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A B S T R A C T

Chemical complex solid solutions with dual-phases were successfully synthesized through solid-state reaction 
with its thermal-mechanical behavior subjected to proton irradiation were characterized. The dual-phase 
structural solid solutions demonstrate reduced thermal conductivity and enhanced mechanical performance, 
which can be associated with its chemical disorder and lattice distortion. Radiation hardening can be observed 
for the sample pellets with slight surface amorphization occurring, resulting in a Ti-enriched alteration layer 
covered on the surface.

1. Introduction

Recently, the extraordinary thermal, mechanical, and radiation 
resistance of the pyrochlore or fluorite multicomponent solid solutions 
A2B2O7 has raised intensive research worldwide, especially in the 
typical fields of environmental barrier coating (EBC), catalyst for 
hydrogen production and nuclear waste form[1]. Previous research by 
Guo et al.[2] suggested that the cationic ionic radii ratio is the critical 
parameter in judging the radiation resistance for high-entropy pyro
chlore solid solutions. Chemical complex solid solutions with highly 
tunable crystalline structures can feasibly control the cationic ionic radii 
and simultaneously alter its crystalline structure due to the potential 
introduced large lattice distortion. The significant large lattice distortion 
induced by large ionic differences within the cationic elements further 
leads to the dual-phase structure, which might extend superior thermal, 
radiation, and corrosion resistance[3,4]. Thermal conductivity was 
recognized to have a strong negative correlation with size disorder, 
acting as an ideal predictor for thermal conductivity [5]. Therefore, it is 
reasonable to assume that large-size disorder coupled with dual-phase 
structure can affect the key material parameters as well. In the current 
study, dual-phase A2B2O7 solid solutions were successfully synthesized 
to align with the large-size disorder by introducing cationic elements 
with large ionic radii differences into the A-site, while the thermal, 
mechanical property and its microstructure evolution of the 
as-synthesized dual-phase solid solutions were characterized before and 

post proton irradiation.

2. Materials and methods

Equally amount of rare earth oxides (La2O3, Nd2O3, Sm2O3, Eu2O3, 
Gd2O3, Dy2O3, Tm2O3, and TiO2) were dried in an oven at 300 ◦C for 2 
hours following by ball-milling for 24 hours with a rotating speed of 500 
r/min (Fig. 1(a)). The high-temperature consolidation can be achieved 
by ultra-fast hot-pressing at 1250 ◦C and 50 MPa with a thermal holding 
time of 30 minutes, the theoretical density of the samples are greater 
than 90%. The proton irradiation was carried out at the Institute of 
Modern Physics, Chinese Academy of Sciences (Lanzhou, China) with 
proton energy of 1.52 MeV at room temperature, achieving a final flu
ence of 5 × 10¹⁸ cm⁻². The microstructure evolution of the as- 
consolidated sample coupons before and post proton irradiation can 
be characterized by Scanning Electron Microscopy (SEM) (TESCAN 
LYRA3 GM), Scanning Transmission Electron Microscopy (STEM) 
(Spectra 300 (S)TEM) equipped with an Energy Dispersive Spectroscopy 
(EDS). The crystalline phase structure and localized chemical bonding 
environment were determined by X-ray Diffraction (XRD) (PAN 
analytical) and Confocal Raman Spectroscopy (HORIBA HR Evolution). 
The thermal conductivity can be calculated by measuring the thermal 
diffusivity of the sample pellets with a laser thermal conductivity meter 
(NETZCH 100) at elevated temperatures from 25 ◦C to 900 ◦C[6]. The 
mechanical property of the surface alteration layer post-irradiation can 
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be further determined by nano-indentation and micro-indentation 
(Vicker hardness).

3. Results and discussion

The XRD profiles of the as-fabricated sample pellet can be seen in 
Fig. 1(b), which indicates the coexistence of characteristic peaks of 38◦

(331) and 42◦ (511) for pyrochlore, 21◦ and 33◦ for monolithic struc
ture, suggesting the dual-phases property. The XRD refinement out
comes for the two sample pellets are depicted in Fig. 1(c, d). The semi- 
quantitative phase analysis suggests pyrochlore and monolithic phases 
composed of 79.2% and 20.8% for (La0.2Sm0.2Gd0.2Dy0.2Tm0.2)2Ti2O7 
(TmTO), and 9.3% and 90.7% for (La0.2Nd0.2Sm0.2Eu0.2Gd0.2)2Ti2O7 

(NdTO), respectively. The distinguishable phase compositions suggest 
that doping large cationic ionic radii elements accelerates the phase 
transition to monolithic (Fig. 1(e)). The proton irradiation induces 
localized chemical bonding distortion as well as slightly surface amor
philization since the Eg and F2g Raman peaks belongs to pyrochlore 
phase shift towards lower angle with the peak became wider and the 
peak intensity became weaker for both sample pellets.

The surface roughness significantly increases with partial grain 
defoliation observed for the sample surface post-proton irradiation. The 
surface post-proton irradiation featured a Ti-enriched layer, which can 
be attributed to the surface elemental reorganization. The d-spacing 
towards different crystalline planes was determined as 3.802Å and 
5.967Å, consistent with the crystalline planes of (220) and (-11–1) in 

Fig. 1. (a) Solid-state sintering process for the Chemical complex solid solution (b) XRD profiles for the (La0.2Sm0.2Gd0.2Dy0.2Tm0.2)2Ti2O7 (TmTO) and 
(La0.2Nd0.2Sm0.2Eu0.2Gd0.2)2Ti2O7 (NdTO) (c-d) XRD Peak Refinement Results (e) Semi-quantitative analysis of the sample pellets based on Rietveld peak refinement 
(f) Calculated displacement damage of TmTO and NdTO at a fluence of 5 × 10¹⁸ cm⁻² (g-i) Raman spectra of the sample pellets before and post proton irradiation.

Fig. 2. (a,b)EPMA mappings of the sample pellets before and post proton irradiation; (c-f) STEM-EDS analysis of the sample pellet; (g,h) geometrical phase analysis 
of the sample pellet.
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Gd2Ti2O7 before irradiation. The proton irradiation-induced lattice 
shrank was further confirmed by the reduction of the lattice constant. 
The significant lattice distortion induced by the formation of a chemical 
complex solid solution can be evidenced by the geometric phase analysis 
(GPA), which indicates an increase in the stress distribution post-proton 
irradiation, especially on the (220) crystalline plane (Fig. 2g, h).

Results indicate the relatively lower thermal conductivity of 
(La0.2Sm0.2Gd0.2Dy0.2Tm0.2)2Ti2O7 (TmTO) with large lattice distortion 
derived from the large size and mass disorder (Fig. 3(e)). The thermal 
conductivities of the two sample pellets at 298K are 2.05 W⋅m-1-⋅K-1and 
2.2 W⋅m-1⋅K-1, separately, lower than the (3REE)2Ti2O7, while the 
thermal conductivity of the dual-phase solid solutions exhibit negative 
correlation to size disorder (Fig. 3(f))[5]. The surface nano-indentation 
(200–300 nm in depth) hardness faces decrease for both sample pellets 
post proton irradiation, which can be attributed to the potential surface 
amorphization caused by the irradiation. The nano-indentation hard
ness, as well as Young’s Modulus increases with the chemical disorder 
(Fig. 3i-j). On the other hand, the bulk Vicker hardness increases post 

proton irradiation for both sample pellets, contradicting the result from 
nano-indentation, which can be attributed to the radiation hardening 
effect, although the top surface occurred with a certain level of 
amorphization. Specifically, the Vickers hardness post-irradiation in
creases with a level of about 14.78% and 9.08% for (La0.2Sm0.2Gd0.2

Dy0.2Tm0.2)2Ti2O7 (TmTO) and (La0.2Nd0.2Sm0.2Eu0.2Gd0.2)2Ti2O7 
(NdTO), separately. As a result, the ratio of Young’s modulus to thermal 
conductivity (E/k) for the two sample pellets are 133.1 GPa⋅m⋅K⋅W-1 and 
113.8 GPa⋅m⋅K⋅W-1, separately, both of which are higher than the 
(3REE)2Ti2O7, while the E/k values of the dual-phase solid solutions 
exhibit positive correlation to size disorder (Fig. 3(l))[5].

4. Conclusion

The pyrochlore and monolithic dual-phase chemical complex rare 
earth A2Ti2O7 solid solutions demonstrate reduced thermal conductivity 
of 2.05 W⋅m-1-⋅K-1 and 2.2 W⋅m-1-⋅K-1, while the proton irradiation in
duces radiation hardening with bulk Vicker hardness increase for 

Fig. 3. (a-c) thermal diffusivity, capacity, and thermal conductivity (d) inverse thermal diffusivity (e) chemical disorder VS thermal conductivity at 298K (f) 
comparison of thermal conductivity with literature; (g) nano-indentation hardness (h) Young’s Modulus; nano indentation VS chemical disorder at 200–300 
nanometers (i) nano-indentation hardness (j) Young’s Modulus; (k) Vickers hardness (l) comparison of the ratio of Young’s modulus to thermal conductivity (E/k) 
with literatures.
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14.78% and 9.08%, respectively. The as-synthesized sample pellets 
demonstrate robust proton radiation resistance with enhanced thermal 
and mechanical behavior compared to single-phase Ti-pyrochlore solid 
solutions, with slightly surface reorganization occurred. The current 
study demonstrates a novel materials design strategy with improved 
thermal, mechanical, and radiation resistance, which is promising to be 
used in extremes of advanced energy systems.
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