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A B S T R A C T

Metallic fuels are considered ideal candidates for fast reactors due to their excellent neutron economy, manu
facturability, and high burnup potential. To date, the development of metallic fuels has been restricted by their 
relatively low structural and phase stability. The current research focuses on the high-temperature behavior of 
the quaternary metallic fuel (U-2.5Mo-2.5Ti-5.0Zr) by fundamentally understanding the thermally driven 
elemental and microstructural evolution using multiscale advanced material characterization techniques and 
first-principles calculations. Experimental results reveal that the addition of Ti and Mo significantly broadens the 
thermal stability range of the high-temperature γ-U phase, suppressing its thermal decomposition during thermal 
cycling. Furthermore, both DFT calculations and experimental results indicate that the formation of a Zr-Ti 
compound effectively retards zirconium migration, thereby improving microstructural stability under high- 
temperature scenarios. This research reveals the mechanisms of phase transformations and the microstructural 
evolution of quaternary uranium-based metallic fuels at the atomic scale, thereby advancing the theoretical 
foundation for fuel design and performance optimization in advanced fast-reactor fuel systems.

1. Introduction

The sodium-cooled fast reactors (SFRs) are among the most rapidly 
developed Generation IV reactor designs, closely aligning with com
mercial nuclear power plant requirements and demonstrating advan
tages such as high power density and enhanced safety features [1]. 
Typical fuel candidates for SFRs include metallic fuels and ceramic fuels. 
Compared to ceramic fuels, metallic fuels exhibit superior physical 
compatibility due to their hard neutron spectrum, ease of manufactur
ability, high burnup capability, and compatibility with pyro-processing 
[2]. Metallic fuels have been widely studied in the U.S. and U.K [3]. 
During the 1980s, the U.S. Integral Fast Reactor (IFR) program con
ducted extensive irradiation testing of U-10Zr fuel in the EBR-II reactor, 
demonstrating satisfactory performance with burnups of up to 10 % 
FIMA (fissions per initial metal atom) [4].

One key phenomenon observed in the U-10Zr fuel is constituent 
redistribution [5,6]. The constituent redistribution refers to Zr 

redistribution, driven by phase segregation in the fuel due to a tem
perature gradient, intense neutron irradiation, and differences in Zr 
solubility across phases [7]. (In this study, we use “Zr redistribution” to 
describe macroscopic or mesoscopic changes in the Zr concentration 
profile across the fuel, driven by burnup evolution or temperature gra
dients, whereas “Zr diffusion” and “Zr migration” are reserved for the 
atomic-scale motion of Zr atoms.) Typically, a three-region morphology 
develops in U-10Zr fuel, distinguished by Zr content, with low Zr content 
observed in the intermediate region [8]. The elemental segregation 
would decrease the melting point of the fuel, according to the U-Zr phase 
diagram, and further reduce the safety margin of the metallic fuel [9].

In contrast to U-10Zr, the constituent redistribution can be elimi
nated by substituting Mo to form the U-10Mo alloy, as shown by recent 
irradiation tests [10]. Therefore, the U-10Mo alloy, which exhibits 
single-phase behavior regardless of temperature gradient, is desirable 
for metallic fuel. Despite the superior phase stability, potential intensive 
FCCIs occurred in U-10Mo, as demonstrated in DFR Mark-II and -III back 
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in the 1960s. Therefore, the potential FCCI in U-Mo fuels made it chal
lenging to achieve burnups beyond 3 at.% due to an unacceptable 
decrease in the cladding thickness [11]. Recently, U-Mo-Zr-Ti quater
nary alloys with a lower γ-phase onset temperature (by Mo) and a higher 
melting point (by Zr and Ti) than uranium were proposed based on 
evaluations of the binary phase diagrams between U and Mo/Zr/Ti [12,
13]. Early investigations were performed on the U-5.0Mo-4.3Ti-0.7Zr 
(wt.%) alloy [14–16], with PIE results showing that constituent redis
tribution was not observed in this alloy. However, significant FCCI 
occurred during irradiation, primarily due to the low Zr content and 
high Mo content [14]. Later, Zhuo [17,18] investigated two quaternary 
alloys with higher Zr and lower Mo contents, i.e., 
90.0U-2.5Mo-2.5Ti-5.0Zr (U-MT5Z) and 90.0U-1.5Mo-1.5Ti-7.0Zr 
(U-MT7Z), primarily focusing on out-of-pile properties, such as 
micron-scale microstructures and macro-scale phase evolution and 
solid-state phase transitions. Despite extensive research on U-Mo and 
U-Zr alloys that has revealed their high-temperature phase stability and 
element redistribution behavior, studies on the UMTZ quaternary sys
tem remain limited, especially regarding element redistribution under 
high-temperature conditions [19].

In this work, thermal cycling treatments were performed on U-MT5Z 
alloys using differential scanning calorimetry (DSC) to obtain samples at 
elevated temperatures from the phase change point to an ultra-high 
melting point (1400 ◦C). To the best of our knowledge, most studies 
on metallic fuels have focused on phenomenological observations of Zr 
redistribution and phase transformation in alloys, without explicitly 
addressing how Ti additions modify Zr migration at the atomic scale. In 
this work, the hypothesis that Ti suppresses Zr migration in the γ-U 
matrix was proposed and validated. The current study demonstrates that 
Ti effectively increases the migration barriers of Zr and significantly 
reduces its diffusion capability via experimental and first-principles 
calculations, thereby providing a precise microscopic mechanism for 
the Ti-induced suppression of Zr migration. Multi-scale microstructure 
and phase characterization techniques were employed to fundamentally 
understand the temperature-dependent microstructure evolution.

Furthermore, first-principles calculations were employed to explore 
the mechanism of element redistribution, providing atomic-scale in
sights into the suppressive effect of titanium on zirconium migration and 
redistribution. Compared with previous studies on U-Mo and U-Zr sys
tems, this work supplements high-temperature phase transformation 
and high-resolution microstructural data for the U-MT5Z alloy and 
further elucidates the complex atomic interactions in multicomponent 
alloys. Moreover, the U–MT5Z alloy exhibits superior γ-phase thermal 
stability compared to the conventional U–10Zr alloy. This work provides 
crucial theoretical support for the design of advanced quaternary fuel 
systems.

2. Experimental details

2.1. Sample fabrication

Depleted uranium powder with 99.9 % purity provided by Sun Yat- 
sen University was used as the precursor material. Zr, Ti, and Mo 
powders with 99.5 % purity and an average particle size of 1 μm were 
purchased from Macklin Biochemical Co., Ltd. The precursor powders 
were wet ball-milled (MITR-YXQM-2 L, China) in an Argon atmosphere 
for 24 h, with ethanol acting as the reaction agent [20]. Subsequent dry 
ball milling under identical configuration parameters (24 h duration) 
was performed to homogenize the U-MT5Z powder mixture [21]. The 
ball milling was carried out in stainless steel vessels with five 8 mm 
tungsten carbide balls at 500 rpm, with intermittent 10-minute cooling 
pauses after every 30-minute milling cycle to mitigate thermal catch-up. 
The sintering of U-MT5Z alloy was carried out in an arc-melting furnace 
with a vacuum pressure of − 4 MPa (DC1300, LUSOON METALL, China). 
High-purity argon gas (99.99 %) was introduced into the furnace after 
the vacuum step by adjusting the internal pressure to − 0.05 MPa. The 

alloy ingot was then subjected to a series of remelting cycles, with a 
current of 290A used during the arc-melting. Specifically, the ingot was 
flipped and remelted 7 times, with each cycle lasting approximately 3 
min. After the alloy had been uniformly melted, the furnace was turned 
off, and the ingot was cooled in 20 min. The final yield of the ingot 
reaches over 90 % (post-melting mass / total mass of raw materials 
before melting) [22,23].

The as-fabricated alloy was polished using 180-, 600-, 1000-, and 
1500-grit SiC abrasive papers to remove surface oxide layers. Subse
quently, polishing using polycrystalline diamond suspensions (0.25 μm). 
Polished samples were then transferred to a glovebox with controlled 
atmosphere by high-purity Argon (O₂/H₂O < 0.1 ppm), followed by 
cutting into small slices with dimensions (thickness ≤ 2 mm) and masses 
(< 100 mg) using a low-speed diamond saw (Shenyang Kejing SYJ-150, 
China). The entire preparation workflow maintained continuous inert 
gas shielding to minimize oxidation during mechanical processing.

2.2. Temperature-dependent DSC test

The phase transition behavior of the U-MT5Z alloys were further 
characterized by a TGA (Thermogravimetric Analysis) and DSC (Dif
ferential Scanning Calorimetry) (NETZSCH, DSC 500 Pegasus, German), 
with a heating rate of 10 ◦C/min and cooling rate of 30 ◦C/min under a 
high-purity argon atmosphere (≥99.999 %, flow rate 100 mL/min). 
Differential scanning calorimetry (DSC) experiments were conducted on 
four sectioned samples over temperature ranges from room temperature 
to 650 ◦C, 950 ◦C, 1100 ◦C, and 1400 ◦C, respectively. Two thermal 
cycles were performed on the alloys: the first to eliminate thermal stress, 
which was not recorded, and the second to generate representative 
measurement outcomes.

All DSC specimens were obtained from a single large button ingot; 
four pieces of essentially identical dimensions were sectioned from the 
same parent sample to minimize compositional and initial microstruc
tural variability before thermal testing. The XRD profiles on these 
sample coupons confirm the consistency of phase and chemical 
composition throughout the four samples (Fig. S1).

2.3. Microstructure characterization

The microstructures of the sample before and after thermal treat
ment at different temperatures were further characterized by SEM-EDS 
(TESCAN LYRA3 GM, BRUKER XFlash 6130), XPS (Kratos Axis Ultra 
DLD spectrometer), and TEM-EDS (Thermo Fisher Spectra 300 s TEM, 
Super-X). X-ray photoelectron spectroscopy (XPS) was employed to 
analyze the nanoscale chemical composition of the U-MT5Z samples' 
very top surface, used to confirm the absence of uranium oxide forma
tion (Fig. S2). A wide-scan survey was performed over the binding en
ergy range of 0–1350 eV.

The sample lamellas post-temperature treatment was then prepared 
by Focused Ion Beam (FIB) using a Thermo Fisher Scios2 dual-beam FIB/ 
SEM system for site-specific sample fabrication. The sample lamella was 
first coarsely thinned using a 30 kV Ga+ ion beam at 1 nA, followed by 
fine thinning at 30 keV and 50 pA as the thickness approached 
approximately 400 nm. Finally, a low-voltage cleaning step was con
ducted at 5 keV and 7.7 pA to minimize surface damage and obtain an 
electron-transparent region when the thickness was reduced to about 
200 nm. The specific area for the sample preparation by FIB covered the 
region of different crystalline phases subjected to elevated temperatures 
from as-cast, 650 ◦C, 950 ◦C, and 1400 ◦C, which can be seen in the 
following Fig. 1. The prepared FIB sample lamella was transferred to the 
TEM chamber directly post the sample preparation to avoid surface 
oxidation. Microchemical analysis and electron diffraction pattern 
acquisition was conducted using the Thermo Fisher Talos F200S 
analytical system.

The bulk sample coupons post-thermal treatments were further 
characterized by XRD using a copper source for phase-structure 
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identification (PANalytical X'Pert Empyrean, Netherlands). The XRD 
instrument was calibrated with a silicon standard sample. In each XRD 
scan, the step size was 0.007162◦/step, and the scan rate was 1◦/min. 
The temperature-dependent phase transition behavior was further 
characterized by in situ X-ray diffraction (PANalytical Inc.) under an 
Argon atmosphere (150 ml/min). The diffraction patterns were 
collected over a 2θ range of 10◦–90◦ with a scanning rate of 6◦/min. The 
temperature was increased from 25 ◦C to 800 ◦C, with data recorded at 
200 ◦C, 400 ◦C, 600 ◦C, and 800 ◦C. The heating rate was set to 2 ◦C/min, 
and the sample was held for 2 min at each temperature before data 
acquisition, enabling real-time monitoring of crystal structure evolution. 
In addition, the sample description and characterization techniques 
applied to each sample, together with brief notes on data quality and 
data availability, are provided in Table S1 of the Supplementary 
Material.

2.4. Ab-initio first-principles calculation

In this work, DFT calculations were performed using the projector- 
augmented wave method [22,23], as implemented in the Vienna Ab 
initio Simulation Package (VASP) [24,25]. The isolation of 
vacancy-adjacent Zr atoms dominates the rate-limiting steps of diffu
sion, and their migration barriers directly reflect the Zr redistribution 
degree [26].In particular, for the U-MT5Z system, the isolation of 
vacancy-adjacent Zr atoms excludes interference from alternative 
diffusion pathways and Mo atoms. However, previous studies [11,27,
28] have shown that Mo inclusion primarily stabilizes the γ phase. 
Compared with conventional averaging approaches, this method pro
vides deeper insight into the inhibitory mechanism of Ti-Zr interactions 
on atomic migration, enabling more sensitive detection of the intrinsic 
effects of alloyed Ti on Zr migration suppression [29].

The calculations were performed using the PerdewBurke–Ernzerhof 
(PBE) Generalized Gradient Approximation (GGA) density functional 
implementation for the description of the exchange-correlation [30,31]. 
Based on the convergence test results (Fig. S3), a Monkhorst-Pack [31,
32] 5 × 5 × 5 k-point mesh was used for Brillouin zone sampling. 
Uranium is assumed to be non-magnetic, in accordance with experi
ments and previous simulations [26], and the energy cutoff was set to 
350 eV. The electronic self-consistent loop convergence criterion is 
taken to be 10− 6. The PBE functional, supplemented with a Hubbard U, 
was applied to calculate the energetics using a plane-wave basis set and 
pseudopotentials, as implemented in the VASP program. Different 

Hubbard U values were applied for different systems. The Hubbard U 
parameters for the U-MT5Z system were calculated through using the 
linear response method [33], with a Hubbard U of 2.52 eV for uranium 
and 2.61 eV for zirconium, respectively (Fig. S4). For the U-10Zr system, 
the Hubbard U values were both 1.24 eV [34,35].

In this work, AIMD simulations were performed at 1100 oC, a tem
perature chosen for both physical relevance and computational feasi
bility. From the perspective of phase stability, thermal analysis and 
phase diagram data indicate that the U-MT5Z alloy preserved a γ-U 
phase at this temperature, consistent with our experimental observa
tions, and that U–10Zr also adopts a γ-dominated structure in a similar 
temperature range, which enables a meaningful and directly comparable 
analysis of the atomic dynamics in both alloys. At the same time, AIMD 
is intrinsically limited to picosecond time scales; at substantially lower 
temperatures, atomic displacements become too small to adequately 
sample representative local rearrangements within a feasible simulation 
time. A temperature of 1100 oC provides sufficient thermal activation to 
reveal characteristic vibrational and relaxation behavior around defects, 
while remaining well below the melting regime, thereby offering a 
practical compromise between physical realism and computational ef
ficiency. Alloy compositions within these values were generated by 
randomly substituting zirconium atoms for uranium atoms (or Ti/Mo 
atoms for uranium atoms) at lattice sites to simulate the 5 % and 10 % Zr 
substitutions for U-MT5Z and U-10Zr, respectively. The resulting atomic 
structures were verified using VESTA [36] to confirm the formation of 
random substitutional solid solution alloys.

The simulations were performed in the NVT ensemble using a Nose- 
Hoover thermostat for temperature control. A time step of 2.0 fs was 
employed, with 25,000 steps simulated for a total simulation time of 50 
ps (Fig. S5). Before production runs, the system with the ideal structure 
was equilibrated for 5 ps using 1.0 fs time steps. All simulations were 
conducted on a 216-atom supercell (6 × 6 × 3 bcc unit cells) with pe
riodic boundary conditions.

The bulk modulus is defined by Eq. (1): 

B0 = − V0
∂P
∂V

(1) 

Where B0 is the bulk modulus, V0 is the equilibrium total volume of 
the cell, and P and V are the pressure and volume, respectively [31]. The 
equilibrium lattice parameter is calculated from Eq. (2): 

Fig. 1. FIB sampling regions. (a) The BSE micrographs of the sample before and after DSC treatment at (b) 650 ◦C, (c) 950 ◦C, (d) 1100 ◦C, and (e) 1400 ◦C. The red 
boxes indicate the regions selected for FIB sample preparation.
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a =

̅̅̅̅̅̅
V0

64
3

√

(2) 

Where a is the equilibrium lattice parameter at temperature 1100 oC, 
the equilibrium total volume is divided by 64 (the total number of unit 
cells) to obtain the volume of the unit cell [31].

At elevated temperatures, the diffusion coefficients of different 
atomic species can be determined by calculating their mean squared 
displacements (MSD) under thermodynamic equilibrium conditions 
[37]. For individual atomic motion within the system, it should be noted 
that the trajectory is not a simple path. Continuous collisions with other 
atoms deflect the moving atom from its original trajectory during atomic 
migration. The MSD can be calculated by the following Eq. (3): 

MSD = 6Dt + C (3) 

Where D represents the diffusion coefficient of migrating atoms, 
specifically referring to the Zr diffusion coefficients in γ-(U, Zr) and U- 
MT5Z alloys to be calculated, and C denotes the constant for initial 
displacement. Under elevated temperature conditions, MSD exhibits a 
linear relationship with time, with the slope bearing the following 
relationship to the atomic diffusion coefficient: 

D = lim
t→∞

1
6t

〈
|r(t) − r(0)|2

〉
(4) 

Where r(t) and r(0) represent atomic coordinates at time t and initial 
time, respectively [37–39].

According to the Einstein relation, the atomic diffusion coefficient 
exhibits a linear dependence on MSD over sufficiently long time scales, 
indicating that in atomic simulations, this relationship holds when the 
MSD-Δt curve demonstrates linear or quasi-linear behavior (where Δt 
denotes the time interval from the initial statistical moment) [37]. 
Under these conditions, the diffusion coefficient is the slope of this 
curve, independent of the time duration [40]. The diffusion coefficients 
can be determined by statistically analyzing the MSD during 5–50 ps in 
AIMD simulations. Subsequently, the high-temperature diffusion co
efficients of Zr atoms in the γ-(U, Zr) and U-MT5Z systems were derived 
from the MSD-diffusion coefficient relationship [26,40].

In the AIMD simulations, a single U atom was deliberately removed 
from the same lattice site in both the γ-(U, Zr) and U-MT5Z models to 
construct a single-vacancy defect system, as previously demonstrated 
[41–43]. A root-mean-square displacement (RMSD) between the initial 

and relaxed atomic configurations was further calculated to quantify the 
thermal-driven local structural relaxation. The RMSD can be calculated 
by the following Eq. (5): 

RMSD =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
N

∑natom

i

[(
xi − xʹ

i
)2

+
(
yi − yʹ

i
)2

+
(
zi − źi

)2]
√

(5) 

where N is the number of atoms considered, and 
(
xi, yi, zi

)
and 

(
xʹ

i, yʹ
i,

zʹ
i
)
denote the Cartesian coordinates of atom i in the initial and relaxed 

structures, respectively.

3. Results

3.1. As-cast U-MT5Z

The XRD profiles and surface SEM images with corresponding EDS 
analysis for the as-cast U-MT5Z sample are shown in Fig. 2. The XRD 
result (Fig. 2a) indicates that the main phase of the alloy is γ-U, with no 
secondary phase. The SEM images (Fig. 2b and c) indicate three distinct 
contrast regions, i.e., bright, gray, and dark. The elemental mappings 
(Fig. 2d–g) suggest that U is uniformly distributed within the matrix, 
with scattered Zr precipitation observed. In addition, the precipitate size 
was further measured and found that the average size of the Zr precip
itate in the as-cast sample is 1.76 µm², with most precipitates being 
smaller than 10 µm² (Fig. S6).

Fig. 3 presents the cross-sectional microstructure of the as-cast U- 
MT5Z sample prepared using focused ion beam (FIB) (corresponding to 
zone b in Fig. 1a) and characterized by STEM. As shown in Fig. 3a, the 
cross-sectional HADDF image reveals that nanosized precipitates are 
present in the matrix, with sizes of approximately 100–300 nm. The 
elemental mappings (Fig. 3b–e) indicate the distribution of various el
ements within the sample. The matrix is enriched in U, while the crys
talline structure can be indexed as body-centered cubic (bcc) γ-U phase, 
along with weak α-U diffraction spots according to the SAED pattern 
(Fig. 3f). The nanosized precipitates enriched in Zr can be characterized 
as a hexagonal close-packed (hcp) structure (Fig. 3g). The result shows 
that the as-cast U-MT5Z sample exhibits a dual-phase structure 
composed of a γ-U matrix and hcp-Zr precipitates, with no significant 
segregation of Mo or Ti observed.

Fig. 2. Characterization results for as-cast U-MT5Z: (a) XRD. (b) SEM images with secondary electron (SE) mode, (c) SEM images with backscattered electron (BSE) 
mode, (e)-(h) Energy dispersive spectroscopy (EDS) elemental maps of (b). Note: EDS data are semi-quantitative and are used here to indicate relative compositional 
trends/enrichment rather than precise absolute compositions.
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3.2. Microstructure characterization of U-MT5Z after thermal treatments

3.2.1. Microstructure evolution of U-MT5Z after thermal treatment at 650 
◦C

The SEM and TEM results of the DSC-650 ◦C sample are shown in 
Fig. 4. The DSC-650 ◦C sample surface exhibits pronounced roughening 
and several microcracks (Fig. 4a-b). Distinct precipitates can be clearly 
identified on the surface in the BSE image (Fig. 4c), with Zr-rich pre
cipitates identified by EDS analysis (Fig. 4d-h). The average size of the Zr 
precipitate (Fig. S6) shows a slight increase (4.21 µm2) as compared to 

the as-cast sample (1.76 µm2). TEM analysis was further conducted to 
verify the phase transformation behavior of the DSC-650 ◦C sample. 
According to TEM data (Fig. 4i–l), α-U and U₂Ti coexist in the sample. In 
the previous study on the U-MT5Z alloy, the α-U + U₂Ti → γ-U phase 
transformation during heating was reported [44], which suggests the 
γ-U → α-U + U₂Ti phase transition would take place upon cooling, vice 
versa. Moreover, the α-U and U₂Ti phases coexisted after the DSC 
treatment, further confirming that the γ-U → α-U + U₂Ti phase trans
formation occurred at the nano-scale [17,27,45].

Fig. 3. TEM characterization of as-cast U-MT5Z sample. (a) High-angle annular dark-field (HAADF) image, (b)-(e) EDS elemental maps of (a), (f) Selected area 
electron diffraction (SAED) pattern of the matrix, (g) SAED pattern of the precipitate. Note: EDS data are semi-quantitative and are used here to indicate relative 
compositional trends/enrichment rather than precise absolute compositions.

Fig. 4. SEM and TEM characterization of the DSC-650 ◦C sample. (a)-(d) Surface morphology, (e)-(h) EDS elemental maps of (d), (i) TEM image of U-MT5Z alloy, (j) 
high-resolution image of the matrix, (k) SAED pattern of the matrix, (l) atomistic images of the DSC-650 ◦C sample. Note: EDS data are semi-quantitative and are used 
here to indicate relative compositional trends/enrichment rather than precise absolute compositions.
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3.2.2. Microstructure evolution of U-MT5Z after thermal treatment at 950 
◦C

The SEM images with corresponding EDS mappings for the DSC-950 
◦C sample are shown in Fig. 5. Compared to the sample after thermal 
treatment at 650 ◦C, dramatic surface spallation can be seen for the U- 
MT5Z sample post 950 ◦C thermal treatment, with a large number of 
cracks occurring (Fig. 5a-c). Phase segregation is observed along the 
cracking, while Zr was concentrated at the crack tips (Fig. 5d-g). 
Furthermore, Zr-Ti compounds were observed on the sample surface, 
consistent with the known preferential diffusion of Zr at high tempera
tures [46]. At this temperature, the average size of the Zr precipitate is 
4.90 µm2 (Fig. S6), showing no significant increase compared to the 
DSC-650 ◦C sample, but with a notable increase in the proportion of 
larger precipitates.

The HADDF image of the samples post 950 ◦C thermal treatment is 
shown in Fig. 6, with cracks and precipitation observed in the sample 
(Fig. 6a). The phase segregation, along with parallel-aligned lath-shaped 
precipitates, is observed at the sample bottom, approximately 10 μm 
from the top surface (Fig. 6a-e). The corresponding diffraction spots of 
the matrix according to the SAED (Fig. 6f) highly match those of γ-U, 
while suggesting the precipitates (Fig. 6g) are a bcc Zr-Ti structure.

3.2.3. Microstructure evolution of U-MT5Z after thermal treatment at 1100 
◦C

Compared to the sample after thermal treatment at 950 ◦C, the sur
face cracks gradually disappeared, evolving into elongated cracks in the 
DSC-1100 ◦C sample (Fig. 7a-b). In addition, the average size of the Zr 
precipitate in the DSC-1100 ◦C sample reached 7.81 µm², showing a 
significant increase compared to the previous three samples (As-cast, 
DSC-650 ◦C, DSC-950 ◦C). The proportion of smaller precipitates 
(<10µm²) decreased, while the proportion of larger precipitates (>10 
µm²) notably increased (Fig. S6). Furthermore, severe surface spallation 
with a clear triple-layer structure can be observed in the DSC-1100 ◦C 
sample, as shown in Fig. 7c-g. Region I and Region III are primarily 
composed of U-Mo-Ti solid solution, while Region II is dominated by Zr- 
Ti precipitates (Fig. 7h). Therefore, the high-temperature thermal 
treatment led to phase separation and changes in the alloy's element 

distribution.
A distinct lath-shaped precipitates were observed about 7 μm below 

the top surface for the DSC-1100 ◦C sample, as compared to the sample 
after thermal treatment at 950 ◦C (Fig. 8a-e). Moreover, the γ-U phase 
can still be identified in the sample matrix after 1100 ◦C thermal 
treatment, with the precipitates featuring bcc Zr-Ti solid solutions 
(Fig. 8f and g). These results showed that no new phase transformations 
occur in the DSC-1100 ◦C sample during thermal cycling from 950 to 
1100 ◦C, while the Zr-Ti solid solutions tend to migrate toward the 
sample surface.

3.2.4. Microstructure evolution of U-MT5Z after thermal treatment at 1400 
◦C

Compared to the samples treated at 950 ◦C and 1100 ◦C, the DSC- 
1400 ◦C sample exhibits a significant number of Zr-Ti precipitates on 
the surface (Fig. 9a and (a1) -(a4)). The average size increased to 11.95 
µm², nearly 10 times that of the as-cast sample (Fig. S6). Furthermore, 
this sample also exhibits the highest proportion of large-scale pre
cipitates (130 µm²), confirming the thermodynamically driven growth of 
the precipitates. Large Zr-Ti precipitates featured with bcc structure can 
further be identified in the TEM analysis (Fig. 9b and (b1) -(b4)) with the 
matrix remaining γ-U phase after 1400 ◦C heat treatment according to 
the corresponding SAED results (Fig. 9c-d). The phase property of the 
bulk sample was further characterized by XRD (Fig. 9e), which clearly 
confirms that the main phase of the DSC-1400 ◦C sample is γ-U, and no 
secondary phases were detected. Therefore, the U-MT5Z alloy system 
can maintain the macroscopic stability of the γ-U phase structure even at 
1400 ◦C.

4. Discussion

4.1. Temperature-dependent phase transition behavior of U-MT5Z

Although the phase transformation behavior of the U-MT5Z alloy has 
attracted increasing attention, the underlying mechanism governing the 
temperature-dependent phase transformation, as well as the micro
structure evolution of U-MT5Z during phase transformation, remains 

Fig. 5. Microstructure of the sample post thermal cycling treatment of 950 ◦C. (a)–(c) SEM images with SE mode and the selected EDS mapping regions marked in 
yellow, (d)–(g) EDS elemental maps for the rectangle region in (c). Note: EDS data are semi-quantitative and are used here to indicate relative compositional trends/ 
enrichment rather than precise absolute compositions.
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unknown. Herein, the temperature-driven phase transformation is dis
cussed, which further correlates with the redistribution of the 
constituents.

The intrinsic phase transformation behavior of the metallic fuel 
significantly limits its high burnup potential by readily driving phase 
transformation and further accelerating FCCI. Ensuring the thermal 
stability of metallic fuel by stabilizing its crystalline phase is critical for 
the long-term safe operation of nuclear reactors. The α-phase in 
uranium-based alloys, characterized by its anisotropic structure, is 
prone to pronounced thermal cycling-induced growth, leading to vol
ume expansion and a porous structure that compromises the material's 
structural integrity. This growth effect of α-U is primarily attributed to 
the thermal ratcheting mechanism, in which the anisotropy of α-U leads 
to differential thermal expansion coefficients in different directions, 
causing relative displacement between adjacent grains, facilitating in
ternal stress relaxation, and resulting in permanent structural modifi
cations [47,48]. For comparison, the γ-phase U demonstrates 
exceptional thermal stability, with minimal grain growth during thermal 
treatment and a higher thermal conductivity [27,49]. Therefore, the 
γ-phase starting temperature and its thermal stability temperature 
window are critical for evaluating the performance of U-based alloys.

U-10Zr, as a predominant component in metallic fuels, offers many 
advantages. However, according to the phase diagram (Fig. S7a), U-10Zr 
underwent multiple phase transitions over similar temperature ranges, 
leading to element redistribution that significantly impacts the fuel's 
performance. In contrast, no compositional redistribution has been 
observed in U-10Mo. The U-10Mo alloy remains single-phase above 600 
◦C, ensuring it remains single-phase throughout the process, regardless 
of the temperature gradient. Furthermore, Mo is considered a stabilizer 
for the γ phase, lowering its starting temperature (e.g., pure uranium at 

776 ◦C [50], U-10Zr around 680 ◦C [50], and U-10Mo at 555 ◦C [28]). A 
lower γ phase transition point allows the fuel to remain in a single γ 
phase over a broader high-temperature range or to have a larger pro
portion of γ phase. Moreover, with temperature fluctuations, the like
lihood of phase transitions in the fuel decreases, thereby reducing 
instability caused by phase changes. Despite the superior phase stability, 
potential intensive FCCIs occurred in U-10Mo, as demonstrated in DFR 
Mark-II and -III back in the 1960s.

The DSC results of the U-MT5Z alloy are shown in Fig. 10. Three 
phase transition peaks were found in Fig. 10a. It is suggested that the 
first peak (Fig. 10b) corresponds to the α → γ phase transformation ac
cording to the STEM analysis and phase diagram in Fig. S7. The onset 
temperature of the γ phase is determined to be 609 ◦C for the U-MT5Z 
alloy, a result that aligns with previous studies by Zhuo et al. [44]. 
Specifically, similar starting temperatures for the γ-phase trans
formation across similar compositions and experimental conditions can 
be observed. The current research further validates the 
high-temperature phase transformation behavior of the U-MT5Z alloy, 
which shows similarities to other quaternary alloys (such as U-MT7Z) 
when compared with data from these studies [44]. Additionally, an 
interesting phenomenon was observed in this study: a trace amount of 
α-U phase was detected in the DSC at 650 ◦C, which can be attributed to 
temperature gradients and differences in alloy composition [51] 
(Fig. 4l). The high-temperature stable γ-U phase transforms into the α-U 
phase as the temperature decreases, which is stable at lower tempera
tures during the cooling process. The transformation between the γ-U 
and α-U phases is a common phenomenon in U-based alloys, particularly 
during the cooling process [52]. This process may be promoted by in
ternal stresses, cooling rates, and differences in the distribution of ele
ments within the alloy. Aizenshtein et al. [53] also observed a similar 

Fig. 6. (a) HAADF image of the DSC-950 ◦C sample, (b)–(e) EDS elemental maps for the rectangle region in (a), (f) SAED pattern of the matrix, (g) SAED pattern of 
the precipitate. Note: EDS data are semi-quantitative and are used here to indicate relative compositional trends/enrichment rather than precise absolute 
compositions.
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phase transformation in their study of U-Ga alloys, suggesting that the 
γ-U phase readily transforms into the α-U phase, and that this trans
formation typically exhibits delayed kinetics and distinct kinetic fea
tures due to differences in cooling rates during thermal treatment. 
Therefore, the DSC tests were conducted on a single sample at different 
cooling rates (5, 10, and 15 ◦C/min). Results clearly denoted that the 
cooling rates have a slight influence on the peak position, further 
demonstrating that the observed phase transitions are thermodynami
cally driven rather than strongly dependent on cooling kinetics (Fig. S8).

The incorporation of Mo and Ti further broadens the thermal sta
bility window as compared to U-10Zr alloys. The γ phase transformation 

occurs at approximately 680 ◦C in the U-10Zr alloy, which is signifi
cantly higher than the transformation temperature observed in this 
study (609 ◦C), suggesting that the U-MT5Z alloy plays a significant role 
in lowering the starting temperature of the γ phase [44]. Moreover, the 
γ-U in U-MT5Z alloy demonstrates higher phase stability without man
ifest secondary phase detected at 1400 ◦C as evidenced by the XRD 
analysis in Fig. 9e. A second phase transition peak was observed in the 
DSC results at 950 ◦C, 1100 ◦C, and 1400 ◦C, which corresponds to a 
secondary phase transformation within the U-MT5Z alloy, i.e., the U₂Ti 
→ γ phase transition (Fig. 10c, Fig. 4k and Fig. S7b).The third peak 
(Fig. 10d) corresponds to the melting point of the U-MT5Z alloy, which 

Fig. 7. Microstructure of the sample post thermal cycling treatment of 1100 ◦C. (a)–(c) Surface morphology, (d)–(g) EDS elemental maps of (c), (h) EDS line scan 
along the red line in (c). Note: EDS data are semi-quantitative and are used here to indicate relative compositional trends/enrichment rather than precise absolute 
compositions.

Fig. 8. (a) HAADF image of the DSC-1100 ◦C sample, (b)–(e) EDS elemental maps of (a), (f) SAED pattern of the matrix, (g) SAED pattern of the precipitate. Note: 
EDS data are semi-quantitative and are used here to indicate relative compositional trends/enrichment rather than precise absolute compositions.
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is approximately 6 % higher than the U-10Zr alloy. Therefore, compared 
to the traditional U-10Zr alloy, the U-MT5Z alloy shows a significant 
reduction in the γ-phase starting temperature, approximately 9 % lower 
than that of U-10Zr, and a 13 % higher γ-U stability temperature than 
the binary U-10Zr, indicating an expansion of the thermal stability 
window. The in-situ XRD results (Figs. S9–10) further confirmed this 
conclusion, showing crystal structure evolution consistent with 

expectations. The in-situ XRD patterns reveal the phase transformation 
of U-alloys with increasing temperature. At 200 ◦C, the alloy primarily 
consists of the α-U phase (43.8 %), with minor contributions from γ-U 
(16.1 %). As the temperature increases to 400 ◦C and 600 ◦C, the α-U 
phase persists, while the γ-U phase fraction begins to increase. At 800 ◦C, 
the γ-U phase becomes dominant (85.92 %), while the α-U (0.044 %) 
and U₂Ti phases (14.034 %) significantly reduce. Overall, these results 

Fig. 9. Characterization results of the DSC-1400 ◦C sample. (a) SEM image and EDS elemental maps, (b) HAADF image of the yellow box in (a) and EDS elemental 
maps of the rectangle region in (b), (c) SAED pattern of the matrix, (d) SAED pattern of the precipitate, (e) XRD profile for the sample coupon. Note: EDS data are 
semi-quantitative and are used here to indicate relative compositional trends/enrichment rather than precise absolute compositions.

Fig. 10. Binary phase diagrams of U-Zr and U-Ti systems and DSC results of U-MT5Z alloy. (a) DSC result of U-MT5Z alloy after thermal cycling at 1400 ◦C, (b) peak 
fitting, peak 1, (c) peak 2, (d) peak 3.
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suggest that, compared to traditional U-10Zr and U-Mo alloys, the 
U-MT5Z alloy not only exhibits a wider stable temperature range for the 
γ-U phase but also demonstrates exceptional thermal stability, signifi
cantly enhancing its potential for applications in high-temperature 
environments.

4.2. Thermal-driven Zr migration in U-MT5Z alloy

The constituent redistribution is another important factor affecting 
the performance of uranium-based alloys. The constituent redistribution 
in the U-10Zr alloy occurred rapidly and was completed at approxi
mately 5 at. burnup. %, leads to the composition discrepancy across the 
radial direction [54]. Specifically, three distinct regions, based on Zr 
content, can be classified into central, intermediate, and peripheral re
gions [8]. The Zr-enrichment is higher in the central region, while it is 
lower in the intermediate region, and approximately equal to the 
nominal composition in the peripheral region [55–57]. The prevailing 
explanation for elemental redistribution is that high temperatures and 
thermal gradients are the primary driving forces, with irradiation 
further intensifying the effect [57–59]. The temperature within the fuel 
decreases progressively from the center to the periphery, leading to the 
formation of the γ phase in the center and an intermediate region 
dominated by a β+γ phase. The peripheral region predominantly con
tains the α phase, with low Zr solubility, consistent with the current 
study [60–64].

The current study found that Zr element redistribution also occurred 
in the U-MT5Z alloy, with significant Zr segregation at the crack sites 
(Fig. 4c and Fig. 5c). Specifically, banded precipitates featuring a Zr-Ti 
solid solution of the U-MT5Z alloy after thermal treatment at 950 ◦C 
were located about 10 μm from the sample surface. However, a similar 
lamella phase segregation structure was also observed at about 7 μm 
from the surface in the sample after thermal treatment at 1100 ◦C, 
suggesting that the gradual migration of the secondary phase towards 
the top surface is thermodynamically driven (Fig. 8a-e). This is consis
tent with the common behavior of Zr in U-based alloys (Aizenshtein 
et al. [65]), where at high temperatures Zr typically migrates to cooler 
regions (the peripheral region), causing phase separation [66]. Besides, 
the Ti element effectively suppresses excessive migration of Zr within 
the alloy by forming a Zr-Ti solid solution, as denoted in the current 
study, rather than the widespread Zr-rich phase observed in U-10Zr al
loys [67].

The potential impact of Ti or the Zr-Ti solid solution on the delay of 
Zr migration can be attributed to the strong tendency of the Zr-Ti binary 
alloy system to form continuous solid solutions across the entire 

compositional range due to their similar hexagonal close-packed (hcp) 
crystal structures and a minor atomic size mismatch (Δr ≈ 4.3 %), which 
can be detailed in the schematic Fig. 11 [68–70]. Specifically, the lattice 
parameters of Zr are a = 0.323 nm and c = 0.514 nm, while those of Ti 
are a = 0.295 nm and c = 0.468 nm. This structural compatibility allows 
Ti atoms to substitute up to 98 % of the Zr lattice sites without causing 
significant distortion (lattice strain < 1.2 %) [71–75].

Although the Zr-Ti solid solution phase in the U-MT5Z alloy gradu
ally migrates toward the surface (simulating the cladding side) with 
elevating temperature, the commonly observed "Zr-depleted zones" at 
the cladding side in U-10Zr alloys [76] were not observed without a 
significant decrease in Zr concentration for the U-MT5Z. This difference 
suggests that the introduction of Ti may suppress the long-range 
migration of Zr, as further detailed in the following DFT calculation.

4.3. Effect of Ti-doping on the diffusion coefficient of U-MT5Z alloy

Before starting the calculations, we confirmed the accuracy of the 
model by comparing the XRD results with the lattice constants 
(Fig. S11). The formation energies (Ef ) and post-relaxation atomic 
configurations of the two systems are first analyzed to provide a 
comprehensive understanding of the atomic diffusion behavior. Fig. 12a 
and b show the atomic configurations before relaxation. U-10Zr exhibits 
significant atomic displacements and distortions after relaxation. In 
contrast, the atomic arrangement in U-MT5Z remains relatively stable, 
and the local structure is well preserved, as indicated by the arrows in 
Fig. 12c and d. In addition, the RMSD for both systems was calculated, 
and the results show that U-MT5Z has an RMSD of 0.346 Å, which is 
clearly smaller than that of γ-(U, Zr) (0.518 Å). Further, the Zr atoms in 
U-10Zr tend to deviate from their original lattice positions after relax
ation, whereas the relative positions of Zr in U-MT5Z remain almost 
unchanged, suggesting that the introduction of Ti effectively reduces 
local lattice distortions. Fig. 12e gives the formation energies of Zr va
cancies in two systems. It is found that the Zr vacancy formation energy 
in U-MT5Z is higher than that in U-10Zr, which indicates that Zr va
cancies are more difficult to form in U-MT5Z. A higher vacancy forma
tion energy implies that Zr diffusion in U-MT5Z is suppressed since 
atomic diffusion typically involves the formation and migration of 
vacancies.

The Zr diffusion coefficient in U-10Zr is relatively higher across all 
crystallographic directions compared to U-MT5Z, with the most signif
icant difference observed in the x-direction (4.78 × 10⁻6 vs. 4.61 × 10⁻7 

m²/s, approximately 10-fold) as shown in Fig. 12f. Moreover, U-MT5Z 
not only exhibits lower diffusion coefficients (decreasing by one order of 

Fig. 11. Schematic illustration of the migration mechanism of the Zr-Ti solid solution. The bcc-(Zr, Ti) solid solution region progressively migrates from the interior 
toward the surface of the alloy with increasing temperature. This process is characterized by an upward shift and eventual enrichment of the solid solution near the 
surface, indicating a temperature-driven diffusion behavior.
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Fig. 12. First-principles-based comparison of the structural and diffusion properties between U-MT5Z and U-10Zr alloy models. (a) Initial atomic structures of U- 
MT5Z models, (b) Initial atomic structures of the U-10Zr models, (c)- (d) Spatial distribution of atoms in the two alloys after relaxation, (e)Formation energy of Zr 
vacancy in two alloys, (f)-(g) Diffusion coefficients and ionic mobilities of all Zr atoms in both models,.

Fig. 13. Migration paths of Zr in (a)U-10Zr, (b)U-MT5Z, with their transition states shown in (c).
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magnitude) but also demonstrates significantly weaker diffusion 
anisotropy compared to U-10Zr, suggesting that the incorporation of Ti 
effectively suppresses the directional migration of Zr atoms. The peak 
ionic mobility in the x-direction for U-10Zr (4.04 × 10⁻5 m²/V⋅s) is 10 
times higher than that of U-MT5Z (3.89 × 10⁻6 m²/V⋅s), and a similar 
trend is observed in the average mobility, with a relative increase of 
87.39 % (Δμ) (Fig. 12g). Therefore, the incorporation of Ti effectively 
enhances the structural stability through delaying the diffusion of Zr 
atoms.

The migration paths of Zr in U-10Zr and U-MT5Z are shown in 
Fig. 13a and 13b, respectively, with the corresponding energy barriers to 
migration shown in Fig. 13c, where 0 and 1 represent the initial and final 
sites of the interstitial, respectively. The energy barrier for Zr migration 
in U-10Zr is the lowest at 2.162 eV, while it is 3.026 eV in U-MT5Z, 
suggesting that Zr in U-10Zr migrates more easily. Therefore, it is 
reasonable to conclude that Ti exerts a pinning effect on Zr migration in 
U-MT5Z. The presence of Ti alters the local lattice environment and 
forms strong chemical interactions with surrounding atoms, thereby 
increasing the migration barrier of Zr and suppressing its long-range 
migration.

The mechanism of Ti suppression of Zr migration primarily arises 
from the following aspects: firstly, Ti enhances the lattice stability of the 
alloy by forming a stable β phase (i.e., bcc-(Zr-Ti) solid solution) with Zr 
[77]. Meanwhile, the incorporation of Ti helps suppress lattice distor
tion and increases the vacancy formation energy of Zr, thereby reducing 
Zr atom diffusion. Second, the Zr's diffusion coefficient can further be 
reduced by Ti incorporation. In addition, the incorporation of Ti makes 
the diffusion of Zr atoms more isotropic, reducing Zr's directional nature 
and making Zr more homogeneously distributed. This indicates Ti 
doping reduces Zr migration in any specific direction and promotes a 
more uniform distribution of Zr within the alloy. Lastly, the 
first-principles calculations further confirm that Ti doping increases the 
migration energy barrier of Zr atoms, indicating that Ti stabilizes the 
alloy's phase structure thermodynamically and inhibits Zr diffusion and 
migration kinetically.

5. Conclusion

The current study systematically investigates the thermally driven 
behavior of the U-MT5Z alloy, focusing on the phase-composition evo
lution of the alloy matrix and Zr-containing precipitates, using a mul
tiscale approach that combined DSC phase analysis, STEM-EDS 
characterization, and DFT simulation. The main results are summarized 
as follows: 

1. The formation of U-MT5Z significantly lowers the α-U to γ-U phase 
transition temperature in U-based alloys (by approximately 9 %). It 
increases the upper thermodynamic stability regime of the γ-U phase 
(by approximately 13 %), which exhibits a broader thermal stability 
window for the γ-U phase compared to conventional U-10Zr alloys.

2. As the temperature increases, the U-MT5Z alloy gradually develops 
banded Zr-Ti solid solution phases, which eventually evolve into a 
trilayer structure. Meanwhile, the banded Zr-Ti solid-solution phase 
undergo directional axial migration from the center of the fuel to its 
surface.

3. Zr migration can be suppressed through the formation of Zr-Ti solid 
solution. DFT calculations further confirm that Ti effectively in
creases the migration barriers of Zr and significantly reduces its 
diffusion capability, thereby effectively suppressing Zr migration and 
enhancing the alloy's microstructural stability at elevated 
temperatures.
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