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Article history: In this study, a relatively light and high strength high entropy alloy thermoelectric material (Al,CoCrFeNi)
Received 11 August 2021 for extreme service conditions was prepared by arc melting method. We find that the microstructure of
Revised 29 November 2021 the high entropy alloy (HEA) can be changed by annealing. By the tuning of proper annealing process, the
Acc?pted 7 D? cember 2021 microstructure evolution of the HEA can be adjusted to improve its mechanical and TE properties.
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Ultimate compressive strength can reach about 1.3 GPa after 1000 °C annealing. Fine-grain and precipi-
tation strengthening are the main reasons for the improvement of the mechanical properties. The con-
ductivity, Seebeck coefficient and thermal conductivity are all affected by grain size, precipitates,
structural complexity and so on. The present work provides an effective means of preparing and regulat-
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ing microstructures for the energy-conversion technique, and also supplies a feasible reference for the
future development of lightweight, high-strength HEA TE materials.
© 2021 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
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polluting the environment [1-3]. They offer an effective solution
with good comprehensive social benefits [4].

Many TE materials are being explored for power generation
applications, such as GeTe [5], PbTe [6,7], Bi,Te; [8] and silicides
[9]. Regular TE materials, such as metallics and conductive poly-
mers, are mainly used for the thermal-energy management at
near-room temperature, and have difficulty working at medium-
high temperatures (about 200 'C — 700 °C) due to structural evolu-
tion and pyrolyzation [10]. Other traditional TE materials focus on
semi-conductive elements in the IV or VI groups. As a result, it
leads to high density and low mechanical properties. However, it
would also be significant to achieve energy harvesting in extreme
conditions - for example, aerospace or other military needs - for
which a lightweight material with acceptable mechanical perfor-
mance is also required, in addition to a high-TE efficiency at the
medium-high-temperature. Although high-TE performance at
medium-high-temperatures has been achieved in half-Heusler
alloys [11,12], which often consist of heavy metals or toxic ele-
ments, making them as poor candidates for the deployment in
the aforementioned fields of specific engineering fields.

Since their discovery by Yeh et al. and Cantor et al. [13,14],
high-entropy alloys (HEAs) have been considered as promising
materials under severe conditions due to their outstanding
mechanical properties and corrosion resistance. Some researchers
have studied the microstructure and mechanical properties of high
strength HEAs by adding elements [15-18], new processes or new
research methods. The high-entropy effect and severe lattice-
distortion effect are two typical well-known characteristics of
HEAs [19-24], of which examples include the phonon-glass elec-
tron glass and electron crystal. To be more specific, charge carriers
can move freely while the phonons are hindered and scattered,
which is beneficial for achieving a high ZT (thermoelectric figure
of merit) value as well as a high efficiency in thermal-energy man-
agement [25]. Although the high-entropy effect renders HEAs a
high band degeneracy, leading to high ¢ (electrical conductivity)
and S (Seebeck coefficient), meanwhile serious lattice distortions
exist in Pbggg.ySbo.012SnySeq_2xTexSx [26], (Cu/Ag)(S/Se/Te), (Cu/
Ag)sGe(Se/Te), (Cu/Ag)(In/Ga)Te, and Mn/Ge/Sn/Pb/Te [27] and
(Sng7Gegp,Pbg.1)o.7sMng 75sTe [28]. The TE performance of HEAs
has rarely been investigated in depth in previous reports. Among
HEAs, AlCoCrFeNi is an n-type semi-conductor with promising TE
performance in the medium-high-temperature region [29,30].
The optimized ZT was reported to be about 0.015 at about 500 °C
for Al,CoCrFeNi [29]. The thermoelectric properties of Al,CoCrFeNi
HEAs were studied via regulating the molar content of Al [31].
However, the origin of this high-TE performance, which involves
the evolution of the microstructure and the influence of
microstructure on mechanical and thermoelectric properties, has
not been well discussed. It remains worthwhile to explore its TE
performance with good mechanical behaviors via the thermal
treatment.

In the present work, Al,CoCrFeNi HEAs were successfully pre-
pared via an arc-melting technique. Its density is about 5.2 g/
cm®, which is lower than the traditional alloy and semi-
conductor materials with heavy-metal elements in the medium-
high-temperature region mentioned above, and meets the require-
ments for lightweight use. The microstructural evolution of the
Al,CoCrFeNi HEA has been studied systematically after annealing.
Moreover, an appropriate annealing treatment can effectively
adjust the microstructure to obtain higher TE and mechanical
properties. Furthermore, the variations of microstructural,
mechanical, and TE performance with annealing temperature were
discussed in detail, using scanning electron microscopy (SEM),
transmission electron microscopy (TEM), energy-dispersive X-ray
spectrometer (EDS), X-ray diffraction (XRD), and Hall measure-
ment. The current work lays a solid foundation for the develop-
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ment of thermal-energy management with lightweight and high-
strength HEA semi-conductors.

2. Materials and methods
2.1. Fabrication of HEA

The Al,CoCrFeNi HEA was prepared via an arc-melting tech-
nique. Briefly, Al, Co, Cr, Fe, and Ni element pellets with purities
higher than 99.9% (Al 99.999%; Co 99.95%; Cr 99.95%; Fe 99.95%;
Ni 99.9%) were purchased from the Zhongnuo Advanced Material
(Beijing) Technology Co., Ltd, and alloyed via an arc-melting tech-
nique under a high-purity argon atmosphere. The Ti ingot was
employed as a getter. The ingot was turned-over at least six times
during the alloying process to ensure a uniform microstructure.
Then, it was processed into samples of a desired size through a
wire-cutting process. Subsequently, annealing processes at
1,000 °C and 1,300 °C for 2 h were utilized to achieve a stable
microstructure as well as the desired TE performance of the as-
prepared HEA in the medium-high-temperature region. All of
these samples were grinded with metallographic sandpaper of
100, 200, 400, 600, 800, 1,000, 3,000 and 5,000 meshes and pol-
ished with colloidal silica slurry. Finally, the microstructures of
the above samples were exposed after treatment by a nitric-acid
and ethanol-hybrid solution (Vyno3/Vewon = 1/5) for about 5 s.

2.2. Characterization

2.2.1. Microstructure

The microstructure and chemical composition were first ana-
lyzed with SEM, S-4800) using an EDS. The crystal structure was
examined via an XRD (Philips X Pert Pro) at 40 kV and 40 mA at
a scanning rate of 1/min. from 5° to 90°. The TEM observations
were performed, using a 300-keV Tecnai F30 microscope attached
to an X-ray energy-dispersive spectrometer (TEM-EDX).

2.2.2. TE and mechanical properties

The compression properties were measured, using a universal
testing machine (MTS systems China Co, Ltd, Shanghai, China). Five
specimens were measured and the average values were reported.
The microhardness was measured, using TH903. The samples were
subjected to a load of 5 kg over a load time of 15 s at a load rate of
50 pm/s. At least seven points were repeatedly tested on each sam-
ple, and the average value was used for further investigation. The
size of the grains was quantitatively analyzed, using the Image]
software [32]. A Seebeck coefficient analyzer (ZEM-3) (Advance-
Riko, Yokohama, Japan) was used to determine the temperature-
dependent Seebeck coefficient and electrical resistivity (1/c). The
thermal conductivity of the samples was measured by a laser ther-
mal conductivity analyzer (TC-9000H, Ulvac-Riko, Yokohama,
Japan), and the cylindrical samples were cut from the center of
the ingots with a diameter of 12.7 mm and a thickness of 1.0 mm.

3. 3.Results and discussion
3.1. Phases and microstructures

The XRD patterns of the Al,CoCrFeNi HEA at different annealing
temperatures are shown in Fig. 1. The body-centered-cubic (BCC)
phase is found in the as-cast Al,CoCrFeNi HEA without annealing.
And the B2 (ordered BCC) peak also can be observed. After anneal-
ing at 1,000 °C, the BCC and B2 peak still exist, and the peak of Cr/Fe
phase appears. Additionally, the BCC and B2 phases - characterized
as Fe-Cr and Ni-Al phases, respectively - have the same lattice
parameters, indicating that they are coherent. With the increase
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Fig. 1. XRD patterns of the Al,CoCrFeNi HEA.

of the annealing temperature to 1300 ‘C, no obvious diffraction
peak of the Cr/Fe phase was observed.

The optical-microstructure images of the Al,CoCrFeNi HEA are
shown in Fig. 2. In Fig. 2(a), we see that the as-cast Al,CoCrFeNi
HEA has a coarse microstructure and obvious component segrega-
tion, resulting in serious inhomogeneity of composition in the
grain. The matrix structure is marked in green and the segregation
zone is marked in red for clear distinction. It indicate that the
microstructures of as-cast Al,CoCrFeNi HEA comprise of DR (den-
drites) and ID (interdendrites) regions. The DR and ID regions are
analyzed by SEM-EDS in Fig. 3(a) shows that Co is uniformly dis-
tributed in the alloy. The DR regions are mainly composed of Al
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and Ni while the ID regions are enriched in Fe and Cr. In Fig. 3
(b), the microstructure of B2 phase is observed by futher SEM anal-
ysis in the IR regions, which is consistent with the XRD result.

Phase formation for HEAs can be predicted by calculating the
parameters £2 and &, proposed by Yang et al. [33] €2 represents
the competition between enthalpy and entropy, given by

_ Tin ASmix

(@
‘AHmix|

(1)

where Ty, = Y ¢i(Twm); is the melting temperature of the alloy, ¢; is
the content of different elements, (Ty); is the melting point of dif-
ferent elements. ASmix = —R > ¢ilng; is the entropy of mixing [19],
R is the gas constant. AHpyix = Zi<j4cichHg‘i" is the enthalpy of
mixing, AH}}""‘ is the enthalpy of binary mixing. é represents the
atomic size difference, given by

where r; is the radius of the atom, r is the average atomic
radius. According to ref. [33], 2 > 1.1 and é < 6.6 % should be
expected as the criteria for forming high-entropy stabilized solid
solution phases. The calculation shows that the parameters of
our Al,CoCrFeNi HEA are €2 = 1.3 and é = 6.6 %. Therefore, it may
tend to be a solid solution. These quantitative predictions are
mostly consistent with the empirical data albeit with a few excep-
tions. In the solidification process of smelting, the solid solution
with a simple crystalline structure is formed first. Because the
atomic radius of Al is larger than that of other atoms (Al 1.432 A,
Co 1.251 A, Cr 1.249 A, Fe 1.241 A, Ni 1.246 A [34]), its crystal lat-
tice produces a larger distortion energy and is extremely unstable;

(b)

s

20um

Fig. 2. The OM of Al,CoCrFeNi (a) as-cast, (b) annealing at 1,000°C, and (c) annealing at 1,300°C.
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Fig. 3. (a) The SEM-EDS mappings of the as-cast Al,CoCrFeNi HEA, (b) High magnification SEM in the IR regions.

with the decrease of cooling temperature, the solid solubility of Al
decreases and Al precipitates from the solid solution and
segregates.

After annealing at 1,000 °C, atoms in the solid-solution alloy dif-
fuse and the Al element is dissolved back, resulting in reduced or
even disappearance of inner-grain segregation. The microstruc-
tural heterogeneity is weakened and a fine-grain structure is pre-
sented. The grains are more complete, the boundary is cleared,
and the crystallinity is improved, which is consistent with the
increased-crystallinity phenomenon illustrated by the sharper
diffraction peak in Fig. 1. Furthermore, under the high magnifica-
tion of TEM and SEM in Fig. 4(a), it can be observed that there
are fine spherical particles with a dispersion distribution in the
alloy and amplitude-modulated decomposed structures in the
matrix are similar to that in the as-cast sample. The corresponding
selected-area electron-diffraction (SAED) pattern in the (100) zone
axis is given in the inset. We can infer that the amplitude-
modulated decomposed structure is in the B2 (ordered BCC) phase,
and the SAED shows super-lattice diffraction of the B2 phase,
which is consistent with the XRD result. The amplitude-
modulated decomposed structure is a characteristic feature of
spinodal decomposition and should be formed by periodic-
composition modulations [35,36]. Through XRD in Fig. 1 and
TEM-EDX in Fig. 4, we verify that the dispersed fine spherical par-
ticles are precipitates mainly containing Cr and Fe elements. Due to

the increase of the annealing temperature to 1,300 °C, the atoms’
diffusion ability is improved, promoting mutual diffusion between
metal elements. As presented in Fig. 4(b), it is difficult to observe
the spherical Cr/Fe. Most of them are likely to dissolve in the
matrix or migrate, which also explains that their corresponding
diffraction peaks are not obvious in XRD. The disappearance of dis-
persed precipitates eliminates the pinning effect on the grain-
boundary expansion. In order to reduce the free energy at the
interface, the grains merge with each other and grow up, resulting
in an increase in grain size.

3.2. Mechanical properties

To study the effects of annealing treatment upon mechanical
properties, uniaxial compression and hardness tests are performed.
Fig. 5 shows the microhardness of the Al,CoCrFeNi HEAs. The
microhardness of the as-cast Al,CoCrFeNi HEA is about 482 Hv.
After annealing at 1,000 °C, this microhardness is increased to
about 516 Hv. When the annealing temperature is 1,300 C, the
microhardness of the alloy decreases to about 467 Hv. The
compressive stress-strain curves of the Al,CoCrFeNi HEAs
are illustrated in Fig. 6. The ultimate compressive strength of the
as-cast Al,CoCrFeNi HEA is about 1.21 GPa, and the elongation is
about 7.55%. Compared with other elements in the alloy, the
atomic radius of Al is larger, causing serious lattice distortion
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Fig. 4. (a) The TEM-EDX mappings of the Al,CoCrFeNi HEA annealed at 1,000°C. The inset shows the micrograph of an amplitude-modulated decomposition structure in the
matrix and the indexed SAED pattern in the (100) zone axis, the super-lattice diffractions belonging to the B2 structure are indicated by yellow color, (b) The TEM micrograph
of the HEA annealed at 1,300°C. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Microhardness of Al,CoCrFeNi HEAs.

and increasing the resistance to dislocation movement. Therefore,
the as-cast alloy has good strength but poor plasticity due to the
large grain size and inhomogeneous structure. When the annealing
temperature is 1,000 °C, the ultimate compressive strength
increases to 1.30 GPa, and the elongation is about 12.06%. Because
annealing treatment accelerates the diffusion of atoms, the defects
caused by alloy casting are eliminated and the lattice distortion
and internal stress are reduced. However, according to the Hall-
Petch formula [37], the finer the grain, the higher the strength
achieved. In addition, the dispersed fine particles lead to precipita-
tion strengthening, which causes the strength and hardness to
increase rather than decrease after annealing. According to the
interaction between moving dislocations and precipitates, the
precipitation-strengthening mechanism can be divided into

1.5
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=
=
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=
-
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== annealling at 1300 °C
0.0 L
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Fig. 6. Compressive stress-strain curves of Al,CoCrFeNi HEAs.

Orowan bending and particle shear. The Orowan mechanism gen-
erally occurs when particles are larger or incoherent with the
matrix whereas the shear mechanism mainly occurs when parti-
cles are smaller and incoherent. For coherent precipitation, the
increase of strength is mainly caused by three factors: coherent
strengthening (A4a0.), dislocation strengthening (Ao.), and
sequential strengthening (Aa,s) [38]. The first two strengthening
processes (Ao and Ao ,s) occur before the dislocation shear pre-
cipitates, while the second strengthening process (A4a,) takes
place during precipitation of the dislocation shear. In this case,
the larger the value of (4o + Ao ps) or Ao, the greater the total
strength increment expected from the shear mechanism. The equa-
tions that can be used to calculate these strength increments are
[39-41]:
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where M = 2.73 for the BCC structure (Taylor Factor), o, = 2.6 (a con-
stant), m = 0.85 (a constant), & = 2¢/3, the constrained lattice misfit.
G and 4G are the shear modulus of the matrix and the shear mod-
ulus mismatch between the precipitates and the matrix, respec-
tively; b is the Burgers vector; r is the average particle size; f is
the volume fraction of the precipitates; and Y, is the anti-phase
boundary energy of the precipitates. The microstructure of the alloy
annealed at 1,000 C is finer and more uniform, and the amount of
coordinated deformation in the microstructure is increased,
improving the alloy’s plasticity. When the annealing temperature
is 1,300 C, the grain size increases to a certain extent, the strength
decreases to 1.16 GPa, and the elongation decreases to 9.36%. Com-
pared with the as-cast alloy, annealing at 1,300 °C reduces the lat-
tice distortion and internal stress, resulting in a decrease of the
strength and microhardness but an improvement of the plasticity.
The grain size is larger than the case for annealing at 1,000 °C and
the coordination-deformation ability is poor under the action of
force. Hence, the plasticity of the 1,300 ‘C-annealed alloy is lower
than that of the 1,000 “C-annealed alloy. A comparison of the
strength and density of Al,CoCrFeNi HEA with other materials is
given in Fig. 7 [42]. Obviously, the strength of Al,CoCrFeNi HEA is
higher than that of most other materials, much higher than that
of typical state-of-the-art bulk thermoelectric materials. And the
density of Al,CoCrFeNi HEA is lower.

3.3. Electrical conductivity

The TE performance of a certain semi-conductive material can
be calculated using ZT = ¢5°T/x, of which o, S, x, and T are the elec-
trical conductivity, Seebeck coefficient, thermal conductivity, and
absolute temperature, respectively. It is indispensable to obtain a
high-TE performance with a high power factor (PF = ¢5?) and a sup-
pressed k (which has carrier thermal conductivity k. and lattice
thermal conductivity kj,;; components). Ideal thermoelectric mate-
rials should possess a high Seebeck coefficient, high electrical con-
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Fig. 7. Ashby plot of strength vs. density for engineering materials. (Yield strength
for metals and polymers,tear strength for elastomers, compressive strength for
ceramics, and tensile strength for composites.)
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ductivity, and low thermal conductivity. However, it is extremely
difficult to satisfy these three parameters simultaneously since
they are intrinsically intercorrelated. For example, a low carrier
concentration leads to a large Seebeck coefficient but also results
in low electrical conductivity. Furthermore, material characteris-
tics which result in low thermal conductivity usually result in
low electrical conductivity [43].

The conductivity, Seeback coefficient, and PF of the as-cast and
annealed alloys are shown in Fig. 8. These parameters are closely
related to changes in temperature. It can be seen from the change
of the conductivity data that the conductivities of both the as-cast
and annealed samples present trends of slight increase with the
increase of temperature. As a BCC structure with high Al content,
the conductivity of HEA increases with the increase of tempera-
ture, which is consistent with the latest research results, higher
peak of the density of states is found in the BCC HEAs near the
Fermi leve [28]. Small changes in the main phase composition in
the microstructure will affect the value of the conductivity [26],
the formation of the second phase structure in thermoelectric
materials will reduce the lattice conductivity [44], and the uneven
distribution of the microstructure in the as-cast alloy and the exis-
tence of second phase segregation in the grain will affect the move-
ment of charge carriers (electrons in the metal), leading to a low
conductivity. Compared with other samples, the HEA annealed at
1,000 °C possess a high electric conductivity, which is because a
large number of fine precipitates are dispersed in the microstruc-
ture. These compounds may exhibit good electrical conductivity,
which is conducive to the formation of new conductive grids. How-
ever, the mechanism needs to be further confirmed. Additionally,
the precipitation purifies the matrix to guarantee the conductivity
[45].

3.4. Seebeck coefficient

The change in the Seebeck coefficient of the alloy is shown by
the red curve in Fig. 8. The positive and negative values of the See-
beck coefficient represent different modes of electron diffusion.
The Seebeck coefficients of both as-cast and annealed alloys are
negative, indicating that electron transport from the hot end to
the cold end is the main mode of electron diffusion. Moreover,
due to bipolar conduction, the Seebeck coefficient is basically and
directly proportional to the temperature, since noticeable minority
carriers would be excited at high temperatures [46]. There is an
obvious segregated second phase in the as-cast structure, and the
formation of the second phase in the thermoelectric material will
introduce a potential barrier, hindering the transition of low-
energy carriers [47,48] and resulting in a lower Seebeck coefficient
in the as-cast sample, compared with the annealed one. Addition-
ally, the mechanism of microstructure control of HEAs with band
structures needs to be further studied to obtain a satisfactory See-
beck coefficient and to improve the thermoelectric properties of
the material.

3.5. Thermal conductivity

As shown in Fig. 9, the thermal conductivity (k) of as-cast and
annealed HEAs increases along with the temperature, but the ther-
mal conductivity of the HEA annealed at 1,000 °C is the lowest
overall value. This is because low-dimensional thermoelectric
materials follow the size effect, through which the mean free path
of phonons can be reduced, thus reducing the lattice’s thermal con-
ductivity [49]. At the same time, the large number of spherical Cr/
Fe precipitates increase the complexity of the crystal structure.
This complexity and the small grain size can enhance the scatter-
ing of long-wave phonons. Scattering of phonons results in low
thermal conductivity [50]. From the microstructural analysis
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Fig. 9. Thermal conductivity of Al,CoCrFeNi HEAs.

above, it can be seen that the HEAs in the as-cast state and
annealed at 1,300 °C have a large grain size, and that the HEA
annealed at 1,000 °C has the smallest grain size and the lowest lat-
tice thermal conductivity, which is consistent with the grain size
and thermal conductivity of all samples [51].

4. Conclusion

The effect of annealing treatment on microstructure and prop-
erties of the lightweight Al,CoCrFeNi HEA is explored. By the tun-
ing of proper annealing process, the microstructure evolution of
the HEA can be adjusted to improve its mechanical and TE proper-
ties. Fine-grain and precipitation strengthening are the main rea-
sons for the improvement of the mechanical properties. The
conductivity, Seebeck coefficient and thermal conductivity are all
affected by grain size, precipitates, structural complexity and so
on. Facing increasingly complex and harsh application environ-
ments for TE materials, the present work provides an effective
means of preparation of HEA-based TE material by regulating its

microstructure for the energy-conversion, and also provides a fea-
sible reference for the development of high-entropy TE materials
with lightweight and high strengths in the future.
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