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ABSTRACT: High-entropy nanolaminated materials, referred to as
MAX phases, have exceptional potential in various fields, including
physics, mechanics, and energy storage, owing to their diverse
compositions and outstanding properties. However, synthesizing
stable high-entropy phases presents significant challenges because of
the considerable differences in the physical and chemical properties
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lattice parameter and improves the structural stability by increasing the lattice distortion of octahedral MgX and prism MgA, which
facilitates the successful synthesis of single-phase high-entropy MAX bulk materials. In addition, the high-entropy MAX phases with
added Sn retain good mechanical and physical properties. This study provides a novel approach for the synthesis and application of
high-entropy MAX phase materials, which has the potential to contribute to advancements in multiple technological fields.
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ionic radii complicate the formation of single-phase high-entropy
compounds, affecting lattice stability and leading to challenges in
phase transitions. The nearly equiatomic distribution of elements
complicates the application of classical predictive criteria such as

1 Introduction

High-entropy materials represent a promising class characterized
by the combination of multiple principal metallic elements into a

single phase, driven by configurational entropy [1,2]. Unlike
traditional solid solutions, high-entropy materials do not require a
dominant element. This characteristic allows for a broad range of
compositions, facilitating advancements in diverse applications,
including physics, mechanical property analysis, energy storage,
and energy conversion [3]. While high-entropy alloys initially led
the way in this field, recent developments have underscored the
potential of high-entropy ceramics in applications such as thermal
protection, rechargeable batteries, wear-resistant coatings, and
catalysis [4—6]. Despite these advantages, the incorporation of
multiple elements introduces complexity to its synthetics.

At high temperatures, competing phases may exhibit lower free
energy due to a small entropy change, making the formation of
single-phase  structures challenging. Conversely, at room
temperature, the lower mixing enthalpy of competing phases can
lead to phase separation. Additionally, significant differences in

Hume-Rothery and Vegard’s laws [7]. New methods, including
atomic size differences [8], valence electron concentration (VEC)
[9], and root-mean-square (RMS) analysis [10], are emerging to
better predict and understand the stability of high-entropy
materials. The results indicate that as the number of elements
increases, both the structure and phase change, leading to the
development of phenomenological criteria to guide the synthesis
of high-entropy materials. For example, minimal lattice distortion
is observed in the quaternary alloy FeCoNiCr. However, upon the
addition of palladium (Pd) to form the FeCoNiCrPd alloy, notable
lattice distortion becomes apparent [11].

High-entropy engineering has significantly advanced the
development of MAX phase materials defined by the formula
M,,,,AX,, which consists of an early transition metal (M), an A-
group element (A), and carbon, nitrogen, or boron (X) [12,13].
The high-entropy MAX phase and its derived MXene have been
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shown to have promising applications in a number of areas,
including high-temperature friction components, absorbent
materials, and energy storage facilities [14-18]. Although the
thermodynamic stability of high-entropy MAX phases has been
predicted by density functional theory (DFT) calculations [19],
many challenges remain in investigating their physical and
mechanical properties as structural materials, particularly the
frequent occurrence of a second phase during the synthesis
process [20-22].

An effective approach for controlling the formation of
multiphase products in high-entropy systems is low-melting-point
metal-assisted synthesis. This method has been successful in the
production of materials such as MoB and GaN, with Si et al. [23],
Chen et al. [24], and Cao et al. [25] demonstrating its efficacy in
generating single-phase high-entropy alloys and oxides. During
the synthesis process, low-melting-point metals facilitate the
diffusion of atoms and the homogenization of components, which
is particularly beneficial in high-entropy materials. The liquid-
phase environment accelerates the diffusion of atoms with
different radii, compensating for their slow diffusion rates and
promoting the formation of a homogeneous solid solution.
Moreover, the addition of a low-melting-point metal reduces the
mixing enthalpy, leading to a decrease in the Gibbs free energy for
the target product, thereby suppressing the formation of
competing phases.

On the other hand, Ye et al [10] and He et al [26]
demonstrated that structural stability is crucial for the synthesis of
a single-phase high-entropy material. They noted that a solid
solution comprising multiple atoms with significant radius
differences can lead to lattice distortions, and these distorted
lattices may exhibit greater stability than ideal lattices by releasing
the elastic distortion energy induced by atomic and modulus
differences. Thus, achieving stable distorted lattices is key to
ensuring the successful synthesis of a single-phase high-entropy
material. Hug ef al. [27] defined the distortion degree of
octahedral MgX and trigonal MsA structures in relation to ideal
hexagonal close-packed (HCP) structures via octahedral distortion
(Og) and prism distortion (P,) parameters. They reported that the
modulation of A-site elements not only triggers changes in the
octahedral M¢X and prism MgA structures but also affects the
modulus properties of the material. The addition of the low-
melting-point metal tin has been to be an effective method for the
synthesis of single-phase S-containing high-entropy MAX phases,
promoting the structural stability of the material by optimizing the
lattice distortion and energy release [28].

This study investigated a novel approach to synthesizing single-
phase high-entropy MAX phases on the basis of the 211 structure
(MLAIC) using low-melting-point tin (Sn) as an additive while
elucidating its underlying mechanisms. Through a combination of
theoretical calculations and experimental analysis, the effects of Sn
addition on key thermodynamic parameters, including the mixing
enthalpy, formation enthalpy, and cohesive energy, as well as the
relationship between lattice parameter adjustments and the lattice
distortion induced by the Sn solid solution, were systematically
examined. These findings reveal that Sn reduces the mixing
enthalpy to ensure thermodynamic stability and increases the
distortion of the M¢X and MgA structures, facilitating the release
of elastic strain energy. These factors collectively enable the stable
synthesis of single-phase high-entropy MAX phases from
thermodynamic and structural perspectives. Moreover, this study
evaluated the impact of a Sn solid solution on the physical and
mechanical properties of MAX phases and demonstrated that Sn-
containing high-entropy MAX phase ceramics maintain

77w | Sci@pen

Tsinghua University Press

outstanding overall performance. Therefore, this work offers new
theoretical perspectives and methodological ~strategies for
advancing the synthesis and application of high-entropy MAX
phases.

2 Experimental

2.1 Sample preparation

Commercial titanium (Ti), vanadium (V), niobium (Nb),
tantalum (Ta), hafnium (Hf), aluminum (Al), tin (Sn), and
graphite powders (purity 99.9%, 500 mesh; ENO High-Tech
Material Development Co., Ltd., China) were mixed via ball
milling at a speed of 50 r/min for 10 h. The ratio of balls to
materials was 2 : 1, and the balls occupied approximately half of
the milling tank volume. Agated balls were employed as grinding
material, with the ratio of large balls to small balls set at 2 : 1.
Additionally, the milling tank was filled with argon gas to
maintain an inert atmosphere throughout the process. The
powder compositions were designed according to the molar ratios
of the following formulas: Formula 1: Ti: V : Nb : Ta: Hf : Al :
C=045:045:045:045:0.2: 1.1 : 0.95, abbreviated as HEM20;
Formula 2: Ti: V:Nb:Ta: Hf: Al: Sn: C=045:045:045:
0.45:0.2:0.55: 0.55 : 0.95, abbreviated as HEM20Sn; Formula 3:
Ti:V:Nb:Ta:Hf: Al:Sn: C=04:04:04:04:04:0.55:
0.55 : 0.95, abbreviated as HEM40Sn. Excessive elements were
added to the A-site primarily because of volatility, whereas the
amount of graphite intentionally remained low, as carbon defects
can stabilize most aluminum-containing MAX phases [29]. The
mixed powders were consolidated in a spark plasma sintering
(SPS) furnace (SPS-20T-10, Chenhua Technology Co., Ltd,
China) with a heating rate of 50 °C/min under an argon
atmosphere at 30 MPa. The high-entropy MAX phases were
sintered at 1370 °C for 20 min and then naturally cooled to
ambient temperature. Finally, contaminants on the surface of the
graphite foil were removed via a diamond grinding wheel.

2.2 Characterizations

The phase compositions of the HEM20, HEM20Sn, and
HEM40Sn samples were analyzed via an X-ray diffractometer
(XRD; Ultima IV, Rigaku, Japan). The Archimedes method was
employed to determine the densities of the samples. The fracture
and etched surfaces of the synthesized samples were observed via
a field emission scanning electron microscope (FE-SEM; Apreo
2C, FEL USA). The sample surfaces were polished to a mirror
finish, followed by chemical etching using a solution composed of
HNO,, HCl, and H,O in a 1: 1 : 1 volume ratio. Backscattered
electron (BSE) images were used to analyze the grain size. More
than 100 grains were counted to ensure statistical reliability. The
elements were analyzed via an energy dispersion spectroscope
(EDS; ULTIM Max65, Oxford, UK). Transmission electron
microscope (TEM; Talos F200S G2, FEI, USA) was used to
characterize the morphology and element distribution of the
particles. Powders for TEM analysis were prepared by drilling
directly from the bulk ceramics. The extracted powders were
ultrasonically dispersed in ethanol to ensure uniform distribution.
A copper grid was used to collect the dispersed particles, and
particles of similar sizes were carefully selected for observation.
The coefficient of thermal expansion (CTE) of each sample was
measured via a thermal expansion analyzer (NETZSCH DIL
402C, Selb, Germany). The measurements were conducted in an
argon atmosphere with a heating rate of 10 °C/min, covering a
temperature range from room temperature to 1200 °C. The CTE
was determined via a bar sample with dimensions of 4 mm x
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4 mm x 15 mm. The thermal conductivity (1) of the samples was
calculated via Eq. (1):

A=o-¢-p (1)

where o represents the thermal diffusivity (mm?s), ¢, represents
the heat capacity (J/(g’K)), and p represents the density (g/cm’).
The specific heat capacity (c,) was measured via the reference
standard method with graphite as the reference material. ¢, of the
sample was determined by comparing its thermal response with
that of graphite, which has a known specific heat capacity under
identical testing conditions. The measurements were carried out
using a cylindrical sample with dimensions of $12.5 mm x 2 mm
in a laser thermal conductivity meter (NETZSCH LFA467, Selb,
Germany).

The Vickers hardness was measured via a Vickers hardness
tester (HVS-50, Lianer Co., China) under load 9.8 N with a dwell
time of 15 s. The flexural strength, fracture toughness, and
compressive strength of the samples were tested. The
measurement of flexural strength was based on the standard of
ISO 14704:2000, and the evaluation of fracture toughness
corresponded to the standard of ISO 15732:2033. The flexural
strength was measured using a sample with dimensions of
1.5 mm x 2 mm x 18 mm. Fracture toughness was measured via
the single-edge notched beam (SENB) method with samples
2 mm X 4 mm x 18 mm in size, featuring a notch length of 2 mm
and a width of 0.2 mm. The specimens for the compressive
strength test had dimensions of 2 mm x 2 mm x 4 mm. The tests
were conducted via an electronic universal testing machine (YC-
100KN, Oneyice Co., China) with crosshead speeds of 0.5 mm/min
for flexural strength and compressive strength testing and
0.05 mm/min for fracture toughness testing. The span was set at
16 mm, and for each test, five samples were used.

2.3 Model computing

This work is based on DFT implemented in the Vienna ab initio
simulation package (VASP) [30]. Special quasirandom structures
(SQS) of high-entropy MAX models generated by the alloy
theoretic automated toolkit (ATAT) were utilized for this
calculation [31]. All the models were 5 x 2 x 2 supercells
containing 160 atoms. Three SQS models were used for each
component to obtain reliable statistical averages.

The Perdew-Burke-Ernzerhof (PBE) exchange-correlation
functional and projector augmented-wave (PAW) pseudopo-
tential were utilized in this work [32,33]. A cutoff energy of 550 eV
was employed to compute all the models. The self-consistent field
(SCF) convergence threshold was set to 1x10~° eV/atom. All the
models were optimized for atomic positions, ensuring that the
force on each ion was less than 0.02 eV/A. Spin polarization was
considered in all the models, and a 2 x 4 x 1 k-point grid in the
Brillouin zone was applied for all the calculations. Program
VASPKIT was employed for the analysis of the density of states
(DOS) [34], whereas visualization for electronic and structural
analysis (VESTA) [35] was used to generate the electron
localization function (ELF) [36]. Convergence test results were
included in the Electronic Supplementary Material (ESM).

3 Results and discussion

3.1 Synthesis strategy

Figure 1(a) illustrates the synthesis strategy for the high-entropy
MAX phase. The formation of a second phase typically occurs
when M-site transition metal elements are introduced in equal

https://doi.org/10.26599/JAC.2025.9221028

proportions to the five groups of elements (Ti/Nb/V/Ta/Hf).
However, the addition of Sn not only provides a favorable liquid-
phase environment for diffusion but also occupies the A-site,
increasing the lattice parameter and enhancing the crystal stability.
Additionally, the presence of Sn slightly reduces the mixing
enthalpy, resulting in a negative enthalpy of formation and
cohesive energy, thereby promoting the synthesis of a single-phase
high-entropy MAX phase both thermodynamically and
structurally. The experimental results from the XRD patterns
shown in Fig. S1 in the ESM indicate that comparing
(TiVNbTa),AIC (denoted as MMAX) with (TiVNbTaHf),AlC
(denoted as HEM40) confirms that the addition of Hf directly
causes separation of the high-entropy MAX phase (see the ESM).

Figure 1(b) depicts the atomic radius disparity and
conformational entropy data for the M sites in the MAX phases:
quaternary medium-entropy MMAX, nonisotropic high-entropy
HEM20, and isotropic high-entropy HEM40. The atomic radius
difference (6) is calculated via Eq. (2) [8]:

8= /> x(—r/ry (2)

where 7 is the total number of elements, x; is the concentration of
the ith element, r; is the radius of the ith component element, and
r is the average radius. The configurational entropy (AS.) is
calculated via Eq. (3) [4]:

ASconf =—-R Z xilnxi (3)

i=1

where R is the molar gas constant, n is the total number of
elements, and x; is the concentration of the ith element. § was
calculated on the basis of the atomic radii with relevant data
referenced from Ref. [37]. § values and AS values for the M-site
(Wyckoft site 4f) in MMAX, HEM20, and HEM40 are calculated
to be 2.94%, 4.00%, and 4.61%, respectively, with corresponding
entropy values of 1.39R, 1.57R, and 1.61R. The § values and AS,,
values of the A-site (Wyckoft site 2d) with Sn added are 7.41%
and 0.69R, respectively [38]. As the complexity of the components
increases, the conformational entropy also increases, following this
trend. The figure illustrates that the nonisotropic HEM20 exhibits
a conformational entropy exceeding 1.50R, aligning with the
conventional assessment of high-entropy compounds. Notably,
HEM20 can directly synthesize single-phase high-entropy MAX
phases, which is essential for investigating the structural features
and property changes associated with the solid solution of Sn.

Figure 1(c) presents a perspective view of the SQS model for
HEM40 and HEM40Sn along the a-axis direction of the crystal,
which is utilized for DFT calculations. The other three models,
MMAX, HEM20Sn, and HEM20, are constructed via the same
methodology. Importantly, all the models employed in this study
consisted of 160 atoms, and detailed model information can be
found in Fig. S3 in the ESM.

Figure 1(d) shows the theoretical variation in the lattice
constants (a and c). The lattice constants for both a and ¢ axes
notably increase with the formation of solid solutions containing
Hf and Sn. This trend contrasts with that observed in single-
component MAX-phase material. For example, experimental
findings for Zr,Al;_,Sn,C and Ti,Al;_,Sn,C revealed that the
solid solution of Sn primarily increased the lattice constant of the
a-axis while having a negligible effect on the c-axis [39,40].
However, in this study, the addition of Sn resulted in a significant
increase in the c-axis lattice constant for both HEM20 and
HEM20Sn. This suggests that the interactions between the solid
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Fig.1 Schematic diagram of high-entropy single-phase MAX phase block synthesis strategy. (a) Overview of high-entropy MAX phase synthesis; (b) atomic radius
differences and conformational entropy (M-site) for MMAX, HEM20, and HEM40; (c) SQS models of HEM40 and HEM40Sn; (d) theoretically calculated lattice
parameters for MMAX, HEM20, HEM40, HEM20Sn, and HEM40Sn; (e) mixing enthalpy of HEM40 and HEM40Sn; (f) heat of formation and cohesive energy for
MMAX, HEM20, HEM40, HEM20Sn, and HEM40Sn; (g) ELF maps for HEM20, HEM40, HEM20Sn, and HEM40Sn along [100] direction; (h) valence electron

concentration for MMAX, HEM20, HEM40, HEM20Sn, and HEM40Sn.

solutions of multiple transition metals at the M-site and Sn in the
A-layer are more complex, leading to a substantial increase in the
c-axis lattice constant and a larger volume of the crystal cell. This
finding will be verified experimentally, where it will be shown that
the solid solution of the larger-sized Hf atom is favored.

Figure 1(e) shows the calculations of the enthalpy of mixing for
HEM40 and HEM40Sn. The enthalpy of mixing is determined via
data from the carbide high-entropy ceramics (Egs. (4) and (5))
[41,42]:

AH,ix = Eupm — (Engaic + Era,aic + Exv,aic + Eriaic + Ev,aic)

(4)
AH,i (Sn) (Eug,aisnc + Eraaisnc + Exv,alsnc
~+Eri,asnc + Ev,a1snc)

= Eugmsn —
()

As illustrated in the figure, the mixing enthalpy of HEM40Sn is
slightly lower than that of HEM40 upon the addition of Sn. In
accordance with the Gibbs free energy equation (AG =
AH, — TAS), a reduction in the mixing enthalpy (AHx) can
contribute to a decrease in the Gibbs free energy of the system and
prevent competing phase generation. Moreover, the entropy of
mixing for HEM40Sn is closer to zero, indicating that the different
elements in the system can be randomly distributed, which
contributes to a more stable solid solution phase in the solid-state
[27]. To further substantiate the unique role of Sn at the A-site,
comparative experiments were conducted using Ge, a high-
melting-point A-site element. Attempts to synthesize a single-
phase high-entropy MAX phase with Ge were unsuccessful (see
XRD results in Fig. S2 in the ESM). This provides additional
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evidence of Sn’s distinctive role at the A-site, as it not only
enhances the entropy effect but also facilitates the stable formation
of a single-phase high-entropy MAX phase.

Figure 1(f) illustrates the enthalpy of formation and cohesive
energy for MMEX, HEM20, HEM40, HEM20Sn, and HEM40Sn.
The enthalpy of formation indicates the thermodynamic stability
of the material, whereas the cohesive energy reflects the
interaction forces between atoms within the solid. Both
parameters are crucial indicators of the overall thermodynamic
stability of material. Structural stability is a key consideration in
DFT calculations. Therefore, in this work, the energy of cohesion
(E:) and enthalpy of generation (AH;) of the HEM40 and
HEM40Sn MAX phases are calculated compared with those of the
high-entropy MAX phase. The energy of cohesion (E.) and
enthalpy of generation (AHj) can be calculated via Eqs. (6) and (7)
[43,44]:

HEM
Ecnem = Egral —

<l1E};I§ + le};:) + le}Zf + leiZo + le,Ts?,

S mENS 4 nES ) (6)

1
L+4L+m+n

+lebu1k + lZEbulk + mEbAlll{ksn + ”Ebuu{)}

HEM
AHf-HEM = [Etotal -

(llEbulk + LEpu + LEn

(7)
where Ecnem, AHpuem, and Ef' represent the cohesive energy,
the formation enthalpy, and the total energy for HEM40 and
HEM40Sn MAX phase compounds, respectively. Ei, and Epux
are the energies per atom of the constituent elements (M, Al/Sn,
and C) in the isolated and bulk states, respectively. The letters [, m,
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and » represent the number of M elements, Al/Sn, and C atoms in
the unit cell, respectively. Specifically, due to differences in
formulations, the atomic count of Hf may differ from those of the
other four M elements. Therefore, in the formula, the atomic
count of Hf is denoted by /;, while the atomic counts of the four
M elements are collectively represented by I,. As illustrated in the
figure, the enthalpy of generation and cohesion energy of the five
MAX phases are less than zero and exhibit similar values,
indicating that these high-entropy MAX phases are
thermodynamically ~stable. This finding provides further
confirmation that the solid solution of Sn has no significant effect
on the synthesis or stability of the material.

Figure 1(g) presents the ELF plots for HEM20, HEMA40,
HEM20Sn, and HEM40Sn, with values ranging from 0.0 to 0.75.
In these plots, colors closer to red indicate a higher degree of
electron localization, whereas colors closer to blue represent
stronger electron delocalization [43,44]. For HEM20 and HEMA40,
which have different percentages of elemental Hf at the M-site, the
ELF diagrams do not show significant differences. However, when
Sn partially substitutes Al, a notable change occurs: the degree of
electron localization around Sn is greater than that around Al
This suggests a more concentrated electron distribution between
Sn and the surrounding atoms, which may lead to stronger
covalent interactions. These properties are expected to positively
influence the stability of the crystal structures in high-entropy
MAX phases. The models and detailed data utilized for the
calculations in Fig. 1 can be found in Figs. S3 and S4 and Tables
S1-54 in the ESM. Figure S5 in the ESM shows that the projected
density of states (PDOS) of each element at the M site with Sn and
Al indicates that Sn is more electronically localized than Al with
the transition elements at the M position, forming high-entropy
crystal structures with stronger bonding energies that can stabilize
severe lattice distortions.

Figure 1(h) depicts the valence electron concentration profiles
of MMEX, HEM20, HEM40, HEM20Sn, and HEM40Sn. The
valence electron concentrations of all five MAX phases are
observed to fall within the range of 4.0-4.25. Notably, Sn has a
valence electron count of 4, higher than Al (3), making it the
element with the highest electron count in the system under
consideration [45]. The valence electron concentrations of
HEM20Sn and HEM40Sn are greater than those in systems
without solidified Sn. Zhou et al. [46] investigated the valence
electron concentrations of the MAX and MAB phases in relation
to elasticity constants to predict the formation of new phases and
their properties. These findings indicate that the valence electron
concentration of the MAX phase typically ranges from 3.75 to
5.00. Additionally, the bulk modulus (B) increases with increasing
valence electron concentration, whereas the shear modulus (G)
tends to decrease. This trend is also supported by the data for the
HEM20Sn and HEM40Sn systems presented in this study.

3.2 Microstructure characterizations

Figure 2(a) presents the XRD patterns of the synthesized samples
compared with the ICDD PDF card (No. 97-060-6258), revealing
a typical 211 structure. Notably, a shift in the XRD patterns for
HEM20Sn and HEM40Sn, relative to HEM20, is observed upon
the addition of Sn and Hf. This shift is attributed to the larger
atomic radius of Sn (1.45 A) than of Al (1.25 A), whereas Hf has
the largest atomic radius among the M-site elements at 1.55 A
[37]. Additionally, the figure indicates that the intensity of the
(002) peak decreases as Sn dissolves into the A-site, a trend that is
consistent with prior research [39,40]. This reduction in peak
intensity has also been observed in single-component MAX
phases when Sn is incorporated into the A-site. The disordered
arrangement of elements affects the diffraction intensity [47].
Lapauw et al. [48] reported a decrease in the relative XRD
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Fig.2 (a) XRD patterns of HEM20, HEM20Sn, and HEM40Sn ceramics synthesized via spark plasma sintering. (b—d) present Rietveld refinement of XRD patterns for

high-entropy ceramics: (b) HEM20, (c) HEM20Sn, and (d) HEM40Sn.
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intensity for multicomponent MAX phases, attributing this effect
to distortions that influence X-ray dispersion.

The Rietveld refinement (Figs. 2(b)-2(d)) offers more detailed
lattice parameters for HEM20, HEM20Sn, and HEM40Sn. While
the complex elemental environment of high-entropy materials
may introduce some uncertainty, semiquantitative discussions
regarding the effects of high-entropy MAX phases and Sn
substitution remain valid. The lattice parameters and atomic
positions of the samples were refined via FullProf.2k (Version 7.95-
Jan2023-ILL JRC) software. The goodness of fit was evaluated by
weighted residual variance factor (R,,) and residual variance
factor (R,,) with the fitting results yielding reliability coefficients of
R, =7.80%, 7.22%, and 6.14% and R, = 5.84%, 5.48%, and 5.12%
for HEM20, HEM20Sn, and HEM40Sn, respectively.

Table 1 presents the lattice constants, Wyckoft positions, and
parameters of the fitting results of the three samples. The lattice
parameters of HEM20, HEM20Sn, and HEM40Sn are as follows:
a=3067 A, c=13759 A;a =3.107 A, c = 13.880 A; a = 3.127 A,
¢ = 13939 A, respectively, and the absolute value of the c-axis
clearly increased. In prior studies examining the solid solutions of
Sn and Al within the A site of single-component MAX phases, the
addition of Sn led to an expansion of the lattice parameters along
the a-axis, whereas the c-axis showed minimal changes [39,40].
However, this result contrasts with the findings of the current
study on high-entropy MAX phases, where both the a-axis and
the c-axis exhibited notable changes, particularly with the solid
solutions of Hf and Sn.

Hug et al. [27] examined the deviation of the MAX phase (211)
structure from the ideal HCP structure. They described the degree
of distortion by calculating the structures of the octahedral M X
and the trigonal prism MgA. Their findings highlighted the
importance of this distortion in stabilizing the MAX phase. Recent
studies on high-entropy materials also suggest that lattice
distortion from the ideal structure plays a key role in overall
stability. In an ideal 211 crystal structure, which is represented by
closely packed spheres with identical radii, both deformation
parameters are set to 1, and the theoretical c/a ratio is
approximately 4.89, whereas the standard Z, position is
approximately 1/12, which is approximately 0.0833. The
octahedral distortion, referred to as O, is measured by the ratio of
distances between opposite faces of the octahedron. The lattice
parameters a and ¢ and the internal position Zy; of the 211 MAX
phase can be calculated via Eq. (8) [27]:
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o d, o e o c\2 1
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where d, is the distance between planes deviating from the basal

Oq = (8)

plane, and d, is between planes parallel to the basal plane.
Similarly, the distortion Py of MgA trigonal prisms can be
calculated by the ratio of the atomic distances dy; and dy;_, via
the calculation formulas for a, ¢, and Zy; (Eq. (9)) [49]:

dM—M 1

:dM_A_\/;Jr( )2

Figure 3 illustrates how the lattice parameters vary with
different alloying elements and concentrations. In Fig. 3(a), the
schematic of the 211 MAX phase structure highlights the
importance of M¢X octahedra and MA trigonal prisms, which are
the essential structural units influencing the overall distortion in
the MAX phase. In the image, the projection of the MX structure
along the b-axis (with the a-axis perpendicular to the viewing
plane) forms a parallelogram, with d; and d, as adjacent sides.
Owing to the presence of Sn and Al in the outer A-layers of the
M(X structure, along with the unequal bonding strengths of the
Sn and Al with the M atoms, the parallelogram undergoes
distortion. This results in an increase in the Oy distortion
parameter. Figure 3(b) shows the O4 and Py values for HEM20,
HEM40, HEM20Sn, and HEM40Sn. In the samples without Sn,
both HEM40 and HEM20 exhibit similar Py and Oy values, with
HEM20 displaying slightly lower distortion than HEM40. This
suggests that the addition of Hf requires an increase in both Oy
and P, to stabilize the structure. Furthermore, the HEM40 sample
contains approximately 23 wt% carbides, whereas HEM20 reaches
its solubility limit [25].

With the addition of Sn, both O, and Py increase significantly
in HEM20Sn, indicating that this increase in distortion reduces
the free energy, facilitating the dissolution of more Hf into the M-
site. This observation is supported by the results of HEM40Sn,
where O, does not significantly increase, implying that the
distortion introduced by Sn in the MX structure is sufficient to
alleviate the strain caused by Hf solubility. In contrast to Oy, the Py
of HEM40Sn continues to rise, suggesting that Hfs solubility at
the M-site primarily impacts the MX structure, whereas the
insertion of the A-layer requires additional distortion in M¢A to
release elastic strain energy.

Figures 3(c) and 3(d) display changes in the lattice constants
(c-axis and a-axis), c/a ratio, and Z,;, illustrating structural
distortions due to shifts in the lattice parameters. Compared with
those of HEM40, both the g-axis and c-axis of HEM20 slightly
decrease, which can be attributed to Hf having the largest atomic
radius among the five transition metals. With the addition of Sn,
the a-axis and c-axis of HEM20Sn increase significantly, with the
change in the ¢/a ratio being largely driven by atomic radius
effects. Previous studies have shown that Sn addition to the A-site

Py €

4

1 2
Z_ZM> (2

Table1 Lattice parameters, atomic positions, and refinement results of HEM20, HEM20Sn, and HEM40Sn ceramics

Formula (unit cell) HEMA40 [22] HEM20 HEM20Sn HEM40Sn
Space group P6;/mmc (#194) P6;/mmc (#194) P6;/mmc (#194) P6;/mmc (#194)
Unit-cell dimension a=b=30754A, a=b=3067A, a=b=3106 A, a=b=31274A,
c=13.776 A c=13.759 A ¢=13.880 A c=13939 A
M 4£(1/3,2/3,0.08985) 4£(1/3,2/3,0.09016) 4f(1/3,2/3,0.08718) 4f(1/3,2/3,0.08724)
Al 2d (1/3,2/3,3/4) 2d (1/3,2/3,3/4) 2d (1/3,2/3,3/4) 2d (1/3,2/3,3/4)
C 2a (0.0,0.0,0.0) 2a (0.0,0.0,0.0) 2a (0.0,0.0,0.0) 2a (0.0,0.0,0.0)
R, 6.10 5.84 5.48 5.12
R, 8.63 7.80 7.22 6.14
Ry 2.73 2.81 2.97 2.87
Chi-square 10.0 7.71 591 4.59
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Fig.3 Variation in crystal structure with composition. (a) Schematic structure of 211 MAX phase, (b) O4 and P, (c) a and ¢ parameters, and (d) ¢/a ratio and internal

free parameter Z,. The data of HEMA40 are taken from Ref. [22].

primarily increases the g-axis, with minor changes in the c-axis.
DFT calculations indicate that the increase in the c-axis of H,SnC
is less than 0.1 A compared with that of H,AIC, implying that this
effect results from the combined influence of multiple transition
metals at the M-site and interactions between Sn and Al at the A-
site [50,51].

Furthermore, the change in the internal free parameter Zy; is
affected primarily by Sn solubility, with only a minimal difference
observed between HEM40Sn and HEM20Sn. Overall, the
distortion of O, and P, plays a key role in facilitating the solubility
of elements at the M site. When the M site cannot generate
enough distortion on its own, the addition of elements such as Sn
at the A site helps increase both O4 and P, distortions, increasing
the solubility of M-site elements. This further increases P,
distortion, contributing to the stabilization of the overall crystal
structure.

SEM and EDS were used to characterize and analyze the
element distribution, grain morphology, and fracture features of
three high-entropy MAX phases. Figures 4(a)-4(c) correspond to
the nominal compositions of HEM20, HEM20Sn, and HEM40Sn,
respectively. The compositional maps obtained from the polished
surface EDS confirmed a uniform distribution of all the elements
in the HE-MAX phase at the micrometer scale, with no significant
compositional segregation observed. The black dots observed in
the image are identified as pores and alumina (Al,O;), which are
commonly found in MAX phases containing Al at the A-site
[52,53]. Figure S7 in the ESM shows secondary electron and
backscattered electron images, along with EDS at the
corresponding locations for detailed characterization. Further-
more, minimal interference from typical carbides and interme-
tallic compounds occurs. TEM and EDS were utilized to analyze
the composition of the particles, as shown in Figs. 4(d)-4(f). The
elemental mapping images obtained through TEM demonstrated
a uniform distribution of all elements within the grains, indicating
that there was no significant compositional segregation. This
finding confirms the formation of a homogeneous solid solution
throughout the system. Figures 4(g)-4(i) depict the fracture
surface images of the samples HEM20, HEM20Sn, and
HEM408n, with insets providing magnified views of the fracture

https://doi.org/10.26599/JAC.2025.9221028

faces and corresponding element spectra. The EDS results for
regions 1-3 are included, with the elemental contents of the
samples listed in Table 2. Owing to limitations in accurately
representing the carbon (C) content, EDS was used primarily for
qualitative analysis. The ratio of elements at the M-site to the
A-site is approximately 2 : 1, which is consistent with the
composition ratio of 211 MAX phases, further confirming that the
synthesized products are indeed high-entropy 211 MAX phases.

As presented in Table 2, the entropy values for HEM20,
HEM20Sn, and HEM40Sn are 1.561R, 1.565R, and 1.602R,
respectively, all exceeding the threshold of 1.50R defined for high-
entropy materials. These three samples meet the criteria for five-
element configurations at the M site and exhibit entropy values
that align with the characteristics of high-entropy MAX phases.
The properties of high-entropy MAX phases are discussed in the
following section. The relative densities of the samples were
calculated on the basis of the EDS mapping results (Fig. S6 and
Table S5 in the ESM). The measured densities of HEM?20,
HEM20Sn, and HEM40Sn are 7.14, 8.23, and 856 g/cm’,
respectively, whereas their theoretical densities are 7.31, 8.24, and
891 g/cm’, respectively. The calculated relative densities are
97.67%, 99.87%, and 96.07%, respectively.

The chemically etched polished surfaces are shown in Figs. 4(j)—
4(l). The average grain sizes of the HEM20, HEM20Sn, and
HEM40Sn ceramics were measured to be approximately 4.36,
1592, and 1228 um in length and 2.00, 4.55, and 3.60 um in
width, respectively. In comparison, the grain sizes of single-
component MAX phases typically fall within the range of
13-20 pum [54-56]. High-entropy materials typically exhibit
smaller grain sizes due to the suppression of atomic diffusion
caused by the incorporation of atoms with different sizes and
lattice distortion. In samples containing Sn, a liquid phase forms
above 230 °C when Sn liquefies and persists until it is completely
dissolved into the A-site. The presence of this liquid phase
effectively wets the solid particles, reduces the interfacial energy,
and enhances contact diffusion between particles, thereby
improving the sintering kinetics.

Furthermore, the high mobility of the liquid phase facilitates
materials diffusion and redeposition, significantly accelerating the
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Fig.4 SEM, TEM, and EDS images of samples: element mappings of surfaces for (a) HEM20, (b) HEM20Sn, and (c) HEM40Sn; element mappings of particles for
(d) HEM20, (e) HEM20Sn, and (f) HEM40Sn; polish etching images for (g) HEM20, (h) HEM20Sn, and (i) HEM40Sn; micromorphological images and

composition analysis for (j) HEM20, (k) HEM20Sn, and (I) HEM40Sn.

Table2 Compositions (at%) and calculated entropies at the M-site of HEM20, HEM20Sn, and HEM40Sn ceramics based on EDS analysis

Region Ceramic Ti v Nb Hf Al Sn C Entropy (M)
1 HEM20 5.87 4.73 5.09 6.96 2.46 11.35 — 63.55 1.561R
2 HEM20Sn 6.24 5.59 7.10 5.73 2.60 6.89 6.25 59.61 1.565R
3 HEM40Sn 4.66 4.55 4.16 5.38 5.76 4.76 5.81 64.92 1.602R

grain growth process. As a result, samples containing Sn have
larger grain sizes. For the HEM40Sn ceramics, the M site has a
greater entropy due to the isoatomic ratio, which results in a
smaller grain size than that of the HEM20Sn ceramics. This is
mainly due to lattice distortion and atom size differences, which
increase the grain boundary energy, thereby hindering grain
boundary migration and suppressing grain growth.

3.3 Physical properties

Figure 5 shows the thermal expansion curves of high-entropy
MAX phases in an argon atmosphere over a temperature range of
25-1200 °C. These curves represent the actual thermal expansion
behavior of the samples HEM20, HEM20Sn, and HEM40Sn, with
the red lines indicating the linear fitting results based on the
temperature function. According to the fitting results, the
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calculated average CTEs for samples HEM20, HEM20Sn, and
HEM40Sn are 9.46x10°%, 9.08x10°, and 9.54x10° K, respectively
(The fitting equations are provided in Fig. S8 in the ESM). These
values are comparable to those of other single-phase MAX
materials, which range from 8x10° to 10x10° K. The
phenomenon of thermal expansion occurs due to the increase in
the kinetic energy of particles within a material when subjected to
rising temperatures. In solids, atoms oscillate around their
equilibrium positions, and an increase in temperature results in
larger amplitudes of vibration.

As a result of the existing interatomic forces, the increased
vibration leads to a greater average distance between atoms, which
manifests macroscopically as an expansion of the volume.
Compared with HEM20Sn and HEM40Sn, the addition of Sn
does not significantly change the thermal expansion coefficients of

J Adv Ceram 2025, 14(2): 9221028
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Fig.5 Temperature-dependent thermal expansion of HEM20, HEM20Sn, and
HEM40Sn ceramics measured in an argon atmosphere from 25 to 1200 °C.

HEM20Sn and HEM40Sn. These findings indicate that the
addition of Sn has a minimal effect on the bond strength. This
conclusion is supported by the similar cohesion energy results
obtained from DFT calculations for all three samples, which are
-7.116, —=7.0695, and —7.0757 eV/atom for HEM20, HEM20Sn,
and HEM40Sn, respectively. While secondary factors such as
variations in grain size and defects influence thermal expansion,
these are not intrinsic factors.

Figure 6(a) shows the thermal diffusivity of the HEM20,
HEM?20Sn, and HEM40Sn samples as a function of temperature,
with values of 3.09, 543, and 3.71 mm?/s at room temperature,
respectively. These values are significantly lower than those of
single-phase MAX materials, such as Ti,AlC (10.50 mm?/s) [54].
The decrease in thermal diffusivity is due mainly to enhanced
phonon scattering, a common thermal behavior in high-entropy
materials, caused by the solid solution of atoms of different sizes
and the resulting significant lattice distortions. These distortions,
along with the fine grain sizes of high-entropy materials, greatly
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— =~ HEM20Sn
—A—HEM40Sn

Thermal diffusivity (mm?/s)
= th a ~1 k-]

w
T
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= 40

increase phonon scattering, further lowering the thermal
diftusivity. In the case of HEM?20, the smallest grain size (4 pm in
length and 2 pm in width) results in the lowest thermal diffusivity,
as the high density of grain boundaries hinders phonon transport.

In contrast, the larger grain sizes in HEM20Sn and HEM40Sn
lead to higher thermal diffusivity values because of reduced grain
boundary scattering. Compared with HEM20Sn, HEM40Sn has a
lower thermal diffusivity, which can be attributed to the higher Hf
content at the M-site. The increased disparity in the atomic radii
results in greater lattice distortion, leading to enhanced phonon
scattering, which is consistent with the established trend that
larger atomic radius differences cause more severe phonon
dispersion. As the temperature increases to 1200 °C, the thermal
diffusivity of all three samples converges, indicating that the
phonon scattering mechanism becomes more dominant. This
convergence suggests that lattice vibrations increase with
temperature.

Figure 6(b) shows the variation in c, for the three high-entropy
MAX phases between 25 and 1200 °C in a helium environment.
At room temperature, the heat capacities of HEM20, HEM20Sn,
and HEM40Sn are 0.37, 0.32, and 0.32 J/(g'K), respectively, and
they increase with temperature. By 1200 °C, these values increase
to 0.61, 0.49, and 0.52 J/(g:K), respectively. The effect of Sn on the
thermal capacity is mainly observed in the high-temperature
phase, where phonons have a greater influence than does the
thermal capacity. Additionally, in this phase, phonons contribute
more significantly to the overall effect. As the temperature exceeds
1000 °C, the heat capacity curves of HEM20Sn and HEM40Sn
flatten, approaching the Dulong-Petit limit, indicating the
stabilization of lattice vibrations at higher temperatures. The
specific heat capacity is closely related to the Debye temperature,
which can be estimated from elastic constants such as the bulk
modulus, shear modulus, and density of the material. The partial
substitution of Sn for aluminum in a solid solution at the A-site
results in an increase in the bulk modulus and a reduction in the
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Fig.6 Temperature dependence of (a) thermal diffusivity, (b) heat capacity, and (c) thermal conductivity of HEM20, HEM20Sn, and HEM40Sn ceramics is measured in

a helium atmosphere from 25 to 1200 °C.
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shear modulus, which in turn affects the Debye temperature. The
stabilization of the heat capacity in the Sn-containing samples also
suggests that the Debye temperature plays a critical role in
controlling the thermal behavior, a characteristic influenced by
changes in the sound velocity and modulus caused by Sn
substitution. The slightly higher heat capacity of HEM40Sn than
of HEM20Sn is likely due to the greater number of defects
induced by the equimolar solid solution at the M-site, which
increases c;.

Figure 6(c) presents the thermal conductivity of the high-
entropy MAX phases. At room temperature, the thermal
conductivity of HEM20, HEM20Sn, and HEM40Sn ranges from
824 to 14.49 W/(m-K), which is significantly lower than that of
single-component MAX phases such as TLAIC (27.0 W/(m-K)).
As the temperature increases, the thermal conductivity of
HEM40Sn increases sharply, eventually matching that of
HEM?20Sn at approximately 1000 °C. This increase is likely due to
the increased phonon thermal conductivity in HEM40Sn, driven
by atomic-scale disorder at the M-site. This disorder increases the
material’s susceptibility to thermal vibrations and heat transfer.
The lowest thermal conductivity is observed for HEM20, which
may be attributed to its higher grain boundary density. At elevated
temperatures, the thermal conductivity of HEM40Sn is slightly
greater than that of HEM20Sn, which may be related to its greater
cohesive energy, indicating a more stable crystal structure at
higher temperatures. Since thermal conductivity is predominantly
influenced by lattice vibration during the high-temperature phase,
reduced phonon scattering may be the underlying cause of the
slightly elevated thermal conductivity. Additionally, thermal
conductivity is affected by a multitude of factors, including lattice
distortion, defects, and composition. These factors may lead to
enhanced phonon scattering, which, in turn, impacts the thermal
conductivity performance.

The above results indicate that although the thermal
conductivity and thermal diffusion coefficient of the material can
be effectively reduced by MAX-phase high-entropy engineering,
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which has significant advantages over single-phase materials, the
effect of high grain boundary density should not be neglected. For
example, in the HEM20 ceramics, high-density grain boundaries
have an important influence on the thermal properties, and a high
grain boundary density hinders the heat conduction path, leading
to a further reduction in the thermal conductivity. Therefore, a
variety of factors need to be considered when regulating the
thermal properties of high-entropy MAX-phase material.

3.4 Mechanical properties

Owing to significant lattice distortion, high-entropy materials
typically exhibits greater strength and hardness than single-phase
material do. This phenomenon has been confirmed in various
high-entropy compounds. Studies based on first principles
indicate that a partial solid solution of Sn at the A site can increase
the bulk modulus and decrease the shear modulus [56].
Furthermore, a similar trend in mechanical property changes has
been observed with increasing valence electron concentration
(VEC) [44]. In high-entropy MAX-phase materials, it is
anticipated that precise regulation of mechanical properties can be
achieved by adjusting the Sn content. Consequently, the effects of
Sn on the mechanical properties of these materials are examined
in detail in this section.

At a 9.8 N load, the hardness values for HEM20, HEM20Sn,
and HEM40Sn are 12.22, 6.98, and 6.61 GPa, respectively, which
are significantly higher than those reported for single-phase MAX
phases. HEM20 has a markedly greater hardness than single-
phase MAX phases do, which is consistent with the established
ability of high-entropy materials to exhibit increased hardness due
to lattice distortion and a high grain boundary density [57]. The
addition of Sn has been shown to significantly reduce the hardness
of the system, following the established trend of Sn leading to a
decrease in the shear modulus (G). However, the hardness profiles
of HEM20Sn and HEM40Sn are similar, indicating that the A-site
element strongly influences the modulus. HEM40Sn has a slightly
lower hardness than HEM20Sn does, which may be related to the

Fig.7 Fracture surfaces of (a) HEM20Sn and (b) HEM40Sn.
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greater densification of HEM20Sn. Figure S9 in the ESM indicates
the absence of crack extension in samples. SEM analysis revealed
no cracks along the diagonal of the indentations, with grain
extrusion and delamination identified as the primary damage
mechanisms, suggesting high damage tolerance in these materials.

The fracture surfaces in Figs. 7(a) and 7(b) exhibit layered
grains, crack deflection, and distinct kink-band structures, which
are characteristic features of MAX phases. These kink-bands
facilitate interlayer slip, enhancing the plastic deformation
capabilities of high-entropy MAX phases. The substitution of Sn
for Al increases the bulk modulus while reducing the shear
modulus, leading to a lower hardness in HEM20Sn and
HEM40Sn than in HEM20. Furthermore, the addition of Sn
enhances ductility, as indicated by the presence of kink bands in
Figs. 7(a) and 7(b). These structures, observed at multiple length
scales, contribute to the dissipation of mechanical energy,
improving toughness and mechanical damping—an exceptional
combination in these materials. The substitution of Sn also
increases the Poisson’s ratio and reduces the G/B ratio, further
confirming the transition toward greater ductility.

Table 3 presents the fundamental mechanical and physical

properties of the high-entropy MAX phases. Notably, the addition
of Sn not only preserves the characteristic low thermal
conductivity of high-entropy materials but also maintains their
strong mechanical performance. For example, HEM20Sn
exhibited the highest bending strength at 500 MPa, demonstrating
that adding Sn did not compromise the strength. Moreover,
HEM20 retains the highest compressive strength at 1079 MPa and
the highest fracture toughness at 7.31 MPa-m'. High-entropy
MAX phases outperform single-phase MAX phases in both
flexural strength and compressive strength. This can be attributed
to the substantial lattice distortion induced by multielement solid
solutions, which is particularly significant in terms of the M-site
composition. The multielement configuration enhances strength
and stability without diminishing material properties due to Sn
substitution. Both HEM20Sn and HEM40Sn maintain excellent
mechanical properties, demonstrating that the addition of Sn does
not degrade but rather complements the inherent strengths of
high-entropy MAX materials. These findings align with
theoretical predictions, reinforcing the potential of high-entropy
MAX phases for advanced applications that require a combination
of high hardness and toughness.

Table3 Typical physical and mechanical properties of HEM20, HEM20Sn, and HEM40Sn ceramics

Property HEM20 HEM20Sn HEM40Sn Ti,AlIC [53]
Density (g/cm’) (relative density) 7.14 (97.67%) 8.23 (99.87%) 8.56 (96.07%) 4.11
Mean grain size (um) 4.36 (L), 2.00 (W) 15.92 (L), 4.55 (W) 12.28 (L), 3.60 (W) 20.0 (L), 5.0 (W)
Thermal expansion coefficient (10~ K™) 9.46 9.08 9.54 8.20
Thermal diffusivity (mm?/s) (25 °C) 3.09 5.43 3.71 10.50
Heat capacity, ¢, (J/(g-K)) (25 °C) 0.37 0.32 0.32 0.58
Thermal conductivity (W/(m-K)) (25 °C) 8.24 14.49 9.65 27.00
Vickers hardness (GPa) (9.8 N) 12.22+1.22 6.98+0.25 6.61+0.13 4.20
Flexural strength (MPa) 457.91+£16.46 500.55+£19.97 456.88+24.56 384
Fracture toughness (MPa-m'?) 7.31+0.66 6.71+0.86 5.74+0.82 7
Compressive strength (MPa) 1079+82.43 1020.21+27.27 990.58+85.02 670

Note: L refers to the length, and W refers to the width.

4 Conclusions

In this study, we present a method for the stable synthesis of single-
phase high-entropy MAX-phase bulk using the low-melting-point
metal tin, detailing the mechanism behind this strategy. We
examined the impact of this method on the physical and
mechanical properties of the high-entropy MAX phase and
confirmed that it does not compromise the fundamental
properties of the high-entropy MAX phase as a structural ceramic.

(1) The addition of Sn, a low-melting-point metal, promotes
elemental diffusion. First-principles calculations revealed that the
incorporation of Sn improved the thermodynamic stability of the
high-entropy MAX phase, as indicated by increases in both the
enthalpy of formation and cohesion energy. Moreover, the
addition of Sn led to a slight decrease in the mixing enthalpy,
resulting in a value closer to zero. This change helps reduce the
Gibbs free energy and supports the formation of a homogeneous
solid solution of the elements. Moreover, tin exhibits stronger
covalent bonding than aluminum does, which further contributes
to the stability of the single-phase MAX structure.

(2) The incorporation of an Sn solid solution at the A-site leads
to a significant expansion of the lattice constant, which is driven
by interactions with various transition metal elements at the M-
site. Both theoretical calculations and experimental evidence
support this phenomenon. The increased cell volume
accommodates larger atoms in the solid solution and enhances the

https://doi.org/10.26599/JAC.2025.9221028

distortion of the octahedral MgX and trigonal M¢A structural
units. This effectively releases the distortion elastic energy of the
lattice, which stabilizes the crystal structure of the high-entropy
MAX phase and helps prevent phase separation.

(3) The high-entropy MAX phases synthesized with Sn
maintain the unique characteristics of high-entropy materials.
They exhibit bending strength of 450-500 MPa, compressive
strength of 990-1020 MPa, and fracture toughness values ranging
from 5.74 to 6.71 MPa-m'. The hardness values fall between 6.61
and 6.98 GPa, whereas the thermal conductivity ranges from 8.24
to 1449 W/(m:K). These properties emphasize their significant
potential for application as structural materials.

We believe that this approach shows potential for investigating
other novel formulations of single-phase high-entropy 211 MAX
materials, serving as a promising research direction in the field of
structural materials.
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