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The proposal of a high entropy shape memory alloy (HESMA) has opened a new field for the application of
high-entropy alloys (HEAs) and the development of shape memory alloys (SMAs). However, to date, the
recoverable strains of reported HESMAs have been generally modest, and their preparation processes have
been complex. In this work, novel as-cast (TiHfX)5¢(NiCu)so HESMAs with a very large recoverable strain
(9.4%) and excellent mechanical properties were fabricated. A lower elastic modulus and lattice distortion
strengthening effect were considered to contribute to the large recoverable strain characteristics of HES-
MAs. The strategy of finding HESMAs with good comprehensive properties by designing low C, values may

provide useful guidelines in this field.

Keywords high entropy alloys, martensitic phase transformation,
mechanical properties, shape memory alloys,
superelasticity

1. Introduction

Recently, Firstov et al. (Ref 1) proposed the concept of a
high-entropy shape memory alloy (HESMA), which combines
a high-entropy alloy (HEA) (Ref 2-4) with a shape memory
alloy (SMA) for the first time. This work has opened a new
field for the application of HEAs and the development of
SMAs. An HESMA exhibits the properties of an HEA and an
SMA at the same time. Therefore, it can be used as a structural
material, functional material, or both. This material may have
potential applications in many fields, such as aerospace,
machinery, automotive, electronics, petroleum engineering,
civil engineering and biomedicine. The first reported TiZrHf-
CoNiCu HESMA could completely recover 1.63% prestrain in
the cast state (Ref 1, 5, 6) and 3-5% after heat treatment due to
sufficient martensite transformation (MT) of the uniform
microstructure (Ref 7, 8). Subsequently, Chen (Ref 9) and
Chang (Ref 10) et al. designed a (TiZrHf)so(NiCu)so HESMA
with a much higher MT temperature. Li et al. (Ref 11, 12)
fabricated two HESMAS, TizozrlstlsNizscu 25 and
TiysZroHf5Niy5Cu,s, which could fully recover 4% prestrain
in 185-285 °C. Moreover, Canadinc et al. (Ref 13) reported a
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TiZrHfNiPd HESMA and achieved ultrahigh phase transfor-
mation temperatures. Piorunek et al. (Ref 14, 15) reported a
TiZrHfNiCuPd HESMA and found that the MT temperature
increased with a composition deviation parameter. In addition,
some B-Ti-type HESMAs have also been reported, such as
TiZrHfAIND (Ref 16), TiZrHfNbTaSn (Ref 17), and TiZrHfNb-
TaAl (Ref 18), which can realize stress-induced MT by the
B — o transformation.

The above research progress is valuable because it enables
the development of new HESMAs. However, further research is
still needed in the following areas. First, compared with
traditional TiNi-based SMAs, the recoverable strains of
reported HESMAs (generally approximately 3-5%) can be
substantially improved. Second, most reported HESMAs need
to undergo complex preparation processes, such as long-term
heat treatment (Ref 9, 14, 15, 19) or plastic deformation (Ref
16-18). Third, some researchers have reported HESMAs are too
costly due to the addition of Pd. Fourth, the compositions of the
reported HESMAs have been limited to the early definition of
HEA,; that is, the mixing entropy is higher than 1.5R, or each
element is between 5 and 35 at. % (Ref 2, 3). However, due to
the rapid development of HEA, its definition has been
continuously expanded, such as the recently reported HESMAs
of  CusNigsHf\667Ti16.67Zr1667 (Ref  10),  NisoHf16.67-
Ti 1 6A67Zr1 6.67 (Ref 1 0), TiSOZronfl 5Al 1 ()Nb5 (Ref 1 6),
Ti492r20Hf15A110Nb6 (Ref 16), (TerHf)87Nb5Ta5Al3 (Ref 18),
Ti4()Zr1()Ni4()CO5CU5 (Ref 3, 19), Ti3ng25Hf25Talosn2 (Ref 20),
and TizgZr,sHf,5Ta;Sns (Ref 20), and the eutectic HEAs of
FessCrsNi30.x)Nby (Ref 4), which are not within the limits of
the above definition but exhibit the good properties of HEAs.
Therefore, the purpose of this work is to develop HESMAs
with highly recoverable strain and a composition that is not
limited to the traditional definition of an HEA using a low-cost,
simple preparation process. Eight alloy elements, Ti, Ni, Hf,
Cu, Y, Nb, Zr, and Cr, were selected and divided into two
categories: A=(Ti, Hf, X) and B=(Ni, Cu), where elements X is
Y, Zr, Nb, and Cr. The atomic ratio of A and B was kept equal
according to Firstvo’s method (Ref 1, 6), i.e., A5oBso, but each
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element was not limited to 5-35% in this work. The original
intent of this composition design was that Hf and Ni had good
solubility and similar electronic configuration in Ti and Cu,
respectively, so that they could replace each other when
forming HESMAs (Ref 10). Moreover, the selected X elements
are inexpensive and have been commonly used to improve
strength, plasticity and memory properties in many HEAs and
SMAs (Ref 2, 10, 11, 16-19, 22).

2. Experimental Procedure

The as-cast (TiHfX)so(NiCu)s, (at. %) ingots with a nominal
composition of TizsHf(XsNigyCug (X =Y, Zr, Nb, Cr) were
prepared by vacuum arc melting using high-purity raw
materials under an argon atmosphere (hereafter, the four alloys
are referred to as Y5, Zr5, Nb5 and Cr5 for convenience). Each
sample was remelted six times and held in liquid state for at
least two minutes in each melting cycle to ensure homogeneity.
The phase structure was analyzed by x-ray diffraction (XRD,
EDX-7000) at a rate of 4°/min. The microstructure features
were characterized by using scanning electron microscopy
(SEM, JEOL/JSM-7500F) equipped with energy dispersive x-
ray spectroscopy (EDX, Bruker/X-Flash). The transformation
behaviors were investigated using differential scanning
calorimetry (DSC, STA-449-F5) at a heating and cooling rate
of 15 °C/min. The mechanical and superelasticity (SE) prop-
erties were tested on a universal electronic testing machine
(WDW-100A) with a strain rate of 0.001 s~ (0.36 mm/min)
and the dimensions of the cylindrical samples were
®3 x 6 mm.

3. Results and Discussion

3.1 Microstructure and Transform Behavior

Figure 1(a) shows that the Mp (peak temperature of the MT)
for Zr5 and Y5 are approximately — 20 and — 26 °C, respec-
tively, but there are no obvious peaks for Cr5 and Nb5 during
cooling. The Ap (peak temperature of the austenite transfor-
mation) for Zr5 and Nb5 are approximately 10 and 45 °C, and
two endothermic peaks at 38 and 76 °C are detected for Y5, but
no obvious peak for is detected again. The phase transition
peaks of some alloys are not detected, which may be because
there is no thermally-induced martensitic transformation in this
temperature range (Ref 16, 19), or the phase transition
temperature is lower than the minimum detection temperature
of the equipment (Ref 22). Figure 1(b) shows that the four
HESMASs mainly consist of B2 austenite and a few compounds.
This is consistent with the empirical results that HEAs with
highly negative AH values (enthalpies of mixing) and relatively
large 0 (atomic size difference) (Table 1) values (Table 1)
usually cannot form a single-phase solid solution (Ref 9). The
main diffraction peaks can be indexed as (100), (110), (200),
(210), (211) and (220) (Ref 21-24). Compared with the reported
ternary or quaternary Ti-Ni-Cu-based SMAs (Ref 21, 22, 25-
27), some of the diffraction peaks obviously shifted, which may
be caused by the severe lattice distortion effect in the HEAs
(Ref 1, 5, 9). All four HESMAs have obvious dendrite
microstructures, and a few compounds are distributed among
the dendrites. The element mapping results (Fig. 1c-f) show

10090—Volume 31(12) December 2022

that the dark gray phase in Y5 is a Y-Cu compound, the gray
phase in Nb5 is a Nb-rich phase and contains a small amount of
martensite, the white phase in Zr5 is rich in Hf and Zr, and the
light gray compound in Cr5 is rich in Cr. Although the
compounds may have some influence on the performance of
HESMAS, due to their small number, it is believed that the
matrix structure should be the most important factor.

3.2 Mechanical and Superelasticity Properties

Figure 2 shows the compression curves of the four as-cast
HESMAs. The results of Y5 and Zr5 show a typical double
yield shape of a superelastic alloy, and the compression strength
and fracture strain are 2115 MPa and 30.94% and 2498 MPa
and 33.41%, respectively. However, the corresponding results
of Cr5 and Nb5 are only approximately 2177 MPa and 7.0%
and 2060 MPa and 8.7%, respectively. Figure 3 shows the
morphology of the compression fracture surfaces of the Y5 (a),
Zr5 (b), Nb5 (c) and Cr5 (d) as-cast HESMAs. All the alloys
show a mixed morphology of cleavage fracture and ductile
fracture. According to the compression curve, the stress of Y5
and Zr5 increases slowly in the compression process due to the
lower elastic modulus of the alloys. The compression energy
results from the processes of austenite elastic deformation,
stress-induced martensitic transformation, redirection and elas-
tic deformation of the stress-induced martensite, and compre-
hensive deformation of martensite (Ref 21, 22). Therefore, Y5
and Zr5 show good plasticity. However, the compressive stress
of Nb5 and Cr5 reaches the fracture strength rapidly because of
the higher elastic modulus, so the fracture strain is low. In
addition, more cracks and tear steps are found on the fracture
surfaces of Nb5 and Cr5, which may also be the cause of poor
plasticity. Figure 4(a)-(d) shows the loading—unloading curves
with increased prestrain from 2 to 15%. The stress step size is
2% for the first five cycles and 1% for the last five cycles.
Figure 4(a) shows the typical loading—unloading stress—strain
curve of the (TiHfX)s50(NiCu)so alloy, in which ¢, is the
recoverable strain, &g is the superelastic recovery rate, &g is the
elastic recovery rate, ¢; is the residual strain, &p,, is the prestrain
of loading, and 7 is the shape recovery rate. The corresponding
relationship between the parameters is ep = & + &; & = €sg +
&g, N=¢/ep. This calculation method is often used for
recoverable strain measurements (Ref 16-18, 21, 22, 28, 29).
With increasing prestrain, the recoverable strain (g) and
residual strain (g;) increase continuously (Fig. 4e), and the
shape recovery rate (#) first increases rapidly and then tends to
be stable or decrease slowly (Fig. 4f). Taking ZrS as an
example, ¢, and ¢; increase from 1.00 to 8.81 and 1.00 to 6.23%,
respectively, and # increases rapidly from 50 to 95% and then
decreases slowly to 90%. In this process, the recoverable elastic
strain (eg) increases from 0.6 to 3.96% (Fig. 4g), while the SE
strain (esg) increases from 0.40 to 4.95% and gradually
decreases to 4.81% (Fig. 4h). There may be two different
mechanisms for the variation trends of the above parameters.
First, for Cr5 and NDb5, elastic recovery is dominant during the
cycle, and its rate of increase is higher than that of SE recovery.
Moreover, a small increase in residual strain (Fig. 4e) means
less plastic deformation before fracture. Therefore, n changes
little after the second cycle until fracture. Second, SE recovery
is dominant for Zr5 and Y5. Compared with Zr5, the SE
recovery of Y5 increases more slowly, resulting in a short
decrease in # after two compression cycles (Fig. 4f). In
addition, there may be two possible reasons for the slight
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Fig. 1 The DSC curves (a), XRD patterns (b) and EDS element mapping results of Y5 (c), Zr5 (d), Nb5 (e) and Cr5 (f) as-cast HESMAs

decrease in 7 after reaching the maximum value. On the one On the other hand, plastic deformation and dislocation have an
hand, with increasing prestrain, plastic deformation and inhibition effect on the reverse MT (Ref 31), which may
residual strain gradually increase, so 7 decreases (Ref 28-30). produce residual martensite after unloading.
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Table 1 Values of AH, 9, e,/a and C, of the investigated
(TiHiX)so(NiCu)so HESMAS

Alloys AH (KJ/mol) 5 (%) e/a C,
Y5 — 3142 10.96 7.01 0.226
Zr5 — 3428 9.39 7.06 0.228
Nb5 — 3208 8.81 7.11 0.229
Crs —30.84 8.82 7.16 0.233
Al5 — 3452 8.88 7.01 0.236
V5 —31.40 8.73 7.11 0.236
Mn5 —31.15 8.88 721 0.239
Co5 — 3228 8.91 7.31 0.241
Tas — 3223 8.81 7.11 0.218

Compressive stress (MPa)

0 T T T T T T T
0 5 10 15 20 25 30 35
Compressive strain (%)
Fig. 2 The compression stress-strain  curves of the

(TiHfX)s5o(NiCu)so HESMAs

Figure 5(a)-(c) shows the cyclic compression curves of Y5,
Zr5 and NbS5 with a fixed prestrain of 6% (Cr5 fractured in the
second cycle and is not shown here). The results show that the
maximum compression stress increases with the number of
compression cycles, and ¢; decreases rapidly to zero and finally
reaches an equilibrium state with ¢g and egg (Fig. 5d-f)). This is
mainly caused by the work hardening effect of high-density
dislocations accumulating at/near the interface of austenite and
the stress-induced martensite in the cycle compression pro-
cesses (Ref 32, 33). In addition, the participation of residual
martensite in the deformation process may be another reason
for the increase in maximum stress. However, as the occurrence
of stress-induced martensite tends to proceed along its habitual
plane (Ref 34, 35) and the volume fraction of martensite
variants with favorable orientation gradually increases (Ref 28),
the generation of new dislocations will gradually decrease.
Then, the amount of stress-induced martensite tends to
stabilize, and the change in the maximum compression stress,
elastic strain and SE recovery strain gradually decrease. In fact,
the increase in maximum stress will lead to plastic deformation
(Ref 21, 22). However, the high strength of the HESMA
ensures that this does not happen and at the same time ensures
the good cycle stability of HESMA. When compared with the
reported HESMAs and SMAs (Ref 2, 5-9, 12, 15, 16, 19, 21,
22,24, 36-46) shown in Fig. 6, the HESMAs in this work show
an excellent combination of maximum recoverable strain (&)
and high strength (o), stress at maximum recoverable strain).
Although the oy-values of TiNiCuZrSi (Ref 24) and TiNiHfNb
(Ref 36) are close to those of HESM A, their ¢y, values are less
than that of Zr5. In addition, their preparation processes have
undergone homogenization, solution treatment, quenching and
so on. Only the (TiNiHf+B4C) composite SMAs (Ref 40) have
slightly larger &\, and oy values than the Zr5 HESMAs.
However, compared with as-cast HESMAs, this composite
material was prepared by the hot-pressed sintering (HPS)

Fig. 3 The morphology of compression fracture surfaces of the Y5 (a), Zr5 (b), Nb5 (c) and Cr5 (d) as-cast HESMAs
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method, which is more complex and costly. In addition, the
fracture strain of this composite was only 15% (Ref 40), which
is less than 50% of the Zr5 HESMAs in this work.

The above results and analysis indicated that the 5% X
component had important influences on the performance of the
as-cast HESMAs. Although it is difficult to comprehensively
understand all the mechanisms affecting the properties of
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HESMAs, some relationships can be discussed here because
the difference between the four HESMAs is only the 5% X
component. As shown in Table 1, Zr5 and Y5 have smaller e,/a
(average valence electrons per atom, and e,/a=f7; el'+ fyr e +

fr e+ fai €'+ feu €€, fn, fup [y fai and fc, represent the
atomic fraction of Ti, Hf, X, Ni and Cu atom in (TiHfX)s0(Ni-
Cu)so alloy, respectively, el , e, eX | M and " represent the

Journal of Materials Engineering and Performance



2500

2000 +

1500

1000

9
500

Stress at maximum recoverable strain, 5,, (MPa)

@
o~ EIO

QQQO
‘:‘

*
Co5

*
Cr5 #
*

Nb5* oA  Zrs
Ys & :

j%

XTas

TiZrHNiCoCu [1, 5,
TiHfZrNiCu
TiNiHfAIND
TiZrNiCoCu
TiNiCuZrSi
TiNiCuY
TiNiCuMo
TiNiCuNb
TiNiCuZr
TiNiCuPd
TiNiCuAl
TiNiHf
TiNiHfNb
TiNiHfY
TiNiHf+B4C  [40]
TiNiB [41]
TiNi+TiB+La203 [39]
Present

5-9]
[12, 23]
[16]
[19]
[24]
[21]
[22]
[26]
[27, 45]
[38]
[37]
[42-44]
[36]
[46]

e
A

0 1 2 3 4

5

6 7 8 9

T T
10 11 12

Maximum recoverable strain g, (%)

Fig. 6 The comparison map of maximum recovery strain and the corresponding stress including various Ti-based superelastic alloys and the

present HESMAs

number of valence electrons of Ti, Hf, X, Ni and Cu atom) and
C, (valence electron concentration, C,= T,-ev” + foeff + fxef
el +fCue§u)/fTiZTi + 1t Z + [ Z8 + i ZN + felZC,
Z0 707X 7V and Z represent the number of outermost
electrons of Ti, Hf, X, Ni and Cu atom) values than Nb5 and
Cr5. In general, the trend of VED (valence electron densities) in
both austenite and martensite is similar to C,; that is, alloys
with lower C, values show lower VEDs (Ref 47). It is known
that lower VEDs of TiNi-based SMAs are expected to result in
lower bulk, shear and elastic moduli (Ref 47-49). Due to the
high elastic modulus or strong resistance to elastic deformation,
the compression stresses of Nb5 and Cr5 increase much more
rapidly (1800-2000 MPa at 8% strain) than Zr5 and Y5 (600-
800 MPa at 8% strain). When they exceed the fracture stress,
Nb5 and Cr5 will fracture without obvious stress-induced MT.
Zr5 and Y5 can complete the transformation before fracture due
to a lower elastic modulus, showing better mechanical and SE
properties. Compared with Y, Zr has a higher solubility, similar
atomic radius and similar electronic configuration in Ti-Ni-Cu-
Hf-based SMAs (Ref 1, 10). Then, Zr tends to form a solid
solution and exerts the strengthening role of lattice distortion in
the HEA. Therefore, Zr5 has better comprehensive properties
than Y5. Moreover, Y-rich compounds tend to form among the
dendrites, which may cause the performance of Y5 to decrease
(Ref21). In addition, it is found that the strain hysteresis of Zr5
and Y5 is higher than that of Cr5 and Nb5. This may be caused
by their higher values of J, (Table 1) because it is possible that
a greater atomic size of the alloying elements results in more
energy dissipation (Ref 47).

3.3 Influence of Gv on the Superelasticity Properties

Based on the above analysis, it was found that HESMAs
with smaller C, values probably have the potential for good
comprehensive properties. To prove this hypothesis, five other
(TiHfX)50(NiCu)so HESMAs were prepared through the same
process. The X-components were Co, Al, V, Mn and Ta, which
are often used in HEAs (Ref 2-4) and SMAs (Ref 50).

Journal of Materials Engineering and Performance

Compared with Y5, Zr5, Cr5, and Nb5, the newly prepared
Co5, AlS, VS5, and Mn5 had larger C, values, and Ta5 had a
smaller C, (Table 1). Figure 7 shows the cycle compression
results of the newly prepared HESMAs. The Co5, Al5, V5, and
Mn5 HESMAss fractured during the 4-5th cycle of compression.
Their maximum recoverable strains and the corresponding
compression stress were 6.44% and 2263 MPa, 4.7% and 1653
MPa, 4.83% and 1393 MPa, and 4.77% and 1436 MPa,
respectively. As expected, the Ta5 HESMA demonstrated better
comprehensive performance. Its maximum recoverable strain
and the corresponding compression strength were 9.4% and
2100 MPa, respectively, and the fracture strain was approxi-
mately 15%. The experimental results of the five newly
prepared HESMAs show that it is feasible to find new
HESMAs with good comprehensive performance by designing
low C, values. However, it should be noted that the C, values
were only one of the important factors. The solubility of the X-
element and the precipitation of the secondary phase would
certainly affect the comprehensive properties of the HESMAs,
which need to be further studied.

4, Conclusions

Novel as-cast (TiHfX)s5o(NiCu)so HESMAs with an excel-
lent combination of superelasticity and mechanical properties
were fabricated. The high strength and large recoverable strain
make the high-entropy memory alloy have high output work.
Coupled with its low cost and good stability, this material has
great application potential in antiseismic and damping struc-
tures, medical devices, mechanical connections and so on. To
the best of the authors’ knowledge, such a large recoverable
strain of 9.4% 1is the highest value among the reported
polycrystalline Ti-Ni-based SMAs obtained by the melting
method without any heat treatment. It is believed that the lower
elastic modulus and lattice distortion strengthening effect of
HEA contributed to the large recoverable strain characteristics
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Fig. 7 The loading-unloading compression curves of Al5, Co5, Mn5, V5 and Ta5 HESMAs with increased prestrain

of HESMAs. The strategy of finding HESMAs with good
comprehensive properties by designing low C, values may
provide useful guidelines in this field.
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