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Pressure-induced structural evolution in dual-phase 

rare-earth high-entropy alloy with significantly different 

compressibility between two phases 
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. Introduction 

Compared with the widely used vapor-compression refrigera- 

ion, solid-state cooling based on phase transition offers higher ef- 

ciency, environmental friendliness, and smaller volume [ 1 , 2 ]. The 

hase transition of solid refrigerants can be triggered by external 

elds, i.e., magnetic fields [ 3–5 ], electric fields [ 6 , 7 ], and mechan-

cal fields induced by hydrostatic pressure [ 8 ] and uniaxial stress 

 9 ]. Hysteresis is commonly recognized as a primary limiting fac- 

or in the development of materials with first-order phase transi- 

ions [ 10 , 11 ]. The second-order phase transition materials offer an 

ffective solution to this challenge, due to their minimal hysteresis 

uring phase transition processes [ 11 ]. High-entropy alloys (HEAs), 

s a novel class of materials, generally comprise more than four 

omponents and contain equimolar compositions [ 12–14 ]. A large 

umber of HEAs have been explored, exhibiting second-order mag- 

etic phase transitions and comparable magnetocaloric properties 

 15 , 16 ]. Owing to relatively high magnetocaloric responses, rare- 

arth HEAs (RE-HEAs) have garnered considerable interest among 

he explored HEA systems [ 15–19 ]. Gd20 Tb20 Dy20 Ho20 Er20 , draw- 

ng most attention in the magnetocaloric HEA community, exhibits 

 second-order magnetic transition, a peak value of magnetic en- 

ropy change ( | �S
pk 
M 

| ) of 8.6 J kg−1 K−1 , a temperature averaged 

ntropy change ( TEC (10)) of 8.4 J kg−1 K−1 , and a refrigeration ca- 

acity ( RC ) of 627 J kg−1 under a magnetic field change ( μ0 �H ) of

 T [ 19 , 20 ]. However, the performance limitations of RE-HEAs, such 

s lower isothermal entropy change values compared to those of 

any first-order phase transition materials [ 1 , 16 , 21 ], and smaller

EC (10) and RC values than those of many RE-based alloys [ 1 , 22 –

4 ], largely restrict their application in the field of refrigeration. 

RE magnetocaloric materials with a multi-phase structure and 

ultiple magnetic transition temperatures show relatively large 

aximum magnetic entropy change over a wide working temper- 

ture range, resulting in enhanced TEC (10) and RC [ 25–28 ]. The 

ibbs free energy of mixing, �Gmix , can be expressed as follows, 

Gmix = �Hmix − T �Smix , where �Hmix , �Smix , and T represent 

ixing enthalpy, mixing entropy, and temperature, respectively. 

he alloy system becomes unstable when �Smix decreases while 

Hmix remains constant [ 29 ]. The heat of mixing ( �Hmix 
AB 

) between 

d, Tb, Dy, Ho, and Er is 0 [ 30 ]. Therefore, reducing the num-

er of constituent elements in the RE-HEA to decrease its �Smix 

ould facilitate the preparation of a multi-phase structure. Addi- 

ionally, the melt-extraction technology is effective for preparing 

ulti-phase microwires due to the significant difference in cooling 

ates of the free surface and the region contacting with the wheel 
ttps://doi.org/10.1016/j.jmst.2025.03.027 

005-0302/© 2025 Published by Elsevier Ltd on behalf of The editorial office of Journal of
uring the preparation process. This has been demonstrated in our 

revious work [ 27 ]. 

Based on the above characteristics of the influence of com- 

osition design and the preparation process on the structure 

f high-entropy alloys, as well as the Gd20 Tb20 Dy20 Ho20 Er20 

omposition, we designed and fabricated Gd25 Tb25 Dy25 Ho25 and 

d25 Dy25 Ho25 Er25 microwires using melt-extraction technology, as 

hown in Fig. S1 in Supporting Information. The bright-field trans- 

ission electron microscopy (TEM) images shown in Fig. 1 (a, 

) illustrate that the Gd25 Tb25 Dy25 Ho25 alloy exhibits a dual- 

hase structure, consisting of a matrix and a uniformly distributed 

anocrystalline secondary phase. The selected area electron diffrac- 

ion (SAED) results corresponding to Fig. 1 (b), shown in Fig. 1 (c), 

onfirm that the matrix and secondary phase have hexagonal- 

lose-packed (hcp, [01 1 0] zone axis) and face-centered-cubic (fcc, 

 ̄1 12] zone axis) structures, respectively. The dual-phase structure 

f the Gd25 Dy25 Ho25 Er25 alloy is confirmed by the TEM images 

hown in Fig. S2. In Fig. S3, the Gd25 Tb25 Dy25 Ho25 alloy shows 

 | �S
pk 
M 

| value of 10.8 J kg−1 K−1 (5 T), a TEC (10) value of 10.5 J 

g−1 K−1 (5 T), an RC value of 507 J kg−1 , and a second-order 

agnetic phase transition. The | �S
pk 
M 

| , TEC (10) and RC values of the 

d25 Dy25 Ho25 Er25 alloy are 7.6 J kg−1 K−1 , 7.5 J kg−1 K−1 and 889 J 

g−1 , respectively, at μ0 �H = 5 T However, the Gd25 Dy25 Ho25 Er25 

lloy exhibits a first-order magnetic phase transition under low 

0 �H . In addition, the performances of the Gd25 Tb25 Dy25 Ho25 

nd Gd25 Dy25 Ho25 Er25 alloys remain lower than those of high- 

erformance (i) magnetocaloric materials, which exhibit magnetic 

ntropy change exceeding 20 J kg−1 K−1 under the same conditions 

 1 ], and (ii) barocaloric materials, triggered by hydrostatic pressure, 

ith entropy changes reaching hundreds [ 21 ]. 

By combining multiple field-induced phase transitions, mul- 

icaloric materials could achieve the thermal properties, i.e., 

sothermal entropy and adiabatic temperature changes, that sur- 

ass those attainable under the application of a single field [ 11 ]. 

or example, phase transitions, driven by a magnetic field and a 

ompressive load, lead to a higher isothermal entropy change than 

hat induced solely by the magnetocaloric effect [ 31–33 ]. In addi- 

ion, multicaloric cooling offers potential benefits, including widen- 

ng the operating temperature window, enhancing RC and reducing 

he driving field [ 11 ]. During each phase transition of the caloric al- 

oys, heat is either absorbed from or released into the surrounding 

nvironment [ 1 , 34 ]. Therefore, under isothermal conditions, when 

ressure induces multiple phase transitions in an alloy, each transi- 

ion produces a certain entropy change value. There is a high prob- 

bility that inducing as many phase transitions as possible through 

ressure and superimposing the corresponding thermal properties 

ill significantly increase the overall isothermal entropy change. 

nvestigating the combined effects of magnetic fields and com- 

ressive loads on multi-phase RE-HEAs, as well as how to induce 

s many phase transitions as possible, is of great significance for 
Materials Science & Technology. 
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Fig. 2. The representative XRD patterns of the Gd25 Tb25 Dy25 Ho25 alloy during com- 

pression to 52.15 GPa and decompression down to 0.15 GPa; the patterns during 

compression show the hcp and fcc phases at 2.17 GPa, the Sm-type and fcc phases 

at 11 GPa, the dhcp and fcc phases at 22.95 GPa, and the dfcc and fcc phases at 

35.35 and 52.15 GPa; the patterns during decompression indicate the dfcc and fcc 

phases at 34.35 GPa, and the Sm-type and fcc phases at 0.15 GPa; the hcp, Sm-type, 

dhcp, and dfcc phases observed in the matrix during the phase transition are rep- 

resented by blue text, purple circles, magenta diamonds, and green squares, respec- 

tively; the fcc phase, identified by orange text and lines, remains as the secondary 

phase throughout the compression-decompression cycle. 
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urthering the application of RE-HEAs in refrigeration. Understand- 

ng the structural evolution under compression is critical for ad- 

ancing this research. 

High pressure applied by a diamond anvil cell (DAC) can di- 

ectly vary the volume per atom of a crystal, leading to changes in 

ts electronic structure and valence state. This could result in phase 

ransitions of RE metals and alloys [ 35 , 36 ]. In the RE-HEA field,

nly the Gd20 Tb20 Dy20 Ho20 Y20 alloy has been compressed using a 

AC, exhibiting the phase transition sequence of hcp → samarium- 

ype (Sm-type) → double hcp (dhcp) → distorted fcc (dfcc) under 

ompression up to 60.1 GPa [ 36 ]. For the elements composing the 

lloy under the same compression conditions, Gd, Tb, and Dy ex- 

ibit the appearance of an fcc phase during the hcp to dfcc phase 

ransition. The specific phase transition sequence is hcp → Sm- 

ype → dhcp → fcc → dfcc [ 37–40 ]. The fcc phase was not ob- 

erved in the phase transition sequence of Ho and Y [ 35 , 41–43 ].

t is unclear whether the absence of the fcc phase in the phase 

ransition sequence of the Gd20 Tb20 Dy20 Ho20 Y20 alloy is due to 

he individual or combined effects of Ho and Y. In addition, the 

hase transition behavior and the influence of phase interfaces, 

econdary phase content and size, and energy fluctuations on the 

icrostructural evolution of the dual-phase RE-HEAs under high 

ressure remain uncertain. 

The phase transition pressure values of lanthanide RE elements 

ncrease with increasing atomic number, thus the Er element has 

 relatively high phase transition pressure value [ 42 ]. This impedes 

he RE-HEA from undergoing as many phase transitions as possi- 

le under high pressure. The Gd25 Tb25 Dy25 Ho25 alloy allows for a 

recise analysis of the effect of Ho on the phase transition behavior 

f RE-HEAs. In addition, Gd25 Tb25 Dy25 Ho25 alloy exhibits a second- 

rder magnetic phase transition. Therefore, the Gd25 Tb25 Dy25 Ho25 

lloy was selected and compressed up to 52.15 GPa by a DAC. The 

echanisms of the phase transition and microstructural evolution 

ere studied using in-situ synchrotron radiation X-ray diffraction 

XRD) and ex-situ TEM. It can be expected that this study would 

e helpful for exploring the HEA suitable for solid-state cooling 

ystems. 

. Results and discussion 

The material preparation and experimental methods are de- 

cribed in the Supporting Information. Based on Fig. 1 (a), the 

rain size frequency distribution analysis of the matrix of 

d25 Tb25 Dy25 Ho25 alloy is shown in Fig. S4, indicating an aver- 

ge grain size of 852 nm. In addition, Fig. 1 (a), together with Fig.

5, confirms that the pre-deformed alloy exhibits a low disloca- 

ion density. The fraction and grain size of the secondary phase 
ig. 1. TEM images of the Gd25 Tb25 Dy25 Ho25 alloy: (a) Low-magnification bright-field ima

egions corresponding to the secondary phase with nanometer grain sizes; (c) the corresp

269
re about 4.5 % and 14 nm (Fig. S6), respectively. Fig. S7 indicates 

hat the secondary phase is semi-coherent with the matrix. 

All in - situ high-pressure XRD patterns during both compres- 

ion and decompression processes are presented in Fig. S8. Fig. 2 

hows the representative XRD patterns. The evolutions of the 

hase structure and volume per atom of the studied alloy dur- 

ng the compression-decompression cycle are obtained from the 

efined XRD patterns, as shown in Fig. S9. At the initial pres- 

ure, 2.17 GPa, diffraction peaks of two phases can be confirmed. 

he space groups of P 63 / mmc and Fm ̄3 m correspond to the ma- 

rix with hcp structure and the secondary phase with fcc struc- 

ure, respectively. The orange lines in Fig. 2 illustrate the peak posi- 

ion evolution of the secondary fcc phase during the compression- 

ecompression cycle. Throughout the entire cycle, the secondary 

cc phase exhibits no phase transition. During compression, all the 
ge; (b) high-magnification bright-field image; the orange arrows in (b) indicate the 

onding SAED pattern of (b). 
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Fig. 3. Volume per atom as a function of pressure for (a) the matrix and (b) the secondary fcc phase of the Gd25 Tb25 Dy25 Ho25 alloy, with the Birch-Murnaghan EOS fitting 

results shown as red dashed lines. 
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iffraction peaks of both the matrix and secondary phase shift 

owards higher diffraction angles, indicating a volume decrease 

f the studied alloy [ 44 ]. For the matrix, the hcp phase is ob-

erved continuously from 2.17 to 8.45 GPa. At 6 GPa, the XRD 

attern exhibits the presence of the Sm-type phase, as shown in 

ig. S8(a). The Sm-type phase with space group R ̄3 m persists un- 

il 20.05 GPa (Fig. S8(b)). Then, a dhcp phase with space group 

 63 / mmc is observed at the pressure range of 22.95–32.45 GPa. Be- 

inning at 29.45 GPa, the dhcp phase is observed to coexist with 

he dfcc phase (Fig. S8(c)). The space group of dfcc phase is R ̄3 m.

ithin the pressure range of 35.35–52.15 GPa, the matrix retains 

he dfcc structure (Fig. S8(d)). As the pressure decreases to 34.35 

nd 0.15 GPa, the matrix exhibits the dfcc phase and the Sm-type 

hase, respectively, as shown in Fig. S8(e). During the decompres- 

ion process, the pressure at which the Sm-type phase reappears is 

ower than the pressure at which it initially appears during com- 

ression, indicating hysteresis in the phase transition of the matrix. 

Fig. 3 shows the pressure dependence of volume per atom. 

he data obtained from the refined XRD patterns during the com- 

ression process can be successfully fitted by a third-order Birch- 

urnaghan equation of state (EOS) [ 45 ], as marked by red dashed 

ines in Fig. 3 . The third-order Birch-Murnaghan EOS can be ex- 

ressed as follows [ 45 , 46 ]: 

p = 3 
2 

B0 

[ (
V0 

V 

) 7 
3 −

(
V0 

V 

) 5 
3 

] { 

1 + 3 
4 

(
B

’ 

0 − 4
)[ (

V0 

V 

) 2 
3 − 1

] } 

(1) 

here B0 is the isothermal bulk modulus at standard temperature 

an indicator for evaluating resistance to bulk compression), B0 ’ is 

he pressure derivative of the isothermal bulk modulus at standard 

emperature, and V0 is the atomic volume at ambient conditions. 

he B0 and B0 ’for matrix are determined as 30.7 ± 7.9 GPa and 

.2 ± 0.3, respectively. The B0 value for the matrix of the studied 

lloy closely approximates 32.7 GPa, as calculated using the rule of 

ixture [ 36 , 47 ], i.e., B0 =
∑ n 

i=1 ci B0i , where ci and B0 i represent the 

tomic percentage and bulk modulus of each RE element, respec- 

ively [ 35 , 38 , 40 , 48 ]. The secondary fcc phase exhibits B0 and B0 ’

alues of 80.3 ± 29 GPa and 7.7 ± 2.8, respectively. The B0 value 

f the secondary fcc phase is much higher than that of the matrix, 

ndicating that the secondary phase of the studied alloy is much 

ore incompressible than the matrix. 

Fig. 4 (a, b) shows the bright- and dark-field TEM im- 

ges, respectively, of the Gd25 Tb25 Dy25 Ho25 alloy recovered from 

2.15 GPa. The sample preparation process is presented in Fig. S10. 

he grain size frequency distribution analysis of the matrix of the 

ecovered sample is shown in Fig. S11. This figure illustrates an 

verage grain size of 88 nm, indicating the significant grain re- 
270
nement of the matrix after the compression-decompression cy- 

le. The energy dispersive spectroscopy (EDS) analysis confirms a 

niform distribution of constituent elements in the recovered sam- 

le, as shown in Fig. S12. The high-resolution TEM (HRTEM) im- 

ges of the recovered sample are presented in Fig. 4 (c, d). Fig. 4 (e,

) displays the fast Fourier transform (FFT) images, correspond- 

ng to the blue dashed square in Fig. 4 (c) and orange dashed 

quare in Fig. 4 (d), respectively. In addition, the high-magnification 

right-field TEM image and FFT-inverse FFT image shown in Fig. 

13, combined with Fig. 4 (a) with Fig. S5, confirm that the dis- 

ocation density of the studied alloy significantly increases after 

he compression-decompression cycle. The diffraction rings in the 

AED pattern of the recovered sample, shown in Fig. 4 (g), com- 

ared with Fig. 1 (c), indicate random grain orientations and de- 

reased grain size, consistent with the analysis results from Figs. 

4 and S11. Both the FFT images and SAED pattern confirm the 

cp structure of the matrix and the fcc structure of the secondary 

hase in the recovered sample. 

In pressure-induced phase transitions of materials, the phase 

hat exists at higher pressure is usually more resistant to compres- 

ion [ 35 , 49 ]. Jelen et al. [ 50 ] stated that Tb20 Dy20 Ho20 Er20 Tm20 

EA, which possesses a dual-phase structure consisting of an hcp 

atrix and a secondary cubic close-packed (CCP) phase exhibits 

light compositional differences, with the secondary phase being 

nriched in Y by about 3 % compared to the matrix. The slight 

ompositional difference and mismatch in interplanar spacing be- 

ween the matrix and the secondary phase in the dual-phase 

EA result in strong lattice distortion and mechanical strain at 

he phase boundary [ 29 , 50 , 51 ]. The constituent elements of the

tudied alloy exhibit a phase transition sequence of hcp → Sm- 

ype → dhcp → (fcc) → dfcc. The fcc phase exists at relatively 

igh pressures and tends to exhibit a high resistance to compres- 

ion. The B0 value of the matrix in the Gd25 Tb25 Dy25 Ho25 alloy 

s slightly lower than the B0 value calculated using the rule of 

ixture. Among the constitute elements of the studied alloys, Dy 

nd Ho exhibit relatively high B0 values [ 35 , 38 , 40 , 52 ]. This sug-

ests that Dy and/or Ho elements are highly prone to exhibit slight 

egregation in the secondary phase. From Fig. 1 (a), the interpla- 

ar spacing ( d ) of the (0 0 02) plane in the hcp phase ( d0 0 02 ) and

111) plane in the fcc phase ( d111 ) are 2.85 Å and 3.06 Å, re- 

pectively. The mismatch of d between the hcp and fcc phases 

an be calculated as ε = ( d0 0 02 – d111 )/ d0 0 02 , yielding a result 

f ε = −7.4 % [ 50 ]. Therefore, the interface between the ma- 

rix and the secondary phase in the Gd25 Tb25 Dy25 Ho25 alloy ex- 

ibits strong mechanical strain and lattice distortion. These serve 

s micro-interfacial barriers to compressible behavior in HEAs [ 49 ]. 
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Fig. 4. TEM images of the Gd25 Tb25 Dy25 Ho25 alloy recovered from 52.15 GPa: (a) bright-field TEM image; (b) dark-field TEM image; (c, d) HRTEM images; (e, f) corresponding 

FFT images for the blue and orange dashed squares in (c, d), respectively; (g) SAED pattern. 
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he secondary phase in the studied alloy exhibits an extremely 

mall grain size compared to the matrix. Consequently, the inter- 

ace has a significantly greater effect on the compressible behavior 

f the secondary phase than on that of the matrix. Furthermore, 

he mismatch in lattice parameters between the matrix and the 

econdary phase increases with increasing pressure, as shown in 

ig. 2 , leading to enhanced lattice distortion in the phase bound- 

ry [ 49 ]. This results in strengthened micro-interfacial barriers and, 

onsequently, a much higher B0 of the secondary phase compared 

o that of the matrix [ 49 ]. 

Some previous studies have suggested that the absence of the 

cc phase in the phase transition sequence of Ho metal may be 

ue to two reasons: (1) the phase transitions directly from dhcp 

o dfcc, skipping the fcc phase [ 41 , 42 ], and (2) the fcc phase exists

nly within a very narrow pressure range (e.g., 3.7 GPa) [ 35 ]. The

hase transition in RE-HEAs is triggered by an increased number 

f d electrons, originating from the s band [ 36 , 53 ]. In contrast to

he secondary phase, the matrix exhibits a significantly smaller B0 , 

esulting in a much higher reduction in volume per atom of the 

atrix (41.1 %) from 2.17 to 52.15 GPa compared to the secondary 

hase (19.1 %), as shown in Fig. 3 . This facilitates a higher proba-

ility for s → d charge transfer in atoms within the matrix, thereby 

riggering the phase transitions in the matrix [ 36 ]. The absence of 

 phase transition in the secondary phase may be due to either (1) 

he insufficient reduction in volume per atom to induce the s → d 

harge transfer, or (2) the number of electrons transferred from s 

o d bands not being sufficient to trigger the phase transition. The 

lements constituting HEAs play a crucial role in influencing the 

tructures [ 54 ]. The absence of the fcc phase in the phase transi-

ion sequence of the matrix during compression may be due to the 

resence of the Ho element, which could lead to either (1) a di- 

ect transformation from dhcp to dfcc, or (2) the fcc phase existing 

ithin a narrow pressure range, resulting in it being missed during 

bservation. Fig. 5 shows a schematic diagram of the microstruc- 

ural evolution of the Gd25 Tb25 Dy25 Ho25 alloy during compression. 

he plastic deformation in the HEA occurs through dislocation mo- 

ion and multiplication [ 55 , 56 ]. Xiong et al. [ 37 ] reported that the
271
eavy RE metal undergoes plastic deformation under pressure ap- 

lied in a DAC at room temperature when exceeding 16 GPa. In 

his study, the pressure was applied up to 52.15 GPa, resulting in 

evere deformation of the Gd25 Tb25 Dy25 Ho25 alloy through signifi- 

ant dislocation multiplication and movement. 

Typically, the interaction between dislocations and a secondary 

hase occurs in two ways: cutting through or bowing around 

Orowan dislocation bypassing). There is an empirical rule that 

hen the secondary phase grain size is small, dislocations tend to 

ut through them, whereas for large secondary phase grains, bow- 

ng may dominate [ 57 ]. However, this treatment does not take into 

ccount other factors. For example, if the second phase is incoher- 

nt with the matrix, bowing will dominate [ 57–59 ]. If the second 

hase is coherent or semi-coherent with the matrix, the dominant 

nteraction model can be identified by calculating and comparing 

he yield-strengthening contributions of both models [ 60 , 61 ]. Al- 

ernatively, in the second condition, the dominant model can be 

etermined by calculating the surface energy and shear modulus 

ased on the two models and evaluating the reasonableness of the 

btained values [ 57 ]. Due to limited material parameters, it is dif- 

cult to calculate the above parameters for the studied alloy. Soler 

t al. reported that Gd20 Tb20 Dy20 Ho20 Y20 HEA consists of a ma- 

rix and a homogeneously distributed secondary phase, with the 

econdary phase possessing a fraction and an average grain size 

f approximately 1.6 % and 10 nm [ 57 ]. They obtained the sur- 

ace energy of the secondary phase to be γ ≈ 150 mJ m−2 and 

hear modulus of the matrix to be G ≈ 12 GPa. These values are 

lose to those obtained by calculating the values based on the con- 

tituent elements and the rule of mixture. This prevents them from 

etermining which model is dominant. The Gd25 Tb25 Dy25 Ho25 al- 

oy has a composition similar to that in the aforementioned alloy 

nd exhibits a comparable secondary phase structure, i.e., similar 

ontent and grain size. Two alloys may exhibit similar interaction 

odels, such as cutting through, bowing around, or coexistence of 

oth models. The increased mismatch in lattice parameters of the 

d25 Tb25 Dy25 Ho25 alloy, induced by increasing pressure, leads to 

islocations bypassing the secondary phase. 
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Fig. 5. Schematic diagram of the microstructural evolution of the Gd25 Tb25 Dy25 Ho25 alloy during compression. 
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The enhanced lattice distortion leads to significantly increased 

nterfacial energy at the boundary between the two phases 

ith increasing pressure. In addition, HEAs possess intrinsic lat- 

ice distortion [ 54 ]. During large deformation, dislocations in the 

d25 Tb25 Dy25 Ho25 alloy with different energy states are compelled 

o shift through these energy-fluctuating distorted lattices. In this 

rocess, both distorted lattices and low-energy dislocations act as 

bstacles, leading to dislocation accumulation and the subsequent 

ormation of dislocation walls and dislocation cells [ 54 , 62 ]. The 

dges of dislocation cells tend to evolve into low-angle and high- 

ngle grain boundaries (Fig. S13), resulting in the formation of 

ubgrains within the coarse grains [ 63 ]. Consequently, the dislo- 

ation cells reduce the grain size of the matrix in the studied al- 

oy by forming subgrains. The two-phase coexistence during the 

ransition and the observed hysteresis jointly confirm the pressure- 

nduced first-order phase transition of the matrix of the stud- 

ed alloy. The shortcomings of first-order phase transition in mul- 

icaloric materials, particularly irreversibility induced by the hys- 

eresis, can be overcome by applying multiple fields [ 11 , 34 , 64 ]. The

d25 Tb25 Dy25 Ho25 alloy exhibits comparable magnetocaloric prop- 

rties. It can be expected that the simultaneous application of a 

ompressive load and a magnetic field would improve the thermal 

roperties and suppress the pressure-induced phase transition hys- 

eresis of the Gd25 Tb25 Dy25 Ho25 alloy. 

. Conclusions 

In - situ high-pressure X-ray diffraction and ex - situ TEM were 

onducted to analyze the structural evolution of dual-phase 

d25 Tb25 Dy25 Ho25 alloy during the compression-decompression 

ycle. The studied alloy consists of an hcp matrix and a sec- 

ndary fcc phase, which has a fraction of ∼4.5 % and a grain size

14 nm. The secondary phase is semi-coherent with the matrix. 

uring compression, the phase transition sequence of the matrix 

s hcp → Sm-type → dhcp → dfcc while the secondary fcc phase 

oes not undergo any phase transitions. After the compression- 

ecompression cycle, the structure of the matrix recovers to the 

cp phase. The B0 of the secondary fcc phase is much higher than 

hat of the matrix. Under high applied pressure, up to 52.15 GPa, 

he alloy undergoes severe plastic deformation through significant 

islocation multiplication and movement. With increasing pres- 

ure, the lattice parameter mismatch between the two phases of 

d25 Tb25 Dy25 Ho25 alloy grows, causing dislocations to bypass the 

econdary phase during compression. The studied alloy possesses 

nergy-fluctuating distorted lattices both intrinsically and at the 

oundary between the two phases during compression. There- 

ore, during the large deformation induced by pressure, disloca- 
272
ion movement is hindered by distorted lattices and low-energy 

islocations. This leads to the formation of dislocation walls and 

islocation cells. The edges of dislocation cells tend to evolve into 

ow-angle and high-angle grain boundaries, resulting in the forma- 

ion of subgrains and a significant decrease in the grain size of 

he matrix. These results might shed light on the understanding 

f the structural evolution of dual-phase high-entropy alloys un- 

er high-pressure conditions and provide a strategy for exploring 

ulticaloric materials. 

See the Supporting Information for details on the sample prepa- 

ation method, microstructure and chemistry characterization, and 

n-situ high-pressure XRD. 
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