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For the first time, we discovered low-temperature superelastic behavior of high-
entropy intermetallics and revealed effects of configuration entropy on the related
martensitic transformation. We found that the structural features resulted from high
configuration entropy, i.e., the lattice complexation and local chemical fluctuations,
lead to nano-scale elastic confinement, which retards the stress-induced martensitic
transition with an increased critical stress and a small temperature sensitivity over a
wide temperature range. As a result, novel superelastic alloys with a unique

combination of high critical stress over 500 MPa, high fracture strength of over 2700
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MPa, and small temperature sensitivity of superelasticity stress over a wide range of

temperature over 220 K in the cryogenic temperature regime was developed.
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Superelasticity associated with the martensitic transformation has found a broad range of
engineering applications such as low-temperature devices in aerospace industry. Nevertheless,
the narrow working temperature range and strong temperature sensitivity of the first-order

phase transformation significantly hinder the usage of smart metallic components in many

critical areas. Here, we scrutinized phase transformation behavior and mechanical properties of

multicomponent B2-structured intermetallic compounds. Strikingly, the (TiZrHfCuNi)g; 3C01¢.7
high-entropy intermetallics (HEI) shows superelasticity with high critical stress over 500 MPa,
high fracture strength of over 2700 MPa, and small temperature sensitivity in a wide range of
temperature over 220 K. The complex sublattice occupation in these HEIs facilitates formation
of nano-scaled local chemical fluctuation and then elastic confinement, which leads to an ultra-
sluggish martensitic transformation. The thermal activation of the martensitic transformation
was fully suppressed while the stress activation is severely retarded with an enhanced threshold
stress over a wide temperature range. Moreover, the high configurational entropy also results
in a small entropy change during phase transformation, consequently giving rise to the low
temperature sensitivity of the superelasticity stress. Our findings may provide a new paradigm
for development of advanced superelastic alloys, and shed new insights into understanding of

martensitic transformation in general.
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Introduction

A variety of high-performance engineering applications at low temperature, ranging from
deep-space to polar region exploration, requires metallic components to withstand large yet
reversible deformation over a broad temperature range.'**. For instance, superelastic alloys
(SAs) in spacecrafts for Mars and moon typically work at the temperature of 80 to 400 K and
need to be as strong as possible. However, the elastic strain limit governed by the yield stress
and Young’s modulus rarely exceeds 1% due to the intrinsic restriction of atomic bonding in
metals.> In contrast, a large recoverable pseudo-elastic strain (>2%) can be achieved in the
alloys exhibiting the stress-induced diffusionless structural transformation (i.e., the so-called
martensitic transformation), such as NiTi-,? Fe-,5-% and Cu-’based alloys, which is also referred
to as superelasticity. The cubic unit cells of the parent phase spontaneously undergo the same
distortion over a very long range (called long-range ordering of the strains) upon loading and
hence form a distorted lattice called martensite.> The nature of the first-order stress-induced
martensitic transformation gives rise to a strong temperature dependence in a narrow
temperature range of the superelasticity. To meet the engineering requirements for SAs,
characteristics of the diffusionless phase transformation, including increase of the working
temperature range, reduction of temperature dependence and increase of the threshold stress

need to be carefully tailored.” 10-12

Serious efforts have been devoted to understanding the involved martensitic
transformation (MT) and the influencing factors in SAs. It was found that crystalline defects
such as vacancies play important roles in long-range strain ordering.!* By adding 1.5 at.%
excess Ni into a martensitic stoichiometric compound TisoNisy, for example, long-range strain
ordering in the transformed martensite was destroyed due to the random distribution of point
defects and multiple possibilities to form strain variants. As a result, a strain glass behavior was

observed,'*!7 i.e., the MT could only be activated by mechanical stress, but not by temperature
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change (no transformation down to 4.2 K).!4 15 To develop low-temperature SAs with improved
properties, therefore, novel effective approaches for controlling defects and local structural

heterogeneity in SAs are urgently required.

Recently, a new alloy design concept, i.e., high-entropy alloys (HEAs), based on the
consideration of maximizing the configuration entropy to stabilize single solid solution phases
was proposed.'® ' The high configuration entropy endows HEAs unique structural
characteristics, such as large lattice distortion and local chemical fluctuations, which
significantly enhances resistance to plastic deformation.?%-?? Tt is argued that these structural
characteristics could change local defect states,?3->°> and may provide an effective way to tailor
diffusionless martensitic transformation behavior of SAs.?% 27 Indeed, high-temperature shape
memory (SM) behavior was first reported in the TiZrHfCoNiCu high-entropy intermetallics
(HEI) with a low amount of Co and a high amount of Ni and/or Cu.?® ?° In this study, we
systematically investigated low-temperature phase transformation and deformation behavior of
the (TiZrHfCuNi);gxCox (x=13~23 at.%) HEIs. Strikingly, a unique combination of high
critical stress over 500 MPa, high fracture strength of over 2700 MPa, and small temperature
sensitivity of superelasticity stress over a wide range of temperature over 220 K down to
cryogenic temperature regime was revealed in the TiZrHfCuNiCo HEI for the first time. An
ultra-sluggish martensitic transformation resulted from local chemical fluctuations at the nano-

meter scale was found to be mainly responsible for the unique SA characteristics.

Results and Discussion

Superelastic behavior at different temperatures
A series of (TiZrHfCuNi);¢9.xCoyx HEIs were fabricated, and it was found that a B2 phase
with the space group of Pm-3m was obtained when the Co content is higher than 15% (Figure

S1), which is similar to that of binary TiNi3° CuZr' and CoHf*? alloys. To elucidate
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superelastic and phase transformation behavior in the current HEISs, results of the as-prepared
(TiZrHfCuNi)g3 3Co16.7 (termed as Co16.7 hereafter) HEI are presented in detail as an example.
SEM images of Col6.7 shows a single phase with a grain size of around 10 um, and neither
secondary phase nor precipitation was found (Figure S2). Representative TEM image and the
corresponding area electron diffraction (Figure S3) verify the single B2 structure. Nevertheless,
distinct contrast at the nanometer scale was observed, which implies existence of strong nano-

scale chemical fluctuation despite the single B2 structure.

The cyclic stress-strain curves for the specimens tested at 77, 173, 298 and 373 K are
shown in Figures 1a-1d, respectively. At each temperature, the specimens were firstly loaded
under compression to a strain of 1% and then unloaded, followed by reloading up to 3% and
then unloading in the second cycle, and so forth with a strain interval of around 2%. When
loaded at the cryogenic temperatures, the specimens exhibit “flag-shaped” stress-strain
behavior characteristically, similar to that observed in conventional superelastic alloys.3? 3+ At
the liquid nitrogen temperature of 77 K, the current HEI yields at about 500 MPa, followed by
a sigmoidal stress-strain behavior which is typical for SAs. After the release of load, the
specimen shows a recoverable strain of 4.3% that includes both ordinary elastic strain and
superelastic strain. Usually, the superelastic strain ek (i is the number of cycles) is defined as
kg = €l — €L — €k, where €}, is the applied strain to the specimen, €. is the ordinary elastic strain
and &l is the residual strain after removal of the stress. The superelastic strain of the current HEI
was found to increase with the increase of applied strain and eventually saturate at the maximum
value of about 3.3% (see the inset in Figure 2a), which is similar to that of a S-type Ti-based
superelastic alloy.? It should be noted that the elastic modulus (estimated from the slope of
elastic stage) slightly increased with the loading cycles, implying a structure change during the

cyclic loading.
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Stress, MPa

2%

Strain, %

Figure 1. Loading-unloading stress-strain curves tested at the temperature of 77K (a), 173K

(b), 298K (c) and 373K (d).

At room temperature, the current HEI yields at about 1400 MPa with linear elasticity about
2%. The sample shows total recovery strain of 2%, and during the subsequent loading cycle, a
linear stress-strain relationship was observed. The linear elastic strain increases with the
increase of applied loading, and the plastic strain is partly recovered in the late cycles,
suggesting an apparent anelastic behavior. The recoverable strain keeps increasing as the
loading strain is increased. It should be noted that at room temperature, the current HEI shows
the linear super-elasticity, instead of the pseudo elasticity reported previously in conventional
SAs such as TiNi and CuZr. At the elevated temperature of 373 K, the plastic deformation was
completely retained when the applied stress is released (Figure 1d), indicating that there is no

superelasticity during deformation.

Variation of superelasticity with temperature is illustrated in Figure 2a, from which it is
clear that the current HEI exhibits superelasticity over a temperature range from 77 K to room
temperature (i.e., the total temperature interval for the superelastic deformation exceeds 220
K), and the superelasticity appreciably increases with the decrease of temperature. The
threshold stress for the martensitic transformation, i.e., the yield strength, and the fracture

strength as a function of testing temperatures are shown in Figure 2b. As can be seen, the
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fracture strength monotonically decreases with the increase of testing temperature, whereas the
yield strength first increases in the cryogenic temperature regime and then decreases with the
temperature in the regime above room temperature, suggesting a transition of deformation
mechanism. In comparison with the low-entropy binary TiNi and TiNb SAs which show
superelasticity at above room temperature (see Figure 2b), the current HEI shows
superelasticity not only in a wide temperature span of over 220 K, but also smaller temperature
sensitivity of the superelasticity stress (i.e., the slope of the lines). Furthermore, the current HEI
exhibits high yield strength of 500 MPa and ultimate strength up to 2700 MPa at cryogenic
temperatures, which are the highest ever reported. Large threshold stress, high fracture strength,
wide transformation temperature range and small temperature sensitivity of the MT make the

current HEI unique among all SAs, especially for cryogenic applications.

In conventional SAs, it is well accepted that the Clausius-Clapeyron relationship,3¢
doy, . . .
expressed as _; = —AS /e, where AS is the entropy change of the transformation per unit

volume and ¢ is transformation strain,”> 3 can describe temperature dependence of the
transition stress for the MT. A linear relationship between the yield strength and the testing

temperature, as observed in Figure 2b, suggests that the Clausius-Clapeyron relationship is also
d
valid for the present HEI. Based on Figure 2b, the % value, i.e., the slope of the curves, can

be estimated to be 3.3 MPa/K. Thus, the entropy change AS for the stress-induced MT in this
HEI can be determined to be -3.38 J/mol K with a maximum strain of 3.5%, which is much
smaller than that of the binary TiNi (-4.37 J/mol K)3° and Fe-Ni (-6.28 J/mol K)* alloys with
the same structural transformation path from B2 to B19’, implying that the higher
configurational entropy leads to the lower entropy change of the phase transformation. In other
words, such low entropy change resulted from high configuration entropy could be responsible

for the small temperature sensitivity of the superelasticity stress.
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Figure 2. Temperature dependence of superelasticity (a), superelastic stress and fracture
strength (b) in the Co16.7 HEI. Inset in (a) is the variation of superelasticity with loading strain
at 77K. Variation of superelastic stress of the TiNi and TiNb SAs with temperature was also
shown in (b) for comparison. The current HEI has a higher superelastic stress over a wide range

of temperature.

Structure evolution during phase transformation

To investigate structural evolution upon loading of the current HEI, in-situ high energy X-
ray diffraction experiments under loading-unloading were conducted at both room temperature
and cryogenic temperatures. As an illustration, the synchrotron diffraction patterns of in-situ

loading-unloading at 213K and room temperature are shown in Figure 3a and Figure 3b,
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respectively. As the deformation proceeds, diffraction peaks of the B2 phase shift toward the
small d spacing, but the peak intensity and width keep nearly unchanged prior to the
macroscopic yielding. Notably, right after the macroscopic yielding, the intensity of the B2
peaks starts to decrease and a few extra peaks (indexed as B19”) appear,*!-4? Figures 3c, d and
e show the peak intensity, lattice strain and FWHM (full width at the half maximum) of the
(110)g; and (020)g19° planes, respectively. Evidently, a MT from B2 to B19’ accounts for the
macroscopic yielding. The intensity of the B19’ peaks gradually increases with further loading
and becomes dominant at the maximum stress. Note that the intensity of B2 does not totally
recover after unloading, indicating a partial reversible phase transformation (see Figure 3c).
Lattice strain (Figure 3d) of the B2 phase increases linearly in the elastic stage while deviates
after yielding (i.e., formation of B19”), which suggests occurrence of loading partition between
the parent B2 and product B19” phases. After completely unloading, the lattice strain of B2
keeps negative while that of B19” becomes positive with subject to its original state, indicating
residue of the internal stress between B2 and B19’ phases even after the release of the external
stress. The peak width of B2 remains almost unchanged during the elastic deformation stage
and gradually increases after yielding (i.e., start of phase transformation). Upon unloading, the
FWHM value of both B2 and B19’ decreases firstly but increases again below 800 MPa (Figure
3e). Generally, homogeneous strains only cause peak shift, whilst the local fluctuation in strains
leads to peak shift and broadening.**- ¢ These in-situ loading results confirm that short-range
fluctuation in the strain field was developed during phase transformation upon loading and the
partial reversible transformation during unloading. More interestingly, the sluggish change of
the scattering intensity of the B19’ phase during both loading and unloading was observed (see
Figures 3b and 3c), indicating a continuous volume variation of the martensitic phase in this
HEI. This behavior is in sharp contrast to the scenario of conventional MT in typical SAs, which

usually happens in an avalanche-like manner.

Page 10 of 27



Page 11 of 27

Materials Horizons

@ [lapge ezl a 213K
sl = o |5 =
55 Ia S B g
] = ,
- il e
5 = M s
© i £
_E‘:- i‘_"%"_“’"—“ l B ‘J—EMQEPH
= -
5 1 z
E i 1 A |3
4 ,. T ]. 503 MPa
: i
1 2
] | -/ 2MPa
1.5 2.0 25 3.0 35
d-spacing, A
(C) —m— (110)B2
10 —0—(020)B19"
i Loading
3
@os}
2 |
= e ¥
7 .
g 06| Unlom.gj"‘l-.._“_-
= i)
©
& 02} Unloading
P L
PR
00 L L L L
0 400 800 1200 1600 2000
Stress, MPa
(e)
0.032 | —=—(110)B2
§ ——(020)B19"
~
0.028
=
g 0.024
o
0.020
0.016 Loading
0 400 800 1200 1600 2000

Although stress-induced MT in the current HEI was clearly observed at the temperatures

Stress, MPa

loading-unloading at room temperature.

®[ag & & § g =
£8 & E 0§ [E
o 104 MPa
S = 1=
® < 3
= i J £
% -~ j 714 MPa
@ 2 )
dg o o
c o £
A 2
A 1055 MPa
A
e
12 14 18 18 20 22 24 28
d-spacing, A
(d) 2 - (110)B2
0005 F . —Q—(020)B19'
£ 5000
® o
b
7]
_8 -0.005
=
©
-
-0.010
-0.015 L L L
0 300 600 900 1200 1500 1800
Stress, MPa

9

Figure 3. In-situ synchrotron diffraction loading data of the Col16.7 HEI. Evolution of the
diffraction patterns at 213K (a) and room temperature (b) during loading-unloading. Evolution

of peak intensity (c), lattice strain (d) and FWHM (full width at the half maximum, e) during

below 298 K, no thermal-induced transformation was detected upon cooling. In-situ high
energy X-ray diffraction patterns over a wide temperature range from 383 to 93 K (Figure S4)

show no change in the diffraction peaks over the entire temperature range, confirming no
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occurrence of phase transformation. Similarly, no signal of any MT was noticed by the DSC
measurement from 300 to 110 K (Figure S5). These results verify that the MT of the current
HEA can be activated mechanically, but not thermally, verifying that superelasticity due solely
to a stress-induced MT. To explore the origins of the unique MT behavior in the current HEA,
atomic scale structural characterization was conducted, and the corresponding phase field
simulation was also carried out based on the Landau theory in which the change of ordering

parameter can affect the variation in energy landscape.

Complex sublattice occupation and formation of nano-scale local chemical

fluctuation

Microstructure characterization reveals that the as-cast sample of Co16.7 has a grain size
of around 10 pm. Grain interiors were found to be slightly enriched of Co, Ni and Hf while
grain boundaries were enriched with Ti, Zr and Cu atoms (Figure S2), which may be caused
by the consititutional supercooling during solidifaction®. Inside each grain, distinct contrast at
the nanometer scale was observed, as shown in the TEM image (Figure S3). To further
characterize such chemical heterogeneity, APT tests of this specific sample were conducted,
and the results are shown in Figure 4. As can be seen, chemical fluctuation actually occurred
at the two length scales; one is at the length scale from tens to hundred nanometers with a plate-
like shape, consisting of Hf-rich and NiCo-rich layers (Figure 4a and 4b). Inside each kind of
layers, the other non-uniformity in the composition was also observed. Hf-rich and NiCo-rich
domains of around 5 nm in size and approximately equiaxed in shape are clearly seen from the
3D atomic distribution and the corresponding 2D contours of Hf, Ni and Co (see Figure 4c).
To sum up, the current HEI can be regarded as a unique architecture consisting of local
compositional segregation regions at multiple length scales. It has been proposed that the
chemical fluctuations at small scales (usually <15 nm) can strongly affect MT behavior, but

those at a large scale not*6. Therefore, we place the emphasis on the effects of nano-scale

10
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compositional fluctuations in the current study. The Hf-rich and NiCo-rich regions have
different potency of MT and then may confine with each other,*” which could be responsible

for the observed unique characteristics of the current HEIL.
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Figure 4. Atom probe analysis showing nano-scale chemical heterogeneity in the current
Col6.7 HEIL 3D iso-concentration surfaces of 23.5% Co, 21% Ni, 18.5% Hf and
23.5%Co0+21%Ni+18.5%HTf (a) showing the layers with composition modulation at tens of
nanometers. (b) proximity histogram showing the composition change along the arrow in (a).
(c) Atomic distribution of a representative local region, with 21% Ni and 18.5% Hf isosurfaces
overlapped, showing chemical heterogeneity with a size of around 5 nm. Only Ni and Hf atoms
were shown and other elements were hidden for a simplified illustration. 2D contours of
elemental distribution; Hf, Ni and Co, domains with a size of about 5 nm were seen. The

distribution trend of Ni is similar to that of Co, but opposite to that of Hf.

To understand formation mechanism of the above strong chemical heterogeneity, the

atomic occupation was analyzed by the Retvield refinement of the neutron diffraction data, as

11
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shown in Figure S6. Atoms of Ti, Zr, and Hf were identified to occupy one sublattice while
those of Co, Cu and Ni on the other, suggesting an ordering AB-type B2 structure but with
random distribution of each group of three elements on either specific sublattice. The
configurational entropy in this HEI can be calculated by the modified Boltzmann equation with

consideration of the HEI microstructure which contains two different sublattices.*?
Nh np Nk ng
ASeons = —R{GE}" hiln (h) + 527" kyin (k)] (1)

Where h represents one sublattice with a number of sites Ny, whilst k represents another
sublattice with a number of sites Ny, N, = N + Ny, where R is the ideal gas constant of 8.314
J/(mol K), nj, and ny, are the elements species in the sublattice h and k, respectively, and h; and
k; are the molar fraction of the constituent i and j in the sublattice h and k, respectively. In the
current HEI with three elements on either sublattice, the configurational entropy can be
calculated as 1.098R, which is obviously much higher than the binary B2 phase. In conventional
binary SAs such as TiNi and CuZr with a B2 structure, each sublattice was strictly occupied by
a specific element. While in the current HEI with three elements on one sublattice, multiple
possibilities of sublattice occupation could facilitate formation of nano-scale local chemical
fluctuation. Furthermore, our recent work indicated that formation of local chemical ordering
can lower the system energy and thus stabilize the HEA lattice*->°. Therefore, the formation of
the nanoscale segregationcould be driven by the free energy reduction due to the enthalpy effect

in the current HEI.

Effects of nano-scale local chemical fluctuation on the unique martensitic

transformation behavior
To reveal origins of the MT characteristics in the current HEI, the unique nano-scale

compositional architecture was then input into a phase field model and the corresponding results

12

Page 14 of 27



Page 15 of 27

Materials Horizons

are shown in Figure 5. The phase field model is formulated based on the Landau theory,>!
gradient thermodynamics,’> 3 and Khachaturyan—Shatalov’s microelasticity theory of
structural phase transformations.>* It is noteworthy that the influences of nano-scale chemical
fluctuation on the phase stability and the transformation strains are considered in our model.>>
37 The details about the phase field model can be found in Materials and Methods section. The
variation of Landau free energy f., with temperature is shown in Figure 5a. Although the
stability of the martensite in a local region increases with the decrease of temperature, the
symmetry of the free energy curve was not broken and the energy barrier of MT is always
higher than the thermal energy, which makes it impossible for thermal-induced MT. The case
at 173 K as an example is shown in Figure Sc, and as can be seen, no MT was observed during
cooling from 175 to 75 K, which is consistent with the DSC results (Figure S5). According to
the Landau theory,® nevertheless, the external stress can “tilt” the free energy curve as a result
of the stress-strain coupling energy (Figure Sb). The physical picture is that external stress
tends to stabilize a macroscopic strain state with a suitable non-zero average strain. The
occurrence of forward and backward MT is determined by the relative free energy between the
parent and martensitic phases. When applying an external load which equals to the critical stress
of MT, the free energy of martensite becomes lower than that of the parent phase, then the
forward MT happens. When the external load decreases to a certain value, the free energy of
the parent phase becomes lower than that of the martensitic phase, then the martensite would
transform back to the parent phase. As an example, the simulated case at 173 K is shown in
Figure 5d. The MT occurs and the volume fraction of martensite increases with loading above
800 MPa. During unloading, the martensite transforms back to the austenite, which is consistent

with the experimental observation.

Furthermore, due to the varied transformation tendency of different local regions and

multiple possibilities to form strain variants, self-organization and collective growth of the

13
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strain variants to form a long-range strain ordering can thus be suppressed. Based on our phase
field model, evolution of microstructure of the current HEA upon loading is simulated as shown
in Figure Se. First, only 8 of the 12 possible variants were observed during the loading process,
implying that some variants are unstable and cannot be activated by the external stress up to
1000 MPa. Second, the martensitic variants are confined at the nanoscale and formation of large
martensitic laths which are usually observed in conventional SAs, was not observed, indicating
that the nano-scale chemical fluctuation has dramatic effects on the MT. The Hf-rich regions
which have a much lower onset temperature of MT are more stable, and then elastically confine
the MT in the neighboring NiCo-rich layers. Such nano-scale elastic confinement suppresses
the autocatalysis for rapid growth of the martensitic laths and retards the MT, which also
necessarily increases the critical stress for MT. The nano-scale elastic confinement would
inevitably cause nano-scale internal stress between local regions with chemical fluctuations,
which gives rise to the peak broadening as shown in Figure 3e. Consequently, the nano-scale
chemical fluctuation and the subsequently developed nano-scale local strain heterogeneity upon
loading have determinative effects on sluggish characteristics of the MT in the current HEI.
Upon further deformation, the nano-scale martensitic variants grew up via coarsening and thus,
the martensite laths formed. Therefore, in contrast with conventional SAs such as TiNi which
exhibit typical strong first-order (discontinuous) phase transformation, the current HEI shows
a weak first-order (continuous) phase transformation and a prolonged phase transformation

Process.

Therefore, effects of high configuration entropy in the current multicomponent
intermetallic compound on phase transformation might be twofold; one is the reduction of the
entropy of transformation, which helps to lower the temperature sensitivity of critical
superelasticity stress, i.e., the critical superelasticity stress increases much slowly than

conventional SAs as the temperature changes. The other is the suppression of the autocatalysis

14
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of rapid growth of transformed martensite resulted from the nano-scale chemical fluctuations,
which leads to a sluggish transformation process and prolongs the transformation temperature
range. It should be noted that other factors caused by the high configuration entropy cannot be
fully ruled out, such as the wide range of formation enthalpy of point defects which may stem
from the larger lattice distortion of the HEI. The point defects could also break the symmetry
of the Landau potential and then alter the global thermodynamic stability of the martensite, thus

influencing the MT behavior of the HEA.
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Figure 5. Phase field model showing the characteristics of phase transformation of Co16.7 HEI.
Variation of Landau free energy, f.;, of a volume element with the temperature (a) and stress
(b). The Landau free energy curves keep symmetrical with temperature change while become
tilted with applying stress. Evolution of the volume fraction of martensite during cooling (c)
and loading-unloading (d), indicating that the martensitic transformation was solely stress-
induced. Evolution of martensitic variants with external loading (¢), suggesting that the rapid
growth of martensite was suppressed and the martensitic variants were found to be confined

within the nano-scale.

Conclusion

In summary, low-temperature superealstic behavior was first reported in B2-structured
HEIs with atoms of Ti, Zr and Hf on one sublattice and those of Co, Cu and Ni on the other
sublattice. Specifically, the equimolar Col6.7 HEI shows superelasticity with high critical
stress over 500 MPa within a wide temperature range of over 220 K. The complex lattice
occupation facilitates formation of nano-scale chemical fluctuations and elastic confinement,
which results in the sluggish martensitic transformation. Consequently, the stress-induced MT
is retarded with an increased critical stress, along with suppression of thermal-induced MT. It
was revealed that the high configurational entropy of the current HEI led to a lower entropic
change of phase transformation and subsequently a smaller temperature sensitivity of the
threshold stress. Our current work may not only shed lights on understanding of MT behavior
in general, but also provide a reliable approach for development of novel SAs with unique

properties via the entropy stabilization concept.

Experimental Section

Materials

Alloy ingots with a nominal composition of (TiZrHfCuNi),goxCox (x=13~23 at.%) were

prepared by arc-melting a mixture of pure metals with purity over 99.9 at% in a Ti-gettered
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argon atmosphere. All ingots were remelted at least five times to eliminate chemical
imhomogeneity. Cylindrical samples with a diameter of 6 mm and length of 60 mm were
fabricated by suction casting with a copper mold. Compression samples with a diameter of 3
mm and length of 6 mm were cut from the rods by electrical discharge machining.

Characterization

Compressive tests at room temperature were performed on a CMT4105 universal electronic
testing machine at the strain rate of 1x10-3 s°!, whilst the tests at low temperatures (i.e., 223,
173, 123 and 77 K) were performed on a CMT5105S universal electronic testing machine at

the strain rate of 2 X 104 s1. Phase constitution of the as-cast alloys was characterized by using

an X-ray diffractometer with CuKa radiation. Microstructure of these alloys was characterized
by using a Zeiss SUPRASS field-emission scanning electron microscope (SEM) equipped with
energy-dispersive spectrometry, and a JEM-2100 transmission electron microscope (TEM)
operated at 200 kV. The in-situ synchrotron high-energy X-ray diffraction (HEXRD)
measurements under cooling and loading at cryogenic temperatures were carried out at the 11-
IDC beamline of Advanced Photon Source, Argonne National Laboratory. A monochromatic
X-ray beam with a wavelength /=0.11798 A was used, and the 2-D diffraction patterns were
collected in transmission geometry using a PerkinElmer a-Si flat-panel large-area detector. The
1-D HEXRD patterns were obtained by integrating the 2-D patterns with Fit2D software.>®
Atom probe tomography (APT) analyses were carried out in a Cameca LEAP 5000XR under
ultra-high vacuum of approximately 2.5 x 10-!! Torr, at a specimen temperature of 50 K and
with a target evaporation rate of 5 ions for 1000 pulses on average in laser pulsing mode at 15 %
pulse fraction. The instrument was equipped with a picosecond (<10 ps) ultra-violet laser with
a wavelength of /=355 nm operating at a pulse repetition rate of fp,c=200 kHz. The APT
samples were prepared using standard FIB lift-out procedures®® 6! utilizing a FEI Quanta 200
3D equipped with an Omniprobe micromanipulator. The lifted-out samples were mounted on

Si micro tip coupons. The CAMECA integrated visualization and analysis software IVAS 3.6.8
17
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was used for data analysis and three-dimensional (3D) atomic reconstruction.

Calculation: Phase field model of phase transformation in HEIs

Symmetry breaking in B2 — B19' phase transformation

The symmetry breaking accompanying B2 — B19’ phase transformation leads to 12
crystallographic equivalent deformation modes characterized by 12 different transformation
strain tensors.

Free energy formulation

The total free energy functional, F, of the system is formulated as the following
1 @l2
F= f[il(zp _ 1(VTlp)2 + fen(M1, - 112) + Fex(n, "‘Thz)]d3r + Eq (2)

where =1 x 10 "!1]/m is the gradient energy coefficient for structural non-uniformities
following the gradient thermodynamics,>> >3 £, is the Landau free energy that describes the free
energy of a local volume element having a uniform structural state characterized by #,(r) (p=1-
12). Then the stress-free transformation strain tensor for a local volume element located at r

will be given by
12
elf"(r) =X, 1 el(p, "n3(r) 3)

and the Landau free energy can be approximated by the following polynomial

feon(n1, m12) = %A1(T — TO)Z;ZZ M) — %AZZ;ZZ () + %A3(Z;2= 1771%(7"))3 4)

where 4,=1.39x10° J/m3-K, A,=1.77x10% J/m3 and A45=1.84x10%® J/m3? are expansion

cy(r) — cd

coefficients, To= 62— 90—, Wherec,(r) is the average concentration of valence

electron at position r, and ¢ = 0.1927 is the average concentration of valence electron of whole
material.?

The free energy associated with an external stress, oy, (i.€., the work term by the external stress)

in Eq. (2) is given by the following equation
18
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fex(m, -+N12) = — o - el (7). (%)

The last term in Eq. (2), £, 1s the coherency elastic strain energy of a structurally non-uniform
but coherent system (i.e., martensitic variants coherently embedded in the parent phase matrix)
characterized by #,(r). According to a recent study,>® in which a new mathematical formulation
of the coherency elastic strain energy that accounts for CM is derived based on Khachaturyan—

Shatalov’s microelasticity theory (KS-theory),>* it has the following close form
19 9 a3k *
Eel = EZK - 1ZL - 1f(27n.)BBKL(n){9K}k{9L}k ) (6)
k
where the integral is taken in the reciprocal space, n = is a unit vector and k is a vector with

modulus k in the reciprocal space (note that k = 0 is to be excluded from the integration), and

{0k}, represents the Fourier transformation of @y, which is defined as Ox(r) =

212

p=1 [s% (p,7)- 17}2) (r)] (the indexes 1, j and K in this expression are correlated via a generalized

Voigt notation, i.e. 11 —1, 22 —2, 33 —3,23 —4, 13 -5, 12 —6, 32 -7, 31 —8§, 21 -9).
Note that the transformation strain, eioj (p, r), is a function of position because of its dependence
on local concentration®® % (see Fig. 1b). For a system with a free boundary, By (n) in Eq. (6)

reads

0 n=0
Br(n) = {cijkle{;eW(meﬁfW(L) — el () 2oLy n=0 ()
where o{°"(K) = Cjjaei®™ (K), Qij_l(n) = Cigjnxny, and

£PEW(K) = 1 if Kis Voigt notation of.kl
Kl 0 otherwise

Kinetic equation
The following time-dependent Ginzburg-Landau equation® was used to describe the temporal

and spatial evolution of the structural order parameters during the MT

dny(r, t) SF
= Mgy g+ &, ), p=1~12 (8)
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where M is the kinetic coefficient and &,(r, t) is the Langevin noise term for structural

fluctuations, which meets the following fluctuation-dissipation theorem%% 67:

(£, O, ) = 25,56 (r — )8t — ) ©)

where kg is the Boltzmann constant, 7 is the absolute temperature, |Af|=107 J/m? 63 ¢ is the
chemical driving force (free energy difference between the parent and martensitic phases
calculated from the Landau free energy), [p =5 nm is the length scale assigned to the
computational grid increment, and § is the Kronecker delta function.

Eq. (8) is solved numerically in the reciprocal space using a finite difference method for a
compositionally modulated model system. The system size used in the simulations is 1281(x128

lpx128l,. Periodical boundary conditions were applied along all three dimensions.
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