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• Uranium is the last element on the 
periodic table to naturally occur on 
Earth

• Isotopes of U of engineering 
importance: U-238, U-235, U-233

• Density: 19.1 g/cm3 
• Several physical properties of ⍺-U 

are extremely anisotropic

A dive into the world of uranium

Z Vesoulis



• ⍺-U crystal structure is 
orthorhombic and can be 
thought of as stacks of 
corrugated atom planes

• Several physical 
properties of ⍺-U are 
extremely anisotropic

− Thermal expansion
− Electrical conductivity
− Modulus of elasticity
− Irradiation growth

A dive into the world of uranium

Paine, ANL-5676, 1958 
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• U can be used in kinetic energy penetrators and 
armor plating 

• Aircraft counterweights, radiation shielding, neutron 
reflectors

• ⍺-U is one phase in certain metallic nuclear fuels 
(e.g., U-Zr)

− Impacts fuel swelling behavior, which can limit fuel 
lifetime

− Current predictive capability of its behavior is limited
− Heyday of ⍺-uranium research was in the 1960s

• Theoretical understanding of ⍺-U thermophysical 
behavior is needed

Met. Trans. A 21A (1990) 517

⍺-Uranium is a strange metal, but why do we care?



• Thermal cycling experiments on polycrystals 
demonstrated sample elongation and porosity 
development

• Irradiation of polycrystals shows an array of 
deformation and porosity development behavior

• Radiation annealing experiments show texture is 
maintained during grain growth

⍺-Uranium can really change in service

Leggett, HW-79559, 1963 

?

Acta Metall. 23 (1975)  101

Temperature

JNM 542 (2020) 152467



Mesoscale studies shed light on complex 
polycrystalline behaviors 

• Irradiation growth and thermal expansion 
are two hypothesized causes of observed 
irradiation damage behavior in ⍺-U materials

• Mesoscale modeling is particularly important 
to understand highly anisotropic materials

− Directionally-dependent properties
− Aggregate behaviors
− Feedback

• Can still draw useful conclusions about 
microstructure evolution using macroscopic 
single-crystal properties without atomistic 
mechanisms



Mesoscale study shows irradiation growth can cause 
large microstresses

• Irradiation growth in single-crystal ⍺-U causes 
major dimensional distortions with small 
amounts of burnup

• Hypothesized that irradiation growth in 
polycrystalline material causes observed 
“marble cake” structure unirradiated 0.1% burnup

Acta Metall. 23 (1975)  101



Mesoscale study shows irradiation growth can cause 
large microstresses

• Showed that large von Mises and 
hydrostatic stresses can form along grain 
boundaries and triple points, leading to 
either plastic strain or cavitation

• Surface roughening also results for 
polycrystalline specimens

• Applied tensile or compressive stresses 
up to 100 MPa do not appreciably 
counteract growth stresses

Leggett, HW-79559, 1963 



Mesoscale study shows thermal expansion can 
cause large microstresses & fracture

• Thermal cycling of polycrystalline ⍺-U has 
been shown to induce shape changes 
and porosity development

• Hypothesized that anisotropic thermal 
expansion in polycrystalline material is 
the cause

• Showed that [010] negative coefficient of 
thermal expansion can cause fracture 
with 100 K temperature change



Analysis of historical grain growth data brings a 
mystery

• Motivation: determine grain 
boundary mobility for ⍺-U

• Found experimental grain 
growth data, fitted it

• Anomalously large mobility at 
low temperatures

• Hypothesized strain from 
thermal expansion could 
cause the observed behavior

J. Metals (1957) 882-888



Microstructure evolution simulations are shedding 
light on thermomechanical behaviors

• Grain boundary mobility ⍺-U has not been 
experimentally measured

• Phase field model includes strain energy 
from thermal expansion, where T0 = 933 K 

• Found that including thermal expansion in 
grain growth simulations resulted in 
qualitatively similar deviations from 
Arrhenius behavior
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Microstructure evolution simulations are shedding 
light on thermomechanical behaviors

• Texture development is observed for 
polycrystalline ⍺-U and remains with 
annealing

• Hypothesized that thermal expansion 
stresses can drive texture evolution

• Strain-free temperature at 933 K, thermal 
eigenstrain increases with decreasing 
temperature

• Observed decrease in randomness of 
grain orientation during grain growth with 
increasing 𝝙T

933 K 923 K

913 K 903 K
JNM 542 (2020) 152467



Novel in-situ studies reveal defect organization and 
phase change behavior

• In collaboration with Fidelma Di Lemma 
(PI)

• In-situ TEM observation of heating and 
cooling of TREAT-irradiated U

• Molecular dynamics simulations help 
interpret experimental results



Atomistic studies quantify anisotropic energetic and 
kinetic properties

• Molecular dynamics simulations (ab initio 
and classical) to investigate a range of 
fundamental materials properties of ⍺-U

− Grain boundary and surface energies
− Work of adhesion
− Directional diffusion coefficients
− Defect formation and binding energies
− Defect-induced lattice distortions

• Ab initio studies provide a 
basis of comparison to 
results from classical MD 
potential



Ab-initio studies show individual point defect behaviors 
are not responsible for ⍺-U irradiation growth

• Hypothesized that irradiation growth is a result of 
single defect behaviors (rather than multi-defect 
organization) 

• AIMD studies ⍺-U from 100 – 800 K
• Fundamental properties match well with 

experimental data
• Lattice strains of the individual defects do not 

qualitatively correspond to the irradiation growth 
strains → due to extended defects?

Heat capacity Lattice expansion

Interstitial expansion Vacancy expansion



Grain boundary and surface characterization shed light 
temperature-dependent behavior

• Grain boundary tearing is responsible 
for ~50% ⍺-U swelling

• Hypothesize that behavior variation 
with temperature is result of changing 
grain boundary characteristics

• Molecular dynamics studies of 
STGBs from 300 -- 600 K

• The work of adhesion decreases with 
increasing temperature, suggesting 
reason for grain boundary tearing

Work of adhesion

Grain boundary energy

Surface energy



⍺-U defect energetics and transport may explain the 
varied irradiation behavior with temperature

• Molecular dynamics studies from 
400 – 750 K 

• Characterized anisotropic 
diffusivities of vacancies, interstitials, 
and di-defects, formation and 
binding energies

Formation energy

Binding energy

Vacancy diffusion Interstitial diffusion

Di-vacancy diffusion Di-interstitial diffusion

• Increasing defect formation energy 
with temperature may explain 
reduced microstructure damage



Conclusions and future work
• Multiscale modeling is providing new insights into the behavior of ⍺-uranium 

− Thermal expansion on microstructure
− Irradiation growth stresses
− Bulk properties
− Defect energetics, kinetics, and elastic characteristics

• Thermal expansion strains can significantly drive microstructure evolution during, e.g., 
thermomechanical processing

• Irradiation and thermal expansion are both important factors controlling irradiation behavior
• Decreasing work of adhesion with increasing temperature could explain cavitation
• Increasing defect formation energy and lower binding energies at higher temperatures could 

explain the reduced irradiation swelling at high temperature
• Individual defects strain the lattice significantly, but does not qualitatively compare to 

irradiation growth – likely due to organization of extended defects into loops


