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Abstract: Based on the HgyCuTi structure, the full-Heusler alloy Ti,CrSn, with a ground state band
gap of semiconductor, is a thermoelectric material with potential applications. Through preparing
TipCrSnj_Aly (x = 0, 0.05, 0.1, 0.15, 0.2) series bulk materials via arc melting, the effects of the
electrical and thermal transport properties of TipCrSn series alloys were investigated, and different
Al doping on the phase structure, the microscopic morphology, and the thermoelectric properties
of TipCrSn were examined. The results show that the materials all exhibit characteristics of p-type
semiconductors at the temperature range of 323 to 923 K. Al elemental doping can significantly
increase the Seebeck coefficient and reduce the thermal conductivity of the materials. Among them,
the sample Ti;CrSng gAly, obtained a maximum value of 5.03 X 1073 for the thermoelectric optimal
ZT value at 723 K, which is 3.6 times higher than that of Ti,CrSn.

Keywords: Ti;CrSn;_,Aly; full-Heusler; thermoelectric properties

1. Introduction

Thermoelectric materials are a type of semiconductor-functional material that can
induce the direct conversion of thermal energy to electrical energy [1]. Thermoelectric
power generation and thermoelectric cooling devices made of thermoelectric materials
have the advantages of simple structure, small size, no noise, easy maintenance, and
environmental friendliness, and have broad application prospects in industries such as
medicine, electronic products, and aerospace [2]. In general, the thermoelectric properties
of a material can be measured by the dimensionless thermoelectric figure ZT:

ZT = 0T/ (kp + k) 1)

where «, 0, T, k1, and x, represent the Seebeck coefficient, electrical conductivity, absolute
temperature, lattice thermal conductivity, and carrier thermal conductivity, respectively,
while a?-0 is the power factor [3]. From Equation (1), it can be seen that higher ZT val-
ues can be obtained by increasing the Seebeck coefficient and electrical conductivity of
the material, or by decreasing the thermal conductivity of the material [4]. In general,
metallic materials have low Seebeck coefficients, and are only suitable for thermoelectric
measurements. However, certain semiconductor materials—particularly alloyed semi-
conductor materials—have high Seebeck coefficients, and are the preferred materials for
thermoelectric transducers.

Since the original discovery of the thermoelectric effect in 1821, researchers have de-
veloped a large number of thermoelectric materials [5-9]. These could include traditional
thermoelectric alloy material systems such as Bi,Tes, PbTe, and SiGe, new thermoelectric
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material systems such as Heusler and skutterudite, as well as low-dimensional thermo-
electric materials [10,11]. All of these materials can experience improved thermoelectric
properties by increasing the power factor or decreasing the lattice thermal conductivity.
Among them, Heusler-structured thermoelectric materials have attracted a lot of attention
from researchers in the field of thermoelectrics, because of their excellent electrical and
mechanical properties, good thermal stability, etc. [12].

Full-Heusler alloys are ternary intermetallic compounds with a face-centred cubic
structure, with the chemical formula X, YZ, in which X and Y are usually transition metal
elements and Z is a main group element [13]. The single-cell structure can be represented
as consisting of four interlocking face-centred cubic sublattices with Wyckoff positions
A(0,0,0),B(1/4,1/4,1/4),C(1/2,1/2,1/2),and D (3/4, 3/4, 3/4) within a cell. The
chemical formula of a half-Heusler alloy is XYZ; its structure can be discerned to be a
full-Heusler alloy X;YZ with the X-atom at the B-position (Hg,CuTi type) or C-position
(CupMnAL type) removed [14-18]. The thermoelectric properties of half-Heusler alloys
have been well researched due to their semiconducting nature, while full-Heusler alloys are
also attracting attention in thermoelectric applications, because of their adjustable elements
and rich structure. M. Mikami et al.’s [19] research showed a significant improvement
in performance when W was used to replace some of the vanadium in the full-Heusler
alloy Fep VAl with a thermoelectric figure of merit of 0.2 at 400 K for Fe, V(oW 1Al at
a W substitution of 0.1; this is twice that of the Si-substituted Fe, VAI alloy at the same
temperature, and much greater than the ZT value of the half-Heusler alloy ANiSn (A =Tij,
Zr, Hf) (0.006, 0.01, and 0.005, respectively) at room temperature [20].

In terms of theoretical calculations, Li et al. [21] predicted maximum power factors
of approximately 48.77 (10™ pWem 'K =2s71) and 47.11 (10 pWem 'K =2s71) for the
full-Heusler alloys ScyFeSi and ScyFeGe, respectively, at room temperature—properties
of a level comparable to the equivalent properties in conventional Bi;Te;. Meanwhile,
Ma et al. [22] calculated the electronic structure and magnetic and thermoelectric proper-
ties of the Ti-based full-Heusler alloy Tig75HfMog 25CrGe, which has a valence electron
number Z; of 18 and a total magnetic moment M; that satisfies the rule M; = Z;—18 (for
the thermoelectric properties of Heusler alloys, compounds with an off-nuclear valence
electron number Z; = 18 of the constituent elements usually have superior thermoelec-
tric properties [12]). The alloy Tig 7sHfMog 25CrGe reached a ZT value of approximately
260 x 103 at 723 K. The above-detailed studies indicate the scope of interest that research
into full-Heusler-type materials has within the field of thermoelectrics. Furthermore, in
2016, Li et al. [23] predicted, based on first principles and Boltzmann transport theory, that
the full-Heusler alloy Ti;CrSn with an extranuclear valence electron number of 18 would
have a significant band gap and good thermoelectric properties near the Fermi energy level
in terms of electron density. In 2017, Li et al. [24] employed another computational method
to demonstrate the stability of the band gap in TipCrSn, which was found to be 0.23-0.25 eV.
The calculated value of the thermoelectric power factor was near to that of BiyTe;, marking
its potential application values in thermoelectrics. Building on this theoretical result, a
series of Ti;CrSn;_4Aly (x =0, 0.05, 0.1, 0.15, 0.2) bulk materials were prepared for the
work presented here, and the electrical and thermal transport properties of said materials
were investigated; they were found to exhibit a maximum ZT value of 5.03 x 103 at 723 K
when x = 0.2, which is promising for future applications.

2. Experiments

The raw materials required for the experiments were Ti, Cr, Sn, and Al with a purity
of 4N. The actual amount of Sn added was increased by 10% (i.e., Ti:Cr:Sn = 2:1:1.1) in
consideration of the volatilization of Sn. The melting was carried out in a vacuum electric
arc furnace (high-purity argon gas protection, 3 melting cycles) to obtain the bulk alloy
samples. The samples were then annealed at 800 Celsius for 48 h. The alloy’s structure was
characterized using a Bruker D8 Discover X-ray diffractometer, and the morphology of the
sample was determined using a field emission scanning electron microscope. Sample strips
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measuring 2.5 x 2.5 x 10 mm? were cut for the measurement of the Seebeck coefficient and
conductivity at different temperatures (in this instance, helium was used as a protective gas
to prevent the samples from oxidizing at high temperatures). The sample for measuring
the carrier mobility was a 10 x 10 x 1 mm? tile, and the sample disc for the determination
of the thermal diffusion coefficient D was 6 mm in diameter and 2.5 mm in thickness. Once
again, argon was the preventative measure against oxidation of the sample during the test.
The specific heat capacity C, of the sample was obtained by taking Dulong-Petit limits,
the density p was measured using the Archimedes’ drainage method, and the thermal
conductivity was calculated as follows:

k=pxCyxD 2)

3. Results and Discussion
3.1. Structural Analysis

Figure 1 shows the XRD analysis spectrum of the Ti;CrSn;_4Aly (x =0, 0.05, 0.1, 0.15,
0.2) series of alloys. As can be seen in Figure 1, after melting and annealing, the observed
structure of Ti,CrSn;_4Aly is in general agreement with the Ti;CrSn diffraction peaks of the
full-Heusler structure obtained using CrystalMaker calculations. CrystalMaker simulation
calculation is based on the cubic crystal system, Fm-3m space group, and lattice constant
of 6.56 A. The material model is created and the powder diffraction peak of the Ti,CrSn
sample is obtained. This indicates that full-Heusler structure alloy materials were indeed
obtained. As the Al content increases, the diffraction peaks on the crystalline surface of
the samples gradually shift towards a higher angle due to the smaller atomic radius of
Al (1.43 A) compared to that of Sn (1.58 A). In the Al doping range of 0-0.2, as the amount of
Al substitution gradually increases, the lattice constant of the material decreases, resulting
in a rightward shift of the diffraction peaks. However, the structure does not change,
and remains a cubic crystal system with the Fm-3m space group. The peak of singlet Sn,
observed in the XRD diffraction peaks of the prepared samples (marked with *), is due to
the material’s low melting point, which causes its precipitation during the melting phase.
Yin M and Nash P [25] also precipitated monomer Ru with a low melting point in the
experiments synthesizing the full-Heusler alloy Ru,TiSn.

(220) — Simulation results
T * Sn
\\ -
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5 D 1) (4000(331) (422)(511)
< L l AN e — o
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> |
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Figure 1. X-ray diffraction pattern of the Ti;CrSn;_,Alx (x =0, 0.05, 0.1, 0.15, 0.2) alloy.

Figure 2 presents an SEM photograph of the TipCrSn sample. The Ti;CrSn sample
has an overall homogeneous structure with clearly visible grain boundaries (Figure 2a).
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The presence of submicron pores in the Ti;CrSn material at a scale of around 200-300 nm
can be discerned, instances of which are indicated by arrows (Figure 2b). The presence of
grain boundaries and micropores enhances phonon scattering, resulting in a significant
reduction in lattice thermal conductivity [26]. Figure 2c shows the EDS energy-dispersive
spectra, confirming the atomic contents of Ti, Cr, and Sn in the alloy as being 49.74%,
25.36%, and 24.90%, respectively. The ratios are close to the intended positive distribution
ratio of 2.0:1.0:1.0.

4.50K
4.00K

Element Weight % Atomic %

350K,
300K SnL 44.43 24.90
250K
200K TiK 35.80 49.74
150K,
CrK 19.77 25.36

1.00K]

0.50K

0.00K
00 13 26 39 52 6.5 78 91 104 117 130

Figure 2. SEM photographs and atomic percentages of TiCrSn samples: (a) Sample surface morphol-
ogy. (b) Sample fracture surface morphology and Red arrows point to submicron holes. (c) atomic
percentages.

3.2. Analysis of Electrical Transport Properties

A graph of the Seebeck coefficients of the samples in response to temperature is
displayed in Figure 3. As the graph illustrates, the Seebeck coefficients of the samples
are all positive in the tested temperature range, with p-type semiconductor conductivity
characteristics. On aggregate, this indicates that the material’s thermoelectric transport
is mainly dominated by holes. The Seebeck coefficient increases significantly with the
increasing Al content, due to the large concentration of ionised impurities in the material,
and their contribution to the scattering factor as the extent of doping increases. When the
scattering caused by ionised impurities is enhanced, the carrier (electron or hole) mobility
decreases, but the value of the Seebeck coefficient increases dramatically. Coefficient «
increases with temperature for all samples in the temperature range 373 to 873 K. When
the temperature reaches the intrinsic excitation temperature (873 K), the Seebeck coeffi-
cient of Ti;CrSng gAlj > reaches a maximum value of 9.18 uV /K, which is approximately
3 uV/K higher than that of Fe,TiSn [27] in the medium-to-high-temperature region (at
873 K, ~3 uV/K), and close to that of Fe, VAI [19] (15 uV /K at 750 K). This suggests that
TipCrSng gAlg » has some potential application in the medium-to-high-temperature region.
This variant of the alloy also exhibits a high Seebeck coefficient due to the increased con-
centration of ionised impurities after Al doping, leading to enhanced scattering which, in
turn, results in higher Seebeck coefficients. In addition, as Figure 3 shows, upon reaching
the intrinsic excitation temperature, the value of « demonstrates saturation—or even a de-
creasing trend—with increasing temperature. This is because the concentration of minority
carriers inside the sample increases after intrinsic excitation, increasing the chance of it
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compounding with the majority carriers. The material then becomes a semiconductor with
predominantly intrinsic carrier conductivity, thus leading to a sharp decrease in «.

10 m TioCrSn
® TigCrSng, 95410, 05
A TioCrSnp 9Alp. 1
91w TisCrsng. gsAlo. 15
TioCrSng. gAlg. 2

B

300 400 500 600 700 800 900 1000
Temperature/K

Figure 3. Curves of the Seebeck coefficient with respect to temperature for the TiCrSn;_,Alx (x =0,
0.05, 0.1, 0.15, 0.2) alloy.

Figure 4a shows the curve of the conductivities of the samples with respect to temper-
ature, while Figure 4b shows the carrier mobility and carrier concentration with respect
to Al doping at a temperature of 296 K. From Figure 4a, we can conclude that the conduc-
tivity of the doped sample decreases as temperature rises, exhibiting the behaviour of a
heavily doped semiconductor. With Al doping, the conductivity showed a parabolic trend
(rising then falling) with increasing doped content (there was a doping threshold of 5%),
indicating that the sample started to gradually metallise as the doping threshold was ap-
proached, and when the doping amount continued to increase, the metallicity diminished
(the conductivity decreased with increasing temperature, showing metallic characteristics,
before increasing alongside the temperature, reverting to semiconductor-like features). The
conductivity of the TipCrSng9Alg; alloy exhibits a maximum value of 6.82 mQO lem™! at
323 K, which is higher than the values of 1.60 mQ~!cm ™! reported in the literature for
the full-Heusler alloy Fe, VAlj 97Geg g3 [28] and 1.00 mQ~lem™! for Fe,TiSn [29]; it is even
higher than the recorded conductivities of the half-Heusler alloys Hf( 25721 75NiSng 99Sbo 01,
Nb0.75Ti().25FeSb, Ti0.75ZI'0.25Ni81’10.988b().02, and NbCOSl’longoJ [30]. This is explained by
the presence of grain boundaries and pores in the material, which increase the scattering
factor of the material, resulting in TipCrSn;_xAly exhibiting higher conductive capabili-
ties overall.

Furthermore, it can be observed from Figure 4b that the carrier mobility displays a sim-
ilar parabolic trend as metallicity (initially upward towards a maximum, then downward)
with the increase in Al doping; it gradually increases with the level of doping while the Al
content is low, but when the Al content reaches 5%, continued increase in doping causes
defects in the sample to proliferate significantly. This leads to enhanced scattering and
valence band convergence, and the effective mass of carriers inside the sample increases,
which eventually causes the carrier mobility to decrease rapidly [31].
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Figure 4. (a) Temperature dependence of conductivity for the TipCrSn;_,Alx (x = 0, 0.05, 0.1, 0.15, 0.2) alloy; and
(b) variation in carrier mobility and carrier concentration with respect to Al doping at 296 K.

The power factor of the thermoelectric material can be calculated as follows:
PF=a?xo0 3)

The variation in the power factor with temperature for the Ti;CrSn;_,Aly (x =0, 0.05,
0.1, 0.15, 0.2) alloy is displayed in Figure 5. As shown, the trend of the power factor with
respect to temperature is similar to that of the Seebeck coefficient (see Figure 3), indicating
that the latter has an influential effect on the power factor. In particular, the sample of
Ti,CrSng gAlg, exhibited the largest power factor at 20% Al doping (56.62 ptWm~'K~2,
873 K), which is higher than the power factor of Fe;Ti;_,VxSn in the medium-to-high-
temperature region (approximately 6.88 tWm~1K~2) [27], comparable to the maximum
power factor of Fe,TiSn (60 uWm~1K~2 at 170 K) [29], and close to that of Ruy VAl 25Gag 75
(~90 pWm~1K~2 at 300 K). Although this value is still far from the power factor of
4500 pWm 'K ~2 at 300 K for BiyTes [7,32], it shows a trend of gradually increasing power
factor as the level of Al doping rises, indicating the expectation of further improvements in
the performance of the material.

60
M Ti,CrSn
@ Ti,CrSn, o:Aly o
A Ti,CrSng Al
50| ¥ TiyCrSng gsAl, 45
© TiCrSng gAl, ,
<)
&
= 40 1
~
=
=3,
N—
© 30
(@]
s}
20- H__._./I—.—./F.—I/'\l
10

T T T T T T T
300 400 500 600 700 800 900 1000
Temperature/K

Figure 5. Power factor variation curve with temperature for the Ti;CrSn;_4Aly (x =0, 0.05, 0.1, 0.15,
0.2) alloy.



Metals 2021, 11, 1503

7 of 10

3.3. Analysis of Thermal Transport Properties

Displayed in Figure 6 are the variations in total thermal conductivity k against temper-
ature for different levels of Al content. The graph shows that the total thermal conductivity
exhibits a gradual increase as the temperature is raised, which can be explained by this par-
ticular property of metals including the contribution of free electron and phonon thermal
conductivities. For pure metals, thermal conductivity through free electron motion is the
main mechanism, while for alloys, in addition to the scattering of free electrons by phonons,
this effect is further contributed to by solute atoms, hence resulting in a significant reduc-
tion in thermal conductivity. Unlike phonons, the scattering effect of solute atoms decreases
with increasing temperature. Thus, the thermal conductivity of an alloy increases with
temperature when its effect on the thermal conductivity of solute atoms plays a dominant
role over a range of temperatures [33]. Figure 6 also shows yet another parabolic trend in
the alloy’s characteristics based on a single variable—in this instance, thermal conductivity
as Al content increases. This is the result of the joint action of carrier and lattice thermal
conductivities. When the Al content is low, as the degree of doping increases, the carrier
concentration also increases; thus, the carrier thermal conductivity plays a more significant
role. However, when Al doping reaches 5%, the scattering is enhanced, which leads to a
slowing in the migration rate to a certain extent. Simultaneously, the introduced lattice
distortion enhances phonon scattering and diminishes the lattice thermal conductivity.

18
— B TioCrSn
2 16]| ® TizCrSng, 95Al0. 05
E A TioCrSng 9Alp. 1
=149 | v Ti2CrSng, 85A10. 15
o TioCrSng. gAlg. 2
2121
=
5
510
o
o)
o
() 8_
=
S
g 61
=
=
4 T T T T T T
300 400 500 600 700 800 900

Temperature/K

Figure 6. Variation of thermal conductivity with respect to temperature for Ti;CrSn;_,Aly (x =0,
0.05,0.1,0.15, 0.2).

3.4. Thermoelectric Properties

The variation of ZT values of Ti;CrSn;_Aly (x =0, 0.05, 0.1, 0.15, 0.2) in response
to temperature is plotted as per Figure 7a. As the temperature increases, the ZT values
of the samples initially rise, before falling, similar to the trend displayed by the Seebeck
coefficient. According to Equation (1), at 723 K, TipCrSnggAlj» reaches a maximum ZT
value of 5.03 x 1073, which is significantly greater than the maximum reached for Ti,CrSn.
This is due to the effect of Al doping in reducing the thermal conductivity of the ma-
terial while enhancing the Seebeck coefficient, indicating that a degree of doping can
significantly improve the thermoelectric properties of TiCrSn. A comparison between
the thermoelectric optimal ZTs of the Ti;CrSn;_Aly (x =0, 0.05, 0.1, 0.15, 0.2) alloy and
other full-Heusler thermoelectric materials [29,34,35] is charted in Figure 7b. From this
comparison, TipCrSng gAlj ; reaches its aforementioned maximum ZT value of 5.03 x 1073
at 723 K; it has a higher maximum thermoelectric figure of merit than Fe,TiSn ground
in argon and Rup VAlj 25Gag 75 [34], as prepared in a previously reported work [29]. The
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thermoelectric figure of merit of Ti;CrSn was seen to be increased by a factor of 3.6 after
Al doping of 20%. Although this property in TipCrSnggAlp; is much smaller than for
BiSbTe [7,32], and is also significantly different from full-Heusler semiconductors X,YZ
(X =Ca, Sr, and Ba; Y = Au and Hg; Z = As, Sb, Bi, Sn and Pb) (which are investigated
using first-principles electronic structure methods and Boltzmann transport theory). The
minimum ZT of X;YZ should be more than 2.0 at 300 K. This shows that there is a certain
gap between experiment and theory. Allowance for macroscopic sample preparation is
provided by the simplicity of the method of synthesis, as the material is synthesised by
the melting method. Additionally, because TipCrSn;_,Aly exhibits gradually increasing
thermoelectric merit values with further Al doping, future research can investigate the
thermoelectric properties of this material system with further increases in Al doping.

6 = T T T T 2001
(a) m Ti2CrSn ( ) Calculation results: 2000. 00
® TigCrSng, 95A10, 05, 20009 o (300 K)
5[ A TioCrSng 9Alg, 1 X¥Z (X =Ca, Sr, and Ba;
4 TigCrSng, 8Alg. 2 6 > ’ ’ ’ 5 03
T il (723 K)
2.1 i S 51
X 3 X
- Z 4
S S 2.70
’r 1 31 (300 K)
1 La0 140
i ] 21 (230 (285K
11
0 . . . . . . . . 0
350 400 450 500 550 600 650 700 750 TigCrsn RugVAlo, 25600, 75 XV
Temperature/K FeoTiSn TioCrSng, gAlg. 2

Figure 7. (a) Variation in the ZT values of the Ti,CrSn;_,Alx (x =0, 0.05, 0.1, 0.15, 0.2) alloy in response
to temperature (x =0, 0.05, 0.1, 0.15, 0.2). (b) Comparison of the dimensionless thermoelectric optimal
ZT of the TipCrSn;_,Aly (x =0, 0.05, 0.1, 0.15, 0.2) alloy at the corresponding temperature with other
reported full-Heusler alloys [29,34,35].

4. Conclusions

In this study, a new material system was investigated, and the results of calcula-
tions from the literature were compared with experimental results, providing new ideas
for the optimization of thermoelectric materials. To that end, a series of TipCrSn;_,Alx
(x=0,0.05,0.1, 0.15, 0.2) alloys were prepared via arc melting, and the effect of Al doping
on their thermoelectric properties was investigated. The results show that they exhibited
p-type conductivity characteristics, where the incremental addition of Al content resulted
in increases in the Seebeck coefficient and initial increases in conductivity, before it reached
a maximum value and then decreased. Among the synthesised alloys, TipCrSnggAlj»
achieved a maximum power factor of 56.62 ptWm~'K~2 at 873 K. The thermoelectric opti-
mal ZT reached a maximum value of 5.03 x 1073 at 723 K, which is 3.6 times higher than
that of undoped Ti,CrSn. The alloys were shown to have potential applications in the
medium-to-high-temperature region. This study demonstrates the importance of Al doping
in optimising ZT values, and subsequent experiments can be carried out to explore further
increasing Al doping to improve the thermoelectric optimum. Furthermore, this goal can
be achieved through the refinement of the synthesis process, with such techniques as SPS
sintering, in order to produce fine crystals and further reduce the thermal conductivity. The
present work experimentally verifies the theoretical prediction of excellent thermoelectric
properties of the full-Heusler alloy TiyCrSn—a new thermoelectric material system.
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