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a b s t r a c t 

This study presents the first thermal conductivity measurements performed on neutron irradiated U 3 Si 2 
dispersion fuel cladded in an aluminum matrix (in a plate geometry). These were performed via a novel 

set-up which consists of a thermo-reflectance apparatus, known as the thermal conductivity microscope 

(TCM), deployed in a shielded glovebox. Thermal conductivity was measured across different fuel particles 

at various positions along the plate length and correlated to the local burnup. Back scattered electron 

images were collected at each position and analyzed to obtain estimates of the local porosity. It was 

shown that the thermal conductivity of the irradiated fuel particles is approximately 25% to 35% lower 

compared to the unirradiated material. A solid-state physics model was used to interpret the measured 

data. According to the model the degradation in thermal conductivity is consistent with the presence of 

insulating, fission gas filled pores or bubbles as well as loss of long-range order due to irradiation induced 

amorphization. 

© 2021 Elsevier B.V. All rights reserved. 
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. Introduction 

The Material management and Minimization (M3) program 

ims to enable the conversion of research and test reactors fu- 

led with highly enriched uranium (HEU) to low-enriched uranium 

LEU) nuclear fuels [ 1 , 2 ]. One of the main requirements of these

EU conversion fuels is the need for fuel cores with high uranium 

ensity [3] . Pure uranium metal has been shown unsuitable due to 

ts dimensional instability during irradiation [4] . This has prompted 

esearch into various alloys and compounds of uranium – uranium 

itrides [5] , uranium aluminates [ 6 , 7 ], uranium molybdates [ 8 , 9 ]

nd uranium silicides [ 10 , 11 ]. 

The U-Si phase diagram exhibits six intermetallic phases - U 3 Si, 

 3 Si 2 , USi, U 3 Si 5 , USi 1.88 and USi 3 . Initially the U 3 Si system at-

racted significant research attention by having the highest fissile 

lement density [12] . However, its breakaway swelling has proven 

ife limiting [13] . U 3 Si exhibits a lower fraction of the stronger Si-Si

onds compared to U 3 Si 2 . This difference in bonding is considered 

o be the driving force for the higher viscosity [14] , enhanced fis- 

ion gas retention and lower swelling characteristic of U 3 Si 2 . As a 

esult, U Si is the only qualified high density LEU fuel and has 
3 2 
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een successfully used to convert around 60% of research reactor 

uel from HEU to LEU [15] . These fuels typically have a plate ge-

metry [ 15 , 16 ], a schematic of which is shown in Fig. 1 . Thus, a

entral fuel zone is encapsulated by a cladding material (typically 

his is an aluminum alloy). Amongst the most important proper- 

ies which is needed for the qualification and licensing of these fu- 

ls in high power compact cores is the thermal conductivity which 

s crucial for predicting the temperature of the fuel during reac- 

or operation and, thus, establishing the fuel’s ability to eject heat. 

arious authors have reported this property for unirradiated U 3 Si 2 
17] , however, to the authors knowledge, no post-irradiated mea- 

urements exist of the thermal conductivity of U 3 Si 2 . In this con- 

ext, the current study will provide the first thermal conductiv- 

ty measurements performed on irradiated U 3 Si 2 dispersion fuel. 

hese measurements are performed locally (with a resolution of 

pproximately 50 μm) via a state-of-the-art thermo-reflectance 

echnique [ 18 , 19 ] specifically designed and deployed for measure- 

ents of highly radioactive materials [20] . 

. Methodology 

.1. Sample description and preparation 

The sample was prepared from the U0R060 mini-plates. These 

ere irradiated for two cycles in the top part of the RERTR-8 ex- 

https://doi.org/10.1016/j.jnucmat.2021.153280
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jnucmat
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Fig. 1. Schematic of a U 3 Si 2 dispersion fuel plate cross-section. The arrows point to the different regions and materials in the plate. 
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eriment assembly in the Advanced Test Reactor (ATR) at Idaho 

ational Laboratory (INL). The end of cycle fission power densities 

or the first and second cycles were 6773 W cm 

−3 and 4923 W 

m 

−3 , respectively. The maximum plate surface temperatures dur- 

ng the first and second cycles were calculated to be 368.8 K and 

58.3 K, respectively. Further details on the irradiation parameters 

an be found elsewhere [ 21 , 22 ]. The local fuel fission density was

alculated from the average plate fission density, the fuel to ma- 

rix volume ratio and adjusted via the interpolated radial and axial 

ocal to average neutron flux ratios (all of this information can be 

ound elsewhere [21] ). The samples were sectioned alongside the 

ength of the fuel plate using a low speed saw. The open surface 

esulting from the cut was then polished to a 1 μm surface finish. 

.2. Scanning electron microscopy (SEM) and image analysis 

Back scattered electron (BSE) images were collected using a FEI 

ELIOS NANOLAB 600 Dual Beam FIB/SEM. The sample surface was 

apped using a series of BSE images at 500x magnification. Image 

egmentation was applied without any prior pre-processing. The 

egmentation is based on image gray-scale clustering. The built- 

n MATLAB k-means clustering algorithm was used to classify the 

bjects in the image into three groups: background, fuel meat and 

orosity. Once the segmentation was completed, the user could se- 

ect a desired location on the image. The chosen coordinates de- 

ermine the center of a circle on the image with a user speci- 

ed radius (in pixel units). Subsequently, the fraction of the porous 

hases is determined within the bounds of the specified circular 

rea. The porosity is evaluated by calculating the ratio between 

ixels characteristic of the porous phase and the total number pix- 

ls bounded within the specified circle. The relative error on the 

orosity was obtained by assuming two standard deviations be- 

ween values of porosity obtained from images at magnifications 

f 500x and 2500x, respectively. 

.3. Thermal conductivity microscope (TCM) 

The TCM layout is shown in Fig. 2 . The sample is potted in

 metallographic mount and polished to a high-quality surface 

nish. The polished sample is then sputter coated alongside a 

ransparent borosilicate crown glass (BK7) sample. The BK7 gold 

lm thickness is measured via an in-house developed laser device 

23] . Gold’s reflectivity is very sensitive to temperature changes at 

round 532 nm (high coefficient of thermo-reflectance in absolute 

erms) which makes it a good candidate for probing the tempera- 

ure response along the sample surface. The pump and probe are 

ontinuous wave lasers which operate at 660nm and 532 nm, re- 

pectively. The pump laser, as the name suggests, serves as a peri- 

dic heat source which is subjected to sinusoidal modulation via a 

unction generator. The pump laser light is passed through a set 

f lenses, reflected off a short-pass dichroic mirror and focused 
2 
ia an objective onto the sample surface. The probe laser beam is 

-polarized via a half-wave plate and transmitted through a po- 

arizing beam splitting (PBS) cube. It is then reflected via a long- 

ass mirror, circularly polarized via a quarter-wave plate, and fo- 

used onto to the gold-coated sample surface. The reflected probe 

eam is, then, passed again through the quarter-wave plate and 

ransformed into s-polarized light. It is reflected off the long-pass 

irror and then reflected by the PBS onto the photodetector. The 

oltage reading produced by the photodetector is passed through 

 pre-amplifier and, finally, the periodic thermal response signal 

s extracted via a lock-in amplifier. The pump laser is initially fo- 

used away from the probe. It is, then, incrementally moved to- 

ards the probe beam until they become coincidental. At every lo- 

ation the thermal response measured by the detector is recorded 

nd a phase difference between the reference (pump) and detected 

probe) phases is calculated. This process is repeated at different 

eparation distances between the pump and the probe lasers and 

t a range of modulation frequencies (1kHz to 100kHz). The probe 

eam is scanned using a pair of Newport VP-25XA stages and a 

ewport ESP301 controller. The phase difference is simultaneously 

alculated via a numerical solution to the three dimensional, two- 

ayer transient heat transfer problem [18] . An optimization algo- 

ithm is employed to determine thermal diffusivity and thermal 

onductivity by minimizing the least squares difference between 

he model output and experimental data. The method and equip- 

ent has been previously extensively tested on standard reference 

aterials such as CaF 2 , ZnS, ZnSe and fused SiO 2 [ 19 , 24 ] . 

.4. Condensed matter analysis 

This section outlines the theoretical framework behind the 

olid-state physics models which were implemented in this work 

o interpret the measured experimental data. These models were 

sed to calculate thermal conductivity, specific heat and thermal 

iffusivity of fresh and irradiated U 3 Si 2 . A detailed description the 

odels can be found in the Appendix. 

.4.1. Thermal conductivity 

U 3 Si 2 is a metallic material with free electrons in a partially 

lled conduction band. Thus, the material’s thermal conductivity 

an be expressed as a sum of lattice ( k l ) and electronic ( k el ) com-

onents [ 25 , 26 ] (please refer to section A1 in the Appendix for a

etailed description of k l and k el ) : 

 tot = k l + k el (1) 

The nuclear fission process leads to the splitting of uranium 

toms into a distribution of possible new elements known as the 

ield curve. Certain elements such as Xe are nearly insoluble in 

he fuel matrix and precipitate in the form of bubbles [27] . These 

an be treated as a thermally insulating second phase in the U 3 Si 2 
uel. Thus, to account for the effect of bubbles the Maxwell-Eucken 
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Fig. 2. Experimental layout of the thermal conductivity microscope. 
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elationship is applied [28] : 

 e f f = k 1 
2 k 1 + k 2 − 2 ( k 1 − k 2 ) ( 1 − v 2 ) 
2 k 1 + k 2 + ( k 1 − k 2 ) ( 1 − v 2 ) 

(2) 

here k e f f is the effective thermal conductivity, k 1 is the thermal 

onductivity of the U 3 Si 2 fuel matrix ( k 1 is equivalent to k tot from 

q. (1) , k 2 is the thermal conductivity of the bubbles, v 1 and v 2 
re the phase fractions of the U 3 Si 2 fuel and the bubbles (gas filled

ores), respectively. Porosity has been varied between 0% and 15% 

n the thermal conductivity model ( Eq. (1) and Eq. (2) ) and the cal-

ulated values are compared to this work’s measured (irradiated) 

nd literature (as fabricated) data sets (see Fig. 4 ). 

.4.2. Specific heat 

The molar specific heat of a metallic solid can be expressed by 

he sum of the following terms [ 29 , 30 ]: 

 

tot 
P = c h V + c el 

V + c d P + c ah 
V → P (3) 

here c h 
V 

is the harmonic contribution due to phonons, c el 
V 

is the 

lectronic contribution due to free electrons, c d 
P 

is the contribution 

ue to defects and c ah 
V → P 

is the constant volume to constant pres- 

ure conversion term. For the purpose of the current study the cal- 

ulations will be confined to room temperature and, thus, it will be 

pproximated that c d 
P 

= 0 and c h 
V → P 

= 0 (please refer to section A2

n the Appendix for a detailed description of c h 
V 

and c el 
V 

) 

.4.3. Thermal diffusivity 

The thermal diffusivity ( α) is expressed as a function of the cal- 

ulated thermal conductivity ( k ), specific heat ( c P ) and the mea- 

ured density ( ρ) (all of which are also computed as a function of 

orosity): 

= 

k 

ρc P 
(4) 

The input parameters and constants for the model are summa- 

ized in Table 1 . 
3 
. Results 

The microstructure of the U 3 Si 2 fuel plate has been mapped 

nd is shown in Fig. 3 . Fig. 3 A to 3 F show enlarged sections of an

EM map containing the locations at which thermal conductivity 

nd thermal diffusivity measurements were performed. The SEM 

SE images (contrast dependent on elemental composition) show 

he fuel particles in light colors consistent with the presence of the 

eavy element uranium. The dark regions represent the aluminum 

atrix in which the particles are embedded. On the border of the 

articles thin regions exist which exhibit intermediate contrast be- 

ween the light particles and dark matrix. These are characteristic 

f the U-Si-Al interaction layer. 

The measurements of local thermal diffusivity and thermal con- 

uctivity are presented alongside local porosity and fission density 

n Table 2 . The locations A to F in Table 2 correspond to Fig. 3 A to

ig. 3 F. The fission densities correspond to burnups between 13% 

IMA and 18% FIMA with a plate average of approximately 15% 

IMA. The specific heat values have been derived from the thermal 

onductivity, thermal diffusivity, and density (obtained by correct- 

ng for local porosity). The error of specific heat has been obtained 

y applying the error propagation law. 

The measured thermal conductivity is presented as a function 

f local porosity in Fig. 4 A. The measurements are compared to 

he values reported by White et al. [17] and Antonio et al. [31] as

ell as the model presented in this work. The agreement between 

he model results and the various experimental data sets is ac- 

eptable. The measurements on the irradiated sample show signif- 

cantly lower values compared to unirradiated U 3 Si 2 . Fig. 4 B shows 

hermal conductivity as a function of fission density. It is evident 

hat thermal conductivity decreases both with increasing porosity 

nd increasing fission density. 

The evolution of the measured thermal diffusivity as a func- 

ion of the local porosity is shown in Fig. 5 A. The new measure-

ents are compared to the thermal diffusivity obtained from An- 

onio et al. [31] and the model developed in the current study. 

he model is in good agreement with the irradiated results, how- 
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Table 1 

List of model input parameters. 

Parameter Units Symbol Value Reference 

Debye temperature K ϑ 250 ∗∗∗

Electrical conductivity of U 3 Si 2 
∗ m �−1 m 

−1 σ1 8.38 [31] 

Effective electron mass m e 
∗∗ m 

∗ 1 ∗∗∗

Fermi level eV E f 4.5 ∗∗∗

Thermal conductivity of U 3 Si 2 
∗ W m 

−1 K −1 k 1 8.8 [31] 

Thermal conductivity of pore phase W m 

−1 K −1 k 2 0.02 ∗∗∗

Theoretical density of U 3 Si 2 
∗ kg m 

−3 ρ 12 200 [ 17 , 31 ] 
∗at 298 K and extrapolated to 100% TD 

∗∗ multiples of m e = 9.11 ×10 −31 

∗∗∗ value recommended in this work 

Table 2 

Table of measured properties and characteristics for each of the locations in Fig. 3 . The fission density is reported per volume of fuel. Errors are based on two 

standard deviations. All errors represent a single standard deviation. 

location fission density 

(fissions cm 

−3 ) 

specific heat 

(J kg −1 K −1 ) 

thermal diffusivity 

(mm 

2 s −1 ) 

diffusivity error 

(mm 

2 s −1 ) 

porosity(-) thermal conductivity 

(W m 

−1 K −1 ) 

conductivity error 

(W m 

−1 K −1 ) 

A1 4.92 167.3 3.080 0.1160 0.114 5.615 0.784 

B1 4.33 179.1 3.270 0.1720 0.100 6.480 0.758 

B2 4.25 148.8 3.530 0.1220 0.093 5.860 0.423 

C1 4.01 156.5 3.207 0.1270 0.110 5.495 0.251 

D1 3.93 168.8 3.437 0.1650 0.101 6.416 0.373 

E1 3.83 155.6 3.409 0.2030 0.110 5.808 1.166 

F1 3.61 172.4 3.270 0.1010 0.119 6.110 0.480 

Fig. 3. A secondary electron image of a cross section of a U 3 Si 2 fuel plate. Sections (A) to (F) show the locations at which local thermal conductivity measurements were 

performed. The subFig.s (A) to (F)have the same magnification (500x) while the central image has a lower magnification (50x). 
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l

ver, it predicts higher thermal diffusivity values when compared 

o the literature values for the unirradiated material. Fig. 5 B shows 

he evolution of thermal diffusivity as a function of fission den- 

ity. Similarly, to thermal conductivity, thermal diffusivity degrades 

ith increases in porosity and fission density. 
4 
The specific heat results determined in this work are presented 

s a function of the local fission density in Fig. 6 . The new data

s compared to various measurements reported in the open lit- 

rature – Mohamad et al. [32] , White et al. [17] Cape and Tay- 

or [33] , Knacke et al. [34] . Furthermore, all results are compared 
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Fig. 4. Local thermal conductivity measurements of the irradiated U 3 Si 2 fuel particles at room temperature. A) Thermal conductivty plotted as a function of porosity. The 

irradiated measuremetns in this work are compared to literature data on fresh U 3 Si 2 at room temperature (White et al. [17] and Antonio et al. [31] ) and to the model 

prediction. B) Thermal conductivty plotted as a function of fission density. The irradiated measuremetns in this work are compared to literature data on fresh U3Si2 (White 

et al. [17] and Antonio, [31] ) as well as the value for fresh U 3 Si 2 extrapolated to 100% TD. The fission density is reported per volume of fuel. All error bars represent a single 

standard deviation. 

Fig. 5. Local thermal diffusivity measurements of the irradiated U 3 Si 2 fuel particles at room temperature. A) Thermal diffusivity plotted as a function of porosity. The 

irradiated measuremetns in this work are compared to the model prediction. B) Thermal diffusivity plotted as a function of fission density. The irradiated measuremetns in 

this work are compared to literature data on fresh U 3 Si 2 (calculated from specific heat and thermal conductivity obtained from Antonio et al. [31] ). The fission density is 

reported per volume of fuel. All errors represent a single standard deviation. 
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o the theoretical harmonic limit (Dulong-Petit) as well as the 

odel calculation in this work. The irradiated results for spe- 

ific heat do not show an obvious fission density dependence 

nd are consistent with range of literature data of unirradiated 

 3 Si 2 . The model calculation appears to be in the lower range of 

he distribution of literature values for the specific heat capacity 

f U 3 Si 2 . 

. Discussion 

.1. Thermal conductivity 

The evolution of thermal conductivity with respect to porosity 

nd fission density has been shown in Figs. 4 A and 4 B. It is evident
5 
hat increases in porosity and fission density lead to a decrease in 

hermal conductivity. This is consistent with the model predictions 

n this work. As nuclei split due to the fission chain reaction, highly 

nergetic fission fragments are created which lose their energy to 

he lattice by its electronic stopping power and subsequently by 

uclear stopping interactions. The latter phenomenon yields pri- 

ary knock-on atoms which displace a significant number of lat- 

ice atoms through ballistic collisions. As a result, the material ac- 

umulates point and extended defects, also known as radiation 

amage. At sufficiently low temperatures, the ability of certain ma- 

erials, such as U 3 Si 2 to accumulate damage in their crystalline 

orm is limited and thus their long-range lattice order is destroyed 

27] . This loss in long range order significantly reduces the mean 

ree path of lattice vibrations and, thus, degrades the lattice ther- 
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Fig. 6. Specific heat of U 3 Si 2 as a function of fission density. The measured data 

in this work is compared to the model results, the Dulong-Petit limit as well as 

various literature data sets - Mohamad, [32] (at 323 K), White, [17] (at 320 K), Cape 

and Taylor [33] (at 300 K), Knacke et al. [34] (at 323 K), Antonio, [31] (at 300 K). The 

fission density is reported per volume of fuel. All errors represent a single standard 

deviation. 
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al conductivity of U 3 Si 2 . In this work it has been estimated the

honon contribution to thermal conductivity of irradiated (amor- 

hous) U 3 Si 2 has been reduced to 2.175 W m 

−1 K 

−1 which com- 

ares favorably with the results of Antonio, et al. [31] (1.99 W m 

−1 

 

−1 ) and Jossou et al. [35] (2.03 W m 

−1 K 

−1 ). In addition, the

morphized compound exhibits higher diffusion coefficients and 

nhanced plasticity due to an increase in the free volume [36] . This 

esults in the enhanced diffusion of fission gas atoms. The amor- 

hous material also exhibits a smaller point defect recombination 

olume compared to its crystalline state [ 37 , 38 ]. All these phe-

omena facilitate and enhance the precipitation and growth of fis- 

ion gas bubbles. These bubbles represent an insulating secondary 

hase and further enhance the degradation of the material’s ther- 

al conductivity. It must be noted that the current analysis has not 

onsidered the presence of the USi phase which has been shown 

o form as fission reduces the U to Si ratio [39] . Furthermore, ex- 

ess Si is added during fabrication to mitigate the formation of 

ure uranium precipitates [40] which also favors the formation of 

Si. USi exhibits a lower thermal conductivity compared to U 3 Si 2 
41] and lower apparent porosity as a function of burnup (at mag- 

ifications and SEM resolutions consistent with the images pre- 

ented in this work) [39] . Thus, the coexistence of USi and U 3 Si 2 
egions within the fuel particles would introduce variability in the 

easured thermo-physical property values as a function of burnup 

nd porosity. This is consistent with the scatter observed in the 

urrent work’s measurements of thermal conductivity, thermal dif- 

usivity and specific heat as a function of both porosity and bur- 

up. 

.2. Thermal diffusivity and specific heat 

Thermal diffusivity and specific heat results of the irradiated 

 3 Si 2 are shown in Figs. 5 and 6 . The specific heat values of ir-

adiated U 3 Si 2 in this work are consistent with the model predic- 

ion and the reported literature values for the unirradiated mate- 

ial. The specific heat of U 3 Si 2 can be understood in terms of two

ain physical phenomena – electronic and lattice contributions. 

he Petit-Dulong limit in Fig. 6 shows the upper limit on the lat- 

ice component of specific heat which is a direct result of acoustic 
6 
honons reaching their maximum frequency of vibration. The elec- 

ronic contribution exhibits a second order effect at room temper- 

ture. However, as temperature rise the electronic contribution to 

pecific heat is expected to increase as electrons in the conduction 

and access a greater number of higher energy states. The model 

rediction for specific heat appears to be in the lower range of the 

vailable literature data. This may indicate that the an-harmonic 

due to thermal expansion) and defect terms may be significant 

nd should be considered as part of a future study. The thermal 

iffusivity results for the irradiated material are lower than the 

nirradiated values obtained from Antonio et al. [31] which is con- 

istent with the model prediction. The evolution of thermal diffu- 

ivity with respect to porosity is a consequence of two competing 

henomena – an increase resulting from a drop in density and a 

ecrease due to the degradation of thermal conductivity. The lat- 

er phenomenon is dominant and, under the assumption of con- 

tant specific heat, thermal diffusivity experiences a gradual de- 

rease with increasing porosity. The model tends to overpredict the 

hermal diffusivity of unirradiated U 3 Si 2 compared to the value ob- 

ained from Antonio et al. [31] . This is consistent with the differ- 

nces between the model prediction of specific heat in this work 

nd the reported specific heat values in the aforementioned study 

31] . 

.3. Future work 

The thermal properties measured in the current study have 

hown to exhibit a significant uncertainty range. Future studies 

n irradiated nuclear fuel systems via the TCM will aim to reduce 

he uncertainties on the measured thermal properties. This will be 

one by performing a greater number of measurements at each lo- 

ation along the sample surface. Furthermore, future studies would 

easure and map the local compositional distribution via EDS and 

PMA determining the segregation of elements and phases (USi vs 

 3 Si 2 as well as the presence of solid fission product precipitates). 

hese would then inform the thermal conductivity results obtained 

ia the TCM. Finally, a heating stage would be deployed as part of 

he TCM setup to perform measurements at elevated temperatures. 

. Conclusion 

This work presents the first direct measurements of thermal 

onductivity of neutron irradiated U 3 Si 2 dispersion fuel (most 

idely used material system for converting research reactor fuel 

rom high to low enrichment). The measurements were per- 

ormed locally using a state-of-the-art thermo-reflectance tech- 

ique known as the thermal conductivity microscope or TCM. The 

ocal porosity has been estimated via algorithmic analysis of back 

cattered electron images. A simplified solid-state physics model 

as been implemented and used to interpret the results. The ther- 

al conductivity has been shown to be significantly lower com- 

ared to the fresh material. This degradation is consistent with the 

resence of fission gas induced porosity and loss of long-range or- 

er due to irradiation inflicted amorphization. 
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ppendix 

A1. Thermal conductivity 

The thermal conductivity of U 3 Si 2 can be expressed as a sum of 

attice ( k l ) and electronic ( k el ) terms [ 25 , 26 ]: 

 tot = k l + k el (A1) 

According to the Wiedmann-Franz law the contribution of elec- 

rons to the thermal conductivity of a metal are expressed by [30] : 

 el = Lσ T (A2) 

here L is the Lorentz number (2.44 ×10 −8 W �K 

−2 ), σ is the elec-

rical conductivity ( �−1 m 

−1 ) and T is temperature (K). 

Under irradiation at lower temperatures (below approximately 

10 K [ 15 , 42 ]) U 3 Si 2 becomes amorphous and the lattice com-

onent of thermal conductivity reaches its amorphous limit ( k l = 

 am 

) and hence: 

 tot = k am 

+ k el (A3) 

According to Cahill the thermal conductivity limit of an amor- 

hous solid can be expressed by [ 43 , 44 ]: 

 am 

= 

(
C B 
h̄ 

)3 h̄ 

2 πV 

T 2 
∫ ϑ 

T 

0 

x 3 e x 

( e x − 1 ) 
2 

dx (A4) 

here C B is the Boltzmann constant, h̄ is the reduced Planck con- 

tant and the velocity V is expressed via the following relation 

45] : 

 = 

C B ϑ 

h̄ 

(
�

6 π2 

)1 / 3 

(A5) 

here � is the atomic volume (m 

−3 ). All integrals are performed 

umerically using the trapezoidal rule. 

A2. Specific heat 

The molar specific heat of U 3 Si 2 at room temperature can be 

xpressed by the sum of lattice/harmonic ( c h 
V 

) and electronic ( c el 
V 

)

erms [ 29 , 30 ]: 

 

tot 
P = c h V + c el 

V (A6) 
7 
The component of specific heat due to electrons can be derived 

rom the total electronic internal energy ( U). This energy can be 

xpressed as the probability of finding an electron at a particular 

nergy ( f (E) ), the electron energy ( E), and their density of states 

 

dN 
dE 

): 

 = 

∫ ∞ 

0 

(
E ∗ f ( E ) ∗dN 

dE 

)
dE (A7) 

The density of states can be described the following Eq. [46] : 

dN 

dE 
= 

(
2 m 

∗

h̄ 

2 

) 3 
2 

√ 

E 

2 π2 
(A8) 

here m 

∗ is the effective electron mass (kg). The Fermi-Dirac dis- 

ribution is expressed by the formula below [47] : 

f ( E ) = 

1 

exp 

(
E−E f 
C B T 

)
+ 1 

(A9) 

here E f is the Fermi level (eV). By evaluating the integral in Eq. 

A7) numerically and taking the numerical derivative with respect 

o temperature, it is possible to calculate the specific heat at con- 

tant volume: 

 

el 
V = 

dU 

dT 
(A10) 

The specific heat contribution due to lattice vibrations or 

honons can be expressed via the Debye integral [25] : 

 

h 
V = 3 N atoms C B 

(
T 

ϑ 

)3 ∫ ϑ 
T 

0 

x 4 e x 

( e x − 1 ) 
2 

dx (A11) 

here N atoms is the number of atoms per molecule of the com- 

ound. 
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