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Heusler-type Fe,AlV,Ti,., alloys offer an alternative solution for the generation of
thermoelectric power near room temperature. In the current research, thermoe-
lectric properties of the p-type Fe,AlV,oTip; and Fe,AlVyoTio/CNT alloys, pre-
pared by SPS, were studied. Carbon nanotubes (CNT) were used as dopants to
improve the seebeck coefficient and electrical conductivity. Upon doping with
CNT, the thermal conductivity was significantly reduced, meanwhile, the value of
the power factor increased from 0.45 to 1.55 mW/mK? at around 330 K. The ef-
fect of CNT inclusions on the thermoelectric parameters of Fe,AlV,Ti ;, com-
pounds was systematically studied. When compared to Fe,AlV,¢Tig 1, which had a
figure of merit of just 0.02 at 330 K, the CNT-containing samples showed a sig-
nificantly improved figure of merit up to 0.07. We offer a novel technique to im-
prove the performance of Fe,AlV alloys.

Key words: Fe,AlV alloy, electrical properties, thermoelectric materials,
heusler alloy, carbon nanotubes.

Introduction

Thermoelectric technology, which is based on the Peltier and Seebeck phenomena,
enables the direct conversion of heat into electricity, providing a sustainable energy conver-
sion option [1]. The most important aspect determining this technology's ability to convert
energy efficiently is its dimensionless figure of merit ZT for thermoelectric materials. The ZT
is commonly expressed using the following relation:

2
ZT = STG (1)
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where the parameters of this equation were defined in [2]. Over the past few decades, numer-
ous efforts have been undertaken to improve the thermoelectric capability of different materi-
als using several techniques, such as doping engineering [3]. Because their constituent parts
are readily available, inexpensive, and have strong thermoelectric capabilities, Heusler com-
pounds based on iron fully satisfy the demands of industrial waste heat harvest technologies.
These intermetallic complexes, however, continue to be fragile and call for processing tech-
niques. [4].

A promising material to produce thermoelectric power near the room temperature is
Fe,AlV Heusler alloy. In the Fe,AlV system, the doping elements, for example the Si substi-
tution for Al site in the n-type and Ti instead of V in p-type, can be used to simultaneously
increase the power factor and control the type of conduction [5, 6]. Owing to their thermal
conductivity that could reach ~28 W/mK, the Fe,AlV alloys have low ZT values [7]. As a
result, and compared to modern thermoelectric materials, its efficiency of thermoelectric en-
ergy conversion is significantly smaller. Therefore, reduction of « is required for functional
applications [8]. The fabrication of composites based on a thermoelectric matrix and a nano-
dispersed filler is one of the effective methods for enhancing the thermoelectric ZT of materi-
als. It is feasible to significantly lower the lattice thermal conductivity by boosting the scatter-
ing of medium- and long-wavelength phonons at the interfaces between the matrix and the
filler [9].

Due to its superior mechanical properties, extreme mobility of the charge carrier,
and small band gap energy, CNT is one of the possible interesting TE materials. Furthermore,
CNT are a suitable inclusion material for thermoelectric materials since they are commercial-
ly available in large quantities and exhibit little to no impact on the environment and eco sys-
tems [10]. Many structural and functional materials use CNT as additions to enhance their
qualities [10]. Despite having modest thermoelectric characteristics, CNT exhibit strong heat
conductivity and a low seebeck coefficient, they are frequently added to various thermoelec-
tric materials [11]. The CNT impact on the thermoelectric characteristics of materials based
on Bi,Te; was a topic of active research [12, 13]. Additionally, research on the effects of CNT
on the thermoelectrical properties of various chemicals and polymers were described in the
literature [14, 15]. As known, the CNT doping effect related to the characteristics of Heusler
alloys was not yet studied. Considering the growing interest in studying the CNT effects on
the thermoelectrical properties of compounds [16], we present a systematic study on selected
materials based on p-type Heusler alloys of Fe,AlV system and added CNT to the alloys. In
the current study, we investigate the effect of CNT doping on the thermoelectric properties of
Fe,AlVoTig 4 alloys.

Experimental methods

Crystalline alloys of nominal chemical composition of p-type Fe,AlVygTiy1 were
synthesized from initial chemical elements of high purity (99.999%) by arc and induction
melting in argon atmosphere. To enhance the homogeneity of the samples, the ingots in the
arc furnace were remelted three times. At a high temperature of 1073 K, the prepared samples
were annealed for 72 hours in evacuated quartz tubes and then the annealed alloys were
quenched in cold water. The ingots that subjected to annealing were crushed to a fine powder
and divided into two components. Commercial powder of multiwalled CNT (Taunit-M) with
(5 um in length, 15-25 nm in average outer diameter, and 234 m?/g specific surface area) were
purified as reported in [17]. The CNT were added to the powder of the as prepared ingots in
an amount of 2% by weight.
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The CNT were mixed to the powder of the prepared alloy in a ball mill with a 450
rpm rotation speed using a ratio of balls to powder mixture of 10:1 in argon atmosphere for 4
hours. On a spark plasma sintering (SPS) unit Labox 650, Sinter Land, the powders were
mixed under a vacuum at a pressure of 50 MPa, and temperatures of 1023 K, the detailed
process in the SPS unit is described in [18]. Circular disk-shaped synthetic samples were an-
nealed for two days at 1073 K. The phase composition of the concerned samples was ana-
lyzed on a Difrey 401 diffractometer using CrKa (A = 2.2909 A) radiation. For qualitative
elemental analysis, a Tescan SEM with energy dispersive analysis was used. From the ther-
mal diffusivity measured using the laser flash method on a Netzsch LFA 447 unit in the tem-
perature range of 300-473 K, the thermal conductivity of the alloys was estimated. Utilizing
the four-probe approach and differential techniques, respectively, the temperature dependenc-
es of electrical conductivity and thermoelectric EMF coefficient were evaluated within the
temperature range of 300-473 K.

Results and discussions

Samples characterization

The XRD measurements were performed on sintered Fe,AlVyoTig: (FVA) and
Fe,AlVoTig/CNT (FVA-CNT) alloys to examine the crystal structure and identify the dif-
ferent phases that comprise the obtained sam-

ples. As can be seen in fig. 1, the Fe,AlV Heu-
o | FeAVoTio JONT sler-type (L21) structure was recognized for all
S the diffraction peaks from each sample. The
sl XRD results for the FVA-CNT samples did not
5 220 w indicate any impurity phases. The positions of
z Fe AV, Ti.. the main peaks correspond to the cubic struc-
g ' s ture with the lattice parameter a = 3.49093 A
- - JL B 422 | for FVA and a = 3.48816 A for FVA-CNT,
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(J)‘— respectively, see tab. 1 which is strongly con-
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Figure 1. The patterns of XRD diffracted from  reveal _the h_'gh _CryStaHlZﬁt'?n O_f the sa_mples
the sintered alloys; (a) the Fe,AlV,4Tig; and under investigation. Crystallite size (D) is pre-
(b) the Fe;AlV, 9Tip1/CNT sented in tab. 1. This was calculated using

Scherrer's equation from XRD patterns:
KA
= )
pcosé

As K = 0.9 correlated to the crystallite shape, A4 is the X-ray wavelength, g is the full
width at half maximum (FWHM) in radians, and the Bragg angle is 6. The D values increased
notably after CNT doping, as shown in tab. 1. This increase in grain size may be due to the
lattice strain following CNT doping [20].

Table 1. Crystallite size, the lattice parameter, and the experimental density of
the Fe,AlV,4Tig s, and Fe,AlVoTig/CNT alloys

Sample D [nm] a[A] Density [gmem ]
Fe,AlVgoTig 1 72.2567 3.49093 6.4112
Fe,AlV(gTig/CNT 135.506 3.48816 6.3714
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After SPS treatment, the samples' microstructure and surface morphology were de-
termined using the SEM analysis. The SEM micrographs are present in fig. 2. The SEM im-
ages of the FVA and FVA-CNT samples revealed higher densification of the alloys, as no
obvious cracks or voids. The rise in grain size following CNT doping is significant. Table 2
represents the experimental density of the Fe,AlVgTig1 and Fe,AlVoTip/CNT alloys. The
density of the CNT samples shows a relatively small density, this due to the lower density of
CNT [21].

3

b
View field: 10.1 pm  SEMMAG: 250kx | | | | | VEGA3 TESCAN

SEM HV: 20.0 kV Det: SE 2 pm

View field: 10.1 ym SEM MAG: 25.0 kx |

SEM HV: 20.0 kV Det: SE 2 pm

Figure 2. The SEM micro images of Fe,AlV,gTig ;1 system (left) and Fe,AlVyoTip/CNT (right)

Quantitative analysis of composition constituents, in terms of the percentage of all
elements present in each sample was conducted by the energy X-ray spectroscopy (EDX).
The actual elemental percentage, with different atomic ratios, is in good agreement with the
corresponding nominal levels, according to EDX data, fig. 3, and tab. 2.
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Figure 3. The EDAX spectra of Fe,AlV(¢Tig 1 system (a) and Fe,AlV,oTig:/CNT (b)

Table 2. Elemental distribution given by EDX analysis

Sample Fe [%]|Al [%]|V [%]|Ti [%]|C [%]
Fe,AlVqgTig s 50.2 | 25.1 | 223 | 2.4 | -
Fe,AlVooTip/CNT | 508 | 24 |181| 1.7 | 54
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Thermoelectric parameters

FElectrical conductivity and the seebeck coefficient as
functions of temperature

The thermoelectric parameters, seebeck coefficient, S, and the electrical conductivi-
ty, o, within the range of temperature from 320 K to 465 K for the samples Fe,AlVoTig 1,
and Fe,AlVogTip/CNT are presented in figs. 4(a) and 4(b). The achieved results show that
the CNT doping strongly affected the thermoelectric properties of Heusler alloys. Figure 4(a)
shows remarkable increase in the value of o as the temperature increase for both samples. The
Fe,AlVoTig/CNT samples showed higher o than the alloy without CNT. The FVA-CNT
had an electrical conductivity maximum of 340110° Q*m™ at 465 K., while a value of
19510° O 'm™* for the FVA sample, fig. 4(a). The enhancement in the electrical conductivity
for FVA-CNT alloys strongly contributes to increased thermoelectric efficiency.
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Figure 4. The electrical conductivity (a) and seebeck coefficient (b) vs. temperature
for Fe,AlVoTig1 and Fe,AlVoTip 1 /CNT samples

Figure 4(b) shows the seebeck coefficient variation of the two samples within the
temperature range. The p-type conduction was discovered in the systems in consideration, as
shown by the positive sign of the seebeck coefficient. As clearly seen, seebeck coefficient
decreases with increasing the measuring temperature. Adding CNT to FVA system is accom-
panied by an enhancement in the values of seebeck coefficient by almost one order of magni-
tude. The Fe,AlVoTip1/CNT had a maximum seebeck coefficient of 70 uVK’l at ~315 K,
that is higher compared to the FVA sample.

The significant effects upon the adding of CNT on the properties of the thermoelec-
tric FVA Heusler alloys, fig. 4, can be qualitatively explained considering the type of conduc-
tivity of the CNT themselves [22-25]. Taking into account that CNT are p-type conductors
with the seebeck coefficient at room temperature ~20-40 uVK * [26-28], their addition to the
Heusler alloy Fe,AlV, g Tig1 Which is p-type, leads to a relatively high change in both seebeck
coefficient and o, fig. 4. Clearly, doping and alloying is quite effective strategy for enhancing
the materials thermoelectric performance [29-31].

The power factor and the thermal conductivity as a function of temperature

The power factor, PF = S2¢ is another variable that fits the behavior of the seebeck
coefficient. It is evident that when temperatures rise, the power factor falls, as shown in fig.
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5(a). Additionally, within the investigated temperature range, the CNT doped samples exhibit
an improvement in the power factor compared to the un-doped ones. With a value of 1.6
mWm 'K 2 at 325 K, the Fe,AlV,oTio/CNT alloy had the highest power factor. Although p-
type Fe,AlVoTig/CNT sample have the largest power factor, however, has lower thermal
conductivity compared with Fe,AlV¢Tig, samples, fig. 5(b). Data on the thermal conductivi-
ty, k, of the relevant samples, both with and without the addition of carbon nanotubes, support
this supposition.
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Figure 5. The power factor (a) and the total thermal conductivity (b) as a function of
temperature for the samples Fe,AlVqoTig1 and Fe;AlV o Tin/CNT

Figure 5(b) shows that the inclusion of CNT significantly reduces the thermal con-
ductivity of Fe,AlV,4Tig1, which is probably due to phonon scattering mechanisms at the
interfaces between the nanotubes and matrix. The thermal conductivity of Fe,AlV,gTig 1 Sig-
nificantly decreased at room temperature by a factor of 12%.

The figure of merit (Q-factor)

The behaviour of zT of, as a func- 0.08
tion of temperature, is shown in fig. 6. zg G
Figure 6 illustrates the behavior of zT of
F82A|V0_9Ti0'1 and FeZA|V0_gTi0_1/CNT as
a function of temperature. As clearly
indicated, the samples with CNT doping
have the highest zT. Consequently, the  0.04] g
FVA-CNT sample at 320 K figure of S

—w—Fe,AlV,,Ti, /CNT
—8—FeAlV,,Ti,,

0.064

0.054

merit zT increased by almost 250%, from %% k.

0.02 for FVA to 0.07. Because it has the (.

highest seebeck coefficient and largest R e g
power factor, the Fe)AlVgTigi/CNT 0017

sample has the highest zT. Due to the 300 350 400 450 Tk 500

lower thermal conductivity and higher
power factor, we were able to produce an
alloy based on Fe,VAI/CNT that had
higher zT values than the pristine bulk

alloy. Although we obtained a zT value of 0.07 in the current study which is relatively small,

Figure 6. The Q-factor (zT) as a function of
temperature for the alloys Fe,AlV,4Tig 1 and
Fe,AlVoTig /CNT

we have the opportunity to improve it by the optimization of the CNT parameters.
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Conclusion

The research presents a novel investigation of the impact of CNT on the thermoelec-
tric properties of p-type Fe,AlVgTig1 Heusler alloys. It was revealed that CNT addition im-
proved the electrical conductivity and thermoelectric power. The Fe,AlVogTip/CNT showed
a reduced thermal conductivity. The improvement in the figure of merit is caused by the de-
crease in thermal conductivity and the rise in power factor. At room temperature, the
Fe AlVoTig/CNT alloys' figure of merit zT achieved 0.07. Following these results in the
future, it looks interesting to study the efficiency of the thermoelectric materials with different
CNT content, which will make it possible to determine the percolation threshold and optimiz-
ing the thermoelectric properties of Heusler compounds with CNT content. We anticipate that
the great endurance of the Heusler alloy and the low cost of the CNT element will be advan-
tageous in practical systems.
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