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The 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, USA

Abstract

A novel multi-layer diffusion couple was used to isolate the diffusion of stron-

tium, europium and cesium in SiC without introducing radiation damage to

SiC and at concentrations below the solubility limit for the fission products in

SiC. Diffusion occurred by both bulk and grain boundary pathways for all three

fission products between 900◦C and 1, 300◦C. Cesium was the fastest diffuser

below 1, 100◦C and the slowest above this temperature. Strontium and eu-

ropium diffusion tracked very closely as a function of temperature for both bulk

and grain boundary diffusion. Migration energies ranged from 1.0 eV to 5.7 eV

for bulk diffusion and between 2.2 eV and 4.7 eV for grain boundary diffusion.

These constitute the first measurements of diffusion of cesium, europium, and

strontium in silicon carbide, and the magnitude of the cesium diffusion coeffi-

cient supports the premise that high quality TRISO fuel should have minimal

cesium release.

Keywords: Diffusion, SIMS, Fission Product, SiC, TRISO, cesium, strontium,

europium

1. Introduction

Tri-isotropic (TRISO) coated fuel is the fuel form of choice for the Next Gen-

eration 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

Preprint submitted to Journal of Nuclear Materials April 18, 2016



are then coated with a porous carbon buffer, a pyrolytic carbon layer (PyC), a

SiC layer, and a final PyC layer, to produce a nominally 1 mm diameter particle.

These fuel particles are able to survive extreme environments of 900◦C-1, 300◦C

under normal operating conditions and as high as 1, 600◦C in accident situa-

tions [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 silver release through the

SiC [3–6], little is known about other FPs such as europium and strontium. Ce-

sium, europium, and strontium all pose important radiological health concerns

if released from reactors [7]. Cesium diffusion has been shown to be negligible

in high quality fuel [8], but has not been quantified for kinetics.

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

curves that can’t be interpreted without knowing the FP distribution in the fuel

a-priori. The low solubility of most FPs and low melting and boiling tempera-

tures 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 for FPs with little success. Ion implantation

has been used to introduce FPs into SiC, but this creates several complications

including the introduction of trapping sites due to radiation damage from the

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

concentrations necessary to measure the diffusion profiles [3, 5, 9–11]. Spherical

diffusion couples made using the same coaters for TRISO particle production

have shown that grain boundary diffusion plays an important role in silver dif-

fusion 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 with poor sensitivity, significantly

reducing the accuracy of the measured diffusion coefficients. Recently a novel

diffusion couple was developed that maintains a thin film geometry 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
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be relevant to TRISO fuel, recreates the PyC/SiC interface, and allows for the

isolation of thermal diffusion [12]. This design was used to study the ther-

mal diffusion of cesium, strontium, and europium between 900◦C and 1, 300◦C

reported here.

2. Experimental Method and Analysis

2.1. Sample Specifications

Polycrystalline high purity high resistivity grade β-SiC was supplied by

Rohm and Haas Inc. in the form of 1 cm square substrates 0.6 mm thick

with the growth direction normal to the sample surface. Previous electron back

scatter diffraction (EBSD) analysis showed large and small columnar grains in

the growth direction with an average grain size of 1.5µm with grains as large as

14µm [13].

The microstructure of TRISO SiC depends on the deposition conditions

which have been varied over the past 60 years to reduce the dominant fuel

failure mode of that test campaign. Four different variants of SiC were tested in

the AGR-1 campaign conducted at Idaho National Laboratory [14]. In all four

variants, large grains tend to be columnar in the growth direction, while small

grains are equiaxed. The grain size ranges from 600 nm to 2µm. Variant 1 is

the most similar variant to the SiC used here with grains ranging in size from

500 nm to 8µm, with an average grain size of 2 µm. Grain boundary character

determination (GBCD) of TRISO SiC showed a microstructure dominated by

random high angle boundaries and a lack of low-Σ grain boundaries as is the

case in the material used here [15].

The diffusion couple is a substrate of high purity CVD β-SiC obtained from

Rohm and Haas Inc., that was coated with 300 nm of PyC. The FP of inter-

est: cesium, europium, 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

3



total fluence of 1016cm−2. Table 1 lists the FP implant energy, range, full width

half maximum (FWHM), and peak concentration for the three FPs as calcu-

lated by SRIM [16] and verified with Rutherford back-scattering spectroscopy

(RBS). These settings ensured that the FP remained within the PyC and did

not penetrate the SiC substrate, allowing for the calculation of purely thermal

diffusion coefficients within the SiC. Details of the novel diffusion couple design

were reported in ref [12]

Fission

Product

Energy

(keV)

Range

(nm)

FWHM

(nm)

Peak

Concentration

(%)

Cesium 400 144 (140) 63 (65) 1.38 (1.37)

Europium 400 118 (115) 45 (48) 1.84 (1.82)

Strontium 400 184 (178) 88 (90) 0.96 (0.95)

Table 1: FP Implantation range, FWHM, and peak concentration for cesium, europium and

strontium in PyC as calculated by SRIM 2013. RBS measured values are in parenthesis.

2.2. Thermal Annealing

All thermal annealing treatments were performed in a high temperature

graphite furnace with a custom gas delivery system that allows for PyC depo-

sition or ultra clean annealing. Ultra high purity (UHP) (99.995%) argon was

passed through an inert gas purifier to prevent oxygen contamination and is

admitted to the furnace via a mass flow controller with an upstream solenoid

to allow for vacuum operation. An oil-based rotary vane rough pump is used

to create a temporary vacuum and to allow for flushing and backfilling at the

beginning of operation. Vacuum is measured using a wide range diaphragm

manometer that is sensitive down to 1 mTorr. Argon is introduced through the

top port during the furnace flushing operation or a side quartz window port

during high temperature annealing. A calibrated boron-graphite thermocouple

provides feedback for power control. The calibration is performed at 900◦C,
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1, 100◦C, 1, 300◦C, and 1, 500◦C using a Type C thermocouple that can be in-

serted through a top feed-through. A graphite crucible with a cavity positioned

at the sight-line of the quartz window is also calibrated for emissivity for use

with a pyrometer. During operation the temperature control is from the boron

graphite thermocouple, but is validated using the pyrometer. A calibration is

performed after every 4 annealing treatments or 2 weeks to ensure the accuracy

of the furnace temperature remained at 1% of the measured temperature.

Diffusion couples were cleaned in a sonic cleaner filled with ethanol to remove

any surface contaminants and then loaded into a graphite crucible in the furnace.

The furnace was then evacuated to 100 mTorr and back-filled with argon once

to flush the argon lines and inert gas purifier, followed by a second evacuation to

100 mTorr. Power was slowly applied and the furnace was heated to 400◦C in 30

minutes and then held at this temperature in order to remove water and nitrogen

contaminants in the graphite felt insulation. Once the vacuum returned to 100

mTorr, ultra high purity argon was admitted to establish a pressure of 10 Torr

within the furnace and held for 15 minutes to continue to flush contaminants.

The vacuum pump is then isolated and the furnace is pressurized to 800 Torr

to ensure that air could not leak into the furnace. The furnace is then ramped

to operating temperature at ramp rates of 200◦C/hr up to 900◦C, and then

100◦C/hr up to 1, 300◦C. The furnace temperature is verified at the beginning

of the dwell and at the end via the calibrated pyrometer and cavity. Ramp down

rates are 100◦C/hr above 900◦C and 200◦C/hr below 900◦C. Five annealing

conditions were used in this study: 900◦C:40hr, 1, 066◦C:10hr, 1, 100◦C:10hr,

1, 200◦C:10hr, and 1, 300◦C:10hr. The 1, 100◦C:10hr condition was repeated for

strontium to test the repeatability of the results.

2.3. Transmission electron microscopy

Transmission electron microscopy (TEM) samples were prepared via the fo-

cused ion beam (FIB) lift out method using a FEI Helios with a final thinning

performed using 5 kV Ga+ ions. Scanning transmission electron microscopy

(STEM) analysis was performed on the sample containing strontium and ther-
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mally treated at 1, 100◦C for 10 hours using a FEI Titan G2 80-200 with ChemiS-

TEM technology operated at 200kV. Bright field diffraction contrast images

were used to identify grain boundaries in the SiC substrate. High angle annular

dark field images were used to identify areas of build up of strontium along

the PyC/SiC interface. Bulk and grain boundary diffusion were profiled using

energy dispersive spectrometry (EDS) with a collection solid angle of 0.7 sr.

X-ray images were acquired in STEM mode using a sub-nm probe at a current

of 2 nA.

2.4. Time of Flight Secondary Ion Spectrometry

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

profile the diffusion of FPs into the SiC. Two separate Ion-TOF SIMS 5 in-

struments were used at Pacific Northwest National Labs (PNNL) and Georgia

Institute for Electronics Tech and Nanotechnology (IEN). All ToF-SIMS spectra

were acquired analyzing for positive ions using 25 keV Bi+ to 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 profiles of these samples with the same instrument parameters as

the profiles were used to calculate sputter rates and reduced sensitivity factors

(RSF). These calibrations were measured at the beginning of each SIMS session.

The sputter rate was calculated from the crater depth assuming a constant

sputter rate through the calibration profile at 0.66 nm/s at PNNL and 0.53

nm/s at the IEN. The RSFs are calculated by:

RSF =
DnImatrixt

zI
(1)

where D is the implanted dose in cm−2, n is the number of data points,Imatrix

is the average matrix counts, t is the time between data points, z is the depth

of the crater in cm, and I is the sum of the counts from the element of interest
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(a) (b) (c)

Figure 1: Schematic showing the concentration profile evolutions for the three regimes in

Harrison diffusion model: (c) Grain boundary dominant diffusion at low temperature (b)

Combination of grain boundary and bulk diffusion at intermediate temperature (a) Bulk

dominant diffusion.

along the full depth range of the implant. The RSFs were 5,400 for cesium,

7,100 ppm for strontium, and 8,900 ppm for europium. The RSFs varied by no

more then 4% between instruments. The concentration (C) and depth (x) are

then calculated by:

x = Ẏ × tsputter

C = RSF × IFP

Imatrix

(2)

where Ẏ is the sputter rate, IFP is the count rate for the calibrated element

and Imatrix is the count rate for the matrix element.

2.5. Diffusion Profiling and Calculation

FP diffusion in the SiC should proceed via two different mechanisms: bulk

or grain boundary diffusion. The Fisher model was used to analyze the various

diffusion regimes and is illustrated in Figure 1 [17, 18]. The first regime, Type

A, occurs at very high temperature or long diffusion times and bulk diffusion
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dominates the overall FP flux. This results in a Fickian concentration profile

that can be analyzed with the simple 1D steady state constant source solution:

CB(x) = CB
0 erfc

(
(x− x0)√

4DBt

)
(3)

The Type C regime occurs at very low temperature or short diffusion times

where only grain boundary diffusion is relevant, as bulk diffusion is too low to

measure. The grain boundary concentration profile follows a standard Fickian

diffusion profile and is fit using the same formalism as bulk diffusion in the bulk

diffusion dominant regime.

The Type B diffusion regime occurs at intermediate temperatures and diffu-

sion times where both bulk and grain boundary diffusion are significant for the

overall FP flux. In this mixed diffusion regime, the bulk diffusion concentration

profile still follows the same Fickian analysis since the source is still dominated

by the interface concentration C0. There is also a grain boundary diffusion tail

tail which has a source term composed of the interface concentration and the

whole bulk diffusion front and requires a complicated analysis to calculate a dif-

fusion coefficient. Traditionally this is done by plotting the ln(C) vs x6/5 and

fitting a line through the tail region[19, 20]. For this analysis, the tail region

was directly fit to an exponential:

CGB(x) = CGB
0 exp(−m ∗ x6/5) (4)

where m is defined as:

m =
∂ln(C)

∂x6/5

The grain boundary diffusion coefficient was then calculated from[21]:

sδDGB = 2

√
DB

t

(
0.77 +

δ√
8DBt

)5/3

m−5/3 (5)

where s and δ are two parameters that are difficult to determine unless the

grain boundary dominant region can be accessed. For self-diffusion s = 1, but

for over-sized solute diffusion s can vary greatly[22]. The grain boundary width

(δ) on the other hand has been found to range between 0.5nm and 2nm for both

self-diffusion and solute diffusion[22].
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These formalisms are only valid in the regions of the diffusion profile where

bulk diffusion is strongly dominant or where grain boundary diffusion is strongly

dominant. Between these two regions the concentration profiles are dictated by

the whole Whipple solution and not just the super-position of these two analytic

simplifications due to the interaction of the bulk diffusion and grain boundary

diffusion mechanisms [21].

A scientific computing and analysis package, SciPy[23], was used to fit ex-

ponentials for both bulk and grain boundary diffusion rather than apply linear

fits in a transformed space. Directly fitting the error function and exponential

allows the fit code to calculate the covariance of the fitting variables, which for

the bulk diffusion coefficient is the error. This is also the best metric for the

goodness of fit. The error in the grain boundary diffusion coefficient is calculated

using the variance formula:

σDGB
=

√(
∂DGB

∂DB

)2

σ2
DB

+

(
∂DGB

∂m

)2

σ2
m (6)

∂DGB

∂DB
=

1

sδ

[√
1

DBt

(
0.77 +

δ√
8Dbt

)5/3

m−5/3

+
−5

6

(
0.77 +

δ√
8DBt

)(
δ√
8t
D

−3/2
B

)] (7)

∂DGB

∂m
=

2

sδ

√
DB

t

(
0.77 +

δ√
8Dbt

)5/3 −5

3
m−8/3 (8)

This yields the true error in the grain boundary diffusion coefficient due to errors

in both the fit and the bulk diffusion coefficient. The relative error, defined as

the percent of the total error from the fit, gives an indication of how well the

grain boundary tail is fit in comparison with the bulk fit. A low relative error

indicates that the grain boundary diffusion coefficient error represents the error

of diffusion in the experiment itself, rather than from the ability to discern and

fit the tail region.

The process of fitting the two regimes can be somewhat subjective. A metric

based methodology reduces this subjectivity and makes the process repeatable.

Bulk diffusion was fit first for this study. The fitting program successively
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increased the fit area starting from the interface. Once all possible fits from

the interface were found, the bulk diffusion coefficient was calculated from the

fit that minimized the relative fitting error, defined as the standard deviation

of the fit over the fit value. The process was repeated for the grain boundary

concentration tail starting at the end of the tail and successively increasing the

fit area back towards the bulk diffusion portion.

3. Results

ToF-SIMS profiles of as-fabricated diffusion couples revealed that the im-

planted FP was fully contained within the PyC. Figure 2 shows the ToF-SIMS

profile for a strontium diffusion couple before annealing. Vertical blue lines are

used to mark the boundaries between the SiC cap, PyC, and the SiC substrate.

The sharp interfaces between the PyC and SiC layers on the as-fabricated dif-

fusion couple exhibit widths, as defined by the full width at half maximum, of

approximately 12s or 8 nm after calibration. This interface width is a systemic

source of error due to both the roughness of the PyC/SiC interface and the

flatness and planarity of the SIMS crater.

The raw data from the depth profile of the first 1, 100◦C:10hr strontium

diffusion couple is shown in Figure 3. The interfaces between the PyC and

SiC substrate layers have broadened to 11 nm in width. Silicon has diffused

into the PyC from both the SiC cap and SiC substrate. This occurred at all

temperatures and for all FPs investigated. Strontium in the PyC has diffused

into both the SiC cap and into the SiC substrate. The strontium sensitivity in

the PyC is an order of magnitude worse than in the SiC. As a result, one count

in the PyC represents ten times the strontium concentration as does one count

in the SiC. Carbon was not monitored due to poor sensitivity in positive mode

(< 20 counts at each depth ), which was evident for all diffusion couples in the

as-received and annealed cases. The sensitivity factor at the interfaces changes

as the interface is sputtered away and makes it very difficult to deconvolute the

actual concentration profile at the interface. For this reason, the concentration
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Figure 2: ToF-SIMS depth profile of a strontium diffusion couple in the as fabricated case.

The silicon profile is used to navigate the layer structure which begins with the SiC cap at

the surface, transitions to the PyC between 90s and 520s, and finally to the SiC substrate

after 520s. The strontium profile is completely contained within the PyC region, ensuring the

integrity of the SiC substrate for diffusion analysis.
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Figure 3: ToF-SIMS depth profile of the first 1, 100◦C:10hr strontium diffusion couple. A

calibrate depth scale is also included for just the SiC substrate.

in the interface region is not considered for analysis, which could have provided

the relative solubilities in the SiC and the PyC.

While several temperatures between 900◦C and 1, 300◦C were evaluated,

not all provided usable diffusion coefficients. A set of criteria was developed

to determine if the diffusion coefficient from a concentration profile should be

included in the diffusion study:

1. The PECVD cap must be present

2. FP Concentration at the interface must be above the minimum detectability

for SIMS

3. Concentration profile must fit either diffusion formalism

4. Minimum error on the diffusion coefficient must be less than the diffusion

coefficient

Figure 4 shows the calibrated fits for strontium diffusion in SiC from 900◦C
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to 1, 300◦C. The first is the 900◦C:40hr anneal for strontium exhibiting a single

diffusion mechanism. The other three are the 1, 100◦C:10hr, 1, 200◦C:10hr, and

1, 300◦C:10hr conditions that all exhibit two mechanisms. The Fickian diffusion

fronts are attributed to bulk diffusion and long diffusion tail is indicative of grain

boundary diffusion. The 1, 100◦C:10hr profile is clearly in the mixed diffusion

kinetic regime and the 900◦C:40hr profile is clearly not in the mixed diffusion

regime. The Harrison formalism for diffusion used in this study indicates that all

diffusion below the mixed diffusion kinetics dominant temperature regime is due

to fast diffusion, which in this study is assumed to be grain boundary diffusion.

Thus the 900◦C:40hr profile is attributed to grain boundary diffusion. Bulk

diffusion is undetectable at 900◦C and increases to as high as 60nm by 1, 300◦C.

Grain boundary diffusion increases in penetration from 25nm at 900◦C to 600nm

at 1, 300◦C.

Figure 5 shows the calibrated fits for europium diffusion in SiC from 1, 100◦C

to 1, 300◦C. Europium diffusion was undetectable at 900◦C. All three profiles

between 1, 100◦C and 1, 300◦C exhibit mixed diffusion kinetics with a Fickian

diffusion front due to bulk diffusion and a long diffusion tail due to grain bound-

ary diffusion. The bulk penetration increases from 25nm at 900◦C to 150nm

at 1, 300◦C. The grain boundary penetration similarly increases from 120nm at

900◦C to over a 1,000nm at 1, 300◦C.

Figure 6 shows the calibrated fits for cesium diffusion in SiC from 900◦C to

1, 300◦C. Cesium exhibited mixed diffusion in all four conditions. Cesium bulk

diffusion increases in penetration from 20nm at 900circC to nearly 50 nm at

1, 300◦C. Cesium grain boundary diffusion increases in penetration from 60nm

at 900◦C to nearly 250nm at 1, 300◦C.

Table 2 lists all the diffusion coefficients calculated in this study for all three

elements. It also lists the relative error from the fit of the grain boundary tail

vs the total error in the grain boundary diffusion coefficient. The majority of

the bulk diffusion coefficient error comes from the shallow diffusion depths that

are required to maintain and discern mixed diffusion kinetics. In all cases the

majority of the error in the grain boundary diffusion coefficient comes from the
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(a) (b)

(c) (d)

Figure 4: Calibrated and fitted concentration profiles for strontium diffusion in SiC. (a) is the

900◦C:40hr condition. (b) is the 1, 100◦C:10hr condition. (c) is the 1, 200◦C:10hr condition.

(d) is the 1, 300◦C:10hr condition.
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(a) (b)

(c)

Figure 5: Calibrated and fitted concentration profiles for europium diffusion in SiC. (a) is the

1, 100◦C:10hr condition. (b) is the 1, 200◦C:10hr condition. (c) is the 1, 300◦C:10hr condition.
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(a) (b)

(c) (d)

Figure 6: Calibrated and fitted concentration profiles for cesium diffusion in SiC. (a) is the

900◦C:40hr condition. (b) is the 1, 100◦C:10hr condition. (c) is the 1, 200◦C:10hr condition.

(d) is the 1, 300◦C:10hr condition.
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Figure 7: Arrhenius plot for cesium, europium, and strontium bulk diffusion.

error in the bulk diffusion coefficient.

Figure 7 and Figure 8 are Arrhenius plots of these diffusion coefficients with

the Arrhenius fits used to extract activation energies. Table 3 lists the activation

energies and pre-factors. The scatter in the data about the fit creates large

errors in the pre-factors, while the error in the diffusion coefficients themselves

dominate the error in the activation energy.

Figure 9(a) presents an EDS map of the strontium concentration for the

1, 100◦C condition. The strontium concentration is high at the PyC/SiC inter-

face. A small amount of strontium has diffused into the SiC substrate on the

right side of the map. Figure 9(b) shows the depth profile corresponding to

this EDS map. The concentration measured at the interface is comparable to

the concentration measured at the interface by SIMS and presented in Figure

4(b). The depth of penetration is also comparable to that measured by SIMS

for the bulk diffusion front. The localized nodule of solute penetrating into the
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Fission

Product

Temperature

◦C
Location

Diffusion

Regime

DB

(cm2s−1)

sδDGB

(cm3s−1)

Relative

Error

(%)

Cesium

900 PNNL B 1.5± 0.96× 10−17 1.6± 0.88× 10−24 49

1,100 PNNL B 6.5± 4.7× 10−17 1.7± 1.6× 10−22 18

1,200 PNNL B 9.9± 2.9× 10−17 4.7± 2.4× 10−22 10

1,300 PNNL B 2.2± 1.6× 10−16 3.9± 1.2× 10−21 34

Europium

1,100 IEN B 6.8± 4.3× 10−18 1.5± 1.2× 10−22 3

1,200 IEN B 3.4± 1.0× 10−16 8.7± 3.0× 10−21 7

1,200 IEN B 1.4± 0.89× 10−16 1.3± 0.27× 10−20 4

1,300 IEN B 2.6± 0.47× 10−15 3.7± 0.67× 10−20 6

Strontium

900 PNNL C ND 6.9± 2.6× 10−25 0

1,066 IEN B 3± 0.78× 10−18 6.7± 0.93× 10−23 10

1,100 PNNL B 4.4± 1.4× 10−17 7.6± 2.4× 10−22 6

1,100 IEN B 6.8± 4.3× 10−17 3.1± 1.7× 10−22 6

1,100 IEN B 2.2± 1.5× 10−17 2.5± 1.2× 10−22 7

1,100 IEN B ND 1.1± 0.58× 10−21 18

1,200 PNNL B 2.8± 0.84× 10−16 2.1± 0.67× 10−21 6

1,200 IEN B ND 1.7± 0.49× 10−21 14

1,300 IEN B 6.3± 4.9× 10−15 2.6± 2.1× 10−20 4

Table 2: Bulk and grain boundary diffusion coefficients for cesium, europium, and strontium.

The relative error is the percent of the error in the grain boundary diffusion coefficient from

fitting the grain boundary tail.
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Figure 8: Arrhenius plot for cesium, europium, and strontium grain boundary diffusion.

Fission

Product

DB
0

(cm2s−1)

EB

(eV)

sδDGB
0

(cm3s−1)

EGB

(eV)

Cesium 2.1± 1.5× 10−13 1.0± 0.1eV 1.9± 8.8× 10−7 2.2± 0.6

Europium 12, 000± 2, 500 5.5± 0.3 540± 3, 100 4.7± 0.8

Strontium 1, 300± 57, 000 5.7± 0.6 140± 160 4.6± 0.1

Table 3: Activation energies and pre-factors for bulk and grain boundary diffusion cesium,

europium, and strontium.
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(a) (b)

Figure 9: (a) EDS map of strontium in SiC in the 1, 100◦C condition shown in Figure 3.

The map presents the normalized EDS intensity across the PyC/SiC interface and in the

SiC substrate. An EDS map of the silicon concentration was used to identify the PyC/SiC

Interface indicated by the dashed white line.

(b) The corresponding 1D depth profile below the PyC/SiC interface in (a) plotted in blue.

The equivalent SIMS profile from Figure 4(b) is shown in red for comparison.

SiC suggests that certain conditions at the interface are necessary for diffusion

across the PyC/SiC interface and into the SiC substrate via bulk diffusion. No

strontium was detected along grain boundaries due to the sensitivity limit of

the ChemiSTEM EDS, which was estimated at 0.01%.

4. Discussion

4.1. Diffusion Couple Performance

The properties of SiC are highly dependent on the fabrication process. This

is true for thermo-mechanical [24] as well chemical properties as evidenced by

the vastly different diffusion fluxes of strontium through the SiC cap and into the

SiC substrate as seen in figure 3. Leakage of FPs through the cap was observed

in all samples. Higher temperature anneals increased the likelihood of SiC cap

loss and in combination with the FP leakage through the cap limited this study

to 1, 300◦C. The PECVD SiC produced here is initially amorphous and then

slowly crystallizes upon heating. While the initial film may be deposited at
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theoretical density, the crystallization and hydrogen desorption result in a film

with sub-theoretical density [25]. Further the crystallization produces residual

stress that is likely to concentrate at the interface which lacks the adhesion

of CVD films. This stress builds up until the PECD SiC cap finally detaches

from the sample. An improved process might deposit SiC using conventional

CVD and then implant through the SiC cap to achieve better retention and the

ability to probe diffusion at higher temperatures. Pulsed laser deposition (PLD)

could also be a viable low temperature deposition process to extend the utility

of this design with minimal changes[26].Still, this study has been successful

in containing enough of the implanted FP to measure the diffusion of cesium,

europium and strontium between 900◦C and 1, 300◦C.

Friedland et. al. studied cesium and strontium diffusion by direct ion im-

plantation into SiC [10, 11, 27]. They ion implanted FPs into polycrystalline

3C-SiC and single crystal 6H-SiC, annealed the samples at high temperature,

and measured concentration using SIMS. For both FPs, redistribution of the

FP was observed in the region where the damaged SiC recrystallized, but not

in the undamaged SiC at temperatures up to 1, 500◦C. Their results were likely

influenced by the introduction of excessive radiation damage into the SiC from

direct ion implantation, creating trapping sites for the FPs, or due to the lack

of the PyC/SiC interface. In this study, cesium and strontium diffusion was

observed as low as 900◦C, but the FP was introduced into the SiC a fundamen-

tally different manner. The multi-layered diffusion couple also exhibits some

trapping of FPs at the PyC/SiC interface as observed by the build up of stron-

tium at the PyC/SiC interface seen in the EDS map in Figure 9(a). If the

radiation damage was solely responsible for the difference in diffusion behavior,

then there would still be some observation of diffusion in the direct ion implan-

tations, albeit greatly diminished in comparison to the measurements made in

this study. It is likely that the thermodynamics across the PyC/SiC interface

greatly increase the amount of FPs that can diffuse into the SiC vs. the FP

precipitate/SiC interlace.
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4.2. Fast Diffusion Mechanism

Bulk and grain boundary diffusion are assumed to be the only two active

mechanisms in polycrystalline 3C-SiC that is grown by CVD and is at theoretical

density with minimum impurities such as the SiC used in this study. The Fisher

model provides a method to analyze diffusion by two competing mechanisms,

one that is isolated to small thin slabs and is relatively fast and the other that

takes up the rest of the material but is relatively slow. The nodule of strontium

on the right side of the EDS map in Figure 9 indicates that bulk diffusion is

active in this diffusion couple. It is the most likely slow diffusion mechanism.

Historically the fast diffusion mechanism has been assumed to be grain

boundary diffusion and has been verified in a variety of model systems by study-

ing diffusion in single crystal and polycrystalline samples [28–33]. While other

features such as stacking faults and dislocations could also be fast diffusion

paths, the general consensus is that the effects of fast pipe diffusion are ob-

served as an enhancement of bulk diffusion when grain boundary diffusion is a

competing mechanism as is the case in all polycrystalline material [34–36].

Vapor phase diffusion via inter-connected porosity is another probable mech-

anism. Theoretical density SiC should have no porosity, let alone the inter-

connected network of porosity that is necessary for vapor phase diffusion. Hon-

orato et al. investigated this mechanism for silver diffusion in SiC by tailoring

the density of SiC coatings for their spherical diffusion couples [37]. They found

that silver did not segregate to the porosity, but rather to grain boundaries at

annealing temperatures of 1, 500◦C.

It was also not possible to detect strontium along the grain boundaries in

the diffusion couples used in this study, but this could be due to the limited

sensitivity of EDS or a grain boundary character dependence on diffusion. De-

creasing temperature would increase the segregation to grain boundaries in-

creasing the local concentration but would also limit the diffusion kinetics across

the PyC/SiC interface, limiting the peak concentrations available to the grain

boundaries. These competing effects must be better evaluated to identify the

ideal set of conditions for confirmation of grain boundary diffusion.
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TEM observation of irradiated TRISO particles by Rooyen et al. have shown

significant segregation to grain boundaries of silver, palladium, cesium and cad-

mium [38–40]. These FPs represent a wide distribution of chemical behavior and

size effects, including cesium which is investigated in this study. The lack of

alternative mechanisms, the extensive literature on diffusion in polycrystalline

systems that show the activation of grain boundary diffusion, and the TEM

observations of TRISO fuel suggest that the fast mechanism observed in this

study is likely grain boundary diffusion.

4.3. Bulk Diffusion

Cesium bulk diffusion was measured between 900◦C and 1, 300◦C. Europium

bulk diffusion was measured between 1, 100◦C and 1, 300◦C. Strontium bulk dif-

fusion was measured between 1, 066◦C and 1, 300◦C. Below 1, 150◦C cesium bulk

diffusion is faster than either strontium or europium diffusion. Strontium bulk

diffusion is faster than that for europium at all temperatures. The activation

energies for europium and strontium bulk diffusion are very similar indicating

they diffuse via similar hop mechanisms. There is no literature data on ex-

perimentally measured activation energies for specific mechanisms for cesium,

strontium or europium diffusion. Shrader et al. calculated migration barriers

for cesium in SiC [41]. They found that the fastest bulk diffusion mechanism

involved a ring exchange process in which cesium could hop between substitu-

tional carbon sites by temporarily moving into a silicon vacancy and involved

the coordination of 2 negatively charged silicon vacancies to facilitate the pro-

cess. The activation energy for this process was 5.14 eV, which is significantly

higher than the measured activation energy of 1.0 eV. No calculations for either

strontium or europium diffusion are available in the literature.

4.4. Grain Boundary Diffusion

Analysis of the grain boundary composition depth profile (Eq. 5) yields the

triple product of the diffusion coefficient, the grain boundary width and the

segregation factor. Determination of the grain boundary diffusion coefficient
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is possible if grain boundary width and segregation factor can be estimated.

The grain boundary width is already well characterized experimentally between

0.5 nm and 2 nm [42]. The segregation factor is far more difficult to measure

or calculate. Experiments on model systems have noted that the segregation

factor can vary by six orders of magnitude. The segregation of solute to the

grain boundary is a thermodynamic process governed by a segregation energy

and varies as a function of temperature:

s = exp(Eseg/kT ) (9)

As a result, the activation energy measured here is the difference of the mi-

gration barrier and the segregation energy. Calculating the segregation energy

is also difficult. To first approximation, the segregation energy is the elastic

energy released from the lattice when a solute moves from the bulk to the grain

boundary [43]:

ESeg =
24πKGr3ξ2

3K + 4G r
rmatrix

(10)

where K is the solute bulk modulus, G is the matrix shear modulus, r is cova-

lent radius of the solute atom and ξ is the misfit between the covalent radius of

the solute atom and the atomic radius of the matrix itself: ξ = (r− rmatrix)/r.

Table 4 shows the parameters used in this calculation as well as the segrega-

tion energies using a matrix sheer modulus of 160GPa [24] and matrix atomic

radius of 0.128 nm, which is the Si-C spacing in 3C-SiC. The covalent radii are

very similar amongst these three elements, so the bulk modulus dominates the

differences in segregation energies. Cesium has the lowest segregation energy

due to a very low bulk modulus, while strontium has the highest due to a large

bulk modulus. Cesium also has the largest misfit, suggesting that it undergoes

the largest compressive strain from the lattice. This formalism is useful in elu-

cidating trends in segregation behavior [44]. These segregation energies suggest

that strontium is the mostly strongly segregating to grain boundaries, while

cesium is the least strongly segregating and that europium segregation to grain

boundaries should be similar but less than that of strontium.
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FP
K

(GPa)

r

(pm)
ξ

Eseg

(eV)

Cesium 1.6 225 0.43 0.39

Europium 8.3 198 0.35 0.91

Strontium 13.2 195 0.34 1.28

Table 4: Segregation energy for FPs assuming that only the elastic strain energy is significant.

Cesium grain boundary diffusion was measured between 900◦C and 1, 300◦C.

Europium grain boundary diffusion was measured between 1, 100◦C and 1, 300◦C.

Strontium grain boundary diffusion was measured between 900◦C and 1, 300◦C.The

high segregation energies for strontium and europium suggest that these two

FPs have slow diffusion kinetics, but the thermodynamics of grain boundary

segregation drive them to diffuse in comparable amounts via grain boundaries.

Below 1, 100◦C cesium grain boundary diffusion is faster than either strontium

or europium grain boundary diffusion. Above 1, 100◦C cesium grain boundary

diffusion is slowest. Europium grain boundary diffusion is faster than that for

strontium at all temperatures. The activation energies for europium and stron-

tium grain boundary diffusion are very similar indicating that they diffuse via

similar paths. There are no experimental values for grain boundary diffusion

of cesium, europium or strontium diffusion in SiC. Rabone et al. investigated

the hop mechanisms for cesium diffusion along Σ5 grain boundaries [45] using

accelerated density functional theory (DFT). They found very large incorpora-

tion energies (> 7eV ) for cesium in the Σ5 grain boundary suggesting that the

solubility of cesium in Σ5 grain boundaries is very low. They also calculated mi-

gration barriers at various locations along the Σ5 grain boundary which ranged

from 2 eV to 5.4 eV. Assuming that the lowest energy hop is preferred, these

calculations are very close to the migration energy measured in this study at 2.2

eV. Their calculations did not consider significant restructuring of the Σ5 grain

boundary near the incorporation site for cesium and the electron density maps
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indicated that cesium bonding to the grain boundary could play an important

factor in altering the migration energies.

Traditional diffusion models assume a simple harmonic oscillator behavior

and are questionable to apply to impurity diffusion in ceramics. Still, they can

provide some incite on the physics. The diffusion pre-factors vary by nearly

15 orders of magnitude between cesium and europium. In a one-component

system, the self-diffusion pre-factor is proportional to the jump frequency, the

jump distance and the entropy change resulting in a value between 0.1 −

10−4cm2s−1[46]. The jump distance and jump frequency are unlikely to differ

by enough to reflect the measured variation in the pre-factors. If the difference

is due to the entropy, which affects the diffusion pre-factor by an exponential,

exp(S/kB), then that would imply that cesium diffusion, while exhibiting a low

energy barrier, also decreases local entropy by a factor as large as 27kB , and

both europium and strontium diffusion increase the local entropy by a larger

amount than would be expected.

The cesium grain boundary diffusion activation energy is larger than the bulk

diffusion activation energy, which is counter-intuitive. This could be due to the

charge state of cesium in the bulk vs the grain boundary, as it is not possible to

differentiate the charge state in an annealing experiment. It is also important

to note that the activation energies and pre-factors for cesium diffusion via

either bulk or grain boundary diffusion are much lower than that of europium

or strontium. The covalent radius of cesium (244 pm) is larger than that for

europium (198 pm) or strontium (195 pm)[47]. The similarity in the sizes and

diffusion behavior of europium and strontium suggest that the size effect is

important for FP diffusion in SiC. Similarly, the valence s-shell is filled for

europium and strontium, while it contains one unpaired electron for cesium.

This valence shell structure difference creates a large difference in the chemical

behavior of cesium vs europium or strontium, and could also contribute to the

difference in diffusion behavior.
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4.5. Comparison to Literature

The IAEA TECDOC-978 report contains the most widely accepted and uti-

lized diffusion data on fission products in SiC [2]. The TECDOC lists two

activation energies for cesium and strontium corresponding to a low tempera-

ture mechanism below 1, 600◦C and a high temperature mechanism above this

temperature. This study was limited to 1, 300◦C and can only be compared with

the low temperature mechanism from the TECDOC. The low temperature acti-

vation energy of cesium at 1.3 eV from the TECDOC compares favorably with

the value of 1.0 eV bulk diffusion coefficient of 1.0 eV calculated here for bulk

diffusion. Neither the bulk nor grain boundary activation energies measured

here for strontium compare with the TECDOC’s low temperature activation

energy at 2.1 eV.

Figure 10 is an Arrhenius plot of cesium diffusion data from past TRISO

test programs used to calculate the fits for high temperature (> 1, 600◦C) and

low temperature (< 1, 600◦C) diffusion mechanisms in the IAEA TECDOC-

978. These diffusion coefficients were obtained by irradiating TRISO fuel in

hexagonal compacts or spherical pebbles in materials test reactors and test gas

reactors, followed by annealing in a furnace at high temperature. The release

rate of cesium was monitored during the annealing and then plotted against

ideal solutions of the diffusion equation assuming the SiC is the key retaining

layer to calculate a diffusion coefficient. Defect fractions and failure fractions

were difficult to quantify in these samples and the quality of the TRISO fuel

varied greatly. As a result, TRISO particles could have failed during irradiation

or annealing, releasing a full particle’s inventory of cesium, which would then

be averaged over the entire compact or pebble. It is believed that most of

the literature data that trends with the high temperature and low temperature

mechanisms for the IAEA fits are due to release from TRISO failure. There

is a batch of historic data from Nabielek and Myers[48] shown in Figure 10,

that is significantly lower than the rest. This data is from the German TRISO

program which has historically had the lowest defect fraction of any TRISO

program, and as a result the best quality TRISO particles [2]. The low release
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diffusion coefficients from Nabielek and Myers support the theory that the rest

of the release measurements are of failed TRISO averaged over a compact or

pebble and not diffusion through intact SiC.

Diffusion coefficients from thermal annealing are plotted on top of the lit-

erature data in Figure 10 . Bulk diffusion coefficients are plotted in blue while

grain boundary diffusion coefficients are plotted in red. The grain boundary dif-

fusion coefficient are plotted using the segregation energies tabulated in Table

4 and a grain boundary width of 1 nm. Both bulk and grain boundary diffu-

sion coefficients from this study agree with the Nabielek and Myers diffusion

coefficients from high quality German TRISO fuel. The agreement between the

cesium diffusion coefficients measured in this study and the cesium diffusion

coefficients measured by Nabielek and Myers via cesium release measurements

of high quality TRISO fuel support the premise that high quality SiC should

exhibit minimal cesium diffusion.

As stated previously the fabrication route is key to the performance of SiC.

Small differences such as CVD vs. fluidized bed CVD, which are the two pro-

cesses for the substrate used here vs. TRISO SiC, can greatly change the chem-

ical and thermo-mechanical properties [24]. Still the trends should be compara-

ble as the substrate used here is theoretical density CVD 3C-SiC with a similar

grain size to TRISO SiC [12]. Qualitatively, the trends in the diffusion data

agree with what has been seen in the literature. At low temperatures, cesium

appears to be more mobile than strontium [56]. Strontium release correlates

well with europium release [57–60]. Recent TRISO test fuel shows an order of

magnitude greater europium release than strontium, which correlates well with

a larger grain boundary diffusion coefficient for europium than strontium [61].

4.6. Fission Product Release Modeling

Most of the measurements made in this study were in the mixed diffusion

regime. In fuel and in fuel modeling, it is difficult to model or to incorporate

a dual diffusion system. One way to work around this is to use an effective

diffusion coefficient. The Kalnin et al. equation [62] is a mean-field approxima-
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Figure 10: Arrhenius plot for cesium diffusion measured using post-irradiation heating exper-

iments [48–55]. The thermal bulk and grain boundary diffusion coefficients from this study

plotted in red and blue open circles.
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tion for effective diffusion of solutes in a material. It accounts for the partial

trapping of solutes by the bulk, the energy barrier for a solute to diffuse into

the bulk from the grain boundary, as well as the effect of networking of grain

boundaries around grains creating additional trapping area. As a result, the

effective diffusion coefficient can be lower than either bulk or grain boundary

diffusion coefficients if the grain boundary segregation factor is large and the

bulk and grain boundary diffusion coefficients are comparable. In this case the

solubility of the solute in the bulk and grain boundary is as important in the

mobility of the solute as the diffusivity.

The Kalnin equation is defined as:

Deff =
DB

1− f + sf

[
1 +

3(sDB −DGB)f

2DGB + sDB − (sDB −DGB)

]
(11)

where f is the fraction of atomic sites belonging to grain boundaries and s is

the segregation factor. For solute diffusion f can be defined by:

f =
qδ

d
(12)

where q is a geometry factor for the shape of grains and the dimensionality of the

diffusion paths. For 3D diffusion q ∼ 3. δ is the grain boundary width and d is

the grain size. δ ranges from 0.5 nm to 2 nm, depending on the grain boundary

type [42]. The term sDGB can come from the mixed diffusion measurements of

grain boundary diffusion.

The dot-dashed red line in Figure 10 is the effective thermal diffusion coef-

ficient calculated using Eq. 11, a segregation energy of 0.39 eV as calculated

in Table 4, δ of 1nm, q of 3, d of 1.8µm and the cesium diffusion coefficients

for the case of thermal annealing. The temperature dependence of the effective

thermal diffusion coefficient (DEff ) parallels that of the TECDOC fit in the

low temperature regime, and agrees in magnitude with the diffusion coefficients

of Nabielek and Myers. This difference in magnitude between the effective ther-

mal diffusion coefficient calculated here and the TEDOC fit agrees with the

discrepancy observed in predictions of cesium release by PARFUME using the

TECDOC fit and those measured by deconsolidation-leach-burn-leach method
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for the NGNP AGR-1 irradiation [61]. The quality of the SiC used here is a

limiting case and should exhibit the lowest diffusion coefficients for cesium. The

release levels corresponding to these diffusion coefficients are less than the total

inventory of a single TRISO particle [2]. This also validates the assumption

that cesium release greater than the total inventory of a single particle can be

used to determine if any TRISO particles have fully fractured SiC.

5. Conclusion

These are the first successful measurements of cesiu, europium and strontium

diffusion in SiC. Diffusion measurements were performed on cesium, europium,

and strontium diffusion in SiC between 900◦C and 1, 300◦C and were able to

resolve bulk diffusion and isolate grain boundary diffusion for all three fission

products under purely thermal condition. Cesium, europium, and strontium

all exhibit mixed diffusion kinetics between 900◦C and 1, 300◦C under ther-

mal conditions indicating that both bulk and grain boundary mechanisms are

active. Strontium exhibits grain boundary diffusion dominant kinetics below

1, 100◦C and mixed diffusion kinetics above 1,100◦C. Europium exhibits mixed

diffusion kinetics above 1, 100◦C. Cesium exhibit mixed diffusion kinetics above

900◦C. Cesium diffusion is faster than strontium or europium diffusion below

1, 100◦C for either mechanism. Strontium bulk diffusion is faster than europium

bulk diffusion at all investigated temperatures, while europium grain boundary

diffusion is faster than strontium grain boundary diffusion at all investigated

temperatures.

The activation energies for bulk diffusion varied widely; 1.0 eV for cesium,

5.5 eV for europium, and 5.7 eV for strontium. The grain boundary diffusion

activation energies were 2.2 eV for cesium, 4.7 eV for europium, and 4.6 eV for

strontium. The activation energy for cesium bulk diffusion was lower than that

for grain boundary diffusion. The bulk activation energy for cesium diffusion is

far lower than that calculated by Shrader et al. The activation energies and pre-

exponential factors differ greatly between cesium and strontium or europium,
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which is inline with the expected grouping of diffusion behavior of strontium

and europium vs cesium due to the relative sizes of the fission products and

the valence electron shell structure. The diffusion pre-factors vary by nearly 15

orders of magnitude. The thermal diffusion of cesium measured in this study

agrees with the best case cesium diffusion coefficients measured from cesium

release from German TRISO fuel, which is well known in the community to

have had the lowest defect fraction of all the historic TRISO test campaigns,

supporting the premise that high quality TRISO fuel should exhibit minimal

cesium release, and that cesium release is a good indicator of TRISO fuel failure.
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[6] E. López-Honorato, D. Yang, J. Tan, P. J. Meadows, P. Xiao, Silver Dif-

fusion in Coated Fuel Particles, Journal of the American Ceramic Society

93 (10) (2010) 3076–3079. doi:10.1111/j.1551-2916.2010.04055.x.

URL http://www.scopus.com/inward/record.url?eid=2-s2.

0-78649540539&partnerID=tZOtx3y1

[7] D. Petti, J. Buongiorno, J. Maki, R. Hobbins, G. Miller, Key differences

in the fabrication, irradiation and high temperature accident testing of US

and German TRISO-coated particle fuel, and their implications on fuel

performance, Nuclear Engineering and Design 222 (2-3) (2003) 281–297.

doi:10.1016/S0029-5493(03)00033-5.

URL http://www.researchgate.net/publication/223224439_

Key_differences_in_the_fabrication_irradiation_and_high_

33

http://www-pub.iaea.org/books/IAEABooks/5633/Fuel-Performance-and-Fission-Product-Behaviour-in-Gas-Cooled-Reactors
http://www-pub.iaea.org/books/IAEABooks/5633/Fuel-Performance-and-Fission-Product-Behaviour-in-Gas-Cooled-Reactors
http://www-pub.iaea.org/books/IAEABooks/5633/Fuel-Performance-and-Fission-Product-Behaviour-in-Gas-Cooled-Reactors
http://www-pub.iaea.org/books/IAEABooks/5633/Fuel-Performance-and-Fission-Product-Behaviour-in-Gas-Cooled-Reactors
http://www.scopus.com/inward/record.url?eid=2-s2.0-0017538421&partnerID=tZOtx3y1 http://epubs.ans.org/?a=31908
http://www.scopus.com/inward/record.url?eid=2-s2.0-0017538421&partnerID=tZOtx3y1 http://epubs.ans.org/?a=31908
http://www.scopus.com/inward/record.url?eid=2-s2.0-0017538421&partnerID=tZOtx3y1 http://epubs.ans.org/?a=31908
http://www.scopus.com/inward/record.url?eid=2-s2.0-0017538421&partnerID=tZOtx3y1 http://epubs.ans.org/?a=31908
http://dspace.mit.edu/handle/1721.1/17745
http://dspace.mit.edu/handle/1721.1/17745
http://www.sciencedirect.com/science/article/pii/S0022311509003572
http://www.sciencedirect.com/science/article/pii/S0022311509003572
http://dx.doi.org/10.1016/j.jnucmat.2009.02.022
http://www.sciencedirect.com/science/article/pii/S0022311509003572
http://www.sciencedirect.com/science/article/pii/S0022311509003572
http://www.scopus.com/inward/record.url?eid=2-s2.0-78649540539&partnerID=tZOtx3y1
http://www.scopus.com/inward/record.url?eid=2-s2.0-78649540539&partnerID=tZOtx3y1
http://dx.doi.org/10.1111/j.1551-2916.2010.04055.x
http://www.scopus.com/inward/record.url?eid=2-s2.0-78649540539&partnerID=tZOtx3y1
http://www.scopus.com/inward/record.url?eid=2-s2.0-78649540539&partnerID=tZOtx3y1
http://www.researchgate.net/publication/223224439_Key_differences_in_the_fabrication_irradiation_and_high_temperature_accident_testing_of_US_and_German_TRISO-coated_particle_fuel_and_their_implications_on_fuel_performance
http://www.researchgate.net/publication/223224439_Key_differences_in_the_fabrication_irradiation_and_high_temperature_accident_testing_of_US_and_German_TRISO-coated_particle_fuel_and_their_implications_on_fuel_performance
http://www.researchgate.net/publication/223224439_Key_differences_in_the_fabrication_irradiation_and_high_temperature_accident_testing_of_US_and_German_TRISO-coated_particle_fuel_and_their_implications_on_fuel_performance
http://www.researchgate.net/publication/223224439_Key_differences_in_the_fabrication_irradiation_and_high_temperature_accident_testing_of_US_and_German_TRISO-coated_particle_fuel_and_their_implications_on_fuel_performance
http://dx.doi.org/10.1016/S0029-5493(03)00033-5
http://www.researchgate.net/publication/223224439_Key_differences_in_the_fabrication_irradiation_and_high_temperature_accident_testing_of_US_and_German_TRISO-coated_particle_fuel_and_their_implications_on_fuel_performance
http://www.researchgate.net/publication/223224439_Key_differences_in_the_fabrication_irradiation_and_high_temperature_accident_testing_of_US_and_German_TRISO-coated_particle_fuel_and_their_implications_on_fuel_performance


temperature_accident_testing_of_US_and_German_TRISO-coated_

particle_fuel_and_their_implications_on_fuel_performance

[8] D. Petti, Implications of Results from the Advanced Gas Reactor Fuel

Development and Qualification Program on Licensing of Modular HTGRs,

in: HTR 2014, Weihai, 2014.

[9] E. Friedland, N. van der Berg, J. Malherbe, R. Kuhudzai, A. Botha,

E. Wendler, W. Wesch, Study of iodine diffusion in silicon carbide,

Nuclear Instruments and Methods in Physics Research Section B: Beam

Interactions with Materials and Atoms 268 (19) (2010) 2892–2896.

doi:10.1016/j.nimb.2010.04.015.

URL http://www.sciencedirect.com/science/article/pii/

S0168583X10003927

[10] E. Friedland, N. van der Berg, T. Hlatshwayo, R. Kuhudzai, J. Malherbe,

E. Wendler, W. Wesch, Diffusion behavior of cesium in silicon carbide at

T¿1000 ◦C, Nuclear Instruments and Methods in Physics Research Section

B: Beam Interactions with Materials and Atoms 286 (286) (2012) 102–107.

doi:10.1016/j.nimb.2011.11.048.

URL http://www.sciencedirect.com/science/article/pii/

S0168583X11011505https://www.infona.pl//resource/bwmeta1.

element.elsevier-6d9fda1d-454c-3b71-8108-052065ab1af3

[11] E. Friedland, N. van der Berg, J. Malherbe, E. Wendler, W. Wesch,

Influence of radiation damage on strontium and iodine diffusion in

silicon carbide, Journal of Nuclear Materials 425 (1-3) (2012) 205–210.

doi:10.1016/j.jnucmat.2011.10.032.

URL http://www.sciencedirect.com/science/article/pii/

S0022311511009263

[12] S. Dwaraknath, G. S. Was, Development of a multi-layer diffusion couple

to study fission product transport in β-SiC, Journal of Nuclear Materials

444 (1-3) (2014) 170–174.

34

http://www.researchgate.net/publication/223224439_Key_differences_in_the_fabrication_irradiation_and_high_temperature_accident_testing_of_US_and_German_TRISO-coated_particle_fuel_and_their_implications_on_fuel_performance
http://www.researchgate.net/publication/223224439_Key_differences_in_the_fabrication_irradiation_and_high_temperature_accident_testing_of_US_and_German_TRISO-coated_particle_fuel_and_their_implications_on_fuel_performance
http://www.sciencedirect.com/science/article/pii/S0168583X10003927
http://dx.doi.org/10.1016/j.nimb.2010.04.015
http://www.sciencedirect.com/science/article/pii/S0168583X10003927
http://www.sciencedirect.com/science/article/pii/S0168583X10003927
http://www.sciencedirect.com/science/article/pii/S0168583X11011505 https://www.infona.pl//resource/bwmeta1.element.elsevier-6d9fda1d-454c-3b71-8108-052065ab1af3
http://www.sciencedirect.com/science/article/pii/S0168583X11011505 https://www.infona.pl//resource/bwmeta1.element.elsevier-6d9fda1d-454c-3b71-8108-052065ab1af3
http://dx.doi.org/10.1016/j.nimb.2011.11.048
http://www.sciencedirect.com/science/article/pii/S0168583X11011505 https://www.infona.pl//resource/bwmeta1.element.elsevier-6d9fda1d-454c-3b71-8108-052065ab1af3
http://www.sciencedirect.com/science/article/pii/S0168583X11011505 https://www.infona.pl//resource/bwmeta1.element.elsevier-6d9fda1d-454c-3b71-8108-052065ab1af3
http://www.sciencedirect.com/science/article/pii/S0168583X11011505 https://www.infona.pl//resource/bwmeta1.element.elsevier-6d9fda1d-454c-3b71-8108-052065ab1af3
http://www.sciencedirect.com/science/article/pii/S0022311511009263
http://www.sciencedirect.com/science/article/pii/S0022311511009263
http://dx.doi.org/10.1016/j.jnucmat.2011.10.032
http://www.sciencedirect.com/science/article/pii/S0022311511009263
http://www.sciencedirect.com/science/article/pii/S0022311511009263


[13] V. Shankar, G. S. Was, Proton irradiation creep of beta-silicon

carbide, Journal of Nuclear Materials 418 (1-3) (2011) 198–206.

doi:10.1016/j.jnucmat.2011.06.047.

URL http://www.sciencedirect.com/science/article/pii/

S0022311511006428

[14] R. Kirchhofer, J. D. Hunn, P. A. Demkowicz, J. I. Cole, B. P.

Gorman, Microstructure of {TRISO} coated particles from the

agr-1 experiment: Sic grain size and grain boundary charac-

ter, Journal of Nuclear Materials 432 (1–3) (2013) 127 – 134.

doi:http://dx.doi.org/10.1016/j.jnucmat.2012.08.052.

URL http://www.sciencedirect.com/science/article/pii/

S0022311512004746

[15] L. Tan, T. Allen, J. Hunn, J. Miller, EBSD for microstructure

and property characterization of the SiC-coating in TRISO fuel

particles, Journal of Nuclear Materials 372 (2-3) (2008) 400–404.

doi:10.1016/j.jnucmat.2007.04.048.

URL http://www.sciencedirect.com/science/article/pii/

S0022311507007258

[16] J. F. Ziegler, M. Ziegler, J. Biersack, SRIM – The stopping and range

of ions in matter (2010), Nuclear Instruments and Methods in Physics

Research Section B: Beam Interactions with Materials and Atoms 268 (11-

12) (2010) 1818–1823. doi:10.1016/j.nimb.2010.02.091.

URL http://www.sciencedirect.com/science/article/pii/

S0168583X10001862

[17] J. C. Fisher, Calculation of Diffusion Penetration Curves for Surface and

Grain Boundary Diffusion, Journal of Applied Physics 22 (1) (1951) 74.

doi:10.1063/1.1699825.

URL http://scitation.aip.org/content/aip/journal/jap/22/1/10.

1063/1.1699825

35

http://www.sciencedirect.com/science/article/pii/S0022311511006428
http://www.sciencedirect.com/science/article/pii/S0022311511006428
http://dx.doi.org/10.1016/j.jnucmat.2011.06.047
http://www.sciencedirect.com/science/article/pii/S0022311511006428
http://www.sciencedirect.com/science/article/pii/S0022311511006428
http://www.sciencedirect.com/science/article/pii/S0022311512004746
http://www.sciencedirect.com/science/article/pii/S0022311512004746
http://www.sciencedirect.com/science/article/pii/S0022311512004746
http://dx.doi.org/http://dx.doi.org/10.1016/j.jnucmat.2012.08.052
http://www.sciencedirect.com/science/article/pii/S0022311512004746
http://www.sciencedirect.com/science/article/pii/S0022311512004746
http://www.sciencedirect.com/science/article/pii/S0022311507007258
http://www.sciencedirect.com/science/article/pii/S0022311507007258
http://www.sciencedirect.com/science/article/pii/S0022311507007258
http://dx.doi.org/10.1016/j.jnucmat.2007.04.048
http://www.sciencedirect.com/science/article/pii/S0022311507007258
http://www.sciencedirect.com/science/article/pii/S0022311507007258
http://www.sciencedirect.com/science/article/pii/S0168583X10001862
http://www.sciencedirect.com/science/article/pii/S0168583X10001862
http://dx.doi.org/10.1016/j.nimb.2010.02.091
http://www.sciencedirect.com/science/article/pii/S0168583X10001862
http://www.sciencedirect.com/science/article/pii/S0168583X10001862
http://scitation.aip.org/content/aip/journal/jap/22/1/10.1063/1.1699825
http://scitation.aip.org/content/aip/journal/jap/22/1/10.1063/1.1699825
http://dx.doi.org/10.1063/1.1699825
http://scitation.aip.org/content/aip/journal/jap/22/1/10.1063/1.1699825
http://scitation.aip.org/content/aip/journal/jap/22/1/10.1063/1.1699825


[18] L. G. Harrison, Influence of dislocations on diffusion kinetics in solids

with particular reference to the alkali halides, Transactions of the Faraday

Society 57 (1961) 1191. doi:10.1039/tf9615701191.

URL http://pubs.rsc.org/en/content/articlehtml/1961/tf/

tf9615701191

[19] A. D. L. Claire, The analysis of grain boundary diffusion measurements,

British Journal of Applied Physics 14 (6) (1963) 351–356. doi:10.1088/

0508-3443/14/6/317.

URL http://stacks.iop.org/0508-3443/14/i=6/a=317

[20] R. Whipple, CXXXVIII. Concentration contours in grain bound-

ary diffusion, The London, Edinburgh, and Dublin Philosophi-

cal Magazine and Journal of Science 45 (371) (1954) 1225–1236.

doi:10.1080/14786441208561131.

URL http://www.tandfonline.com/doi/abs/10.1080/

14786441208561131

[21] D. Gryaznov, J. Fleig, J. Maier, An improved procedure for deter-

mining grain boundary diffusion coefficients from averaged concen-

tration profiles, Journal of Applied Physics 103 (6) (2008) 063717.

doi:10.1063/1.2887993.

URL http://scitation.aip.org/content/aip/journal/jap/103/6/

10.1063/1.2887993

[22] Y. Mishin, C. Herzig, Grain boundary diffusion: recent progress and future

research, Materials Science and Engineering: A 260 (1–2) (1999) 55 – 71.

doi:http://dx.doi.org/10.1016/S0921-5093(98)00978-2.

URL http://www.sciencedirect.com/science/article/pii/

S0921509398009782

[23] E. Jones, T. Oliphant, P. Peterson, Others, {SciPy}: Open source scientific

tools for {Python}.

URL http://www.scipy.org/

36

http://pubs.rsc.org/en/content/articlehtml/1961/tf/tf9615701191
http://pubs.rsc.org/en/content/articlehtml/1961/tf/tf9615701191
http://dx.doi.org/10.1039/tf9615701191
http://pubs.rsc.org/en/content/articlehtml/1961/tf/tf9615701191
http://pubs.rsc.org/en/content/articlehtml/1961/tf/tf9615701191
http://stacks.iop.org/0508-3443/14/i=6/a=317
http://dx.doi.org/10.1088/0508-3443/14/6/317
http://dx.doi.org/10.1088/0508-3443/14/6/317
http://stacks.iop.org/0508-3443/14/i=6/a=317
http://www.tandfonline.com/doi/abs/10.1080/14786441208561131
http://www.tandfonline.com/doi/abs/10.1080/14786441208561131
http://dx.doi.org/10.1080/14786441208561131
http://www.tandfonline.com/doi/abs/10.1080/14786441208561131
http://www.tandfonline.com/doi/abs/10.1080/14786441208561131
http://scitation.aip.org/content/aip/journal/jap/103/6/10.1063/1.2887993
http://scitation.aip.org/content/aip/journal/jap/103/6/10.1063/1.2887993
http://scitation.aip.org/content/aip/journal/jap/103/6/10.1063/1.2887993
http://dx.doi.org/10.1063/1.2887993
http://scitation.aip.org/content/aip/journal/jap/103/6/10.1063/1.2887993
http://scitation.aip.org/content/aip/journal/jap/103/6/10.1063/1.2887993
http://www.sciencedirect.com/science/article/pii/S0921509398009782
http://www.sciencedirect.com/science/article/pii/S0921509398009782
http://dx.doi.org/http://dx.doi.org/10.1016/S0921-5093(98)00978-2
http://www.sciencedirect.com/science/article/pii/S0921509398009782
http://www.sciencedirect.com/science/article/pii/S0921509398009782
http://www.scipy.org/
http://www.scipy.org/
http://www.scipy.org/


[24] L. L. Snead, T. Nozawa, Y. Katoh, T.-S. Byun, S. Kondo, D. A.

Petti, Handbook of SiC properties for fuel performance mod-

eling, Journal of Nuclear Materials 371 (1-3) (2007) 329–377.

doi:10.1016/j.jnucmat.2007.05.016.

URL http://www.sciencedirect.com/science/article/pii/

S0022311507007623

[25] D. S. Kim, Y. H. Lee, Annealing effects on a-SiC:H and a-SiC:H(F)

thin films deposited by PECVD at room temperature, Thin Solid Films

261 (1-2) (1995) 192–201. doi:10.1016/S0040-6090(94)06473-3.

URL http://www.sciencedirect.com/science/article/pii/

S0040609094064733

[26] A.-M. Reinecke, M. Lustfeld, W. Lippmann, A. Hurtado, Creation

of leak-proof silicon carbide diffusion barriers by means of pulsed

laser deposition, Nuclear Engineering and Design 271 (2014) 92–98.

doi:10.1016/j.nucengdes.2013.11.016.

URL http://www.sciencedirect.com/science/article/pii/

S0029549313006006

[27] E. Friedland, T. Hlatshwayo, N. van der Berg, Influence of radiation damage

on diffusion of fission products in silicon carbide, physica status solidi (c)

10 (2) (2013) 208–215. doi:10.1002/pssc.201200457.

URL http://doi.wiley.com/10.1002/pssc.201200457

[28] R. E. Hoffman, D. Turnbull, Lattice and Grain Boundary Self-Diffusion

in Silver, Journal of Applied Physics 22 (5) (1951) 634. doi:10.1063/1.

1700021.

URL http://scitation.aip.org/content/aip/journal/jap/22/5/10.

1063/1.1700021

[29] J. Robinson, N. Peterson, Correlation effects in grain boundary diffusion,

Surface Science 31 (1972) 586–616. doi:10.1016/0039-6028(72)90276-2.

37

http://www.sciencedirect.com/science/article/pii/S0022311507007623
http://www.sciencedirect.com/science/article/pii/S0022311507007623
http://dx.doi.org/10.1016/j.jnucmat.2007.05.016
http://www.sciencedirect.com/science/article/pii/S0022311507007623
http://www.sciencedirect.com/science/article/pii/S0022311507007623
http://www.sciencedirect.com/science/article/pii/S0040609094064733
http://www.sciencedirect.com/science/article/pii/S0040609094064733
http://dx.doi.org/10.1016/S0040-6090(94)06473-3
http://www.sciencedirect.com/science/article/pii/S0040609094064733
http://www.sciencedirect.com/science/article/pii/S0040609094064733
http://www.sciencedirect.com/science/article/pii/S0029549313006006
http://www.sciencedirect.com/science/article/pii/S0029549313006006
http://www.sciencedirect.com/science/article/pii/S0029549313006006
http://dx.doi.org/10.1016/j.nucengdes.2013.11.016
http://www.sciencedirect.com/science/article/pii/S0029549313006006
http://www.sciencedirect.com/science/article/pii/S0029549313006006
http://doi.wiley.com/10.1002/pssc.201200457
http://doi.wiley.com/10.1002/pssc.201200457
http://dx.doi.org/10.1002/pssc.201200457
http://doi.wiley.com/10.1002/pssc.201200457
http://scitation.aip.org/content/aip/journal/jap/22/5/10.1063/1.1700021
http://scitation.aip.org/content/aip/journal/jap/22/5/10.1063/1.1700021
http://dx.doi.org/10.1063/1.1700021
http://dx.doi.org/10.1063/1.1700021
http://scitation.aip.org/content/aip/journal/jap/22/5/10.1063/1.1700021
http://scitation.aip.org/content/aip/journal/jap/22/5/10.1063/1.1700021
http://www.sciencedirect.com/science/article/pii/0039602872902762
http://dx.doi.org/10.1016/0039-6028(72)90276-2


URL http://www.sciencedirect.com/science/article/pii/

0039602872902762

[30] J. Sommer, C. Herzig, Direct determination of grain-boundary and disloca-

tion self-diffusion coefficients in silver from experiments in type-C kinetics,

Journal of Applied Physics 72 (7) (1954) 2758. doi:10.1063/1.352328.

URL http://scitation.aip.org/content/aip/journal/jap/72/7/10.

1063/1.352328

[31] J. Bernardini, P. Gas, E. D. Hondros, M. P. Seah, The Role of Solute Seg-

regation in Grain Boundary Diffusion, Proceedings of the Royal Society A:

Mathematical, Physical and Engineering Sciences 379 (1776) (1982) 159–

178. doi:10.1098/rspa.1982.0011.

URL http://rspa.royalsocietypublishing.org/content/379/1776/

159

[32] J. R. Farver, R. A. Yund, Measurement of oxygen grain boundary diffusion

in natural, fine-grained, quartz aggregates, Geochimica et Cosmochimica

Acta 55 (6) (1991) 1597–1607. doi:10.1016/0016-7037(91)90131-N.

URL http://www.sciencedirect.com/science/article/pii/

001670379190131N

[33] A. C. S. Sabioni, A. M. Huntz, F. Millot, C. Monty, Self-diffusion

in cr 2 o 3 III. Chromium and oxygen grain-boundary diffusion

in polycrystals, Philosophical Magazine A 66 (3) (1992) 361–374.

doi:10.1080/01418619208201562.

URL http://www.tandfonline.com/doi/abs/10.1080/

01418619208201562#.VY8WbvlVhBc

[34] J. Askill, G. B. Gibbs, Tracer Diffusion in β-Titanium, physica status solidi

(b) 11 (2) (1965) 557–565. doi:10.1002/pssb.19650110207.

URL http://doi.wiley.com/10.1002/pssb.19650110207

[35] K. Maier, H. Mehrer, E. Lessmann, W. Schüle, Self-diffusion in nickel at
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Forschungszentrum Jülich GmbH, HTA-IB-05/90.

[56] K. Fukuda, K. Iwamoto, Concentration profiles of fission products in the

coating layers of irradiated fuel particles, Journal of Nuclear Materials

66 (1-2) (1977) 55–64. doi:10.1016/0022-3115(77)90133-7.

41

http://www.osti.gov/scitech/biblio/10199713
http://www.osti.gov/scitech/biblio/10199713
http://dx.doi.org/10.2172/10199713
http://www.osti.gov/scitech/biblio/10199713
http://www.sciencedirect.com/science/article/pii/0022311577901337
http://www.sciencedirect.com/science/article/pii/0022311577901337
http://dx.doi.org/10.1016/0022-3115(77)90133-7


URL http://www.sciencedirect.com/science/article/pii/

0022311577901337

[57] A. N. Gudkov, V. A. Kashparov, A. A. Kotlyarov, N. N. Ponomarev-

Stepnoi, I. G. Prikhod’ko, A. A. Khrulev, Behavior of solid fission products

in coated fuel particles of a high-temperature gas-cooled reactor, Soviet

Atomic Energy 67 (2) (1989) 594–599. doi:10.1007/BF01125254.

URL http://link.springer.com/10.1007/BF01125254
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