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Super strength and toughness, excellent deformation resistance, and high-temperature service 
performance are the key factors to determine the practical application of new thermal barrier coatings 
(TBCs). The limited mobility of dislocations and the internal inherent defects in ceramics will inevitably lead 
to the decline of strength–plasticity and the reduction of service performance. Introducing preexisting twin 
boundaries and stacking faults (SFs) or preparing ceramic materials with high configuration entropy has 
demonstrated to be an effective strategy for enhancing the mechanical properties of ceramics. However, 
due to the positive thermal expansion coefficient of most ceramics and the remarkable increase of structural 
disorder at elevated temperature, the problem of elastic softening has become a bottleneck restricting the 
high-temperature service life of new TBCs. In this paper, the deformation behavior of high configuration 
entropy Zr6Ta2O17 ceramics at 25 to 1,200 °C was in situ monitored via digital image correlation technique 
and three-point bending test platform in high-temperature environment. A remarkable Elinvar-like effect 
appears in the Zr6Ta2O17 ceramic. More interestingly, mechanical deformation dominates the severe lattice 
distortion (deformation twins, SFs) and the disorder–order transition of chemical order at the atomic scale, 
while temperature can further enhance the degree of lattice distortion and ordering of Zr6Ta2O17 ceramics. 
Furthermore, the atomic fluctuations at high temperature promotes the comprehensive improvement of 
mechanical properties in the Zr6Ta2O17 ceramics.

Introduction

Seeking an excellent balance of sti�ness, strength, and tough-
ness has become a research hotspot of structural materials [1,2]. 
Unfortunately, high strength and high toughness are usually 
mutually exclusive [3]. Ceramic materials have natural rigidity 
[4,5] and strength [6,7], but the poor toughness has signi�-
cantly restricted its applications [8,9]. At present, as an essential 
aspect of material design, lattice distortion plays a crucial role 
in impeding crack propagation and expansion, as well as enhanc-
ing the toughness of ceramic materials. �is is achieved through 
local strengthening, alteration of plastic deformation mecha-
nisms, or the pinning e�ect of dislocations [10–17]. Signi�cant 
progress has been achieved in the direct introduction of local 
distortion during the preparation process. For example, preex-
isting high-density stacking faults (SFs) are introduced in 
ceramics via �ash sintering process, which triggers the activa-
tion of the inelastic deformation mechanism of ferroelastic 
domain switching in advance [18–21]. Excitingly, mechanical 
deformation and temperature �eld can also induce lattice dis-
tortion to improve the mechanical properties of the mate-
rial [22,23]. Nevertheless, the most critical thing is that the 

mechanical properties of most ceramics are negatively corre-
lated with temperature [24,25], especially that the ability to 
resist the deformation at high temperature is significantly 
reduced, which is mainly attributed to the positive thermal 
expansion coe�cient and the increase in structural disorder 
[26,27]. �is has become a fatal �aw in ensuring the safe appli-
cation of ceramic materials in high-temperature environments. 
At present, some progress has been conducted in the elastic 
stability of Elinvar alloys. �e Elinvar e�ect is generally attrib-
uted to spontaneous volume magnetostriction or magnetic 
exchange energy [28,29]. In addition, the local perturbation of 
the Peierls potential caused by strong lattice distortion and 
atomic-scale chemical ordering can increase the friction of the 
lattice on dislocation motion so that the material has excellent 
elastic strain limit, very low energy dissipation, and Elinvar 
e�ect [30]. �e abnormal elastic modulus mechanism also 
exists in the ferroelastic phase transition or strain glass transi-
tion of some metal ferroelastic, some ferroelectric ceramics, 
and martensitic systems [31–35]. However, the phase transfor-
mation process is accompanied by obvious volume changes, 
which may not be suitable for high-temperature structural 
ceramics, especially thermal barrier coatings (TBCs), such as 
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the widely used 7 to 8 wt % yttria-stabilized zirconia (8YSZ) 
TBCs [36–39].

�e development of new TBCs [40–45] is currently hindered 
by some critical properties issues, including poor mechanical 
properties and the limited service life, especially the serious 
decline in mechanical properties at high temperature [46]. It 
is interesting to note that the new A6B2O17 (A = Zr; B = Ta) 
TBCs ensure a prolonged service life in high temperature, which 
is 3 times than that of 8YSZ TBCs [47]. �e A6B2O17 (A = Zr, 
Hf; B = Ta, Nb) oxides with large con�gurational entropy [48,49] 
exhibit the unique superstructure, an exceptionally high phase 
transition temperature (2,250 °C) [50], and outstanding thermal-
mechanical properties (KIC = 3.36 to 3.78 MPa·m1/2, H = 12.8 to 
15.1 GPa) [51,52]. Previous work [53,54] have con�rmed that 
the A6B2O17 material will be one of the most promising candidate 
for TBC applications. However, the evolution of mechanical 
properties of Zr6Ta2O17 ceramics with temperature has never 
been reported in the literature. More insights into the correlation 
between microstructure and macroscopic mechanical properties 
of Zr6Ta2O17 ceramics are strongly required to further under-
stand the evolution mechanism.

In this paper, the mechanical properties of A6B2O17 oxide 
were predicted by �rst-principles calculations, and the high-
temperature elastic modulus and fracture strength of Zr6Ta2O17 

ceramics were evaluated at 25°C to 1,200°C by real-time moni-
toring of surface displacement and strain evolution during 
three-point bending (TPB) tests, utilizing a universal testing 
machine and the digital image correlation (DIC) method. �e 
deformation behavior of Zr6Ta2O17 ceramics is a surprising 
abnormal temperature-dependent transition, with an Elinvar-
like e�ect, which is con�rmed to be related to the microstruc-
ture evolution. �is work provides the insights into the evolution 
mechanism of the correlation between microstructure and 
macroscopic mechanical properties of Zr6Ta2O17 ceramics.

Results and Discussion

First-principles calculations and material 
microstructure characterization
�e crystal structure of A6B2O17 (A = Zr, Hf; B = Nb, Ta) sche-
matically illustrated in Fig. 1A is an orthorhombic structure 
with the space group of Ima2 (No.46) at ambient condition. 
�e 6-coordinated distorted octahedra (Fig. 1C), 7-coordinated 
distorted capped trigonal prisms (Fig. 1D), and 8-coordinated 
distorted bicapped trigonal prisms (Fig. 1E) form blocks of 
equidistant cations that are arranged along the c axis by corner 
and edge sharing [48]. �e geometrical optimization of the crys-
tal structure was based on the Birch–Murnaghan of equation 

Fig. 1. (A) Ball-and-stick models of the A6B2O17 disordered structure (front view). (B) View along the [99] direction. (C) Six-coordinated distorted octahedra. (D) Seven-coordinated 
distorted capped trigonal prisms. (E) Eight-coordinated distorted bicapped trigonal prisms. (F) View along the [001] direction. (G) Energy-versus-volume curves of A6B2O17 
compounds. (H) Performance radar chart of A6B2O17 compounds (the red value is Zr6Ta2O17 compound parameters). (I) XRD patterns of Zr6Ta2O17 ceramics.
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state. �e relaxation of unit cells in A6B2O17 compounds was 
acquired using Vienna Ab-initio Simulation Package (VASP) 
so�ware [55]. �e energy-versus-volume curves of A6B2O17 
compounds are plotted in Fig. 1G, and the lattice constants 
a�er equilibrium are also shown in Table 1. �e elastic sti�ness 
coe�cients of A6B2O17 system, calculated using the strain 
energy method [56], satisfy the mechanical stability criterion, 
as presented in Table 2. �e bulk modulus (B), shear modulus 
(G) of crystal lattice, and the elastic constants of the polycrystal-
line crystal were calculated by Voigt–Reuss–Hill theory [57,58]. 
According to the empirical equations (Eqs. 1 to 4), the elastic 
modulus (E), Poisson’s ratio (ν), hardness (Hv), and Pughs ratio 
(B/G) [59,60] were obtained (see Table 3). �e overall perfor-
mance in Fig. 1F indicates that all materials in the system meet 
the toughness conditions. Particularly, Zr6Ta2O17 exhibits excel-
lent comprehensive mechanical properties. Furthermore, pre-
vious work has also confirmed that Zr6Ta2O17 material has 
excellent high-temperature service performance [47], so the 
temperature dependence on the mechanical performance of 
Zr6Ta2O17 material has attracted much attention. Here, the 
detectable phase in the ceramics prepared by solid reaction 
method in this paper exhibits an orthorhombic Zr6Ta2O17 phase 
without impurity phase precipitation (Fig. 1I) and all elements 
are homogeneously distributed without composition segrega-
tion (Fig. S1).

where B is the bulk modulus, G is the shear modulus, E is the 
elastic modulus, and v is the Poisson’s ratio. Hv is the Vickers 
hardness, γ0 is a constant of 0.096, and χ(v) is a dimensionless 
function of Poisson’s ratio [61].

Stiffness temperature dependence with  
Elinvar-like effect
�e TPB experimental procedure of Zr6Ta2O17 ceramics at 200, 
600, and 1,200°C was in situ monitored by using a charge-
coupled device (CCD) camera with a blue �lter. �e evolution 
of the contour plots of strain (εxx) of Zr6Ta2O17 ceramics with 
time is presented in Fig. 2B, D, and F. �e Zr6Ta2O17 ceramic 
can withstand ~7% strain (εxx) at 200°C without cracking (Fig. 
2B). As the strain (εxx) exceeds ~7%, the crack starts to nucleate 
and propagates along the axial direction. At a higher tempera-
ture of 600°C, the strain (εxx) of crack nucleation and propaga-
tion in the ceramic remains relatively stable, with a similar value 
of ~6% (Fig. 2D). Nevertheless, crack nucleation initiates at a 
prominent small strain (~4%) when the temperature rises to 
1,200°C, which is 33% lower than that of the specimen tested 
at 600°C and propagates along the axial direction. Figure 2A, 
C, and E displays the load–de�ection curves obtained by com-
bining the tensile machine and the DIC system at 200, 600, and 
1,200°C. Load–de�ection curves at 25, 400, 800, and 1,000°C 
are provided in Fig. S2. �ere are no plastic deformation during 
the entire loading process and no obvious jagged shape [21] 
before fracture, and the load drops sharply to zero at the 
moment of fracture [62,63] in these load–de�ection curves. 
Additionally, the de�ection at 1,200°C is signi�cantly reduced 
under the same load compared with that at 200 and 600°C. By 
analyzing the slope of the tangent to the initial linear part of 
load–de�ection curves [64] and the critical fracture load, the 
corresponding elastic modulus and fracture strength at di�er-
ent temperatures can be obtained (Fig. 2G and H). �e speci�c 
elastic modulus and fracture strength values at di�erent tem-
peratures are shown in Table S1. As the temperature increases 
from room temperature to 200°C, the elastic modulus increases 
slightly from 170 to 184 GPa due to the further densi�cation 
of the grains. When the temperature rises to 600°C, the elastic 
modulus decreases slightly to 141 GPa. As the temperature 
further elevates to 1,200°C, Zr6Ta2O17 ceramics present an 
exceptionally high elastic modulus (278 GPa). �e variation of 
fracture strength of Zr6Ta2O17 ceramics with temperature is 
similar to that of elastic modulus. �e fracture strength increases 
from 203 GPa (25°C) to 215 GPa (200°C) and then decreases 
to 111 GPa (600°C). As the temperature continues to rise, the 

(1)E = (9BG)∕(3B + G)

(2)� = (3B − 2G)∕(6B + 2G)

(3)HV = E�0� (�)

(4)� (�) = 1 − 8.5� + 19.5�
2∕1 − 7.5� + 12.2�

2 + 19.6�
3

Table 1. The crystal lattice parameters of A6B2O17 after opti-
mization

Compounds a (Å) b (Å) c (Å) V (Å3)

α = 
β = 
γ

Hf6Ta2O17 41.1784 4.9570 5.3124 1,084.3739 90

Zr6Ta2O17 41.5929 5.0070 5.3686 1,118.0575

Hf6Nb2O17 41.1813 4.9676 5.3218 1,088.6818

Zr6Nb2O17 41.5645 5.0195 5.3798 1,122.3980

Table 2. The calculated elastic stiffness coefficient (Cij) of A6B2O17

Compounds C11 C22 C33 C44 C55 C66 C12 C13 C23

Hf6Ta2O17 344.93 384.39 373.11 62.22 128.78 36.78 137.69 106.93 160.30

Zr6Ta2O17 318.02 352.73 349.68 60.62 115.34 75.23 134.13 106.77 158.00

Hf6Nb2O17 342.99 377.20 360.13 52.08 120.25 95.45 139.73 109.56 154.98

Zr6Nb2O17 318.23 345.88 333.56 50.34 107.43 46.02 136.38 107.50 151.42
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fracture strength is positively correlated with the temperature 
and gradually increases to 170 GPa (1,200°C). Compared with 
TBCs materials in the literatures [46,65] (see Fig. 2G and H), 
the evolution of elastic modulus and fracture strength of 
Zr6Ta2O17 ceramics with temperature shows a clear abnormal 
evolution trend, which is similar to the Elinvar e�ect [30]. �e 
Elinvar e�ect is usually attributed to magnetostrictive or mag-
netoelastic e�ect [28,29] or second-order phase transition such 
as ferroelastic phase transition and strain glass transition 
[33,34], whereas it has not been proved yet that Zr6Ta2O17 
ceramic has a magnetic e�ect and strain glass transformation. 
Furthermore, stress function renders the reorientation of the 
ferroelastic domains occurring in ferroelastic ceramics, so 
lattice tetragonality (c/a ratio) is generally around 1 [66,67]. 
Obviously, Zr6Ta2O17 ceramics does not meet this lattice tetrag-
onality condition. �erefore, the Elinvar-like e�ect in Zr6Ta2O17 
ceramics is not caused by either magnetic origin or a ferroelastic 
phase transition.

In situ high-temperature x-ray di�raction (HT-XRD) detec-
tion of Zr6Ta2O17 ceramics (Fig. 3A) at 25 to 1,200°C and 
room-temperature XRD pattern of Zr6Ta2O17 ceramics a�er 
TPB tests at di�erent temperatures (Fig. S3) further reveal that 
the characteristic peak is a typical structure of orthorhombic 
Zr6Ta2O17 phase without any secondary phase. �e zoom-in 
view of characteristic peak (111) in Fig. 3B shows that the dif-
fraction peak shi�s slightly to the le�, indicating that the lattice 
constant of Zr6Ta2O17 ceramics slightly increases with rising tem-
perature [68]. Simultaneously, the gradual splitting of the peaks 
does not occur in each characteristic peak of Zr6Ta2O17 ceramics. 
�is con�rms that temperature would not induce the phase tran-
sition of Zr6Ta2O17 ceramics during TPB experiments, including 
the ferroelastic phase transition [34].

The fracture morphologies of Zr6Ta2O17 ceramics after 
in situ TPB tests at 200, 600, and 1,200 °C are shown in Fig. 
4. The relatively flat fracture morphology with no dimples 
suggests that the fracture process of Zr6Ta2O17 ceramics is 
more susceptible to brittle fracture. This indicates that there 
is almost no macroscopic plastic deformation. It is consistent 
with the results of load–deflection curves in Fig. 2A, C, and 
E. Meanwhile, the enlarged fracture morphology (Fig. 4C, 
F, and I and Fig. S4) observed after TPB tests at different 
temperatures is similar to the appearance of cleavage frac-
ture in brittle materials like granite or low carbon martens-
itic steel [69,70]. Cleavage fracture is a type of brittle fracture 
that occurs along a specific crystal plane, known as a trans-
granular fracture [46]. The surface damage morphology of 
grain also proves that the fracture mode of Zr6Ta2O17 ceramics 
includes transgranular and intergranular fracture. �e mixed 
fracture mode suggests that the Zr6Ta2O17 ceramics possess 

exceptional strength and toughness. It is worth noting that 
the cleavage face of Zr6Ta2O17 ceramics at 1,200°C appears 
the smallest density and a unique layered structure (Fig. 4H 
and I). According to Rice–�omson theory [71], the emission 
dislocation of ceramic leads to the passivation of crack tip, 
reducing the possibility of brittle cleavage of cracks, and the 
density of cleavage face decreases accordingly. Meanwhile, 
according to Cottrell–Petch theory [72], dislocations tend 
to produce dislocation pile-up and tensile stress on the cleav-
age face [73], which is likely to form typical Shockley SFs. 
When the SF energy of the material is low, it is difficult for 
dislocations to continue to cross-slip [74], and then the sys-
tematic energy increases, thereby significantly improving 
the strength and stiffness of the material. Therefore, the 
abnormal phenomenon of the elastic modulus and fracture 
strength of Zr6Ta2O17 ceramics at high temperature is most 
likely due to structural changes at the atomic scale, even in 
cases where there is no obvious di�erence in the overall frac-
ture mode.

Unusual TEM phenomenon in entropy-stabilized 
Zr6Ta2O17 ceramics
�e atomic-scale microstructure of the fracture surface at dif-
ferent temperatures was investigated using high-resolution 
transmission electron microscopy (HRTEM) and aberration-
corrected scanning transmission electron microscopy (AC-STEM), 
which are used to reveal the abnormal elastic mechanism of 
Zr6Ta2O17 ceramics. �e TEM observation of Zr6Ta2O17 ceramics 
a�er the TPB test at 200 °C is presented in Fig. 5. �e high-
angle annular dark �eld (HAADF) image in Fig. 5B exhibits 
obvious stripe-like structures of di�erent directions around the 
grain boundary. Scanning transmission electron microscopy–
energy-dispersive spectrometer (STEM-EDS) mapping shows 
that Zr, Ta, and O elements are evenly distributed a�er the TPB 
test, without phase transition or element segregation (Fig. 5B). 
�e (112), (221), and 

(

111
)

 planes of Zr6Ta2O17 (JCPDS 42-0060) 
under the 

[

110
]

 zone axis are clearly observed in the selected-
area electron di�raction (SAED) diagram of Fig. 5C, indicating 
that there is no apparent lattice distortion observed in region 
A of Zr6Ta2O17 ceramics a�er the TPB test at 200 °C. Nevertheless, 
the SAED patterns (green and yellow dashed lines in Fig. 5D) 
in region B of Fig. 5A show the formation of deformation twins 
(DTs) under 

[

110
]

 zone axis. �e AC-STEM image in the same 
region (red and green lines in Fig. 5E) clearly reveals that this 
area exhibits local distortion attributed to a dislocation, and 
the inset fast Fourier transform (FFT) image still shows the 
di�raction characteristics of twins. Combined with the results 

Table 3. The calculated elastic modulus E (GPa), hardness Hv (GPa), Poisson’s ratio ν, and Pugh’s ratio B/G of A6B2O17

Compounds B G E Hv ν B/G

Hf6Ta2O17 211.420 82.552 219.136 11.688 0.327 2.561

Zr6Ta2O17 201.002 88.898 232.428 12.012 0.307 2.261

Hf6Nb2O17 209.049 94.022 234.950 12.077 0.304 2.223

Zr6Nb2O17 197.948 75.635 201.271 10.780 0.331 2.617
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Fig. 2. In situ characterization of elastic modulus measurements of Zr6Ta2O17 ceramics during TPB tests. (A, C, and E) Load–deflection curves acquired by the TPB tests at 
200, 600, and 1,200°C, respectively. (B, D, and F) Camera photos and contour plots of strain εxx during the TPB tests at 200, 600, and 1,200°C, respectively. The color scale 
represents change in strain. (G) Evolution of the elastic modulus at different temperature. (H) Evolution of the fracture strength at different temperature.
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Hu et al. 2024 | https://doi.org/10.34133/research.0436 6

of in situ HT-XRD and post-test XRD without phase transition, 
it is con�rmed that under the suitable stress conditions, the 
dislocation movement reverses the stacking sequence of some 
atom layers and forms a stable twin nucleus [75]. �erefore, 
the lattice resistance (P-N force) encountered by the movement 
of partial dislocations [76] requires a higher critical stress for 
transfer slipping on the twin boundary plane [77], which con-
tributes positively to the mechanical properties of the ceramics. 
�e AC-STEM image (yellow solid line in Fig. 5F) of region C 
reveals the dislocation pile-up and the formation of SFs, which 
further promotes the generation of DTs and inhibits the cross-
slip of dislocations [78]. Surprisingly, the atomic arrangement 
exhibits 8-fold periodic ordered atomic structure, as shown in 
green circle of Fig. 5F. Meanwhile, 8-fold periodic ordered elec-
tron di�raction spots on the 

[

111
]

 zone axis can also be observed 
in the corresponding SAED (Fig. 5G), which is similar to the 
long-period structural modulation (LPSO) [79–81] observed 
in some strengthened alloys or the parent phase structure 
modi�ed by the ordered superstructure [82]. A series of lattice 
distortions such as the transition of atomic-scale chemical dis-
order–ordering and the generation of DTs simultaneously 
enhance the mechanical properties, including strength and 
plasticity of the materials [83]. On the other hand, the improve-
ment of chemical order is also a key factor for the material to 
exhibit the Elinvar-like e�ect [30].

�e TEM images of Zr6Ta2O17 ceramics a�er the TPB test 
at 600°C are presented in Fig. 6. �e HAADF image and EDS 
mapping results exhibit distinct grain boundaries surrounding 
the pores with no element segregation (Fig. 6B). �e AC-STEM 
images of di�erent areas of region A in Fig. 6A are shown in 
Fig. 6C to F. �e overall arrangement of the atoms in Fig. 6C 
is relatively regular, and the FFT pattern (in the lower right 
corner) demonstrates that there is no obvious lattice distortion. 
However, the lattice structure in Fig. 6D is clearly distorted 
under the 

[

110
]

 zone axis, similar to the phenomenon observed 
in Fig. 5D. �e FFT (inset in Fig. 6D) and SAED patterns (green 
and yellow dashed lines in Fig. 6E) of this area reveal the dif-
fraction characteristics of DTs. Excitingly, the formation of SFs 
(yellow solid line in Fig. 6F) is also noticeable in AC-STEM 

image particularly in region A near to region B, and the 
degree of lattice distortion is further enhanced. It is note-
worthy that the splitting of the atomic column is a significant 
factor contributing to the formation of SFs in this region [84]. 
�e AC-STEM image in region B (Fig. 6G) and the FFT pattern 
obtained under the same 

[

111
]

 zone axis (inset in Fig. 6G) con-
�rm that this region exhibits a periodic ordered trend. �e 
AC-STEM image and corresponding FFT pattern (Fig. 6H) of 
region C in Fig. 6A indicate that the lattice in this region is also 
twisted into a periodic ordered structure. �e further enhance-
ment of the degree of order structure optimizes mechanical 
properties [83]. On the one hand, it compensates for the nega-
tive e�ect of the thermal expansion coe�cient of the ceramic 
on the elastic modulus, thereby ensuring that the material still 
has the Elinvar-like e�ect; on the other hand, the combined 
in�uence of enhanced chemical order and lattice distortion, 
such as SFs, may not compromise other mechanical properties, 
such as fracture strength.

�e TEM images of Zr6Ta2O17 ceramics a�er the TPB test 
at 1,200°C are presented in Fig. 7. �e results of HAADF-STEM 
and STEM-EDS show no element segregation a�er the TPB 
test at 1,200°C (Fig. S8B). �is indicates that Zr6Ta2O17 ceram-
ics maintain excellent stability at high temperature. �e HRTEM 
images in region A are shown in Fig. 7B. In addition to 2 obvi-
ous crystal planes of (110) and (111), extra di�raction spots are 
observed in the SAED patterns along the 

[

110
]

 zone axis (inset 
in Fig. 7B, lower right corner). Meanwhile, the superlattice 
electron di�raction pattern with periodic order along the zone 
axis also indicates the improvement in the degree of crystal 
order, revealing that the disordered crystal lattice of Zr6Ta2O17 
ceramics is signi�cantly distorted to an obvious ordered struc-
ture under the combined e�ects of temperature, stress, and Zr–
Ta element substitution [85] compared with the TEM images of 
untested specimen at room temperature (Fig. S5). Di�erent 
from the observations at 200 and 600°C, the AC-STEM image 
(Fig. 7C) shows a unique nanostriped superstructure along the 
(111) crystal plane of 

[

110
]

 zone axis in region A. It should be 
noted that SFs can also be observed in the enlarged HRTEM 
and AC-STEM images (Fig. 7D and E and Fig. S8C to G) of the 

Fig. 3. The phase structure and fracture morphology of Zr6Ta2O17 ceramics at different temperatures. (A) In situ HT-XRD patterns of Zr6Ta2O17 ceramics at 25 to 1,200°C. 
(B) Zoom-in view of characteristic peak (111) around the diffraction angle of 30°.
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3 regions B, C, and D in Fig. 7A. �e light and dark stripe 
structure (Fig. S8D) and the bright and dark spots in the FFT 
pattern (the inset image in Fig. S8D) in region B display a trend 
where the lattice continues to distort, forming a multi-period 
ordered structure. Interestingly, the magni�ed AC-STEM images 
exhibit that the atoms undergo an unprecedented ordered �uc-
tuations [86–89] (Fig. 7C and F and Fig. S8E). Compared with 
the geometric phase analysis (GPA) internal stress maps of the 
25°C specimen (Fig. S7I to L), the strain maps of region C (Fig. 
7E) show that the atomic strain �elds distribute uniformly in 
vertical (y) direction, but locally concentrated in orderly �uc-
tuating atoms in horizontal (x) and shear direction, where 
alternate tensile and compressive atomic strain �elds can be 
found (Fig. 7G to I). It is speculated that SFs formed by the 

orderly �uctuating atoms in di�erent directions of atoms may 
intercept and form Lomer Cottrell Locks or Hirth Locks at the 
SFs interceptions [90–92] in the Zr6Ta2O17 structure a�er the 
TPB test at 1,200°C, and the di�culty of dislocation cross-
slipping is further increased. �e ordered SFs in this ordered 
structure further improve the crystal order degree, optimizing 
the plasticity, strength, and other mechanical properties of 
Zr6Ta2O17 ceramics. �e substantial increase in the degree of 
atomic-scale order has also led to a more obvious Elinvar-like 
e�ect, as well as a sharp rise in the elastic modulus [30]. All in 
all, the ordered transitions or atomic �uctuations are present 
in all grains of the Zr6Ta2O17 specimens, but only in those that 
underwent the TPB test at 1,200°C. More importantly, the TEM 
observations of Zr6Ta2O17 ceramics a�er 1,200°C without the 

Fig. 4. Fracture morphology and magnification after the TPB test at 200°C (A to C), 600°C (D to F), and 1,200°C (G to I).
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TPB test (Fig. S6) and a�er the TPB test at 25, 200, and 600°C 
(Fig. S7) provide clearer evidence that mechanical deformation 
is the primary factor, leading to the lattice distortion of 
Zr6Ta2O17 ceramics. �e temperature can further enhance the 
degree of lattice distortion and atomic-scale chemical ordering 
of Zr6Ta2O17 ceramics. In theory, strong lattice distortion or 
chemical ordering at the atomic scale would locally disturb the 
Peierls potential, increase the lattice friction stress [93], and 
dominate the dislocation slip barrier. Furthermore, the relative 
thickness of di�erent regions (Fig. S9) proves the uniformity 
of focused ion beam (FIB) specimens thickness, which can 
exclude the in�uence of relative thickness inhomogeneity on 
atomic structure. �erefore, the Elinvar-like e�ect of high-
temperature mechanical properties of Zr6Ta2O17 ceramics is 
attributed to the highly distorted lattice structure and varied 
atomic-scale chemical order under the simultaneous action of 
stress and temperature [30].

�e HAADF-STEM images of the fracture surface a�er TPB 
tests at di�erent temperatures proved that the material had no 
phase transformation or precipitation. Figures 5 and 6 and Figs. 
S5 to S7 show that mechanical deformation dominates the lattice 
distortion of dislocations in the local region of Zr6Ta2O17 mate-
rial, which induces the generation of stable twin nucleus and 
SFs, accompanied by the transition of atomic-scale chemical 
disorder to ordering. Surprisingly, the STEM results at 600°C 
show in particular the signi�cant contribution of the splitting of 
atomic columns in the generation of SFs. As the temperature 
further increases to 1,200°C, mechanical deformation and high 
temperature jointly induce strong lattice distortion or chemical 
ordering at the atomic scale in all regions. Furthermore, ordered 
SFs and unique atomic ordered �uctuations further enhance the 
degree of order of the system, resulting in a strong Elinvar-like 
e�ect with a signi�cantly abnormal increase in elastic modu-
lus. �erefore, the Elinvar-like e�ect of the high-temperature 

Fig. 5. TEM observation of Zr6Ta2O17 ceramics after the TPB test at 200°C. (A) STEM image of TEM specimen. (B) Magnified HAADF-STEM image of (A), and all elements are 
homogeneously distributed without composition segregation. (C) SAED patterns of region A in (A). (D) SAED patterns of region B in (A). (E) Magnified AC-STEM image of region 
B in (A), and the inset FFT pattern is indicative of a twin structure. (F) Magnified AC-STEM image of region C in (A) and the inset FFT pattern. (G) SAED patterns of region C in (A).
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mechanical properties of Zr6Ta2O17 ceramics is caused by lattice 
distortion (DTs, SFs) and the disorder–order transition of chemical 
order at the atomic scale under the simultaneous action of stress 
and temperature.

Conclusion
In conclusion, the Zr6Ta2O17 ceramic material with excellent 
comprehensive mechanical properties is selected based on the 
�rst-principles results, and then we present an unconventional 
microstructural feature observed in entropy-stabilized Zr6Ta2O17 
ceramics via in situ TPB tests from 25 to 1,200°C. �e elastic 
modulus of Zr6Ta2O17 ceramics remains relatively constant 
within the temperature range of 25 to 600°C but exhibits an 
abnormal increase at higher temperatures. �e load–de�ection 
curves and scanning electron microscopy (SEM) images reveal 

that brittle fracture predominates as the fracture mode in 
Zr6Ta2O17 ceramics. �e TEM observations con�rm the highly 
distorted lattice structure and disorder–order transition of 
chemical ordering in Zr6Ta2O17 ceramics, primarily influ-
enced by mechanical deformation with a supplementary e�ect 
of temperature.

�e unique structural characteristics of Zr6Ta2O17 ceramics 
contribute to their remarkable energy barrier against disloca-
tion movements, showcasing exceptional resistance to defor-
mation and exhibiting the Elinvar-like e�ect. Additionally, the 
structural disorder is further reduced due to the occurrence of 
chemical ordered transformation and atomic �uctuations in all 
grains during the high-temperature section, leading to further 
increase in elastic modulus and an enhanced Elinvar e�ect. 
Furthermore, the special crystal structure contributes to an 
improvement in mechanical properties, including plasticity and 

Fig. 6. TEM observation of Zr6Ta2O17 ceramics after the TPB test at 600 °C. (A) STEM image of TEM specimen. (B) Magnified HAADF-STEM image of (A), and all elements are 
homogeneously distributed without composition segregation. (C) Magnified AC-STEM image of region A in (A), and the inset image is FFT pattern. (D) Another magnified AC-
STEM image of region A in (A) exhibits local lattice distortion, and the inset image is FFT patterns (the blue circle presents twin nature). (E) SAED patterns of region A close 
to region B in (A) exhibits DTs. (F) Magnification AC-STEM image of region A in (A), and the inset image is FFT patterns. (G) Medium-magnification AC-STEM image of region 
B in (A), and the inset image is FFT pattern. (H) Medium-magnification AC-STEM image of region C in (A), and the inset image is FFT patterns.
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strength, suggesting that Zr6Ta2O17 ceramics may maintain 
outstanding service performance at high temperatures. To the 
best of our knowledge, these properties are unparalleled in 
comparison to traditional ceramics and even reported alloys. 
�is unique high-temperature strengthening ceramics hold 
potential applications in high-performance protective materi-
als, especially for new TBCs operating at elevated higher tem-
perature (>1,400 °C) in high-thrust aero-engine.

Materials and Methods

Specimen preparation
�e Zr6Ta2O17 ceramics were synthesized through a high- 
temperature solid-state reaction, utilizing ZrO2 (purity ≥ 99.99%, 

China New Metal Materials Technology Co. Ltd.) and Ta2O5
(purity ≥ 99.99%, China New Metal Materials Technology Co. 
Ltd.) as raw materials. �e powders with a chemical composition 
of 85.71 mol % ZrO2 and 14.29 mol % Ta2O5 were precisely 
weighed and subsequently mixed with ethanol through plane-
tary ball milling for 20 h. �e resulting slurry was dried at 80°C 
for 12 h and then reacted at 1,600°C for 20 h to produce pre-
sintered Zr6Ta2O17 powder. Following this, the Zr6Ta2O17 pow-
der was ground and sieved using a 500-mesh sieve to obtain the 
�nal powders for pressing. Uniaxial cold pressing at 200 MPa 
was employed to prepare strip specimens with dimensions of 
40 mm × 6 mm × 2.5 mm. �e as-pressed specimens were sub-
jected to a drying process in an oven at 60°C for 24 h to alleviate 
internal stress generated during pressing. Finally, the specimens 

Fig. 7. TEM observation of Zr6Ta2O17 ceramics after the TPB test at 1,200°C. (A) STEM image of TEM specimen. (B) Magnified HRTEM image of region A in (A), and inset SAED 
pattern belongs to region A in (A). (C) Magnified AC-STEM image of region A in (A), and the inset image is FFT pattern. (D) Magnified HRTEM image of region C in (A), the lower 
right inset image is magnified patterns of SFs, and the upper right inset image is FFT patterns. (E) AC-STEM image of region C in (A), and the inset image is the FFT pattern. 
(F) Magnified AC-STEM image in (E). (G to I) GPA images of strain distributions εxx, εyy, and εxy of (E).
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underwent pressureless sintering in air at 1,600 °C for 20 h, fol-
lowed by furnace cooling, resulting in dense Zr6Ta2O17 ceramics 
with a density of 97%.

High-temperature in situ TPB characterization
�e elastic modulus and fracture strength of Zr6Ta2O17 ceramics 
were determined using a high-temperature TPB method at 
various temperatures (25 to 1,200°C). �e surface displacement 
and strain evolution of the ceramics during TPB tests were 
monitored in situ using a DIC system. A high-temperature 
speckle pattern was applied to the specimen for obtaining dis-
placement and strain distributions during the TPB tests, fol-
lowing the procedures outlined in our previous work [46]. A 
CCD camera with a resolution of 1,624 × 1,236 pixels from 
GOM Co., Germany, was positioned in front of the specimen’s 
cross-section to record the deformation process. �e sampling 
frequency of the CCD camera was set at one image per second. 
For the TPB experiments, the Zr6Ta2O17 specimen was secured 
in the �xture with a clamp span of 27 mm. �e specimens were 
isothermally preserved for 10 min before initiating the TPB 
experiment to ensure uniform temperature distribution. �e 
loading rate during the TPB test was set at 0.03 mm/min. At 
least 3 Zr6Ta2O17 specimens were tested for each temperature. 
�e elastic modulus (E) and fracture strength (σb) were calcu-
lated using the established methods [46,65]

where K is the slope of the tangent to the initial linear part of 
load–de�ection curve, L is the span of the clamp, b is the width 
of the specimen, and h is the thickness of the specimen. Pb is 
the critical load corresponding to the specimen fracture in the 
TPB tests.

Microstructure and compositional characterization
�e phase structure of Zr6Ta2O17 ceramics was detected using 
XRD with CuKα radiation, employing a scanning range of 10° 
to 90° and a scanning rate of 4°/min. �e phase structures of 
Zr6Ta2O17 ceramics at di�erent temperatures were analyzed by 
in situ HT-XRD (SmartLab SE). Microstructural observations 
were performed by SEM (TESCAN MIRA3 LMH) equipped 
with EDS (Oxford X MAX20) for elemental analysis. �e TEM 
specimen was nanoprocessed by FIB (FEI Scio 2 HiVac). �e 
cross-section sheet was thinned to a thickness of 80 nm with 
an accelerating voltage of 30 kV and a maximum current of 
2.5 nA, followed by �ne polishing under the conditions of 5-kV 
accelerating voltage and a small current of 16 pA. It is worth 
noting that all specimens were not processed using Ar ion mill-
ing to prevent structural damage. �e microstructure of the 
fracture section was analyzed using HRTEM (FEI Talos F200X 
G2, Hillsboro, USA), with HAADF images obtained at a height 
of 88 mm and an acceptance angle of 50 to 200 mrad. �e 
specimens were characterized by HAADF-STEM using a super-
x spectrometer. �e STEM-EDS images were acquired with a 
pixel count exceeding 30 million pixels for each image to ensure 
image quality. Additionally, the atomic-scale structure of the 
Zr6Ta2O17 fracture section was �nely characterized using double 

spherical AC-STEM (Titan �emis G2 60-300, �ermo-Fisher, 
MA, USA), with HAADF images acquired at an acceptance 
angle of 48 to 200 mrad. GPA was conducted using Gatan digital 
micrographs so�ware [94].

Simulation details
�e mechanical properties of solid-state physics were investi-
gated by �rst-principles calculation. �e VASP so�ware, based 
on density functional theory (DFT), was employed to study the 
crystal structure and elastic properties [95,96] of A6B2O17 com-
pounds. �e electron-ion exchange was represented by the pro-
jection augmented wave (PAW) description [97], and the 
exchange-correlation functional was constructed by using the 
generalized gradient approximation (GGA) proposed by Perdew–
Burke–Ernzerhof (PBE) [98]. The cutoff energy value for 
expanding the electron wave function in the plane-wave basis 
set was taken as 550 eV for A6B2O17 compounds. �e recipro-
cal-space integration over the Brillouin zone was done with 
1 × 8 × 8 Monkhorst–Pack k-point grid [61]. �e convergence 
criteria were set to ensure a total convergence energy of less 
than 1.0 meV/atom, a residual stress of less than 0.02 eV/Å, 
and a maximum stress deviation of less than 0.02 GPa. �e 
conjugate gradient method was selected to optimize the atomic 
position, the shape, and volume of the crystal unit cell. In order 
to obtain more accurate energy, the �nal self-consistent static 
state of the crystal unit cell was calculated by the tetrahedral 
smear method with Blcohl correction [99]. In this study, the 
crystal structure of orthorhombic A6B2O17 compounds was 
initially referenced, followed by Zr substitution at the A site 
and Ta substitution at the B site. Ultimately, the cell model of 
A6B2O17 (A = Zr, Ta, B = Hf, Nb) compounds was obtained.

Acknowledgments
Funding: �is work was supported by the National Natural 
Science Foundation of China (grant no. 12372102), the Science 
and Technology Innovation Program of Hunan Province 
(grant no. 2022RC1082), the Scienti�c Research Foundation of 
Hunan Provincial Education Department (grant no. 21A0120), 
and Postgraduate Scienti�c Research Innovation Project of 
Hunan Province (grant nos. XDCX2021B139, CX20230551, 
and CX20220559).
Author contribution: X.H. and Q.L. wrote the initial dra� for 
the manuscript and contributed to the investigation and formal 
analysis. S.L. and Y.Z. contributed to the formal analysis and 
validation. J.G. and J.W. were responsible for the data curation 
and visualization. W.Z. and Z.M. were responsible for the con-
ceptualization, writing, supervision and management. All authors 
have read and approved the �nal manuscript.
Competing interests: �e authors declare that they have no 
competing interests.

Data Availability
Data that support the �ndings presented in this manuscript 
can be provided upon reasonable request by contacting the 
corresponding author.

Supplementary Materials
Figs. S1 to S8
Table S1

(5)E =
KL

3

4bh
3

(6)�b =
3PbL

2bw
2

https://doi.org/10.34133/research.0436


Hu et al. 2024 | https://doi.org/10.34133/research.0436 12

References

1. Zeng XL, Ye L, Yu SH, Li H, Sun R, Xu JB, Wong CP. Arti�cial 
nacre-like papers based on noncovalent functionalized boron 
nitride nanosheets with excellent mechanical and thermally 
conductive properties. Nanoscale. 2015;7(15):6774–6781.

2. Gu XL, Liu C, Gao XX, Zhang K, Zheng WT, Chen CF. 
Solving strength–toughness dilemma in superhard transition-
metal diborides via a distinct chemically tuned solid solution 
approach. Research. 2023;6:Article 0035.

 3. Ritchie RO. �e con�icts between strength and toughness. Nat 
Mater. 2011;10(11):817–822.

 4. Chen S, Chen YH, Zhao Y, Zhang L, Zhu C, Zhang YY, Liu SJ,  
Xia SH, Yu JY, Ding B, et al. Status and strategies for 
fabricating �exible oxide ceramic micro-nano�ber materials. 
Mater Today. 2022;61:139–168.

 5. Zhou N, Xu BS, Zhou ZL, Qu LJ, Wang YG, Han WB, Fang DN.  
Lightweight quasi-layered elastic �brous porous ceramics with 
high compressive stress and low thermal conductivity. J Mater 
Sci Technol. 2023;143:207–215.

 6. Demirskyi D, Nishimura T, Yoshimi K, Vasylkiv O. High-
strength, medium entropy Zr-Ta-Nb diboride ceramics. Scr 
Mater. 2023;225:Article 115170.

 7. Yang Y, Wang ZY, He QQ, Li XJ, Lu GX, Jiang LM, Zeng YS, 
Bethers B, Jin J, Lin S, et al. 3D printing of nacre-inspired 
structures with exceptional mechanical and �ame-retardant 
properties. Research. 2022;2022:Airtcle 9840574.

 8. Zhang BR, Wang C, Zhang YF, Zhang XY, Yang JL. A novel 
method for fabricating brick-mortar structured alumina-
zirconia ceramics with high toughness. J Eur Ceram Soc. 
2023;43(2):727–732.

 9. Ren CL, Li C, Guo HB, Wang H, Bai ZM, Ma Y. E�ect 
of Sr2Nb2O7 addition on fracture toughness and thermal 
conductivity of Y2O3-stabilized HfO2 ceramics. Ceram Int. 
2022;48(11):16432–16443.

 10. Oses C, Toher C, Curtarolo S. High-entropy ceramics. Nat Rev 
Mater. 2020;5(4):295–309.

 11. Zhang Z, Yang ZH, Qian WF, Chen YN, Xu YK, Xu XQ,  
Zhao QY, Li HZ, Zhao YQ, Zhan HF. Achieving enhanced 
toughness of a nanocomposite coating by lattice distortion 
at the variable metallic oxide interface. Mater Des. 
2022;224:Article 111316.

 12. Wang F, Li X, Xu Q, Chen H, Xi JW, Zhang FF, Tan Z, Cheng Y, 
Wang SF, Xing J, et al. Simultaneous enhancement of electrical 
and mechanical properties in CaBi2Nb2O9-based ceramics.  
J Eur Ceram Soc. 2022;42(10):4196–4211.

 13. Han XD, Zhang YF, Zheng K, Zhang XN, Zhang Z, Hao YJ, 
Guo XY, Yuan J, Wang ZL. Low-temperature in situ large 
strain plasticity of ceramic SiC nanowires and its atomic-scale 
mechanism. Nano Lett. 2007;7(2):452–457.

 14. Salamania J, Sangiovanni DG, Kraych A, Kwick KMC, 
Schramm IC, Johnson LJS, Boyd R, Bakhit B, Hsu TW,  
Mrovec M. Elucidating dislocation core structures in titanium 
nitride through high-resolution imaging and atomistic 
simulations. Mater Des. 2022;224:Article 111327.

 15. Mu YK, Liu L, Shi JQ, Sun TT, Hu K, Jia YF, Song KK,  
Jia YD, Wang Q, Wang G. Multi-type dislocation 
substructure evolution in a high-strength and ductile 
duplex high-entropy nanocomposites. Compos Part B Eng. 
2022;247:Article 110322.

 16. Li HB, Han Y, Feng H, Zhou G, Jiang ZH, Cai MH, Li YZ, 
Huang MX. Enhanced strength-ductility synergy via high 

dislocation density-induced strain hardening in nitrogen 
interstitial CrMnFeCoNi high-entropy alloy. J Mater Sci 
Technol. 2023;141:184–192.

 17. Mu YK, He LH, Deng SH, Jia YF, Jia YD, Wang G, Zhai QJ, 
Liaw PK, Liu CT. A high-entropy alloy with dislocation-
precipitate skeleton for ultrastrength and ductility. Acta Mater. 
2022;232:Article 117975.

 18. Luo J. �e scienti�c questions and technological opportunities 
of �ash sintering: From a case study of ZnO to other ceramics. 
Scr Mater. 2018;146:260–266.

 19. Todd R, Zapata-Solvas E, Bonilla R, Sneddon T, Wilshaw P. 
Electrical characteristics of �ash sintering: �ermal runaway of 
joule heating. J Eur Ceram Soc. 2015;35(6):1865–1877.

 20. Narayan J. A new mechanism for �eld-assisted processing and 
�ash sintering of materials. Scr Mater. 2013;69(2):107–111.

 21. Li J, Cho J, Ding J, Charalambous H, Xue SC, Wang H,  
Phuah XL, Jian J, Wang XJ, Ophus C. Nanoscale stacking fault–
assisted room temperature plasticity in �ash-sintered TiO2.  
Sci Adv. 2019;5(9):1–9.

 22. Shen C, Li J, Niu TJ, Cho J, Shang ZX, Zhang YF, Shang AY, 
Yang B, Xu K, García RE, et al. Achieving room temperature 
plasticity in brittle ceramics through elevated temperature 
preloading. Sci Adv. 2024;10(16):eadj4079.

 23. Cao K, Feng SZ, Han Y, Gao LB, Hue LT, Xu ZP, Lu Y. Elastic 
straining of free-standing monolayer graphene. Nat Commun. 
2020;11(1):284.

 24. Bumgardner C, Croom B, Li X. High-temperature 
delamination mechanisms of thermal barrier coatings: In-situ 
digital image correlation and �nite element analyses. Acta 
Mater. 2017;128:54–63.

 25. Qu ZL, Wei K, He Q, He R, Pei YM, Wang SX, Fang DN. High 
temperature fracture toughness and residual stress in thermal 
barrier coatings evaluated by an in-situ indentation method. 
Ceram Int. 2018;44(7):7926–7929.

 26. Lam NQ, Okamoto PR. A uni�ed approach to solid-state 
amorphization and melting. MRS Bull. 1994;19(7):41–46.

 27. Grover R, Getting IC, Kennedy GC. Simple compressibility 
relation for solids. Phys Rev B. 1973;7(2):567.

 28. Hausch G. Elastic and magnetoelastic e�ects in invar alloys.  
J Magn Magn Mater. 1979;10(2-3):163–169.

 29. Wasserman E. Invar: Moment-volume instabilities in transition 
metals and alloys. Handb Ferromagn Mater. 1990;5:237–322.

 30. He QF, Wang JG, Chen HA, Ding ZY, Zhou ZQ, Xiong LH, 
Luan JH, Pelletier JM, Qiao JC, Wang Q, et al. A highly 
distorted ultraelastic chemically complex Elinvar alloy. Nature. 
2022;602(7896):251–257.

 31. Xu S, Pons J, Santamarta R, Karaman I, Benafan O, Noebe R. 
Strain glass state in Ni-rich Ni-Ti-Zr shape memory alloys. 
Acta Mater. 2021;218:Article 117232.

 32. Wang WJ, Ji YC, Fang MX, Wang D, Ren S, Otsuka K,  
Wang YZ, Ren XB. Reentrant strain glass transition in  
Ti-Ni-Cu shape memory alloy. Acta Mater. 2022;226: 
Article 117618.

 33. Wang WJ, Luo P, Wei Y, Ji YC, Liu C, Ren XB. Spinodal strain 
glass in Mn-Cu alloys. Acta Mater. 2022;231:Article 117874.

 34. Ji YC, Zhang P, He LQ, Wang D, Luo HY, Otsuka K, Wang YZ,  
Ren XB. Tilt strain glass in Sr and Nb co-doped LaAlO3 
ceramics. Acta Mater. 2019;168:250–260.

 35. Diaz JCCA, Venet M, Rodrigues ADG, Quiroga DAB,  
Cordero F, da Silva JPS. Ferroic glass behavior in (Bi, Na) 
TiO3-based lead-free electroceramics. J Alloys Compd. 
2022;918:Article 165717.

https://doi.org/10.34133/research.0436


Hu et al. 2024 | https://doi.org/10.34133/research.0436 13

36. Padture NP. Advanced structural ceramics in aerospace 
propulsion. Nat Mater. 2016;15(8):804–809.

 37. Bai MW, Jiang HB, Chen Y, Chen YQ, Grovenor C, Zhao XF,  
Xiao P. Migration of sulphur in thermal barrier coatings 
during heat treatment. Mater Des. 2016;97:364–371.

 38. Lim Y, Park J, Lee H, Ku M, Kim Y-B. Rapid fabrication of 
lanthanum strontium cobalt ferrite (LSCF) with suppression of 
LSCF/YSZ chemical side reaction via �ash light sintering for 
SOFCs. Nano Energy. 2021;90:Article 106524.

 39. Pakseresht A, Shari�anjazi F, Esmaeilkhanian A, Bazli L, 
Nafchi MR, Bazli M, Kirubaharan K. Failure mechanisms 
and structure tailoring of YSZ and new candidates for 
thermal barrier coatings: A systematic review. Mater Des. 
2022;222:Article 111044.

 40. Naga S, Awaad M, El-Maghraby H, Hassan A, Elhoriny M, 
Killinger A, Gadow R. E�ect of La2Zr2O7 coat on the hot 
corrosion of multi-layer thermal barrier coatings. Mater Des. 
2016;102:1–7.

 41. Strunz P, Schumacher G, Vaßen R, Wiedenmann A, Ryukhtin V.  
In situ small-angle neutron scattering study of La2Zr2O7 and 
SrZrO3 ceramics for thermal barrier coatings. Scr Mater. 
2006;55(6):545–548.

 42. Su T, Chen L, Qu CK, Li JY, Lv L, Wang YC, Ji XL, Yun HT, 
Feng J. Determinations of Ce solid solution mechanism and 
limit thermal conductivity of YTaO4 ceramics. J Eur Ceram 
Soc. 2023;43(1):150–165.

 43. Deng SX, He G, Yang ZC, Wang JX, Li JT, Jiang L. Calcium-
magnesium-alumina-silicate (CMAS) resistant high entropy 
ceramic (Y0.2Gd0.2Er0.2Yb0.2Lu0.2)2Zr2O7 for thermal barrier 
coatings. J Mater Sci Technol. 2022;107:259–265.

 44. Li F, Zhou L, Liu JX, Liang YC, Zhang GJ. High-entropy 
pyrochlores with low thermal conductivity for thermal barrier 
coating materials. J Adv Ceram. 2019;8(4):576–582.

 45. He JJ, He G, Liu J, Tao J. New class of high-entropy defect 
�uorite oxides RE2(Ce0.2Zr0.2Hf0.2Sn0.2Ti0.2)2O7 (RE= Y, Ho, Er, 
or Yb) as promising thermal barrier coatings. J Eur Ceram Soc. 
2021;41(12):6080–6086.

 46. Zhou ZP, Yuan WZ, Zhu W, Hu XP, Zou Y, Wu Q, Wei HQ. 
In situ measurements of the high-temperature mechanical 
properties of ZrO2-doped YTaO4 ceramic by three-point 
bending combined with a digital image correlation method. 
Ceram Int. 2022;48(5):7159–7167.

 47. Liu Q, Hu XP, Zhu W, Liu GL, Guo JW, Bin J. �ermal shock 
performance and failure behavior of Zr6Ta2O17-8YSZ double-
ceramic-layer thermal barrier coatings prepared by atmospheric 
plasma spraying. Ceram Int. 2022;48:24402–24410.

 48. Voskanyan AA, Lilova K, McCormack SJ, Kriven WM, 
Navrotsky A. A new class of entropy stabilized oxides: 
Commensurately modulated A6B2O17 (A= Zr, Hf; B= Nb, Ta) 
structures. Scr Mater. 2021;204:Article 114139.

 49. Wu JY, Hu XP, Liu S, Liu Q, Guo JW, Wang S, Han S, Zhu W.  
High-temperature mechanical properties and fracture 
mechanism of A6B2O17 (A= Hf, Zr; B= Ta, Nb) high-entropy 
ceramics. J Eur Ceram Soc. 2024;44(6):3652–3663.

 50. Li H, Yu YP, Fang B, Xiao P, Wang S. Study on properties of 
Hf6Ta2O17/Ta2O5 system: A potential candidate for environmental 
barrier coating (EBC). J Eur Ceram Soc. 2022;42(11):4651–4662.

 51. Chen YL, Huang YR, Chang LC. Oxidation behavior and 
mechanical properties of laminated Hf–Ta coatings. Appl Surf 
Sci. 2015;354:179–186.

 52. Liu Q, Hu XP, Zhu W, Guo JW, Tan ZY. E�ects of Ta2O5 
content on mechanical properties and high-temperature 

performance of Zr6Ta2O17 thermal barrier coatings. J Am 
Ceram Soc. 2021;104(12):6533–6544.

 53. Liu S, Hu XP, Liu Q, Guo JW, Wu JY, Zhu W. E�ect of HfO2 
content on CMAS corrosion resistance of a promising 
Hf6Ta2O17 ceramic for thermal barrier coatings. Corros Sci. 
2022;208:Article 110712.

 54. Tan ZY, Yang ZH, Zhu W, Yang L, Zhou YC, Hu XP. 
Mechanical properties and calcium-magnesium-alumino-
silicate (CMAS) corrosion behavior of a promising 
Hf6Ta2O17 ceramic for thermal barrier coatings. Ceram Int. 
2020;46(16):25242–25248.

 55. Murnaghan F. On the theory of the tension of an elastic 
cylinder. Proc Natl Acad Sci USA. 1944;30(12):382–384.

 56. Le Page Y, Saxe P. Symmetry-general least-squares extraction 
of elastic data for strained materials from ab initio calculations 
of stress. Phys Rev B. 2002;65(10):Article 104104.

 57. Hill R. �e elastic behaviour of a crystalline aggregate. Proc 
Phys Soc Sect A. 1952;65(5):349.

 58. Mu YK, Liu HX, Liu YH, Zhang XW, Jiang YH, Dong T. An 
ab initio and experimental studies of the structure, mechanical 
parameters and state density on the refractory high-entropy 
alloy systems. J Alloys Compd. 2017;714:668–680.

 59. Liu B, Liu YC, Zhu CH, Xiang HM, Chen HF, Sun LC, Gao YF,  
Zhou YC. Advances on strategies for searching for next 
generation thermal barrier coating materials. J Mater Sci 
Technol. 2019;35(5):833–851.

 60. Mazhnik E, Oganov AR. A model of hardness and fracture 
toughness of solids. J Appl Phys. 2019;126(12):Article 125109.

 61. Huang B, Zhu W, Sun LZ, Ma ZS. Structural and thermal-
mechanical properties of Ln3Ta5O15 (Ln= Ce, Pr, Nd, Sm, 
Eu, Gd, Tb) for thermal barrier coatings. Comput Mater Sci. 
2023;218:Article 111938.

 62. Zang SL, Lee MG, Sun L, Kim JH. Measurement of the 
Bauschinger behavior of sheet metals by three-point bending 
springback test with pre-strained strips. Int J Plast.  
2014;59:84–107.

 63. Zhou W, Wang Q, Ling W, He L, Tang Y, Wu F, Liao J, Hui K,  
Hui K. Characterization of three-and four-point bending 
properties of porous metal �ber sintered sheet. Mater Des. 
2014;56:522–527.

 64. Mao WG, Wang YJ, Shi J, Huang HY, Wang YC, Lv L, Yang HY,  
Zou C, Dai CY, Zhu XL, et al. Bending fracture behavior 
of freestanding (Gd0.9Yb0.1)2Zr2O7 coatings by using digital 
image correlation and FEM simulation with 3D geometrical 
reconstruction. J Adv Ceram. 2019;8:564–575.

 65. Mao WG, Wang YJ, Huang HY, Zeng L, Wang YC, Lv L,  
Feng B, Zou C, Dai CY, Tang QZ, et al. In situ characterizations 
of mechanical behaviors of freestanding (Gd0.9Yb0.1)2Zr2O7 
coatings by bending tests under di�erent temperatures based 
on digital image correlation. J Eur Ceram Soc. 2020;40(2):491–502.

 66. Wei XK, Prokhorenko S, Wang BX, Liu ZH, Xie YJ, Nahas Y,  
Jia CL, Dunin-Borkowski RE, Mayer J, Bellaiche L, et al. 
Ferroelectric phase-transition frustration near a tricritical 
composition point. Nat Commun. 2021;12(1):5322.

 67. Vullum PE, Mastin J, Wright J, Einarsrud M-A, Holmestad R, 
Grande T. In situ synchrotron X-ray di�raction of ferroelastic 
La0.8Ca0.2CoO3 ceramics during uniaxial compression. Acta 
Mater. 2006;54(10):2615–2624.

 68. Dong L, Li Y, Lv JW, Jiang HC, Zhao XH, Zhang WL. High 
temperature lattice structure evolution of C-axis preferred 
orientation AlN thin �lms and its application in temperature 
measurement. Ceram Int. 2023;49(1):607–612.

https://doi.org/10.34133/research.0436


Hu et al. 2024 | https://doi.org/10.34133/research.0436 14

69. Cho L, Bradley PE, Lauria DS, Martin ML, Connolly MJ,  
Benzing J, Seo EJ, Findley KO, Speer JG, Sli�a AJ. 
Characteristics and mechanisms of hydrogen-induced 
quasi-cleavage fracture of lath martensitic steel. Acta Mater. 
2021;206:Article 116635.

70. Kim G, Jang J, Kim KY, Yun TS. Characterization of 
orthotropic nature of cleavage planes in granitic rock. Eng 
Geol. 2020;265:Article 105432.

 71. Rice JR, �omson R. Ductile versus brittle behaviour of 
crystals. Philos Mag. 1974;29(1):73–97.

72. Huang ZW, Wen DH, Jiang XH, Wang AD, Li YS, Cao Y,  
Hou XD, Wang B, Zhu YT. Additional dislocation slip 
determined excess yield stress in titanium. Mater Sci Eng A. 
2022;861:Article 144387.

73. Wang JP, Wen ZX, Liang JW, Yue ZF. Typical characteristics 
for creep fracture cleavage plane of nickel-based single crystal. 
Mater Sci Eng A. 2019;760:141–151.

74. Potnis G, Goswami D, Das J. Twinning mediated plasticity 
in high entropy CoCr1.3FeNi0.7MnNbx (x= 0.3, 0.367, 0.4) 
ultra�ne lamellar eutectic by tuning stacking fault energy. Scr 
Mater. 2023;227:Article 115271.

 75. Beyerlein IJ, Zhang X, Misra A. Growth twins and deformation 
twins in metals. Annu Rev Mater Sci. 2014;44:329–363.

 76. Wang J, Sehitoglu H. Twinning stress in shape memory alloys: 
�eory and experiments. Acta Mater. 2013;61(18):6790–6801.

 77. Liebig JP, Krauß S, Göken M, Merle B. In�uence of stacking 
fault energy and dislocation character on slip transfer at 
coherent twin boundaries studied by micropillar compression. 
Acta Mater. 2018;154:261–272.

 78. Niu RM, An XH, Li LL, Zhang ZF, Mai YW, Liao XZ. Mechanical 
properties and deformation behaviours of submicron-sized  
Cu–Al single crystals. Acta Mater. 2022;223:Article 117460.

 79. Hagihara K, Li ZX, Yamasaki M, Kawamura Y, Nakano T. 
Strengthening mechanisms acting in extruded Mg-based 
long-period stacking ordered (LPSO)-phase alloys. Acta Mater. 
2019;163:226–239.

 80. Abe E, Kawamura Y, Hayashi K, Inoue A. Long-period ordered 
structure in a high-strength nanocrystalline Mg-1at% Zn-2at% 
Y alloy studied by atomic-resolution Z-contrast STEM. Acta 
Mater. 2002;50(15):3845–3857.

 81. Mao PL, Xin Y, Han K, Liu Z, Yang ZQ. Formation of 
long-period stacking-ordered (LPSO) structures and 
microhardness of as-cast Mg-4.5Zn–6Y alloy. Mater Sci Eng A. 
2020;777:Article 139019.

 82. Xu C, Mao JF, Guo XY, Yan SR, Chen YC, Lo TW, Chen CS,  
Lei DY, Luo X, Hao JH, et al. Two-dimensional ferroelasticity 
in van der Waals β’-In2Se3. Nat Commun. 2021;12(1):3665.

 83. Wang JF, Song PF, Huang S, Pan FS. E�ects of heat treatment 
on the morphology of long-period stacking ordered phase and 
the corresponding mechanical properties of Mg–9Gd–xEr–
1.6Zn–0.6Zr magnesium alloys. Mater Sci Eng A.  
2013;563:36–45.

 84. Yan XX, Jiang YX, Jin QQ, Yao TT, Wang WZ, Tao A, Gao CY, 
Li X, Chen CL, Ye HQ, et al. Interfacial interaction and intense 

interfacial ultraviolet light emission at an incoherent interface. 
Nat Commun. 2023;14(1):2788.

 85. Zhang J, Wang S, Li W. Consolidation and characterization of 
highly dense single-phase Ta–Hf–C solid solution ceramics.  
J Am Ceram Soc. 2019;102(1):58–62.

 86. Kizaki H, Hayashi K, Lu C, Happo N, Hosokawa S, Hidaka S,  
Hayashi S, Suzuki M, Uchitomi N. Anomalous atomic 
�uctuations in the local structure around Mn of (Zn, Sn, Mn) 
As2 thin �lms. Phys Rev B. 2022;106(6):Article 064434.

 87. Murali P, Guo T, Zhang Y, Narasimhan R, Li Y, Gao H. 
Atomic scale �uctuations govern brittle fracture and 
cavitation behavior in metallic glasses. Phys Rev Lett. 
2011;107(21):Article 215501.

 88. Wang Z, Palmer R. Direct atomic imaging and dynamical 
�uctuations of the tetrahedral Au20 cluster. Nanoscale. 
2012;4(16):4947–4949.

 89. Sasaki N, Watanabe S, Tsukada M. Visualization of thermally 
�uctuating surface structure in noncontact atomic-force 
microscopy and tip e�ects on �uctuation: �eoretical 
study of Si (111)-(√3×√3)-Ag surface. Phys Rev Lett. 
2002;88(4):Article 046106.

 90. Cho J, Li YY, Shang ZX, Li J, Li Q, Wang HY, Wu YQ, Zhang XH.  
Extrinsic size dependent plastic deformability of ZnS 
micropillars. Mater Sci Eng A. 2020;792:Article 139706.

 91. Su RZ, Ne�ati D, Li Q, Xue SC, Cho J, Li J, Ding J, Zhang YF, 
Fan CC, Wang HY, et al. Ultra-high strength and plasticity 
mediated by partial dislocations and defect networks: Part I: 
Texture e�ect. Acta Mater. 2020;185:181–192.

 92. Su RZ, Ne�ati D, Zhang YF, Cho J, Li J, Wang HY, 
Kulkarni Y, Zhang XH. �e in�uence of stacking faults on 
mechanical behavior of advanced materials. Mater Sci Eng A. 
2021;803:Article 140696.

 93. Zhang LC, Xiang Y, Han J, Srolovitz DJ. �e e�ect of 
randomness on the strength of high-entropy alloys. Acta 
Mater. 2019;166:424–434.

 94. Hÿtch M, Snoeck E, Kilaas R. Quantitative measurement of 
displacement and strain �elds from HREM micrographs. 
Ultramicroscopy. 1998;74(3):131–146.

 95. Dmitriyeva A, Mikheev V, Zarubin S, Chouprik A, Vinai G, 
Polewczyk V, Torelli P, Matveyev Y, Schlueter C, Karateev I, et al. 
Magnetoelectric coupling at the Ni/Hf0.5Zr0.5O2 interface. ACS 
Nano. 2021;15(9):14891–14902.

 96. Bai LH, Hu YL, Liang XB, Tong YG, Liu J, Zhang ZB, Li YJ, 
Zhang J. Titanium alloying enhancement of mechanical 
properties of NbTaMoW refractory high-entropy alloy: 
First-principles and experiments perspective. J Alloys Compd. 
2021;857:Article 157542.

 97. Kresse G, Joubert D. From ultraso� pseudopotentials 
to the projector augmented-wave method. Phys Rev B. 
1999;59(3):1758.

 98. Perdew JP, Burke K, Ernzerhof M. Generalized gradient 
approximation made simple. Phys Rev Lett. 1996;77(18):3865.

 99. Cao XQ, Vassen R, Stöver D. Ceramic materials for thermal 
barrier coatings. J Eur Ceram Soc. 2004;24(1):1–10.

https://doi.org/10.34133/research.0436



