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ABSTRACT: Martensitic transformation with volume expansion plays a crucial role in enhancing the 
mechanical properties of steel and partially stabilized zirconia. We believe that a similar concept could 
be applied to unexplored non-oxide materials. Herein, we report the stress-induced martensitic 
transformation of monoclinic Na3YCl6 with ~3.4% expansion. In-situ synchrotron X-ray diffraction and 
atomistic simulations showed that the anisotropic crystallographic transformation from monoclinic to 
rhombohedral Na3YCl6 occurs exclusively under uniaxial pressure; no effect is observed under 
hydrostatic pressure conditions. The uniaxially-pressed powder compact of monoclinic Na3YCl6 showed 
a large indentation impression and low Young’s modulus, in contrast to its high bulk modulus, suggesting 
that these unique mechanical properties are induced by the martensitic transformation.  

 

1. Introduction 

In the past decade, halide materials have gathered 

significant attention as prospective materials for 

sustainable energy storage systems;1-6 for example, 

chloride electrolytes fabricated by cold sintering can be 

used in all-solid-state batteries. However, the volume 

changes of the cathode and anode after repeated charge–

discharge cycles reduce the battery capacity. Hence, the 

mechanical properties of halide materials, such as low 

Young’s modulus, are critical for their processing and 

durability; their improvement is essential for developing 

next-generation materials with high reliability. However, 

strategies to improve the mechanical properties of halide 

crystals have rarely been reported. 

 

Partially stabilized zirconia (PSZ) is a ceramic material 

used in engineering ceramics, high-temperature coatings, 

and bio and dental ceramics. The high strength and 

toughness of PSZ originate from its stress-induced phase 

transformation with significant volume expansion. This 

phase transformation without long-range atomic 

diffusion is a form of martensitic transformation. 

Although such stress-induced martensitic transformation 

with volume expansion is expected to occur in other 

ceramics, PSZ is the only example in practical oxide.7, 8 In 

the present study, we explored the possibility of stress-

induced martensitic transformation with volume 

expansion in a relatively unexplored class of materials: 

highly ionic halide materials, which can improve their 

mechanical properties. 

 

Figure 1. Crystal structures of m- and r-Na3YCl6. 

 

Na3YCl6 is a ternary sodium chloride with two 

polymorphs: monoclinic and rhombohedral (Fig. 1). The 

monoclinic Na3YCl6 (m-Na3YCl6) is a high-density phase 

composed of a YCl6 octahedron and a distorted NaCl6 

octahedron.9-11 The rhombohedral Na3YCl6 (r-Na3YCl6) is 

a low-density phase composed of a YCl6 octahedron and 

three NaCl6 octahedra. The unique structural feature of r-

Na3YCl6 is the NaCl6 octahedra with partially occupying Na 

sites, which is also the reason for its low density.12 Upon 

slow cooling, m-Na3YCl6 transforms to r-Na3YCl6 



accompanied with volume expansion; in other words, 

negative thermal expansion is shown by the phase 

transformation.12 This phase transition is expected to 

affect the mechanical properties of m-Na3YCl6, similar to 

the case of tetragonal ZrO2 (which also exhibits a phase 

transition to monoclinic ZrO2 with large volume 

expansion upon cooling).13  

Herein, we report the martensitic transformation of m-

Na3YCl6 to r-Na3YCl6 with an anisotropic volume 

expansion induced by an external stress and the extreme 

softness of m-Na3YCl6.  

 

2. Experimental and Computational Methods 

All the experimental procedures were performed under 

non-atmospheric pressure. NaCl and YCl3 were weighed in 

a 3:1 molar ratio and mixed by hand for 15 min. The mixed 

sample was sealed in a quartz tube. The m-Na3YCl6 and r-

Na3YCl6 samples were synthesized by heating at 400 °C for 

50 h and 700 °C for 10 h, respectively. To study the stress-

induced phase transition, the synthesized m-Na3YCl6 was 

subjected to a pressure of 0.3 GPa in a hydraulic press.  

The crystal structures were visualized using the 

Visualization for Electronic Structural Analysis 

software.14 X-ray diffraction (XRD) measurements were 

performed using a Miniflex600 diffractometer (Rigaku) 

without exposure to air. Rietveld refinement was 

performed by SmartLab Studio II (Rigaku) or TOPAS 

software.15 The pressure-dependent phase transition was 

investigated on BL10XU at SPring-8 (2022A1323). The 

samples were pressurized in a diamond anvil cell, and 

helium gas was used as the pressure medium. The 

wavelength of the X-ray was 0.412859 Å, and the pressure 

was calculated from the Raman shift of ruby. The 

temperature dependence was measured on BL02B2 at 

SPring-8.16 The sample was sealed by a quartz capillary, 

and the temperature was controlled using heated 

nitrogen gas. The wavelengths used were 0.496480 

(2022A1296) or 0.496571 Å (2022A1323). The 

transmission electron microscopy (TEM) measurements 

were performed using a JEM-2100F electron microscope 

(JEOL Co., Ltd.) at an acceleration voltage of 200 kV. The 

powder specimen was dispersed on a TEM grid that was 

attached to a vacuum transfer holder. The impedance 

measurement was performed using an impedance 

analyzer (Biologic SP-200) in the frequency range of 0.1 

Hz to 10 MHz at an amplitude of 10 mV. The mechanical 

properties of the m- and r-Na3YCl6 powder compact 

produced by uniaxial pressing was measured using a 

Tensilon universal material testing instrument (RTF-

1250, A&D Company, Ltd.).17 The indentation impression 

after acute-angle indentation was observed by scanning 

electron microscopy (SEM; IT-200, JEOL).  

The stability and reaction energy were calculated using 

the Generalized Solid-State Nudged Elastic Band (G-

SSNEB) method18 with PreFerred Potential (PFP) version 

4.0.0.19 Since part of the Na sites in the r-phase is 

disordered, we considered two atomistic models, namely 

r-1 and r-2. A major challenge in modeling this solid–solid 

phase transition by simulation is finding atom-to-atom 

mapping between the r- and m-phases. The mapping is 

not intuitively obvious primarily because the shapes of 

the two cells are largely different; hence, we employed a 

structure-matching method developed by Stevanović et 

al.20 The algorithm first explores all the possible 

combinations of unit cell vectors and all the isomeric 

transformations of the two given cells to find the 

supercells with the largest volumetric overlap. Then, all 

the possible combinations of symmetry operations, site at 

origin, and permutation of atom indices are explored to 

find the best atom-to-atom mapping with a minimum 

number of dissociations of chemical bonds and minimum 

total distances. We optimized the supercell models for m, 

r-1, and r-2 structures until the maximum forces became 

less than 0.01 eV/Å. The lattice matrices of the r- and m-

phases were diagonalized to confirm that the shrinkage 

indeed occurs along the c axis of the supercell model. We 

utilized the G-SSNEB method under either isotropic 

pressure of 0.5 GPa, anisotropic pressure of 0.5 GPa, or no 

pressure until the maximum forces were reduced to less 

than 0.03 eV/Å. Plane-wave, periodic density functional 

theory (DFT) calculations using Perdew-Burke-Ernzerhof 

functional were performed to compute single point 

energies for images in G-SSNEB with the Vienna Ab initio 

Simulation Package,21 version 6.1.2. We used Pymatgen to 



generate a k-point mesh of 100 per reciprocal atom22 with 

a self-consistent field convergence criteria of 10−6 eV and 

a cutoff energy of 520 eV. The potential energy of PFP was 

differentiated to yield elastic tensors, and Hill’s 

approximation was employed to calculate the Young’s 

modulus. 

 

3. Results and Discussion 

The m- and r-Na3YCl6 samples were synthesized at 

different temperatures. The structures of the different 

samples characterized by synchrotron XRD were found to 

be close to the reported structures (Fig. S1, Table S1 and 

CIF files).9-12 The ion conductivity of m-Na3YCl6 obtained 

from the impedance measurement was 6 × 10−6 S cm−1, 

comparable to the reported value.10 

 

Figure 2. Phase transformation of m-Na3YCl6 triggered by uniaxial pressurization. X-ray diffraction patterns of m-Na3YCl6 (a) 

before uniaxial pressurization and (b) after applying a uniaxial pressure of 0.3 GPa by the hydraulic press. The blue highlighted 

regions show the representative peaks of r-Na3YCl6. The blue and red bars represent the Bragg peak positions of r-Na3YCl6 and 

m-Na3YCl6, respectively. The red and blue lines correspond to experimental and simulated diffraction patterns, respectively. 

Transmission electron microscopy images and electron diffraction patterns of m-Na3YCl6 (c) before mechanical stimulation and 

(d) after uniaxial pressurization. The yellow triangles highlight nanoparticles of ~10 nm in size.  

 The XRD pattern of m-Na3YCl6 before the mechanical 

stimulation shows peaks corresponding to only m-

Na3YCl6 (Fig. 2a). The hydraulic pressure of 0.3 GPa 

transforms 28.2 % of the m-phase to r-phase as evident 

from the Rietveld refinement (Fig. 2b). The TEM image of 

pristine m-Na3YCl6 (Fig. 2c) shows microparticles with a 

spotted electron diffraction pattern, indicative of its high 

crystallinity. The conversion of approximately one-third 

of the m-phase implies that uniaxial pressurization along 

a specific axis of the m-phase induces the phase 

transformation, assuming that the crystallites are 

randomly oriented in the powder. The TEM images show 

a part of the m-phase (Fig. 2c) that turned into 

nanoparticles with diameters of ~10 nm after 

pressurization (Fig. 2d). The crystalline fringes observed 

in the high-resolution TEM image of these nanoparticles 

and the Debye–Scherrer ring observed in the electron 

diffraction pattern confirm their crystalline nature (Fig. 

2d). Owing to the similar structures and limitation of the 

resolution of electron diffraction, discerning whether the 

newly appeared nanoparticles and the coexisting 

microparticles (in Fig. 2d) correspond to m- or r-phases is 

difficult (Fig. S3); however, we speculate that r-Na3YCl6 

comprises micro and nanoparticles. This is because 

rhombohedral structures are detected only after the 

mechanical stimulation and formation of nanoparticles, 

and a small amount of these nanoparticles cannot account 

for 28.2 % of the r-phase. 

 



 

Figure 3. Phase-transformation cycling obtained by successive application of uniaxial pressure and temperature. X-ray 

diffraction patterns of m-Na3YCl6 after applying a uniaxial pressure of 0.3 GPa and subsequent heating at 400 °C; r indicates the 

rhombohedral phase.  

 

While the backward transformation from r- to m-phase by 

the application of pressure (Fig. S4) was not significant, 

the transformed r-phase reverted to m-phase upon 

heating at 100–180 ° C, as evident from in-situ XRD 

studies (Fig. S5). The XRD patterns in Fig. 3 confirm the 

phase-transformation cycling between m- and r-phases 

by applying successive uniaxial pressure and heating.  

  

 

Figure 4. High-pressure synchrotron X-ray diffraction study of m-Na3YCl6. a) Intensity ratios of the (003) diffraction peak in r-

Na3YCl6 to the (011) diffraction peak in m-Na3YCl6 under uniaxial pressure without helium gas or hydrostatic pressure with 

helium gas as the pressure medium. b) Lattice volumes of m- and r-Na3YCl6 and their bulk moduli calculated from the diffraction 

peaks.  



 

An intriguing point in the uniaxial-pressure-induced m-

to-r phase transformation of Na3YCl6 is that the starting 

m-phase is denser than the resulting r-phase; the lattice 

volume of m- and r-phases are 253.12 and 261.84 Å
3/Na3YCl6, respectively. This means that ~3.4 % volume 

expansion is achieved by applying a relatively weak force. 

Thermodynamic principles largely preclude the 

possibility that isotropic pressure causes transformation 

to denser phases. To confirm this, we used atomistic 

simulations to compare the stability of the m- and r-

phases under different isotropic pressure conditions. As 

shown in Fig. S6, the application of isotropic pressure 

monotonically stabilizes the denser m-phase more, 

confirming that the high-density m-phase is more stable 

under isotopically pressurized conditions. A transition 

from r- to m-phase under isotropic pressure has been 

reported in isostructural Ag3YCl6.23 

Hence, we hypothesize that the phase transition is caused 

by uniaxial stress and not by isotropic pressure. For 

validation, we recorded in-situ synchrotron XRD patterns 

of m-Na3YCl6 under uniaxial and hydrostatic (i.e. 

isotropic) pressures (Figs. 4 and S7). The uniaxial 

pressurization of the m-phase results in the appearance of 

peaks corresponding to the r-phase at 0.11 GPa (Fig. 4a), 

confirming the unusual pressure-induced phase 

transformation from a denser to a sparser phase. As the 

uniaxial pressure is increased above 0.50 GPa, the peak 

ratio of r- to m-phase decreases and disappears at 3.7 GPa, 

indicating that the high-density m-phase is stable with 

increase in pressure. Conversely, the application of 

hydrostatic pressure did not show any signs of the phase 

transformation. This supports the hypothesis that 

uniaxial stress triggers the unique phase transformation 

of m-Na3YCl6 to r-Na3YCl6. Fig. 4b shows the pressure-

dependent lattice volumes recorded by in-situ XRD under 

uniaxial pressure. With increase in the pressure, the 

volumes of both the phases decrease.  

  

Figure 5. Calculated martensitic transformation pathway and volume change. a) Relationships between the m-phase, r-phase, 

and supercell model for phase transformation. b) Schematic of the local structure change of Na3YCl6 from m- to r-phase. c) 

Variations of lattice constants and volumes during the phase transformation of Na3YCl6 from m- to r-phase at zero pressure. d) 

Energy profiles of the phase transformation of Na3YCl6 from m- to r-phase. The black circles represent the transformation 

without pressure, while the blue triangles and red squares represent the transformations under uniaxial and hydrostatic 

pressures, respectively.  

 



The atomistic simulation was performed to understand 

the transformation pathway. The phase transformations 

under no pressure were obtained by the G-SSNEB 

method18 using the universal neural network potential 

(Fig. 5). The accuracy of the potential was confirmed by 

DFT calculations (Table S2 and Fig. S8). We constructed 

supercell models converted from monoclinic and 

rhombohedral structures (Fig. 5a) and calculated two 

transformation routes for the half-occupied Na sites in the 

rhombohedral structure (Fig. S9). As the routes are nearly 

identical, only one is shown (Fig. 5). The m-phase is 

slightly thermodynamically unfavorable than the r-phase 

under no pressure (Figs. 5d and S6). Thus, the m-phase is 

metastable, and the kinetic barrier prevents the 

transformation to the r-phase. During the m-to-r 

transformation, YCl6 octahedra rotates, and Na atoms 

translate to form vacancy sites (Fig. 5b). This structural 

transformation involves ~2.5 % reduction in the c axis 

and 2.5–5 % expansion in the a and b axes (Fig. 5c). 

Consequently, the volume expands by approximately 5 %. 

Therefore, this phase transformation is martensitic, 

characterized by highly anisotropic lattice shrinkage and 

expansion.  

 

Considering that the uniaxial pressure transformed 

approximately one-third of the m-phase to the r-phase 

(Fig. 2b), we surmised that the phase transformation 

occurs when the pressure is along a specific axis of the 

crystallites. Because the c axis of the supercell is the only 

shrunken axis during the transformation (Fig. 5c), we 

performed the G-SSNEB calculation with the pressure 

applied along that axis. Strikingly, the axial pressure 

lowered the activation energy and increased the energy 

difference between the starting and resulting phases (Fig. 

5d). These effects promote the m-to-r phase 

transformation of Na3YCl6. In contrast, the same 

calculation under hydrostatic pressure increased the 

activation energy and decreased the energy difference, 

making this transformation kinetically and 

thermodynamically unfavorable (Fig. 5d). This result is 

remarkably consistent with the experimental observation 

(no phase transformation under hydrostatic pressure; Fig. 

4a). The effect of different external pressures on the phase 

transformation is presented in Fig. S10 in the Supporting 

Information. These results support that the uniaxial force 

causes the unique martensitic transformation of Na3YCl6. 

  

 

 

Figure 6. Mechanical properties of m- and r-Na3YCl6 pellets. a) Mean contact pressure curves and fitting curves of spherical 

indentations of r- and m-Na3YCl6 pellets. The relative density of both the pellets is 89 %. b) Comparison of Young’s modulus of 



Na3YCl6 with that of other halides,24-28 steel, and PSZ. Scanning electron microscope images of the indentation impressions on c) 

m-Na3YCl6 and d) r-Na3YCl6; the white scale bar represents 100 µm. 

 

Fig. 6(a) shows the mean contact pressure curves of m- 

and r-Na3YCl6 pellets obtained from the indentation 

measurements. The m-phase of Na3YCl6 has a lower yield 

point (0.20 GPa) than the r-phase (0.39 GPa), as calculated 

from the point at which the mean contact pressure is no 

longer proportional to the penetration strain. The Young’

s modulus of the m-phase calculated from the slope of the 

mean contact pressure curve is 8.0 GPa, which is a quarter 

of that of the r-phase (32 GPa). A low Young’s modulus 

with high-density contradicts the general trend as 

observed in Ashby plots.29 The Young’s modulus of the m-

phase is the lowest among that of typical chlorides such 

as24,25 YCl3,26 Na3ScCl6,28 Na3InCl6,28 and perovskite 

chloride CH3NH3PbCl327 (Fig. 6(b)). Therefore, m-Na3YCl6 

is extremely soft even though it has a high density. The 

Young’s modulus of m-Na3YCl6 calculated by the 

differentiation of the potential energy is 23 GPa, which is 

larger than the experimental value. This suggests that the 

low Young’s modulus of m-Na3YCl6 is not the inherent 

characteristic of the structure itself; the dynamic m-to-r 

phase transformation makes the m-phase soft. The SEM 

images in Figs. 6c and d show that the indentation 

impression of the m-phase is larger than that of the r-

phase, suggesting the high deformability of the m-phase. 

The presence of microcracks all over the pellet region 

indicates that the cracks did not originate from the 

indentation tests. 

The low Young’s modulus of m-Na3YCl6 is inconsistent 

with its high bulk modulus. Thus, the mechanical softness 

arises from the stress-induced martensitic phase 

transition of m- to r-Na3YCl6. Lateral expansion parallel to 

the indenters and the formation of small particles during 

the phase transformation may account for its softness and 

deformability. Further investigation using in-situ 

measurements is necessary to clarify the indentation-

induced phase transformation of Na3YCl6.30, 31 The effect of 

grain size on the phase transformation, as reported for 

PSZ,32 will be studied in the future. 

4. Conclusions 

We discovered stress-induced martensite transformation 

of m-Na3YCl6 into r-Na3YCl6 with a significant volume 

expansion. In-situ XRD studies clarified that uniaxial 

pressure is essential for this transformation. 

Computational calculations indicated that an external 

force along the specific axis of m-Na3YCl6 induced the 

martensitic transformation with anisotropic volume 

expansion parallel to the force via a low kinetic barrier. 

The m-Na3YCl6 showed a large indentation impression 

and low Young’s modulus, whereas a high bulk modulus 

was obtained from in-situ XRD measurements. This 

contradictory relationship between the Young’s modulus 

and bulk modulus may be attributed to the martensitic 

transformation.  

As a general summary, we propose the following 

requirements for achieving unusual chlorides with 

exciting mechanical properties, offering a framework for 

their application to other non-oxide materials. First, the 

material must be metastable against another polymorph. 

Remnant metastability is the concept of preparing a 

metastable polymorph, which was once the most stable 

phase under specific thermodynamic conditions and is 

then trapped upon rapidly changing the conditions.5, 33 

Second, the kinetic barrier of the martensitic 

transformation between the two polymorphs should be 

sufficiently small to stabilize both the phases near the 

ambient temperature, yet susceptible to reduction by 

anisotropic mechanical stimulation. Third, a combination 

of a denser metastable phase and sparser stable phase is 

essential to realize the volume expansion. Although this 

combination might seem counterintuitive, β-Sn/α-Sn34 

and diamond/graphite35 are prime examples. In our case, 

this was accomplished through partially occupied sites, 

which are also observed in numerous non-oxide materials. 

By satisfying these requirements, martensitic 

transformations can be achieved even in highly ionic 

crystals, leading to intriguing mechanical properties that 



can be predicted using computational frameworks. 

Moreover, the low symmetry of m-Na3YCl6, unlike 

tetragonal ZrO2 in PSZ, suggests that a simple structure is 

not the requirement for exploring similar phase-

transition-triggered materials. Therefore, the findings of 

this study can be applied to various non-oxide materials 

with complicated structures, including nitrides, sulfides, 

chlorides, and mix-anion compounds for applications in 

optics, electronics, and energy devices.36, 37 The highly 

anisotropic phase transformation with a large volume 

expansion has the potential to improve the mechanical 

properties of halides and other non-oxides for the 

development of more processable and reliable future 

materials. 
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