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DEVELOPMENT OF HIGH-ENTROPY
SHAPE-MEMORY ALLOYS:
STRUCTURE AND PROPERTIES

Amongst functional materials, shape-memory alloys occupy a special position. After
their discovery these alloys attracted substantial attention because of the possibility
to restore significant deformation amounts under certain stress—temperature condi-
tions due to the martensitic diffusionless phase transformation involved. It was pos-
sible to exploit not only so-called ‘shape-memory’ effect, but also superelasticity and
high damping capacity. Over the years, more than 10000 patents on shape-memory
alloys were filed, appreciating not only the possibility to exploit the energy transfor-
mation to ensure the response (feedback) at the change in independent thermody-
namic parameters (temperature, stress, pressure, electric or magnetic field, etc.), but
the significant work output as well. The envisaged shape memory components covered
applications in the automotive, aerospace, machine building and civil construction
industries. Unfortunately, structural and functional fatigue restricted successful
business application mostly to the medical sector, with the Nitinol shape-memory
alloy dominating applications such as different implants, stents or cardiovascular
valves. Emerging high-entropy shape-memory alloys can be considered as a chance
to overcome the fatigue problems of today’s shape-memory alloys due to their spe-
cific structure that ensures superior resistance to irreversible plastic deformation.
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1. Intfroduction

Over the last two decades the high-entropy alloys (HEA) were intro-
duced as novel class of structural materials [1]. The HEA concept in-
volves the creation of multi-element metallic materials close to an equi-
molar composition, i.e., without a principal element. The entropy of
mixing is higher compared to conventional materials and promotes a
high phase stability [2—-6]. HEA are also known for their non-obvious
solution hardening [7, 8]. In parallel, in the field of functional shape
memory alloys design, the pursuit of the so-called high-temperature
shape memory alloys has taken place with the obvious difficulties
regarding functional degradation at elevated temperatures associated
with the movement of full dislocations [9—13]. The application of the
high entropy concept to shape memory alloys using NiTi as a prototype
resulted in a first successful attempt in the TiZrHfCoNiCu alloy system
with a martensitic transformation accompanied by a shape memory
effect in a wide temperature range. Reversible deformation of about 2%
was obtained with the suppression of all the fatigue effects mentioned
in [9—-13] due to the two-fold increase in yield strength ensured by the
multi-component design. In this way, a novel class of functional mate-
rials has been introduced, termed high-entropy shape-memory alloys
(HESMA) [14, 15]. Later, additional HESMA systems were proposed.
Some of them were generated following the idea of the NiTi prototype
used in multi-component design [14, 15], while in other cases it was
tried to obtain solid solutions of a different kind.

The authors of [16] reviewed all HESMASs in general and grouped them
as ‘NiTi-like’, ‘Fe-like’, ‘Ti-based’ and others that are belonging to those
that tend to exhibit magnetic shape memory. Still, they viewed the design
criteria for HESMA as rather empirical ones. It should be noted that the
‘Fe-like’ and ‘Ti-based’ solid solutions described in [16] are mostly multi-
component (starting from only 4 constituents) alloys with medium en-
tropy of mixing just bordering the high entropy range because of the emer-
ging principal element contrary to the often overlooked part of J.W. Jeh’s
concept [1] that includes the notion of multiple principal elements.

It is not just a mere technicality that HEAs in general can not be
based upon one, two, and, probably, even three elements. High entropy
of mixing (AS,;,) in HESMAs is not a goal but a reflection of the useful
structural states formation (lattice distortion, cocktail effect, ...). Here
one needs a good balance of the lattice distortion effect that results in
mechanical properties superior to shape memory alloys based upon Fe,
NiTi, Ti and phase stability of the austenite. Specifically diffusional
transformations need to be suppressed, while martensitic diffusionless
phase transformation has to be possible. The latter takes place because
the high entropy of mixing indeed complicates diffusion driven phase
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transformations due to the necessity to change chemical composition,
while martensite transformation is diffusionless, thus the chemical
composition remains unchanged and, therefore, there is no influence of
the high entropy of mixing in this case.

So far, the solid solutions claimed as HESMAs are not quite fitting
into the reasoning regarding principal elements and lattice distortion
mentioned above. For instance, in [17] the authors claim a strategy of
designing high-entropy alloys with high-temperature shape memory ef-
fect in terms of relative stability between f.c.c. (austenite) and h.c.p.
(martensite) crystal structures that ended up with the Cr,,Mn,,Fe,,Co,,
Ni; alloy, which exhibited an f.c.c. to h.c.p. martensitic transformation
(MT) because the emerging principal element in this case was Co known
to exhibit this type of MT. Almost 2% of shape memory accompanied
heating of the Cr,,Mn, Fe,,Co,.Ni, alloy pre-strained up to 7.6% (i.e.,
the shape recovery ratio is 24% only). Such shape recovery cannot be
considered sufficient. Obviously, in this case the benefits of the multi-
ple principal element design (lattice distortions mentioned above as re-
flected in atomic size difference & — one of the parameters characteris-
ing collective behaviour of HEA constituents [18]) visible in the stable
f.c.c. Cantor alloy with the equiatomic CrMnFeCoNi composition (AS ;, =
= 13.381 Jmol 'K, § = 3.269%) were lost for the Co-based Cr, Mn,,
Fe,,Co,.Ni; alloy (AS,,;, = 12.329 Jmol 'K, 5 = 3.239%). In the latter,
irreversible plastic deformation overwhelmed the martensitic recovera-
ble one generally due to the decrease in & (lattice distortion), and the
entropy of mixing is decreasing too. Similar effects to Cr,,Mn,,Fe,,Co,,
Ni, but with much better functional behaviour were seen in the Fe—Mn—
Si system. Its development has started in the early 80s of the last cen-
tury [19] and is still ongoing (see [20, 21], for example). So-called Fe-
based HESMA defined as such in [22] are very similar to the Fe—Mn—Si-
based shape memory alloys mentioned above and their development is
not based on the high entropy or multiple principal element design.
Moreover, for Ti,. ,Zr,,Hf ,Al, Nb, s shape memory alloy mentioned as
a ‘high entropy’, AS,,, = 11.08 to 11.26 Jmol'K™ and complete super-
elasticity does not exceed 2 to 3% [23], while for the Ti-based TigZr,,
Nb,,Sn, superelastic alloy [24] (AS,,;, = 10.316 JmolK™) 500 cycles with
a reversible strain of almost 5% were realised. It seems like in the case
of the multiple principal element solid solution shape memory alloys
(medium or high entropy) the increase in yield strength might not be
enough for preventing plastic deformation that accompanies the recov-
erable martensitic one, while slightly modified ternary composition with
one principal element might work because of reasons related to crystal
structure and microstructural peculiarities.

The first HESMA developed [14—15] and the alloys similar to them
termed ‘NiTi-like’ in [16] are, in fact, multi-element intermetallic com-
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pounds. The peculiar structure of these intermetallics [25] ensured by
the multiple principal element design was indeed the reason for their
superior functional properties compared to the ones of solid solution
HEA with MT or industrial shape memory alloys. Therefore, the present
paper focuses on important development directions of these high en-
tropy multi-element based B2 type intermetallic materials.

2, Crystal Structure Design of the B2-Type Multi-Element-Based
Intermetallics Undergoing Martensitic Transformation

Speaking of intermetallic compounds and structure prototypes, most
known are binary and ternary ones [26]. It has to be noted that the
HEA design was always focused on solid solutions and amorphous
phases (cf. [18, 27]) due to the effect of high configurational entropy
of mixing although formation of intermetallic phases in HEA was
duly recognised [3, 18, 27, 28] leading eventually to the recognition
of high-entropy intermetallics (HEI) in general [29]. In Ref. [6], the
formation of single C14 Laves phase of equiatomic composition was
reported despite the fact that it contained 26 (!) constituents with an
extremely high AS , of 28.131 Jmol'K™. It seems that the entropy
of mixing does not play the key role in formation of HEI. According
to [27], phase selection for HEI is governed by the enthalpy of mix-
ing and the atomic size difference (see Fig. 1 of [27]). Meanwhile,
the entropy of mixing reflects the random mixing appearing on sub-
lattices of certain intermetallic compounds like B2 ones that possess
two of those sublattices.

The B2 type (CsCl structure type) is quite characteristic of the high
temperature austenitic phase for shape memory alloys in general and
high temperature shape memory alloys in particular [13]. In this re-
gard, not only NiTi can be taken as a prototype for HEA with the B2
structure. For the TiZrHfCoNiCu system in addition to the stable TiCo,
ZrCo, HfCo, ZrNi, TiCu, HfCu, binary B2 compounds exist that under-
go a MT also, namely, HfNi and ZrCu. The latter is known as a high
temperature shape memory alloy itself [30, 31]. The equiatomic TiZrHf
CoNiCu possesses a valence electron concentration identical to NiTi and
it was expected to obtain not only B2 structure for austenite but a MT
with a product similar to NiTi. X-ray diffraction results from [14] clear-
ly show that as-cast equiatomic TiZrHfCoNiCu exhibits qualitatively a
pattern of the B2 type in addition to b.c.c. reflections. The (100) peak was
clearly seen (evidence of the sublattices formation) without any peaks for
a martensitic phase. At the same time, those reflections appeared to be
shifted from the expected B2 positions in different directions indicating
that a lower symmetry might be taken place for the observed structure.
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TiZrHfCoNiCu

Group — subgroup transition path:
221 (Pm3m) — 2 atoms —» 221 — 54 atoms — 207 —» 195 —> 16 > 3 > 1 (P1)

1 — triclinic R
a=b=c=9477A
a=B=y=90°

54 atoms in unit cell

p = 8.757 g/em’

V per atom = 15.76, A’

221 - cubic R 221 - cubic R

a=b=c=3.159 A a=b=c=9477A
a=p=y=90° a=B=y=90"°

2 atoms in unit cell 54 atoms in unit cell
p = 8.757 g/em’ p = 8.757 g/em’

V per atom = 15.76, A v per atom = 15.76, A’

Fig. 1. Triclinic (P1, No. 1) ideal unit cell of the TiZrHfCoNiCu
HEA (a,,=b,,=¢p, =9.477 A and a,, = B,, =7,, = 90°) derived from
the B2 (Pm38m, No. 221) unit cell (a,, = 3.159 A) through the
following group—subgroup transition path: No. 221 (Pm3m;
2 atoms) — 221 (54 atoms) - 207 — 195 —» 16 —- 3 — No. 1 (P1)
[25, 32]

In addition to the mentioned indications, there was a problem of
fitting 6 types of atoms into B2 unit cell. A chaotic distribution of the
Ti, Zr, Hf atoms at 1a Wyckoff position and Co, Ni, Cu — at 1b Wyc-
koff position (or vice versa) was definitely a possibility to simplify the
situation (which was mostly done by all the authors that performed
XRD data analysis on these multi-component intermetallics). Still, there
is a way to obtain a unit cell with all 6 types of atoms occupying own
Wyckoff positions as it was briefly shown in [25]. To do that, the group-
subgroup transition shown in Fig. 1 was applied to the B2 structure
(space group 221, Pm3m) with the lattice parameter experimentally
obtained on an as-cast TiZrHfCoNiCu compound in [14] (a,,= 3.159, A,
volume per atom 15.763 A3).

It was found that only in the case of space group 1, P1 there is a
possibility to accommodate all 6 types of atoms. There redistribution
onto sublattices [32] was done with the help of a special quasi-random
structure method and ab-initio modelling was performed with subse-
quent verification with a Rietveld refinement of the x-ray diffraction
data (Maud software [33]). The results are shown in Figs. 2 and 3. It is
shown in Fig. 2 that in the homogenised state equiatomic TiZrHfCoNi-
Cu exhibits a single phase with a crystal structure that corresponds to
the modelling results well. It belongs to the triclinic syngony and its
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TiZrHfCoNiCu, Powder annealed at 800 °C, 1 day
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Gpy = 90.03,°
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0.5 Fig. 2. Results of the
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Fig. 3. a — Calculated interatomic distances of A-B and B-B (A = Ti, Zr, Hf; B = Co,
Ni, Cu) types in the model Ti,Zr Hf,CogNisCu, structure (interatomic distances in
the ideal structure prior to optimization (Fig. 1) A—-B = 2.73 A and B-B = 3.16 A
are also shown); b — local electron densities of states (DOS) of atoms in the model
TiyZr,Hf, CogNi,Cu, structure [25, 32]

density is higher (volume per atom smaller) compared to the oversimp-
lified B2 variant shown in Fig. 1.

Figure 3, a shows bond lengths for Co, Cu and Ni atoms. It can be
seen that the bond lengths between Cu and Ti, Zr and Hf atoms are close
to ideal ones but the bond lengths between Co, Ni and Ti, Zr, Hf atoms
are significantly smaller than in the ideal (2.73 A) case. It should be also
noted that the interatomic distances between Cu, Ni and the other Co,
Cu and Ni atoms are also significantly smaller than the ideal ones. In
other words, it means that some Cu and Ni atoms are entering the first
coordination sphere for other Ni and Cu atoms. Co interacts in a strong
manner with A atoms (A = Ti, Zr, Hf) but Cu atoms are the closest to Co
ones amongst the atoms of B type (B = Cu, Ni, Co). This might help to
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explain why Ni replacement by Co is accompanied by stronger densifi-
cation of the structure and a more intensive decrease in the MT trans-
formation temperatures. While Co atoms replace Ni ones, Co—Cu and
Co—(Ti, Zr, Hf) interactions increase as the bond length distribution in
Fig. 3, a suggests. This will definitely stabilize the high temperature aus-
tenitic phase against the MT and the volume per atom will decrease. As
for the Cu replacement and the mutual replacement effects of Cu and Ni
by Co on the MT, further experimental and modelling studies are needed.
These should not employ the B2 and B19’ crystal structures but the
triclinically distorted B2 austenite phase and, consequently, a much
needed triclinic model of the distorted B19’ martensite phase.

All the crystal structure peculiarities of the triclinic TiZrHfCoNiCu
high temperature phase (Fig. 2, 3, a) as compared to the initial triclinic
model in Fig. 1 are a direct consequence of electronic structure shown
in Fig. 3, b. It is visible (Fig. 3, b) that the occupied part of the density
of electronic states (DOS) is formed by d-zones of Cu, Ni and Co atoms.
Non-occupied states are caused by Ti, Zr, and Hf atoms. Electronic
structure analysis has shown that d-states of Cu and Ni are hybridized
stronger than the Cu and Co ones. This is due to the fact that the DOS
peaks of Cu and Ni are close to each other. The electronic states of Co
are more hybridized with the electronic states of Ti, Zr and Hf atoms,
compared with Cu and Ni atoms. Hybridization effects are the reason
for the formation of interatomic bond lengths in the model structure,
that were described above. Thus, it is possible to conclude that Co atoms
in high-entropy intermetallics of TiZrHf CoNiCu family promote the sta-
bilization of the high temperature austenitic triclinically distorted B2
phase, while Cu and Ni atoms lead to its structural instability.

In fact, the findings described above remind one of the results re-
lated to the origin of the MT in ZrCu [13, 34, 35]. There, the origin of
the austenitic phase instability was found in the possibility of the exis-
tence of two types with short-range order. The first short range order
type is determined by the Cu—Zr interaction, while the second by the
Cu—Cu one. Later, the same situation was noticed for the TiNi interme-
tallic compound [13]. In both cases, Cu—Zr or Ni—Ti interatomic interac-
tion stabilizes the high temperature B2 phase, while Cu—Cu or Ni—Ni
ones appear in the martensitic phases. This was clearly seen for mar-
tensitic crystal structures by the appearance of Cu (Ni) atoms in the
first coordination sphere of the atoms of their own sort [13, 34, 35].

In the present case of the (TiZrHf),,(CoNiCu),, high-entropy inter-
metallic compound, the same effect of the appearance of Cu and Ni at-
oms in the first coordination sphere of the atoms of their own sort is
clearly visible in the high temperature austenitic phase (Fig. 3, b). It
shows that the parent phase crystal structure is distorted already in
such a way that it seems even better prepared for the possible MT than
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in the binary ZrCu or TiNi intermetallic compounds because their aus-
tenitic structures are dominated by only one sort of interatomic interac-
tion. These distortions in the crystal structure of the high-entropy in-
termetallic compound resulted in a triclinic structure, which is possible
due to higher number of degrees of freedom given by the multi-element
composition. In addition, the authors of [36] independently obtained re-
sults about the triclinic structure of quaternary and quinary equiatomic
refractory solid solution high-entropy alloys that become an extra confir-
mation for a tendency of low symmetry structure formation in alloys pre-
pared with the help of the multiple principal element design. At the same
time, the mere fact of a triclinic structure of the austenite phase might
help to explain quite a few facts like the absence of MT in equiatomic TiZr
HfCoNiCu despite the valence electron concentration and better prepared-
ness for the MT and the significant strengthening in addition to the obvi-
ous lattice distortion effect. In case of the triclinic structure, one might
expect difficulties with the martensite nucleation. As for the strengthen-
ing, it is literally quite difficult to define the slip system in such a lattice.

It can be concluded that in the high entropy TiZrHfCoNiCu interme-
tallic compounds two types of interatomic interaction of A—B and B—B
type (A = Ti, Zr, Hf; B = Co, Ni, Cu) can be considered in general as the
reason for the structural instability towards the martensitic transfor-
mation. Such instability as well as plastic deformation is controlled by
the triclinically distorted lattice within the TiZrHfCoNiCu system.

It should be noted that the multiple principal element structural
design described in this section was successfully applied to the case of
CoNiCuAlGaln HEI that exhibited a B2<~L1, MT [37]. In fact, the for-
mation of low-symmetry distorted B2 high-entropy intermetallics un-
dergoing a MT seems to be becoming a physical regularity. In the fol-
lowing, it is considered how the described structural design might in-
fluence phase formation, properties and microstructure within the
TiZrHfCoNiCu system.

3. Phase Formation, Some Properties
and Microstructure within TiZrHfCoNiCu System

The work in [38] represents an attempt to describe the changes in struc-
ture, phase formation and properties in the as-cast state while moving
from equiatomic TiZrHf to the TiZrHfCoNiCu ternary system through
Co, Ni and Cu additions. As a result, a room temperature non-equilib-
rium ternary phase diagram was obtained. In Figure 4, the concentra-
tions for Ti, Zr and Hf are identical and equal to 16.667 at.% for the
whole diagram. This diagram was chosen on a basis of the findings re-
lated to the electronic and crystal structure of the TiZrHfCoNiCu HEI
described in the previous section. It was shown that the strong interac-
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Fig. 4. As-cast room tem-
perature non-equilibrium
ternary phase diagram for
Tiyg.672716.67HT 16.6:C00.50N1g. 50
Cu,.5, system [38] (A = Ti,
Zr, Hf; B= Co, Ni, Cu)

tion between A atoms
(Ti, Zr, Hf) and B at-
oms (Co, Ni, Cu) is res-
ponsible for the B2
structure stability, whi-
le the B—-B interaction
governs the instability.
Thus, it makes sense to
look at such a phase di-
agram in terms of the B atoms concentration. It can be clearly seen that
the B2 phase (here the oversimplified B2 structure is used for clarity)
definitely dominates the diagram and is observed as a single phase in a
wide range from the Co rich corner bordering a small area occupied by
a single B33 orthorhombic phase around the Ni rich corner. It also bor-
ders an area around the Cu rich corner occupied by the B2 and A B,,
phase. Between the areas of the single B2, single B33 and (B2 + A,B,,)
phases (A = Ti, Zr, Hf; B = Co, Ni, Cu) lies the area where the B2 high
temperature austenitic phase coexists with the B19' phase, which is a
product of the martensitic transformation. There is also a small pocket
of coexisting B2 and A,B phases around the Tig 4, Zr,¢; Hf 5 6,C05,Cuy;
composition. It has to be noted that most phases are HEI with a maxi-
mal AS ; of 14.897 J mol'K™ for equiatomic TiZrHfCoNiCu, while at
the corners, the Tijq ¢ Zr 6 6:HE166:C050, Tijg 6047 166:HE166:Cu50 and Tijg e
Zr,s ;Hf s :Nis, compositions can be considered as medium entropy be-
cause for them AS,;, = 10.33 Jmol K. The A,B phase can be based upon
two different types, i.e. Ti,Ni (Fd3m) or Hf,Ni (I4/mcm). The A B,
phase is based upon Zr,Ni,, (Cmca). B33 is an orthorhombic phase (CrB
type). Although the most important area for shape memory starts from
the single phase B2 TiZrHfCoNiCu equiatomic composition and spreads
to the (B2 + B19’) area including it, information on neighbouring areas
is also interesting as it might give a hint what kind of precipitation can
be expected and even used. Once the phase composition was clarified for
the as-cast TiZrHfCoNiCu system (Fig. 4), it was also very important to
study the evolution of interatomic interaction within the area of inter-
est. This was done with the help of contour mapping for volume per
atom, hardness, Young’s modulus and melting temperature.

0 25 50 75 100
Co (fraction of 50 at. %)
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Tiie.6Zr16.6Hf16.6C025CuU25

B2 volume per atom, A?

25 9 15.89
15.83

= 20
x 15.76
s \
15 15.69 _
= ' Fig. 5. Contour map for
qé 15.63 B2 volume per atom
g 10 ) y 4 versus Co additions in-
—‘: | g 4 15.56 stead of Ni and Cu for
8 15.50 (TiZrHf),,(CoNiCu),,
Z : alloys; border lines

15.43 between B2, (B2 + B19')
and (B2 + A,B,,) were

15.36 taken from the non-
equilibrium phase dia-

Tise.6Zr16.6HE16.6N125Cu2s Gy replacement (at. %) Tiyg62T16.6HT16.6C02N1z;  gram in Flg. 4

Tiie.6Zr16.6Hf16.6C025CU25

H (Meyer), GPa

25 19.00
17.65
= 20
EN 16.30
s
7i = 15 14.95
ig. 6. Contour map =
for hardness Hy,,,, g 13.60
versus Co additions in- & 10
stead of Ni and Cu for T‘; 12.25
(TiZrHf),, (CoNiCu),, &
alloys; border lines bet- Z 5 10.90
ween B2, (B2 + B19') 9.550
and (B2 + A,B,,) were
taken from the non- 0 8.200
equilibrium phase di- 5 10 15 20 25
agram in Fig. 4 ThosZrinotifiosNizsCss Oy replacement (at. %) TiieZrieoHtisCouNig

The volume per atom for the B2 phase representing average bond
length is shown in Fig. 5 depending upon the concentration of Co repla-
cing Ni and Cu. It can be seen that the smallest volume per atom (15.36 A3)
is observed for Ti,; 4,21 ,6.6:HE 6 6:C05, indicating the strongest interatom-
ic interaction. The decrease in Co concentration leads to a wide plateau
(volume per atom between 15.6 and 15.7 A%) that ranges from
Tiy6 6727 16.67HE 16,67 N5 10 Tijg 672176 6;HE 56,Cus,. Beyond that plateau two
distinctive peaks in volume per atom are visible. Both peaks are almost
fitting to the (B2 + B19') and (B2 + A,B,,) areas (Fig. 5) indicating that
the B2 phase becomes structurally unstable.
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Tiz.6Zr16.6HE16.6C025CU25

Youngs modulus, GPa
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Figure 6 represents hardness H,, . versus concentration of Co re-
placing Ni and Cu in the same way as it was done in Fig. 5. Hardness
being a structure sensitive property shows strikingly similar behaviour
with almost an anti-correlation if one would compare it to structural
parameters such as volume per atom. Indeed, Fig. 6 shows a strong
hardness peak at maximum Co content and a subsequent plateau, which
shape is very similar to the plateau in Fig. 5. Instead of two peaks in
Fig. 5, two minima can be observed in Fig. 6 that are almost fitting the
(B2 + B19’) and (B2 + A,B,,) areas too.
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Figures 7 and 8 show the same type of contour maps for Young’s
modulus and melting temperature T, . As shown in Fig. 7, Young’s
modulus, being a structure insensitive property, still exhibits a peak at
maximum Co content similarly to hardness and even a plateau, although
its shape does not have a resemblance to the plateaus in Fig. 5 and 6.
Modulus minima are not exactly fitting the (B2 + B19’) and (B2 +
+ A,B,,) areas of instability and yet they are covering them in general.
The melting temperature has a minimum that fits only the (B2 +
+ B19’) area.

The properties sensitive to the interatomic interaction changes show
a transient plateau area that separates mostly the stable B2
Ti g 6747 16.6:HE 66:C050 HEI in this system from the B2 phase that under-
goes a martensitic transformation. It is quite possible that this plateau
represents some kind of a pre-martensitic state. This possibility should
be explored in more detail as pre-martensitic effects in NiTi definitely
play an important role in exploiting their functional properties [39].

Another important issue for the as-cast state B2 high-entropy shape-
memory intermetallics is related to dendritic liquation. As in this case
the number of constituents is between 4 and 6, all of them have differ-
ent crystallization temperatures and exhibit strong dendritic liquation
upon crystallization. Most members of the HESMA development com-
munity apply homogenization to eliminate this liquation as it is always
done for ‘normal’ structural or functional materials with one or two
principal elements.

Results in [40] show for as-cast B2 HEI that dendritic liquation is
more pronounced comparing to solid solution HEA, despite the fact that
in this case two sublattices have been formed. Comparison of the den-
dritic liquation in TiZrHfCoNiCu and CoNiCuAlGaln revealed much
stronger separation of the constitutive elements between dendrites and
the interdendritic regions. The martensitic crystals grew in specific re-
gions (dendrites in the case of Ti g ¢, 414 6:HE 4 6:C0,0N1,;Cu;;) and did not
penetrate neighbouring ones despite the absence of any clear boundary
between the dendrites and the interdendritic regions as it is clearly vis-
ible in Fig. 9. The arrowed line in Fig. 9 marks the position, which was
used to record EDX line scan data. The results obtained along this line
are shown in Fig. 10. It can be seen that the atomic size difference (lat-
tice distortion) is indeed lower in the interdendritic regions and is high-
er in the dendrite implying that the interatomic interaction is increased.
If the composition changes would govern martensite formation, then
the Co concentration should be lower in the dendrites. Yet, the situation
is quite opposite as there is more Co present in the dendrites. Thus,
martensite crystals are prevented from entering neighbouring less dis-
torted interdendritic regions due to the drastic change in the inter-
atomic interaction, which is controlling the martensite crystal growth.
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Fig. 9. SEM back-scattered image of Ti4 ¢,
Zr . Hf 5 6:Co;(Ni,;,Cu,;  showing the
trace of the EDX line scan
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Fig. 11. Dynamic mechanical (. 0g
analysis performed with a
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ding under a stress of 40 MPa ’
(strain amplitude 0.002, 5 Hz). 0.03
Solid line — shape-memory be-
haviour (reversible strain of
0.8%); dashed line — loss fac-
tor tano

0.02

The observed behaviour indicates that shear associated with mar-
tensite crystals cannot breach the barrier where the interatomic interac-
tion undergoes drastic change. As the barrier appears to be free from
defects, this indicates that shear, associated with dislocations (full or
partial) or twins will not be allowed to propagate through this area as
well. Such a phenomenon can help with plastic deformation and fatigue
prevention in the case of multi-component high-entropy shape-memory
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intermetallics. In other words, dendritic liquation, being the character-
istic feature of HEI due to their multiple principal element design,
might become a positive tool for enhancement of mechanical and func-
tional properties.

4. Functional Properties
of High-Entropy B2 Shape-Memory Intermetallics

Coming to the issue of functional properties of high-entropy B2 shape-
memory intermetallics, it has to be noted that significant progress has
been already achieved since the first introduction of HESMA. The re-
view [16] describes in detail how the TiZrHfCoNiCu system evolved due
to the combined effort of different research groups. Here it is just
briefly noted that the so-called NiTi-like HESMAs were successfully
homogenised [41], aged [42], the cocktail effect together with composi-
tional changes was added [43], and varies compositions were to under-
stand the homogeneity range of these intermetallics [44, 45]. In Ref.
[42], the authors underlined the importance of high yield strength to-
gether with high transformation stress levels because this lead to sig-
nificant work output. In this sense a real breakthrough has been achieved
in [46] as the authors managed to realize nanoprecipitation in
Ti, . Hf,,Zr5(NiCu),, intermetallic that resulted in very high transforma-
tion stresses and reversible strains and, consequently, in work output
up to 188 J/cmé?.

In the following, another possibility of intermetallic HESMA im-
provement is addressed. As it was reported in the previous section,
dendritic liquation in the as-cast state might prove useful for tailoring
the functional properties. An example are the simultaneous shape mem-
ory and damping behaviour of as-cast NiTi and as-cast Ti,g 4,214 o;HE 67
Co,(,Ni,,Cu,, high-entropy shape-memory intermetallic, cf. Figs. 11 and
12. It can be seen for as-cast NiTi (Fig. 11) that against the background
of the strain hysteresis loop with MT temperatures of M_ = 350 K, M, =
=290 K, A =350 K, A, = 400 K and complete shape recovery (0.8%) one
can see loss factor peaks that reach on cooling (forward MT) tand =
= 7.6%, while on heating (reverse MT) tand = 6.8% . Damping is consi-
dered to be high if the loss factor is above 3%, and thus NiTi belongs
to the high damping materials even in the as-cast state.

The question arises how the Ti, ¢, 21,6 6:Hf 6 6,C0,0NiyCu,, high-en-
tropy shape-memory intermetallic would behave in the as-cast state when
generating the same amount of reversible shape recovery of 0.8%. To
analyse this in 3 point bending it was necessary to apply much higher
external stress of 300 MPa. For the as-cast Ti 4 6,476 6:HE 6 6:C010N10CU,
high-entropy shape-memory intermetallic, shape memory and damping
behaviour are shown in Fig. 12. The MT hysteresis loop in this case
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tand
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is characterised by the following MT temperatures: M, = 250 K,
M, =150 K, A, = 250 K, A, = 350 K. While MT strain hysteresis loops
are quite similar for both intermetallics, the work output for the as-cast
Ti 66747 16.67HE 6.6:C010NiyCly, is 7.5 times higher compared to the as-cast
NiTi, because of the higher external stress that generates the same
amount of recoverable strain. At the same time, the peaks of the loss
factor are much higher for Ti, 4, Zr 4 o,HE 4 ,C0,,Ni,y,Cu,, during the for-
ward and reverse MT as well. Upon cooling through the forward MT
temperature interval tand grows up to 12.2% and after a slight decrease
it is growing further upon cooling in the martensitic state up to 18% with
some loss factor oscillations reaching 24.8% (Fig. 12). Subsequent heating
results in a steady loss factor growth from 6.8% up to the A, tempera-
ture and tand = 14% . Further heating through the temperature interval
of the reverse MT leads to the increase of the loss factor to tand =
=24.5% . Such tand behaviour for as-cast Ti,; 4,416 6:HE 66:C010Nis0Cliy,
high-entropy shape-memory intermetallic, especially in the martensitic
state below M, can be related to the interaction of the martensite crys-
tals, their internal structure and microstructural elements of the den-
dritic liquation, which plays a positive role here. NiTi does not have
such a microstructural component as liquation, and thus exhibits much
lower damping.

5. Conclusions

High-entropy multiple principal element shape memory intermetallics
have undergone significant development through composition modifica-
tions of the initial TiZrHfCoNiCu system. Thermal treatments can be
used to tune their superior shape recovery, superelasticity and work
output.

Crystal structure design of high entropy shape-memory intermetal-
lics requires well-directed construction of the sublattices that are cha-
racteristic for the B2 derivative multi-element intermetallic structure.
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The latter belongs to the triclinic syngony and martensite transforma-
tion from triclinically distorted B2 austenite phase takes place into the
triclinically distorted B19’' martensite.

In the high-entropy TiZrHfCoNiCu intermetallic compounds two
types of interatomic interaction of A-B and B-B type (A = Ti, Zr, Hf;
B = Co, Ni, Cu) can be considered as the main reason for the structural
instability resulting in a martensitic transformation. Such instability as
well as plastic deformation is controlled by the triclinically distorted
lattice within the TiZrHfCoNiCu system.

There is a need to develop an approach that will allow a knowledge-
able control of the existing phase stabilities, their homogeneity range,
lattice distortion, cocktail effect through deliberate manipulation of the
interatomic interaction in triclinic lattices.

It is necessary to search for novel intermetallic prototypes that
might develop an inclination towards martensitic transformation and
shape memory due to the multiple principal element concept. In this
context, dendritic liquation appears to be an additional viable route.
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PO3POBKA BUCOKOEHTPOIIIMHUX CTOIIIB
3 ITAM’ATTIO ®OPMU: CTPYKTYPA TA BJIACTUBOCTI

Cepen (hyHKIIIOHAIbHHUX MAaTEPiAaiB ocobiuBe Miclie 3aiiMailOTh CTOIHX 3 IaM’ ATTIO
dopmu. ITicasa ix BiZKPUTTS IIi CTOIM IIPUBEPHYJU BEJIUKY yBary uepes MOKJIUBiCTH
BiIHOBJIEHHS 3HAUHUX BeJWUYMH Aedopmariii 3a meBHUX yMOB TeMIlepaTypa—Halpy-
JKeHHA 3aBAAKU MapTeHCUTHOMY OesnudysifinoMy ¢asoBoMy IIepeTBOPEHHI0, AKe Bij-
OyBaeTbcA y mpoiieci. Brasocss BUKoOpuCTaT He TiJIbKY TaK 3BaHy «IaM’ sSTb (OpMU»,
aje TaKOK HAANPYKHICTh i BHCOKY meMndyBaiabHy 3maTHicThb. IIpoTarom 6Gararnbox
pokiB 0yso mogano mouas 10000 maTeHTiB Ha cTOmM 3 maM’ ATTIO (POPMU, AKi OL[iHIO-
BaJIX He TiJbKU MOJKJIWBICTH BUKOPUCTOBYBATU IE€PETBOPEHHS eHepril mjsa sabeasire-
YeHHsS 3BOPOTHBLOTO 3B’S3KY 31 3MiHOIO HesaleKHUX TePMOAUHAMIUHUX MapaMeTpiB
(TemmepaTypu, HAIPYKEHHA, TUCKY, eJIeKTPUYHOrO a00 MarHeTHOTrO IOJIsS TOII0), aje
TaKOK 1 3HAUHUI 06CAT BUKOHYBAHOI poOOTH. 3aCTOCYBAHHSA BapiroBaaucsA Bif pisHux
rajskeriB 10 aBTOMOOIIBHOI I aepPOKOCMIUHOI HPOMMUCJIOBOCTEH, MAIIMHOOYYBAHH,
nuBiapHOrO OymiBHHIITBA TOIfo. Ha Kaab, CTPYKTypHA Ta (PyHKI[iOHa/IbHA BTOMA
obMeskmIa ycimimrHe 6isHec-3aCTOCYBAaHHS IOJ0 MEIUYHOI'0 CEKTOPA CTOIIOM HiTHMHOJ
3 mam’arTio popmu (pisHi iMmiaamTaTH, CTEHTU, CEPIEeBO-CYAWHHI KJamaHu Ta iH.).
Hosi BucoxkoeHTpoImiiiHi cTonu 3 maMm’ ATTi0 (GOPMU MOYKHA PO3TIALATH AK 3acib mozo-
JIaHHA TPO0JIeMU BTOMHU HASABHUX IIPOMMCJIOBUX CTOIIB 3 mam’ ATTIO (OPMU 3aBISIKU
ixHif cnemu@iuHiii cTpyKTypi, sika 3abesmedyye UymoOBY CTiHKiCTh MO HE3BOPOTHBLOI
mIacTu4Hoi medopmarrii.

KarouoBi ciroBa: BHCOKOEHTPOIiMiHI cTonmm 3 mam’ATTIO (opMU, MapTEHCUTHE Iepe-
TBOPEHHSA, CTPYKTYpAa, iHTepMeTaJIeBi CIOyKHU 3 faraToesieMeHTHOIO OCHOBOIO, MeXa-
HiuHi BIacTHBOCTi, mam’aATh (OpMU Ta MOB’A3aHI ABUIIA.
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