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Radiation Enhanced Diffusion of Cesium, Strontium, and
Europium in Silicon Carbide

S.S. Dwaraknath, G.S. Was

Department of Nuclear Engineering and Radiological Sciences, University of Michigan, 2355 Bonisteel
Blvd, Ann Arbor, MI 48109-2104, USA5

Abstract

The radiation enhanced diffusion (RED) of three key fission products in SiC: cesium,

europium, and strontium was investigated following ion irradiation at a damage rate of

4.6×10−4 dpa s−1 at temperatures between 900◦C and 1, 100◦C. The radiation enhance-

ment of diffusion was as large as 107 at 900◦C, and dropped to a value of 1 by 1, 300◦C

for all but cesium grain boundary diffusion. Strontium and cesium exhibited several

orders of magnitude enhancement for both mechanisms. Europium enhancement was

greatest at 900◦C, but dropped to the thermal rates at 1,100◦C for both mechanisms.

The trends in the RED mechanism correlated well with the point defect concentrations

suggesting that both carbon and silicon vacancy concentrations are important for fission

product diffusion. These constitute the first radiation-enhanced diffusion measurements

of strontium, cesium and europium in SiC.

Keywords: Diffusion, SIMS, Fission Product, SiC, TRISO, Radiation Enhanced

Diffusion, Cesium, Strontium, Europium

1. Introduction

Tristructural-isotropic (TRISO) coated fuel is the fuel form of choice for the Next10

Generation Nuclear Plant (NGNP) program that will demonstrate the technologies for

fuel fabrication and qualification on an industrial scale. The fuel particles consist of

kernels of uranium oxycarbide (UCO) or uranium oxide (UO2) that are then coated with

a porous carbon buffer, a pyrolytic carbon layer (PyC), a SiC layer, and a final PyC
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layer, to produce a nominally 1 mm diameter particle. These fuel particles are able to15

survive extreme environments of 900◦C-1,300◦C under normal operating conditions and

as high as 1,600◦C in accident situations [1]. During operation, several fission products

(FPs): silver, strontium and europium in particular, have been observed to be released

through intact SiC [2]. While significant research efforts have focused on quantifying

and identifying a mechanism for silver release through the SiC [3, 4, 5, 6], little is known20

about other FPs such as europium and strontium. Cesium, europium, and strontium all

pose important radiological health concerns if released to the environment [7]. Cesium

diffusion has been assumed to be negligible as high quality fuel has shown minimal cesium

release, but this has not been verified.

Post-irradiation annealing of fuel has shown several features in FP release curves that25

can not be interpreted without knowing the FP distribution in the fuel a priori. The

low solubility of most FPs and low melting and boiling temperatures compared with the

temperatures of interest makes diffusion couples very difficult to construct [4, 6]. Several

studies have attempted to isolate thermal and radiation enhanced diffusion (RED) for

FPs with little success. Ion implantation has been used to introduce FPs into SiC, but30

this is complicated by the introduction of trapping sites due to radiation damage from

the implantation[8], and the likely change in diffusion mechanisms due to the very high

concentrations necessary to measure the diffusion profiles [3, 5, 9, 10, 11]. One study

investigated silver diffusion via ion implantation and SIMS at lower concentrations, but

could not establish if those concentrations were above or below the solubility limit [12].35

Spherical diffusion couples made using the same coaters for TRISO particle production

have shown that grain boundaries play an important role in silver diffusion through SiC,

but these experiments have been conducted at very high silver concentrations (pure silver

at the interface) that are not relevant under fuel operating conditions [6]. The spherical

geometry also limits the analytical techniques for concentration profiling to those with40

poor sensitivity, significantly reducing the accuracy of the measured diffusion coefficients.

Recently a novel diffusion couple was developed that maintains a thin film geometry
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to allow the use of depth profiling techniques, introduces FPs into PyC adjacent to SiC

without causing radiation damage in the SiC and at concentrations that would be relevant

to TRISO fuel, recreates the PyC/SiC interface, and allows for the isolation of thermal45

diffusion [13]. This design was used to study the thermal diffusion of cesium, strontium,

and europium between 900◦C and 1,300◦C reported in [14].This thin film geometry is well

suited to conduct controlled RED experiments using ion irradiation to emulate neutron

irradiation. This study investigated the role of radiation on fission product diffusion and

examines how this diffusion data fits with the fission product release measurements.50

2. Experimental Method

2.1. Materials

Details of the novel diffusion couple design were reported in ref [13]. The diffusion cou-

ple is a substrate of high purity CVD β-SiC (grain size: 1.8µm) obtained from Rohm and

Haas Inc., that was coated with 300 nm of PyC. The FP of interest: cesium, europium,55

or strontium was then implanted into the PyC. A final coating of plasma-enhanced CVD

(PECVD) SiC sealed the diffusion couple to allow the FP to have sufficient residence

time at the interface to diffuse into the SiC substrate. For this study, all three FPs

were implanted at 400 keV to a total fluence of 1016cm−2. The energy was chosen to

ensure that the FP remained within the PyC and did not penetrate the SiC substrate,60

allowing for the calculation of purely thermal diffusion coefficients within the SiC and

the controlled measurement of RED as performed in this study.

2.2. Ion Irradiation

High temperature irradiations were performed using a 3 MV Pelletron accelerator at

the University of Michigan Ion Beam Laboratory. Figure 1 is a schematic of the irradia-65

tion chamber that was designed to allow for accurate dose and temperature monitoring.

Temperature was monitored using both a thermocouple mounted on the sample surface

and a 2D infrared pyrometer. Damage level was monitored using a Faraday cup inserted
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Figure 1: Schematic of the irradiation chamber. A 4.5 MeV Si++ beam is used to irradiate the sample.
A Faraday cup that can be inserted directly in front of the sample is used to measure dose. A set of
variable slit apertures is used to control the irradiation area. A thermocouple on the stage and the 2D
infrared thermal imager are used to monitor temperature. A CCD camera allows for monitoring of the
entire setup. An ion gauge placed close to the stage monitors vacuum in the chamber.

directly in front of the stage. A 4.5 MeV Si++ beam was raster scanned over a set

of tantalum slits that define the irradiation area at 1,019 Hz horizontally and 117 Hz70

vertically.

Dose-rate was calculated at the PyC/SiC substrate interface in the SiC using the

Stopping Range of Ions in Matter (SRIM) code in quick Kinchin-Pease mode [15, 16]

with a silicon atom displacement energy of 35 eV and a carbon atom displacement energy

of 20 eV [17]. A resistive graphite heater on the stage provides the majority of the75

heating, but the addition of beam-heating was required to reach the peak-temperature

of 1,100◦C. This bounded the damage rate to at minimum 4.6× 10−4dpa s−1. Figure 2

shows the damage and implanted ion concentration as a function of depth. Between the
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Figure 2: SRIM calculation of 4.5 MeV Si++ into the diffusion couple. The layers are differentiated by
vertical dashed black lines. horizontal grey lines mark the 10 and 20 dpa dose points which correspond
to the PyC/SiC interface and 650 nm into the SiC substrate, within which all the RED is limited.

PyC/SiC substrate interface at 350nm and a depth of 1,000 nm the implanted silicon

concentration was minimal and the change in dose only varies by a factor of two. While80

this could affect the diffusion kinetics, the majority of the effect should be within the

first 300 nm as witnessed in the thermal diffusion study, where the dose only varies by a

factor of 50%.

The sample temperature was monitored using a thermal imager and a thermocouple

attached between the lip of a graphite shim and the diffusion couple surface. After85

initial heating, the 2D infrared pyrometer was calibrated to the surface emissivity using

the thermocouple. The ion beam adds nearly 200◦C of temperature increase due to beam

heating as verified using the pyrometer. The thermocouple is protected from the beam

and does not see this temperature increase. The surface temperature varied by 15◦C

across the irradiated area.90
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2.3. Time of Flight Ion Mass Spectrometry

Time of flight secondary ion mass spectrometry (ToF-SIMS) was used to profile the

cesium, europium, and strontium concentrations for diffusion measurements using an Ion-

TOF SIMS 5 at the Georgia Institute for Electronics Tech and Nanotechnology (IEN).

All ToF-SIMS spectra were acquired analyzing for positive ions using 25 keV Bi+ to95

sputter material for analysis and 5 keV O+ to sputter material for depth profiling. The

sputtered craters were 100µm × 100µm while only the center 50µm × 50µm was analyzed

to prevent edge effects that would reduce the depth resolution of the analysis. SiC

substrates, ion implanted with cesium, strontium, or europium at 400 keV to a fluence

of 1016cm−2, were used as calibration standards for the depth profiles. Depth profiles100

of these standards with the same instrument parameters as the ion irradiated samples

were use to calculate sputter rates and reduced sensitivity factors (RSF). The sputter

rate was 1.16 nm/s. The RSFs were 5,400 ppm for cesium, 7,100 ppm for strontium, and

8,900 ppm for europium.

2.4. Diffusion Profiling and Calculation105

The Harrison model for grain boundary and bulk diffusion was used to classify the

diffusion and an improved Whipple solution was used to calculate diffusion coefficients

[18, 19]. In the Harrison model there are three diffusion regimes: Type A which is bulk

diffusion dominant, Type C which is grain boundary diffusion dominant and Type B

which the mixed diffusion regime. A repeatable fitting model (criteria to evaluate the110

validity of the diffusion coefficient) and a thorough error propagation model have been

developed and documented in ref [14]. A standard Fickian diffusion model was used to

fit bulk diffusion profiles using:

CB(x) = CB
0 exp

(
(x− x0)2

4DBt

)
(1)
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The diffusion tails are presumed to be grain boundary diffusion as per ref [14], and were

fit using an exponential:115

CGB(x) = CGB
0 exp(−m ∗ x6/5) (2)

The triple product of the grain boundary diffusion coefficient (DGB), the segregation

factor (s), and the grain boundary width (δ) is then calculated from:

sδDGB = 2

√
DB

t

(
0.77 +

δ√
8DBt

)5/3

m−5/3 (3)

A wide body of literature investigating diffusion in model systems has shown that the

bulk vs. grain boundary diffusion model is credible [20, 21, 22, 23, 24, 25, 26, 27, 28].

SEM and TEM investigation of diffusion in TRISO have also identified grain boundary120

diffusion as a mechanism of diffusion for high yield FPs [29, 30, 31]. These profiles are

directly fit to the error functions and exponentials to extract both diffusion coefficients

and their errors from the fit. Grain boundary diffusion coefficients from Type B profiles

have additional error from the bulk diffusion coefficient, which is factored in to their

total error. The integrity of the SiC cap, the sensitivity of the SIMS instrument, the125

magnitude of the error compared with the diffusion coefficient and the ability to apply

the Harrison model are all criteria used to validate diffusion profiles in this study.

2.5. Point Defect Reaction Model

The radiation enhancement of bulk diffusion is governed by the flux of point defects

[32]. Radiation enhanced diffusion coefficients should follow the defect concentrations.130

At low irradiation temperatures the production of point defects overwhelms thermal de-

fects and the concentrations grow to be so large that recombination of point defects

dominates. As the temperature continues to rise the flux of point defects to sinks be-

comes significant, reducing the point defect concentrations. Eventually the thermally

supported concentration of defects becomes significant and dominates the trend in defect135
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concentrations.

The point defect reaction equations were solved for SiC to verify the temperature

range in which the point defect concentrations transition from thermally dominated to

radiation dominated and to determine whether these transitions are consistent with our

results for cesium, europium and strontium RED. The vacancy and interstitial concen-140

trations on the silicon and carbon sub-lattices are given by:

dCSi
i

dt
=KSi

0 − kSi
ii C

Si
i CSi

i − kSi
ivC

Si
i CSi

v

− kSiC
ii CSi

i CC
i − kSi−C

iv CSi
i CC

v − kSi
is C

Si
i Cs

(4)

dCSi
v

dt
=KSi

0 − kSi
ivC

Si
v CSi

i − kSi
vvC

Si
v CSi

v

− kC−Si
iv CSi

v CC
i − kSiC

vv CSi
v CC

v − kSi
vsC

Si
i Cs

(5)

dCC
i

dt
=KC

0 − kiiCC
i C

Si
i − kC−Si

iv CC
i C

Si
v

− kCiiCC
i C

C
i − kCivCC

i C
C
v − kCisCSi

i Cs

(6)

dCC
v

dt
=KC

0 − kSi−C
iv CSi

i CC
v − kSiC

vv CSi
v CC

v

− kCivCC
i C

C
v − kCvvCC

v C
C
v − kCvsCC

i Cs

(7)

Here, dCA
j /dt is time differential for the concentration of species j on sub-lattice A.

KSi
0 and KC

0 are the damage production rates on either sub-lattice obtained from SRIM

using the Kinchin-Pease mode to determine K0 and the full cascade mode to calculate

how the damage is partitioned to either sub-lattice [15]. kAjl is the reaction rate coefficient145

between species j and l on sub-lattice A.
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Reaction Rate Coefficients (cm3s−1)

kSi
iv 4πrSi

iv (DSi
i +DSi

v )
kCiv 4πrCiv(DC

i +DC
v )

kSi−C
iv 4πrSi−C

iv (DSi
i +DC

v )

kC−Si
iv 4πrC−Si

iv (DC
i +DSi

v )
kSi
ii 4πrSi

ii 2DSi
i

kCii 4πrCii2D
C
i

kSi
vv 4πrSi

vv2DSi
v

kCvv 4πrCvv2DC
v

kii 4πrii(D
Si
i +DC

i )
kvv 4πrvv(DSi

v +DC
v )

kSi
is 4πzidD

Si
i

kSi
vs 4πzvdD

Si
v

kCis 4πzidD
C
i

kCvs 4πzvdD
C
v

Table 1: Reaction rate coefficients for the point defect reaction model.

There are two primary sinks in CVD-SiC: stacking faults and grain boundaries. Ir-

radiation induced defects could also act as sinks, but their incorporation in the model is

no different than stacking faults or grain boundaries which were evaluated to estimate

the magnitude of effect of sinks on the point defect concentrations. Sinks strengths are150

given by k2m where m refers to particular sink. The sink strength for stacking faults is:

k2sf = zsfCsf , where zsf is the bias to stacking faults and Csf is the stacking fault den-

sity. The bias for stacking faults is generally no more than 2% [32], and the stacking fault

density in SiC is 1014cm−2 [33], yielding a stacking fault sink strength of 1.02×1014cm−2.

The sink strength for grain boundaries is: k2gb = 24/d2, where d is the grain size [32].155

The grain size in the CVD SiC used in this study is 1.8µm [13], yielding a grain bound-

ary sink strength of 7.4× 1010cm−2.The sink strength for stacking faults is three orders

of magnitude higher than the sink strength for grain boundaries indicating that grain

boundaries do not control the overall point defect concentrations reducing the sink term

to annihilation at stacking faults.160

Table 1 defines the reaction rate coefficients which are functions of the interaction

radii and point defect diffusivities. The interstitial diffusivities are given in ref [34].

9



Diffusion Coefficients (cm2s−1)

DSi
i 1.23× 10−3exp

(−0.74eV
kT

)
DSi

v 8.36× 107exp
(−2.65eV

kT

)
DC

i 3.3× 10−3exp
(−1.53eV

kT

)
DC

v 2.62× 108exp
(−2.82eV

kT

)
Table 2: Diffusion coefficients for the point defect reaction model.

Quantity Value

a0 4.335Å[17]

rSi
iv 48/

√
2a0 = 14.7nm

rCiv 48/
√

2a0 = 14.7nm

rSi−C
iv 48

√
3/4a0 = 9.0nm

rC−Si
iv 48

√
3/4a0 = 9.0nm

rSi
ii 84/

√
2a0 = 25.7nm

rCii 84/
√

2a0 = 25.7nm

rSi
vv 84/

√
2a0 = 25.7nm

rCvv 84/
√

2a0 = 25.7nm

rSiC
ii 84

√
3/4a0 = 15.8nm

rSiC
vv 84

√
3/4a0 = 15.8nm

zid 1.02 [32]
zvd 0.98 [32]
Cs 1014cm−2 [33]
ESi

m−i 0.74eV
ESi

m−v 2.65eV
EC

m−i 1.53eV
EC

m−v 2.82eV

Table 3: Quantities for the point defect reaction model.
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Vacancy diffusivities were back-calculated from the self-diffusion coefficients [35] and the

vacancy formation energies [36] assuming carbon and silicon self-diffusion in SiC occur

by way of vacancies near the melting temperature [37, 38].165

DSi = DSi
v C

Si
v +DSi

i C
Si
i ≈ DSi

v C
Si
v

DC = DC
v C

C
v +DC

i C
C
i ≈ DC

v C
C
v

DSi
v ≈ DSi/CSi

v (8)

DC
v ≈ DC/CC

v (9)

Table 2 lists the parameters used to calculate the resulting point defect diffusivi-

ties. The radii for point defect interaction are based on the geometry of the two inter-

penetrating FCC lattices and the nearest neighbor distances. The zinc-blende system is170

an FCC lattice with a two atom basis: one on the origin and another of the opposing type

on 1/4 the body diagonal. The geometry factors for nearest neighbor interactions on the

same sub-lattice and opposing sub lattices are the same. The nearest neighbor distance

for defects on the same sub-lattice is then the nearest neighbor distance of the FCC

lattice which is 1/√2a0. The nearest neighbor distance for opposing lattices is the basis175

distance or the nearest atom distance which is
√
3/4a0. Table 3 defines the interaction

radii and the parameters necessary to the point defect concentrations.

At steady-state, all the differentials of concentration with time in Eqs (4-7) are set

equal to 0, which leaves a set of coupled equations that can be solved numerically as a

function of temperature. A scientific computing and analysis package,SciPy [39], was used180

to solve these coupled non-linear equations to determine the point defect concentration

under ion-irradiation and neutron irradiation damage rates.
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Figure 3: ToF-SIMS depth profile of the 900◦C 6hr 10 dpa strontium diffusion couple showing the silicon
and strontium ion intensities. The SiC substrate and PyC layers are indicated with vertical dashed black
lines. The layer before the PyC layer is the PECVD SiC cap.

3. Results

Figure 3 shows a ToF-SIMS ion intensity profile as a function of sputter time for

strontium RED at 900◦C. The as-fabricated diffusion couple exhibited a PyC/SiC inter-185

face full width at half maximum (FWHM) of 8 nm [14]. The irradiated condition exhibits

an interface FWHM of 17 nm, which is over double that of the initial FWHM. It also

larger than the increase in FWHM from thermal annealing, which increased the interface

width to 11 nm [14]. The FWHM is the primary source of error in the bulk diffusion

coefficients. The SIMS profile indicates that strontium is enriching at the PyC/SiC sub-190

strate interface, but does not provide enough information to indicate whether or not a

chemical reaction is taking place that could alter the diffusion coefficient calculations.

Figure 4 shows the strontium concentration profile in the SiC substrate after 40 hours

of annealing or 6 hours of ion irradiation to 10 dpa at 900◦C. There is drastic increase
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Figure 4: Comparison of the strontium concentration profiles in the SiC substrate for the thermally
annealed and ion irradiated conditions at 900◦C.
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(a) (b)

(c)

Figure 5: Strontium concentration profiles after ion irradiaiton at a dose rate of 4.6 × 10−4dpa s−1 to
10 dpa at (a) 900◦C (b) 1, 000◦C and (c) 1, 100◦C.
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(a) (b)

(c)

Figure 6: Europium concentration profiles after ion irradiaiton at a dose rate of 4.6 × 10−4dpa s−1 to
10 dpa at (a) 900◦C (b) 1, 000◦C and (c) 1, 100◦C.
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(a) (b)

(c)

Figure 7: Cesium concentration profiles after ion irradiaiton at a dose rate of 4.6 × 10−4dpa s−1 to 10
dpa at (a) 900◦C (b) 1, 000◦C and (c) 1, 100◦C.
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in the penetration depth of the strontium between thermal annealing and irradiation.195

The shape of the concentration also changes from a Fickian diffusion front indicative

of grain boundary diffusion dominant kinetics under thermal annealing[14] to mixed

diffusion kinetics where both bulk and grain boundary diffusion are significant under ion

irradiation.

Figure 5 shows the concentration profiles for strontium diffusion under irradiation at200

900◦C, 1, 000◦C and 1, 100◦C. Strontium exhibited mixed diffusion kinetics at all three

temperatures. The Fickian diffusion fronts were fit with Eq. 1, while the grain boundary

diffusion tails were fit with Eq. 2. The bulk penetration of strontium increases from

100nm at 900◦C to nearly 200 nm at 1, 100◦C. The grain boundary tail is nearly flat

at 900◦C, indicating very fast grain boundary diffusion kinetics to a much steeper slope205

with a grain boundary penetration depth of nearly 900 nm.

Figure 6 shows the concentration profiles for europium diffusion under irradiation at

900◦C, 1, 00◦C, and 1, 100◦C. Europium also exhibited mixed diffusion kinetics at all

three temperatures. Europium diffusion exhibited much shallower penetration depths

than strontium. The bulk penetration depth does not increase monotonically due to the210

large difference in interface concentrations for the 1, 000◦C, and 1, 100◦C. The diffusion

coefficient is represented by the shape of the concentration profile, so this discrepancy in

interface concentration should not affect the final diffusion coefficient calculation.

Figure 7 shows the concentration profiles for cesium diffusion under irradiation at

900◦C, 1, 00◦C, and 1, 100◦C. Cesium also exhibited mixed diffusion kinetics at all three215

temperatures. The bulk diffusion front drops from 55nm at 900◦C to 40nm at 1, 100◦C.

The grain boundary tail is nearly flat at 900◦C, drops to a penetration depth of nearly

400 nm at 1, 000◦C and then flattens out at 1, 100◦C indicating that there may be an

inflection point around 1, 000◦C in the grain boundary diffusivity of cesium.

Table 4 lists the diffusion coefficients calculated in this study, as well as the relative220

errors. Figure 8 plots the RED coefficient as well as the thermal diffusion coefficients from

ref [14]. Cesium and europium bulk diffusion exhibit a downward trend as temperature
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Fission
Product

Temperature
◦C

Diffusion
Regime

DB

(cm2s−1)
sδDGB

(cm3s−1)

Relative
Error
(%)

Cesium
900 B 1.3± 1.0× 10−15 1.7± 1.1× 10−11 8

1,000 B 5.3± 3.7× 10−16 6.3± 4.5× 10−13 9
1,100 B 5.2± 1.0× 10−16 1.1± 0.2× 10−11 6

Europium
900 B 3.4± 1.8× 10−17 9.5± 4.6× 10−15 3

1,000 B 3.3± 1.6× 10−17 4.6± 2.9× 10−15 6
1,100 B 2.2± 1.1× 10−17 1.9± 1.0× 10−15 7

Strontium
900 B 7.0± 4.3× 10−16 7.9± 6.5× 10−11 3

1,000 B 1.2± 0.2× 10−15 7.6± 3.6× 10−12 9
1,100 B 4.1± 1.6× 10−15 3.4± 2.3× 10−12 7

Table 4: Radiation enhanced diffusion coefficients for cesium, strontium, and europium at a dose rate
of 4.6× 10−4 dpa s−1. The relative error is defined as the portion of the total error from the fit in the
grain boundary tail.

increases while strontium bulk diffusion increases with increasing temperature. Both

strontium and europium grain boundary diffusion exhibit downward trends, while cesium

grain boundary diffusion has an inflection around 1,000◦C. Both cesium and strontium225

RED exhibit significant enhancement over thermal diffusion. Europium also exhibits

an enhancement of RED over thermal diffusion, but the enhancement is eliminated by

1,100◦C.

Between 900◦C and 1,100◦C all three elements exhibit Type B diffusion at all three

temperatures. Since strontium was the only element observed to exhibit grain bound-230

ary diffusion dominant kinetics at 900◦C under purely thermal conditions, it is also the

only element to change diffusion regime in this study. Both cesium and europium ex-

hibit a significant decrease in the interface concentration under irradiation vs thermal

conditions, while strontium exhibits a significant increase at 900◦C that is reduced in

magnitude at 1,100◦C. The 900◦C interfacial enrichment for strontium is likely due to235

the difference in diffusion regime from grain boundary diffusion dominant, where the in-

terface concentration is the grain boundary concentration, to mixed diffusion dominant,

where the interface concentration is the matrix concentration.

Table 5 lists the activation energies for RED. It was not possible to fit an Arrhenius

18



Fission
Product

DB
0

(cm2s−1)
EB

(eV)
sδDGB

0

(cm3s−1)
EGB

(eV)

Cesium 1.7± 4.7× 10−17 −0.4± 0.3 ND ND
Europium 1.9± 2.9× 10−18 −0.3± .2 1.7± 1.3× 10−19 −1.1± 1.0
Strontium 3.6± 1.9× 10−9 1.6± 0.6 1.1± 0.7× 10−16 −1.2± 0.7

Table 5: Activation energies and pre-factors for bulk and grain boundary RED of cesium, europium, and
strontium.

curve to the cesium grain boundary RED values. The activation energies for strontium240

and europium diffusion are very similar under purely thermal conditions[14]. Under

irradiation, strontium RED is faster than either europium or cesium RED for either

mechanism. Cesium and europium bulk diffusion both trend down as a function of

temperature, while europium and strontium grain boundary diffusion trend down as

a function of temperature. Cesium diffusion exhibits an inflection at 1,000◦C. Only245

strontium bulk RED exhibits the expected behavior of a thermally controlled process as

a function of temperature.

4. Discussion

Figure 9 shows the radiation enhancement for bulk and grain boundary diffusion

for all three fission products of interest, which is the ratio of diffusion under irradia-250

tion to that under thermal conditions. The enhancement in bulk diffusion is plotted in

blue while the enhancement in grain boundary diffusion is plotted in red. At 900◦C all

three elements show significant enhancement of diffusion via the bulk and grain bound-

aries. This enhancement is negligible by 1, 100◦C for europium bulk and grain boundary

diffusion. Strontium bulk and grain boundary radiation enhancement both become neg-255

ligible by 1, 300◦C. Cesium bulk enhancement also becomes negligible by 1, 100◦C, but

the enhancement of cesium grain boundary diffusion is significant up to 1, 300◦C. The

difference for the enhancement of europium diffusion between bulk and grain boundaries

is within an order of magnitude. This is the error of the thermal and RED coefficients

indicating that the two mechanisms exhibit the same enhancement within error. The260
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(a) cesium bulk diffusion (b) cesium grain boundary diffusion

(c) europium bulk diffusion (d) europium grain boundary diffusion

(e) strontium bulk diffusion (f) strontium grain boundary diffusion

Figure 8: Thermal vs. RED for the bulk and grain boundary diffusion of cesium, europium, and
strontium. Cesium grain boundary diffusion is assumed be athermal rather than inflecting at 1,000◦C.
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Figure 9: Radiation enhancement for fission product diffusion in SiC under the ion irradiation conditions.
This study used 4.5 MeV Si++ ions at a dose rate of 4.6 × 10−4 dpa s−1. Thermal diffusion was
extrapolated down to 900◦C when measured diffusion data was not available.
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Figure 10: Point defect concentrations for SiC under ion-irradiation conditions. The solid lines are
vacancy concentrations and the dashed lines are interstitial concentrations. The inflection points mark
the thermal defect dominated regimes for the point defect concentration.

steeper slopes for the radiation enhancement of strontium and europium bulk diffusion

vs. cesium bulk diffusion suggests that defect concentrations are more closely coupled

with strontium and europium bulk diffusion than cesium bulk diffusion. The slope of

the radiation enhancement for strontium and europium grain boundary diffusion is also

steeper than the enhancement for cesium grain boundary diffusion. This could also imply265

that more defects are involved in the migration of strontium and europium than cesium

for both bulk and grain boundary diffusion.

Figure 10 shows the point defect concentrations determined from Eqs. (4-7) under

the ion irradiation conditions and using the parameters described in sections 2.2 and

2.5. The carbon vacancy concentration decreases with temperature between 900◦C and270

1, 100◦C. Conversely, the silicon vacancy concentration monotonically increases between
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Figure 11: Point defect concentrations for SiC under neutron irradiation conditions. The solid lines are
vacancy concentrations and the dashed lines are interstitial concentrations. The inflection points mark
the thermal defect dominated regimes for the point defect concentration.
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900◦C and 1, 100◦C. Both interstitial concentrations have inflection points, or ”knees”

in this temperature range. Figure 11 shows the point defect concentrations determined

from Eqs. (4-7) using a dose rate of 1.6 × 10−7dpa s−1 which is relevant to neutron

irradiation conditions as per the AGR-1 fuel irradiation campaign conducted by INL275

at the Advanced Test Reactor [40]. The inflection points in the defect concentrations

shift to much lower temperatures, below 900◦C, or the irradiation temperature range

for AGR-1 and the expected operating temperature range for TRISO in a VHTR. This

indicates that a neutron irradiation campaign would not be able to observe the inflection

points in the diffusion coefficient to determine the sub-lattice and defects associated with280

FP diffusion in SiC. Similarly, they indicate that the RED of FPs in SiC under neutron

irradiation will be monotonically increasing over the expected operating temperature

range of a VHTR.

The thermal diffusion of all three FPs is strongly temperature dependent as shown

in ref [14]. RED on the other hand is expected to be athermal or weakly thermal. The285

carbon vacancy concentration under ion irradiation decreases as a function of temper-

ature up to 1,100◦C, in agreement with the weakly decreasing trends for cesium bulk,

europium bulk, europium grain boundary and strontium grain boundary diffusion. Sim-

ilarly, the weakly increasing trend for strontium bulk diffusion corresponds well with the

positive temperature dependence of the silicon vacancy concentration. The inflection290

at 1,000◦C for cesium grain boundary diffusion could correspond with either silicon or

carbon interstitial concentration.

A sensitivity study was conducted to determine the effect of error in the parameters

on the point defect concentrations. Defect migration energies in SiC are strong functions

of the Fermi level which depend on the doping. The parameters used in this study assume295

that SiC is neither n-type or p-type, which could significantly alter the migration energies

based on amount and type of fission products in SiC. The migration energies have intrinsic

errors on the order of 1 eV [36, 41, 34]. According to the model, the sensitivity of the point

defect concentrations (significance), defined as the percent change in the point defect
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concentration per percent change in the parameter, to a single migration energy was 10.4.300

Concurrent changes in multiple migration energies resulted in larger significances and the

significance to a change in all four migration energies was 2,700, indicating that there are

strong coupling effects on the migration energies and the point defect concentrations. It is

not possible to calculate diffusion coefficients directly from the point defect concentrations

as the exact mechanism that defines how point defects mediate diffusion is not known.305

As a result, the absolute magnitude of the point defect concentrations and the relative

magnitudes are of little consequence to the overall conclusions from this study, which

focuses on the location of the inflection points to correlate fission product diffusion with

a sub-lattice defect. The inflection points exhibited deviations of 100◦C per eV change in

the migration energies. The inflection points in the silicon interstitial and silicon vacancy310

concentrations are within 60◦C of each other, which could change the defect on the silicon

sub-lattice associated with strontium bulk diffusion. The sensitivity in the temperature

of the inflection points does not affect the other conclusions.

At a dose rate relevant to ion irradiation, 4.6 × 10−4dpa s−1, the point defect con-

centrations are insensitive to any deviation in the sink density up to a sink density of315

1018cm−2, at which point the numerical solutions for the point defect concentrations be-

came unstable. The insensitivity to sink density indicates that the defect concentrations

are dominated by recombination. Irradiation induced defects such as loops, black dots

and voids are unlikely to change this behavior, as they are not expected to increase the

overall sink strength or sink density by four orders of magnitude. At a dose rate relevant320

to neutron irradiation conditions, 1.6× 10−7dpa s−1 , the point defect concentrations do

change as a function of the sink density. The point defect concentrations exhibit a change

of 0.08% per % change in the sink density. The inflections points exhibit deviations of

5.5× 10−4 ◦C per % change in the sink density. This corresponds to a 0.55◦C deviation

in the inflection points for a factor 10 increase in the sink density, which does not alter325

the correlations between point defects and diffusivities identified in this study.

Figure 12 is an Arrhenius plot of cesium diffusion data from both the German and
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Figure 12: Arrhenius plot for cesium diffusion measured using post-irradiation heating experiments
[42, 43, 44, 45, 46, 47, 48, 49]. The ion irradiated bulk and grain boundary RED coefficients are plotted
in red and blue open circles. Closed circles are for the dose rate corrected RED coefficients calculated
by assuming that the diffusion coefficient scales by the square-root of the dose rate for a ion irradiation
dose rate of 4.6× 10−4dpa s−1 and a neutron dose rate of 1.7× 10−7dpa s−1 [40].

the original US TRISO program used to calculate the fits for high temperature and low

temperature diffusion mechanisms in the IAEA TECDOC-978. While they represent the

best available data on diffusion in SiC, these diffusion coefficients are an amalgamation330

of post-irradiation annealing of fuel spheres and compacts spanning three decades of test

fuel. Different burn ups, fuel types, irradiation history, coating quality, and compact/fuel

sphere matrix retention all affect the uncertainties on the plotted diffusion coefficients[2].

Further these diffusion coefficients have been calculated assuming that the SiC is the key

retaining layer in preventing release to the environment, while several post-annealing335

examinations of fuel spheres and compacts have shown that the matrix graphite is an ex-

cellent retainer of cesium and strontium[50, 51, 52]. These complications introduce large

uncertainties in the fitted diffusion coefficient that are not represented in the TECDOC.

RED coefficients from the ion irradiations are plotted on top of the literature data for

cesium in Figure 12. Bulk diffusion coefficients are plotted in blue while grain boundary340

diffusion coefficients are plotted in red using the segregation energy of 0.39eV and 0.5
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nm for the grain boundary width [14]. Open circles indicate diffusion coefficients from

the ion irradiations. Under irradiation, the diffusion coefficients for cesium show a sig-

nificant diffusion enhancement over those derived from TRISO fuel and straddle the low

temperature fit from ref [2], suggesting that radiation damage could be a key component345

of the variability in cesium release.

To properly compare RED coefficients with the literature data, which are a result of

reactor irradiations at much lower dose-rates, the RED coefficients have to be scaled to

account for the difference in dose-rate. There are two limits on the scaling of the RED

coefficients based on the microstructure that controls the point defect concentrations.350

One limit is when recombination of point defects controls the point defect concentra-

tions, which occurs at low temperature and high dose-rates. The other limit is when

annihilation of defects at sinks controls the point defect concentration, which occurs at

high temperatures and low dose-rates. The definition of high and low temperature as

well as high and low dose-rates are microstructure dependent [32]. As shown earlier, ion355

irradiations are closer to the recombination dominant regime and the neutron irradia-

tions are closer to sink dominant regime. The exact scaling law is DRED ∝ Kn
0 , where

n is 0.5 for the recombination dominant regime and 1 for the sink dominant regime, and

accounts for the likelihood that the two dose-rates are in different point defect regimes.

The neutron dose rate corrected RED coefficients plotted in Figure 12 assume the scal-360

ing is K0.5
0 to calculate the worst case diffusion coefficient for cesium release. These

coefficients span the range between the thermal diffusion coefficients from ref [14] and

the IAEA low temperature mechanism, suggesting that radiation is a key factor in the

variability of cesium release.

There are two questions motivated by the diffusion data. The first is how a super-365

saturation of defects in the matrix could enhance grain boundary diffusion. The second

is the origin of the difference between the RED coefficients and the thermal diffusion

coefficients in the temperature range where the point defect concentrations should be

thermally dominated. A more realistic model for grain boundaries can account for both
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of these.370

The conventional model for grain boundaries treats them as a fast pathway of fixed

concentration [53]. This works well if grain boundaries act as sinks with a well defined

width at which point defects lose their identity [32]. In this case, defects can not mediate

diffusion within the grain boundary and the grain boundary sink strength is unaffected

by concentration changes within. In reality, both of these assumptions are likely to375

breakdown at the limit of a saturated grain boundary or highly over-sized solutes.

Recent density functional theory (DFT), molecular dynamics (MD), and kinetic

Monte Carlo (kMC) simulations have shown that a point defect model for grain boundary

diffusion produces the expected trends and migration barriers and can account for the

variability in grain boundary diffusion coefficients as a function of structure [54, 55, 56].380

In this model, point defect diffusion in the plane of the grain boundary mediates solute

diffusion, which is the macroscopically measured grain boundary diffusion coefficient.

A radiation induced super-saturation of point defects could then couple with the point

defect concentration in the grain boundary and enhance diffusion.

Another model treats the grain boundary as a dynamic system similar to the lattice385

itself with distinct thermodynamic states [57]. The notion of a grain boundary complex-

ion is then used to identify the various phases the grain boundary can exhibit depending

on the environmental conditions such as temperature, pressure, and even local chemical

potential and disorder. It is well understood that radiation can alter the phase stability

of a material [32] and could alter the complexion stability of a grain boundary. In this390

paradigm, radiation doesnt just enhance diffusion via a microstructural coupling, but

rather it alters the grain boundary itself and as a result, the diffusion coefficient. This

complexion could be a higher diffusivity phase for some FPs but not others.

5. Conclusion

The radiation enhanced diffusion of cesium, europium, and strontium in CVD 3C-SiC395

was measured for the first time between 900◦C and 1,100◦C for bulk and grain boundary

28



pathways. The enhancement in the diffusion coefficients due to irradiation is as large as

107 at 900◦C, and due to a combination of a strong temperature dependence of thermal

diffusion and a weak temperature dependence of RED for that element that drops to a

value of 1 by 1,300◦C for all but cesium grain boundary diffusion. A point defect model400

for bulk and grain boundary diffusion provides an explanation for the inflections in the dif-

fusion coefficients of the various fission products. The decrease in cesium bulk, europium

bulk, europium grain boundary, and strontium grain boundary RED with temperature

correlates with the temperature dependence of the carbon vacancy concentration. Stron-

tium bulk diffusion behavior follows the positive temperature dependence of the silicon405

vacancy concentration. The point defect model also indicates that these inflection points

shift down in temperature under neutron irradiation conditions. Comparison with FP

release from IAEA TECDOC-978 and AGR-1 suggest that RED is responsible for the

variability in fission product release. The effect of RED on grain boundary diffusion may

be explained by the ’complexion’ or point defect model for grain boundaries.410
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