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Abstract
In general, any attempt to increase the Seebeck coefficient is usually accompanied by a decrease in the electrical conductiv-
ity or vice versa due to the interplay between these two parameters. This work demonstrates that a simultaneous increase 
in both the Seebeck coefficient and electrical conductivity can be obtained by “doping” in intermetallic alloys. A new alloy 
composition, Fe10Cr1Ti3Al6, was synthesized by substituting Fe with Cr in Fe11Ti3Al6 using mechanical alloying and spark 
plasma sintering (SPS). The thermoelectric measurements revealed that the Cr substitution led to an increase in the Seebeck 
coefficient from +27 µV/K in Fe11Ti3Al6 to +39 µV/K in Fe10Cr1Ti3Al6, with a corresponding increase in the electrical 
conductivity from 2.5 × 105 S/m to 4.7 × 105 S/m, resulting in a significant increase in the power factor. The temperature 
dependence of the thermoelectric properties of this new alloy was also investigated over a temperature range of 50–727°C. 
The result showed that a maximum power factor of 6.0 × 10−4 W/m K2 was obtained at 53°C.
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Introduction

A continuous increase in the global energy demand has been 
seen over the past few decades.1 Currently, this demand is 
largely met by higher consumption of fossil fuels,2 leading 
to increased carbon dioxide emission and global warming.3 
Reducing fossil fuel consumption is crucial to mitigating 
global warming.4 Thermoelectric (TE) devices can generate 
electricity directly from waste heat.5 They have the potential 
to make a significant contribution to efficient use of thermal 
energy and reduction in fossil fuel usage. A key challenge 
in this field is the development of high-performance ther-
moelectric materials.6 The efficiency of a thermoelectric 

material can be evaluated based on the dimensionless figure 
of merit (ZT), which is defined as

where α is the Seebeck coefficient, ρ is the electrical resis-
tivity, k is the total thermal conductivity, which consists of 
the electronic (kel) and lattice (kL) contribution, and T is the 
absolute temperature. The term �2∕� is usually referred to 
as the power factor (PF).

Over the past three decades, thermoelectric materials 
such as skutterudites,7 clathrates,8 complex alloys,9 Heusler 
alloys,10 metal chalcogenides,11 and oxides12 have been iden-
tified as promising materials, with ZT > 1. However, many 
of these materials contain toxic and costly elements, which 
limit their usage on a large scale.13 To address this problem, 
scientists have been searching for thermoelectric materi-
als that are abundant, low-cost, and nontoxic.13 The efforts 
in this research direction have resulted in the discovery of 
promising candidates such as Al-Fe-Si,14 Fe-V-Al,15,16 and 
Cu-S.17 In particular, due to the presence of the pseudo-gap, 
the Fe-V-Al alloy18 is considered a very promising thermo-
electric material, with a power factor of 55 × 10−4 W/m K2 at 
room temperature. By implementing the off-stoichiometric 
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concept, Miyazaki et al.19 further improved the power factor 
of the Fe-V-Al alloy to 68 × 10−4 W/m K2. A similar but less 
costly Fe11Ti3Al6 alloy was later reported by Garcia-Cana-
das et al.20 which has a room-temperature power factor of 
7.0 × 10−4 W/m K2, with a Seebeck coefficient of +27 µV/K 
and electrical resistivity of 1 µΩ m. Zou et al.21 studied the 
thermoelectric properties of Fe2−xMnxTiSn (x = 0–0.05) 
and found that Mn substitution improved the power factor 
and ZT compared with Fe2TiSn. Fukuta et al.22 reported an 
improvement in the ZT of the Fe-V-Al alloy using a grain 
refinement approach, achieving a high ZT value of 0.37. On 
the other hand, by implementing microstructure engineer-
ing, Srinithi et al.23 reported an improvement in the power 
factor of Fe-Al-Si from 2.5 × 10−4 W/m K2 to 8.8 × 10−4 
W/m K2. Recently, Reumann et al.24 investigated the effect 
of Cr substitution on the Fe site of Fe2VAl and obtained a 
higher Seebeck coefficient of ~70 µV/K in Fe1.975Cr0.025VAl 
compared to ~40 µV/K in Fe2VAl.

Considering the advantage of the low-cost and nontoxic 
nature of the Fe11Ti3Al6 alloy, this work was carried out to 
explore the possibility of further improving its thermoelec-
tric performance. Although Fe11Ti3Al6 exhibits a respectable 
power factor of 7.0 × 10−4 W/m K2, its Seebeck coefficient is 
still too low. Clearly, a strategy for further development of 
this alloy is to increase its Seebeck coefficient, which may 
be achieved by adding an additional transition element into 
the alloy. After initial exploration, we found that the Seebeck 
coefficient of Fe11Ti3Al6 alloy could be increased by replac-
ing Fe with Cr. In this work, we carried out a focused experi-
mental investigation on the preparation and  characterization  
of the Fe10Cr1Ti3Al6 alloy. To the best of our knowledge, this 
work represents the first attempt to study the material struc-
ture and thermoelectric properties of Fe10Cr1Ti3Al6 alloy.

Experimental Methods

Powders of iron, chromium, titanium, and aluminum with 
99.9% purity and particle size ranging from 60 µm to 75 µm 
were purchased from Goodfellow Cambridge Ltd, UK. To 
prepare Fe10Cr1Ti3Al6, 3.42 g of a stoichiometric mixture 
of these powders was mechanically alloyed in a planetary 
ball mill (Pulverisette 5/4). The manually blended mixture 
was loaded under nitrogen atmosphere in a glove box into an 
80 mL stainless-steel pot together with stainless-steel balls 
(10 mm diameter) as the grinding media in a ball-to-powder 
ratio (BPR) of 35:1. The mechanical alloying process was 
performed at 300 rpm for 5 h with a 10-min rest after 10 min 
of milling. The milled powder was then loaded into a 20 mm 
graphite die set for compaction. The die set was wrapped 
using graphite felt to minimize heat loss by thermal radiation 
during consolidation. The milled powders were consolidated 
into disc-shaped pellets 20 mm in diameter and 1–2 mm 

thick, using spark plasma sintering (SPS; HP D 10-SD, FCT 
Systeme GmbH). The SPS cycle was performed in vacuum 
for 30 min at a heating rate of 100°C/min25 and a cooling 
rate of 50°C/min. Uniaxial pressure was increased linearly 
up to 48 MPa, maintained during the isothermal stage, and 
quickly released down to contact force during cooling. The 
consolidation temperatures were 700°C, 800°C, 900°C, 
1000°C, and 1100°C, respectively. One sample was prepared 
for each consolidation temperature. In addition, Fe11Ti3Al6 
samples were prepared to facilitate direct comparison with 
Fe10Cr1Ti3Al6. Although the properties of Fe11Ti3Al6 are 
available in the literature,20 the samples were prepared using 
a different method. In order to ensure meaningful compari-
son, both Fe10Cr1Ti3Al6 and Fe11Ti3Al6 were synthesized 
using the same procedures and conditions.

The structure of the sintered samples was analyzed using 
x-ray diffraction (XRD; Siemens D5000 diffractometer), 
and the data were processed using X’Pert HighScore Plus 
software. The density (ρSPS) of sintered pellets was meas-
ured using the Archimedes method. The chemical composi-
tion was determined using scanning electron microscopy/
energy-dispersive x-ray spectroscopy (SEM/EDX; Quanta 
FEG 650). The room-temperature Seebeck coefficient was 
measured using a hot probe, and the room-temperature 
electrical resistivity was measured using a multifunctional 
probe measurement system.26 For high-temperature meas-
urements, four samples were prepared using the same pro-
cedures as described above, with the consolidation tem-
perature at 1000°C. Two of the samples were cut into bars 
(3 mm × 3 mm × 10 mm) for the Seebeck and electrical resis-
tivity measurements, and the other two (10 mm in diameter 
and 3 mm thick) were used for thermal conductivity meas-
urements. The Seebeck coefficient and electrical resistivity 
were measured in a helium atmosphere using the ULVAC 
ZEM-3 system over a temperature range of 51–780°C. The 
thermal conductivity (k) was determined by laser flash meas-
urement (NETZSCH LFA 457 MicroFlash, Germany).

Results and Discussion

Crystallization and Phase Transformation

To monitor the formation of alloy after ball milling, XRD 
analysis was used to examine the phase transformation. Fig-
ure 1a and b show the XRD results of non-milled and milled 
powders, respectively. It can be seen that the XRD pattern of 
non-milled powders shows good agreement with the XRD 
peaks of elemental Fe (JCPDS/ICDD: 00-006-0696), Cr 
(JCPDS/ICDD: 00-001-1261), Ti (JCPDS/ICDD: 00-044-
1294), and Al (JCPDS/ICDD: 00-001-1180), indicating a 
pure mixture of elements without alloying. It is interesting 
to note that three XRD peaks for Fe and Cr are coincidently 
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aligned. After ball milling, the XRD result of the milled 
powders shows a significantly different pattern, implying a 
transformation from a pure mixture of elements to an alloy. 
The position and intensity of the peaks of the milled pow-
der show a XRD pattern similar to Fe3Al (JCPDS/ICDD: 
00-045-1203), indicating that the milled powders have 
changed to a phase similar to that of Fe3Al. However, it has 
been reported that it is difficult to obtain the intermetallic 
phase of (FeTi)3Al solely through mechanical alloying.27,28 
Therefore, it is likely that the ball milling resulted in the for-
mation of Fe(Ti, Cr, Al) solid solution with a body-centered 
cubic structure as shown by broad peaks. This solid solution 
might be further transformed into the Fe3Al intermetallic 
phase with an ordered structure after annealing in a tempera-
ture range of 350–500°C.27,28

The effect of sintering temperatures on the structural 
change of the sintered samples was also investigated using 
XRD analysis. Figure 2 shows the XRD patterns of the sin-
tered pellets at temperatures ranging from 700°C to 1100°C. 
XRD analysis revealed no formation of new phases after 
the consolidation of the milled samples at different sinter-
ing temperatures. However, the XRD peaks shifted slightly 
towards the lower angles with increasing sintering tempera-
ture, which suggests lattice expansion.29 All sintered samples 
exhibit a crystal structure similar to that of the Fe3Al alloy.30 
In addition, when the sintering temperature was 900°C, a 
new peak was observed at a diffraction angle of 54.4°, which 
corresponds to a characteristic peak of the Fe3Al intermetal-
lic phase. It is interesting to note that the intensity of this 
peak then decreased with a further increase in the sintering 

temperature to 1000°C and 1100°C. This may be associated 
with the structural transition between the ordered and dis-
ordered phases as reported in Fe-Al alloys,17 which in turn 
affects the magnetic properties of materials.31,32 However, 
no correlation could be established between these peaks and 
the thermoelectric properties. Additionally, no new peaks 
were identified, suggesting that titanium and chromium were 
successfully incorporated into the Fe3Al structure. However, 
pinpointing the exact sites of Cr or Ti remains a challenging 
aspect.

Figure 3a and b show the SEM image and EDX spec-
trum obtained from the polished surface of the sample 

Fig. 1   XRD patterns of (a) non-milled powder and (b) milled powder of Fe10Cr1Ti3Al6.

Fig. 2   XRD patterns of sintered pellets of Fe10Cr1Ti3Al6 at 700°C to 
1100°C.
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sintered at 1000°C. EDX analysis was performed to check 
the chemical composition. The spectrum shows that the 
sample contains appropriate amounts of Fe, Cr, Ti, and Al. 
The presence of weak oxygen and carbon peaks indicates 
minor oxidation and carbon contamination during sample 
preparation, which is unavoidable and likely to exist at 
grain boundaries and surfaces. Earlier studies on Fe-Cr 
alloys25 also observed the existence of unexpected ele-
ments, potentially linked to the ingress of oxygen from the 
milling or sintering process.33 The chemical composition 
of the sample from EDX analysis is presented in Table I. 
It can be seen that all elements added during mixing are 
retained in the sample after the sintering process. Exclud-
ing O and C in Table I, the chemical composition is deter-
mined as Fe9.96Cr1.02Ti3.00Al4.95, which shows reasonable 
agreement with the nominal composition of Fe10Cr1Ti3Al6. 
The results clearly show that the appropriate amount of Cr 
has been added to the alloy, with Fe percentage reduced 
as expected. The percentage of Al appears to be less than 
the nominal percentage, indicating that a small amount of 
Al might be lost during the alloying or sintering process. 
Nevertheless, the results confirm that the planned “dop-
ing” of Cr has been achieved.

Effect of Sintering Temperature on Density

SPS was employed to obtain high-density bulk samples. 
It is anticipated that the density of the samples is strongly 
depended on the temperature of sintering. Recent studies on 
Fe-Al intermetallic alloys34 have highlighted the effective-
ness of the SPS consolidation technique in achieving denser 
samples at temperatures above 950°C. Figure 4 shows the 
relative density of Fe10Cr1Ti3Al6 sintered samples as a func-
tion of sintering temperature. The relative density of the sin-
tered sample was determined using the following equation:

where �
SPS

 is the measured density of the sintered samples 
using the Archimedes method, and �theory is the theoretical 
density of the samples, which was calculated using35

where n is the number of atoms per unit cell of the sam-
ple, M is the corresponding atomic mass of each element, 
a is the lattice constant, and NA is the Avogadro constant 

(2)�rel =
�
SPS

�theory
× 100,

(3)�theory =
nM

a3N
A

,

Fig. 3   (a) SEM and (b) EDX spectrum of the sample sintered at 1000°C.

Table I   Chemical composition 
of the Fe10Cr1Ti3Al6 sample by 
EDX analysis (the sample was 
prepared using spark plasma 
sintering at 1000°C)

Element Measured 
weight (%)

Measured 
atomic (%)

Calculated weight (%) by 
excluding O and C

Calculated molar 
amount by excluding O 
and C

Fe 59.47 44.93 62.79 9.96
Cr 5.67 4.60 5.98 1.02
Ti 15.36 13.53 16.20 3.00
Al 14.23 22.24 15.02 4.95
O 4.36 11.49 – –
C 0.91 3.21 – –
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(6.023 × 10−23 mol−1). The calculated density for the sam-
ple is 6.4 g/cm3. It can be seen from Fig. 4 that the relative 
density of the samples increases with the increase in sinter-
ing temperature. The relative density of the Cr-substituted 
samples sintered at 900°C is 83%, while the samples sintered 
at 1000°C and 1100°C possess relative density of 92% and 
95%, respectively. This result shows that a higher sinter-
ing temperature is preferable for achieving a high-density 
Fe10Cr1Ti3Al6 alloy, consistent with observation in Fe-Al 
alloys.34 An increase in densification with increasing sinter-
ing temperature can lead to an improvement in connectivity 
between grains36 and, consequently, the electrical proper-
ties of the materials, as shown in the section “Temperature 
Dependence of Thermoelectric Properties.”

Influence of Sintering Temperature 
on the Room‑Temperature Thermoelectric 
Properties

The room-temperature Seebeck coefficient as a function of 
the sintering temperature for the Fe11Ti3Al6 and 
Fe10Cr1Ti3Al6 samples is illustrated in Fig. 5a. It can be seen 
that the Seebeck coefficient of Fe10Cr1Ti3Al6 is significantly 
higher than that of Fe11Ti3Al6 for all sintering temperatures. 
The highest value of +39  µV/K is obtained from the 
Fe10Cr1Ti3Al6 sample that was sintered at 1000°C. This 
value is approximately 24% greater than that of the highest 
Fe11Ti3Al6 sample of this study and about 44% higher than 
the value of Fe11Ti3Al6 reported in the literature.20 This 
result confirms that the substitution of Fe with Cr can lead 
to an increase in the Seebeck coefficient. The fact that the 
Seebeck coefficient is increased due to Cr substitution sug-
gests a shift of the Fermi level towards the density of states 

where it has a steep slope. This observation can be explained 
by the Mott formula: �(T) ∝ �N(EF)∕�E

N(EF)
 , as in the case of Fe-

Cr-V-Al37 and Fe-V-Al.16,38 The Mott formula shows that the 
Seebeck coefficient is proportional to the derivative of the 
density of states, �N

(

E
F

)

∕�E . Graphically, it is the slope on 
the density-of-state plot for a given Fermi level. A steep 
slope indicates a large value of �N

(

E
F

)

∕�E , corresponding 
to a large Seebeck coefficient. For a material with its Fermi 
level located near the trough of the pseudo-gap (such as in 
Fe11Ti3Al6), shifting the Fermi level away from the trough 
will increase the slope of the density-of-states plot at the 
Fermi level and consequently will increase the Seebeck 
coefficient.

The effect of sintering temperature on the electrical resis-
tivity of the sintered samples is much more significant, as 
shown in Fig. 5b. The room-temperature electrical resistivity 
decreases substantially with increasing sintering temperature 
for both compositions (a factor of 6). This can be attributed 
to the fact that the electrical resistivity strongly depends on 
the density of the samples and connectivity at grain bounda-
ries, both of which are improved with increased sintering 
temperature. The lowest electrical resistivity value of 2.1 
µΩ m is obtained in the Fe10Cr1Ti3Al6 sample sintered at 
1100°C, which is approximately half of that observed in 
the Fe11Ti3Al6 sintered sample. This reduction in electri-
cal resistivity could be associated with an increase in hole 
concentration due to Cr substitution, as Cr ([Ar] 3d5 4s1) 
has fewer valence electrons than Fe ([Ar] 3d6 4s2), pushing 
the Fermi energy towards the valence band.37 However, the 
electrical resistivity obtained for the sintered sample remains 
higher than the electrical resistivity value reported for the 
Fe11Ti3Al6 composition fabricated using the suspended 
droplet alloying technique.20 This difference is likely asso-
ciated with the fabrication route.

Figure 5c shows the power factor calculated from the 
measured Seebeck coefficient and electrical resistivity. It 
can be seen that the power factor for both Fe11Ti3Al6 and 
Fe10Cr1Ti3Al6 increases with increasing sintering tempera-
ture, but it increases more significantly in Fe10Cr1Ti3Al6. 
Such an increase is due to a sharp decrease in the electrical 
resistivity, while the Seebeck coefficient remains relatively 
unchanged. The maximum value of 6.4 × 10−4 W/m K2 was 
obtained from a Fe10Cr1Ti3Al6 sample sintered at 1100°C, 
which is approximately 2.7 times the highest value from 
the Fe11Ti3Al6 sintered samples. It is interesting to note 
that the effect of Cr substitution leads to an increase in both 
the Seebeck coefficient and electrical conductivity, which 
rarely happens in conventional semiconductors because a 
shift in their Fermi level usually leads to an increase in one 
parameter at the expense of the other. However, in interme-
tallic alloys, the Seebeck coefficient is strongly dependent 
on the slope of the density of states ( �N∕�E ) at the Fermi 

Fig. 4   The relative density as a function of sintering temperature for 
Fe11Ti3Al6 and Fe10Cr1Ti3Al6.



	 S. Singh et al.

level, rather than on the Fermi level itself. Similar changes in 
both parameters have also been observed in a Ti-substituted 
Fe2VAl intermetallic alloy.39

Temperature Dependence of Thermoelectric 
Properties

The sample sintered at 1000°C exhibits the highest Seebeck 
coefficient among all five samples prepared in this study. It 
was consequently selected for further investigation of the 
thermoelectric properties over a temperature range from 
50°C to 727°C. Figure 6a shows the Seebeck coefficient 
and electrical resistivity as a function of temperature for the 
sample sintered at 1000°C. It can be seen that the Seebeck 
coefficient decreases quickly with increasing temperature. 

The largest value of +45 µV/K is obtained at 53°C, which 
is gradually reduced to 0 µV/K at 800°C. A similar trend 
was reported in Fe-Mn-Ti-Sn21 and Fe2TiSn.40 The peak 
value obtained in this work is about 1.7 times that of Fe-Ti-
Sn,21,41 1.3 times that of Fe-Mn-Ti-Sn,21 and 1.7 times that 
of Fe11Ti3Al6,20 but approximately one third of Al2Fe3Si3

23 
and Fe2VAl1.4.42

The temperature dependence of the electrical resistiv-
ity of the sample was measured simultaneously with the 
Seebeck coefficient along the same direction. The electri-
cal resistivity increased initially with increasing tempera-
ture from 3.3 µΩ m at 53°C to 3.6 µΩ m at 242°, and then 
decreased slightly with a further increase in temperature 
beyond 242°C. As a result of the sharp decrease in the See-
beck coefficient with temperature, the power factor of the 

Fig. 5   Comparison of room-temperature (a) Seebeck coefficient, (b) electrical resistivity, and (c) power factor for Fe11Ti3Al6 and Fe10Cr1Ti3Al6 
as a function of sintering temperature.
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sample also decreased quickly with temperature as shown 
in Fig. 6b. The fact that the electrical resistivity and the See-
beck coefficient decreased with increasing temperature over 
the temperature range of 242–776°C indicates that hopping 
conduction becomes dominant over this temperature range. 
However, the difference between the temperature (53°C) 
where the Seebeck coefficient peaks and the temperature 
(242°C) where the electrical resistivity peaks is much wider 
than usual. In addition, the fact that the Seebeck coefficient 
decreases much more quickly than the electrical resistivity 
is also unusual. Such behavior might be associated with the 
ferromagnetic properties of the material. Further investiga-
tion is needed.

Figure 6c shows the thermal conductivity as a function 
of temperature, which increases with temperature from 
10.2 W/m K at 53°C to 15.5 W/m K at 727°C. The lat-
tice thermal conductivity (kL) is also presented, which was 
determined by subtracting the electronic thermal conductiv-
ity (ke) from the measured thermal conductivity (k). The 
electronic thermal conductivity can be calculated using the 
Wiedemann–Franz law43 ( k

e
= LT∕� ) and the measured 

electrical resistivity with L = 2.44 × 10−8 V2K−2. It can be 
seen that the lattice thermal conductivity is approximately 
6.0 W/m K and remains more or less constant over the tem-
perature range investigated, while the electronic thermal 
conductivity increases with temperature due to an increase 
in the electrical conductivity with temperature. Compared 
to the established thermoelectric materials, the thermal 
conductivity of Fe10Cr1Ti3Al6 is substantially higher. As a 
result, its ZT value is rather low. Figure 6d shows the ZT of 
Fe10Cr1Ti3Al6 as a function of temperature for the sample 
sintered at 1000°C. The maximum ZT value obtained from 
the study is 0.02 at 98°C. As the temperature increases, the 
ZT decreases quickly due to a reduction in the power fac-
tor and an increase in the thermal conductivity. In order 
to improve the ZT of this material, the sharp decrease in 
the power factor with temperature should be avoided and 
the lattice thermal conductivity needs to be reduced. It is 
unusual for the Seebeck coefficient to decrease quickly with 
temperature while the electrical resistivity remains nearly 
unchanged. An investigation into this unusual behavior is 
needed, which can offer valuable insight for improving the 

Fig. 6   Thermoelectric properties as a function of temperature for the Fe10Cr1Ti3Al6 sample sintered at 1000°C. (a) Seebeck coefficient and elec-
trical resistivity, (b) power factor, (c) thermal conductivity, and (d) dimensionless figure of merit.
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power factor of the material. The lattice thermal conduc-
tivity may be reduced through grain refinement such as 
high-pressure torsion processing. The effectiveness of this 
approach has been demonstrated in Fe-V-Al alloys.44–46 In 
addition, multiple-element doping to form high-entropy 
alloys can be explored as another promising approach for 
decreasing the lattice thermal conductivity of the material.47

Conclusion

A new alloy composition, Fe10Cr1Ti3Al6, was prepared by 
replacing Fe with Cr in a Fe11Ti3Al6 alloy using mechanical 
alloying and spark plasma sintering. Samples with high density 
of > 90% were obtained at a sintering temperature of ≥ 1000°C 
under 48 MPa. The EDX and XRD analysis confirmed that the 
Cr had been incorporated into the alloy as expected, which 
exhibited a crystal structure similar to Fe3Al alloy. The ther-
moelectric measurements showed that the room-temperature 
Seebeck coefficient increased from +27 µV/K in Fe11Ti3Al6 
to +39 µV/K in Fe10Cr1Ti3Al6, and the electrical resistivity 
decreased from 3.96 µΩ m to 2.1 µΩ m, respectively. Con-
sequently, it resulted in an improvement in the power factor. 
This is an interesting phenomenon, because a simultaneous 
increase in both the Seebeck coefficient and electrical conduc-
tivity rarely occurs. It is believed that this behavior is associ-
ated with the fact that these alloys have a pseudo-gap, in which 
the Seebeck coefficient is strongly dependent on the slope of 
the density of state at the Fermi level.

The temperature dependence of the thermoelectric prop-
erties was investigated for the sample sintered at 1000°C 
over a temperature range of 50°C to 780°C. The result 
showed that the Seebeck coefficient decreased with increas-
ing temperature, whereas the electrical resistivity initially 
increased with temperature to reach a peak at 242°C, and 
then decreased with a further increase in temperature. As a 
result, the maximum power factor of 6.0 × 10−4 W/m K2 was 
obtained at 53°C, with a corresponding Seebeck coefficient 
of +45 µV/K. The thermal conductivity essentially increased 
with increasing temperature, leading to a peak ZT value of 
0.02 at 98°C for this alloy.
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