
Transactions of the Korean Nuclear Society Spring Meeting 

Jeju, Korea, May 12-13, 2016 

 

 
 

Preparation of Diffusion Couples (I) to Study Ag/Pd Migration in SiC 

 
B.G. Kim, S. Yeo, Y.-K. Kim, Y.J. Kim, H.M. Kim and M.S. Cho 

Korea Atomic Energy Research Institute, Daedeok-daero 989-111, Yuseong-gu, Daejeon, 34057, Korea 
*Corresponding author: bgkim1@kaeri.re.kr 

 

1. Introduction 

 
TRISO (tristructural isotropic) fuel particles are used 

as the fuel element for the very high temperature reactor 

(VHTR). TRISO-coated fuel particle has a fuel kernel 

500 μm in diameter with three layers of pyrolytic carbon 

(buffer, inner pyrolytic carbon (IPyC) and outer 

pyrolytic carbon (OPyC)) and one of silicon carbide 

(SiC) between two layers, IPyC and OPyC. Among 

coated layers, SiC layer serves as the main diffusion 

barrier to prevent fission products (FPs) from releasing 

from TRISO fuel and provides structural integrity of 

this fuel at temperatures up to 1300oC during normal 

operation and 1600oC during accident conditions. 

Retention of FPs within the TRISO-coated fuel particle 

is very important to the accomplishment of the VHTR. 

The solid FPs, such as silver (Ag), palladium (Pd), and 

europium (Eu) are able to penetrate and transport in SiC 

layer most easily [1-3]. It has been observed in reactor 

experiments that although the SiC layer can retain most 

fission products, some species such as Ag can escape 

from fuel particles [4-9]. In particular, because of a 

strong γ-ray emitter and a long half-life of 250 days of 
110mAg, the release of 110mAg from intact TRISO fuel is 

especially a concern as 110mAg in the primary coolant 

loop can plate out on the turbine system of VHTR 

causing safety and maintenance concerns and an 

increased risk of radiation exposure. Consequently, the 

release of this element not only has important safety 

implications but also significant economic and 

operational implications because it limits the 

operational temperature and burn-up of the fuel [3,4,10-

16]. In order to improve reactor operation and reduce 

safety and maintenance concerns, there were many 

efforts to understand Ag diffusion mechanism and 

release rates [4,14,17-34]. 

In this study, spherical diffusion couples using 

surrogate TRISO particles were successfully prepared to 

trap Ag or/and Pd between IPyC layer and SiC layer, 

and SiC layers using silver nitrate, palladium nitrate 

hydrate, and polycarbosilane (PCS). 

 

2. Experimental 

 

2.1 Sample preparation 

 

Diffusion couples were made using silver nitrate 

permeating/covering and thin film techniques such as 

fluidized bed chemical vapor deposition (FBCVD) to 

create the trapped Ag or/and Pd between IPyC and SiC 

layers and between SiC layers. These particles were 

prepared by FBCVD using zirconia particles with a 

diameter of 500 μm as the spherical substrates. A detail 

description of the FBCVD equipment used in this study 

can be found elsewhere [35-37]. There are two kinds of 

the diffusion couples, as shown schematically in Fig. 1. 

One has two coating layers, buffer and IPyC, on the 

kernel, and the other has three layers, buffer, IPyC and 

SiC. The coating layers were deposited on to the 

spherical surrogated kernels using FBCVD, in sequence. 

The buffer PyC layer was deposited by dehydrogenation 

of C2H2 at 1450oC under Ar gas flow. The inner dense 

PyC layer was made from a mixture of C2H2 and C3H6 

at 1350oC in an Ar medium. And, SiC layer was also 

coated by mixture of CH3SiCl3 and H2 at 1500oC under 

Ar gas flow. And then, in order to introduce fission 

products, such as Ag or/and Pd, between the host layers, 

the preparation of the diffusion couple is divided into 3 

steps, as shown schematically in Fig. 1; substrate 

preparation (surrogate kernel (ZrO2) coated buffer and 

IPyC and ZrO2 coated buffer, IPyC, and SiC by 

FBCVD), Ag or/and Pd permeating/covering, and 

covering SiC transformed from PCS and then additional 

SiC/OPyC deposition by FBCVD. There are six kinds 

of samples designated from H1 to H6 as shown in Table 

1. It can be divided two categories in Table 1. One (H1 

to H3) has a surrogated TRISO particle with entrapped 

Ag, Pd, and Ag/Pd between IPyC layer and SiC layer, 

the other (H4 to H6) has a surrogated TRISO particle 

with entrapped Ag, Pd, and Ag/Pd between SiC layers. 

 

  
Fig. 1. Schematic illustrations of two kinds of the spherical 

diffusion couple. 

 

2.2 Sample Characterization 

 

At each stage of the process of sample preparation, the 

surface and the fractography of particles was examined 

using a scanning electron microscope (SEM) coupled 

with an energy-dispersive X-ray spectrometer (EDX). 

All the embedded samples in epoxy resin were polished 

to a cross section by standard metallographic polishing 

procedures, then cleaned ultrasonically in distilled water, 
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and subsequently dried with hot air. The cross section of 

particles were also examined using SEM and EDX. All 

SEM images of cross-section presented in this paper 

were taken in the as-polished condition without etching. 

And, X-ray image of particle was taken by using X-Ray 

CT system (160 kV Micro X-ray System, Cheetah, 

YXLON). 
 

Table 1. Six kinds of samples presented in this study 

Sample 

ID 
Initial layers 

Entrapped 

elements 

H1 Surrogate kernel/buffer/IPyC Ag 

H2 Surrogate kernel/buffer/IPyC Pd 

H3 Surrogate kernel/buffer/IPyC Ag+Pd 

H4 Surrogate kernel/buffer/IPyC/SiC Ag 

H5 Surrogate kernel/buffer/IPyC/SiC Pd 

H6 Surrogate kernel/buffer/IPyC/SiC Ag+Pd 

 

3. Results and Discussions 

 

Fig. 2 show the SEM images and EDX analyses of a 

cross-section of H5 particles after coating of additional 

SiC and OPyC layers at 1500oC and 1350 oC, 

respectively. Average thicknesses of additional SiC and 

OPyC are about 65 μm (SiC), 38 μm (OPyC), 

respectively. As shown in Fig. 2 (f), Pd was successfully 

trapped between SiC layers. However, in case of H1 

particle, it is hard whether Ag would be successfully 

trapped between IPyC layer and SiC layer due to 

melting away or sublimation of Ag during coating of 

additional SiC and OPyC layers. In case of H4 particle, 

it was also shown a similar tendency to H1 particle. Fig. 

3 shows the two-dimensional X-ray micro-tomography 

images showing the presence of Pd trapped between the 

SiC layers in a H5 coated fuel particle, and shows the 

distribution of pockets of Pd around the particle. These 

images show that Pd can be trapped inside the particle 

by the new methodology. 

 

 
Fig. 2. SEM images and EDX analyses of cross-section of H5 

particle coated additional SiC and OPyC layers; (a) overview; 

(b) and (c) enlarged views of rectangular area (yellow color) 

in Fig. 2 (a) and (b); (d), (e) and (f) element map for Si, C and 

Pd using EDX on SEM in Fig. 2 (c). 

 

 
Fig. 3. X-ray micro-tomography images showing of the 

presence of palladium between two layers of SiC and the 

distribution of pockets of palladium in a H5 particle. 

 

4. Future Works 

 

Although the work detailed in this study provides 

another step forward in understanding Ag or/and Pd 

transport in silicon carbide, much further work remains 

to be done using the heat treatments. For instance, after 

heat treatments at 1150oC, 1200oC, 1600oC for 50, 100, 

200 hrs under Ar gas flow at 2L/min, the Ag or/and Pd 

diffusivity in SiC should be determined. And the 

diffusion mechanism for Ag or/and Pd transport in SiC 

should be investigated and due to the presence of Pd, 

which can be react with SiC and form palladium 

silicides along grain boundaries of SiC, the migration of 

Ag in SiC might be facilitated. 

 

5. Conclusions 

 

Using surrogate TRISO-coated particles, multi-layer 

diffusion couples were prepared to study the migration 

of fission products (FPs), such as Ag or/and Pd, in SiC 

layer. Ag or/and Pd was successfully trapped between 

two layers of IPyC and SiC, and SiC layers. These 

diffusion couples will provide the opportunity to 

investigate diffusion mechanism and to determine 

diffusion coefficients of Ag or/and Pd as FPs in SiC and 

the role of the Pd for Ag migration in SiC layer. 

 

Acknowledgments 

 

The authors would like to express their appreciation to 

the National Research Foundation of Korea (NRF) for 

the grant award funded by the Ministry of Science, ICT 

and Future Planning (MSIP) of the Republic of Korea, 

in support of the authors' work through the Nuclear 

Research and Development Program (No. 

2012M2A8A2025684). 

 

REFERENCES 

 
[1] R.E. Bullock, Fission-Product Release during 

Postirradiation Annealing of Several Types of Coated Fuel 

Particles, J. Nucl. Mater. 125 (1984) 304. 

[2] W. Amian, R. Hecker, Determination of Silver Fission 

Product in High-Temperature Nuclear reactor Fuels by Ion-

Exchange Separation and γ-Counting, D. Stover, Anal. Chim. 

Acta 110 (1979) 81. 



Transactions of the Korean Nuclear Society Spring Meeting 

Jeju, Korea, May 12-13, 2016 

 

 
[3] K. Minato, T. Ogawa, K. Fukuda, H. Sekino, H. Miyanishi, 

S. Kado, I. Takahashi, Release behavior of metallic fission 

products from HTGR fuel particles at 1600 to 1900°C, J. Nucl. 

Mater. 202 (1993) 47. 

[4] H. Nabielek, P. Brown, P. Offermann, Silver release from 

coated particle fuel, Nucl. Tech. 35 (1977) 483-493. 

[5] W. Amian, D. Stover, Diffusion of silver and cesium in 

silicon-carbide coatings of fuel particles for high-temperature 

gas-cooled reactors, Nucl. Tech. 61 (1983) 475-486. 

[6] K. Verfondern, R. Martin, R. Moormann, Methods and 

Data for HTGR Fuel Performance and Radionuclide Release 

Modeling during Normal Operation and Accidents for Safety 

Analyese, Jul-2722, Forschungzentrum Julich GmbH, January 

1993. 

[7] R. Bullock, Fission-product release during post-irradiation 

annealing of several types of coated fuel particles, J. Nucl. 

Mater. 125 (1984) 304-319. 

[8] P. Demkowicz, J. Hunn, R. Morris, J. Harp, P. Winston, C. 

Baldwin, F. Montgomery, Preliminary results of post-

irradiation examination of the AGR-1 TRISO fuel compacts, 

HTR2012-3-027, in: Proceedings of the HTR 2012, Tokyo, 

Japan October 28-November 1, 2012. 

[9] C. Baldwin, J. Hunn, R. Morris, F. Montgomery, C. Silva, 

P. Demkowicz, First elevated-temperature performance testing 

of coated particle fuel compacts from the AGR-1 irradiation 

experiment, Nucl. Eng. Des. 271 (2014) 131-141. 

[10] W. Amian, D. Stover, Diffusion of silver and cesium in 

silicon-carbide coatings of fuel particles for high temperature 

gas-cooled reactors, Nucl. Technol. 61 (1983) 475-486. 

[11] P.E. Brown, R.L. Faircloth, Metal Fission Product 

Behaviour in High Temperature Reactors-UO2 Coated 

Particle Fuel, J. Nucl. Mater. 59 (1976) 29-41. 

[12] P.A. Demkowicz, J.M. Harp, P.L. Winston, S.A. Ploger, 

Analysis of Fission Products on the AGR-1 Capsule 

Components, INL/EXT-13-28483, Idaho National Laboratory, 

March 2013. 

[13] IAEA-TECDOC-978, Fuel Performance and Fission 

Product Behaviour in Gas Cooled Reactors, International 

Atomic Energy Agency, Vienna, November 1997. 

[14] D.A. Petti, J. Boungiorno, J.T. Maki, R.R. Hobbins, G.K. 

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, Nucl. Eng. Des. 222 (2003) 281-297. 

[15] D. Freis, P.D.W. Bottomley, A.I. Kellerbauer, V.V. 

Rondinella, P. Van Uffelen, Accident testing of high-

temperature reactor fuel elements from the HFR-EU1bis 

Irradiation. Nucl. Eng. Des. 241 (2011) 2813-2821. 

[16] D. Hanson, A Review of Radionuclide Release from 

HTGR Cores during Normal Operation, Technical Report No. 

1009382, Electric Power Research Institute, Inc., Palo Alto, 

CA, 2003. 

[17] H.J. MacLean, R.G. Ballinger, L.E. Kolaya, S.A. 

Simonson, N. Lewis, M.E. Hanson, The effect of annealing at 

1500oC on migration and release of ion implanted silver in 

CVD silicon carbide, J. Nucl. Mater. 357 (2006) 31-47. 

[18] I.J. van Rooyen, T.M. Lillo, Y.Q. Wu, Identification of 

silver and palladium in irradiated TRISO coated particles of 

the AGR-1 experiment, J. Nucl. Mater. 446 (2014) 178-186. 

[19] H. J. Maclean, Silver Transport in CVD SiC, PhD Thesis, 

Massachusetts Institute of Technology (2004). 

[20] Eddie López-Honorato, DaXiang Yang, Jun Tan, 

Philippa J. Meadows, and Ping Xiao, Silver Diffusion in 

Coated Fuel Particles, J. Am. Ceram. Soc. 93 [10] 3076-3079 

(2010) 

[21] E. Friedland, J.B. Malherbe, N.G. van der Gerg, T. 

Hlatshwayo, A.J. Botha, E. Wendler, W. Wesch, Study of 

silver diffusion in silicon carbide, J. Nucl. Mater. 389 (2009) 

326-331. 

[22] K. Verfondern, R.C. Martin, R. Moormann, Methods and 

data for HTGR fuel performance and radionuclide release 

modeling during normal operation and accidents for safety 

analyses, Jül-2721 Forschungszentrum Julich GmbH, January 

(1993). 

[23] E. Hoinkis, The diffusion of silver in the graphite 

matrices A3-3 and A3-27, J. Nucl. Mater. 209 (1994) 132-147. 

[24] E. López-Honorato, D.X. Yang, J. Tan, P.J. Meadows, P. 

Xiao, Silver Diffusion in Coated Fuel Particles, J. Am. Ceram. 

Soc. 93 (10) (2010) 3076-3079. 

[25] E. López-Honorato, H. Zhang, D.X. Yang, P. Xiao, 

Silver Diffusion in Silicon Carbide Coatings, J. Am. Ceram. 

Soc. 94 (9) (2011) 3064-3071. 

[26] T.J. Gerczak, T.R. Allen, Z. Zhu, Fission Product 

Transport of Cesium and Silver in CVD-SiC, in: Embedded 

Topical on Nuclear Fuels and Structural Materials for the 

Next Generation Nuclear Reactors, ANS Annual Meeting, San 

Diego, CA, USA, 2010. 

[27] David Shrader, Sarah M. Khalil, Tyler Gerczak, Todd R. 

Allen, Andrew J. Heim, Izabela Szlufarska, Dane Morgan, Ag 

diffusion in cubic silicon carbide, J. Nucl. Mater. 408 (2011) 

257-271. 

[28] Xin Geng, Fan Yang, Nadia Rohbeck, and Ping Xiao, An 

Original Way to Investigate Silver Migration Through Silicon 

Carbide Coating in TRISO Particles, J. Am. Ceram. Soc. 97 

[6] (2014) 1979-1986. 

[29] H. Nabielek, SiC for fuel, in: 33rd ICACCS Discussion 

Group of Symposium 10 on silicon carbide, Daytona Beach, 

FL, 2009. 

[30] J.J. van der Merwe, Modelling Silver Transport in 

Spherical HTR Fuel, Ph.D. Thesis, UP, 2009. 

[31] Tyler Gerczak, Understanding Ag Release from TRISO 

Fuel through Surrogate Diffusion Experiments and Analysis, 

PhD Thesis, University of Wisconsin-Madison (2013). 

[32] Bong Goo Kim, Sunghwan Yeo, Young Woo Lee and 

Moon Sung Cho, Comparison of Diffusion Coefficients and 

Activation Energies for Ag Diffusion in Silicon Carbide, Nucl. 

Eng. Tech. 47 (2015) 608-616. 

[33] S. Dwaraknath, G.S. Was, Development of a multi-layer 

diffusion couple to study fission product transport in β-SiC, J. 

Nucl. Mater. 444 (2014) 170-174. 

[34] Tyler J. Gerczak, Guiqiu Zheng, Kevin G. Field, Todd R. 

Allen, Effect of exposure environment on surface 

decomposition of SiC-silver ion implantation diffusion 

couples, J. Nucl. Mater. 456 (2015) 281-286. 

[35] Weon-Ju Kim, Jong Hoon Park, Ji Yeon Park, Young 

Woo Lee, Jonghwa Chang, Effect of Fluidized Bed CVD 

Condition on the Microstructure of Buffer Layer in the 

TRISO Coated Particles, Transactions of the Korean Nuclear 

Society Spring Meeting, Korea, May 25-26, 2005. 

[36] Miller, James Henry, "Methylsilane Derived SiC Particle 

Coatings Produced By Fluid-Bed Chemical Vapor 

Deposition." PhD diss., University of Tennessee, 2006. 

[37] Malin Liu, Rongzheng Liu, Bing Liu, Youlin Shao, 

Preparation of the coated nuclear fuel particle using the 

fluidized bed-chemical vapor deposition (FB-CVD) method, 

Procedia Engineering 102 (2015) 1890-1895. 


