca3Co4O9 ceramics prepared from attrition milled precursors. For this 
purpose, Sr substitution for Ca has been performed in order to modify 
the misfit factor without changing the charge of the Rock-Salt layer [25, 
26]. 

2. . Experimental section 

The nominal Ca2.93Sr0.07Co4O9 composition has been selected from 
previous works [27]. They were prepared using CaCO3 (≥99%, Aldrich), 
SrCO3 (≥98%, Aldrich), and CoO (99.99%, Aldrich) commercial pow-
ders in stoichiometric proportions. These powders were mixed and 
attrition milled in a self-made equipment rotating at 300 rpm, using 1 
mm diameter ZrO2 balls for 1 h in water media and a proportion balls: 
powder of 10:1, as previously reported [28]. The resulting suspension 
was then dried under infrared radiation and manually milled in an agate 
mortar to obtain an homogeneous fine powder mixture. The calcination 
of powders was performed at 850 ◦C for 1 h to completely decompose 
carbonates, as it has been previously demonstrated [29]. After a sub-
sequent manual milling, the powders were uniaxially cold pressed in 
form of discs (25 mm diameter) under 250 MPa applied pressure. 
Finally, the green discs were subjected to a hot pressing process for 1 h 
under three different temperatures (800, 850, and 900 ◦C) and pressures 
(51, 61, and 71 MPa). The discs were subsequently cut into pieces for the 
different characterizations. 

In order to evaluate the grain orientation induced by the different 
hot-pressing conditions, out-of-plane XRD patterns were performed on 
the samples’ surface between 5 and 45◦ in a theta-theta PaN-
alyticalX’Pert Pro diffractometer (CuKα radiation, λ = 1.54059 Å). 
Moreover, grain orientation has been determined using Lotgering factor 
[30]. 

Microstructural and morphological characterization has been made, 
on the surfaces of samples after chemical etching with HCl 6 N solution 
in water for 5 s to reveal grain boundaries, in a field emission scanning 
electron microscope (FESEM, Carl Zeiss Merlin). Additionally, fracto-
graphical characterization of samples has been carried out on longitu-
dinally fractured surfaces of samples. 

The density of samples was determined through the well-known 
Archimedes’ method, using 4.677 g/cm3 as the theoretical density 
value for Ca3Co4O9 [31]. At least 5 samples for each condition were 
evaluated in order to minimize measurement errors. 

Simultaneous measurement of electrical resistivity and Seebeck co-
efficient has been made along the direction perpendicular to the applied 
pressure, in steady-state mode by the standard DC four-point-probe 
technique in a LSR-3 system (Linseis GmbH), under He atmosphere, 
and temperatures between 50 and 800 ◦C. Moreover, these data were 
used to determine the electrical performances through the power factor, 
PF, which is defined as PF = S2/ρ. The thermal diffusivity (α) has been 
determined in all samples, perpendicularly to the applied pressure, in a 
laser-flash system (Linseis LFA 1000). The thermal conductivity (κ) was 
obtained using the formula: 

κ =α Cpρ Eq. 2  

where Cp is the specific heat, calculated through the well-known 
Dulong-Petit law, and ρ is the sample density previously determined. 
Using the power factor, and κ, the thermoelectric performances of 
samples (ZT) have been calculated. Dilatometric characterization has 
been performed, in the direction perpendicular to the external pressure, 
between room temperature and 800 ◦C in an L79 HCS device (Linseis 
GmbH) in order to determine the linear expansion coefficient of all 
samples. 

Finally, the mechanical characterization of samples was made, on 
surfaces perpendicular to the applied pressure direction, through Vick-
ers microhardness, and flexural strength. Vickers microhardness has 
been measured in a Vickers indentation system (Matsuzawa MXT70) in 
several samples with 2.94 N applied load, and 15s dwell time following 
the procedure commonly described [32]. Vickers hardness has been 
calculated using the formula: 

HV = 1.8544
F
d2 Eq. 3  

where HV is microhardness in MPa, F is the applied load in N, and d is 
the vertical and horizontal diagonals mean value of each indentation, in 
mm. The flexural strength has been obtained through three points 
bending tests in an Instron 5565 machine with a 10 mm loading span 
fixture and a punch displacement speed of 30 μm/min, as described 
elsewhere [33]. 

3. . Results and discussion 

3.1. . Structural characterization 

The out-of-plane XRD patterns of Ca0.93Sr0.07Co4O9 samples hot- 
pressed under different conditions are shown in Fig. 1and A1, between 
5 and 45◦, for clarity. As it can be observed in these graphs, all samples 
display very similar diffraction patterns and all peaks are associated to 
the 349 phase with monoclinic symmetry [30], in agreement with the 
PDF cards #00-058-0661 & #00-023-0110, and with previously pub-
lished data [34,35]. These data clearly point out to the absence of sec-
ondary phases after the hot pressing procedure. Moreover, the highest 
peaks in the graphs correspond to the (00l) diffraction planes (indexed in 
the plots), which indicates a strong grain orientation with their 
ab-planes preferentially aligned along the perpendicular direction with 
respect to the applied pressure during the hot pressing process. In order 
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to evaluate the evolution of grain orientation as a function of the 
hot-pressing conditions, Lotgering factor has been calculated for all 
samples and the results are displayed in Table 1. These data clearly show 
that grain alignment is increased when the applied pressure is raised, 
independently of the processing temperature. Moreover, the use of 
higher temperatures also improves grain orientation, which is more 
important from 800 to 850 ◦C than from 850 to 900 ◦C. The fact that 
higher pressures or temperatures increases grain orientation is easily 
understandable; however, the lower increase at 900 ◦C can be explained 
by higher grains connectivity produced at this temperature, which can 
limit the grain movement toward the preferred orientation. 

FESEM observations on the samples surfaces have shown that grain 
sizes are increased when the hot-pressing temperature is raised, as 
illustrated in Fig. A2. Moreover, besides this effect, porosity is also 
reduced when the external applied pressure is increased, as illustrated in 
Fig. A3. These microstructural modifications are clearly reflected in 
Fig. 2, where the lowest and highest temperature and pressure condi-
tions are shown on the chemical etched surfaces of samples. From these 
images, it is clear that the largest grain sizes and the lowest porosity 
content is obtained in hot-pressed samples at 900 ◦C under an external 
applied pressure of 71 MPa. 

This evolution has been confirmed through density measurements 

using Archimedes’ method, as it is presented in Table 2. Even if no 
drastic modifications are produced in these samples, some trends can be 
extracted from these data. Higher temperatures or pressures during the 
hot-pressing process lead to higher density values. Moreover, the lowest 
values are obtained in samples processed at 800 ◦C and 51 MPa (4.17 g/ 
cm3, 89% of the theoretical one), while the highest ones have been 
determined in those prepared at 900 ◦C and 71 MPa (4.45 g/cm3, 95% of 
the theoretical one). These values are very similar to those reported for 
highly densified materials, around 95–98% of the theoretical density 
[21,26] and much higher than the obtained in pressureless sintered 
materials, 60–79% [21,27]. 

3.2. . Microstructural and mechanical characterization 

When observing fractured surfaces of the samples, it has been found 
that grain alignment shows the same trends observed in grain sizes 
evolution already discussed in Fig. 2, it is enhanced when temperature 
or pressure is increased, as displayed in Fig. 3. Fig. A4 is illustrating the 

Fig. 1. Out-of-plane XRD graph for samples prepared through hot-pressing 
process at 800 ◦C under different applied pressures, a) 51; b) 61; and c) 71 
MPa. Indexed peaks indicate the (00l) reflections of Ca2.93Sr0.07Co4O9 phase. 

Table 1 
Calculated Lotgering factor of all samples, as a function of temperature and 
applied pressure, after the hot-pressing process.   

800 ◦C 850 ◦C 900 ◦C 

51 MParowhead 0.86 0.90 0.91 
61 MParowhead 0.88 0.91 0.94 
71 MParowhead 0.89 0.93 0.95  

Fig. 2. Representative FESEM micrographs of samples surfaces, after chemical 
etching, for samples produced using the lowest and highest T, and P conditions 
for the hot-pressing process. a) 800 ◦C and 51 MPa; and b) 900 ◦C and 71 MPa. 

Table 2 
Density and Standard error for all samples, in g/cm3, as a function of tempera-
ture and applied pressure, after the hot-pressing process.   

800 ◦C 850 ◦C 900 ◦C 

51 MParowhead 4.17 ± 0.09 4.17 ± 0.04 4.19 ± 0.08 
61 MParowhead 4.21 ± 0.05 4.27 ± 0.05 4.30 ± 0.08 
71 MParowhead 4.27 ± 0.06 4.29 ± 0.04 4.45 ± 0.07  
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evolution of grain alignment with hot-pressing temperature when the 
pressure is maintained constant. As it can be observed in the micro-
graphs, higher temperature leads to larger and better-oriented grains, 
with their ab-planes preferentially oriented perpendicularly to the 
applied pressure direction. Moreover, when the pressure is increased at a 
constant hot-pressing temperature, grain sizes and orientation are also 
enhanced, but in much lower extent than the produced by temperature, 
as seen in Fig. A5. 

The microstructural modifications previously observed are reflected 
in the macroscopic properties of Ca2.93Sr0.07Co4O9 samples, as it can be 
observed in Fig. 4, where flexural strength is presented as a function of 
applied temperatures and pressures during the hot-pressing process. As 
it can be easily seen, mechanical properties are increased when tem-
perature and/or pressure is increased, reaching the highest values for 
hot-pressed samples at 900 ◦C and 71 MPa (247 MPa), which is much 
higher than the obtained in pristine sintered materials, between 18 and 
56 MPa [36–38]. Moreover, they are around two times higher than the 
obtained in B4C or Ag added sintered materials, 126 and 118 MPa, 
respectively [37,38]. Moreover, they are in the range of hot-pressed 
materials for 24 h, 254 MPa [36], and lower than the obtained in 
hot-pressed Ca2.93Sr0.07Co4O9 samples for more than 12 h (295 MPa) 
[39], or in SPS materials (284 MPa) [36]. 

The Vickers microhardness evolution with the processing conditions 
is shown in Fig. 5. As it can be easily observed in the graph, it follows the 
same trends observed in the flexural strength measurements previously 
discussed, reflecting the effect of grain growth and orientation on these 
mechanical properties. The highest values (around HV 250 MPa) have 
been determined in Ca2.93Sr0.07Co4O9 samples hot pressed at 900 ◦C 
under 71 MPa applied pressure. This is higher than the highest values 
reported by using nanoindentation through hot pressing (HV 230 MPa) 
[36], which should not be influenced by the effect of grain boundaries. 
On the other hand, it is lower than the reported for SPS processed ma-
terials at 75 MPa, using nanohardness (HV 310 MPa) [36]. 

Fig. 3. Representative FESEM micrographs of fractured surfaces for samples 
produced using the lowest and highest T, and P conditions for the hot-pressing 
process. a) 800 ◦C and 51 MPa; and b) 900 ◦C and 71 MPa. 

Fig. 4. The flexural strength evolution of Ca2.93Sr0.07Co4O9 samples, with their 
standard error, as a function of applied temperature and pressure in the hot- 
pressing process. 

Fig. 5. Vickers hardness evolution of Ca2.93Sr0.07Co4O9 samples, with their 
standard error, as a function of applied temperature and pressure in the hot- 
pressing process. 
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3.3. . Electrical characterization 

The temperature dependence of the electrical resistivity, for the 
Ca2.93Sr0.07Co4O9 samples hot-pressed at the lowest and highest T and P 
conditions, is shown in Fig. 6. As it can be seen in this graph, a reduction 
of around 10% is produced at the highest conditions, when compared to 
the lowest ones. This is due to the decrease of the resistivity induced by 
the raise of temperatures, as it is shown in Fig. A6. However, by 
inspecting Fig. A7 an effect related to the pressure also must be 
participating in this reduction. Moreover, this evolution is in agreement 
with the microstructural evolution previously discussed, probably due to 
an enhancement on the charge carrier mobility, which has been 
confirmed by using the Weighted Mobility (μw) introduced by Snyder 
et al. [40]. This evolution can be illustrated by the values determined for 
the samples prepared at 900 ◦C and 51, 61, and 71 MPa: 29.8, 27.3, and 
23.0 cm2/(V s), respectively, while for samples prepared at 800 ◦C and 
61 MPa was 18.8 cm2/(V s). These values are in the range, but slightly 
higher, than those previously reported in the literature [41], explaining 
the lower electrical resistivity of the samples prepared in this work. 
Otherwise, all samples display the same behavior with respect to tem-
perature; they have a slight metallic-like behavior from room tempera-
ture to about 150 ◦C, changing to semiconducting-like at higher 
temperatures. This change can be associated to a modification of the 
transport mechanism, as previously reported; in the metallic regime 
charge carriers are moving along the conduction or valence bands [42, 
43], while in the semiconducting it is a thermally activated 
hole-hopping along the conduction layer from Co4+ to Co3+ [44,45]. 
This transition temperature only slightly changes with the hot pressing 
conditions. As a consequence of this semiconducting behavior at high 
temperatures, all samples reach their minimum resistivity values at 
800 ◦C. Moreover, the lowest electrical resistivity within the different 
samples has been obtained in hot-pressed samples at 900 ◦C and 71 MPa 
(6.4 mΩ cm). This minimum resistivity is around the best reported for 

materials prepared by classical SPS (6.0–9.0 mΩ cm) [26,46,47], or 
edge-free SPS (about 7.0 mΩ cm) [21]. On the other hand, it is much 
lower than the typically reported for hot-pressed materials (25 mΩ cm) 
[20], or in sintered materials with the same substitutions (15 mΩ cm) 

Fig. 6. Electrical resistivity evolution, as a function of temperature, for samples 
produced using the lowest and highest T, and P conditions for the hot- 
pressing process. 

Fig. 7. Seebeck coefficient evolution, as a function of temperature, for samples 
produced using the lowest and highest T, and P conditions for the hot- 
pressing process. 

Fig. 8. Power factor evolution, as a function of temperature, for samples pro-
duced using the lowest and highest T, and P conditions for the hot- 
pressing process. 
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[27]. These data clearly reflect the good grain orientation and the high 
density obtained in these materials previously discussed. 

The temperature dependence of the Seebeck coefficient, for the 
Ca2.93Sr0.07Co4O9 samples hot-pressed at the lowest and highest T and P 
conditions, is shown in Fig. 7. As it can be observed in the graph, S is 
positive in the whole measured temperature range, which is associated 
to a hole predominant charge carrier transport. Moreover, it is increased 
linearly with temperature in all cases, which is the typical behavior of 
metals or degenerated semiconductors when the variation of different 
parameters with temperature, as carrier concentration, effective mass, 
and Fermi level, are negligible [48]. The evolution of Seebeck coefficient 
values as a function of temperature or pressure during the hot pressing 
process is illustrated in Figures A8 and A9, respectively, where it can be 
seen that S is increased with processing temperatures and pressures. This 
evolution can be associated to a decrease of charge carrier concentra-
tion, in agreement with Koshibae’s equation [49], when the hot pressing 
temperatures or pressures are increased. Consequently, the highest S 
values have been determined at 800 ◦C in samples processed at 900 ◦C 
under 71 MPa applied pressure (182 μV/K). These values are higher than 
the reported for pristine samples prepared through SPS (165 μV/K) [46, 
47], and the same obtained in SPS sintered Sr-doped samples (182 μV/K) 
[26]. On the other hand, it is much lower than the measured in sintered 
Sr-doped materials (220 μV/K) [27], due to their higher electrical 
resistivity. 

Electrical performances of samples were determined using the elec-
trical resistivity and Seebeck coefficient data through the power factor. 
In Fig. 8the evolution of PF with temperature for the samples hot- 
pressed at the lowest and highest T and P conditions. As it can be 
easily observed in the plot, the samples prepared under the highest T, 
and P conditions display between 60 and 70% higher PF than the ob-
tained in the lowest conditions. This difference is due to the lower 
electrical resistivity and higher Seebeck coefficient values obtained in 
the former samples. When considering the effect of temperature at 
constant pressures (61 MPa), it is clear that higher temperatures lead to 
higher PF values in the whole measured temperature range (see 
Fig. A10). Moreover, the evolution of PF at constant temperature 
(900 ◦C) also indicates that higher external applied pressures induce 
higher PF values in the samples (see Fig. A11). The highest PF values 

have been obtained at 800 ◦C in samples hot-pressed at 900 ◦C under 71 
MPa applied pressure (0.52mW/K2m). These values are in the order of 
those reported in pristine samples prepared through SPS (0.50mW/K2m) 
[46], and higher than the obtained in Sr-doped samples classically sin-
tered, or by SPS (0.32mW/K2m) [26,27]. 

3.4. . Thermal characterization 

As it is well known, total thermal conductivity is the sum of two 
different contributions, expressed as: κ = κph + κe, where κph is the 
phonon contribution (or lattice thermal conductivity), and κe is the 
charge carrier contribution. The values of κe can be calculated using the 
Wiedermann-Franz’s law [50], which relates thermal electronic and 
electrical conductivity through the expression: 

κe = L σ T Eq. 4  

where L is the Lorentz number (2.45 × 10− 8 V2/K2), σ the electrical 
conductivity, and T the absolute temperature. 

In Fig. 9, the variation of κph, and κe with temperature for the samples 
hot-pressed at the highest and lowest T, and P, is presented. As it can be 
seen in this graph, electronic thermal conductivity is increased with 
temperature, which is in agreement with the decrease of electrical re-
sistivity previously discussed. On the other hand, total thermal con-
ductivity tends to decrease when the temperature is raised up to around 
600 ◦C, in all cases. This decrease is due to the enhancement of phonon 
scattering induced by the increase of lattice vibrations. Moreover, at 
higher temperatures, the total thermal conductivity rises as a conse-
quence of the higher contribution of the electronic one. When consid-
ering the effect of processing temperatures and pressures, a no clear 
trend can be observed in the total thermal conductivity as it is illustrated 
in Fig. A12 and A13; this is probably due to internal stresses which can 
help to scatter phonons in some of the samples. The minimum κ deter-
mined in these samples at 800 ◦C (~1.51 W/(K*m)) has been found in 
the ones processed at 800 ◦C and 51 MPa. These values are very close to 
the measured in samples processed at 900 ◦C and 61 MPa (around 1.53 
W/(K*m)). Furthermore, they are much higher than the reported in low 

Fig. 9. Total and electronic thermal conductivity, as a function of temperature, 
for samples produced using the lowest and highest T, and P conditions for the 
hot-pressing process. 

Fig. 10. Thermal expansion coefficient of samples, measured between room 
temperature and 800 ◦C, as a function of P, and T in the hot-pressing process. 
The dashed lines are guides for the eyes. 
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density (about 60% theoretical density) samples, with randomly ori-
ented grains, prepared through the classical solid-state method (0.9 W/ 
(K*m)) [51]. Contrarily, these values are much lower than the obtained, 
at the same temperature, in high density undoped materials prepared 
using SPS (2.1 W/(K*m)) [52], or in high density textured samples 
processed through hot-uniaxial pressing (between 2.2 and 3 W/(K*m)) 
[20,51]. 

The microstructural modifications induced by the different condi-
tions used in the hot pressing process also influence the thermal 
expansion coefficient, as shown in Fig. 10, where it is presented as a 
function of the hot pressing conditions. The dashed lines are only guides 
for the eyes to follow the evolution with temperature at a constant 
pressure. As it can be easily seen in the plot, thermal expansion coeffi-
cient decreases nearly linearly with the processing temperature, while 
this decrease is much more evident with pressure, especially for the 
samples processed with 71 MPa external pressure. The minimum value 
determined in this work is around 9.41 ppm/K for the samples processed 
at the highest T, and P. This value is lower than the reported in Ca3Co4O9 
samples (12.8 ppm/K) [53], or in Ca-substituted materials (10.6–12.9 
ppm/K) [53,54]. Even if this reduction seems to be minor, it should be 
highlighted that it is closer to that of the alumina (7.5 ppm/K) [55], 
which is used as structural ceramic in the thermoelectric modules ar-
chitecture. Consequently, the thermal stresses appearing in the hot side 
of these modules, due to the different thermal expansion of components, 
is reduced, leading to the enhancement of their lifespan. 

3.5. . Thermoelectric performances 

The thermoelectric performances of all samples have been evaluated 
through the ZT values, calculated using Eq. (1). It has been found that ZT 
values are higher when the temperature and pressure of hot-pressing 
process are increased, as shown in Fig. 11. When considering the 

individual effect of T, and P, the evolution of ZT can be explained as 
follows: when the hot-pressing temperature is raised, ZT values are 
larger, as illustrated in Fig. A14; on the other hand, even if the effect of 
pressure is exactly the same for the samples prepared at 800 ◦C, at higher 
temperatures, the highest ZT values are obtained for the materials pre-
pared under 61 MPa, as illustrated in Fig. A15. Consequently, the 
highest ZT values at 800 ◦C (~0.35) have been determined in samples 
processed at 900 ◦C and 61 MPa. These values are much higher than the 
typical obtained in pristine sintered materials (0.08) [51], SPS processed 
(0.06–0.30) [56–59], or hot pressed samples (0.005–0.18) [20,51,60]. 
Moreover, it is higher than the reported for Sr-doped materials prepared 
by SPS (0.22) [26]. 

All these data clearly show that the materials prepared in this work 
possess the best thermoelectric performances reported in the literature 
for bulk specimens, to the best of our knowledge. 

4. . Conclusions 

In this study, Sr-doped Ca3Co4O9 materials have been successfully 
prepared through hot-pressing process under different temperatures and 
pressures (between 800 and 900 ◦C, and 51–71 MPa, respectively). XRD 
data have demonstrated that all samples are composed by the thermo-
electric phase. Grain alignment has been shown to be influenced by 
temperature and pressure. Moreover, grain sizes increase with T, and P, 
while porosity is decreased. All samples have excellent mechanical 
performances, 247 MPa flexural strength, and 250 MPa Vickers micro-
hardness, which are similar or higher than the best reported values in 
the literature for samples prepared under equivalent conditions. The 
minimum values determined at 800 ◦C through electrical resistivity 
measurements (6.4 mΩ cm in samples processed at 900 ◦C and 71 MPa) 
are within the lowest ones in the literature. The highest S values have 
also been determined in these samples, 182 μV/K, similar to the best 
values found in highly dense textured materials. On the other hand, the 
lowest κ values have been measured in samples processed at 800 ◦C and 
51 MPa, or 900 ◦C and 61 MPa (1.51, and 1.53 W/K m, respectively). 
Finally, the highest ZT value has been obtained for samples processed at 
900 ◦C and 61 MPa (0.35), which is higher than the best reported in the 
literature for bulk textured materials, to the best of our knowledge. 
Furthermore, it should be highlighted that these materials have been 
prepared after a total thermal treatment of just 2 h. 
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Annex. 

Fig. 11. ZT evolution, as a function of temperature, for samples produced using 
the lowest and highest T, and P conditions for the hot-pressing process. 
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Fig. A1. Out-of-plane XRD graph for samples prepared through hot-pressing process at 850 (upper graph) and 900 ◦C (lower graph), under different applied 
pressures, a) 51; b) 61; and c) 71 MPa. Indexed peaks indicate the (00l) reflections of Ca2.93Sr0.07Co4O9 phase.  
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Fig. A2. Representative FESEM micrographs performed on the surfaces of hot-pressed samples at 51 MPa and different temperatures, a) 800; b) 850; and c) 900 ◦C.   
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Fig. A3. Representative FESEM micrographs performed on the surfaces of hot-pressed samples at 850 ◦C and different applied pressures, a) 51; b) 61; and c) 71 MPa.   
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Fig. A4. Representative FESEM micrographs performed on the fractured surfaces of hot-pressed samples at 71 MPa and different temperatures, a) 800; b) 850; and 
c) 900 ◦C.  
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Fig. A5. Representative FESEM micrographs performed on the fractured surfaces of hot-pressed samples at 900 ◦C and different applied pressures, a) 51; b) 61; and 
c) 71 MPa.  
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Fig. A6. Evolution of electrical resistivity in hot-pressed samples at 61 MPa and different temperatures.  

Fig. A7. Evolution of electrical resistivity in hot-pressed samples at 900 ◦C and different applied pressures.   
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Fig. A8. Evolution of Seebeck coefficient in hot-pressed samples at 61 MPa and different temperatures.  

Fig. A9. Evolution of Seebeck coefficient in hot-pressed samples at 900 ◦C and different applied pressures.   
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Fig. A10. Evolution of power factor with temperature determined in hot-pressed samples at 61 MPa and different temperatures.  

Fig. A11. Evolution of power factor with temperature determined in hot-pressed samples at 900 ◦C and different applied pressures.   
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Fig. A12. Evolution of total and electronic thermal conductivity determined in hot-pressed samples at 61 MPa and different temperatures.  

Fig. A13. Evolution of total and electronic thermal conductivity determined in hot-pressed samples at 900 ◦C and different applied pressures.   
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Fig. A14. Evolution of ZT values determined in hot-pressed samples at 61 MPa and different temperatures.  

Fig. A15. Evolution of ZT values determined in hot-pressed samples at 900 ◦C and different applied pressures.  
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